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Summary: The mechanism of the palladium-catalyzed 
elimination of acetic acid from allylic acetates has been 
studied. I t  was found that this process can take place 
not only via conventional syn elimination of palladium 
hydride but also via an anti elimination pathway. 

Introduction. The palladium-catalyzed elimination 
of acetic acid from allylic acetates was first developed 
by Tsujil and Trost2 and has since then become a useful 
synthetic route to 1,3-dienes. This reaction (eq 1) has 

L 

1 

been thought to proceed via a p-elimination from the 
intermediate (a-ally1)palladium complex 1, but the 
mechanism has never been subject to closer investiga- 
tion. In this communication we present results which 
show that an anti elimination is an important pathway. 

During our development of palladium-catalyzed an- 

@ Abstract published in Aduance ACS Abstracts, December 1,1994. 
(1) Tsuji, J.; Yamakawa, T.; Kaito, M.; Mandai, T. Tetrahedron Lett. 

(2) Trost, B. M.; Verhoeven, T. R.; Fortunak, J. M. Tetrahedron Lett. 
1978,2075. 

1979,2301. 
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nulation chemistry3 we prepared some of the requisite 
diene starting materials via the route outlined in 
Scheme 1. Palladium-catalyzed elimination of HOAc 
from the cis-acetate 3 under standard conditions4 
resulted in a 5:l  mixture of the two dienes 4 and 5. 
During the optimization of the reaction conditions 
several bases were tried and it was found that sterically 
hindered amines favored the formation of 4. Thus, 
triisobutylamine gave a 7:l ratio between 4 and 5. 

We have now undertaken further studies of this 
elimination and found that the ratio of 4 and 5 can be 
further shifted, depending on which base is used; for 
example, the use of DBU resulted in a very much faster 
reaction rate and the ratio of 4 and 5 in the isolated 
product was >25:1. These findings suggest that the 
base is at least in part responsible for the proton 
abstraction, a result which stands in sharp contrast to 
the commonly accepted syn p-elimination mechanism 
in which the base does not participate in the elimination 
step. In order to gain further insight into the mecha- 
nism, trans-acetate 6 was synthesized via an sN2 
displacement of allylic chloride 2 with sodium mal- 
~~~~~ ~ ~ 

(3) (a) Backvall, J. E.; Andersson, P. G.; VAgberg, J. 0. Tetrahedron 
Lett. 1989,30, 137. (b) Backvall, J. E.; Andersson, P. G. J. Am. Chem. 
SOC. 1990, 112, 3683. (c) Backvall, J. E.; Andersson, P. G.; Stone, G. 
B.; Gogoll, A. J. Org. Chem. 1991, 56, 2988. (d) Backvall, J. E.; 
Andersson, P. G. J .  Am. Chem. SOC. 1993,114, 6374. (e) Backvall, J. 
E.; Granberg, K. L.; Andersson, P. G.; Gatti, R.; Gogoll, A. J .  Org. 
Chem. 1993,58,5445. 
(4) The acetate (1 equiv) was dissolved in toluene under a nitrogen 

atmosphere. To this solution were added Pd(dba)z (0.02 equiv), dppe 
(0.04 equiv), and triethylamine (1.5 equiv). The resulting solution was 
heated to reflux until the reaction was complete. 
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Scheme l a  DC‘- a C H Y  
AcO A d  

2 3 
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a Legend: Nu = 0, NR; E = C02Me; X = C1, RO, RC02; Y 
= RCOz 

Table 1. Palladium-Catalyzed Elimination of Acetates 3 
and 6a 

time 
(fin) 

0 
5 

10 
15 
30 
45 
60 
90 

120 
240 
480 

acetates dienes acetates 
3 6  4 5  3 6  

95.8 4.2 
81.4 4.1 
74.2 3.8 
63.7 3.2 
31.6 2.1 
0 0  

0 0 
1.6 0.9 

19.6 2.4 
29.3 3.8 
58.3 8.0 
88.2 11.8 

5.1 94.3 
5.5 93.9 
5.4 93.8 
5.3 93.1 
5.0 91.5 
4.6 88.2 
4.3 83.5 
3.8 16.4 
2.8 59.3 
0.5 26.1 
0 0  

dienes 
4 5  

0 0  
0.4 0.2 
0.5 0.3 
1.0 0.6 
1.9 1.6 
4.8 2.4 
7.9 4.3 

12.9 6.9 
23.1 14.8 
46.6 26.2 
62.1 31.9 

The acetate 3 or 6 (1 equiv) was dissolved in toluene under a nitrogen 
atmosphere. To this solution were added Pd(dba)Z (0.02 equiv), dppe (0.04 
equiv) and triisobutylamine (1.5 equiv). The resulting yellow solution was 
heated to reflux and monitored by GC until the reaction was completed. 

~ n a t e . ~  If the diene formation were to  proceed via 
p-elimination of palladium hydride, this substrate would 
be expected to give rise to diene 4 exclusively, since only 
one hydrogen would be syn to palladium in the inter- 
mediate o-allyl complexes. However, in contrast with 
such a prediction, a substantially greater amount of 
diene 5 was formed when 6 was reacted under the same 
conditions as 3. As mentioned above, reaction of 3 in 
toluene at reflux in the presence of Pd(dba)2, 1,2-bis- 
(dipheny1phosphino)ethane (dppe) and triisobutylamine 
gave a 7:l mixture of 4 and 5 after 45 min (Table 1). 
When 6 was reacted under the same conditions, the 
corresponding value was 1.6:l. 

It is known that allylic acetates can isomerize in 
palladium(0)-catalyzed reactions.2 This isomerization 
takes place via a syn migration of acetate from pal- 
ladium to carbon in the allyl intermediate to  give the 
stereoisomeric acetate. To ensure that this pathway 
was not operative here, the reactions were followed by 
GC, which showed that no isomerization of the starting 
material took place during the reaction (Table 1). 

Another possible isomerization pathway involves s N 2  
attack by “free Pd(0)” on the (mally1)palladium complex 
and results in a new palladium species in which the 
configuration at the n-allyl is now inverted.6 This 
isomerization is, however, known to be efficiently in- 
hibited by the use of a bidentate phosphine ligand such 
as A control experiment was performed in 

( 5 )  Backvall, J. E.; VBgberg, J. 0. Org. Synth. 1990, 69, 38. 
(6) (a) Moreno-Mafias, M.; Ftibas, J.; Virgili, A. J .  Org. Chem. 1988, 

22, 5328. (b) Backvall, J .  E., Granberg, K. L.; Heumann, A. Isr. J. 
Chem. 1991,31,17. (c) Granberg, K. L.; Blckvall, J. E. J .  Am. Chem. 
Soc. 1992,114,6858. (d) Stary, I.; Zajicek, J.; Kocovsky, P. Tetrahedron 
1992,48, 7229. 
(7) The spectral data of compounds 7 and 8 were identical with those 

reported in the literature: Backvall, J. E.; Juntunen, S. K. J .  Am. 
Chem. SOC. 1987, 109, 6396. 

Scheme 2. Elimination Pathways for 3 and 6 

AcO OHE2 3 

anti I syn - 
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/ 
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6 

Scheme 3. Trapping of the Intermediate z-Allyl 
Complep 

x 
_I” L2‘ I” 

6 (95% trans) 1 i d  1 A 
8 (94% trans) 

“To a THF solution of the acetate (3 or 6) was added 
Pd(OAc)z 0.05 equiv) and dppe (0.10 equiv) under an  atmo- 
sphere of nitrogen. The resulting solution was heated to reflux 
for 1 h after which a THF solution of sodium malonate was 
added. After the reaction was complete, the crude product was 
analyzed by NMR and GC. 

which the intermediate n-allyl complex was trapped 
with sodium malonate after 1 h of reflux. Trapping the 
n-allyl complex derived from acetates 3 and 6, respec- 
tively, produced the corresponding bis(malonates) 7 and 
8 in a highly stereospecific manner, confirming that no 
isomerization of the (n-ally1)palladium complex had 
o~curred.~ 

Conclusion. The above-mentioned findings strongly 
suggest that an anti-elimination pathway can operate 
in the palladium-catalyzed elimination of allylic ac- 
etates. A probable mechanism would be a base-assisted 
1,2-diaxial elimination of the proton and Pd(0) from a 
(o-a1lyl)palladium intermediate (cf. Scheme 21, which 
nicely explains the effect of the base on the regiochemi- 
cal outcome of the reaction. 

Acknowledgment. Financial support &om the Swed- 
ish Natural Science Research Council is gratefully 
acknowledged. S.S. thanks the Swedish Institute for a 
fellowship. We are grateful to Prof. J. E. Backvall and 
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William J. Evans,* Mohammad A. Ansari, and Joseph W. Ziller 
Department of Chemistry, University of California, Irvine, California 9271 7 

Saeed I. Khan 
Department of Chemistry and Biochemistry, University of California, 

Los Angeles, California 90024 

Received August 1, 1994@ 

Summary: Mixed-metal Mo-Sm and W-Sm complexes 
can be readily made by reaction of (C&edzSm(THF)z 
with (PPh&MoS4 and (PPhJzWS4. In the molybdenum 
case, a trimetallic MoN)  complex, U(C&ed~Sml~Mo(p- 
S)4}(PPh3, (l), is obtained. With tungsten, a bimetallic 
W N I )  complex, [(C&fes)zSm(p-S)zWS~(PPh~ (2), is 
isolated. Both complexes contain tetrahedral MS4 units 
which coordinate via bridging sulfur atoms to (C&fes)z- 
S m  moieties. 

Tetrathiometalates such as (MOS4l2-, (WS4)2-, and 
(Re&)- have been found to coordinate to  a wide variety 
of transition with interesting ramifications in 
hydrodesulfurization catalysis7 and molybdoenzyme 
chemistry,* but their utility as ligands for the lan- 
thanide metals has not yet been explored. Although the 
electropositive lanthanide metals have a stronger pref- 
erence for oxygen donor ligands than for sulfur, lan- 
thanide complexes involving the lower congeners of 
main group 16 are known and recent work has shown 
that an extensive chemistry is available with these 
donor a t ~ m s . ~ - l ~  Given the tendency of the tetrathio- 
metalates to form chelating bidentate structures, they 

@Abstract published in Advance ACS Abstracts, December 1, 1994. 
(1) Reported in part at the 207th National Meeting of the American 

Chemical Society, San Diego, CA March 1994; INOR 73. 
(2) MWler, A.; Diemann, E.; Jostes, R.; Bogge, H. Angew. Chem., 

Znt. Ed. Engl. 1981,20, 934-955. 
(3) Mtiller, A.; Bogge, H.; Schimanski, U.; Penk, M.; Nieradzik, K.; 

Dartmann, M.; Krickemeyer, E.; Schimanski, J.; Wmer, C.; Romer, 
M.; Dornfeld, H.; Wienboker, U.; Hellmann, W.; Zimmerman, M. 
Monatsh. Chem. 1989,120,367-391. 

(4) Howard, K. E.; Rauchfuss, T. B.; Wilson, J. R. Znorg. Chem. 1988, 
27.3561-3567. 

( 5 )  Secheresse, F.; Salis, M.; Potvin, C.; Manoli, J. M. Inorg. Chim. 

(6) Manoli, J. M .; Potvin, C.; Secheresse, F.; Marzak, S. Znorg. Chim. 

(7) (a) Picoraro. T. A.: Chianelli. R. R. Catalvsis 1981.67.430-435. 

Acta 1986,114, L19-L23. 

Acta 1988,150,257-268. 

(b) Harris, S.; Chianelli, R. R. 'Catalysis f984, 86,'400-412. (c) 
Chianelli, R. R.; Picoraro, T. A.; Halbert, T. R.; Pan, W.-H.; Steifel, E. 
I. J. Catal. 1984,86,226-230. (d) Mdler, A. Polyhedron 1986,5,323- 
340. 

(8) (a) Holm, R. H.; Berg, J. M. Acc. Chem. Res. 1986,19,363-370. 
(b) Coucouvanis, D. Acc. Chem. Res. 1991,24, 1-8. 

(9) (a) Tilley, T. D.; Andersen, R. A.; Zalkin, A.; Templeton, D. H. 
Znorg. Chem. 1982, 21, 2644-2647. (b) Zalkin, A.; Henly, T. J.; 
Andersen, R. A. Acta Crystallogr. 1987, C43,233-236. (c) Berg, D. J.; 
Andersen, R. A.; Zalkin, A. Organometallics 1988, 7, 1858-1863. (d) 
Zalkin, A.; Berg, D. J .  Acta Crystallogr. 1988, C44, 1488-1489. (e) 
Berg, D. J.; Burns, C. J.; Andersen, R. A.; Zalkin, A. Organometallics 
1989,8, 1865-1870. 

(10) Schumann, H.; Albrecht, I.; Hahn, E. Angew. Chem., Znt. Ed. 
Engl. 1985,24, 985-986. 

(11) Recknagel, A.; Noltemeyer, M.; Stalke, D.; Pieper, U.; Schmidt, 
H.-G.; Edelmann, F. T. J. Organomet. Chem. 1991,411, 347-356. 

(12) Evans, W. J.; Rabe, G. W.; Ziller, J. W.; Doedens, R. J. Znorg. 
Chem. 1994,33,2719-2726. 

(13) Strzelecki, A. G.; Timinski, P. A.; Helsel, B. A.; Bianconi, P. A. 
J. Am. Chem. SOC. 1992,114,3159-3160. 

(14) Cary, D. R.; Arnold, J. J. Am. Chem. SOC. 1993, 115, 2520- 
2521. 

seemed to be ideal ligands for formation of mixed-metal 
species with the (CsMe5)zSm unit,16 which prefers to 
coordinate to two additional ligands to form eight- 
coordinate structures.17 We report here on the utility 
of ( C ~ M ~ ~ ) Z S ~ ( T H F ) ~ ~ *  in forming new heterometallic 
group 6 transition-metal lanthanide complexes using 
tetrathiometalate anions. 

Purple (C5Me&Sm(THF)2 reacts immediately with 
(PPh&MoSq to form a red product (1) and PPh3.19 The 
IR spectrum of 1 contains an absorption at 431 cm-' in 
the Mo-S region which is shifted from the 458 cm-l 
absorption of (M0S4)2-. The lH and 13C NMR spectra 
of 1 are consistent with the presence of Sm(III),20 a 
single CsMe5 ligand environment, and (PPh)+. An 
X-ray diffraction study21 revealed that the product 
contained one (PPhd+ per trimetallic Sm2Mo unit; i.e., 
1 is the MOW) complex { [(CsMe5)2Sm]zMoS4}(PPh4) 
(Figure 1). Reduction of the metal center of a tetrathio- 
metalate unit aRer complexation is rare and has been 
observed only in Fe/Mo cubanes.8b 

(15) (a) Berardini, M.; Emge, T. J.; Brennan, J. G. J. Am. Chem. 
SOC. 1993, 115, 8501-8502. (b) Berardini, M.; Emge, T. J.; Brennan, 
J. G. J. Chem. Soc., Chem. Commun. 1993, 1537-1538. 

(16) Evans, W. J. Polyhedron 1987, 6, 803-835 and references 
therein. 

(17) Evans, W. J.; Foster, S. E. J. Organomet. Chem. 1992,433,79- 
94. 

(18) Evans, W. J.; Grate, J. W.; Choi, H. W.; Bloom, I.; Hunter, W. 
E.; Atwood, J. L. J. Am. Chem. SOC. 1986,107, 941-946. 

(19) In a glovebox, addition of (C&Te&Sm(THF)z (283 mg, 0.5 mmol) 
in 10 mL of THF to a suspension of (PPh&MoS4 (226 mg, 0.25 "01) 
in 5 mL of THF caused an immediate color change from purple to red. 
The reaction mixture was stirred for 20 min and centrifuged to remove 
solids, and the solvent was removed by rotary evaporation. The crude 
product was washed with hexanes to  remove any soluble organic 
byproducts. The 31P NMR spectrum of the hexane wash confirmed the 
presence of PPha. No signals were observed in the EPR spectrum of 1, 
probably due to the presence of Sm(II1). Recrystallization from toluene 
at -35 "C produced {[(CsMes)zSml~MoOl-S)4}(PPh4) (1) as dark red 
crvstals (316 me. 90%). Anal. Calcd for CuHanPSdMoSm?: C. 54.65: 
H;5.73; P, 2.20;%, 9.13; Mo, 6.82; Sm, 21.46:F&nd C, 55:52; H, 5.81; 

6.85, 6.48 and 6.29 (PPh,+), 1.76 (C5Me5). NMR (THF-d8): 6 137.3, 
136.3, and 132.7 (PPL+), 119.9 (CsMes), 34.0 (CsMes). W-vis (1.42 

P, 2.50; S, 8.44; Mo, 6.31; Sm, 21.55. 'H NMR (csD6): 6 7.39, 7.03, 

x M in THF; 1, nm ( E ) ) :  470 (6320). IR (Nujol): 2980-2850 (9, 
br), 1460 (s), 1375 (s), 1186 (w), 1106 (m), 1066 (w), 996 (w), 742 (w), 
722 (SI, 689 (m), 526 (s), 431 (8 ,  Mo-S), 301 (m, Sm-S) cm-l. Magnetic 
susceptibility (Evans methodz8): , y ~ ~ ~ ~  = 290 x cgsu; p,$98 = 

(20) Evans, W. J.; Ulibani, T. A. J .  Am. Chem. Soc. 1987, 109, 
4292-4297. 

(21) Crystal data for C&I8oPS&IoSmz: monoclinic s stem with cell 
dimensions at 183 K of a = 17.212(3) A, b = 13.754(2) x c = 26.378(4) 
A, /3 = 103.63(1)", and V = 6068(2) A3. The space group is P21/c with 
2 = 4 and D&d = 1.538 Mg/m3. The structure was solved by direct 
methods and refined by full-matrix least-squares techniques using 6505 
reflections with lFol > 3.O0(JF0I). At convergence, RF = 4.27%, Rwp = 
4.27%, and GOF = 1.37 for 649 variables. Recrystallization from THF/ 
benzene at ambient glovebox temperature produces the same com- 
pound with one benzene solvent molecule per formula unit in the same 
space group with a = 18.139(7) A, b = 14.208(5) A, c = 27.3041(10) A, 
,8 = 103.01(1)", and V = 6858.4 (20) A3. 

1.2 /&. 
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Figure 1. Thermal ellipsoid plot of { [(CsMe&Sm12Mo(JL- 
S)4}- with ellipsoids drawn at the 50% probability level. 

The solid-state structure of 1 contains essentially 
identical (CsMe&Sm@-S)2 units which have metrical 
parameters typical of eight-coordinate Sm(III).17 The 
2.791(2) and 2.796(2) A Sm-S distances are longer than 
those in [(CsMe5)2Sm(THF)12@-S) (2.663(1) and 
2.665( 1) &.I2 

Mo-S distances in tetrathiomolybdate complexes 
typically do not vary be ond a range of 2.2-2.4 A,2 and 

exception. For comparison, free M o S ~ ~ -  has 2.178(5) A 
distances22 and the trimetallic MoS4-bridged complexes 
( P P ~ ) ~ [ ( C ~ ~ F ~ ) ~ M O S ~ I ~ ~  and ( N M ~ ~ ) ~ [ ( N C C U ) ~ M O S ~ I ~ ~  
have distances of 2 . 2 0 4 ~ )  and 2.209(3) A, respectively. 
In mixed-valence [(MoS4)2Fe13-, the bridging Mo-S 
distances are 2.251(5) and 2.260(4)A.23b The mixed- 
valence complex [ ( M o ~ S ~ ) M O ~ O ( M O ~ S ~ ) ~ ~ -  has an av- 
erage Mo(IV)-S distance of 2.408(16) A and an average 
Mo(VI)-S(bridging) distance of 2.245(14) A.24 

Interestingly, under similar conditions reactions of 
(PPh&WS4 with (C5Me5)2Sm(THF)2 in THF did not 
produce a tungsten analog of 1 but instead yielded [(C5- 
Me5)2Sm@-S)2WS21(PPh4) Although the spectral 
characteristics of 2 were similar to those of 1, they were 
not identical and X-ray crystallography was needed for 
definitive identification.26 2 crystallizes with two in- 
dependent molecules in the unit cell, each containing a 
(PPh4)+ group and a bimetallic monoanion having an 
eight-coordinate Sm center ligated to a @-S)zWS2 unit 
(Figure 2). Apparently, in this case reduction of the 
tetrathiometalate metal center did not occur. This is 
consistent with the difference in redox potentials of 

the 2.225(2)-2.241(2) w Mo-S distances in 1 are no 

(22) Lapasset, P. J.; Chezeau, N.; Belougne, P. Acta Crystallogr. 

(23) (a) Coucouvanis, D.; Baenziger, N. C.; Simhon, E. D.; Stremple, 
P.; Swenson, D.; Simpoulos, A.; Kosticas, A.; Petrouleas, V.; PapaeRhy- 
miou, V.  J .  Am. Chem. SOC. 1980, 102, 1732-1734. (b) Coucouvanis, 
D.; Simhon, E. D.; Baenziger, N. C. J.  Am. Chem. SOC. 1980,102,6644- 
6646. 

(24) Muller, A.; Dartmann, M.; Romer, C.; Clegg, W.; Sheldrick, G. 
M. Angew. Chem., Int. Ed. Engl. 1981,20, 1060-1061. 

(25) In a glovebox, (CbMe&Sm(THF)z (56 mg, 0.1 "01) in 5 mL of 
THF was added to a suspension of (PPh&WS4 (99 mg, 0.1 mmol) in 5 
mL of THF. The color of the solution changed immedately from purple 
to red. The reaction mixture was stirred for 30 min and centrifuged. 
Solvent was removed by rotary evaporation, and the resulting solid 
was washed with hexanes and toluene. Slow evaporation of a THF 
solution at  ambient temperature produced [(CsMes)zSmOc-S)zWSzI- 
(PPLYTHF (2) as red crystals (67 mg, 60%). P P h  was identified as a 
hexane-soluble byproduct. Anal. Calcd for C M H ~ ~ O P S ~ S ~ W :  C, 50.37; 
H, 5.11; P, 2.71; S, 11.21. Found C, 52.08; H, 5.19 P, 2.84; S, 9.28. 
'H NMR (THF-ds): 6 7.76, 7.72, and 7.31 (PPlq+), 1.05 (C&fes). Bulk 
samples were obsellred to have an additional resonance in the C a e 5  
region a t  1.13 ppm. 13C NMR (THFds): 6 137.0, 136.1, and 132.4 
(PPb+),  118.5 (CsMes), 44.7 (CsMes). UV-vis (7 x M in THF; A,  
nm ( E ) )  397 (3735). IR (Nujol): 2980-2850 (8, br), 1460 (s), 1375 (s), 
1185 (~1,1163 (w), 1106 (m), 1062 (w), 996 (w), 743 (w), 723 (81, 690 
(m), 526 (s), 414, 426 (8, v(W-S)), 300 (m, Sm-S) cm-I. Magnetic 
susceptibility (Evans methodz8): x~~~~ = 5138 x cgsu; p e p 8  = 

1976, B32, 3087-3088. 

1.1 f lB.  

Figure 2. Molecular structure of ((CsMes)zSm(JL-S)zWSz}- 
with ellipsoids drawn at the 50% probability level. 

M o S ~ ~ -  vs WSd2-. Similar differences have been noted 
in some monomeric Mom compounds.27 

The structure of 2 is similar to  that of 1 except that 
the moiety in 2 is less symmetrical than the 
tetrathiometalate in 1 since only two of the sulfur atoms 
are bridging. As ex ected, the bridging W-S distances 

distances of 2.154(8)-2.164(9) A. In comparison, un- 
coordinated has an average W-S distance 2.177 
A.2 W-S distances, like Mo-S distances, do not typi- 
cally span a wide range, and the M-S distances in the 
two complexes are similar. The (C5Me5 ring centroid)- 
Sm-(ring centroid) angles in 1 and 2 are similar (Mo, 
136.8 and 136.2"; W, 135.1 and 138.5"), and the Sm-C 
and Sm-S distances are equivalent within statistical 
limits (Sm-(CsMes ring centroid) distance: Mo, 2.439- 
2.462 A; W, 2.400-2.419 A and Sm-S: Mo, 2.784(2)- 
2.796(2) A; W, 2.817(8)-2.841(7) A). In both complexes, 
the cations are well separated from the anions and do 
not show any unusual features. 

These results show that tetrathiometalates are viable 
ligands for the lanthanides and provide a facile way to 
make molecular mixed-metal species containing this 
combination of metals. In addition, by using (C5Me&- 
Sm(THF)2 with (MoSd2- an unusual Mo(V) derivative 
can be obtained. 

(2.209(7)-2.217(7) A) ) are larger than the terminal W-S 
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Supplementary Material Available: Tables of crystal 
data and refinement details, positional and thermal param- 
eters, and bond distances and angles and fully labeled ORTEP 
drawings for compounds 1 and 2 (31 pages). Ordering 
information is given on any current masthead page. 
OM940608E 

(26) 2 crystallizes with two independent molecules in the asym- 
metric unit, and structure solution requires the determination of two 
cations, two anions and two noncoordinated THF molecules. Crystal 
data for C48HmOPS4SmW: triclinic, space grou P1, with cell dimen- 
sions a t  176 K a = 22.158(6) A, b = 23.323(6) 1, c = 9.611(2) A, a = 
98.28(1Y, = 91.31(1)', y = 101.29(1Y, and V = 4813(2) A3 with 2 = 
4 and D d d  = 1.561 Mg/m3. The structure was solved by heavy-atom 
methods of SHEIX 86 and refined by using SHEIX 76. Due to a low 
data to parameter ratio all the phenyl carbon atoms of P P b +  were 
refined as rigid groups. All the CsMes carbon atoms were treated 
isotropically. The final refinement using 4885 reflections with 1F.I > 
6dlF.I) converged to RF = 6.20% and R,F = 6.0%, for 476 variables. 

(27)Pan, W.-H.; Halbert, T. R.; Hutching, L. L.; Stiefel, E. I. J. 
Chem. SOC., Chem. Commun. 1986, 927-929. 

(28) Evans, D. F. J .  Chem. SOC. 1959,2003-2005. Becconsall, J. K. 
Mol. P h p .  1968, 15, 129-139. 
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Efficient Synthesis of ruc-(Ethylenebis(indenyl))ZrX2 
Complexes via Amine Elimination 

Gary M. Diamond, Stephan Rodewald, and Richard F. Jordan* 
Department of Chemistry, University of  Iowa, Iowa City, Iowa 52242 

Received September 2, 1994@ 

Summary: The amine elimination reaction of 1,2-bis(3- 
indenyljethane (3) and Zr(NMed4 (2) affords pure rac- 
(EBUZr(NMed2 (4; EBI = 1,2-ethylenebis(l -indenyl)) in 
68% isolated yield. Treatment of 4 with 2 equiv of Mea- 
NH-HCl affords rac-(EBI)ZrCl2 (1) in 92% isolated yield. 
Compound 1 can also be prepared directly from 2 and 3 
in a "one-pot" synthesis in 69% isolated yield. 

Chiral group 4 ansa-metallocenes, originally devel- 
oped by Brintzinger,l have been exploited as stereose- 
lective catalysts or reagents for a wide variety of 
reactions.2 Important examples include olefin polym- 
e r i ~ a t i o n , ~ , ~  hydroolig~merization,~~~~ cyclopolymeriza- 

hydr~genat ion ,~~ ep~xidat ion~~*g and isomeriza- 
t i ~ n ~ ~  reactions, olefin-pyridine ~oupling,~' imine hydro- 
gena t i~n ,~ j  Diels-Alder reactions,5k allylic amine syn- 
thesis,51 dehydrogenative phenylsilane oligomeriza- 
t i ~ n , ~ ~  and carbomagnesiation  reaction^.^" 

Chiral ansa-metallocenes are normally prepared by 
chloride displacement reactions of MC1, compounds and 
bis(cyclopentadieny1) dianion reagents. However, these 
procedures are inefficient and are hampered by low 
yields and tedious separation and purification steps. For 
example, BrintzingerlC and Collins6 prepared the im- 
portant ansa-metallocene rac4EBI)ZrClz (1; EBI = 1,2- 
ethylenebis( 1-indenyl)) by reaction of ZrC14(THF)2 and 

@ Abstract published in Advance ACS Abstracts, November 15,1994. 
(1) (a) Schnutenhaus, H.; Brintzinger, H. H. Angew. Chem. 1979, 

91, 837; Angew. Chem., Znt. Ed. Engl. 1979,18, 777. (b) Wild, F. R. 
W. P.; Zsolnai, L.; Huttner, G.; Brintzinger, H. H. J .  Organomet. Chem. 
1982, 232, 233. (c) Wild, F. R. W. P.; Wasiucionek, M.; Huttner, G.; 
Brintzinger, H. H. J .  Organomet. Chem. 1985,288, 63. 

(2) Halterman, R. L. Chem. Rev. 1992, 92, 965. 
(3) (a) Ewen, J. A. J.  Am. Chem. Soc. ISM, 106,6355. (b) Kaminsky, 

W.; Kulper, K.; Brintzinger, H. H.; Wild, F. R. W. P. Angew. Chem. 
19SS,97,507; Angew. Chem., Int. Ed. Engl. 1986,24,507. (c) Ewen, 
J. A.; Elder, M. J.; Jones, R. L.; Haspeslagh, L.; Atwood, J. L.; Bott, S. 
G.; Robinson, K. Makromol. Chem. Makromol. Symp. 1991,48149,253. 
(d) Kaminsky, W.; Engehausen, R.; Zoumis, K.; Spaleck, W.; Rohr- 
mann, J. Makromol. Chem. 1992,193, 1643. 

(4) (a) Spaleck, W.; Antberg, M.; Rohrmann, J.; Winter, A.; Bach- 
mann, B.; Kiprof, P.; Behm, J.; Henmann, W. A. Angew. Chem. 1992, 
104, 1373; Angew. Chem., Int. Ed. Engl. 1992,31,1347. (b) Spaleck, 
W.; Kuber, F.; Winter, A.; Rohrmann, J.; Bachmann, B.; Antberg, M.; 
Dolle, V.; Paulus, E. F. Organometallics 1994, 13, 954. (c) Stehling, 
U.; Diebold, J.; Kirsten, R.; Roll, W.; Brintzinger, H. H.; Jungling, S.; 
Mulhaupt, R.; Langhauser, F. Organometallics 1994, 13, 964. 

(5) (a) Pino, P.; Cioni, P.; Wei, J. J .  Am. Chem. Soc. 1987,109,6189. 
(b) Pino, P.; Galimberti, M.; Prada, P.; Consiglio, G. Mukromol. Chem. 
1990, 191, 1677. (c) Coates, G. W.; Waymouth, R. M. J .  Am.  Chem. 
SOC. 1993,115,91. (d) Coates, G. W.; Waymouth, R. M. J .  Mol. Catal. 
1992, 76, 189. (e) Waymouth, R.; Pino, P. J .  Am. Chem. SOC. 1990, 
112, 4911. (0 Colletti, S. L.; Halterman, R. L. J .  Organomet. Chem. 
1093, 456, 99. (g) Halterman, R. L.; Ramsey, T. M. Organometallics 
1993,12,2879. (h) Chen, Z.; Halterman, R. L. J .  Am. Chem. SOC. 1992, 
114, 2276. (i) Rodewald, S.; Jordan, R. F. J .  Am. Chem. SOC. 1994, 
116, 4491. (i) Willoughby, C. A.; Buchwald, S. L. J .  Am. Chem. SOC. 
1992,114,7562. (k) Hong, Y.; Kuntz, B. A.; Collins, S. Organometallics 
1993,12, 964. (1) Grossman, R. B.; Davis, W. M.; Buchwald, S. L. J .  
Am. Chem. SOC. 1991, 113, 2321. (m) Banovetz, J. P.; Stein, K. M.; 
Waymouth, R. M. Organometallics 1991,10, 3430. (n) Morken, J. P.; 
Didiuk, M. T.; Hoveyda, A. H. J .  Am. Chem. SOC. 1993,115, 6997. 

(6)(a) Collins, S.; Kuntz, B. A.; Taylor, N. J.; Ward, D. G. J.  
Organomet. Chem. 1988, 342, 21. (b) See footnote 7 in: Collins, S.; 
Kuntz, B. A.; Hong, Y. J .  Org. Chem. 1989,54,4154. 
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(EBIILi2 and reported low, variable yields (3040%). 
Buchwald employed (EB1)Kz and obtained (EBI)ZrC12 
in 70% yield with a raclmeso ratio of 2/l.7 In general, 
current syntheses of chiral Ca symmetric ansa-metal- 
locenes produce the desired rac isomer in 10-40% yield, 
and separation of the chiral rac isomer from the 
undesired, achiral meso isomer is not always p ~ s s i b l e . ~ , ~  
Here we report that chiral, racemic ansa-zirconocenes 
may be prepared in high yield via amine elimination 
reactions. 

Group 4 organometallic complexes may be prepared 
by amine elimination reactions of metal dialkylamide 
 compound^.^ Lappert found that the reaction of Zr- 
(NMe214 (2) with excess cyclopentadiene affords Cp2Zr- 
(NMe& and 2 equiv of Me2NH; in contrast, the reaction 
of 2 with excess indene affords the mono(indeny1) 
compound (r5-CsH7)Zr(NMe2)3.l0 Recently, Teuben 
showed that the reaction of the cyclopentadiene-amine 
species C5H5(CH2)3NHMe with M(NMe2)4 (M = Zr, Hf) 
affords chelated {r5:r1-CgH4(CH2)3NMe}M(NMe2)2 com- 
plexes in high yield.ll We decided to study the reaction 
of ansa-bridged bidindenes) and group 4 metal dialkyl- 
amides to test whether the chelate effect would favor 
the formation of bis(indeny1) ansa-metallocenes. 

The reaction of Zr(NMe& (2)12J3 with 1,2-bis(3- 
indeny1)ethane (316 under N2 in toluene at 100 "C for 
17 h affords the ansa-zirconocene (EBI)Zr(NMe& (4) 
in 90% yield in a raclmeso ratio of 1311. Crystallization 
from toluene affords pure rac-(EBI)Zr(NMez)z (rac-4) as 
orange-red crystals in 68% yield (Figure 1). The evolved 
MezNH was allowed to escape from the reaction vessel 
via an oil bubbler, but the vessel was not purged with 
N2 during the reaction. The use of chlorobenzene or 
nonane as reaction solvent and recrystallization from 
hexane give similar results (90-95% crude 4 in a rad 
meso ratio of '911; pure rac-4 in 65-75% isolated yield 
after recrystallization). The exclusion of light from the 
reaction vessel has no effect upon the raclmeso ratio or 
yield. rac-4 was characterized by lH and 13C NMR, 

(7) Grossman, R. B.; Doyle, R. A,; Buchwald, S. L. Organometallics 
1991,10,1501. 

(8) (a) Ellis, W. W.; Hollis, T. K; Odenkirk, W.; Whelan, J.; 
Ostrander, R.; Rheingold, A. L.; Bosnich, B. Organometallics 1993,12, 
4391. (b) Wiesenfeldt, H.; Reinmuth, A.; Barsties, E.; Evertz, K; 
Brintzinger, H. H. J .  Organomet. Chem. 1989,369,359. (c) Erickson, 
M. S.; Fronczek, F. R.; McLaughlin, M. L. J .  Orgunomet. Chem. 1991, 
415, 75. (d) Collins, S.; Hong, Y.; Ramachandran, R.; Taylor, N. J. 
Organometallics 1991, 10, 2349. 

(9) (a) Lappert, M. F.; Power, P. P.; Sanger, A. R.; Srivastava, R. C. 
Metal and Metalloid Amides; Ellis Horwood: Chichester, West Sussex, 
U.K., 1980. (b) Bradley, D. C. Adv. Inorg. Chem. Rudiochem. 1972, 
15, 259. 
(10) Chandra, G.; Lappert, M. F. J .  Chem. SOC. A 1968, 1940. 
(11) Hughes, A. K.; Meetsma, A.; Teuben, J .  H. Organometallics 

is93,12, i936. 
(12) Bradley, D. C.; Thomas, I. M. Proc. Chem. SOC., London 1959, 

(13) Chisholm, M. H.; Hammond, C. E.; Huffman, J. C. Polyhedron 
225; J .  Chem. SOC. 1960, 3857. 

1988, 7, 2515. 
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I-\ 

\ 3 

lac- 1 

Figure 1. Reagents and conditions: (a) toluene, 100 "C, 
17 h, 68% isolated yield; (b) 2 Me2NHeHC1, CH2C12, -78 to 
f 2 3  "C, 0.5 h, 92% isolated yield; (c) (i) chlorobenzene, 125 
"C, 18 h and (ii) 2 Me2NH.HC1, CH2Cl2, 0 to 23 "C, 3 h, 
69% isolated yield. 

elemental analysis, and an X-ray crystal structure 
determination which confirmed the monomeric struc- 
ture.14 

Several observations provide insight to the mecha- 
nism and stereoselectivity of the reaction of 2 and 3. (i) 
Monitoring the reaction at  100 "C in toluene, via lH 
NMR analysis of aliquots taken from the reaction 
solution, showed that the binuclear species @-q5:q5- 
EBI)(Zr(NMe2)3}2 (5) was present initially (ca. 10 mol 
% after 2 h, raclmeso ratio approximately 111) but 
disappeared after several hours. Compound 5 was 
prepared independently by the reaction of 2 equiv of Zr- 
(NMe2)4 (2) with (EBI)H2 (3) in toluene at  room tem- 
perature. (ii) The NMR monitoring experiments also 
showed that the raclmeso ratio of product 4 was initially 
low (2/1 after 2 h) but increased with reaction time 
(>50/1 after 5 days). A reaction time of 15-20 h is 
optimum for the preparation of rac-4, since prolonged 
heating (>1 day) is accompanied by formation of in- 
soluble products. (iii) When the reaction was performed 
in a closed vessel, from which the MezNH could not 
escape, it did not go to completion (a mixture of 3-5 
was obtained). (iv) When N2 was bubbled through the 
reaction solution to sweep out the amine rapidly as it 
was formed, the reaction went to completion but the 
final rac-Umeso-4 ratio was low ( l / l ) .  These observa- 
tions imply that (i) the amine elimination is reversible, 
(ii) meso-4 and rac-4 are formed at  comparable rates 
but rac-4 is the thermodynamically preferred product, 
and (iii) the isomerization of meso-4 to rac-4 is catalyzed 
by Me2NH. These results may be rationalized by 
Scheme 1. 

In Scheme 1, Zr(NMe2)s (2) reacts with (EBI)H2 (3) 
to form the unobserved intermediate 6. Mono(indeny1) 
species 6 may undergo reversible intermolecular amine 
elimination with a second equivalent of 2 to give 
binuclear species 5 or, alternatively, reversible intramo- 
lecular amine elimination to give either meso-4 or the 

(14) Petersen, J. L. Unpublished results. 

thermodynamically favored rac-4. A critical aspect of 
Scheme 1 is the amine-catalyzed meso-Urac-4 intercon- 
version; when MeZNH was swept from the reaction 
vessel, this epimerization was inhibited and a 111 rac- 
Umeso-4 product ratio was obtained. 

It is likely that the bidamidel complex rac-4 could 
be used directly as a catalyst or catalyst precursor in 
many applications. However, rac-4 may be converted 
to the commonly used dichloride derivative rac-(EB1)- 
ZrClz (1) in high yield (92%) via reaction with 2 equiv 
of MezNH-HC1 in CH2C12.11 Alternatively, rac-(EB1)- 

(15) Experimental Procedures. All reactions were performed under 
an Nz atmosphere using standard glovebox and Schlenk techniques. 
Zr(NMe2)r (2): Solid ZrC4 (12 g, 52 mmol) was added, in several 
portions over 2 h, to a suspension of LiNMez (11 g, 220 "01) in toluene 
(150 mL) at room temperature. The reaction mixture was stirred for 
an additional 18 h at room temperature. The solvent was removed 
under reduced pressure, leaving an  off-white solid, from which pure 
ZdNMe2)4 (2) was obtained by sublimation at 80 "C/0.05 mmHg, in 
83% yield (12 g). The use of toluene rather than THF as the solvent 
for this reaction avoids the formation of Liz(THF)zZr(NMez)s and 
results in an improved yield.12J3 mc-(EBI)Zr(NMez)z (rac-4): Zr- 
(NMe2)4 (2) (1.0 g, 3.7 mmol) and 1,2-bis(3-indenyl)ethane (3; 0.96 g, 
3.7 mmol) were placed in a Schlenk vessel, and toluene (20 mL) was 
added. The reaction mixture was stirred and heated at 100 "C for 17 
h. An aliquot was removed and analyzed by 'H NMR. The lH NMR 
spectrum showed that (EBI)Zr(NMeZ)z (4) was present in 90% yield in 
a raclmeso ratio of 13/1. The reaction mixture was filtered, concen- 
trated under reduced pressure, and cooled to -20 "C. Filtration 
afforded pure rac-(EBI)ZriNMez)z (rac-4) as orange-red crystals in 68% 
yield (1.1 g). rac-4: Anal. Calcd for Cz4Hz&Zr: C, 66.16; H, 6.48; 
N, 6.43. Found: C, 66.42; H, 6.40; N, 6.24. 'H NMR (360 MHz, CsDs, 
298 K): 6 7.42 (d, J = 9 Hz, 2 H, indenyl), 7.40 (d, J = 9 Hz, 2 H, 
indenyl), 6.93 (dd, J = 7 Hz, J = 9 Hz, 2 H, indenyl), 6.71 (dd, J = 7 
Hz, J = 9 Hz, 2 H, indenyl), 6.35 (d, J = 3 Hz, 2 H, C5 indenyl), 5.88 
(d, J = 3 Hz, 2 H, Cg indenyl), 3.31 (m, 2 H, CHz), 3.10 (m, 2 H, CHz), 
2.53 (8 ,  12 H, NMez). 13C{lH} NMR (90 MHz, C&, 298 K): 6 130.0 
(C), 125.8 (CH), 123.3 (CHI, 123.2 (CH), 121.3 (C), 120.7 (CH), 117.3 
(C), 113.9 (CH), 100.6 (CHI, 47.7 (NMeZ), 28.9 (CHzCHz). neeo-4: lH 
NMR (360 MHz, C6D6,298 K): 6 7.56 (d, J = 8 Hz, 2 H, indenyl), 7.39 
(d, J = 9 Hz, 2 H, indenyl), 6.88 (m, 2 H, indenyl), 6.70 (m, 2 H, 
indenyl), 6.41 (d, J = 3 Hz, 2 H, C5 indenyl), 5.86 (d, J = 3 Hz, 2 H, C5 
indenyl), 3.50 (m, 2 H, CHz), 2.99 (8 ,  6 H, NMeZ), 2.94 (m, 2 H, CHz), 
1.82 ( 8 ,  6 H, NMez). . e-t16:tls-EBI){Zr(NMea)s)a (5): A solution of 3 
(0.24 g, 0.93 mmol) in toluene (20 mL) was added dropwise at  room 
temperature to a solution of 2 (0.50 g, 1.9 mmol) in toluene (20 mL). 
The reaction solution was stirred for 17 h at room temperature. The 
solvent was removed under reduced pressure, affording an orange oil. 
The 'H NMR spectrum of the oil showed that (CL-q5:q5-EBI){Zr(NMez~3}z 
(5) was present in 75% yield in a raclmeso ratio of 111. Recrystallizahon 
from hexane afforded uure 5 in 19% vield (0.12 e) as a vellow crvstalline 
solid in an isomeric ratio (5d5b) of"Y1. Anal."Calcdfor CazI-i~zNsZrz: 
C, 54.65; H, 7.45; N, 11.95. Found: C, 54.86; H, 7.26; N, 11.76. 5a: 
'H NMR (360 MHz, C a s ,  298 K): 6 7.59-7.45 (m, 4 H, indenyl), 6.96- 
6.88 (m, 4 H, indenyl), 6.36 (d, J = 3 Hz, 2 H, C5 indenyl), 6.20 (d, J 
= 3 Hz, 2 H, C5 indenyl), 3.39-3.21 (m, 4 H, CHZCHZ), 2.80 (s, 36 H, 
NMez). I3C{'H} NMR (90 MHz, C6D6, 298 K): 6 126.3 (C), 125.2 (C) ,  
123.1 (CH), 122.6 (CH), 122.1 (CH), 121.7 (CH), 116.4 (CHI, 114.3 (C), 
96.0 (CHI, 44.1 (NMeZ), 29.4 (CHzCHz). 5b: 'H NMR (360 MHz, CsDs, 
298 K): 6 7.59-7.45 (m, 4 H, indenyl), 6.96-6.88 (m, 4 H, indenyl), 
6.26 (d, J = 3 Hz, 2 H, CS indenyl), 6.20 (d, J = 3 Hz, 2 H, c6 indenyl), 
3.43 (m, 2 H, CHz), 3.17 (m, 2 H, CHz), 2.79 (8 ,  36 H, NMez). I3C{lH} 
NMR (90 MHz, C&, 298 K): 6 126.5 (C), 125.0 (C), 123.1 (CH), 122.6 
(CH), 122.2 (CH), 121.7 (CH), 116.9 (CH), 114.1 (C), 95.7 (CH), 44.1 
(NMeZ), 29.2 (CHzCHz). rac-(EBI)ZrClz (1) from m-(EBI )Zr -  
(NMe2)z: A solution of MeZNH.HCl(O.093 g, 1.1 mmol) in CHzClz (20 
mL) was added dropwise to a stirred solution of rac-4 (0.25 g, 0.57 
mmol) in CHzClz (20 mL) a t  -78 "C. The resulting clear, yellow 
solution was stirred at  room temperature for 30 min. Removal of 
solvent under reduced pressure followed by washing with hexane and 
extraction of the yellow product into toluene gave, upon removal of 
solvent, rac-(EB1)ZrClz (1) in 92% yield (0.22 g). "One-pot" synthesis 
of rac-(EBI)ZrCl2 (1) from Zr(NMe2)r: Zr(NMez)l (2) (0.52 g, 1.9 
mmol) and 1,2-bis(3-indenyl)ethane (3; 0.50 g, 1.9 mmol) were placed 
in a Schlenk vessel, and chlorobenzene (10 mL) was added. The 
reaction mixture was stirred and heated to 125 "C for 18 h. An aliquot 
was removed and analyzed by 'H NMR. The 'H NMR spectrum 
showed that 4 was present in 95% yield in a raclmeso ratio of 1011. 
The reaction mixture was cooled to 0 "C, and a solution of MeZNHsHCl 
(0.30 g, 3.7 mmol) in CHzClz (65 mL) was added dropwise over 30 min, 
dunng which time the color changed from red-orange to yellow. The 
reaction mixture was stirred at room temperature for 3 h. The solvent 
was removed under reduced pressure to give a yellow powder. 
Recrystallization of the yellow powder from CHzClz gave pure rac- 
(EB1)ZrClz (I) in 69% yield (0.54 g). 
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Scheme 1 

g 3 < rbNMe2 Mez 

rac-4 

zr(NMe2h 

meso-5 

rac-5 

ZrClz may be prepared directly in 69% isolated yield in 
a "one-pot" synthesis via reaction of Zr(NMed4 (2) and 
(EB1)Hz (3) in chlorobenzene (125 "C, 18 h), followed 
by addition of MeZNH.HCl(0 "C), solvent removal, and 
recrystallization from CHZC12 (Figure 1). 

We conclude that amine elimination offers a simple 
and efficient approach to the synthesis of rac-(EB1)ZrXz 
compounds. l5 We have successfully extended this ap- 
proach to the synthesis of other ansa-metallocenes with 
Me& bridging groups and with different cyclopenta- 
dienyl substituents and will report on these later. We 

anticipate that the use of homochiral metal amide 
starting materials will enable the efficient synthesis of 
enantiomerically pure ansa-metallocenes, which would 
greatly facilitate their use in asymmetric synthetic 
applications.5 
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Summary: The deprotonated 4,13-diaza-18-crown-6 (DAC) 
ligand system allows isolation of the yttrium alkyl 
species Y(DAC)(CH2SiMe3). A crystallographic investi- 
gation reveals a monomeric complex containing a seven- 
coordinate yttrium center exhibiting no agostic interac- 
tions with the alkyl group. The complex is relatively 
stable in  the solid state but decomposes by ligand 
metalation in  solution. 

Despite the extensive coordination chemistry of the 
lanthanides with crown ethers and their N-substituted 
analogs (azacrowns),l no attempt has been made to 
utilize deprotonated azacrowns as ancillary ligands in 
organolanthanide chemistry. Indeed, the only examples 
of deprotonated azacrowns as ancillary ligands in or- 
ganometallic chemistry are the aluminum alkyl com- 
plexes prepared by Robinson2 and Gokel and R i ~ h e y . ~  

Deprotonated azacrowns are intriguing as ancillary 
ligands because they provide a flexible donor array with 
the ability to fill one hemisphere of the lanthanide 
coordination sphere. We have previously shown that 
this coordination mode is realized with deprotonated 4,- 
13-diaza-18-crown-6 (DA04 in Ln(DAC)[N(SiMe&l (l).5fj 
In this contribution we report the successful extension 
of the DAC ligand system to the synthesis of a hydro- 
carbon-soluble monomeric alkyl: Y(DACXCH2SiMe3) 
(2). 

SiMe, 

I 1 Ln 
a Y 
b Ce 

C Sm 

Complex 2 is conveniently prepared by the protona- 
tion rea~t ion .~  

Y(CH,SiMe,),(THF), + H2DAC - 
Y(DAC)(CH,SiMe,) + 2SiMe4 + 2THF 

Attempts to prepare 2 by metathetical routes have been 

2 

* To whom correspondence should be addressed. 
@ Abstract published in Advance ACS Abstracts, November 15,1994. 
(1) For comprehensive reviews see: (a) Bunzli, J.-C. G.; Wessner, 

D. Coord. Chem. Rev. 1984,10, 191. (b) Bunzli, J . 4 .  G. In Handbook 
on the Physics and Chemistry of Rare Earths; Gschneidner, K. A., 
Eyring, L., Eds.; Elsevier: Amsterdam, 1987; Vol. 9, p 321. (c) Hart, 
F. A. In Comprehensive Coordination Chemistry; Wilkinson, G., Ed.; 
Pergamon Press: Oxford, U.K., 1987; Vol. 3, p 1059. (d) Adachi, G.; 
Hirashima, Y. In Cation Binding by Macrocycles; Complexation of 
Cationic Species by Crown Ethers; Inoue, Y., Gokel, G.  W., Eds.; Marcel 
Dekker: New York, 1990; p 701. 
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thwarted by difficulties in cleanly preparing suitable 
precursors such as Y(DAC)(Cl) or Y(DAC)(OCsH3tBu2- 
2,6). Colorless crystalline 2 is very air and moisture 
sensitive and undergoes slow thermal decomposition at 
room temperature (vide infra). 

The NMR spectra of 2 are consistent with a mono- 
meric alkyl complex. The DAC region of the lH NMR 
spectrum consists of six multiplets, while only three 
triplets are observed for the DAC carbons in the proton- 
coupled 13C NMR spectrum, consistent with CsV mo- 
lecular symmetry as found for la. A doublet of triplets 
pattern is observed for the CH2 carbon of the alkyl due 
to yttrium and proton coupling PJyc = 39 Hz; ~JCH = 
102 Hz). In addition, the 89y NMR spectrum (Figure 
1) shows a well-resolved triplet (6 f551.2 ppm, 2 J ~  = 
2.8 Hz), effectively ruling out a static bridging alkyl 
structure. The 89y chemical shift is far downfield of that 
in la (+401 ppm), consistent with the strong deshield- 
ing effect of alkyls, as previously noted by S~haverien.~ 

The spectroscopic data for 2 do not provide compelling 
evidence for an agostic interaction between the a-CH2 
protons and Y. While the low value of ~JCH is consistent 
with averaging of an agostic (typical range ~ J C H  = 40- 
80 Hz) and a classical CH (~JcH in SiMe4 = 117 Hz), 

(2) (a) Robinson, G. H.; Rae, A. D.; Campana, C. F.; Byram, S. K. 
Organometallics 1987, 6, 1227. (b) Robinson, G. H.; Sangokoya, S. A. 
Organometallics 1988, 7, 1453. (c) Robinson, G. H.; Appel, E. S.; 
Sangokoya, S. A.; Zhang, H.; Atwood, J .  L. J .  Coord. Chem. 1988,17, 
373. (d) Sangokoya, S. A.; Moise, F.; Pennington, W. T.; Self, M. F.; 
Robinson, G. H. Organometallics 1989, 8, 2584. (e) Sangokoya, S. A.; 
Pennington, W. T. J.  Am. Chem. SOC. 1989,111,1520. (0 Self, M. F.; 
Pennington, W. T.; Laske, J .  A.; Robinson, G. H. Organometallics 1991, 
10, 36. 
(3) (a) Gokel, G. W.; Garcia, B. J. Tetrahedron Lett. 1977, 317. (b) 

Pajerski, A. D.; Cleary, T. P.; Parvez, M.; Gokel, G. W.; Richey, H. G., 
Jr. Organometallics 1992, 11, 1400. 
(4) Systematic name: 1,7,10,16-tetraoxa-4,13-diazacyclooctadecane. 
(5) Ln refers to yttrium, lanthanum, and the lanthanides in general 

throughout this paper. 
(6) Lee, L.; Berg, D. J.; Bushnell, G. W. Inorg. Chem., in press. 
(7) Synthesis of 2: All operations were carried out in an argon-filled 

glovebox. A solution of HzDAC6 (0.200 g, 0.762 mmol) in 20 mL of 
toluene was added dropwise over 10 min to a vigorously stirred solution 
of Y(CH2SiMe3)s(THF)z8 (0.377 g, 0.762 mmol) in 20 mL of toluene. 
The colorless solution was stirred for 30 min followed by removal of 
the solvent under reduced pressure. Recrystallization of the resulting 
white powder from a toluene-hexane mixture produced white crystals 
of 2 (0.310 g, 70%). Mp: 120 "C dec. 'H NMR (250 MHz): 6 3.80 (m, 
4 H, CJT),3.38 (m, 8 H, overlapping Ctlf and CJT),3.33 (m, 4 H, C a ,  
3.14 (m, 4 H, C m ,  3.02 (m, 4 H, C m ,  0.42 (s, 9 H, SiMea), -0.84 (d, 
2 H, CHZSi, 2 J ~  = 2.8 Hz). 13C NMR (90.29 MHz): 6 74.2 (t, C,, 'JCH 
= 143 Hz), 68.1 (t, Cb, 'JCH = 145 Hz), 55.2 (t, C., 'JCH = 128 Hz), 19.4 
(dt, CHzSi, 'Jyc = 39 Hz, ~ J C H  = 102 Hz), 4.9 (4, SiMe3, 'JCH = 114 
Hz). 29Si NMR (49.69 MHz): 6 -1.9 (s, SiMe3). NMR spectra were 
recorded in C& a t  room temperature; 'H and 13C spectra were 
referenced to residual solvent resonances, 29Si to external TMS, and 

to 3 M Yc13 in DzO. 'H and 13C assignments refer to  the unique 
portion of the DAC backbone NCaH2CbH20C,H2: partial assignments 
were made by a 'H-13C COSY experiment; endo and exo H assign- 
ments have not been made. Anal. Calcd for C I ~ H S ~ N ~ O ~ S ~ Y .  C, 44.03; 
H, 8.08; N, 6.42. Found: C, 43.00; H, 7.81; N, 6.35. 
(8) Lappert, M. F.; Pearce, R. J .  Chem. SOC., Chem. Commun. 1973, 

126. 
(9) Schaverien, C. J. Organometallics 1994, 13, 69. 

0 1995 American Chemical Society 
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Figure 1. 8sY NMR spectrum of 2 (17.64 MHz, C6D6). 

comparable values have been found for (OEP)Lu[CH- 
(SiMeshl(95 Hz),1° {LuCp*[CH(SiMe3)21C12}Li(TMl3DA) 
(93 Hz),ll La[CH(SiMe& (95.2 Hz),12 and MgCCH- 
(SiMe3)212 (100.8 Hz),13 which have been shown crys- 
tallographically to contain no significant a-CH agostic 
interactions. In fact, for these compounds, observation 
of a low ~JCH value appears to be a rather unreliable 
criterion for establishing the presence of an agostic 
interaction since Cp*La[CH(SiMe3)212 (100 Hz),l4 Cp*La- 
[CH(SiMe3)212(THF) (92 Hz),14 and Cp*2Y[CH(SiMe&I 
(84.2 Hz),15 which contain crystallographically verified 
a-agostic interactions, span a comparable range Of l J C H  
values. 

The uncertainty regarding the presence of an a-ago- 
stic CH interaction, as well as the possibility of agostic 
B-Si-Me to yttrium bonding,g prompted us to investi- 
gate the solid-state structure of 2 by X-ray crystal- 
lography (Figure 2).16 The structure of 2 is monomeric, 
as suggested by NMR spectroscopy; the nearest inter- 
molecular contacts are 23.5 A. The bonding geometry 
about Y, like that in la,6 can be viewed as consisting of 
primary trigonal-planar coordination of the anionic 
groups (alkyl C and amido N; sum of the angles about 
Y for the YN2C unit is 359.9') with secondary coordina- 

~~ 

(10) Schaverien, C. J.; Orpen, A. G. Znorg. Chem. 1991, 30, 4968. 
(11) van der Heijden, H.; Pasman, P.; de Boer, E. J. M.; Schaverien, 

C. J. Organometallics 1989, 8, 1459. 
(12) Hitchcock, P. B.; Lappert, M. F.; Smith, R. G.; Bartlett, R. A.; 

Power, P. P. J. C h m .  Soc., Chem. Commun. 1988,1007. 
(13) Hitchcock, P. B.; Howard, J. A. K.; Lappert, M. F.; Leung, W.- 

P.; Mason, S. A. J. Chem. SOC., Chem. Commun. 1990, 847. 
(14)(a) van der Heijden, H.; Schaverien, C. J.; Orpen, A. G. 

Organometallics 1989, 8, 255. (b) Schaverien, C. J.; van der Heijden, 
H.; Orpen, A. G. Polyhedron 1989,8, 1850. 

(15) den Haan, K. H.; de Boer, J. L.; Teuben, J. H.; Spek, A. L.; 
Kojic-Prodic, B.; Hays, G. R.; Huis, R. Organometallics 1986,5, 1726. 

(16) Crystal data for 2: C I ~ H ~ S N Z O ~ S ~ Y ,  M, = 436.46 monoclinic, 
space group P2lh (No. 14), a = 9.709(5)A, 6 = 11.704(6)L, c = 19.523- 
(6) A, B = 97.63(4)", V = 2198.7 &, 2 = 4, D, = 1.319 g ~ m - ~ ,  j4Mo 
Ka) = 27.40 cm-l (graphite monochromated), I = 0.709 32 A, F(000) 
= 919.9. The data were collected on a Nonius CAD-4F difiactometer 
a t  ambient temperature (293 K) using the 0 - 0  scan mode (20 = 
2-45"). The data were corrected for Lorentz and polarization effects, 
and an empirical absorption correction (Y scan) was carried out. The 
structure was solved using direct methods (NRC Solver"). Of the 2851 
unique reflections, 1402 with Z > 4 0 0  were used in the refinement. A 
total of 219 parameters were refined using SHELX76,18 and the 
structure converged satisfactorily (maximum shift/esd 0.018). The hal 
residuals were R = 0.088 and R, = 0.118. 

(17) Larson, A.; Lee, F.; Page, Y.; Webster, M.; Charland, J.; Gabe, 
E. NRC Vax Crystal Structure System; NRC: Ottawa, Canada, 1985. 

(18) Sheldrick, G. M. SHEIx76, Programs for Crystal Structure 
Determination; University of Cambridge: Cambridge, U.K., 1976. 

(19) Johnson, C. K. ORTEPII; Oak Ridge National Laboratory: Oak 
Ridge, TN, 1976. 

c 3  

c a  

c 1 2  

Figure 2. ORTEP drawing of 2. Selected bond distances 
(A) and angles (deg): Y(l)-N(l) = 2.27(2), Y(l)-N(2) = 
2.26(2), Y(1)-0(1) = 2.622(11), Y(1)-0(2) = 2.442(13), 
Y(1)-0(3) = 2.431(12), Y(1)-0(4) = 2.534(11), Y(l)-C(13) 
= 2.45(2); N(l)-Y(l)-N(2) = 111.0(5), N(l)-Y(l)-C(l3) = 
137.4(6), N(2)-Y(l)-C(13) = 111.5(6), Y(l)-C(l3)-Si(l) = 
126.4(8). 
tion of the four ether oxygens above and below the YN2C 
plane. The DAC N-Y and 0-Y distances are very 
similar to those found in la. The Y-C distance of 2.45- 
(2) A is comparable to that found in Cp*2Y[CH(SiMe&I 
(2.468(7) the only other structurally characterized 
neutral yttrium alkyl species containing a seven- 
coordinate yttrium center. Significantly, the long 
Y(1> **Si(l) (3.84(2) A) and Y(1). .C(14)-C(16) (4.38(2), 
4.38(2), and 5.49(2) A) distances rule out any p- or 
y-agostic interactions. Attempts to refine H(13a) and 
H( 13b) isotropically resulted in an unreasonably short 
C(13)-H(13b) distance of 0.82(11) A, but the Y(1). -OH- 
(13a, 13b) nonbonding distance did not shorten signifi- 
cantly from the calculated (fixed) distance of 2.92 A. This 
distance is far longer than that observed in compounds 
believed to contain an a-CH agostic interaction and 
would appear to rule out this type of bonding.14J5 

Complex 2 slowly decomposes (weeks) a t  room tem- 
perature but is stable indefinitely a t  -30 'C in the solid 
state. In &-benzene solution, 2 decomposes more 
rapidly to produce TMS. The ultimate fate of the 
Y(DAC) moiety is not known with certainty, although 
the presence of at least 15 13C resonances in the DAC 
region strongly suggests that decomposition involves 
metalation of the DAC ligand. No evidence for meta- 
lation of &-benzene (or &,-toluene) or incorporation of 
deuterium into TMS was found. Fryzuk has reported 
a similar decomposition mode for Ln(PNPMe)2R (PNPMe 
= N(SiMezCHzPMe2)z; Ln = Y, R = Ph, CH2Ph; Ln = 
Lu, R = Ph).20 Complex 2 is considerably more stable 
than Y(PNPMe)2(CH2Ph), which is somewhat surprising 
given the lower steric shielding anticipated for the DAC 
ligand. The higher stability of 2 may be explained by 

~~~ 

(20) Fryzuk, M. D.; Haddad, T. S.; Rettig, S. J. Organometallics 
1991, 10, 2026. 
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zero-order kinetics until less than 15% of the alkyl 
remains. This behavior is typical of a heterogeneous 
reaction. Since the rate of decay is unaffected by 
variable treatment of the NMR tubes, including sili- 
conization, but is affected by how recently the sample 
of 2 used was isolated, we believe that the decomposition 
is autocatalytic and occurs at the surface of the insoluble 
Y(DAC) metalation p r o d u ~ t . ~ ~ ~ ~ ~  The same behavior is 
obtained throughout the 35-85 "C range, affording an 
E ,  value of 79 kJ mol-l from the Arrhenius plot. It is 
clear from these results that the stability of 2 is critically 
dependent upon its purity. 

Given the monomeric structure of 2, it is clear that a 
single DAC ligand is capable of satisfying the steric 
requirements of the Y center in a manner similar to that 
for Cp* (CsMes-). The unique features of the DAC 
system, compared with Cp*, are its flexible geometry 
and variable donor complement. These features may 
allow the remarkably simple DAC ligand to access areas 
of group 3 and lanthanide chemistry hitherto inacces- 
sible with the less flexible Cp* system. 

d,-benzene 75 O C  

k = 1.12 x s.' 

R = -0.999 

\ 

~ ' l ' ~ ' l ~ l ~ ~ ~ l ' l ~ ~ ~ l ~ l  
0 20 40 60 80 100 120 140 160 180 200 

Time (minutes )  

Figure 3. Thermal decomposition of 2 at 75 "C (C6D6). 

electronic differences between PNP and DAC, since the 
soft P donors of the former ligand are expected to 
coordinate more weakly to a lanthanide center than the 
hard 0 donors of DAC. Lanthanide and group 3 alkyls 
containing dialkylamido ligation are rare, although the 
related Ln(0EP)R series (OEP = octaethylporphyrin) 
have been investigated in some detail by Amold21 and 
Schaverien.10v22 The greater thermal stability of the 
OEP system can probably be attributed to difficulties 
in achieving the necessary geometry to allow metalation 
of the rigid porphyrin backbone. 

In contrast to the Ln(PNPMe)2R system, the thermal 
decomposition of 2 does not follow simple first-order 
kinetics. A plot of the relative amount of alkyl remain- 
ing versus time at 75 "C (Figure 3) shows essentially 

(21) (a) Arnold, J.; Hoffian, C. G.; Dawson, D. W.; Hollander, F. J. 
Oreanometullics 1993.12. 3645. (b) Brand. H.: Arnold. J .  Oreanome- 
tal'tics 1993, 12, 3655: (ci Brand, H.; Amold,'J. Angew. Chem., Int. 
Ed. Engl. 1994,33, 95. 

(22)Schaverien, C. J .  J.  Chem. SOC., Chem. Commun. 1991, 458. 
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(23) Since decomposition of 2 at the glass surface of the NMR tube 
could also yield zero-order kinetics, we carried out the decomposition 
studies in tubes that had been cleaned with a variety of agents (HNo3, 
HCl, or HzOhase prior to repeated water rinses) and dried for varying 
lengths of time (2-60 h) at different temperatures. Additionally, for 
some n m s  the tube was siliconized with MezS iCl~ .~~  Regardless of the 
treatment used, plots very similar to Figure 3 were obtained in all 
cases. 
(24) The procedure involved treatment of the tube with 10% HF 

followed by a deionized water rinse and oven drying (120 "C) for 1-2 
h. f i r  it was cooled, the tube was treated with 3% MezSiClz in toluene 
followed by oven drying (120 "C, 48 h). This procedure is a modification 
of that given in: Model 303 Static Mercury Drop Electrode Operating 
and Service Manual; EG+G Princeton Applied Research: Princeton, 
NJ, 1984. 
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Summary: The encapsulated stanmcenes [(C&,)4C5Hl2- 
Sn and [(Cfi7)&5HdzSn are isolated as an air-stable, 
high-melting solid and an air-sensitive oil, respectively; 
their physical properties mirror those of alkaline-earth 
metallocenes containing these ligands. The X-ray crystal 
structure of [(C&7)&H]zSn reveals a bent-metallocene 
geometry closely related to that of N C & ~ ) ~ C ~ H I Z C ~ .  

The wide use of the cyclopentadienyl ([CsHsI-) and 
pentamethylcyclopentadienyl ([CsMesl-) ligands in or- 
ganometallic chemistry often overshadows the unique 
properties possessed by compounds containing other 
substituted cyclopentadienyl rings.l For example, the 
difference of one isopropyl group between the 1,2,4- 
triisopropyl- and 1,2,3,4-tetraisopropylcyclopentadienyl 
ligands ([Cp3'1- and [Cp4'1-, respectively) induces dra- 
matically different properties in their associated group 
2 metal locene~.~-~ In particular, the "encapsulated" 
(Cp4')&e (Ae = Mg-Ba) metallocenes are high-melting 
('150 "C) crystalline solids that do not react with 
nucleophiles such as ethers2 or [N(SiMe&l- and 
possess moderate air stability (up to 30 min). In 
contrast, the (Cp39&e metallocenes are lower melting 
(<92 "C) oils or waxes that readily form Lewis acid- 
base adducts with nucleophiles such as THF3 and 
decompose in air within seconds. We were interested 
in determining whether the widely differing properties 
observed for the (Cp3')&e and (Cp4')&e compounds 
would be reproduced in other metallocenes containing 
these  ligand^,^ and report here results for the cor- 
responding tin compounds. 

The stannocenes (Cp3')2Sn and (Cp4')2Sn are prepared 
by the metathetical reaction of KCp3' or KCp4' with 
SnClz in THF (eq l h 7  Hexane extraction of the reaction 

THF 
2KCp"' + SnC1, - (Cp"'),Sn + 2KC1-1. (1) 

mixtures gives both compounds in high ('80%) yield; 
(Cp4'&Sn is isolated as a light yellow, crystalline solid, 
whereas (Cp3')2Sn is a slightly viscous, deep yellow 
oi1.*-l1 Any impurities in the compounds can be re- 
moved by high-vacuum sublimation (140 "C, Torr) 
for (Cp4')2Sn or distillation (100 "C, Torr) for (Cp3%- 

@ Abstract published in Advance ACS Abstracts, December 1,1994. 
(1) Janiak, C.; Schumann, H. Adu. Organomet. Chem. 1991, 33, 

291 -393. - - - - - -. 
(2) Williams, R. A.; Tesh, K. F.; Hanusa, T. P. J .  Am. Chem. SOC. 

(3) Burkey, D. J.; Williams, R. A.; Hanusa, T. P. Organometallics 

(4) Burkey, D. J.; Hanusa, T. P.; Huffman, J. C. Adu. Muter. Opt. 

1991,113,4843-4851. 

1993,12, 1331-1337. 

Electron. 1994,4, 1-8. 

and (Cp4')zSr. 
( 5 )  Burkey, D. J.; Hanusa, T. P., unpublished results for (Cp49zMg 

(6) Burkey, D. J.; Alexander, E. IC; Hanusa, T. P. Organometallics 
1994,13,2773-2786. 

Sn. Analytical and spectroscopic (lH, 13C NMR, IR) data 
for the two metallocenes confirm the proposed formula- 
t i o n ~ . ~  

An X-ray crystallographic study of (Cp4')2Sn12 reveals 
a bent-metallocene geometry (Figure 1). As observed 
in all other previously characterized bent stannocenes,13 
the Cp ligands are displaced from symmetrical v5 
coordination; this displacement renders the ring cen- 
troid-Sn-ring centroid angle for the complex (165.0") 
substantially larger than the ring normal-Sn-ring 
normal angle (152.2'). Both angles are the largest so 

(7) Synthesis of (C~3~)zSn. KCp3' (1.29 g, 5.58 mmol) and SnClz (0.53 
g, 2.79 mmol) were added to 45 mL of THF, and the yellowish 
suspension was stirred for 12 h. The THF was removed under vacuum, 
leaving a dark yellow residue, which was then extracted with 60 mL 
of hexane. Filtration of the extract removed a brown solid; vacuum 
evaporation of the hexane from the yellow filtrate gave 1.24 g (89% 
yield) of (Cp3i)zSn as a yellow oil, mp ca. -18 "C. (Cp3i)~Sn can be 
distilled at 100 "C and Torr, but such distillations result in 
considerable high mechanical losses of product. Anal. Calcd for 
Czs&&n: C, 67.08; H, 9.25. Found: C, 67.35; H, 9.17. lH NMR 
(CsD6): 6 5.68 (8 ,  V(Sn-H) = 22.9 Hz, 4 H, ring CH), 2.76-2.84 (two 
overlapping septets, 6 H, CHMeZ), 1.22 (d, J = 6.7 Hz, 24 H, CH3), 
1.20 (d, J = 6.6 Hz, 12 H, CH3). 13C NMR (CeDs): 6 134.2 (l,2-ring 
CCHMeZ), 131.1 (4-ring CCHMeZ), 102.4 (WSn-C) = 26.5 Hz, ring 
CH), 27.9 (4-CHMez), 27.2 (CHI), 25.9 (1,2-CHMez), 25.8 (CHs), 25.2 
(CH3). Principal IR bands (neat, cm-'1: 3072 (w), 2954 (vs, br), 1459 
(m), 1412 (w), 1378 (m), 1360 (m), 1325 (w), 1268 (m), 1177 (m), 1151 
(m), 1103 (m), 1051 (m), 1028 (m), 805 (s), 779 (m), 651 (w), 498 (w). 
Synthesis of (Cp4i)zSn. By the procedure used for (Cp3')2Sn, (Cp492Sn 
was prepared from KCp4' (0.77 g, 2.83 mmol) and SnClz (0.27 g, 1.41 
mmol) in THF. Bnght yellow (Cp4i)zSn was isolated from a hexane 
extract of the reaction mixture. Purification of the product was 
achieved by sublimation at 140 "C and Torr, giving 0.685 g (83% 
yield) of (Cp4')zSn (mp 162-163 "C). Anal. Calcd for C S ~ H ~ & I :  C, 
69.74; H, 9.98. Found: C, 70.14; H, 10.09. 'H NMR (&De): 6 5.31 (6, 
V(Sn-H) = 29.6 Hz, 2 H, ring 0 ,  3.04 (septet, J = 7.2 Hz, 4 H, 
CHMeZ), 2.93 (septet, J =  6.8 Hz, 4 H, CHMez), 1.35 (d, J =  7.1 Hz, 12 

CCHMeZ), 130.2 (V(Sn-C) = 40.4 Hz, ring CCHMez), 96.3 (ring CH), 
27.3 ( m a ) ,  26.45 (CHMeZ), 26.35 (CHMeZ), 26.0 (br, CH3), 25.7 (br, 
CH3),  25.3 (br, CH3). Principal IR bands (KBr, cm-'): 3074 (w), 2960 
(9, br), 1454 (m), 1402 (w), 1375 (m), 1361 ( 4 ,  1341 (4, 1312 (m), 
1264 (m), 1179 (m), 1143 (m), 1104 (m), 1055 (m), 984 (w), 886 (w), 
780 (s), 668 (m), 619 (w), 491. (m), 373 (m), 344 (w). 

(8) There are several prevlous examples in the literature of stan- 
nocenes that are oils or liquids a t  room temperature; e.g., (MeC5H4)z- 
Sn,9 [Me3Si)Cd3&Sn,l0 (t-BuC5&)~Sn,l0 and [(~-BU)ZCE.H~IZS~.~~ 

(9) Dave, L. D.; Evans, D. F.; Wilkinson, G. J .  Chem. SOC. 1969, 

(10) Hani, R.; Geanangel, R. A. J .  Organomet. Chem. 1986, 293, 

(11) Jutzi, P.; Dickbreder, R.; Noth, H. Chem. Ber. 1989,122,865- 
870. 

(12) Crystals of [ ( C ~ H ~ ) ~ C E H ]  Sn grown from hexane are monoclinic, 
space group C2/c, a = 34.05(1) A, b = 12.40(1) A, c = 16.604(6) A, B = 
111.52(4)", V =  6522(13)A3, andDEalcd = 1.192 gcm-s for = 8. Data 
were collected on a Rigaku AFC6S difiactometer at 293 K using 
graphite-monochromated Mo Ka radiation (1 = 0.710 73 A). Continu- 
ous 0-28 scans with fixed backgrounds were used to collect a total of 
6174 reflections (6064 unique) in the range 6" 5 28 5 50", of which 
3036 had F > 2.004F). Data were reduced to a unique set of 
intensities and associated u values in the usual manner. No absorption 
correction was applied (p = 8.03 cm-l). The structure was solved by 
direct methods (SHI?,LXS-~~ and DIRDIF) and Fourier techniques. Non- 
hydrogen atoms were refined anisotropically. All the hydrogen atoms 
were located on difference Fourier maps and were refined isotropically. 
The final difference maps were featureless. R = 0.032, R, = 0.036, 
and GOF = 1.21. 

H, CH3), 1.33 (d, J = 7.0 Hz, 12 H, CH3), 1.27 (d, J = 6.8 Hz, 12 H, 
CH3), 1.17 (d, J = 6.7 Hz, 12 H, CH3). 13C NMR ( c a s ) :  6 132.1 (ring 

3684-3688. 

197-205. 

0276-733319512314-0011$09.00/0 0 1995 American Chemical Society 
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@vO 

W 

Figure 1. ORTEP diagram of the non-H atoms of 
(Cp4')2Sn; thermal ellipsoids are shown at  the 35% level. 
Selected bond distances (A) and angles (deg): Sn(l)-C(l), 
2.575(6); Sn( l)-C(2), 2.641(5); Sn(l)-C(3), 2.772(6); Sn- 
(1)-C(4), 2.8216); Sn(l)-C(5), 2.7066); Sn(l)-C(18), 2.596- 
(6); Sn(l)-C(19), 2.721(5); Sn(l)-C(20), 2.812(5); Sn(1)- 
C(21), 2.769(6); Sn(l)-C(22), 2.627(6); Sn(1)-centroid(l), 
2.423; Sn(l)-centroid(2), 2.424; ring normal-Sn-ring 
normal, 152.2; ring centroid-Sn(1)-ring centroid, 165.0. 

far observed for a bent stannocene13 (the only larger 
value being 180" for both angles in the linear stannocene 
(Ph5C5)2Snl4), underscoring the exceptional steric bulk 
of the [Cp4']- ligand. However, the bulkiness of the 
ligand does not lengthen any of the Sn-C distances from 
their expected values; i.e., the Sn-ring centroid (2.423 
and 2.424 A) and Sn-C (ran e 2.575(6)-2.821(5) A; 
to those in other previously characterized stannocenes.15 

The isopropyl groups in (Cp4')2Sn orient themselves 
in a semi-geared fashion so that they are rotated out of 
the plane of the cyclopentadienyl ring by 52.8-89.9" 
(average 77.8") (Figure 1). The isopropyl group orienta- 
tion leads to an almost complete encapsulation of the 
metal by the [Cp4']- ligands. Interestingly, nearly the 
same orientation of the isopropyl groups is found in the 
solid state for ( C P ~ ' ) ~ C ~ ; ~  the similarities in isopropyl 
group orientation, combined with the resemblance in 
bending angles (ring centroid-Ca-ring centroid angle 
of 162.3") and metal-carbon distances (Ca-C average 
of 2.64(1) A), make the two complexes essentially 
isostructural. I t  is natural to view this similarity as a 
consequence of the extreme steric bulk of the [Cp4']- 

average 2.703(9) and 2.705(9) B ) distances are similar 

(13) [(MeaSi)&&l2Sn has been reported to have similarly large ring 
centroid-Sn-ring centroid and ring normal-Sn-ring normal angles 
of 162(2) and 164" in the solid state. However, the structural 
determination was of sufficiently poor quality (R = 0.13, ring C-C 
bonds as large as 1.57(4) A) that the reliability of these values is in 
question. See: Cowley, A. H.; Jutzi, P.; Kohl, F. X.; Lasch, J. G.; 
Norman, N. C.; Schliiter, E. Angew. Chem., Int. Ed. Engl. 1984,23, 
616-617. 

(14) Heeg, M. J.; Janiak, C.; Zuckerman, J. J. J. Am. Chem. SOC. 
1984,106, 4259-4261. 

(15) Jutzi, P. Adu. Organomet. Chem. 1986, 26, 217-295. 

ring, but detailed comparisons between the structural 
energetics of group 2 and group 14 metallocenes reveal 
that  the two classes of compounds share quantita- 
tively similar preferences for bent structures, in spite 
of differences in metal valence electron configura- 
tion.16 

As observed previously for the corresponding alkaline- 
earth metallocenes, the properties of (Cp4')2Sn and 
(Cp3')~Sn are significantly different. The much lower 
melting point of (Cp3')2Sn (ca. -18 "C) relative to 
(Cp4')2Sn (mp 162-163 "C) parallels the behavior in the 
alkaline-earth metallocenes (e.g., (Cp392Ca is isolated 
as a supercooled oil that eventually solidifies into a low- 
melting solid: whereas (Cp4%Ca melts at 196-200 "C). 
This trend is apparently linked to the increased freedom 
of movement of the isopropyl groups in the [Cp3'1- ligand 
relative to [CP~']-.~ In addition, the relative air stability 
of the stannocenes is dramatically dissimilar. Solid 
(Cp4')2Sn can be stored for weeks in air without notice- 
able decomposition, and benzene solutions of the com- 
pound exposed to air do not begin to decompose for 2-4 
h (as monitored by lH NMR). Even after 24 h exposure, 
over 90% of the metallocene can be recovered. In 
contrast, (Cp3')2Sn begins to decompose within minutes 
on exposure to air. Thus, the removal of an isopropyl 
group on each ring of (Cp4')2Sn allows greater access to 
the metal center (which leads to increased reactivity 
with oxygen) and increases the flexibility of the sub- 
stituents on the Cp ligand (which leads to the reduction 
in melting point). 

No difference between the [Cp3'1- and [Cp4'1- ligands 
was noted in attempts to prepare the corresponding 
(cyclopentadieny1)tin chlorides by either a 1: 1 meta- 
thesis reaction (eq 2) or a conproportionation reaction 
(eq 3); both methods were unsuccessful. 

KCpni + SnC1, * (Cpn'),SnC1 + KC1.l (2) 

(cpni),sn + S ~ C I ,  ~ ( c ~ ~ ' ) , s ~ c I  (3) 

Although NMR spectra (C6D6 and THF-dd of the 
product mixtures exhibit new resonances that could be 
attributed to the desired (Cpni)SnC1 compounds (espe- 
cially a ring CH peak at 6 5.89 in CsD6 for both), these 
were always accompanied by peaks for the correspond- 
ing metallocenes. Thus, the mono(ring) compounds 
appear to be susceptible to disproportionation in both 
polar and nonpolar solvents, frustrating attempts to 
isolate them in pure form. The disproportionational 
instability of (Cp3')SnC1 and (Cp4')SnC1 is in contrast 
with the stability of previously described mono(cy- 
clopentadienylltin complexes of unsubstituted cyclo- 
pentadiene (i.e., CpSnC1,17 { CpSnCu-N=C(NMe2)21}218), 
but it is similar to the observed solution instability of 
the mono(pentamethylcyclopentadieny1)tin complexes 
Cp*SnCl,lg Cp*Sn(O&C13), and Cp*Sn(02CCF3).20,21 
Apparently, the enhanced electron-donating ability of 
highly alkylated Cp ligands renders the corresponding 
mono(ring)tin complexes more prone to disproportion- 

(16) Burkey, D. J.; Hanusa, T. P. Comments Inorg. Chem., in press. 
(17) Bos, K. D.; Bulten, E. J.; Noltes, J. G. J .  Organomet. Chem. 

(18) Stalke, D.; Paver, M. A.; Wright, D. S. Angew. Chem., Int. Ed. 

(19) Jutzi, P.; Kohl, F. J .  Organomet. Chem. 1979, 164, 141-152. 
(20) Jutzi, P.; Kohl, F. X. Chem. Ber. 1981,114, 488-494. 

1972,39, C52-C54. 

Engl. 1993,32, 428-429. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

00
5



Communications 

ation, probably through increased stabilization of the 
[Cp’Snlf fragment. It is worth noting that, unlike the 
case with tin, the [Cp4’1- ligand kinetically stabilizes 
mono(cyclopentadieny1kalcium complexes (Cp4)CaE(thf), 
against solution disproportionation.6 

The different physical and chemical properties of 
(Cp3’)2Sn and (Cp4’)2Sn emphasize the dramatic effect 
that a single isopropyl group can have on metallocenes 
containing the [Cp3’1- and [Cp4’1- ligands. Further 
investigation of the reactivity of alkaline-earth and tin 

(21) The synthesis of (pentamethylcyclopentadieny1)tin bromide by 
the solid-state reaction of (tf1-Cp*)zSn13rz and Cp*ZSn at  90 “C has been 
reported. Apparently, the success of this reaction stems from the 
absence of a reaction solvent; no information on the solution stability 
of this complex was given (although it was purified by recrystallization 
h m  methylene chloride). See: Jutzi, P.; Hielscher, B. OrgunometuZZics 
1986,5, 1201-1204. 

Organometallics, Vol. 14, No. 1, 1995 13 

complexes of [Cp3’1- and [Cp4’1-, and the synthesis of 
other main-group complexes of these ligands, is in 
progress. 

Acknowledgment is made to the Army Research 
Office and to the University Research Council of Vander- 
bilt University for support of this research. D.J.B. is 
the grateful recipient of an NSF Predoctoral Fellowship. 

Supplementary Material Available: Tables of crystal 
data and data collection details, fractional coordinates, bond 
distances and angles, and anisotropic thermal parameters (6 
pages). Ordering information is given on any current mast- 
head page. 
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B-H Reactivity of a Dihydrobis(pyrazoly1)borate 
Ligand: Products of Intramolecular Acyl and Iminoacyl 

Hy droboration 
Antonio Pizzano,? Luis Szinchez,? Enrique GutiBrrez,*>S Angeles Monge,s and 

Ernest0 Carmona*>f 
Departamento de Quimica Inorgknica-Instituto de Ciencia de Materiales, Universidad de 
Sevilla-Consejo Superior de Investigaciones Cientificas, Apdo 553, 41071 Sevilla, Spain, 

Instituto de Ciencia de Materiales, Sede D, Consejo Superior de Investigaciones Cientificas, 
Serrano 113, 28006 Madrid, Spain, and Facultad de Ciencias Quimicas, 

Universidad Complutense, 28040 Madrid, Spain 

Received October 26, 1994@ 

Summary: Upon heating at 70 "C, in toluene, the $-acyl 
H2B(pz")k)zMo($-C(O)Me)(C0)2(PMed (1; pz" = 3,5-di- 
methylpyrazol-1 -yl) rearranges to the complex HB(pz*h- 
Mo(HC(O)Me)(CO)z(PMed (2), which contains a func- 
tionalized acyl ligand resulting from the stereo- and 
regioselective intramolecular addition of one of the B-H 
bonds of the H&pz*)z group across the C-0 moiety of 
the $-acyl group. Other complexes of this type, e.g. 
H2B(pz *)&Io($- C(0) CHzCMed(CO)(CN- t- Bu)(PMed or 
the related $-iminoacyl Ha(p.2 *))zMo(y2- C(N-t-Bu)Me)- 
(CO)2(PMed, undergo a similar transformation, but the 
analogous derivatives containing the unsubstituted H a -  
( p z ) ~  ligand are considerably less reactive toward hy- 
droboration. 

The reduction of a coordinated acyl ligand is a key 
step in some CO hydrogenation reactions, e.g. Fischer- 
Tropsch synthesis, hydroformylation, etc.l Recent re- 
activity studies of M-acyl complexes2 have disclosed a 
number of interesting  transformation^.^ Intermolecular 
hydrogen transfer from transition-metal hydrides to 
isolable acyl functionalities has been a~hieved,~ and 

similar acyl reductions by hydrogen, hydrosilanes, and 
other reductants have been inve~tigated.~ In this 
contribution we show that one the B-H bonds of a 
coordinated dihydrobis(pyrazoly1)borate ligands can be 
smoothly and intramolecularly added across the C-0 
bond of a Mo-bound y2-acyl moiety. A representative 
example of this (to our knowledge) unprecedented 
rea~t ion ,~  which yields products formally derived from 
the hydroboration8 of the acyl group, is shown in eq 1. 
Extension of this rearrangement to related y2-iminoacyl 
systems has also been accomplished. 

toluene - 
3h, 7Q'C 

+ Universidad de Sevilla-CSIC. * CSIC-Universidad Complutense. 
@ Abstract published in Advance ACS Abstracts, December 1, 1994. 
(1) See for example: (a) Homogeneous Catalysis; Parshall, G. W., 

Ed.; Wiley New York, 1992; (b) Sneeden, R. P. A. In comprehensive 
Organometallic Chemistry; Wilkinson, G., Stone, F. G. A., Abel, E. W., 
Eds.; Pergamon Press: Oxford, U.K., 1982; Vol. VIII, Chapter 50.2. 
(2) (a) Durfee, L. D.; Rothwell, I. P. Chem. Rev. 1988,88,1059. (b) 

Cutler, A. R.; Hanna, P. K.; Vites, J. C. Chem. Rev. 1988, 88, 1363. 
(3) (a) Rusik, C. A.; Collins, M. A.; Gamble, A. S.; Tonker, T. L.; 

Templeton, J. L. J .  Am. Chem. SOC. 1989,111, 2550. (b) Campion, B. 
R; Falk, J.; Tilley, T. D. J. Am. Chem. SOC. 1987,109,2049. (c) Elmer, 
F. H.; Woo, H.; Tilley, T. D. J .  Am. Chem. SOC. 1988, 110, 313. (d) 
Arnold, J.; Tilley, T. D.; Rheingold, A. L.; Geib, S. J.; Arif, A. M. J. 
Am. Chem. SOC. 1989,111, 149. (e) Zambrano, C. H.; McMullen, A. 
K.; Kobriger, L. M.; Fanwick, P. E.; Rothwell, I. P. J .  Am. Chem. SOC. 
1990,112,6565. (0 Villiers, C.; Adam, R.; Ephiritikhine, M. J. Chem. 
SOC., Chem. Commun. 1992, 1555. 
(4) (a) Erker, G.; Kropp, K.; Kruger, C.; Chiang, A.-P. Chem. Ber. 

1982, 115, 2447. (b) Martin, B. D.; Matchett, S. A.; Norton, J. R.; 
Anderson, 0. P. J. Am. Chem. SOC. 1986,107,7952. (c) Martin, B. D.; 
Warner, K. E.; Norton, J. R. J .  Am. Chem. SOC. 1986, 108, 33. (d) 
Warner, K. E.; Norton, J. R. Organometallics 1985, 4,  2150. (e) 
Marsella, J. A.; Caulton, K. G. J .  Am. Chem. SOC. 1980, 102, 1747. (0 
Marsella, J. A.; Folting, K.; Huffman, J. C.; Caulton, K. G. J .  Am. 
Chem. SOC. 1981, 103, 5596. (g) Maatta, E. A.; Marks, T. J. J .  Am. 
Chem. SOC. 1981,103, 3576. (h) Martin, J. T.; Baird, M. C. Organo- 
metallics 1983,2, 1073. 
(5) (a) Gregg, B. T.; Cutler, A. R. Organometallics 1992, 11, 4276. 

(b) Gregg, B. T.; Hanna, P. K.; Crawford, E. J.; Cutler, A. R. J. Am. 
Chem. SOC. 1991, 113, 384. (c) Kovacs, I.; Sisak, A.; Ungvary, F.; 
Marko, L. Organometallics 1988, 7, 1025. (d) Wegman, R. W. Orga- 
nometallics 1986,5,707. (e) Akita, M.; Mitani, 0.; Sayama, M.; Moro- 
oka, Y. Organometallics 1991, 10, 1394. (0 Crawford, E. J.; Hanna, 
P. K.; Cutler, A. R. J. Am. Chem. SOC. 1989,111,6891. (g) Selover, J. 
C.; Vaughn, G. P.; Strouse, C. E.; Gladysz, J. A. J .  Am. Chem. SOC. 
1986,108, 1455. 
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A toluene solution of complex 1,9 maintained at  70 
"C for 3 h, results in the formation of the isomeric, red 
crystalline product 21° in ca. 60% isolated yield. Evi- 
dence for the functionalization of the acyl moiety in the 
above transformation comes from NMR studies. Thus, 
the elaborated acyl ligand gives rise to two mutually 

(6) Trofimenko, S. Chem. Rev. 1993, 93, 943. 
(7)For a somewhat related transformation see: Gorrell, I. B.; 

Looney, A.; Parkin, G. J. Am. Chem. SOC. 1990,112,4068. 
(8) (a) Borane Reagents; Pelter, A., Smith, K., Brown, H. C., Eds.; 

Academic Press: London, 1988. (b) Zaidlewicz, M. In Comprehensive 
Organometallic Chemistry; Wilkinson, G., Stone, F. G. A., Abel, E. W., 
Eds.; Pergamon Press: Oxford, U. R, 1982; Vol. VII, Chapter 45.2. 
(9) 1: A solution of M O C ~ ( ~ ~ ~ - C ( O ) C H ~ ) C O ( P M ~ ~ ) , ~ ~  (0.43 g, 1.0 "01) 

in THF (40 mL) was treated with KBpz* (0.29 g, 1.2 mmol). The 
suspension was stirred for 5 h, and then CO was bubbled through the 
mixture for about 15 min. The solvent was removed under reduced 
pressure and the residue extracted with a 1:l petroleum ether-Et20 
mixture. The insoluble components were filtered off and the solution 
cooled. 1 was obtained as  yellow crystals (80% yield). 

0 1995 American Chemical Society 
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In order to  gain a better understanding of this 
unusual reaction, other related systems have been 
investigated. The hydroboration reaction is more facile 
for complexes of the sterically demanding HzB(pz*)z 
ligand, as compared to those of the less encumbered 
H~B(pz)z group (pz* = 3,5-Me~C3NzH; pz = C3NzH3). 
Thus, apart from 1, other related HzB(pz*)z complexes 
such as the neopentyl-derived species HzB(pz*)zMo(+ 
C(O)CHz-t-Bu)(CN-t-Bu)(PMe3) (3) undergo readily the 
addition of B-H across the acyl C-0 bond to yield the 
corresponding hydroborated product (e.g. 4, eq 2). 

c11 
c1 

c1 

Figure 1. ORTEP diagram of HzB(pz*)zMo(HC(O)Me)- 
(CO)Z(PMe3) (2) showing the atom-numbering scheme. 
Selected bond lengths (A) and angles (deg): Mo-02 = 2.16- 
(11, M o - C ~  = 2.18(2), C2-02 = 1.37(2), B-02 = 1.48(2), 
02-M0-C2 = 36.8(5), M0-02-C2 = 72.5(9), C2-02-B 
= 121(1). 

coupled lH NMR resonances at 6 2.18 and 4.00 (doublet, 
3H, and quartet, lH,  respectively; 3 J m  = 5 Hz), 
suggesting the formation of a HC(0)Me group. This 
assumption is further supported by the observation of 
a l3C(lH} NMR signal at 6 92.2 (d, VCP = 10 Hz), which 
experiences doublet splitting upon gate decoupling (VCH 
= 170 Hz) and longer range coupling to the methyl 
protons (VCH = 6 Hz). Moreover, a single, sharp 
absorption attributable to  v(B-H) is detected in the IR 
spectrum of 2 at  ca. 2475 cm-l. 

The molecular complexity and bonding mode of the 
functionalized ligand present in 2 has been ascertained 
by a single-crystal X-ray structural determination.ll 
Figure 1 shows an ORTEP view, together with some 
important bond distances and angles. As can be seen, 
the fragment derived from the original acyl moiety is 
trans with respect to the phosphine ligand and is C- and 
0-bonded to the Mo atom, with relatively short Mo- 
C2 and Mo-02 contacts.12 Considering the small C2- 
Mo-02 bite angle of 36.8(5)", the C-0 entity can be 
thought to occupy a single coordination position, and 
therefore, the structure of 2 is that of a distorted 
octahedron, with the two pyrazolyl nitrogens, N12 and 
N12', the two carbonyl carbons, C1 and Cl', and the 
phosphine ligand occupying the remainin coordination 

value. 13 
sites. The B-0 bond length of 1.48(2) 1 is a normal 

(10) 2: After a solution of 1 (0.52 g, 1 mmol) was stirred in toluene 
(20 mL) at 70 "C for 3 h, the solvent was stripped off and the residue 
extracted with EhO (15 mL), concentrated and cooled, to give dark 
pink crystals of 2 (60% yield). Anal. Calcd for C ~ ~ H ~ ~ O ~ N ~ B M O :  C, 
43.0; H, 5.9; N, 11.8. Found: C, 42.2; H, 6.2; N, 11.4. Selected 
spectroscopic data are given in the text. 

(11) Crystal data for 2. This compound crystallizes in the monoclinic 
system, space oup P2llm, with unit cell parameters a = 7.522(2) A, 
b = 15.261(3) c c  = 9.826(3) A, ,9 = 104.52(3)", V = 1091.9(5) A3, and 
ecalcd = 1.44 g ~ m - ~  for 2 = 2. Using MoKu radiation on a Kappa 
diffradometer, 3145 reflections were measured to 20,- = 60", 1339 
of which were unique. Most of the calculations were carried out with 
the X-Ray 80 system. The structure was resolved by Patterson and 
Fourier methods, leading to final values of R(F) = 0.061 and Rd) = 
0.062. 

(12)Atwood, J. L.; Hunter, W. E.; Rogers, R. D.; Carmona, E.; 
Wilkinson, G. J .  Chem. Soc., Dalton Trans. 1979, 1519. 

(13) Borodinski, L.; Sinn, E.; Grimes, R. N. Inorg. Chem. 1982,21, 
1928. 

H 

toluene 
70 "C, 1 h 
- 

H 

4 

However, the HzB(pz)z analog of 1 requires considerably 
more forcing conditions: while the half-life of the 1 - 
2 conversion in toluene, at 70 "C, is ca. 1 h, the 
equivalent transformation of the complex HzB(pz)zMo- 
(172-C(0)Me)(CO)z(PMe3), under the same experimental 
requirements, is over 1 order of magnitude slower (t1/2 

30 h). ks a result, in this HzB(pz)z system observation 
of the hydroboration products is often hampered by 
other competitive reactions, leading to different prod- 
UCtS.14 

Extension of this transformation to the analogous q2- 
iminoacyl compounds proves attainable (eq 3). Some- 

toluene 
6 h, 110°C 
- 

5 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

00
6



16 Organometallics, Vol. 14, No. 1, 1995 

what more forcing conditions are nevertheless de- 
manded and, for example, hydroboration of the C=N 
bond of H2B(pz*)2Mo(l12-C(N-t-Bu)Me)(C0)2(PMe3)15~16 
requires heating at 110 "C, in toluene for 6 h. Once 
again, the H2B(pz2) analogs are considerably less reac- 
tive, no conversion to the B-H addition product being 
detected after heating H2B(pz)2Mo(y2-C(N-t-Bu)Me)- 
(C0)2(PMe3) in toluene, a t  110 "C, for 6 h. The func- 
tionalized iminoacyls have also been characterized by 
spectroscopy. 

Preliminary kinetic studies show the conversion of 3 
into 4 is intramolecular and exhibits clean, first-order 
kinetics over at least 3-4 half-lives (toluene, 70 "C, as 
determined by 31P{1H} NMR spectroscopy). A detailed 
kinetic and mechanistic investigation is presently under 
way. In the meantime, we note that a plausible reaction 
pathway could involve a concerted, stereospecific and 
regioselective addition17 of one of the B-H bonds to the 
acyl or iminoacyl functionality.8 Close proximity of the 
reacting B-H and C=X moieties may be facilitated by 
dissociation of one of the pyrazolyl rings of the H2B- 
(pz*)2 ligands.18 This hypothesis finds support in the 
aforementioned qualitative observations regarding the 
influence of the steric demands of the HzB(pz')~ group 
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(14) For examde. H?B(oz)~Mo(nZ-C(0)CH~-t-Bu)(CN-t-Bu~(CO~- 
(PMe3) yields mah ly  the- g2:im~noa~yl HzB(pzSMo(pW(N-t-Bu)-neo- 
Pe)(COMPMeQ) - . ,~_ .,I~_ .-.",. 

(15) 5: To a stirred solution of 1 (0.52 g, 1 mmol) was added an 
equimolar amount of CN-t-Bu (1.0 mL, 1.0 M solution in THF). After 
2 h complete reaction took place, and the mixture was evaporated to 
dryness. Redissolving the residue and cooling the resulting solution 
yielded 5 as a red crystalline product (80% yield). 
(16) 6: A solution of 5 in toluene was stirred in toluene at 110 "C 

for 6 h. Removal of the solvent, extraction in hexanes (20 mL), and 
cooling of the resulting solution gave 6 as red crystals (60% yield). Anal. 
Calcd for CZIH~~OZN~PBMO: C, 47.6; H, 7.0; N, 13.3. Found: C, 47.4; 
H, 7.2; N, 12.8. Selected spectroscopic data: M-CO, IR bands (Nujol 
mull) at 1892 and 1774 cm-', I3C{IH} NMR signals at 6 228.8 (d, V c p  
= 9 Hz) and 233.7 (d, V c p  = 18 Hz). Hydroborated iminoacyl: 'H 
NMR (500 MHz, CeDs, 25 "C) 6 1.3 (s, 9 H, CMe3), 2.1 (dd, 3 J ~  = 5.0 
Hz, 3 J ~ ~  = 1.5 Hz, 3 H, HC(N-t-Bu)Me), 2.8 (9, 3Jm = 6.5 Hz, 1 H, 
HC(N-t-Bu)Me). 

(17) The reactions are highly stereospecific and furnish a single 
stereomer as the kinetic product of the hydroboration. Longer reaction 
times lead, however, to mixtures of two or three isomers whose nature 
is presently being investigated. 
(18) 7' coordination of a poly(pyrazoly1)borate has been demon- 

strated recently. See: Gutibrrez, E.; Hudson, s. A.; Monge, A.; Nicasio, 
M. C.; Paneque, M.; Carmona, E. J .  Chem. SOC., Dalton Trans. 1992, 
2651. 
(19) Carmona, E.; Sanchez, L.; Marin, J. M.; Poveda, M. L.; Atwood, 

J. L.; Priester, R. D.; Rogers, R. D. J .  Am. Chem. SOC. 1984,106,3214. 

upon the course of this transformation. More compel- 
ling evidence is derived from the isolation, after the 
thermal activation of 1 in the presence of 3-5 equiv of 
PMe3, of the complex H(pz*)B(pz*)Mo(HC(O)Me)(C0)2- 
(PMe3)2 7 (eq 41, which has been shown by X-ray studies 

/Me 
IH 

H-B 
0-c 

+$~''**~hCo Q / l ' c o  toluene PMe3 ~ 

45 "C, 2h 

1 

(4) 

7 

(to be reported separately) to contain an v1-H2B(pz*)2 
fragment. Further studies directed toward clarifying 
some of the synthetic and mechanistic aspects of this 
unusual transformation that are, at present, incom- 
pletely understood are in progress. 
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tables for 2, including crystal and refinement data, fractional 
coordinates, thermal parameters, and selected bond lengths 
and angles (7 pages). Ordering information is given on any 
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Rhodium-Mediated Stoichiometric P=C Bond Cleavage 
and Catalytic Isomerization in Phosphacumulenes 
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Hanover, New Hampshire 03 755 

Received November 17, 1994@ 

Summary: Reaction of Rh(PCyd2Cl (4a, Cy = cyclo- 
C&l~rl with the phosphacumulenes Mes*P=C=X (X = 
0 (l), X = NPh (2); Mes* = 2,4,6-(t-Bu)3C&l.d results 
in P=C bond cleavage to form [2,4-(t-Bu)zC&l~6-CMe2- 
CH8H)l (5) and trans-Rh(PCy&Cl(CX) (6, X = 0; 7, X 
= NPh), respectively. In contrast, 4a and related Rh(I) 
PPh3 complexes are catalyst precursors for the rear- 
rangement of Mes*P=C=CPhz (3) to its isomer [2,4-(t- 
B U ) ~ C & ~ ~ ~ - C M ~ Z C H ~ C H = C P ~ . ~ I  (8); the intermediate 
[Rh(PCy~[~(P,C)-Mes*P=C=CPh27C11, (9a), which is 
itself an  active catalyst for the isomerization, was 
isolated and characterized spectroscopically. 

We report that the reactions of the phosphacumu- 
lenesl Mes*P=C=X (X = 0 (11, X = NPh (21, X = CPh2 
(3); Mes* = 2,4,6-(t-Bu)&sHd with Rh(1) phosphine 
complexes result in stoichiometric P-C bond cleavage 
in 1 and 2 and catalytic isomerization of 3 with partial 
cleavage of the P=C double bond. 

Reaction of 1 with Rh(PCy3)2C12 (4a; Cy = cyclo- 
C&1) in THF at ambient temperature rapidly gives the 
known compounds [~,~-(~-Bu)zC~HZ(~-CM~ZCHZPH)I~ (5) 
and tran~-Rh(PCy3)2Cl(CO)~~ (6), while 2 and 4a afford 
5 and trans-Rh(PCys)aCl(CNPh) (7) (Scheme lh4 The 
presence of an isocyanide ligand in 7 is consistent with 
the IR spectrum (YCN = 1991 cm-l with a shoulder a t  
2050 cm-l) and the 13C NMR spectrum (6 166.5, dt, 
lJmc = 72 Hz, Vpc = 17 Hz, CNPh); the latter confirms 
the trans g e ~ m e t r y . ~  These results suggest that Rh- 
induced extrusion of CX (X = 0, NPh) from the phos- 
phacumulenes generates the reactive intermediate 

@ Abstract published in Advance ACS Abstracts, December 15,1994. 
(1) For a review of phosphacumulene coordination chemistry, see: 

Nixon, J. F. Chem. Rev. 1988,88, 1327-1362. 
(2) (a) van Gaal, H. L. M.; Moers, F. G.; Steggerda, J. J. J. 

Orgunomet. Chem. 1974, 65, C43-C45. (b) van Gaal, H. L. M.; van 
den Bekerom, F. L. A. J .  Orgunomet. Chem. 1977,134, 237-248. 
(3) Cowley, A. H.; Pakulski, M. Tetrahedron Lett. 1984,25, 2125- 

2126. 
(4) trcnur-Rh(PCys)&l(CNPh) (7). To a suspension of 4a (184 mg, 

0.26 mmol) in THF (1 mL) was added 2 (100 mg, 0.26 mmol) dissolved 
in THF (2 mL). The mixture was stirred a t  room temperature and 
became a clear orange solution after a few minutes. The solvent was 
then removed under reduced pressure. The residual yellow solid was 
washed with cold petroleum ether, filtered on a frit, and dried under 
vacuum to give 154 mg of 7 (73% yield). An analytical sample was 
recrystallized from petroleum ether at -25 "C. The petroleum ether 
filtrate contained phosphaindan 6, identified by comparison of its NMR 
spectra to the literature values. In a separate experiment on a smaller 
scale (28 mg (0.04 mmol) of 4a), concentration of the petroleum ether 
filtrate and cooling to -25 "C gave 7 mg of 6 (64% yield). For 7 'H 
NMR (CD2C12) 6 7.33-7.28 (m, 2H), 7.24-7.19 (m, lH), 7.12-7.09 (m, 
2H), 2.37-2.29 (broad m, 6H), 2.05-2.01 (broad m, 12H), 1.79-1.65 
(broad m, 30H), 1.30-1.11 (m, 18H); 13C{'H} NMR (CD2C12) 6 166.5 
(dt, lJmc = 72, 2Jpc = 17 Hz, quat CN), 132.7 (quat Ph), 129.7 (Ph), 

(CD2C12) 6 38.5 (d, ' J ~ a p  = 125 Hz); IR (KBr) 2915,2847, 2652,2050 
(shoulder), 1991, 1590, 1490, 1445, 1264, 1173, 1004, 900, 847, 752, 
736 cm-l. Anal. Calcd for C43H71ClNP2Rh: C, 64.36; H, 8.94. 
Found: C, 64.36; H, 8.97. 

( 5 )  Jones, W. D.; Hessell, E. T. Organometallics 1990, 9, 718-727. 

126.1 (Ph), 124.8 (Ph), 34.0 (dd, 2Jmc = 'Jpc = 9 Hz, P-C-H), 30.6 
(CH2), 28.3 (dd, = 2Jpc = 5 Hz, CH2), 27.2 (CH2); 31P{1H} NMR 

17 

Scheme 1 
t-Bu 

P 
II c 1 , x = o  
11 2,X=NPh 
X 

C Y 5  ,C' 

xc' 'PCY, 

Rh 1-BU 

5 6 , X = O  
H' 

7,X=NPh 

Mes*P, which is known to undergo intramolecular 
cyclization, forming 5.6 Related P=C bond cleavage has 
been observed in 1 on reaction with Fe and W com- 
plexes.7 

In contrast, 4a is a catalyst precursor for the isomer- 
ization of 3 to the phosphaindan derivative [2,4-(t- 
BU)ZC~H~(~-CM~ZCHZPCH=CP~Z)I (81, which is appar- 
ently produced by C-H activation of a tert-butyl methyl 
group with formation of a C-P bond and migration of 
the hydrogen to the central carbon of the phosphaal- 
lene.8 The complexes Rh(PPh313Cl and [(PPh&RhClIz 
(4b,cI9 also act as catalyst precursors for this rear- 
rangement, which proceeds in benzene or THF at 
ambient temperature and proceeds more quickly on 
heating (Scheme 2). Control experiments show that 3 
is stable under the reaction conditions in the absence 
of the Rh complexes and that neither PPh3 nor PCy3 
induces the isomerization. 

Reaction of 500 mg of the phosphaallene 3 with 5 mg 
of 4c (146 equiv/Rh) in THF at 50 "C for 7 days affords 
the rearranged product 8 quantitatively, according to 
31P NMR. White crystals of 8 are obtained in 78% yield 

(6) (a) Yoshifqji, M.; Sato, T.; Inamoto, N. Chem. Lett. 1988, 1735- 
1738. (b) Cowley, A. H.; Gabbai, F.; Schluter, R.; Atwood, D. J. Am. 
Chem. SOC. 1992,114, 3142-3144. 
(7) (a) Cowley, A. H.; Pellerin, B.; Atwood, J. L.; Bott, S. G. J. Am. 

Chem. Soc. 1990,112,6734-6735. They also briefly describe a related 
CNF'h extrusion from 2. (b) Champion, D. H.; Cowley, A. H. Polyhe- 
dron 1986,4, 1791-1792. 
(8) Related ring closures in organic Mes*-phosphorus compounds 

have been reported previously: (a) Bacereido, A.; Bertrand, G.; 
Mazerolles, P.; Majoral, J.-P. J. Chem. SOC., Chem. Commun. 1981, 
1197-1198. (b) Yoshifqji, M.; Shima, I.; Ando, K.; Inamoto, N. 
Tetrahedron Lett. 1983, 24, 933-936. Related metal-induced rear- 
rangements have been observed by Nixon and co-workers in the 
diphosphaallene Mes*P=C-PMes* on heating with iron or tungsten 
carbonyls, but in these cases the phosphorus-containing product is 
formed stoichiometrically and remains complexed to the metal: (c) 
Akpan, C. A.; Hitchcock, P. B.; Nixon, J. F.; Yoshifuji, M.; Niitsu, T.; 
Inamoto, N. J. Orgunomet. Chem. 1988,338, C35-C37. (d) Akpan, 
C. A. D. Phil. Thesis, University of Sussex, 1986. 
(9) Osbom, J. A.; Jardine, F. H.; Young, J .  F.; Wilkinson, G. J. Chem. 

SOC. 1966, 1711-1732. 

0276-733319512314-0017$09.0010 0 1995 American Chemical Society 
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Scheme 2 

t-BU 

Communications 

4a is not seen, but PCy3, 3, and 8 are observed, along 
with the similar, longer lived intermediate 9a, which 
can be isolated directly from the reaction mixture. 
Alternatively, it can be prepared independently in 73% 
yield from the reaction of Rh(PCy3)2C1 (prepared in situ 
from [Rh(COE)2C112 in petroleum ether or ether) with 
3; this yields 9a as an air-stable red-orange precipitate 
(Scheme 3).12 

Elemental analysis and integration of the lH NMR 
spectrum show that 9a has the formula Rh(PCy3)- 
(Mes*P=C=CPh&l, while the IH and 13C NMR spectra 
show that the Mes* group remains intact. The 31P{1H} 
NMR spectrum (THF-ds) is similar to that observed for 
9b (6 62.1 (dd, 2Jpp = 2 Hz, 'J~hp = 194 Hz, PCY~), -38.8 
(dd, 2Jpp = 2 Hz, l J ~ h p  = 37 Hz, Mes*P=C=CPh2)).13 
The central carbon of the phosphaallene ligand reso- 
nates at  6 179.6 (dd, ~ J R ~ c  = 27 Hz, ~JPC = 99 Hz).14 An 
IR absorption at  1586 cm-l (KBr) may be assigned to 
an uncomplexed C-C bond.15 These observations are 
consistent with n(P,C)-coordination of the phosphaallene 
ligand in 9a,b. Because of the low solubility of 9a in 
most organic solvents, we assume it exists in the solid 
state as a chloride-bridged dimer (Scheme 3).16 Com- 

p-/ 'Me 
H, / Rh catalyst (4) I 

a L =  PCy3, n = 2 ,  x =  1 P 
b L = P P h 3 , n = 3 , x = l  f * II 

f cL=PPh7.  n = 2 . x = 2  CPhz 
CPhz 

Scheme 3 

Ph2C,, 
C 

x Mes'PCCPhz L x/2 Mes*P\R(c\(L I 
[RhL,Cl]x (4) 

- Y  L L/ \cf \f;M=' 
a L =  PCys, n = 2, x = 1, y =l 
b L = PPh,, n = 3, x = 1, y =2 9a-b '\Cphz 
c L =  PPh,, n = 2, x = 2, y = 2  

after recrystallization from petroleum ether.1° Elemen- 
tal analysis and EI-MS show that 8 is an isomer of 3, 
and its structure was determined spectroscopically. In 
the lH NMR spectrum (CsDs), for example, there are 
four sets of peaks due to methyl protons in a 9:9:3:3 
ratio. The vinylic proton resonates a t  6.86 ppm and 
does not show coupling to phosphorus, while signals for 
the methylene protons are a complex multiplet at  1.94- 
1.79 ppm (ABX spin system; 2 J ~  = 14.4 Hz; 2 J ~ p  = 1 
Hz, 2 J ~ p  = 21 Hz).ll The CH2 carbon signal appears 
at  42.0 ppm (d, lJpc = 8.3 Hz) and the vinylic carbon at  
135.3 ppm (d, lJpc = 27.5 Hz). 

When the reactions of 3 with PPh3 complexes 4b,c in 
THF are monitored by 31P NMR spectroscopy, the 
intermediate 9b (6 52.4 (dd, 2Jpp = 10 Hz; lJ~hp = 220 
Hz, PPh3), -59.3 (broad dd, 2Jpp = 10 Hz; lJ~hp = 37 
Hz, Mes*P=C=CPhz); Scheme 3) is observed, along with 
3, product 8, both 4b and 4c, and PPh3. In both cases, 
once the supply of 3 is exhausted, the peaks due to the 
intermediate disappear. They reappear when more 
phosphaallene is added. In an analogous experiment, 

(10) [2,4.(t-Bu)zCsHz(6-CMezCH=CPha)l (6). An ampule 
was charged with 4c (5 mg, 7.5 x mmol), 3 (500 mg, 1.1 mmol), 
and 10 mL of THF, sealed under nitrogen, and heated in an oil bath 
at  50 "C. The extent of reaction was monitored by 31P NMR of aliquots 
of the orange solution; after 7 days the solvent was removed in vacuo 
and the residue was recrystallized a t  -25 "C from petroleum ether to 
give 392 mg (78%) of 8, in three crops. An analytical sample was 
recrystallized from petroleum ether. For 8: mp 155 "C; 'H NMR (C6D6) 
6 7.57-7.55 (m, lH), 7.44-7.42 (m, 2H), 7.24-7.19 (m, 3H), 7.13- 
7.05 (m, 3H), 6.94-6.91 (m, 3H), 6.86 (lH, CH-CPhz), 1.94-1.79 (m, 
2H, CHz, 2 J ~  = 14.4, 2 J p ~  = 1, 2 J p ~  = 21 Hz), 1.60 (9H), 1.40 (3H), 
1.31 (9H), 1.17 (3H); l3C{lH} NMR (CD2Clz) 6 159.5 (d, J = 2.3 Hz, 
quat), 153.1 (d, J = 14.3 Hz, quat), 152.8 (quat), 150.4 (d, J = 19.2 Hz, 
quat), 143.2 (d, J = 4.9 Hz, quat), 141.2, 141.1, 135.7 (d, J = 13.8 Hz, 
quat), 135.3 ( d , J =  27.5 Hz, P-CHI, 130.7 (d, J =  3.8 Hz), 128.8,128.6, 
128.1 (d, J = 2.7 Hz), 127.8, 122.4 (d, J = 4.9 Hz), 119.0 (d, J = 1.1 
Hz), 47.3 (d, J = 6.0 Hz, quat), 42.0 (d, J = 8.3 Hz, P-CHz), 37.7 (d, 
J = 1.7 Hz, quat), 35.5 (quat), 32.8 (overlaps with next peak), 32.6 (d, 
J = 9.4 Hz), 32.3 (d, J = 5.0 Hz), 31.8; slP{lH} NMR (CD2Clz) 6 -22.2; 
31P NMR (CeD6) 6 -20.5 (broad d, "J" = ca. 20 Hz); IR (KBr) 3052, 
2956,1591,1554,1540,1491,1442,1394,1380,1360,1331,1244,1225, 
1203,1164,1144,1129,1072,1030,986,952,930,902,880,852,841, 
810, 786, 770, 749, 713, 702, 656, 643, 621, 607, 559, 514, 483, 458, 
428 cm-1; EI-MS mlz 454 (M*), 261 ((MH - Me - C2Ph2)+), 57 (t-Bu). 
Anal. Calcd for C32H39P: C, 84.53; H, 8.66. Found: C, 84.57; H, 8.76. 
Catalysis by 4c is unaffected by the presence of metallic Hg, suggesting 
that the reaction is homogeneous and is not catalyzed by Rh metal; 
see: Whitesides, G. M.; Hackett, M.; Brainard, R. L.; Lavalleye, J.-P. 
P. M.; Sowinski, A. F.; Izumi, A. N.; Moore, S. S.; Brown, D. W.; Staudt, 
E. M. Organometallics 1985, 4, 1819-1830. 

(11) The large difference in the two 2 J p ~  couplings has precedent 
in the results for 6, for which we find VPH = 15.3 and 1.8 Hz, 
respectively. See also: Bentrude, W. G.; Setzer, W. N. In Phosphorus- 
31 NMR Spectroscopy in Stereochemical Analysis; Verkade, J. G., Quin, 
L. D., Eds.; VCH: Deerfield Beach, FL, 1987; pp 365-389. 

(12) COE = cyclooctene: van der Ent, A.; Onderdelinden, A. L. 
Inorg. Synth. 1973,14, 92-95. To a slurry of [(COE)2RhC112 (41 mg, 
0.057 mmol) in ether (4 mL) was added a solution of PCy3 (64 mg, 
0.23 mmol) in 3 mL of ether. A red solution formed; it was filtered 
after -3 min. A solution of 3 (52 mg, 0.11 mmol) in 2 mL of ether was 
added to the filtrate. After 3 h red crystals formed; the mixture was 
cooled overnight at -25 "C to induce further crystallization. The 
yellow-orange supernatant was decanted, and the red crystals were 
washed with 4 x 2 mL of cold ether to give, after drying in vacuo, 73 
mg (73%) of red crystals. This synthetic method avoids the use of 
sparingly soluble isolated 4a and allows precipitation of pure Sa under 
mild conditions. For Sa: 'H NMR (CD2C12) 6 8.23 (d, J = 7.5 Hz, 2H), 
7.40-7.26 (m, 3H), 7.00 (2H), 6.93-6.88 (m, 3H), 6.74-6.71 (m, 2H), 
2.18-1.50 (broad m, 22H), 1.40 (broad, 18H), 1.25-1.10 (broad m, 11H), 
1.14 (9H); 13C{lH} NMR (CD2C12) 6 179.6 (dd, 'Jmc = 27 Hz, 'Jpc = 
99 Hz, quat, F=C), 155.4 (quat, broad), 149.9 (quat), 142.0 (quat), 141.7 
(quat, broad), 141.4 (quat), 132.7 (d, J = 102 Hz, quat), 130.2, 128.7, 
128.2 (d, J =  3.8 Hz), 127.7, 127.4, 126.4, 122.9, 37.5 (quat), 35.5 (dd, 
z J ~ c  = 5.5 Hz, 1Jpc = 25 Hz, P-C-H), 34.9 (quat), 32.1 (broad, CH3), 
31.9 (broad, CHz), 31.4 (CH3), 29.9 (CH2), 28.4 (CH2), 28.2 (CHZ), 26.9 
(CHz); 31P{1H} NMR (THF-da) 6 62.1 (dd, 'JRW = 194 Hz, 2 J ~ ~  = 2 
Hz), -38.8 (dd, 1J~hp = 37 Hz, 2Jpp  = 2 Hz); IR (KBr) 3054, 2924, 
2849,2644,1586,1490,1441,1389,1361,1249,1198,1175,1122,1074, 
1030,1004,924,899,880,851,768,748,735,700,690,648,556,518, 
493, 451, 424 cm-l. The analytical sample cocrystallized with 
dichloromethane and ether, which was quantitatively confirmed by 
integration of the 'H NMR spectrum. Anal. Calcd for 
C~oH&1P2Rh.0.35CH2Cl2.0.2C4Hl0O: C, 66.91; H, 8.22. Found: C, 
66.53: H. 8.42. , - - ?  ~ ~~ 

(13) (a) For comparison, in L2Pt[q2(P,C)-Mes*P=C=CPh21 (Lz = 
(PPh3)2, Ph2PCHzCHzPPh2, (PEt&), the 1s5Pt-31P coupling constants 
for the Mes*(P) nucleus are 192, 234, and 268 Hz, reipecthely.8d (b) 
From the magnetogyric ratios of lg5Pt and lo3Rh, the magnitude of 
lQ5Pt-X coupling is expected to be about 7 times that of lo3Rh-X (Kidd, 
R. G.; Goodfellow, R. J.; In NMR and the Periodic Table; Harris, R. 
K., Mann, B. E., Eds.; Academic: New York, 1978; p 249.) 

(14) For comparison, we prepared (PhzPCHzCHzPPhz)Pt[t2(P,C)- 
Mes*P=C=CPhz] as in ref 8d and obtained its 13C NMR spectrum in 
CDzClz. The central P=C=C carbon signal appears at 6 171.6 (ddd, 
lJ+c = 118 Hz, 2Jpc = 70 Hz, 2Jpc = 6 Hz; Pt satellites were too low 
in intensity to be observed). 

(15) Related absorptions at  1590,1600, and 1590 cm-l are observed 
in the Pt-phosphaallene complexes of ref 8d. 

(16) Two spectroscopic observations suggest that Sa contains an  
agostic interaction between Rh and C-H bonds of the PCy3 ligand (for 
related complexes, see: Wasserman, H. J.; Kubas, G.  J.; Ryan, R. R. 
J .  Am. Chem. SOC. 1986,108,2294-2301). The IR spectrum includes 
an absorption at  2644 cm-l, and the 13C NMR spectrum shows signals 
due to six different cyclohexyl carbons. In contrast, peaks due to four 
Cy carbons are observed for 6 and 7. Interaction of Rh with a C-H 
bond on one PCy3 cyclohexyl group in Sa could make the six carbons 
inequivalent. Rapid exchange (on the NMR time scale) between such 
a bond and the other two cyclohexyl groups by a 3-fold rotation could 
make the three cyclohexyl groups equivalent. Unfortunately, we have 
not yet been able to obtain crystals suitable for X-ray analysis to check 
this assignment or to investigate related interactions in 6 and 7, which 
show IR peaks at  2654 and 2652 cm-l, respectively. 
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Communications 

plex 9a is readily soluble in CHzClz but decomposes at  
ambient temperature in this solvent, preventing mo- 
lecular weight measurements. Isolated 9a is stable in 
solution in the presence of 3 and catalyzes its isomer- 
ization to 8. This reaction also proceeds smoothly in 
the presence of 1 equiv of PCy3. 

The isolation of 9a suggests that cumulenes 1 and 2 
also initially bind to Rh with displacement of PCy3 to 
form the intermediates Rh(PCy3)[r2(P,C)-Mes*+C=Xl- 
C1 (X = 0, NPh), which are not observed under the 
reaction conditions. Mechanistic investigations of the 
role of such species in the P=C cleavage and isomer- 
ization reactions are in progress as part of a broader 
study of phosphacumulene coordination chemistry. 

Organometallics, Vol. 14, No. 1, 1995 19 
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(Cyclopentadienylalky1)phosphine Derivatives of 
Gallium(II1) and Indium(II1) 

Alan H. Cowley," Christopher S. King, and Andreas Decken 
Department of Chemistry and Biochemistry, The University of Texas at  Austin, 

Austin, Texas 78712 

Received May 6, 1994@ 

The bis(tert-buty1)phosphinoethylcyclopentadienide complexes [~-BuzPCHZCHZC~H~IMXZ 
with M = Ga, X = Cl(3); M = In, X = Cl(4); M = Ga, X = Me (5); and M = In, X = Me (6) 
have been prepared by the reaction of the phosphinoethylcyclopentadienide lithium salt with 
the appropriate group 13 chloride. Compounds 5 and 6 were also prepared by the methane 
elimination reactions of the phosphinoethylcyclopentadiene with MMe3. Each compound 
has been characterized by elemental analysis, lH, 13C, and 31P NMR, and mass spectroscopy. 
The structures of 4 and 5 were determined by X-ra crystallograph . Crystal data for 4: 
space group P212121, a = 8.782(2) A, b = 14.039(1) c = 15.116(2) 1, V = 1863.6(9) Hi3, 2 
= 4, and R = 0.0352. Crystal data for 5: space group P21/c, a = 12.653(3) A, b = 9.683(2) 
A, c = 15.313(3) A, p = 100.81(3)", V = 1842.8(9) A3, 2 = 4, and R = 0.0562. The X-ray 
analyses reveal that for both compounds (i) the M X 2  fragment is T,+ attached to the 
cyclopentadienyl ring and (ii) the phosphorus atom is coordinated intramolecularly to the 
group 13 center. 

Introduction 

Cyclopentadienyl and phosphine ligands are ubiqui- 
tous in inorganic chemistry. Not surprisingly, therefore, 
the possibility of combining the special features of these 
ligands in a potentially chelating fashion has begun to 
attract attention. A few (cyclopentadienylalky1)phos- 
phines of the general type C~%(CHZ)~PRZ (n = 1,2) have 
now been prepared and employed as 1igands.l However, 
with the exception of one trimethylstannyl derivative,la 
these interesting heterodifunctional ligands have been 
used exclusively in the context of d-block chemistry. We 
have therefore become interested in exploring the utility 
of these ligand systems for the synthesis of main group 
compounds. Given the considerable current interest in 
a variety of 13/15 ring, cage, and acyclic compounds as 
single-source precursors to compound semiconductors,2 
we have chosen to initiate our studies by an investiga- 
tion of the ligative behavior of some gallium(II1) and 
indium(II1) halides and  alkyl^.^ 

@ Abstract published in Advance ACS Abstracts, November 1, 1994. 
(1) (a) Charrier, C.; Mathey, F. J. Organomet. Chem. 1979, 170, C 

41. (b) KauEmann, T.; Ennen, J.; Lhotak, H.; Rensing, A.; Steinseifer, 
F.; Woltermann, A. Angew. Chem., Int. Ed.  Engl. 1980, 19, 328. (c) 
Slawin, A. M. Z.; Williams, D. J.; Crosby, J.; Ramsden, J. A.; White, 
C. J. Chem. Soc., Dalton Trans. 1988, 2491. (d) Szymoniak, J.; 
BesanGon, J.; Dormond, A.; Mofse, C. J. Org. Chem. 1990, 55, 1429. 
(e) Kettenbach, R. T.; Butenschon, H. New J. Chem. 1990,14,599. (0 
Miguel-Garcia, J. A.; Adams, H.; Bailey, N. A,; Maitlis, P. M. J. 
Orgunomet. Chem. 1991, 413, 427. (g) Butenschon, H.; Kettenbach, 
R. T.; KrUger, C. Angew. Chen., Int. Ed.  Engl. 1992,31, 1066. 
(2) For reviews, see: Cowley, A. H.; Jones, R. A. Angezu. Chem., Int. 

Ed. Engl. 1989,28, 1208. Wells, R. L. Coord. Chem. Rev. 1992,112, 
273. Cowley, A. H.; Jones, R. A. Polyhedron 1994,13, 1149. 

(3) For interesting work on amine analogues, see: Jutzi, P.; Dahl- 
haus, J.; Bangel, M. J. Organomet. Chem. 1993,460, C13. 

Q276-7333/95/2314-QQ2Q~Q9,QQ~Q 

Results and Discussion 
The reagent lithium (2-{ di-tert-butylphosphinoethy1)- 

cyclopentadienide) (1) was prepared via the reaction of 
Lip-t-Buz with spiro[4.2lhepta-l,3-diene according to the 
method of Kauffman et al.lb The corresponding cyclo- 
pentadiene 2 was prepared by hydrolysis of 1. The 
gallium(II1) and indium(II1) compounds 3-6 were pre- 
pared in excellent yields via the metathetical reactions 
of 1 with the appropriate metal chlorides in THF at low 
temperature. 

Li[ (C5H4)CH2CH2P-f-Buz1 

1 

X2MCl - 
(-LiCI) 

3: M = Ga; X = C1 

4: M =In;  X = C1 

5: M = G a ; X = M e  

6: M = I n ; X = M e  

A second synthetic strategy was employed for the 
synthesis of 5 and 6, 

namely, the methane elimination reactions between 2 
and the relevant gallium or indium trialkyl. 
3-5 were obtained as colorless crystals; 4 is a white 

powder. Each of the new compounds is slightly air 

0 1995 American Chemical Society 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

00
8



(Cyclopentadienylalky1)phosphine Derivatives of Ga(II) and In(III) Organometallics, Vol. 14, No. 1, 1995 21 

C131 

c141 
A C161 

C171 

W 
Cll l l  

c1121 

Figure 1. View of [~-BUZPCH~CH~C~&II~C~Z (4) showing 
the atom-labeling scheme. The CH3 groups are omitted 
for clarity. 

C131 

c171 

Figure 2. View of [t-BuzPCHzCH2C&blGa.M~ez (6) showing 
the atom-labeling scheme. The t-Bu CH3 groups are 
omitted for clarity. 

sensitive in the solid state. The methyl derivatives 5 
and 6 are distinctly more volatile than the chloro 
analogues 3 and 4 and sublime readily at 100 "C 
Torr). 

Satisfactory carbon and hydrogen analyses were 
obtained for the indium compounds 4 and 6. However, 
despite several attempts, the carbon analyses for the 
analogous gallium compounds, 3 and 5, were found to 
be 3 4 %  too low. This does not appear to be a 
consequence of the presence of impurities since both 
compounds have sharp melting points. Excellent HRMS 
data were obtained for 3-6 (Experimental Section). 

The 31P NMR chemical shifts for 3-6 are less shielded 
than those of the free ligand 2 by between 5 and 24 ppm, 
thus suggesting that the pendent phosphine is coordi- 
nated to the group 13 center in each case. It was not 
clear from NMR data, however, how the MXZ moiety is 
attached to the cyclopentadienyl ring because only two 
types of ring proton and one type of ring carbon are 
detectable at ambient temperature. The question of the 
ground state geometries of 4 and 6 was resolved by 
X-ray analysis. The molecular structures of 4 and 5 are 
shown in Figures 1 and 2, respectively, along with the 
relevant atom-numbering schemes. In contrast to, for 
example, (csHs)GaMe~,~ crystals of 4 and 5 consist of 

(4) Mertz, K.; Zettler, F.; Hausen, H. D.; Weidlein, J. J. Orgunomet. 
Chem. 1976,122, 159. 

Table 1. Selected Bond Distances (A) for 
(t-Bu8CHzCHzCfi)InClz (4) and 

(t-BugCHzCHzCsHdGaMe, (6) 
Compound 4 

In-P 2.595(2) C(l)-C(2) 1.452( 13) 
P-C(7) 1.843(9) c m - c ( 3 )  1.318(17) 
P-C(8) 1.860(9) C(3)-C(4) 1.416(5) 
P-C( 12) 1.854(10) C(4)-C(5) 1.339( 15) 
In-C(l) 2.202(9) C(5)-C(6) 1.509(12) 
In-Cl(1) 2.383(3) 
In-Cl(2) 2.364(3) 

Compound 5 
Ga-P 2.493(2) C(l)-C(2) 1.437(9) 
P-C(7) 1.839(5) c m - c ( 3 )  1.324(10) 
P-C(8) 1.868(6) C(3)-C(4) 1.407( 10) 
P-C(12) 1.863(7) C(4)-C(5) 1.370( 10) 
Ga-C(l) 2.103(5) c(1)-c(5) 1.433(8) 
Ga-C( 16) 1.964(6) 
Ga-C(17) 1.961 (7) 

Table 2. Selected Bond Angles (deg) for 
(t-BuZpCHzCH2Cs&)InClz (4) and 

(t-BuSCHzCHzCs%)GaMez (5) 
Compound 4 

In-P-C(7) 103.7(3) Cl(l)-In-C1(2) 101.9(1) 
In-P-C(8) 112.3(3) P-In-Cl( 1)  113.0(1) 
C(7)-P-C(8) 107.2(4) P-In-Cl(2) 111.2(1) 
In-P-C( 12) 111.4(3) P-In-C(l) 104.2(2) 
C(7)-P-C(12) 104.8(5) Cl(l)-In-C(l) 108.2(3) 
C(8)-P-C(12) 116.2(4) C1(2)-In-C(1) 118.6(2) 

Compound 5 
Ga-P-C(7) 104.5(2) C(16)-Ga-C(17) 114.8(3) 
Ga-P-C(8) 115.2(2) P-Ga-C(16) 110.9(2) 
C(7)-P-C(8) 106.5(3) P-Ga-C(17) 112.7(2) 
Ga-P-C(12) 113.8(2) P-Ga-C(l) 91.3(2) 
C(7)-P-C(12) 103.6(3) C(16)-Ga-C(1) 115.0(3) 
C(8)-P-C(12) 111.9(3) C(17)-Ga-C(1) 109.9(2) 

isolated molecules with no abnormally short intermo- 
lecular contacts. In both compounds, the group 13 MX2 
fragment is attached to the cyclopentadienyl ring in an 
q1 fashion in an a position with respect to the phosphi- 
noethane moiety. The patterns of bond distances (Table 
1) and bond angles (Table 2) within the cyclopentadienyl 
ring are similar to those of other yl-metalated systems, 
specifically, (i) the C(2)-C(3) and C(4)-C(5) bond 
distances are shorter than the others, and (ii) the 
smallest bond angle is C(2)-C(l)-C(5). The Ga- 
C(ring) bond distance in 5 (2.103(5) A) is similar to that 
reported for (ql-CsH&Ga (average 2.05(2)) How- 
ever, the In-C(ring) bond distance in 4 (2.202(9) A) is 
slightly shorter than those reported for the +attached 
cyclopentadienyl rings of (C5H&In (average 2.240(9) 

The X-ray crystallographic studies also reveal that the 
phosphine arm is coordinated to the MX2 center in 4 
and 5, thus confirming the 31P NMR spectroscopic 
indications discussed above. Both compounds therefore 
possess a bicyclic structure which is formed by fusion 
of a cyclopentadienyl and a six-membered MC4P ring. 
The conformations of the MC4P rings are twist-boat 
and boat in 4 and 5, respectively. The P - Ga dative 
bond distance in 5 (2.493(2) A) is comparable to that in 
the Lewis acid-base complex Me3P - GaMe3 (2.52 A).' 
As expected, the geometries at phosphorus and the 

A1.6 

(5) Beachley, 0. T., Jr.; Getman, T. D.; Kirss, R. U.; Hallock, R. B.; 

(6) Einstein, F. W. B.; Gilbert, M. M.; Tuck, D. G. h g .  Chem. 1972, 

(7) Golubkinskaya, L. M.; Golubinskii, A. V.; Mastryukov, V. S.; 

Hunter, W. E.; Atwood, J. L. Orgunometullics 1986, 4 ,  751. 

11, 2832. 

Vilkov, L. V.; Bregadze, V. I. J. Orgunomet. Chem. 1976, 117, C4. 
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group 13 element are approximately tetrahedral. How- 
ever, there are considerable departures from the ideal 
angle at both centers for both compounds. 

Finally, we return to the question of the implied 
fluxionality of 3-6 in solution. Ligand 1 is not fluxional; 
hence it is evidently the M X 2  moiety which shuttles back 
and forth between the C(1) and C(4) positions of the 
cyclopentadienyl ring in 3-6. Presumably, the P - Ga 
or P - In dative bond is broken concomitantly in this 
process. Attempts to address this question were not 
successful; no spectral changes other than viscosity 
broadening were detected upon cooling toluene or THF 
solutions of 3-6 to -80 "C. 

Organometallics, Vol. 14, No. 1, 1995 Cowley et al. 

Table 3. Crystal Data, Details of Intensity Measurement, 
and Structural Refinement for (t-Bu#CHzCH2CsI&)InCl* (4) 

and ( ~ - B u # C H ~ C H ~ C S H ~ ) G ~ M ~ ~  (5) 

compd 4 5 
formula ClsH26Cl~InP Ci7H3zGaP 
fw 423.0 337.1 
cryst dimen, mm 
cryst syst orthorhombic monoclinic 
space group E12121 E 1 l c  
a, A 8.782(2) 12.653(3) 
b, A 14.039( 1) 9.683(2) 
c, A 15.116(2) 15.313(3) 
a, deg 90.0 90.0 
P3 deg 90.0 100.81(3) 
Y 3 deg 90.0 90.0 
v, A3 1863.6(9) 1842.8(9) 
D,,I,, g cm-3 1.508 1.215 
Z 4 4 
radiation Mo Ka Mo Ka 
no. of total reflns 2318 3234 
no. of obsd reflns 1881 2116 
sig test F > W F )  F > 4a(F) 
no. of param 174 172 
weighting scheme 0.0005 0.0005 

final R 0.0352 0.0525 
final Rw 0.0395 0.0562 

0.22 x 0.22 x 0.31 0.31 x 0.53 x 0.60 

g in [(uF)* + gFL1-1 

Experimental Section 

General Considerations. All reactions were performed 
under oxygen-free argon or under vacuum using standard 
Schlenk line or drybox techniques. All solvents were dried 
over sodium and distilled from sodium benzophenone under 
argon before use. The reagents GaCl3, InC13, MesGa, MeaIn, 
and n-BuLi were procured commercially and used without 
further purification. The concentration of the n-BuLi was 
determined by titrimetric analysis prior to  use. Spiro[4.2]- 
hepta-1,3-diene8 and t-BuzPHg were prepared according to  
literature methods. 

Physical Measurements. IR spectra were obtained as 
KBr pellets on a Bio-Rad FTS-40 spectrometer. Mass spectra, 
E1 and CI, were run on a Bell and Howell 21-491 instrument, 
and NMR spectra were measured on a GE QE-300 spectrom- 
eter (IH, 300.17 MHz; 13C, 75.48 MHz; 31P, 121.5 MHz). NMR 
spectra are referenced to CsDs and THF-cis, both of which were 
dried over NdK alloy and distilled prior to use. All chemical 
shifts are reported relative to TMS (0.00 ppm). Melting points 
(uncorrected) were obtained in sealed capillaries under argon 
(1 atm), and elemental analyses were performed by Atlantic 
Microlab, Norcross, GA. 

Synthesis of Lithium [2-(Di-tert-butylphosphinoeth- 
y1)cyclopentadienidel (1). A hexane solution of 1.6 M 
n-BuLi (62.5 mL, 0.10 mol) was added to a stirred solution of 
t-BuzPH (14.62 g, 0.10 mol) in 30 mL of THF at -78 "C. The 
stirred reaction mixture was allowed to  warm slowly to 0 "C. 
A THF solution of 1.13 M spiro[4.2lhepta-1,3-diene (88.5 mL, 
0.10 mol) was then added and the solution heated to reflux 
for 13 h. The solution was cooled to room temperature and 
the solvent removed under reduced pressure. The residue was 
then washed with cold hexane (3 x 50 mL) and dried in vacuo 
to  afford 20.7 g (84.7 mmol, 85% yield) of the light tan powder 
1, mp 235-237 "C. 

Synthesis of 2-(Di-tert-butylphosphinoethyl)cyclopen- 
tadiene (2). A stirred solution of 0.33 g (1.0 mmol) of 1 in 10 
mL of hexane was hydrolyzed by addition of 10 drops of water. 
The solution was dried over MgSOl and filtered and the solvent 
removed under reduced pressure to yield 0.16 g of brown oil 
2, (0.5 mmol, 50% yield). IH NMR (CeDs): 6 1.06 (d, CH3, 18 
H), 1.59 (m, CHZ, 2 H), 2.63 (m, CHZ, 2 H), 6.20 (m, ring H, 5 

Synthesis of Dichloro[ 1-q l-(2-di-tert-butylphosphino)- 
ethylcyclopentadienyllgallium (3). A solution of 0.31 g (1.2 
mmol) of 1 in 20 mL of THF was added at -78 "C to a stirred 
solution of GaC13 (0.22 g, 1.2 mmol) in 30 mL of THF. After 
3 h at -78 "C, the stirred reaction mixture was allowed to 
warm to room temperature. The solvent and volatiles were 
removed under reduced pressure. The residue was extracted 
with CHzClz (60 mL) and filtered, and the solvent removed 
under reduced pressure. The residue was then dissolved in a 
minimum amount of THF. A few drops of hexane were added 
to  aid crystallization. Colorless crystals of 3 (mp 134-135 "C) 

(8) Wilcox, C. F.; Craig, R. R. J. Am. Chem. SOC. 1981, 83, 3866. 
(9) Hoffman, H.; Schellenbeck, P. Chem. Ber. 1968,99, 1134. 

H); 31P NMR (C6D6): 6 29.2 (9). 

formed upon cooling this solution to  -20 "C for 12 h. IH NMR 
(CsDs): 6 0.99 (d, CH3, 18 H), 1.46 (m, CH2, 2 H), 2.52 (m, 
CH2,2 H), 5.14 (8, ring H, 2 H), 6.78 (s, ring H, 2 HI; 31P NMR 

found 377.047 549. Anal. Calcd for C ~ ~ H Z ~ C ~ Z G ~ P :  C, 47.66; 
H, 6.95. Found: C, 44.34; H, 6.61. 

Synthesis of DichloroL l-q1-(2-di-tert-butylphosphino)- 
ethylcyclopentadieny1lindium (4). A solution of 1.32 g (5.4 
mmol) of 1 in 20 mL of THF was added at -78 "C to a stirred 
solution of InC13 (1.19 g, 5.4 mmol) in 30 mL of THF. After 3 
h at -78 "C, the stirred reaction mixture was allowed to warm 
to room temperature. The solvent and volatiles were removed 
under reduced pressure, and the residue was extracted with 
toluene (3 x 60 mL). The mixture was filtered to separate 
the product 4 from LiCl and unreacted starting materials. The 
solvent was removed under reduced pressure. The resulting 
residue was dissolved in 5 mL of CHzC12. Several drops of 
hexane were added to  aid crystallization. Colorless crystals 
of 4 (mp 194 "C) formed upon cooling this solution to -20 "C 
for 12 h (3.8 mmol, 70% yield). IH NMR (CsDs): 6 0.88 (d, 
CH3, 18 H), 1.34 (m, CHZ, 2 HI, 2.40 (m, CHZ, 2 H), 5.40 (s, 
ring H, 2 H), 6.74 (s, ring H, 2 H). 13C NMR (C6Ds): 6 26.8 (d, 

WCP) 7.2 Hz), 34.1 (d, t-C, 'J(CP) 12.2 Hz), 97.2 (s, ring C); 

calcd 422.019124, found 422.018795. Anal. Calcd for 

Synthesis of Dimethyl[(1-q1-(2-di-tert-butylphosphi- 
no)ethylcyclopentadienyllgallium (5). Method A. A 
solution of 0.24 g (1.0 mmol) of 1 in 20 mL of THF was added 
at -78 "C to  a stirred solution of MezGaCl(O.13 g, 1.0 mmol) 
in 30 mL of THF. M e r  3 h at -78 "C, the stirred solution 
was allowed to warm to room temperature. The solvent and 
volatiles were removed under reduced pressure, and the 
resulting residue was extracted with hexane (60 mL), filtered, 
and concentrated. Colorless crystals of 5 (mp 98-99 "C) 
formed upon cooling this solution to -20 "C for 12 h. IH NMR 
(CsD6): 6 -0.35 (d, GaCH3, 6 H), 0.94 (d, CH3, 18 H), 1.62 (m, 
CHz, 2 H), 2.81 (m, CH2, 2 HI, 5.25 (s, ring H, 2 H), 6.55 ( 8 ,  

ring H, 2 H); I3C{lH} NMR ((&De): 6 -5.5 (d, GaCH3, V(CP) 
16.7 Hz), 20.1 (d, CHz, 'J(CP1 14.6 Hz), 29.2 (d, CH3, V(CP) 
4.7 Hz), 26.3 (d, CH2, 'J(CP) 7.2 Hz), 32.7 (d, t-C, 'J(CP) 7.4 

(CsD6): 6 8.3 (8).  MS(C1) 379 [M-1. HHkfS calcd 377.048 326, 

CHz, 'J(CP) 1.7 Hz), 28.5 (d, CH3, 'J(CP) 3.2 Hz), 29.0 (d, CH2, 

31P NMR (CsDs) 6 24.0 (s). MS(C1) 457 [M + C1-I. HRMS 

C15H&lzIfl: C, 42.97; H, 6.19. Found: C, 43.64; H, 6.60. 

Hz), 92.4 (s, ring C), 123.7 (8 ,  ring C); 31P NMR (CSD6): 6 5.5 
(9). MS(C1) 339 [M+I. HRMS calcd 336.149 746. found 

I ~- ----- 
336.149 160. Anal. C&d for C17H32GaP: C, 60.55; H, 9.59. 
Found: C, 55.52; H, 9.21. 
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Table 4. Atomic Coordinates (104) and Equivalent Isotropic 
Displacement Coefficients (A2 103) for 3 and 4 

atom xla vlb I I C  Ueal 

8235( 1) 
682 l(3) 

10256(3) 
6628(4) 
9230( 1 1) 
8659( 14) 
7550( 15) 
7347( 13) 
8353( 14) 
8590( 14) 
7 197( 13) 
7644(11) 
9344( 11) 
7566( 11) 
6908(12) 
472% 10) 
3850( 12) 
4317(11) 
4245( 10) 

2290( 1) 
2538( 1) 
3710(4) 
3817(5) 
4550(6) 
976(5) 

4512(4) 
4763(5) 
3969(4) 
303(5) 

1237f5) 
2305(5) 
320 l(5) 
1825(5) 
2252(7) 
1990(6) 
632(5) 

2335(5) 
1043(5) 

Compound 4 
9080(1) 

10379(1) 
9704(2) 

8139(6) 
7188(7) 
6993(7) 
774(7) 

846 l(6) 
9425(6) 

10047(7) 
11586(6) 
11516(7) 
11861(6) 
12357(6) 
10275(7) 
10847(9) 
9225(7) 

1061 6(7) 

1284(1) 

2310(5) 
3283(6) 
2842(8) 
1593(7) 
1277(6) 

32(7) 
-340(6) 

-2299(6) 
-2364(7) 
-3360(6) 
-2663(6) 

-44(7) 
-828(8) 
1497(7) 

-313(8) 
418(6) 

2483(7) 

4 0 3 ~  

Compound 5 

-471(2) 

2 134( 1) 
1231(1) 
3012(2) 
3220(2) 
1122(6) 
1301(7) 
741(8) 
160(7) 
351(5) 
-71(6) 

72(3  
1407(7) 
1163(7) 
2389(6) 
849(7) 

1357(7) 
669(8) 

1266(7) 
2283(6) 

874(1) 
2086(1) 
1465(4) 
778(4) 

30(4) 
714(5) 

1428(4) 
201 2(5) 
603(4) 

1710(4) 
105 l(4) 
2455(4) 
1213(5) 
3011(4) 
3884(4) 
3207(5) 
2722(5) 
-278(3) 

884(4) 

Method B. A solution of 0.34 g (1.4 mmol) of 2 in 20 mL of 
toluene was added to a stirred solution of Me3Ga (0.23 g, 1.4 
mmol) in 20 mL of toluene. The stirred solution was refluxed 
for 24 h. The solvent and volatiles were removed under 
reduced pressure to yield 5 as a white powder. The product 
was identified by 31P NMR spectroscopy. 

Synthesis of Dimethyl[l-~1-(2-di-tert-butylphosphJno)- 
ethylcyclopentadienyllindium (6). Method A. A solution 

of 0.24 g (1.0 "01) of 1 in 20 mL of THF was added at -78 
"C to a stirred solution of MezInCl (0.18 g, 1.0 mmol) in 30 
mL of THF. After 3 h at -78 "C, the stirred solution was 
allowed to warm to room temperature. The solvent and 
volatiles were removed under reduced pressure, and the 
resulting residue was extracted with hexane (100 mL), filtered, 
and concentrated to 20 mL. Cooling the solution overnight at 
-20 "C resulted in a white, powdery 6 (mp 97-99 " 0 .  'H 
" I R  (CsDe): 6 -0.11 (d, InCH3, 6 H), 0.81 (d, CH3, 18 H), 
1.56 (m, CHz, 2 H), 2.82 (m, CHz, 2 H), 5.74 (s, ring H, 2 H), 
6.79 (s, ring H, 2 H); l3C(lH} NMR (CsDs): 6 1.4 (d, InCH3, 
'J(CP) 15.8 Hz), 21.5 (d, CHz, 'J(CP) 15.2 Hz), 27.0 (d, CHz, 
V(CP) 7.8 Hz), 29.2 (d, CH3, 'J(CP) 4.6 Hz), 33.1 (d, t-C, 'J(CP) 
14.2 Hz), 96.1 (8, ring C), 118.4 (s, ring c). 31P NMR (CsDs): 
6 10.5 (9). MS (CI) 383 [M+]. HRMS calcd 383.135 865, found 
383.134 827. Anal. Calcd for C17H32InP: C, 53.42; H, 8.44. 
Found: C, 52.68; H, 7.92. 

Method B. A solution of 0.34 g (1.4 mmol) of 2 in 20 mL of 
toluene was added to a stirred solution of Me3In (0.23 g, 1.4 
mmol) in 20 mL of toluene. The stirred solution was refluxed 
for 24 h. The solvent and volatiles were removed under 
reduced pressure to yield white powdery 6. The product was 
identified by 31P NMR spectroscopy. 

X-ray Crystallography. Details of the crystal data and a 
summary of intensity data collection parameters for 4 and 5 
are presented in Table 3. Atomic coordinates and equivalent 
isotropic thermal parameters for 4 and 5 are listed in Table 
4. The crystals were mounted in thin-walled glass capillaries 
and sealed under argon. Both data sets were collected at 25 
"C on an Enraf-Nonius CAD-4 diffractometer. The unit cell 
parameters were obtained by centering 25 reflections having 
28 values between 16 and 24". For both structures, the data 
were corrected for Lorentz and polarization effects. The 
structures were solved by direct methods and successive cycles 
of difference maps followed by least-squares refinements. All 
calculations were performed using the Siemens SHEIXTL 
PLUS (PC version) programs. 

Acknowledgment. We thank the Robert A. Welch 
Foundation, the National Science Foundation, and the 
Science and Technology Center Program of the National 
Science Foundation (Grant CHE-8920120) for their 
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Supplementary Material Available: Tables of atomic 
parameters, thermal parameters, bond distances and angles, 
and hydrogen atom coordinates for 4 and 5 (6 pages). Ordering 
information is given on any current masthead page. 
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Phosphine Derivatives of 
01 -q2-Methylidyne) @-hydrido)dodecacarbonyltetraironT,* 

Hubert Wadepohl* 
Anorganisch-chemisches Institut der Ruprecht-Karls- Universitat, I m  Neuenheimer Feld 270, 

0-69120 Heidelberg, Germany 

Dario Braga* and Fabrizia Grepioni 
Dipartimento di Chimica ”G. Ciamician”, Universita degli Studi di Bologna, Via Selmi, 2, 

I-40126 Bologna, Italy 

Received March 2, 1994@ 

A number of phosphine monosubstitution products of the p-y2-methylidyne tetrairon cluster 
complex [HFe4(M-y2-CH)(CO)121 (1) have been prepared from 1 and 1 equiv of tertiary 
phosphine PR3. In the products [HFe4(M-y2-CH)(CO)11PR31 2a (R = Ph), 2b (R3 = PhzMe), 
2c (R3 = PhMez), and 2d (R = Me), the two hydrogen atoms assume C-H-Fe and Fe-H- 
Fe bridging positions, as in 1. From 1 and PCy3 (Cy = cyclo-CGH11) only the salt-like [HPCyd- 
[HFe4C(C0)121 was obtained in quantitative yield. The molecular and crystal structure of 
the phosphine derivative 2a has been determined by single-crystal X-ray diffraction: 2a is 
monoclinic; space oup P 2 h ;  a = 13.136(6), b = 15.084(7), and c = 16.265(4) A, ,8 = 100.95- 
(3)”; V = 3164(2) E, F(OO0) = 1616; wR2 = 0.18 [on F, all data, 5537 unique reflections]; 
R1 = 0.0546 [on F,  2694 reflections with with 1 < 0(1)]. The molecular structure of 2a is 
similar to  that  of the parent molecule 1 showing a Fed butterfly cluster core with a y2-CH 
group between the wings and an equatorial PPh3 ligand bound to a wingtip iron atom. The 
H(hydride) ligand spans the Fer butterfly hinge. The intermolecular networks of hydrogen 
bonding interactions established by the p-y2-methylidyne hydrogen atom and by the bridging 
hydride with the CO ligands in 2a and 1 have also been investigated. The variable 
temperature 13C NMR spectra of isotopically enriched 2a reveal several dynamic processes, 
which can be explained by intrametal site CO exchange. A slow dynamic process, detectable 
by lH NMR spectroscopy in the TI regime, interconverts hydridic and agostic hydrogen sites 
in the cluster complexes 2. Extended Huckel and Fenske-Hall MO calculations have been 
performed on 1 and the model complex [HFe4Cu-q2-CH)(CO)l~PH3] (2e) as well as on the 
corresponding deprotonated species [l-HI- and [2e-H]-. The structure of 2 can be rationalized 
using charge and frontier MO arguments. Fast intramolecular switches of the p-CH hydrogen 
between the two wing tips of the iron butterfly framework are predicted by the calculations. 

Introduction 

Interactions of carbon-hydrogen groups with transi- 
tion metal centers (some time ago named “agostic” 
hydrogens1) are of great scientific interest since they 
may resemble intermediate points in an important 
hydrocarbon reaction: carbon-hydrogen bond breaking 
on surfaces or in molecular organometallic compounds.2 
Agostic hydrogens have been observed in a variety of 
different mononuclear complexes as well as in molecular 
c1usters.l Surface C-H-M multicenter bonded species 
have been proposed3 as key intermediates in the dihy- 

+ This work was started in 1983 in the laboratory of Earl Muetterties 
at  the University of California, Berkeley, CA. Prof. Muetterties’s 
untimely death on January 12th, 1984, put a sudden end to his 
research projects. We have decided to take up these investigations 
again and are presenting them in commemoration of Prof. Muetterties’s 
death ten years ago. 

*Dedicated to the memory of Earl L. Muetterties. Deceased 
January 12, 1984. 

@ Abstract published in Aduance ACS Abstracts, November 1, 1994. 
(1) Brookhart, M.; Green, M. L. H. J .  Organomet. Chem. 1982,250, 

(2) Muetterties, E. L. Pure Appl. Chem. 1982, 54, 3. 
(3) Muetterties, E. L.; Stein, J. Chem. Reu. 1979, 790, 479. 

395. 

0276-7333/95/2314-0024$09.QQIQ 

drogen reduction of carbide-like carbon atoms in het- 
erogeneous Fischer-Tropsch reactions. 

A reasonable model4 of such an intermediate is the 
molecular y2-methylidyne cluster complex [HFe4@-y2- 
CH)(C0)12] (l).596 Within our efforts to seek compari- 
sons of the hydrocarbon coordination chemistry on metal 
surfaces and molecular metal  cluster^,^,^ we were 
interested in the effect of minor changes of the electronic 
and steric structure of the parent cluster backbone on 
the 3c-2e C-H-Fe bond present in 1. Transition metal 
carbonyl cluster complexes are generally prone to CO 
substitution, and this behavior offered a convenient 
approach to our objective. Thus, we have prepared and 
(4) Gavin, R. M., Jr.; Reutt, J.; Muetterties, E. L. Proc. Natl. Acad. 

Sci. U S A .  1981, 78, 3981. 
( 5 )  (a) Tachikawa, M.; Muetterties, E. L. J .  Am. Chem. SOC. 1980, 

102, 4541. (b) Beno, M. A,; Williams, J. M.; Tachikawa, M.; Muetter- 
ties, E. L. Ibid. 1980, 102, 4542. (c) Beno, M. A.; Williams, J .  M.; 
Tachikawa, M.; Muetterties, E. L. Ibid. 1981, 103, 1485. 
(6) (a) Holt, E. M.; Whitmire, K. H.; Shriver, D. F. J .  Organomet. 

Chem. 1981,213, 125. (b) Davis, J. H.; Beno, M. A.; Williams, J. M.; 
Zimmie, J.; Tachikawa, M. Proc. Natl. Acad. Sci. U S A .  1981,78,668. 

(7)Muetterties, E. L.; Rhodin, T. N.; Band, E.; Brucker, C. F.; 
Pretzer, W. R. Chem. Rev. 1979, 79, 91. 

(8) (a) Wadepohl, H. Angew. Chem. 1992,104,253. (b) Wadepohl, 
H. Comments Inorg. Chem. 1994,15, 369. 

0 1995 American Chemical Society 
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Scheme 1 

- co 

fully characterized a variety of phosphine monosubsti- 
tuted derivatives of 1. 

We have also undertaken the single-crystal X-ray 
diffraction characterization of the triphenylphosphine 
derivative 2a. Beside discussing in detail the structural 
features of this complex in comparison with that of the 
parent cluster 1, we have carefully investigated the 
molecular organization in the soild state. This part of 
the study integrates with our more general interest in 
the intermolecular forces acting amongst molecules and 
in the relationship between molecular and crystal 
structure in organometallic materials.9 

Results and Discussion 

Substitution Reactions. Compound 1 slowly un- 
derwent reaction with 1 equiv of tertiary phosphine at 
room temperature to form the monosubstituted deriva- 
tives 2a (L = PPh& 2b (L = PPhzMe), 2c (L = PPhMez), 
and 2d (L = PMe3) (Scheme 1). Compounds 2a-d are 
dark brown or black crystalline solids which are only 
moderately air sensitive and can even be handled in air 
for short periods of time. When the reaction of 1 with 
trimethylphosphine in a mixture of pentane and tet- 
rahydrofurane (THF) was carried out at -70 “C, the 
formation of a deep red solution was observed. On 
warming, its color changed to brown and the substituted 
cluster complex 2d could be isolated. Since 1 is kn0wn5Jo 
to be a strong acid, we suspected deprotonation by the 
basic phosphine. ‘H NMR analysis of such a red 
solution at low temperature indeed suggested the 
transient presence of the [HPMe3l+ and [HFe4C(C0)121- 
ions. Likewise the deep red salt [HPCY~I+[HF~~C(CO)~ZI- 
was isolated in quantitative yield when 1 was treated 
with the highly basic and bulkyll tricyclohexylphos- 
phine PCy3. [HPCy31+[HFe4C(C0)1~1- was stable as a 
solid and in solution up to ca. 50 “C. Higher tempera- 
tures resulted in complete decomposition. No further 
reaction took place when [HPCy31+[HFe4C(C0)121- was 
treated with excess PCy3. 

The phosphine substituted cluster complexes 2a-d 
are strong acids. As judged from the infrared and lH 

(9) Braga, D.; Grepioni, F. Acc. Chem. Res. 1994,27, 51. 
(10) Bradley, J. S. Phil. Trans. R.  SOC. London 1982, A308, 103. 
(11) pKa values for [HPMe31+ and [HPCy31+ are given as 8.65 and 

9.7, respectively (Allman, T.; Goel, R. G. Can. J. Chem. 1982,60,716. 
Henderson, W .  A., Jr.; Streuli, C. A. J . h .  Chem. Soc. 1960,82,5791). 
Cone angles are 118” for PMe3 and 170’ for PCya (Tolman, C. A. Chem. 
Rev. 1977, 77, 313). 

[(cL-H) ~ e 4 b - 7 1 ~  -CHI (co)11( P R d  I 
20,  R= P h  

2b, R3= P h z M e  

2c, RJ= P h M e z  

2d, R =  Me 

NMR spectra, the dominant species in ethanol or even 
THF solutions are the monoanions [HFe4C(CO)11(PR3)1-. 
With stronger bases like triethylamine (PKa = 18.51, 
morpholine (PKa = 16.6), and pyridine (PKa = 12.3)12 in 
acetonitrile, complete deprotonation to give the dianions 
[Fe4C(CO)l1(PR3)l2- takes place. Reprotonation is ef- 
fected with HC1 etherate. 

Molecular Structure of [HFe4(lr-q2-CH)(CO)11- 
(PPb)l (2a). A ball-and-stick and space-filling repre- 
sentation of the molecular structure of 2a is shown in 
Figure 1. Relevant structural parameters are reported 
in Table 1 and fractional atomic coordinates in Table 2. 
The essential structural features of 2a correspond to 
those observed in the parent complex [HFe&-q2-CH)- 
(C0)121 (1). The comparison between 2a and 1 is 
complicated by the presence of two independent mol- 
ecules in the asymmetric unit of the latter c r y ~ t a l . ~ ~ ? ~  
Moreover, there are two different crystal structure 
determinations for complex 1: an X-ray diffraction 
study at 173 K5b and a neutron diffraction study at 26 
K.5c. In the following we chose to compare our X-ray 
diffraction study with the corresponding study of 1 
because, although the neutron study is certainly more 
accurate, the two X-ray experiments have comparable 
precision. The results of the neutron diffraction experi- 
ment will be reported in brackets as pairs of chemically 
corresponding values. 

The most relevant structural features of 2a can be 
summarized as follows: (i) The metal framework con- 
sists of a butterfly of iron atoms with Fe-Fe bonds 
ranging from 2.584(2) to 2.669(2) A in compound 2a. The 
shortest bond [Fe(2)-Fe(4)1 corresponds to the butterfly 
hinge and is spanned by the H(hydride) bridge. The 
longest bond is between atoms Fe(1) and Fe(2). The 
lengthening of this bond with respect to the other wing 
bonds is attributable to the steric presence of the PPh3 
ligand, which cannot afford to approach the CO ligands 
bound to Fe(2) more closely. (ii) The PPh3 ligand 
formally replaces one “equatorial” wing-tip CO in the 
structure of 1; of the two “symmetry-distinguishable” 
equatorial coordination sites available on these atoms, 
the one trans to the agostic q-interaction with the C-H 
ligand is not preferred. (iii) As in 1, the p-q2-methyli- 
dyne ligand is roughly placed in the middle of the 
butterfly core, with the C atom simultaneously interact- 

(12) Moore, E. J.; Sullivan, J. M.; Norton, J. R. J .  Am. Chem. Soc. 
1986, 108, 2257 and references cited therein. pK, refers to [HBl+. 
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Figure 1. Molecular structure of [HFe4h-v2-CH)(CO)~~(PPh3)1 (2a). The space-filling outlines the ligand shell ~. . 
the CH group. 

Table 1. Selected Bond Lengths [AI and Angles [deg] 
for 2a 

Fe( 1)-Fe(2) 
Fe( 1)-Fe(4) 
Fe(2)-Fe(3) 
Fe(2) -Fe(4) 
Fe( 3) -Fe(4) 
Fe(1)-C(30) 
Fe(2)-C(30) 
Fe(3)-C(30) 
Fe(4)-C(30) 
Fe( 1)-H(30) 
C(30)-H(30) 
Fe(2)-H(31) 
Fe(4)-H(3 1) 
Fe( 1)-P( 1) 
P(l)-C(12) 
P( 1)-C( 18) 
P( 1)-C(24) 
mean Fe-C(C0) 
mean C-0 
mean Fe-C(C0)-0 
Fe( 3) -C(30)-Fe( 1) 
Fe(2)-C(30)-Fe(4) 
Fe( 1)-C(30)-H(30) 
Fe(2)-H(31)-Fe(4) 
C(l2)-P(l)-C(l8) 
C(12)-P(l)-C(24) 
C(24)-P( 1)-C(18) 
C(l2)-P(l)-Fe(l) 
C( 18)-P( 1)-Fe( 1) 
C(24)-P( 1)-Fe(1) 

2.669(2) 
2.613(2) 
2.630(2) 
2.584(2) 
2.624(2) 
1.908(7) 
1.926(9) 
1.803(7) 
1.973(8) 
1.69(1) 
1.04(1) 
1.57 
1.44 
2.238(2) 
1.812(4) 
1.830(5) 
1.818(5) 
1.78(1) 
1.14( 1) 
177(1) 
172.4(5) 
83.0(3) 
85U) 
119 
105.0(3) 
105.7(2) 
101.0(3) 
108.2(2) 
118.9(2) 
116.8(2) 

ing (though in an asymmetric fashion) with all four 
metal centers. Fe-C(H) distances in 2a range from 
1.803(7) to 1.973(8) A, again showing a wider spread 
with respect to 1: 1.822(4)-1.958(4); 1.828(5)-1.946- 
(5) A [1.822(2)-1.952(2); 1.827(2)-1.949(2) AI. (iv) The 
C-H distance is 1.04(1) A, i.e. strictly comparable with 
the value observed for 1, l.OO(4); 1.09(4),5b but ap- 
preciably shorter than that found in ,the neutron dif- 
fraction experiment [1.176(5), 1.191(4) A].5c The reason 

embedding 

for this difference is inherent to  the difference between 
the two types of experiments. The reader is referred to 
ref 5c for a thorough discussion of the relationship 
between X-ray and neutron diffraction results. The 
H(30)-Fe(l) separation of 1.69(1) A in 2a is somewhat 
midway between the two very different values obtained 
by X-ray diffraction in 1 [1.48(4) and 1.80(4) AI and 
closer to those obtained by neutron diffraction 11.747- 
(4) and 1.753(4) AI. (v) The H(hydride1 bridge in 2a is 
in an asymmetric bridging position E1.57 and 1.45 AI 
as found for 1 in the X-ray diffraction experiment L1.82- 
(4), 1.58(4), 1.73(4), 1.63(4) AI. The H(hydride) atom 
is, instead, symmetrically located in the neutron struc- 
ture of 1 at 26 K [1.674(4), 1.670(4); 1.668(4), 1.670(4)1. 

Intermolecular C-H-O(C0) Hydrogen Bonds. 
The existence of “weak C-H-O(C) interactions in solid 
1 was discussed by Muetterties et al.5b,c In the course 
of our study of the molecular organization in solid 
organometallic materials, we have illustrated several 
examples of these weak intermolecular  interaction^.^ 
C-H-O(C) interactions have been detected in the 
crystals of both structural isomers of [Ir4(C0)9+3- 
trithiane)] (trithiane = 1,3,5-trithia~yclohexane),~~* in 
various crystals of arene clusters,13b and in the bi- 
nuclear carbene complex [CpzFe2(C0)~{p-C(H)CN}l.13c 
In 1, due to the presence of two independent molecular 
units (A, B) there are two types of C-H-O(C) interac- 
tions (see Figure 2). Molecules of type A present one 
single H-bond between the pq2-methylidyne ligand and 
a hinge CO ligand with a C-H-O(C) separation of 2.58 
A [0(32)-H(l)]. The second type of molecules (B) are, 

(13) (a) Braga, D.; Grepioni, F. J .  Chem. Soc., Dalton Trans. 1993, 
1223. (b) Braga, D.; Grepioni, F.; Parisini, E.; Johnson, B. F. G., 
Martin, M. C.; Naim, J. G. M.; Lewis, J.; Martinelli, M. J .  Chem. Soc., 
Dalton Trans. 1993, 1891. (c) Aime, S.; Cordero, L.; Gobetto, R.; 
Bordoni, S.; Busetto, L.; Zanotti, V.; Albano, V.; Braga, D.; Grepioni, 
F. J. Chem. Soc., Dalton Trans. 1992, 2961. 
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Phosphine Derivatives of [HFe4(p-+-CH)(CO)ld 

Table 2. Atomic Coordinates (x  104) for 2a 

Organometallics, Vol. 14, No. 1, 1995 27 

X Y Z X Y z 
467(1) 

- 169(1) 
- 1777( 1) 
-1375(1) 
-645(5) 
-216(53) 
-978 

564(7) 
999(5) 

-1397(8) 
-1141(7) 
-247 l(7) 
-2866(6) 

771(7) 
1344(5) 

-953(8) 
-1401(6) 
-2881(8) 
-3564(6) 
-932(8) 
-685(6) 

-2028(8) 
-2470(7) 
-2517(7) 

8843(1) 
8449(1) 
7633(1) 
9296(1) 
8 150(5) 
7887(44) 
9200 
7465(5) 
6844(4) 
6538(7) 
5825(6) 
7328(7) 
7115(6) 
9164(6) 
9615(5) 
8303(6) 
8247(5) 
7660(8) 
7656(7) 

10425(7) 
11 128(5) 
9234(7) 
9226(6) 
9524(7) 

7503(1) 
8923( 1) 
8030(1) 
7742( 1) 
7762(6) 
7343(43) 
8623 
9233(5) 
9480(4) 
8312(7) 
8477(7) 
7019(7) 
6362(5) 
9507(6) 
9940(4) 
9698(7) 

10224(5) 
8556(8) 
8878(6) 
7671(7) 
7626(6) 
6702(8) 
601 6(5) 
8144(7) 

instead, more efficiently “linked” by two identical in- 
teractions related to the crystallographic center of 
inversion. These interactions are much shorter, 2.48 
A, than those involving molecule A. In crystalline 2a, 
on the contrary, no C-H-O(C) interaction is present, 
not it could be since the H-atom is completely embedded 
within the ligand shell and screened from the surround- 
ings by one phenyl group. This can be appreciated from 
the space-filling diagram of 2a shown in Figure 1. 

A second aspect of interest concerns the intermolecu- 
lar interactions between the H(hydride1 atoms and the 
CO ligands. In 1, two of these interactions join mol- 
ecules of type A and B. They are, however, much longer 

-3213(6) 
1167(6) 
1600(5) 
219(7) 

1882(2) 
1468(4) 
986(4) 
616(4) 
727(4) 

1209(4) 
1580(4) 
2844(4) 
2641(5) 
3387(6) 
4337(5) 
4541(4) 
3794(5) 
270 l(4) 
2937(4) 
3577(5) 
3980(4) 
3743(5) 
3104(5) 

9719(6) 
9791(5) 

10427(4) 
9254(6) 
9560(5) 
8045(1) 
7017(3) 
6381(3) 
5604(3) 
5464(3) 
6100(4) 
6877(3) 
8509(4) 
9258(4) 
9578(5) 
9 150(6) 
8400(6) 
8080(4) 
7725(4) 
8383(3) 
8193(4) 
7345(4) 
6687(3) 
6877(3) 

8430(5) 
7910(5) 
8 160(4) 
6493(6) 
5826(4) 
7424(1) 
6887(3) 
7298(3) 
6887(4) 
6064(4) 
5653(3) 
6064(3) 
6864(4) 
6363(5) 
5937(5) 
60 14(5) 
6515(5) 
6941(5) 
8409(3) 
90 13(3) 
9777(3) 
9935(3) 
9331(4) 
8568(4) 

than those discussed above r2.66 and 2.70 A, respec- 
tively] and are clearly detectable only in the structure 
determined at 26 K. If the observed H(hydride) atom 
in 2a is shiffed in the Fe-H-Fe plane to the symmetric 
bridging position observed for 1 in the neutron diffrac- 
tion study (Fe-H 1.67 A), a “dimer” similar to that 
present in 1 is recognizable around a crystallographic 
inversion center, as shown in Figure 3. 

A systematic study of hydrogen bonding interactions 
in organometallic crystals is under way.14 

Spectroscopic Investigationi. (a) The Salt [HP- 
Cy#[HF’e&(C0)12].- The formulation of the red 
product from the reaction of 1 with PCy3 as a phospho- 

Figure 2. C-H-O and H(hydridel-0 intermolecular interactions in [HFe.&-q2-CH)(CO)1d (1) between molecules of type 
A and B. 
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Figure 3. H(hydride)-O intermolecular interactions in 2a. For sake of clarity only the phenyl ipso C atoms are drawn; 
the C(C0) atoms bear the same numbering as the corresponding 0 atoms. 

Table 3. IR vco Data for compounds 2a-d. 
vco [cm-ll 

2aa 
2bb 
2cb 
2da 

2075 (m), 2037 (vs), 2028 (vs), 2004 (s) 
2080 (m), 2040 (vs), 3032 (vs), 2018 (sh), 2008 (s) 
2080 (m), 2040 (vs), 2031 (vs), 2017 (sh), 2007 (s), 1994 (w) 
2077 (m), 2035 (vs), 2027 (vs), 2003 (s) 

In n-hexane. In petroleum ether. 

nium salt of the hydridocarbonyliron carbide cluster 
anion [HFe&(C0)121-5,6 is mainly based on its NMR 
spectroscopic properties, namely a doublet in the 31P 
NMR spectrum at 6 = 34.4 with JPH = 442 Hz, which 
is indicative of a phosphorus hydrogen bond, and the 
absence of lH resonances in the region -3 I WH) I 1. 
The hydride resonance (6 = -26.6) was somewhat 
broadened, but fast exchange with the phosphonium 
hydrogen can be ruled out since the latter showed 
coupling to both the phosphorus and alkyl hydrogens. 
The hydride resonance in [PPNl+[HFe&(C0)121- (PPN 
= N[P{C&}3]2) is also b r ~ a d . ~ ~ , ~ ~  The infrared spec- 
trum in the YCO region closely resembles the spectrum 
of [PPNlf[HFe&(C0)121-.5a In addition there is a band 
at 2308 cm-l which can be assigned to a P-H stretch. 
(b) Substitution Products 2a-d. The infrared 

spectra (Table 3) indicate that the electronic structures 
of 2a-d, as experienced by the CO ligands, are very 
similiar. We attribute this observation to an extensive 
delocalization of the varying extra electron density 
which is introduced into the cluster by the phosphine 
ligands. Selected NMR spectroscopic data are presented 
in Tables 4 and 5. Our NMR spectroscopic results 
confirm that the p-hydrido@-y2-methylidyne) cluster 
structure, as determined for 2a in the solid state by 
X-ray crystallography, is retained in solution. The high- 
field proton resonances around 6 -27 (Table 2) are 
characteristic for metal bridging hydrides. The 'H(CH) 
resonances between 6 -1.3 and -2.3, and the low value 
for J(13CH) (102.7 Hz for 2a) are indicative1 of agostic 
hydrogens. 

It is interesting to note that the chemical shift of the 
CH proton is nearly the same in 1 and 2a, but this 

(14) Braga, D.; Grepioni, F.; Sabatino, P.; Desiraju, G. R. Organo- 
metallics, in press. 

Table 4. Selected 'H NMR Dataa for Compounds 2a-d and 
1 

CH FezH 

6 JPH -fHH 6 JPH JHH 

2a -1.29 6.5 0.8 -27.3 3 b 
2b -1.60 5.7 0.7 -27.4 b b 
2c -2.00 6.0 1.0 -27.52 1 1 
2d -2.27 7.0 1.0 -27.41 1 1 
1 -1.31 0.9 -27.95 0.9 

In d8-tOlUene at 20 "C. J in hertz. Not resolved. 

Table 5. Selected 13C and 31P NMR Data" for Compounds 

6('3C) JCH [Hzl JCP [Hzl 6(31P) 

2a-d and 1 

2ab 333.5 102.7 9 61.1 
2bC 331.9 d 9 42.8 
2C' 328.5 d 9 19.3 
2d' 326.7 d 10 19.3 
1 335 103.6 

(I Methylidyne carbon resonance at 20 "C. In CDzClZ. In ds-toluene. 

resonance is markedly shifted upfield when the basicity 
of the phosphine ligand is increased. However, there 
is only a very small effect on the hydride resonance. 
31P-1H spin-spin coupling was observed to both the y2- 
CH and Fe2H resonances. The coupling constants were 
not affected by cooling to -80 "C. Very fast intramo- 
lecular switches of the p-CH hydrogen between the two 
wing tips of the iron butterfly framework were observed 
in solutions of 1. The question of a possible CH 
hydrogen atom switch between the chemically different 
C-H-Fe(C012PR3 and C-H-Fe(C0)3 sites in 2 is 
difficult to answer on the basis of NMR studies. From 
the appearance of the spectra-sharp lH resonances 
with well-resolved coupling to 31P-we conclude that 
such an exchange process in 2a-d must either be very 
fast or very slow on the NMR time scale. In the first 
case, the observed value J'PH of the coupling constant 
between the phosphorus and the methylidyne proton 
should be only about half of the real value JPH, which 
would be observable in the second case. In hydrido 
cluster complexes, values of less than 3 Hz for JHP are 
usually observed when the hydrido and the phosphine 

Not determined. 
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2 5 8  K 

1 1 1 1 I I I I 

215 210 205 200 215 210 205 200 

6 6 
Figure 4. Dynamic 13C{lH) spectra of 2a (region of the carbonyl ligands only). 

ligands are not bound to the same metal atom.15 For 
bridging hydrides bound to a phosphine-substituted 
metal carbonyl moiety, JHP typically is 9-18 Hz for the 
cis and 28-30 Hz for the trans arrangement.16 In 2a-d 
the phosphines are equatorial and therefore cis to the 
methylidyne H. The problem is the lack of a suitable 
reference for ugostic CH-metal interactions in phos- 
phine-substituted metal carbonyl cluster complexes. 
Therefore the observed small coupling constants of 5-6 
Hz (Table 4) cannot be interpreted unambiguously. Our 
MO calculations (vide infra) however suggest that CHFe 
bridge switch does indeed take place rapidly in 2. 

Fast intramolecular CO exchange occurred in the 
clusters 2a-d at  20 "C. In the lH NMR spectrum of 
2c, there is only one doublet for the methyl groups, 
which broadens when the temperature is lowered to 190 
K. In a rigid structure with the phosphine in one 
particular equatorial position on a wing-tip iron atom, 
these methyl groups would be diastereotopic, and two 
doublets should be observed. Therefore we can conclude 
that the phosphine ligand is participating in the in- 
tramolecular ligand exchange processes. 

In Figure 4, the 13C dynamic NMR spectra in the 
metal carbonyl region of a 13C-enriched sample of 2a 
are presented. At high temperature we observed only 

(15)Fox, J. R.; Gladfelter, W. L.; Wood, T. G.; Smegal, J. A.; 
Foreman, T. K.; Geoffroy, G. L.; Tavanaiepour, I.; Day, V. W.; Day, C. 
S. Znorg. Chem. 1981,20, 3214. 
(16) Shapley, J. R.; Richter, S. I.; Churchill, M. R.; Lashewycz, R. 

A. J .  Am. Chem. SOC. 1977, 99, 7384. 

Chart 1. Labeling Scheme Used for the 
Assignment of 13C Carbonyl Resonances in 2a 

three 13C carbonyl resonances of intensities ca. 2:6:3. 
Only the low-field resonance (6 = 214.8) was coupled 
to phosphorus (Jcp = 15 Hz).17 The signal a t  6 = 211.8 
was further broadened, when the hydride resonance was 
not decoupled. This spectrum is consistent with fast 
intrametal site CO exchange (localized at a single metal 
atom), a process which is quite common in metal 
carbonyl cluster complexes.18 It was also found to be 
operative in the parent compound le5 The assignment 
of the resonances at temperatures above room tempera- 
ture in the direction of increasing field is apical (wing- 
tip) Fe(C0)2PR3 (a, see Chart 11, basal (wing-base) 
Fe(C0)3 ( y ,  6 )  and apical Fe(C0)3 (PI. At lower tem- 
peratures, specific CO exchange processes become slow 
on the NMR time scale. 

(17) The two resonances centred at  6 = 214.7 are indeed due to 
coupling W-3lP as established by recording the spectra at several 
different magnetic fields. 
(18) Band, E.; Muetterties, E. L. Chem. Rev. 1978, 78, 639. 
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Upon lowering of the temperature from 340 to 220 
K, the resonance at 6 = 211.8 collapsed and finally split 
into three distinct signals with an intensity ratio of ca. 
2:2:2 (6  = 214.3, 213.7, and 206.4). The signal at 6 = 
213.7 was a doublet when the hydride resonance was 
not decoupled. The resonances due to the CO ligands 
on apical iron sites were unchanged (one-half of the 
doublet due to the apical Fe(C012P carbonyl ligands 
accidentally coincided with the singlet at 6 214.3). 
Hence, at 220 K CO exchange in the basal Fe(C0)S sites 
is already slow, while CO exchange on the apical iron 
atoms is still fast on the NMR time scale. Tentatively, 
we assign the resonance at  6 = 213.7, which is coupled 
to the hydride, to the positions y2 and 62, trans to the 
bridging hydride ligand. Below 220 K the doublet at 6 
= 214.7 broadened and lost intensity. This was ac- 
companied by a broadening of the resonances at 6 = 
213.7 and 206.4. Spectra were also recorded below 180 
K in toluene-ddthf-ds. At 163 K, the signal at 6 = 211 
was still relatively sharp and the high-field signal had 
split into two lines. Unfortunately, a complete analysis 
of these data was prevented by minor impurities in that 
particular sample and severely limited spectral resolu- 
tion. Clearly, at 160 K while CO exchange on the apical 
Fe(C0)3 site (i.e. PI, P 2 ,  and P3) is still rapid, exchange 
of the apical Fe(C0)2P positions a1 and a2 occurs at a 
rate comparable to the NMR time scale. 

Comparison with the Ferraboranes [HFed- 
(BH)(C0)12-nLn]- (L = CO, PMesPh, n = 0, 1,2). The 
ferraborane cluster [HFe4(BH)(CO)121- (3)19220 is an 
interesting isoelectronic and isoprotonic analog to  1. 
Unfortunately the crystal structure of this anion has 
not been reported. However, the structure of its formal 
protonation product [HFe4@-BH2)(C0)121 [3 + HI is 
known from an X-ray crystal structure determination.21b 
From spectroscopic evidence, there is no doubt that 3 
has the same type of butterfly tetrairon cluster backbone 
with a hydride (bridging the hinge FeFe bond) and a 
p-v2-BH b ~ - i d g e . ’ ~ ~ ~ ~  Two phosphine substitution prod- 
ucts of 3, namely [HFe4(BH)(CO)11(PMe2Ph)l- (4) and 
[Fe4(BHz)(CO)lo(PMe2Ph)z]- (51, were reported.20,22d The 
monosubstitution product 4 has the phosphine ligand 
in an equatorial position at a wing-tip iron atom. As 
in the parent 3, of the two “endo” hydrogens one is in a 
hydridic FeHFe site and the other remains in the BHFe 
bridge. This is closely analogous to the behavior of the 
methylidyne cluster complex 1. The disubstituted 5 has 
two BHFe interactions and no hydride ligand.20s22d Two 
transient intermediates with unknown structure but 
containing PMe2Ph are involved in the substitution 
reactions. Thus no unambiguous conclusion could be 
reached about the primary site of nucleophilic attack 
by the phosphine.20 Our system is even more compli- 
cated, since we know that 1 is involved in a deprotona- 
tion equilibrium with the more basic phosphines or even 
the solvent. At present we do not know whether 1 or 
the deprotonated [l - HI- or both are attacked by the 
phosphines, nor do we know the primary product. 

Wadepohl et al. 

Addition of more than 1 molar equiv of phosphine to 1 or 
treatment of 2 with more phosphine does not lead to a 
single disubstituted product.23 It is still not clear if the 
reported24a reductive elimination of dihydrogen to  form 
highly substituted cluster complexes [Fe&(C0)13-APR3).J 
represents a well-defined reaction pathway. 
As for 1 and 2, 3-5 are also dynamic. The most 

interesting exchange process is between the Fe2H and 
the agostic ElHFe (El = B or C) protons, because it 
involves the breaking and making of the E1H bond on 
the cluster “surface”. This process is quite fast in 3.21 
In the phosphine-substituted complex 4, the barrier is 
considerably higher.20,22d In the methylidyne cluster 
complex 1, exchange of the hydridic and agostic protons 
is slow on the conventional (T2) NMR time scale but can 
be observed in the TI regime using magnetization 
transfer methods.25 An Arrhenius activation energy of 
-21 kcdmol was reported.24b It has been stated24a that 
phosphine substitution reduces this value. 

We carried out further magnetization transfer experi- 
ments on 1 and 2a to clarify this point.26 The slow 
exchange between hydridic and agostic hydrogen sites 
in both molecules is confirmed by our experiments. 
However, there was considerable scatter of the experi- 
mental activation parameters obtained from different 
samples. Therefore no reasonable quantitative conclu- 
sion could be drawn. In view of the high acidity of the 
methylidyne H, we suspected that at least part of the 
observed exchange occurred via intermolecular path- 
ways. Indeed when samples of 1 and [DFe4@-v2- 
CD)(C0)121 were mixed in CD2C12, complete scrambling 
of the D label was observed within a few hours at room 
temperature. Such reactions are likely catalyzed by the 
glass surface of the NMR tubes. 

Molecular Orbital Calculations. The electronic 
structure of 1 and the closely related anions [HFe4C- 
(C0)lzl- ([l - HI-) and [Fe4C(C0)12I2- ([l - 2H12-) were 
studied by several groups using the extended Huckel 
and the Fenske-Hall quantum chemical proce- 
d u r e ~ . ~ ~ , ~ ~ , ~ ~ ~ ~ ~  Experimentally, [l - 2H12- is monopro- 
tonated at a hinge FeFe bond to give the monohydride 
anion [l - H]-.5,6a The latter is attacked by a further 
proton at a CFeapex bond to form the CHFe 3c-2e bond 
in 1. Using a reactant-like geometry to model these 
reactions, the experimentally observed behavior was 
rationalized by Hoffmann et ~ 1 . ~ ~  in terms of a frontier 
orbital control of the protonation reactions. Housecroft 
and Fehlnel.22 based their explanation on the interaction 
of the frontier orbitals of the fragments [HFe4C(C0)121+ 
and [CHI’ in the product of the second protonation step. 
The same arguments hold for the positions of the endo 
hydrogens in the ferraborane anion 3.22 From extended 
Huckel theory, the difference in energy between the 
tilted (ElHM bridge, 191 > 0 [Chart 21) and upright 
(terminal ElH, 9 = 0) coordination geometries of the 

(19) Housecroft, C. E.; Fehlner, T. P. Organometallics 1986,5,379. 
(20) Housecroft, C. E.; Buhl, M. L.; Long, G. J.; Fehlner, T. P. J. 

Am.  Chem. Soc. 1987,109, 3323. 
(21) (a) Wong, K. S.; Scheidt, W. R.; Fehlner, T. P. J. Am. Chem. 

SOC. 1982, 104, 1111. Fehlner, T. P.; Housecroft, C. E.; Scheidt, W. 
R.; Wong, K. S. Organometallics 1985,2, 825. 
(22) (a) Housecroft, C. E.; Fehlner, T. P. Organometallics 1983,2, 

690. (b) Fehlner, T. P.; Housecroft, C. E. Organometallics 1984, 3, 
764. (c) Housecroft, C. E. J. Organomet. Chem. 1984, 276, 297. (d) 
Housecroft, C. E.; Fehlner, T. P. Organometallics 1986, 5, 1279. 

(23) Hahn, S.; Wadepohl, H., unpublished results. 
(24) (a) Muetterties, E. L.; Geerts, R. L.; Tachikawa, M.; Burch, R. 

R.; Sennett, M. S.; Williams, J.; Beno, M. Abstracts ofPapers, 182nd 
National Meeting of the American Chemical Society, New York, NY, 
Fall 1981; American Chemical Society: Washington, DC, 1981; INOR 
89. (b) Muetterties, E. L. Chem. SOC. Rev. 1982, 11, 283. 
(25) (a) Forsen, S.; Hoffman, R. P. J. Chem. Phys. 1963, 63, 2892. 

(b) Campbell, I. D.; Dobson, C .  M.; Ratcliffe, R. G.; Williams, J. P. J. 
Magn. Reson. 1978,29, 397. 
(26) The experiments were carried out in toluene-& at 300-310 K. 
(27) Wijeyesekera, S. D.; Hoffmann, R.; Wilker, C. N. Organome- 

tallics 1984, 3, 962. 
(28) Hams,  S.; Bradley, J. S. Organometallics 1984,3, 1086. 
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Phosphine Derivatives of [HFedp-r/2-CH)(CO)121 

Chart 2 
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Table 7. Mulliken Atomic Charge  and Compositions of 
the HOMO' for [€IJ?~~C(CO)IZ]- and [HFe4C(CO)dPH3)1- 

[HF~~C(CO)IZI- [HFe4C(CO)1dPHdI- 
charge HOMO [%] charge HOMO [%I 

Table 6. Mulliken Atomic ChargeP for 1 and 2e 
1 2e 

C7" C. C?,, C. 

Felb 0.131 0.137 0.133' O.13gc 
Fe2b 0.131 0.137 0.101d 0.104d 
Fe3e 0.059 0.044 0.046 0.033 
F 4 f  0.183 0.168 0.131 0.119 
C(H) -0.572 -0.544 -0.579 -0.550 
(C)H 0.01 1 0.006 -0.009 -0.016 
(Fe2)H -0.233 -0.234 -0.23 1 -0.231 

Fenske-Hall calculations. Wing base. Trans to P. Cis to P. e Wing 
tip. W i n g  tip, CWe. 
p-ElH moiety was calculated to be rather small, about 
0.3 eV for 1 (El = C) and 0.8 eV for 3 (El = B).22d 

Extended Huckel calculations on the model complex 
[HFe4(BH)(CO)ll(PH3)1- gave a somewhat increased 
barrier for the BHFe bridge switch (Q, < 0" to Q, > 0") 
as compared to 3; of the two possible BHFe sites the 
BH[Fe(CO)zPH31 bridge was favored by about 0.2 eV.20 
We performed extended Huckel (EH) and Fenske-Hall 
(FH) MO calculations on 1, [l - Hl-, [l - 2H12-, and 
the PH3 monosubstituted derivatives [HFe4(CH)(CO)11- 
(PHdl (2e), [2e - Hl-, and [2e - 2H12-. The energies 
and composition of the frontier orbitals for the PH3- 
substituted species are quite similar to those of the 
parent carbonyl cluster complexes. Therefore, the same 
arguments as cited above can be put forward to explain 
the gross structure of 2e. There are however some 
details which merit further attention. The atomic 
charges which are assigned to  the atoms of the Fe4C 
core by a Mulliken population analysis do not change 
significantly on replacing a CO ligand by PH3. As has 
been remarked before,29 the actual numbers are cer- 
tainly not true in the absolute sense but they still allow 
us to make qualitative conclusions concerning changes 
in the electron distribution. As can be seen from Tables 
6 and 7, the carbide carbons (in the monoanions) and 
methylidyne carbons (in the neutral cluster complexes) 
are the most negatively charged atoms. The HOMOS 
of [l - HI- and [2e - HI- are mainly centered on the 
wingtip irons, with small contributions of the carbido 
carbon atoms. Therefore, both charge and frontier 
orbital control favor a CHFe bridge as the protonation 
product of [l - HI- and [2e - Hl-. In addition, the 
values in Table 7 suggest protonation of [2e - HI- to 
occur preferentially at the C[Fe(CO)zP] bond. The 
differences in the charges of the FezH and CHFe 
hydrogens are in accord with the observed high acidity 
of the latter. 

Although the symmetry of the cluster core is de- 
stroyed when a phosphine ligand is added to  a wing-tip 

(29)For more recent discussions of the drawbacks of Mulliken 
population analysis, see: (a) Schaefer, H. F., 111. The Electronic 
Structure of Atoms and Molecules; Addison-Wesley: Reading, MA, 
1972. (b) Streitwieser, A., Jr.; Berke, C. M.; Schriver, G. W.; Grier, 
D.; Collins, J. B. Tetrahedron Suppl. 1980,37, 345. (c) Kostic, N. M.; 
Fenske, R. F. J .  Am. Chem. SOC. 1981,103, 4677. 

Felb 0.154 8.9 0.162c 6.W 
Fe2b 0.154 8.9 0.129d 8.7d 
Fe3' 0.052 23.7 0.050 19.8 
Fe4' 0.052 23.7 -0.008f 34. If 
C -0.691 3.3 -0.73 1 5.6 
(Fe2)H -0.239 0 -0.237 0 

a Fenske-Hall calculations. Wing base. Trans to P. Cis to P. e Wing 
tip. f Wing tip, FeP. 

0.5 eV 

-80 -40 0 40 80 

p D e g . 1  
Figure 5. Plot of the calculated one-electron total energies 
for 1 and 2e versus bending angle rp of the methylidyne 
fragment. Points indicated with squares, 1; with crosses, 
2e. Lower curves: d(CFe,,,) = 1.87, 1.92 A. Upper 
curves: d(CFe,,,) = 1.96 A. 
iron, the hydrido ligand is still expected to bridge the 
hinge FeFe bond in a symmetrical manner. Mulliken 
overlap populations between the hydride and the two 
hinge iron atoms in 2e are 0.303,0.301 (EH) and 0.254, 
0.252 (FH). This is because the FeHFe interaction is 
essentially localized in a single MO with neglegible 
participation of the two wing-tip iron atoms. 

In a series of EH calculations the angle Q, in 1 and 2e 
was varied from -70" to 70" (cf. Chart 2) while all other 
distances and angles were kept constant. This is 
identical to the "test" process which was used by 
Housecroft et aZ.20 to model the BHFe bridge switch in 
1, 3, and 4. These authors obtained a somewhat 
increased barrier for [HFe4(BH)(CO)ll(PH3)1- as com- 
pared to 3; of the two BHFe sites the BH(Fe(COIz(PH3)l 
bridge was favored by about 0.2 eV.20 Our results for 
the CZ" and C, structures are depicted in Figure 5; they 
are again qualitatively similar to those obtained for the 
ferraboranes. The barrier for the "test" process is 
increased by phosphine substitution, and the CH[Fe- 
(CO)zPHs] bridge is favored by about 0.1 eV relative to 
the CH[Fe(C0)31 site.30 

Experimental Section 
Reagents and Solvents. All manipulations were carried 

out under an atmosphere of purified nitrogen using conven- 

(30) It has to be noted here that the calculated energy minima are 
at larger angles q (55") than were found in the crystal structures (q = 
34" for 1, 28' for 2a; the latter value is not reliable). 
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tional Schlenk techniques. Tetrahydrofurane (THF), pentane, 
hexanes, and petroleum ether (bp 40-60 "C) were distilled 
from sodium benzophenone ketyl prior to  use. Toluene-& and 
thfdg were distilled from potassium mirrors. Dichloromethane- 
dz was distilled from calcium hydride powder and stored over 
sodium-lead alloy. The acetonitrile used for the deprotonation 
studies was refluxed over CaHz powder for several hours and 
carefully rectified over a Vigreux column (bp 81.5 "C). 13C0 
(90 atom % l3C) was obtained from Bio-Rad and used without 
further purification. 

Spectroscopic and Analytical Methods. NMR spectra 
were recorded at Berkeley on homebuilt instruments using 
Bruker or Cryomagnet Systems superconducting magnets (4.2, 
4.7, 5.9, or 7.1 T) interfaced with Nicolet 1180 or 1280 
computers and operating in the PFT mode. At Heidelberg, a 
Bruker AC 200 instrument with an Oxford 4.7 T magnet was 
used. Variable temperature 13C NMR spectra were obtained 
from enriched samples at 45.3 MHz. I3C NMR spectra of 
nonenriched samples were recorded at ambient temperature 
at  75.5 MHz. Chemical shifts are given relative to TMS (lH, 
13C) and external 85% H3P04 (31P). Infrared spectra were 
obtained on a Perkin-Elmer 283 grating spectrometer and on 
a Bruker IFS 28 Fourier instrument. Microanalyses were 
carried out at the U.C. Berkeley Microanalytical Laboratory 
and at  the Mikroanalytisches Labor der chemischen Institute 
Heidelberg. 

Preparation of [01-H)Fe401-q2-CH)(CO)11PPhsl (5 Fe- 
Fe) (2a). To 200 mg (0.35 mmol) of [HF~~(CH)(CO)~ZI (1) 
dissolved in 25 mL of hexanes and 5 mL of THF was added a 
hexane solution (10 mL) of PPh3 (91.5 mg, 0.35 mmol) over a 
period of several hours with vigorous stirring. The dark brown 
solution was allowed to stand at  room temperature for ca. 20 
h. Removal of solvent in vacuo resulted in a brown oily residue 
which was extracted twice with a total of 160 mL of hexanes. 
After filtration, the volume of the extracts was reduced in 
vacuo by approximately 50%, and the solution was cooled to 
-20 "C to afford small brown crystals (180 mg, 64%). Anal. 
Calcd for C30H17011Fe4P (807.82): C, 44.60; H, 2.12; P, 3.83. 
Found: C, 44.47; H, 2.15; P, 4.0. 'H NMR (CDZC12, 20 "C): 6 
7.5-7.6 (m, Ph, 15H), -1.38 (dd, JPH = 6.5 Hz, JHH = 0.7 Hz, 
CH, lH), -27.5 (br, FeZH, 1H). 31P{1H) NMR (CDZC12, 20 
"C): 6 61.6. 

13C-enriched 2a (60 atom % 13C) was prepared from enriched 
1 in the same way. 

Enriched 1 was obtained starting from Fe(C0)s and 13C0 
by published  procedure^.^)^^ 
[HFe4(13CH)(13CO)11PPh31 (13C-2a): 13C NMR (toluene-dd 

thf-clg, 1:2, 45.3 MHz, -70 "C) 6 333.8 (dm, J c p  = 10 Hz, JCH 
= 109 Hz, CH, lC), 214.7 (d, Jcp  = 15 Hz, CO, 2C),211.8 (br, 
CO, 6C), 211.3 (8, CO, 3C). 20 "C: 6 333.5 (ddd, J c p  = 9 Hz, 
JCH = 102 Hz, 7 Hz, CH, 1C),214.8 (d, Jcp = 15 Hz, CO, 2 0 ,  
212 (br, CO), 211.4 (s, CO, 3C). The chemical shift of the 
center of the two lines at 6 = 214.8 and their separation in 
hertz was unchanged when the spectrum was recorded at 75.5 
MHz. The 31P NMR spectrum of this sample (recorded at 72.9 
MHz and 20 "C) was a symmetrical 15-line pattern due to the 
superimposed spectra of isotopomers containing one to three 
13C atoms coupled to phosphorus. It is consistent with JPC(H) 
= 10 Hz and JPC(O) = 15 Hz. 

Preparation of [01-H)Fe401-q2-CH)(CO)11(PPhaMe)l (5 
Fe-Fe) (2b). As in the preparation of 2a, a hexanePTHF 
solution of 1 (100 mg, 0.17 mmol) was treated with a hexane 
solution (10 mL) of PPhzMe (35 mg, 0.17 mmol). After 
standing at  room temperature for 20 h, the solvent was 
removed in vacuo, hexanes (100 mL) were added, and the 
mixture was stirred vigorously for 24 h. The brown extract 

Wadepohl et al. 

was filtered from the residue, which was again extracted with 
hexanes (60 mL, 20 h). The combined extracts were concen- 
trated in vacuo to ca. 50 mL and filtered. Cooling of the filtrate 
to  -80 "C gave brown crystals of 2b (45 mg, 36%). Anal. 
Calcd for C25H15Ol1Fe2 (745.75): C, 40.26; H, 2.03; P, 4.15. 
Found: C, 39.00; H, 2.31; P, 4.01. lH NMR (toluene-dg, 20 
"C): 6 6.9-7.3 (m, Ph, 10H, corrected for solvent contribu- 
tions), 1.62 (d, JPH = 8.8 Hz, CH3, 3H), -1.60 (dd, JPH = 5.7 
Hz, J m  = 0.7 Hz, CH, lH), -27.4 (br, FeZH, 1H). 13C{lH} 
NMR (toluene-dg, 20 "C): 6 331.9 (d, Jcp = 9 Hz, CH, 10, 
214.0 (d, Jcp  = 15 Hz, CO, 2C), 211.1 (s, CO, 3C). The 13C 
resonances of the phosphine ligand coincide with solvent 
resonances. 31P{1H} NMR (toluene-ds, 20 "C): 6 42.8. 

Preparation of [(lr-H)Fe401-p2-CH)(CO)11(PPhMea)1 (5 
Fe-Fe) (2c). This was prepared in the same manner as 2a. 
From 100 mg (0.17 mmol) of 1 and 24 mg (0.17 mmol) of PPhz- 
Me, brown crystals of 2c were obtained, yield 55 mg (48%). 
Anal. Calcd for C~oH13011Fe4P (638.68): C, 35.14; H, 1.92; P, 
4.53. Found: C, 35.33; H, 1.99; P, 4.27. 'H NMR (toluene-ds, 
20 "C): 6 7.1-6.9 (m, Ph, 5H, corrected for solvent contribu- 
tions), 1.20 (d, JPH = 9.0 Hz, CH3, 6H), -2.00 (dd, JPH = 6.0 
Hz, J m  = 1.0 Hz, CH, lH), -27.5 (br, FeZH, 1H). 13C{lH} 
NMR (toluene-&, 20 "C): 6 328.5 (d, Jcp = 10 Hz, CH, 10, 
213.6 (d, J c p  = 16 Hz, CO, 2C), 211.3 (8, CO, 3C). The I3C 
resonances of the phosphine ligand coincide with solvent 
resonances. 31P{1H} NMR (toluene-ds, 20 "C): 6 27.3. 

Preparation of [(Lr-H)Fe4(lr-p2-CH)(CO)11(PMes)1 (5 Fe- 
Fe) (2d). A solution of 150 mg (0.26 mmol) of 1 in 30 mL of 
pentane and 5 mL of THF was treated with a pentane solution 
(10 mL) ofPMe3 (20 mg, 0.26 mmol) at -70 "C. Upon addition 
of the phosphine, the previously brown solution turned red. 
The mixture was allowed to warm up to room temperature 
where upon its color changed to deep brown. It  was allowed 
to stand for 15 h; then the solvent was removed in vacuo. The 
residue was extracted with 20 mL portions of pentane. The 
combined extracts were filtered and cooled to -20 "C for 24 h 
to afford 2d as dark brown needles (60 mg, 37%). Anal. Calcd 
for C15H11011Fe4P (621.61): C, 28.98; H, 1.78; P, 4.98. 
Found: C, 28.81; H, 1.94; P, 5.00. lH NMR (toluene-ds, 20 
"C): 6 0.83 (d, JPH = 10.0 Hz, CH3, 3H), -2.27 (dd, JPH = 7.0 
Hz, J m  = 1.0 Hz, CH, lH), -27.4 (dd, JPH = 1.0 Hz, J m  = 

(d, Jcp  = 10 Hz, CH, lC), 213.4 (d, J c p  = 17 Hz, CO, 2C), 211.5 
1.0 Hz, FeZH, 1H). l3Ci1H} NMR (toluene-dg, 20 "C): 6 326.7 

(s, CO, 3C). The 13C resonances of the phosphine ligand 
coincide with solvent resonances. 31P{1H) NMR (toluene-dg): 
40 "C, 6 19.3; -80 "C, 6 20.4. 

Reaction of 1 with PCya (Cy = cyclo-C&dS. PCy3 (50 
mg, 0.18 mmol) was added to a solution of 100 mg (0.17 mmol) 
of 1 in 20 mL of hexanes and 5 mL bf THF. The solution 
turned immediately red and a red oil separated. The mixture 
was allowed to stand at room temperature for 20 h. Solvent 
was removed in vacuo, and the red powder of [(HPCy3)]- 
[(HFe4C(C0)1~)1 was washed with hexanes and dried in vacuo. 
The yield was quantitative. The same product was obtained 
using CHzClz as a solvent. Anal. Calcd for C31H3501~Fe4P 
(853.97): C, 43.60; H, 4.13; P, 3.63. Found C, 43.73; H, 4.13; 

JHH = 3.8 Hz, PH, lH), 2.5-1.2 (m, Cy, 33H), -26.6 (br, w1n 
= 44 Hz, FezH, 1H). 31P NMR (CDZClz, 20 "C): 6 34.4 (d, JPH 
= 442 Hz). IR (CHzClz, YCO, cm-l): 2017 (sh), 2010 (vs), 1991 
(s), 1982 (sh), 1933 (br, w); (VPH, cm-9 2308. 

X-ray Crystal Structure Determination of 2a. Crystals 
of 2a were obtained by slow evaporation of the solvent from a 
hexane solution. Diffraction data were collected on an  Enraf- 
Nonius CAD-4 diffractometer equip ed with a graphite mono- 

collected in the w/20 scan mode at room temperature. Crystal 
data and details of measurements are summarized in Table 
8. The structure was solved by direct methods, followed by 
difference Fourier syntheses and subsequent least-squares 

P, 3.76. 'H NMR (CDZC12,20 "C): 6 5.04 (dq, JPH = 441.3 Hz, 

chromator (Mo Ka, 1 = 0.71069 1 ). The intensities were (31) W(carbide) chemical shifts for several carbido cluster com- 
plexes prepared en route to  W-enriched 2a were also recorded: 
[Fe5C(CO)15], 6 485.7 (in CD2C12, 20 "C); [NEt&[Fe&(C0)141, 6 477.4 
(in THF-ds, 20 "C); [PPNl~[Fe&(C011~1,6 477.2 (in CDzClz, 0 "0. Our 
values for [FesC(C0)151 and [PPNI2[Fe&(C0)121 agree well with data 
reported by Bradley (ref 10). 
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Phosphine Derivatives of [HFedp+-CH)(CO)ld 

Table 8. Details of the Crystal Structure Determination 
of 2a 
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were set to 2.60 A (base-base) and 2.62 A (apex-apex). The 
carbide carbon atom was placed 1.94 A from the wing-base 
and 1.96 A from the wing-tip iron atoms. PH3 ( d p ~  = 1.42 A, 
dFep = 2.24 A) was taken to model the PR3 ligands.33 Fe- 
C(0)  bond lengths were set to 1.80 A and C-0 bonds to 1.15 
A. 

Extended Huckel calculations were carried out with CA- 
CA034 using the wave functions supplied with the package. 
The weighted Wolfsberg-Helmholtz formula36 was employed. 
The iterative self-consistent field Fenske-Hall (FH) proce- 
dure36 employs the atomic basis functions and the molecular 
geometry as the only adjustable parameters. The STO basis 
functions used in the FH calculations have been developed by 
the Fenske group using the numerical X a  atomic orbital 
program of Herman and Skilman3' in conjunction with the X a -  
to-Slater basis program of Bursten and F e n ~ k e . ~ ~  Exponents 
of 4s and 4p atomic orbitals for iron were set to  2.0. A value 
of 1.20 was used for the hydrogen exponent. The FH calcula- 
tions were also carried out for structures with the methylidyne 
carbon shifted away from the wing-tip iron Fe4 which is 
involved in the CHFe interaction (dnc  = 1.92, 1.87 A). 

formula 
crystal system 

b [AI 
c [AI 
B ["I 
v [A3] 
Z 
M 
dc [g cm-'l 
FOOO 
p(Mo K a )  [nun-'] 
X-radiation, 1 [A] 

data collect. temp 
2 0  range [deg] 
hkl range 
reflns measd 

unique 
absorption corrctn 
param refined 
GOF on 
R values 

;P;; group 

R I  [on F, 2694 reflns with IS u(O] 
WRZ (on p, all reflexions) 

C30H17Fe4011P 
monoclinic 
P21h 
13.136(6) 
15.084(7) 
16.265(4) 
100.95(3) 
3164(2) 
4 
807.8 
1.70 
1616 
190.7 
Mo-Ka, graphite 

ambient 
6-50 
-15/15, 0117, 0/19 
5742 
5537 [R(int) = 0.0551 
empirical 
398 
1.003 

0.055 
0.180 

monochromated, 0.71069 

refinement. For all calculations the SHELXS8632a and 
SHELXL9332b programs were used. Absorption correction was 
applied by azimuthal scan of four reflections with x > 80" 
[transmission range 0.75-1.001. All non-hydrogen atoms were 
refined anisotropically. H atoms of phenyl groups were added 
in calculated positions [d(C-H) = 0.93 AI and refined "riding" 
on their respective C atoms. The H atom of the system q2-CH 
was located from the Fourier map, and its position and 
isotropic thermal parameter were refined. The H(hydride) 
position was also located from a difference Fourier map, but 
coordinates and thermal parameters were not refined. A rigid- 
body model (angle (CCC) = 120", d(C-C) = 1.395 A) was 
adopted to refine the phenyl groups. 

MO Calculations. The gross geometry of the Fe& cluster 
core common to 1 and 2 was taken from the crystal structure 
of 1 and idealized to  the point group Czv. Fe-Fe distances 

(32) (a) Sheldrick, G. M. Acta Crystallogr. 1990, A46, 467. (b) 
Sheldrick, G. M.: SHEIXL93, University of Gijttingen, 1993. 
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Hydroformylation with a RhodiuxdBulky Phosphite 
Modified Catalyst. Catalyst Comparison for Oct-1-ene, 

Cyclohexene, and Styrene 
Annemiek van Rooy, Edwin N. Orij, Paul C. J. Kamer, and 

Piet W. N. M. van Leeuwen* 

Van't Hoff Research Institute, Department of Inorganic Chemistry, University of  Amsterdam, 
Nieuwe Achtergracht 166, 1018 WV Amsterdam, The Netherlands 

Received March 17, 1994@ 

The rhodium-catalyzed hydroformylation of oct-1-ene, cyclohexene, and styrene has been 
studied using Rh( C0)Acac as the catalyst precursor and tris(2-tert-butyl-4-methylphenyl) 
phosphite as the ligand (2' = 40-100 "C, PCO = 2.5-44 bar, PHZ = 2.5-50 bar, toluene as a 
solvent). For oct-1-ene, very high hydroformylation rates are obtained (39.8 x lo3 mol [mol 
Rhl-l h-l) under mild conditions (PCO = 10 bar, PHZ = 10 bar, T = 80 "C). The concentration 
dependencies of the reaction rate show that the rate-determining step is the reaction of HZ 
with the acylrhodium complex. A negative order in the CO concentration is observed. For 
cyclohexene, the reaction rate is lower under the same conditions (512 mol [mol Rhl-I h-l, 
[cyclohexene] = 0.91 M), the addition of cyclohexene to the starting rhodium hydride complex 
now being rate-limiting. In the hydroformylation of styrene, the rate is 3 times lower than 
that of oct-1-ene. For the formation of the linear 3-phenylpropanal, the rate-determining 
step is the reaction of Hz with the rhodium acyl species. CO inhibits the reaction. In contrast 
with the formation of the secondary 2-octyl species from oct-1-ene, the formation of the 
secondary (1-phenylethy1)rhodium species is reversible. For the formation of the branched 
aldehyde, the kinetics depend strongly on the CO partial pressure. At low CO pressures, 
addition of CO to the proposed (y3-l-phenylethyl)rhodium intermediate is slow. At higher 
CO pressures, hydrogenolysis of the rhodium acyl intermediate is the rate-determining step 
and the rate decreases with increasing CO. 

Introduction 

Much research has been conducted to elucidate the 
mechanism and the kinetics of the rhodium-catalyzed 
hydroformylation reacti0n.l It is commonly recognized 
that the reaction mechanidm for the cobalt-catalyzed 
hydroformylation as pointed out by Heck and Breslow2 
is suitable for the rhodium analogue as well. Mark6 
and co-workers3 and more recently Garland4 studied the 
unmodified rhodium carbonyl catalyst system very 
extensively. The active species is generally assumed to 
be HRh(C0)3, which is formed by dissociation of a CO 
ligand from the HRh(C0)d complex as Vidal and Walkel5 
have evidenced. Very recently Garland6 identified RC- 
(O)Rh(CO)4 as the only observable reaction intermedi- 
ate, using high-pressure infrared spectroscopy during 
the rhodium-catalyzed hydroformylation of 3,3-dimeth- 
ylbut-1-ene starting with Rb(C0)12. 

Mark6 found different kinetic equations for different 
types of  alkene^.^ Using hept-1-ene, under the typical 
reaction conditions of P H ~  = 33-126 bar, Pco = 40- 
170 bar, T = 75 "C, the kinetic expression is the 
following: 

d[aldehydel K[Rhl[H,I 
d[tl [COI 

(1) - - 

@ Abstract published in Advance ACS Abstracts, November 1,1994. 
(1) Heil, B.; Mark6, L. Chem. Ber. 1968,101,2209. 
(2) Heck, R. F.; Breslow, D. S. J. Am. Chem. SOC. 1961, 38, 4023. 
(3) (a) Csontos, G.; Heil, B.; Mark6, L. Ann. N.Y. Acad. Sci. 1974, 

239, 47. (b) Heil, B.; Mark6, L.; Bor, G. Chem. Ber. 1971, 104, 3418. 

Scheme 1. Generally Accepted Mechanism for the 
Hydroformylation Reaction Catalyzed by the 

Unmodified Rhodium Carbonyl Complex 
k 

HRh(CO), HRh(CO), + CO (1 )  
1 

HRh(CO), + olefin + HRh(CO),(olefin) (2) 

HRh(CO),(olelin) - k33 RRh(CO), (31 
k 

k 
RRh(CO), + CO 1- RRh(CO), ( 4 )  

RRh(CO)4 - k:5 RC(O)Rh(CO), (5 )  

h.4 
k 

RC(O)Rh(CO), + H, ks HRh(CO), + RC(0)H (6 )  

This corresponds with the reaction of Hz and the 
rhodium acyl intermediate (Scheme 1, step 6) as rate- 
determining. Thus as these high pressures, the reaction 
is inhibited by CO. At lower CO pressures (PCO I 20 
bar), the reaction is first order in [COI, the coordination 
of CO to the rhodium-alkyl complex (Scheme 1, step 
4) now appearing as rate-limiting. This proposal is 
contradicted6 by the observation of RC(O)Rh(C0)4 as the 
only species present in the reaction mixture at 20 bars 
of pressure. However, the substrate used, 3,3-dimeth- 
ylbut-1-ene, is a highly substituted alkene and the 
conditions are not quite the same. This can influence 
the reaction kinetics rigorously as has been shown 
recently.' For an internal olefin like cyclohexene and 
Rb(C0)12 as the catalyst precursor, the rate expression 

~ ~ ~~ 

(4) Garland, M.; Pino, P. Organometallics 1991, 10, 1693. 
(5)Vidal. J. L.: Walker. W. E. Inom. Chem. 1981.20. 249. 
(6) (a) Ghland; M.; Bor,'G. h o g .  &em. 1989,28,410.' (b) Garland, 

M.; Pino, P. Inog .  Chem. 1989,283, L411. 

0276-7333/95/2314-0034$09.00/0 0 1995 American Chemical Society 
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reported by Markb3 is 

d[aldehyde] 

d[tl 
= k~cyclohexenelCRhlo~25~H210~5 (2) 

Table 1. Influence of the Phosphite/Rhodium Ratio on the 
Different Reaction Parameters (Conditions: T = 80 "C, PCO 

= P H ~  = 10 bar, [Rh(CO)&ac] = 0.1 mmol rhr3, 
[oct-1-ene] = 0.86 mol dm-3 in 20 mL of toluene) 

run P R h  convn (%) kdd (x IO3 mol mo1-I h-l) n/iso isom (%) 

From the kinetic equation and infrared data,3 it was 
concluded that the addition of cyclohexene to the hy- 
drido rhodium carbonyl complex is rate-determining 
with rhodium predominantly in the tetranuclear cluster. 

The phosphine- or phosphite-modified catalyst system 
behaves differently. Several active species may be 
present in this catalytic system, and the complex that 
shows the highest linearity is generally accepted to be 
HRh(CO)2Lz, in which L represents an arylphosphine 
or a small phosphite.8 Much research on the kinetics 
has been conducted, but only Cavalieri d'Oro and his 
co-workers have studied the catalysis under actual 
process conditions (P = 10-50 bar, T = 80-120 " 1 3 . 9  

Their results (using propene as substrate and tri- 
phenylphosphine as ligand) showed that the reaction 
was zeroth order in both CO and Hz concentrations, 
which excludes the hydrogenolysis (Scheme 1, step 6) 
as being rate-determining. Despite these data, many 
authors still consider the hydrogenolysis as the turnover- 
limiting step. 

Several reports1°-12 have appeared using phosphites 
as auxiliary ligands. These ligands are considered too 
sensitive to hydrolysis and a lcoh~lys is .~~  However, 
phosphites are less sensitive toward oxidation than 
phosphines and they show, besides lower a-donor ca- 
pacities, better z-acceptor properties. The latter feature 
should make them interesting as modifying ligands 
covering a wide range of electronic variation. Since the 
early 1980s, the use of bulky phosphites in the rhodium- 
catalyzed hydroformylation has been a field of 
interest.lldvfJ2* These ligands show a high reactivity in 
the hydroformylation of otherwise unreactive olefins12 
and are commercially applied for the formation of 
3-methylpentane-l,5-di01.~~~ In contrast to the assertion 
that bulky phosphite containing catalysts are not ap- 
plicable in the hydroformylation of alk-1-enes, we 
showed earlier a very high reaction rate of the hydro- 
formylation of oct-1-ene using tris(2-tert-butyl-4-methyl- 

(7)Van Rooy, A.; De Bruijn, J. N. H.; Van Leeuwen, P. W. N. M.; 
Roobeek, C. F. To be published. 
(8) Brown, J. M.; Kent, A. G. J .  Chem. SOC., Perkin Trans. 2, 1987, 

1, 597. 
(9) (a) Cavalieri d'Oro, P.; Raimonde, L.; Pagani, G.; Montrasi, G.; 

Gresorio, G.; Andreeta, A. Chim. Znd. 1980,62(7-8), 572. (b) Cavalieri 
d'Oro, P.; Raimondt, L.; Pagani, G.; Montrasi, G.; Gregorio, G.; Oliveri 
del Castillo, G. F.; Andreeta, A. Symposium on rhodium in homoge- 
neous catalysis; Vezprem, 1978; pp 76-83. 
(10) (a) Trzeciak, A. M.; Zi6lkowski, J. J.; Aygen, S.; Van Eldik, R. 

J .  Mol. Catal. 1986, 34, 337. (b) Trzeciak, A. M.; Zidkowski, J. J. 
Trans. Met. Chem. 1987, 12, 408. (c) Trzeciak, A. M.; ZMlkowski, J. 
J. Znog. Chim. Acta Lett. 1982, 64, L267. (d) Trzeciak, A. M.; 
Zi6lkowski, J. J. J.  Mol. Cutul. 1986,34,213. (e) Janecko, H.; Tneciak, 
A. M.; Zi6lkowski, J. J. J. Mol. Cutal. 1984,26, 355. (0 Trzeciak, A. 
M.; Zidkowski, J. J. J .  Mol. Catal. 1987, 43, 13. 
(11) (a) Pruett, R. L.; Smith, J. A. J. Org. Chem. 1969,34, 327. (b) 

Keblys, K. A. US. Patent 3 907 847, 1975, to Ethyl Corporation. (c) 
Van Leeuwen, P. W. N. M.; Roobeek, F. Brit. Pat. 2 068 377 A, 1981, 
to Shell. (d) Billig, E.; Abatjoglou, A. G.; Bryant, D. R. Eur. Pat. 
861 122-562, 1986, to Union Carbide Corporation. (e) Bahrman, H.; 
Fell, B.; Papadogianakis, G. DE 3 942 954 Al, 1991, to Hoechst. (0 
Bryant, D. R. 203rd National Meeting of the American Chemical 
Society, San Francisco, CA, 1992. 

(12) (a) Van Leeuwen, P. W. N. M.; Roobeek, C. F. J .  Organomet. 
Chem. 1983,258, 343. (b) Polo, A.; Real, J.; Claver, C.; Casti l lh,  S.; 
Bayh ,  J. C. J. Chem. SOC., Chem. Commun. IsPo, 600. (c)Yoshinura, 
N. and Tokito, Y. Eur. Pat. 223 103, 1987, to Kuraray. 
(13) Morrison, J. D. Asym. Synth. 1983,5. 

39.7 2.0 16 1 10 31 
2 50 23 38.4 1.9 12 
3 50 32 42.5 1.9 12 

38.5 1.9 14 4 50 30 
5 250 29 43.2 1.9 12 

phenyl) phosphite,14 combined with an average regiose- 
lectivity (linear aldehyde:branched aldehyde = 2:l) and 
a low isomerization rate. A preliminary mechanistic 
study of this catalytic system was carried out by 
Jongsmal5 using less reactive cycloalkenes as the sub- 
strates. Under 20 bar HdCO, the main rhodium species 
is HRh(C0)3P (P = tris(2-tert-butylphenyl) phosphite) 
as was evidenced by NMR and IR spectroscopy, meaning 
that only one CO ligand is replaced by the bulky 
phosphite instead of two, which is the case with tri- 
phenylphosphine. Under hydroformylation conditions 
(after adding alkene), in situ IR showed that the same 
species was most abundant. Thus, his results indicate 
that the bulky phosphite modified system behaves 
differently from the triphenylphosphine-modified sys- 
tem. 

In this article, we report on the kinetics of the bulky 
phosphite, tris(2-tert-butyl-4-methylphenyl) phosphite, 
modified system and the mechanism of the hydroformy- 
lation reaction is discussed. We studied the effects of 
H2 and CO pressures in the hydroformylation of oct-l- 
ene, cyclohexene, and styrene as well as the influence 
of the rhodium, ligand, and substrate concentrations. 

Results 

For all substrates a 100% conversion could eventually 
be reached. To compare the results properly, we decided 
to present in the tables data obtained at similar 
substrate conversions. 

Oct-1-ene. First, it was determined which tris(2-tert- 
butyl-4-methylphenyl) phosphitelrhodium ratio was suf- 
ficient to be certain that all rhodium particles are 
converted in situ into the active complexes and all the 
effects measured could be ascribed to the other varied 
 condition^.^ Jongsma15 found an enhancement in reac- 
tion rate at increasing phosphitelrhodium ratio and 
proved that at low phosphite concentrations Rh(C0)Acac 
is not converted completely to  a hydride. Table 1 
summarizes the results of varying the P/Rh ratio. All 
results remained equal as the P/Rh ratio increased, and 
it was decided to use a minimum ratio of 50 in the 
kinetic experiments at a total rhodium concentration 
of 0.1 mmol dm-3. 

An increase of the reaction temperature causes an 
enhancement of both the rate of hydroformylation and 
that of isomerization, as can be seen in Table 2. Also a 
slight increase of the nliso (nli) ratio is observable. The 
zeroth-order reaction rate constant for the formation of 
aldehyde changes from 1.7 x lo3 [moll [mol Rhl-' h-' 
at 50 "C to 87.3 x lo3 [moll [mol Rhl-l h-l at 90 "C, 

(14) Van Rooy, A.; Orij, E. N.; Kamer, P. C. J.; Van den Aardweg, 
F.; Van Leeuwen, P. W. N. M. J .  Chem. SOC., Chem. Commun. 1991, 
1096. 
(15) Jongsma, T.; Challa, G.; Van Leeuwen, P. W. N. M. J. 

Organomet. Chem. 1991,421, 121. 
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Table 2. Temperature Effect on the Hydroformylation 
Results (Conditions: PCO = pm = 10 bar, [Rh(CO)zAcac] = 
0.1 m o l  dm-3, P/Rh = 50, [oct-1-ene] = 0.86 mol dm-j in 

20 mL of Toluene) 

8 0- 

6 0- 

4 0- 

20- 

van Rooy et al. 

A 

A 
0 

d 
A 

0 

0 
A 

0 

run T ("C) convn (%) k&j ( x  103 mol mol-' h-') n/iso isom (a) 
6 50 18 1.7 1.5 3 
7 60 23 5.3 1.6 4 
8 70 38 16.9 1.7 7 
2-4" 80 28 39.8 1.9 13 
9 90 38 87.3 2.1 24 

"The average values of runs 2, 3, and 4 are given, u(n-l)(TOF) = 

Table 3. Substrate Dependency of the Hydroformylation 
Reaction Rate and Reaction Products (Conditions: T = 80 
"C, pco = pm = 10 bar, P/Rh = 50, [Rh(CO)&ac] = 0.1 
mmol dm-3, P/Rh = 50, [oct-1-ene] = 0.86 mol dm-3 in 

20 mL of Toluene) 

2.54 x 103. 

[oct-1-ene] convn kdd (x io3 mol isom 
run (M) (%I mol-'h-*) nhso (%) 

10 0.46 
11 1.21 
12 0.86 

13" 1.73 
14" 0.86 
15" 0.43 
15" 0.43 
15" 0.43 

Pco = PHZ = 40 bar. 

?4 1001 

44 
24 
43 
13 
23 
11 
17 
41 

28.5 1.9 14 
29.6 1.8 14 
32.1 1.9 13 
46.2 1.7 1.1 
43.1 1.7 2.1 
30.3 1.7 0.6 
24.6 1.7 0.4 
23.0 1.7 1.2 

0 

A 

A 
U '  

0 5 10  1 5  20 2 5  30 
reaction timelmin 

Figure 1. Course of a typical hydroformylation experi- 
ment: (A) percentage of oct-1-ene in the reaction mixture, 
(0) percentage of formed aldehydes. Conditions: T = 80 
"C, PCO = P H ~  = 10 bar, [Rh(CO)&ac] = 0.5 mmol dmT3, 
[(2-t-Bu-4-MeCsH40)3Pl= 5 mmol dm-3, [oct-1-enel = 0.86 
mol dm-3 in 20 mL of toluene. 

and the amount of isomerization products is enlarged 
from 3% to 24%. 

As can be concluded from Table 3 and Figure 1, in 
our dilute solution, the reaction rate is independent of 
the octene concentration up to at least 30% conversion. 
This concentration corresponds to a conversion of 95% 
if the reaction were carried out in pure octene. In 
Figure 1, the course of a typical reaction, performed a t  
standard conditions, is drawn and it shows that the 
octene concentration decreases linearly with the reac- 
tion time up to even 60% conversion in this dilute 
solution. The ratio of the products that are formed (both 
of the aldehydes and internal octenes) is constant during 
that time. When the reaction of oct-1-ene begins to slow 
down, the internal octenes, formed via isomerization of 
oct-1-ene, are hydroformylated as well, resulting in 

"0 5 1 0  1 5  20  
1 0*6 mol Rh 

Figure 2. Dependency of the reaction rate on the concen- 
tration of the catalyst precursor (runs 16-29). A = 
turnover number. Conditions: T = 60 "C, P H ~  = PCO = 10 
bar, [(2-tBu-4-MeC6H40)3Pl = 5 mmol dm-3, [oct-1-enel = 
0.86 mol dm-3 in 20 mL of toluene. 

several branched aldehydes and hence causing a dis- 
turbance in the initial normal to  branched ratios. 

We repeated these reactions under pseudo-zeroth- 
order conditions in CO and Hz-, i.e. 80 bar COMz (runs 
13-15), and these results confirmed what we stated 
before: in the higher concentration region, no substrate 
dependency was observed. From ~ 5 0 %  conversion of 
our standard oct-1-ene concentration (=0.86 M), the 
octene appears in the reaction equation as we found 
indeed for the low concentration experiment a lower 
initial rate in agreement with Figure 1. The order we 
determined for that region was around 0.3. 

We also studied the effects of the rhodium precursor 
concentration on the rate of the hydroformylation reac- 
tion. To avoid exothermic temperature effects at high 
catalyst concentrations and 80 "C, we did the measure- 
ments at 60 "C and we varied the rhodium concentration 
from 0.2 to 8 times our standard concentration. From 
Figure 2 it is clear that the rate of formation of the 
product aldehydes is linearly proportional to the rhod- 
ium precursor concentration. So it can be concluded 
that the reaction rate has in this low concentration 
region a first-order dependency on the rhodium concen- 
tration. From this figure, it can also be concluded 
that diffusion of the gases into the solution is not rate- 
limiting. Otherwise, at enhanced rhodium concentra- 
tions, i.e. at higher overall gas consumptions, this 
diffusion limitation would have shown up in decreased 
reaction rates, higher amounts of isomerized alkene, 
and a higher normal ( n )  to is0 ratio. None of these 
phemomena were observed (see also Experimental Sec- 
tion). 

Variation of the total pressure (PCdpH2 = 1) causes 
a slight increase in the hydroformylation reaction rate, 
and the normal to is0 ratio decreases from 2.1 to  1.8 
(Table 4). However, the formation of internal octenes, 
caused by isomerization of oct-1-ene, decreases signifi- 
cantly at higher overall pressures. The table shows that 
the rate of formation of both the normal and the 
branched aldehydes as well as the rate of the isomer- 
ization reaction is first order in H2 concentration. No 
significant change in the nliso ratio is observable. The 
hydroformylation reaction rate, however, shows an 
inverse dependency on the CO partial pressure. At very 
low CO pressures, the reaction even has a runaway 
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Catalyst Comparison for Oct-1 -ene, Cyclohexene, and Styrene 

Hydroformylation of Oct-1-ene (Conditions: P/Rh = 50, T = 
80 "C, [Rh(CO)Acac] = 0.1 "01 dm-3, [oct-1-ene] = 0.86 

mol dm-3 in 20 mL of toluene) 
PH2 Pco convn kdd(X1O3mo1 isom 

run (bar) (bar) (%) mo1-I h-l) nhso (%) 

Table 4. Effect of Variation of Pressures on the 

30 2.5 
4 10 

31 15 
32 20 
4 10 

33 10 
34 10 
35 10 
8 10" 

36 20" 
37 3ff 
38 3ff 
39 404 
40 50" 

T = 70 OC. 

7 6.3- z 
E 6.2- 

.E, 6.1- 

6.0- 
i2 0 5.9-  c - e 5.8-  

5.7- 

0 

- 

2.5 28 
10 30 
15 28 
20 32 
10 30 
21 28 
32 30 
40 17 
10 38 
10 28 
10 28 
10 28 
10 32 
10 28 

30.5 
38.5 
43.7 
45.4 
38.5 
25.6 
14.3 
7.6 

16.9 
34.9 
39.4 
42.3 
72.4 
85.2 

2.1 
1.9 
1.8 
1.8 
1.9 
1.7 
1.7 
1.7 
1.7 
1.7 
1.7 
1.7 
1.7 
1.7 

28 
14 
9 
6 

12 
8 
6 
3 
7 
6 
5 
5 
5 
5 

5.6 
0 50  100 1 5 0  200 

t ime/min 
Figure 3. In plot of the average turnover frequency of the 
hydroformylation of cyclohexene (calculated by means of 
the pressure drop) against the reaction time. A = turnover 
number. Conditions: T = 80 "C, PCO = P H 2  = 10 bar P/Rh 
= 10, [Rh(CO)&ac] = 1 mmol dm-3 [cyclohexene] = 0.91 
mol dm-3 in 20 mL of toluene. 

character. The CO present in the reaction mixture is 
consumed so fast that diffusion of CO from the vapor 
into the solution becomes rate-determining. At increas- 
ing CO pressure, the isomerization reaction is sup- 
pressed. 
Cyclohexene. The hydroformylation of substituted 

alkenes is, as known, much slower than the hydro- 
formylation of 1-alkenes. For cyclohexene, the In plot 
(Figure 3) of conversion us time shows clearly that the 
reaction rate is first order in cyclohexene concentration. 
The rate constant determined from the In plot is 512 
[moll [mol Rhl-l h-l (2' = 80 "C, PCO = PHZ = 10 bar, 
initial cyclohexene concentration = 0.91 M), being 80 
times lower than for oct-1-ene (note: this comparison 
is of limited value because the hydroformylation of oct- 
1-ene shows a zeroth-order dependency in substrate 
concentration). 

In Table 5,  the influence of the reaction temperature 
on the reaction rate is presented. Raising the initial 
temperature results in an increase of the rate constant. 
Going from 70 to 100 "C, the reaction proceeds faster 
by a factor of approximately 10. The determined initial 
turnover frequencies are respectively 176 and 1636 
[moll [mol Rhl-l h-l (Pco = P H 2  = 10 bar, initial 
cyclohexene concentration = 0.91 M). 

Organometallics, Vol. 14, No. 1, 1995 37 

Table 5. Influence of the Temperature on the Rate of 
Hydroformylation of Cyclohexene (Conditions: PCO = Pm = 

10 bar, P/Rh = 10, [Rh(CO)Acacl = 1 mmol d ~ n - ~ ,  
[cyclohexene] = 0.91 mol dm-3 in 20 mL of Toluene) 

run T ("C) convn (%) kdd (mol mol-' h-I) 

41 70 27 
42 80 34 
43 90 37 
44 100 41 

176 
512 
788 

1636 

Table 6. CO- and H2-Pressure Influence on the Rate of 
Hydroformylation of Cyclohexene (Conditions: T = 80 "C, 

P/Rh = 10, [Rh(CO)&ac] = 1 "01 dm-3, [cyclohexene] = 
0.91 mol dm-3 in 20 mL of Toluene) 

run Pm (bar) Pco (bar) k& (mol mol-' h-l) 

45 10 10 512 
46 15 10 555 
47 20 10 573 
48 30 10 652 
49 10 5 607 
50 10 20 324 
51 10 30 244 
52 10 40 219 

Table 7. P/Rh Dependency of Hydroformylation of Styrene 
(Conditions: T = 80 "C, PCO = Pm = 11 bar, 

[Rh(CO)Acac] = 0.25 mmol dm-3, [styrene] = 0.89 mol 
dm-3 in 20 mL of Toluene) 

kdd(~1o3mol  
run P/Rh convn(%) mo1-l h-l) isoh 

53 5 21 4.1 3.3 
54 20 25 19.8 3.0 
55 20 21 14.6 3.4 
56 20 19 15.0 3.4 

57" 50 19 16.0 3.7 
58 200 25 19.6 3.1 

[Rh(CO)zAcac] = 0.002 mmol in 20 mL. 

Table 8. Influence of the Initial Styrene Concentration on 
the Reaction Rate and Selectivity (Conditions: T = 70 "C, 
PCO = Pm = 11 bar, [Rh(CO)&ac] = 0.25 mmol dm-3, 

P/Rh = 20 in 20 mL of Toluene) 

run [styrene] (M) convn (%) isoh mol-' h-l) 

59 0.47 38 5.1 11.3 
60 0.89 23 5.9 12.0 
61 1.27 24 5.5 10.9 

kdd ( X  lo3 mol 

The pressure dependencies are clear; the H2 concen- 
tration has a slightly positive effect on the reaction rate 
(see Table 6), the order in pH2 being approximately 0.2. 
The CO pressure affects the reaction rate very signifi- 
cantly. The ko is decreased by a factor of 3, going from 
5 to 40 bar of CO, which corresponds with a negative 
order in CO (m -0.65). 
Styrene. From Table 7 it is clear that a P/Rh ratio 

of 5 is too small to transform all rhodium into an active 
catalyst but that a ratio of 20 is sufficient. 

Variation of the initial styrene concentration hardly 
influenced the reaction rate and the normal to branched 
ratio (Table 8). We found an average overall reaction 
rate of 10.2 x lo3 [moll [mol Rhl-l h-l (2' = 70 "C, 
[styrene] = 0.89 M, rate averaged over about 30% 
conversion of styrene) which is a factor of 3 lower than 
the rate found for oct-1-ene. 

As in the hydroformylation of other substrates, an 
increase in temperature leads to an enlarged overall 
reaction rate but, more noteworthy, to a considerable 
decrease of the selectivity toward the branched aldehyde 
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Table 9. Influence of the Reaction Temperature on the 
Rate and Selectivity of the Hydroformylation of Styrene 

(Conditions: PCO = PHZ = 11 bar, [Rh(CO)&ac] = 0.25 
mmol dmT3, [styrene] = 0.89 mol dm-3, PRh = 20 in 20 n& 

of Toluene 

van Rooy et al. 

Discussion 

Oct- 1-ene. The high hydroformylation rates are 
remarkable. As reported by Jongsma,15 in competition 
with CO, only one phosphite coordinates to the Rh 
center due to its large cone angle ( B O " ,  cf. PPh3 145").16 
This complex has, similar to the HRh(CO14 catalyst, a 
strong aptitude for CO dissociation compared with the 
triphenylphosphine-modified catalyst. With only one 
phosphite bonded to  the rhodium, the 16-electron com- 
plex easily binds to the olefin, thus initiating a very fast 
reaction cycle. Due to the large space available in 
comparison with the HRh(C0)2(PPh& system, the 
reaction to the branched aldehyde proceeds with relative 
ease as well, resulting in a moderate overall linearity. 

Another remarkable result is the runaway character 
of the reaction. This is probably the reason that some 
other authors6J1 postulated that b a y  phosphite ligands 
induce a high isomerization rate and hence are not 
applicable as modifying ligands in the hydroformylation 
of terminal alkenes. The hydroformylation reaction 
proceeds so fast that all CO present in solution is 
consumed. At very low concentrations of CO, the mass 
transport is now rate-determining and the system 
catalyzes isomerization (see also Experimental Section). 
When all terminal alkenes are converted into aldehydes, 
the internal alkenes start to participate in the hydro- 
formylation as well. As a result, the high isomerization 
rates give low nliso ratios. To circumvent this problem, 
the reaction rate has to be low or the stirring of the 
reaction mixture has to  be efficient. In our apparatus 
with magnetic stirring bars, no kinetic measurements 
could be done at CO pressures below 5 bar and a 
rhodium concentration above 0.8 mmol dm-3, but oth- 
erwise stirring was effective. 

A fbst-order dependency in H2 concentration indicates 
that the H2 reaction with the rhodiumacyl intermediate 
is the rate-determining step. Cavalieri d'Oro and co- 
workersg found that when propene was hydroformylated 
with the PPh3-modified rhodium carbonyl complex, 
higher H2 pressures affect the reaction rate only slightly 
and the value found for the order in H2 was between 
0.0 and 0.05. Thus, the bulky phosphite system does 
not resemble the triphenylphosphine-modified catalyst 
but our reaction appears to fit the kinetics found for the 
unmodified rhodium carbonyl catalyst by Mark6 et aL3 
(eq 1) who used 1-heptene as a substrate and performed 
the reaction at pressures above 75 bar. We found 
approximately the same dependency on HdCO and Rh, 
and our initial reaction rate was also independent of 
the olefin concentration when oct-1-ene was used as a 
substrate (even at these low concentrations). After 50% 
conversion or a t  the corresponding initial oct-1-ene 
concentrations, the reaction rate becomes dependent on 
the alkene concentration, but for further considerations 
we choose to focus on the catalyst behavior at the initial 
conditions. The only step of the reaction mechanism 
featuring a reaction with H2 is the hydrogenolysis of 
RC(O)Rh(C0)4-,P, forming the aldehyde and regener- 
ating the starting catalytic active rhodium complex (step 
7 in Scheme 2). 

The negative order in CO can be due to two steps in 
the reaction cycle where CO can play an inhibiting role 
(steps 1 and 6 of Scheme 2). Step 1 can be ruled out 

62 51 23 10.6 0.2 2.1 
63 60 22 7.6 0.8 5.8 
64 70 23 5.9 1.8 10.2 
54-56" 80 22 3.3 3.9 12.6 
65 90 27 2.1 6.2 12.6 

" Average of runs 54, 55, 56 is given, a(n-l)(TOF) = 2.00 x lo3. 

Selectivity of the Hydroformylation of Styrene (Conditions: 
T = 80 "C, [Rh(CO)bcac] = 0.25 mmol dm-3, P/Rh = 20, 

[styrene] = 0.89 mol dm-3 in 20 mL of Toluene) 

Table 10. PHZ and PCO Influence on the Rate and 

66 

67 
68 
69 
54-56" 
70 
71 
72 

54-56" 
5 11 11 2.3 

11 11 22 3.3 
17 11 20 4.4 
24 11 21 4.7 
11 5 21 2.0 
11 11 22 3.3 
10 16 23 4.3 
10 21 23 5.0 
10 33 18 4.5 

2.7 
3.9 
5.5 
8.0 
5.6 
3.9 
3.4 
2.3 
1.3 

6.3 
12.6 
24.4 
37.8 
11.0 
12.6 
14.8 
11.4 
5.9 

a Average of runs 54, 55, 56 is given, o(n-l)(TOF) = 2.00 x lo3. 

7 c 150001 

8 5000 
I- 

o 

A 

A 

0 1 

pCO/bar 
0 5 10  15 20  25 3 0  35  4 0  

Figure 4. Dependency of the rate of formation of alde- 
hydes on CO pressure. TOF = turnover frequency, 0 = 
turnover frequency for the branched aldehydes, A = 
turnover frequency for the normal aldehydes. Condi- 
tions: T = 80 "C, P H ~  = 11 bar, [Rh(CO)&acl= 0.25 mmol 
dm-3, [(2-tBu-4-MeCeH40)3P] = 5 mmol dm-3, [styrene] = 
0.89 mol dm-3 in 20 mL of toluene. 

(Table 9). At temperatures above 80 "C, the observed 
rate for isoaldehydes remains equal. Remarkably (Table 
lo), the order in HP for the formation of linear aldehydes 
is lower than 1 and the order in H2 for the formation of 
isoaldehydes is larger than 1. This means that the 
regioselectivity is also dependent on the Ha pressure; 
at increasing H2 pressure the formation of branched 
aldehyde is more favored. At an increasing COM2 ratio, 
the hydroformylation reaction is suppressed, the forma- 
tion of the isoaldehyde being slightly less affected (Table 
10). As a result the plot of the rate of formation of 
branched aldehydes us CO pressure shows a maximum 
(Figure 4). (16) Tolman, C. A. Chem. Rev. 1977, 313. 
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Scheme 2. Proposed Mechanism of the 
Tris(2-tert-butyl-4-methylphenyl) Phosphite 

Modified Rhodium-Catalyzed Hydroformylation 
c 

HRhP(CO), 1 k. 1 HAhP(CO), + CO ( 1  1 

HRhP(CO),(olelin) 4 k.3 RRhP(CO), (3 )  

HRhP(CO), +olefin HRhP(CO),(olefin) (2 )  
k.2 

RRhP(CO),+CO ~ k' - RRhP(CO), ( 4 )  
k.4 

RRhP(CO), RC(O)RhP(CO), (5 )  

RC(0)RhP(C0)2 + CO * RC(O)RhP(CO)3 ( e )  

RC(O)RhP(CO), + He HRhP(CO), + RC(0)H (7)  

k.5 
k 

k.5 

k7 

from any significant importance because the reaction 
rate is found to be independent of the oct-1-ene concen- 
tration (provided that it-1[COl >> k~[oct-l-enel).l~ The 
second step where the presence of a CO molecule can 
inhibit the reaction is in step 6, afier the rhodium acyl 
complex has been formed. After step 5 ,  two onward 
reactions are possible. First, reaction with Hz can take 
place, which finally results in the starting catalyst 
complex and product aldehyde. Second, a molecule of 
CO can occupy the vacant site and a saturated inactive 
complex is formed, thus inhibiting the completion of the 
cycle. The order in CO is explained by the equilibrium 
represented by step 6 in Scheme 2. The resulting 
negative order in CO suggests that the acyl species 
rather than the alkyl species is the most abundant 
species under the reaction conditions; Garland6 observed 
RC(O)Rh(COh in the system without modiwng ligands, 
and although he used a different substrate, neohexene, 
he found approximately the same rate equation (zeroth 
order in substrate concentration). The fact that we 
found an order in CO that is somewhat larger than -1 
(about -0.5 to -1) suggests that certain reaction steps 
have rates of similar magnitude, which results in a less 
clear-cut rate equation. It was nearly impossible to 
derive a useful rate equation comprising all seven steps 
which can be applied for all substrates,l* and we are 
forced to treat the different substrates separately. We 
start from the experimentally determined concentration 
dependencies and choose only that part of the scheme 
that is likely to fit the data (see also cyclohexene 
discussion). 

(17) The in situ infrared spectrum during the hydroformylation of 
oct-1-ene showed a species clearly different from the HRhP(C0)s (P = 
tris(2-tert-butyl-4-methylphenyl) phosphite) complex (2093 (w), 2045 
(s), and 2016 cm-I (s)), the predominant species expected if the rate- 
limiting step is the addition of the substrate as indeed occurred when 
cyclohexene was hydroformylated. The observed carbonyl frequencies 
during the hydroformylation of oct-1-ene were 1955 (w), 2027 (s), and 
2043 (s), and no change occurred when Hz was replaced by Dz 
(conditions: T = 65 "C, PHZ = 5 bar, PCO = 15 bar, [Rh(CO)zAcacl = 
3.24 mmol d ~ n - ~ ,  [tris(2-tert-butyl-4-methylphenyl) phosphite] = 52.83 
mmol dm+, and [oct-1-ene] = 1.04 mol dm-3 in 12 mL of cyclohexane). 
No acyl CO frequency could be observed probably because (if present) 
it would absorb in the same region as the aldehyde carbonyl group. 

(18) We made an attempt to describe the kinetic behavior with four 
steps involved. The mechanism was reduced to the following sequence: 

HRMCO) - HRh + CO (a) 
HRh + alkene HRh(alkene) (b) 

HRh(a1kene) - RhR isomerization (C) 

RhR + CO - RhR(C0) (d) 
With eq a in preequilibrium, employing a steady state approach for 
[HRh(alkene)l and [RhRl and making the assumption that [Rhtl = 
[HRh(CO) + [HRh] + [HRh(alkene)l + [MI we obtained the following 

For oct-1-ene, the hydrogenolysis is rate-determining 
(step 7, Scheme 2): 

r = k7[RhP(CO)2C(0)RI[H21 (3) 

It is assumed that all forward steps are faster and that 
step 6 is in equilibrium. Furthermore we prefer a 
preequilibrium treatment rather than a steady state 
approach since after some time the equilibrium of step 
6 will be established. With [Rhtl FZ [RhP(CO)zC(O)RI + [RhP(CO)&(O)R], the next equation is obtained: 

When &[COl>> 1, (4) is reduced to 

(4) 

This equation describes the observed first order in Hz 
and inverse first order in CO and is indeed similar to 
that of the unmodified system, eq 1, described by 
Mark6. 

A regularly recurring subject is the selectivity to  
hydroformylation us isomerization and the normal to 
branched ratio. The relation between the observed 
isomerization and the normal to branched ratio has been 
clearly explained by L a z z a r ~ n i . ~ ~ , ~ ~  Isomerization is a 
result of P-hydride elimination of the isoalkyl bonded 
to the rhodium. The elimination can occur from two 
different sides of the secondary bonded alkyl forming 
either 1-alkene or 2-alkene. Because this reaction has 
a higher free energy of activation than the hydroformy- 
lation reaction and because P-hydride elimination re- 
quires a vacant site, the proportion of isomerization is 
expected to increase with higher temperatures and 
lower pressures. Lazzaroni showed by means of deu- 
terioformylation of hex-1-ene that indeed the degree of 
isomerization depended on the reaction conditions. No 
isomerization occurred at low temperatures, and the 
amount of deuterated rearrangement products was 
higher for the branched than for the linear metal-alkyl. 
At a reaction temperature of 100 "C, for linear alkyls, 
the hydroformylation predominates ,&hydride elimina- 
tion, but for the branched alkyl, elimination predomi- 
nates hydroformylation. This was also observed for the 
bulky phosphite system (see Table 2). In the present 
system the degree of isomerization increases with 
temperature. Although isomerization of the linear alkyl 
is not productive, we exclude /?-hydride elimination. 
Otherwise, our kinetic data would be distributed and 
not give such a clear picture as is shown here; P-hydride 
elimination of the linear alkyl species would cause a 
decrease in the overall rate of formation of aldehydes. 

equation: 

Klk&K,k,[RhJ[alkenel[COl 
A + B[alkene] + C[alkenel[COl + D[COl+ E[C012 

r =  

with A = Kik&s, B = 4 k & 3  + Klk2h-3, C = Klkzk4, D = KIk-.&r + 
KIk& + k-&-3, and E = k-d4 + k& wluch reduces under smtable 
conditions to (a). The total derivation as well as those of the used rate 
equations are available as supplementary material. 

(19) Lazzaroni, R.; Ucello-Barretta, G.; Benetti, M. Organometallics 
1989, 8, 2323. 

G. J. Mol. Catul. 1989, 50, 1. 
(20) Lazzaroni, R.; Rafaelli, A.; Settambolo, R.; Bertozzi, S.; Vitulli, 
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As only the isoalkylrhodium will form internal alkenes 
(Scheme 31, the relative amount of branched aldehyde 
diminishes and the apparent initial normal to branched 
ratio will be higher, and is indeed the case (see tables). 
Since l-alkenes are much more reactive than internal 
alkenes, significant hydroformylation of the latter will 
take place only after most of the alk-l-ene has been 
consumed. 

When no P-hydride elimination takes place ( K 3  >> K - 3 ) ,  
the irreversible step 3 (Scheme 2) determines the 
regioselectivity and yet the hydrogenolysis step 7 (Scheme 
2) is rate-determining. When the substrate conversion 
is high and the conditions are chosen such that step 3 
(Scheme 2) is only reversible for 2-alkyl intermediates, 
the isomerization products are hydroformylated and the 
regioselectivity depends on the degree of conversion. The 
kinetics of the internal alkenes are different, as now 
coordination of alkene to  rhodium (step 2) is rate- 
determining. 

Cyclohexene. A first-order dependency in cyclohex- 
ene concentration, a negative order in CO, and a very 
slightly positive order in H2 leads to the conclusion that 
the rate-determining step is no longer the hydrogenoly- 
sis reaction (Scheme 2, step 7) as was found for oct-l- 
ene. The data clearly indicate that one of the steps 
preceding step 7 is now rate-determining. Most likely, 
the exchange of one CO ligand for cyclohexene (Scheme 
2, step 2) is the slowest step. Due to its internal dotible 
bond cyclohexene approaches the rhodium center less 
easily, i.e. 

van Rooy et al. 

would seem that also for these catalysts the association 
of metal and alkene is rate-determining. 

Styrene. The hydroformylation of styrene with the 
bulky phosphite modified catalyst is somewhat slower 
than that of oct-l-ene. This is in contrast with results 
obtained with &(C0)12 and RhH(CO)(PPh3)3 as cata- 
lyst. With Rh4(C0)12 as the catalyst, styrene reacted 
more than twice as fast (124 x lo3 [moll [minl-l for 
styrene us 50.1 x [moll [minl-I for oct-l-ene, 5.3 
x mM Rb(C0)12,75 "C, P = 130 bar).22 With the 
triphenylphosphine-modified catalyst, styrene reacted 
somewhat faster than the unsubstitu$ed l-alkenes as 
hex-l-ene, hept-l-ene, and dodec-l-enewstyrene: 2.8 
cyclesh us hex-l-ene and hept-l-ene 2.3-hkd dodec-l- 
ene 2.0 cyclesh, 2.5 mM catalyst concentration, 1.0 M 
substrate in benzene, 25 "C, 0.7 bar, COM2 = 1) 
although comparison were is difficult because of the 
different kinetic expression found for this catalyst 
system. The lower rate of the bulky phosphite catalyst 
for styrene us l-octene cannot be assigned to  the larger 
phenyl substituent a t  the alkene, since the addition of 
alkene to rhodium does not show up in the rate 
equation; also in the report of L a ~ z a r o n i ~ ~  the rate of 
styrene conversion is independent of the styrene con- 
centration in the range of 0.4 to 2.4 mol dm-3 (180 bar, 
90 "C, Rh4(C0)12 catalyst). It is also unlikely that the 
hydrogenolysis reaction would strongly depend on the 
nature of the organic fragment of the rhodium acyl 
group (respectively l-nonanoyl, 2-methyloctanoyl, 2-phe- 
nylpropanoyl, 3-phenylpropanoyl), although a slightly 
different rate (K7 and K6) for the 2-phenylpropanoyl 
might be expected. In the extreme situation, with 
reaction 7 (Scheme 2) being rate-determining, the is01 
normal product distribution reflects the concentrations 
of the is0 and normal acyl species, which on their turn 
are determined by the rates of the insertion reactions 
(step 3, Scheme 2) leading to the is0 and normal alkyl 
species, provided that these reactions are irreversible. 
Since the overall reaction rate is independent of styrene 
concentration but lower than that of oct-l-ene, and since 
the hydrogenolysis rate and K6 are expected to be of 
similar magnitude, we conclude that the concentrations 
of the acylrhodium species with styrene are lower than 
those with oct-l-ene in the concentration regime studied 
here. In other words, rhodium does not reside com- 
pletely in the acyl stage (as it does with oct-l-ene), but 
it does not reside in the hydride stage either (as it does 
with cyclohexene or cyclooctene).15 The product distri- 
bution and its dependency on the CO pressure hint as 
to the explanation of these phenomena. 

Deuterioformylation of styrene at 60 0C24 has been 
shown to involve an irreversible alkene insertion step. 
The is0 to  normal ratio reported was 15 (180 bar). At 
higher temperatures the isoln ratio decreases (iln = 5 
a t  90 "C, total pressure = 180 bar). The present 
rhodium catalyst modified with a bulky phosphite gives 
a lower isoln ratio (10.6 a t  51 "C, 2.1 at 90 "C, total 
pressure = 22 bar). We presume that also in this 
instance the styrene insertion is irreversible. The 
isomer ratio reflects the preference of the styrene 
insertion reaction, modified by small differences in the 

r = k2[RhHl[cyclohexenel (6) 

From the assumption that RhP(C013H and RhP(C0)2I-; 
+ CO occur in preequilibrium and [Rhtl= [RhP(C0)2Hl 
+ [RhP(CO)3Hl, it follows that 

Klk~[RhJcyclohexenel 
K1 + IC01 

r =  (7) 

This relation describes both the observed orders in the 
rhodium precursor and cyclohexene and the negative 
order in CO. The kinetic expression would also be in 
accordance with step 3 being the rate-determining step 
following a fast preequilibrium of steps 1 and 2. How- 
ever, this seems unlikely since upon migration (Scheme 
2, step 3) the steric repulsion is released. 

Our results are not completely in agreement with the 
kinetic results that Mark6 obtained with the rhodium 
carbonyl system. He observed an equal dependence in 
the cyclohexene concentration but he did not notice any 
influence of the CO partial pressure, for which we found 
an order between -0.6 and -0.7. This can be due to 
the different nature of the active complexes HRh(CO)4 
and HRhP(C013 (P = tris(2-tert-butyl-4-methylphenyl) 
phosphite). Furthermore, HRh(C0)4 is in equilibrium 
with a tetrameric rhodium cluster. The complexes may 
have a different aptitude for CO dissociation resulting 
in a different overall kinetic equation. Little mecha- 
nistic research has been done on the triphenylphos- 
phine-modified rhodium-catalyzed hydroformylation of 
cyclic alkenes because of their poor reactivity,21 but it 

(21) (a) Brown, C. K.; Wilkinson, G. J .  Chem. SOC. A 1970,5,2753. 
(b) Brown, C. K.; Wilkinson, G. Tetrahedron Lett. 1969,22, 1725. 

(22) Heil, B.; Mark6, M. Chem. Ber. 1969, 102, 2238. 
(23) Lazzaroni, R.; Pertici, P.; Bertozzi, S.; Fabrizi, G.  J .  Mol. Catal. 

(24) Ucello-Baretta, G.; Lazzaroni, R.; Settambolo, R.; Salvadori, P. 
1990,58,75. 

J. J. Organomet. Chem. 1991,417,111. 
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Catalyst Comparison for Oct-1 -ene, Cyclohexene, and Styrene 

Scheme 3. Possible Reactions for the 
Styrene-Coordinated Rhodium Complex 

I 1 co 
I - O C d h  

O C d h 4  

co 

O C d h  i /w 
I \  

(3) 

w 
I J ;- 

I 
OC-Rh+ - 

co co 
(4) (5) 

rate constants that may follow this step. For oct-1-ene 
the ratio isoln is 0.7, i.e. considerably lower than for 
styrene. The strong preference of styrene to form the 
branched alkyl species (1-phenylethyl, Scheme 3, 4) 
must be related to the resonance-stabilized species 
(Scheme 3, 5) suggested before in 1974 by Tanaka et 

and in 1983 by Tolman and Faller.26 These kinds 
of benzyl complexes are known for rhodium27 and 
platinum.28 After the migratory insertion, a coordina- 
tively and electronically unsaturated metal complex is 
formed. For 1-phenylethyl, however, this unsaturation 
is released by coordination in an y3-fashion (5). The 
relative stability of this species is crucial in styrene 
carbonylation and hydroformylation, e g .  insertion of 
styrene into a palladium acetyl bond gives an y3-bonded 
1-phenylethyl Depending upon the conditions 
of the rhodium-catalyzed hydroformylation of styrene, 
a substantial amount of the rhodium complex may 
reside in this y3-1-phenylethyl state. When migratory 
insertion of an alkene into rhodium hydride leads to an 
y2-alkylrhodium species (1-octyl, 2-methylheptyl, 2-phe- 
nylethyl, Scheme 3,2), the vacant site will be occupied 
by carbon monoxide or phosphine ligand with a high 
rate; under these reaction conditions the insertion is 
now irreversible and the regioselectivity of the reaction 
has been determined. The y3-1-phenylethyl species 
(Scheme 3, 5) remains in a state that may easily 
undergo deinsertion. 

Ojima30 presented a different explanation for the 
higher selectivity toward the branched aldehyde. When 
electron-withdrawing substituents are involved, the C,- 
metal bond of a n-olefin complex should be stronger than 

(25) Tanaka, M.; Watanabe, Y.; Mitsudo, T.; Takegami, Y. Bull. 
Chem. SOC. Jpn. 1974,47(7), 1698. 

(26) Tolman, C. A.; Faller, J. W. Homogeneolls Catalysis with Metal 
Phosphine Complexes; Pignolet, L. H., Ed.; Plenum Press: New York 
and London, 1983; Chapter 2, pp 88-89. 

(27) (a) Stiihler, H.-0.; Fickardt, J. 2. Naturforsch., B 1981,36,315. 
(b) Werner, H.; Feser, R. J .  Organomet. Chem. 1982,232, 351. 

(28)  Crascall, L. E.; Litster, S. A.; Redhouse, A. D.; Spencer, J. L. J. 
Organomet. Chem. 1990,394, C35. 

(29) (a) Dekker, G. P. C. M.; Elsevier, C. J.; Vrieze, K.; Van Leeuwen, 
P. W. N. M.; Roobeek, C. F. J .  Organomet. Chem. 1992,430,357. (b) 
Granberg, K. L.; Btickvall, J.-E. J .  Am. Chem. Soc. 1992, 114, 6858. 
(c) Brookhart, M.; Rix, F. C.; De Simone, J. M.; Barborak, J. C. J .  Am. 
Chem. SOC. 1992,114, 5894. 

(30) Qima, I. Chem. Rev. 1988,88, 1011. 
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the Cg-metal bond, resulting in a preferred migration 
of the hydride to the CB forming an isoalkyl metal 
species. According to the author, the normal to branched 
aldehyde ratio reflects the ratio of the isoacyl and n-acyl 
metal species provided that the hydrogenolysis is not 
rate-determining. If hydrogenolysis is the rate-deter- 
mining step, isomerization of the acyl metal complexes 
can occur, giving rise to an increased isoln aldehyde 
ratio.30 Although an (y3-1-phenylethy1)rhodium species 
was never observed during a catalytic reaction, the 
recent results of Lazzaroni about the extreme suscep- 
tibility of the 1-phenylethyl intermediate toward P-hy- 
dride elimination support the occurrence of the q3-l- 
phenylethyl compound. 

From the reaction data it becomes immediately clear 
that more so than for oct-1-ene, the ,&hydride elimina- 
tion is a crucial step in determining the product 
distribution. For styrene, however, the progress of this 
reaction cannot be established by the presence of 
isomerization products. As for oct-1-ene, &hydride 
elimination has a higher free energy of activation than 
the hydrogenolysis reaction at the end of the hydro- 
formylation cycle. As a result, the proportion of /3-hy- 
dride elimination increases with temperature. The 
branched alkyl species, in this instance 1-phenylethyl, 
is more sensitive to elimination than the linear alkyl 
species and hence the observed linearity of the product 
increases, as was clearly pointed out by L a z z a r ~ n i . ' ~ , ~ ~  
The results with bulky phosphite rhodium catalysts fit 
perfectly well with those obtained with rhodium carbo- 
nyl catalysts, although the latter are slower. 

the importance of intermediate 5 is also expressed in 
the ratio of the formation of branched and linear 
products as a function of H2 and CO pressures (Figure 
4, Table 10). The first-order dependency of the rate of 
formation of linear aldehyde (3-phenylpropanal) on H2 
pressure indicates that the hydrogenolysis of the acyl 
complex (Scheme 2, step 7) is rate-determining. The 
turnover frequency (TOF) to the branched aldehyde (2- 
phenylpropanal) shows an observed reaction order in 
H2 slightly higher than 1. The reaction rates do not 
exceed those of oct-1-ene. We explain this as follows. 
The rate-determining step is again the hydrogenolysis 
reaction (Scheme 2, step 7) but upon depletion of the 
acyl species the branched one can be replenished at a 
higher rate because of the reservoir of 5 and the fast 
reaction 3 (Scheme 2) leading to 5. In other words the 
ratio of the concentrations of the rhodium acyl and q3- 
1-phenylethyl species changes with the syngas pressure, 
and a rigid treatment with reaction 7 (Scheme 2) as 
being rate-determining is no longer valid. The depen- 
dency on CO pressure is more instructive. The rate of 
formation of 3-phenylpropanal decreases proportionally 
with the inverse of the CO pressure. Again this is the 
same as found for the kinetics of the reaction of oct-l- 
ene to nonanal. Interestingly, the rate of formation of 
2-phenylpropanal increases when the CO pressure is 
raised from 5 to 16 bar (pH2 = 11 bar, 80 "C) and 
decreases again when the pressure is raised from 16 to 
33 bar (Figure 4). The initial increase is caused by the 
conversion of 5 to the corresponding acyl species; a 
higher concentration of the acyl species gives a higher 
overall rate of reaction. When most of the rhodium rests 
in the acyl state, a further increase of the CO pressure 
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cannot lead to further acceleration, instead the “normal” 
inhibition via equilibrium 6 becomes dominating. 

The influence of the CO pressure on the rate of the 
formation of the branched product clearly explains why 
the product ratios in literature data of styrene hydro- 
formylation depend so strongly on the pressure. If both 
modes of styrene insertion are irreversible (low tem- 
perature, high CO pressure, high ligand concentration), 
the isoln. ratio is very high (10-25) (case 1). Conditions 
can be set such that only the formation of the linear 
(2-phenylethy1)rhodium complex is irreversible. Now, 
kinetically, a highly linear product can be produced 
(case 2). A third possibility arises when all reactions 
1-6 are reversible and yet reaction 7 (Scheme 2) is rate- 
determination. In this instance (case 3) the normal to  
branched ratio is determined by the ratio of the con- 
centrations of the equilibrated acyl species. 

Looking a t  these mechanistic considerations, it is 
clear that neither the kinetic expression for oct-1-ene 
nor the expression for cyclohexene is suitable for the 
styrene substrate. An analytic expression taking into 
account all reactions describing these features would be 
rather complicated.l* 

van Rooy et al. 

Conclusions 

In general, the tris(2-tert-butyl-4-methylphenyl) phos- 
phite modified rhodium hydroformylation catalyst is an 
excellent catalyst, particularly for unsubstituted alk-l- 
enes, yielding high rates under mild conditions. 

The catalyst system exhibits simple kinetics for oct- 
1-ene and cyclohexene while those for,styrene are more 
complicated. The kinetics of oct-1-ene and cyclohexene 
resemble those of the RhACO)12 system as studied by 
Mark6 and are clearly different from the triphenylphos- 
phine-modified rhodium catalyst. the kinetics of oct-l- 
ene are reduced to a simple equation by virtue of the 
relative inertness of the isomerization product. Reac- 
tion 3 of Scheme 2 is irreversible under the conditions 
studied, while reaction 7 is rate-determining. As a 
result the regioselectivity is determined in step 3, and 
beyond this step no normal to is0 equilibration takes 
place. 

For cyclohexene, the rate-limiting step lies at the 
beginning of the cycle; the initial reaction of the alkene 
with the rhodium hydride species is the slowest step. 

For styrene, in contrast to oct-1-ene, p-hydride elimi- 
nation has an important influence on the regioselectiv- 
ity; the selectivity for the branched product increases 
at lower temperatures and higher pressures. 

Experimental Section 

General Information. All preperations were carried out 
under an atmosphere of nitrogen or argon by using standard 
Schlenk techniques. Solvents were distilled from s o d i d  
benzophenone prior to  use. Oct-1-ene was distilled from 
sodium; cyclohexene and styrene were percolated over neutral 
alumina. Rh(C0)Acac was purchased from Johnson Matthey 
and trimethyl phosphite from Aldrich and both were used as 
received. Gas-liquid chromatography analyses were done 
using a DB 5 column and a Carlo Erba GC 6000Vega series 2 
chromatograph. NMR measurements were performed on a 
Bruker AC 100 or AMX 300 spectrometer. Chemical shifts 
are given in ppm using TMS or &Po4 as standard. 

Hydroformylation studies were performed in a stainless 
steel autoclave (181 mL) containing a glass beaker. The 

* *  

I 

1 0  1. 
“ I  I I I 

0 5 10  1 5  
speed11 00 rpm 

Figure 6. Dependency of the turnover frequency (TOF) 
isomerization and regioselectivity on the stirring rate. + 
= TOF(/1000 mol [mol Rh1-l h-l, x = % isomerization 
products, 0 = n/i ratio. Conditions: T = 80 “C, P H ~  = Pco 
= 10 bar, [Rh(CO)&ac] = 0.1 mmol dm-3, [(2-tBu-4- 
MeCs&0)3P] = 5 mmol dm-3, P/Rh = 50, [oct-1-ene] = 0.86 
mol dm-3 in 20 mL of toluene. 

autoclave is magnetically stirred and equipped with a reser- 
voir, a pressure transducer, a thermocouple, and a sampling 
device. The beaker was charged with the rhodium precursor 
(Rh(CO)&cac), the tris(2-tert-butyl-4methylphenyl) phosphite, 
and an internal standard (decane) and filled with toluene up 
to  20 mL. The autoclave with the beaker was closed and 
flushed several times with CO/H2 and was brought under 
pressure. ARer the catalyst solution was heated, the substrate 
was charged to the reservoir and added to the reaction mixture 
by overpressure. Upon this addition, the reaction started 
immediately as was evidenced by a pressure drop and an 
increase of the temperature. Attention was paid to the gas 
consumption at  30% conversion; at  the given alkene concen- 
tration and gas volume, less than 10% of the gases was 
consumed. During the reaction, a number of samples were 
taken and immediately quenched (by P(OMe)3) so that a 
catalytically inactive rhodium complex was formed. These 
samples were analyzed by GC. The reaction rates for oct-l- 
ene and styrene are represented by the turnover frequencies 
(TOF), i.e. the total amount of formed aldehydes recalculated 
to moles of aldehydes per mole of rhodium per hour. The 
zeroth-order dependence of the reaction rate of the substrate 
concentration allowed us to average the TOFs over the reaction 
time. The tables were composed using samples with similar 
conversions. For cyclohexene, a different order in the sub- 
strate concentration was observed and the ko of the reaction 
could be determined. During the reaction, several averaged 
turnover frequencies were calculated from the observed de- 
crease in CO/H2 pressure. These data were used to obtain a 
plot of the In (TOF) us reaction time. Extrapolation of the 
calculated line produced the ko of the reaction. 

To exclude a diffusion-limited reaction, we carried out 
experiments in which we varied the stirring velocity. Figure 
5 shows that at  very low stirring speeds or with no stirring at 
all, the reaction is diffusion-limited and at  increasing velocity 
the reaction rate eventually remains constant. Up to  100 rpm, 
the turnover frequency deviates during the reaction, so average 
values are presented here. Furthermore at  low stirring rates 
the isomerization rate is somewhat higher; at  100 rpm 10.8% 
isomerized oct-1-ene is formed and from 900 rpm the amount 
of isomerized oct-1-ene stays around 2%. Consequently the 
percentage of linear aldehydes is somewhat lower at  high 
stirring rates (a very slight change was obtained; the nli 
decreased from 2.10 to 1.91). We worked at a stirring rate of 
1100 rpm, situated in the adequate region. At the extremely 
low rhodium concentrations applied and our standard reaction 
conditions it is not likely that the reaction rate is limited by 
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mass transfer. As we work with 2 pmol of rhodium precursor, 
the overall gas consumption will be low in spite of the high 
TOF's. 

Preparation of Tris(2-tert-butyl4methylphenyl) Phos- 
phite. Pc13 (10.1 g, 73.3 mmol) was added dropwise under 
stirring at 70 "C to 48.15 g (293.1 mmol) of 2-tert-butyl-4- 
methylphenol in 30 mL of toluene. When all Pc13 was added, 
the mixture was heated slowly (in 30 min) to 150 "C and stirred 
at this temperature for 3 h. Meanwhile, the formed HC1 was 
removed several times by evacuating the mixture. After being 
cooled to 70 "C, the mixture was aeain evacuated for 15 min. 

CN. The precipitate was filtered off and washed with 100 mL 
of CH3CN. The product was purified by recrystallization from 
toluene/CH&N. Yield: 23.26 g (61%) of white crystals. 31P 
NMR (CDC13): 6 131 ppm. lH NMR (CDC13): 6 1.4 ppm (8, 
9H, tBu), 2.3 (9, 3H, Me), 7.1. (m, 3 H, aromatic). Mp: 111 
"C. 

Supplementary Material Available: Total derivation of 
equations in ref 18 and the rate equations used (4 pages). 
Ordering information is given on any current masthead page. 

The product was precipitated by addition of 100 mL of CH3- OM9402072 
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( g5-Cyclopentadienyl) ( g5-cyclooctatrienyl)iron 
Complexes: Demonstration of Two Different 

Intramolecular Rearrangements? 
Erhard T. K. Haupt, Jiirgen Heck,* Michiel Maters, and Bea Voss 
Institut fir Anorganische und Angewandte Chemie, Universitat Hamburg, 

Martin-Luther-King-Platz 6, 0-20146 Hamburg, Germany 

Mark Damen 
Vakgroep Anorganische en Algemene Chemie, Universiteit Ncmegen, Toernooiveld, 

NL-6525 ED Nijmegen, The Netherlands 

Received April 25, 1994@ 

Nucleophilic additions of methanolate and the acetylides PhCEC- and t-BuCEC- to the 
cationic complex [CpFe(qWot)l+(l+) (Cot = cyclooctatetraene) exclusively occur on the Cot 
ring in high yield. However, the new products are not stable with respect to molecular 
fluxionalities. To establish the mechanism of the fluxional processes, different NMR 
techniques were applied on CpFe(q5-C8H9) (3) and CpFe(q5-C8H8D) (3-dl). The monodeu- 
terated complex 3-dl has been obtained in two ways: (i) by nucleophilic addition of D- from 
Li[BEt3Dl to 1+ and (ii) by deprotonation of 3 with Lin-Bu a t  -30 "C, forming the anionic 
complex [CpFeCotl- (41, and successive deuterolysis with MeOD. The addition of D+ to 4, 
as  well as the addition of D- to 1+, initially yielded CpFe(q5-C8H8-l-exo-D), although the 
deuterium is later distributed over all positions of the cyclo-C8 ligand with the exception of 
the endo-position. Various NMR studies demonstrate two different exchange processes: a 
slow 1,3-metal shift, as  shown by spin saturation transfer (SST) experiments, which leads 
to a n  enantiotopomerization of 3, and a 1,Chydrogen shift as  a n  even slower process. 

Introduction 

The C-C bond formation reactions of coordinated 
cyclooctatetraene (Cot) have become the focus of some 
attenti0n.l Recently, we were able to show that nucleo- 
philic addition to coordinated Cot in the cationic complex 
[CpFe(~f-Cot)l+ (l+)ld is a new complementary way2 in 
which to introduce special functionalities to Cot in a 
highly stereo- and regioselective manner. The nucleo- 
philic addition products from malonate nucleophiles 
seem to be inert with respect to intramolecular fluxional 
processes, e.g., ring contractions or H-migra t ion~.~ ,~  
Further to our previous findings, we report herein new 
results indicating two different intramolecular fluxional 

+ Dedicated to Prof. Dr. Dr. E. h. H. Sinn on the occasion of his 65th 
birthday. 

@ Abstract published in Advance ACS Abstracts, November 1,1994. 
(1) (a) Connelly, N. G.; Hopkins, P. M.; Orpen, A. G.; Slater, J .  J .  

Chem. Soc., Dalton Trans. 1992, 3302. (b) Chen, J.; Li, D.; Yu, Y.; 
Jin, Z.; Zhou, Q.; Wei, G. Organometallics 1993,12,3885. ( c )  Wieser, 
M.; Siinkel, K.; Beck, W. Chem. Ber. 1992,125,1369. (d) Beurskens, 
P. T.; Bosman, W. P.; Brussaard, H. C.; Heck, J.; Klein Gebbink, R. J .  
M.; Maters, M.; Smits, J. M. M. J. Organomet. Chem. 1994,469, 197. 
(2) Concerning the use of Cot for synthetic purposes, see: Paquette, 

L. A.; Henzel, K. A. J.  Am. Chem. SOC. 1976,97,4649 and literature 
cited therein. See also: Johnson, B. F. G.; Lewis, J.; Randall, G. L. P. 
J .  Chem. SOC. A 1971,422. Connelly, N. G.; Gilbert, M.; Orpen, A. G.; 
Sheridan, J. B. J .  Chem. Soc., Dalton Trans. 1990, 1291. Aggenval, 
R. P.; Connelly, N. G.; Dunne, B. J.; Gilbert, M.; Orpen, A. G. J .  Chem. 
SOC., Dalton Trans. 1991, 1. Mann, B. E. Comprehensive Organome- 
tallic Chemistry; Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; 
Pergamon Press: New York, 1982; Vol. 3, p 134. 
(3) Brookhart, M.; Noh, S. K.; Timmers, F. J.; Hong, Y. H. Orga- 

nometallics 1988, 7,  2458. 
(4) Davison, A.; McFarlane, W.; Pratt,  L.; Wilkinson, G. J .  Chem. 

SOC. 1962, 4821. McFarlane, W.; Pratt, L.; Wilkinson, G. Ibid. 1963, 
2162. 
(5) Aumann. R.: Knecht. J. Chem. Ber. 1976.109. 174. 
(6) Greco, A.; Carbonaro, A,; Cambisi, F.; Dall'AstC G. Chim. Ind. 

(Italy) 1970, 52, 877. 

processes with activation barriers dependent on the 
substituent of the cycZo-C~ ligand. 

Results and Discussion 

Since we were interested in acetylenic and methoxy 
substitution of the Cot ligand, we have chosen two 
representative acetylides and methanolate as nucleo- 
philes in reactions with l+. As mentioned earlier,ld the 
reactions (eq 1) occur almost quantitatively. 

10 N i  

Nu = C=C-CMe, 2a 
C=C-Ph  2b 
0 Me 2c 

If the reaction products are isolated within 1 h, it is 
possible to  obtain the lH-NMR spectra of 2a and 2c, 
which show the formation of only one product. 

The lH-NMR spectra are in very good agreement with 
those described recently for Nu = CH(C02R)z (R = Me, 
Et) and NMe2.1d The two proton resonance signals 
between 5.1 and 5.6 ppm correspond to the olefinic 
protons belonging to the uncoordinated double bond of 
the cyclo-C8 ligand. After three days, however, the lH- 
NMR spectrum of 2a changes dramatically, showing at  
least four different products, which can be identified by 
four Cp and t-Bu signals a t  ca. 4 and 1.2 ppm, respec- 
tively. Warming up the NMR tube to 60 "C for 16 h 

0276-733319512314-0044$09.00/0 0 1995 American Chemical Society 
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Intramolecular Rearrangements in [CpFe($-Cot)] 

simplifies the lH-NMR spectrum to a set of signals 
indicating two different products with the ratio 2:l. 
However, these products could not be isolated separately 
by either fractional crystallization or column chroma- 
tography. A similar fluxional behavior, within a shorter 
period of time, is observed for 2c (Nu = OMe). The 
phenylethynyl derivative 2b is even more labile, and 
in contrast to 2a, the number of different products 
caused by the fluxionality is even larger for 2b and 2c. 

The molecular transformation in 2a-2c is at  variance 
with our former results,ld and we have thus been forced 
to investigate this behavior more thoroughly. We 
decided therefore to study the stereochemistry in the 
monodeuterated cyclooctatrienyl complex CpFe(y5- 
CsHsD) (3-d1), which can be obtained from deuteride 
addition to 1+ similar to the synthesis of CpFe($-CsHg) 

(eq 2). 

Li[BEt,R] 10 ___) 

R" 
R = H:3 
R = D: 3-d, 

Providing that the addition of D- to the cyclooctatet- 
raene ligand in 1+ occurs stereo- and regioselectively, 
as with normal nucleophilic additions to coordinated 
olefinic ligands, only one signal should be observed in 
a 2H-NMR spectrum. In the case of molecular trans- 
formations in 3-d1, for each isomer, one singlet is to be 
expected. 

A monodeuterated derivative of 3 can also be prepared 
by the deprotonation of 3 with Lin-Bu and subsequent 
protolysis with MeOD (eq 3). 

MeOD ( 3 )  

6 -Lin-Bu_ [CpFe(7f-Cot)]O - 6 !!!%, 4 

H 5 
3 3-6 

When the first lH-NMR spectra of 3-dl were obtained 
from both synthetic routes (recorded within a few hours 
after the reaction had been performed), a doublet of 
multiplets of very low intensity at  6 = 1.78 ppm was 
observed. This corresponds to  a negligible number of 
exo-protons of the Cs-ring ligand, as it is this position 
that is occupied by the deuterium (Figure 1A). The 
endo-proton only shows a broad multiplet, which gradu- 
ally sharpens to reveal a doublet of multiplets. Mean- 
while, the intensity of the signal belonging to the exo- 
proton increases until it is eventually equal to that of 
the endo-proton (Figure 1B-D). 

Since no significant alteration of the other cyclo-CS 
proton signals could be observed, with the exception of 
some changes in the splitting pattern, time-dependent 
2H-NMR experiments were used to obtain a deeper 
understanding of the mechanism of this molecular 
rearrangement (Figure 2). As expected from lH-NMR 
spectra, the signal of the exo-position can be recognized 
immediately (Figure 2A), confirming the regioselective 
addition of the proton (or deuteron) to the metallated 
complex 4. After 24 h two peaks corresponding to 

Organometallics, Vol. 14, No. 1, 1995 45 

6 b '  ' '5 k '  "5 b '  ' '4 k '  ' ' A  b '  ' 3  k '  ' i  b '  ' ' 2  b '  
' 2  b '  ' ' 1  k ' P P M  

Figure 1. Time-dependent 'H-NMR spectra of CpFe(q5- 
CsHsD) (3-dl). (A) Recorded within 2 h after preparation. 
(B) Recorded after 17 h. (C) Recorded after 23 h. (D) 
Recorded after 1 week (200 MHz, C6D6). 

positions 4 and 6 appear with similar intensities (Figure 
2B). Furthermore, weak signals originating from posi- 
tions 3 and 7 can be observed, which become stronger 
after another day (Figure 2 0 .  In spectrum D of Figure 
2, the signals of positions 2 and 8 can be distinguished 
and the intensity of the signal of position 5 at last 
increases. Finally, the 2H-NMR spectrum of 341 shows 
signals for all of the cyclo-CS positions, though not for 
the endo-position, which indicates an even distribution 
of the deuterium atom over all cyclooctatrienyl positions 
with the exception of the endo-position (Figure 2E). The 
lack of any Cp signal in spectrum E proves that the 
rearrangement strictly occurs within the CS ligand. 

The most surprising result that emerges from the 2H- 
NMR spectra is the successive population in pairs of the 
positions 4 and 6 , 3  and 7, and 2 and 8, respectively, by 
deuterium; this can best be explained by two different 
molecular transformations occurring a t  different rates. 
One dynamic process is an energetically degenerate 1,3- 
metal shift (Scheme l a )  as indicated by spin saturation 
transfer (SST) experiments. In an SST experiment, a 
proton a is irradiated, and as a result, this proton will 
transfer its spin information to the interchanging posi- 
tion b. Consequently, the population difference between 
the ground state and the excited state will be dimin- 
ished for b, revealing a reduced intensity of the reso- 
nance signal of proton b, too. Hence, after subtracting 
a normal lH-NMR spectrum, used as a reference (Figure 
3A), from the SST spectrum, a difference lH-NMR 
spectrum is thus obtained. This shows a strong nega- 
tive signal for the irradiated proton a and a smaller 
negative one for proton b, whereas all other signal 
intensities have to be zero. Compared to the SST 
spectra of 3, however, some signals are left with positive 
intensities as in Figure 3. 

These are caused by nuclear Overhauser effects 
(NOES) which stem from dipolar interactions between 
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A 

I I 

8 
‘gD6 4 

(E) 

8 6 4 2 ppm 

Figure 2. Time-dependent 2H-NMR spectra of CpFe(y5- 
C8HsD) (3-dl) .  (A) Recorded within 3 h after preparation. 
(B) Recorded after 1 day. (C) Recorded after 2 days. (D) 
Recorded after 4 days (360 MHz, proton decoupled, C6D6). 
(E) Recorded after 1 week (200 MHz, not proton decoupled; 
note line width of signal 6 < 2 ppm, C6D6). 

Scheme 1 
7 

dech;;tion . - 0.. - 
4 

3 

1-0, v 5  (18ve) 773 (16ve) 

1,4-H shift (a) 11 
4-D, 7 (18ve) 77 4 (18ve) 

vicinal protons, thereby giving rise to positive resonance 
signals. Hence, the irradiation of proton 7, for example, 
reveals a negative signal for the interchanging proton 
3 in the difference spectrum caused by SST (Figure 3, 
spectrum B), whereas protons 6 and 8 show positive 
signals caused by NOES. The chosen timing of the 
experiment does not allow one to observe the NOE 
effects on the “new” position, however, because i t  has 

irrad. no1 SST! 
, . / / , I  - 

lL\ 

no SST! 

Figure 3. ‘H-NMR spectra of CpFe(y5-CsHg) (3). (A) 
Normal ‘H-NMR spectrum of 3 as reference (S = C6DsH). 
(B-F) Spectra obtained by means of spin saturation 
transfer experiments. Irradiated protons are marked 
Irrad. NOE denotes the nuclear Overhauser enhancement. 
SST denotes the signals of the protons suffering spin 
saturation transfer. The ideograms elucidate the interac- 
tion pattern. 

still not built up in any reasonable amount. Compa- 
rable intensity alterations can be seen for the other 
irradiation experiments depicted in Figure 3. For every 
difference spectrum, the SST and NOE interactions are 
depicted in the ideograms of Figure 3 as well as the 
signs (k) of the signals. From these spectra the inter- 
conversion of protons 2 and 8, 3 and 7, and 4 and 6, 
respectively, can be clearly deduced, yielding the enan- 
tiomer of 3 by means of a 1,3-metal shift. Since this 
enantiotopomerization is slow, with respect to the NMR 
time scale, it becomes obvious that no indication of this 
process has been observed before. However, a 1,3-metal 
shift is not uncommon for y5-cy~looctatrienyl~ and q5- 
cycloheptatrienyl complexes,’ although for 3 a complete 
circulation of the metal center is hindered by the 
interruption of the conjugation of the C~CkJ-CS ligand in 
position 1. Hence, a “twitching” motion will only occur 
in 3, the activation barrier of which has to be consider- 
ably higher (AG* > 71 kJ/mol) than that for the valence 
isoelectronic complex Mn(C0)3(y5-CsH9) (5) (AG* = 52.7 
k J / m ~ l ) . ~  The higher activation barrier of metallotropic 
shifts in the cyclopentadienyl complex 3, compared to 
the tricarbonyl complex 5, parallels the results obtained 

(7) Alibrandi, G.; Mann, B. E. J. Chem. SOC., Dalton Trans. 1992, 
1439. Hails, M. J.; Mann, B. E.; Spencer, C. M. J .  Chem. SOC., Dalton 
Trans. l98S, 693. 
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Scheme 2 
-8 t 7 

= ;D45 
3 3 7 

1.4-H shift 

4 DO: ’ T D G 2  H 

2 H  8 H’ 
4-D 6-D 6-0 4-D 

(d)111,4-H shift 

5 

7-0 
5 

3-D (f)ll 1.444 shift 1,4-H shift (f) 11 
0-D 2-0 8-D 2-D 

1.4-H shift (h) 11 (hi1 1,444 shift 

II, 

5-0 5-0 5-D 5-D 

for the cyclooctatetraene compounds Cr(C0)3(7;16-Cot),8 
CrCp(q6-Cot),g and [FeCp(7;16-Cot)l+.10 

The second dynamic process in 3 has to be distinctly 
slower than the 1,3-metal shift; otherwise additional 
SST and NOE signals would have to have been recorded. 
The slower dynamic process is assumed to be a metal- 
mediated 1,4-shiR of the endo-proton (Scheme 1) similar 
to the 1,5-shift discussed for (7;16-cycloheptatriene)- 
(tricarbonyl)chromium.ll In analogy to other hydrogen 
shifts in organometallic complexes,12 the 1 ,Chydrogen 
migration may be initiated by the dechelation of the 

terminal double bond, which is in conjugation 
free double bond of the 7;15-cyclooctatrieny1 

with the 
unit. to 

generate an unsaturated 16 valence electron (vel y3- 
cyclooctatrienyl complex (Scheme lb). Then C-H ac- 
tivation takes place on C1 to form the 18 ve hydride 
intermediate (Scheme IC), which is able to transfer the 
hydride either to position 1 to reveal the starting 
complex or to  position 4 to create the 4-D derivative 
(Scheme Id). A subsequent 1,3-shift places the deute- 
rium atom in position 6 (Scheme 2, equilibrium c). 
From the 6-D derivative, the 7-D compound is formed 
by the metal-mediated 1,kshift of the endo-proton 
(Scheme 2, equilibrium d), with the ensuing degenerate 
1,3-shift revealing the 3-D product (Scheme 2, equilib- 
rium e). After this procedure, all of the positions of the 
cyclooctatrienyl ligand are deuterated in the sequence 
which was elucidated from the 2H-NMR spectra (see 
Scheme 2, equilibria f-i). 

From these intramolecular rearrangements it is clear 

(8) Lawless, M. S.; Marynick, D. S. J .  Am. Chem. SOC. 1991, 113, 

(9) Heck, J.; Rist, G. J .  Organomet. Chem. 1988, 342, 45. 
(10) Reger, D. L.; Colemann, C. J .  Organomet. Chem. 1977, 131, 

153. 
(11) Foreman, M. I.; =ox, G. R.; Pauson, P. L.; Todd, K. H.; Watts, 

W. E. J .  Chem. SOC., Perkin Trans. 2 1972,1141. Roth, W. R.; Grimme, 
W. Tetrahedron Lett. 1966, 2347. 
(12) Karel, K. J.; Brookhart, M.; Aumann, R. J .  Am. Chem. SOC. 

1981,103,2695. 

7513 and references cited therein. 
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that, in principle, eight different isomers can be formed 
upon nucleophilic addition to l+. The absenceld or 
formation of different isomers is apparently controlled 
by the electronic behavior of the added nucleophiles and 
seems to be restricted only to iron compounds. The 
corresponding Ru complexes give no indications for 
comparable fluxional processes under the described 
 condition^.'^ Some efforts are still necessary to  isolate 
different isomers of cyclooctatrienyl complexes, e.g., of 
2a, in order to confirm that the rearrangements dis- 
cussed above are the reason for their formation. 

The strict intramolecular 1,4-hydrogen shift in 3 is 
in accordance with the proposed hydrogen shift in CpV- 
(q7-C8H9);14 however, it disagrees with Cp*ZrC8Hg-d1 
wherein a complete (statistical) distribution of the 
deuterium atom is found over all cyclo-c8 positions 
including the endo- and e~o-posit ions.~~ 

Haupt et al. 

lH, Cs-ring), 3.90 (m, 2H, Cs-ring), 3.75 (s, 5H, Cp), 2.90 (t, 
lH, Ce-ring), 2.75 (t, lH, Cs-ring), 1.05 (s, 9H, t-Bu). Anal. 
Calcd for ClgHzzFe (M = 306.21): C, 74.52; H, 7.24. Found: 
C, 73.83; H, 7.24. 

Preparation of CpFeC(q5-C&C=CPh) (2b). The reac- 
tion is performed identically to the synthesis of 2a with 1.3 g 
(3.5 mmol) of 1 in 40 mL of THF and with 3.7 mmol of 
LiC=CPh dissolved in 20 mL of THF. Extraction of the dry 
reaction residue in hexane yields 1.09 g (96%) of 2b. The 'H- 
NMR spectrum obtained within 30 min after isolation already 
reveals signals of different compounds (C6D6, TMS, 200 
MHz): 6.9, 7.3, 7.5 (m, 5H, phenyl group), 5.3-5.6 (m, 2H, 
uncoordinated C=C bond of the Cs-ring), 3.9-4.7 (m, 5H, CS- 
ring), 3.78 and 3.9 (s, 5H, Cp ligand), 2.7-2.9 (m, lH, Cs-ring). 

Preparation of CpFe(q5-C&-l-em-OMe) (24. A THF 
solution (0.63 mL) containing 0.87 mmol of NaOMe is added 
dropwise to  a stirred suspension of 0.31 g (0.83 mmol) of 1. 
After 5 min, a clear red solution is obtained, which is dried in 
vacuo. The residue is extracted with 15 mL of hexane. The 
hexane is removed, and the dark red oily residue is thoroughly 
dried in vacuo, during which it becomes crystalline. Yield: 186 
mg (88%). EI-MS: mle 256 (18) [M+l, 241 (5) [M+ - Me], 225 
(20) [M+ - OMe], 199 (7), 186 (25) [FeCpz.], 160 (121,152 (301, 
134 (17), 121 (75) [FeCp+], 104 (52),91 (loo), 78 (68),65 (791, 
56 (86). IR (KBr, nujol), cm-': 1656 w (uncoordinated C=C 
of the Cs-ring), 1151 m (C-O-Me). lH-NMR (C6D6, TMS, 200 
MHz): 6 5.4 (dd, lH, uncoordinated C=C of the Cs-ring) 5.1 
(dd, lH, uncoordinated C=C of the Cs-ring), 3.9 (m, 2H, CS- 
ring), 3.78 (s, 5H, Cp), 3.3 (m, lH, Cs-ring). Anal. Calcd for 
C1&$eO (M = 256.11): C, 65.65; H, 6.25. Found: C, 65.0; 
H, 6.3. 

Preparation of CpFe(q5-CD) (341). (a) Via Nucleo- 
philic Addition. The reaction is performed in strict analogy 
to  the synthesis of 3.1d Li[BEtsD] (1.5 mL; 1.0 M in THF) is 
added to a cooled, stirred suspension (-78 "C) of 0.52 g (1.4 
mmol) of 1 in 10 mL of THF. The mixture is allowed to warm 
to room temperature. After 45 min of stirring, the reaction 
mixture is evaporated to dryness and the residue is extracted 
with pentane. The pentane extract is reduced in volume until 
precipitation occurs. Storage at -30 "C for 3 days yields 0.23 
g (71%) 341 as orange-red crystals. 

(b) Via Deprotonation and Addition of D+. Lin-Bu (0.4 
mL; 1.6 in hexane) is added to a cooled solution (-30 "C) of 
0.14 g (0.6 mmol) of CpFe(y5-CsHg) (3) in 10 mL of THF. The 
color of the solution immediately changes from orange-red to 
deep green. After 15 min of stirring, 25 pL of the MeOD is 
added, yielding an orange-red solution. The reaction mixture 
is then evaporated to dryness, and the residue is extracted 
with hexane. The hexane is removed to yield 0.13 g (93%) of 
3-dl. 'H-NMR: see Figure 1 and reference Id. EI-MS: mle 

225 (42) [71], 224 (14) [27], 223 (4) [31, 200 (15) [21, 199 (28) 
[E],  198 (10) [ll], 197 (2) [l], 162 (50) [51, 160 (32) [621, 159 
(15) [2], 158 (13) [19], 135 (26) [51, 134 (30) 1351, 133 (4) [21, 
122 (42) [25], 121 (70) [481, 56 (100) [761. 

(% of 3-G?1) [% of 31 228 (15) [-I, 227 (90) [51, 226 (80) [loo], 

Experimental Section 
All manipulations were performed under nitrogen with 

thoroughly dried solvents. Standard 'H-NMR spectra were 
recorded on a VARIAN Gemini 200 BB spectrometer, while 
the 2H-NMR spectra were recorded in 10-mm tubes with the 
broad-band equipment of a BRUKER-AM-360 spectrometer. 
The initial assignment of the 'H-NMR signals has been 
performed by means of chemical arguments: the addition of 
nucleophiles to  coordinated -ene and -enyl ligands (e.g., D- 
from Li[BEtsD]; see eq 1) exclusively occurs in ezo-position 
with respect to  the metal center. Therefore, the signal of the 
exo-proton is easily found by comparison of the spectra of 3 
and 3-d1, when the NMR sample of 3-dl has freshly been 
prepared. The assignment of the remaining lH-resonance 
signals via standard 'H-COSY is straightforward. The SST 
experiments are performed on the AM-360 using the standard 
NOE-difference procedure with relaxation delay and mixing 
times of 0.5 s. Differences were calculated to reference spectra 
with an irradiation frequency close to the on-resonance 
frequencies. All spectra were recorded at room temperature. 
[CpFe(y6-Cot)]PF6 (1) has been prepared according to reference 
16. The Li salts Li[C=Ct-Bu] and Li[C=CPh] were obtained 
as solids from reactions of the corresponding acetylenes with 
Lin-Bu in hexane. 

Preparation of CpFe(q5-C~H~-l-exo-CiCt-Bu) (2a). 
Twenty-five milliliters of a THF solution containing 3.07 mmol 
of LiCrCt-Bu are added dropwise to a cooled, stirred suspen- 
sion (2' = -78 "C) of 1.07 g (2.8 mmol) of 1 in 40 mL of THF. 
The orange-colored suspension immediately changes to a clear 
solution, which is allowed to  warm up to room temperature. 
The solvent is removed in vacuo, and the oily residue is 
extracted with hexane. Crystalline product can be obtained 
from pentane solution at -78 "C. Yield 0.85 g (98% based 
on 1). E1-MS: mle 306 (18) [M+], 291 (9) [M+ - Me], 249 (100) 
[M+ - tBul, 240 (44) [M+ - C&], 199 (23) [CpFeC6H6]+, 184 
(16), 162 (14), 128 (12), 121 (go), 56 (48). IR (KBr, hexane), 
cm-l: 1648 m (uncoordinated C=C of the Cs-ring). 'H-NMR 
(obtained within 30 min after isolation, CeD6, TMS, 200 
MHz): 6 5.55 (dd, lH, uncoordinated C=C of the Cs-ring), 5.25 
(dd, lH, uncoordinated C=C of the Cs-ring bond), 4.65 (dd, 

(13) Lange, G. Diplomarbeit, Universitkit Hamburg, 1993. Heck, J.; 

(14) Bachmann, B.; Heck, J. Organometallics 1991, 5, 1373. 
(15) Teuben, J. H.; Sinnema, P.-J. Personal communication. 
(16) Heck, J.; Massa, W. J .  Organomet. Chem. 1989,376, C15. 

Lange, G. Manuscript in preparation. 
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Characterization of mer,mer-{ Cr(CO)3(q2-dpe)}2(-dpe) 
(dpe = Ph2PCHzCH2PPh2) and an Investigation of Its 

Chemical, Redox, and Photochemical Reactivity 
Alan M. B o n d , *  Ray C o l t o n , *  John B. Cooper,l Katherine McGregor,2 

Jacky N. Walter, and David M. Way 
School of Chemistry, La Trobe University, Bundoora, Victoria 3083, Australia 

Received May 25, 1994@ 

Reaction of (C7H8)Cr(C0)3 with dpe (dpe = Ph2PCH2CH2PPh2) in refluxing hexane gives 
mermer-{ Cr(C0My2-dpe))2+-dpe) instead of the expected mer-Cr(C0)3(y1-dpe)(y2-dpe). The 
dinuclear species has been characterized by 31P NMR and IR spectroscopies, elemental 
analysis, and voltammetry which shows two closely spaced reversible one-electron oxidation 
processes at about 75 and 225 mV vs Ag/AgCl due to the reactions {Cr(C0)3(y2-dpe)}2(- 
dpe) === [{ Cr(CO)3(y2-dpe)}2+-dpe)l+ + e- and [{ Cr(C0)3(y2-dpe)}2@-dpe)l+ == [{ Cr(C0)3(q2- 
dpe)}dpdpe)12+ + e-. On the synthetic time scale at -78 "C the mer,mer-[{Cr(C0)3(y2- 
dpe)}dpdpe>l+ cation is moderately stable whereas the mer,mer-[{ Cr(C0)3(y2-dpe)}2(p-dpe)12+ 
cation is completely unstable. The decomposition reactions of mer,mer-{ Cr(C0)3(y2-dpe)}2- 
@-dpe) have been studied in the dark and in the presence of light to give novel and 
distinctively different decomposition pathways. In the light, photochemical oxidation of mer,- 
mer-{ Cr(C0)3(y2-dpe)}2+-dpe) occurs to generate mer,mer-[{ Cr(C0)3(y2-dpe)}2@-dpe)l+, which 
then decomposes to give several products, among which mer-[Cr(C0)3(y1-dpe)(y2-dpe)l+, trans- 
[Cr(CO>2(dpe)21+, and Cr(C0Mdpe) have been identified. In  the dark, mer-Cr(C0)3(y1-dpe)- 
(y2-dpe) is a decomposition product. In the presence of an  external oxidant such as NO+ or 
an  electrode, mer-[Cr(C0)3(y1-dpe)(y2-dpe)l+ is a product. Evidence for these products is 
gained by voltammetric and spectroscopic studies. 

Introduction 

Photochemical and electrochemical studies of mono- 
meric 18-electron metal carbonyl species are exten~ive.~-~ 
In general, oxidation or reduction by one electron leads 
to reactive species which undergo a wide range of 
subsequent  reaction^.^^^ 

Recently, there has been considerable interest in the 
redox and photochemistry of dinuclear species, particu- 
larly because of the possibilities of electronic com- 
munication between the metal centers. In the specific 
case of dinuclear chromium carbonyl derivatives linked 
by diphosphine or other ligands, Geiger6 and Shaw7 and 
their co-workers have investigated electrochemical oxi- 
dations and observed two distinct one-electron steps, 
which suggests some electronic interaction between the 
metal centers. Photochemical studies on this class of 
chromium compound do not appear to have been inves- 
tigated, although photochemical and optical studies 

@ Abstract published in Advance ACS Abstracts, October 1, 1994. 
(1) Present address: Department of Chemistry and Biochemistry, 

Old Dominion University, Norfolk, VA 23529-0126. 
(2) Present address: CSIRO, Division of Mineral Products, Port 

Melbourne 3207, Australia. 
(3)  Comprehensive Organometallic Chemistry; Wilkinson, G., Stone, 

F. G. A., Abel, E. W., Eds.; Pergamon Press: Oxford, 1982. 
(4) Geiger, W. E. Prog. Znorg. Chem., 1986,33, 275. 
(5) Vlcek, A., Jr. Chemtracts-Znorg. Chem. 1993, 5,  1. 
(6) (a) Van Order, N.; Geiger, W. E.; Bitterwolf, T. E.; Rheingold, 

A. L. J. Am. Chem. Soc. 1987, 109, 5680. (b) Merkert, J. W.; Geiger, 
W. E.; Paddon-Row, M. N.; Oliver, A. M.; Rheingold, A. L. Organome- 
tallics 1992, 11, 4109. 

(7) Taylor, N.; Boddington, T.; Dobson, I.; Gill, B.; Luo, R.; Shaw, 
B. L. NATO MI Series, Series C: Mathematical and Physical Sciences; 
Hewer Academic Publishers: Dordrecht, The Netherlands, 1993; Vol 
385, pp 467-475. 

O276-7333/95/23 l4-OO49$O9.OOlO 

have been reported, for example, on some diphosphine- 
bridged dinuclear ruthenium and osmium  compound^.^^^ 

Typically, interaction of M(C0)3(C7H8) (M = Cr, Mo, 
W) with 2 molar equiv of L-L (L-L = potentially 
bidentate group 15 ligand) leads to the formation of 
compounds of the type M(C0)3(y1-LL)(y2-LL).10~11 When 
the reaction is carried out at room temperature, the 
facial isomer of M(CO)3(y1-L-L)(y2-L-L) is usually ob- 
tained, and a t  -80 "C the meridional isomer is often 
formed. These geometries can be readily distinguished 
by infrared (IR) and 31P nuclear magnetic resonance 
(NMR) spectroscopies. However, in the specific case of 
M = Cr and L-L = dpe (dpe = Ph2PCH2CH2PPh2), the 
system is unusual in that attempts to prepare the mer 
isomer as described above yielded instead a species 
which is shown in this paper to be the dinuclear complex 
mer,mer-{Cr(C0)3(y2-dpe)}2(p-dpe). Mer-Cr(C0)3(y1- 
dpe)(y2-dpe) may be prepared in solutionll by an elec- 
trochemical oxidation-reduction sequence involving oxi- 
dation of fac-Cr(C0)3(y1-dpe)(y2-dpe) to give fac-[Cr- 
(CO)3(y1-dpe)(y2-dpe)l+ which rapidly isomerizes to mer- 
[Cr(CO)3(y1-dpe)(y2-dpe)l+, followed by subsequent elec- 
trochemical reduction to give the required mer-Cr(CO)s- 
(+dpe)(y2-dpe). A more elegant solution synthesis" 
utilizes a catalytic cycle involving the same redox 
reactions, but which is initiated by addition of a small 
amount of oxidant such as NOBF4 to fac-Cr(C0)3(y1- 
dpe)(y2-dpe). 

(8) Sullivan, B. T.; Meyer, T. J. Znorg. Chem. 1980,19, 752. 
(9) Kober, E. M.; Goldsby, K. A.; Narayana, D. N. S.; Meyer, T. J. 

(10) Isaacs, E. E.; Graham, W. A. G. Inorg. Chem. 1976,14, 2560. 
(11) Bond, A. M.; Colton, R.; McGregor, K Inorg. Chem. 1986,25, 

J .  Am. Chem. SOC. 1983,105, 4303. 

2378. 

0 1995 American Chemical Society 
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During the course of the present studies which led to 
the characterization of the structure of mer,mer-{Cr- 
(C0)3(y2-dpe)}z(u-dpe), photoactivity in sunlight, as well 
as a much higher degree of chemical reactivity than 
found with the stable, well characterized monomeric fa- 
Cr(C0)3(y1-dpe)(y2-dpe) complex, was noted. Conse- 
quently, detailed studies of the products formed in 
dichloromethane solutions of mer,mer-{Cr(C0)3(yz-dpe))z- 
(u-dpe) both in the dark and after exposure to light were 
undertaken. The products of electrochemical and chemi- 
cal oxidation of mer,mer-{ Cr(C0)3(y2-dpe)}z@-dpe) in 
dichloromethane solution also were studied. The present 
paper, therefore, in addition to describing the synthesis 
and structural characterization of a new form of a 
chromium carbonyl-dpe complex, contains a report of 
the unusual reactivity which is introduced by structural 
factors related to having an uncommon dinuclear rather 
than the usual monomeric structure. 

Bond et al. 

Experimental Section 

Materials. All solvents used were of AR-grade purity. 
Tetrabutylammonium hexafluorophosphate used as one of the 
supporting electrolytes in the voltammetric studies was pre- 
pared by the method of Swain et al.12 Other electrolytes, 
tetrabutylammonium tetrafluoroborate and tetrabutylammo- 
nium perchlorate (GFS Chemicals) and NOPFo (Aldrich), used 
in chemical oxidation studies were used as supplied by the 
manufacturers. Cr(CO)6 and dpe (Strem) also were used as 
purchased. 

Preparations. The dinuclear species mer,mer-{ Cr(C0)3- 
($-dpe)}z@-dpe) was prepared by the interaction of cr(co)3- 
(C7Hs) and dpe (1:2) in refluxing hexane for 4.5 h. Anal. 
Found (CMAS, Geelong, Australia): C, 68.71; H, 5.13. Reqd 
for mer,mer-(Cr(C0)3(q2-dpe)}z@-dpe): C, 68.8; H, 4.9. IR 
absorptions (carbonyl region): 1950,1850, and 1834 cm-l. 31P 
NMR 6 92.7, 74.8, 67.0. and tran~-Cr(CO)z(dpe)z,l~~ 
mer-Cr(C0)3(~1-dpe)(~2-dpe),11 and trans-[Cr(CO)z(dpe)zl+ l4 

used in studies to  characterize the reactions of the dinuclear 
complex were prepared by literature methods. 

Instrumentation. 31P NMR spectra were recorded on 
either a JEOL FX 100 (CHZC12, external 'Li lock) or a Bruker 
AM 300 (CDC13, internal 2D lock) spectrometer at 40.32 or 
121.5 MHz, respectively. Chemical shiRs were referenced 
against external 85% and the high frequency positive 
sign convention is used in reporting the data. ESR spectra 
were recorded using a Varian E-9 spectrometer at room 
temperature in either the solid state or in dichloromethane 
solution. IR spectra in the carbonyl region were recorded in 
dichloromethane solution on either a Perkin-Elmer FT-IR 1720 
X or a JASCO A-302 spectrophotometer, with spectra on the 
latter instrument being calibrated against polystyrene (1601 
cm-l). 

All W irradiation experiments were conducted in a 1.5 cm 
radius Pyrex test tube in dichloromethane solution at room 
temperature using a 125 W Hg lamp. 

Cyclic voltammograms in dichloromethane were obtained 
with a Cypress System Model CYSY-1 computer-controlled 
electrochemical system. For studies with electrolyte, a con- 
ventional 0.5 mm radius platinum disk working electrode, a 
platinum wire auxiliary electrode, and a Ag/AgCl (satd. LiCl 
in CH2C12) reference electrode were used. Voltammetric data 
without electrolyte were obtained with a 5 pm radius platinum 
disk microelectrode. The same auxiliary and reference elec- 
trodes were used as in conventional studies with electrolyte. 

I I I I I I I I I  
120 80 40 0 -40 

~ ( 3 %  ppm 

Figure 1. 31P NMR spectra at room temperature of a 
dichloromethane solution of mer,mer-(Cr(C0)3(y2-dpe))z- 
k-dpe). 

Bulk electrolysis experiments were undertaken with either a 
PAR Model 273 potentiostat or a BAS lOOA electrochemical 
analyzer using a large platinum basket working electrode and 
a platinum gauze auxiliary electrode separated from the test 
solution by a salt bridge and the same reference electrode as 
used in voltammetric studies. 

Results and Discussion 

Characterization of mer,mer-{Cr(CO)s(r12.dpe)}~. 
@-ape>. When Cr(C0)3(C7Hs) and dpe (1:2) are reacted 
in refluxing hexane for 4.5 h a yellow precipitate is 
formed. When dissolved in dichloromethane, the IR 
spectrum in the carbonyl region contains bands at 1950, 
1850, and 1834 cm-l which are very similar to those 
found for mer-Cr(C0)3(y1-dpe)(yZ-dpe)l1 and are typical 
of a meridional isomer. The 31P NMR spectrumll of 
mer-Cr(C0)3(y1-dpeXy2-dpe), prepared in dichloromethane 
by the electrochemical sequence described in the Intro- 
duction, displays four 31P resonances of equal intensities 
at 6 92.6, 74.4, 66.8, and -13.2 with the appropriate 
coupling constants expected for the mer isomer,ll with 
the signal at lowest frequency being due to the pendant 
phosphorus whose chemical shift is the same as for free 
dpe, but it appears as a doublet due to phosphorus- 
phosphorus coupling.ll The 31P NMR spectrum (Figure 
1) of the new chromium carbonyl compound gives 
resonances at 6 92.7, 74.8, and 67.0, almost identical 
chemical shifts to those for mer-Cr(C0)3(q1-dpe)(y2-dpe), 
but phosphorus-phosphorus coupling is not resolved. 
The resonance at 6 -13.2 due to the pendant phospho- 
rus in mer-Cr(C0)3(y1-dpe)(y2-dpe) is absent in the 
spectrum for the new compound. Thus the IR and NMR 
spectra both indicate that the environments of all the 
donor atoms bonded to chromium are essentially the 
same in both compounds. 31P NMR and IR spectral data 
are summarized in Table 1. The only stereochemistry 
consistent with all the data is mer,mer-{ Cr(C0)3(y2- 
dpe)}z(u-dpe) as represented in structure I. Analytical 

co 
I 

co 

(12) Swain, C. G.; Ohno, A.; Roe, D. K.; Brown, R.; Maugh, T. 11. J. 
Am Chem. SOC. 1967,89, 2648. 

(13) (a) Chatt, J.; Watson, H. R. J. Chem. SOC. 1961,4980. (b) Bond, 
A. M.; Colton, R.; Jackowski, J. J. Inorg. Chem. 1976, 14, 274. 

(14) Crossing, P. F.; Snow, M. R. J.  Chem. SOC. A 1971, 610. I (P-P = dpe) 
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Table 1. IR (Carbonyl Region) and 31P NMR Data for mer,mer-{ Cr(C0)3(~2-dpe)}~Ol-dpe) and Its Possible Decomposition 
Products 

dinucla dinucl" (after irrad) Cr(C0Mdpe)zb Cr(CO)r(dpe) [Cr(CO)ddpe)zI+ dPe dpOz 

1950 1950 1955 
I R C  2009 2009 

1912 1914 
1900 1899 
1877 1877 

1850 1850 1850 
1834 1834 1830 

3 F  92.7 92.9 92.6 

74.8 74.8 74.4 
67.0 66.9 66.8 

78.6 79.4 

31.1 
-13.0 -13.2 -13.3 

Dinucl = mer,mer-{Cr(CO),(llz-dpe)}*~-dpe). Cr(C0)ddpe)z = mer-Cr(CO)s(l11-dpe)(l12-dpe). cm-'. 6. 

1850 

31.1 

1600 800 0 -800 

Potentlal vs AgiAgCl (mv) 

Figure 2. Cyclic voltammograms at 22 "C for the oxidation 
of 5 x M mer,mer-{Cr(C0)3(y2-dpe)}.&-dpe) in dichlo- 
romethane (0.1 M B u N F e )  at a 0.5 mm radius R disk 
electrode at a scan rate of 100 mV s-l. 

data are also consistent with this formulation. We have 
recently ~haracterizedl~ by X-ray crystallography a 
related dinuclear molybdenum complex, fuc,fuc-{ Mo- 
(CO>(y2-ape)}2+-ape) (ape = PhzAsCHzCHzPPhz), which 
was also prepared by the M(C0)3(C7Hs) method. 

Voltammetric Studies in Dichloromethane. In 
keeping with the proposed dinuclear structure, the cyclic 
voltammogram of the yellow product dissolved in dichlo- 
romethane (0.1 M BuaPF6) shows two closely spaced 
chemically reversible one-electron redox couples (Figure 
2) with E'llz values (reversible halfwave potentials) a t  
75 and 225 mV vs Ag/AgCl, which formally corresponds 
to the consecutive oxidation of the two zero valent 
chromium centers to the chromium(1) oxidation state. 
This is in contrast to the monomeric mer-Cr(C0)3(y1- 
dpe)(y2-dpe) which shows a single oxidation response 
with an E'112 value of 155 mV vs Ag/AgCl. The revers- 
ible potentials were calculated from the average of the 
oxidation and reduction potentials from the cyclic vol- 
tammograms. The 150 mV separation between the two 
redox couples for the dimer suggests some degree of 
interaction between the two metal centers. Similar 
separations have been observed p r e v i o ~ s l y ~ ~ ~ ~ ~ ~  for dpm- 
bridged dimers (dpm = Ph2PCH2PPh2). Shaw and co- 
workers7 also have reported analogous data for bime- 
tallic compounds of the type cis,cis-{M(C0)4+-dpe)~- 
M'(C0)4} (M,  M = Cr, Mo, W) and for the correspond- 
ing monomeric species M(CO)a(dpe). At more positive 
potentials, an irreversible two-electron oxidation process 

is observed for mer,mer-{ Cr( C0)3(y2-dpe)}2+-dpe) (peak 
potential at 1390 mV vs Ag/AgCl for a scan rate of 100 
mV s-l) which corresponds to a second oxidation of the 
chromium centers. This potential may be compared to 
that of the second oxidation of the meridional monomer 
mer-Cr(C0)3(y1-dpe)(y2-dpe) (1240 mV vs AgIAgCl). 
Data in dichloromethane with 0.1 M BuNBF4 and Bw- 
NC104 as the electrolyte are very similar to that found 
with 0.1 M Bu4NPF6. The voltammetry in dichlo- 
romethane in the dark is therefore summarized by eqs 
1-3 

n~er,mer-(Cr(CO)~(q~-dpe)h(pdpe) - 
mer,mer-[{Cr(CO)3(llz-dpe))2(~dpe)]+ + e- (1) 

mer,mer-[{Cr(C0)3(q2- dpe)h(pdpe)]+ =F== 

mer,mer-[{Cr(C0)3(qZ-dpe))2(pdpe)l2+ + e- (2) 

mer,mer-[{Cr(C0)3(l12- dpe)h(p-dpe)12+ ==== 
mer,mer-[{Cr(CO)3(1l~-dpe))2(pdpe)]~+ + 2e- (3) I fast 

products 

where mer,mer-[{ Cr(CO)3(y2-dpe))2~-dpe)l3+ is probably 
an intermediate in eq 3, but mechanistic details of this 
irreversible overall two-electron step are unknown. 

Steady-state voltammograms obtained at a 5 pm 
radius Pt disk microelectrode over the restricted range 
-200 mV to +a00 mV, to cover the initial two one- 
electron oxidations, are shown in Figure 3. The process 
described for the cyclic voltammograms at higher pos- 
tive potential is also observed with the microdisk 
electrode, but this process is not relevant to this 
discussion. In the presence of electrolyte (Figure 3a), 
two processes of equal limiting currents are observed 
with Er1/2 values of 75 and 225 mV vs Ag/AgCl. These 
values and their separation are the same as those 
observed in cyclic voltammetry using a conventional 
electrode. Interestingly, in the absence of electrolyte 
(Figure 3b) the ratio of the currents for the two 
processes alters dramatically. Presumably, the charged 
one-electron-oxidized species mer,mer-[{Cr(C0)3(y2- 
dpe)}2+-dpe)l+ migrates from the positively charged 
electrode which causes the current response for the 
second process to decrease in height (see for example 
refs 16-19). Oxidation of the neutral dinuclear species 

(15) Abrahams, B. F.; Colton, R.; Hoskins, B. F., McGregor, K. Aust. 
J. Chem. 1902,45, 941. 

(16) Cooper, J. B.; Bond, A. M. J. Electroanal. Chem. Interfacial 
Electrochem. 1992, 315, 143. 
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I 
1 I I I I I 

800 400 0 -400 

Potential vs AglAgCl (mV) 

Figure 3. Steady-state microdisk electrode voltammo- 
grams at 22 "C for the oxidation of 5 x M mer,mer- 
{Cr(C0)3(q2-dpe)}2+-dpe) in dichloromethane (a) with 0.1 
M BQNPF~ as supporting electrolyte and (b) without 
deliberately added electrolyte. Voltammograms recorded 
at a 5 pm radius Pt microdisk electrode, scan rate 30 mV 
S-1. 

to the corresponding monocation should of course not 
be altered by migration under steady state conditions, 
and this is observed (Figure 3). The reaction in eq 4 
also may be importantz0 in the absence of electrolyte. 

mer,mer-[{ Cr(CO)3(y2-dpe)}z@-dpe)lz+ + 
mer,mer-{ Cr(C0),(y2-dpe)},@-dpe) == 

2mer,mer-[{ Cr(C0)3(y2-dpe)}z$-dpe)lf (4) 

The more positive half wave potentials observed in the 
absence of any electrolyte is attributed predominantly 
to Ohmic (iR) drop. 

Controlled potential oxidative electrolysis of mer,mer- 
{Cr(CO)dq2-dpe)}z@-dpe) was performed a t  a large 
platinum gauze basket electrode with the potential held 
between the first and second oxidation processes, or a t  
a potential more positive than the second process. The 
progress of the experiment was monitored by steady- 
state microelectrode voltammetry and the data indi- 
cated that neither the dinuclear monocation nor dication 
are stable on the bulk electrolysis (synthetic) time scale 
a t  room temperature. If the dinuclear monocation had 
been stable, then after completion of a one-electron 
reversible oxidation the zero of current would lie 
between the two original processes. In fact, both one- 
electron processes disappear and are replaced by a 
number of other processes which included reversible 
reduction and oxidation processes assigned to formation 
of trans-[Cr(CO)z(dpe)z]+ (see later). The presence of 
paramagnetic trans-[Cr(CO)z(dpe)zl+ was confirmed by 
subsequent observation of its characteristic 1:4:6:4: 1 
ESR signalz1 (also see later). 

Microelectrode steady-state voltammetric monitoring 
of the oxidation of mer,mer-{Cr(C0)3(y2-dpe)}z@-dpe) in 
dichloromethane with NOPFs at 0 "C in the dark was 
consistent with the bulk electrolysis data in that no 

(17) Cooper, J. B.; Bond, A. M.; Oldham, K B. J. Electroanal. Chem. 
Interfacial Electrochem. 1992, 331, 877. 

(18) Oldham, K. B., J. Electroanal. Chem. Interfacial Electrochem. 
1992, 337, 91. 

(19) Heinze, J. Angew. Chem.. Int. Ed. Engl. 1993, 32, 1268 and 
references cited therein. 

(20) Norton, J. D.; Benson, W. E.; White, H. S.; Pendley, B. D.; 
Abruna, H. D. Anal. Chem. 1991,63, 1909. 

(21) (a) Bagchi, R. N.; Bond, A. M.; Colton, R.; Creece, I.; McGregor, 
K; Whyte, T. Organometallics 1991, I O ,  2611. (b) Bond, A. M.; Colton, 
R.; Cooper, J. B.; Traeger, J. C.; Walter, J. N.; Way, D. M. Organo- 
metallics 1994, 13, 3434. 

Potentlal vs AglAgCI (mV) 

Figure 4. Cyclic voltammograms at 26 "C for a solution 
initially containing 5 x M mer,mer-{Cr(C0)3(Tz- 
dpe)}&dpe) in dichloromethane (0.1 M Bu4NPFs) kept in 
the dark for 10 h at 26 "C. (a) Full potential range. (b) 
Restricted potential range. The voltammograms were 
recorded at a 0.5 mm radius Pt disk electrode, scan rate 
100 mV s-l. 

evidence for formation of mer,mer-[{ Cr(C0)3(y2-dpe)}z@- 
dpe)l+ was found on the synthetic time scale. However, 
a t  -78 "C, maintained by a dry ice/acetone slush bath, 
after oxidation with NOPFs the zero of current could 
be observed to lie between the two original one-electron 
processes for a short period of time. That is, there is 
now one reversible oxidation and one reversible reduc- 
tion process. This result is consistent with mer,mer- 
[{Cr(C0)3(y2-dpe)}z@-dpe)l+ exhibiting transient sta- 
bility at this temperature. 

The monocation voltammetric response observed after 
NOPFs oxidation of mer,mer-{ Cr(C0)3(yz-dpe)}z@-dpe) 
gradually disappeared even at -78 "C and was replaced 
by a process assigned to the mer-[Cr(C0)3(y1-dpe)(yz- 
dpe)l+'O redox couple (see later). The presence of the 
mer+ species also was confirmed by observing its 
characteristic ESR spectrum.21 On warming the solu- 
tion, the ESR spectrum of mer+ was replaced by that of 
trans+ in accordance with the knownz1 reaction 

mer-[Cr(CO)3(y1-dpe)(~z-dpe)]+ - 
trans-[Cr(CO),(dpe),]+ + CO ( 5 )  

Decomposition Reactions of mer,mer-{ Cr(CO)s- 
(q2-dpe)}&-dpe) in the Dark. Voltammetric Stud- 
ies. When the solution of mer,mer-{ Cr(C0)3(yZ-dpe)}z@- 
dpe) in dichloromethane (0.1 M Bu4NPFs) was kept in 
the dark at 0 "C, no voltammetric evidence of decom- 
position was found even after 10 h; that is, the response 
remains as in Figure 2. However, when the solution 
was left standing a t  26 "C in the dark for the same 
period of time, the voltammetric responses for mer,mer- 
{Cr(C0)3(q2-dpe)}2@-dpe) had disappeared. Instead, a 
chemically reversible couple with an Erl/z value of 155 
mV vs Ag/AgCl is observed, as well as irreversible 
oxidation processes with oxidation peak potentials at 
about 1000 and 1365 mV vs Ag/AgCl. On the reverse 
scan an irreversible reduction process occurs at -350 
mV vs Ag/AgCl (Figure 4a). If the potential is scanned 
over a restricted range to include only the first two 
oxidation responses, then the reduction process at -350 
mV vs Ag/AgCl is absent (Figure 4b). This demon- 
strates that the reduction response is due to products 
generated at very positive potentials. The new revers- 
ible redox couple with an Er1/2 value of 155 mV is 
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mer,mer- { CdCO)dt+dpe)}kp-dpe) 

tentatively assigned (definite evidence is presented 
below) to the first oxidation processfor mer-Cr(C0)3(y1- 
dpe)(y2-dpe)11 and is therefore attributed to the presence 
and subsequent electrochemical oxidation of this com- 
pound according to eq 6 

mer-Cr(CO)3(111-dpe)(y2-dpe) - 
mer-[Cr(CO),(~~-dpe)(11~-dpe)l+ + e- (6) 
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The most positive response in Figure 4a at 1350 mV vs 
AglAgC1 is assigned to oxidation of mer-[Cr(C0)3(y1- 
dpe)(y2-dpe)l+ as in eq 7 

mer-[Cr(C0)3(q1-dpe}(q2-dpe)]+ - 
mer-[Cr(CO)3(q1-dpe)(q2-dpe)]2+ + e- 

and the process on the reverse scan is a result of 
reduction of [Cr(C0)3(y2-dpe)~lZ+ and/or products of its 
decomposition. 

Cyclic voltammetry, being a transient technique, 
cannot unambiguously be used to distinguish whether 
the process at 155 mV vs AglAgC1 generated in the dark 
a t  26 "C for a solution of mer,mer-{Cr(C0)3(y2-dpe)}z- 
@-dpe) in dichloromethane is in fact due to mer-Cr(C0)~- 
(+dpe)($-dpe) or mer-[Cr(C0)3(y1-dpe)(y2-dpe)l+. How- 
ever, voltammetry a t  a microelectrode under steady- 
state conditions can make the distinction by observation 
of the sign of the current. At a scan rate of 25 mV s-l 
and with a 5 pm radius platinum microdisk working 
electrode, near steady-state voltametric conditions pre- 
vail. A steady-state voltammogram at a microelectrode 
of the dichloromethane solution of mer,mer-{ Cr(C0)3- 
(y2-dpe)}z@-dpe) which was stored in the dark at 26 "C 
for 10 h showed that zero current was achieved only at 
potentials more negative than the process at 155 mV 
vs Ag/AgCl. This result shows that the process a t  155 
mV vs AglAgC1 is an oxidative process and confirms that 
the species in solution is mer-Cr(C0)3(y1-dpe)(yz-dpe) 
rather than mer-[Cr(C0)3(y1-dpe)(y2-dpe)l+. 

Electron Spin Resonance and Infrared Spec- 
troscopies. Although the uncharged dinuclear com- 
pound mer,mer-{ Cr(C0)3(q2-dpe)}z@-dpe) is expected to 
be diamagnetic, the ESR spectrum of a solid powder 
sample showed a weak S = '12 signal (Figure 5a). The 
low-field tensor shows resolved hyperfine structure, and 
the spectrum contains an anisotropic seven-line pattern. 
The splitting is most reasonably assigned to three non- 
equivalent phosphorus nuclei with I = llz and hyperfine 
coupling constants in the approximate ratios of 1:2:3 
where the smallest constant is 29 G. The ESR spectrum 
of mer-[Cr(C0)3(y1-dpe)(yz-dpe)]+ consists of an S = '12 
signal with a four-line splitting pattern, indicating three 
near-equivalent phosphorus nuclei.l1Pz1 In the case of 
the singly oxidized mer,mer-[{ Cr(CO>3(yz-dpe>}~Cu;dpe)l+, 
this near-degeqeracy of the hyperhe coupling constants 
to the Cr(1) center could be removed when the pendant 
phosphine in mer-[Cr(C0)3(y1-dpe)(yz-dpe)l+ is coordi- 
nated to another chromium center in mer,mer-[{Cr- 
(CO)3(y2-dpe)}z+-dpe)l+. Indeed, such a perturbation 

19 c 
H 

G 

I I I I r 
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1400 1400 3400 4400 5400 
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Figure 5. ESR spectra of (a) solid powder mer,mer-{Cr- 
(C0)3(y2-dpe)}2Cu-dpe), (b) a solution of mer,mer-{Cr(CO)s- 
(y2-dpe)}2@-dpe) in dichloromethane kept in the dark for 
3 days at 26 "C, and (c) a solution of mer,mer-(Cr(C0)3(y2- 
dpe))&dpe) in dichloromethane at -77 "C to which has 
been added NOPFs. 

is very likely since the separation of the two oxidation 
potentials of mer,mer-{ Cr(C0)3(y2-dpe))z@-dpe) in the 
voltammetry does indicate some interaction between the 
two metal centers (an interaction which is mediated by 
the dpe bridge). Accordingly, the ESR spectrum in 
Figure 5a is assigned to the singly oxidized species mer,- 
mer-[{ Cr(C0)3(yz-dpe)}z(p-dpe)l+. Presumably, a small 
amount of surface oxidation occurs when mer,mer-{ Cr- 
(CO)3(112-dpe)}~@-dpe) is exposed to light and/or air (see 
later). 

The ESR spectrum of a dichloromethane solution of 
mer,mer-{ Cr(C0)3(y2-dpe)}2@-dpe) which was kept in 
the dark for 3 days a t  26 "C was also investigated. The 
spectrum (Figure 5b) indicates the presence of two 
paramagnetic species. One S = l12 signal gives a sharp 
symmetric five-line pattern which can be assigned to a 
very small concentration of truns-[Cr(dpe)2(CO)21+ on 
the basis of its g value of 2.012 and hyperfine coupling 
constant21 (see later for c o n h a t i o n  of the assignment). 
The other S = l12 signal is very broad, shows no resolved 
hyperfine splitting, and cannot be assigned. 

The infrared spectrum in the carbonyl region of the 
same solution shows peaks due to  the presence of mer- 
Cr(C0)3(yi-dpe)(y2-dpe) and/or mer,mer-{Cr(C0)3(y2- 
dpe)}z@-dpe) (these cannot be distinguished by IR, see 
earlier) together with a small unidentified peak just 
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above 1600 cm-l. The small concentration of trans-[Cr- 
(dpe)2(CO)# detected by ESR spectroscopy would be 
expected to give rise to  an absorption a t  1850 cm-l, but 
unfortunately the spectra of the other carbonyl com- 
pounds present at high concentration dominate this 
region of the spectrum. 

slP Nuclear Magnetic Resonance Spectroscopy. 
The 31P NMR spectrum of a freshly prepared dichlo- 
romethane solution of mer,mer-{Cr(C0)3(y2-dpe)}z(p- 
dpe) gives the spectrum shown in Figure 1, with 
resonances at 6 92.7, 74.8, and 67 ppm. The spectrum 
of the same solution after standing 2 days in the dark 
at room temperature resembles that of mer-Cr(C0)3(y1- 
dpe)(y2-dpe). That is, the three resonances close to  6 
92.7, 74.8, and 67 are still present, but a new doublet 
has appeared at 6 -13.3 ppm. This resonance cannot 
be assigned to free dpe, which gives a singlet, and 
therefore must be assigned to the pendant phosphorus 
of mer-Cr(CO)3(y1-dpe)(y2-dpe),l1 thus confirming the 
formation of this compound in the dark. Based on the 
intensity of the peak at 6 - 13.3 compared with the other 
peaks, it is likely that this solution contains a mixture 
of mer,mer-{Cr(C0)3(y2-dpe)}&u-dpe) and mer-Cr(CO)s- 
(y1-dpe)(y2-dpe). 

Decomposition Reactions of mer,mer-{ Cr(C0)s- 
(q2-dpe)}&-dpe) in the Presence of Light. Volta- 
mmetric Studies. Recently we have reported data on 
systematic photoelectrochemical studies on carbonyl 
c ~ m p l e x e s , ~ ~ r ~ ~  and it appears that photochemistry in 
the 17 electron, as well as in the 18 electron state is 
important. In order to ascertain whether the very slow 
decomposition reactions described are light catalyzed or 
modified in the presence of light, three identical dichlo- 
romethane solutions of mer,mer-{Cr(C0)3(y2-dpe)}2(p- 
dpe) (5 x lop4 M) in CHzClz (0.1 M BuNPFG) were 
prepared and kept at 0 "C. One, the control, was left 
standing in the laboratory on the bench top in the 
presence of air and a moderate amount of light, another 
was stored in the dark, and the remaining sample was 
purged with N2 while left standing on the bench top, 
again in the presence of a moderate amount of light. 
Cyclic voltammograms were then recorded on each 
solution a t  approximately 2 h intervals. After 4 h, the 
two samples which were exposed to normal laboratory 
light began to show evidence of decomposition, whereas 
the solution maintained in the dark remained un- 
changed. A new sample of the dinuclear complex was 
therefore prepared and exposed to a mercury light 
source and voltammograms recorded every 10 min while 
keeping the solution at 0 "C. Some of the resulting 
voltammograms are shown in Figure 6. Figure 6a 
shows the cyclic voltammogram of the freshly prepared 
solution of mer,mer-{Cr(C0)3(y2-dpe)}2@-dpe). The ini- 
tial evidence for decomposition is detected in Figure 6b 
(10 mins) by noting that the resolution between the two 
chromium oxidation responses apparently decreases. 
Upon further irradiation (Figure 6c, 20 min), oxidation 
processes for mer,mer-{Cr(C0)3(y2-dpe)}2(p-dpe) have 
almost disappeared. In fact, the two one-electron oxida- 
tion processes associated with mer,mer-{Cr(C0)3(y2- 
dpe)}z@-dpe) are being replaced by a new reversible one- 

Bond et al. 

(22) Compton, R. G.; Barghout, R.; Eklund, J. C.; Fisher, A. C.; Bond, 
A. M.; Colton, R. J. Phys. Chem. 1993,97, 1661. 

(23)Compton, R. G.; Barghout, R.; Eklund, J. C.; Fisher, A. C.; 
Davies, S. G.; Metzler, M. R.; Bond, A. M.; Colton, R.; Walter, J. N. J .  
Chem. SOC., Dalton Trans. 1993, 3641. 

i 

I 1 I I I I I 
1000 0 -1OOO 

Potential vs Ag/AgCI (mV) 

Figure 6. Cyclic voltammograms at 26 "C for a solution 
initially containing 5 x M mer,mer-{ Cr(C0)3(v2- 
dpe))z(u-dpe) in &chloromethane (0.1 M BQNPF~) after UV 
irradiation for various times: (a) freshly premed solution, 
(b) 10 min irradiation, (c) 20 min, (d) 30 min, (e) 60 min. 
The voltammograms were recorded at a 0.5 mm radius F't 
disk electrode, scan rate 100 mV s-l. 

electron oxidation process at 155 mV vs AgIAgC1. 
Additionally, two new reversible redox couples are seen 
at -575 and 935 mV vs Ag/AgCl. With time, the 
positive potential region becomes very complex and 
consistent with the presence of many unresolved pro- 
cesses (Figure 6d, 30 min). The reversible process at 
-575 mV vs Ag/AgCl increases in magnitude with 
further irradiation. The new couple at 155 mV vs Agl 
AgCl then begins to decrease in magnitude until even- 
tually the response disappears (Figure 6e, 60 min). 
Periodic examination of a solution of the dinuclear 
complex placed in bright sunlight also exhibited the 
same characteristics as the solution exposed to UV 
irradiation. 

The initial distortion of the cyclic voltammogram is 
due to a decrease in the two reversible oxidation 
processes of mer,mer-{ Cr(C0)3(y2-dpe)}&-dpe) and the 
concomitant growth of the new oxidation process at 155 
mV vs Ag/AgCl which is assigned to the formation and 
then voltammetric oxidation of mer-Cr( C0)3(yl-dpe)( y2- 
dpe) (see later). The reversible oxidation at 935 mV and 
the reversible reduction process at -575 mV vs Ag/AgCl 
correspond respectively to the formation and then 
electrochemical oxidation and reduction of trans-[Cr- 
(CO)z(dpe)~I+ (also see later). The irreversible oxidation 
processes at positive potentials are also consistent with 
formation and oxidation of Cr (C0)4 (d~e)~~  (see spectro- 
scopic data below) although the lack of resolution does 
not allow definitive conclusions to be made on this 
assignment. 

(24) Bond, A. M.; Colton, R.; Kevekordes, J. E.; Panagiotidou, P. 
Inorg. Chem. 1987,26, 1430. 
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mer,mer-(Cr(C0)3(~-dpe)}z(p-dpe) 

The position of zero current (and hence the unam- 
biguous identification of the complex formed in the 
presence of light) for each process in Figure 6 was 
ascertained by obtaining steady-state voltammograms 
a t  the 5 pm radius platinum microdisk electrode. In 
all cases, the zero of current was observed to lie at 
potentials between the truns-[Cr(CO)z(dpe)~l+'~ (reduc- 
tion) process and the mer-[Cr(C0)3(y1-dpe)(yz-dpe)lo'+ 
(oxidation) process as required when truns-tCr(CO)z- 
(dpe)zl+ is present in the f l  oxidation state and mer- 
Cr(C0)3(y1-dpe)(q2-dpe) is present in the zerovalent 
state. 

Electron Spin Resonance Spectroscopy. The 
decomposition of a dichloromethane solution of mer,- 
mer-{Cr(C0)3(yz-dpe)}z@-dpe) in the presence of light 
also was monitored by ESR spectroscopy. A sample 
exposed to either sunlight or the mercury light source 
at 26 "C gives a symmetric five-line pattern (with 
chromium isotopic satellites) due to truns-[Cr(CO)z- 
( d p e ) ~ l + . ~ ~  The same ESR spectrum also was generated 
when a bulk oxidative electrolysis experiment was 
undertaken at the potential corresponding to either the 
first or second oxidation processes of the neutral di- 
nuclear complex (see above). 

To show the similarity between photochemical and 
chemical oxidation of mer,mer-{ Cr(C0)3(yZ-dpe)}z@-dpe) 
the ESR spectrum of a solution of the dinuclear com- 
pound also was monitored as the chemical oxidant 
NOW6 was added to a solution of the compound in 
dichloromethane. At room temperature, the character- 
istic five-line signal for truns-[Cr(CO)z(dpe)~l+ was once 
again seen. However, when the experiment was con- 
ducted at -77 "C, a new ESR signal was seen super- 
imposed on the familiar five line pattern (Figure 5c). It 
consisted of four lines with a g value and hyperfine 
splitting constants the same as reportedz1 for mer-[Cr- 
(C0)3(y1-dpe)(y2-dpe)1+. The conversion of mer-[Cr(CO)s- 
(y1-dpe)(y2-dpe)l+ to truns-[Cr(CO)z(dpe)zI+ has been 
reported previous1y,21a and the observation of this 
complex suggests it is a precurser of truns-[Cr(CO)z- 
(dpe)zI+ in the decomposition pathway. Clearly, there 
is a close relationship between the reactions of mer,- 
ner-{Cr(C0)3(yZ-dpe)}z(u-dpe) in the presence of light 
or following bulk electrolysis or chemical oxidation. The 
reaction in the light is therefore consistent with pho- 
tochemical oxidation. 

Infrared Spectroscopy. Time-dependent FTIR spec- 
tra of the carbonyl stretching region are shown in Figure 
7 for a dichloromethane solution of mer,mer-{Cr(CO)s- 
(y2-dpe)}z@-dpe) as it was exposed to W light. Prior 
to exposure to  light, the IR spectrum of mermer-{Cr- 
(CO)3(y2-dpe)}z(u-dpe) consists of three peaks at 1950, 
1850, and 1834 (sh) cm-l. Upon exposure to W 
radiation, new peaks grew at 2009, 1912, 1900, and 
1877 cm-l concomitant with a decrease in the three 
original peak intensities. All four of these new carbonyl 
stretching frequencies can be assigned to Cr(C0)ddpe) 
(see Table l ) . I 3  The IR bands due to mer-Cr(C0)3(y1- 
dpe)(y2-dpe) and truns-[Cr(CO)~(dpe)~]+ (detected vol- 
tammetrically and by other spectroscopic procedures) 
are unresolved from those of the starting material, mer,- 
mer-(Cr(C0)3(y2-dpe)}z(u-dpe). Thus the IR experi- 
ments unambiguously only show the formation of 
Cr(CO)r(dpe). 

Prolonged exposure to W radiation a t  room tempera- 
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2200 2100 2000 1900 1800 1700 
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Figure 7. Time-dependent FTIR spectra for a dichlo- 
romethane solution of mer,mer-{Cr(CO)3(y2-dpe)}2&-dpe) 
during U V  irradiation. 

ture in the IR cell results in a gradual decrease in all 
carbonyl peaks until eventually no evidence for any 
carbonyl bands is seen. 

slP Nuclear Magnetic Resonance Spectroscopy. 
The decomposition of mer,mer-{ Cr(C0)3(y2-dpe))z(u-dpe) 
in dichloromethane under W irradiation also was 
followed by 31P NMR spectroscopy, and relevant data 
are given in Table 1. As mentioned earlier the dinuclear 
complex gives three resonances at 6 92.7,74.8, and 67.0. 
Upon irradiation with a mercury light source, the three 
peaks remain in the same positions but new singlets 
soon appear at 6 78.6,31.1 together with a doublet a t  6 
-13. The relative intensities of these peaks vary 
between samples suggesting that they are due to 
separate compounds. These peaks are assigned to Cr- 
(CO)a(dpe), dpeOz and ner-Cr(C0)3(y1-dpe)(yz-dpe) re- 
spectively (Table 1) but for the last compound its other 
resonances are obscured by those of remaining mer,- 
mer-{Cr(C0)3(y2-dpe)}z(u-dpe). If the sample is left 
standing on the bench in the laboratory light for several 
days, the spectrum shows only the peaks at 6 78.6,31.1 
and now a singlet at 6 -13, which are assigned to Cr- 
(COk(dpe), dpeOz and free dpe, respectively (Table 1). 

Discussion of the Mechanism of Electrochemical 
and Chemical Oxidation and Photochemistry of 
mer,mer-{Cr(CO)s(q2-dpe)}~~-dpe). The electro- 
chemical and chemical oxidation studies and the pho- 
tochemistry are all consistent with the initial generation 
of a mer,mer-[{ Cr(C0)3(yz-dpe)}z@-dpe)l+ species which 
then undergoes a series of additional reactions which 
are determined by the conditions of the experiment, but 
not all the products or intermediates have been identi- 
fied. 

An important piece of evidence for the first step in 
the mechanism(s) of the light-catalyzed decomposition 
of mer,ner-{Cr(C0)3(y2-dpe)}z@-dpe) is the weak ESR 
signal obtained from the solid sample which is assigned 
to the singly oxidized mer,mer-[{ Cr(C0)3(y2-dpe)}z@- 
dpe)]+ and presumably this cation is stabilized in the 
solid state. The solid-state oxidation of mer,mer-{Cr- 
( CO)3(y2-dpe)}2@-dpe) (presumably by light and/or oxy- 
gen to  form a peroxide salt) is not unexpected since the 
potential at which it is produced is less than 100 mV 
positive of Ag/AgCl. The compounds truns-Cr(CO)n- 
(dpe)z and mer-Cr(C0)3(y1-dpe)(y2-dpe) are also photo- 
chemically oxidized under similar conditions (ESR 
evidence). However, the quantity of singly oxidized 
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dinuclear cation in the solid is very small and is possibly 
only detectable via the (typically) nanomolar sensitivity 
of the ESR method. Thus, on the basis of voltammetric 
and solid-state ESR evidence, the first step of the 
mechanism for electrochemical, chemical, or photochemi- 
cal oxidation can be written 

(dpe)(CO),CrPPCr(CO),(dpe) - 
(dpe)(CO),CrPPCr+(CO),(dpe) + e- (8) 

where the new notation for the dinuclear compound is 
introduced for convenience to distinguish the two chro- 
mium centers. The next step in the reaction then 
appears to involve cleavage of the dpe bridge (-PP-). 
The two possibilities are either cleavage a t  the oxidized 
17 electron center 

(dpe)(CO),CrPPCr’(CO),(dpe) - 
mer-Cr(CO),(y1-dpeXq2-dpe) + “[Cr(CO),(dpe)l+” 

( 9 4  

or cleavage at the 18-electron center 

Bond et al. 

(dpe)(CO),CrPPCr’(CO),(dpe) - 
mer-[Cr(CO),(y1-dpe)(yz-dpe)I+ + “Cr(CO),(dpeY’ 

(9b) 

but only one of the products of each reaction can be 
identified in the solution and the other “product” is 
included merely to balance the equations. 

Step 9a results in the formation of mer-Cr(C0)3(q1- 
dpe)(y2-dpe) which is consistent with voltammetric, 31P 
NMR and IR evidence. The detection of mer-[Cr(CO)a- 
(y1-dpe)(y2-dpe)l+ (four-line ESR spectrum a t  -77 “C) 
only in the presence of the strong oxidant NOPFs, or in 
bulk electrolysis experiments, suggests the initial for- 
mation of mer-Cr(C0)3(y1-dpe)(y2-dpe) occurs in the 
oxidation state of zero (eq 6a). However, NO+ oxidizes 
mer-Cr(C0)3(y1-dpe)(y2-dpe) to mer-[Cr(C0)3(y1-dpe)(y2- 
dpe)l+, and the potential applied to oxidize mer,mer-{Cr- 
(C0)3(y2-dpe)}21u-dpe) in a bulk electrolysis experiment 
also is sufficient to oxidize any mer-Cr(C0)3(y1-dpe)(y2- 
dpe) formed to ner-[Cr(C0)3(y1-dpe)(y2-dpe)l+. 

The unidentified product(s1 of step 6a would be 
coordinatively unsaturated and expected to be very 
reactive. A reaction such as 

mer-Cr(C0),(y1-dpe)(y2-dpe) + “[Cr(CO),(dpe)l+” - 
truns-[Cr(CO),(dpe),l’ + Cr(CO),(dpe) (loa) 

may occur which would result in the formation of the 
paramagnetic trans dicarbonyl complex as well as the 
diamagnetic tetracarbonyl complex, both of which have 
been identified in the presence of light. The solubility 
of carbon monoxide in the solvents used would aid the 
transfer of this ligand between species. 

The alternative route to decomposition of the mono- 
cation (eq 9b) would give rise to the formation of mer- 
[Cr(C0)3(y1-dpe)(y2-dpe)l+ and “Cr(CO)3(dpe)”. Al- 
though no evidence has been obtained for the formation 
of mer-[Cr(C0)3(y1-dpe)(y2-dpe)l+ in the absence of a 
chemical oxidant such as NO+, it is possible that such 
a decomposition pathway exists which is followed by 
rapid intermolecular electron transfer. Voltammetric 
data shows that potentials for oxidation of mer,mer-{Cr- 
(C0My2-dpe)}2@-dpe) and mer-Cr(C0)3(y1-dpe)(y2-dpe) 
complexes are similar so that the redox reaction 

mer,mer-{Cr(C0),(y2-dpe)},@-dpe) + 
mer-CCr(CO),(r1-dpe)(y2-dpe)l+ - 

mer-Cr(CO),(y1-dpe)(y2-dpe) t 
mer,mer-[{Cr(CO),(~2-dpe)}~@-dpe)l+ (lob) 

is a reasonably favorable process. If this reaction 
occurs, then mer-Cr(C0)3(y1-dpe)(y2-dpe) (which is the 
product of eq 9a) is formed together with more of the 
singly charged dinuclear cation, which can participate 
in step 9 again. The net result of this pathway is 
predicted to be the formation of mer-Cr(C0)3(y1-dpe)- 
(y2-dpe) and “Cr(CO)3(dpeY’ complexes. 
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Electrophilic Attack of Group 11 and 12 Metal 
Fragments on the Dinuclear Anions 

[M2(/l-~C2Ph)(C0)4(~-CsHs)2]- (M = Mo, W). Crystal 
Structure of the Transversally Bridged Alkyne Complex 

[W2(/l-PhCAUPPhs) (CO)Q(@SHS)~I 
Montserrat Ferrer, Oriol Rossell, and Miquel Seco 

Departament de Quimica Inorganica, Universitat de Barcelona, Diagonal 647, 
E-08028 Barcelona, Spain 
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The dinuclear anions [MZ(~-U:CZP~)(CO)~(~-C~H~)Z]- (M = Mo, W) react with gold halides 
CIAuPR3 (R = Ph, Me) in tetrahydrofuran to yield the p-alkyne bonded complexes [Mz(p- 
P~CZAUPR~)(CO)~(~;~-C~H~)ZI [M = Mo, R = Ph (la), R = Me (2a); M = W, R = Ph (lb), R = 
Me (2b)l in good yield. The structure of lb has been determined by X-ray diffraction methods. 
The crystals are monoclinic, space group P21/c with 2 = 4 in a unit cell of dimensions a = 
8.417(4) A, b = 16.386(6) A, c = 25.352(9) A, p = 90.55(2)”. The structure has been solved 
from diffractometer data by direct and Fourier methods and refined by full-matrix least- 
squares on the basis of 3865 observed reflections to R and R, values of 0.0314 and 0.0362, 
respectively. The complex displays a WzCz tetrahedral core with W-W and the C-C bond 
distances of 2.958(1) and 1.387(15) A, respectively. The reaction between the dinuclear anions 
and HgCl2 leads to a new class of pentametallic symmetric mercury derivatives where the 
mercury atom forms two Hg-C(p-alkyne) bonds bridging two cluster units. 

Introduction 

In the course of the last years, we have been inves- 
tigating the incorporation of group 11 or 12 metal 
fragments, such as AuPR3+ or Hg{Mo(C0)3(r-C5H5)}+, 
in preformed polymetallic anions to  give mixed transi- 
tion-metal c1usters.l Results concerning group 6 metals 
involve the unsuccessful synthesis of the molybdenum 
(or tungsten)-mercury derivatives, M2Hg, from the 
dinuclear [M2(CO)&- (M = Cr, Mo, W) anion and 
ClHg{Mo(C0)3(q-C5H5)} because of the cleavage of the 
M-M bond.2 On the other hand, the reaction between 
the hydrido anion [Mo2@-H)(u-dppmXCO)sl- and ClAuP- 
Ph3 resulted in the formation of [Moz(CO)&-dppm)(~3- 
H)h-AuPPh3)I3 with an in-plane p3-hydride ligand 
which holds three metal atoms together by means of a 
four-center-two-electron bond. As a consequence, the 
Mo-Au separations are only consistent with the exist- 
ence of weak Mo-Au interactions. Other potentially 
interesting group 6 precursors for the synthesis of mixed 
MAu or MzHg clusters are the anionic complexes [M2h- 

u : C Z P ~ ) ( C O ) ~ ~ - C ~ H ~ ) Z I -  (M = Mo, W).4,5 These species 
are of particular interest because it has been suggested 
that the negative charge is delocalized between the 
metal atoms and the P-carbon atom of the acetylenic 
ligand. Green et ala5 proposed the contribution of two 
canonical forms to the electronic structure of the anionic 
compound (Scheme 1). 

Consequently, electrophilic agents can add to the 
anionic species by interaction either with the P-carbon 
atom or with the metal atoms. In fact, the reaction of 
the bimetallic anions with different electrophilic species 
(H+, Me+, Et+) was reported5 to yield, without exception, 
the side-on bonded p-a:y2-vinylidenes by nucleophilic 
attack on the P-carbon atom. Interestingly, however, 
electrophilic attack on the metal centers has never been 
observed. All these facts prompted us to explore the 
reactivity of the proton isolobal agents AuL+ (L = PR3, 
R = Me, Ph) or HgR+ [R = M o ( C O ) ~ ( ~ - C ~ H ~ ) ,  Phl with 
these [MZ~-~:CZP~)(CO)*(~-C~H~)~I- (M = Mo, W) an- 
ions in order to ascertain the nature of the resulting 
products as well as some aspects of the mechanism 
involved in this type of process. 

@ Abstract published in Advance ACS Abstracts, November 1,1994. 
(1) (a) Reina, R.; Rossell, 0.; Seco, M. J .  Orgunomet. Chem. 1990, 

398, 285. (b) Rossell, 0.; Seco, M.; Jones, P. G. Znog. Chem. 1990, 
29, 348. (c) Ferrer, M.; Reina, R.; Rossell, 0.; Seco, M.; Solans, X. J .  
Chem. SOC., Dalton Trans. 1991,347. (d) Reina, R.; Rossell, 0.; Seco, 
M.; Ros, J.; Yafiez, R.; Perales, A. Inorg. Chem. 1991, 30, 3973. 

(2) Reina, R.; Rossell, 0.; Seco, M.; Perales, A. J .  Orgunomet. Chem. 
1991, 415, 101. 

(3) Ferrer, M.; Reina, R.; Rossell, 0.; Seco, M.; Alvarez, S.; Ruiz, E.; 
Pellinghelli, M. A.; Tiripicchio, A. Organometallics 1992, 11, 3753. 

Q276-7333l95/2314-QQ57$Q9.QQlQ 

Results and Discussion 

Treatment of the “in situ” generated anionic com- 
pounds L~[M~~-U:C~P~)(CO)~(~-C~H~)Z] (M = Mo, W) 

(4) Green, M.; Mercer, A. G.; Orpen, A. G. J .  Chem. SOC., Chem. 

( 5 )  Froom, S. F. T.; Green, M.; Mercer, R. J.; Nagle, K. R.; Orpen, 
Commun. 1986,567. 

A. G.; Rodrigues, R. A. J .  Chem. SOC., Dalton Trans. 1991, 3171. 

0 1995 American Chemical Society 
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Scheme 1 

Ferrer et al. 

Scheme 2 

with ClAuPR3 (R = Me, Ph) in THF solution at -78 "C 
afforded the p-alkyne neutral compounds [M2@-PhC2- 
A u P R ~ ) ( C O ) ~ ( ~ ; ~ - C ~ H ~ ) ~ ]  [M = Mo, R = Ph (la), R = Me 
(2a); M = W, R = Ph (lb), R = Me (2b)l in good yield 
according t o  eq 1. 

Equation 1 

The reaction was monitored by IR spectroscopy and 
no changes were observed after the quick formation of 
the p-alkyne compounds. No intermediate products 
were detected. 

Compounds la,b and 2a,b were characterized by 
elemental analyses and spectroscopic methods. The IR 
spectra of either THF or toluene solutions showed an 
identical pattern in the v(C0) region for the four 
compounds, in agreement with previous data on mol- 
ecules of this type.6 In all, low-frequency absorptions 
indicated for the presence of a semibridging CO ligand. 
However, lH NMR spectra recorded at 25 "C only 
showed one signal attributable to Cp rings that splits 
in two different signals on cooling of the solutions to 
-80 "C, indicating that these complexes undergo a 
fluxionality process. Accordingly, 13C NMR spectra at 
room temperature showed only two peaks corresponding 
to the four inequivalent CO ligands. This fluxionality 
process prevented the observation of the quaternary 
carbons of the acetylenic ligands.' The FAB mass 
spectra were recorded using nitrobenzilic alcohol (NBA) 
as the matrix and the patterns in all these spectra are 
very similar. They showed the parent molecular ion and 
several fragments that correspond to subsequent losses 
of carbonyl ligands. In the case of PMe3 derivatives 
(2a,b), Au(PMe3)+ and Au(PMe&+ fragments are the 
most abundant. 

The formation of the p-alkyne neutral compounds 
la,b and 2a,b from the lithium salt of [Mn@-a:CzPh)- 
(C0)4(rpC~H5)21- and the corresponding gold derivative 
is not yet clearly understood. According to the litera- 
ture5 (Scheme 21, the Mo2 p-acetylide anionic species 
[ M O ~ @ - U : C ~ P ~ ) ( C ~ ) ~ ( ~ - C ~ H ~ ) ~ I -  (A) reacts with proton 
sources to give a dark blue solution, which on low- 
temperature crystallization affords a high yield of the 
relatively unstable "side-on" bonded vinylidene complex 
[Moz{p-o:C=CH(Ph)}(C0)4(r-CsHs)zl (B). This dark 
blue complex is thermally unstable, rearranging in 
solution at room temperature (10 h) to the red p-alkyne 
complex [MO~@-P~C~H)(CO)~(~-C~H~)~] (C). This un- 
usual rearrangement reaction of a "side-on" bonded 

(6) Winter, M. J. Ado. Organomet. Chem. 1989, 29, 101 and 
references therein. 

Y. Organometallics 1993, 12, 2925. 
(7) Akita, M.; Sugimoto, S.; Takabuchi, A,; Tanaka, M.; Moro-oka, 

Ph- C -C -Li oc'**'in 

0 Ph 

B C 

Scheme 3 

vinylidene into a p-alkyne involves an apparent 1,2- 
hydrogen shift from the p- t o  the a-carbon. 

In our case, the reaction of the electrophilic agent 
AuPR3+ instead of the isolobal H+ with the same Moz 
(or W2) p-acetylide anions seems to  proceed through a 
mechanism involving the previous rearrangement of the 
p-acetylide into the p-alkyne lithium complexes [M2@- 
PhC2Li)(C0)4(1;7-C5H5)21 and subsequent substitution of 
the lithium by the AuPPR3+ fragment. The presence 
of these species in solution has been already postulated5 
to explain the mechanism of the deprotonation process 
of the corresponding p-alkyne complexes which yields, 
through the less thermodynamically stable transversally 
bridged lithium intermediate, the anionic p-acetylide 
compounds (Scheme 3). Otherwise, the initial attack 
at the P-carbon by the gold reagent would be followed 
by an improbable 1,2-diphenyl or AuPPR3+ shift from 
the p- to the a-carbon atom. Moreover, no observation 
of a dark blue intermediate in the course of any of the 
reactions carried out may confirm the suggested mecha- 
nism which, on other hand, has been also considered in 
the protonation of the closely related adducts obtained 
from CH2=C(Me)C=CLi and [ M ~ ( C O ) ~ ( T ~ C ~ H & I . ~  

The molecular structure of lb, confirmed by an X-ray 
crystal study, is shown in Figure 1 together with the 
atomic numbering scheme. Selected bond distances and 
angles are given in Table 1. The acetylenic part of lb 
coordinates perpendicularly to the ditungsten center to 
form the dimetallatetrahedral core. The C-C, 1.387- 
(15) A) distance is lengthened by ca. 0.22 compared to 
that in P ~ C W A U P P ~ ~ . ~  At the same time, this dis- 
tance is a bit longer than the ones found in analogous 
compounds with a tetrahedral C2M2 core, such as [COZ- 
(CO)s@-FpC=CH)I,1° [Ni2@-FpC=CH)(17-C5H5)21,11 or 
[Mo2(CO)4(17-C5H5)2C-FpC=CH)l7 [Fp = Fe(COMCsH5)1, 

(8) Froom, S. F. T.; Green, M.; Mercer, R. J.; Nagle, K. R.; Orpen, 

(9) Bruce, M. I.; Du@, D. N. Aust. J. Chem. 1986,39, 1697. 
(10) Akita, M.; Terada, M.; Moro-oka, Y. Organometallics 1992,11, 

(11) Akita, M.; Terada, M.; Moro-oka, Y. Organometallics 1992,11, 

A. G.; Schwiegk, S. J. Chem. SOC., Chem. Commun. 1986,1666. 

1825. 

3468. 
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$(C-C) = 1.33(3) A, and also a semibrid 'ng carbonyl 

= 173(2)"1. 
Since ClAuPR3 species reacted cleanly with the 

anionic dimers, the reaction with digold derivatives 
(ClAu)z+-PP) (PP = dppm, dppe) was next investigated. 
This type of compounds allows the syntheses of com- 
pounds in which two clusters units are linked by the 
chelating ligand. l3 Moreover, condensation processes 
are likely to occur, leading to the formation of new 
polymetallic clusters of higher nuclearity than their 
precursors. 

When (ClAu)zdppm was added to an "in situ" gener- 
ated THF solution of Li[Mz~-a:CzPh)(CO)4(~-C~H~)zl (M 
= Mo, W) in a 1:2 ratio at -78 "C in the presence of 
TlBF4, the compounds [+-dppm){Mz+-AuCzPh)(C0)4- 
( ~ - C ~ H ~ ) Z ) Z I  [M = Mo (3a), M = W (3b)I were isolated 
along with other products that did not contain phos- 
phorus that were not fully characterized (eq 2). 

[W(l)-C = 1.91(3) and W(2)-C = 2.97(3) f , W(1)-C-0 

O ( 4 )  

Figure 1. ORTEP view of the molecular structure of the 
complex [WZ~-P~C~AUPP~~)(CO)~(~-C~H~)~~ (lb) together 
with the atomic numbering scheme. The thermal ellipsoids 
are drawn at the 30% probability level. 

Table 1. Selected Bond Distances (A) and Angles (deg) for 
Compound 1M 

Au-P 2.273(3) wm-c(4)  1.960(12) 
Au-C( 15) 1.998(10) W(2)-C(15) 2.226(10) 
W( 1)-W(2) 2.958( 1) W(2)-C(16) 2.148(11) 
W(1)-CE(1) 2.01 l(13) C(1)-0(1) 1.167(16) 
W(l)-C(l) 1.935(13) C(2)-0(2) 1.155(17) 
W(l)-C(2) 1.955(13) C(3)-0(3) 1.202(14) 
W(l)-C(15) 2.231(11) C(4)-0(4) 1.155( 15) 
W(l)-C(16) 2.237(11) C(15)-C(16) 1.387( 15) 
W(2)-CE(2) 2.010(15) C(16)-C(17) 1.459(16) 
w(2)-c(3) 1.913(11) 

P-Au-C( 15) 175.6(3) CE(2)-W(2)-C(4) 111.1(6) 
CE(l)-W(l)-W(2) 121.4(4) W(l)-W(2)-C(3) 88.6(3) 
CE(1)-W(1)-C(1) 11 1.4(5) W(l)-W(2)-C(4) 66.2(4) 
CE(l)-W(l)-C(2) 122.0(5) C(3)-W(2)-C(4) 93.7(5) 
W(2)-W(l)-C(l) 123.6(4) W(l)-C(l)-O(l) 178.1(11) 
W(2)'W(l)-C(2) 85.9(4) W(l)-C(2)-0(2) 177.2(12) 
C( 1)-W( 1)-C(2) 82.4(5) W(2)-C(3)-0(3) 175.9(9) 
CE(2)-W(2)-W(l) 152.0(4) W(2)-C(4)-0(4) 169.6(11) 
CE(2)-W(2)-C(3) 119.2(5) 

cyclopentadienyl rings, respectively. 
CE(1) and CE(2) are the centroids of the C(5)-C(9) and C(lO)-C(14) 

that have been prepared very recently by direct interac- 
tion of the substituted iron acetylene with the cor- 
responding metal dimer. The distances Au-C, 1.998- 
(10) A, and Au-P, 2.273(3) A, are within the range of 
similar compounds. The semibridging carbonyl group 
is found in the W(2)-C(4)-0(4) unit. The nonlinearity 
of the unit 169.6(11)" and the closeness of the W(1)- 
C(4) contact distance 2.814(11) A are both consistent 
with an incipient bond formation taking place between 
W(1) and C(4). The structure of lb is comparable to 
that of the complex [WZ+-CZHZ)(CO)~(~~-C~H~)ZI, the 
unique tungsten compound of this type the X-ray 
structure12 of which showed d(W-W) = 2.958(1) A, 

(12) Ginley, D. S.; Bock, C. R.; Wrighton, M. S.; Fischer, B.; Tipton, 
D. L.; Bau, R. J. Organomet. Chem. 1978,157, 41. 

2 [M2(~o:C2Ph)(CO),(rl-CJHs)2]. + (CIAu)2(pi-dppm) + 2 TIBF, 

thf 1 - 7 8 T  

M=Mo (3a) 
M=W (3b) 

Equation 2 

Compounds 3a and 3b were isolated as red solids and 
characterized by elemental analyses and spectroscopic 
methods. The IR spectra are consistent with the 
proposed structure since the v(C0) pattern is very 
similar to that previously observed for compounds 1 and 
2. Their lH NMR spectra showed the signals assignable 
to CHZ protons in the dppm ligand. The 13C NMR 
spectrum of 3a was not recorded due to the low 
solubility of the compound in common deuterated 
solvents. Surprisingly, the use of (ClAu)zdppe did not 
yield any characterizable product even when the workup 
of the reaction mixture was performed at temperatures 
below 0 "C. As could be inferred from 31P NMR VT 
studies, complicated reactions took place that are now 
under investigation. 

Reactivity Studies of [M2(lr-PhC&uPPhs)(COh- 
(q-C&j)21 (M = Mo, W) Since complexes of the type 
[MZ+-RCZR')(CO)~(~~-C~H~)Z] (R, R = organic fragments) 
have been proved to be very reactive toward a great 
variety of substrates, it was of interest to investigate 
the variations of this reactivity produced by the substi- 
tution of an organic fragment by a transition-metal 
fragment. 

Thus, reactions of sequential linking of alkynes were 
tested, by treating toluene solutions of [Mz+-PhCz- 
A u P P ~ ~ ) ( C O ) ~ ( ~ ~ - C ~ H ~ ) ~ I  (M = Mo, W) with an excess of 
PhCWPh at 60 "C for several hours. The reactions 
were monitored by IR spectroscopy and no changes were 
observed after a reaction time of 24 h. In a different 
experiment, la,b were treated with an excess of the 
activated acetylene Me02CCWCOzMe under the same 

(13) Salter, I. D. Adv. Organomet. Chem. 1989,29, 249. 
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conditions. Neither insertion nor substitution of the 
acetylene were detected. 

Since strong acids (HC1, HBF4, CF3COOH) react with 
[M2Cu-RCCR)(CO)4(11-C5H5)21 adducts to yield the cor- 
responding addition products (eq 3),14 a toluene solution 

Ferrer et al. 

X 

CF3COO - 
Equation 4 

Equation 3 

of CF3COOH was added dropwise to an equimolar 
amount of [M2G-PhC2AUPPh3)(CO)4(11-C5H5)21 dissolved 
in the same solvent. An immediate change of color was 
observed. The IR spectrum of the toluene solution 
revealed the formation of [M2Cu-PhCCH)(C0)4(11-CsH5)21. 
This process can be understood in terms of the cleavage 
of the Au-C bond and subsequent formation of the C-H 
bond. These observations are in agreement with previ- 
ous results reported by Stone15 and Curtis14 for com- 
pounds containing C-Si and C-Sn bonds, respectively. 

In another experiment, the reaction was repeated 
with a weaker acid. Solid NH4PF6 was added to a 
toluene solution of lb. The reaction was monitored by 
IR. A reaction time of 3 h was necessary for total 
conversion of [W2@-PhC2AupPh3)(CO)4(r-C5H5)21 to [W2- 
OL-PhCCH)(C0)4(1;1-CgH5)21. In spite of the weaker acid 
used, the cleavage of the C-Au bond took place and no 
addition products were obtained. 

In a further experiment, a toluene solution of la  was 
irradiated with a medium-pressure mercury lamp with 
the object of promoting decarbonylation processes that 
could provoke the formation of new metal-metal bonds. 
The results, however, were quite different from that 
expected. After 2 h of irradiation, decomposition prod- 
ucts that did not contain carbonyl ligands were isolated. 
The observed behavior of the alkyne dimers toward 
irradiation is in agreement with the recently reported 
photochemical decarbonylation of the adducts [Mozb- 
FpCCH)(CO)4(11-C5H5)21 that leads to the formation of 
p3-vinylidenyl derivatives through the generation of an 
unsaturation on the iron center due to the photoinduced 
loss of a carbonyl ligands7 

In order to  extend the synthetic method to other 
transition-metal fragments, the reactions of the bime- 
tallic anions with RHgCl compounds [R = Mo(CO)3(q- 
C5H5) and Phl were examined. When the molar ratio 
between both reagents was 1:1, two different sym- 
metrical mercury species were identified, HgR2 and [Hg- 
(M2@-CCPh)(C0)4(~p25H5)2}21, as a result of a ligand 
redistribution process (eq 4) that took place even when 
the reaction mixture was kept at -78 "C. This behavior 
is quite unusual due to the well-documented16 stability 
of unsymmetrical mercury derivatives of the type RHgR 
(R, R = organic fragments). However, compounds 4a,b 
are the first reported examples of Hg-CG-alkyne) bonds. 

(14) Gerlach, R. F.; D u e ,  D. N.; Curtis, M. D. Organometallics 1983, 
2, 1172. 
(15) Beck, J. A.; Knox, S. A. R.; Stansfield, R. F. D.; Stone, F. G. A.; 

Winter, M. J.; Woodward, P. J .  Chem. Soc., Dalton. Trans. 1982, 195. 
(16) Roberts, D. A.; GeofFroy, G. L. In Comprehensive Organometallic 

Chemistry; Wilkinson, G.; Stone, F. G. A.; Abel, E. W., Eds.; Perga- 
mon: Oxford, 1982. 

In the case of R = M o ( C O ) ~ ( T ~ C ~ H ~ ) ,  the instability of 
the asymmetric derivatives is in agreement with our 
previous observations on analogous compounds of the 
type [(q425H5)(OC)3M-HgRl (R = alkyl or aryl groups, 
M = Mo, W1.l' 

The reaction of HgCl2 with the bimetallic anion in a 
1:2 ratio, in THF solution at  -78 "C, yielded [Hg{M2- 
Oc-CCPh)(CO)4(11-C5H5)2}21 [M = Mo (4a), M = W (4b)I 
in nearly quantitative yield. The reaction was moni- 
tored by IR and no further changes were observed after 
the formation of the p-alkyne products a t  -78 "C. 

Compounds 4a,b were characterized by elemental 
analyses and spectroscopically. Their IR and NMR 
spectra are consistent with the proposed formulation. 
Elemental analysis and the observation of the M+ in 
the FABS mass spectra confirmed unequivocally the 
nature of the products. All attempts to synthesize 
asymmetric species from 4a,b by adding HgClz in a 1:l 
molar ratio were unsuccessful. 

It is well-known that the Pt(PPh3)z fragment inserts 
into Hg-C bonds, leading to the formation of Hg-Pt 
bonds.18 The presence of two Hg-C@-alkyne) bonds 
prompted us to investigate the possibility of insertion 
of platinum fragments in the new Hg-C bonds with the 
aim of increasing the metallic nuclearity. The reaction 
between 4a,b and [Pt(PPh3)2(C2H4)1 was carried out in 
toluene at 60 "C and monitored by IR and 31P NMR 
spectroscopy. After several hours, IR v(C0) bands 
characteristic of 4a,b as well as the phosphorus signal 
corresponding to the platinum derivative remained 
unaltered. 

Experimental Section 

All manipulations were performed under an atmosphere of 
prepurified Nz using standard Schlenk techniques. All sol- 
vents were distilled from appropriate drying agents. Elemen- 
tal analyses of C and H were carried out at the Institut de 
Bioorghnica de Barcelona. 

Infrared spectra were measured using a FTIR 520 Nicolet 
spectrometer. 31P{1H} NMR spectra were recorded on a 
Bruker WF' 80SY instrument (6(85% = 0.0 ppm). 'H 
and 13C NMR were recorded on a Varian XL-200 instrument 
operating at 200 and 50 MHz, respectively, for lH and 13C (6- 
(TMS) = 0.00 ppm). Fast atom bombardment (FAB) mass 
spectra were recorded on an Auto SPEC U, Cs+, 30 kV mass 
spectrometer employing a 3-nitrobenzyl alcohol matrix (NBA). 

(17) Rossell, 0.; Seco, M.; Braunstein, P. J .  Organomet. Chem. 1984, 
273, 233. 
(18) (a) Sokolov, V. I.; Reutov, 0. A. Coordination Chem. Rev. 1978, 

27, 89 and references therein. (b) Braunstein, P.; Rossell, 0.; Seco, 
M.; Torra, I.; Solans, X.; Miravitlles, C. Organometallics 1986,5,1113. 
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Table 2. 

mol formula 
mol wt 
cryst syst 
space group 
a, A 
b, A 
c,  A 
B. deg 

Summary of Crystallographic Data for 

C4oH3oAuOPWz V ,  A3 3496(2) 
1170.32 Z 4 
monoclinic Dcdcdr g 2.223 
P21lc F(000) 2176 
8.417(4) p(Mo Ka), cm-I 108.36 
16.386(6) R 0.0314 
25.352(9) RW 0.0362 
90.55(2) 

Complex l b  

[Mz(C0)6(&Hdz] (M = Mo, W)," [MZ(CO)~(~-C~H~)ZI  (M = 
Mo, W),20 and c l A ~ P P h 3 ~ ~  were prepared as described previ- 
ously. The complexes ClAuPMe3, (ClAu)z(u-dppm), and (ClAu)z- 
(u-dppe) were synthesized and isolated as solids from ClAu- 
(thtIz2 by adding the appropriate amount of the corresponding 
mono- or diphosphine. 

Preparation of [MZ(~~-P~C~A~PP~~)(CO)~($-C~H~)~I [M 
= Mo (la), W (lb)]. A solution of Li[Moz(u-~:CzPh)(CO)4(17- 
C5H5)214 in THF was generated "in situ" by adding dropwise a 
solution of PhCzLi (1.0 mmol) in THF (15 mL, -78 "C) to a 
precooled (-78 "C) solution of [ M O Z ( C O ) ~ ( ~ - C ~ H ~ ) ~ I  (450 mg, 
1.0 mmol) in the same solvent. Once the anion was formed, 
solid ClAuPPb (490 mg, 1.0 mmol) was added and the mixture 
was stirred and allowed to warm slowly to room temperature. 
The resulting red solution was evaporated to dryness and the 
solid residue was extracted twice (2 x 10 mL) with toluene. 
Subsequent addition of hexane and cooling overnight (-30 "C) 
afforded purple microcrystals of compound la: yield 75%. IR 
(toluene, cm-'1: v(C0) 1959 s, 1898 vs, 1823 s. 31P{1H} NMR 
(-40 "C, toluene): 6 39.4. lH NMR (25 "C, CsD6): 6 8.0-6.9 
(m, 20H, Ph), 5.18 (s, 10H, Cp). 13C NMR (25 "C, CeDs): 6 
236.2, 234.1 (CO), 134.6-125.6 (Ph), 94.4 (Cp). FAB mass 
spectrum: mlz 995 [MI+, 967 [M - COl+, 940 [M - 2COl+, 
883 [M - 4COl+. Anal. Calcd for C~OH~&UMOZO& C, 48.31; 
H, 3.04. Found: C, 47.98; H, 2.97. 

A similar procedure was used to prepare the tungsten 
derivative lb: yield 80%. IR(toluene, cm-'1: v(C0) 1957 s, 
1894 vs, 1811 s. 31P{1H} NMR (-40 "C, toluene): 6 39.1. lH 
NMR (25 "C, C6D6): 6 8.0-6.9 (m, 20H, Ph), 5.17 ( 8 ,  10H, cp). 

90.3 (Cp). FAB mass spectrum: mlz 1171 [MI+, 1115 [M - 
2CO]+, 1087 [M - 3CO]+, 1060 [M - 4CO]+. Anal. Calcd for 
C~OH~&UO~PWZ: C, 41.05; H, 2.58. Found: C, 41.23; H, 2.69. 

Preparation of [Mz(lr-PhCzAuPMes)(CO)r($-CaHa)zl [M 
= Mo (2a), W (2b)l. A solution of Li[Mo~(u-a:C~Ph)(C0)4(q- 
C5H&] in THF was generated "in situ" by adding dropwise a 
solution of PhCzLi (1.0 mmol) in THF (15 mL, -78 "C) to a 
precooled (-78 "C) solution of [MOZ(CO)~(~-C~H~)Z]  (450 mg, 
1.0 mmol) in the same solvent. Once the anion was formed, 
solid ClAuPMe3 (305 mg, 1.0 mmol) was added and the mixture 
was stirred and allowed to warm slowly to room temperature. 
The resulting red solution was evaporated to dryness and the 
solid residue was extracted twice (2 x 10 mL) with toluene. 
Subsequent addition of hexane and cooling overnight (-30 "C) 
afforded purple-red microcrystals of compound 2a: yield 70%. 
IR (toluene, cm-I): v(C0) 1958 s, 1898 vs, 1823 s. 31P{1H} 

7.0 (m, 5H, Ph), 5.24 (s, 10H, Cp), 0.50 (d, 9H, P(CH3)3, WP- 

l3C NMR (25 "c, C&): 6 222.7,222.0 (co) ,  134.6-125.2 (Ph), 

NMR (-40 "c, toluene): 6 2.2. 'H NMR (25 "c, C6D6): 6 7.9- 

H) = 9.72 Hz). l3c NMR (25 "c, C&): 6 237.2, 234.5 (co), 
130.8-125.4 (Ph), 92.25 (Cp), 14.4 (d, P(CH3)3, J(C-P) = 33.5 
Hz). FAB mass spectrum: d z  808 [MI+, 752 [M - 2COl+, 
349 Au(PMe3)2+, 273 AuPMe3+. Anal. Calcd for C25H24- 
AuMozOlP: C, 37.15; H, 2.99. Found: C, 37.42; H, 2.97. 

A similar procedure was used to  prepare the tungsten 
derivative 2b: yield 75%. IR (toluene, cm-l): v(C0) 1954 s, 
1894 vs, 1811 s. 31P{1H} NMR (-40 "C, toluene): 6 2.6. 'H 

(19) Birdwhistell, R.; Hackett, P.; Manning, A. R. J. Orgunomet. 

(20) Curtis, M. D.: Fotinos, N. A.: Messerle, L.: Sattelberger, A. P. 
Chem. 1978,157,239. 

- 
Inorg. Chem. 1983,22, 1559. 
(21) Kowala, C.; Swan, J. M. Aust. J. Chem. 1966, 19, 547. 
(22) Us6n, R.; Laguna, A. Orgunomet. Synth. 1986, 3,  324. 
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Table 3. Atomic Coordinates (~104)  and Isotropic Thermal 
Parameters (Az x lo4) with wd's in Parentheses for the 

Non-Hydrogen Atoms of Compound lb  
atom xla ylb ZJC Ua 

3514.3(5) 

2444.8(6) 
4554(3) 

-141.5(5) 

-533(13) 
- 1734(12) 

3426(12) 
-724(11) 
-360( 15) 
- 1120( 14) 

2990(14) 
379(15) 

-2108(16) 
-2386( 16) 
- 1165( 16) 
- 136( 15) 
-702( 15) 
2616(20) 
3218(21) 
4588( 18) 
4828( 18) 
3610(20) 
2495( 13) 
2061 (1 2) 
2540(14) 
3968(18) 
4451(24) 
3607(27) 
2219(21) 
1714(17) 
2959(13) 
1689( 15) 
420(16) 
423( 16) 

1662( 19) 
2907(17) 
5801(13) 
565 1 ( 16) 
6536(18) 
7595(19) 
7797(19) 
69 10( 16) 
5738(12) 
5944(14) 
6909( 15) 
7654(15) 
7459(17) 
6501( 15) 

1921.7(3) 
203 1.9(3) 
1645.2(3) 
1676(2) 
3699(6) 
2946(6) 

175(5) 
891(5) 

3076(7) 
2624(8) 
731(7) 

1189(7) 
1039(8) 
1609(9) 
1539(8) 
926(8) 
625(7) 

1881(12) 
2561(10) 
2323( 11) 
1493(11) 
1218(9) 
2063(7) 
2688(7) 
3540(7) 
3796(8) 
4599( 11) 
5155(10) 
4925(9) 
4118(8) 
1493(7) 
2021 (8) 
1888(10) 
1225( 10) 
720(9) 
838(8) 
772(7) 
210(7) 

-483(8) 
-641(8) 
-86(9) 
622(8) 

2502(6) 
2598(8) 
3203(8) 
3715(9) 
3644(8) 
302 l(7) 

1697.8(2) 
894.1(2) 
153.0(2) 

2513(1) 
1457(4) 
-47(4) 
863(3) 

-249(4) 
1242(5) 
306(5) 
588(4) 
-56(4) 
890(5) 

1305(6) 
1686(5) 
1515(5) 
1021 (5) 

-758(5) 
-511(6) 
-234(5) 
-288(5) 
-618(5) 

989(4) 
648(4) 
599(4) 
839(5) 
762(6) 
5 lO(7) 
277(7) 
316(6) 

2978(4) 
298 l(5) 
3309(6) 
3648(6) 
3654(5) 
3309(5) 
2523(4) 
2124(5) 
2129(6) 
2522(7) 
2922(7) 
2909(5) 
2801(4) 
3343(4) 
3534(5) 
3195(6) 
2652(6) 
2469(5) 

390(1) 
369(2) 
357(1) 
387(9) 
906(46) 
926(47) 
726(38) 
671(36) 
565(46) 
557(47) 
439(40) 
443(41) 
609(51) 
668(54) 
599(50) 
577(48) 
535(47) 
836(72) 
812(69) 
740(62) 
735(64) 
683(57) 
417(37) 
395(36) 
467(41) 
773(59) 

1093(87) 
1023(92) 
889(76) 
768(61) 
403(37) 
583(48) 
758(62) 
683(57) 
774(62) 
656(53) 
420(38) 
520(46) 
701(59) 
812(68) 
993(74) 
707(54) 
379(36) 
49 l(42) 
645(51) 
652(54) 
658(54) 
5 18(44) 

"Equivalent isotropic U defined as one-third of the trace of the 
orthogonalized Uij tensor. 

NMR (25 "c, C&): 6 7.9-7.0 (m, 5H, Ph), 5.23 (S, 10H, cp), 
0.52 (d, 9H, P(CH3)3, 'J(P-H) = 9.52 Hz). 13C NMR (25 "C, 
C&): 6 222.9, 222.2 (co) ,  131.6-124.9 (Ph), 90.1 (cp), 14.45 
(d, P(CH3)3, J(C-P) = 33.0 Hz). FAB mass spectrum: mlz 984 
[MI+, 928 [M - 2COl+, 900 [M - 3COl+, 872 [M - 4COl+, 349 
Au(PMe&+, 273 AuPMe3+. Anal. Calcd for CZ~HZ~AUO~PWZ: 
C, 30.51; H, 2.46. Found: C, 30.83; H, 2.59. 

Preparation of [OI-dppm){Mz(lr-AuCaPh)(CO)r($-C~- 
H&}al [M = Mo @a), W (3b)l. To a cooled THF (30 mL) 
solution of Li[Mo2(u-a:CzPh)(CO)4(17-CsHs)zl (0.8 mmol), pre- 
pared as described above, was added (ClAu)z(u-dppm) (340 mg, 
0.4 mmol) and TlBF4 (233 mg, 0.8 mmol). The mixture was 
allowed to warm up to -20 "C, and TlCl and LiBF4 salts were 
removed by filtration. The resulting solution was evaporated 
to  dryness and the solid residue extracted twice (2 x 15 mL) 
with precooled toluene. Subsequent addition of hexane and 
cooling overnight (-30 "C) afforded red microcrystals of the 
compound 3a: yield 30%. IR (toluene, cm-l): v(C0) 1957 s, 
1901 vs, 1825 s. 31P{1H} NMR (-40 "C, toluene): 6 25.1. IH 
NMR (25 "c, C6D6) 6 7.8-6.9 (m, 30H, Ph), 5.08 (S, 20H, cp) ,  
3.12 (t, PCHzP, 'J(P-H) = 8.9 Hz. 
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A similar procedure was used to prepare the tungsten 
derivative 3b: yield 40%. IR (toluene, cm-'): v(C0) 1954 s, 
1897 vs, 1815 s. 31P{1H} NMR (-40 "C, toluene): 6 25.1. 'H 
NMR (25 "c,  C&): 6 7.8-6.9 (m, 30H, Ph), 5.06 (s, 20H, cp), 
3.13 (t, PCHzP, 'J(P-H) = 8.9 Hz. 13C NMR (25 "C, CsDs): 6 
133.9-125.1 (Ph), 90.2 (Cp), 30.0 (PCHzP). 

Preparation of [Hg{M~(lr-CCPh)(CO)r(~t-CaHa)2)21 [M = 
Mo (4a), W (4b)l. A solution of Li[Moz@-o:CzPh)(CO)4(9- 
C5H5)2] in THF was generated "in situ" by adding dropwise a 
solution of PhCzLi (1.0 mmol) in THF (15 mL, -78 "C) to a 
precooled (-78 "C) solution of [MOZ(CO)~(~-C~HS)ZI (675 mg, 
1.5 mmol) in the same solvent. Once the anion was formed, 
solid HgClz (200 mg, 0.75 mmol) was added and the mixture 
was stirred and allowed to warm slowly to room temperature. 
The resulting deep red solution was evaporated to dryness and 
the solid residue was extracted twice (2 x 10 mL) with toluene. 
Subsequent addition of hexane and cooling overnight (-30 "C) 
afforded purple-red microcrystals of compound 4a: yield 80%; 
IR (toluene, cm-l): v(C0) 1976 s, 1916 vs, 1837 s. 'H NMR 
(25 "c,  C6d6): 6 7.7-6.9 (m, 10H, Ph), 4.98 (9, 20H, cp). l3C 

91.8 (Cp). FAJ3 mass spectrum: m/z 1271 [MI+. Anal. Calcd 
for CuH30HgMo408: C, 41.58; H, 2.38. Found: C, 41.43; H, 
2.37. 

A similar procedure was used to prepare the tungsten 
derivative 4b: yield 85%. IR (toluene, cm-'1: v(C0) 1971 s, 
1907 VS, 1825 S. 'H NMR (25 "c, C&): 6 7.7-6.9 (m, 10H, 
Ph), 4.97 (s, 20H, Cp). '13C NMR (25 "c, C&): 6 220.7,217.1 
(CO), 130.8-125.6 (Ph), 90.0 (Cp). FAB mass spectrum: mlz 
1623 [MI+. Anal. Calcd for CuH3oHgOsW4: C, 32.57; H, 1.86. 
Found: C, 32.56; H, 1.90. 

X-ray Data Collection, Structure Determination, and 
Refinement for [W2(lr-PhC2AuPPh~)(CO)r(tl-C5Ha)21 (lb). 
A single crystal of ca. 0.20 x 0.24 x 0.32 mm was selected 
and used for data collection. The crystallographic data are 
summarized in Table 2. Data were collected at  room tem- 
perature on a Philips PW 1100 diffractometer, using the 
graphite-monochromated Mo Ka radiation (3  = 0.71073 A) and 
the 8/28 scan type. The reflections were collected with a 
variable scan speed of 3-12' min-l and a scan width from (0 
- 0.60)" to (0 + 0.60 + 0.346 tan 0)'. Of 7638 unique 
reflections, with 0 in the range 3-27', 3865 with Z B 2dI) were 
used for the analysis. One standard reflection was monitored 
every 50 measurements; no significant decay was noticed over 
the time of data collection. The individual profiles have been 
analyzed following the method of Lehmann and L a r ~ e n . ~ ~  
Intensities were corrected for Lorentz and polarization effects. 

NMR (25 "c, C&): 6 231.7, 230.2 (co) ,  130.0-125.9 (Ph), 

Ferrer et al. 

A correction for absorption was applied (maximum and 
minimum values for the transmission factors were 1.217 and 
0.809).24 

The structure was solved by direct and Fourier methods and 
refined first by full-matrix least-squares with isotropic thermal 
parameters and then by full-matrix least-squares with aniso- 
tropic thermal parameters for all non-hydrogen atoms. All 
hydrogen atoms were placed at  their geometrically calculated 
positions (C-H = 0.96 A) and refined "riding" on the cor- 
responding carbon atoms. The final cycles of refinement were 
carried out on the basis of 437 variables; after the last cycles, 
no parameters shifted by more than 0.61 esd. The biggest 
remaining peak (close to a W atom) in the final difference map 
was equivalent to about 1.16 e/A3. In the final cycles of 
refinement a weighting scheme, w = K[u2(Fo) + gFO2]-' was 
used; at convergence, the K and g values were 0.626 and 
0.0018, respectively. The analytical scattering factors, cor- 
rected for the real and imaginary parts of anomalous disper- 
sions, were taken from ref 25. All calculations were carried 
out on the GOULD POWERNODE 6040 and ENCORE 91 
computers of the "Centro di Studio per la Strutturistica 
Difiattometrica" del C.N.R., Parma, Italy, using the SHELX- 
76 and SHELXS-86 systems of crystallographic computer 
programs.26 The final atomic coordinates for the non-hydrogen 
atoms are given in Table 3. The atomic coordinates of the 
hydrogen atoms are given in Table SI and the thermal 
parameters in Table SI1 of the supplementary material. 
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Supplementary Material Available: Tables of hydrogen 
atom coordinates (Table SI), anisotropic thermal parameters 
for the non-hydrogen atoms (Table SII), and complete bond 
distances and angles (Table SIII) for lb  (4 pages). Ordering 
information is given on any current masthead page. 
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(24) Walker, N.; Stuart, D. Acta Crystallogr., Sect. A 1983,39,158. 
Uzozzoli. F. ComDut. Chem. 1987.11. 109. 

-(25) International Tables for' X-Ray Crystallography; Kynoch 
Press: Birmingham, England, 1974; Vol. IV. 

(26) Sheldrick, G. M. SHELX-76 Program for crystal structure 
determination. University of Cambridge, England, 1976. SHELXS- 

(23) Lehmann, M. S.; Larsen, F. K. Acta Cystallogr., Sect. A 1974, 
30, 580. 

86 Program for the solution of crystal str&ures. University of 
Gbttingen, 1986. 
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Ab initio CASSCFICASPTB calculations have been carried out on the V2NzHs complex, as 
a model of a series of (cyc1obutane)diazadivanadium complexes, in order to study the 
electronic structure and bonding in these complexes. Analogous calculations were performed 
also on the cationic and anionic species in order to study the behavior of the complexes 
toward oxidation and reduction. Geometry optimizations have been performed on the lowest 
singlet and triplet states and on the ground states of the ions, using wave functions of the 
restricted active space (US) SCF type. Dynamic correlation effects are included by means 
of second-order perturbation theory (CASPTB) with a CASSCF reference function based on 
a n  active space comprising the V-V bonding and antibonding orbitals. The results indicate 
the presence of a weak cr metal-metal bond and a relatively large singlet-triplet splitting 
(8400 cm-l), with the singlet as the ground state. The computed structure for the singlet 
state is in agreement with experiment. 

1. Introduction 
The synthesis of a series of novel binuclear complexes 

of V(W) with two bridging arylimido ligands has re- 
cently been rep0rted.l Complexes, of the type (L2Vk- 
N(p-MeC&)l}2 with L = CHzPh, Mes = 2,4,6-Me&Hz, 
hereafter called complex 1 and 2, respectively, show a 
short V-V distance in the range 2.45-2.50 A. Although 
rare, analogous compounds with heteroatom ligands on 
vanadium atoms have also been synthesized with 
similar V-V  distance^.^-^ Such bond lengths fall in the 
typical range for single vanadium-vanadium bonds.'j 
Magnetic susceptibility measurements1 indicate dia- 
magnetic character and therefore spin pairing of all the 
electrons. Both features suggest a single bond between 
the two V(W) dl species. However there are only few 
examples of metal-metal bonded divanadium com- 
plexes5 and they must be considered labile entities. 
Moreover, recent ab initio calculations on bridged di- 
nuclear complexes of early-transition metals6-15 have 
shown an interesting interplay between the metal- 

@ Abstract published in Advance ACS Abstracts, November 1,1994. 
(1) Solan, G.; Cozzi, P. G.; Floriani, C.; Chiesi-Villa, A,; Rizzoli, C. 

Organometallics 1994, 13, 2572. 
(2) Ruiz, J.; Vivanco, M.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, C. J. 

Chem. Soc., Chem. Commun. 1991, 214. 
(3) Ruiz, J.; Vivanco, M.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, C. 

Organometallics 1993, 12, 1811. 
(4) Preuss, F.; Overhoff, G.; Becker, H.; Hausler, H. J.; Frank, W.; 

Reiss, G. 2. Anorg. Allg. Chem. 1993, 619, 1827. 
(5) Messerle, L. Chem. Rev. 1988, 88, 1229. 
(6) Cotton, F. A.; Diebold, M. P.; Shim, I. Inorg. Chem. 1986, 24, 

(7) h i f ,  A. M.; Cowley, A. H.; Pakulski, M.; Norman, N. C.; Orpen, 

(8) Luthi, H. P.; Bauschlicher, C. W., Jr. J. Am. Chem. SOC. 1987, 

1510. 

A. G. Organometallics 1987, 6, 189. 

109, 2046. 

metal and the metal-ligand interactions. It is therefore 
of interest to study theoretically the electronic structure 
and the chemical bonding in such complexes. The real 
systems have two transition metals and large ligands, 
which would be prohibitively expensive for accurate ab 
initio calculations, especially when correlation energy 
is to be included and geometry optimization is to be 
performed. Two strategies are usually employed in such 
cases: either to deal with real systems performing low 
accuracy calculations or even using model hamiltonians 
(e.g. extended Huckel) or to perform highly accurate 
calculations on appropriate model systems. We have 
chosen the latter approach, taking the {H2V@-NH)}2 
species, 3, as a model system of these complexes and 
performing accurate ab initio calculations. The chosen 
system is in our opinion a chemically significant model 
and represents well the V2N2 unit of the real complexes 
1 and 2. The ab initio complete active space (CAS) SCF 
method and second-order perturbation theory correction 
(CASPT2) to the CASSCF wave function have been used 
with the molecular orbitals expanded in atomic con- 
tracted Gaussian-type functions. The CASSCF method 
is used to obtain a zeroth-order wave function where 

(9) Mougenot, P.; Demuynck, J.; Benard, M.; Bauschlicher, C. W., 

(10) Weber, J.; Chermette, H. Organometallics 1989, 8, 2544. 
(lUPoumbga, C.; Daniel, C.; Benard, M. Inorg. Chem. 1990,29, 

(12) Poumbga, C.; Daniel, C.; Benard, M. J. Am. Chem. Soc 1991, 

(13) Rohmer, M.-M.; Benard, M. Organometallics 1991, 10, 157. 
(14) Cotton, F. A.; Daniels, L. M.; Murillo, C. A. Inorg. Chem. 1993, 

(15) Rohmer, M.-M.; Benard, M. J.Am. Chem. SOC. 1992,114,4785. 

Jr. J. Am. Chem. SOC. 1988,110, 4503. 

2337. 

113, 1090. 

32, 2881. 
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all spin couplings in the vanadium atoms 3d shell are 
properly treated and near degeneracy effects are taken 
into account. The CASPT2 correction to this CASSCF 
wave function is used to account for the dynamic 
correlation effects which are necessary in order to make 
reasonable quantitative predictions of the singlet- 
triplet splitting energy. The CASPT2 method has 
recently been shown to yield accurate binding energies 
for the transition metal diatomics Ni2 and Cu2.16 As 
the complexes discussed here are reported to show an 
interesting redox reactivity,l analogous calculations 
have been performed also on the cationic and anionic 
species in order to study their behavior toward oxidation 
and reduction. 

Re et al. 

2. Computational Details 

Generally contracted basis sets of the averaged atomic 
natural orbital (ANO) type have been used throughout 
this study. They have been obtained from (17s12p5d40, 
(14s9p4d30, and (8s4p3d) primitive sets for the vana- 
dium, nitrogen, and hydrogen atoms, respectively. The 
ANO’s were constructed by averaging over several 
atomic states and positive and negative ions.17 They 
were contracted to W,6s4p3dlfl, [N,4s3p2dlfl, and [H,- 
3slpl. 

The lowest states of singlet and triplet character were 
studied at essentially two levels of accuracy. The 
purpose was to compute the relative energies of the 
different spin states using multiconfigurational second- 
order perturbation theory (CASPT2).18-20 The CASpT2 
calculation is based on a reference function of the 
complete active space (CAS) SCF type.21p22 Thus a 
CASSCF calculation has first to  be carried out. The 
choice of the active orbital space is crucial, since it is 
important that all near-degeneracy effects are included 
at the CASSCF level. If not, CASPT2 will not be a valid 
approach for treating remaining correlation effects. In 
a weakly bonded system like V2N2H6, it is not obvious 
which orbitals have to be included in the active space. 
Therefore the restricted active space (RAS) SCF methodB 
was used in the preliminary studies. This approach was 
also used for the geometry optimizations. 

In the CASSCF method,21s22 the wave function is 
defined through the choice of the active orbital subspace 
and the number of active electrons. The wave function 
includes all the configuration state functions which can 
be generated by distributing the active electrons among 
the active orbitals in all possible ways. In the (H2V- 
(p-NH)}2 molecule there are 26 valence electrons and 
26 valence orbital which would lead, of course, to an 
active space much too big for a feasible CASSCF 
calculation. M e r  some trial studies, we realized that, 

Chem. Phys., submitted. 
(17) Pierlott, K.: Dumez, B.: Widmark, P.-0.: Roos, B. 0. Medium 

size an0 basis sets’for the atoms H-Kr. To be published. 
(18)Andersson, K.; Malmqvist, P.-A.; Roos, B. 0.; Sadlej, A. J.; 

Wolinski, K. J. Phys. Chem. 1990,94, 5483. 
(lS)Andersson, K.; Malmqvist, P.-A.; Roos, B. 0. J .  Chem. Phys. 

1992,96, 1218. 
(20) Andersson, K. Multiconfigurational Perturbation Theory. Ph.D. 

thesis, University of Lund, Theor. Chemistry, Chem. Center, Lund, 
Sweden, 1992. 

(21) Roos, B. 0.; Taylor, P. R.; Siegbahn, P. E. M. Chem. Phys. 1980, 
48, 157. 

(22)Roos, B. 0. Int. J .  Quant. Chem. 1980,514, 175. 
(23) Malmqvist, P.-A.; Rendell, A.; Fbos, B. 0. J .  Phys. Chem. 1990, 

94, 5477. 

for a balanced description of the electronic structure in 
the metallacycle unit, the wave function should include 
terms necessary to describe at least the vanadium- 
vanadium, the vanadium-nitrogen, and the vanadium- 
hydrogen bonds. However, this leads to an active space 
of 22 orbitals with 22 electrons, which is still prohibi- 
tively big for a conventional CASSCF calculation. We 
therefore used a restricted active space (US) SCF 
scheme. This is a generalization of the CASSCF method 
in which, instead of a single active space, three active 
spaces are distinguished and called RAS-1, RAS-2 and 
RAS-3, respectively. Again, a certain number of elec- 
trons are distributed among the three orbital spaces, 
but now with the added restriction that at most a 
specified number of holes are allowed in the RAS-1 
space and at  most a specified number of electrons are 
allowed in RAS-3. The present RASSCF wave function 
used 22 active orbitals corresponding to the V 3d, N 2p, 
and H(V) 1s orbitals. Two of these orbitals (the HOMO 
and the LUMO) were placed in the RAS-2 space; at most 
two holes were allowed in the RAS-1 space and a 
maximum of two electrons in RAS-3. This is equivalent 
to performing an MR-SDCI calculation with one (or two) 
reference configurations, in a small but optimized 
orbital space. The two reference configurations (one for 
the triplet state) are necessary to take into account the 
near degeneracy of the HOMO and LUMO orbitals, 
which leads to a high weight of the biexcited configura- 
tion. The RASSCF calculations showed that apart from 
the HOMO-LUMO pair, no severe near degeneracies 
occurred in the wave function. It was therefore decided 
that a CASSCF wave function with two active orbitals 
should be used as the reference function for the CASPT2 
treatment. 

In the CASPT2 method, a Moller-Plesset-like second- 
order perturbation theory is used, with the CASSCF 
wave function as the unperturbed wave function. The 
zero-order hamiltonian is built from a Fock-type one- 
electron operator that reduces to the Moller-Plesset 
operator for a closed-shell case. The CASPT2 method 
computes the first-order wave function and the second 
order energy in the full space of configurations gener- 
ated by the basis set. All calculations were performed 
in the “nondiagonal” approach, i.e. the full Fock matrix 
(including the nondiagonal elements) were used in the 
construction of the zero-order hamiltonian. For both the 
singlet and the triplet states the CASSCF calculation 
with two electrons in two active orbitals (the HOMO 
and LUMO) was followed by CASPT2 calculations 
differing only in the number of correlated electrons. In 
a first calculation all valence electrons, originating from 
the vanadium 3d, the nitrogen 2s, and 2p, and the 
hydrogen 1s orbitals, were correlated; in the second 
calculation also the vanadium core 3s and 3p orbitals 
were included. Recent studies of the electronic spectra 
of transition metal ions have shown that 3s,3p correla- 
tion effects can have a sizable effect on relative ener- 
g i e ~ ~ ~  which is to a large extent determined by (3pI2 - 
(3d)2 type excitations. Studies of hexacyanometalate 
complexes25 showed that these core correlation effects 
are not specific to the free atoms, but also occur in 

(24) Pierloot, K.; Tsokos, E.; Roos, B. 0. Chem. Phys. Lett. 1993, 

(25) Pierloot, K.; Van Praet, E.; Vanquickenborne, L. G.; Fbos, B. 
214, 583. 

0. J .  Phys. Chem. 1993,97, 12220. 
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A Theoretical Study of (Cyc1obutane)diazadivanadium 

“ t  L 

Figure 1. The model system {H2V@-NH)}2 studied. 

Table 1. Optimized (RASSCF) Geometries for the 
[V2N&J Complex in the Lowest Singlet and Triplet States 

(units, angstroms and degrees) 
V-V V-N V-H N-H LHVH 
2.438 1.836 1.668 0.997 123.5 

121.2 
LA* 
3Blu 2.691 1.860 1.667 0.996 
expl“ 2.487 1.853 

For the ((Mes)2V~-@-MeC&)])z complex. 

Table 2. Calculated Triplet-Singlet Splittings, cm-’, at 
Different Levels of Theory 

AEn (vertical) 6500 9550 9860 
AEsr (adiabatic) 4060 7450 8400 

complexes. Their importance for the singlet-triplet 
splitting in the present system therefore cannot be 
neglected. 

Geometries have been optimized at  RASSCF level for 
both the lowest singlet and triplet states under a D2h 
symmetry constraint. The coordinate system has been 
chosen such that the z axis is in the V-V direction and 
the planar VzN2 unit lies in the yz plane (cf. Figure 1). 
All computations were performed with the MOLCAS-2 
quantum chemistry package,26 implemented on IBM 
RS6000 workstations. 

3. Results and Discussion 

The RASSCF geometry optimization of the complex 
3 in the lowest singlet and triplet states leads to the 
optimized geometries reported in Table 1. The relative 
energies of the two electronic states are presented in 
Table 2. At all levels of theory, the ground state is a 
closed shell lAp state with the lowest triplet state, 3Blu, 
about 1 eV above. The dynamic correlation effects 
treated with the CASPT2 method leads to an increase 
in the energy separation. A slight further increase is 
obtained by including also the 3s,3p correlation effects. 
The optimized geometry for the singlet state of the 
model molecule is close to the experimental geometry 
for complex 2. This confirms the close analogy of the 
chosen model to the real molecule. The optimized 

(26) Andersson, K.; Blomberg, M. R. A.; Fiilscher, M. P.; Kello, V.; 
Lindh, R.; Malmqvist, P.-A.; Noga, J.; Olsen, J.; RQOS, B. 0.; Sadlej, A. 
J.; Siegbahn, P. E. M.; Urban, M.; Widmark, P.-0. MOLCAS Version 
2 User’s Guide. Dept. of Theor. Chem., Chem. Center, Univ. of Lund, 
Lund, 1992. 
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Table 3. Natural Orbital Occupation Numbers for the 
Lowest Singlet and Triplet States of [Vfifi], Metal 

Character, and Metal Bonding Character of These Orbitals 
singlet triplet 

NO occno. metal% mcno. metal% character 

9% 1.97 
4b3, 1.96 
5bzU 1.98 
lbi, 1.95 
7b1, 1.97 
3b3, 1.97 

loa, 1.69 
8biU 0.31 

8 
22 
18 
19 
27 
19 
99 
91 

1.98 
1.97 
1.97 
1.96 
1.97 
1.98 
1.00 
0.99 

9 
25 
19 
20 
28 
21 
98 
98 

6 
n 
n 
6 
6* 
n* 

a* 
U 

geometry for the triplet state is, instead, very different, 
with a much longer V-V distance. 

An analysis of the electronic structure of the singlet 
ground state may be obtained from the RASSCF calcu- 
lations. The leading configuration in the final RASSCF 
expansion corresponds to (3daI2, which has a weight of 
73%. The second most important configuration cor- 
responds to a (3du12 - (3da*12 electron excitation with 
a weight of 12%, while all other configurations account 
for less than 0.5% each. The results of the RASSCF 
calculation can also be interpreted in terms of popula- 
tion of bondinglantibonding pairs of natural orbitals 
(NOS) with some metal character. Table 3 gives the 
natural orbital occupations of these NOS for both the 
singlet and the triplet states. It is clear from these 
results that there is only one pair of orbitals with the 
dominating metal character, (10a&3blU), corresponding 
to the vanadium u and 8 orbitals. A more detailed 
analysis of these two natural orbitals reveals that loa, 
has a metal-metal bonding character and is essentially 
built from overlapping hybrid 3d orbitals (about 89% 
d,z and 11% dXz-,,z), while 8b1, is the corresponding 
antibonding orbital. 

Moreover the occupation analysis gives for the singlet 
state a u1.69a*0.31 configuration, which is characteristic 
of a relatively strong metal-metal bond. We recall12 that 
the relative distribution of the population between the 
bondinglantibonding pair of NOS determines the degree 
of delocalization of the corresponding electron pair. 
That is, an almost zero population of the antibonding 
NO indicates an almost complete delocalization of the 
electron pair and therefore a strong metal-metal bond, 
while nearly equal populations for the two NO indicates 
an almost complete localization of the two electrons, one 
on each metal atom, and antiferromagnetic coupling 
between them. This metal-metal bonding picture is 
consistent with the computed relatively large singlet- 
triplet energy splitting, which at the most accurate 
CASPT2 level is 9860 cm-’, in agreement with the 
diamagnetic character observed for such complexes. 
Although the formal V-V bond order in this V(rV)-V(rV) 
complex is 1, the partial occupation of the a* NO leads 
to an actual lower bond order. Indeed, the bond order 
computed from the RASSCF wave function as 

where ~(Vzi) represents the contribution of the occupa- 
tion of orbital i, which can be assigned to the dimetallic 
unit on the basis of the metal character of that orbital, 
is 0.7 and clearly shows the partial localization effects. 

The electron density generated by this ala* NO pair 
is represented in Figure 2. It shows the mainly dzz 
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0 

Figure 2. Plot of the summed electron density from the 
V-V bonding and antibonding orbital pair. The values of 
the density contours are f0.30, k0.25, f0.20, f0.15, f O . l O ,  
k0.04, f0.02, f O . O 1 ,  f0.005, k0.0025, and f0.00125 e/au3. 

n 

W 

5bzu 3b3g 4b3" 

Figure 3. The six molecular orbitals involved in the 
bonding of the vanadium atoms to the ligands. 

character of the d hybrids, which constitute such bond- 
indantibonding pair, with a minor 3d,~--~z component. 
As Table 3 illustrates there are also six lower lying 
frontier orbitals with a relevant metal character, namely 
gag, 4b3,, 5bzu, 1blg, 7bh, and 3ba, showing an almost 
negligible degree of localization (with occupations in the 
range 1.96-1.98). These six bonding orbitals represent 
essentially the four combinations of the 2py and 2pz 
orbitals of the bridging nitrogen atoms with the unoc- 
cupied metal-metal orbitals of appropriate symmetry 
in the metallacycle plane bz), and the analogous two 
combinations of the 2px nitrogen orbitals with cor- 
responding 3d metal orbitals (cf. Figure 3). The cor- 
responding electron pairs take part in delocalized 
metal-bridging ligand interactions giving rise to the 
four vanadium-nitrogen u bonds and two delocalized 
n bonds of the metallacycle moiety. "he x or 6 metal- 
metal bonding character Qf four of these orbitals over- 
comes the antibonding character of the remaining two 
(see Table 3) and indicates an appreciable net contribu- 
tion to the V-V bond order (about 0.2 of mainly n 
character). Thus, the overall metal-metal interaction 
results from the interplay of the direct vanadium- 
vanadium bond and through the vanadium-ligand 
bonds. This bonding picture for the metallacycle moiety 
is in agreement with intuitive considerations based on 
the ionic and covalent models that are commonly used 

Table 4. Atomic Charges and Partial Mulliken Gross 
Atomic Populations for the Lowest Singlet and Triplet States 
of [VzNfi] Complex and for the HzV2+ Fragment in Its *AI 

Ground State 
singlet triplet fragment 

V charge 1.05 1.10 1.84 
4s 0.50 0.51 0.35 
4P 0.32 0.33 0.18 
3dz1 0.93 0.99 0.96 
3ds-9 0.73 0.64 0.50 

3dxz 0.78 0.72 1.17 

3d 3.07 3.00 2.63 
H(V) charge -0.20 -0.20 +0.08 
NH charge -0.66 -0.69 

3dxY 0.25 0.22 0.00 

342 0.38 0.42 0.00 

in connection with electron counting. Indeed, the imino 
ligands must be formally considered as (HNY while 
the metal is V(IV). Each vanadium ion (with a dl 
configuration) accepts one electron pair from each of the 
NH ligands, forming two V-N u bonds, and one n 
electron pair from one of the NH ligands, forming a 
delocalized V-N n bond of order 0.5 with the two imino 
ligands. The d electrons on the two vanadium atoms 
couple together to form a u metal-metal bond. This 
picture is confirmed by the Mulliken population analysis 
of the RASSCF wave function reported in Table 4. 

The Mulliken gross atomic charge on each metal atom 
is 1.05, which is of course much lower than the formal 
4 value because of the covalent bonding with the 
bridging NH and the hydrogen ligands. An analysis of 
the interactions within the metallacycle moiety can be 
performed by comparing the Mulliken analysis popula- 
tion of our complex with that of the monomeric HzV+ 
fragment, also reported in Table 4. For these fragments, 
still of V(IV) character, the positive net charge is 1.84. 
The metallacycle formation thus leads to a reduction of 
the vanadium charge by 0.79 units. Most of this extra 
electronic charge is distributed on the metal 3dXZy2, 3d,, 
3d,, and 3dyz orbitals and is due to the bonding 
interactions of these formally unoccupied 3d orbitals 
with the NH bridging ligands within the metallacycle 
unit as described above. Among the results of our 
calculations, we see from Table 4 that the loa, NO 
representing the V-V u interaction is an almost pure 
(99%) metallic orbital. Although unusual in SCF or 
semiempirical calculations, in which a relevant contri- 
bution from the NH u lone pair is expected (see, for 
example, ref 27), a HOMO of almost pure metallic 
character describing a metal-metal bond may be quite 
common in accurate calculations including electron 
correlation.11-l3 

The electronic structure of the triplet state, 3Blu, is 
described by a configuration (cf. Table 3) cor- 
responding to a nonbonding character of the metal- 
metal interaction. However, the nature of the metal- 
bridging ligand interactions in this triplet state is 
essentially identical to  that found for the singlet state 
and described above. This is further illustrated by the 
NO occupation numbers and the Mulliken analysis 
presented in Tables 3 and 4. The character of the bond 
is reflected in the optimized geometry found for the 
triplet state where the metal-metal distance is elon- 
gated to 2.69 A (typical of nonbonded V-V interactions). 

(27) Shaik, S.; H O E " ,  R.; Fisel, C. R.; Summenrille, R. H. J .  Am. 
Chem. SOC. 1980,102,4555. 
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A Theoretical Study of (Cyc1obutane)diazadivanadium 

Table 5. Optimized Geometries for the Dication, 
Monocation, Monoanion, and Dianion Species in Their 
lA,, 2Ag, 2Blu, and 'A, Ground States (units, angstroms 

and degrees) 
V-V V-N V-H N-H LHVH 

Organometallics, Vol. 14, No. 1, 1995 67 

Table 8. Atomic Charges and Partial Mulliken Population 
Analysis for the Dication, Monocation, Monoanion, 
and Dianion Species in Their lA,, 2A,, 2Blu, and 'A, 

Ground States 
dicat monocat monoan dim 

dication 2.688 1.811 1.585 1.015 123.9 
monocation 2.549 1.816 1.626 1.003 125.0 
monoanion 2.537 1.870 1.759 1.007 116.5 
dianion 2.625 1.922 1.836 1.OOO 104.4 

Table 6. Relative RASSCF and CASPTZ (both with and 
without 3s,3p correlation) Energies (in kcal/mol) for the 

Dication, Monocation, Monoanion and Dianion Species in 
Their lAg, zA,, 2Blu, and IAg Ground States, with Respect to 

the Ground State of the Neutral Compound 
RASSCF CASF"2 CASPT2 (3s3p) 

dication 488 512 502 
monocation 184 150 142 
monoanion -28 -30 -29 
dianion 63 122 120 

Table 7. Natural Orbital Occupation Numbers for the 
Dication, Monocation, Monoanion, and Dianion Species in 

Their lAg, 2A,, %lU, and 'A, Ground States 
NO dicat monocat monoan dian 

1.98 
1.96 
1.98 
1.95 
1.97 
1.97 
0.02 
0.01 

1.95 
1.97 
1.96 
1.98 
1.97 
1.98 
0.96 
0.09 

1.96 
1.98 
1.97 
1.98 
1.97 
1.96 
1.91 
1.03 

1.96 
1.98 
1.97 
1.98 
1.98 
1.96 
1.98 
1.97 

The structure is, however, still kept together by the 
strong metal-bridging ligand interaction. The vertical 
singlet-triplet energy separation computed at  the most 
accurate CASPT2 level is 9860 cm-l (cf. Table 2). The 
large values found for this splitting rules out any 
possible thermal contamination of the singlet ground 
state and is therefore in agreement with the diamag- 
netic character found experimentally for the complexes 
1 and 2. From Table 2 we see also that geometry 
relaxation leads to a slightly lower value of the adiabatic 
singlet-triplet splitting, 8400 cm-l. It is moreover 
worth noting that the energy splitting depends on the 
inclusion of dynamic correlation. The RASSCF calcula- 
tion underestimates the splitting, which is probably due 
to  the inadequate accounting for the differential Pauli 
correlation effects in the RASSCF wave function. 

We have performed RASSCF and CASSCF/CASPT2 
calculations-also on the mono- and dianion and on the 
mono- and dication species, {H2Vb-NHl}22+, 4, (H2V- 
b-NHIh+, 5, {H2Q-NH1>2-, 6, and {H2VCu-NH1h2-, 
7, in order to study the behavior of complex 3 toward 
reduction and oxidation. The corresponding optimized 
geometries and relative energies are reported in Tables 
5 and 6. In Table 7 we report the natural orbital 
occupation numbers of the NOS with some metal 
character for all four charged species. A detailed 
analysis of the orbitals shows that they are qualitatively 
similar to those of the neutral species 3, describing the 
a and n vanadium bridging ligands interactions and 
discussed above. However, all these orbitals have a 
higher metallic character in the cationic species and a 
lower metallic character in the anionic species. More- 
over, from Table 7 we note that the configurations for 
these four charged species are approximatively (3da)O- 
(3da*)O, (3d0)~(3da*)~, (3da)2(3da*)1, and (3dd2(3d8I2, 

V charge 
4s 
4P 
3dzr 
3 d ~ - ~ z  
3 4  
3du 
3dYZ 
3d 
H(V) charge 
NH charge 

1.32 1.14 
0.43 0.51 
0.28 0.31 
0.11 0.45 
0.86 0.86 
0.25 0.25 
1.07 0.93 
0.72 0.50 
3.01 3.00 
0.09 -0.04 

-0.50 -0.55 

1.11 1.18 
0.48 0.40 
0.31 0.28 
1.40 1.86 
0.57 0.41 
0.23 0.17 
0.58 0.42 
0.26 0.23 
3.04 3.09 

-0.39 -0.58 
-0.82 - 1.02 

respectively, going from the dication to the dianion, 
which formally corresponds to no metal-metal bond for 
the dication and the dianion species ... to a weak metal- 
metal bond (with a bond order of about 0.5) for the 
monocation and the monoanion. The different V-V 
bond strengths resulting from these electronic struc- 
tures are reflected by the optimized geometries (cf. Table 
5), with a metal-metal distance of 2.60-2.70 A for the 
dication and dianion species, similar to that found for 
the triplet state of the neutral species and t ical of 

monocation and monoanion species, intermediate be- 
tween those of the singlet and triplet states of the 
neutral molecule. 

The Mulliken analysis population for all these four 
charged species is given in Table 8. The main interest- 
ing feature in these results is the small change of the 
charge on the vanadium atom in going from the dication 
to the dianion. This redistrubution of the electron 
charge removed from or put into metallic 3da or 3 d 8  
orbitals can be ascribed to the change in the metallic 
character of all the low lying frontier orbitals going from 
the neutral species to the cationic and anionic species, 
as reported above. A large fraction of the extra charge 
is located at the four hydrogens directly bound to the 
metal. Although this effect could be partly due to the 
extended basis set with many polarization functions, it 
is significant and should be even larger in the real 
system where hydrogens are substituted by the more 
polarizable mesityl groups. The hydrogen atoms 
(mesityl groups in the real system) act as effective 
reservoirs for the electrons put on the HOMO and 
LUMO orbitals. 

The analysis of the six low lying frontier orbitals 
representing the a and n vanadium-bridging ligand 
interactions for ionic species 4-7 shows that metal- 
bridging ligand bonding is not overly weakened by 
oxidation or reduction. Moreover, the obtained V-N 
bond distances, although slightly elongated with respect 
to the neutral molecule in the anionic species, still fall 
in the range of typical vanadium-nitrogen bonds for all 
the four ionic species. This suggests that, in spite of 
the two lost or gained electrons, the metallacycle V2N2 
unit is still a fairly strongly bound moiety so that 
complex 3 should survive both one or two electron 
oxidation or reduction steps. Considering the energy 
needed to form the four ionic species from complex 3 
(cf. Table 6), it is found that mono- and dioxidation 
requires much energy (142 and 501 kcaymol, respec- 
tively) while mono and direduction are much easier with 
the first electron affinity positive; that is, the monoanion 

nonbonded V-V interactions, and of 2.50-2.55 T for the 
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Figure 4. Plots of the total density difference between the ionic species and the singlet ground state of the molecule. The 
figures show the density shifts in the V" plane with the vanadium atoms along a horizontal axis. Full contours 
correspond to an increased density and dashed contours to a decreased. The values of the density contours are f0.032, 
f0.016, f0.008, f0.004, f0.002, fO.OO1, f0.0005, and f0.00025 e/au3. 

is lower in energy than the neutral complex (by 29 kcaV 
mol). Also the computed energy required for the double 
reduction of the model {H2Vb-NHl}2 complex is only 
120 kcaVmol and will be even lower considering that 
the real system has six mesityl groups instead of 
hydrogens which, because of their electron withdrawing 
properties, should further stabilize the dianion species. 
Moreover, taking into account solvation effects in the 
real liquid phase reactions, the results above suggest 
that monoreduction of complex 3 in solution should be 
easy and that also its direduction could be possible. The 
value for the second electron affinity is in a way 
artificial, since it has been computed to be negative. 
However, the extra electron naturally goes into a 3d 
antibonding orbital, which then becomes a closed shell. 
The calculation therefore describes the situation which 
would occur in solution, where the dianion is stable and 
the computed energy is more a measure of the solvation 
energy needed to make the ion stable. There is a strong 
negative correlation contribution to the relative energy 
of the dianion. The CASSCF value is only 63 kcaVmo1, 
which is almost doubled at the CASPT2 level of theory. 
This is somewhat surprising, since dynamic correlation 
is normally more important in the negative ions than 
in the corresponding neutral species. 

The electron density difference for the four ionic 
species is shown in Figure 4. It is clear that ionization 
leads to a decreased density in the V-V bonding region, 
which is to some extent compensated by an increased 
density in the V-N and V-H regions. As a result, the 
corresponding bond distances decreases (cf. Tables 1 and 
5). In the anions the extra electron goes into the 
antibonding V-V orbital, so even if the figure shows 
an increased density in this region the bond distance 
will increase. The decreased density in the V-N and 
V-H regions leads to elongated bonds. 

The results obtained for the mono- and dianionic 
species indicate that the 8b1, LUMO can be seen as a 
low-energy orbital available for the molecule to easily 
accept one or two electrons without undergoing drastic 
structure i alterations, the extra charge being buffered 
into the hydrogen atoms (mesityl groups). 

4. Conclusions 

The electronic structure and geometry of the model 
compound {H2VTp-NHl}2 in its lowest singlet and triplet 
state has been determined using multiconfigurational 
SCF methods with dynamic correlation effects on the 
total energy obtained using second-order perturbation 
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theory. The molecule has been found to have a singlet 
ground state with the lowest triplet state about 1 eV 
higher in energy. The computed equilibrium geometry 
is in agreement with measured data for related com- 
pounds. Analysis of the wave function shows that the 
two vanadium atoms are bound together with a single 
bond in the singlet state, while no such bond exists in 
the triplet state. Corresponding calculations on the 
positive and negative ions yields structures with half a 
bond for the singly ionized systems and no V-V bond 

Organometallics, Vol. 14, No. 1, 1995 69 

for the doubly ionized systems. The first electron 
afinity is found to be positive. 
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Regiocontrolled Hydrosilation of a&Unsaturated 
Carbonyl Compounds Catalyzed by 

Hydridotetrakis( triphenylphosphine)rhodium(I) 

G. Z. Zheng and T. H. Chan* 

Department of Chemistry, McGill University, Montreal, Quebec, Canada H3A 2K6 

Received June 3, 1994@ 

Hydrosilation of a,P-unsaturated carbonyl compounds catalyzed by hydridotetrakis- 
(triphenylphosphine)rhodium(I) (1) was found to be highly regioselective, depending on the 
silanes used. Diphenylsilane was found to give 1,2-hydrosilation, whereas dimethylphe- 
nylsilane and other monohydrosilanes gave 1,Caddition. The kinetic isotope effect of the 
hydrosilation reaction was examined, and a mechanism was proposed to account for the 
regioselection and the kinetic isotope effect. 

Introduction 

Reactions which selectively reduce a,P-unsaturated 
carbonyl compounds are of considerable interest for 
organic synthesis. Among the many procedures avail- 
able, metal complex catalyzed homogeneous hydrosila- 
tionl offers some interesting advantages. For example, 
regioselective 1 ,4-reductions of a,P-unsaturated carbonyl 
compounds with hydrosilanes give the corresponding 
enol silyl ethers, which are themselves useful synthons.2 
A number of metal complexes can be used as catalysts 
for the hydrosilation reacti0n.l~~ Of particular signifi- 
cance is the report by Ojima that tris(tripheny1phos- 
phine)chlororhodium (2) catalyzed by the reduction of 
a$-unsaturated carbonyl compounds regioselectively .4 
Recently, we found that hydridotetrakis(tripheny1phos- 
phinelrhodium (1) is an efficient catalyst for the 1,4- 
reduction of a,/?-unsaturated carbonyl compounds to 
give the corresponding enol silyl  ether^.^ We have since 
found that the same catalyst 1 can also be an efficient 
catalyst for the 1,2-reduction reactions when di- or 
trihydrosilanes are used in the hydrosilation reactions. 
Compared to 2, catalyst 1 appears to offer milder 
reaction conditions and higher regioselectivity. We 
describe here an account of our research on this subject. 

Results and Discussion 

1,2-Hydrosilations. A number of carbonyl com- 
pounds were reduced to the corresponding alcohols 
(after hydrolysis of the silyl ether products) with diphe- 
nylsilane or phenylsilane using 1 as the catalyst (Scheme 
1). The results are summarized in Table 1. Of the a,/?- 
unsaturated ketones examined (entries 1-4, Table 11, 

@ Abstract published in Advance ACS Abstracts, November 1,1994. 
(1) (a) Ojima, I.; Kogure, T. Rev. Silicon, Germanium, Tin, Lead 

Compd. 1981,5, 7. (b) Ojima, I.; Kogure, T. Organometallics 1982,1, 
1390. 
(2) (a) Mukaiyama, T. Angew. Chem., Int. Ed. Engl. 1977, 16, 817. 

(b) Brownbridge, P. Synthesis 1983, 1, 83. ( c )  Chan, T. H. In 
Comprehensive Organic Synthesis; Trost, B. M., Fleming, I., Heathcock, 
C. H., Eds.; Pergamon Press: Oxford, U.K., 1991; Vol. 2, Part 2, pp 
595-628. 

(3) (a) Speier, J. L.; Webster, J. A.; Barnes, G. H. J. Am. Chem. Soc. 
1967, 79,974. (b) Revia, A.; Hilty, K. T. J. Org. Chem. 1990,55,2972. 
(4) Ojima, I.; Kogure, T.; Nagai, Y. Tetrahedron Lett. 1972, 5035. 
(5) Chan, T. H.; Zheng, G. Z. Tetrahedron Lett. 1993,34, 3095. 

0276-733319512314-0070$09.00/0 

Scheme 1 
(P h3P)4R hH 

1 

Ph2SiH2 or PhSiH3 R2 
2 

OSiHPhp 

R2 M R 1  H 
3 

only 1,a-reduction products were obtained. No detect- 
able 1,4-reduction products were observed in the lH 
NMR of the crude product mixtures prior to hydrolysis, 
and GC analyses of the allylic alcohols 3a-c showed 
the absence of the corresponding saturated ketones. In 
the case of carvone (2~1,  the product was a mixture of 
cis- and trans-carveol in a ratio of 6535. Such stereo- 
selectivity is similar to the results reported in the 
literature for the hydrosilation of 2c using ((+)-DIOP)- 
Rh as catalysL6 In the reduction of cholestenone 2d 
(entry 4, Table 11, cholestadiene 3d was obtained as the 
sole product in good yield, presumably due to the acid- 
catalyzed elimination of the allylic alcohol in the hy- 
drolysis step. The 1,4-reduction product, cholestanone, 
was not observed. 

Simple ketones can be reduced effectively as well. 
The reduction of 4-tert-butylcyclohexanone (5b) led to 
two diastereomers, 7a and 7b, in a ratio of 84:16 (trans: 
cis). This stereoselectivity appeared to be superior to 
that reported previously for similar hydr~silation,~ 
indicating a preference for axial attack during the 
course of hydrosilation. Such stereoselectivity is also 
evident in the reduction of 2e. The only product 
obtained was the alcohol 3e. On the other hand, 
reduction of camphor (5c) gave a mixture of two dia- 
stereomers (7c and 7d) in a ratio of 64:36, a stereose- 
lectivity which is somewhat lower than expected from 
similar hydrosilations reported previously.s Interest- 
ingly, the catalyst 1 tolerated the presence of the 
hydroxy group in the substrate (5e), an observation 

(6) Kogure, T.; Ojima, I. J. Organomet. Chem. 1982,234, 249. 
(7) Nishiyama, H.; Park, S. B.; Itoh, K. Tetrahedron: Asymmetry 

(8) French Patent 2,187,798, 1974; Chem. Abstr. 1974,81, 25799~. 
1992, 3, 1029. 

0 1995 American Chemical Society 
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Table 1. 1,Z-Hydrosilation of Carbonyl Compounds with PhzSiHz 
entry no. substrate amt of Rh(I), 96 mol/mol; time, ha productb yield, 

4 

5 

6 

9 

10 

2a 

& 2b 

& 2c 

0 ’  fJp+ 
2d 

SPh 

2e 

h o  5a 

5b 

5c 

M O M .  

5d 

L O H  

56 

?H 
0.4; 4 

0 
0.3; 4 

0.4; 12 

0.4; 12 

0.5; 12 

0.5; 12 

0.3; 5 

0.4; 7 

3a 

PH 

3b 

2c 

3d 

5P SPh 

3e 

Po 4 
6a 6b 

83 

86 

84 (cistrans = 6535) 

76 

56 

49 (19:l) 

81 (trans:cis = 84:16) 

f-Bu 

7a 7b 
85 (endo:exo = 3654) 

7d 
OH 

7c 
0.3; 4 

7e 
0.4; 12 

A O H  

7f 

86 

80 

a Reaction time; CHZC12 is the solvent used in all cases. The products are hydrolyzed products from hydrosilations. Purified yields. 

which may well be useful in the synthesis of compounds 
of biological interest. The presence of the thioether 
function in the substrate (2e) presented no problem as 
well. 1,3-Dicarbonyl compounds were also reduced in 
a 1,2-reduction fashion. In the case of Sd, the chemose- 
lective reduction of the ketone function over the ester 
function is to be expected. Steric factors are likely to 
play a role in the selective reduction of 5a in giving 6a 
as the major product. 

1,4-Hydrosilations. A number of a,/?-unsaturated 
carbonyl compounds were reduced by various monohy- 
drosilanes with 1 as the catalyst to give the correspond- 
ing enol silyl ethers (Scheme 2). The results are 
summarised in Table 2. In all cases, only 1,Creduction 
was observed. By comparing the hydrosilation of 2a 
with that of 2b, it is evident that substitution at  the 
/?-position reduces the rate of reaction but did not 
change the regioselection. In the case of 3,5-dimethyl- 

Scheme 2 
(Ph3P)dRhH 

2-cyclohexen-1-one (2h), the result was quite interest- 
ing. Previously, it was reported that this substrate 
underwent only isomerization of the C-C bond to form 
3,5-dimethyl-3-cyclohexen-l-one, irrespective of the cata- 
lyst or silanes used.g We found that 2h was reduced in 
a 1,Cfashion to give 4h in good yield and with high 
stereoselectivity (&:trans = 92.8). Catalyst 1 is also 
capable of mediating the hydrosilation of a,p-unsatur- 
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Table 2. 1,4-Hydrosilation of a$-Unsaturated Carbonyl Compounds 
entry no. substrate amt of Rh(I), % mol/mol; conditions silane' productb yield, % 

1 B 
2f 

2 b 2a 

b 3 

4 

5 

6 

9 

10 

11 

12 

13 

14 

2g 

& 2b 

A 2h 

b 2a 

4 29 

Q 2a 

4 
21 

21 

4 
21 

& 
21 

e, 
21 

M e 0 9  

2k 
0 

15 6 
21 

0.3; room temp. 12 h 

0.3; room temp, 12 h 

0.4; room temp, 12 h 

0.5; 50 "C, 24 h 

0.5; 50 "C, 24 h 

0.2; room temp, 6 h 

0.2; room temp, 6 h 

0.1; room temp, 0.5 h 

0.3; room temp, 4 h 

0.2; room temp, 1.5 h 

0.3; room temp, 10 h 

0.3; room temp, 12 h 

0.3; room temp, 20 h 

0.3; room temp, 1.5 h 

0.3; room temp, 12 h 

8a 

8a 

Sa 

8a 

8a 

8a 

8a 

8b 

8b 

8b 

8b 

8c 

8c 

Sa 

8a 

OSiMe2C6H5 

4f 
OSiMe2CeH5 

0 
0 

6, 

48 
OSiMe2C6H5 

4g 

0 

A 4h 

OSiMe2C6H5 

4b 
OSiMe2C6H5 

r5 
c 

41 

41 
OSiMe2CH2CI 

4k 
OSiMe2CH2CI 

0 

0 41 
T I  

4m 

OSiMe2CH2CI A 
4n 

OSi(OEt)3 

0 
40 

E3 
4P 

OSiMe2CeH5 

M e 0 9  

4q 

OSiMepC8HS 

8 
4r 

83 

84 

96 

89 

87 (cktrans = 92%) 

13 ( E Z  = 33:67) 

82 (EZ = 7723) 

83 

80 

85 (E2 = 12) 

83 (EZ = 4:l) 

93 

75 (E.Z = 56:44) 

91 

85 

8a, PhMeZSiH; 8b, (ClCH2)MezSiH; 812, (Et0)sSiH. The products were distilled via Kugelrohr apparatus. 
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Scheme 3 
I I 
I I 

4- + -Si-H --Si--M-H 

B 

, O = k  

* T 
I 

G E 

ated esters to give the corresponding silyl ketene acetals 
(entries 14 and 15). Transition metal catalyzed hy- 
drosilation of a,p-unsaturated esters have previously 
been reported.1° Since silyl ketene acetals are useful 
synthons as well as in group transfer polymerization,ll 
the present catalytic process may find considerable 
applications. Finally, functionalized silanes are com- 
patible with catalyst 1 and can be used in the hydrosi- 
lation reaction. Thus, triethoxysilane (8c) and (chlo- 
romethy1)dimethylsilane (8b) gave the corresponding 
1,4-addition products. 

Mechanism of Hydrosilation of Carbonyl Com- 
pounds. The general features of the mechanism of 
homogeneous hydrosilation reactions were first outlined 
by Chalk and Harrod12 and subsequently elaborated by 
numerous studies.13 In adapting the hydrosilation 
mechanism to the reduction of carbonyl compounds, and 
to account for the regioselection, Ojima proposed a 
general mechanism for the hydrosilation of carbonyl 
compounds as depicted in Scheme 3. The metal complex 
undergoes insertion into the silicon hydrogen bond to 
give the silyl metal hydride complex B. Coordination 
of B with the carbonyl substrate gives C, in which there 
is a four-membered ring. In the next step, the four- 
membered ring is transformed into the a-metalated silyl 
ether intermediate D. Reductive elimination of D gives 
the 1,2-addition product G with the regeneration of the 
metal M to  start another catalytic cycle. Alternatively, 
D can undergo an allylic rearrangement to give the 
intermediate E, which on reductive elimination gives 
the 1,4-addition product F. Spin trapping experiments 
were used by Ojima to provide supporting evidence for 
the intermediacy of D and E. 
(9) Marciniec, B.; Gulinski, J.; Urbaniak, W.; Kornetka, Z. W. In 

Comprehensive Handbook on Hydrosilylation; Marciniec, B. Ed.; 
Pergamon Press: Oxford, U.K., 1992; p 148. 
(lO)bvis, A.; Hilty, T. K. J. Org. Chen. 1990, 55, 2972 and 

references therein. 
(11) Sogah, D. Y.; Hertler, W. R.; Webster, 0. W.; Cohen, G. M. 

Macromolecules 1987,20, 1473 and references cited therein. 
(12) Chalk, A. J.; Harrod, J. F. J. Am. Chem. SOC. 1966, 87, 16. 
(13) (a) Kolb, I.; Hetflejs, J. Collect. Czech. Chem. Commun. 1980, 

45, 2224. (b) Corriu, R. J. P.; Moreau, J. J. E. J. Organomet. Chem. 
1975, 85, 19. (c) Bergens, S. H.; Noheda, P.; Whelan, J.; Bosnich, B. 
J. J. Am. Chem. Soc. 1992, 114, 2128. (d) Marciniec, B.; Duczmal, 
W.; Urbaniak, W.; Silwinska, E. J. Organomet. Chem. 1990,385,319. 

F 

In trying to  adapt the Ojima mechanism to the 
observed regioselection in our experiments, we were 
puzzled by several points. The most glaring one is the 
fact that monohydrosilanes gave exclusively l,4-addition 
and di- or trihydrosilanes gave 1,2-addition. It is 
difficult to understand why the isomerization of D to E 
or their subsequent eliminations should be drastically 
altered by the presence (or absence) of a hydrogen on 
silicon in the Ojima mechanism. The second point is 
that in a substrate where only 1,2-addition is possible, 
for example, in the hydrosilation of acetophenone, 
diphenylsilane was found to react much faster than 
dimethylphenylsilane using the same catalyst 1. Again, 
this is difficult to reconcile on the basis of the proposed 
mechanism. The third point is that when there is an 
additional substituent in the p-position of the C=C 
bond, one would expect the isomerization of D to E to 
be diminished on both kinetic and thermodynamic 
grounds, thus reducing the regioselectivity. Our obser- 
vation is that regioselection was not affected (vide 
supra). We seek, therefore, an alternative explanation 
to accommodate these observations, a t  least for 1 as the 
catalyst. 

For the 1,2-hydrosilation of carbonyl compounds with 
di- and trihydrosilanes, a possible mechanism is out- 
lined in Scheme 4. The critical feature in this mecha- 
nism is that, in the step from the complex J to the 
intermediate K, it is the hydrogen on silicon that is 
transferred. When the silane used is a monohydrosi- 
lane, this pathway is not available. Complex J then 
rearranges to the intermediate L, which reductively 
eliminates to the silyl ether product. The mechanism 
accounts for the substantial difference in rates in the 
1,2-reduction of carbonyl compounds with diphenylsi- 
lane versus dimethylphenylsilane. 

We have examined the kinetic isotope effect in the 
hydrosilation of acetophenone, and the results appear 
to be more compatible with the mechanism in Scheme 
4 than with the Ojima mechanism. When dideuterio- 
diphenylsilane (1 mmol) and diphenylsilane (1 mmol) 
were reacted with acetophenone (1 mmol) using 1 as 
the catalyst, the product sec-phenethyl alcohol had ti 

ratio of 2:l for proton and deuterium incorporation in 
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Scheme 4 
I I 

+ R-si-H - R-Si-M-H 
I i 

B 

I 
-Si-M-H 

R=H 

K 

i 
I 

-Si-H 8 + -y- I 
H- - 

M 

the methine carbon. This gives an isotope effect of k$ 
kD = 2. In contrast, when deuteriodimethylphenylsilane 
(1 mmol) and dimethylphenylsilane (1 mmol) were 
reacted with acetophenone (1 mmol) using catalyst 1 
under identical conditions, the product ratio was 1:l for 
hydrogen and deuterium incorporation, giving a kinetic 
isotope effect of kdkD = 1. It can be estimated from 
stretching vibrational frequencies of silanes and rhod- 
ium hydrides14 that in a rate-determining step where a 
Si-H or Rh-H bond is broken, the primary kinetic 
isotope effect would be kH/kD = 3-4. The absence of 
any significant kinetic isotope effect in the reaction of 
dimethylphenylsilane with acetophenone suggests that 
neither the formation of the silylhydridorhodium com- 
plex B nor the elimination of L to N can be the rate- 
determining step. On the other hand, the observation 
of a significant primary kinetic isotope effect in the 
reduction of acetophenone by diphenylsilane is consis- 
tent with the possibility that the rate-determining step 
is the formation of the intermediate K from the complex 
J. The observed kdkD = 2 is similar to the primary 
kinetic isotope effect observed in the reduction of 
sulfoxide by silane, where cleavage of a Si-H bond in a 
four-membered-ring transition state is believed to be the 
rate-determining step.15 

A possible mechanism for 1,4-hydrosilatian reaction 
is outlined in Scheme 5. When the substrate is an a$- 
unsaturated carbonyl compound, it complexes with B 
to form 0, where there is a-coordination between oxygen 
and silicon and n-coordination between the metal and 
the double bond. When the silane used is a di- or 
trihydrosilane, the hydrogen on silicon migrates as in 
Scheme 4 to give P and then the 1,a-reduction product 

1 
R-Si- 

* -!-M-H 
I 

\ /  
R-Si-M-H 

R#H d 

(14) (a) Ito, T.; Kitazume, S.; Yamamoto, A.; Ikeda, S. J. Am. Chem. 
SOC. 1974, 92, 3012. (b) Kono, H.; Wakao, N.; Ojima, I.; Nagai, Y. 
Chem. Lett., 1976, 189. 

(15) Chan, T. H.; Melnyk, A. J. Am. Chem. SOC. 1970,92, 3718. 

J L 

i 
I R-rH I -rH + -Y 
N 

Zheng and Chan 

Q. On the other hand, when the silane used is a 
monohydrosilane, complex 0 rearranges with Si-M 
cleavage to give the intermediate R, which then reduc- 
tively eliminates to  give the enol silyl ether S. In such 
a mechanism, one can rationalize the divergent regi- 
oselection of di- versus monohydrosilane readily. 

We have also examined the isotope effect of the 1,4- 
hydrosilation reaction. When deuteriodimethylphenyl- 
silane (1 mmol) and dimethylphenylsilane (1 mmol) 
were reacted with 4,4-dimethyl-2-cyclohexen-l-one (2g; 
1 mmol) with 1 as the catalyst, the product enol silyl 
ether 4g was found to be a 1:l mixture of the mono- 
deuterated and non-deuterated compounds. The ab- 
sence of a significant primary kinetic isotope effect 
suggests that the rate-determining step is either the 
formation of the complex 0 or the formation of the 
intermediate R. In a kinetic study of the hydrosilation 
of tert-butyl phenyl ketone using a [Rh(l,ti-COD)((-)- 
DIOP)l+C104- catalyst, Kolb and Hetflejs were able to 
show that the coordination of the ketone with the 
silylhydridorhodium species was the rate-determining 
step in that reaction. It is possible that in the present 
case the coordination of the a&unsaturated ketone with 
the silylhydridorhodium species B to form 0 is the rate- 
determining step. This is also consistent with the 
absence of a primary kinetic isotope effect in the 1,2- 
hydrosilation of 4,4-dimethylS-cyclohexen-l-one with 
an equal mixture of dideuteriodiphenylsilane and diphe- 
nylsilane using 1 as the catalyst. A 1:l mixture of 
l-deuterio-4,4-dimethyl-2-cyclohexen-l-ol(3g) and 4,4- 
dimethyl-2-cyclohexen-1-01 (30 was obtained. 

The presence of z-coordination between rhodium and 
the double bond can also account for the stereoselection 
observed in the 1,4-reduction of 2h. In this particular 
case, the intermediate T would be favored over the 
intermediate U, where there is more serious steric 
interaction between the axial methyl group and the 
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Hydrosilation Catalyzed by an  Rh(I) Complex 

Scheme 6 
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I I + R-Si-H - R-Si-M-H 
i I 

B 

0 P 

I 
-Si-!I 

1 d + -M- 
I 

rhodium moiety. Subsequent transformation of T to the 
intermediate V would then give the cis product selec- 
tively. 

- 
-Si-0 RhH 

V 
I 

T 

Conclusion 
Hydridotetrakis(tripheny1phosphine)rhodium (1) was 

found to be a very efficient catalyst for the regioselective 
hydrosilation of a#-unsaturated carbonyl compounds. 
A new mechanism for the hydrosilation of carbonyl 
compounds is proposed to account for the observed 
regioselectivity and kinetic isotope effect. 

Experimental Section 
General Considerations. Most of the chemcials used 

were purchased from Aldrich. Hydridotetrakis(tripheny1phos- 
phine)rhodium(I) was purchased from Johnson Matthey. Diphe- 
nylchlorosilane was purchased from Hiils America. THF was 
distilled over sodidenzophenone ketyl radical before use. 
Hexanes, ethyl acetate, and dichloromethane were distilled 
over calcium hydride. Nuclear magnetic resonance spectra 
were recorded on Varian Gemini 200 (lH, 200 MHz; 13C, 50 

MHz, 13C, 75 MHz), and Unity 500 (IH, 500 MHz; 13C, 125 
MHz) spectrometers. Chemical shifts are expressed in parts 
per million (ppm) and the reference is a trace of chloroform in 
CDC13 giving a signal a t  7.24 ppm for 'H and at 77.00 ppm 
(CDCl3) for 13C. IR spectra were recorded on an Analet FT 
A25-18 spectrometer between NaCl plates (neat liquids) or as 

MHz), XL-200 (lH, 200 MHz; 13C, 50 MHz), XL-300 ('H, 300 

R 

I I 
R-Si- I 

-M- 
S 

KBr disks. Mass spectra were recorded on a Kratos MS25RFA 
mass spectrometer and are reported in mlz units. Melting 
points were determined on a Gallenkamp block and are 
uncorrected. Elemental analyses were obtained on a CEC 
240XA elemental analyzer in the Department of Chemical 
Engineering, McGill University. Analytical samples for el- 
emental analysis were obtained via column chromatography 
(silica gel, deactivated with 2% triethylamine in hexanes) using 
hexanes as eluent. 
Deuteriodimethylphenylsilane (8d). Chlorodimeth- 

ylphenylsilane (99%, 10 mmol, 1.72 g) was placed in a 150- 
mL flask with 40 mL of diethyl ether. LAD4 (96% D, 5 mmol, 
0.210 g) was added at room temperature. The reaction 
mixture was stirred for 3 h a t  room temperature and then 
quenched with saturated aqueous W C 1  solution. The organic 
layer was separated, and the aqueous layer was extracted by 
diethyl ether (2 x 10 mL). The combined organic layers were 
dried over Na~S04 and filtered. Removal of ether gave a 
colorless liquid, which was purified via Kugelrohr distillation 
(55 "C/5 mmHg) to give 1.10 g of 8d (80% yield) which 
contained about 95% deuterated product. lH NMR (200 MHz, 
CDC13): 7.53 (m, 2H), 7.36 (m, 3H), 0.33 (s, 6H). 13C NMR 
(50 MHz, CDCl3): 142.2, 133.3, 128.5, 127.2, -2.9. IR (neat): 
699.5, 732.3, 794.1, 836.3, 1116.1, 1252.6, 1541.1, 1589.4, 
2119.7,2960.6,3016.0,3052.1,3068.7 cm-l. HRMS: calcd for 
CsDllDSi 137.0771, found 137.0774. 
Dede~teriodiphenylsilanel~~ (80. Dichlorodiphenylsi- 

lane (97%, 4.9 mmol, 1.27 g) was placed in a 150 mL flask 
with 40 mL of diethyl ether. LAD4 (96% D, 5 mmol, 0.210 g) 
was added at room temperature. The reaction mixture was 
stirred for 3 h at  room temperature and then quenched with 
saturated aqueous NH&l solution. The reaction mixture was 
worked up as in 8d. This gave a colorless liquid which was 
purified via Kugelrohr distillation (100 "C/5 mmHg) to give 
0.84 g of 8f (90% yield) which contained about 93% dideuter- 
ated product. 'H NMR (200 MHz, CDC13): 7.61 (m, 4H), 7.41 
(m, 6H). 13C NMR (50 MHz, CDC13): 134.9, 130.7, 129.2, 
127.4. IR (neat) 1121.4,1428.3,1548.3,1655.5,1819.6,1884.8, 
1956.8,2140.7,3016.3,3050.0, 3066.9 cm-'. HRMS: calcd for 
ClzHloDzSi 186.0834, found 186.0832. 

General Procedure for the 1,2-Reduction of ad- 
Unsaturated Ketones. Hydridotetrakis(tripheny1phosphine)- 
rhodium(1) (ca. 5 mg) was placed in a 10 mL flask furnished 
with a magnetic stirring bar and sealed with a rubber septum 
under argon. Dried CHzClz (1 mL) was added via a syringe 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

01
5



76 Organometallics, Vol. 14, No. 1, 1995 

followed by the a,P-unsaturated ketone (1 mmol). After 10 
min, diphenylsilane (1.3 mmol) was added dropwise. The 
reaction mixture was stirred at room temperature for 4 h and 
then transferred to a 25 mL flask with a solution of HCl(2 N, 
3 mL)-acetone (3 mL). The mixture was stirred at  room 
temperature for 2 h. Acetone was removed via rotary evapo- 
ration. The aqueous residue was then extracted with dichlo- 
romethane (4 x 3 mL). The combined organic layers were 
dried over NazSO4. Removal of solvent gave the crude product, 
which was purified by flash column chromatography separa- 
tion or Kugelrohr distillation. 
2-Cyclohexen-1-01 (3a).16 Compound 3a was obtained 

from 2-cyclohexen-1-one (97%; 1 mmol, 0.099 g, 100 pL) as a 
yellowish liquid, which was subjected to flash column chro- 
matography separation (hexanes:ethyl acetate = 6:l) to give 
product 3a (81 mg, 83% yield). 'H NMR (200 MHz, CDC13): 
5.82 (dt, J = 3.0, 10.1 Hz, lH), 5.72 (m, lH), 4.17 (m, lH), 
1.97 (m, 2H), 1.45-1.92 (m, 4H). 13C NMR (50 MHz, CDC13): 
130.0, 129.2, 65.6, 32.5, 25.7, 19.6. IR (neat) 1054.2, 1435.6, 
1451.9, 1651.4, 1706.3, 2864.4, 2935.7, 3024.6, 3363.5 cm-'. 
MS (EI): 99 (4), 98 (54, M), 97 (41), 83 (39, 70 (100),55 (22). 
3-Methyl-2-cyclohexen-1-o1l7 (3b). Compound 3b was 

obtained from 3-methyl-2-cyclohexen-1-one (98%, 1 mmol, 
0.112 g, 116 pL) as a yellowish liquid, which was subjected to  
flash column chromatography separation (hexanesethyl ac- 
etate = 6:l). Compound 3b was obtained as a colorless liquid 
(96 mg, 86% yield). 'H NMR (200 MHz, CDC13): 5.47 (m, lH), 
4.12 (m, lH), 1.89 (m, 2H), 1.75 (m, 2H), 1.67 (s, 3H), 1.56 (m, 
2H), 1.55 (s, 1H). 13C NMR (50 MHz, CDC13): 137.7, 123.7, 
65.7, 32.1, 30.5, 24.2, 19.7. IR (neat) 957.9, 993.1, 1034.6, 
1436.5, 1448.3, 1671.6, 2867.1, 2875.6, 2895.5, 2925.5 cm-'. 
MS (EI): 112 (17, M), 97 (loo), 84 (301, 79 (221, 69 (18). 
(lR,SR)-5-Isopropenyl-2-cyclohexen-1-01~~ (Carveol; 3c). 

Compound 3c was obtained from (R)-(-)-carvone (127 mg, 84% 
yield) as a colorless liquid with a ratio for cis:trans isomers of 
6535. 'H NMR (200 MHz, CDC13): 5.58 (m, 35% of lH), 5.48 
(m, 65% of lH), 4.71 (8, 4H), 4.18 (m, 65% of lH), 4.01 (m, 
35% of lH), 1.87-2.40 (m, 6H), 1.68-1.84 (m, 12H), 1.40- 
1.65 (m, 4H). 13C NMR (50 MHz, CDC13): 148.3, 148.1, 135.4, 
133.6, 124.8, 123.3, 108.7, 108.6, 71.0, 68.6, 40.8, 38.4, 37.2, 
35.7, 31.5, 21.6, 21.5, 21.3, 19.7. IR (neat) 1035.0, 1439.1, 
1645.3, 2858.3, 2884.2, 2915.8, 2940.1, 2967.7, 3319.5 cm-'. 
MS (EI): 152 (23, M), 137 (16), 134 (58), 109 (loo), 93 (28),84 
(99). 
3,5-Chole~tadiene'~ (3d). Compound 2d was obtained 

from (+)-4-cholesten-3-one (1 mmol, 0.385 g) as a solid, which 
was recrystallized from CH2C12-MeOH (281 mg, 76% yield). 

10.0 Hz, lH), 5.58 (m, lH), 5.38 (m, lH), 2.14 (m, 2H), 2.00 
(dt, J = 3.4, 12.3 Hz, lH), 0.96-1.88 (m, 23H), 0.94 (s, 3H), 
0.90(d,J=6.6Hz,3H),0.85(d,  J=~.~HZ,~H),O.~~(S,~H). 

56.4, 48.7, 42.9, 40.3, 40.0, 36.7, 36.3, 35.7, 34.3, 32.3, 28.8, 
28.6, 24.8, 24.6, 24.0, 23.5, 23.2, 21.6, 19.5, 19.4, 12.8. IR 
(KBr): 1333.5, 1374.6, 1463.9, 1650.6, 2857.5,2908.8,2962.3, 
3017.7 cm-l. MS (EI): 370 (161, 369 (301, 368 (100, MI, 353 
(20), 260 (19), 255 (16), 147 (43), 107 (27), 105 (30). 
cis-3- (Phenylthio) - 1,4,4a,5,6,7,8,8a-octahydro-Sa-h~- 

dro~y-5,5,8a-trimethylnaphthalen-l-one~~ (3e). Com- 
pound 3e was obtained from cis-3-(phenylthio)-l,4,4a,5,6,7,8,- 
8a-odahydro-5,5,8a-trimethylnaphthalen-l,8-&0ne'~ (0.06 mmol, 
0.018 g) as a yellowish solid, which was subjected to flash 
column chromatography purification (hexanes:ethyl acetate = 
6:l) to give the white solid a-isomer (10.5 mg, 56% yield). Mp: 
183.0-184.0 "C. 'H NMR (200 MHz, CDC13): 7.44 (m, 5H), 
5.32 (d, J = 2.4 Hz, lH), 4.77 (d, J = 11.0 Hz, lH), 3.13 (td, J 

Mp: 76.5-77.5 "C. 'H NMR (200 MHz, CDC13): 5.91 (d, J = 

13C N M R  (50 MHz, CDC13): 140.7, 128.4, 124.4, 122.6, 57.2, 

(16) Mincione, E. J .  Org. Chem. 1978,43, 1829. 
(17) Mori, K.; Tamada, S.; Uchida, M.; Mizumachi, N.; Tachibana, 

(18) Gradi, R.; Pagnoni, U. M.; Trave, R. Tetrahedron 1974,30,4037. 
(19) Achmatowicz, S.; Barton, D. H. R.; Magnus, P. D.; Poulton, G. 

(20) Chan, T. H.; Guertin, K. R.; Prasad, C. V. C.; Thomas, A. W.; 

Y.; Matsui, M. Tetrahedron 1978, 34, 1901. 

A.; West, P. J. J .  Chem. SOC., Perkin Trans. 1 1973, 15, 1567. 

Strunz, G. M.; Salonius, A. Can. J .  Chem. 1990, 68, 1170. 
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= 11.3,4.6 Hz, lH), 2.87 (ddd, J = 19.0,6.4,2.4 Hz, lH), 2.48 
(dd, J = 19.0, 1.1 Hz, lH), 1.24-1.86 (m, 5H), 1.44 (9, 3H), 

163.2, 134.9, 129.6, 129.3, 127.2, 119.9, 78.6, 52.8, 47.7, 40.7, 
35.2, 31.7, 29.6, 29.4, 25.0, 24.0. IR (film): 1030.7, 1222.4, 
1341.9,1378.3,1433.8,1580.3, 1618.8, 1713.6,2863.9,2930.2, 
2955.8, 3449.1 cm-'. MS (EI): 316 (7, M), 219 (6), 218 (161, 
217 (loo), 176 (24), 139 (19), 108 (11). 
6,6-Dimethy1-2-cyclohe~en-l-one~~ (6a) and 4,4-Dim- 

ethyl-2-cyclohe~en-l-one~~ (6b). Compounds 6a and 6b 
were obtained from 4,4-dimethylcyclohexane-1,3-dione (98%, 
1 mmol, 143.0 mg) as a yellowish liquid which was subjected 
to  Kugelrohr distillation (90 W 2 0  mmHg) to  give a mixture 
of 6a and 6b (955; 61 mg, 49% yield) [or flash column 
chromatography separation (hexanes:ethyl acetate = 10:l)l. 
6,6-Dimethyl-2-cyclohexen-l-one (6a): lH NMR (200 MHz, 

Hz, 1H), 2.35 (m, 2H), 1.81 (t, J = 6.0 Hz, 2H), 1.09 (s, 6H); 

24.0; IR(neat): 1125.9,1301.9, 1385.5,1427.4,1453.9,1679.1, 
1708.5, 2867.3, 2930.5, 2963.4, 3033.7 cm-'; MS (EI) 126 (5), 
124 (41, M), 109 (ll), 96 (181, 69 (111, 68 (100). 
4,4-Dimethyl-2-cyclohexen-l-one (6b): lH NMR (200 MHz, 

2.42(t,J=6.5Hz,2H),1.83(t,J=6.7Hz,2H),l.l3(~,6H); 

28.3; IR (neat) 803.6, 1122.0, 1236.5, 1418.9, 1467.0, 1618.4, 
1687.9,2930.1,2962.7 cm-l; MS (EI) 125 (71, 124 (72, M), 109 
(13), 96 (671, 82 (loo), 81 (48). 
cis-4-tert-Butyl-l-cyclohe~anol~~ (7b) and truns-4-tert- 

Butyl-l-cycl~hexanol~~ (7a). Compounds 7a and 7b were 
obtained from 4-tert-butylcyclohexan-1-one (99%; 1 mmol, 156 
mg) as a solid (cis:trans = 16:84), which was subjected to  flash 
column chromatography separation (hexanes:ethyl acetate = 
6:l). White solids were obtained (cis, 27 mg; trans, 100 mg; 
81% yield). 

trans-4-tert-Butyl-l-cyclohexanol(7a): mp 80.5-81.5 "C; 'H 
NMR (200 MHz, CDC13) 3.43 (m, lH), 2.47 (br, lH), 1.93 (m, 
2H), 1.71 (m, 2H), 0.87-1.27 (m, 5H), 0.78 (5, 9H); I3C NMR 
(50 MHz, CDC13) 71.0, 47.4, 36.3, 32.7, 28.1, 26.1; IR (KBr) 
1068.5, 1367.6, 1450.7, 1473.3, 2862.8,2917.8,2964.4,3215.0 
cm-l; MS (CI) 174 (33, M + 18), 156 (2, M), 155 (51, 139 (35), 
138 (1001, 123 (83). 

cis-4-tert-Butyl-1-cyclohexanol (7b): mp 82.0-83.0 "C; lH 
NMR (200 MHz, CDC13) 4.00 (br, lH), 1.80 (m, 2H), 1.50 (m, 
2H), 1.29-1.54 (m, 5H), 0.96 (tt, J = 11.4, 2.9 Hz, lH), 0.83 

21.5; IR (KBr) 960.5, 1007.3, 1032.5, 1114.3, 1147.4, 1180.5, 
1232.1, 1275.0, 1337.3,1365.9, 1439.9, 1476.3,2839.6,2866.8, 
2952.5, 3287.4 cm-'; MS (CI) 174 (8, M + 181, 155 (31, 139 
(151, 123 (21). 

( 1S,2R,4S)-1,7,7-Trimethylbicyclo[2.2.1lhepten-2-o124 
(Isoborneol; 7d) and (1S,2S,4S)-1,7,7-trimethylbicyclo- 
[2.2.l]hepten-2-olZ4 (Borneol; 74. Compounds 7c and 7d 
were obtained from (-)-camphor (99%; 1 mmol, 153.8 mg) as 
a yellowish solid, which was subjected to flash column chro- 
matography separation (hexanes:ethyl acetate = 6:l). White 
solid products were obtained (83.8 mg of exo isomer 7d, 47.2 
mg of endo isomer 7c, 85% yield). 
Isoborneol(7d): mp 218.0-219.0 "C; 'H NMR (200 MHz, 

CDC13) 3.61 (m, lH), 1.40-1.74 (m, 8H), 1.00 (s, 3H), 0.86 (9, 

45.3,40.8,34.4,27.8,21.1, 20.7,12.1; IR(KBr) 1005.1,1070.3, 
1455.9, 1477.7, 2875.0, 2955.0, 3434.3 cm-l; MS (E11 154 (3, 
M), 139 (16), 136 (27), 121 (21), 110 (32), 96 (lo), 95 (loo), 93 
(22). 

0.92 (9, 3H), 0.75 (9, 3H). 13C NMR (50 MHz, CDC13): 202.2, 

CDCl3) 6.84 (dt, J = 10.0, 4.0 Hz, lH), 5.89 (dt, J = 10.0, 2.0 

13C NMR (50 MHz, CDCl3) 203.1, 147.7,127.7,41.8,36.7,24.7, 

CDC13) 6.62 (d, J = 10.0 Hz, lH), 5.80 (d, J = 10.0 Hz, lH), 

13C NMR(50MH2, CDC13) 198.1,158.8,126.2,36.5,34.9,33.3, 

(s, 9H); I3C NMR (50 MHz, CDC13) 66.0,48.3, 33.9, 33.1,28.0, 

3H), 0.80 (s, 3H); 13C NMR (50 MHz, CDC13) 79.7, 49.2, 46.6, 

(21) Oppolzer, W.; Sarkar, T.; Mahalanabis, K. K. Helu. Chim.Acta 

(22) Chan, Y. L.; Epstein, W. W. Org. Synth. 1973, 53, 48. 
(23) Winstein, S.; Holness, N. J. J. Am.  Chem. SOC. 1966, 77, 5562. 
(24) Gream, G. E.; Wege, D.; Mular, M. Aust. J. Chem. 1974, 27, 

1976,59,2012. 
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Hydrosilation Catalyzed by an Rh(I) Complex 

Borneol (7c): mp 206.0-208.0 "C; IH NMR (200 MHz, 
CDCl3) 4.01 (m, lH), 2.26 (m, lH), 1.56-1.94 (m, 3H), 1.14- 
1.38 (m, 3H), 0.92 (dd, J = 13.5,3.6 Hz, lH), 0.85 (s,3H), 0.84 
( 8 ,  3H), 0.83 (s, 3H); 13C NMR (50 MHz, CDC13) 77.4, 49.8, 
48.4, 45.5, 39.5, 28.9, 26.5, 20.9, 19.4, 14.1; IR (KBr) 1024.5, 
1056.8, 1109.7, 1455.6, 2874.0, 2952.0, 3305.6 cm-'; MS (E11 
154 (2, M), 139 (15), 136 ( l l ) ,  110 (32), 95 (loo), 93 (8). 

Methyl 3-HydroxybutyrateZ6 (7e). Compound 7e was 
obtained from methyl acetoacetate (1 mmol, 0.117 g, 109 pL) 
as a yellowish liquid, which was subjected to Kugelrohr 
distillation (50 "C/lO mmHg, 101 mg, 86% yield). IH NMR 
(200 MHz, CDCl3): 4.18 (m, lH), 3.69 ( 8 ,  3H), 2.95 (m, lH), 
2.49 (dd, J = 16.5, 4.3 Hz, lH), 2.37 (dd, J = 16.5, 8.0 Hz, 

172.0,64.3,51.9,43.0,23.0. IR(neat): 1007.2,1072.3,1087.9, 
1174.0, 1197.4, 1296.9, 1440.0, 1742.7, 2973.7, 3459.0 cm-l. 
MS (CI): 136 (5, M + 18), 120 (5), 119 (100, M + l), 101 (E), 
74 (12). 

19-PropanedioP (70. Compound 7f was obtained (at -78 
"C, and then room temperature) from acetol (90%, 1 mmol, 
0.082 g, 76 pL) as a yellowish liquid, which was subjected to 
Kugelrohr distillation (80 "C/20 mmHg, 61 mg, 80% yield). lH 
NMR (200 MHz, CDC13): 3.86 (m, lH), 3.58 (d, J = 10.9 Hz, 
lH), 3.38 (d, J = 8.1 Hz, lH), 3.25 (s (br), 2H), 1.12 (d, J = 6.2 

(neat): 1037.6, 1052.6, 1079.5, 1139.0, 1414.9, 1458.9,2879.8, 
2929.0, 2974.4, 3313.6 cm-l. MS (EI): 76 (1, M), 61 (6), 45 
(1001, 44 (91, 43 (14), 40 (10). 

General Procedure for 1,4-Reduction of Q-Unsatur- 
ated Carbonyl Compounds. In a 5 mL flask furnished with 
a magnetic stirring bar and sealed with a rubber septum, 
hydridotetrakis(triphenylphosphine)rhodium(I) (1; ca. 5 mg) 
was placed under argon. The a,,8-unsaturated ketone (1 mmol) 
was introduced to the flask via a syringe followed by the silane 
(1.1 mmol). The reaction mixture was stirred at room tem- 
perature for 12 h, and then hexanes (1 mL) were added. The 
mixture was filtered and the solvent was removed to get the 
crude product, which was purified by Kugelrohr distillation. 

1-Cyclopenten-1-yl Dimethylphenylsilyl Ether (40. 
Catalyst 1 (0.0035 mmol, 4 mg) and 2-cyclopenten-1-one (1.0 
mmol, 0.082 g, 85 pL) were treated with dimethylphenylsilane 
(1.1 mmol, 0.150 g, 169pL) at room tedperature for 12 h. After 
standard workup, the crude mixture was distilled at 95 "C/5 
mmHg (Kugelrohr) to give 4f as a colorless liquid (182 mg, 
83% yield). 'H NMR (200 MHz, CDC13j: 7.68 (m, 2H), 7.46 
(m, 3H), 4.66 (m, lH), 2.33 (m, 4H), 1.89 (9, J = 7.0 Hz, 2H), 

129.7, 127.8, 102.7, 33.4, 28.7, 21.2, -1.3. IR (neat): 2958.0, 
2850.5, 1645.9, 1428.4, 1344.9, 1253.0, 1119.3, 831.4, 699.2 
cm-'. MS (EI): calcd for C13H180Si 218.1127, found 218.1139. 
Anal. Calcd for C13H180Si: C, 71.52; H, 8.32. Found: C, 
71.48; H, 8.37. 

1-Cyclohexen-1-yl Dimethylphenylsilyl Ether (4a). 
Catalyst 1 (0.0035 mmol, 4 mg) and 2-cyclohexen-1-one (1.0 
mmol, 0.096 g, 97 pL) were treated with dimethylphenylsilane 
(1.1 mmol,0.150 g, 169pL) at room temperature for 12 h. m e r  
standard workup, the crude mixture was distilled at 90 "C/5 
mmHg (Kugelrohr) to give 4a as a colorless liquid (195 mg, 
84% yield). IH NMR (200 MHz, CDCl3): 7.66 (m, 2H), 7.42 
(m, 3H), 4.91 (m, lH), 2.03 (m, 4H), 1.68 (m, 2H), 1.55 (m, 
2Hj, 0.49 (s, 6H). I3C NMR (50 MHz, CDC13): 170.9, 158.8, 
154.0, 150.2, 148.5, 125.4, 50.5, 44.5, 43.8, 43.0, 19.7. IR 
(neat): 2930.5, 1669.4,1252.6, 1186.8, 1169.9,893.6cm-'. MS 
(EI): calcd for C14HzoOSi 232.1283, found 232.1288. Anal. 
Calcd for Cl4HzoOSi: C, 72.37; H, 8.68. Found: C, 71.97; H, 
8.70. 
4,4-Dimethyl-l-cyclohexen-l-yl Dimethylphenylsilyl 

Ether (4g). Catalyst 1 (0.0043 mmol, 5 mg) and 4,4-dimethyl- 
2-cyclohexen-1-one (1.0 mmol, 0.124 g, 132 pL) were treated 
with dimethylphenylsilane (1.1 mmol, 0.150 g, 169pL) at room 

lH), 1.21 (d, J = 6.4 Hz, 3H). 13C NMR (50 MHz, CDC13): 

Hz, 3H). 13C NMR (50 MHz, CDCl3): 68.4, 68.1, 19.4. IR 

0.55 (9, 6H). 13C NMR (50 MHz, CDCl3): 154.8, 137.4, 133.3, 

(25) Meyers, A. I.; Knaus, G. Tetrahedron Lett. 1974, 1333. 
(26) Levene, P. A.; Walti, A. Organic Syntheses; Wiley: New York, 

1943, Collect. Vol. 2, p 545. 
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temperature for 12 h. After standard workup, the crude 
mixture was distilled at 100 "C/5 mmHg (Kugelrohr) to give 
4g as a colorless liquid (250 mg, 96% yield). lH NMR (200 
MHz, CDC13): 7.66 (m, 2H), 7.41 (m, 3H), 4.82 (m, lH), 2.03 
(m, 2H), 1.82 (m, 2H), 1.42 (t, J = 6.5 Hz, 2H), 0.93 (s, 6H), 
0.50 ( 8 ,  6H). 13C NMR (50 MHz, CDC13): 149.2, 138.0, 133.3, 
129.6, 127.7, 103.6, 37.8, 35.8, 28.5, 27.9, 27.5, -1.0. IR 
(neat): 2952,0,2919.9, 1669.6, 1366.3, 1197.3, 1167.7, 1119.1, 
889.2,873.3,834.2, 784.8 cm-'. MS (EI): calcd for ClsHzsOSi 
260.1596, found 260.1595. Anal. Calcd for C16H~40Si: c, 
73.80; H, 9.30. Found: C, 73.82; H, 9.34. 

Deuterium Isotope Effect for the 1,4-Reduction of 4,4- 
Dimethyl-2-cyclohexen-1-one. Catalyst 1 (0.0043 mmol, 5 
mg) and 4,4-dimethyl-2-cyclohexen-l-one (1.0 mmol, 0.124 g, 
132 pL) were treated with dimethylphenylsilane (98%, 1 mmol, 
0.140 g) and deuteriodimethylphenylsilane (96% D; 1 mmol, 
0.140 g) at room temperature for 12 h. Mer standard workup, 
the crude product was distilled at 100 "C/5 mmHg (Kugelrohr) 
to give a colorless liquid (237 mg, ca. 91% yield) as a mixture 
of 4g and its 3-deuterated compound. The amount of deute- 
rium incorporation was determined by comparing the signal 
at 1.82 ppm (m, 1.52H) and that at 2.03 ppm (m, 2.00H). The 
ratio of nondeuterated to deuterated products was 50.6:47.3 
(1.l:l). 

3-Methyl-1-cyclohexen- 1-yl Dimethylphenylsilyl Ether 
(4b). Catalyst 1 (0.0052 mmol, 6 mg) and 3-methyl-2-cyclo- 
hexen-1-one (1.0 mmol, 0.110 g, 114 pL) were treated with 
dimethylphenylsilane (1.3 mmol, 0.177 g, 199 pL) at  50 "C for 
24 h. After standard workup, the crude mixture was distilled 
at 110 "C/5 mmHg (Kugelrohr) to give 4b as a colorless liquid 
(220 mg, 89% yield. lH NMR (300 MHz, CDC13): 7.70 (m, 2H), 
7.45 (m, 3H), 4.83 (d, J = 1.4 Hz, lH), 2.28 (m, lH), 2.04 (m, 
2H), 1.70-1.86 (m, 2H), 1.59 (m, lH), 1.11 (m, lH), 0.99 (d, J 

137.9, 133.3, 129.5, 127.7, 111.5, 31.0, 29.7, 29.4, 22.4, 21.7, 
-1.0, -1.1. IR(neat): 2952.0,2930.3,2864.5,2853.0, 1664.5, 
1455.8, 1428.5, 1252.9, 1185.0, 1119.4, 1063.9, 1047.9, 886.4, 
831.4, 786.8, 699.4 cm-l. MS (EI): calcd for C15HzzOSi 
246.1440, found 246.1443. Anal. Calcd for C16HzzOSi: c, 
73.13; H, 9.01. Found: C, 73.22; H, 9.28. 
3,5-Dimethyl-l-cyclohexen-l-yl Dimethylphenylsilyl 

Ether (4h). Catalyst l(0.0052 mmol, 6 mg) and 3,5-dimethyl- 
2-cyclohexen-1-one (1.0 mmol, 0.124 g, 141 pL) were treated 
with dimethylphenylsilane (1.3 mmol, 0.177 g, 199 pL) at 50 
"C for 48 h. After standard workup, the crude mixture was 
distilled at 90 "C/1 mmHg (Kugelrohr) to give 4h as a colorless 
liquid (225 mg, 87% yield). 'H NMR (200 MHz, CDC13): 7.58 
(m, 2H), 7.37 (m, 3H), 4.66 (8, IH), 2.21 (br, lH), 1.93 (m, lH), 
1.63 (m, 4H), 0.90 (d, J = 7.9 Hz, 3H), 0.86 (d, J = 7.0 Hz, 

133.4, 129.5, 127.7, 111.3, 40.8, 38.4, 30.3, 29.6, 22.6, 22.0, 
-0.9, -1.0. IR (neat): 2952.0,2917.6,2912.9,2901.5,2870.0, 
1666.1, 1428.4, 1368.9, 1252.9, 1196.8, 1182.4,1120.8, 1079.3, 
826.2, 786.5, 699.3 cm-'. MS (EI): calcd for C1.sHz40Si 
260.1596, found 260.1584. Anal. Calcd for C16H240Si: c, 
73.80; H, 9.30. Found: C, 73.78; H, 9.25. 

2-Buten-2-yl Dimethylphenylsilyl Ether (4i). Catalyst 
1 (0.0017 mmol, 2 mg) and 3-buten-2-one (1.0 mmol, 0.070 g, 
83 pL) were treated with dimethylphenylsilane (1.1 mmol, 
0.150 g, 169 pL) at room temperature for 6 h. After standard 
workup, the crude mixture (205 mg, E:Z = 33:67) was distilled 
at 60 "C/5 mmHg (Kugelrohr) to  give a colorless liquid (151 
mg, 73% yield). IH NMR (200 MHz, CDC13): 7.66 (m, 2H), 
7.42 (m, 3H), 4.70 (dq, J = 6.9, 1.0 Hz, 0.33H), 4.52 (dq, J = 
6.6, 1.0 Hz, 0.67H), 1.74 (m, 3H), 1.53 (m, 3H), 0.49 (s, 4.02H), 

138.1, 138.0, 133.3, 129.6, 127.8, 103.0, 102.3,22.6, 17.3,12.1, 
10.7, -0.7, -1.1. IR (neat): 2960.8, 2944.1, 1682.4, 1428.4, 
1383.8, 1316.0, 1252.9, 1119.2, 1100.5, 1048.0, 834.2, 784.9, 
699.2 cm-'. MS (EI): calcd for C12H180Si 206.1127, found 
206.1117. 

3-Hexen-3-yl Dimethylphenylsilyl Ether (4). Catalyst 
1 (0.0017 mmol, 2 mg) and 4-hexen-3-one (1.0 mmol, 0.098 g, 

= 7.0 Hz, 3H), 0.53 ( s , ~ H ) .  13C NMR (75 MHz, CDCl3): 149.9, 

3H), 0.43 (8, 6H). 13C NMR (50 MHz, CDC13): 149.7, 138.0, 

0.46 (s, 1.98H). 13C NMR (50 MHz, CDC13): 147.9, 147.2, 
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114 pL) were treated with dimethylphenylsilane (1.1 mmol, 
0.150 g, 169 pL) at room temperature for 6 h. After standard 
workup, the crude mixture (E:Z = 77:23) was distilled at  70 
"C/5 mmHg (Kugelrohr) to give a colorless liquid (192 mg, 82% 
yield). 'H NMR (200 MHz, CDC13): 7.70 (m, 2H), 7.46 (m, 3H), 
4.68 (t, J = 7.6 Hz, 0.77H), 4.54 (t, J = 7.0 Hz, 0.23H), 2.17 
(m, 2H), 2.00 (m, 2H), 1.12 (m, 3H), 0.99 (m, 3H), 0.54 (s,6H). 

J33.3, 129.6, 129.5, 127.7, 109.2, 109.1, 29.3, 24.3, 20.1, 18.7, 
15.4, 14.4, 12.0, 11.7, -0.8, -1.0. IR (neat): 2963.3, 1662.1, 
1654.0, 1458.3, 1428.5, 1252.6, 1199.3, 1119.2, 1084.5, 831.4, 
786.5 cm-l. MS (EI): calcd for C&ZzOSi 234.1440, found 
234.1437. 

1-Cyclohexen-1-yl (Chloromethy1)dimethylsilyl Ether 
(4k). Catalyst 1 (0.010 mmol, 12 mg) and 2-cyclohexen-1-one 
(10.0 mmol, 0.096 g, 968yL) were treated with (chloromethy1)- 
dimethylsilane (11.0 mmol, 1.196 g, 1.34 mL) at  0 "C. The 
mixture was then warmed up to room temperature and stirred 
for 30 min. After standard workup, the crude mixture (2.3681 
g) was distilled at  70 "C/5 mmHg (Kugelrohr) to give 4k as a 
colorless liquid (1.6852 g, 83%). 'H NMR (200 MHz, CDCl3): 
4.87 (m, lH), 2.82 (s,2H), 1.98 (m, 4H), 1.62 (m, 2H), 1.51 (m, 
2H), 0.28 (m, 6H). 13C NMR (50 MHz, CDC13): 149.8, 104.9, 
29.6, 29.5, 23.7, 23.0, 22.1, -2.9. IR (neat): 2931.1, 1669.8, 
1265.1, 1255.1, 1190.0, 1169.8, 987.8, 898.4 cm-'. MS (ED: 
calcd for C9H170SiC1 204.0737, found 204.0742. 
4,4-Dimethyl-l-cyclohexen-l-y1 (Chloromethy1)dime- 

thylsilyl Ether (41). Catalyst 1 (0.0061 mmol, 7 mg) and 4,4- 
dimethyl-2-cyclohexen-1-one (2.0 mmol,0.248 g, 264 pL) were 
treated with (chloromethy1)dimethylsilane (2.4 mmol, 0.261 g, 
292 pL) at  room temperature for 4 h. After standard workup, 
the crude mixture (488 mg) was distilled at 70 "C/5 mmHg 
(Kugelrohr) to give 41 as a colorless liquid (371 mg, 80% yield). 
lH NMR (300 MHz, CDC13): 4.75 (m, lH), 2.79 (8 ,  2H), 1.96 
(m, 2H), 1.76 (m, 2H), 1.37 (t, J = 6.5 Hz, 2H), 0.88 (s, 6H), 
0.26 (s, 6H). 13C NMR (75 MHz, CDC13): 148.7, 103.7, 37.7, 
35.7, 29.4, 28.5, 27.8, 27.3, -3.0. IR (neat): 2952.0, 2923.6, 
1673.8, 1366.4, 1255.2, 1196.8, 1167.5, 898.3, 876.3, 847.4, 
825.1 cm-l. MS (EI): calcd for CllHzlOClSi 232.1050, found 
232.1051. 

2-Buten-2-yl (Chloromethy1)dimethylsilyl Ether (4m). 
Catalyst 1 (0.0043 mmol, 5 mg) and 3-buten-2-one (2.0 mmol, 
0.140 g, 167 yL) were treated with (chloromethy1)dimethylsi- 
lane (2.2 mmol, 0.239 g, 268 yL) at room temperature for 1.5 
h. After standard workup, the crude mixture (350 mg, E:Z = 
1:2) was distilled at 60 "C/15 mmHg (Kugelrohr) to give 4m 
as a colorless liquid (305 mg, 85%). 'H NMR (300 MHz, 
CDCl3): E isomer (33%), 4.65 (g, J = 6.7 Hz, lH), 2.79 (s,2H), 
1.69 (d, J = 1.0 Hz, 3H), 1.48 (d, J = 6.8 Hz, 3H), 0.25 (s,6H); 
2 isomer (67%), 4.48 (q, J = 6.6 Hz, lH), 2.80 (s, 2H), 1.73 (d, 
J = 1.0 Hz, 3H), 1.45 (dd, J = 6.7, 1.4 Hz, 3H), 0.28 ( 8 ,  6H). 
13C NMR (75 MHz, CDCl3): E isomer, 147.5,102.6,29.4,17.1, 
11.9, -3.1; Z isomer, 146.5, 103.3, 29.6, 22.4, 10.5, -2.8. IR 
(neat): 2963.3,2922.5,1685,8,1384.2, 1315.5, 1255.6, 1202.0, 
1107.0, 1100.0,1048.3,1003.0,888.9,847.5,823.1,799.7 cm-'. 
MS (EI): calcd for C7HlsOSiCl 178.0581, found 178.0571. 

3-Hexen-3-yl (Chloromethy1)dimethylsilyl Ether (4111. 
Catalyst 1 (0.005 mmol, 6 mg) and 4-hexen-3-one (2.0 mmol, 
0.196 g, 229 yL) were treated with (chloromethy1)dimethylsi- 
lane (2.4 mmol, 0.261 g, 293 pL) at room temperature for 10 
h. After standard workup, the crude product mixture (400 mg, 
E:Z = 4:l) was distilled at  40 "C/5 mmHg (Kugelrohr) to give 
4n as a colorless liquid (342 mg, 83% yield). lH NMR (300 

0.25H), 2.79 (s, 1.50H), 2.78 (8 ,  0.50H), 2.03 (4, J = 7.6 Hz, 
2H), 1.89 (p, J = 7.6 Hz, 2H), 0.84-1.00 (m, 6H), 0.26 (s, 6H). 
13C NMR (75 MHz, CDCl3): E isomer, 151.9,109.2,29.4,24.1, 
20.0, 15.2, 11.8, -3.l;Zisomer, 150.5, 109.4, 29.6, 24.1, 18.5, 
14.2, 11.6, -2.9. IR (neat): 2965.6, 2935.4, 1668.7, 1654.0, 
1465.6, 1458.4, 1255.5, 1196.8, 1086.2, 1064.0, 1044.9, 876.3, 
847.2, 821.1 cm-l. MS (EI): calcd for C~H190ClSi 206.0894, 
found 206.0894. 

1 -C yclohexen- 1 - yl Triethoxysilyl Ether (40). Catalyst 

13C NMR (50 MHz, CDC13): 152.3, 151.1, 138.2, 138.1, 133.4, 

MHz, CDC13): 4.55 (t, J =  7.6 Hz, 0.75H), 4.42 (t, J =  6.7 Hz, 

Zheng and Chan 

1 (0.0026 mmol, 3 mg) and 2-cyclohexen-1-one (1 mmol, 0.096 
g, 97 pL) were treated with triethoxysilane (1.1 mmol, 0.181 
g, 207 pL) at room temperature for 12 h. After standard 
workup, the crude product (242 mg, 93%) was distilled at  70 
"C/5 mmHg (Kugelrohr) to give 40 as a colorless liquid (202 
mg, 78%). 'H NMR (200 MHz, CDC13): 5.05 (m, lH), 3.84 (q, 
J = 7.0 Hz, 6H), 2.04 (m, 4H), 1.64 (m, 2H), 1.48 (m, 2H), 1.21 
(t, J = 7.0 Hz, 9H). 13C NMR (50 MHz, CDC13): 148.8, 104.5, 
59.4, 28.9, 23.6, 23.0, 22.1, 18.0. IR (neat): 2978.0, 2930.2, 
2859.7, 1674.7, 1368.5, 1199.4, 1167.9, 1105.0, 1083.7, 524.6 
cm-l. MS (EI): calcd for C1~H2404Si 260.1444, found 260.1453. 
Anal. Calcd for ClzH2404Si: C, 55.35; H, 9.30. Found: C, 
55.33; H, 9.35. 

2-Buten-2-yl Triethoxysilyl Ether (4p). Catalyst 1 
(0.0026 mmol, 3 mg) and 3-buten-2-one (1 mmol, 0.070 g, 83 
pL) were treated with triethoxysilane (1.1 mmol, 0.181 g, 207 
pL) at  room temperature for 20 h. After standard workup, 
the crude product (E:Z = 56:44) was distilled at 60 "C/5 mmHg 
(Kugelrohr) to give 4p as a colorless liquid (176 mg, 75%). lH 

J = 6.6 Hz, 0.44H), 3.81 (m, 6H), 1.78 (8 ,  1.32H), 1.72 (s, 
1.68H), 1.47 (m, 3H), 1.16 (m, 9H). I3C NMR (50 MHz, CDCl3) 
146.4, 145.8, 102.6, 102.1,59.2,21.5, 18.1, 17.9, 16.4, 11.8. IR 
(neat): 2978.1,2926.1,2895.9,1722.1,1682.7,1388.6, 1106.8, 
1083.6, 792.0 cm-'. MS (EI): calcd for CloHzzO4Si 234.1287, 
found 234.1295. 
l-Methoxy-l-(dimethylphenylsiloxy)-2-methyl-l-pro- 

pene (4q). Catalyst 1 (0.0069 mmol, 8 mg) and methyl 
methacrylate (2.0 mmol, 0.200 g, 214 pL) were treated with 
dimethylphenylsilane (2.2 mmol, 0.300 g, 337 pL) at room 
temperature for 1.5 h. After standard workup, the crude 
mixture was distilled at  85 "C/5 mmHg (Kugelrohr) to give a 
colorless liquid (430 mg, 91% yield). lH NMR (200 MHz, 
CDCl3): 7.63 (m, 2H), 7.39 (m, 3H), 3.41 ( 8 ,  3H), 1.55 (s, 3H), 
1.50 (9, 3H), 0.47 (s, 6H). 13C NMR (50 MHz, CDC13): 149.4, 
137.2, 133.4, 129.8, 127.8, 91.4, 56.9, 16.9, 16.1, -1.5. IR 
(neat): 2962.4,2933.2,2917.6,2858.4,1706.5, 1428.6, 1253.1, 
1204.6, 1173.8, 1147.3, 1121.1, 1026.1, 943.0, 859.8, 834.2, 
789.7 cm-'. MS (EI): calcd for ClsHzoO2Si 236.1233, found 
236.1229. 
S,B-Dihydro-4H-pyran-2-y1 Dimethylphenylsilyl Ether 

(4r). Catalyst 1 (0.0069 mmol, 8 mg) and 5,6-dihydro-W- 
pyran-2-one (2.0 mmol, 0.196 g, 172 pL) were treated with 
dimethylphenylsilane (2.2 mmol, 0.300 g, 337 pL) at room 
temperature for 12 h. After standard workup, the crude 
mixture was distilled at 110 "C/5 mmHg (Kugelrohr) to give 
4r as a colorless liquid (398 mg, 85% yield). lH NMR (200 
MHz, CDC13): 7.67 (m, 2H), 7.44 (m, 3H), 4.04 (dd, J = 5.1, 
5.1 Hz, 2H), 3.88 (t, J = 3.7 Hz, lH), 2.04 (dt, J = 6.3, 3.9 Hz, 
2H), 1.76 (m, 2H), 0.53 (s, 6H). 13C NMR (50 MHz, CDC13): 
154.2, 137.0, 133.2, 129.6, 127.6, 74.3, 67.1, 22.2, 19.7, -1.3. 
IR (neat): 2955.1, 2932.9, 2850.5, 1736.0, 1688.6, 1428.5, 
1386.3, 1278.5, 1250.1, 1209.8, 1121.1, 1063.2, 911.9, 844.6, 
821.1, 792.4 cm-l. MS (EI): calcd for Cl3HlaOzSi 234.1076, 
found 234.1078. 

l-PhenylethanolZ7 (7h). Catalyst 1 (0.0043 mmol, 5 mg) 
and acetophenone (1 mmol, 0.121 g, 118 pL) were treated with 
diphenylsilane (1.3 mmol, 0.245 g, 250 pL) at  room tempera- 
ture for 4 h. After standard workup, the crude product was 
distilled at  75 "C/5 mmHg (Kugelrohr) to give 7h as a colorless 
liquid (100 mg, 82% yield). lH NMR (200 MHz, CDC13): 7.22- 
7.38 (m, 5H), 4.88 (q, J = 6.5 Hz, lH), 1.87 (s, lH), 1.45 (d, J 

124.8, 70.5, 25.8. IR (neat): 699.4, 1077.1, 1452.1, 1493.3, 
1603.6,2875.1, 2927.5,2974.4,3366.4 cm-'. MS (EI): 122 (39, 
M), 107 (loo), 79 (671, 77 (36), 51 (14). 

Deuterium Isotope Effects for the Reduction of Ac- 
etophenone. (a) With Dideuteriodiphenylsilane-Diphe- 
nylsilane (7h/7g). Catalyst 1 (0.0026 mmol, 3 mg) and 
acetophenone (1 mmol, 0.121 g, 118 pL) were treated with 
diphenylsilane (1.3 mmol, 0.245 g) and dideuteriodiphenylsi- 

NMR (200 MHz, CDC13): 4.82 (4, J = 6.9 Hz, 0.56H), 4.40 (9, 

= 8.2 Hz, 3H). 13C NMR (50 MHz, CDCl3): 145.0,127.9,126.9, 

(27) Eliel, E. L.; Delmonte, D. W. J. Org. Chem. 1966,21, 596. 
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Hydrosilation Catalyzed by an Rh(I) Complex 

lane (1.3 mmol, 96% D, 0.245 g) at room temperature for 12 
h. The crude mixture was used to measure the product ratio 
by 500 MHz NMR: 6 1.46, s, 33.6%; 6 1.47, d, 7.0 Hz, 67.7%. 
The ratio of nondeuterated to deuterated 1-phenylethyl diphe- 
nylsilyl ether was 65.1:33.6 (1.9:l). Hydrolysis of the product 
with HCl(2 N) and distilled (Kugelrohr) at 75 "C/5 " H g  gave 
1-phenylethanol and its 1-deuterated compound (103 mg, ca. 
84% yield). 

(b) With Deuteriodimethylphenylsilane-Dimethylphe- 
nylsilane (7h/7g). Catalyst l(0.0095 mmol, 11 mg) in CH2- 
Clz (0.5 mL) and acetophenone (1 mmol, 0.121 g, 118,uL) were 
treated with deuteriodimethylphenylsilane (1 mmol, 96% D; 
0.140 g) and dimethylphenylsilane (1 mmol, 0.140 g) at room 
temperature for 4 days. The crude mixture was used for 
measuring the product ratio by 500 MHz NMR. 6 1.40, s, 49%; 
6 1.47, d, 6.5 Hz, 51%. The ratio of nondeuterated to  
deuterated 1-phenylethyl dimethylphenylsilyl ether was 49: 
41 (1:l). Distillation (Kugelrohr) at 105 "C/5 mmHg gave the 
product (112 mg, ca. 91% yield), which was contaminated with 
some disiloxane. 
4,4-Dimethy1-2-cyclohexen-l-o1(3f). Catalyst 1 (0.0034 

mmol, 4 mg) and 4,4-dimethyl-2-cyclohexen-l-one (1 mmol, 
0.128 g, 136 pL) were treated with diphenylsilane (1.3 mmol, 
0.245 g, 250 mL) at room temperature for 12 h. After standard 
workup, the crude product was distilled at 80 "C/5 mmHg 
(Kugelrohr) to give 3r (109 mg, 87% yield). lH NMR (200 

Organometallics, Vol. 14, No. 1, 1995 79 

MHz, CDC13): 5.56 (dd, J = 10.1, 2.6 Hz, lH), 5.47 (d, J = 

0.98 (9, 3H), 0.93 (s, 3H). 13C NMR (50 MHz, CDCl3): 139.8, 
10.3 Hz, lH), 4.11 (m, lH), 1.85 (m, lH), 1.28-1.70 (m, 4H), 

126.7, 66.0, 34.1, 32.3, 29.7, 29.6. IR (neat): 1055.6, 1366.4, 
1458.1,1650.9,2864.7,2955.6,3317.1 cm-'. MS (EI): 126 (18, 
M), 111 (30), 92 (181, 84 (ll), 70 (100). 

Deuterium Isotope Effect for the 1,Z-Reduction of 4,4- 
Dimethyl-2-cyclohexen-1-one (3f/3g). Catalyst 1 (0.0043 
mmo1,5 mg) in CHzClz (2 mL) and 4,4-dimethyl-2-cyclohexen- 
1-one (1 mmol, 0.128 g, 136 pL) were treated with diphenyl- 
silane (1.3 mmol, 0.250 g) and dideuteriodiphenylsilane (1.3 
mmol, 96% D, 0.250 g) at room temperature for 12 h. After 
standard workup, the crude mixture was distilled (Kugelrohr; 
80 "C/5 mmHg) to give 3f and 3g (107 mg, ca. 85% yield). The 
lH NMR signal of HOCH at 4.11 had 54% of the intensity of 
the signal (100%) at 5.47 ppm. The ratio of nondeuterated to  
deuterated products was therefore 52:48 (1.l:l). 
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Oxidative Carbonylation of Aliphatic Mono-, Di-, and 
Triamines Catalyzed by 

Montmorillonite - Bipyridinylpalladium( 11) Acetate 
V. L. K. Valli and Howard Alper* 

Ottawa-Carleton Chemistry Institute, Department of Chemistry, University of Ottawa, 
10 Marie Curie, Ottawa, Ontario, Canada KIN 6N5 

Received June 24, 1994@ 

A simple, efficient, and highly selective non-phosgene route has  been developed for the 
preparation of aliphatic, alicyclic, and/or aromatic mono-, di-, and triurethanes from the 
corresponding amines using montmorillonite-bipyridinylpalladium(I1) acetate (Pd-Clay) 
in the presence of NaI as a promoter. The catalytic activity of other palladium catalysts 
was studied and compared with Pd-Clay. The difference in reactivity, as well as the 
selectivity between the immobilized palladium catalyst, i.e., Pd-Clay, and the homogeneous 
catalyst systems is accounted for in terms of the position and the electronic environment of 
the metal in  the interlayers of the clay system surrounded by the surface Bransted acidic 
sites. The versatility of the present catalytic system was demonstrated by the synthesis of 
commercially important isocyanate precursors, including those of Dytek-A-diurethane and 
isophorone diurethane. 

Introduction 

Alkyl isocyanates such as methyl N-methyl isocyanate 
have industrial applications in the preparation of vari- 
ous insecticides and pesticides.' Also, the major de- 
mand for aliphatic and/or alicyclic diisocyanates is for 
the production of polyurethane elastomers. Polyure- 
thanes based on aromatic diisocyanates turn yellow 
upon exposure to extended sunlight. As a result, alkyl 
diisocyanates are used almost exclusively in the syn- 
thesis of high-performance polyurethane elastomers 
which require light stability and weatherability. Phos- 
gene has been used to prepare isocyanates on a com- 
mercial basis, and less hazardous non-phosgene routes 
have attracted considerable attention in the last two 
decade~.~a  One of the approaches being advanced is to 
first synthesize the urethane, either by oxidative car- 
bonylation of  amine^^-^ or by reductive carbonylation 
of nitro compounds in the presence of an a l c ~ h o l , ~ - l ~  
followed by the thermal elimination of alcohol to form 
isocyanates. 

The oxidative carbonylation of aromatic amines to 
form arylurethanes can be realized quite easily using 
various transition-metal However, the 
synthesis of aliphatic urethanes and, in particular, 
aliphatic diurethanes by a non-phosgene route is not 
as facile due to the reduced reactivity of the aliphatic 
reactants. As a result, there are few publications in the 
literature on the oxidative carbonylation of aliphatic 

@ Abstract published in Advance ACS Abstracts, October 15, 1994. 
(1) Kelkar, A. A.; Kohle, D. S.; Kanagasabhapathy, S.; Chaudhari, 

R. V. Ind. Eng. Chem. Res. 1992,31, 172. 
(2) Senekar, S. D.; Rosthauser, J. W.; Markusch, P. H. 34th Annual 

Polyurethane TechnicallMarketing Conference; Oct 21-24,1992; p 588. 
(3) Cenini, S.; Pizzotti, M.; Crotti, C.; In Aspects of Homogeneous 

Catalysis; Ugo, R., Ed.; Reidel: Dordrecht, The Netherlands, 1988; Vol. 
6, p 97. 

(4) Fukuoka, S.; Chono, M.; Khono, M. CHEMTECH 1984,670. 
(5) Alper, H.; Hartstock, F. W. J.  Chem. Soc., Chem. Commun. 1985, 

1141. 
(6) Benedini, F.; Nali, M.; Rindone, B.; Tollari, S.; Cenini, S.; La, G. 

M.; Porta, F. J.  Mol. Catal. 1986, 34, 155. 

0276-7333/95/2314-0080~09.00/0 

 amine^.',^*^ A report by Chaudhari and co-workers 
showed that palladium on carbon in the presence of NaI 
as a promoter can catalyze the conversion of aliphatic 
amines to urethanes. The reaction proceeds well for 
methylamine, but higher amines gave low conversion 
to products. Recently, we described the use of a transi- 
tion-metal complex immobilized on a smectite clay, Le., 
montmorillonite-bipyridinylpalladiu(I1) acetate (Pd- 
Clay), for the reductive carbonylation of aromatic mono- 
and dinitro arenes to the corresponding mono- and 
diurethanes in good to excellent  yield^.^ We now wish 
to report the highly selective oxidative carbonylation of 
aliphatic and alicyclic mono-, di-, and triamines to their 
corresponding mono-, di-, and triurethanes using cata- 
lytic amounts of Pd-Clay, a nitrogen-containing donor 
ligand, and NaI added as a promoter. Pd-Clay is 
prepared by anchoring 2,2'-bipyridine in the interlayers 
of montmorillonite and subsequent complexation with 
Pd(OAc)2.l6 

Results and Discussion 

Treatment of aliphatic and/or alicyclic monoamines 
with carbon monoxide (70 atm) and oxygen (11 atm) in 
methanol in the presence of catalytic amounts of Pd- 

(7) Leung, T. W.; Dombek, B. D. J. Chem. SOC., Chem. Commun. 

(8) Giannoccaro, P.; Nobile, C. F.; Mastrorilli, P.; Ravasio, N. J. 

(9)Valli, V. L. K.; Alper, H. J.  Am. Chem. SOC. 1993,115, 3778. 
(10) Gargulak, J. D.; Berry, A. J.; Noirot, M. D.; Gladfelter, W. L. 

(11) Gargulak, J. D.; Noirot, M. D.; Gladfelter, W. L.; J. Am. Chem. 

(12) Cenini, S.; Ragaini, F.; Pizzotti, M.; Porta, F.; Mestroni, G.; 

(13) Bhaduri, S.; U. S. Patent 4,491,670, 1985. 
(14) Cenini, S.; Pizzotti, M.; Crotti, C.; Porta, F. J.  Org. Chem. 1988, 

53, 1243. 
(15) Balabanov, G. P.; Dergunov, Y. I.; Khoshdurdyev, K. 0.; Manov- 

Yu-Vunskii, V. I.; Neredov, B. K; Rysikhin, A. I. US.  Patent4,207,212, 
1980. 

(16) Choudary, B. M.; Bharati, P. J. Chem. SOC., Chem. Commun. 
1987, 1505. 

1992, 205 and references therein. 

Organomet. Chem. 1991,419,251. 

J.  Am. Chem. SOC. 1992,114,8933. 

SOC. 1991, 113, 1054. 

Alessio, E. J. Mol. Catal. 1991, 64, 179. 
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Carbonylation of Mono-, Di-, and Triamines 

Table 1. Effect of NaI on the Carbonylation of 
n-Hexvlamine Catalvzed bv Pd-Clav with 23’-b~v“ 

Organometallics, Vol. 14, No. I ,  1995 81 

Table 2. Comparison of Various Palladium Catalysts for 
the Carbonylation of n-Hexylamind 

yield (%) by NMR 
_ _ _ ~ ~ ~  ~ 

yield (%) by NMR 
expt no. substrate:NaI conversion (%) urethane urea 

1 no NaIb 100 80 20 
2 1:l 72 68 4 
3 3: 1 100 91 9 
4 5: 1 100 99c traces 
5 1O:l 100 75 25 
6 5: Id 100 50 50 

Reaction conditions for expt 4: substrate (2 mmol), Pd-Clay (20 mg, 
0.004 mmol), 2,2’-bpy (16 mg, 0.1 mmol), NaI (60 mg, 0.4 mmol), methanol 
(6 mL), CO/Oz (70/11 am), 210 “C, 8 h. Ratio of substrate to NaI changes 
as indicated above. Carried out for 36 h. Isolated yield. Carried out 
without 2,2’-bpy. 

Clay, NaI as promoter, and a nitrogen donor ligand, 2,2’- 
bipyridine, a t  210 “C for 6-12 h afforded the corre- 
sponding urethanes in 62-91% isolated yield (eq 1). 

Pd-Clay, bpy, NaI RNH, + CO + 1/202 + MeOH 210 oc, ,., 
RNHC0,Me + H20 (1) 

The reaction is highly selective, and only trace 
amounts of ureas were obtained as byproducts. How- 
ever, the formation of urea is dependent on the amount 
of NaI used as a promoter. The best ratio of substrate 
to NaI is 51. In the presence of more NaI, i.e., using a 
substrate to NaI ratio of 3:1, the results were compa- 
rable to the 5:l ratio of substrate to NaI. However, 
when the ratio of the substrate to NaI was l O : l ,  the 
selectivity toward urethanes was inferior, affording 75% 
urethane and 25% urea when n-hexylamine was used 
as the substrate. This result can be compared with the 
control experiment performed in the absence of NaI. 
Using n-hexylamine as a model reactant, a control 
experimental run without NaI afforded complete con- 
version to  give 80% urethane and 20% urea. Although 
the conversion of n-hexylamine was 100% in the absence 
of 2,2’-bipyridine, virtually no selectivity was observed 
with urethane to urea formed in a 1:l ratio (Table 1). 
Thus, the nitrogen donor, i.e., 2,2’-bipyridine, and the 
amount of NaI play important roles in the selectivity of 
the reaction. Use of a monodentate nitrogen donor 
requires longer reaction time for complete conversion 
and gave poor selectivities. Thus, using N-methylpyr- 
rolidine as a donor, carbonylation of n-hexylamine 
required 18 h, affording 69% of the corresponding 
urethane and 31% urea, while 1,lO-phenanthroline can 
be used instead of 2,2’-bipyridine, affording 82% ure- 
thane and 18% urea when n-hexylamine is the model 
substrate. 

The use of Pd(PPh)r in place of Pd-Clay afforded 
complete conversion with slightly inferior selectivities 
(78% urethane, 22% urea) compared with the clay 
system. In the absence of NaI, Pd(PPh)r gave poor 
selectivity toward urethane (12%) formation, with ureas 
obtained as the major compounds. Other palladium 
catalysts, for example Pd/C, gave a result comparable 
to that for Pd(PPh)r. However, when homogeneous Pd- 
(0Ac)n was used instead of Pd-Clay, decomposition of 
Pd(OAc)2 was observed, resulting in poor yields (12%) 
of ureas, and no urethane was obtained in the case of 
n-hexylamine as  the starting amine (Table 2). 

The method reported herein shows excellent selectiv- 
ity for the formation of aliphatic and alicyclic diure- 

expt no. catalyst conversion urethane urea 

1 Pd(PPhs)4 100 78 22 
2 Pd(PPh3)4’ 89 12 77 
3 Pd(OAc)zC 52 0 12 
4 PdC 94 73 11 
5 Pd-Clay 100 85 traces 
6 Pd-Clayd 100 50 50 
7 Pd-Clayb 100 80 20 

For reaction conditions, see footnote a of Table 1, the amount of Pd 
catalyst being 0.004 ”01. Without NaI. Catalyst decomposed. Without 
2 , y - b ~ ~ .  

Table 3. Oxidative Carbonylation of Mono-, Di-, and 
Triamines Catalyzed by Pd-Clay, 2,2’-bps, and NaP 

yield (a) by 
NMR (isolated) 

expt amine urethane urea 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 
12 
13 

14 

n-C6H13NH2 85 (83) 2-3 (traces) 
n-ClZH25h% 91 (81) 6 (traces) 
ieC3H7NH2 79 (62) 20 (18) 
cyclo-CsH11NH2 99 (91) 
HzN(CHz)sNHz 89 (72) 
H~NCHZ(CH~)CH(CH~)~NH~’ 100 (88) 
HzNCHz(CH3)CH(CH2)3NHzc 100 (94) 
HZNCHZ(CH~)CH(CH~)~NH~~ 91 
l,4-(NH2)2-cyclo-cd-Ilo 32 
l-NHz-3-CHzNH2-3,5,5- 100 (96) 

1,3-(NHz)z-4-CH&jH3 98 (69) 
HzNCH(CH~)CHZ[OCHZCH(CH~)],NHZ~ quantitative 
H2NCH(CH3)CH2[0CH2CH(CH3)1,” quantitative 

(CH3)-CyClO-C6H7 

CH3 CH3 
I I 

H2CO[CH2CHO],&H2CHNH2 

quantitative I 
HCO[CH~CHO]PH~CHNHZ 

I LH3 CH3 
I 

I I 
H2CO[CH2CHO]&H&HNH2 

CH3 CH3 

For reaction conditions, see footnote a of Table 1. The amounts of 
catalyst, promoter, donor, and solvent are double and triple in case of di- 
and triamines, respectively. Reaction time for di- and triamines is 18 h. 

Dytek-A. Pd-Clay, 2,2’-bpy, NaI, EtOH. Pd(PPh3)4, 2,2’-bpy, NaI. 
e Jeffamine-D-400, x = 5-6. fJeffamine-D-2000, y = 33 (av). g Jeffamine- 

thanes directly by the carbonylation of the correspond- 
ing diamines (eq 2). 

T-5000, x + y + z = 83. 

H2N-ONH,  + 2CO + O2 + 2MeOH p d ~ ~ ~ ~ c B ~ ~ h N k  

MeO,CNH0NHCO2Ms + 2H20 (2) 

To our knowledge, there are no efficient catalysts 
described in the literature for the preparation of diure- 
thane precursors of isophorone diisocyanate (IPDI) and 
Dytek-A-diisocyanate (DDI) by direct oxidative carbon- 
ylation methods. A method reported by Leung and 
Dombek claimed 73% selectivity toward the IPDI pre- 
cursor using complex metallamacrocyclic compounds as 
catalysts.7 

A series of diamines was subjected to carbonylation 
in the same manner as for n-hexylamine to give diure- 
thanes in good to excellent yields (Table 3). Of particu- 
lar note are the preparation of the diurethane precur- 
sors to isophorone diisocyanate (IPDI), Dytek-A-diiso- 
cyanate (DDI), and 2,4-toluene diisocyanate (TDI). Di- 
and triamines of Jeffamine 400, 2000, and T-5000 
(Jeffamines are poly(propy1eneoxy) amines) were also 
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carbonylated efficiently, affording the corresponding di- 
and triurethanes in quantitative yields. Attempts to 
prepare trans,truns-( 1,4-cyclohexanediyl)diurethane (con- 
vertible to trczns,trans-CDI) resulted in complete conver- 
sion of the starting material, but the yield of the 
diurethane was moderate, with the balance of the 
product being an uncharacterized polymer. 

The recycling capacity of Pd-Clay was examined for 
the carbonylation of n-hexylamine. It was found that 
Pd-Clay is active for up to three cycles, affording 68% 
conversion in the third run. Addition of 2,2'-bipyridine 
and NaI is necessary in each run. However, the 
selectivity toward the formation of urethane was un- 
changed, affording 55% urethane (81% selectivity). 
After the third cycle, no considerable amount of conver- 
sion was noticed, indicating the loss of activity. Use of 
a high reaction temperature and pressure might have 
caused the gradual leaching of the palladium metal from 
the interlayers of the clay. 

It is conceivable that, in these reactions, the surface 
Bransted and Lewis acidities of the smectite clay can 
promote carbon monoxide insertion to generate the 
intermediate species RNHZ+(CO)MHLn, bound to the 
silicate sheets of montmorillonite, which in turn can 
react with alcohol to give urethanes. The superior 
selectivity of Pd-Clay over other palladium catalysts 
could be due to the change in electronic environment 
around the palladium in the clay interlayers. ESCA 
studies reported on Pd-Clay indicated that palladium 
is present as a divalent palladium species in the 
interlayers of clay.16 However, the corresponding ho- 
mogeneous Pd(OAc)s afforded only ureas as the major 
products under the same experimental conditions. This 
confirms the difference in electronic environment around 
palladium in Pd-Clay. Also, the presence of surface 
Bransted and Lewis acidic centers in the smectite clay 
can enhance the polarization of carbon monoxide and 
result in a more selective r e a ~ t i 0 n . l ~  

Valli and Alper 

bipyridine (16 mg, 0.1 mmol), NaI (60 mg, 0.4 mmol), and dry 
methanol (6 mL) was charged in a 30 mL autoclave. The 
autoclave was flushed with carbon monoxide, pressurized to  
70 atm, and then carefully pressurized with 11 atm of oxygen. 
(Caution! Reverse addition, i.e., 0 2  before CO, is dangerous.) 
The autoclave was transferred to a preheated oil bath at 210 
"C and stirred for 6-18 h. The reaction mixture was cooled 
to room temperature, filtered through neutral alumina, and 
then concentrated by rotary evaporation. The crude material 
was washed with pentane and further purified by column 
chromatography (neutral alumina, eluant 9: 1 pentane/chloro- 
form). Di- and triamines were also reacted in a similar 
procedure using amounts of catalyst and NaI proportional to 
the number of amine groups(e.g., in the case of Dytek-A, double 
the amount of catalyst, promoter and solvents were used 
compared to  the case for n-hexylamine). 

Preparation of n-Hexylmethylurethane Using Pd- 
(PPh)4, 2,8'-Bipyridine, and NaI. A mixture of n-hexyl- 
amine (2 mmol), Pd(PPh)r (4.6 mg, 0.004 mmol), 2,Y-bipyridine 
(16 mg, 0.1 mmol), and dry methanol (6 mL) was charged in a 
30 mL autoclave. The autoclave was flushed with carbon 
monoxide, pressurized to 70 atm, and then pressurized with 
11 atm of oxygen. The autoclave was transferred to a 
preheated oil bath at 210 "C and stirred for 6 h. The reaction 
mixture was cooled to  room temperature, filtered through 
neutral alumina, and then concentrated by rotary evaporation. 
Urea was separated as a solid material from the reaction 
mixture and was isolated by filtration. The crude n-hexyl- 
methylurethane was purified by column chromatography 
(neutral alumina, with 9: 1 pentane/chloroform as the eluant). 
The isolated yield of urethane was 78%. IR v(C0) 1718 cm-l. 
lH NMR (CDCl3): 6 0.80 (t, 3H, CH3), 1.25 (m, 6H, CHd, 1.48 
(m, 2H, CHz), 3.11 (9, 2H, CHz), 3.60 (8, 3H, OCH3), 4.72 (br, 

51.3, 156.8; MS ( d e ) :  159 (M+). 
The same procedure was followed for other palladium- 

catalyzed carbonylation reactions using 0.004 mmol of the 
respective palladium catalyst. The urethanes 1-11 (Table 3) 
were characterized by comparison with literature data.4-12J9-26 
The following urethanes are new. 
12, Jeffamine-D4OO methyl diurethane: IR v(C0) 1712 

cm-l; 'H NMR (CDC13) 6 1.12 (d, CH3), 2.31 (m, CH), 3.48 (m, 
OCH), 3.75 (s, OCH3), 5.18 (br, NH), 5.52 (br, NH); 13C NMR 
(CDC13) 6 51.68 (OCH3), 156.52 (carbonyl). 
13, Jeffamine-D-2000 methyl diurethane: IR v(C0) 1714 

cm-'; 'H NMR (CDC13) 6 1.12 (d, CH3), 2.32 (m, CHI, 3.48 (m, 
OCH), 3.78 ( 8 ,  OCH3), 5.20 (br, NH), 5.49 (br, NH); 13C NMR 
(CDCl3) 6 51.64 (OCH3), 156.60 (carbonyl). 
14, Jeffamine-T-5000 methyl triurethane: IR v(C0) 1720 

cm-l; lH NMR (CDCl3) 6 1.19 (6, CH3), 2.34 (m, CHI, 3.49 (m, 
OCH), 3.62 (m, OCH3), 5.32 (br, NH), 5.50 (br, NH); 13C NMR 
(CDCls) 6 51.70 (OCH3), 55.07 (OCH3), 155.20 (carbonyl), 
156.48 (carbonyl). 
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lH, NH). 13C NMR (CDC13): 6 12.9,21.5,25.3,28.9,30.4,40.1, 

Conclusion 

A simple, efficient, and highly selective non-phosgene 
route was developed for the preparation of-&pWkand/ 
or alicyclic mono-, di-, and triurethanes from the cor- 
responding amines in good to excellent yields. This 
methodology, coupled with the recently developed con- 
version of urethanes to isocyanates by using chlorocat- 
echolborane18 constitutes an attractive route for the 
preparation of commercially important isocyanates from 
amines by carbonylation. 

Experimental Section 
General Considerations. The following spectrometers 

were used to obtain spectral data: Bomem MB100-Cl5 (FT- 
IR), Varian XL-300 and/or Gemini 200 (NMR), and VG 7070E 
(MS). X-ray basal spacings of Pd-Clay were determined with 
a Philips PW 3710 based analytical difiactometer using Ni- 
filtered Cu Ka radiation. Pd-Clay was synthesized by a 
known method,16 and the d(oo1) expansion of Pd-Clay was 
determined to be 5.3 A . Organic solvents were dried and 
distilled prior to use. 

General Procedure for the Pd-Clay-Catalyzed Oxida- 
tive Carbonylation of Amines. A mixture of the substrate 
(2 mmol), Pd-Clay(20 mg, contains 0.004 mmol of Pd), 2 3 -  

(17) Pinnavaia, T. J.; Raythatha, R.; Lee, J. G. S.; Hollaran, L. J.; 

(18) Valli, V. L. K.; Alper, H. J. Org. Chem., in press. 
Hoffman, J. F. J. Am. Chem. SOC. 1979, 101, 6891. 

(19) Merger, F.; Nestler, G.; Towae, F.; Hellbach, H.; Eur. Pat. Appl. 

(20) Disteldorf, J.; Huebel, W.; Reiffer, J. Eur. Pat. Appl. EP 106 

(21) Disteldorf, J.; Huebel, W.; Wolf, E. Ger. Offen. DE 3 151 855; 

(22) Burgess, E. M.; Penton, H. R., Jr.; Taylor, E. A.; Williams, W. 

(23) Zhou, X.; Huang, Z. Synth. Commun. 1989, 19, 1347. 
(24) Alper, H.; Vasapollo, G.; Hartstock, F. W.; Mlekuz, M.; Smith, 

(25) Wallace, G. C.; Zerba, E. N. Pestic. Sci. 1989,26, 215. 
(26) Crosby, J.; Paton, R. M.; Rennie, R. A. C. Ger. Offen. DE 2 336 

EP 100 047; Chem. Abstr. 1984,100, 157138g. 

138; Chem. Abstr. 1984, 101, 170702b. 

Chem. Abstr. 1983, 99, 176959~. 

M. Org. Synth. 1973,53, 1857. 

D. J. H.; Morris, G. E.; Organometallics 1987, 6, 2391. 

403; Chem. Abstr. 1974, 81, 49257a. 
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Metal-Assisted Formation of Phosphorus-Oxygen 
Heterocyclic Complexes 

Xiaoyong Sun,? Edward H. Wong,**t Mark M. Turnbull,*?$ Arnold L. Rheingold,*?§ 
Beth E. Waltermire,§ and Robert L. Ostrandero 

Department of Chemistry, University of New Hampshire, Durham, New Hampshire 03824, 
Department of Chemistry, Clark University, Worcester, Massachusetts 01610, and 

Department of Chemistry, University of Delaware, Newark, Delaware 1971 6 

Received June 9,  1994@ 

Starting with bis(dialky1amino)phosphine oxides or triphosphoxane [RzNPO]~ rings, 
transition metal complexes containing P404, P505, and P606 heterocycles have been 
assembled. Specific products isolated were found to depend critically on reaction conditions, 
the metal, and its ancillary ligands, as  well as  the phosphorus substituent. While only 
monometallic products were obtained from divalent precursors of the nickel triad, bimetallic 
complexes were also produced from the group 6 metal carbonyls. In general, larger rings 
were obtained at higher temperatures. Only P303 and P404 products were formed around 
molybdenum, while P505 structures could also be assembled about chromium, nickel, 
palladium, and platinum centers. One of the iron carbonyl complexes was found to feature 
a n  unusual q1-P[OP(0)12P ring, the product of a double POP to PP(=O) rearrangement. In 
addition, a dichromium P 6 0 6  cluster complex featuring the novel hexaphosphoxane ring was 
synthesized from bis(cis-2,6-dimethylpiperidino)phosphine oxide. Use of isolated monome- 
tallic P,O, complexes as ligands yielded heterobimetallic products as well as  phosphoxane 
ring transfer reactions. The X-ray crystal structures of five representative complexes 
containing FeP404 (14), Cr2P404 (19a, 19b), CrzPsO6 (211, and MoFeP404 (25) cores, 
respectively, are reported. 

Introduction 

Inorganic rings, cages, and clusters have relevance 
in many areas of chemical research including coordina- 
tion, catalytic, polymer, and materials chemistry.l Triva- 
lent phosphorus-oxygen heterocycles or cyclic phos- 
phoxanes are potentially useful multidentate ligands 
that can lead to polycyclic, cage, or cluster complexes 
with M,P,O, cores (Figure 1). We have previously 
shown that bis(dialky1amino)phosphine oxides and re- 
lated triphosphoxane ([R2NP013) rings are suitable 
precursors to MP,O, and MP,O,M complexes (M = Cr, 
n = 4,5; M = Mo, n = 3,4; M = W, Ni, Pd, n = 4) with 
bicyclic and cage structures (Figure 2A-Fh2 These 
syntheses depend critically on the presence of metal 
centers to provide templating sites for the linking up of 
RzNP=O phosphinidene units. In this article, we will 
further expand the scope of these reactions and dem- 
onstrate the variety of products and structural types 
now accessible, including a novel hexaphosphoxane 
Cr2P606 cluster. Interesting ring transfer and metalla- 
ligand chemistry of several of these products will also 
be presented. 

+University of New Hampshire. * Clark University. 

@ Abstract published in Advance ACS Abstracts, November 1,1994. 
(1) Armitage, D. A. Inorganic Rings and Cuges; E. Arnold: London, 

1972. Heal, H. G. The Inorganic Heterocyclic Chemistry of Sulfur, 
Nitrogen, und Phosphorus; Academic Press: London, 1980. Haiduc, 
I., Sowerby, D. B., Eds. The Chemistry of Inorganic Homo- and 
Hetemvcles: Academic Press: London. 1987. Wollins. J. D. Non-Metal 

University of Delaware. 

Rings, &.gees, and Clusters; Wiley and Sons: New York, 1988. Mark, 
J. E.; Allcock, H. R.; West, R. Inorganic Polymers; Prentice Hall: New 
York, 1992. 
(2) Wong, E. H.; Sun, X.; Gabe, E. J.; Lee, F. L.; Charland, J.-P. 

Orgunometullrcs 1991, 10, 3010. 

Results 
Syntheses from Triphosphoxane ([RaNPOIs) 

Rings. (1) "he Nickel Triad. In hexane, tris(diiso- 
propylaminophosphoxane) (['PrN0]3) and various metal 
dihalide MX2 complexes (MXz = NiClz-DME, NiBrz-DME, 
PdClz*2PhCN, PdBr2*2PhCN, PtC12.NBD) all yielded 
tetraphosphoxane MXzPPrNO& complexes (lA,B, 2A,B, 
3). These light-yellow to orange-red solids have been 
characterized by IR, 31P (Table 11, and, in some cases, 
lH and 13C (Tables 2 and 3) NMR spectroscopy. The 
NiBrz OB), PdClz (2A), and PdBr2 (2B) products were 
also sufficiently stable for satisfactory elemental analy- 
ses to be obtained. The X-ray crystal structure of 
complex 2A has been reported.2 By 31P NMR spectros- 
copy, the other palladium (2B) and platinum (3) prod- 
ucts can also be assigned the same structure with a 1,5- 
chelating P 4 0 4  ring in a chair-chair conformation 
(Figure 2A), accounting for their A& spectra. The 
unique 1,3-ring coordination mode (Figure 2B) of the 
two nickel complexes (lA,B) can be deduced from their 
distinctive AAXX' 31P NMR (Table 1) spectra.2 

Reactions using the tris(dicyclohexy1aminophosphox- 
ane) ([CyzNP0]3) precursor gave analogous MX2P404 
products (MXz = NiC12, a, NiBrz, 4B; NiIz, 4C; PdC12, 
5 A  PdBrz, 5B; PtC12,6, but in addition, MX2P505 ( M X 2  
= NiClz, 7; PdClz, 8A, PdBr2, 8B; and PtC12, 9) were 
&so isolable under different reaction conditions. Specif- 
ically, reaction in hot-toluene (90 "C) afforded unstable 
NiC12[Cy2NP0]4 (a, 31P NMR, AAXX' pattern) while 
room-temperature reaction in hexane yielded NiCldCyz- 
NPOb (7). A mixture of both (4A, 7) was obtained by 
reaction at room temperature in toluene. In contrast, 
the palladium and platinum P505 complexes (8A,B, 9) 
were obtained from reactions in refluxing hexane while 

0 1995 American Chemical Society 
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84 Organometallics, Vol. 14, No. 1, 1995 Sun et al. 

Figure 1. Possible structures based on M,P,O, cyclic polyphosphoxane metal complexes (P = RP). 

A B C D 

E F G 
Figure 2. Bicyclic and cage structures of MP,O, and M2P,O, complexes (P = RzNP). 

the MP404 products (SA,B, 6) only formed in cold 
hexane at 4 "C. 31P NMR spectroscopy (AS2 patterns) 
supported similar structural assignments for the various 
MXzP404 complexes as made above for their diisopro- 
pylamino analogues. It also revealed the presence of 
two isomers of the PtCl~[Cy~Np014 complex, one with 
the familiar A& pattern (SA) and the second with an 
AMXz pattern (6B). These can be assigned to the 1,5- 
chelated P 4 0 4  ring in chair-chair (Figure 2A) and boat- 
chair (Figure 2C) conformations, respectively. All the 
MXzP505 complexes exhibited AA'MXX' patterns con- 
sistent only with the novel 1,5-chelating q2-P5O5 coor- 
dination mode (Figure 2G). 

(2) Metal Carbonyls. Room-temperature reaction 
of Mo(C0)4(NBD) with ['PrzNP013 or [CyzNP013 in 
hexanes afforded the simple substitution products cis- 
Mo(C0)4[RzNP013 (R = 'Pr, Cy; 10A,B, Figure 2D). 
These unstable white compounds slowly transformed to 
the known Mo(C0)4[RzNPOIYIo(C0)4 cage complexes 
(Figure 2E) in solution or in the solid state.2 Similar 
reaction using Cr(C0)4(NBD) required prolonged reac- 
tion times or refluxing to give cis-Cr(CO)4[RzNPOl4 
(lla) instead as a white solid. Its 31P NMR spectrum 
with an A m  pattern is consistent with a boat-chair 
1,5-chelating mode for the tetraphosphoxane heterocycle 
(Figure 2C). 

In refluxing toluene, diiron nonacarbonyl gave differ- 
ent products with the two triphosphoxanes. Specifically, 
[CyzNP013 yielded complex 12, Fe(C0)3[CyzNP014, also 
with an AzXy 31P NMR spectrum (Table 1) as observed 
for the chromium complex 11 (Figure 2C). By contrast, 

PPrzNP013 gave two isolable products in a 60:40 ratio; 
the first aialyzed as Fe(C0)3['Pr2NP0]4 (13) and the 
second as Fe(C0)4PPr2NP0]4 (14). Complex 13 can be 
assigned the chair-chair ligand ring conformation 
based on its A& 31P NMR spectrum (Table 1, Figure 
2A). Complex 14, however, has a spectrum that indi- 
cated presence of high-field (6  +24.5) phosphoryl reso- 
nances in a distinctive AXzY pattern (Table 1). Its novel 
structure as revealed by an X-ray study (Figure 3) 
actually features a P[OP(=O)]zP heterocycle as a mono- 
dentate ligand toward the tetracarbonyl iron. 
Syntheses from Bis(dialky1amino)phospbine Ox- 

ide Precursors. We have previously reported the 
formation of complexes with MoP303, MoP404, MozP404, 
CrP404, CrzP404, CrzP505, and W P 4 0 4  (Figure 2A-F) 
cores from reactions of the respective metal hexacarbo- 
nyl and (iPrzN)zP(0)H.2 Similarly, (CyzN)zP(O)H and 
Cr(C0)s also produced two isomers of Cr(CO)4[Cy2NpOl4 
with chair-chair (l lb) and boat-chair (lla) P404 
conformations, C ~ ~ ( C O ) ~ [ C ~ Z N P O I ~  US), and Crz(C0)7- 
[Cy~NP015 (161, with higher reaction temperatures 
favoring formation of the pentaphosphoxane complex 16 
(Figure 2F). Traces of an unstable white solid charac- 
terized as the O-bonded Cr(C0)5.O=P(CyzN)zH were 
also isolated (31P NMR: singlet at 6 94.1, ~JPH = 366 
Hz). Tungsten hexacarbonyl yielded W2(C0)7[Cy2N- 
POI5 (171, a product analogous to 16, although it was 
found to be quite unstable. In addition, prolonged 
reaction times led to isolation of small amounts of a red 
solid characterized as Wz(CO)dCyzNP014 (181, the 31P 
NMR spectrum of which contained a very low-field 
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Phosphorus-Oxygen Heterocyclic Complexes Organometallics, Vol. 14, No. 1, 1995 85 

Table 1. 31PC1H1 NMR SDectra of the Cvclic Phosphoxane Complexes" 

complex 

~ ~~ 

splitting pattern [chemical shift, ppm] (J,  Hz) 

AA'XX' 
AA'XX' 
AzXz 
AzXz 
AzX2 
AA'XX' 
AA'XX' 
AA'XX' 
AzXz 
AzX2 
AzXz 
mx2 
AAMXX' 
AA" 

AA'MXX' 

AA'MXX' 

A2X 
A2X 
AzXY 
AzX2 
AzXY 
A2Xz 
AxzY 
singlet 
A2BXz 
AzBXz 
AXYZ 

singlet 
singlet 
AzBXz 
singlet 
singlet 
AA'XX' 
AMM" 

ABzx 
singlet 

[ d ~  = 176.1, 6g = 175.1, 6x = 155.41 (JAB = 6, Jm * 0, Jgx = 42) 
[6 = 175.51 

phosphido resonance (6 f267.8). An analogous Moa(CO)s- 
['Pr2NP0]4 complex containing a phosphido-bridged 
metal-metal bond and a cleaved P-0 linkage has been 
reported (Figure 4h3 Diiron nonacarbonyl gave the 
same Fe(C0)3[Cy2NP0]4 (13) product as described above 
from its reaction with [Cy2NP013. 

From bis(2,6-dimethylpiperidino)phosphine oxide 
((DMP)zP(O)H) and Cr(C0)s in refluxing toluene we 
obtained both isomers of Cr2(CO)dDMP-P014 (19a,b), 
Cr2(C0)7[DMP-P0]5 (20) and traces of a white solid with 
high spectral (Table 1) symmetry that analyzed as Cr- 
(C0)3[DMP-P0]3 (21). The X-ray crystal structures of 
19a and 19b confirmed their being configurational 
isomers of the Cr2P404 core. Complex 19a adopts the 
familiar adamantanoid cage structure featuring a tet- 
radentate P 4 0 4  ring in a boat-boat form (Figures 5 and 
2E). Complex 19b has the heterocycle in the long chair 
form serving to  link two four-membered CrPOP chelate 
rings (Fgure 6). X-ray crystallography also revealed 
the symmetrical 21 to be the novel C~~(CO)G[DMP-PO]~ 
(Figure 7), a cluster structure featuring the heretofore 
unknown hexaphosphoxane ring. Significantly, quan- 
titative yields of this same product can be obtained from 
the cage expansion reaction of Cr2(C0)7[DMP-P015 (20) 
with (DMP)2P(O)H in refluxing xylene. By contrast, 

Woudenberg, R. Organometallics 1992, 11, 1579. 
(3)Yang, H. Y.; Wong, E. H.; Jasinski, J. P.; Pozdniakov, R. Y.; 

molybdenum hexacarbonyl gave the M02P404 cage 
complex 22 as the only product regardless of reaction 
conditions. 

No tractable products were obtained from Fez(C0)g 
or dihalide precursors of the nickel triad in this type of 
thermal reaction. Substitution of the bis(amino)phos- 
phine oxides with various phosphoramidites like (R2N)- 
(R'O)P(O)H also failed to produce any alkoxy- or aryloxy- 
substituted phosphoxane complexes. 

Reactions of Monometallic Phosphoxane Com- 
plexes. The monometallic phosphoxane complexes 
synthesized above contain additional available phos- 
phorus donor sites. Several heterobimetallic complexes 
have been prepared using them as metalla-ligands. 
These include the Mo(C0)4[Cy2NP0]4NiBrz complex 
(23), the Mo(C0)3[Cy2NP035PdC12 complex 24, and the 
M o ( C O ) ~ [ ~ P ~ ~ N P O I ~ F ~ ( C O ) ~  complex 25 (Scheme 1). All 
have been characterized spectrally and by elemental 
analyses. The Ni/Mo complex 23 can be assigned a basic 
structure similar to that of complex 19b (Figure 6) with 
the P404 ring in the long chair conformation and metals 
coordinating a t  opposite ends of the heterocycle. Com- 
plex 24 should be a MoPd mixed-metal analogue of the 
Cr2P505 cage (complex 16, Figure 2F) structure. Com- 
plex 25 exhibited an A B S  pattern in its solution 31P 
NMR spectrum (Table 1) and numerous bands in its IR 
carbonyl spectrum (see Experimental Section). A single- 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

01
7



86 Organometallics, Vol. 14, No. 1, 1995 Sun et al. 

Table 2. 13C NMR Data for the Cyclic Phosphoxane Complex& 
compd assgnt [d, ppm ( J ,  Hz)l 

1B 
2A 
4B 
7 
8A 
8B 
9 
10A 
10B 
l l a  
12 

13 
14 (-10') 

16 

17 

18 

19a 
19b 

20 

21 
22 
23 

24 

25 

26 

a All spectra were run in CDC13 at ambient 

CH [48.6,45.11, CH3 [24.5, 22.91 
CH [47.7,47.2], CH3 [23.2, 19.21 
CH [58.1,53.5], CHz [33.3, 33.1, 26.7, 26.4, 26.1, 25.5, 24.81 
CH t58.1, 53.8,52.7], CHz [33.4,32.4, 29.3, 27.1, 26.5, 25.6, 25.4, 24.9, 21.51 
CH [58.5,53.7,52.71, CHz [37.7, 35.7, 35.2, 33.2, 32.5, 31.5.29.2. 26.9, 26.3, 25.3, 24.71 
CH [58.5,54.1,53.01, CHz [37.6, 37.3,33.4,33.1, 32.7,32.4,29.1, 27.1, 26.4, 25.8, 25.4, 24.81 
CH [58.0,53.6,52.91, CHz [37.8,37.2, 33.1, 32.5, 29.3, 27.1, 26.4, 25.8, 25.6, 25.4, 24.81 
CH [47.8,44.5],CH3 [24.4,23.6,23.2] 
CH r57.4, 53.71, CHz [34.9, 33.7, 34.2, 26.9, 26.6, 26.5, 25.4, 25.11 
CO t226.0, triplet (lo), 219.4, triplet (20)1, CH [57.4,53.2, 52.51, CH2 [33.7, 33.1,26.8, 25.61 
CO [218.1, multiplet], CH [57.8, 53.5 doublet (9); 52.5, doublet (12)] CH2 [33.5, 33.0, 26.9, 

CO [218.0, multiplet], CH t47.5; 44.4, doublet (15)], CH3 [24.1,22.8] 
CO [215.8, doublet (15); 215.0, doublet (15)] CH [56.9, doublet (11); 48.0, doublet (12); 

46.9, doublet (7); 44.6, doublet (27)] CH3 [26.4, doublet (11); 23.9, 23.5, 23.2, 22.91 
CO [229.9, multiplet; 229.1, triplet (14); 224.4, triplet (9); 219.7, triplet (20); 216.7, 

triplet (2011 CH [58.5,58.3, 57.5, doublet (lo)]. CH2 [36.2, 35.9, 35.3, 34.8, 34.3,27.3, 
27.1, 26.9,26.7,25.8, 25.6, 25.21 

35.4, 35.2,34.8, 34.3, 27.1,27.0, 26.9, 26.6,25.7, 25.5, 25.2, 24.81 

57.2, doublet (9); 57.5, doublet (8), CHZ [34.0, 33.9, 33.7, 33.6, 33.4, 31.5, 26.9, 26.6, 
26.5, 25.4, 25.3,24.9, 22.61 

26.8, 26.3, 25.8, 25.71 

CO [213.5,209.8,203.6, multiplets]; CH [59.0, 58.7, 58.0, doublet (14)], CHI [36.0, 

CO [212.9,217.6,210.8,210.3,209.8,206.9, multiplets], CH [57.8, doublet (10); 

CO [224.1, triplet (9); 217.1, triplet (19)], CH [45.6], CH2 [30.9, 14.21, CH3 [23.2] 
CO [213.5,209.8,203.6, multiplets], CH [47.3, triplet (4); 46.11, CHz [31.0, 30.1, 13.61, 

CH3 r23.3.21.71 
CO [229.5, multiplet; 228.3, multiplet; 226.4, triplet (11); 219.3, triplet (21); 216.2, 

triplet (20)l; CH t47.6, triplet (7); 45.8,45.6, multiplets], CHI [31.4, 31.9,31.1,30.9,30.6, 
30.5, 14.2, 14.1, 13.91, CH3 [23.4, 23.0,22.9, 22.8, 22.5, 22.41 

CO t213.5, triplet (15); 206.9, triplet (12)1, CH r45.6, triplet (7)], CHI [31.0, 14.11, CH3 [23.0] 
CO [213.5, triplet (15); 206.9, triplet (12)l CH r45.6, triplet (7)], CHZ [31.0, 14.11, CH3 [23.0] 
CO [215.9, doublet (12); 215.4, doublet (12); 208.7, triplet (8); 207.7, triplet (lo)], CH [58.4, 

CO t218.9, doublet of triplets (39, 13); 216.4, doublet of triplets (39, 13)], CH [59.3, 58.2, 

CO [219.2, triplet (6); 218.8, doublet (9); 216.7, doublet (54); 211.0, doublet of doublets (9,3); 
207.5, quartet (9)1, CH [49.2; 47.6, doublet (9); 44.3, doublet (14)], CH3 [23.4,23.0,22.4] 

CO t198.0, triplet (2)1, CH [55.4, triplet (6)], CHI [34.2,26.6, 25.51 

58.21,CHz [36.4, 34.2, 33.5, 32.9, 26.4,25.9, 25.3, 25.11 

57.71, CHz L35.8, 35.4, 34.7,33.3, 27.0, 26.7, 26.1, 25.4,25.2, 24.91 

temperature unless otherwise noted. 

Table 3. Proton NMR Data for the Cyclic Phosphoxane Complexes" 

1B 
2A 
4B 
7 
8A 
8B 
9 
10A 
10B 
l l a  
12 
13 
14 (-10") 
16 
17 
18 
19a 
19b 
20 
21 
22 
23 
24 
2s 
26 

CH 14.20, multiplets], CH3 [1.36, 1.32, 1.31, doublets (6.8 Hz)] 
CH [3.74, multiplets], CH3 [1.36, 1.28, doublet (6.7)] 
CH [3.8, broad], CHz [1.99-0.84, multiplets] 
CH [3.6, 3.1, 2.9, broad], CHZ [2.14-1.07, multiplets] 
CH [3.52, 3.04, 2.82, broad], CHz [2.25-0.88, multiplets] 
CH 13.51, 3.17, 2.80, broad], CH2 [2.26-0.85, multiplets] 
CH [3.56, 3.06, 2.79, broad], CHz [2.19-0.82, multiplets] 
CH [3.86, septet (6.9); 3.7, broad], CH3 [1.32, 1.31, 1.26, doublets (6.9)] 
CH [3.25, broad], CHz [1.70-1.18, multiplets] 
CH [3.48, broad], CHI [1.76-0.84, multiplets] 
CH [3.52, broad], CH2 [1.82-0.84, multiplets] 
CH [3.92, 3.79, broad], CH3 [1.26, doublet (23)] 
CH [4.58, 4.15, 3.50, 3.331, CH3 [1.35, 1.31, 1.24, 1.19, doublets (6)] 
CH [4.19, 3.76, 3.51, multiplets], CH2 [1.98-0.84, multiplets] 
CH [4.21, 3.73, 3.10, multiplets], CH2 [1.92-0.84, multiplets] 
CH t3.41, 3.30, 3.20, multiplets], CHz [2.03-0.84, multiplets] 
CH [4.46], CHI [1.15-1.18, multiplets], CH3 [1.35, doublet (7)] 
CH [4.46, 4.22, multiplets], CHI L1.87-1.55, multiplets], CH, [1.35, 1.40, doublets (7)] 
CH [4.55, 4.46,4.37,4.25,4.13, multiplets], CHz [1.87-1.55, multiplets, CH3 [1.41, 1.37, 1.32, doublets (7)] 
CH [4.47, multiplet], CH2 [1.51-1.19, multiplets], CH3 [1.37, doublet (7)] 
CH [4.40, multiplet], CHz [1.92-1.50, multiplets], CH3 [1.31, doublet (7)] 
CH [3.98, multiplet; 3.8, broad], CH3 [1.95-0.84, multiplets] 
CH [4.11, 3.66, multiplets; 3.0, broad], CH3 [2.06-1.00, multiplets] 
CH [4.03, 3.87, septets (7); 3.63, broad], CH3 [1.44, 1.38, 1.33, 1.19, doublets (7)] 
CH [3.38, broad], CH2 [2.18-0.72, multiplets] 

All spectra were run at ambient temperature in CDCl3 unless noted otherwise. 

crystal X-ray analysis revealed an q3-P404 ring bridging 
the two metals with an iron-molybdenum bond com- 
pleting pseudooctahedral coordination spheres at both 
metals (Figure 8). 

In attempts to prepare heterobimetallic complexes of 
the nickel triad, phosphoxane ring transfer reactions 
were observed instead. For example, PdBrz and PtCl2 
were found to displace the 1,3-chelated NiBrz from 
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Figure 3. Molecular structure of Fe(C0)4['Pr2NP014 (14). 

(P= P-N'Prz) 

Figure 4. Molecular structure of MOZ,(CO)~['P~~NPOI~.~ 

C 

Figure 5. Molecular structure of Cr2(CO)s[DMP-P0]4 
(19a). 

complex 4B to give the respective 1,5-P404 complexes 
(SB, 6) a t  room temperature (Scheme 2). At lower 
temperature, an  intermediate l,&chelated PtCl2 com- 
plex (Figure 2B) can be identified by 3lP NMR spectros- 
copy (AAXX' pattern). 

A reductive decarbonylation occurred in the thermal 
reactions of either Fe(C0)S or FedC0)g with NiBrdCyz- 
NP014 (4B) in attempts to prepare a Ni/Fe complex. The 
only isolated phosphoxane product was identified as 
Ni2(C0)4[Cy2NP014 complex 26, a nickel analogue of 
adamantanoid cages like 19a (see Figures 2E and 5). 

X-Ray Structural Studies. (1) Molecular Struc- 
ture of Fe(C0)4['Pr2NP014 (14). The coordination 
geometry around iron is essentially trigonal bipyramidal 

Figure 6. Molecular structure of CrdCO)s[DMP-P014 
(19b). 

Figure 7. Molecular structure of Cr2(C0)6[DMP-P0]6 (21). 

Scheme 1 
Mo(CO),(NBD) + NiBr2[Cy2N-P0]4 - Mo(C0)&yzN-P0I4NiBr2 + NBD 

4b 23 

Mo(C0)4(NBD) + PdCt#&N-POk -MO(CO)~[CY~N-PO]SP~CI~ + NBD + CO 

ea 24 

Mo(CO)~(NBO) + Fe(C0)3fPr2N-P0]4 - MO(CO)~[ 'P~~N-PO]~F~(CO)~ + NED 

13 25 

with the lone phosphorus donor in one axial site (Figure 
3). An Fe-P bond length of 2.189(2) A is toward the 
short side of typical values for phosphine-Fe(C0h 
structures (2.22-2.37 The axial Fe-C(4) bond is 
at 1.763(10) A. The diaxial P(l)-Fe-C(4) angle is 
considerably bent from linearity at 161.3(2)". While the 
equatorial coordination plane is well defined by Fe, CUI, 
C(2), and C(3), the C(l)-Fe-C(3) angle has opened up 

(4) Riley, P. E.; Davis, R. E. Inorg. Chem. 1980, 19, 159. Massim- 
beni, L. R. Inorg. Nucl. Chem. Lett. 1971,7,187. Wong, E. H.; Bradley, 
F. C.; Prasad, L.; Gabe, E. J. J. Orgunomet. Chem. 1984, 263, 167. 
Pickardt, J.; Rosch, L.; Schumann, H. J. Orgunomet. Chem. 1976,107, 
241. Kilbourn, B. T.; Raebum, U. A.; Thompson, D. T. J. Chem. SOC. 
A 1969,1906. Einstein, F. W. B.; Jones, R. D. G. J. Chem. Soc., Dalton 
Trans. 1972, 442. 
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Table 5. Selected Bond Distances and Angles for 
Complex 19a 

Figure 8. Molecular structure of Fe(CO)s[iPrzNPO]&.lo- 
(CO)a (25). 

Scheme 2 
NIBr2[Cy2N-P0]4 + PdBq.2PhCN - PdBr2[Cy2N-P0], + NiBr2+ 2 PhCN 

4b 5b 

NiBr2[CyzN-PO], + PtCIz(NBD) -PtC12[Cy2N.P0]4 + NiBq + NBO 

4b 6 

Table 4. Selected Bond Distances and Angles for 
Complex 14 

P(1)-Fe-P( 1) 
C( 1)-Fe-C(2) 
C( 1)-Fe-C(3) 
P( 1)-Fe-C(4) 
C(2) - Fe - C(4) 
Fe -P( 1) - O(5) 
0(5)-P( 1)-O(6) 
P(3)-P(2)-0(5) 
0(5)-P(2)-0(7) 
P(Z)-P(3)-P(4) 
P(3)-P(4)-0(8) 
P( 1)-0(6)-P(4) 
Fe-C(2)-O(2) 
Fe-C(4)-O(4) 

Bond Distances (A) 
2.189(2) 
1.821(5) 
1.763(10) 
1.636(4) 
2.234(2) 
1.451(4) 
2.227(2) 
1.628(3) 
1.640(5) 
1.13 l(6) 
1.149( 13) 

Bond Angles (deg) 
87.5(3) P(l)-Fe-C(2) 

105.4(3) P(1)-Fe-C(3) 
144.5(3) C(2)-Fe-C(3) 
16 1.3( 2) Fe-O( 1)-0(6) 
97.1(3) C(l)-Fe-C(4) 

118.0(1) C(3)-Fe-C(4) 
98.3(2) P(3)-P(2)-0(7) 

102.2(1) P(3)-P(4)-0(6) 
112.6(2) 0(6)-P(4)-0(8) 
99.3(1) P(1)-0(5)-P(2) 

1 1 6 3  1) Fe-C(1)-0(1) 
131.0(2) Fe-C(3)-P(3) 
172.1(6) 
179.5(8) 

1.775(7) 
1.776(9) 
1.627(3) 
1.644(4) 
1.641(3) 
1.640(4) 
1.673(4) 
1.456(4) 
1.145(9) 
1.139( 11) 

101.6(2) 
84.9(3) 

110.2(3) 
115.9(1) 
87.3(4) 
88.9(4) 

116.7(2) 
101.1(1) 
113.8(2) 
130.1(2) 
179.1(7) 
179.3(6) 

to an unusually large 144.5(3)" a t  the expense of the 
other two C(eq)-Fe-C(eq) angles (105.4(3)" and 110.2- 
(5)"). One of the Fe-C distances (Fe-C(2)) is signifi- 
cantly elongated to 1.821(5) A compared to the other 
two equatorial bonds a t  1.775(7) and 1.776(9) A. This 
particular carbonyl group also tilts away from the two 
axial ring phosphoryl oxygens, resulting in an obtuse 
P(l)-Fe-C(2) angle of 101.6(2)" and C(2)-Fe-C(4) 
angle of 97.1(3)". Selected bond distances and angles 
are listed in Table 4. 

A chair conformation of the P 4 0 2  heterocycle is 
observed with all four diisopropylamino groups in 

P( 1)-Cr( 1)-P(2) 
P(2)-Cr( 1)-C(l) 
P(2)-Cr(l)-C(2) 
P( 1)-Cr(1)-C(3) 
C( 1)-Cr( 1)-C(3) 
P( 1)-Cr( 1)-C(4) 
C( 1)-Cr( 1)-C(4) 
C(3)-Cr( 1)-C(4) 
P(3)-Cr(2)-C(5) 
P(3)-Cr(2)-C(6) 
C(5)-Cr(2)-C(6) 
P(4)-Cr(2)-C(7) 
C(6)-Cr(2)-C(7) 
P(4)-Cr(2)-C(8) 
C(6)-Cr(2)-C(8) 
O(9)-P( 1)-O( 10) 
O(lO)-P(3)-0(12) 
P( 1)-0(9)-P(4) 
P(2)-0(11)-P(4) 

Bond Distances (A) 
2.329(2) Cr(1)-P(2) 
1.872(7) Cr(1)-C(2) 
1.879(6) Cr(1)-C(4) 
2.323(2) Cr(2)-P(4) 
1.864(6) Cr(2)-C(6) 
1.886(6) Cr(2)-C(8) 
1.643(4) P(1)-0(9) 
1.662(3) P(2)-O( 12) 
1.646(3) P(2)-N(2) 
1.638(4) P(3)-0( 10) 
1.638(3) P(4)-N(4) 
1.661(3) P(4)-O(11) 
1.135(8) 0(2)-C(2) 
1.137(8) 0(4)-C(4) 
1.152(7) 0(6)-C(6) 
1.140(8) 0(8)-C(8) 

Bond Angles (deg) 
80.0(1) P(1)-Cr(1)-C(1) 
97.6(2) P(1)-Cr(1)-C(2) 

176.1(2) C(1)-Cr(1)-C(2) 
93.5(2) P(2)-Cr(l)-C(3) 
87.7(3) C(2)-Cr(l)-C(3) 
90.9(2) P(2)-Cr(l)-C(4) 
88.1(3) C(2)-Cr(l)-C(4) 

173.1(3) P(3)-Cr(2) -P(4) 
175.2(2) P(4)-Cr(2)-C(5) 
88.7(2) P(4)-Cr(2)-C(6) 
86.6(3) P(3)-Cr(2)-C(7) 
88.5(2) C(S)-Cr(Z)-C(7) 

17 1.4(3) P(3)-Cr(2)-C(8) 
170.6(2) C(5)-Cr(2)-C(8) 
87.5(3) C(7)-Cr(2)-C(8) 
99.5(2) O(ll)-P(2)-0(12) 

101.4(2) 0(9)-P(4)-0(11) 
128.4(2) P(l)-O(lO)-P(3) 
129.6(2) P(2)-O(12)-0(3) 

2.340(2) 
1.851(6) 
1.895(6) 
2.337(2) 
1.892(6) 
1.856(6) 
1.63 l(3) 
1.656(3) 
1.632(4) 
1.647(3) 
1.632(4) 
1.644(3) 
1.148(8) 
1.136(7) 
1.130(7) 
1.140(7) 

177.3(2) 
98.0(2) 
84.5(3) 
90.6(2) 
86.1(3) 
95.4(2) 
88.0(3) 
79.4( 1) 

100.8(2) 
97.3(2) 
98.6(2) 
86.2(3) 
92.7(2) 
87.5(3) 
87.6(3) 
98.8(2) 
98.3(2) 

127.6(2) 
126.5(2) 

equatorial positions and the two phosphoryl oxygens 
axial. Ring phosphorus-phosphorus bond distances of 
2.234(2) and 2.227(2) A are comparable to known P-P 
(=O) bond  length^.^ 

(2) Molecular Structure of Cr2(CO)8[DMP-P0]4 
(19a). The basic M2P404 adamantanoid cage structure 
(Figure 2E) is adopted in the solid-state structure of 
complex 19a (Figure 5). A boat-boat conformation of 
the core tetraphosphoxane ring enables it to chelate two 
chromium vertices in a back-to-back mode. Ring P-0 
distances range from 1.631(3) to 1.662(3) A while 
P-0-P angles vary slightly from 126.6(2)" to 128.4- 
(2)". The four ring oxygens are planar to within 0.039 
A. Deviations from octahedral bond angles at the 
chromiums include the not-quite-linear axial carbonyls 
at 171.4(3)-173.1(2)", the compressed P-Cr-P angles 
at 79.4(1)" and SO.O(l)O, and trans-carbonyl-Cr-P 
angles from 84.5(3)" to 87.5(3)". Metal-phosphorus 
distances vary only slightly from 2.323(2) to 2.340(2) A 
and axial carbonyl-metal distances (1.879(6)- 1.895(6) 
A) are indeed sli htly longer than equatorial ones 
(1.851(6)-1.872(6) ) as ex ected. The intracage CIS-Cr 

tances and angles are listed in Table 5. 
(3) Molecular Structure of Cr2(CO)8[DMP-P014 

(19b). The molecule has an inversion center with the 
tetraphosphoxane P 4 0 4  ring conformation best described 
as a long chair with O(6) and O(6a) forming the back 

separation is at 5.656(1) I $  . Other selected bond dis- 

(5)Weber, D.; Fluck, E.; Von Schnering, H. G.; Peters, K. 2. 
Naturforsch., B:  Anorg. Chem., Org. Chem. 1982, 37B, 594, 1580. 
Turnbull, M. M.; Wong, E. H.; Gabe, E. J.; Lee, F. L. Znorg. Chem. 
1986,25,3189. 
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Table 6. Selected Bond Distances and Angles for 
Complex 19b 

Bond Distances (A) 
2.337( 1) Cr( 1)-P(2) 2.333( 1) 
1.884(4) Cr( 1)-C(2) 1.862(6) 
1.875(4) Cr( 1)-C(4) 1.872(5) 
2.560(1) PU)-N(2) 1.633(3) 
1.657(3) p(1)-0(7) 1.635(3) 
1.627(4) P(2)-0(6) 1.664(3) 
1.630(2) 0(1)-C(1) 1.152(5) 
1.14(8) 0(3)-C(3) 1.141 (5) 
1.141(6) 0(7)-P(2A) 1.630(2) 

P( 1)-Cr( 1)-P(2) 
P(2)-Cr( 1)-C( 1) 
P(2)-Cr( 1)-C(2) 
P( 1)-Cr( 1)-C(3) 
C(1)-Cr( 1)-C(3) 
P(l)-Cr(l)-C(4) 
C( 1)-Cr( 1)-C(4) 
C(3)-Cr( 1)-C(4) 
P( 1) -0(6)-P(2) 

Bond Angles (deg) 
66.5(1) P(1)-Cr(1)-C(1) 
98.7(2) P(l)-Cr(l)-C(2) 
96.3(2) C(l)-Cr(l)-C(2) 
89.9(2) P(2)-Cr(l)-C(3) 

169.2(2) C(2)-Cr(l)-C(3) 
100.2(2) P(2)-Cr(l)-C(4) 
85.6(4) C(2)-Cr(l)-C(4) 
85.6(2) 0(6)-P(2)-0(7A) 

100.9(2) P(1)-0(7)-P(2A) 

97.9(2) 
162.7(2) 
85.5(2) 
91.3(2) 
89.3(2) 

166.4(2) 
96.9(2) 
98.8( 1) 

134.5(2) 

and leg and PU), P(2), 0(7a), P(la), P(2a), and O(7) the 
planar seat (Figure 6). Significantly longer P-0 bonds 
of 1.660(4) A are observed in the strained chelate rin s 

Also, the compressed P(1)-0(6)-P(2) angle of 100.9- 
(2)' in the four-membered chelate rings can be con- 
trasted with the much larger 134.5(2)' found for the 
remaining P-0-P angles. Transannular P(l)-P(2) 
separations are at only 2.560(1) A. Two Cr(C0)4 groups 
are coordinated to opposite sides of this heterocycle by 
four-membered chelate rings to  give approximately 
octahedral environments at the metals. Bending of the 
axial carbonyls away from the phosphoxane ring is 
observed with a C(l)-Cr(l)-C(3) angle of 169.2(2)". The 
cramped P(l)-Cr(l)-P(2) and P(1)-0(6)-P(2) angles 
of 66.5(1)' and 100.9(2)", respectively have precedence 
in related chromium phosphoxane chelate rings.2,6 
Metal-phosphorus distances at 2.333(1) and 2.337(1) 
A are unexceptional. Selected bond distances and 
angles are listed in Table 6. Interestingly, the two 
methyl substituents in each of the dimethylpiperidino 
groups adopt diaxial positions with the piperidino 
nitrogens effectively planar. 

(4) Molecular Structure of Cr2(CO)e[DMP-PO]s 
(21). The centrosymmetric core structure of the hexa- 
phosphoxane complex 21 (Figure 7) features two fac- 
Cr(C0)3, six phosphorus, and six oxygen vertices. A 
novel P606 macrocycle serves as a hexadentate donor 
toward two metal centers, one above and one below. This 
can also be viewed as a CrnP6 cube with oxygens 
bridging only the P-P edges (Figure 9). Cage phos- 
phoxane P-0-P angles range from 123.3(3)' to 124.8- 
(2) A. Bond angles around the metals are reasonably 
close to orthogonal values with P-Cr-P angles ranging 
from 92.7(1)' t o  93.0(1)' and C-Cr-C angles from 88.0- 
(3)" to 90.2(3)". Average Cr-P bond lengths of 2.335- 
(2) A and Cr-C distances of 1.857(6) A are found. The 
intracage C r C r  separation is down to 4.700(1) A. Other 
selected bond distances and angles are listed in Table 
7. 

(5) Molecular Structure of Fe(CO)s[il'r2"014Mo- 
(CO)4 (25). This heterobimetallic complex contains a 

compared to those in the rest of the ring (1.632(4) f f  ). 

(6) Wong, E. H.; Prasad, L.; Gabe, E. J.; Bradley, F. C. J.  Orgunomet. 
Chem. 1982,236, 321. 

Figure 9. Schematic view of the Cr2'2p606 core in complex 
21. 

Table 7. 

Cr-P(1) 
Cr-P(3) 
Cr-C(2) 

P(1)-0(5A) 
P(2)-N(21) 
P(3)-0(6A) 
0(2)-C(2) 
0(4)-P(2A) 
0(6)-P(3A) 

P( 1)-0(4) 

Selected Bond Distances and Angles for 
Complex 21 

Bond Distances (A) 
2.325( 1) Cr-P(2) 2.325( 1) 
2.321(1) Cr-C( 1) 1.866(5) 
1.857(5) Cr-C(3) 1.860(4) 
1.647(2) P(1)-N(11) 1.649(4) 
1.638(3) P(2)-0(6) 1.648(3) 
1.645(4) P(2)-0(4A) 1.639(3) 
1.641(3) O(l)-C(l) 1.145(6) 
1.152(6) 0(3)-C(3) 1.145(5) 
1.639(3) 0(5)-P(lA) 1.638(3) 
1.64 l(3) 

P( 1)-Cr-P(2) 
P(2)-Cr-P(3) 
P(2)-Cr-C( 1) 
P( l)-Cr-C(2) 
P(3)-Cr-C(2) 
P( 1)-Cr-C(3) 
P(3)-Cr-C(3) 
C(2)-Cr-C(3) 
0(6)-P(2)-0(4A) 
P( 1) - O(4) -P(2A) 
P(2)-0(6)-P(3A) 

Bond Angles (deg) 
92.8(1) P(l)-Cr-P(3) 
93.0(1) P(1)-Cr-C(1) 
87.0(1) P(3)-Cr-C(1) 
90.0(1) P(2)-Cr-C(2) 
87.0(1) C(l)-Cr-C(2) 
87.0(1) P(2)-Cr-C(3) 

177.3(1) C(l)-Cr-C(3) 
90.3(2) O(4)-P( 1)-O(5A) 
96.8(1) 0(5)-P(3)-0(6A) 

123.7(2) P(3)-0(5)-P(lA) 
123.7(1) 

93.1(1) 
177.1(1) 
89.8( 1) 

177.2( 1) 
90.2(2) 
89.7(1) 
90.1(2) 
97.0(1) 
96.8( 1) 

123.7(2) 

metal-bridging tridentate P404 ring in a chair-chair 
conformation (Figure 8). In addition to the often ob- 
served 1,5-chelating coordination mode toward Fe (Fig- 
ure 2A), a third phosphorus is also ligating to the Mo- 
((3014 fragment. A long Fe-Mo bond of 3.034(2) A 
completes the pseudooctahedral coordination sphere at 
each metal. At Mo, an acute Fe-Mo-P(l) angle of 72.9- 
(1)" is found while all four carbonyls are pushed away 
from the FeP404 unit with Fe-Mo-C and P(1)-Mo-C 
angles ranging from 93.7(2)' to as much as 102.1(2)' 
(P(l)-Mo-C(3)). The Mo-C(3) bond trans to the Fe is 
the shortest a t  1.946(8) A while those cis to both the Fe 
and P(1) are longest a t  2.036(8)-2.057(8) A. A Mo- 
P(1) bond of 2.473(2) A can also be noted. At the Fe 
center, the two carbonyls trans to the phosphorus atoms 
are bent toward the Mo(CO)4 moiety with Mo-Fe-C(5) 
and Mo-Fe-C(6) angles of only 71.8(3)" and 73.7(2)', 
respectively, while that trans t o  the Mo is bent away 
from the P 4 0 4  ring with the P-Fe-C(7) angle a t  about 
100". The two Fe-P distances are at 2.218(2) and 
2.225(2) A. Other selected bond distances and angles 
are listed in Table 8. 

The tetraphosphoxane ring itself retains the ap- 
proximate chair-chair conformation as was found for 
complex 2 A . 2  Interestingly, two ranges of P-0 bond 
lengths are observed. Those at the chelating P(2) and 
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Table 8. Selected Distances and Angles for Complex 25 

Sun et al. 

Fe-Mo-P( 1) 
P( 1)-Mo-C( 1) 
P( l)-Mo-C(2) 
Fe-Mo-C(3) 
C(l)-Mo-C(3) 
Fe-Mo-C(4) 
C( 1)-Mo-C(4) 
C(3)-Mo-C(4) 
Mo-Fe-P(4) 
Mo-Fe-C(5) 
P(4)-Fe-C(5) 
P(2)-Fe-C(6) 
C(5)-Fe-C(6) 
P(2)-Fe-C(7) 
C(5)-Fe-C(7) 
Mo-P(1)-0(8) 
0(8)-P(1)-0(11) 
Fe-P(2)-O(9) 
0(9)-P(3)-0( 10) 
Fe-P(4)-0(11) 
P( 1)-0(8)-P(2) 
P(3)-0(10)-P(4) 
Mo-C( 1)-O( 1) 
MO - C( 3)- O( 3) 
Fe-C(5)-0(5) 
Fe-C(7)-0(7) 

Bond Distances (A) 
3.034(2) Mo-P(l) 
1.984(6) Mo-C(2) 
1.946(8) Mo-C(4) 
2.225(2) Fe-P(4) 
1.796(7) Fe - C(6) 
1.792(7) P(1)-0(8) 
1.669(5) P(2)-0(8) 
1.621(5) P(3)-0(9) 
1.658(4) P(4)-0( 10) 
1.622(4) 0(1)-C(1) 
1.124(9) 0(3)-C(3) 
1.139( 11) 0(5)-C(5) 
1.143(8) 0(7)-C(7) 

Bond Angles (deg) 
72.9(1) 

167.6(2) 
96.0(2) 

174.7(2) 
90.1(3) 
95.0(3) 
85.9(3) 
83.6(3) 
90.4(1) 
73.7(2) 

163.4(2) 
160.5(2) 
89.0(3) 

100.1(2) 
96.3(3) 

109.5(1) 
97.9(2) 

113.5(2) 
96.1(2) 

11 1.1(2) 
117.7(2) 
127.4(2) 
178.4(7) 
178.2(5) 
172.9(6) 
174.8(5) 

Fe-Mo-C(l) 
Fe-Mo-C(2) 
C(l)-Mo-C(2) 
P( 1)-Mo-C(3) 
C(2)-Mo-C(3) 
P( 1)-Mo-C(4) 
C(2)-Mo-C(4) 
Mo-Fe-P(2) 
P(2)-Fe-P(4) 
P(2)-Fe-C(5) 
Mo-Fe-C(6) 
P(4)-Fe-C(6) 
Mo-Fe-C(7) 
P(4)-Fe-C(7) 
C(6)-Fe-C(7) 
Mo-P(1)-O(11) 
Fe-P(2) -0( 8) 
O( 8)-P(2) -0(9) 
Fe-P(4)-O( 10) 
O(lO)-P(4)-0(11) 
P(2)-0(9)-P(3) 
P( 1)-O( 11)-P(4) 
Mo-C(2)-0(2) 
Mo-C(4)-0(4) 
Fe-C(6)-O(6) 

2.473(2) 
2.057(8) 
2.036(8) 
2.218(2) 
1.798(7) 
1.663(4) 
1.621(4) 
1.675(6) 
1.621 (5) 
1.152(8) 
1.152(10) 
1.142(8) 
1.138(9) 

94.8(2) 
9 7 3 3 )  
86.8(3) 

102.1(2) 
84.5(3) 
93.7(2) 

166.0(4) 
89.8(1) 
83.0( 1) 
9 1.9(2) 
7 1.8(3) 
90.6(2) 

166.2(2) 
100.2(2) 
99.2(3) 

112.3(1) 
112.4(2) 
97.7(2) 

113.0( 1) 
99.9(2) 

127.0(2) 
119.5(2) 
171.4(8) 
170.2(8) 
171.6(6) 

P(4) are all around 1.621(5) 8, while the remainders are 
significantly longer, varying from 1.658(4) to 1.675(6) 
A. 

Discussion 

Formation of the Cyclic Phosphoxane Com- 
plexes. The variety of products obtained from pre- 
formed triphosphoxane rings [RzNPOI~ (R = 'Pr, Cy) 
with nickel, palladium, or platinum dihalides illustrates 
some of the subtle and still not well-understood factors 
that .influenced the reaction course. Though diisopro- 
pylamino and dicyclohexylamino substituents would not 
be expected to  differ dramatically in their stereoelec- 
tronic  influence^,^ ['Pr2NP013 yielded only Pro4 com- 
plexes while [CyzNP0]3 led to both P404 and P505 
products. There is a general pattern in higher reaction 
temperatures favoring formation of the larger P505 
rings except in the nickel dichloride case. The nature 
of the ancillary halides in NiXz (X = C1, Br, I) also made 
a difference. Of the three, only NiC12 yielded a P505 
complex. 

The 1,3-coordination mode (Figure 2B) in the Nip404 
(Figures 4A-C and 7) products as revealed by a 
characteristic AAXX' 31P NMR spectrum was unique 
to the nickel dihalides, presumably due to  a superior 
fit in the resulting four-membered NiPOP chelate ring. 
Although the actual conformation of the tetraphosphox- 

(7) Seligson, A. L.; Trogler, W. C. J. Am. Chem. Soc. 1991,113,2520. 

ane ring itself has not been determined, its ability to 
further coordinate a second metal to give Mo(CO)r[Cys- 
NPOI&liBrz (23) suggests the long chair form with the 
opposite side of the ring available for coordination of a 
second metal (Figures 2B and 6). The X-ray structure 
of Cr(C0)4[DMP-P014Cr(C0)4 (19b, Figure 6) lends 
credence to this premise. Observation of well-resolved 
NMR resonances for all the isolated NiXz phosphoxane 
complexes (lA,B, U - C ,  7,23) is consistent with near- 
square-planar nickel coordination geometries and dia- 
magnetism in all these cases. 

The assembly of P 4 0 4  and P505 complexes from cyclic 
triphosphoxane under reaction conditions as mild as 4" 
requires exclusive head-to-tail grafting in of extra RZ- 
NP-0 phosphinidene units. Existence of such inter- 
mediates has been substantiated by several previous 
reports.* It is very likely that prior metal coordinatipn 
represents an essential prerequisite to these ring ex- 
pansions. It is also noteworthy that we failed to isolate 
any products incorporating more than one divalent 
metal center regardless of the reaction stoichiometry. 
Subsequent studies indeed revealed the reluctance of 
divalent metal MP,O, complexes to coordinate a second 
divalent metal center even though zero-valent metals 
were readily bound. Electronic effects transmitted 
through the P-0-P linkages may be responsible for 
this selectivity. We have recently reported on such 
intramolecular influences in a series of heterobimetallic 
P404 cage comple~es .~J~  Cage complexes containing two 
Mo'I vertices can be synthesized indirectly from halo- 
genation reactions of MooP404Moo precursors.14 

Under similar reaction conditions, Fez( C0)g gave 
significantly different products, depending on the cyclic 
triphosphoxane used. While [Cy2NP013 yielded Fe- 
(CO)3[Cy&POl4 (12) with an 1,5-v2-P404 ring in a boat- 
chair configuration (Figure 2C), ['PrzNP0]3 produced 
instead Fe(C0)3['Pr&POl4 (13), the chair-chair (Figure 
2A) isomer, and a novel Fe(C0)4-v1-(iPr~NPO)4 complex 
(14). The X-ray structure of the latter (Figure 3) 
revealed coordination of a Fe(C0)4 fragment to  a P[OP- 
(=0)12P ring. This unusual six-membered ring can be 
viewed as the product of a double P-0-P to P-P(=O) 
rearrangement, converting a tetraphosphoxane v1-P404 
ring into a mondentate P[OP(=O)IzP heterocycle. It is 
conceivable that the eight-membered P 4 0 4  ring was 
initially formed but was unstable toward such a rear- 
rangement to a six-membered ring with two strong 
phosphoryl P=O bonds. We have previously reported 
a single P-0-P to P-P(=O) rearrangement in the 
metallocycle cis-M(C0)4(PPh20)~PPh to form cis- 

M(C0)4[PPhzP(O)PhOPPhzI (M = Cr, Mo, W).lla 
Three diaminophosphine oxides, (RzN)2P(O)H (R2N = 

'PrzN, Cy&, DMP), were used as sources of R2NP=O 
phosphinidine oxide units in thermal reactions with 
group 6 metal carbonyls. All three have in common 

(8) Niecke, E.; Engelmann, M.; Zorn, H.; Krebs, B.; Henkel, G. 
Angew. Chem., Znt. Ed. Engl. 1980,19, 710. Chasar, D. W.; Fackler, 
J. P.; Mazany, A. M.; Komoroski, R. A.; Kroenke, W. J. J. Am. Chem. 
SOC. 1986,108,5956. Quast, H.; Heuschmann, M. Angew. Chem., Int. 
Ed. Engl. 1978, 17, 867. 

(9) Yang, H. Y.; Wong, E. H.; Rheingold, A. L.; Owens-Waltermire, 
B. E. J. Chem. SOC., Chem. Commun. 1993, 35. 
(10) Yang, H. Y.; Wong, E. H.; Rheingold, A. L.; Waltermire, B. E. 

Organometallics, in press. 
(11) (a) Wong, E. H.; Bradley, F. C.; Gabe, E. J. J. Orgunomet. Chem. 

1983,244,235. (b) Bader, D. S.; Turnbull, M. M. Polyhedron 1990,9, 
2619. 
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Phosphorus-Oxygen Heterocyclic Complexes 

Scheme 3 

Organometallics, Vol. 14, No. 1, 1995 91 

amino substituents with secondary a-carbons. We have 
previously found that less bulky dialkylamino groups 
like EtzN failed to lead to P,O, products under these 
conditions.2 Presumably the dialkylamine elimination 
critical to the generation of -0 units from (W12P- 
(0)H is only viable with the bulkier R groups. A 
correlation between the steric bulk of the dialkylamino 
substituents and success of cage formation from dialky- 
lamino phosphine oxides has been made.llb 

Again, the size and coordination mode of the P,O, 
rings formed in the complexes isolated were sensitive 
to the nature of both precursors and the reaction 
conditions. In general, only P303 and P404 complexes 
were formed around the Mo(C0)4 moiety. Although a 
lone M o ~ ( C O ) ~ [ M ~ - A ~ O ] ~  structure has been reported 
previously,12 no MozP6O6 species was isolated here in 
our studies. It may be that the smaller P606 core cannot 
accommodate two fac-Mo(CO)s vertices. By contrast, in 
addition to two isomers of the Cr2P404 cores (19a,b), 
larger ring P505 and P 6 0 6  products were also isolated 
around Cr(CO), (n = 3,4) fragments. Further, among 
the products isolated, only chromium formed stable four- 
membered MPOP chelate rings (complexes 16 and 19b), 
the shorter Cr-P bond apparently resulting in less 
strained ring geometries. Larger cages incorporating 
Cr(C0)3 vertices are increasingly favored with higher 
reaction temperatures. Conceivably, progressive as- 
sembly of P303 to P404 to  P505 to P606 rings about the 
metal carbonyl centers as more CO's are lost underlie 
the syntheses of these products. This is not unexpected 
since the loss of a third carbonyl from the Cr(C0)4 center 
should be possible only under more forcing conditions.13 
Indeed, it is tempting upon examining the related 
structures of the Cr2P505 (20) and CrZP606 (21) cores 
to speculate on the loss of a third CO from the cis-Cr- 
(COk vertex in 20 with incorporation of an extra 
phosphinidine oxide unit (Scheme 3) to build up to the 
hexaphosphoxane complex 21. This speculation was 
amply supported by the quantitative conversion of 20 
to 21 upon refluxing in xylene in the presence of extra 
(DMP)zP(O)H as the phosphinidene oxide source. 

Metal Coordination Reactions of Monometallic 
Cyclic Phosphoxane Complexes. Heterobimetallic 
complexes were accessible from the monometallic poly- 
phosphoxane complexes since they have phosphorus 
lone pairs available. Isolated complexes include Mo- 
(CO)r[CyzNP014NiBrz (23), Mo(C0)3[Cy2NPOlsPdC12 
(241, and MO(CO)~[ 'P~~NPO]~F~(CO)~  (25) (Scheme 1). 
The first two have parallels in known M2P,O, struc- 
tures. Complex 23 can be assigned a long chair ring 
conformation based on its 31P NMR spectrum (Table 11, 
a t  its core a configurational isomer of the previously 

(12) Rheingold, A. L. Organometallics 1988, 5, 393. 
(13) Kirtly, S. W. Comprehensive Organometallic Chemistry; Wilkin- 

son, G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon Press: New York, 
1982; Vol. 3. 

Figure 10. Two core geometries of Mo(CO)r[RzNP014NiBr2 
(P = RzNP). 

reported M o ( C O ) ~ [ ~ P ~ ~ N P O I ~ N ~ B ~ ~  cage complex (Figure 
10).9J0 Interestingly, the latter is paramagnetic and has 
been found to have a pseudotetrahedral geometry at the 
Ni  enter.^ We ascribe these different nickel coordina- 
tion geometries to steric factors engendered by the 
positioning of the cage dialkylamino groups, which 
disfavors a square-planar Ni coordination geometry. 
Complex 24 is a Pd/Mo analogue of the Cr2P505 cage 
core (complexes 16 and 20, Figure 2F). Its ready 
formation from PdCldCy2NP015 (8A) supports the 31P 
NMR-based geometry of the precursor (Figure 2G). The 
unique complex 25 was found to  have an q3-P404 ring 
bridging the two metal centers. Furthermore, EAN 
electron counting would be consistent with a dative iron 
to molybdenum bond, completing pseudooctahedral 
environments a t  both sites. 

Again, no bimetallic products containing two divalent 
metal vertices were isolated. This confirms the reluc- 
tance of such P,O, rings to incorporate two relatively 
electron-demanding centers. The only such complexes 
we know of are the tetrahalogenated molybdenum cage 
species M O ( C O ) ~ X ~ [ R P O I ~ O ( C O ) ~ ~  (X = C1, Br, I; R 
= iPr2N, Ph) prepared from direct halogenations of the 
parent cages. Even these rare exceptions were found 
to be relatively less tractable species.14 

Attempts at synthesizing Ni/Pd and Ni/Pt complexes 
revealed instead phosphoxane ring transfer reactions 
whereby the P,O, heterocycle was displaced from 
NiBrz[CyzNPO]r (4B) by the heavier metals to form the 
more stable 1,5-chelates (5B, 6). Previously, we re- 
ported a pyridine displacement of the ['Pr2NP0]4 tet- 
raphosphoxane free ligand from its NiBr2 complex at 
-30 oC.2 Similar displacements failed with the pal- 
ladium complexes. Observation of the PtCl~-1,3-[Cy2- 
NP014 intermediate at low temperature (31P NMR, 
AAXX' pattern) suggested that the transfer reaction 
may proceed via a bimetallic intermediate followed by 
loss of nickel and a subsequent 1,3- to 1,5-rearrange- 
ment of the chelation mode (Scheme 4). 

Reductive carbonylation of the NiBr2 vertex in the 
reactions of complex 4B with Fe(C0)5 and Fez(C0)g to 
give Ni2(C0)4[Cy2NPOl4 (26) has precedence in the 
reported use of iron carbonyls as both reducing and 
carbonylating agents toward metal dihalides.15 The 
initially formed Ni(C0)2[Cy2NP0]4 then can dimerize 
with loss of four phosphinidene oxide units to form the 
cage complex 26. 

31P NlMR Spectroscopy of the Cyclic Phosphox- 
ane Complexes. 31P NMR spectroscopy remains the 

(14) Turnbull, M. M.; Valdez, C.; Wong, E. H.; Gabe, E. J.; Lee, F. 
L. Znorg. Chem. 1992,31,208. 

(15) Booth, B. L.; Else, M. J.; Fields, R.; Goldwhile, H.; Hazeldine, 
R. N. J. Organomet. Chem. 1968,14, 417. Nesmeynov, A. N.; Isaeva, 
L. S.; Morozova, L. N. Znorg. Chim. Acta 1978,29, L210. 
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Scheme 4 

single most powerful tool for structural determination 
of the described cyclic phosphoxane complexes in solu- 
tion. The well-known dependence of 2Jpp on lone pair 
orientation has proven to be useful for structural 
assignments in a variety of polyphosphorus com- 
pounds.16 In the known cyclic phosphoxane complexes, 
magnitudes of observed 2 J p ~ p  range from less than 1 to 
over 60 Hz, with lone pairs syn to the coordinated metals 
accounting for most of the larger values. For example, 
in the chair-chair form (Figure 11A) of MP404 (M = 
Cr, Mo, W, Fe, Pd, Pt) possessing syn lone pairs, 2Jpop 
were observed at 28-88 Hz. For the chair-boat form 
(Figure 11B) (M = Cr, Mo, W, Fe, Pt), the syn values 
range from 38 to  59 Hz while the anti couplings are 
significantly smaller at 1-13 Hz. In the lone boat-boat 
complex MO(CO)~['F'~~NPO]~ (Figure 11C) with both lone 
pairs anti to the coordinated metal, 2Jpop is 2 Hz 
~ n l y . ~ J ~  We also noted that high-temperature (to 100 
"C) spectral studies failed to reveal any interconversions 
between these isomeric structures (Figure 11A-C), thus 
confirming typically high phosphorus inversion barriers. 
These coupling data also allowed us to propose solution 
structures of several MP505 complexes with some 
confidence. For example, PdX2P505 @A, 8B) and 
PtCl~P505 (9) are assigned structures (Figure 11D) on 
the basis of their AA'MXX' spectral patterns, their small 
2 J ~  and 2 J ~  of 11-19 Hz, and the actual observation 
of 4 J ~ ' s  of about 3 Hz in each case. The ready 
formation of the MoPeOsPd (24, Figure 2F) cage complex 
from 8A lends further support for these structural 
designations. 

The well-known "ring effect" or ring contribution (AR) 
to the 31P chemical shifts of four- to  six-membered 
phosphine chelates has been recently ascribed by Lind- 
ner to  originate from the component of the shift tensor 
perpendicular to the ring plane.17-19 For our complexes, 
it proved very helpful in identifying the existence of 
four-membered chelate rings. For example, the four- 
membered CrPOP chelate rings in complex 19b (6 
155.4) can be distinguished from the six-membered 
rings in the adamantanoid cage structure of 19a (6 
171.1) by their upfield shift. This effect also manifested 
itself in the mixed-metal complex 23, where the rela- 
tively upfield shift (6 137.9) of the Mo-bounded P's 
compared to typical larger chelate ring values (6 -150) 
is fully consistent with formation of four-membered 
chelates rings using the long chair form of P404 (Figure 

(16) Verkade, J. G., Quin, L. D., Eds. Phosphorus-31 NMR Spec- 
troscopy in Stereochemical Analysis: Organic Compounds and Metal 
Complexes; VCH Publishers: Deerfield Beach, FL, 1987. 

(17) Garrou, P. E. Chem. Rev. 1981,81, 229. 
(18) Lindner, E.; Fawzi, R.; Mayer, H. A.; Eichele, K.; Hiller, W. 

Organometallics 1992, 11, 1033. 
(19) Pregosin, P. S.; Kunz, R. W. 31P and I3C NMR of Transition 

Metal Phosphine Complexes; Springer-Verlag: New York, 1979. 

2B). Similarly, the 1,3-coordination mode of the 
NiX2P404 complexes can be gauged from their upfield 
6's of 54-63. Nickel analogues of the l,5-chelated 
PdX2P404 structure would be expected to have chemical 
shifts downfield from the 88 ppm region.17 Thus, the 
Nip505 complex was assigned its structure (Figures 2G 
and 11D) partly on the basis of this downfield 6 value 
of 91.7 observed for its coordinated P's, invalidating the 
presence of any four-membered chelate rings. 

Bridging phosphido and phosphoryl units in these 
complexes are readily identified by their unique chemi- 
cal shifts at very low and high fields, respectively, 
compared to typical P(NR2) (0R')z  centers whose shifts 
range from 6 +60 to +180.16,20 Finally, complexes 1OA 
and 10B both contain a Pa03 ring which can be either 
in a boat or in a chair form. We favor the chair form 
(Figure 2D) in both cases since the upfield shift of the 
lone uncoordinated P, from 6 140.3 to 130.1 and 128.2, 
respectively, upon complex formation should be a result 
of the parent triphosphoxane flipping into a chair form. 
This will remove the transannular P-O interaction 
present in the parent boat-form heterocycle and lead to 
the observed upfield shift. 

Room-temperature 13C NMR studies of the iron 
FeP404 complex 14 in CDCl3 revealed fluxional carbo- 
nyls resulting in observation of a single doublet reso- 
nance at 6 +215.8 C2Jcp = 15 Hz). Interestingly, in 
addition to the usual sharp signals, both the methyl (6's 
26.4 and 23.1) and methine (6's 56.9, 44.9) regions 
exhibited two broad resonances at room temperature 
which sharpened into doublets at -10 "C. In toluene- 
d8 at about 100 "C, these coalesced to broad singlets at 
around 6 25 and 6 51. Decomposition precluded obser- 
vation of spectra at the fast-exchange regime. We 
ascribe these changes to a hindered rotation around the 
P-NiPr2 bond at the iron-coordinating phosphorus 
center since the solid-state structure (Figure 3) showed 
a significant bending back of the Fe(C0)4 unit away 
from the two axial phosphoryl oxygens and toward this 
particular diisopropylamino group. 

X-Ray Structures of Cyclic Phosphoxane Com- 
plexes. The highly distorted equatorial C(l)-Fe-C(3) 
angle of 144.5(3)" in the structure of complex 14 may 
be traced to two origins. One of the P(l)-N(l)- 
diisopropyl groups is oriented so that a methine C(14)-H 
is pointed directly into the region between C( 1) and C(3) 
(Figure 3). Concurrently, a tilting away of the equato- 
rial iron coordination plane a t  C(2) (C(2)-Fe-P(1) angle 
of 101.6(2)") from the two axial ring phosphoryl oxygens 
toward this methine group may also contribute to the 
opening up of this angle. As a consequence of this, an 
elongated Fe-C(2) bond (1.821(5) A) also results while 

(20) Gorenstein, D. G. 31P NMR; Academic Press: New York, 1984. 
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M 

P 

A B C D 
Figure 11. Syn and anti phosphorus lone pairs in MP404 and MP505 (P = R2NP). 

Figure 12. Known coordination modes of the P404 tetraphosphoxane heterocycle (P = R2NP). 

the remaining Fe-C distances are quite similar to each 
other (1.76-1.78 A). 

Comparison to the original Mo2P404 geometry reveals 
the slightly more compact Cr2P404 core in complex 19a 
with shorter average Cr-P distances of 2.332(3) 
compared to 2.501(2) A in the former.21 Average cage 
P-0-P angles are also less in 19a (128.0(3)") than in 
the molybdenum cage (131.0(2)"). Further, the intrac- 
age C d r  separation is down to 5.656(1) A from the 
Mo-Mo value of 6.001(1) A. The deviations from ideal- 
ized octahedral geometry about the metal center are also 
less in the dichromium cage structure. For example, 
the axial carbonyls subtend an angle of 172" at  Cr and 
167" at Mo while the P-M-P angles are 79.7(2)" and 
75.96(5)", respectively, indicative of the better fit of the 
more compact chromium vertices. 

Aside from the distinct coordination modes and 
conformations of the q4-P404 ring, comparison of struc- 
tural details between the 19a cage and its long chair 
configurational isomer 19b revealed only a few dramatic 
differences. The presence of two strained four-mem- 
bered CrPOP chelate rings in the latter resulted in two 
types of wildly differing P-0-P angles of 100.9(2)" and 
134.5(2)". These smaller chelate rings enforced a 
P-Cr-P angle of 66.5(1)" and a wider C(eq)-Cr-C(eq) 
angle of 96.9(2)" than similar values in the cage 
structure of 80" and around 86", respectively. In spite 
of these, no significant variations in Cr-P, Cr-C, or 
P-0 distances were found. 

The lone precedent for the Map606 core geometry of 
complex 21 (Figures 7 and 9) is the M o ~ ( C O ) ~ [ M ~ - A ~ O ] ~  
complex formed in the reaction of Mo(CO)~ with [Me- 
As015 in the presence of air.12 A description of the latter 

structure as a flattened As606 cubooctahedron trans- 
capped by Mo(CO)3 units can also describe the geometry 
of 21. The longer As-0 distances apparently allowed 
accommodation of two fac-Mo(CO)s vertices while only 
smaller Cr(C0)3 units are incorporated into the hexa- 
phosphoxane core. This superior fit can be seen in the 
nearly ideal octahedral angles observed at  the chro- 
mium centers with all their structural details closely 
mirroring those reported for the acyclic fac-Cr(CO)s- 
( P H s ) ~ . ~ ~  The considerable decrease of intracage CrSICr 
distance from the Cr2P404 cage value of 5.656(1) to 
4.700(1) A in the Cr2P606 cage reflects a flattening of 
the P606 core. Consistent with this observation, slight- 
ly smaller phosphoxane P-0-P angles of around 124" 
are observed compared to that of 128" in the Cr2P404 
cage. 

All three structures featuring the dimethylpiperidino 
substituent (19a, 19b, 21) revealed diaxial positioning 
of their 2,6-dimethyls. Adoption of this normally un- 
favored conformation is presumably due to the near- 
planarity a t  their ring nitrogens and a similar prefer- 
ence for axial methyls in substituted piperidines 
containing N-nitroso, N-acetyl, and N-nitro groups.23 

The novel tridentate coordination geometry of the 
P404 ring in the iron-molybdenum complex 25 extends 
to seven the known ligating modes of the versatile 
tetraphosphoxane ligand (Figure 12). The long Fe-Mo 
bond of 3.034(2) A has ample precedence in known Fel 

~~ 

(21) Wong, E. H.; Turnbull, M. M.; Hutchinson, K. D.; Valdez, C.; 
Gabe, E. J.; Lee, F. L.; LePage, Y. J.  Am. Chem. SOC. 1988,110,8422. 

(22) Huttner, G.; Schelle, S. J. Orgunomet. Chem. 1973,47, 383. 
(23)Fraser, R. R.; Grindley, Can. J .  Chem. 1975, 53, 2465. Rip- 

perger, H. 2. Chem. 1977,17, 177. 
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Mo cluster compounds, and its presence ensures the 
electron-precise nature of the complex.24 In accord with 
this dative Fe - Mo bonding, a distinctly strengthened 
and shorter Mo-C(3) bond trans to this interaction of 
1.946(8) A is observed compared to the other Mo-C 
bonds which range from 1.98 to 2.06 A. 

Sun et al. 

Experimental Section 

All manipulations were carried out using standard Schlenk 
techniques under an atmosphere of prepurified nitrogen. 
Hexane was distilled from CaHz and toluene from sodium, 
while THF was distilled from sodium benzophenone ketyl. 
Triethylamine was distilled from KOH before use. Phosphorus 
trichloride, diisopropylamine, dicyclohexylamine, dimethylpi- 
peridine, and xylene were reagent grade chemicals obtained 
from Aldrich Chemicals. Group 6 metal hexacarbonyls and 
iron carbonyls were purchased from Pressure Chemicals, Inc. 
Norbornadiene chromium tetracarbonyl,2s (NBD)Mo(CO)~,~~ 
(NBD)W(C0)4,27 (cycl~heptatriene)Mo(CO)~,~~ NiClzsDME, 
N ~ B ~ z * D M E , ~ ~  N~Iz*~THF,~O Pdcl~(PhCN)2,~~ PdBrz(PhCN)z,32 
and ( N B D ) P ~ C ~ Z ~ ~  were all prepared according to literature 
methods. The phosphine oxides ('PrzN)2P(O)H and (CyzN)z- 
P(0)H and the triphosphoxane ['PrzNP0]3 were prepared as 
described previously.2 

Proton, 13C{lH}, 3lP{lH} NMR spectra were recorded on 
JEOL FX9OQ and Bruker AM 360 spectrometers using inter- 
nal deuterium lock. Proton and 13C chemical shifts were 
referenced to internal TMS while 31P shifts were referenced 
to  external 85% phosphoric acid. Infrared spectra were 
recorded on a Perkin-Elmer 283B instrument using KBr 
pellets. Elemental analyses were performed at the University 
of New Hampshire Instrumentation Center with a Perkin- 
Elmer 2400 elemental analyzer. 

NiC12[iPr2NP014 (1A) and NiBrz['PrdVPOIr (1B). The 
synthesis and elemental analyses of complex 1B have been 
described in ref 2. A similar procedure was used to prepare 
1A A 2.0 g (4.5 mmol) amount of [ 'P~ZNPO]~ and 0.60 g (2.7 
mmol) of NiClyDME were stirred in 30 mL of hexane for 24 
h. The yellow suspension turned brown and was filtered, and 
the residue was washed with hexane. After dissolution of the 
brown solid in CH2Clz and filtration through Celite to remove 
residual NiC12-DME, the filtrate was evaporated to  dryness 
to give crude 1A as a brown powder (0.80 g, 44% based on 
Ni). Although a satisfactory 31P NMR spectrum was obtained 
(Table l), acceptable elemental analyses were not available 
due to  its low stability. IR, YPOP 939 cm-'. 

PdC12['Prm014 (2A) and PdBr2Wr~NPO14 (2B). The 
synthesis and spectral and structural characterization of 2A 
were described in ref 2. A similar procedure was used to 
prepare 2B: Triphosphoxane ['Pr2NP0]3 (0.30 g, 0.68 mmol) 
and 0.20 g (0.42 mmol) of PdBrzBPhCN were refluxed in 30 
mL of hexane for 6 h. The orange suspension turned yellow 
and after cooling to room temperature was filtered to give a 
light yellow residue. This was washed with hexane and dried 

~~ ~ 

(24) Coucouvanis, D.; Salifoglou, A.; Kantzidis, M. G.; Dunham, W. 
R.; Simopoulos, A.; Kostikas, A. Znorg. Chem. 1988,27,4071. Gorzellik, 
M.; Nuber, B.; Ziegler, M. L. J. Organomt. Chem. 1992,436, 207. 

(25)Bennett, M. A.; Pratt, L.; Wilkinson, G. J. Chem. Soc. 1961, 
2037. 
(26) King, R. B., Ed. Organometallic Synthesis; Academic Press: 

New York, 1965; p 124. 
(27) King, R. B.; Fronzaglia, A. Inorg. Chem. 1966,5, 1837. 
(28) Abel, E. W.; Bennett, M. A.; Burton, R.; Wilkinson, G. J. Chem. 

Sor. 1958. 4559. -. . . -. - - , . . . . . 
(29) Ward, L. G. L. Znorg. Synth. 1972, 13, 154. 
(30) McMullen, A. K.; Tilley, T. D.; Rheingold, A. L.; Geib, S. J. Znorg. 

Chem. 1990, 27, 2228. Brauer, G., Ed. Handbook of Preparatory 
Inorganic Chemistry; Academic Press: New York, 1965; Vol. 2, p 1547. 
(31) Doyle, J. R.; Slade, P. E.; Jonassen, € 960, I. B. Znorg. Synth. 1 

6, 218. 
(32) McCrindle, R.; Alyea, E. C.; Ferguson, G.; Dias, S. A.; Mdlees ,  

A. J.; Parvez, M. J .  Chem. SOC., Dalton Trans. 1980, 137. 
(33) Drew, D.; Doyle, J. R. Znorg. Synth. 1990,28, 346. 

under reduced pressure to give 0.41 g (40% based on Pd) of 
2B: IR, vpop 896 cm-l. Anal. Calcd for CzJhBr2N404P4Pd: 
N, 6.60; C, 33.71; H, 6.60. Found: N, 6.46; C, 34.12; H, 6.77. 

F'tCl~[*PraNpOl4 (3). The triphosphoxane (0.30 g, 0.68 
mmol) and 0.15 g (0.42 mmol) of (NBD)PtC12 were refluxed in 
20 mL of hexane for 6 h. After cooling to room temperature, 
the white residue was filtered off, washed with hexane, and 
dried to give 0.27 g (75% based on Pt) of crude 3. Attempts to 
further purify this white powder were not successful. 

[CyaNpOl~. The triphosphoxane was prepared from Cyz- 
NPClz as follows: An amount of 27.5 g (87.0 mmol) of Cy2- 
NPClz and 27.0 mL (194 mmol) of triethylamine in 100 mL of 
THF were chilled in an ice bath. From a dropping funnel, 30 
mL of the THF containing 1.70 mL (94.0 mmol) of water was 
added dropwise over 2 h with rigorous stirring of the reaction 
mixture. M e r  complete addition, the mixture was allowed 
to warm to room temperature and then heated to reflux for 
about 1 h. The thick white precipitate of amine hydrochloride 
was filtered off and the filtrate evaporated to  dryness under 
reduced pressure. The white residue resulting was then 
extracted with hot hexane and filtered. Upon cooling, a white 
solid precipitated which was filtered and dried to give 33 g 
(56%) of the pure triphosphoxane: IR, vpop 820, 846 cm-l. 
Anal. Calcd for C~eH&303P3: N, 6.16; C, 63.43; H, 9.69. 
Found: N, 6.29; C, 63.23; H, 9.75. 

NiClr[Cy&PO]4 (4B). A 6.2 g (9.1 mmol) amount of 
triphosphoxane and 1.0 g (4.6 "01) of NiC12.DME were stirred 
in 30 mL of hot toluene at 90 "C. After 5 h, the initially yellow 
suspension became red. Cooling, filtration, and evaporation 
of the filtrate gave 2.4 g (50% based on Ni) of crude 4A. This 
unstable red powder gave satisfactory NMR data but could 
not be further purified due to  ready decomposition. 

NiBra[Cy&PO]r (4B). Triphosphoxane (1.7 g, 2.5 mmol) 
and NiBrZ-DME (0.56 g, 1.8 mmol) were stirred in 30 mL of 
hexane for 24 h. The orange-red suspension turned brown. 
ARer filtration and washing with hexane, the residue was 
dissolved in CHzClz and filtered through Celite to  give 1.2 g 
(60% based on Ni) of orange 4B: IR, YPOP 932 cm-l. Anal. 
Calcd for CaH88Br&Ni04P4: N, 4.96; C, 51.12; H, 7.86. 
Found N, 4.75, C, 50.93; H, 8.18. 

NiIa[CysNPO14 ( 4 0 .  A 0.60 g (0.90 mmol) amount of the 
triphosphoxane and 0.18 g (0.39 mmol) of NiI2'2THF were 
stirred in 30 mL of THF. After 3 h, the purple suspension 
turned red-purple and was filtered through Celite. The filtrate 
was evaporated to  dryness, washed by hexane, and dried under 
reduced pressure to give unstable 4C as a red-purple powder. 

PdCl2CCyaNpOIr (SA). Triphosphoxane (1.1 g, 1.6 mmol) 
and PdC12.2PhCN (0.46 g, 1.2 mmol) were stirred in 30 mL of 
hexane at 4 "C in the cold room. After 72 h, the orange 
suspension turned yellow. Filtration, washing with hexane, 
and drying gave a yellow powder (1.0 g, 77% based on Pd) of 
crude SA which was not further purified: IR, YPOP 880 cm-'. 

PdBra[CymO]r (SB). Triphosphoxane (1.1 g, 1.6 mmol) 
and PdBrzv2PhCN (0.50 g, 1.1 mmol) were stirred at 4 "C in 
30 mL of hexane. After 72 h, the yellow suspension was 
filtered, and the residue was washed with hexane and dried 
under reduced pressure to give 0.91 g (70% based on Pd) of 
complex SB: IR, vpop 878 cm-l. Anal. Calcd for 
CaH88Br~N404Ppd: N, 4.77; C, 49.05; H, 7.55. Found: N, 
4.61; C, 49.34; H, 7.70. 

PtClz[Cy&PO]4 (6). Triphosphoxane (0.44 g, 0.64 mmol) 
and 0.15 g (0.40 mmol) of RCIz(NBD) were stirred at 4 "C in 
20 mL of hexane for 72 h. The white suspension was filtered 
and dried to give a white solid. Solution 31P NMR indicated 
the 6a isomer to be the major component. Similar reaction at 
room temperature gave both isomers with 6b being the major 
product. Both 6a and 6b were too unstable for further 
purifications. 

NiCl~[Cy$TPO]~ (7). A 2.6 g (3.8 mmol) amount of tri- 
phosphoxane and 0.60 g (2.7 "01) of NiClZeDME were stirred 
in 40 mL of hexane at room temperature. f i r  24 h, the dark- 
yellow suspension was filtered and the residue washed with 
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Phosphorus-Oxygen Heterocyclic Complexes 

hexane and then dissolved in CH2C12. This was filtered 
through Celite and the filtrate evaporated to give 1.65 g (48% 
based on Ni) of the yellow complex 7. An analytical sample 
was prepared by recrystallization from toluene: IR, YPOP 863 
cm-'. Anal. Calcd for C6oHlloClzNsNiO5Ps~oluene: N, 5.15; 
C, 59.24; H, 8.75. Found: N, 5.13; C, 59.26; H, 8.96. 

PdClz[Cy2NPOla (SA). Triphosphoxane (2.0 g, 2.9 mmol) 
and 0.60 g (1.5 mmol) of PdC12.2PhCN were refluxed in 40 mL 
of hexane for 12 h. The orange suspension turned yellow and 
was cooled and filtered. The yellow residue was washed with 
hexane and dried under reduced pressure to give 1.6 g (81% 
based on Pd) of 8A: IR, vpop 868 cm-l. Anal. Calcd for 
C ~ O H I ~ O C ~ ~ N ~ O ~ P ~ P ~ :  N, 5.33; C, 54.85; H, 8.44. Found: N, 
5.29; C, 54.49; H, 8.69. 

PdBr2[CyzNPOla (8B). A 0.90 g (1.3 mmol) amount of 
triphosphoxane and 0.30 g (0.60 mmol) of PdBr2.2PhCN were 
refluxed in 40 mL of hexane for 12 h. Cooling of the yellow 
suspension, filtration, hexane washing, and drying of the 
residue gave the light-yellow solid 8B (0.60 g, 71% based on 
Pd): IR, YPOP 869 cm-'. Anal. Calcd for CsoHlloBrzN505P5- 
Pd: N, 4.99; C, 51.38; H, 7.85. Found: N, 4.83; C, 51.45; H, 
8.18. 

PtCl2[Cy&JF'O]a (9). Triphosphoxane (0.44 g, 0.64 mmol) 
and 0.15 g (0.42 mmol) of PtClZ(NBD) were refluxed in 20 mL 
of hexane for 16 h. After cooling to  room temperature and 
filtering, the white residue was washed with hexane and dried 
under reduced pressure to give about 0.47 g (80% based on 
Pt) of complex 9. An analytical sample was obtained by 
recrystallization from toluene: IR, WOP 870 cm-l. Anal. Calcd 
for C6oHlloCl~N505P5Pt.toluene: N, 4.69; C, 53.84; H, 7.96. 
Found: N, 4.67; C, 53.51; H, 8.42. 

Mo(C0)4[*Pr2NPOls (104 and Mo(CO)r[CyaNPOls (1OB). 
The synthesis and analyses of complex 1OA were described in 
ref 2. Complex 10B was similarly prepared: The triphos- 
phoxane [Cy~NpO]3 (1.0 g, 1.5 mmol) and 0.40 g (1.3 mmol) of 
Mo(CO)d(NBD) were dissolved in 30 mL of hexane to give a 
yellow solution. After stirring for 2 h, a pale yellow suspension 
formed. The solid was filtered off, washed with cold hexane, 
and dried under reduced pressure to give 1.1 g (91% based on 
Mo) of white complex 10B: IR, YCO 2000, 1918, 1889, 1885; 

53.99; H, 7.48. Found: N, 4.78; C, 53.66; H, 7.57. 
Cr(C0)4[Cy2NF'OI4 (lla). Triphosphoxane (1.6 g, 2.3 

mmol) and Cr(C0)4(NBD) (0.20 g, 0.78 mmol) were refluxed 
in 50 mL of hexane for 40 h. Upon cooling to room tempera- 
ture and standing overnight, Cr(CO)6 crystallized out and was 
filtered off. The solution was decolorized by stirring with 
alumina and filtering through Celite. The filtrate was then 
evaporated and the residue recrystallized from hot hexane to 
give 0.25 g (30% based on Cr) of complex lla: IR, YCO, 2000, 
1912, 1896, 1886 cm-l; vpop 829 cm-l. Anal. Calcd for 
C52H~~CrN408P4: N, 5.22; C, 58.24; H, 8.21. Found: N, 5.12; 
C, 58.21; H, 8.35. 

Fe(CO)s[Cy2NP0]4 (12). Triphosphoxane (0.60 g, 0.88 
mmol) and Fez(C0)g (0.29 g, 0.80 mmol) were refluxed in 20 
mL of hexane for 10 h. After cooling to room temperature and 
filtering through Celite, the filtrate was evaporated to dryness 
and the residue chromatographed on an alumina column using 
2.5% ethyl acetatekexane as the eluant. Complex 12 was 
isolated as a yellow solid and recrystallized from hot hexane 
to give 0.21 g (25% based on Fe) of 12: IR, vco 1995, 1926, 
1899 cm-l; YPOP 832 cm-'. Anal. Calcd for C51H88FeN407P4: 
N, 5.34; C, 58.43; H, 8.39. Found: N, 5.11; C, 58.77; H, 8.82. 

Fe(CO)sPPr2NP014 (13) and "Fe(C0)4['Pr2NP0]4" (14). 
Triphosphoxane (3.4 g, 7.7 mmol) and 2.0 g (5.5 mmol) of Fez- 
(CO)g were refluxed in 60 mL of toluene for 18 h. ARer cooling 
and filtration through Celite, the filtrate was evaporated to 
dryness and the residue chromatographed on an alumina 
column using 2.5% ethyl acetatekexane as the eluant. The 
yellow fraction was evaporated to dryness and recrystallized 
from hot hexane to give a mixture of large yellow cubic crystals 
of 13 and small light-yellow prisms of 14 suitable for X-ray 

YPOP 826 cm-'. Anal. Calcd for C ~ O H ~ ~ M O N ~ O ~ P ~ :  N, 4.72; c, 
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studies which were manually separated. Total yield of 13 and 
14 was around 20% based on Fe. Anal. Calcd for 13, 
C2,H5&'eN40,P4: N, 7.69; C, 44.54; H, 7.69. Found: N, 7.57; 
C, 44.32; H, 7.91. IR, YCO 1999,1936,1908 cm-l; v p ~ p  829 cm-l. 
Anal. Calcd for 14, Cz8H~FeN4084: N, 7.41; C, 44.48; H, 7.41. 
Found: N, 7.38; C, 44.81; H, 7.57. IR, YCO 2047, 1987, 1947, 
1933 cm-l; vpop 875 cm-'. 

Cr(CO)4[CyaNPOl4 (llb), CrdCO)dCy2NP014 (1Q and 
Cr2(CO)7[Cy&POla (16). The phosphine oxide (CyzN)zP(O)H 
(4.5 g, 11 mmol) and Cr(CO)6 (0.80 g, 3.6 mmol) were refluxed 
in 20 mL of toluene for 36 h. The dark-brown suspension was 
allowed to cool and then filtered through Celite. After 
evaporation of the filtrate, the residue was washed with about 
20 mL of acetone and then extracted with 30 mL of hot hexane. 
The hexane extract was concentrated and chilled to precipitate 
about 0.61 g (32% based on Cr) of complex lla. The filtrate 
from this contained llb and 15 in about a 1:4 ratio according 
to its 31P NMR spectrum. Further purification was not 
attempted. The acetone wash was evaporated to dryness and 
chromatographed on an alumina column using 0.5% ethyl 
acetakhexane as the eluant. A first fraction contained a small 
amount of unstable Cr(CO)&P(H) (NCy2)z (IR, YCO 2047,1975, 
1927 cm-l; YP=O 968 cm-l) and the second gave 0.52 g (20% 
based on Cr) of 16 upon evaporation: IR, YCO 2005,1961,1930, 
1905,1892,1875 cm-l; YPOP 900 cm-l. Anal. Calcd for CeTH110- 
Cr2N501~P5 (16): N, 4.88; C, 56.05; H, 7.72. Found: N, 4.43; 
C, 56.14; H, 8.22. 

Complex 16 was also prepared by refluxing 4.5 g (11 mmol) 
of the phosphine oxide with Cr(CO)e (0.80 g, 3.6 mmol) in 25 
mL of xylene for 36 h. The dark brown suspension was cooled 
and filtered through Celite. The filtrate was evaporated to  
dryness and extracted with 30 mL of acetone. The acetone 
extract was dried under reduced pressure and chromato- 
graphed on an alumina column using 0.5% ethyl acetate/ 
hexane eluant. A total of 1.7 g (65% based on Cr) of 16 was 
isolated. 

~ ~ ( ~ ~ ) ~ [ ~ ~ ? N p ~ l a  (17) and Wz(CO)e[CyMO]r (18). 
An amount of the phosphine oxide (3.5 g, 8.6 mmol) and 
W(CO)6 (1.0 g, 2.8 mmol) was refluxed in 20 mL of toluene for 
48 h. The dark-brown suspension was allowed to cool and 
filtered through Celite, and the filtrate was evaporated to 
dryness. The residue was chromatographed on an alumina 
column with hexane as the eluant. The first fraction to elute 
was the unstable yellow complex 17, which was only charac- 
terized spectroscopically (Table 1). The second fraction yielded 
red crystalline complex 18 upon prolonged standing: IR, YCO 
2000,1973,1930,1908,1904,1876 cm-l; vpop 885 cm-'. Anal. 
Calcd for C5JI88N4010P4W~.l.Bhexane: N, 3.56; C, 48.09; H, 
6.93. Found: N, 3.59; C, 47.94; H, 7.20. 

Cr2(CO)dDMP-P014 (19a), Cr2(CO)dDMP-P014 (19b), 
and Cr2(CO),[DMP-PO]a (20). The phosphine oxide (DMPhP- 
(0)H (3.0 g, 11 mmol; synthesized from DMPZ-PCl in the same 
way as the dialkylaminophospkine oxides described in ref 2) 
and Cr(C0)e (0.90 g, 4.1 mmol) were refluxed in 20 mL of 
toluene for 48 h. The dark-brown suspension was allowed to 
cool and filtered through Celite. The filtrate was evaporated 
to  dryness and chromatographed on an alumina column using 
hexane eluant. The fraction collected was recrystallized from 
hexane to  give complex 20 (0.28 g, 18% based on Cr): IR, YCO 

2011,1963, 1933,1912,1898,1869 cm-l; vpop 898 cm-'. The 
mother liquor was concentrated and a small amount of 19a 
(0.10 g, 5%) crystallized out: IR, YCO 2006, 1942, 1892 cm-l; 
vpop 819 cm-l. Prolonged standing gave 40 mg (2%) of large 
crystals of complex 19b: IR, YCO 2004,1927,1908,1897 cm-l; 
vpop 881 cm-'. Anal. Calcd for C36H56Cr&012P4 (19a): N, 
5.80; C, 44.80; H, 5.80. Found: N, 5.78; C, 45.11; H, 5.93. 
Calcd for C36H56Cr2N4012P4 (19b): N, 5.80; C, 44.80; H, 5.80. 
Found: N, 5.77; C, 45.07; H, 6.04. Calcd for c42- 

CrzH70N501~P5-1.3hexane (20): N, 5.78; C, 49.61; 7.33. 
Found N, 5.96; C, 49.35; H, 6.95. 

Crz(CO)e[DMP-PO]e (21). Phosphine oxide (0.10 g, 0.37 
mmol) and Crz(C0)7[DMP-P0]5 (complex 20; 0.10 g, 0.090 
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Table 9. Crystallographic Data for Complexes 14, 19a, 19b, 21, and 25 
14 19a 19b 25 21 

formula 
formula weight 
crystal system 
space group 
a, A 
b, A 
c, A 
a, deg 
/3, deg 
Y ,  deg v, A3  
Z 
cryst dimens, mm 
cryst color 
Dcalc, g cm3 
p(Mo Ka), cm-' 
temp, K 

diffractometer 
monochromator 
radiation 
20 scan range, deg 
data collected (h,k,l) 
no. of collcd rflns 
no. of ind rflns 
no. of ind obsd rflns 

std rflns 
var in std, % 

Fo 2 nu(Fo) (n = 4) 

CzsH&eN40eP4 
756.5 
monoclinic 
c 2 l C  
42.583(14) 
13.298(4) 
14.828(4) 

109.48(3) 

7916.3(4) 
8 
0.25 x 0.28 x 0.44 
yellow 
1.270 
5.89 
244 

4.0-52.0 
&49,+16,+18 
8467 
7747 
439 1 

3 stdl97 rflns 
2 

6.08 
6.97 
0.03 1 
0.67 
10.8 
1.28 

(a) Crystal Parameters 
~ 3 6 H s 6 ~ ~ ~ ~ 4 ~ 1 ~ ~ 4  C ~ ~ H ~ ~ C ~ Z N ~ ~ I Z P ~  
964.7 964.7 
monoclinic tri_clinic 
12la P1 
27.593(8) 9.905(3) 
18.105(7) 11.668(4) 
18.648(5) 12.189(3) 

96.62(2) 
91.45(2) 110.81(2) 

112.59(2) 
9313 1162.9(5) 
8 1 
0.40 x 0.40 x 0.45 
colorless yellow 
1.376 1.378 
6.47 6.47 
296 296 

0.40 x 0.40 x 0.45 

(b) Data Collection 
Siemens P4 
graphite 
Mo Ka (1 = 0.710 73 A) 

4.0-52.0 4.0-52.0 
&34,+22,+22 &12,&14,+15 
9465 4799 
9164 457 1 
561 1 3489 

3 std197 r f l n s  
<1 2 

3 std197 r f l n s  

(c) Refinement 
5.89 
6.95 
0.598 
1.10 
10.7 
1.35 

mmol) were refluxed in 20 mL of xylene for 6 h. After cooling 
to room temperature and filtration, the solid residue was 
recrystallized from toluene to give 0.10 g (90% based on 20) of 
complex 21: IR, vco 1949,1893,1876 cm-l; vpop 912 cm-'. Slow 
cooling of a hot xylene solution of 21 gave X-ray quality 
crystals. Anal. Calcd for C&&rfi4012P4-2toluene: N, 5.96; 
C, 52.79; H, 7.09. Found N, 5.82; C, 52.21; H, 7.14. 

Moz(CO)e[DMP-P0]4 (22). The phosphine oxide (DMP)zP- 
(0)H (1.0 g, 3.6 mmol) and 0.50 g Mo(CO)6 (1.8 mmol) were 
refluxed in 20 mL of toluene for 48 h. The dark-brown 
suspension was cooled, filtered through Celite, and the filtrate 
was evaporated to dryness. Chromatography of the residue 
on an alumina column using hexane yielded a white solid. It 
was recrystallized from hexane to give 0.31 g (32% based on 
Mo) of 22: IR, YCO 2012,1928,1914,1898 cm-l; vpop 885 cm-l. 
Anal. Calcd for C~&&OZN~O~ZP~:  N, 5.32; C, 41.09; H, 5.32. 
Found: N, 5.28; C, 41.19; H, 5.50. 

Mo(C0)4[CyaNP014NiBrz (23). The complex NiBrz[Cyz- 
"014 (0.45 g, 0.40 mmol of 4B) and Mo(C0)4(NBD) (0.12 g, 
0.40 mmol) were stirred in 25 mL of toluene at  90 "C for 3 h. 
The clear red solution turned pale brown as the reaction 
progressed. After cooling and filtration through Celite, the 
filtrate was evaporated and the residue chromatographed on 
an alumina column using 2.5% ethyl acetatehexane as the 
eluant. The red-brown solid isolated was 0.25 g (47% based 
on Mo) of complex 23: IR, vco 2022, 1945, 1928, 1909 cm-l; 
VPOP 904 cm-'. Anal. Calcd for CszH88BrzMoNDiOsP4: N, 
4.19; C, 46.79; H, 6.59. Found: N, 4.10; C, 46.76; H, 6.87. 

M o ( C O ) ~ [ C y ~ O ] ~ d C l ~  (24). The complex PdClz[Cyz- 
NPOI6 (0.26 g, 0.20 mmol of 8A) and Mo(C0)4(NBD) (60 mg, 
0.20 mmol) were stirred in 30 mL of toluene at 90 "C for 5 h. 
After cooling to room temperature and filtration through 
Celite, the filtrate was evaporated to dryness. The residue 
was then chromatographed on an alumina column using 5% 

4.81 
6.99 
0.108 
1.02 
13.3 
1.20 

C ~ ~ H ~ Z F ~ M O N ~ O I I P ~  
978.5 
monoclinic 
P21k 
20.200(13) 
12.003(4) 
2 1.88 1 (1 2) 

117.45(2) 

4708(4) 
4 
0.25 x 0.30 x 0.30 
colorless 
1.381 
7.64 
233 

4.0-54.0 
&22,+15,+27 
11220 
11043 
5730 

3 std197 r f lns 
1 

5.49 
5.72 
0.549 
0.65 
11.3 
1.10 

C56H94CrzN601zP6 
1333.2 
triilinic 
P1 
10.650(2) 
12.407(3) 
13.064(3) 
106.64(2) 
93.60(2) 
95.92(2) 
1637.3(6) 
1 
0.18 x 0.30 x 0.60 
colorless 
1.352 
5.39 
237 

4.0-50.0 
&12,&14,+15 
6055 
5778 
4515 

3 std197 r f lns 
2 

4.66 
5.19 
0.054 
0.94 
12.9 
1.44 

ethyl acetatehexane eluant. The pale-yellow solid complex 
24 was isolated (0.12 g, 40% based on Mol: IR, vco 1979,1912, 
1902, 1890 cm-l; VPOP 919 cm-l. Anal. Calcd for 

N, 4.36; C, 50.41; H, 7.78. 
M O ( C O ) ~ [ ~ P ~ ~ O ] ~ F ~ ( C O ) ~  (25). The complex Fe(C0)3- 

['h.&Fo]4 (0.20 g, 0.27 mmol of 13) and Mo(C0)4(NBD) (0.10 
g, 0.33 mmol) were refluxed in 20 mL of hexane for 5 h. After 
cooling, the solution was evaporated to dryness and chromato- 
graphed on an alumina column using 0.5% ethyl acetatel 
hexane as the eluant. The isolated product was recrystallized 
from benzenehexane to give 0.19 g (75% based on Fe) of 25 
as pale yellow crystals suitable for X-ray analysis: IR, vco 
2021, 1999, 1962, 1944, 1922, 1912, 1899, 1877, 1869 cm-l; 
vpop 873 cm-l. Anal. Calcd for C ~ ~ H S ~ F ~ M O N ~ O I ~ P ~ :  N, 5.98; 
C, 39.78; H, 5.98. Found: N, 6.03; C, 39.83; H, 5.98. 

N~(CO)Z[C~~NPOI~N~(CO)Z (26). NiBrz[CyJWO]r (1.50 g, 
1.3 mmol) and Fez(C0)9 (0.48 g, 1.3 mmol) were stirred in 40 
mL of toluene at 90 "C. After 2 h, the suspension was cooled 
to room temperature and filtered through Celite. The filtrate 
was evaporated to dryness and the residue chromatographed 
on an alumina column using 2.5% ethyl acetatehexane eluant. 
A yield of 0.27 g (18% based on Ni) of white complex 26 was 
isolated: IR, vco 2000,1947 cm-l; vpop 870 cm-l. Anal. Calcd 
for C5zHwNDizOsP4: N, 4.92; C, 54.89; H, 7.73. Found: N, 
4.71; C, 54.87; H, 8.11. 

Crystallographic Studies. Crystal, data collection, and 
refinement parameters are listed in Table 9. Single crystals 
of complexes 14, 19a, and 19b were grown from saturated 
hexane solutions. Crystals of 21 and 26 were from xylene and 
benzene, respectively. Suitable crystals were selected and 
mounted on glass fibers with epoxy cement. The unit cell 
parameters were obtained by least-squares refinement of the 

C ~ ~ H ~ ~ O C ~ Z M O N S ~ ~ P S P ~ :  N, 4.69; C, 50.69; H, 7.37. Found: 
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Phosphorus-Oxygen Heterocyclic Complexes 

angular settings of 25 reflections (20" 5 20 5 25"). The XASS 
program was used to correct the data for absorption for 26.34 

The systematic absences in the diffraction data for 14 are 
consistent for space groups C2/c and Cc; for 19a, Z2/a and la;  
for 19b and 21, P1 and P1; and uniquely for 26, P21/c. The 
E-statistics suggested the centrosymmetric alternatives for 14, 
19a, 19b, and 21 and were verified by subsequent refinements. 

The centers of the molecules of 19b and 26 are located on 
inversion centers. In 21 and 25, several peaks on the Fourier 
difference maps, not connected with the compound molecules, 
were observed and modeled as p-xylene and benzene, respec- 
tively. These solvent molecules were isotropically refined. 

All structures were solved by direct methods, completed by 
subsequent difference Fourier syntheses, and refined by full- 
matrix least-squares procedures. All non-hydrogen, nonsol- 

(34) Hope, H.; Moezzi, B., University of California, Davis, CA, 

Organometallics, Vol. 14, No. 1, 1995 97 

vent atoms were refined with anisotropic displacement coef- 
ficients. Hydrogen atoms were treated as idealized con- 
tributions. 

All software and sources of the scattering factors are 
contained in either in SHELXTL (5.1) or the SHELXTL PLUS 
(4.2) program libraries (G. Sheldrick, Siemens XRD, Madison, 
WI). 
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coordinates, anisotropic thermal factors, and complete bond 
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Synthesis, Characterization, and Reactions of the 
Cluster Complexes Containing the Tetrahedral Cluster 

Core MFeCoS (M = Mo, W) and a Functionally 
Substituted Cyclopentadienyl Ligand. The Single 
Crystal X-ray Structures of Two Double Clusters, 

[ M ( C O ) ~ F ~ ( C O ) ~ C O ( C O ) ~ ~ ~ - S ) I ~  (M = Mo, W)? 
[ 9'-C5€€4C (O)CH~CHBC (0)C5H4-~51- 

Li-Cheng Song,* Jin-Yu Shen, and Qing-Mei Hu 
Department of Chemistry, Nankai University, Tianjin 300071, People's Republic of China 

Xiao-Ying Huang 
State Key Laboratory of Structural Chemistry, 

Fuzhou, Fujian 350002, People$ Republic of China 

Received June 6, 1994@ 

Reactions of monoanions q5-RC5H4(C0)3M- with FeCo2(CO)&-S) gave the functional 
cluster complexes q5-RC5H4(C0)2MFeCo (c0)6(p3-s) (la-e, M = Mo, R = COzMe, C02Et; M 
= W, R = C02Me, COzEt, C(0)Me). le reacted with MeMgI, followed by hydrolysis, giving 
tertiary alcohol cluster q5-Me2C(OH)C5H4(CO)2~eco(cO)6 (p3-S) (2), while it reacted with 
NaBH4 to give the secondary alcohol cluster q5-MeCH(OH)C5H4(C0)2WFeCo(C0)6(p3-S) (3). 
Treatment of 3 with Et30BF4 afforded both a single cluster ether complex, q5-MeCH(OEt) 
C5H4 (CO)2WFeCo(CO)6(p3-S) (4), and a double cluster ether complex, (q5-C5H4MeCHO- 
CHMeC5H4-q5)[(CO)2WFeCo(C0)6(p3-S)]2 (5). Similarly, reactions of dianions -M(C0)3[q5- 
C5H4C(0)CH2CH2C(O)C5H4-q51(CO)3M- with two molecules of F~CO~(CO)&Q-S) gave 1,4- 
succinoyl(biscyclopentadieny1)-bridged double cluster complex [q5-C5H4C(0)CH2CH2C(O)C5H4- 
q5][(C0)2MFeCo(CO)6(p3-S)]2 (621, M = Mo, 6b, M = W). These complexes could be further 
reduced by NaBH4 to give dihydroxyl derivatives [q5-C5H4CH(OH)CH2CH2CH(OH)C5H4- 
q5][(CO)zMFeCo(CO)6Cu3-s)]2 (7a, M = Mo; 7b, M = W). Treatment of 7a and 7b with Et3- 
OBF4 afforded two unexpected double clusters containing a biscyclopentadienyl-substituted 
tetrahydrofuran bridge ( a - q 5 - C 5 H 4 - C ~ H ~ O - C 5 H ~ - q 5 - a ' ) [ ( ~ ~ ) 2 M F e ~ o ~ ~ ~ ~ ~ ~ ~ - ~ ] ~  (8a, M = Mo, 
8b, M = W). X-ray structures of 6a and 6b have been determined. Crystal data for 6a: 
triclinic, space group P-1 (No. 2), a = 7.602(3) A b = 8.112(4) A, c = 16.208(3) A, a = 97.58- 
(3)", p = 94.05(2)", y = 109.50(3)", V = 927(1) d3, 2 = 1. Crystal data for 6b: monoclinic, 
space group C2/c (No. E), a = 26.448(7) A, b = 9.660(4) A, c = 14.687(5) A, p = 100.72(2)", 
V = 3687(4) A3, 2 = 4. 

Introduction 
In recent years transition metal cluster complexes 

have been receiving considerable attention, largely 
because of their potential applications in catalysis and 
because of the novelty and versatility of their reactions 
and s t r u ~ t u r e s . l - ~ ~  Among these, however, there are 
very few cluster complexes containing a functionally 

T Dedicated to Professor Dietmar Seyferth, on the occasion of his 
65th birthday and in recognition of his outstanding contributions to  
organometallic chemistry. 

@ Abstract published in Advance ACS Abstracts, November 1,1994. 
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Cluster Complexes Containing MFeCoS 

Scheme 1 

Organometallics, Vol. 14, No. 1, 1995 99 

ring in mononuclear transition metal complexes, such 
as ferrocene derivativesz0 and group 6 monometallic 
compounds,21 have been extensively studied, the inves- 
tigations of this kind of reaction involved in dinuclear 
compounds and especially in cluster systems are rela- 
tively few.15J6c In principle, the cluster core in cluster 
complexes may influence the reactivity of the functional 
group on the cyclopentadienyl ring and also could be 
destroyed under the reaction conditions used. Rausch 
reported that (q5-carbomethoxycyclopentadienyl)tri- 
carbonylmethyl tungsten was saponified with potassium 
hydroxide in aqueous methanol at 25 "C to give, after 
acidification, the corresponding carboxylic acid in 82% 
yield.21a However, treatment of cluster IC in methanol 
with aqueous potassium hydroxide, followed by acidi- 
fication, did not give the expected carboxylic acid. In 
fact, when potassium hydroxide was added to the 
solution of IC, a color change from brown-red to brown- 
black occurred immediately, presumably due to the 
decomposition of cluster IC under the basic conditions 
of saponfication. In contrast to the different hydrolysis 
behavior of the carbomethoxy group as mentioned 
above, the acetyl group in cluster l e  showed chemical 
behavior similar to that of some mononuclear com- 
poundszlb,c toward Grignard reagents and NaBH4. For 
instance, l e  reacted with MeMgI in ether at room 
temperature, after hydrolysis of the addition intermedi- 
ate, to give tertiary alcohol 2 in 39% yield as shown in 
Scheme 2. Also as shown in Scheme 2, le  could be 
reduced by NaBH4 in MeOH at room temperature to 
give secondary alcohol 3 in 55% yield. It is interesting 
that 3 could further react with triethyloxyonium tet- 
rafluoroborate salt Et30BF4, as in the case of an organic 

in CHZClz at room temperature to give the 
expected alkylation product 4 in 29% yield. However, 
the reaction also gave an unexpected product, 5, for- 
mally viewed as derived by loss of one molecule of water 
from two molecules of 3, in 31% yield, as shown in 
Scheme 2. 

The mechanisms for ether formation from alcohols 
under acidic conditions are well-known in organic and 
organometallic chemistry. So, as in the case of organic 
alcohols,22 the alkylation product 4 would be produced 
through a pathway which involves the attack of the Et+ 
cation generated from dissociation of the oxonium salt 
a t  the oxygen atom of hydroxy group of the cluster 3 to 
form the intermediate ml, followed by loss of HBF4. 

I l a - e  

Clusters l a  l b  IC I d  l e  
M Mo Mo W W w 
R COzMe C a E t  CQMe CGEt C(0)Me 

I5-l7 and linear trinuclear18 complexes have been well- 
studied. In this article, we wish to report the synthesis, 
characterization, and some of the interesting reactions 
of this novel type of cluster complex, as well as the X-ray 
structure analyses for two such compounds. 

Results and Discussion 
Part 1. The Chemistry Starting from the Mono- 

anions q5-RC5&(C0)&I- (I). Preparations of la- 
e. Functionally substituted cyclopentadienyl tricarbo- 
nyl group 6 metal anions q5-RC5H4(C0)3M- (R = MeCO, 
MeOzC, etc.) (I) have proved to be important 
in the synthesis of organometallic and metal cluster 
complexes containing the structural unit q5-RC5H4 
(CO)zM.14-18 This is because the commonly used elec- 
trophilic substitution of the cyclopentadienyl ring of 
their parent compounds could not be applied to prepare 
this type of complex, due to their inherent lack of 
aromatic character andlor their decomposition under 
substitution conditions involved.14J5 Now we have 
found an additional use of the monoanions I in the 
synthesis of the tetrahedral MFeCoS (M = Mo, W) 
cluster complexes. For instance, complexes la-e can 
be prepared by their reaction with the cluster complex 
FeCoz(CO)g@s-S) in THF at reflux in 41-69% yield, as 
shown in Scheme 1. Actually, this is an isolobal dis- 
placement consequencelg of Co(C0)3(dgML3) in FeCo2- 
(CO)g@&) by 115-RC5H4(C0)~M(d5ML5) generated in 
situ from the anions I. 

However, it is worth noting that our initial attempts 
to obtain cluster l e  failed when an electrophilic aro- 
matic substitution reaction of the parent compound 
CpWFeCo (CO)8@3-S) with acetyl chloride in the pres- 
ence of AlCl3 in CH2C12 at room temperature was tried. 
From the reaction mixture only 48% of the parent 
cluster was recovered, showing the inherent lack of 
aromaticity and the severe decomposition of the parent 
cluster under the Friedel-Crafts conditions. 

Reactions of 1 and Formation of 2-5. Although 
reactions of the functional group of a cyclopentadienyl 

(16) (a) Song, L.-C.; Dong, Q.; Hu, Q.-M. Acta. Chim. Sin. 1991,49, 
1129. (b) Song, L.-C.; Dong, Q.; Hu, Q.-M. Youji Huaxue 1992,12,35. 
(c) Song, L.-C.; Shen, J.-Y.; Hu, Q.-M. Sci. China (series B) 1993, 36, 
1281. 
(17) (a) Song, L.-C.; Shen, J.-Y. Chem. J.  Chin. Uniu. 1992,13,1227. 

(b) Edelmann, F.; Tofke, S.; Behrens, U. J .  Organomet. Chem. 1986, 
309, 87. (c) Avey, A.; Tenhaeff, S. C.; Weakley, T. J. R.; Tyler, D. R. 
Organometallics 1991, 10, 3607. 
(18) (a) Song, L.-C.; Dong, Q.; Hu, Q.-M. Acta Chim. Sin. 1992,50, 

193. (b) Song, L.-C.; Yang, H.; Dong, Q.; Hu, Q.-M. J .  Organomet. 
Chem. 1991,414,137. (c) Medina, R. M.; Masaguer, J. R.; Moran, M.; 
Losada, J. Inorg. Chim. Acta 1988,146, 115. 
(19) (a) Hoffmann, R. Angew. Chem., Znt. Ed. Engl. 1982,21, 711. 

(b) Vahrenkamp, H. Comments Znorg. C h m .  1985, 4, 253. (c) 
Kaganovich, V. S.; Slovokhotov, Yu. L.; Mironov, A. V.; Struchkov, Yu. 
T.; Rybinskaya, M. I. J .  Organomet. Chem. 1989,372, 339. 

H 

However, the carbon atom attached to the Cp ring of 
the intermediate ml might be possibly further attacked 

(20) Bublitz, D. E.; Rinehart, K. L., J r .  In Organic Reactions; 
Dauben, W. G., Ed.; John Wiley & Sons, Inc.: New York, 1969 Vol. 
17, pp 1-154. 
(21) (a) Macomber, D. W., Rausch, M. D. J.  Organomet. Chem. 1983, 

258, 331. (b) Rausch, M. D.; Mintz, E. A., Macomber, D. W. J .  Org. 
Chem. 1980,45, 689. (c) Hart, W. P.; Rausch, M. D. J .  Organomet. 
Chem. 1988,355,455. 
(22) Diem, M. J.; Burow, D. F.; Fry, J. L. J .  Org. Chem. 1977, 42, 

1801. 
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Scheme 2 

OH 

Song et al. 

@&Me2 
W 0 iC0)a OEt 

6a M=Mo,  6b M = W  

by the nucleophilic oxygen atom of the hydroxyl group 
of 3 with loss of one molecule of EtOH to generate 
another intermediate, m2. Then, 5 would be finally 
afforded from m2 by loss of HBF4. Interestingly, to our 
knowledge, this reaction is the first example so far for 
producing a symmetrical double cluster ether such as 
5 by the action of a trialkyloxonium salt upon the 
corresponding alcohol. However, the detailed mecha- 
nism for this reaction still needs further study. 

Characterization of la-e and 2-5. Compounds 
la-e are solid colored from brown-red to black, while 
2-5 are red viscous oils. They were all fully character- 
ized by elemental analysis and IR, lH NMR and MS 
spectroscopies. In their IR spectra all showed terminal 
carbonyl absorption bandsz3 in the range of 2082-1901 
cm-l, and bridging carbonylsz3 might exist for la,c,e 
and 3-5, evidenced by one absorption band present 
between 1860 and 1890 cm-l. The IR spectra of la-e 
also showed corresponding carbonyl absorption bands 
of ester at around 1720 cm-l and acetyl at 1685 cm-’, 
while the IR spectra of 2 and 3 showed the hydroxyl 
group at around 3427 cm-l. As we know, lH NMR 
spectra of a monosubstituted cyclopentadienyl ring in 
transition metal compounds vary greatly in complexity, 
such as a single resonance, an A2Bz or AzBB‘ pattern 
or a multiplet pattern, all depending on the nature of 
the substituent.21 For the lH NMR spectra of la-e, 
the four protons on the cyclopentadienyl ring exhibited 
an AzBB’ pattern. The AzBB’ pattern consisted of two 
closely spaced quartets of relative intensity 1H upfield 
from 5.40 ppm and a triplet (or a quartet for le) of 
relative intensity 2H downfield from 6.04 ppm. The two 
upfield quartets had been assigned to the H3 and H4 
protons remote from the electron-withdrawing substitu- 

(23) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. 
Principles and Applications of Organotransition Metal Chemistry; 2nd 
ed.; California University Science Books: Mill Valley, 1987. 

ent, since they were deshielded to a less extent than 
H2 and H5 close to the substituent. We believe that the 
AzBB’ pattern was caused by the chirality of the 
tetrahedral cluster core MFeCoS. It is the chiral core 
that makes H3 and H4 protons diastereotopic. However, 
a t  present, we do not fully understand why H3 and H4 
are diastereotopic whereas H2 and H5 are not. Perhaps, 
this is due to H3 and H4 being closer than H2 and H5 to 
the chiral cluster core. In contrast to the lH NMR 
spectra of la-e, the ‘H NMR spectra of the cyclopen- 
tadienyl protons of 2-5 showed more complicated 
patterns. Obviously, this can be attributed (except for 
cluster 2) t o  the influences from both the chiral cluster 
core and the chiral a-carbon atom attached to cyclopen- 
tadienyl ring. 

The mass spectra of la,b,d,e and 4 showed their 
parent ion peaks, the fragment ion peaks of successive 
loss of a given number of CO from parent ion, the 
respective cluster core peaks, and so on. Although no 
parent ion peaks appeared in the mass spectra of IC, 2, 
and 3, the peaks of corresponding fragment ions similar 
to those mentioned above existed. 

Part 2. The Chemistry Generated from the 
Bridging Dianions ( ~ I ~ - C ~ H ~ C ( O ) C H Z C H Z C ( O ) ~ ~ H ~ -  
~ , I ~ ) ( C O ) ~ M ~ ~ -  (11). Preparations of 6a,b. Reactions 
of 1,4-succinoylbis(cyclopentadienylsodium) with Mo- 
(COh in THF or with W(CO)6 in diglyme at reflux for 
several hours gave dianions 11, which could react in situ 
with two molecules of FeCoz(CO)&3-S), through d5ML5/ 
dgML3 double isolobal displacement, to afford 6a and 
6b in 31% and 43% yields, respectively, as shown in 
Scheme 3. This type of double isolobal displacment, to  
our knowledge, is unprecedented. 

Reactions of 6a,b and Formation of 7a,b and 
8a,b. The functionality in double cluster complexes 6a 
and 6b, just like those in the above single cluster 
complexes, could be transformed into other functional- 
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8r M = M o .  8b M = W  

ities. Thus, 6a and 6b reacted with NaBH4 in CH30H 
at room temperature, giving dihydroxy derivatives 7a 
and 7b in 31% and 23% yields, as shown in Scheme 4. 

Interestingly, the 1,4-dihydroxylbutylene group in 7a 
and 7b, under the action of Et30BF4 in CH2C12 at reflux, 
was converted into an a,a'-disubstituted tetrahydrofu- 
ran ring affording 8a and 8b in 90% and 89% yields, as 
shown in Scheme 4. 

TLC showed no formation of 8a and 8b below 0 "C 
after 2 h, while 8a and 8b were produced at 18 "C after 
2 h in 86% and 39% yields, respectively. 8a and 8b 
might also be produced by use of HBF4 or HC1 instead 
of Et30BF4, in spite of the lower yields. For example, 
in the case of using HBF4 the reaction at reflux for 2 h 
gave 8a in 58% yield whereas the reaction, when HC1 
was used, at reflux for 9 h gave 8b only in 12% yield. 
The mechanism for producing complexes 8a and 8b 
under these conditions is similar to that for formation 
of 4 and 5 described above. 

The reaction may involve initial attack of electrophilic 
E(representing H+ or Et+ generated by dissociation from 
HC1, HBF4 and Et30BF4) at  the oxygen atom of one 
hydroxy group of 7a or 7b to form the intermediate 
m,which in turn loses one molecule of water or ethanol 

E 
*OH OH 

H 
p;. 

m, 

by the intramolecular attack of the oxygen atom of 
another hydroxyl group at the carbon atom attached to 

EOH moiety to give the protonated species a. Finally 
the a loses one proton to give 8a or 8b. Although the 
dehydration from diols leading to a substituted tetrahy- 
drofuran derivatives by the action of proton acid or the 
others is a known the process occurred by the 
action of Et30BF4 to form a,a'-bis(cyclopentadieny1)- 
tetrahydrofuran bridged double cluster complexes 8a 
and 8b is unprecedented in literature. 

Characterization of 6a,b,7a,b, and 8a,b. Except 
for 8a, which is a brown viscous oil, 6a,b, 7a,b, and 8b 
are brown solids and have been characterized by CiH 
analysis and IR and lH NMR spectroscopies. In their 
IR spectra, there exist four absorption bands, in which 
three bands in the range of 2077-1967 cm-l are 
assigned to  terminal carbonyls and one band around 
1885 cm-' is assigned to a bridging carbonyl.23 Besides 
these absorptions for carbonyls attached to metals, there 
is a moderately strong absorption band around 1682 
cm-I for the ketonic carbonyl of 6a,b, while there is a 
broad absorption band around 3400 cm-l for the hy- 
droxyl group of 7a,b. The IH NMR spectra of cyclopen- 
tadienyl protons for double clusters 6a,b, 7a,b, and 8a,b 
are also as complicated as those for clusters 1-5 
mentioned above. This is reasonable because these 
double clusters all contain the chiral tetrahedral cluster 
core MFeCoS and 7a,b and 8a,b contain the chiral 
a-carbon atom attached to the cyclopentadienyl ring as 
well. For 6a,b the lH NMR spectra of each cyclopen- 
tadienyl protons show an A2BB pattern, of which the 
two upfield sets of quartets are assigned to H3 and H4 
remote from succinoyl bridge and the downfield triplet 
or multiplet is assigned to H2 and H5 close to the bridge, 
due to the electron-withdrawing effect of the succinoyl 
group. However, for 7a,b the 'H NMR spectra show 
two multiplets, while for 8a,b there is one multiplet. 
Based on the same reason, for 7a,b the upfield multiplet 
should be assigned to H3 and H4, while the downfield 
multiplet is assigned to H2 and H5. The chemical shifts 
of the hydroxyl group for 7a,b were established by the 
D/H exchange method, which included adding DzO to 
the lH NMR tube and redetermination of the lH NMR 
of 7a,b, showing complete disappearance of the peak 
for the hydroxyl group. 

X-ray Structure Analysis. In order to confirm the 
structures of 6a and 6b, a study of their X-ray diffrac- 

(24) Jacobus, J. J. Org. Chem. 1973,38, 403. 
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Table 1. Fractional Coordinates and Equivalent Isotropic 
Thermal Parameters for 6a 

atom X Y Z B(eq), A’ 
Mo(1) 0.4244( 1) 0.19938(9) 0.79774(4) 2.39(2) 
Co(1) 0.5758(1) 0.4178(1) 0.68230(7) 3.05(4) 
Fe(1) 0.2791(1) 0.1434(1) 0.62866(7) 2.81(4) 
S(1) 0.5520(3) 0.1417(3) 0.6749(1) 3.05(7) 
O(1) -0.0089(9) 0.026(1) 0.7703(5) 6.6(3) 
C(1) 0.155(1) 0.091(1) 0.7688(6) 4.0(4) 
O(2) 0.332( 1) 0.540(1) 0.8523(5) 7.7(4) 
C(2) 0.370(1) 0.419(1) 0.8252(6) 4.3(4) 
o(3) 0.004(1) 0.324(1) 0.6297(5) 6.7(4) 
C(3) 0.109(1) 0.251(1) 0.6302(5) 3.5(3) 
o(4) 0.328( 1) 0.152(1) 0.4535(4) 6.2(3) 
C(4) 0.31 3( 1) 0.150(1) 0.5230(6) 3.9(3) 
o(5) 0.049(1) -0.233(1) 0.5975(6) 8.0(4) 
C(5) 0.135(1) -0.088(1) 0.6092(6) 4.5(4) 
O(6) 0.923(1) 0.611(1) 0.7955(5) 6.7(3) 
C(6) 0.789( 1) 0.538(1) 0.7518(7) 4.7(4) 
o(7) 0.721(1) 0.456(1) 0.5205(4) 5.6(3) 
C(7) 0.668( 1) 0.443(1) 0.5832(6) 3.6(3) 
O(8) 0.387( 1) 0.679(1) 0.6852(5) 6.3(3) 
C(8) 0.458( 1) 0.573(1) 0.6843(5) 3.8(3) 
C(11) 0.398(1) 0.135(1) 0.9306(5) 2.8(3) 
C(12) 0.409(1) -0.018(1) 0.8810(5) 3.4(3) 
C(13) 0.585(1) 0.026(1) 0.8528(6) 3.5(3) 
C(14) 0.686(1) 0.206(1) 0.8858(6) 4.0(4) 
C(15) 0.575(1) 0.275(1) 0.9344(5) 3.2(3) 
C(16) 0.243(1) 0.151(1) 0.9765(5) 3.1(3) 
o(9) 0.251(1) 0.2917(8) 1.0156(4) 5.3(3) 
C(17) 0.071(1) -0.016(1) 0.9732(5) 3.0(3) 

Table 2. Fractional Coordinates and Equivalent Isotropic 
Thermal Parameters for 6b 

atom X Y Z B(ed, .A2 
0.62278(2) 0.27 12 l(5) 0.0 1240(4) 1.88(2) 
0.65727(7) 0.2129(2) 0.1975(1) 2.41(8) 
0.62502(8) 0.0078(2) 0.0925(1) 2.56(9) 
0.6928( 1) 0.1352(3) 0.0845(3) 2.4(1) 
0.5946(5\ 0.080(1\ -0.1606f8) 4.5(6) . ~. 

0.6060i5 j 
0.5087(4) 
0.5520(6) 
0.7125(4) 
0.6904(6) 
0.7070(6) 
0.6881(6) 
0.5579(5) 
0.5958(6) 
0.5234(5) 
0.5625(7) 
0.6802(5) 
0.6579(7) 
0.6138(6) 
0.6177(7) 
b.6064(6) 
0.6600(6) 
0.6785(6) 
0.6384(6) 
0.5949(6) 
0.5712(6) 
0.5914(5) 
0.5147(5) 

~ .~~ 

0.145ii j 
0.242( 1) 
0.245( 1) 
0.470( 1) 
0.370(2) 
0.060( 1) 
0.113(2) 
0.270(1) 
0.244(2) 

-0.040( 1) 
-0.019(2) 
-0.198( 1) 
-0.1 16(2) 
-0.193( 1) 
-0.1 12(2) 

0.434( 1) 
0.407(2) 
0.457(2) 
0.509(2) 
0.498( 1) 
0.414( 1) 
0.391(1) 
0.425(2) 

~~~~ 

-0.093(1 j ’ 
0.034( 1) 
0.030( 1) 
0.2517(8) 
0.228( 1) 
0.3629(9) 
0.297( 1) 
0.2466(9) 
0.226( 1) 
0.139(1) 
0.119(1) 
0.217(1) 
0.171(1) 

-0.058( 1) 
0.002( 1) 

-0.102(1) 
-0.084( 1) 

0.003( 1) 
0.043( 1) 

-0.022( 1) 
-0.196( 1) 
-0.2643(8) 
-0.201(1) 

2.3i6j 
5.2(6) 
3.1(7) 
4.7(6) 
3.3(7) 
6.6(8) 
3.6(8) 
5.0(6) 
3.4(7) 
5.8(7) 
3.5(7) 
6.1(7) 
3.5(8) 
6.8(8) 
3.5(7) 
3.1(7) 
4.0(8) 
3.2(7) 
3.1(7) 
3.1(6) 
2.9(7) 
4.5(6) 
2.9(7) 

tion was undertaken. The final fractional coordinates 
with equivalent isotropic thermal parameters are listed 
in Tables 1 and 2. Tables 3 and 4 list the selected bond 
lengths and bond angles. The perspective views of 6a 
and 6b are presented in Figures 1 and 2, respectively. 

As seen from Figure 1, the molecule 6a consists of 
two identical tetrahedral subclusters, FeMoCoS, carry- 
ing eight carbonyls and one 1,4-succinoyl-bridged bis- 
cyclopentadienyl ligand. The two subclusters are con- 
nected through Mo atoms to two ~+cyclopentadienyl 
rings in a trans fashion. Among the eight carbonyls 
attached to the metals, two carbonyls attached to  the 

07 

Figure 1. ORTEP diagram of 6a showing 30% probability 
thermal ellipsoids. 

04 

Figure 2. ORTEP diagram of 6b showing 30% probability 
thermal ellipsoids. 

Table 3. Selected Bond Lengths (A) and 
Angles (deg) for 6a 

atoms distance atom distance 

Mo(1)-C( 1) 1.937(9) Fe(1)-S(1) 2.161(2) 
Mo(l)-C(2) 
Mo(l)-C(ll) 
Mo(1)-S(1) 
Mo( l)-Co( 1) 
Mo( 1)-Fe( 1) 

1.96(1) 
2.288(8) 
2.335(2) 
2.790(2) 
2.801(1) 

0(1)-C(1) 
Co( 1)-5( 1) 
Co( 1)-Fe( 1) 
C(ll)-C(16) 
C(16)-O(9) 

1.18( 1) 
2.172(3) 
2.580(2) 
1.47( 1) 
1.21(1) 

atoms angle atoms angle 

C( l)-Mo(l)-C(2) 
C( 1)-Mo( 1)-Fe( 1) 
C(2)-Mo( 1)-CO( 1) 
S(1)-Co(1)-Fe(1) 
S(l)-Co(l)-Mo( 1) 
Fe( 1)-Co( 1)-Mo( 1) 
S( 1)-Fe( 1)-Co( 1) 

Table 4. 

84.1(4) S(1)-Fe(1)-Mo(1) 54.31(6) 
62.1(3) Co(1)-Fe(1)-Mo(1) 62.29(5) 
72.5(3) Fe(1)-S(1)-Co(1) 73.09(8) 
53.25(7) Fe(1)-S(1)-Mo(1) 76.96(7) 
54.45(7) Co(1)-S(1)-Mo(1) 76.38(8) 
62.74(5) S(1)-Mo(1)-Co(1) 49.18(6) 
53.66(7) S(1)-Mo(1)-Fe(1) 48.72(6) 

Selected Bond Lengths (A) and 
Angles (deg) for 6b 

atoms distance atoms distance 

W(l)-C(2) 1.95(1) Fe(1)-S(1) 2.194(4) 
W(l)-C(1) 1.96( 1) 0(1)-C(1) 1.16(2) 
W(l)-C(ll) 2.28( 1) Co( 1)-5( 1) 2.187(4) 
W( l)-S(1) 2.355(4) Co( 1)-Fe( 1) 2.558(3) 
W( 1)-Co( 1) 2.761(2) C(l1)-C(16) 1.54(2) 
W(1)-Fe(1) 2.799(2) C(16)-0(17) 1.24(2) 

atoms angle atoms angle 

C(2)-W(l)-C(l) 86.8(6) S(1)-Fe(1)-W(1) 54.7(1) 
C(2)-W(l)-Fe(l) 76.8(4) Co(1)-Fe(1)-W(1) 61.85(7) 
C( 1)-W( 1)-Fe(1) 75.6(4) Co( 1)-S( 1)-Fe( 1) 71.4( 1) 

S(l)-Co(l)-Fe(l) 54.4(1) Fe(1)-S(1)-W(1) 75.9(1) 

S(l)-Fe(l)-Co(l) 54.1(1) S(1)-W(1)-Fe(1) 49.5(1) 

Mo atom are semibridging and the other terminal. The 
existence of both terminal and semibridging CO’s con- 
firmed by X-ray diffraction is consistent with the IR 
spectrum of 6a described above. For semibridging 
carbonyls Curtis’s definition25 is 0.1 I a = (&-cll)/& 
5 0.6. Since d2 = Fe(1) -C(l) = 2.554 A and dl  = Mo- 
(l)-C(l)  = 1.937 A, a for C(1)0(1) = 0.32; since d2 = 

C(4)-Co(l)-W(l) 156.9(5) Co(1)-S(1)-W(1) 74.8(1) 

S(l)-Co(l)-W(l) 55.4(1) S(1)-W(1)-Co(1) 49.8(1) 
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Table 5. Comparison of the Bond Lengths (A) of the Cluster Core in 6a and 6b with Those of Two Single Clusters 
clusters" Mo-Fe Mo-CO Fe-Co Mo-S Fe-S co-s  

~ 

CpMoFeCo(C0)7L@3-S) 2.793(2) 2.750(2) 2.568(2) 2.363(3) 2.182(3) 2.170(3) 
6a 2.801( 1) 2.790(2) 2.580(2) 2.335(2) 2.161(2) 2.172(3) 

clusters W-Fe w - c o  Fe-Co w-s Fe-S co-s  
CpWFeCo(CO),L@3-S) 2.792(2) 2.730(2) 
6b 2.799(2) 2.761(2) 

a L = MePrPhP. 

Co(1) -C(2) = 2.89 A and dl = Mo(l)-C(2) = 1.96 8, a 
for C(2)0(2) = 0.47. So, they all fall into the a value 
range for semibridging carbonyls. Since the angle of 
Fe(l)Mo(l)C(l) is 62.1", the C(1)0(1) is bridged across 
the Mo(l)Fe(l) bond while C(2)0(2) is bridged across 
the Co(l)Mo(l) bond due to the angle (72.5") Co(1)Mo- 
(1)C(2). The cyclopentadienyl ring is tilted to the 
triangular plane Fe(1)-Co(1)-S(1) and gives a dihedral 
angle of 48.12". The Mo atom-Cp ring centroid dis- 
tance is 2.001 A. Since the dihedral angle between the 
cyclopentadienyl ring and the plane C(16)-0(9)-C(17) 
is rather small (4.76'1, the n-system of half of the 
succinoyl bridge C(16)0(9)C(17) would be quite well 
conjugated with the Cp ring n-system and thus the bond 
length of C(ll)-C(16) (1.47 A) becomes much shorter 
than a normal C-C single bond. 

Also, 6b as seen from Figure 2, consists of two 
identical tetrahedral subclusters, FeCoWS, carrying 
eight carbonyls and one 1 ,4-succinoyl-bridged biscyclo- 
pentadienyl ligand. Just like 6a, two carbonyls, i.e., 
C(1)0(1) and C(2)0(2) attached to the W atom, are 
semibridging and the other six terminal. This is in good 
agreement with the IR spectrum of 6b. However, since 
the angles Fe(l)W(l)C(l) and Fe(l)W(l)C(2) are 75.6- 
(4)" and 76.8 (4)", respectively, these two carbonyls 
appear to be both bridged across the Fe(l)-W(l) bond. 
For C(1)0(1), a = 0.53 [since W(l)-C(l) = 1.96(1) A, 
Fe(1) -C(l) = 2.99 (1) 81. For C(2)0(2), a = 0.55 [since 
W(l)-C(2) = 1.95(1) A, Fe(1) -C(2) = 3.03(1) The 
cyclopentadienyl ring of 6b is tilted to the triangular 
plane Fe(1)-Co(1)-S(1) and gives a dihedral angle of 
46.87", a value slightly less than that in the case of 6a. 
The distance W atom-Cp-ring centroid (1.998 A) is 
almost the same as the corresponding one in 6a. 
However, the n-system of half of the succinoyl bridge, 
C(16)-0(17)-C(18), is not well conjugated with the 
cyclopentadienyl ring n-system, since the dihedral angle 
between the cyclopentadienyl plane and the plane 
C(16)-0(17)-C(18) is quite larger (15.32"). This can 
be reflected by the fact that the bond length of C(l1)- 
C(l6) (1.54 A) is actually the same as the value of a 
normal C-C single bond. 

So far, no double cluster complexes containing tetra- 
hedral subcluster core MFeCoS are reported, although 
a few such single cluster complexes have appeared in 
the literature.26 The related bond lengths for the cluster 
core of 6a and 6b are compared with those of two known 
single clusters26d(+)-CpMoFeCo(CO~~(MePrPhP~~~-S~ 

(25) Curtis, M. D.; Han, K. R.; Butler, W. M. Inorg. Chem. 1980, 
19, 2096. 
(26) (a) Richter, F.; Vahrenkamp, H. Angew. Chem. Znt. Ed. Engl. 

1978,17,863. (b) Richter, F.; Vahrenkamp, H. Angew. Chem. Int. Ed. 
Engl. 1978,17,864. (c) Richter, F.; Vahrenkamp, H. Organometallics 
1982, I ,  756. (d) Richter, F.; Vahrenkamp, H. Chem. Ber. 1982,115, 
3243. (e) Yang, H.; Zhao, Z.-Y.; Yin, Y.-Q.; Huang, L.-R. Chinese Sci. 
Bull. 1992,37, 1804. (0 Sun, W.-H.; Yang, S.-Y.; Wang, H.-Q.; Zhou, 
Q.-F.; Yu, K.-B. J .  Organomet. Chem. 1994, 465, 263. 

2.574(2) 2.348(3) 2.187(3) 2.179(4) 
2.558(3) 2.355(4) 2.194(4) 2.187(4) 

and (-)-CpWFeCo(C0)7(MePrPhP)@&3), as shown in 
Table 5. 

From Table 5 it can be seen that all the corresponding 
bond lengths are basically the same, except that the 
Mo-Co bond of 6a and the W-Co bond of 6b are slightly 
longer than those of corresponding bond in (+)-CpMo- 
FeCo(C0)7(MePrPhP)@3-S) and (-)-CpWFeCo(CO)7- 
(MePrPhP)@s-S), respectively. 

It should be mentioned that the crystal molecule of 
6a is that of an achiral molecule containing a symmetric 
center, which is actually one of three possible optical 
isomers, namely the meso form; the crystal molecule of 
6b is that of a chiral molecule containing a 2-fold 
symmetric axis, which is the R form of three possible 
optical isomers. However, no matter what they are, the 
'H NMR spectra of the cyclopentadienyl protons of 6a 
and 6b should show an A2BB' pattern as mentioned 
above. This is because they all contain a chiral tetra- 
hedral subcluster, MFeCoS, which would make the two 
protons H3 and H4 of the cyclopentadienyl diaste- 
reotopic. 

Experimental Section 

All reactions were carried out under prepurified nitrogen 
atmosphere using standard Schlenk or vacuum line tech- 
niques. THF and diglyme were distilled from sodium- 
benzophenone ketyl under nitrogen. Column chromatography 
and TLC were carried out by using silica gel of 300-400 mesh 
and silica gel G (10-40 pm), respectively. MO(CO)~, W(CO)6, 
and COZ(CO)S were purchased from Strem Chemicals Inc. Et3- 
OBF4,27 FeCoz(C0)9S,lZc RCsH4Na (R = MeCO, MeOZC, 
EtOzC),2s,zg and [ N ~ C ~ & C ( O ) C H ~ ] Z ~ ~  were prepared according 
to literature methods. IR spectra were recorded on a NICO- 
LET FT-IR 5DX infrared spectrophotometer; 'H NMR spectra 
were recorded on a JEOL FX 9OQ NMR spectrometer. C/H 
analyses and MS determinations were performed by a 240 C 
analyzer and HP 5988 A spectrometer, respectively. Melting 
points were determined on a Yanaco micromelting point 
apparatus MP-500. 

Preparations of la-e. A 100 mL two-necked flask fitted 
with a magnetic bar, a rubber septum, and reflux condenser 
topped with a nitrogen inlet tube was charged with 528 mg 
(2.0mmol) of Mo (CO)6, 292 mg (2.0 mmol) of MeOzCC5Haa, 
and 20 mL of THF. The mixture was refluxed for 15 h. Upon 
cooling to room temperature, 458 mg (1.0 mmol) of FeCoz(C0)g- 
(p8-S) was added and the mixture stirred at reflux for an 
additional 1 h. Solvent was removed under reduced pressure 
and the residue extracted with CHzClz. The extracts were 
subjected to chromatographic separation on a silica gel column. 
After elution with 1:l petroleum ether/CHzCl2, followed by 
evaporation of solvents, 240 mg (41%) of la as a black solid 
was obtained. The sample for analysis was further purified 

(27) Meerwein, H. Org. Synth. 1986, 46, 113. 
(28) Rogers, R. D.; Atwood, J. L., Rausch, M. D.; Macomber, D. W.; 

Hart, W. P. J. Organomet. Chem. 1982,238, 79. 
(29) Hart, W. P., Dong, S.; Rausch, M. D. J. Organomet. Chem. 1986, 

282, 111. 
(30) Bittenvolf, T. E. J. Organomet. Chem. 1990, 386, 9. 
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by recrystallization from 1:l petroleum etherlCHzCl2. la: mp 
73-75 "C. Anal. Calcd for Cl5H&oFeMoOloS: C, 30.54; H, 
1.20. Found: C, 30.55; H, 1.14. IR (KBr disk): v(c=o) 1713(s) 
cm-l; v(cEoj 2082 (s), 2032(s), 2000(s), 1983(s), 1942(s), 1860- 
(s) cm-l. 1H NMR (CDC13): 6 3.92 (s, 3H, CHd, 5.48, 5.66 (9, 
q, 2H, H3, H4), 6.02 (t, 2H, H2, H5) ppm. MS (EI, Mog8), mlz 
(relative intensity): 592 (M+, 1.4), 564 [(M - COY, 1.31, 536 
[(M - 2CO)+, 2.41, 508 [(M - 3CO)+, 1.31, 480 [(M - 4CO)+, 
3.41, 452 [(M - 5CO)+, 6.71, 424 [(M - 6CO)+, 12.81, 396 [(M 
- 7CO)+, 7.71, 368 [(M - 8CO)+, 7.31, 533 [SFeCoMoCsH4- 
(CO)8+, 1.4],505 [SFeCoMoC&C0)7+, 1.2],477 [SFeCoMoCfi- 
(Cole+, 2.81,449 [SFeCoMoC&&(C0)5+, 4.41,421 [SFeCoMoCfi- 
(CO)4+, 7.41, 393 [SFeCoMoCsH4(C0)3+, 4.51 365 [SFeCoMo- 
CsH4(CO)z+, 4.41, 337 [SFeCoMoC5HdCO)+,1.51, 309 [SFeCo- 
MoC5H4+, 6.21, 301 [SFeCoMo(CO)z+, 1.41, 273 [SFeCoMo- 
(CO)+, 1.11, 245 [SFeCoMo+, 1.51. 

Compound lb. The workup for lb-e was similar to that 
of the preparation of la. To the flask described above were 
added 528 mg (2.0 mmol) of Mo(CO)6, 320 mg(2.0 mmol) of 
Et02CC5HDa, and 20 mL of THF. The solution was refluxed 
for 15h. After the reaction of the resulting q5-EtOzCC5H&Io- 
(C0)3Na with 458 mg (1.0 mmol) of FeCoz(C0)9@3-S), 305 mg 
(50%) of lb as a black solid was obtained. lb: mp 74-75 "C. 
Anal. Calcd for C16HgCoFeMoOloS: c, 31.82; H, 1.50. 
Found: C, 31.67; H, 1.44. IR(KBr disk): v(c=o) 1719(s)cm-'; 
v ( c 4 )  2077 (s), 2018(s), 1991(s), 1963(s), 19OO(s) cm-'. lH NMR 
(CDC13): 6 1.32 (t, 3H, J = 7.2 Hz, CH3), 4.30 (q, 2H, J = 7.2 
Hz, CHz), 5.40, 5.58 (9, q, 2H, H3, H4), 5.96 (t, 2H, H2, H5) 
ppm. MS(E1, Mog8), mlz (relative intensity): 606 [M+, 0.71, 
550 [(M - 2CO)+, 2.41,522 [(M - 3CO)+, 1.6],494 [(M - 4CO)+, 
4.01, 466 [(M - 5CO)+, 8.41, 438 [(M - 6CO)+, 10.81, 410 [(M 
- 7CO)+, 5.81, 382 [(M - 8CO)+, 4.61, 309 [SFeCoMoC5H4+, 
4.6],469 [SFeCoMo(CO)s+, 0.61,441 [SFeCoMo(C0)7+, 0.71,301 
[SFeCoMo(CO)z+, 1.51, 245 [SFeCoMo+, 1.91. 

Compound IC. To the flask described above were added 
704 mg (2.0 mmol) of W(CO)6, 292mg (2.0 mmol) of MeOz- 
CCBHDa, and 20 mL of diglyme. The solution was refluxed 
for 6 h. After the solvent was stripped at  reduced pressure, 
20 mL of THF and 458 mg (1.0 mmol) of FeCoz (C0)9@3-S) 
were added. After stirring of the mixture at reflux for an 
additional lh, 465 mg (68%) of IC as a brown-red solid was 
obtained. IC: mp 62-64 "C. Anal. Calcd for C15H.1CoFeOlo- 
SW: C, 26.58; H, 1.04. Found: C, 26.64; H, 1.02. IR(KBr, 
disk): v(c-0) 1719(s) cm-l; v (c40)  2075(s), 2028(s), 1985(s), 1946- 
(s), 1887(s) cm-l. lH NMR (CDCl3): 6 3.88 ( 8 ,  3H, CHd, 5.50, 
5.70 (9, q, 2H, H3, H4), 6.00 (t, 2H, H2, H5) ppm. MS (EI, W19, 
mlz (relative intensity): 622[(M - 2CO)+, 3.01, 594 [(M - 
3CO)+, 2.03,566 [(M - 4CO)+, 4.41,538 [(M - 5CO)+, 9.01,510 
[(M - 6CO)+, 12.11, 482 [(M - 7CO)+, 9.01, 454 [(M - 8CO)+, 
8.61, 535 [SFeCoWCsH4(CO)5+, 0.81, 423 [SFeCoWC5H4(CO)+, 
3.61, 395 [SFeCoWC5H4+, 4.83, 387 [SFeCoW(CO)Z+, 1.91, 359 
[SFeCoW(CO)+, 1.41, 331 [SFeCoW+, 1.41. 

Compound Id. To the flask described above were added 
704 mg ( 2 0  mmol) of W(CO)6, 320 mg (2.0 mmol) of EtOz- 
CC5H4Na, and 20 mL of diglyme. The solution was refluxed 
for 6 h. After the reaction of the resulting q5-Et0zCCfiW(C0)3- 
Na with 458 mg (1.0 mmol) of FeCo2(C0)9@3-S), 450 mg (65%) 
of Id as a brown-red solid was obtained. Id: mp 83-84 "C. 
Anal. Calcd for C16HgCoFeOloSW: C, 27.77; H, 1.31. Found: 
C, 27.88; H, 1.30. IR (KBr, disk): v(C-0) 172Us) cm-'; v ( c d j  
2076(s), 2022(s), 1988(s), 1957(s), 1901 (s) cm-l. lH NMR 
(CDC13): 6 1.34 (t, 3H, J = 7.2 Hz, CH3), 4.34 (9, 2H, J = 7.2 
Hz, CHz), 5.50, 5.68 (9, q, 2H, H3, H4), 5.98 (t, 2H, H2, H5) 

664 [(M - CO)+, 4.9],636 [(M - 2CO)+, 11.41,608[(M - 3CO)+, 
9.31, 580 [(M - 4CO]+, 25.61, 552 [(M - 5CO)+, 60.71, 524 [(M 
- 6CO)+, 80.91, 496 [(M - 7CO)+, 48.01, 468 [(M - 8CO)+, 

ppm. MS(E1, WlS4), mlz (relative intensity): 692 [M+ , 5.71, 

4751,479 [SFeCoWC5H4(C0)3+, 3.31,451 [SFeCoWCs&(CO)z+, 
551,423 [SFeCoWC5H4(CO)+, 5.01,395 [SFeCoWCsH4+, 33.61, 
555 [SFeCoW(CO)a+, 13.91, 527 [SFeCoW(C0)7+, 9.11, 499 
[SFecow(Co)~+, 8.31,471 [SFeCoW(C0)5+, 3.21,415 [SFeCoW- 

Song et al. 

(CO)3+, 7.21, 387 [SFeCoW(CO)Z+, 16.61, 359 [SFeCoW(CO)+, 
10.13, 331 [SFeCoW+, 22.41. 

Compound le. To the flask described above were added 
704 mg (2.0 mmol) of W(CO)6,260 mg of MeC(O)C5Haa, and 
20 mL of diglyme. The solution was refluxed for 6h. After 
the reaction of the resulting q6-MeC(0)C5H4W(C0)3Na with 
458 mg (1.0 mmol) of FeCoz(CO)g@a-S), 458 mg (69%) of l e  as 
a brown-red solid was obtained. le: mp 102-104 "C. Anal. 
Calcd for C16H7CoFe09SW: C, 27.22; H, 1.07. Found: C, 
27.27; H, 0.97. IR (KBr, disk): v(c-oj 168%~) cm-'; vp.0) 2075- 
(s), 2034(s), 2016(s), 1998(s), 1969(s), 1907(m), 1874(m) cm-'. 

H4), 6.04 (q, 2H, H2, H5) ppm. MS(E1, WlE4), mlz (relative 
intensity): 662 [M+, 1.21, 634 [(M - CO)+, 1.91, 606 [(M - 
2CO)+, 3.1],578 [(M - 3CO)+, 2.31,550 [(M - 4CO)+, 4.31,522 
[(M - 5CO)+, 13.4],494 [(M - 6CO)+, 18.31,466 [(M - 7CO)+, 

'H NMR (CDCl3) 6: 2.48 (8,3H, CH3), 5.64,5.82 (q, q, 2H, H3, 

10.71, 438 [(M - 8CO)+, 26.51, 395 [SFeCoWC5H4+, 2.51, 387 
[SFeCoW(CO)Z+, 1.431, 359 [SFeCoW(CO)+, 1.31, 331 [SFe- 
COW+, 1.51. 

Reaction of le with MeMgI. The three-necked flask 
described above was charged with 200 mg (0.30 mmol) of le 
and 15 mL of ethyl ether and then 2 mL (0.59 M, 1.18 mmol) 
of MeMgUether solution was added slowly during stirring. 
After stirring at  room temperature for 3 h, 50 mL of distilled 
water and 10 mL of (0.167M) of dilute HC1 acid were added. 
The ether phase was separated from the mixture and the 
aqueous phase was extracted twice with 10 mL of ethyl ether. 
The ethyl ether layers were combined and dried with anhy- 
drous MgS04. Solvent was removed under reduced pressure 
and the residue was subjected to TLC separation using 2:l 
CHzClz/petroleum ether as eluant. Four orange bands were 
developed. The third band, as the main band gave 80 mg 
(39%) of 2 as a brown-red viscous oil. 2: Anal. Calcd for c16- 
H11CoFe09SW: C, 28.35; H, 1.64. Found: C, 28.40; H, 1.55. 
IR (KBr, disk): V(OHj 3480 (br, m) cm-l; v(c=oj 2073(s), 2016(s), 
1984(s), 1893(m) cm-l. lH NMR (CDC13): 6 1.64 (s, 6H, 2CH3), 
2.28 (s, lH,  OH), 5.28-5.64 (m, 4H, C5&) ppm. MS (EI, WlE4), 
mlz relative intensity): 622 [(M - 2CO)+, 0.081, 538 [(M - 
5CO)+, 0.121, 510 [(M - 6CO)+, 0.181,482 [(M - 7CO)+, 0.421, 
454 [(M - 8CO)+, 0.541, 451 [SFeCoWC5H4(CO)z+, 0.181, 395 
[SF~COWCSH~', 0.101. 

Reaction of l e  with NaB€&. To the flask described above 
were added 199 mg (0.3 mmol) of le, 11.4 mg (0.3 mmol) of 
NaBH4, and 10 mL of MeOH. The mixture was stirred at room 
temperature for 7 h. Solvent was removed under reduced 
pressure and the residue extracted with CHzClz. The extracts 
were concentrated and subjected to chromatographic separa- 
tion on silica gel plates. Two bands were developed when 2:l 
CHzClz/petroleum ether was used as eluant. From the second 
orange band, 110 mg (55%) of 3 as a red oil was obtained. 3: 
Anal. Calcd for C15HgCoFeOgSW: C, 27.14; H, 1.37. Found: 
C, 27.43; H, 1.48. IR (KBr, disk); v(c=oj 2071(s), 2022(s), 1980- 
(s), 1890(s) cm-l; Y(OH) 3427 (br, s) cm-'. lH NMR (CDCl3): 6 
1.56 (d, 3H, J = 5.4 Hz, CH3), 2.00-2.32 (m, lH,  OH), 4.56- 
4.96 (m, lH,  CH), 5.16-5.76 (m, 4H, C5H4) ppm. MS (EI, 
Wls4), mlz (relative intensity): 608 [(M - 2CO)+, 1.11,580 [(M 
- 3CO)+, 0.171, 552 [(M - 4CO)+, 1.41, 524 [(M - 5CO)+, 1.61, 
496 [(M - 6CO)+, 3.01,468 [(M - 7CO)+; 9.31,440 [(M - 8CO)+, 
10.8],395 [SFeCoWC5H4+, 0.8],471 [SFeCoW(CO)5+, 0.91,443 
[SF~COW(CO)~+, 0.61,387 [SFeCoW(CO)z+, 0.61,359 [SFeCoW- 
(CO)+, 3.21, 331 [SFeCoW+, 2.21. 

Reaction of 3 with EtsOBF4. To a 50 mL flask described 
above were added 166 mg (0.25 mmol) of 3 and 5 mL of CH2- 
Clz to form a brown-red solution, and then 143 mg (0.75 mmol) 
of Et30BF4 was added. After the mixture had been stirred 
for 16 h, solvent was removed under reduced pressure to leave 
a residue. The residue was subjected to TLC saparation using 
2:l CHzClz/petroleum ether as eluant. Seven orange-red bands 
were developed. From the third band was obtained 51 mg 
(29%) of 4 as a red viscous oil. 4: Anal. Calcd. for C17- 
H13CoFeOgSW: C, 29.51; H, 1.89. Found: C, 29.69; H, 1.70. 
IR (KBr, disk): v(c=o) 2073(s), 2024(s), 1959(s), 1885(m) cm-l. 
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Cluster Complexes Containing MFeCoS 

Table 6. Crystal Data, Data Collection, and Refinement of 
Compounds 6a and 6b 

6a 6b 

Organometallics, Vol. 14,  NO..^, 1995 105 

empirical formula 
fw 
cryst syst 
space group 
alA 
blA 
C I A  

ddeg  
Bldeg 
yldeg 
VIA3 
Z 
DJg cm-3 
cryst sizelmm 
F ( C W  
p(Mo Ka)/cm-' 
radiation 
tempk 
scan type 
28ldeg (max) 
data limitddeg 
no. of observations 

( I  > 3.00u(I)) 
no. of variables 

goodness of fit 
indicator 

maximum shift in 
final cycle 

largest peak in final 
diff maple A-3 

R; R w  

C ~ O H ~ ~ C @ F ~ Z M O Z O I ~ S ~  
1145.97 
triclinic 

7.602(3) 
8.112(4) 
16.208(3) 
97.58(3) 
94.05(2) 
109.50(3) 
927(1) 
1 
2.05 
0.4 x 0.45 x 0.25 
558 
24.60 
Mo K a  (1 = 0.71069 A) 
296 

49.9 
1' < 0 < 25" 
2197 

P - 1 (NO. 2) 

w - 28 

277 
0.044: 0.048 
1.05 

0.05 

0.76 

C ~ O H I Z C O Z F ~ Z O I ~ S ~ W ~  
1321.79 
monoclinic 
C2lc (No. 15) 
26.448(7) 
9.660(4) 
14.687(5) 

100.72(2) 

3687(4) 
4 
2.38 
0.28 x 0.05 x 0.75 
2488 
81.80 
Mo Ku  (1 = 0.71069 A) 
296 
w - 20 
49.9 
1" < 0 < 25" 
2192 

253 
0.046; 0.051 
1.08 

0.04 

1.04 

'H NMR (CDCl3): 6 1.22 (t, J = 7.2 Hz, 3H, CHzCHs), 1.50 (d, 
J = 7.2 Hz, 3H, CHCH3), 3.40-3.76 (m, 2H, CHz), 4.36 (q, J = 
7.2 Hz, H, CH), 5.28-5.68 (m, 4H, C5H4) ppm. MS (EI, W1"), 
mlz (relative intensity): 692 [M+, 0.91,636 [(M - 2CO)+, 2.71, 
608 [(M - 3CO)+, 1.91,580 [(M - 4CO)+, 4.41,552 [(M - E O ) + ,  
5.71, 524 [(M - 6CO)+, 4.21, 496 [(M - 7CO)+, 19.01, 468 [(M 
- 8CO)+, 9.13, 423 [SFeCoWCsH4(CO)+, 4.51, 395 [SFeCoW- 
C5H4+, 2.71, 555 [SFeCoW(CO)B+, 0.91, 499 [SFeCoW(CO)6+, 
2.53, 471 [SFeCoW(C0)5+, 1.13,387 [SFeCoW(CO)Z+, 1.31, 359 
[SFeCoW(CO)+, 4.11, 331 [SFeCoW+, 2.23. From the second 
band was obtained 50 mg (31%) of 5 as a brown-red viscous 
oil. 5: Anal. Calcd for C ~ O H I ~ C O Z F ~ Z O ~ ~ S Z W Z :  C, 27.51; H, 
1.23. Found: C, 27.79; H, 1.23. IR (KBr, disk): v(c-0) 2073- 
(s), 2016(s), 1975(s), 1868(m) cm-l. lH NMR (CDCl3): 6 1.50 
(d, J = 7.2 Hz, 6H, 2CH3), 4.40-4.80 (m, 2H, 2CH), 5.16- 
5.80 (m, 8H, 2C5H4) ppm. 

Preparations of 6a,b. To the flask described above were 
added 258 mg (1.0 mmol) of [N~C~H~C(O)CHZIZ, 528 mg (2.0 
mmol) of Mo(CO)~, and 20 mL of THF. The mixture was 
refluxed for 12h. Upon cooling of the mixture to  room 
temperature, 916 mg (2.0 mmol) of FeCoZ(CO)&S) was added 
and the mixture refluxed for an additional 1 h. Solvent was 
removed under reduced pressure to  give a residue. The 
residue was extracted with CHzClZ, and then the extracts were 
subjected to  column chromatography. The 2:l CHZCld 
petroleum ether eluted the unreacted FeCoz(CO)g(us-S) and 
then a brown-red band. After evaporation of the solvent from 
the brown-red band solution and drying under vacuum, 360 
mg (31%) of 6a as a brown solid was obtained. Analytical 
sample was obtained by recrystallization from 1:2 CHzCld 
petroleum ether. 6a: mp 134-136 "C. Anal. Calcd for c30- 

HlzCozFezMozOlaSz: C, 31.44; H, 1.06. Found: C, 31.57; H, 
1.15. IR ( D r ,  disk): v(cI0) 2077(s), 2028(vs), 1977 (s), 1884 
(m) cm-l; Y(C=O) 1681 (m) cm-'. lH NMR (CDC13): 6 3.16 ( 8 ,  

4H, CHzCHz), 5.60,5.72 [q, q, 4H, 2(H3, H4)1, 6.08 [t, 4H, 2(H2, 
H5)1 ppm. 

Compound 6b. To the flask described above were added 
258 mg (1.0 mmol) of [ N ~ C ~ H ~ C ( O ) C H Z ] ~ ,  704 mg (2.0 mmol) 
of W(CO)6, and 20 mL of diglyme. The mixture was refluxed 
for 6 h. After the solvent was removed under reduced 

pressure, 916 mg (2.0 mmol) of FeCoz(CO)g(u3-S) and 20 mL 
of THF were added. The mixture was refluxed for an ad- 
ditional 1 h. After a workup similar to that of 6a, 570 mg 
(43%) of 6b was obtained as a brown solid. 6b: mp 139-141 
"C dec. Anal. Calcd for C~OHIZCOZF~ZO~BSZWZ: C, 27.26; H, 
0.92. Found: C, 27.22, H, 0.82. IR (KBr, disk): v(c+) 2075- 
(4, 2026(vs), 1978(s) 1886(m) cm-'. v(c-0) 1683(m) cm-l. lH 
NMR(CDCl3): 3.18 (s, 4H, CHzCHz), 5.66,5.80 [q, q, 4H, 2(H3, 
H4)1, 5.98-6.18 [m, 4H, 2(H2, H5)] ppm. 

Reaction of 6a with NaBI&. To the three-necked flask 
described above were added 115 mg (0.1 mmol) of 6a, 7.6 mg 
(0.2 mmol) of NaBH4, and 6 mL of methanol. The mixture 
was stirred for 7 h at room temperature. Solvent was removed 
under reduced pressure and then the residue was extracted 
with CHzClz. The extracts were subjected to TLC using CHz- 
Clz as eluant. There are three bands on the TLC plates. From 
the third band was obtained 36 mg (31%) of 7a as a brown 
solid. 7a: mp 42-44 "C. Anal. Calcd for C30Hl&ozFez- 
Moz01&32: C, 31.33; H, 1.40. Found: C, 31.81; H, 1.49. IR 
(KBr, disk): Y(OH)  3435 (br, m) cm-l; v(c+) 2073 (s), 2016 (vs), 
1975(vs), 1885(m) cm-l. lH NMR (CDC13): 6 1.96-2.14 (m, 
4H, CHzCHz), 2.14-2.34 (m, 2H, 20H), 4.58-4.82 (m, 2H, 
2CH), 5.34-5.52 [m, 4H, 2(H3, H4)1, 5.52-5.78 [m, 4H, 2(H2, 
H5)l ppm. 

Reaction of 6b with NaBI&. To the three-necked flask 
described above were added 138 mg (0.1 mmol) of 6b, 7.6 mg 
(0.2 mmol) of NaBH4, and 6 mL of methanol. The mixture 
was stirred for 7h at room temperature. Solvent was removed 
under reduced pressure and then the residue was extracted 
with CHZClz. The extracts were subjected to TLC using CHz- 
Clz as eluant to give three brown-red bands on the plates. From 
the third band was obtained 30 mg (23%) of 7b as a brown 
solid. 7b: mp 49-51 "C. Anal. Calcd for C ~ O H ~ ~ C O Z -  
FezOp.SzWz: C, 27.18; H, 1.22. Found: C, 27.27; H, 1.28. IR 
(KBr, disk): Y ( O H )  3443 (br, m) cm-l; v(c-0) 2071(s), 2020(vs), 
1974(vs), 1877 (m) cm-l. lH NMR (CDC13): 6 1.74-2.10 (m, 
4H, CHZCHZ), 2.50-2.82 (m, 2H, 20H), 4.58-4.86 (m, 2H, 
2CH), 5.22-5.50 [m, 4H, 2(H3, H4)1, 5.50-5.78 [m, 4H, 2(H2, 
H5)l ppm. 

Reaction of 7a with EtaOBF4. Method 1. To the 50 mL 
flask described above were added 50 mg (0.043 mmol) of 7a 
and 6 mL of CHZC12, after stirring for a while, t o  give a brown- 
red solution, and then 50 mg (0.26 mmol) of Et30BF4 was 
added. The mixture was refluxed for 0.5 h. Solvent was 
removed under reduced pressure and then the residue was 
subjected to TLC using 1:l CHzCldpetroleum ether as eluant 
to give a pink band, from which 44 mg (90%) of 8a was 
obtained as a brown-red viscous oil. 8a: Anal. Calcd for c30' 

H ~ ~ C O Z F ~ Z M O Z O ~ ~ S Z :  C, 31.83; H, 1.25. Found: C, 31.83; H, 
1.45. IR (KBr, disk): v(c-0) 2073(s), 2024(vs), 1967 (vs), 1877 
(m) cm-l. lH NMR (CDCl3): 6 1.80-2.20 (m, 2H, CHz), 2.20- 
2.60 (m, 2H, CHZ), 4.68-5.08 (m, 2H, 2CH), 5.28-5.68 (m, 8H, 
2CsH4) ppm. 

Method 2. To the flask described above were added 50 mg 
(0.043 mmol) of 7a and 6 mL of CHzClZ. Upon cooling to 0 "C, 
50 mg (0.26 mmol) of Et30BF4 was added. After stirring for 
2 h at this temperature, TLC showed that no 8a was formed. 
The reaction mixture continued to be stirred for 2 h at room 
temperature, and TLC showed that no starting material 7a 
was left. After the same workup as before, 42 mg (86%) of 8a 
was obtained. 

Method 3. To the flask described above were added 50 mg 
(0.043 mmol) of 7a and 6 mL of CHzClZ. Upon cooling to  0 "C, 
0.05 mL (6.4 M, 0.32 mmol) of aqueous solution of HBF4 was 
added. After stirring for 2 h at  this temperature, TLC showed 
that no 8a was produced. The mixture was then refluxed for 
an additional 2 h. After the same workup as before, 28 mg 
(58%) of 8a was obtained. 

Reaction of 7b with Et30BF4. Method 1. To the flask 
described above were added 57 mg (0.043 mmol) of 7b, 6 mL 
of CHzClZ, and 50 mg (0.26 mmol) of Et30BF4. The mixture 
was refluxed for 0.5 h. After the same workup as above, 50 
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mg (89%) of 8b as a brown solid was obtained. 8b: mp 35- 
36 "C. Anal. Calcd for C ~ ~ H ~ ~ C O Z F ~ ~ O ~ & W Z :  C, 27.55; H, 
1.08. Found: C, 27.68; H, 1.07. IR (KBr, disk): Y(C=O) 2073- 
(s), 2024(s), 1967(vs), 1877(m) cm-l. lH NMR (CDCls): 6 
1.80-2.20 (m, 2H, CHz), 2.20-2.60 (m, 2H, CHd, 4.68-5.20 
(m, 2H, 2CH), 5.28-5.64 (m, 8H, 2C5H4) ppm. 

Method 2. To the flask described above were added 57 mg 
(0.043 mmol) of 7b, 6 mL of CH2C12, and 50 mg (0.26 mmol) of 
Et30BF4. Then the mixture was stirred for 2h at room 
temperature. After the same workup as above, 22 mg (39%) 
of 8b was obtained. 

Method 3. To the flask described above were added 57 mg 
(0.043 mmol) of 7b, 6 mL of CHZC12, and 0.05 mL (12.4 M, 
0.62 mmol) of aqueous solution of HCI. The mixture was 
refluxed for 9 h. After the same workup as above, 7 mg (12%) 
of 8b was obtained. 

X-ray Structure Determination of 6a and 6b. Samples 
of 6a and 6b were prepared as  detailed above. X-ray quality 
crystals were grown for 6a and 6b by slow evaporation of their 
solutions in 2:l CHzClz/hexane. Both crystalline samples were 
in the form of brown plates. The crystal of 6a or 6b was 
mounted on a glass fiber in an  arbitrary orientation and 

Song et al. 

determined on an Enraf-Nonius CAD4 *adometer equipped 
with a graphite monochromator. Details of the crystals, data 
collections, and structure refinements are summarized in 
Table 6. The structures were solved by a direct phase 
determination method (MULTAN82). The final refinement 
was accomplished by the full-matrix least-squares method with 
anisotropic thermal parameters for non-hydrogen atoms. All 
calculations were performed on a MICRO-VAX I1 computer 
using the TAXSAN program system. 

Acknowledgment. We are grateful to the National 
Science Foundation of China and State Key Laboratory 
of Structural Chemistry for financial support of this 
work. 

Supplementary Material Available: Full tables of crys- 
tal data, atomic coordinates and thermal parameters, and bond 
lengths and angles for 6a and 6b (10 pages). Order informa- 
tion is given on any current masthead page. 
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Time-Resolved Raman Spectroscopy and Matrix 
Isolation Studies of Anti-Syn Photoisomerization in 

Metal Carbonyl Carbenes 
A. Denise Rooney,*)t John J. McGarvey,* and Keith C. Gordon+ 

School of Chemistry, The Queen's University of Belfast, Belfast BT9 5AG, Northern Ireland 

Received June 13, 1994@ 

Photoinduced anti-syn isomerization in tungsten carbonyl carbenes, (CO)5W=C(OR)R, 
[l with R = Me , R = Me ; 2 with R = Me, R = p-Tolyl ; 3 with R = Et, R = Phl brought 
about by irradiation in the MLCT absorption region has been investigated by laser flash 
photolysis coupled with transient absorbance and time-resolved resonance Raman spectros- 
copy (TR3S). The studies, carried out in solution in solvents of varying polarity, have been 
supplemented by matrix isolation studies using W-vis and IR detection. Pulsed irradiation 
in the MLCT absorption region of 1-3 results in the formation within the pulse risetime of 
the syn isomer from the ground state (anti) form, followed by thermal relaxatiodisomerization 
back to the ground state. In all three complexes the transient lifetimes increase with 
increasing solvent polarity falling in the range 120 ps-3 ms for 1 and 1-2 orders of 
magnitude shorter for 2 and 3. Growth and decay of the syn isomer were also monitored by 
TR3S. For 1 , bands in the Raman attributable to modes of the carbene group showed little 
change in frequency between the anti and syn isomers. In the case of the anti forms of 2 
and 3, a band near 1235 cm-' attributable to V(Ccarbene-OR) shifts to ca. 1270 cm-l in the 
spectra of the syn isomer. The differences beween 1,2 and 3 in respect of both vibrational 
spectra and rates of isomerization are discussed in relation to  the possible influence on 
electronic stabilization of reorientation of the R group which accompanies anti -syn 
transformation. Comparison of the anti-syn photoisomerization of 1 in an argon matrix 
with that of 4 (R = Me, R = Ph) shows that the process is photoreversible only in the case 
of 1. 

Introduction 
The existence of anti and syn isomers (eq 1) in solution 

for metal carbenes of the type [Ml-C(XR)(R'), X=O, N, 

R 
\ 

(1 )  
/"-" 

'R' 

X 
(CO),M=C' - (CO),M=C - 

'R' 
anti syr1 

S, has been established since the NMR studies carried 
out on chromium pentacarbonyl carbenes.l The isomers 
arise as a result of inhibited rotation about the C-X 
bond in which the partial double bond character is due 
to  the n interaction between the lone pair of electrons 
on the heteroatom and the carbene carbon 2pz orbital. 
The energy difference Esyn - Emti between the two 
isomers is very dependent on the heteroatom (N > 0 > 
S), the n donating ability of R ,  steric interactions and 
the solvent environment. Which isomer is energetically 
the more favored will depend on the steric demands of 
the complex. However, in complexes of the type 
(CO)sWC(OR)(R'), which are studied here, the anti 
isomer predominates.2 

+ Present address: Department of Chemistry, St. Patrick's College, 
National University, Maynooth, Ireland. * Present address: Chemistry Department, University of Otago, 
Dunedin, N. Zealand. 

e Abstract published in Advance ACS Abstracts, November 1,1994. 
(1) fieiter,  C. G.; Fischer, E. 0. Angew. Chem. Int. Ed. Engl. 1969, 

8, 761. 

The electronic absorption spectra of (CO)5WC(OR)- 
(R) generally exhibit two bands, a higher energy LF 
transition , assigned in one-electron terms as (bz2) - 
(2a11, bzl) in the assumed3 local C2" symmetry of the 
carbene group , and a lower energy MLCT transition, 
assigned as (b22 ) - (3a11, b2l). The latter transition 
formally promotes electron density into the carbene 
carbon 2p, orbital. The photochemistry associated with 
the LF transition involves CO di~sociation.~ Until 
recently photoexcitation within the MLCT region has 
been less extensively inve~tigated.~ 

Previous work from this laboratory on the photochem- 
istry of (C0)5WC(OMe)(Ph), the first time-resolved 
resonance Raman (TR3) study on an organometallic 
c~mplex ,~  noted that LF excitation resulted in the 
formation of a transient with a lifetime in the ps range. 
Originally it was believed that this was a 16-electron 
species arising from CO loss. Subsequent work on this 
same complex in a matrix by Stufkens et al. demon- 
strated that irradiation into the MLCT band of the 
complex resulted in anti to syn photoisomerization,2 
according to  eq 1. Furthermore, these workers showed 
that irradiation into the higher energy LF band also 
resulted in the same photoisomerization, apparently 

(2) Servaas, P. C.; Stufkens, D. J.; Oskam, A. J. Orgunomet. Chem. 
1990, 390, 61. 
(3) Foley, H. C.; Strubinger, L. M.; Targos, T. S.; Geoffroy, G. L. J. 

Am. Chem. SOC. 1983,105,3064; Fong, L. K.; Cooper, N. J. Zbid. 1984, 
106, 2595. 
(4) Poirreau, D.; GeofFroy, G. L. Adv. Orgunomet. Chem. 1986,24, 

249 
(5) Bell, S. E. J.; Gordon, K. C.; McGarvey, J. J. J.  Am. Chem. SOC. 

1988,110,3107. 

0276-733319512314-0107$09.00/0 0 1995 American Chemical Society 
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arising as a result of efficient radiationless decay from 
the initially populated LF state into the lower lying 
MLCT state. The transient species originally reported5 
in the TR3 studies in solution was identified2 as the syn 
isomer of (C0)5WC(OMe)(Ph) as observed in the matrix 
experiments. More recently we have reported the 
observation of a photogenerated transient syn isomer 
in the related carbene complex (CO)~WC(OE~) (S~P~S) .~  

The primary aim of the present work has been to 
carry out a comparative study of the photoisomerization 
of (CO)bWC(OR)(R') complexes in solution, using the 
methods of flash photolysis and TR3 spectroscopy, and 
in an argon matrix, using IR and Wlvis spectroscopic 
detection. The following complexes, containing both 
aryl and alkyl substituents' have been investigated: 
(C0)5WC(OMe)(Me), 1, (CO)5WC(OMe)Cp-CsH4CH3), 2, 
and (C0)5WC(OEt)(Ph), 3. The results are considered 
in relation to the earlier studies5 of the Fischer carbene, 
(C0)5WC(OMe)(Ph), 4. 

Rooney et al. 

Experimental Section 

Flash photolysis experiments were carried out using either 
a NclNAG laser (355 nm, 10 ns pulse width, ca. 10-30 mJ 
pulse-') or a XeCl excimer laser (308 nm, 30 ns pulse width, 
up to 40 mJ pulse-'). Both systems have previously been 
described in detail.',* For resonance Raman studies the N d  
YAG laser coupled with a Raman shifter was used for 
recording the transient spectra and an argon ion laser for the 
ground state s p e ~ t r a . ~ , ~  Two-color TR3 experiments were 
carried out at the Central Laser Facility, Rutherford Appleton 
Laboratory (RAL), using excimer and excimer-pumped dye 
lasers as pump and probe sources respectively. The matrix 
isolation experiments were carried out at the University of 
York and the apparatus has been described in detail else- 
where.1° The samples were deposited on a BaFz window which 
was cooled to 12-20 K by an Air Products CS202 closed-cycle 
Displex refrigerator. The complexes were sublimed onto the 
window from a tube, concurrent with the gas stream that 
entered the vacuum shroud from a separate inlet. 

Matrices were photolysed using a 300W Xe arc (ILC , model 
302UV) with appropriate filters. The IR spectra were recorded 
on either a Mattson Sirius FTIR or Mattson Research Series 
FTIR spectrometer with a PbS detector and a KBr beam 
splitter (4000-450 cm-l) or a CsI beam splitter (4000-200 
cm-I). The spectrometer was continuously purged with COz- 
free dry air. The spectra were recorded as the average of 128 
scans with 1 cm-l resolution (25K data points). The UV/vis 
spectra were recorded on a Perkin-Elmer Lambda 7G spec- 
trometer. The complexes and their deuteriated analogs were 
synthesized by standard literature pr0cedures.l' 

For the flash photolysis experiments the samples were 
dissolved in the appropriate solvent in a 1 cm path length 
quartz cuvette. The absorbances of the solutions were in the 
range 0.5-1.0 at the excitation wavelength. The solutions 
were either purged with argon or degassed by several freeze- 
pump thaw cycles to mbar before back filling to 1 atm of 
argon. For the transient resonance Raman spectra the argon- 
purged samples were circulated through a quartz capillary (ca. 

(6) Rooney, A. D.; McGamey, J. J.; Gordon, K. C.; McNicholl, R-A.; 

(7) Bell, S. E. J.; Gordon, K. C.; McGarvey, J. J. Znorg. Chem. 1988, 

(8) Belt, S. T.; Grevels, F-W.; Klotzbucher, W.; McCamley, A.; Perutz, 

(9) Bell, S. E. J.; Gordon, K. C.; McGamey, J. J. J. Raman Spectrosc. 

(10) Haddleton, D. M.; McCamley, A.; Perutz, R. N. J. Am. Chem. 

(11) (a) Villemin, D. J.  Chem. Ed. 1987, 64, 183. (b) Schubert, U; 

Schubert, U.; Hepp, W.; Organometallics 1993, 12, 1277. 

27, 4003. 

R. N. J.  Am. Chem. SOC. 1989,111, 8373. 

1989,20, 105. 

SOC. 1988, 110, 1810. 

Fischer, E. 0. Liebigs Ann. Chem. 1975, 393. 

a 

0 16 

014 1 m 
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0 4  
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b I 1  
l:4 I / \  

a O f i t  I OPL 

Ot I I 

4.05 1 
0 O 1  13 I I 

m 

42 .+I 
370 380 390 4W 410 420 430 440 454 460 470 

Wavelength / nm 

Figure 1. Transient absorbance difference (AA) spectra 
recorded following flash photolysis at 354.7 nm of (a) 
(CO)SW=C(OCH~)CH~ and (b) (C~)~W=C(OCHZCH~)C~H~. 
Solution concentrations were ca. mol dm-3 in CH& 
in both cases. Insets: corresponding ground electronic 
absorption spectra. 

1 mm i.d.) at a rate which ensured that each laser pulse 
irradiated a fresh volume of solution, thus minimizing sample 
decomposition in the laser beam. 

Results 
(a) Flash Photolysis. Complex 1 exhibits two 

absorption bands at 350 nm (LF) and 370 nm (MLCT) 
in cyclohexane solution. Irradiation of a solution of 1 
in dichloromethane at 355 nm resulted in a rise in 
absorption in the range 390-460 nm occurring within 
the time resolution of the apparatus (ca. 10 ns) and 
followed by an exponential decay to the preflash absorb- 
ance level. The maximum in the AA spectrum meas- 
ured in CH2C12 (Figure l a )  exhibited a red shift of ca. 
15 nm from the ground state absorption maximum (365 
nm). Little change was observed in the AA maximum 
with solvent. The transient lifetime however was 
markedly solvent-dependent (Table 1) and varied with 
temperature, yielding an activation enthalpy of 51 f 2 
kJ mol-l in cyclohexane from an Eyring plot over the 
range (283-328) K. 

Complex 2, with absorption bands at 354 nm (LF) and 
410 nm (MLCT) in cyclohexane displayed similar tran- 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

01
9



Metal Carbonyl Carbenes 

Table 1. Lifetimes @s) of Syn Isomers of Tungsten 
Carbenes in Solutiona 
(C0)sWC- (C0)5WC- (C0)sWC- 

solvent (0Me)Me (0Et)Ph (0Me)p-to1 

hexane 126 f 4 4.65 f 0.10 1.1 i 0.05 
cyclohexane 294 f 15 5.0 f 0.2 1.62 f 0.05 
dichloromethane 1200 f 100 14.3 f 0.3 3.70 f 0.15 
methanol 2642 f 21 1 20.7 f 0.4 6.6 4z 0.3 
acetonitrile 3356f300 2 3 f 2  7.1 i 0.3 

Measurements at 20 "C, ca. mol ~II-~.  
Table 2. Principal Bands (cm-l) in CW and Pulsed (Single 

Color) RR Spectra of Carbene Complexes 

Organometallics, Vol. 14, No. 1, 1995 109 

Raman bandskm-' 
complex A e x c / n m  

(CO)sWC(OMe)Me 363.8 (CW) 273 433 486 557 1107 1170 1264 
354.7 (pulsed) a 1107 1170 1264 
396(pulsed) 273 430 486 557 614 b 

878 990 1181 1210 1235 
354.7 (pulsed) 878 920 1181 1235 1270 

354.7 (pulsed) 903 935 1181 1266 

Frequency range < 1000 cm-' not probed. Frequency range =- 1000 

(CO)sWC(OMe)p-to1 363.8 (CW) 

(CO)sWC(OEt)Ph 363.8 (CW) 903 1181 1233 

cm-' not probed. 

sient behavior, again showing a rise in 110 ns (the 
response time of the experiment) in the absorbance 
between 370 and 390 nm and in this case a ground state 
depletion in the range 400-450 nm . The first order 
transient decay was temperature- and solvent-depend- 
ent as for 1 but the lifetime was some two orders of 
magnitude shorter. 

Irradiation at 355 nm of the EtO-substituted ana- 
logue, 3, which has absorption bands at 356 nm (LF) 
and 403 nm (MLCT) also resulted in formation of a 
transient within the laser pulse risetime and with a very 
similar AA spectrum to that observed for 2, positive over 
the range 370-390 nm and showing depletion between 
400 and 460 nm (Figure lb). The transient decayed 
exponentially as a function of temperature and solvent 
with a lifetime slightly longer than that of the phenyl 
analogue, 2. In general, the behavior of 3 was very 
similar to the Fischer carbene, (CO)SWC(OMe)(Ph) 4, 
reported in an earlier paper.5 The latter investigation 
has been extended in the present work by investigating 
the temperature dependence of the thermal isomeriza- 
tion of the syn back to the anti form following photo- 
generation by flash photolysis a t  308 nm. Measure- 
ments over the temperature range (283-328) K in 
cyclohexane solution, yielded an activation enthalpy 
from the Eyring plot of 37 f 3 kJ  molt1 for the thermal 
relaxation to the anti ground state. 
(b) Resonance Raman spectroscopy. Principal 

features in the resonance Raman (RR) spectra recorded 
under CW- and pulsed-excitation for complexes 1 - 3 are 
summarized in Table 2. For complex 1, spectra gener- 
ated a t  either A,,, = 363.8 nm (CW) or 355 nm (pulsed) 
in CH2C12 solution showed features at 1107, 1170 and 
1264 cm-l. In the lower frequency region of the RR 
spectrum, generated at 363.8 nm in cyclohexane as 
solvent, bands appeared a t  277,430,486,557 and 594 
cm-l. With pulsed excitation a t  396 nm a new band 
grew in a t  614 cm-l. The results of a two-color time- 
resolved experiment carried out on the same sample are 
shown in Figure 2 , The spectra were recorded using a 
pump wavelength of 351 nm and a probe wavelength of 
406 nm a t  a series of pump-probe delays over the time 
range 120 ns-600 ps. The rate of decay which can be 

1000 500 

Wavenumber/ cm-' 
Figure 2. Two-color time-resolved resonance Raman study 
of (CO)EW=C(OCH~)CH~ in CsH12 (ca. mol dm-3): 
Pump ,I 351 nm; probe A 406 nm. Pump-probe time 
delays: (a) 120 ns; (b) 100 ps; (c) 300 ps; (d) 600 ps. 

estimated from the gradual disappearance with increas- 
ing pump-probe delay of the 614 cm-l feature in Figure 
2 is consistent with the 300 p s  lifetime recorded in the 
flash photolysis experiments in the same solvent (Table 
1). CO saturation of the solution had no measurable 
effect on the rate of transient decay. 

The intensity of the 1107 cm-l band relative to the 
solvent peak at 1028 cm-l also changes with pump- 
probe delay confirming it as a transient feature, un- 
shifted from the ground state position. This is also the 
case for the band near 1264 cm-l although the variation 
of band intensity is not immediately evident from Figure 
2 because of an overlapping solvent feature a t  1266 
cm-l. However a careful comparison of the spectra from 
Figure 2, recorded a t  the shortest and longest pump- 
probe delays brings out the point. The two spectra are 
replotted in Figure 3, along with the corresponding 
difference spectrum, from which the enhanced intensity 
of the 1264 cm-l band at the shortest delay is evident. 
The decrease in intensity of both this band and that at 
1107 cm-l for the transient compared to the ground 
state is what would be expected from resonance en- 
hancement considerations. The monitoring beam at 406 
nm is more in resonance with the MLCT absorption of 
the transient (Figure la) than that of the ground state 
(Ams 370 nm). The observed changes in intensity 
confirm that the bands observed at the short time delays 
are transient features, unshifted in frequency from the 
ground state. 

In the case of complex 2 several bands also appear a t  
the same frequencies in CW- (363.8 nm) and pulse- 
(355nm) generated spectra but additional, transient 
bands were observed at 920 cm-l and 1270 cm-l in the 
pulse-generated spectra. The pattern for complex 3 was 
very similar, with several features common to the CW- 
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I , I 

1000 500 

Wavenumber/ cm- '  

Figure 3. Two-color RR spectra from Figure 2 at shortest 
(120 ns, trace a) and longest (600 ps, trace b) pump-probe 
delays, showing the increased intensity of the 1264 cm-l 
band at the shortest delay. 

w E "  

I I I 

1600 1400 1200 1000 800 

Wavenumber/ cm-' 

Figure 4. Two-color time-resolved resonance Raman study 
of (CO)~W=C(OCHZCH~)C~H~ in CHzClz (ca. mol 
dm-3): Pump 1 351 nm; probe 1420 nm. Pump-probe time 
delays: (a) 100 ns; (b) 500 ns; (c) 1 ps; (d) 10 ps; (e) 50 ps. 

and pulse-excited spectra as well as additional bands 
at 935 cm-l and 1266 cm-l in the spectra recorded 
under pulsed excitation at 355 nm. Figure 4 shows two 
color TR3 spectra recorded for complex 3 in CH2C12 using 

1000 1200 1400 

Wavenumber/ cm-'  

Figure 5. Influence of deuteriation on resonance Raman 
spectra of (CO)~W=C(OCH~)CHS , recorded at an excitation 
wavelength of 363.8 nm in CHzClz (ca. mol dm-3): (a) 
Undeuteriated species; (b) (CO)sW=C(OCH3)(CD3); (c) 
(C0)5W=C(OCDs)(CDs). 

a pump wavelength of 351 nm and a probe of 420 nm. 
The transient nature of the 1266 and 935 cm-l features 
is clear and the observed decay on a time scale of ca. 20 
ps is consistent with flash photolysis measurements 
(Table 1). 

For purposes of comparison RR spectra were also 
recorded for the Cr- analogue of 4, (CO)&r(OMe)(Ph). 
The spectra were generated using CW and pulsed 
excitation a t  363.8 nm and 355 nm respectively. In the 
CW-excited spectrum the primary features appear at 
935 cm-l, 997 cm-l, 1235 cm-l and 1270 cm-', suggest- 
ing the presence of both anti and syn isomers. To 
establish that this was not simply due to the creation 
of a photostationary state , RR spectra were also 
recorded at an excitation wavelength of 457.9 nm. At 
this wavelength negligible photochemical transforma- 
tion to syn isomer would be expected yet the spectrum 
(not shown here) clearly displayed features character- 
istic of both species. NMR studied of (CO)sCr(OMe)- 
Ph do in fact confirm the existence of both isomers in 
solution under ambient conditions. 

Resonance Raman studies were also carried out on 
samples of 1 with deuteriated methyl and methoxy 
groups. The spectra recorded using CW excitation a t  
363.8 nm are displayed in Figure 5. When the CH3 
group alone is deuteriated the band at 1264 cm-l 
remains unshifted but additional features appear at 
1029 cm-l and 1075 cm-l. The spectrum recorded when 
the OCH3 and CH3 groups are both deuteriated shows 
bands near 1149 cm-l and 1295 cm-l as the primary 
features. 

(c )  Low Temperature Matrix Isolation Studies. 
When (C0)5WC(OMe)(Ph) was deposited in an argon 
matrix at 20 K the IR spectrum exhibited CO stretching 
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Metal Carbonyl Carbenes 

Table 3. IR Bands (cm-') for Carbene Complexes in Ar 
Matrix at 20 K 

cnmnlex bands 

Organometallics, Vol. 14, No. 1, 1995 111 

anti-(CO)sWC(OMe)Ph 
1149,993,876 

syn-(CO)sWC(OMe)PhO 2074,1985,950, 1260, 1191,1171, 1128, 
936,917,878 

anti-(CO)sWC(OMe)Me 2075,1985,1950, 1456, 1348,1255, 1174, 
910,898 

syn-(CO)sWC(OMe)Me" 2075, 1985, 1950, 1340, 1250, 1175, 1099, 
1081,998 

Bands observed after matrix irradiation (see text for details); features 
attributable to CO stretching modes are unshifted between anri and syn 
isomers. 

modes at 2074 cm-l, 1985 cm-l and at 1950 cm-l though 
with extensive matrix splitting. Several IR bands 
associated with the carbene moiety were also observed 
and are summarized in Table 3. Irradiation of the 
matrix-isolated sample a t  434 nm, within the MLCT 
band (,Ima = 404 nm) resulted in some intensity 
decrease and frequency shifts in the carbene IR bands 
as listed in Table 3. Irradiation at 434 nm for 3 h 
resulted in ca. 70% conversion of the anti isomer as 
estimated from the observed decrease in intensity of the 
carbene band at 1223 cm-l. There were no apparent 
changes in the positions of the CO stretching modes 
though minor alterations could have been masked by 
the matrix splitting. As well as the changes in the 
carbene IR bands upon irradiation a blue shift in the 
MLCT band from 404 nm to 394 nm was observed. The 
results are consistent with earlier observations by 
Stufkens and co-workers on this complex in low tem- 
perature matrices2 and have been attributed to photo- 
conversion of the anti t o  the syn isomer of (CO)5WC- 
(OMe)(Ph). Irradiation of the sample in the matrix for 
3 h within the MLCT band (394 nm) of the syn isomer 
failed to bring about any conversion back to the anti 
form, again consistent with previous work2. 

The W and IR spectra for the (C0)5WC(OMe)(Me) 
complex deposited in an argon matrix at 20 K are shown 
in Figure 6. Irradiation within the MLCT band of the 
anti isomer (Ama 368 nm) resulted in frequency shifts 
in several of the carbene IR bands, as shown in Table 3 
and also a red shift in the W spectrum from 368 nm to 
375 nm. There was no evidence for CO loss upon 
irradiation and no apparent changes in the CO stretch- 
ing region, apart from matrix site splitting as in the case 
of (C0)5WC(OMe)(Ph). The observations are consistent 
with formation of the syn isomer. Irradiation for ca. 1.5 
h within the MLCT band of the anti isomer resulted in 
about 50% photoconversion as estimated from the 
decrease in the intensity of the carbene IR bands of the 
starting material. Interestingly in this case and in 
contrast to the situation with complex 4, matrix irradia- 
tion into the MLCT band of the syn isomer (ca. 1.5 h a t  
397 nm) did result in regeneration of the anti isomer 
as judged by the grow-in of features in both the IR and 
W/vis spectra (Table 3). 

For both complexes the changes in the IR and W 
spectra in the matrix experiments are consistent with 
the data recorded in the solution studies, indicating that 
the same process is being observed in both media. 

2074, 1985, 1950, 1223,1212, 1181, 

Discussion 
(1) Identification of the Transient. The time- 

resolved spectroscopic studies on the three carbene 

Wavelength/ nm 

51 

1150 1450 
9 0.0 

850 
I Wavenumber/ cm-I 
1 

I Wavenumbed cm-' 

Figure 6. UV and IR spectra recorded for (C0)5WC(OMe)- 
(Me) upon deposition in an argon matrix at 20 K (a) UV 
spectrum; (b, c) v(carbene) and v(C0)  regions respectively. 
Arbitrary absorbance scales for (b) and (c) indicate relative 
band intensities. 

complexes 1-3 in solution show that excitation into 
either LF or MLCT bands results in formation of the 
same single transient in <10 ns. The transient W/vis 
and vibrational spectra for both the alkyl- and aryl- 
substituted carbenes closely resemble the corresponding 
spectra of the low temperature matrix photoproducts. 
The rate of decay of the transient is also independent 
of added CO. The evidence supports the identification 
of the major photoreaction in these metal carbonyl 
carbene complexes in solution as an anti to syn isomer- 
ization (eq 1) about the C-OR (R = Me, Et) carbene 
bond, as established by the matrix studies of Stufkens 
et al. for the Fischer carbene 4 and its Cr analogue.2 
Free rotation about the C-OR bond is inhibited by the 
partial double bond character, due to n interaction 
between the oxygen lone pair and the carbene carbon 
2pz orbital. 

(2) Comparative Kinetics and Spectroscopy of 
Aryl- and Alkyl-Substituted Carbenes in Solution. 
The flash photolysis studies show that the transient 
lifetimes (Table 1) for the alkyl-substituted carbenes are 
1-2 orders of magnitude longer than for the aryl- 
substituted species. These differences are reflected in 
the activation enthalpies 51 kJ mol-' and 37 kJ mol-l 
for the syn to anti thermal isomerization measured in 
cyclohexane solution for (CO)bWC( 0Me)Me and 
(CO)SWC(OMe)Ph, respectively. Steric interactions by 
the more bulky aryl group may be one factor influencing 
the thermal relaxation of the syn isomer. However this 
cannot be the only factor since previous flash photolysis 
studies6 on the silyl-substituted carbene, (CO)5WC- 
(OEt)(SiPh3), show the lifetime of the syn isomer to be 
similar to  those determined for the sterically less 
crowded aryl-substituted carbenes. It appears that the 
aryl ring must also be exerting an electronic effect, 
possibly via an alteration during the isomerization of 
the extent of n delocalization over the carbene ligand. 
This point is expanded upon below. The kinetic data 
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in Table 1 also show that the rate of decay of the syn 
isomer is influenced by the solvent, being slower in more 
polar solvents for both alkyl- and aryl-substituted 
carbenes. This could be due to an increased stabiliza- 
tion of the syn isomer or a decrease in that of the 
transition state or more likely the result of some 
contribution from both. 

The transient W/vis spectra are significantly differ- 
ent for the alkyl- and aryl-substituted carbenes. The 
Am= of the MLCT absorption for the syn isomer of the 
aryl-substituted complexes shifts to shorter wavelengths 
compared to the ground state spectrum while for the 
alkyl-substituted complex the corresponding spectra 
shift to longer wavelength. The spectral results in the 
latter case are consistent with those previously re- 
ported6 for the silyl-substituted carbenes and a similar 
change in the relative stabilities of the HOMO and 
LUMO might have been expected upon photoisomer- 
ization of the closely related aryl-substituted carbenes. 
The shift t o  higher energy which is actually observed 
in the latter therefore suggests the operation of an 
additional factor in this case. As alluded to earlier, this 
might arise from a reduction in the degree of JG delo- 
calization over the carbene moiety between the anti and 
syn isomers. The isomerization of (CO)5WC(OR)(R) 
according to eq 1 can involve not only rotation of the 
alkoxy group but an associated reorientation of R .  
When an aryl group rotates away from the plane of the 
carbene in order to minimise its steric interaction with 
the alkoxy group in the syn isomer there will be a 
reduction in the degree of JG interaction of the aryl ring 
with the carbene carbon 2pz orbital in the syn isomer.12 
This situation does not arise when R is alkyl. Any effect 
of reorientation of the aryl group might be reflected in 
frequency changes in vibrational modes of the carbene. 

Before discussing the resonance Raman spectra of 
1-3 reference is made to  the results obtained from 
studying the spectra of the deuterated analogs of 1. The 
anti isomer of complex 1 exhibits significant shifts in 
the three bands in its RR spectrum at 1107, 1165 and 
1264 cm-l (Figure 5a) upon successive deuteriation of 
the (CH3) and (OCH3) groups (Figure 5b,c, respectively). 
However attempts to assign the bands to specific 
vibrational modes by comparison of the frequency shifts 
observed upon deuteriation with those calculated on the 
basis of reduced mass considerations were inconclusive. 
It appears that mode coupling within the carbene moiety 
is involved but further speculation is unwarranted 
without additional data. Studies with isotopically la- 
beled species in low temperature matrices are planned 
to  aid band assignment. 

The most significant feature of the resonance Raman 
data for these carbenes is the general similarity in the 
frequencies of modes assignable to the anti and syn 
isomers. This is illustrated for instance by the CW- and 
pulse-excited spectra for 1 (Table 1 and Figure 2). The 
notable lack of frequency shifts suggests that the change 
in position of the alkoxy group which characterises the 
isomerization between the anti and syn forms does not 
significantly perturb the vibrational modes of the com- 
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plex. Available X-ray data,13 although for somewhat 
different systems, appear to  be consistent with this 
conclusion. 

The significant shift in the position of a mode between 
the two isomers which is observed occurs only for the 
aryl-substituted carbenes. The feature near 1235 cm-l 
in the RR spectra of the anti forms of 2 and 3 shifts to  
1266-1270 cm-l in the respective syn isomer spectra. 
The analogous band (1264 cm-l) in the RR spectra of 
the alkyl-substitued complex 1 (Table 1 and Figure 2) 
shows no shift in frequency between the spectra of the 
two isomers. This band is associated2J5 with modes 
involving a substantial contribution from a ((&bene- 

OMe) stretching motion, consistent with its significant 
intensity in both the RR and IR spectra of these 
complexes. As proposed above, the flash photolysis 
experiments suggest that the formation of the syn 
isomer of 2 and 3 requires a further rotation of the aryl 
group away from the plane of the carbene to minimize 
the steric interaction between the alkoxy group and the 
aryl ring. Stabilization of the syn isomer would then 
arise largely16 from oxygen lone pair donation into the 
carbon 2pz orbital with a consequent increase in the 
C-OMe bond order. Our spectral data are consistent 
with this although as stated earlier in relation to the 
results of the isotopic substitution studies, the vibra- 
tional spectra of the carbenes are complicated. That a 
shift in position of this band is only observed for the 
aryl-substituted carbenes ties in with the proposal that 
in this case an additional perturbation associated with 
phenyl ring reorientation is occurring in the course of 
the anti t o  syn isomerization. 
(3) Comparative Spectroscopy of Aryl- and Alkyl- 

Substituted Carbenes in Cryogenic Argon Matri- 
ces. Stufkens and co-workers reported that isomeriza- 
tion of (C0)5WC(OMe)(Ph), 4 , could be photochemically 
induced in one direction only, anti to syn, and we have 
confirmed this here. The reverse syn to anti isomer- 
ization was not observed, even following direct irradia- 
tion into the MLCT band of the syn isomer. The only 
photoreaction observed2 for the syn isomer of 4 in the 
matrix was CO dissociation via the LF state and it was 
suggested2 that the MLCT and LF states of 4 were so 
close in energy that reaction occurred preferentially 
from the more reactive LF state irrespective of the state 
initially populated. However, the matrix isolation stud- 
ies reported in the present work show that for 1 the 
isomerization is photochemically reversible. In reported 
cases of "one-way" photoisomerization in stilbene-type 
molecules such as that observed in 1-(2-anthryl)-3,3- 
dimethyl-1-butene the suggested explanation was that 
a local minimum exists on the excited state potential 
energy surface close to the geometry of the photochemi- 
cally inert is0mer.l' We propose here that in the aryl- 
subsituted carbenes the first distortion in the MLCT 
state upon excitation of the syn isomer is a rotation of 
the aryl ring to a more conjugating position, the driving 
force being the resulting resonance stabilization. The 
relative rates of conversion of this localized thermally 

(12) X-ray crystallographic studies14 on (CO)&rC(OMe)(Ph) show 
that in the solid state this complex exists as the anti isomer, with the 
phenyl ring lying at 90" to the carbene plane so that there is no JZ 
interaction between the phenyl ring and the carbene carbon 2p, orbital. 
However this situation may be different in solution where for instance 
crystal packing effects will not operate. 

(13) Schubert, U,; Ackermann, K.; Rustenmeyer, P. J. Organomet. 

(14) Mills, 0. S.; Redhouse, A. D. J .  Chem. SOC. A 1968, 642. 
(15) Fischer, E. 0.; Massbol, A. Chem. Berichte 1967, 100, 2445. 
(16) Casey, C. P.; Burkhardt, T. J.; Bunnett, C. A.; Calabrese, J. C. 

(17) Arai, T.; Karatsu, T.; Sakuragi, H.; Tokumaru, K. Tetrahedron 

Chem. 1982,231,323. 

J.  Am. Chem. Soc. 1977,99, 2127. 

Lett. 1983,24, 2873. 
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Metal Carbonyl Carbenes 

equilibrated excited state to either the anti or the syn 
forms will depend upon the relative dispositions of the 
three potential energy surfaces . The data suggest that 
in the present case decay occurs preferentially back into 
the potential energy well of the syn isomer; the MLCT 
state of the syn isomer is photochemically inert. For 
the anti isomer the solution studies suggest that some 
degree of conjugation extends over the carbene moiety 
in the ground state. Therefore, no significant rotation 
of the aryl ring need occur upon MLCT excitation. The 
initial excited state rapidly decays via rotation of the 
C-OMe bond into a lower energy “twisted excited” state 
in which the orginal geometry of the complex is lost. 
From this state decay to either ground state isomer is 
possible. Hence in the aryl-substituted carbenes the 
MLCT excited state of the anti isomer is photochemi- 
cally active to isomerization. Support for this explana- 
tion of (‘one way” photoisomerization for (CO)5WC(OMe)- 
(Ph) comes from the matrix experiments on the alkyl- 
substituted carbene 1. The MLCT excited states of the 
anti and syn isomers of complex 1 are both active to 
isomerization. This consistent with the above proposed 
explanation for “one way” photoisomerization in the 
aryl-substituted case since ”localized” stabilization of the 
MLCT excited state by increased conjugation cannot 
operate in complex 1 and both the syn and anti isomers 
would be expected to behave like the anti isomer of 
(C0)5WC(OMe)(Ph). 
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3. Distinctive photochemical behaviour is exhibited 
by the syn isomer of alkyl- and aryl-substituted car- 
benes. The most notable difference is that the MLCT 
excited state of the syn isomer of aryl-substituted 
carbenes is photoinert, while that of the alkyl-substi- 
tuted complex leads to photoisomerization. These dif- 
ferences are consistent with the proposal that the 
isomerization of the aryl-substituted carbenes also 
involves a reorientation of the aryl ring to a less 
n-interacting position in the syn isomer. 

4. There are clear parallels between anti-syn photo- 
isomerization of metal carbenes18J9 as investigated in 
the present work and the extensively studied cis-trans 
photoisomerization of organic alkenes.20 However the 
novel feature which appears in the metal carbene 
complexes is that although the geometric change is 
centered on the carbene ligand it is not the direct result 
of an intruligand excitation process. The metal center 
is in effect acting as an intramolecular photosensitizer 
resulting in light absorption and the transfer of electron 
density onto the carbene ligand, thereby facilitating the 
isomerization. 

Summary and Conclusions 
1. The transient observed upon pulsed irradiation in 

solution into both the LF and MLCT band of these 
carbenes is assigned as the syn isomer. This assign- 
ment is supported by comparison with results from 
experiments carried out in cryogenic matrices. LF 
excitation provides no evidence in support of a transient 
arising from CO dissociation, although continuous ir- 
radiation  experiment^^,^,^ show that the reaction should 
occur. Presumably the quantum yield for the process 
is so low that the transient is not detectable. 

2. The lifetime of the syn isomer is dependent on the 
polarity of the solvent and on the nature of the ancillary 
(R) group on the carbene carbon. 
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(18) (a) Kiel, W. A.; Lin, G-Y.; Constable, A. G.; McCormick, F. B.; 
Strouse, C. E.; Eisenstein, 0.; Gladysz, J. A. J. Am. Chem. SOC. 1982, 
104, 4865. (b) McCormick, F. B.; Eel, W. A.; Gladysz, J. A. Organo- 
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Silicon-Carbon Unsaturated Compounds. 51. 
Nickel-Catalyzed Reactions of 

3,4-Benzo- 1,1,2,2=tetraethyl- 1,2-disilacyclobut-3lene 
with Alkenes and Dienes 

Mitsuo Ishikawa,* Shougo Okazaki, and Akinobu Naka 
Department of Applied Chemistry, Faculty of Engineering, Hiroshima University, 

Higashi-Hiroshima 724, Japan 

Akitomo Tachibana,* Susumu Kawauchi,? and Tokio Yamabe 
Division of Molecular Engineering, Faculty of Engineering, Kyoto University, 

Sakyo-ku, Kyoto 60601, Japan 

Received June 8, 1994@ 

The reactions of 3,4-benzo-1,1,2,2-tetraethyl-1,2-disilacyclobut-3-ene (1) with alkenes in 
the presence of a catalytic amount of tetrakis(triethylphosphine)nickel(O) at 150 "C have 
been investigated. With 1,l-diphenylethylene, 1 afforded 1,2-bis(diethylsilyl)benzene (21, 
4,5-benzo-l,l,3,3-tetraethyl-2-diphenylmethylene-l,3-disilacyclopent-4-ene, and 1-[diethyl- 
(2,2-diphenylethenyl)silyl]-2-diethylsilylbenzene in  4%, 55%, and 7% yields. The reaction 
of 1 with styrene gave 4,5-benzo-1,1,3,3-tetraethyl-2-phenylmethylene-l,3-disilacyclopent- 
4-ene and (E)-l-tetraethyl(2-phenyl)disilanyl-2-phenylethene in 12% and 47% yields, while 
with 1- and 2-hexene, 1 produced 4,5-benzo-l,l,3,3-tetraethyl-2-(n-pentylidene)-l,3-disila- 
cyclopentd-ene, together with a product arising from hydrosilation of 2 and 1-hexene. 
Similar treatment of 1 with ethylene in a n  autoclave afforded 4,5-benzo-l,1,3,34etraethyl- 
2-methylene-l,3-disilacyclopent-4-ene, tetraethyl-l-phenyl-2-vinyldisilane, and 2,3-benzo- 
1,1,4,4-tetraethyl-l,4-disilacyclohex-2-ene in 7%, 34%, and 10% yields. Similarly, the nickel- 
catalyzed reaction of 1 with 2,3-dimethylbutadiene yielded 4,5-benzo-1,1,3,3-tetraethyl-2- 
(1,2,2-trimethylethenyl)-l,3-disilacyclopent-4-ene and 2,3-benzo-1,1,4,4-tetraethyl-6,7- 
dimethyl-1,4-disilacycloocta-2,6-diene in 33% and 30% yields, while with 1,3- and 1,4- 
cyclohexadiene, 1 afforded 5,5,10,10-tetraethyl-8,9,13,14-tetrahydrosilanthrene, as the sole 
product. The results of MO calculations for l-nickela-2,5-disilacyclopent-3-ene are also 
reported. 

Introduction 

3,4-Benzo-1,1,2,2-tetraethyl-1,2-disilacyclobut-3-ene 
(1) shows unique chemical behavior. The thermolysis 
of 1 produces an o-quinodisilane as  a reactive species,l 
while its photolysis gives 1-ethyl-1-(o-diethylsilylphen- 
~1)-2-methylsilene.~ These intermediates can be readily 
trapped by various trapping agents such as alcohols, 
carbonyl compounds, and alkynes. On the other hand, 
the reaction of 1 with transition-metal complexes gives 
reactive species containing the transition-metal, and 
their reactivities highly depend on the nature of the 
metal in these c~mplexes .~-~  For examples, the reaction 
of 1 with a catalytic amount of (y2-ethylene)bis(tri- 
phenylphosphine)platinum(O) in refluxing benzene af- 
fords an isomerization product, cis-4,5-benzo-1,1,3-tri- 

t Information and Systems Department, Showa Denko K. K., 1-13-9 

@ Abstract published in Advance ACS Abstracts, November 1,1994. 
(1) Ishikawa, M.; Sakamoto, H.; Tabuchi, T. organometallics 1991, 

Shiba Daimon, Minato-ku, Tokyo 105, Japan. 

10, 3173. 
(2) Sakamoto, H.; Ishikawa, M. Organometallics 1992, 11,  2580. 
(3) Ishikawa, M.; Okazaki, S.; Naka, A.; Sakamoto, H. Orgunome- 

(4) Ishikawa, M.; Naka, A.; Okazaki, S.; Sakamoto, H. Organome- 
tallics 1992, 11,  4135. 

- 
tallies 1993,12, 87. 

(5) Ishikawa, M.: Naka, A.; Ohshita. J. Organometallics 1993, 12. . .  . .  I . .  
4987. 

Organometallics, in press. 
(6) Naka, A.; Hayashi, M.; Okazaki, S.; Ishikawa, M. submitted to  

0276-733319512314-0114$09.00/0 

ethyl-2-methyl-1,3-disilacyclopent-4-ene, along with a 
small amount of l-(diethylphenylsilyl)-2-diethylsilyl- 
b e n ~ e n e , ~  while with a tetrakis(tripheny1phosphine)- 
palladium(0) catalyst in benzene at  150 "C, 1 produces 
a dimerization product, 4,5,7,8-dibenzo-l,1,2,2,3,3,6,6- 
octaethyl-l,2,3,6-tetrasilacycloocta-4,7-diene as the sole 
product.6 

The reaction of 1 with a catalytic amount of tetrakis- 
(triethylphosphine)nickel(O) in refluxing benzene gives 
neither isomerization product nor dimerization product, 
but affords 1 -(diethylphenylsilyl)-2-diethylsilylbenzene 
arising from C-H bond activation of the phenyl ring.3 

Recently, we have found that the similar nickel- 
catalyzed reaction of 1 with enolizable ketones such as 

0 1995 American Chemical Society 
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Silicon-Carbon Unsaturated Compounds 

acetone and acetophenone affords 1-[diethyl(isoprope- 
nyloxy)silyll8-(diethylsilyl)benzene and 1-[diethyl[(l- 
phenylvinyl)-oxylsilyll-2-(diethylsilyl)benzene, in addi- 
tion to 4,5-benzo- 1,1,3 ,3-tetraethyl-l,3-disila-2-oxacyclo- 
pent-4-ene. The reaction of 1 with benzophenone and 
4,4'-dimethylbenzophenone, however, gives products 
arising from insertion of diphenylcarbene and di(p- 
toly1)carbene into a silicon-silicon bond of 1 and 4,5- 
benzo-1,1,3,3-tetraethyl-1,3-disila-2-oxacyclopent-4- 
ene, re~pectively.~ 

Organometallics, Vol. 14, No. 1, 1995 115 

that the hydrogenated product of the starting olefin, 1,l- 
diphenylethane was produced in 28% yield. The forma- 
tion of compound 2 and 1,l-diphenylethane shows that 
nickel dihydride species is formed in this reaction (see 
below). 

The structures of 3 and 4 were verified by spectro- 
metric analysis, as well as by elemental analysis. The 
mass spectrum for 3 shows a parent ion at  m/z  426, 
corresponding to the calculated molecular weight for 
C28H34Si2 (adduct - 2H). Its 13C NMR spectrum shows 
two resonances at  137.4 and 170.1 ppm, attributed to 
olefinic carbons, as well as  seven resonances due to 
phenylene and phenyl carbons. The 29Si N M R  spectrum 
for 3 reveals a single resonance at  -2.82 ppm, showing 
the presence of two equivalent silicon atoms. These 
results clearly indicate that 3 has a 4,5-benzo-2-(diphe- 
nylmethylene)-1,3-disilacyclopent-3-ene structure. The 
mass spectrum for 4 shows a fragment ion a t  m/z 428, 
corresponding to the calculated value for C28H36Si2. Its 
lH NMR spectrum shows a quintet resonance a t  6 4.57 
ppm and a singlet a t  6.45 ppm, due to an Si-H proton 
and a vinylic proton, respectively. The IR spectrum for 
4 shows Si-H stretching frequencies a t  2147 cm-l. 
These results are wholly consistent with the structure 
proposed for 4. All spectral data obtained for 2 were 
identical with those of an authentic sample reported 
previously.' 

In the nickel-catalyzed reactions of 1 with arenes and 
carbonyl compounds4 and also in the platinum-catalyzed 
reactions5 with alkenes and alkynes, we suggested the 
formation of 3,4-benzo-l-metala-2,5-disilacyclopent-3- 
enes (A) and o-quinodisilane-transition metal complexes 
(B) as key reactive species. The production of 3 and 4 
in the present reaction may be best explained in terms 
of the reaction of o-quinodisilane-nickel complex B, 
which would be formed from isomerization of 3,4-benzo- 
l-nickela-2,5-disilacyclopent-3-ene A arising from inser- 
tion of a nickel species into an Si-Si bond of 1, with 1,l- 
diphenylethylene. Oxidative addition of an olefinic C-H 
bond of 1,l-diphenylethylene to the nickel atom in 
complex B would produce nickel complex C. The shift 
of a diphenylethenyl group from the nickel atom to one 
of two silicon atoms in the complex C would yield 
complex D. Reductive elimination of nickel dihydride 
from D leads to the formation of 3, while elimination of 
nickel species from D results in the production of 4 
(Scheme 1). 

Interestingly, addition of a hydrosilane to the nickel- 
catalyzed reaction of 1 with 1,l-diphenylethylene results 
in acceleration of the reaction rate, and also affects the 
product distribution. Thus, the reaction of 1 with 1,l- 
diphenylethylene in the presence of 5 mol% of the 
nickel(0) catalyst and 89 mol% of dimethylphenylsilane 
in refluxing hexane for 20 h gave compound 4 in 70% 
yield, in addition to a trace amount of 3. The selective 
formation of 4 is probably due to rapid nickel transfer 
from complex D to dimethylphenylsilane. The reaction 
of 4 isolated in a pure form with a catalytic amount of 
tetrakis(triethylphosphine)nickel(O) in a sealed tube at  
150 "C for 24 h gave 3 in 76% yield. These results 
strongly suggest that  the initial step of the reaction 
involves oxidative addition of an sp2 C-H bond of 1,l- 
diphenylethylene to o-quinodisilane-nickel complex B 
giving complex C,7 which undergoes further reaction to 
form complex D, as shown in Scheme 1. That the 

Et2 Et2 
Si, , R  

&c.R + 
,R Ni(PEt,), 

1 + o=c, - 
R si' 

Et2 Et2 R-Ph 
R=p-To1 

In order to obtain more information about the reactive 
species in the nickel-catalyzed reaction, we investigated 
the reaction of 1 with alkenes and dienes in the presence 
of a catalytic amount of tetrakis(triethy1phosphine)- 
nickel(0). We also carried out MO calculations for 
l-nickela-2,5-disilacyclopent-3-ene as a model of 3,4- 
benzo-2,2,5,5-tetraethyl- l-nickela-2,5-disilacyclopent-3- 
ene. 

Results and Discussion 
When a mixture of 3,4-benzo-1,1,2,2-tetraethyl-1,2- 

disilacyclobut-3-ene (1) and 1.5 equiv of 1,l-diphenyl- 
ethylene in the presence of a catalytic amount of 
tetrakis(triethylphosphine)nickel(O) in a sealed degassed 
tube was heated a t  150 "C for 24 h, three products, 1,2- 
bis(diethylsily1)benzene (2) and 4,5-benzo-1,1,3,3-tetra- 
ethyl-2-(diphenylmethylene)-1,3-disilacyclopent-4-ene (31, 
and l-[diethyl(2,2-diphenylethenyl)silyll-2-diethylsilyl- 
benzene (4) were obtained in 4%, 55%, and 7% yields, 
respectively (Scheme 1). In this reaction, a trace 
amount of an isomer of 4 was also detected by mass 
spectrometric analysis. GC-Mass spectrometric analysis 
of the recovered 1,l-diphenylethylene fraction showed 

Scheme 1 
Et2 

c 

i 
Ph, ,Ph Ph, ,Ph 

c 

Et2 
4 
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product 2 was produced by the reaction of 1 with nickel 
dihydride which would be eliminated from D was 
confirmed by the fact that the reaction of 1 with 
hydrogen in the presence of a catalytic amount of 
tetrakis(triethylphosphine)nickel(O) in an  autoclave at  
150 "C for u-41 produced 2 in quantitative yield. 
Furthermore, treatment of 4 with the nickel(0) catalyst 
in the presence of 1 equiv of 1 at  150 "C for 24 h 
produced 2 and 3 in 47% and 84% yields, together with 
15% of the unchanged compound 1. Similar treatment 
of 4 in the presence of 3.4 equiv of 1,l-diphenylethylene 
at  150 "C for 24 h gave 3 and 1,l-diphenylethane in 70% 
and 43% yields. These results can best be understood 
by elimination of nickel dihydride species from nickel 
complex D arising from insertion of a nickel catalyst 
into an Si-H bond in compound 4. The resulting nickel 
dihydride reacts with 1 or 1,l-diphenylethylene to  give 
the observed products. 

The nickel-catalyzed reaction of 1 with styrene under 
the same conditions afforded two products, which were 
identified as 4,5-benzo-1,1,3,3-tetraethyl-2-phenylmeth- 
ylene-1,3-disilacyclopent-4-ene (5) and (E)-1-tetraethyl- 
(2-phenyl)disilanyl-2-phenylethene (6) in 12% and 47% 
yields, in addition to a trace amount of compound 2. In 
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Et2 
5 6 

this reaction, no l-[diethyl(2-phenylethenyl)silyll-2-di- 
ethylsilylbenzene, analogous to 4 was detected in the 
reaction mixture by spectrometric analysis. Pure 5 and 
6 could readily be isolated by preparative HPLC. 

The mass spectrum of 5 reveals a molecular ion at  
d z  350, corresponding to the calculated value for 
C22H30Si2 (adduct - 2H). The lH NMR spectrum of 5 
shows a singlet resonance a t  6 7.89 ppm, attributed to 
an olefinic proton, along with resonances at  0.71-0.99 
and 7.30-7.63 ppm, due to ethyl protons, and phenyl 
and phenylene protons, respectively. The 13C NMR 
spectrum indicates two resonances at  6 139.0 and 155.5 
ppm attributable to olefinic carbons, while its 29Si NMR 
spectrum reveals two resonances at  6.46 and 0.50 ppm 
due to two nonequivalent silicon atoms. These results 
are wholly consistent with the structure proposed for 
5. The mass spectrum of 6, however, shows a parent 
peak at  d z  352, and its lH NMR spectrum reveals two 
doublets a t  6.44 and 6.79 ppm due to two olefinic 
protons. The 13C NMR spectrum also reveals two 
olefinic carbons at  126.3 and 144.5 ppm, together with 
eight resonances for phenyl carbons, while the 29 Si 
NMR spectrum reveals two resonances at  -14.81 and 
-17.90 ppm. On the basis of the coupling constant (J 
= 19.1 Hz) of the olefinic protons, compound 6 must 
have the trans configuration. 

The formation of compound 5 may be explained by a 
series of the reaction involving activation of a terminal 
sp2 C-H bond,' which is similar to the mechanism 
proposed for the formation of compound 3. The produc- 

(7) For C-H bond activation by transition metal catalysts, see Jones, 
W. D.; Feher, F. J. Acc. Chem. Res. lSS9,22,91 and also Tanaka, M.; 
Sakakura, T. Pure Appl. Chem. 1990, 62, 1147. 

Scheme 2 
Ph 

E 

tion of 6 is of considerable interest, because scission of 
a silicon-phenylene bond is involved. In the nickel- 
catalyzed reactions of 1 with aromatic compounds and 
carbonyl compounds reported p r e v i ~ u s l y , ~ , ~  no com- 
pounds derived from scission of the silicon-phenylene 
bond were detected a t  all. 

Two possible mechanism may be considered for the 
formation of 6. One involves isomerization of a nickel 
complex, analogous to C, which would be formed from 
oxidative addition of an sp2 C-H bond of styrene to 
o-quinodisilane B. Hydrogen on the nickel atom in this 
complex migrates to the silene carbon and produces a 
silicon-silicon bond to give nickel complex E. Finally 
reductive elimination of a nickel species from E pro- 
duces compound 6 (Scheme 2). The other comprises 
direct insertion of a nickel species into a silicon- 
phenylene bond to give 4,5-benzo-2,2,3,3-tetraethyl-l- 
nickela-2,3-disilacyclopent-4-ene, followed by the reac- 
tion of this nickel complex with styrene leading to nickel 
complex E. 

Although, a t  present, evidence to support the former 
mechanism has not yet been obtained, it seems likely 
that direct insertion of the nickel species into a silicon- 
phenylene bond is highly unfavorable because of the 
steric reasons. 

Similarly, 1-hexene reacted with 1 under the same 
conditions to give 4,5-benzo-l,l,3,3-tetraethyl-2-(n-pen- 
tylidene)-1,3-disilacyclopent-4-ene (7) and 1-[diethyl(n- 
hexyl)silyl]-2-(diethylsilyl)benzene (8) in 52% and 44% 
yields. Compound 7 is probably produced from the 

Et, Et, 

reaction which is similar to that of 3 and 5. Compound 
8, however, would be produced from hydrosilation of 2 
to 1-hexene. Indeed, the reaction of 2 with 1-hexene in 
the presence of a catalytic amount of tetrakidtrieth- 
ylphosphine)nickel(O) under the same conditions af- 
forded 8 in 58% yield, in addition to 28% of the 
unchanged starting compound 1. No other products 
were detected in the reaction mixture by either GLC 
analysis or spectrometric analysis. Products 7 and 8 
could be readily isolated by preparative HPLC. 

2-Hexene also reacted with o-quinodisilane-nickel 
complex B to give 7 in 56% yield, indicating that 
isomerization of an internal double bond to the terminal 
one takes place. Isomerization of internal olefins to 
terminal ones in the presence of a transition metal 
catalyst is well known; In this reaction, 2 and a 
hydrosilation product were also obtained in 11% and 
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Silicon-Carbon Unsaturated Compounds 

20% yields. lH and 13C NMR spectra for the hydrosi- 
lation product show the presence of compound 8 as a 
major product (16% yield), but the other two hydrosi- 
lation products (4% combined yield), which are probably 
formed by hydrosilation of 2 t o  an internal double bond 
were detected. Unfortunately, all attempts to separate 
these two isomers from the mixture were unsuccessful. 
The structures of 7 and 8 were verified by spectrometric 
analysis (see Experimental Section). 

Interestingly, the nickel-catalyzed reaction of 1 with 
ethylene in an autoclave at  150 "C gave three products, 
4,5-benzo-1, 1,3,3-tetraethyl-2-methylene-l,3-disilacyclo- 
pent-3-ene (9), tetraethyl-1-phenyl-2-vinyldisilane (101, 
and 2,3-benzo-1,1,4,4-tetraethyl-1,4-disilacyclohex-2-ene 
(11) in 7%, 34%, and 10% yields, respectively. Products 
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Scheme 3 

Et, 

9, 10, and 11 were isolated by preparative HPLC, and 
the structures of 9 and 10 were confirmed by spectro- 
scopic analysis. All spectral data for 11 were identical 
with those of an  authentic samplee5 As reported re- 
cently, the platinum-catalyzed reaction of 1 with eth- 
ylene under the same conditions proceeds [4 + 21 
cycloaddition to give 11 as the sole product. The present 
reaction, however, seems to proceed with two different 
pathways, sp2 C-H bond activation of ethylene leading 
to the formation of 9 and 10, and [4 + 21 cycloaddition 
which was observed in the platinum-catalyzed reac- 
tions.5 

The nickel-catalyzed reaction of 1 with dienes gives 
the products whose formation can be explained in terms 
of activation of an sp2 C-H bond of dienes. Thus, the 
reaction of 1 with 2,3-dimethylbutadiene in the presence 
of a catalytic amount of tetrakis(triethy1phosphine)- 
nickel(0) a t  150 "C for 20 h produced two products, 43 -  
benzo-l,1,3,3-tetraethyl-2-( 1,2,2-trimethylethenyl)-1,3- 
disilacyclopent-4ene (12) and 2 ,3-ben~o-i, 1,4,4tetraethyl- 
6,7-dimethyl-1,4-disilacycloocta-2,6-diene (13) in 33% 
and 30% yields, respectively. The migration of a diene 
group in the nickel complex formed from oxidative 
addition of an sp2 C-H bond of 2,3-dimethylbutadiene 
to a nickel atom of o-quinodisilane-nickel complex B to 
one of two silicon atoms gives complex F. Intramolecu- 
lar addition of the Ni-H bond across the terminal 
carbon-carbon double bond affords 12, while addition 
of this Ni-H bond to  an internal carbon-carbon double 
bond produces 13 (Scheme 3). 

Similar nickel-catalyzed reaction of 1 with 1,3-cyclo- 
hexadiene gave 5,5,10,10-tetraethyl-8,9,13,14-tetrahy- 
drosilanthrene (14) in 80% yield. With 1,4-cyclohexa- 
diene, 1 also afforded 14 in 80% yield as  the sole 
product, indicating that rapid isomerization of a double 
bond to the conjugated system takes place during the 
reaction. The formation of 14 may also be understood 
in terms of sp2 C-H bond activation of cyclohexadiene, 

F 

Ib 
Mk 'Me 

12 

13 

Scheme 4 

Et2 

Et, H 

followed by intramolecular addition of a Ni-H bond to a 
diene moiety (Scheme 4). Since the reaction of 1 with 
cyclohexene under the same conditions gave no volatile 
products, formal [4 + 21 cycloaddition would not be 
involved for the production of 14. 

In an effort to learn more about the reactive species 
in the present reaction, we carried out the stoichiometric 
reaction of 1 with tetrakis(triethylphosphine)nickel(O) 
in benzene-d6. The reactions of 1 with a stoichiometric 
amount of (v2-ethylene)bis( tripheny1phosphine)platinm- 
(Ole in toluene-de and tetrakis(tripheny1phosphine)- 
palladium(0Y in benzene-d6 at  room temperature pro- 
ceed cleanly to give the reactive 3,4-benzo-2,2,5,5- 
tetraethyl-l-metala-2,5-disilacyclopent-3-enes in almost 
quantitative yields. However, similar reaction of 1 with 
tetrakis(triethylphosphine)nickel(O) produces no 3,4- 
benzo-l-nickela-2,5-disilacyclopent-3-ene A. Thus, when 
compound 1 was added to a benzene-d6 solution con- 
taining 1 equiv of tetrakis(triethylphosphine)nickel(O) 
a t  room temperature, the light yellow solution changed 
to a dark red color. However, the lH NMR spectrum of 
this solution showed only resonances attributed to 1 and 
tetrakid triethylphosphine)nickel( 0). Furthermore, the 
29Si NMR spectrum of the solution reveals a single 
resonance whose chemical shift is identical with that 
of 1. When the solution was stirred for 36 h at  room 
temperature, no change was observed in its lH and 29Si 
NMR spectra. Heating the solution a t  80 "C for 12 h 

(8) 3,4-Benzo-2,2,5,5-tetraethyl-l,l-bis(tri 
2,5-disilacyclopent-3-ene: mp 119-121°C (dec.); IH NMR 6(CsD&Ds) 
0.53-1.19 (m, 20H, EtSi), 6.88-7.72 (m, 34H, phenyl and phenylene 
ring protons); %i NMR 6(CeD&D3) 36.43; 31P NMR d(C&CDs) 24.95 
(Jpt-p = 1540.6 Hz). Anal. Calcd for C50H54P2PtlSi2: C, 62.03; H, 5.62. 
Found: C, 61.89; H, 5.53. 
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may indicate that the Ni-Si and Ni-P bond in 1 are 
relatively weak, because the HOMO is the a-orbital of 
Ni-Si, while the LUMO the o* of Ni-Si and Ni-P. The 
Sic bond of 1.911 A may be compared to the single bond 
in methylsilane of 1.888 A ,11 while the C-C bond of 
1.338 A may be com ared to the double bond in 

mainly composed of p orbitals on C atoms, which 
correspond to the n-orbital. Therefore, it is concluded 
that the Si-C and C-C bonds in complex G have the 
single and double bond character, respectively. 

In order to  clarify the role of 3,4-benzo-l-nickela-2,5- 
disilacyclopent-3-ene A and its another isomer, o- 
quinodisilane-nickel complex B in catalytic reactions, 
further study by using higher level of theory including 
electron correlation effect is now in progress. 

cyclobutene of 1.322 r; .ll In addition, HOMO-1 is 

'.* 1.391 

99.0 (?@ 
-2.525 

W 

Figure 1. HF/HUZSP* optimized structure for l-nickela- 
2,5-disilacyclopent-3-ene (G). Bond lengths are in ang- 
stroms and bond angles in degrees. 

gave an oligomer whose 'H NMR spectrum showed 
broad signals in the region of ethyl protons and also 
phenylene protons. The molecular weight of the oligo- 
mer was determined to be 700, relative to polystyrene 
standards. Unfortunately, all attempts to  detect 3,4- 
benzo-l-nickela-2,5-disilacyclopent-3-ene A in the present 
system were unsuccessful. 

Quantum Chemical Study of l-Nickela-2,s-disi- 
lacyclopent-3-ene. We carried out molecular orbital 
calculations for l-nickela-2,5-disilacyclopent-3-ene (GI, 
as a model of complex A. The MO calculations were 
performed with the GAUSSIAN 92 p r ~ g r a m . ~  The 
geometry was optimized under constraint of Czv sym- 
metry by using the Hartree-Fock (HF) theory.1° The 
Huzinaga basis set, (43321/4211*/31), was used for Ni 
which includes a split valence shell and a p-type 
polarization function.lla The basis sets for H, C, Si, and 
P were taken from the standard 6-31G* basis sets, 
respectively.llb These basis sets will be referred to as 
HUZSP*. Theoretical harmonic vibrational frequencies 
were obtained from analytical second derivatives.l0 The 
optimized geometry has all positive frequencies to be 
verified as a true energy minimum. 

The HF/HUZSP* geometry of complex G is displayed 
in Figure 1. The Ni-P bond length of 2.522 A, which is 
comparable with the Ni-Si bond length of 2.525 A, is 
somewhat larger than the experimental value of 2.15 
A in Ni(PPh&(C2H4) and Ni(PCy3)2(~-COz).'~'l~ This 

(9) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.; 
Wong, M. W.; Foresman, J. B.; Jonson, B. G.; Schlegel, H. B.; Robb, 
M. A.; Replogle, E. S.; Gomperts, R.; Andrea, J. L.; Raghavachari, K.; 
Binkley, J. S.; Gonzales, C.; Martin, R. L.; DeFrees, D. J.; Baker, J.; 
Stewart, J. J. P.; Pople, J. A. GAUSSIAN 92, Revision A, Gaussian 
Inc., Pittsburgh, PA, 1992. 
(10) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio 

Molecular Orbital Theory, Wiley, New York, 1986. 
(11) (a) Huzinaga basis set; Huzinaga, S.; Andzelm, J.; Klobukowski, 

M.; Radzio-Andzelm, E.; Sasaki, Y.; Tatewaki, H.; Gaussian Basis Sets 
for Molecular Calculations, Elsevier, New York, 1984. (b) 6-31G* basis 
sets; Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1973,28, 213; 
Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. 
S.; DeFrees, D. J. DeFrees; Pople, J. A. Pople. J .  Chem. Phys. 1982, 
77, 3654. 

(12) Jolly, P. W.; Wilke, G. The Organic Chemistry of Nickel, 
Academic Press, New York and London, 1974, Vol. I, Chapter V. 

(13) Aresta, M.; Nobile, C. F.; Albano, V. G.; Forni, E.; Manassero, 
M. J. Chem. Soc. Chem. Commun. 1975,636. 

Experimental Section 

General Procedure. All nickel-catalyzed reactions of 
compound 1 with olefinic compounds were carried out in a 
degassed sealed glass tube (1.0 cm x 10 cm) with one exception 
of a experiment to reflux hexane. Yields of the products were 
determined by analytical GLC with the use of tridecane as an 
internal standard. NMR spectra were recorded on a JEOL 
Model EX-270 spectrometer. Infrared spectra were recorded 
on a Perkin-Elmer 1600 FT infrared spectrometer. Mass 
spectra were measured on a Shimadzu Model GCMS-QP 1000 
instrument. Gas chromatographic separations were carried 
out using a column (3 x 10 mm) packed with 30% SE-30 
silicone on Chromosorb P. Gel permeation chromatographic 
separation was performed with a Model LC-908 Recycling 
Preparative HPLC (Japan Analytical Industry Co., Ltd.). 
Tetrakis(triethylphosphine)nickel(O) was prepared by the 
method reported in the literature. 

Materials. 3,4Bemo-l, 1,2,2-tetraethyl- 1,2-disilacyclobutene 
1 was prepared as reported previously.' Hexane was dried over 
lithium aluminum hydride and distilled before use. 

Reaction of 1 with 1,l-Diphenylethylene. A mixture 
of 0.110 g (0.443 mmol) of 1, 0.118 g (0.655 "01) of 
1,l-diphenylethylene, and 0.009 g (0.017 mmol) of tetrakis- 
(triethylphosphine)nickel(O) was heated at 150 "C for 24 h. The 
mixture was analyzed by GLC as being 2 (4% yield), 3 (55% 
yield), and 4 (7% yield). The mixture was treated with a short 
silica gel column to remove nickel species from the reaction 
mixture. Compound 2 was isolated by preparative GLC. The 
product 3 was obtained from recrystallization of the mixture 
from ethanol. Compound 4 was isolated by preparative HPLC. 
For 3: mp 102 "C-103 "C; MS mlz 426 (M+); IR 2961,2862, 
1563, 1456, 1120, 966, 818, 748, 701, 668 cm-l; 'H NMR 6- 
(CDC13) 0.28-0.39 (m, 2H, CHz), 0.56-0.67 (m, 2H, CHz), 
0.76-0.82 (m, 6H, CH3), 7.23-7.52 (m, 14H, phenyl and 
phenylene ring protons); 13C NMR G(CDC13) 7.51, 7.91 (EtSi), 
126.9, 127.0, 127.9, 128.2, 132.5, 146.7, 148.2 (phenyl and 
phenylene ring carbons), 137.4, 170.1 (olefinic carbons); 29Si 
NMR G(CDC13) -2.82. Anal. Calcd for CzaHarSiz: C, 78.81; 
H, 8.03. Found: C, 78.62; H, 8.02. For 4: MS mlz 428 (M+); 
IR 3059,2954,2873,2147,1564,1489,1416,1232,1116,1009, 
972,896, 793,692,604 cm-l; lH NMR G(CDC13) 0.51-0.94 (m, 
20H, EtSi), 4.57 (quint, lH, HSi, J = 3.3 Hz), 6.45 (s, lH, 
HC=C), 6.91-7.52 (m, 14H, phenyl and phenylene ring 
protons); 13C NMR G(CDCl3) 4.56,5.28,7.60,8.34 (Etsi), 127.2, 
127.3, 127.5, 127.8 (two carbons), 127.9 (two carbons), 128.1, 
129.5, 134.7, 135.0, 142.2, 142.5, 143.8, 146.1, 157.4 (phenyl 
and phenylene ring and olefinic carbons); 29Si NMR S(CDC13) 
-8.44 (two silicons). Anal. Calcd for CzsH&iz: c, 78.44; H, 
8.46. Found: C, 78.44; H, 8.49. All spectral data for 2 were 
identical with those of authentic samples.' 

Reaction of 1 with 1,l-Diphenylethylene in the Pres- 
ence of Hydrosilane in Hexane. A mixture of 0.309 g (1.24 
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Silicon-Carbon Unsaturated Compounds 

mmol) of 1,0.396 g (2.20 mmol) of 1,l-diphenylethylene, 0.149 
g (1.10 mmol) of dimethylphenylsilane, and 0.033 g (0.062 
mmol) of tetrakis(triethylphosphine)nickel(O) in 10 mL of 
hexane was heated to reflux for 20 h. The mixture was 
analyzed by GLC as being 4 (70% yield) and 4% of the starting 
compound 1. The mixture was treated with a short silica gel 
column to remove nickel species from the reaction mixture. 
Compound 4 was isolated by preparative HPLC. All spectral 
data for 4 were identical with those of authentic samples. 

Reaction of 4 in the Presence of Nickel Catalyst. A 
mixture of 0.100 g (0.233 mmol) of 4, and 0.017 g (0.032 "01) 
of tetrakis(triethylphosphine)nickel(O) in 1 mL of hexane was 
heated at  150 "C for 24 h. The mixture was analyzed by GLC 
as being 3 (76% yield). The mixture was treated with a short 
silica gel column to remove nickel species from the reaction 
mixture. Compound 3 was isolated by preparative HPLC. All 
spectral data for 3 were identical with those of authentic 
samples. 

Reaction of 1 with Hydrogen. Into a 50-mL autoclave 
was placed 0.300 g (1.21 mmol) of 1 and 0.031 g (0.058 mmol) 
of tetrakis(triethylphosphine)nickel(O), and then hydrogen gas 
(60 kg/cm2) was compressed into autoclave. The autoclave was 
heated at 150 "C for 24 h. The mixture was analyzed by GLC 
as being 2 (98% yield). The mixture was treated with a short 
silica gel column to remove nickel species from the reaction 
mixture. Compound 2 was isolated by preparative GLC. All 
spectral data for 2 were identical with those of authentic 
samples. 

Reaction of 1 and 4 in the Presence of Nickel Catalyst. 
A mixture of 0.335 g (1.35 mmol) of 1, 0.557 g (1.23 "01) of 
4 and 0.053 g (0.100 mmol) of tetrakis(triethy1phosphine)- 
nickel(0) was heated at 150 "C for 24 h. The mixture was 
analyzed by GLC as being 2 (47% yield), 3 (84% yield) and 
15% of the compound 1. The mixture was treated with a short 
silica gel column to remove nickel species from the reaction 
mixture. Compound 2 was isolated by preparative GLC. 
Compound 3 was isolated by preparative HPLC. All spectral 
data for 2 and 3 were identical with those of authentic samples. 

Reaction of 4 and 1,l-Diphenylethylene in the Pres- 
ence of Nickel Catalyst. A mixture of 0.063 g (0.147 mmol) 
of 4, 0.089 g (0.494 mmol) of 1,l-diphenylethylene and 0.007 
g (0.013 mmol) of tetrakis(triethylphosphine)nickel(O) was 
heated at 150 "C for 24 h. The mixture was analyzed by GLC 
as being 3 (70% yield) and 1,l-diphenylethane (43% yield). The 
mixture was treated with a short silica gel column to remove 
nickel species from the reaction mixture. Compound 3 and 
1,l-diphenylethane was isolated by preparative HPLC. All 
spectral data for 3 and 1,l-diphenylethane were identical with 
those of authentic samples. 

Reaction of 1 with Styrene. A mixture of 0.374 g (1.51 
mmol) of 1, 0.255 g (2.45 mmol) of styrene, and 0.040 g (0.075 
mmol) of tetrakis(triethylphosphine)nickel(O) was heated at 
150 "C for 24 h. The mixture was analyzed by GLC as being 
5 (12% yield) and 6 (47% yield). The mixture was treated with 
a short silica gel column to  remove nickel species from the 
reaction mixture. Compounds 5 and 6 were isolated by 
preparative HPLC. For 5: MS m / z  350 (M+); IR 3045,2954, 
2908,2872, 1585, 1490,1458,1412, 1376,1257, 1231,1119, 
1053, 1003,960,886, 752,695 cm-l; lH NMR G(CDC13) 0.71- 
0.99 (m, 20H, EtSi), 7.30-7.63 (m, 9H, phenyl and phenylene 
ring protons), 7.89 (s, lH, olefinic carbons); 13C NMR G(CDCl3) 
6.31, 7.35, 7.67, 7.82 (EtSi), 127.7, 128.0, 128.2, 128.3, 128.6, 
132.5, 132.8, 141.5, 147.4, 149.0 (phenyl and phenylene ring 
carbons), 139.0, 155.5 (olefinic carbons); 29Si NMR G(CDCl3) 
0.50, 6.46. Anal. Calcd for C22H30Si2: C, 75.36; H, 8.62. 
Found: C, 75.38; H, 8.63. For 6: MS mlz 352 (M+); IR 3065, 
2953,2906,2872,1596,1493,1458,1460, 1376,1330,1231, 
1196, 1069, 1006, 987, 910, 826, 775, 699 cm-'; lH NMR 6- 
(CDC13) 0.75-1.07 (m, 20H, EtSi), 6.44 (d, lH, HC=CHPh, J 

(m, 10H, phenyl and phenylene ring protons); 13C NMR 
G(CDCl3) 3.92,3.99,8.25,8.30 (EtSi), 127.7,127.8,128.3,128.5, 

= 19.1 Hz), 6.79 (d, lH, HPhC=CH, J =  19.1Hz), 7.22-7.47 
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134.5, 137.6, 138.7 (two carbons) (phenyl and phenylene ring 
carbons), 126.3, 144.5 (olefinic carbons); 2gSi NMR G(CDC13) 
-17.90, -14.81. Anal. Calcd for C22H32Si2: C, 74.93; H, 9.15. 
Found: C, 74.85; H, 9.12. 

Reaction of 1 with 1-Hexene. A mixture of 0.449 g (1.81 
mmol) of 1,0.272 g (3.23 mmol) of 1-hexene, and 0.048 g (0.090 
mmol) of tetrakis(triethylphosphine)nickel(O) was heated at 
150 "C for 24 h. The mixture was analyzed by GLC as being 
7 (52% yield) and 8 (44% yield). The mixture was treated with 
a short silica gel column to remove nickel species from the 
reaction mixture. Compounds 7 and 8 were isolated by 
preparative HPLC. For 7:  MS mlz 330 (M+); IR 3045,2955, 
2873, 1595, 1462, 1413, 1376, 1254, 1231, 1118, 1052, 1017, 
960,860, 788, 712,618 cm-'; IH NMR G(CDC13) 0.71-0.99 (m, 
23H, EtSi, CH3), 1.33-1.50 (m, 4H, CHz), 2.30 (q, 2H, CH2, J 
= 7.3 Hz), 6.91 (t, lH, HC=C, J = 6.9 Hz), 7.34-7.59 (m, 4H, 
phenylene ring protons); 13C NMR d(CDC13) 6.40, 7.08, 7.68, 
7.93 (Etsi), 14.11 (Me), 22.57 (CHd, 31.57 (CHZ), 38.92 (CHd, 
128.2, 128.3, 132.6, 132.7, 148.5, 148.7 (phenylene ring car- 
bons), 133.8, 159.6 (olefinic carbons); 29Si NMR G(CDC13) 0.36, 
1.66. Anal. Calcd for C20H34Si2: C, 72.65; H, 10.36. Found: 
C, 72.57; H, 10.34. For 8: MS mlz 334 (M+); IR 2955, 2918, 
2873,2148,1260,1235,1168,1117,1015,972,811, 743,715, 
698 cm-l; lH NMR G(CDCl3) 0.78-1.26 (m, 33H, EtSi, n-Hex), 
4.53 (quint, lH, HSi, J =  3.3 Hz), 7.29-7.55 (m, 4H, phenylene 
ring protons); 13C NMR G(CDC13) 4.69, 5.25, 7.66, 8.37 (EtSi), 
13.99, 14.12, 22.64, 23.94, 31.54, 33.57 +Hex), 127.5, 127.8, 
134.8, 135.4, 142.8, 144.6 (phenylene ring carbons), 133.8, 
159.6 (olefinic carbons); 29Si NMR d(CDC4) -9.69,2.00. Anal. 
Calcd for C~oH38Si2: C, 71.77; H, 11.44. Found: C, 71.59; H, 
11.52. 

Reaction of 1 with 2-Hexene. A mixture of 0.389 g (1.57 
mmol) of 1,0.249 g (2.96 mmol) of 2-hexene, and 0.040 g (0.075 
mmol) of tetrakis(triethylphosphine)nickel(O) was heated at 
150 "C for 24 h. The mixture was analyzed by GLC as being 
2 (11% yield), 7 (56% yield) and 8 (20% yield). The mixture 
was treated with a short silica gel column to remove nickel 
species from the reaction mixture. Compound 2 was isolated 
by preparative GLC. Compounds 7 and 8 were isolated by 
preparative HPLC. All spectral data for 2, 7 and 8 were 
identical with those of authentic samples. 

Reaction of 1 with Ethylene. Into a 50-mL autoclave was 
placed 0.195 g (0.785 mmol) of 1 and 0.022 g (0.041 mmol) of 
tetrakis(triethylphosphine)nickel(O), and then ethylene gas (60 
kg/cm2) was compressed into autoclave. The autoclave was 
heated at 150 "C for 24 h. The mixture was analyzed by GLC 
as being 9 (7% yield), 10 (34% yield) and 11 (10% yield). The 
mixture was treated with a short silica gel column to remove 
nickel species from the reaction mixture. Compounds 9, 10 
and 11 were isolated by preparative HPLC. For 9: MS m l z  
274 (M+); IR 2954, 2872, 1508, 1458, 1120, 1032, 697 cm-'; 
lH NMR G(CDC13) 0.72-1.26 (m, 20H, EtSi), 6.62 (8, 2H, 
HzC=C), 7.28-7.59 (m, 4H, phenylene ring protons); 13C NMR 
G(CDC13) 5.88, 7.55 (EtSi), 128.4, 133.0, 141.4, 148.3, 148.6 
(phenylene ring and olefinic carbons); 29Si NMR G(CDC13) 0.89. 
Anal. Calcd for C16H26Si2: c ,  70.00; H, 9.55. Found: c ,  69.74; 
H, 9.47. For 10: MS mlz  276 (M+); IR 3047,2954,2873,1462, 
1008,699 cm-l; lH NMR G(CDC13) 0.65-1.02 (m, 20H, EtSi), 
5.61 (dd, lH, olefinic proton, Jtr,, = 19.8 Hz, Jgem = 4.3 Hz), 
5.97 (dd, lH, olefinic proton, Jcis = 14.5 Hz, Jgem = 4.3 Hz), 
6.13 (dd, lH, olefinic proton, Jt?,, = 19.8 Hz, J,,, = 14.5 Hz), 
7.28-7.53 (m, 5H, phenyl ring protons); 13C NMR G(CDC13) 
3.65, 3.92, 8.12, 8.27 (EtSi), 127.7, 128.3, 132.7, 134.5, 136.6, 
136.8 (phenyl ring and olefinic carbons); 29Si NMR G(CDC13) 
-18.58, -15.24. Anal. CalcdforC1&&2: C, 69.49; H, 10.20. 
Found: C, 69.43; H, 10.20. All spectral data for 11 were 
identical with those of authentic  sample^.^ 

Reaction of 1 with 2,3-Dimethyl-1,3-butadiene. A 
mixture of 0.134 g (0.541 mmol) of 1, 0.081 g (0.981 mmol) of 
2,3-dimethyl-l,3-butadiene, and 0.013 g (0.025 mmol) of tet- 
rakis(triethylphosphine)nickel(O) was heated at 150 "C for 24 
h. The mixture was analyzed by GLC as being 12 (33% yield), 
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13 (29% yield). The mixture was treated with a short silica 
gel column to remove nickel species from the reaction mixture. 
Compound 12 and 13 were isolated by preparative HPLC. For 
12: MS mlz 330 (M+); IR 3044,2954,2874,1458,1414,1375, 
1230,1156,1113,1008,766,731,608 cm-'; 'H NMR G(CDCl3) 
0.71-1.10 (m, 20H, EtSi), 1.59-1.69 (three broad peaks, 9H, 
Me), 2.00-2.01 (br s, lH, CHI, 7.24-7.58 (m, 4H, phenylene 
ring protons); I3C NMR G(CDC13) 5.82, 6.52, 7.46, 7.64 (EtSi), 
19.01 (CHI, 20.77, 21.06, 21.24 (Me), 128.2, 132.8, 149.0 
(phenylene ring carbons), 119.2, 125.6 (olefinic carbons); 29Si 
NMR G(CDC13) 10.89. Anal. Calcd for C20H34Siz: C, 72.65; 
H, 10.36. Found: C, 72.65; H, 10.36. For 13: MS mlz 330 
(M+); IR 3045,2954,2872,1457,1417,1379,1273,1233,1182, 
1116, 1007, 773, 716 cm-l; lH NMR G(CDC13) 0.80-1.04 (m, 
20H, EtSi), 1.68 (s, 6H, Me), 1.78 (s,4H, CHd, 7.24-7.60 (m, 
4H, phenylene ring protons); 13C NMR G(CDCl3) 6.24, 7.51 
(EtSi), 21.10 (Me), 21.76 (CH2), 127.4,135.9,143.6 (phenylene 
ring carbons), 122.7 (olefinic carbon); 29Si NMR G(CDCl3) 5.53. 
Anal. Calcd for C20H34Si2: C, 72.65; H, 10.36. Found: C, 
72.64; H, 10.31. 

Reaction of 1 with 1,3-Cyclohexadiene. A mixture of 
0.238 g (0.958 mmol) of 1, 0.139 g (1.67 mmol) of 1,3- 
cyclohexadiene, and 0.024 g (0.045 mmol) of tetrakidtrieth- 
ylphosphine)nickel(O) was heated at 150 "C for 24 h. The 
mixture was analyzed by GLC as being 14 (80% yield). The 
mixture was treated with a short silica gel column to remove 
nickel species from the reaction mixture. Compound 14 were 
isolated by preparative GLC: MS m 1% 328 (M+); IR 3011,2952, 
2873,1462,1414,1234,1146,1117,1008,794,742,708 cm-'; 
'H NMR B(CDC13) 0.63-1.09 (m, 20H, EtSi), 1.50-1.58 (m, 
2H, CH, CH2 (axial)), 1.79-1.84 (m, lH, CH2 (equatorial)), 
1.98-2.14 (m, 3H, CH, CHz), 5.60-5.66 (m, lH, CH=CH), 
5.92-5.98 (m, lH, CH=CH), 7.21-7.52 (m, 4H, phenylene ring 

Ishikawa et al. 

protons); 13C NMR G(CDCl3) 2.28, 5.45, 6.24, 6.61, 7.57, 7.62, 
7.73, 7.89 (EtSi), 19.12 (CH), 22.98 (CHz), 24.47 (CH), 25.82 
(CHz), 127.8 (two carbons), 134.2, 134.3, 143.3, 143.4 (phen- 
ylene ring carbons), 124.1, 130.5 (olefinic carbons); 29Si NMR 
G(CDC13) -4.28, -6.66. Anal. Calcd for C20H32Siz: C, 73.09; 
H, 9.81. Found: C, 73.19; H, 9.68. 

Reaction of 1 with 1,4-Cyclohexadiene. A mixture of 
0.212 g (0.854 mmol) of 1, 0.134 g (1.67 mmol) of 1,4- 
cyclohexadiene, and 0.015 g (0.028 mmol) of tetrakis(trieth- 
ylphosphine)nickel(O) was heated at 150 "C for 24 h. "he 
mixture was analyzed by GLC as being 14 (80% yield). The 
mixture was treated with a short silica gel column to  remove 
nickel species from the reaction mixture. Compound 14 were 
isolated by preparative GLC. All spectral data for 14 were 
identical with those of the authentic sample. 
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Organization of [@-C1)3{ (q6-arene)Ru}21 [BF4] (Arene = 
C a s  and C6Hme) and a Bonding Study by Extended 
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The complexes [Cu-C1)3{(y6-arene)Ru}21+ (arene = C&t6, 1, and CsHsMe, 2) have been 
synthesized by reaction of the appropriate dihydroarene and ruthenium(II1) chloride in 
ethanol, yielding {(~-C1)2[(q~-arene)RuC1]2}, which then affords the desired product on treat- 
ment with aqueous HBFl in trifluoroacetic acid. Single crystal X-ray diffraction data have 
been collected at 296 and 150 K for 1 (la, and lb, respectively) and at 150 K for 2. Com ound 

103.416(4)", V = 1605.3 Hi3, 2 = 4; l b  is monoclinic, space group P21/a, a = 8.43(2), b = 
18.68(14), c = 10.25(2) A, p = 104.8(1)", V = 1560.5 Hi3, 2 = 1; 2 is triclinic, space group P i ,  
a = 9.355(5), b = 9.668(4), c = 10.190(4) A, a = 92.12(3), p = 104.71(4), y = 93.07(3)", V = 
888.9 A3, 2 = 2. The hydrogen atoms in 1, as well as the methyl groups in 2, have been 
found to bend significantly towards the metal atoms. The bonding interactions between 
the arene fragments and the metals have been studied by means of extended Huckel 
calculations showing that a 6" bending is required in order to optimize the overlap between 
the @-C1)3Ru2 fragment and the arenes. The molecular structures of both complexes have 
been investigated in relation with the respective crystal structures. The ion organization 
in crystalline 1 and 2 has been compared with that in analogous bis(arene) derivatives. 
The dynamics about equilibrium positions as well as the reorientational motion of the benzene 
ligands in 1 at the two temperatures have been investigated by means of thermal motion 
analysis and packing potential energy calculations. 

la is monoclinic, space group P21/a, a = 8.4449(6), b = 18.9448(12), c = 10.3154(7) if , /3 = 

Introduction 

Chloro-bridged arene diruthenium complexes date 
back many years. The primary complex, [(areneb 
RuC1212, from which all subsequent products are de- 
rived, was first reported in 1967 for benzene. The 
complex was obtained from the reaction between cyclo- 
hexa-1,3-diene and ruthenium(II1) chloride in ethano1.l 
It was later found that virtually any dihydroarene would 
react under similar conditions to afford the appropriate 
arene derivatives.2 It is from these species that the 
complexes described herein, namely [@-C1)3{ ($-areneb 
Ru)# (arene = benzene, 1, and toluene, 2) are produced 
by merely heating with aqueous tetrafluoroboric acid 
in trifluoroacetic acid. Both types of complexes de- 
scribed above have been the subject of extensive reactiv- 
ity studies, usually concerning halide ion substitution. 

Many of these reactions have been well documented 
quite recently.3 

In this paper, beside reporting the synthesis and 
spectroscopic characterization of the two title complexes, 
we investigate in detail the structures of the two cationic 
complexes in the solid state as well as the structure of 
the respective crystals. Attention is focused on the 
relationship between molecular and crystal structures 
and on the intermolecular organization of the compo- 
nent ions in the crystalline material. The structural 
features observed in the solid.state are examined in the 
light of the results of extended Huckel calculations 
whereas the crystal structures are investigated in terms 
of intermolecular interactions and anion-cation organi- 
zation. A similar approach has been used to study the 
relationship between face-capping and terminal bonding 
modes of benzene in neutral ruthenium  cluster^.^ 

@ Abstract published in Advance ACS Abstracts, November 1, 1994. 
(1) Winkhans, G.; Singer, H. J. Organomet. Chem. 1967, 7, 487. 
(2) Bennet, M. A,; Smith, A. K. J. Chem. Soc., Dalton Trans. 1974, 

233. 
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Table 1. Selected Bond Lengths (A) and Angles (deg) for 1 
la lb 

Grepioni et al. 

Ru( 1)-C1( 1) 
Ru( 1)-C1(2) 
Ru( 1)-C1(3) 
Ru(2)-Cl( 1) 
Ru(2)-C1(2) 
Ru(2)-C1(3) 
Ru( 1)-C( 1) 
Ru( 1)-C(2) 
Ru(l)-C(3) 
Ru(1)-C(4) 
Ru( 1)-C(5) 
Ru(l)-C(6) 
Ru(2) - C(7) 
Ru(2)-C(8) 
Ru(2)-C(9) 
Ru( 2)-C( 10) 
Ru(2)-C(ll) 
Ru(2)-C(12) 
C(l)-C(2) 
C( 1) -C(6) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(5)-C(6) 
C(7)-C(8) 
C(7)-C( 12) 
C(8)-C(9) 
C(9)-C(10) 
C(lO)-C(ll) 
C(ll)-C(12) 
B-F(l) 
B-F(2) 
B-F(3) 
B-F(4) 
Ru( l)-Cl( l)-Ru(2) 
Ru( 1)-C1(2)-Ru(2) 
Ru(2)-C1(3)-Ru( 1) 

2.45 l(2) 
2.422(2) 
2.425(2) 
2.455(2) 
2.423( 1) 
2.415(2) 
2.173(6) 
2.169(6) 
2.167(6) 
2.156(6) 
2.165(6) 
2.171(6) 
2.140(6) 
2.172(6) 
2.166(6) 
2.158(7) 
2.164(6) 
2.151(7) 
1.41(1) 
1.42(1) 
1.40( 1) 
1.41(1) 
1.40( 1) 
1.39(1) 
1.39(1) 
1.38(1) 
1.41( 1) 
1.42(2) 
1.38(1) 
1.41(1) 
1.38(2) 
1.37(2) 
1.39(2) 
1.38(2) 
84.10(5) 
85.39(5) 
85.49(5) 

2.454( 1) 
2.425( 1) 
2.434( 1) 
2.458( 1) 
2.428( 1) 
2.421(1) 
2.167(5) 
2.171(5) 
2.168(5) 
2.167(5) 
2.171(5) 
2.163(5) 
2.155(5) 
2.163(5) 
2.178(5) 
2.178(5) 
2.177(5) 
2.161 (5) 
1.392(7) 
1.43 l(7) 
1.415(8) 
1.41 8(8) 
1.419(8) 
1.402(8) 
1.418(8) 
1.404(7) 
1.394(8) 
1.424( 10) 
1.409( 8) 
1.427(8) 
1.383(8) 
1.390(7) 
1.410(7) 
1.375(7) 
84.0 l(4) 
85.27(4) 
85.22(4) 

Anion-cation  interaction^,^ hydrogen bonding,6 and 
van der Waals interactions have been studied in detail.7 
These aspects are related to our studies of the factors 
controlling the crystal engineering of organometallic 
materiak8 Another aspect of relevance is concerned 
with the dynamic behavior about equilibrium positions 
and far from equilibrium of the atoms or atomic group- 
ings in the solid state. Investigatory “tools” such as 
thermal motion analysis and atom-atom potential en- 
ergy barrier calculations have been used to estimate the 
extent of such dynamicsg 

Results and Discussion 

Molecular Structure of 1 and 2 in the Solid 
State. The molecular structures of 1 and 2 have been 
determined by single-crystal X-ray diffraction measure- 
ments at 296 and 150 K for 1 (la and lb, respectively) 
and at 150 K for 2. The two molecules are closely 
related and will be discussed together. Relevant struc- 
tural parameters are reported in Tables 1 and 2 for 1 

~ 

(5) (a) Braga, D.; Grepioni, F.; Milne, P.; Parisini, E. J.  Am. Chem. 
SOC. 1993,115,5115. (b) Braga, D.; Grepioni, F. Organometallics 1992, 
11, 1256. 
(6) (a) Braga, D.; Grepioni, F.; Sabatino, P.; Desiraju, G. R. 

Organometallics 1994, 13, 3532. (b) Biradha, K.; Peddireddi, V. R.; 
Braga, D.; Grepioni, F.; Desiraju, G. R. Submitted for publication. 
(7) (a) Braga, D.; Grepioni, F. Organometallics 1991,10, 1255. (b) 

Braga, D.; Grepioni, F.; Sabatino, P. J.  Chem. SOC. Dalton Trans. 1990, 
3137. (c) Braga, D.; Grepioni, F.; Sabatino, P.; Gavezzotti, A. J. Chem. 
SOC. Dalton Trans. 1992, 1185. (d) Braga, D.; Grepioni, F. Acta 
Crystallogr. Sect. B 1989, B45, 378. (e) Braga, D.; Grepioni, F. 
Organometallics 1991, 10, 2563. 
(8) Braga, D.; Grepioni F. Acc. Chem. Res. 1994, 27, 51. 
(9) Braga, D. Chem. Rev. 1992,92, 633. 

b 
b n  

Figure 1. Structures of 1 (a) and 2 (b) in the solid state 
showing the atomic labeling schemes. 

Table 2. Selected Bond Lengths (A) and Angles (deg) for 2 
Ru(1)-Cl( 1) 
Ru( 1)-C1(2) 
Ru( 1)-C1(3) 
Ru(2)-C1(1) 
Ru(2)-C1(2) 
Ru(2)-C1(3) 
Ru( 1)-C( 1) 
Ru( 1)-C(2) 
Ru( 1)-C(3) 
Ru( 1)-C(4) 
Ru(l)-C(5) 
Ru(l)-C(6) 
Ru( 2) - C( 8) 
Ru( 2) - C( 9) 
Ru( 2)-C( 10) 
Ru(2)-C(11) 
Ru(2)-C( 12) 
Ru(2)-C( 13) 

Ru( 1)-Cl( 1)-Ru(2) 
Ru( l)-C1(2)-Ru(2) 

2.438( 1) 
2.419(1) 
2.434( 1) 
2.438( 1) 
2.420( 1) 
2.441(1) 
2.188(3) 
2.167(3) 
2.157(3) 
2.175(3) 
2.154(3) 
2.161(3) 
2.190(3) 
2.163(3) 
2.156(3) 
2.175(3) 
2.160(3) 
2.170(3) 

84.38(2) 
85.19(3) 

1.426(5) 
1.401(5) 
1.403(5) 
1.41 8(6) 
1.394(5) 
1.421(5) 
1.493(5) 
1.418(5) 
1.415(5) 
1.413(5) 
1.416(5) 
1.411(6) 
1.415(6) 
1.488(5) 
1.378(5) 
1.386(5) 
1.385(5) 
1.385(5) 

84.42(3) 

and 2, respectively. Sketches of the two molecules are 
shown in Figure la,b for 1 and 2, respectively. 

The relevant structural features of the two complexes 
can be summarized as follows: 

(i) Both complexes are constituted of two Ru(I1) atoms 
joined by three bridging chlorine ligands, each Ru-atom 
also carries an q6-coordinated arene ligand (benzene in 
1, toluene in 2). 

(ii) The Rw .Ru separation is slightly shorter in the 
toluene complex than in the benzene derivative L3.275- 
(1) in 2 us. 3.285(1) at 296 and 3.287(1) A at 150 K in 
11. 

(iii) The Ru-atoms are almost equidistant from the 
plane formed by the bridging C1-atoms; Ru-C1 distances 
range between 2.415(2) and 2.455(2) A in la, between 
2.421(1) and 2.458(1) A in lb, and between 2.419(1) and 
2.441(1) A in 2. The Ru-C1-Ru angles vary accordingly 
[84.10(5)-85.49(5)O in la; 84.01(4)-85.27(4) in lb; 
84.38(2)-85.19(3)0 in 21. 
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Table 3. Results of Rigid-Body-Motion Analysis for la, lb, 
and 2 

a c 

P 

Figure 2. Different conformations of the arene rings in 1 
(a) and 2 (b) with respect to the chlorine bridges. In 1 the 
two benzene rings are almost exactly eclipsed but staggered 
with respect to the C1-atoms. In 2, the ring carbons and 
the C1-atoms are eclipsed, while the methyl groups are 120" 
apart in projection and adopt a pseudo 1,3-arrangement 
overlapping two C1-atoms. 

(iv) Ru-C distances are fairly constant and compa- 
rable in the two complexes [ranges: 2.14(1)-2.17(1) la; 
2.155(5)-2.178(5) lb; 2.154(3)-2.190(3) A in 21; the 
longest distances in 2 are associated with the ring atoms 
carrying the methyl groups [Ru(l)-C(l) 2.188(3), 
Ru(2)-C(8) 2.190(3) AI. 

(v) The arene rings in 1 and 2 have different confor- 
mations with respect to the chlorine bridges. In 1 the 
two benzene rings are almost exactly eclipsed, but are 
staggered with respect to the C1-atoms (see Figure 2a). 
In 2, on the other hand, the ring carbons and the C1- 
atoms are eclipsed, while the methyl groups are 120" 
apart in projection and adopt apseudo 1,3-arrangement 
overlapping (see Figure 2b) two C1-atoms. "he confor- 
mational aspect of these molecules will be discussed in 
more detail in the crystal structure section. 

(vi) Although only a neutron diffraction study can 
afford an unequivocal location of H-atoms, an interest- 
ing feature shared by 1 and 2 is revealed by the X-ray 
diffraction data. Both the C-H and the C-Me bonds 
bend towards the metal atoms from the planes defined 
by the c6 rings. The high quality of the diffraction data 
allowed direct location of all the H-atoms including 
those of the methyl groups. The H-atom location is 
more precise in the 150 K data sets. The average 
deviation of the H-atoms from the mean least-square 
plane of the rings towards the metal atom is 0.07, and 
0.04 A in la; 0.08,0.09 A in lb; C(7) 0.09, H-atoms 0.10; 
C( 14) 0.09; H-atoms 0.9 A in 2. The mean Ru-C(arene) 
are in la, Ru(1)-C 2.17(1), Ru(2)-C 2.16(1) A; in lb, 
Ru(1)-C 2.168(5), Ru(2)-C 2.169(5) A; and in 2,2.167- 
(3), Ru(2)-C 2.169(3) A. 

la (296 K) l b  (150 K) 2 (150 K) 
Model 1 (Whole Molecule) 
60.4 21.1 
7.3 3.3 
4.7 2.2 

Model 2.1 (Ru and First Ring C Atoms) 
52.1 21.3 
6.1 2.8 
4.5 1.3 

Model 2.2 (Ru and Second Ring C Atoms) 
77.5 36.0 
7.4 2.6 
5.5 1 .o 

Model 2.3 (Ru and C1 Atoms) 
61.7 21.4 
7.8 3.9 
5.4 2.5 

29.1 
3.0 
2.1 

20.6 
3.5 
2.4 

31.4 
3.7 
3.0 

30.8 
3.6 
2.9 

(vii) The ring planes are nearly parallel in 2, whereas 
they form an angle of 3.9" in la  which increases to 4.3" 
on passing from room temperature to 150 K. 

(viii) A slight, but significant C-C bond length 
alternation is observed in complex 1 (see Table 11, the 
"short" bonds being those trans to the C1-bridges, 
whereas in 2 there is no systematic alternation nor 
there is any symmetry pattern conforming to the mirror 
symmetry of the toluene ligands. 

The molecular structures of 1 and 2 are related to that 
of the bis(cymene) complex [OL-C~)B{(~-CH~.C~H*.CH- 
(CH~)~)RU]~I[BP~~I,  which also contains three C1-bridges 
and two y6-arene fragments bound to the Ru(I1) atoms,1° 
and to the neutral complex OL-Cl)2{RuCl(y6-C6Mes))z 
which presents only two C1-atoms in bridging position 
while the other two are terminally bound.ll 

Thermal Motion Analysis. The dynamic behavior 
of the arene rings about equilibrium positions will now 
be discussed. The available anisotropic displacement 
parameters (the anisotropic Us) were used to carry out 
a rigid-body motion analysis based on the libration (L), 
translation (T) and correlation, or roto-translation (S) 
tensors (TLS approach12 In order to evaluate the 
mean-square amplitudes for the arenes motion around 
equilibrium, thermal motion analysis was performed 
with the program THMA1112c and the results are 
summarized in Table 3. 

A rigid body motion was first assumed to describe the 
motion about equilibrium of the whole molecules la, lb 
and 2 (model 1 in Table 3). In all cases the overall 
librational motion is strongly anisotropic, the value of 
the L1 component being one order of magnitude larger 
than those of La and L3. In the case of molecule 1 the 
librational motion decreases appreciably with tempera- 
ture on passing from 60.4 to 21.1 deg2. The maximum 
libration axis L1 is almost coincident with the molecular 
axis, i.e. the axis passing through the two ruthenium 
atoms. The translational motion, on the contrary, is 
fairly isotropic, therefore the eigenvalues of the three 

(10) Tocher, D. A.; Walkinshaw, M. D. Acta Crystallogr., Sect. B 

(11) McCormick, F. B.; Cleason, W. N. Acta Crystallogr., Sect. C 
1982, B38,3083 

1988, C44,603.  
(12) (a) Dunitz, J. D.; Schomaker, V.; Trueblood, K. N. J. Phys. 

Chem. 1988,92,856. (b) Dunitz, J. D.; Maverick, E. F.; Trueblood, K. 
N. Angew. Chem. Int. Ed. Engl. 1988, 27, 880. (c) Trueblood, K. N. 
THMA11. Thermal Motion Analysis. University of California, Los 
Angeles, CA, 1987. 
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l b  m 
Figure 3. Comparison of the ADP of the two independent 
benzene rings in 1 at 296 and 150 K. 

translational components are not reported in Table 3. 
Because of the delocalized nature of the arene-metal 

bonding interactions, however, the motion of these 
molecules as rigid bodies represents an obvious ap- 
pro~imation.~ A more realistic model for the dynamics 
about equilibrium positions can be attained if the arene 
fragments are allowed independent motion. Three 
alternative models were then tested to analyze the 
motion of the three separate fragments formed by the 
two Ru atoms and the first arene (model 2.11, the second 
arene (model 2.21, and the three C1 atoms (model 2.3). 
As in the case of model 1, attention is focused on the 
extent of librational motion about the three librational 
axes. The results are summarized in Table 3. It can 
be appreciated that, while model 1 describes fairly 
accurately the motion around equilibrium of the frag- 
ment Ru2C13 in all molecules (compare with model 2.31, 
the librational motion of the benzene and toluene rings 
around the Ru-Ru axis is better described if the two 
rings are treated separately (model 2.1 and 2.2) in each 
molecule. In summary, the results collected in Table 3 
show that in both 1 and 2 the first arene ligand moves 
more than the second, while when model 1 is used this 
difference is “averaged in the librational motion of the 
whole molecule. Potential energy barrier calculations 
(see section below) also indicate that the two rings differ 
in their reorientational motion. 

The anisotropic displacement parameters (ADP) of the 
two independent benzene rings in 1 and their variation 
with temperature are shown in Figure 3. The reduction 
of the ADP on passing from 296 K to 150 K is indicative 
of a true librational motion, and excludes the presence 
of some kind of static disorder. Similar behavior has 
been observed in many other instances. It is worth 
recalling here, as an example, the variable temperature 
structural analysis of the benzene complexes (C6H6)- 
c r ( c 0 ) ~ ~ ~  a and of ( C ~ H G ) M O ( C O ) ~ . ~ ~ ~  

Discussion of the Crystal Structures of 1 and 2 
and Related Materials. The organization of anions 
and cations in the crystal structure is now described. 
Emphasis will be given to the patterns of intermolecular 
interactions observed in crystalline 1 and 2 and on the 
relationship between these crystal structures and those 
of related complexes. 

(13) (a) Wang, Y.; Angermund, K.; Goddard, R.; &-tiger, C. J. Am. 
Chem. Soc. 1987, 109, 587. (b) Biirgi, H.-B.; Raselli, A.; Braga, D.; 
Grepioni, F. Acta Cystallogr., Sect. B 1992, B48, 428. 
(14) fa) Desiraju, G. R. Acc. Chem. Res. 1991,24, 290. 

a 

Figure 4. Intermolecular C1-H-C interactions (filled 
broken lines) in crystalline 2. 

Table 4. Intermolecular Contacts in la, l b  and 2a 
inter- 

molecular Cl.**H (A) C-Ha C1 F.*H (A) C-H.*.F 
contact (<3.00 A) angle (deg) (<3.00 A) angle (deg) 

lb C11*--H2 2.69 134 Fl...H11 2.47 155 
C12.-.H1 2.74 168 F2..H4 2.38 129 
C12..-H12 2.81 125 F2-*.H9 2.26 147 
C13.*H6 2.71 121 F3..H10 2.48 132 
C13**H7 2.88 169 

C11-**H7 2.98 126 
C12-**H11 2.99 119 
C13**H5 2.84 119 

la C11.**H2 2.74 141 F2***H4 2.36 142 
C12-**H1 2.86 153 F2.**H9 2.35 147 
C12-**H12 2.82 129 F3..*H10 2.45 145 
C13***H6 2.70 124 

(F4**.H),iD 2.65 

C13. * .H7 2.94 167 (Fl...H),i, 2.56 
2 Cll.**H6 2.55 157 Fl...HlO 2.32 129 

Cll*..H9 2.63 157 F2-*-H2 2.39 151 
C12*..H73 2.73 144 F3.**H71 2.38 177 
C13***H13 2.93 155 F4.s.H.5 2.45 116 
C13*-.H141 2.98 157 

Fl***H71 2.52 125 
F2***H12 2.51 127 
F4***H3 2.52 115 

a Intermolecular contacts are based on a normalized C-H distance of 
1.08 A. 

Short intermolecular contacts are observed between 
the F-atoms of the BFI- anions as well as between the 
C1-atoms and the arene H-atoms. In order to compare 
these interactions the C-H distances were first normal- 
ized to 1.08 A. C-H-C1 and C-H-F intermolecular 
interactions lower than 3.00 and 2.55 A (i.e. lower than 
the sum of van der Waals radii) were calculated. 

A short Cl-H-C(,,q contact of 2.55 a is found 
between two molecules of compound 2 which are related 
by an inversion center; because of this symmetry 
element the interaction is acting twice between the two 
molecules which constitute a sort of dimer (see Figure 
4). The same chlorine atom is also involved in a second, 
slightly longer contact of 2.63 A with another H(C,,z- 
H) atom of a second molecule, also related by an 
inversion center (second “dimer”, see Figure 4). Atoms 
Cl(2) and C1(3), which are eclipsed each with one methyl 
group, form longer C1-a.H contacts (see Table 4). 

Short intermolecular contacts between H- and F- 
atoms are present also in 2; each fluorine atom partici- 
pates in one short interaction (C-Ha * -F distances fall 
in the range 2.32-2.45 A). 

The pattern of F-H interactions offers an interesting 
explanation for the anomalously high ADP of F(4) in 
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a 

Figure 5. Cations pile in crystalline 1 (a) and in crystal- 
line 2 (b). 

both l a  and lb  structures (see Experimental Section). 
It appears that, while F(2) and F(3) are at short 
intermolecular distance from three H-atoms (C-He OF 
distances in the range 2.36-2.45 A), and F(l) is at 
“normal” distance from an H-atom (2.56 A), the mini- 
mum intermolecular separation between F(4) and an 
H-atom of the surroundings is 2.75 A, whereas the 
minimum F(4)- .C contact is 2.89 A). The F-H separa- 
tion becomes slightly shorter (2.65 A) in lb. Although 
the F(4) atom could be refined anisotropically at low 
temperature (see Experimental Section) it still shows 
the highest ADP values. 

The [@-cl)3{ (q6-C6H6)Ru}2]+ cations in crystalline 1 
organize themselves in piles extending along the (001) 
direction, as it can be seen from Figure 5a. The distance 
between arene planes belonging to two adjacent mol- 
ecules in the same pile is ca. 3.4 A in both la and lb. 
Small cavities left in the packing along the same 
direction are filled by the [BFJ anions. 

Neat cationic piles also constitute the fundamental 
packing motif in crystalline 2. As shown in Figure 5b 
the cations pile along the c-axis, whereas the small 
[BFJ anions occupy the interstices in the vicinity of 
the ligand methyl groups. The toluene-toluene dis- 
tance is 3.43 A. 

The crystal of the bidcymene) complexlo can be 
described as formed by ionic piles. Each pile results 
from the stacking of cations intermixed with phenyl 

Figure 6. (a) Projection in the bc-plane of the ion 
organization in the crystal of the bis(cymene) complex. (b) 
An ionic pile along the c-axis, note how one phenyl group 
of the [BPhJ anions is “sandwiched” between the cymene 
ligands of two consecutive cations along the pile. 

Figure 7. (a) Arene-arene interactions (arene-arene 
distance 3.64 A) in crystalline b-C1)2{ (q6-C6Mes)RuC1}2. 
Note how the chloroform molecules formally replace the 
[BF& anions present in the packing of 2. 

groups of the [BPhJ counterion. This is shown in 
Figure 6. The crystal structure also contains some 
disordered CH30H, which could not be properly located. 
It is interesting that one anion phenyl group is sand- 
wiched between two consecutive cymene ligands along 
the pile a t  graphitic-like se aration (cymenel-phenyl 

The crystal structure of the neutral complex @-Cl)z- 
{(r6-C~e6)RuCl}2 is also noteworthy because the arene- 
arene interactions present in the other crystalline 
materials thus far discussed persist in this neutral 
crystal as shown in Figure 7. Interestingly, the crystal 
structure interstices are “filled” by chloroform molecules 
which formally replace the [BF& anions present in the 
packing of 2. The shortest Cl-H intermolecular contact 
[C1(2)-H(19) 2.738 A] is between the terminally bound 
C1 atom and one of chloroform H-atoms. 

The packing pattern in crystalline [@-c1)3{ (q6-C6H3- 
Me3-173,5)Ru}2] [BF4] presents a complex intercation 
interlocking along the three-fold axis of symmetry in 
the space group P213. The cation helix is wrapped 
around the molecule located on the axis. This arrange- 
ment is not unique, a similar packing having been 
previously observed in the crystal of dibenzenechro- 
mium. The packing arrangement is shown in Figure 
8a, and compared with the arrangement observed in 
crystalline (C6H6)zCr (see Figure 8b).7e 

3.65, phenyl-cymene2 3.46 K ). 
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behavior about equilibrium, i.e. the first ring, which 
shows the lower librational motion (see Table 3, models 
2.1 and 2.21, is also the one which is more hindered in 
its reorientational motion around the molecular axis at 
both temperatures. Similar relationship between mo- 
tion about equilibrium and ease of reorientation has 
been observed, for instance, in the case of the cis-isomer 
of (r5-CsH5)2Fe2(C0)4.l6 

As previously observed in crystalline (C&Me)M(C0)3 
[M = Cr,17 * a complete reorientation of the 
toluene fragment around the axis passing through the 
&-ring center and the metal atom to which the ring is 
bonded, is not allowed. Nonetheless, the intermolecular 
potential energy profile AE in 2 is almost flat in the 
range f15" around the equilibrium position (maximum 
AE value 4.3 and 4.6 kcal-mol-l for the first and second 
toluene rings, respectively). This indicates that, even 
though full scale reorientation of the ligand is forbidden 
by the intermolecular interlocking, large amplitude 
swinging motion is permitted.16b 

Molecular Orbital Calculations. The [@-C1)3{(r6- 
arene)Ru}zl+ complexes exhibit a bending of the arene 
substituents (H or methyl groups) toward the metal. 
This behavior has been observed before and is the 
opposite of that found when benzene binds at a sur- 
face,ls a triangular face on a cluster, or even one single 
atom of a ~1uster. l~ Less striking, although also showing 
variation, is the relative position of the arene rings 
relative both to each other and to the @-Cl)3 frame. 

Bending of benzene substituents toward the metal 
atom has been referred in the literature,18 following 
theoretical predictions,20,21 though the real examples are 
more recent. 

Hoffmann and co-workers20 discussed the possibility 
of bending in both directions the substituents in the 
series of C,H, polyenes, using the simplified model 
M(CH),. The values they obtained for bending in the 
chromiumbenzene derivative were much smaller (3") 
then those later experimentally found in ruthenium 
complexes such as those described in this work (around 
6"). The same result had been anticipated, on symmetry 
arguments, by Kettle.21 As the plane of benzene is no 
longer a symmetry plane of the complex, the 0 and n 
orbitals of benzene will tend to mix to maximize overlap. 
The behavior of benzene and other large polyenes is 
opposite to those of the small ones. In the limit, the 

(16) (a) Braga, D.; Grepioni, F.; Gradella, C. J. Chem. SOC. Dalton 
Trans. 1989,1721. (b) Braga, D. Chem. Rev. 1992,93,636. 
(17) (a) Braga, D.; Grepioni, F. J.  Chem. SOC. Dalton Trans. 1990, 

3143. (b) van Meurs, F.; van Konigsveld, H. J. J.  Organomet. Chem. 
1977,131,423. 
(18) (a) Garfunkel, E. L.; Minot, C.; Gavezzotti, A,; Simonetta, M. 

Surf. Sci. 1986,167, 177. (b) Friend, C. M.; Muetterties, E. L. J. Am. 
Chem. SOC. 1981, 103, 773. (c) Somorjai, G. A. The Building of 
Catalysts: A Molecular Surface Science Approach in Catalyst Design- 
Progress and Perspectives, Hegedus, L. L., Ed.; John Wiley &Sons: 
NY, 1987. (d) Somorjai, G. A. Chemistry in Two Dimensions: Surfaces; 
Cornel1 University Press: Ithaca, NY, 1981. 
(19) (a) Braga, D.; Grepioni, F.; Johnson, B. F. G.; Chen, H.; Lewis, 

J. J. Chem. SOC. Dalton Trans. 1991,2559. (b) Braga, D.; Grepioni, F.; 
Righi, S.; Dyson, P. J.; Johnson, B. F. G.; Bailey, P. J.; Lewis, J. 
Organometallics 1992,11, 4042. (c) Braga, D.; Grepioni, F.; Righi, S; 
Johnson, B. F. G.; Bailey, P. J.; Dyson, P. J.; Lewis, J.; Martinelli M. 
J. Chem. Soc. Dalton Trans. 1992, 2121. 

(20) Elian, M.; Chen, M. M. L.; Mingos, D. M. P.; Hoffmann, R. 
Znorg. Chem. 1976,15, 1148. 

(21) Kettle, S. F. A. Inorg. Chim. Acta 1967, 1, 303. 
(22) Mingos, D. M. P. Bonding of Unsaturated Organic Molecules 

to Transition Metals; in Comprehensive Organometallic Chemistry, 
Wilkinson, G., Stone, F. G. A., Abel, W., Eds.; Pergamon Press: Oxford, 
U.K., 1987; Vol. 3. 

Figure 8. Packing arrangement in [@-C1)3{ (q6-CsH3Me3- 
1,2,3)Ru}2] section through the Cl3 plane of a reference 
(central) molecule (a) and comparison with a section 
perpendicular to the molecular axis  of the central molecule 
in (dibenzenekhromium (b). 

Potential Energy Barrier Calculations. Having 
examined the solid state molecular structure as well as 
the crystal structures of complexes 1 and 2, we can now 
attempt to evaluate the ease of reorientational motion 
of the n-bound arene fragments in the crystals. Benzene 
reorientation in solid la and lb can be evaluated by 
means of the pairwise potential energy method15 (see 
Experimental Section). The intermolecular potential 
energy profiles AE were calculated for a complete 
reorientation of the two benzene fragments, at 10" 
rotational steps and at the two temperatures, around 
the axes passing through the Ru-atoms and the mid- 
point of the coordinated C6-rings. The AE profiles show 
minima of almost equal energy every 60°, corresponding 
to the idealized symmetry of the fragment. The AE 
barrier values are different for the two benzene ligands 
and increase, as expected, on passing from 296 K to 150 
K (AE 3.9 and 2.6 kcal-mol-l for first and second ring, 
respectively, at 296 K; AE 6.5 and 5.0 kcalmmol-l for first 
and second ring, respectively, at 150 K). The intramo- 
lecular contribution to the barrier is almost negligible 
(AE,,, = 0.1 kcalmmol-l). Interestingly, the motion far 
from equilibrium of the two benzene rings parallels the 

(15) (a) Gavezzotti, A.; Simonetta, M. Chem. Rev. 1981, 82, 1. (b) 
Organic Solid State Chemistry; Desiraju, G. R., Ed.; Elsevier: Am- 
sterdam, 1987. (c )  Kitaigorodsky, A. I. Molecular Crystals and Mol- 
ecules; Academic Press: New York, 1973. (d) Gavezzotti, A. J. Am 
Chem. SOC. 1989, 111, 1835. (e) Desiraju, G. R. Crystal Engineering. 
The Design of Organic Solids; Elsevier: Amsterdam, 1989. 
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however, we should start with the levels of the fragment 
[@-C1)3Ru21+, which in turn is derived from the well 
known conical ML3 fragment with the three L ligands 
fused. 

The orbitals of this fragment, a half octahaedron, have 
ben described in detail when L = C0.24325 Their differ- 
ence relative to  the traditional octahedron comes from 
another choice of coordinate system, more suitable in 
this case, which defines the z axis as the 3-fold axis. 
Consequently, xz ,  yz mix with xy, x2  - y2 to give two 
equivalent sets of fragment orbitals, a lower energy one, 
with the orbitals between the direction of the ligands 
(tzg like orbitals) and a higher energy one, where they 
are in the direction of the ligands (the eg like set), 
suitable for making u bonds. The first set of orbitals 
along with the third “tzg)) orbital will be used to make n 
bonds. They are represented on the left side of Figure 
10. 

Fusing together the two RuCl groups will result in 
the in-phase and out-of-phase combinations of the 
described orbitals (second column from left in Figure 
10). These will in turn interact with the n orbitals of 
the two  benzene^,^ which come also in pairs. As 
expected, there are three pairs of major interactions, 
corresponding to donation from filled benzene orbitals 
(le’, le”, a’l, a”2) to empty a-type ruthenium orbitals 
(2e’, 2e”, 2a’1, 2a”z) of Ru2C13. The n-type filled metal 
orbitals (le’, le”) enter weaker interactions with the 
empty pairs of ezU benzene orbital (2e’, 2e”). There are 
no orbitals of appropriate symmetry to back donate to 
the highest n orbital (bzg) of the benzenes, which is not 
shown. The HOMO of the complex is a mostly a orbital 
of benzene, made slightly antibonding by a weak 
interaction with the metal. 

There is one interaction which deserves to be de- 
scribed in more detail as it gives rise to  the molecular 
orbital which is destabilized upon bending of the 
hydrogen atoms toward the metal and therefore pre- 
vents a larger distortion: it is a three orbital interaction 
between a‘l orbitals, the high energy sp hybrid 2a’1, the 
z2 and the out of phase combination of benzene azU. 
Though the overall stabilizing interaction is between 
benzene azU and Ru2Cl3 2a’1, there is mixing of la’l, 
which is essentially z2. The bonding molecular orbital 
of [(p-C1)3(($-arene)Ru}21+ is la’l, followed by almost 
nonbonding 2a’l, while the high energy antibonding 
counterpart is not represented. The energy of this 
orbital increases along the distortion (Figure 9) because 
the amount of mixing of z2 varies and bonding character 
is lost, as the p orbital in each carbon overlaps nearer 
to the nodal plane (see Figure l la ) .  

For most of the other molecular orbitals, the energy 
decreases when the hydrogen atoms bend toward the 
metal. This is caused by the increased overlap between 
the orbitals in each fragment after the redirectioning 
of the benzene n orbitals, as shown schematically in 
Figure l lb .  

Having found out that a benzene ring coordinated to 
a single metal atom favors the bending of its hydrogen 

E n e r w ( e v ) H  -14 

1 e’ 

-IS 
-10 0 +10 

Bending angle 
(degrees) 

Figure 9. Change in total energy and Walsh diagram for 
bending the benzene hydrogen atoms away (negative 
values) and toward (positive values) the ruthenium atoms 
in [OL-C~)B{(I;I‘-C~H~)RU}~~+. 

binding of an ethylene molecule to a metal is ac- 
companied by the bending away from the metal, by ca. 
20”, of the hydrogen atoms or any other substituents.22 

In order to explain in more detail these structural 
characteristics, extended Hiickel molecular orbital cal- 
c u l a t i o n ~ ~ ~  were performed on a [@-Cl)S(($-arene)- 
Ru}2]+ model. The change in total energy accompanying 
the bending of the hydrogen atoms either away or 
toward the metal atom is shown in the top of Figure 9. 
The bottom of the figure is the Walsh diagram for the 
same distortion. For the sake of simplicity only part of 
the levels are labeled, namely, those involved in the 
metal-benzene bonding (the ruthenium d-orbitals and 
the benzene n-orbitals). The energy of the other levels, 
such as benzene a-orbitals, does not change significantly 
with the bending distortion. 

Though the potential energy surface is very soft in 
the neighborhood of a 0” angle (planar arene ligand), 
there is a distinct minimum (0.23 eV) at ca. 6”. The 
general explanation is the increased overlap between 
certain benzene and metal orbitals which, by making 
the resulting mo’s more bonding, lowers their energy.20 
This is not the whole story, because, as stems from the 
Walsh diagram, there is at least one level which is 
strongly destabilized. Indeed, the Walsh diagram re- 
veals that the minimum results from the balance of the 
energy of two groups of orbitals. For the first group, 
exemplified by 2e’, the energy always drops in the region 
shown, when the hydrogens approach the metal, while 
for the second (la’l) the opposite is found. 

The Ru-benzene interaction in this binuclear species 
is similar to that described p r e v i ~ u s l y , ~ ~  namely five of 
the n molecular orbitals, the azU, the elg and the e2u sets 
(now in their symmetric and antisymmetric combina- 
tions) interact with essentially the Ru d and s orbitals 
of appropriate symmetry. For a better understanding, 

(23) (a) Hoffmann, R. J.  Chem. Phys. 1983,39,1397. (b) Hoffmann, 

(24) Albright, T. A.; Burdett, J. K.; Whangbo, M.-H. Orbital 
R.; Lipscomb, W. N. J .  Chem. Phys. 1962,37, 2179. 

Interactions in Chemistry; John Wiley & Sons: New York, 1985. 

(25) Albright, T. A.; Hofmann, P.; Hoffmann, R. J.  Am. Chem. SOC. 
1977,99, 7546. 
(26) (a) Beck, U.; Hummel, W.; Biirgi, H.-B.; Ludi, H. Orgunome- 

tullics 1987, 6,20. (b) Stebler-Rothlisberger, M.; Hummel, W.; Pittet, 
P. A.; Burgi, H.-B.; Ludi, H.; Merbach, A. E. Inorg. Chem. 1988,27, 
1358. (c )  Luginbuhl, W.; Zbinden, P.; Pittet, P. A.; Armbruster, T.; 
Burgi, H.-B.; Ludi, H. Znorg. Chem. 1991,30, 2350. 
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.i.' ;.. A 

2e' 

/-, 
\ 

9 I 

I 
I 
I 
I 
I I 

& 
Figure 10. Building the molecular orbitals of [CU-C~)Q{(~~-C~H~)RU}~]+ from those of RuCl3 and benzene. 

a 

. -  

b 

Figure 11. Interaction of benzene n orbitals with the la'l- 
(z2) (a) and the xz(2e") (b) orbital of one ruthenium atom 
for planar benzene (left) and bent benzene (right). 

atoms toward the metal, one can question why this 
behavior is not always found. The first reason may be 
the difficulty of adequately locating hydrogen atoms in 
X-ray diffraction experiments. Rings assigned as planar 
may actually be bent. The examples of bent coordinated 
arenes are still quite rare.g We have performed calcula- 
tions for a few of these systems and observed a good 
agreement between our findings and experimental 
results. For instance, the toluene derivative described 
in this work has an energy minimum for a bending of 
6" toward the ruthenium atom. 

The exceptions are, to our knowledge, found for 
hexamethylbenzene complexes27 and in these the ring 
substituents are bent away from the metal. Calcula- 
tions on benzene and hexamethylbenzene confirmed the 
data and indicated that steric repulsions between 
adjacent methyl groups play an important role. On the 
other hand, if the substituents move away from the 
metal, to the other side of the ring, the steric constraints 

will be minimized. This behavior becomes important 
as the number of methyl substituents on the ring 
increases, therefore it is not seen in the toluene complex. 

The last question to address refers to the rotation of 
benzene or toluene around the Ru2-axis. The potential 
energy surface is very S O R , ~ ~  though a small minimum 
was found for the conformations actually observed in 1 
and 2. 

Experimental Section 

Synthesis of [(/c-Cl)a{ (q6-arene)Ru}21 [BFd (Arene = 
Ca6,1, and CSH&le2,2). The synthesis of 1 and 2 follows 
a method reported earlier.28 In a typical reaction, [Ru&13(q6- 
arene)]~ (-0.15 g) was dissolved in CH3COOF (-3 mL) and to 
this solution aqueous HBF4 (48% v/v, 0.4 mL) was added. The 
mixture was heated to reflux for 3 h during which time the 
solution changed colour from brown to dark orange. The 
solvents were removed under a reduced pressure, yielding an 
orange residue of [b-Cl)~{ (q6-arene)Ru}~1[BF41 (90%). 

Crystals of 1 and 2 were grown by slow evaporation from 
MeNOz at room temperature over a period of approximately 1 
week. Both sets of crystals appeared to be stable out of the 
mother liquor in air. Crystals of 1 were orange-red tablets, 
the one used for the two data collections had dimensions of 
0.40 x 0.25 x 0.12 mm. Anal. Found: C, 25.62; H, 2.25. 
Calcd: C, 26.13; H, 2.19. Positive fast atom bombardment 
mass spectrum M+ 465 (calculated 465, corresponding to [b- 
C1)3{ (q6-arene)Ru}2]+. 

Crystals of 2 were red columns, the dimensions of the one 
used in the data collection being 0.44 x 0.24 x 0.22 mm. Anal. 
Found: C, 28.35; H, 2.80. Calcd: C, 29.01; H, 2.78. Positive 
fast atom bombardment mass spectrum M+ 493 (calculated 
493, corresponding to [@-C1)3{ (q6-arene)Ru}21+. 

Crystal Structure Determination. X-ray measurements 
were made on a Stoe Stadi-4 four-cycle diffractometer. Data 
were collected at 295 and 150 K for compound 1, and at 150 K 

(27) Muetterties, E. L.; Bleeke, J. R.; Wucherer, E. J.; Mbright, T. 
A. Chem. Rev. 1982,82,499. 

(28) Rybinskaya, M. I.; Kudinow, A. R.; Kaganovich, V. S. J. 
Organomet. Chem. 1983,246,279. 
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Table 5. Crystal Data and Details of Measurements for 1 and 2 
la l b  2 

C~ZHIZBC~~F~RUZ 
551.52 
296 
monoclinic 
P21Ia 
8.4449(6) 
18.948( 12) 
10.3 154(7) 

103.416(4) 

1605.3 
4 
1056 
2.28 
0.71069 
2.260 
2.5-25 
-10,9; 0,22; 0, 12 

no. of measd reflns 2924 
no. of unique reflns used in the refinement 2812 
no. of refined params 239 
GOF on P 1.05 
R1 (on F,  I =- 2a(I)) 
WRZ (on P ,  all data) 

0.0392 
0.1279 

Table 6. Atomic Coordinates ( ~ 1 0 4 )  for la  

C ~ Z H I Z B C ~ ~ F ~ R U Z  
551.52 
150 
monoclinic 
P21Ia 
8.43(2) 
18.68(4) 
10.25(2) 

104.8(1) 

1560.5 
4 
1056 
2.35 
0.71069 
2.325 
2.5-25 
-10,9; 0, 22; 0, 12 
281 1 
2708 
248 
1.06 
0.0378 
0.1117 

C I ~ H I ~ B C ~ ~ F ~ R U Z  
579.57 
150 
triclinic 
pi 
9.355(5) 
9.668(4) 
10.190(4) 
92.12(3) 
104.71(4) 
93.07(3) 
888.9 
2 
560 
2.17 
0.71069 
2.047 
2.5-25 
-11, 10; -11, 11; 0, 12 
3278 
3143 
281 
1.15 
0.0220 
0.0596 

Table 7. Atomic Coordinates ( x104) for l b  
X Y Z X Y Z 

1608(1) 
2799(1) 

8%2) 
3310(2) 
3081(2) 
-227(9) 
1314(9) 
2580(9) 
2313(10) 
780(10) 

-488(9) 
4692(9) 
3224( 10) 
1964( 10) 
2260(12) 
3735(11) 
4969(9) 

145 l(78) 
3724(76) 
3050( 100) 
751(95) 

5481(83) 
2855( 108) 

877( 116) 
1738(196) 
3858(93) 
5809(94) 
2325(6) 
1402(7) 
3178(7) 
3390(8) 
1253(10) 

- 1134(87) 

- 1485(74) 

381 1( 1) 
3684(1) 
3775(1) 
4551(1) 
2909(1) 
4340(4) 
46 18(4) 
4164(4) 
3431(4) 
3 15 l(4) 
3598(4) 
3167(4) 
2884(4) 
3333(5) 
4070(6) 
4343(4) 
3883(4) 
4567(38) 
5153(36) 
4436(33) 
3034(48) 
2654(42) 
3369(32) 
2828(36) 
2334(48) 
3069(49) 
4375(92) 
4735(43) 
4050(4 1) 
1256(2) 
1204(3) 
1877(2) 
687(3) 

1233(4) 

1378(1) 
-1427(1) 
-955(1) 

348(2) 
473(2) 

2195(6) 
2795(6) 
3405(6) 
3401(6) 
2802(6) 
2200(7) 

-2132(7) 
-2817(7) 
-3471(6) 
-3450(7) 
-2792(7) 
-2125(8) 

1809(65) 
2577(60) 
3748(55) 
3720(73) 
2782(73) 
1842(54) 

- 1598(63) 
-2975(85) 
-3856(84) 
-3822(141) 
-27 17(73) 
-1697(68) 

4679(4) 
3393(5) 
4766(6) 
4876(7) 
5505(6) 

only for compound 2. An Oxford Cryosystems low-temperature 
device was used for the low temperature  determination^.^^ 

Diffraction data were corrected for absorption by azimutal 
scanning of high-% reflections. All non-H atoms were allowed 

(29) Cosier, J.; Glaser, A. M. J. Appl. Cryst. 1986, 19, 105. 
(30) (a) Sheldrick, G. M. Acta Crystallogr. 1990, A46, 467. (b) 

Sheldrick, G. M.: SHELXL93, University of Gottingen, Germany, 
1993. 
(31) Keller, E.: SCHAKAL93, University of Freiburg, Germany, 

1993. (b) Gavezzotti, A. OPEC, Organic Packing Potential Energy 
Calculations, University of Milano, Italy. See also: Gavezzotti, A. J. 
Am. Chem. SOC. 1983,195, 5220. 

1644( 1) 
2776(1) 

6 W )  
3321(2) 
3126(2) 
- 162(6) 
1378(7) 
2697(6) 
2443(7) 
876(7) 

4645(6) 
3085(7) 
1860(7) 
2183(7) 
3727(7) 
4965(7) 
-991(68) 
1454(60) 
3705(71) 
3283(76) 
643(80) 

-1411(76) 
5352(71) 
2909(75) 
988(74) 

1416(73) 
3908(63) 
5824(65) 
2311(8) 
1329(4) 
3136(4) 
3477(5) 
1395(6) 

-418(7) 

3827( 1) 
3678( 1) 
3770(1) 
4572( 1) 
2904(1) 
4369(3) 
4654(3) 
4200(3) 
3450(3) 
3157(3) 
3613(3) 
3123(3) 
2864( 3) 
3332(3) 
4081(3) 
4350(3) 
3861(3) 
4648(30) 
5144(28) 
44 10( 3 1) 
3093(35) 
2568(36) 
3437(34) 
2837(32) 
2487(35) 
3101(31) 
4423(34) 
4825(31) 
3998(27) 
1249(3) 
1188(2) 
1900(2) 
692(2) 

1190(3) 

1413(1) 
-1415(1) 
-954( 1) 

362(1) 
532(1) 

2229(5) 
2828(5) 
3453(5) 
3476(5) 
287 l(5) 
225 l(5) 

-2112(5) 
-2830(5) 
-3501(5) 
- 3477(5) 
-2776(5) 
-2096(5) 

1711(53) 
2735(46) 
38 12(53) 
3801(59) 
2747(64) 
1807(57) 

- 1498(57) 
-2830(59) 
-3879(56) 
-3821(56) 
-266 l(50) 
- 1609(49) 

461 8(7) 
3317(3) 
4756(3) 
4825(4) 
5547(5) 

to vibrate anisotropically. SHELX9330 was used for data 
treatment and refinement based on F2. The position of F(4) 
in la had to be refined with constraints on B-F and F.-*F 
distances, and the atom could only be treated isotropically. 
Crystal data and details of measurement are reported in Table 
5.  Fractional atomic coordinates are reported in Tables 6-8. 
Anisotropic displacement parameters are deposited as Supple- 
mentary Material. SCHAKAL93 was used for the graphical 
representation of the 

Packing Potential Energy Barrier Calculations. The 
packing potential energy of an organometallic molecule (p.p.e.) 
can be estimated by applying empirical methods similar to 
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Table 8. Atomic Coordinates (x  104) for 2 
X Y Z 

2408(1) 
3089(1) 
2263(1) 
1358(1) 
4651(1) 
772(4) 

2184(4) 
3429(4) 
3305(4) 
1932(4) 
666(4) 

-530(6) 
4901(4) 
4644(4) 
3214(4) 
2009(4) 
226 l(4) 
3691(4) 
6394(5) 
2208(4) 
1406(3) 
1310(3) 
2710(3) 
3418(2) 
227 l(44) 
4347(47) 
4146(45) 
185 l(46) 
- 196(42) 

-1161(57) 
-1194(61) 
- 276(5 8) 
5307(41) 
3061(49) 
1068(49) 
1501(52) 
3819(41) 
6302(47) 
6995(56) 
6906(54) 

2057(1) 
2115(1) 
245(1) 

3287( 1) 
2660(1) 
2801(4) 
3501(4) 
2738(4) 
1267(4) 
582(4) 

1348(4) 
3610(6) 
2782(4) 
13 19(4) 
702(4) 

1537(4) 
2992(4) 
3613(4) 
3405(5) 

-2694(4) 
-1861(2) 
-3 166(3) 
-3809(2) 
- 1927(3) 

4399(45) 
3229(42) 
757(41) 

-388(46) 
871(38) 

3636(52) 
3032(57) 
4485(60) 
752(38) 

-186(50) 
1132(43) 
3620(48) 
45 15(42) 
4283(49) 
3441(51) 
2760(50) 

6767(1) 
3770(1) 
5001(1) 
4758( 1) 
6061 ( 1) 
7779(3) 
8370(3) 
8850(3) 
8760(3) 
8 156(3) 
767 l(3) 
7182(5) 
2889(3) 
2729(3) 
2 12 l(3) 
1652(3) 
1824(3) 
2437(3) 
3619(4) 
9788(4) 

10422(2) 
8534(2) 

10552(3) 
9583(3) 
8396(40) 
9125(40) 
8998(39) 
7946(43) 
7181(37) 
7794(54) 
6478(59) 
6855(57) 
3101(37) 
2089(46) 
1296(43) 
1684(46) 
2575(38) 
3956(44) 
3077(52) 
429 l(52) 

those usually employed in the neighboring field of solid state 
organic chemi~try. '~  Use is made of the expression p.p.e. = 
C&[A exp(-Bro) - Crij+], where p.p.e. represents the packing 
potential energy and rG the non-bonded atom-atom intermo- 
lecular distance. Index (i) in the summation runs over all 
atoms of the reference molecule and index (j) over the atoms 

Grepioni et al. 

of the surrounding molecules within a preset cutoff distance 
(10 A in the present work). The ruthenium atoms were 
attributed the potential coefficients available for argon. The 
PPE can be recalculated at given rotational steps for fragments 
undergoing reorientation in the solid state thus yielding the 
atom-atom potential energy barrier [MI. This procedure has 
been successfully applied in a number of cases to estimate the 
reorientational barriers opposing motion of various types of 
discoidal ligands in the solid state. The reader is addressed 
to ref 9 for references. The calculations have been performed 
with the computer program OPEC.31b 

Molecular Orbital Calculations. All the calculations 
were carried out using the extended Hiickel methodz3 with 
modified His .32  The basis set for the metal atom consisted of 
ns, np, and (n - 1)d orbitals. The s and p orbitals were 
described by single Slater-type wave functions, and the d 
orbitals were taken as contracted linear combinations of two 
Slater-type wave functions. Standard parameters were used 
for C and H, while those for Ru were as follows (HiJeV, 5): 5s 

0.5340 (cI), 0.6365 (cz). Three-dimensional representations of 
orbitals were drawn using the program CACAO.33 

In all calculations idealized models were used, based on the 
experimentally observed structures. The RuCl3 fragment was 
taken as a half octahedron. The following distances were 
used: Ru-Ru 3.14, Ru-C1 2.44, Ru-C(benzene) 2.22, C-C 

-10.40, 2.078; 5p -6.89, 2.043; 4d -14.90, 5.378, 2.303 ( t z ) ,  

1.40, C-H 1.08 A. 
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tables of anisotropic thermal parameters, hydrogen fractional 
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angles (19 pages). Ordering information is given on any 
current masthead page. 
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(32) Ammeter, J. H.; Biirgi, H.-B.; Thibeault, J. C.; Hoffinann, R. 

(33) Mealli, C.; Proserpio, D. M. J. Chem. Ed. 1990, 67, 39. 
J. Am. Chem. SOC. 1978,100, 3686. 
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Carbonyl Insertions into Metal-Nitrogen Bonds of 
Group 4 Dialkylamido Complexes. X-ray Structure of 

Cp*(Me2N)2Ti[O(Me2N)Cl W(C0)5 
Mikhail Galakhov, Avelino Martin, Miguel Mena,*$t Federico Palacios, and 

Carlos Yblamos 
Departamento de Quimica Inorganica, Universidad de Alcala de Henares, Campus 

Universitario, 28871 Alcala de Henares, Spain 

Paul R. Raithby 
University Chemical Laboratory, University of Cambridge, Cambridge CB2 IEW, England 

Received June 15, 1994@ 

[Cp*M(NMe&I [Cp* = r5-C5Me5; 1, M = Ti; 2, M = Zrl reacts with metal carbonyls, 
M(CO), (n = 6, M = Cr, Mo, W; n = 5, M = Fe), to give the corresponding insertion products, 
Cp*(Me2N)2M[O(Me2N)CIM(CO),-~ (M = Ti; 3, M = W, 4, M = Mo; 5, M = Cr; 6, M = Fe; 
M = Zr; 7, M = W; 8, M = Mo; 9, M = Cr; 10, M = Fe), in good yield. When complexes 
3-5 were heated a t  80 "C in toluene for several days, Cp*Ti@-NMe2)2[O(NMe&IM'(C0)3 
(11, M = W, 12, M' = Mo; 13, M = Cr) were obtained. However, heating 6 under the same 
conditions gave Cp*(Me2N)Ti[O(Me2N)Cl2Fe(C0)3 (14). Reactions of 12 with CO and But- 
NC have been carried out, giving compound 4 in the first case and Cp*(Me2N)2Ti[O(Me2N)Cl- 
Mo(C0)3(CNBut)2 (15) in the second. The structure of 3 has been proved unequivocally by 
a X-ray diffraction study (space group P21, a = 8.828(2) A, b = 13.001(4) A, c = 12.045(2) A, 
p = 98.22(2)", 2 = 2, R1 = 0.044 and wR2 = 0.109). 3 consists of two moieties, Cp*Ti(NMe2)2 
and W(CO)a, bridged by a [O(Me2N)Cl unit where the oxygen atom is bound to the oxophilic 
titanium atom, while the carbon is forming a Fischer carbene-like complex with tungsten. 

Introduction 
A wide variety of early-late heterobimetallic transi- 

tion metal complexes have been studied. Two of the 
reasons for interest in such species arise from their 
potential applications in homogeneous catalytic pro- 
cesses with the cooperative activation of small molecular 
substrates such as carbon monoxide1 and their relation 
to strong metal-support interaction (SMSI) seen in some 
heterogeneous catalytic systems.2 

In 1968, Bradley suggested that reactions between 
CpTi(NMe2)a and M(CO)s ( M  = Cr, Mo, W) gave simple 
acid-base compounds of the general formula CpTi- 
(NMe2)3M(C0)3 with three bridging dimethylamido 
groups joining the titanium and the group 6 metals, 
which were terminally bonded to the ncyclopentadienyl 
group and the three carbonyls, re~pectively.~ More 
recently, Petz has reported that complexes similar to 
Fischer carbenes can be obtained in a single step by 
insertion of carbon monoxide ligands from M(CO), 
compounds into E-N bonds of dialkylamides, where E 

~~ 

+ E-mail: MMENA@INORG.ALCALA.ES. 
@ Abstract published in Advance ACS Abstracts, November 1,1994. 
( l ) (a)  For a comprehensive review see: Stephan, D. W. Coord. 

Chem. Rev. 1989, 95, 41. (b) Ferguson, G. S.; Wolczanski, P. T.; 
Parkanyi, L.; Zonnevylle, M. C. Organometallics 1988, 7, 1967. (c) 
Anslyn, E. V.; Santarsiero, B. D.; Grubbs, R. H. Organometallics 1988, 
7, 2137. (d) Erker, G.; Mena, M.; H o f i a n n ,  U.; Menjh ,  B. Organo- 
metallics 1991, 10, 291, and references cited therein. (e) Beckhaus, 
R.; Strauss, I.; Wagner, T.; Kiprof, P. Angew. Chem., Znt. Ed. Engl. 
1993, 32, 264. (0 Petz, W. J. Organomet. Chem. 1993,456, 85. 
(2) (a) Metal-Support Interactions in Catalysis, Sintering and Re- 

dispersion; Stevenson, s. A., Dumesic, J .  A., Baker, R. T., Ruckenstein, 
E., Eds.; Van Nostrand-Reinholdt: New York, 1987. (b) Strong Metal- 
Support Interactions; Backer, R. T. K., Tauster, S. J., Dumesic, J. A., 
Eds.; American Chemical Society: Washington, DC; 1986. 
(3) Bradley, D. C.; Kasenally, A. S. J. Chem. SOC., Chem. Comm. 

1968, 1430. 

0276-7333/95/2314-0131$09.00/0 

belongs to  the groups 4,13, and 14.4Jf The formulation 
of these complexes have been confirmed crystallographi- 
cally only for the aluminometallocarbenes Fez(C0)s- 
[C(NMe2)0Al(NMe2)212 and Mn2(CO)g[C(NMedOAl2- 
(NMe2)51.5 

We have recently reported a series of mono(penta- 
methylcyclopentadienyl)titanium(IV) amides and are 
interested in the study of their chemical reactivity.6 In 
this paper, we describe the reactions of Cp*M(NMe2)3 
(M = Ti, Zr) with several group 6 and 8 metal carbonyls. 
Also, we report the first X-ray structure of a heterobi- 
metallic titanium-tungsten complex, with formation of 
carbene-bridged species via insertion of a metal carbonyl 
moiety into a Ti-N bond. Thermal behavior of the 
titanium insertion products and reactions with carbon 
monoxide or isocyanides are also presented. 

Results and Discussion 
Cp*(Me&M[O(Mefi)ClM(CO),-1 compounds, where 

the M metal atom belongs to group 4 and the M metal 
atom to  the groups 6-8, can be easily obtained from 
the known [Cp*M(NMe2)31 complexes by addition of the 
corresponding metal carbonyls of groups 6-8, M(CO),, 
in a toluene solution (see Scheme 1) and heating at 
different temperatures (Experimental Section). 

(4) (a) Petz, W.; Schmid, G. J. Organomet. Chem. 1972,35,321. (b) 
Petz, W.; Schmid, G. Angew. Chem., Znt. Ed. Engl. 1972,11, 934. (c) 
Petz, W. J. Organomet. Chem. 1973, 55, C42. (d) Petz, W. J. 
Organomet. Chem. 1974,72,369. (e) Petz, W.; Jonas, A. J. Organomet. 
Chem. 1976,120, 423. (0 Petz, W. J. Organomet. Chem. 1979,165, 
199. 

( 5 )  Janik, J .  Fr.; Duesler, E. N.; Paine, R. T. J. Organomet. Chem. 
1987,323, 149. 
(6) (a) Martin, A.; Mena, M.; Raithby, P. R.; Serrano, R.; YBlamos, 

C. J. Organomet. Chem. 1994,467,79. (b) Galakhov, M.; Irigoyen, A. 
M.; Martin, A,; Mena, M.; Monge, M.; Palacios, F.; YBlamos, C., 
manuscripts in preparation. 

0 1995 American Chemical Society 
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c19 

c5 

0104 
0105 

Figure 1. ORTEP drawing of Cp*(MezN)2Ti[O(MezN)CJW- 
(Cole (3). Thermal ellipsoids at the 30% level are shown. 

Scheme 1 

Cp'M(NMe& + M'(C0). - C~*(NM~~)~M[~(M~ZN)C]M'(CO~,.I 
n- 5  M - F c  

n = 6  M-Cr,Mo,W 
M = T i  3 M - W ,  4 M'-Mo, 5 M'=Cr, 6 M'=Fe 

M-Zr 1 M ' - W ,  8 M'=Mo, 9 M'=Cr, 10 M'=Fc 

IR spectra of complexes 3-10 show the characteristic 
frequencies of the MCp*, MNMez, and M(CO),-1 frag- 
ments and are consistent with reported values for 
compounds with such g r o ~ p s . ~ ~ ~ ~ ~ ~ ~ ~  Complexes 3-6 are 
monomeric in the gas phase according to  mass spec- 
trometry data (see Experimental Section) and in the 
solid state as shown by the X-ray crystal structure for 
3. 

X-ray Structure of Cp*(MezN)zTi[O(MezN)ClW- 
(C0)s (3). The molecular structure of Cp*(MezN)zTi- 
[O(MezN)C]W(C0)5 is shown in Figure 1, the final 
atomic coordinates for the non-hydrogen atoms are 
presented in Table 1, and selected bond distances and 
angles in Table 2. Compound 3 is a monomer, and the 
titanium atom has a classical three-legged piano stool 
arrangement. The Cp*(centroid)-Ti-substituent angles 
are 134.9" for Cp*-Ti(l)-O(l), 121.8' for Cp*-Ti(1)- 
NU), and 117.6" for Cp*-Ti(l)-N(2); the angles formed 
by the legs are 91.5(6)' for O(l)-Ti(l)-N(l), 90.4(7)' 
for O(l)-Ti(l)-N(2), and 88.6(6)' for N(l)-Ti(l)-N(2). 

It is interesting to compare the bonding parameters 
around the titanium atom. The distances from titanium 
to cyclopentadienyl ring carbons are in the normal 
range, but the presence of a large Ti(1)-O(l)-C(l) bond 
angle [164.5(12)"1 and a short Ti(1)-O(1) bond distance 
[1.895(8) AI, similar to  those reported for Cp*zTi- 
(CH=CHZ)[OC(=CHZ)C~HI~I [165.9(2)' and 1.859(2) A, 
re~pectivelyl,~ indicates a considerable oxygen to metal 
p, - d, interaction, as we have proposed for other 
oxotitanium compounds containing the "Cp*TiO" unit.g 
This interaction weakens the donation of the nitrogen 
lone pair to titanium (p, - d,) and as a result the Ti- 
(l)-N(l) [2.048(13) & and Ti(l)-N(2) [2.067(12) AI 
distances are longer than those observed for Cp*Ti- 

(7) (a) Nakamoto, K. Infrared and Raman Spectra of Inorganic and 
Coordination Complexes, 4th ed., Wiley: New York, 1986. (b) King, 
R. B.; Bisnette, M. B. J .  Orgammet. Chem. 1967,8,287. (c) Bradley, 
D. C.; Gitlitz, M. H. J.  Chem. SOC. A, 1969, 980. (d) Burger, H.; 
Dammgen, U. J .  Organomet. Chem. 1975,101,295. 

(8) Beckhaus, R.; Straws, I.; Wagner, T., J .  Organomet. Chem. 1994, 
464, 155. 

Table 1. Atomic Coordinates (x  lo4) and Equivalent 
Isotropic Displacement Parameters (Az x 103) for 
Compound Cp*(Mefi)zTi[O(Mefi)C]W(CO)s (3) 

983(1) 
2898(2) 
1094(13) 
435 1( 15) 
4517(10) 
2760(9) 
2497( 13) 
2262( 16) 
-657(16) 
- 1174( 13) 
- 1822( 10) 

1946( 15) 
18 15(27) 

89(23) 
-263( 15) 
-807(11) 
3013(11) 
795(29) 

-385(20) 
404 l(29) 
5881(21) 
5034( 13) 
5836( 15) 
2127(9) 
2239(9) 
3799(1) 
4652(8) 
3618(12) 

765(19) 
987(16) 

M06( 15) 
6362( 10) 
3984(34) 

0 
39(5) 

-940( 10) 
-1213(11) 

-13(21) 
- 120( 18) 
- 1909(7) 

1697(9) 
1648(10) 

- 1606(9) 
228( 11) 

- 1172(8) 
1023( 14) 
1076( 14) 

18(23) 
-98(18) 

- 1842( 19) 
-491(14) 

-2097( 19) 
- 1456( 16) 

-204(10) 
-283( 10) 
1561(8) 
884(8) 
602(8) 

1104(9) 
1697(8) 
2 160( 16) 
577(14) 
179(14) 

1 132( 18) 
2353(20) 

- 1039(9) 

9179(1) 430) 
13 162( 1) 45(1) 
13217(10) 61(3) 
13407(12) 66(4) 
10450(8) 76(4) 
11587(6) 60(3) 
8074( 11) 72(3) 
7636(12) 94(5) 

10570(12) 100(5) 
10204(12) 84(4) 
7208(7) 95(4) 
8457(12) 36(4) 
8184(18) 87(8) 

10083(18) 85(8) 
9874(12) 42(4) 
7955(9) W 4 )  

10564(8) 45(3) 
13700(23) 111(8) 
12660(15) 82(5) 
12601(20) 88(7) 
14100(16) 76(5) 
9333(9) 45(3) 

11373(11) 55(4) 
13712(8) W 4 )  
14646(8) 62(4) 
14934(7) 56(4) 
14179(10) 64(4) 
13424(8) 6 W )  
13170(20) 103(7) 
15303(14) 85(5) 
16059(8) 64(4) 
14276(17) 87(6) 
12473( 18) 116( 11) 

Table 2. Selected Bond Lengths (A) and Angles (deg) for 
Compound Cp*(Mefi)2Ti[O(Mefi)C]W(CO)~ (3)" 

W( 1)-C( 1) 2.271(10) Ti(1)-O(1) 1.895(8) 
Ti( 1)-N(l) 2.048( 13) Ti( 1)-N(2) 2.067( 12) 
N( 1 )-C(2) 1.35(3) N(1)-C(3) 1.50(2) 
~ ( 2 ) - ~ ( 4 )  1.50(3) ~ ( 2 ) - ~ ( 5 )  1.52(2) 
~ ( 3 ) - ~ ( 1 )  1.359( 13) N(3)-C(6) 1.502(14) 
N(3)-C(7) 1.53(2) 0(1)-C(1) 1.284(12) 
Ti( 1)-Cp* 1.912 

O(1)-Ti(1)-N(1) 91.5(6) O(1)-Ti(1)-N(2) 90.4(7) 
N(l)-Ti(l)-N(2) 88.6(6) C(l)-N(3)-C(6) 120.3(9) 
C(l)-N(3)-C(7) 124.1(12) C(6)-N(3)-C(7) 108.4(11) 
C(1)-O(1)-Ti(1) 164.5(12) O(l)-C(l)-N(3) 113.9(9) 
O(1)-C(1)-W(1) 118.6(7) N(3)-C(l)-W(l) 126.9(8) 
Cp*-Ti(1)-O(1) 134.9 Cp*-Ti( 1)-N( 1) 121.8 
Cp*-Ti(1)-N(2) 117.6 C(2)-N(l)-C(3) 109(2) 
C(2)-N(l)-Ti(l) 139.0(13) C(3)-N(l)-Ti(l) 112.0(10) 
C(4)-N(2)-C(5) 105.1(14) C(4)-N(2)-Ti(l) 117.2(12) 
C(5)-N(2)-Ti(l) 136.8(12) 

Cp* is the centroid of the CsMes ring. 

(NMed3 [1.918(12) A (average)Pa and very similar, 
within experimental error, to  those found for Cp*2Ti(111)- 
(NMePh) [2.054(2) Allo where it is suggested that the 
Ti-N is a single bond and there is absence of multiple 
bonding. 

is slightly 
longer than those generally found for W-C(carbene) 
bonds in other complexes (1.81-2.23 The O(1)- 

The W-C(carbene) bond length, 2.271(10) 

(9) (a) G6mez Sal, M. P.; Martin, A.; Mena, M.; Royo, P.; Serrano, 
R. J.  Organomet. Chem. 1991, 419, 77. (b) &mez-Sal, M. P.; Mena, 
M.; Rayo, P.; Serrano, R. J .  Organomet. Chem. 1988, 358, 147. (c) 
Mena, M.; Rayo, P.; Serrano, R.; Pellinghelli, M. A.; Tiripicchio, A. 
Organometallics 1989, 8, 476. (d) G6mez-Sa1, M. P.; Mena, M.; 
Palacios, F.; Rayo, P.; Serrano, R.; Martinez-Caneras, S. J .  Orgammet. 
Chem. 1989,375, 59. 
(10) Feldman, J.; Calabrese, J. C. J .  Chem. Soc., Chem. Commun. 

1991,1042. 
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Table 3. 'H and l3C(lH} Chemical Shifts of 1,2,  and Cp*(Mefl)M[O(Mefl)C]X (3-10,14) in C& at 293 K 
WH) d(13C) 

Compounds CSMe5 OCNMeMe NMe2 CsMes C5Mes NMez OCNMeMe(A6) OCNMeMe CO 

Cp*Ti(NMe&, 1 
Cp*Zr(NMeds, 2 
M = Ti; X = W(CO)s, 3 

M = Ti; X = Mo(CO)~, 4 

M = Ti; X = Cr(C0)5, 5 

M = Ti; X = Fe(C0)4,6 
M = Zr; X = W(C0)5,7 

M = Zr; X = Mo(C0)5,8 

1.95 3.09 11.9 118.4 48.5 
1.97 2.92 10.9 117.6 43.6 
1.73 2.07, 3.06 2.92 10.8 121.6 47.0 30.8;45.6(14.7) 

11.5' 122.3' 46.W 31.4;'46.W (14.6) 
1.74 2.01; 3.07 2.93 11.1 121.9 47.4 31.2; 44.7 (13.5) 

1.72 1.98; 3.08 2.92 11.1 121.9 47.4 32.2;44.0(11.8) 

1.80 2.21; 3.21 2.94 11.3 122.3 47.6 35.6; 44.8 (9.2) 
1.80 2.09; 2.99 2.74 10.8 120.0 42.6 32.1; 46.0(13.9) 

1.80 2.07; 2.99 2.74 10.7 120.0 42.7 31.9; 44.7 (12.8) 

229.6 200.4" 
202Sb 

227.5' 200.0' 
239.3 208.6" 

213.7b 
244.3 219.8" 

223.1b 
232.0 218.3 
229.6 200.3" 

202.6b 
239.1 208.3" 

213.P 
M = Zr; X = Cr(C0)5), 9 1.79 2.08; 3.02 2.74 10.7 120.2 42.7 33.2;44.0 (10.8) 245.1 219.5" 

222.Eb 
M = 2, X = Fe(CO)d,lO 1.88 2.33; 3.19 2.75 10.8 120.3 42.9 36.2;44.9 (8.7) 231.9 217.6 
M = Ti; X = Mo(CO)3(CNBut)2, 15 1.91 2.29; 3.58 3.16 11.3 121.1 47.8 30.1; 45.0 (14.9) 248.7 218.0" 

221.P 

Four CO cis with respect to carbene carbon. One CO trans with respect to carbene carbon. 13C CP MAS spectrum. 

C(l)(carbene) [1.284(12) A1 and N(3)-C(1) [1.359(13) AI 
bond lengths are indeed shorter than the theoretical 
single bond distances [C(sp3)-0, 1.41 A; C(sp3)-N, 1.45 
AI and similar to those found for organic amides.12 
These structural features are consistent with the pres- 
ence of a considerable multiple bond character for O(1)- 
C(l)(carbene), the trigonal planar geometry around C(1) 
(the sum of bond angles is 359'1, and a degree of double 
bond in N(3)-C(l)(carbene), where the N(3), located 
-0.2 A out of the plane of the three adjacent C-atoms, 
adopts a very slight pyramidal (nearly planar, sum of 
angles 353") environment. The dihedral angle formed 
by the O(l)-C(l)-N(3)-C(7) and the W(l)-C(l)-N(3)- 
C(6) planes is 10.6". 
NMR Spectra. lH- and 13C{lH}-NMR spectra data 

for complexes 3-10 are shown in Table 3 and confirm 
the insertion of only one molecule of M(CO), ( M  = Cr, 
Mo, W, Fe) in complexes 1 and 2. lH-NMR data 
establish the presence of only one signal for the Cp* 
groups, shifted 0.2 ppm upfield with respect to the 
starting materials 1 and 2, respectively. The signals 
of the O13CNMe2 are in the range 225-245 ppm and, 
as can be seen in Table 3, their chemical shifts depend 
on the nature of M', increasing in the order Cr > Mo > 
Fe > W, but are independent of the nature of M (Ti, 
Zr). Other signals assignable to two equivalent M-NMez 
fragments and two inequivalent methyl groups of the 
OCNMez moiety are observed in the lH- and l3C{lH)- 
NMR for complexes 3-10. 

Similar 13C chemical shifts (see Table 3) have been 
recorded for complex 3 both in solution and in the solid 
state (CP MAS spectrum), which allow us to assume 
that the structure of this compound in solution is the 
same as the structure in the solid state, as determinated 
by X-ray crystallography, and that the nonequivalence 
of the OCNMez methyl groups observed at  room tem- 

( l l ) (a )  Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, 0.; 
Watson, D. G.; Taylor, R. J. Chem. SOC. Dalton Trans. 1989, S1. (b) 
Dotz, K H.; Fischer, H.; Hofmann, P.; Kreissl, F. R.; Schubert, U.; 
Weiss, K. Transition Metal Carbene Complexes; Verlag Chemie: 
Weinheim, 1983; p 103. (c) Erker, G.; Dorf, U.; Benn, R.; Reinhardt, 
R. D.; Petersen, J. L. J. Am. Chem. SOC. 1984, 106, 7649. (d) Erker, 
G.; Dorf, U.; Lecht, R.; Ashby, M. T.; Aulbach, M.; Schlund, R.; Kriiger, 
C.; Mynott, R. Organometallics 1989, 8, 2037. 

(12) March, J. Advanced Organic Chemistry: Reactions, Mechanisms 
and Structure, 3rd ed.; John  Wiley & Sons: New York, 1985; p 19 and 
references therein. 

perature by NMR is consistent with a high rotational 
barrier around the C(carbene)-N axis arising from a 
significant CN double bond character, typical for ami- 
nocarbenes. 

We have attempted to determine the activations 
parameters of this rotation for complex 3, but only small 
broadening of the two signals of the dimethylaminocar- 
bene protons have been observed in the lH NMR (300 
MHz) spectrum at 323 K (AG* > 18 kcal/mol). This 
value is similar to those reported for the same process 
in other c ~ m p l e x e s . ~ ~ J l ~  The lineal correlation between 
AG* of the rotation around the CLN bond and the 
613C of this carbon in the ground state13 is well-known; 
consequently, in our case for the complexes 3-5 and 
7-9 the AG* increases in the order Cr > Mo > W. 

According to dynamic NMR theory,14 the position of 
the average resonance (dav) of two equally populated 
sites a t  high-temperature (in the transition state) is 
simply the weighted average of the resonance positions 
(61 and 62) at low temperature (in the ground state). 
For complexes 3-10, the 13av(~~C) values of the methyl 
carbon signals (61 and 62) in the aminocarbene groups 
are very similar (between 38.0 and 40.6 ppm), suggest- 
ing that the transition state when the carbene carbon 
has no n interaction with the dimethylamide group is 
not affected considerably by the M(CO)a moiety. How- 
ever the values of the differences between chemical 
shifts A6(13C) in the ground state for complexes 3-10 
depend on the nature of M (W, Mo, and Cr) (see Table 
3), while the fragments Cp*M(NMe& (M = Ti, Zr) do 
not affect them significantly. 

So, most of these results (X-ray and NMR data 
principally) are reasonably consistent with a description 
of the bonding system between two canonical forms 
(Scheme 2) in valence bond theory terms. 

Scheme 2 

Thermal Stability of Cp*(Me2N)zTi[O(Me2N)CIW- 
(C0)s ( M  = W, 3; Mo, 4; Cr, 5). When complexes 3-5 
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Scheme 3 

Galakhov et al. 

Cp'(Me2N)2Ti[O(Me2N)C]M'(CO)3 

M'=W 3, Mo 4, Cr 5 

M' = W 11, Mo 12, Cr 13 / 
2 BU'NC / 

Cp'(Me2N)Ti[ O(Me*N)C]M'(CO),( CNBu' )2 M'=Mo 15 

Table 4. lH and 13C Chemical Shifts of Cp*TiOl-NMez)z[O(MeJ)C]X (11-13) and Cp*(MeJ)Ti[O(MeJ)Cl$e(C0)3 (14) in 
c& at 293 K 

WH) d('3C) 

Compounds C#e5 OCNMeMe p-NMeMe C#es CsMe5 p-NMeMe OCNMeMe(A6) OCNMeMe CO 

X = w(co)3, 11 1.62 2.26; 3.07 2.97; 3.18 10.5 123.2 56.2; 56.9 33.8; 42.7 (8.9) 225.3 224.7' 
230.7b 

X=MO(CO)3, 12 1.62 2.32; 3.20 2.81; 3.03 10.5 122.9 55.3; 56.0 33.7, 41.9(8.2) 228.5 225.7" 
234Sb 

X = Cr(C0)3,13 1.63 2.34; 3.15 2.74; 2.96 10.4 121.7 55.0; 55.7 34.9; 41.1 (6.2) 233.9 233.2a 
244.6b 

14 1.97 2.76; 2.96 10.8 121.3 34.4; 40.1 (5.7) 225.9 220.4 

Two CO cis respect to carbene carbon. One CO trans respect to carbene carbon. 

are heated at 80 "C for several days, CO evolution is 
detected and the complexes 11-13 are formed (see 
Scheme 3). 

These complexes can also be obtained if the conditions 
to prepare 3-5 are changed to 80 "C and the reaction 
mixtures stirred for longer periods of time. It is 
noticeable that no evolution of CO was observed if the 
temperature was not increased or only W was used, 
different from what was reported by Bradley et al.3 

In the IR spectra of complexes 11 - 13, one of the three 
frequencies corresponding to the carbonyl groups bonded 
to M (W, Mo, and Cr) has disappeared, leaving the other 
two in the range 1820-1920 cm-l. This situation is 
similar to that found for fac-M(CO)& complexes, with 
a symmetry,I5 indicating a similar donor character 
of the carbene and the two bridging amido groups. 

Similarly to complexes 3-5, the 'H and 13C{H1} NMR 
spectra of 11-13 show only one type of Cp* ring (see 
Table 4). Comparing the l3C{H1) NMR data for com- 
plexes 11-13 with those for 3-5 shows that the signal 
assignable t o  OCNMe2 has shifted upfield whereas the 
two CO resonances (now in 2:l ratio) shified downfield. 
The signals corresponding to the methyl groups of the 
OCNMe2 fragments still appear different and keep the 
same average resonances [da,(13C): 37.8-38.3 ppml, but 
the Ad(13C) for these compounds are smaller than those 
found for the complexes 3-5 (see Table 4). 

The lH and 13C{H1} NMR spectra also show two 
signals assignable to the inequivalent methyl groups of 
the p-NMe2 fragments,16 with a very small difference 

(13) Martin, G. J.; Gouesnard, J. P.; Dorie, J.; et  al., J. Am. Chem. 
SOC. 1977, 99, 1381. 
(14) Binsch, G. Top. Stereochem. 1968,3, 97. 
(15) Nakamoto, K.; McCarthy, P. J. Spectroscopy and Structure of 

Metal Chelate Compounds; Wiley: New York, 1968. 

for chemical shifts in either 'H (Ad = 0.2 ppm) and 13C- 
{H1} NMR (Ad = 0.7 ppm) spectra (see Table 4). This 
difference could be caused by the different spacial 
distribution of the methyl groups (inside and outside, 
see Scheme 3) in each p-NMe2 fragment. 

The same reaction conditions were used with the 
complex Cp*(MezN)2Ti[O(Me2N)C]Fe(C0)4 (6), but in- 
stead of CO evolution, a double insertion and hence 
formation of two carbene groups was observed (see 
Scheme 4). The metallocyclic carbene complex 14 
obtained is similar to those reported by Petz et al.: 
(C0)4FeC(NMe2)OTi(NMe2)[O(NMe2)C12Fe(CO)3,1f 
(CO)3Fe[C(NMez)OlzSn~e2,~ and (CO)3Fe[C(NMe2)012- 
SnM(CO)5 (M = Cr, Mo, W).4f 

Scheme 4 
Cp*(Me~mTi[ O(Me&)C]Fe(CO)4 

C~*(M~ZN)T~[O(M~~N)C]~F~(CO), 
14 

The IH and 13C NMR spectra of 14 show only one type 
of Cp* ring, one signal due to the NMe2 terminal group 
and other two attributable to the inequivalent methyl 
groups of the OCNMe2 fragments. Comparing with the 
spectra for complex 6 shows that the signal correspond- 
ing to the OCNMe2 carbon atom has been shifted 6.1 
ppm upfield, the Fe(C0)3 signal 2.1 ppm downfield, and 
the average resonance of the OCNMeMe signals [day- 
(13C) = 37.5 ppm, Ad(13C) = 5.7 ppml 3 ppm upfield. 
Hence, the spectra imply the presence of a symmetry 
plane formed by the atoms Ti, Fe, and the N linked to 

(16) A similar situation has been found for methyl groups of the 
p-AsMez fragment in Fez(C0)6(u-AsMezk-OCNMe2): Keller, E.; Tren- 
He, A.; Vahrenkam, H. Chem. Ber. 1977,110,441. 
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Carbonyl Insertions into Metal-Nitrogen Bonds 

the titanium atom and are in agreement with the 
participation of the two OCNMez fragments in the 
electronic delocalization. 13C NMR spectrum of the 
compound 14 shows also only one signal for the Fe(C0)3 
fragment a t  220.4 ppm, similar to that found for the 
complex (CO)~F~C(NM~Z)OT~(NM~Z)[O(NM~~)CIZF~- 
(C0)3.1f 

In the IR spectrum of 14 three vibrations in the range 
1968-2044 cm-l are observed, making clear again the 
difference with respect to the complexes 11-13, with 
only two bands at  smaller frequencies (1820-1920 
cm-l). 

Further studies were carried out to check the revers- 
ibility of the reactions used to get the complexes 11- 
13. Thus, two experiments were performed in sealed 
NMR tubes, utilizing the complex 12 as starting mate- 
rial. In the first one, 12 was exposured to a carbon 
monoxide atmosphere (1 atm) and, after 15 h, the 
resulting product was pure complex 4 (see Scheme 31, 
confirming the reversibility of this kind of reactions. The 
second experiment consisted of adding the stoichiomet- 
ric amount of ButNC over a hexadeuteriobenzene solu- 
tion of 12; after 2 h the solution quantitatively afforded 
orange 15 (see Scheme 3). The lH and 13C{lH}-NMR 
spectra of 15 (see Table 3 and Experimental Section) 
confirm the existence of only one bridging OCNMez 
fragment and two terminal NMez groups joined to the 
titanium atom, the signals corresponding to  the two 
terminal ButNC groups bonded to the molybdenum 
atom are present as well. Complex 15 is unstable in 
solution and decomposes slowly to  give Cp*Ti(NMe& 
and another residue with signals in the lH NMR that 
could be assigned to Mo(C0)4(ButNC)z. 

Experimental Section 
All reactions were carried out under argon by Schlenk 

techniques or in a MBraun glovebox. Heptane, hexane, and 
pentane were refluxed over NaK amalgam, toluene was 
refluxed over sodium, and all solvents were distilled under 
argon. Cr(CO)6, MO(CO)~, W(CO)6, and C=NCMe3 were pur- 
chased from FLUKA and used without further purification. 
Fe(CO)S purchased from FLUKA was used freshly distilled. 
Cp*Ti(NMe& and Cp*Zr(NMe& were prepared by known 
procedures.6 IR spectra were measured on a Perkin-Elmer 883 
spectrophotometer. lH and 13C NMR spectra were recorded 
on a Varian Unity 300 MHz spectrometer. Electron impact 
mass spectra were obtained at 70 eV with a Hewlett-Packard 
5890 spectrometer. C, H, and N analysis were carried out with 
a Perkin-Elmer 240B microanalyzer. 

Synthesis of Cp*(Mea)2Ti[O(MeaN)C]W(CO)5 (3). A 
solution of 2.18 g (6.91 mmol) of Cp*Ti(NMe2)3 in toluene (100 
mL) was added to  2.43 g (6.91 mmol) of W(CO)6 and the 
mixture stirred at 50 "C for 24 h. The resulting reddish-brown 
solution was concentrated to a volume of ca. 15 mL and 
allowed to stay at  room temperature. A first portion of red 
crystals of 3 was collected by filtration. From the filtrate, a 
second portion of red crystals was obtained after cooling to  
-30 "C. The combined yield of the titanaoxicarbene 3 was 
4.38 g (95%). IR (KBr, cm-l): 2057s, 1897 vs, 1491m, 1441m, 
1366m, 1295s, 1240m, 1222m, 1090m, 1043m, 949s, 918s, 
698s, 6063, 583s, 484m, 432m, 381s; v(C0) (in heptane): 
2058w, 19849, 1918s. Anal. Calcd for C ~ Z H ~ ~ N ~ O ~ T ~ W :  C, 
39.60; H, 4.98; N, 6.30. Found: C, 40.05; H, 4.73; N, 6.03. 
MS: mle [assignment, re1 int (%)I 611 [(M - 2CO)+, 71, 510 
[(M - 4CO - NHMe2)+, 101, 482 [(M - 5CO - NHMe2)+, 191. 

X-ray Structure Determination of Cp*(MezN)zTi- 
[O(MeaN)C]W(CO)a (3). A red, block crystal of compound 3 
crystallized from toluene (-40 "C) was mounted in a glass 
capillary in a random orientation. A summary of the crystal 
and X-ray structural analysis data for compound 3 is presented 
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Table 5. Crystal and X-ray Structural Analysis Data for 
Compound Cp*(Mefi)zTi[O(Mefi)C]W(CO)s (3) 

empirical formula C22H33N306TiW 
molecular weight 667.26 
crystal colorhabit redprismatic 
crystal system; space group 
a/A 8.828(2) 
blA 13 .OO l(4) 
CIA 12.045(2) 
Pl(deg) 98.22(2) 
UlA3 1368.2(6) 
D J ~ C ~ - ~  1.620 

F ( W )  660 
Z 2 
reflections measured 4162 
unique reflections 3573 
observed reflections [Fo =- 4a(Fo)] 3238 
number of parameters refined 154 
Goodness of fit 1.281 
Ri 
WRZ 

monoclinic; P21 

p(Mo Ka)Icm-l 45.3 

0.0436, R1 = CIIFaI - lFc l l l [C lFo l l  
0.1091, wRz = {[Cw(FO2 - F>)2]/ 

[CW(FO2)211 
weighting scheme w = [a2(F?)+(0.0479P)2+9.5800P]-1 

P = (Fo2+2Fc2)/3 

in Table 5.19 Preliminary examinations and data collection 
were performed at  20 "C using Mo Ka radiation (1 = 0.71073 
A) and a graphite-oriented monochromator on a Nicolet 3RmN 
diffractometer. From the systematic absences of OK0 (K = 2n 
+ 11, the space group could be determined to be monoclinic 
P21 (No. 4) or P21/m (No. 11). Structure solution and refine- 
ment were carried out in either space groups but only P21 led 
to  a sensible chemical model. A total of 4162 reflections were 
collected in the range 7" 5 28 5 45", of which 3573 were 
independent with 3238 reflections having F L 4dF). Three 
check reflections were monitored periodically throughout data 
collection and showed no significant variations. All intensity 
data were corrected for Lorentz-polarization effects and 
absorption corrections by the Y-scan method. No extinction 
correction was made. Calculations were carried out on a 
PC486 computer using the SHELXTL PLUS (PC version)17 and 

The structure was solved by a combination of Patterson 
synthesis and Fourier difference techniques and refined by full- 
matrix least-squares with W(1), TU) ,  N(1), N(2), N(3), and 
O( 1) atoms assigned anisotropy displacement parameters. 
Methyl hydrogens were placed in idealized positions, C-H = 
0.96 A and H-C-H = 109.5", and the methyl group was 
allowed to  refine as a rigid group. The cyclopentadienyl ring 
was treated like a rigid group with C-C bonds of 1.420 A and 
C-C-C angles of 108.0". A weighting scheme, which gave 
satisfactory agreement analyses, was introduced in the final 
cycles of refinement. The final converged agreement factors 
were R1 = 0.044, WRZ = 0.109, and GOF = 1.28. 

Synthesis of Cp*(Mea)zTi[O(Me2N)ClMo(C0)1 (4). A 
toluene solution (50 mL) of 0.54 g (1.72 mmol) of Cp*Ti(NMe& 
was added to 0.46 g (1.72 mmol) of Mo(CO)e. After stirring at 
45 "C for 30 h, volatiles were removed in vacuo. The red solid 
was washed with cold pentane and dried under vacuum to  
yield 0.93 g (93%) of 4. IR (KBr, cm-l): 2058s, 1906 vs, 1491m, 
1440m, 1366m, 12909, 1222m, 1087m, 1043m, 949s, 919s, 
698m, 611s, 480m, 379s; v(C0) (in heptane): 2060w, 1990m, 
1922s. Anal. Calcd for C22Hs3N306TiMo: C, 45.61; H, 5.74; 
N, 7.25. Found: C, 46.03; H, 5.70; N, 7.03. MS: mle 
[assignment, re1 int (%)I 523 [(M - 2CO)+, 131, 495 [(M - 
3CO)+, 351, 467 [(M - 4CO)+, 311, 439 [(M - 5CO)+, 441, 394 
[(M - 5CO - NHMe2)+, 741. 

SHELX-93 .18 

(17) SHELXTL PLUS, version 4.0; Siemens Analytical Instruments, 
Madison, WI, 1990. 

(18) Sheldrick, G. M. J. Appl. Cryst., manuscript in preparation. 
(19) The author has deposited atomic coordinates for structure with 

the Cambridge Crystallographic Data Centre. The coordinates can be 
obtained, on request, from the Director, Cambridge Crystallographic 
Data Centre, 12 Union Road, Cambridge, CB2 lEZ, UK. 
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Synthesis of Cp*(MeaN)2"i[O(MezN)ClCr(CO)6 (5). The 
same method used to prepare 3 and 4 was followed using 0.54 
g (1.72 mmol) of Cp*Ti(NMe& and 0.38 g (1.72 mmol) of Cr- 
(CO)6 in toluene (40 mL) at 45 "C for 5 days. Volatiles were 
removed in vacuo, the dark red solid was extracted with 
several portions of pentane, and the combined extracts were 
filtered, concentrated, and kept at ca. -40 "C overnight. Red 
crystals of 5 were isolated in 78% yield (0.72 g). IR (KBr, 
cm-I): 2047s, 19OOvs, 1490m, 1445m, 1369m, 1289s, 1220m, 
1089m, 1043m, 9494 920s, 670s, 567m, 464m, 390m; v(C0)- 
(in heptane): 2051w, 1987w, 1917vs. Anal. Calcd for C22H33- 
N306TiCr: C, 49.35; H, 6.21; N, 7.85. Found: C, 49.87; H, 
6.21; N, 7.70. MS: mle [assignment, rel. int. (%)I, 479 [(M- 

5CO)+, 541, 350 [(M-5CO-NHMed+, 291. 
Synthesis of Cp*(MezN)zTi[O(MeaN)C]Fe(C0)4 (6). Fe- 

(COI5 (0.26 mL, 1.90 mmol) was added over a solution of 0.54 
g (1.72 mmol) of Cp*Ti(NMe& in toluene (70 mL). After 
stirring for 40 h at room temperature, the orange solution was 
concentrated to ca. 10 mL and cooled to -40 "C overnight; 0.79 
g (90%) of orange crystals of 6 were obtained. IR (KBr, cm-'1: 
2030s, 1996s, 1921 vs, 1496m, 1445m, 1373m, 1310m, 1280m, 
1132m, 1097m, 1045m, 946s, 9248, 700m, 6289, 468m, 398s; 
v(C0) (heptane): 2037m, 1955m, 1916vs. Anal. Calcd for Czi- 
H33N30eTiFe: C, 49.34; H, 6.51; N, 8.22. Found: C ,  49.62; 
H, 6.73; N, 8.01. MS: mle [assignment, re1 int (%)I 455 [(M - 
2CO)+, 261, 427 [(M - 3CO)+, 471, 399 [(M - 4CO)+, 581, 354 
[(M - 4CO - NHMe2)+, 1001. 

Synthesis of Cp*(Mefl)zZr[O(MezN)CIW(CO)6 (7). A 
toluene solution (50 mL) of 0.50 g (1.39 mmol) of Cp*Zr(NMeda 
was added to  0.49 g (1.39 mmol) of W(co)6. After stirring at 
40 "C for 2 days, volatiles were removed in vacuo. The orange 
solid was washed with cold pentane and dried under vacuum 
to yield 0.88 g (89%) of 7. IR (Nujol, cm-'): 2058m, 1982s, 
1916s, 1462s, 1376s, 1288s,1094m, 942m, 912m, 802w, 604m, 
584m, 542w, 380s. Anal. Calcd for C22H33N30,&W C, 37.19; 
H, 4.68; N, 5.91. Found: C, 36.85; H, 4.50; N, 5.63. 

Synthesis of Cp*(Me2N)2Zr[O(MeaN)ClMo(CO)6 (8). A 
toluene solution (50 mL) of 0.50 g (1.39 mmol) of Cp*Zr(NMezh 
was added to 0.36 g (1.39 mmol) of Mo(CO)6. After s t i h g  a t  
room temperature for 3 days, volatiles were removed in vacuo. 
The yellow solid was washed with cold pentane and dried 
under vacuum to yield 0.77 g (89%) of 8. IR (Nujol, cm-'1: 
2060s, 1988s, 1966m, 1924s, 1462s, 1376s, 1284s, 1230m, 
1140w, 1094w, 1058w, 942m, 912m, 612s, 594m, 540w, 376s. 
Anal. Calcd for C22H33N306ZrMo: C, 42.44; H, 5.34; N, 6.75. 
Found: C, 42.03; H, 5.07; N, 6.66. 

Synthesis of Cp*(Mefl)&fO(Mefl)ClCr(CO)~ (9). A 
toluene solution (50 mL) of 0.50 g (1.39 mmol) of Cp*Zr(NMe2)3 
was added to 0.30 g (1.39 mmol) of Cr(CO)6. After stirring at 
60 "C for 2 days, volatiles were removed in vacuo. The 
greenish-yellow solid was washed with cold pentane and dried 
under vacuum to yield 0.74 g (92%) of 9. IR (Nujol, cm-'): 
2048m, 1986s, 1960m, 1918s, 1462s, 13768, 1282s, 1248m, 
1228m, 1140w, 1092w, 1056w, 942m, 910m, 674s,54Ow, 464w, 
406w, 362w. Anal. Calcd for C ~ ~ H ~ ~ N ~ O & C T :  C, 45.66; H, 
5.75; N, 7.26. Found: C, 45.03; H, 5.70; N, 7.03. 

Synthesis of Cp+(Mea)2Zr[O(MezN)C]Fe(CO)4 (10). A 
toluene solution (50 mL) of 0.50 g (1.39 mmol) of Cp*Zr(NMed3 
was added to 0.27 g (1.39 "01) of Fe(C0)5. After stirring at 
room temperature for 2 days, volatiles were removed in vacuo. 
The yellowish-green solid was washed with cold pentane and 
dried under vacuum to yield 0.69 g (89%) of 10. IR (Nujol, 
cm-I): 2032s, 1960s, 1918s, 1462s, 1340m, 1300s, 1238m, 
1144w, 111Ow, 1052w, 944m, 912m, 886w, 666m, 630s, 538w, 
488w, 466w, 368m. Anal. Calcd for C21H33N305ZrFe: C, 
45.48; H, 6.00; N, 7.58. Found: C, 45.38; H, 5.86; N, 7.38. 

Synthesis of Cp*Ti(lr-NMez)z[O(Mefl)ClW(CO)s (11). 
Following the method to prepare 3; the dark red solution of 3 
was heated at 80 "C for 6 days and then concentrated to ca. 
25 mL and kept -40 "C for 2 days. Red crystals of 11 were 
isolated in 57% yield. IR (KBr, cm-'): 1898vs, 1797vs, 1500m, 
1459m, 1382m, 1255m, 1168s, 1090m, 1024m, 922s, 715s, 

2CO)+, 41, 451 [(M-3CO)+, 91, 423 [(M-4CO)+, 31, 395 [(M- 

Galakhov et al. 

602m, 534m, 491m, 447m, 384s; v(C0) (in toluene): 1914s, 
1824s. Anal. Calcd for C20H33N304TiW C, 39.30; H, 5.44; 
N, 6.87. Found: C, 39.76; H, 5.47; N, 6.71. 

Synthesis of Cp*Ti(lr-NMsa)2[O(MeaN)ClMo(CO)s (12). 
Following the method to prepare 11, from 1.00 g (1.72 mmol) 
of 4 in toluene (50 mL), red crystals (0.70 g, 78%) of 12 were 
obtained. IR (KBr, cm-'): 1904vs, 1805vs, 1502s, 1450m, 
1383s, 1254m, 1170s,1100m, 1026m, 923s, 717s, 618s, 533m, 
475m, 444m, 382s; v(C0) (in toluene): 1920s, 1828s. Anal. 
Calcd for C20H33N304TiMo: C, 45.90; H, 6.36; N, 8.03. 
Found: C, 45.60; H, 6.22; N, 7.86. MS: mle [assignment, re1 
int (%)I 523 [M+, 331,495 [(M - CO)+, 611, 467 [(M - 2CO)+, 
391, 439 [(M - 3CO)+, 511, 394 [(M - 3CO - NHMe2)+, 781. 

Synthesis of Cp*Ti(lr-NMe2)~[0(Me~)ClCr(CO)s (13). 
This was prepared in the same way as 5 from 0.54 g (1.72 
"01) of Cp*Ti(NMe& and 0.38 g (1.72 "01) of cdco)6 in 
toluene (50 mL) with heating at 80 "C for 8 days. After 
crystallization, the red solid 13 was washed with several 
portions of pentane and dried. Yield: 64%. IR (KBr, cm-'1: 
1892vs, 1798vs, 1499s,1452m, 1379s, 1252m, 1169s,1094m, 
1026m, 925s, 718s, 642m, 549m, 482m, 422m, 394s; v(C0) (in 
toluene): 1908s, 1823s. Anal. Calcd for C20H33N304TiCr: C, 
50.11; H, 6.94; N, 8.77. Found: C, 50.62; H, 7.11; N, 8.53. 

Synthesis of Cp*(MeaN)Ti[O(Me2N)C]#e(CO)s (14). A 
0.33 mL portion of Fe(C0)5 (2.43 mmol) was added to 0.73 g 
(2.31 mmol) of Cp*Ti(NMe& in 80 mL of toluene. After 2 days 
at room temperature an orange solution of 6 was obtained. 
Heating to 80 "C for a week gave a dark red solution of 14. 
The solution was concentrated to ca. 15 mL and cooled to -40 
"C for 6 h; 0.96 g (81%) of reddish brown crystals of 14 were 
obtained. IR (KBr, cm-l): 1 9 6 8 ~ s ~  1496m, 1446m, 1376s, 
1305m, 1270m, 1240m, 1097s, 1023m, 953m, 606s, 399s; 
v(C0)  (in toluene): 2044w, 2002m, 1968vdbr). 'H NMR (c6D6, 
20 "C, 6): 1.97 (s, 15H, C&fe5), 2.76, 2.96 (s, 6H, OCNMed, 
2.83 (s, 6H, "Me2) ;  l3C NMR (C&, 20 "c, 6): 10.8 (9, 'JCH 
= 125, c&fe5), 34.440.1 (qq, 'JCH 137, 3 J c ~  = 3, OCNMed, 
46.8 (qq, 'JCH = 133, 3 J c ~  = 6, " M e z ) ,  121.3 (S, C&26), 220.4 
(9, Fe(C0)3), 225.9 (m, OCNMeMe). Anal. Calcd for C21H33- 
N30sTiFe: C, 49.34; H, 6.51; N, 8.22. Found: C, 49.52; H, 
6.35; N, 7.91. MS: mle [assignment, re1 int (%)I 511 [M+, 21, 
483 [(M - COY, 321,455 [(M - 2CO)+, 201,427 [(M - 3CO)+, 
861, 382 [(M - 3CO - NHMeZ)+, 751, 354 [(M - 4CO - 
NHMe2)+, 1001. 

Reaction of 12 with CO. Hexadeuteriobenzene (0.50 mL) 
was added to a 5 mm NMR tube containing compound 12 
(O.Olg, 0.02 mmol). The red solution was placed under 1 atm 
CO at -78 "C and the tube sealed and warmed at room 
temperature. After 15 h the product was identified as pure 
Cp*(MezN)2Ti[O(Me2N)C]Mo(CO)b (4) by lH NMR spectros- 
COPY 9 

Reaction of 12 with ButNC. A 4.3 pL (0.04 "01) portion 
of ButNC was added to  a solution of 12 (0.01 g, 0.02 mmol) in 
hexadeuteriobenzene (0.50 mL) in a 5 mm NMR tube. The 
tube was sealed and within 2 h the solution afforded orange 
Cp*(MezN)zTi[0(MezN)C]Mo(C0)3(CNBut)2 (15) quantitatively 
according to 'H and l3C(H1} NMR spectroscopy. 'H NMR 

2.29, 3.58 (s, 3H, OCNMeZ), 3.16 ( 8 ,  12H, TiNMe2); IsC{H1} 
NMR (C&, 20 "c, 6): 11.3 (cdfe5), 30.1,45.0(0CNMe~), 30.8 
(CNCMe3), 47.8 (TiNMez), 55.6 (CNCMed, 121.1 (CsMed, 168.9 
(CNCMes), 218.0, 221.0 [Mo(C0)31, 248.7 (OCNMeZ). 
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(C&, 20 "c, 6): 1.07 (S, 18H, CNCMed, 1.91 (S,15H, Cdfes), 

Supplementary Material Available: Tables of crystal 
data, atomic coordinates, equivalent displacement parameters, 
and bond lengths and angles for 3 (7 pages). Ordering 
information is given on any current masthead page. 
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Reactions of (PMe&Ru(C2H4) and (DMPE)~Ru(C~H~) with 
Weak Proton-Donating Electrophiles H X  (X = OAr, SAr, 

Metal-Heteroatom Single Bonds 
NHPh, PHPh). Synthesis of Complexes with 

Melinda J. Burn,? Michael G. Fickes,* Frederick J. Hollander, and 
Robert G. Bergman* 

Department of Chemistry, University of California, Berkeley, California 94720 

Received June 21, 1994@ 

Reactions of the ruthenium ethylene complexes (PMe&Ru(CzH4) and (DMPE)zRu(CzH4) 
with a variety of HX compounds (X = SAr, O h ,  PPhH, NHPh and Ph) have been explored. 
In all cases, the tetrakis(trimethy1phosphine) complex reacted to form ethylene and the 
hydrido species, (PMe&Ru(H)(X). However, parallel studies with the related material 
(DMPE)zRu(CzH4) suggest that  these complexes react as strained metallacycles toward HX. 
Thus, the bis(DMPE) analog gave the ethyl species (DMPE)zRu(X)(CHzCH3) in its reactions 
with HSAr and PHzPh, and thermolysis of these ethyl complexes led to the formation of the 
hydrides and free ethylene. The reaction of the DMPE ethylene complex withp-cresol allowed 
isolation of an  intermediate cationic ethylene hydride species, but this was converted rapidly 
to the corresponding aryloxy hydride complex, even at  room temperature. With NHzPh the 
bis(DMPE) complex formed only the corresponding hydride species. In an  attempt to 
generate an  acetylene complex that similarly might react as a strained metallacyclopropene, 
(PMe3)4Ru(CH=CH2)2 was generated from the reaction of CH=CHZMgBr with (PMe&RuClz. 
However, thermolysis of the divinyl species led only to the formation of the butadiene 
complex, (PMe&Ru(C4H6). 

Introduction 

Oxidative addition and reductive elimination reac- 
tions are critical processes in the catalytic and stoichio- 
metric applications of transition-metal reagents in 
organic synthesis.l Two-electron oxidative addition 
reactions can be described as shown: 

The addition of C-H bonds across a metal center has 
been well studied, but much less is known about the 
addition of X-H bonds, where X is a heteroatom (0, S, 
N, P). Recent syntheses of late transition metal- 
heteroatom compounds have resulted in the formation 
of new metal alkoxides, arylamides, thiolates and phos- 
phides, formed primarily by the metathesis reaction of 
a metal halide and an alkali alkoxide, amide, thiolate 
or phosphide, rather than by an oxidative addition 
reaction. Recent examples include Cp*Ir(PPha)(Y)(H) 
where Y = OEt2 and NHPh,3 trans-(PR&Pt(H)(YAr) 

+ Present address: Central Research and Development Dept., 
Experimental Station, E. I. dd'ont de Nemours and Co., Wilmington, 

Present address: Department of Chemistry, Massachusetts Insti- 
tute of Technology, Cambridge, MA 02139. 

@ Abstract published in Advance ACS Abstracts, November 1,1994. 
(1) Collman, J. P.; Hegedus, L. S.; Norton, J .  R.; Finke, R. G. 

Principles and Applications of Organotransition Metal Chemistry; 
University Science Books: Mill Valley, CA, 1987. 
(2) Newman, L. J.; Bergman, R. G. J. Am. Chem. SOC. 1986, 107, 

5314. 
(3) Glueck, D. S.; Winslow, L. N.; Bergman, R. G. Organometallics 

1991, 10, 1462. 
(4) Fornies, T.; Green, M.; Spencer, J. L.; Stone, F. G. A. J. Chem. 

SOC., Dalton Trans. 1977, 1006. 

DE 19880-0328. 

0276-733319512314-0137$09.00/0 

where Y = 0 and NH,4,5 [(PMe3)4Ir(H)(Y)]PF6 where Y 
= OMe and SH,6 (PMe&Ru(YPh)(H) where Y = 0 and 
NH,7 and 0s(PHPh)Cl(C0)z(PPh3)~.~ 

We have discovered a versatile route into metal- 
heteroatom compounds using ruthenium ethylene com- 
plexes. In this study, we have found that (PMe3)rRu- 
(CZ&) (1) is a useful precursor to a variety of complexes 
containing metal-heteroatom bonds. Complex 1 is 
conveniently prepared by treatment of (PMe&RuClz (2) 
with two equivalents of EtMgCl.g As shown previously, 
(PMe&Ru(CzH4) (1) reacts with p-cresol and aniline.7 
The reaction of 1 and p-cresol occurred at  room tem- 
perature to form the cresolate hydride, (PMe&Ru(H)- 
(OCsH4-p-CH3) (3, Scheme 1). Neither phosphine dis- 
sociation nor ethylene dissociation occurs in 1 at an 
appreciable rate at room temperature.1° Although with 
late transition metals like Ru such species are often 
regarded as alkene complexes, the Ru-ethylene moiety 
reacts (at least in an overall sense) as a strained 
metallacyclopropane. It was proposed that the p-cresol 
reaction proceeded by initial protonation of the electron- 
rich ruthenium center, followed by olefin insertion into 
the metal-hydride bond and reaction with aryloxide to 
form the unobserved ruthenium ethyl cresolate, (PMed4- 
R U ( E ~ ) ( O C ~ H ~ - ~ - C H ~ ) . ~  Ionization of the aryloxide to  

( 5 )  Cowan, R. L.; Trogler, W. C. J. Am. Chem. SOC. 1989,111,475. 
( 6 )  Milstein, D.; Calabrese, J. C.; Williams, I. D. J. Am. Chem. SOC. 

(7) Hartwig, J. F.; Andersen, R. A.; Bergman, R. G. Organometallics 
1986, 108(20), 6387. 

1991, 10, 1875. 

Soc., Chem. Commun. 1984,865. 

M.; Hursthouse, M. B. Polyhedron 1984,3, 1255. 

(8) Bohle, D. S.; Jones, T. C.; Rickard, C. E. F.; Roper, W. R. J.  Chem. 

(9) Wong, W.-K.; Chiu, K. W.; Statler, J. A,; Wilkinson, G.; Motavelli, 

(10) Hartwin, J. F. Ph. D. Thesis 1991, University of California, - 
Berkeley. 

0 1995 American Chemical Society 
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2 

13 12 

form an ion pair, [(PMe3)4Ru(Et)lf[OArl-, to facilitate 
,&hydride elimination, followed by loss of ethylene and 
ion pair collapse would form the observed product 3. The 
reaction of the complex 1 with aniline required heating 
to form the analogous product, (PMe&Ru(NHPh)(H) 
(4h7 

Studies of the reactivity of the related (DMPEhRu 
system began in 196511 when the dihydride complex, 
(DMPE)zRuHz (6), was first reported.12 (DMPE)zRuHz 
has received recent attention as a source of the coordi- 
nately unsaturated species, (DMPE)2Ru.l3J4 The 16- 
electron species has been generated by photo-induced 
loss of Hz from (DMPE)2RuHz.13J5 The ethylene com- 
plex, (DMPE)zRu(CzH4) (6), was briefly mentioned in 
the literature but no preparative details were given.13J6 
Complex 6 offers a potential route to ruthenium- 
heteroatom complexes with a bidentate ligand system. 

In this paper we report further investigations of the 
reactions of ruthenium ethylene complexes, (PMe&Ru- 
(CzH4) (1) and (DMPE)zRu(CzH4) (6), with a variety of 
HX compounds, where X = SAr, OAr, NHAr, and PPhH. 
We have observed that, in the tetrakis(trimethy1phos- 
phine) system, the hydrido products (PMe&Ru(H)(X) 
are formed. In contrast, in the bis(DMPE) system the 
ethyl products (DMPE)zRu(Et)(X) and an ethylene hy- 
dride cationic intermediate (DMPE)&u(C2I&)H+X- were 
isolated. Thermolysis of the ethyl and ethylene hydride 
complexes led to the formation of the hydrido analogues, 

In an attempt to generate a strained metallacyclo- 
propene, dichloride 2 was treated with vinyl Grignard 
reagent to form the divinyl species, (PMe3)4Ru(CH=CHz)z 
(7). However, #?-hydrogen elimination to form a metal- 
lacycle did not occur. Thermolysis of complex 7 led to 
the formation of a butadiene complex, (PMe3)3Ru(q4- 
C4Hd (8). 

(DMPE)zRu(H)(X). 

(11) Chatt, J.; Davidson, J. M. J.  Chem. SOC. 1965, 843. 
(12) The dihydride was more thoroughly characterized in: Ittel, S. 

D.; Tolman, C. A.; English, A. D.; Jesson, J. P. J.  Am. Chem. SOC. 1976, 
98, 6073. 
(13) Bergamini, P.; Sostero, S.; Traverso, 0. J .  Organomet. Chem. 

(14) Jones, W. D.; Kosar, W. P. J .  Am. Chem. SOC. 1986,108,5640. 
(15) Hall, C.; Jones, W. D.; Mawby, R. J.; Osman, R.; Perutz, R. N.; 

(16)Tolman, C. A.; Ittel, S. D.; English, A. D.; Jesson, J. P. J. Am. 

1986,299, c11. 

Whittlesey, M. K. J.  Am. Chem. SOC. 1992,114, 7425. 

Chem. SOC. 1978,100,4080. 

Results 

Synthesis of Trimethylphosphine Complexes. 
The electron donating, monodentate trimethylphosphine 
ligand facilitated the addition of a variety of HX 
complexes to (PMe&Ru(CzHd) (1) to form (PMeahRu- 
(H)(X) complexes. Reaction of (PMe&Ru(CzH4) (U9 
with one equivalent ofp-thiocresol in a pentane solution 
at  ambient temperature resulted in the formation of the 
p-thiocresolate hydride complex, cis-(PMes)rRu(H)- 
(SC6&CH3) (9) in 49% yield as shown in Scheme 1. The 
reaction occurred rapidly and the yellow product im- 
mediately precipitated out of the pentane solution. The 
presence of the hydride ligand is confirmed by a doublet 
of doublet of triplets in the lH NMR spectrum at 6 -8.95 
(J(trip1et) = 28.1 Hz, &doublet) = 28.1 Hz and 85.1 Hz), 
the result of coupling to  the three types of phosphine 
ligands. The AzMX pattern in the 31P{1H) NMR spec- 
trum confirms the cis geometry of complex 9. The 
phosphine, Px, trans to the strongest trans-influence 
ligand, the hydride, resonates furthest upfield. 

In an analogous manner aryloxide complexes cis- 
(PMe3)4Ru(H)(OCsH4-p-Y) (Y = C1 (lo), NO2 (11)) were 
prepared by treatment of (PMe3)4Ru(CzH4) (1) with the 
corresponding para-substituted phenol at room tem- 
perature in pentane in 45% and 78% isolated yield, 
respectively. Both complexes display an AzMX-type 
splitting pattern in the 31P(1H} NMR spectrum and 
diagnostic hydride resonances in the lH NMR spectrum 
at  6 -7.8 for 10 and 6 -8.1 for 11. 

Unlike the weakly acidic HXAr complexes, phenyl 
phosphine reacted with ethylene complex 1 to formfuc- 
(PMe3)3(PP~z)Ru(H)(PP~) (12) (50% yield), the result 
of the addition of the P-H bond to the ruthenium center 
and the exchange of one a-bound trimethylphosphine 
for a a-bound phenylphosphine. The reaction was 
accompanied by a color change from pale yellow to deep 
yellow. The 31P{1H} NMR spectrum shows a pattern 
indicating that all of the phosphine groups are magneti- 
cally and chemically inequivalent. The phosphide ligand 
appears furthest upfield as a broad multiplet at 6 -47.3. 
The presence of a hydride is confirmed in the lH NMR 
spectrum by a multiplet at 6 -9.42. 

In an attempt to investigate ligand lability in ethylene 
complex 1, a benzene solution of (PMe3)4Ru(CzH4) (1) 
was heated in the presence of 1 equivalent of C2D4 at 
45 "C. After 6h (PMes)sRu(CzHa)(CzD4) (13) and free 
PMe3 were formed. Identification of 13 is based on 
comparison to  the known complex (PMe3)3Ru(CzH4)2 
(14).17 An AzB pattern in the 31P{1H} NMR spectrum 
indicates three a-bound phosphine groups on the ru- 
thenium center and the 'H NMR spectrum confirms the 
presence of bound ethylene groups. Free ethylene was 
not observed. As alluded to previously, thermolysis of 
a benzene solution of ethylene complex 1 at  90 "C 
resulted in the initial formation of a mixture of cis- 
(PMes)&u(Ph)(H) (16) and (PMe3)3Ru(CzH& (141, which 
was transformed to pure 16 after 12 h.7 Identification 
of phenyl hydride 16 was based on a comparison of its 

(17) Hartwig, J. F.; Bergman, R. G.; Andersen, R. A. J.  Am. Chem. 
SOC. 1991, 113, 3404. We did not determine whether the compound 
isolated in this reaction is one pure isotopomer or whether it is a 
statistical mixture of 50% 13 and 25% each of the corresponding bis- 
ethylene and bis-tetradeuterioethylene complexes. 
(18) Werner, H.; Werner, R. J .  Organomet. Chem. 1981,209, C60. 
(19) Chatt, J.; Hayter, R. G. J .  Chem. SOC. 1961, 896. 
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Complexes with Metal-Heteroatom Single Bonds 

Scheme 2 

Organometallics, Vol. 14, No. 1, 1995 

Table 2. Selected Intramolecular Distances (A) for 

139 

c~~-(DMPE)~Ru(CH~CH~)(SC~H~-~-CH~) (18) 
Ru-S 2.522(3) PI-clo 1.869( 13) 
Ru-P~ 2.346(3) PI-CII 1.847( 13) 
Ru-P~ 2.342(3) P1-C12 1.874( 13) 
Ru-P~ 2.270(3) p2-c13 1.848( 14) 
Ru-P~ 2.302(3) p2-c14 1.829( 12) 
Ru-CI 2.230(10) p2-Cl5 1.820( 13) 
c1-c2 1.548(16) C12-cl3 1.561 (17) 
s-c3 1.791(11) p3-Cl6 1.834( 12) 
c3-c4 1.398(15) p3-c17 1.852( 13) 
c3-G 1.402( 15) p3-ClS 1.859(11) 
c4-c5 1.435( 15) p4-c19 1.843( 12) 
cS-c6 1.404(15) p4-c20 1.838(13) 
c6-c7 1.410( 15) p4-c21 1.821( 12) 
c7-cs 1.395(15) c1s-c19 1.561(16) 
c6-c9 1.523(16) 

plex 6 reacted with HSC6He-p-Me in benzene at room 
temperature (Scheme 4) to afford cis-(DMPE)zRu(SC&& 
p-Me)(CHzCH3) (18) in 75% yield. The 31P{1H} NMR 
spectrum of 18 exhibits a six line pattern of multiplets 
due to the unsymmetrical cis orientation of the phos- 
phorus ligands. Thermolysis of a benzene solution of 
ethyl thiocresolate 18 at  85 "C for 14 h resulted in the 
formation of truns-(DMPE)zRu(SC6H4Me)(H) (19) (48% 
yield). The 31P(1H} NMR spectrum shows the charac- 
teristic singlet for a trans complex, and the ruthenium 
hydride signal appears at 6 -18.01 in the lH NMR 
spectrum. 

A suitable crystal of the DMPE ethyl thiolate complex 
18 was obtained by crystallization from a benzene/ 
pentane (1:lO) solution at -30 "C, and an X-ray diffrac- 
tion study of its structure was carried out. Crystal and 
data collection parameters are provided in Table 1, 
intramolecular bond distances are tabulated in Table 
2, and intramolecular angles are provided in Table 3. 
An ORTEP drawing of complex 18 is shown in Figure 
1. The structure of 18 is approximately octahedral with 
a Ru-S bond length of 2.552(3) 8 and a ruthenium ethyl 
(Ru-C1) bond length of 2.230(10) A. The C-C bond 
length in the ethyl fragment is 1.548(16) 8. The aryl 
ring is twisted out of the Ru-C1-X plane with a torsion 
angle between S-Ru-Cl-C2 of 106.85(0.77)". 

Addition of one equivalent of aniline to (DMPEhRu- 
(CzH4) (6) followed by heating to 120 "C for eight days 
afforded cis-(DMPE)zRu(NHPh)(H) (20a), small amounts 
of the trans isomer 20b and cis-(DMPE)zRuHz. Com- 
plex 20a was isolated in 45% yield by recrystallization 

16 14 

Scheme 3 

Na, xsC2H4 Me2P. 

25 "C 

17 6 

NMR spectral data to literature data for cis-(PMe& 
Ru(Ph)(H).17 

Attempts to obtain a simple addition product of t-butyl 
alcohol to 1 were not successful. Instead, formation of 
~~-(PM~~)&U(CGDB)(D) (ds-151, (PMe3)3Ru(CzH4)~ (14)17 
and free PMe3 was observed when a d6-benzene solution 
of ethylene complex 1 and t-BuOH was heated to 80 "C 
led to (Scheme 2). No reaction occurred at room 
temperature. When the same reactants were heated in 
ds-THF, the products formed were the cyclometalated 
hydride (PMe&Ru(H)(MezPCHz) (16),18 the bis-ethylene 
complex 14, and free PMe3. 

Synthesis of DMPE Complexes. In order to study 
the effect of the phosphine ligands on the reactivity of 
ruthenium ethylene complexes, a room temperature 
synthesis of (DMPE)zRu(CzH4) (6) was developed. The 
reaction of trans-(DMPE)zRuClZ (17),19 excess ethylene 
and sodium in THF afforded complex 6 in 90% isolated 
yield (Scheme 3). Complex 6 has been reported previ- 
0 u s 1 y ~ ~ J ~  although no preparative data were given. 
Ethylene complex 6 exhibits an A A Z  splitting pattern 
in the 31P{1H} NMR spectrum but due to similar 
coupling constants, two pseudo triplets are observed at 
6 43.9 and 37.2. 

In contrast to the tetrakis(trimethy1phosphine) ru- 
thenium ethylene complex 1, bis(DMPE)ethylene com- 

Fw 
cryst system 
space group 
a, 8, 
b, 8, 
c, A 
a, deg 
A deg 
Y. deg v, A3 
z 
size, mm 
color 
d(calc), g cm-3 
~ ( c d c ) ,  cm-' 
20 between 

553.6 
orthorhombic 
~ 1 2 1 2 1  
9.3977(9) 
15.253 l(20) 
18.6320(20) 
90.0 
90.0 
90.0 
2670.8(8) 
4 
0.28 x 0.28 x 0.33 
yellow 
1.38 
8.9 
24' and 28" 

494.5 
monoclinic 
P21In 
9.496(2) 
16.714(3) 
15.19 l(5) 
90.0 
99.07(2) 
90.0 
2380.9(18) 
4 
0.12 x 0.28 x 0.35 
brown 
1.38 
9.1 
24' and 26" 

539.5 
monoclinic 
c2lc 
33.628(7) 
9.1956(13) 
18.440(3) 
90.0 
114.910(16) 
90.0 
5172.3(33) 
8 
0.25 x 0.50 x 0.50 
yellow 
1.39 
9.0 
24' and 32" 

509.5 
monoclinic 
P21In 
12.6944( 19) 
10.5119(16) 
19.456(3) 
90.0 
107.377(13) 
90.0 
2477.6( 14) 
4 
0.20 x 0.27 x 0.32 
pale yellow 
1.37 
8.8 
24' and 34" 

753.8 
monoclinic 
P21h 
12.528(8) 
18.202(5) 
16.592(5) 
90.0 
98.27(4) 
90.0 
3744.4(49) 
4 
0.22 x 0.26 x 0.38 
colorless 
1.34 
5.8 
26" and 32" 

Unit cell parameters and their esd's were derived by a least-squares fit to the setting angles of the unresolved Mo K a  components of 24 reflections with 
In this and all subsequent tables the esd's of all parameters are given in parentheses, right-justified 

Formula, density and absorption coefficient are all calculated for the pure compound as hydride. The 
20 between the angles listed in the last row of the Table. 
to the least significant digit(s) of the reported value. 
particular crystal studied apparently had 15% chloride impurity. 
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C16 

c9 

Figure 1. ORTEP diagram of cis-(DMPE)zRu(CH2CH3)- 
(SCGHd-p-Me) (18). 

Table 3. Selected Intramolecular Angles (deg) for 
c~s-(DMPE)~Ru(CH~CH~)(SC~H~-~-CH~) (18) 

85.68( 10) 
89.90(10) 

170.16(10) 
86.17(9) 
92.3(3) 
83.51(11) 
93.47(11) 
96.23( 10) 

177.8(3) 
99.75( 10) 

176.08(11) 
95.8(3) 
84.18( 10) 
88.7(3) 
84.3(3) 

120.1(7) 
116.6(4) 
122.4(8) 
117.8(8) 
119.7(10) 
119.4( 10) 
120.7( 10) 
118.4(10) 
120.2( 1 1) 
121.3(10) 
121.0(11) 
120.8(11) 
123.3(4) 

120.9(4) 
108.3(4) 
98.9(6) 

100.7(6) 
100.9(6) 
109.2(5) 
121.9(4) 
122.3(4) 
98.2(6) 

100.8(6) 
100.2(6) 
107.2(9) 
108.8(9) 
123.7(4) 
121.1(4) 
109.7(4) 
97.1(6) 

101.2(5) 
100.1(5) 
110.4(4) 
118.5(4) 
121.0(4) 
98.9(6) 

103.1(6) 
101.7(6) 
108.9(8) 
108.0(8) 

from a benzene/pentane (1/10) mixture. The cis con- 
figuration was determined by the ABMX pattern in the 
31P{1H} NMR spectrum. The hydride appears as a 
pseudo doublet of quartets at 6 -7.26 in the lH NMR 
spectrum. Heating a solution of (DMPE)2Ru(C2&) and 
one equivalent of aniline at lower temperature (90 "C) 
for 5.5 days allowed selective formation of trans- 
(DMPE)2Ru(NPhH)(H) (20b) in 15% yield (Scheme 4). 
Under these milder conditions complex 6 was not fully 
converted to 20b but the 2:l mixture of ethylene 
complex 6 and 20b was easily separated by recrystal- 
lization. Complex 20b exhibits a singlet in the 31P{1H} 
NMR spectrum at  6 44.5. The hydride appears as a 
quintet at 6 -19.13 in the lH NMR spectrum. 

An X-ray quality crystal of the DMPE anilido hydride 
20a was obtained from a concentrated toluene solution, 
and its structure was solved by Patterson methods. 
Crystal and data parameters are provided in Table 1, 
intramolecular bond distances are tabulated in Table 4 
and intramolecular angles are provided in Table 5. An 
ORTEP drawing of complex 20a is shown in Figure 2. 
The structure is approximately octahedral, with a Ru-N 
bond length of 2.168(9) A and a Ru-N-C13 bond angle 
of 132.8(7)". The hydride was not located. 

Scheme 4 

18 19 

t 

24 23 

Table 4. Selected Intramolecular Distances (A) for 
cis-@MF'E)zRu(H)(NHPh) (20a) 

2.298(3) 
2.335(3) 
2.244(3) 
2.274(3) 
2.168(9) 
1.861( 13) 
1.827(15) 
1.848( 13) 
1.872(13) 
1.833(13) 
1.833 13) 
1.542( 18) 
1.844( 12) 

1.860( 13) 
1.868(13) 
1.840(13) 
1.850(14) 
1.831(13) 
1.537(16) 
1.345( 13) 
1.419(15) 
1.429( 15) 
1.394( 16) 
1.400( 16) 
1.418(15) 
1.393(15) 

In a manner similar to that used in the reaction with 
p-thiocresol, treatment of (DMPE)zRu(C2H4) (6) with 
PPhH2 at room temperature led to the formation of 
(DMPE)~Ru(PP~H)(CH~CH~) (21) after 30 h. The 31P- 
{lH} NMR spectrum of this material shows eight 
complicated multiplets due to the unsymmetrical cis 
orientation of the phosphorus ligands. The phosphide 
phosphorus atom resonates far upfield (6 -62.5) as a 
very broad multiplet. The signal due to the hydrogen 
atom attached to the phosphide ligand appears as a 
doublet at 6 2.82 (J = 198 Hz). 

A crystal suitable for X-ray determination of the 
DMPE ethyl phosphide 21 was obtained at -30 "C. 
Complex 21 crystallized in space group C2k. A n  
ORTEP drawing of compound 21 is shown in Figure 3. 
Crystal and data parameters are tabulated in Table 1; 
intramolecular bond distances and angles are shown in 
Tables 6 and 7, respectively. As in the case of the ethyl 
thiocresolate 18, complex 21 is approximately octahe- 
dral. The metal phosphide (Ru-P5) bond length in 21 
is 2.453(2) A and the ruthenium ethyl (Ru-C1) distance 
is 2.225(7) 8. The C-C bond length in the ethyl 
fragment is 1.556(9) A. Thermolysis of a THF solution 
of the ethyl phosphido complex 21 at 90 "C for six days 
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Complexes with Metal-Heteroatom Single Bonds 

n 

C16 c7 

Figure 2. ORTEP diagram of cis-(DMPE)zRu(H)(NHPh) 
(20a). 

C16 c7 

W 

Figure 2. ORTEP diagram of cis-(DMPE)zRu(H)(NHPh) 
(20a). 

C 

c 12 

C 

c 12 

18 

Figure 3. ORTEP diagram of c~s-(DMPE)~Ru(CH~CH~)- 
(PPhH) (21). 

Table 5. Selected Intramolecular Angles (deg) for 
cis-(DMPE)ZRu(H)(NHPh) (20a) 

84.56( 11) 
99.45( 12) 
173.76(12) 
89.7(2) 
96.35(11) 
100.13( 11) 
89.0(3) 
84.20( 12) 
169.8(2) 
86.3(2) 
121.7(4) 
117.2(5) 
109.9(4) 
100.4(6) 
102.4(6) 
102.8(7) 
107.5(4) 
125.0(4) 
118.9(4) 
101.1 (6) 
100.0(6) 
100.4(6) 
110.6(9) 
108.5(9) 

125.9(4) 
117.9(4) 
109.4(4) 
98.6(5) 
99.9(6) 
101.4(6) 
1 1 1.6(4) 
119.4(4) 
118.7(5) 
104.2(6) 
101.4(6) 
99.1(6) 
108.8(9) 
109.4(9) 
132.8(7) 
122.9(10) 
121.5(10) 
115.6(10) 
122.2(11) 
121.6(11) 
117.5(11) 
12 1 .O( 10) 
122.1( 10) 

afforded an equilibrium mixture of two products, 22a 
and 22b, in a 2:l ratio. Although we were not able to 
separate and fully characterize these materials, the 
NMR and IR data for this mixture are consistent with 
the formation of the cis and trans isomers of the 
corresponding hydrido phosphido complexes (DMFE)&u- 
(PPhH)(H), respectively. 

Unlike the reactions of HSAr, HzNPh, and H2PPh, 
p-cresol reacted with (DMPE)2Ru(C2H4) to form trans- 
(DMPE)2Ru(OC6H4-pP-CH3)(H) (23) directly. Heating 6 
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Table 6. Selected Intramolecular Distances (A) for 
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cis-(DMPE)zRu(CHzCH,)(PHPh) (21) 
2.312(2) 
2.289(2) 
2.337(2) 
2.334(2) 
2.453(2) 
2.225(7) 
1.556(9) 
1.834(8) 
1.847(7) 
1.866(7) 
1.555(11) 
1.849(7) 
1.840(7) 
1.836(8) 

1.858(7) 
1.839(8) 
1.845(8) 
1.584( 12) 
1.843(9) 
1.869(8) 
1.864(8) 
1.835(7) 
1.402(9) 
1.399(9) 
1.408( 10) 
1.378(11) 
1.416( 12) 
1.399(11) 

Table 7. Selected Intramolecular Angles (deg) for 
cis-(DMPE)~RU(CHzCH3)(PHPh) (21) 

P~-Ru-P~ 87.25(7) Ru-Pq-Ci3 120.2(3) 
P~-Ru-P~ 86.27(7) Ru-P~-C~~ 109 .O( 3) 
PS-Ru-Pi 174.82(7) c13-p4-c14 97.9(4) 
P5 - RU - P2 90.28(6) C14-P4-C12 100.3(4) 
P5-Ru-Cl 92.12(19) C13-P4-C12 101.2(4) 
Ps-Ru-P4 83.71(7) Ru-P~-C~ 1 109.2(3) 
PI-Ru-P~ 93.64(7) Ru-P~-C~ 122.5(3) 
Pz-Ru-P~ 96.5 l(7) RU - P3 - C 10 12 1.3( 3) 
P~-Ru-C~ 179.36(19) C~-P~-C~I 99.0(4) 
PI-RU-PZ 84.55(7) cIo-P3-c11 101.2(4) 
PI-Ru-Cl 86.99(19) C9-P3-Cio 99.8(4) 
PI-Ru-P~ 98.90(7) p4-cl2-Cll 108.1(6) 
Pz-Ru-P~ 176.53(7) p3 -c11 -c 12 108.1(5) 
P~-Ru-C~ 96.12(18) Ru-PI-C~ 125.2(3) 
PZ-Ru-Ci 83.63(18) Ru-PI-CI 122.0(3) 
Ru-Ci-Cz 118.7(5) Ru-Pl-Cs 107.8(2) 
Ru-P~-C~~ 117.7(2) C3-P1-C4 96.9(4) 
pS-cl5-Cl6 120.2(5) C3-P1-C5 101.0(4) 
P5 -c 15 -Go, 121.4(5) C4-P1-C5 99.6(4) 
c16-C15-c20 118.1(6) RU-PZ-C~ 109.1(2) 
c15-c16-c17 120.5(7) Ru- P2- Cs 121.2(3) 
c16-c17-cl8 121.6(7) Ru-Pz-C~ 12 1.3(3) 
c17-c18-c19 118.2(7) C6-PZ-cS 101.0(4) 
c18-cl9-cZO 120.3(7) c6-P2-c7 101.8(4) 
c15-c2o-c19 121.3(7) C7-Pz-Cs 99.1(4) 
Ru-P~-C~~ 124.5(3) P1-c5-c6 107.0(5) 

P2-c6-c5 108.2(5) 

with 1 equivalent ofp-cresol a t  75 "C for 3 h led to the 
formation of 23 in 71% yield (Scheme 4). An X-ray 
diffraction study was carried out on a crystal of the 
hydrido p-cresolato complex 23 obtained from a toluene/ 
pentane (1 : lO)  solution at -30 "C. An ORTEP drawing 
of 23 is shown in Figure 4, crystal and data parameters 
are listed in Table 1, and intramolecular bond distances 
and angles are tabulated in Tables 8 and 9, respectively. 
The Ru-0 bond length is 2.239(2) A and the Ru-H bond 
length is 1.63(3) A. The hydride was located; it lies 
below the DMPE phosphorus plane and the cresolate 
oxygen is located above the plane, tilted out of the 
normal by approximately 15". 

When (DMPE)~Ru(C~H~) was treated with excess 
p-cresol a t  -30 "C rapid precipitation of the salt [trans- 

CH31- (24) (Scheme 4) was observed. Two equivalents 
of unreacted p-cresol remain hydrogen-bonded to the 
cresolate counterion of 24 even after recrystallization. 
The 31P{1H} NMR spectrum of 24 at 25 "C shows a 
broad singlet a t  6 41.5; the lH NMR spectrum displays 
a singlet at 6 14.32 for the hydrogen-bonded protons, 
one broadened multiplet for the ethylene protons at 6 
1.92 and the hydride multiplet at 6 -9.88. 

An X-ray crystal structure study was carried out on 
the ethylene hydrido complex 24. Approximately 15% 

(DMPE)~Ru(C~H~)(H)]'[OC~H~-~-CH~.~HOC~H~-~- 
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C l C  

Burn et al. 

0 1 0 7  

c i7  

Figure 4. ORTEP diagram of ~ ~ ~ ~ ~ - ( D M P E ) ~ R u ( H ) ( O C ~ H ~ -  
p-Me) (23). 

nCl3 

Figure 5. ORTEP diagram of the cation in [trans- 
( D M P E ) ~ R U ( C ~ H ~ ) ( H ) + [ O C ~ H ~ - ~ M ~ . ~ H O C ~ ~ - ~ M ~ ]  (24). 

Table 8. Selected Intramolecular Distances (A) for 
~~~~S-(DMPE)~RU(€I)(OC&JI-CH~) (23) 

Ru-Pi 2.289( 1) p1-cs 1.832(3) 
Ru-P~ 2.296( 1) Pl-c9 1.822(3) 
Ru-P~ 2.299( 1) Pl-clo 1.840(3) 
Ru-P~ 2.295( 1) P2-C11 1.844(3) 
Ru-0 2.239(2) P2-C12 1.830(3) 
Ru-H(Ru) 1.63(3) p2-cl3 1.829(3) 
0-Cl 1.302(3) Clo-cll 1.518(4) 
CI-c2 1.404(4) P3-pl4 1.822(3) 
Cl-c6 1.414(3) P3-clS 1.819(3) 
c2-c3 1.386(4) p3-Pl6 1.846(3) 
c3-c4 1.381(4) P4-cl7 1.848(3) 
c4-cs 1.389(4) p4-Cl8 1.822(3) 
c4-c7 1.508(4) p4-Cl9 1.821(3) 
cS-c6 1.373(4) c16-cl7 1.5 14(4) 

of the hydride sites in the crystal examined contained 
chloride presumably derived from the CHzCl2 used in 
crystallization. Although we were not able to  obtain 
NMR evidence for the chloride contaminant, mass 
spectral analysis registered the chloride impurity. An 
ORTEP drawing of the organometallic portion of 24 is 
shown in Figure 5, and an ORTEP diagram of the 
hydrogen-bonded p-cresolate anion is provided in Figure 
6. The crystal and data collection parameters are given 
in Table 1; the intramolecular bond distances are 
tabulated in Tables 10 and 12 and the intramolecular 

Y L J W U A  I \  

v C 2 0 4  

&207 

Figure 6. ORTEP diagram of the anion [p-Me- 
C&t@2HOC6H4-p-Me]- in 24. 

Table 9. Selected Intramolecular Angles (deg) for 
~~~~s-@MPE)~Ru(H)(OC~H~-P'CH~) (23) 

84.16(2) 
94.45(2) 

175.68(2) 
100.80(5) 
85.7(10) 

173.78(2) 
96.28(2) 

106.43(5) 
85.6( 10) 
84.66(2) 
79.79(5) 
88.2( 10) 
83.21(5) 
90.0( 10) 

166.7( 10) 
137.58(16) 
124.5(2) 
120.4(2) 
1 15.1(2) 
121.8(2) 
122.3(3) 
116.6(2) 
121.7(3) 
121.7(3) 
122.0(3) 
122.2(3) 
120.37(11) 

119.85(11) 
108.84(9) 
100.64( 15) 
102.07(14) 
102.38( 14) 
109.69(8) 
116.69(10) 
123.94( 1 1) 
100.56( 14) 
102.39( 13) 
100.38( 14) 
110.16(18) 
108.82( 18) 
119.64(13) 
120.41 ( 12) 
107.83(11) 
102.24(19) 
101.69(16) 
102.26( 18) 
108.87(10) 
117.14( 13) 
122.77(12) 
102.52( 19) 
101.33(16) 
101.44(19) 
109.16(21) 
109.80( 20) 

Table 10. Selected Intramolecular Distances (A) for 
[trans-(DMPE)2Ru(CzH4)(H)If (24) 

2.328(3) 
2.324(2) 
2.314(3) 
2.317(2) 
2.26% 10) 
2.269(10) 
2.425(15) 
1.430( 12) 
1.826(11) 
1.840( 10) 
1.847(9) 

1.834(9) 
1.827(10) 
1.842( 10) 
1.550( 12) 
1.844(10) 
1.843(10) 
1.862(10) 
1.847( 10) 
1.842(12) 
1.852(11) 
1.540( 13) 

angles in Tables 11 and 13. The structure of 24 is 
pseudo-octahedral, with the ethylene ligand occupying 
an axial position and exhibiting nearly identical Ru-C 
distances of 2.26 and 2.27 A. The ethylene C-C bond 
distance is 1.43 A. These values should be interpreted 
with caution because of the 15% chloride impurity in 
the crystal. 
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Complexes with Metal-Heteroatom Single Bonds 

Table 11. Selected Intramolecular Angles (deg) for 
[trans-(DMPE)2Ru(CzH)(H)]+ (24) 

Pi -Ru-P~ 83.69(8) c4-Pl-cs 100.1(4) 
PI-Ru-P~ 171.28(10) RU-Pz-C6 109.3(3) 
PI -Ru-P~ 95.90(9) RU -Pz - C7 116.9(3) 
Pi-RU-CI 93.7(3) Ru-Pz-Cs 122.4(3) 
PI -Ru-C~ 93.3(3) c6-P2-c7 102.0(4) 
Pz-Ru-P~ 94.73(9) C6-PZ-cS 102.4(4) 
Pz-Ru-P~ 164.35(9) C7-Pz-Cs 101.2(4) 
Pz-Ru-CI 116.16(24) Pl-C5-c6 111.0(6) 
P2-Ru-c~ 79.54(24) P2-c6-c5 108.7(6) 
P~-Ru-P~ 83.30(9) Ru-P~-C~ 119.1(3) 
P~-Ru-CI 94.64(25) RU-P~-CIO 120.0(3) 
P3-Ru-c~ 94.85(25) Ru-P~-C~I 110.4(3) 
P4-Ru-c~ 79.49(24) C ~ - P ~ - C ~ O  101.6(4) 
P4-Ru-c~ 116.07(24) C9-P3-Cii 100.2(4) 
CI-RU-C~ 36.8(3) c1o-P3-cIl 102.6(4) 
**Cl-Ru-P1 8 1.8(4) R u - P ~ - C ~ ~  109.0(3) 
**Cl-Ru-PZ 85.2(3) Ru-P4-C13 115.8(4) 
**Cl-Ru-P3 89.5(4) Ru-Pq-Ci4 123.0(4) 
* * C1- RU -P4 79.3(3) C12-P4-C13 101.5(5) 
Ru-PI-C~ 120.0(3) C I ~ - P ~ - C I ~  102.1(5) 
RU-PI-C~ 119.5(3) C13-P4-C14 102.7(5) 
Ru-PI-C~ 109.5(3) p3-Cll-cl2 109.4(7) 
C3-Pl-Q 101.6(5) P4-C12-C11 108.5(6) 
C3-P1-C5 103.4(5) 

Table 12. Selected Intramolecular Distances (A) for 
[~-CH3-CsH40).2HOC~~-~-CH3]-  (24) 

ClOl-01 1.363 10) cZO3-cZ04 1.41 1( 12) 
clol-cloz 1.413(12) c204-c205 1.393( 12) 
c101-Cl06 1.385(12) c204-cZ07 1.554( 13) 
clO2-c103 1.411(12) CZOS-CZM 1.403( 12) 
C103-ClM 1.379(12) c301-03 1.360( 10) 
CIM-CIO5 1.406( 12) c301-c302 1.386( 12) 
C~M-C~O' 1.533(12) c3OI-c306 1.406(12) 
c 105 - c 106 1.40 1 (12) c302-c303 1.419( 12) 
G 0 1 - 0 2  1.342( 10) c303-c304 1.393(13) 
c201 - G o 2  1.396( 12) C304-C305 1.39 1 (12) 
czo1-c206 1.406(12) C3M-C307 1.519(13) 
c202-cZ03 1.422( 12) c305-c306 1.420( 12) 

01.  ' a 2  2.479(8) 
0 2 '  a 3  2.543(9) 

Table 13. Selected Intramolecular Angles (deg) for 
[p-CH3-CsH40.2HOCaH4-p-CH31- (24) 

113.1(5) 
12 1.1(5) 
122.2(5) 
113.1(5) 
118.3(8) 
121.6(8) 
120.1(8) 
118.7(8) 
122.0(8) 
118.0(8) 
121.5(8) 
120.5(8) 
121.4(9) 
119.7(8) 
120.1(8) 
120.5(8) 
119.4(8) 

119.8(8) 
120.7(8) 
118.6(8) 
120.8(8) 
120.5(8) 
121.1 (8) 
120.5(8) 
118.5(8) 
120.9(8) 
120.5(8) 
119.9(8) 
120.8(9) 
118.5(9) 
120.7(8) 
120.7(9) 
121.9(9) 
118.3(8) 

Synthesis of Divinyl Complex (PMe&Ru(CH= 
CH2)2 (7) and Its Conversion to Butadiene Com- 
plex (PMe&Ru(q4-CaHs) (8). Treatment of (PMed4- 
RuC12 (2) with two equivalents of CH2CHMgCl at room 
temperature afforded cis-(PMe3)4Ru(CH=CHz)z in 50% 
yield (Scheme 5). The cis orientation of 7 was confirmed 
by the A S 2  splitting pattern in the 31P{1H} NMR 
spectrum. 

Thermolysis of a benzene solution of divinyl complex 
7 for two days at  80 "C yielded an orange solution that 
exhibited an A2B pattern in the 31P{1H} NMR spectrum. 
The presence of free PMe3 in both the 31P{1H} and lH 
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Scheme 5 
Me3P 

I Me3p-Ru..-3 CI PMe3 

Ru' 

M e p  CI PMe, 
2 7 8a 

Me&. I ..PMeo 2 CHZCHMgCI MeP..&..-\ 

Me3P' 1 'PMe3 RT Me,P' 1 + 48h  I-- 

Me,P 
Bb 

Scheme 6 
PMe. 

1 Ij -CzH' 

PMe3 PMe3 
Me&, I ..H Me,P., 1 ,.Et 

Me# 1 h 
Me3PfRy'X PMe, PMe, 

Rue 

27 

NMR spectra indicated the dissociation of a phosphine 
group. Cooling a hexane solution of the product of this 
reaction afforded pure butadiene complex 8a in 48% 
isolated yield. The 'H NMR spectrum shows a doublet 
a t  6 1.37, corresponding to the unique PMe3 group trans 
to the butadiene ligand, and a virtual triplet a t  6 1.01 
for the methyl groups on the mutually trans phosphine 
ligands. The 'H and l3C(lH} NMR spectra are consis- 
tent with the formation of a butadiene complex @a, 
Scheme 5). The assignment of peaks in the 'H NMR 
spectrum was made in analogy to the known Ru(CO)3- 
(butadiene),2O formed from the reaction of Ru3(CO)12 and 
1,3-b~tadiene.~O The difference in the l3C(lH} NMR 
chemical shifts of the butadiene carbons (6 79.1 (CHI 
and 6 28.9 (CH2)) and the lack of coupling in the 'H 
NMR spectrum suggest that the structure is that of a 
chelating butadiene with substantial metallacyclopen- 
tene character (8a and 8b, Scheme 5). 

Discussion 

Trimethylphosphine Complexes. The reactions of 
(PMe&Ru(C2H4) (1) can be divided into two groups: 
those that occur a t  25 "C and those that occur a t  higher 
temperatures. We consider the room temperature reac- 
tions first. 

Previous studies on the reactivity of (PMe3)4Ru(C2H4) 
(1) showed that the ethylene complex readily reacts with 
p-cresol at room temperature to form the cresolate 
hydride by a protonation mechanism.' We find that 
treatment of ethylene complex 1 with p-thiocresol, 
p-chlorophenol, or p-nitrophenol at room temperature 
resulted in the immediate conversion of 1 to the hy- 
drides ( P M ~ ~ ) ~ R u ( H ) ( Z C ~ H ~ - ~ - Y )  (9, Z = S, Y = CH3; 
10, Z = 0, Y = C1; 11, Z = 0, Y = NOz). Similarities 
between the reaction conditions and the presence of an 
acidic hydrogen in the organic reagent support a mecha- 
nism analogous to that in the p-cresol reaction7 despite 

(20) Zobl-Ruh, S.; vonPhilipsborn, W. Helv. Chim. Acta 1980, 63, 
773. 
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the large differences in p G s  of the acidic hydrogens. 
The mechanism proposed for the reaction of p-cresol 
involves initial protonation of the electron-rich ruthe- 
nium center by HXAr, followed by ethylene insertion 
to form a possible ruthenium ethyl cresolate intermedi- 
ate, c~s - (PM~~)~Ru(E~) (OC~H~-P-CH~) .  This is supported 
by the studies done on the bis(DMPE) complexes 
discussed in the next section. Ionization of the aryloxide 
to form an ion pair [(PMe3)4Ru(Et)l+[OAr- would 
facilitate 6-hydride elimination to form the observed 
product 3 (Scheme 6). 

Addition of p-thiocresol to  the p-cresolate complex 3 
resulted in the complete conversion to the p-thiolato 
complex 9 andp-cresol (eq 1) at room temperature. The 
facility of this process is a consequence of the formation 
of (a) a stronger 0-H bond relative to an S-H bond and 
(b) a stronger Ru-S bond compared to  a Ru-0 bond.21 

Burn et al. 

PMe, PMe, 

HSAr + Ru' ___) Ru' + HOAr (1) 
Me3P.. I ..H 

Me,P' I 'OM 
Me,P.. I ..H 

Me,P' 1 'SAr 
PMe, PMe, 

3 9 

Studies performed on the related metal-hydroxy and 
metal-thiol systems suggest that the stronger interac- 
tion between the soft sulfur atom and the soft metal 
center is a result of more covalent character in the metal 
sulfur bond.6122-24 

The reaction of ethylene complex 1 with one equiva- 
lent of phenylphosphine also occurs readily at room 
temperature. Neither dissociation of trimethylphos- 
phine nor dissociation of ethylene from 1 occurs a t  this 
temperature. However, the fact that the phosphine- 
substituted complex (PMe3)3(PPhHz)Ru(H)(PPhH) (12) 
is the final product suggests that the mechanism is more 
complicated than a simple protonation reaction. No 
mechanistic studies were performed as hydrido phos- 
phido 12 is relatively unstable at room temperature and 
decomposes in solution to a complex mixture of products 
after 15 min. Support for the formation of an interme- 
diate ethyl phosphide species was obtained, however, 
by reactivity studies in the bis(DMPE) system discussed 
in the next section. /?-Hydride elimination to form the 
phosphido hydride followed by phosphine exchange of 
one PMe3 by PhPHz is one possible pathway to the final 
product 12 (Scheme 7). Electron donation from the 
phosphido phosphorus atom may make the ruthenium 
center in (PMe3)4Ru(H)(PPhH) more substitutionally 
labile than that in 1. 

At temperatures above 25 "C, the ethylene complex 
1 can react by a number of pathways as seen from the 
product distributions in the following reactions. Deu- 
terated ethylene displaces one phosphine ligand to  form 
the bis(ethy1ene) complex 13 (Scheme 1) at 45 "C. At 
temperatures above 90 "C in benzene, ethylene complex 
1 leads to phenyl hydride 15.7 Complex 15 has been 
previously prepared from the reaction of the tetrakis- 
(trimethylphosphine) ruthenium benzyne complex with 
n-propan01.l~ Detailed studies of the reductive elimina- 

(21) Huheey, J. E.; Keiter, E. A.; Keiter, R. L. Inorganic Chemistry: 
PrincipZes ofstructure and Reuctiuity; 4th ed.; Harper and Row: New 
York, 1993, Ch. 9. 

(22) Pearson, R. G. J. Chem. Ed. 1968,45, 581. 
(23) Pearson, R. G. J. Chem. Ed. 1968, 45, 643. 
(24) Burn, M. J.; Fickes, M. G.; Hartwig, J. F.; Hollander, F. J.; 

Bergman, R. G. J .  Am. Chem. SOC. 1993,115,5875.  

Scheme 7 
PMe, PMe3 

Ru' 1 - 
PMe, 

Me3P., I .-CH2 +PPhH2 Me3P., Ru' I ,-Et 

Me3P' I \CH2 Me3P' PMe3 I b P h H  

1 

t 

10 

tion reaction of the phenyl hydride 15 to form benzene 
and the cyclometalated hydride 16 (eq 2) were reported 

PMe, Me,P. 

PMe, " PMe, 

15 16 

p r e v i o ~ s l y . ~ ~  We propose that at 90 "C, dissociation of 
free ethylene forms an L4Ru intermediate that can 
activate the benzene solvent to form the phenyl hydride. 
The free ethylene liberated reacts with (PMe3)4Ru(C2H4) 
to form the bis(ethy1ene) complex, (PMe3)3Ru(CzH4)2, 
and free PMe3. 

DMPE Complexes. The behavior of bis(DMPE) 
system provides a useful comparison with that of the 
tetrakis(trimethy1phosphine) system. The enhanced 
stability of the DMPE complexes, attributed to the 
chelate effect of the bidentate ligand, makes phosphine 
dissociation pathways less feasible and facilitates the 
isolation of intermediates, such as the cationic ethylene 
hydrido and ethyl complexes, not observed in the 
trimethylphosphine system. 

Although (DMPE)zRu(CzH4) (6) has been mentioned 
previously in the literature,13J6 we have found a new 
route to complex 6 (Scheme 3) and have explored its 
reactivity with various HX complexes (Scheme 4). 
Complex 6 readily reacts with p-thiocresol at room 
temperature to form (DMPE)~RU(SC~H~-~-CH~)(E~)  (18). 
Thermolysis of complex 18 at  85 "C for 14 h results in 
the loss of ethylene and the formation of trans- 
(DMPE)zRuH(SAr) (19) (Ar = CcH4-p-CH3, Scheme 4). 
By contrast, we have not observed the ethyl species in 
the reaction of the tetrakis(trimethylphosphine1 ethyl- 
ene complex 1 and HSCsH4-p-CH3, where the reaction 
occurred rapidly at room temperature to form only the 
corresponding hydride complex (Scheme 1). 

PPhHz reacted with bis(DMPE) ethylene complex 6 
in a manner analogous to p-thiocresol, leading at  room 
temperature to the ethyl phosphido complex 21. Com- 
plex 21 is stable a t  room temperature and only under- 
goes 6-hydride elimination at temperatures above 60 "C 
to form a mixture of trans and cis-(DMPE)zRu(H)- 
(PHPh) (22a and 22b). Unlike the trimethylphosphine 

(25) Hartwig, J. F.; Andersen, R. A.; Bergman, R. G. J .  Am. Chem. 
SOC. 1991, 113, 6492. 
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Complexes with Metal-Heteroatom Single Bonds 

Scheme 8 
r CH,=CH, I +  

29 

system, phosphine substitution of the DMPE ligands by 
PPhHz was not observed. 

In contrast to the reactions ofp-thiocresol and PPhH2, 
aniline does not react with ethylene complex 6 at room 
temperature. However, at 90 "C formation of the anilido 
hydride (DMPE)2Ru(NPhH)(H) (20b) is observed. Moni- 
toring the reaction by lH NMR spectrometry showed 
that the trans isomer 20b is formed initially and 
subsequently rearranges to the cis form 20a, suggesting 
that trans 20b is the kinetic product of the reaction of 
6 and aniline. This indicates that the reaction does not 
proceed by direct oxidative addition as is presumed in 
the case of the (PMe3)4 a n a l ~ g u e . ~  

The reaction of HOCsH4-p-CH3 with bis(DMPE) eth- 
ylene complex 6 at  room temperature slowly forms the 
p-cresolate hydride 23 with no observable ruthenium- 
ethyl species. However, at low temperature only the 
protonated ethylene hydride cation 24 is formed, pre- 
sumably due to stabilization of the cresolate counterion 
by unreacted p-cresol. At room temperature, the reac- 
tion proceeded slowly to afford the p-cresolate hydride 
23 with no observable ruthenium ethyl species as a 
second intermediate. 

The isolation of the ethyl thiocresolate 18, ethyl 
phosphide 21, and ethylene hydride cation 24 provides 
some insight regarding the mechanism of reactions of 
weakly acidic reagents with 6 (Scheme 8). As previously 
mentioned, we propose that (PMe&Ru(C2H4) (1) reacts 
by initial protonation of the metal center to form an 
ethylene-hydrido cationic complex (25, Scheme 61, which 
may undergo reversible ethylene insertion to form the 
corresponding ruthenium ethyl species. Loss of ethyl- 
ene from the ethylene-hydride cation leads to the 
neutral hydride product 27. However, these proposed 
intermediates were not observed in the tetrakidtri- 
methylphosphine) system. The increased stability of the 
bis(DMPE) complexes allows for the isolation of the 
intermediate ethyl species, (DMPE)2Ru(Et)(X), and eth- 
ylene species [(DMPE)~RU(H)(C~H~)I+[OC~H~-~-CHB* 
2HOCsH4-p-CH31- and provides support for the mecha- 
nistic hypothesis. 

A number of complexes similar to the protonated 
ethylene species 24 are known, and the reversible 
migratory insertion process of metal-complexed alkene 
into an M-H bond has been studied e x t e r ~ s i v e l y . ~ ~ - ~ ~  
Whether the Ru ethyl or the Ru ethylene hydride 

(26) Byme, J. W.; Kress, J. R. M.; Osborn, J .  A,; Ricard, L.; Weiss, 

(27) Brookhart, M.; Lincoln, M. J.  Am. Chem. SOC. 1988,110,8719. 
R. E. J.  Chem. Soc., Chem. Comm. 1977, 662. 
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cationic complex is isolated must in part be controlled 
by the ability of the counteranion to coordinate to the 
protonated metal center. Soft-soft interactions, such as 
Ru-S and Ru-P, favor the ethyl species. By comparison, 
the soft-hard Ru-0 interaction that would be present 
with p-cresolate as the counterion provides less driving 
force for insertion, and the ionic intermediate is isolated. 

X-ray Structures of 18,21,20a, 23, and 24. X-ray 
structural analyses of the ethyl thiolate 18 and the ethyl 
phosphide 21 reveal that these complexes are very 
similar. Although a slightly shorter Ru-S distance 
might be expected, based on the smaller atomic radius 
of sulfur compared to phosphorus,21 the Ru-P bond is 
significantly shorter than the Ru-S bond (Ru-P = 2.453- 
(2) compared to Ru-S = 2.522(3) A) suggesting the 
presence of some multiple bond character in the Ru-P 
bond (see discussion below). The Ru-ethyl bond lengths 
in complexes 18 (2.230(10) A) and 21 (2.225(7) A) are 
not statistically different despite the change in environ- 
ment at the metal center. These bond lengths are 
slightly longer than the metal-ethyl bond distances in 
other ruthenium-ethyl compounds such as Ru(Et)z(t- 
Bu2bipy)z where the Ru-Et distances are 2.138(7) and 
2.142(8) 

The Ru-P distances in the structures of both 18 and 
21 reflect the relative trans influence properties of the 
various ligands. Comparison of the tabulated data of 
the Ru-P bond distances trans to the ethyl groups, or 
to another phosphine ligand, reveal the increasing trans 
influence trend SAr < phosphine FZ phosphide FZ ethy1.l 
The Ru-S-C angle in 18 is 116.6 (4)" and the Ru-P-C 
angle in 21 is 117.7 (2)", indicating that this angle is 
not particularly sensitive to the difference in n-donating 
abilities of the thiolate and phosphide ligands. 

There are only a few examples in the literature of 
structurally characterized terminal phosphidometal 
c ~ m p l e x e s . ~ , ~ ~ - ~ ~  A terminal phosphido-ligand in an 
LM-PR2 complex can be either planar or pyramidal at 
phosphorus. A planar phosphorus center (A) should 

have a short M-P bond length and a large (approx. 130") 
M-P-R bond angle. In contrast, a longer M-P bond 
length and a smaller ( ~ 1 1 4 " )  M-P-R angle would be 
consistent with a pyramidal phosphorus center (B). The 
Ru-P5 (phosphide) bond length in 21 is 2.453(2) A, 
longer than the Ru-P (phosphine) distances in the 
literature that range from 2.289-2.337 A, and the Ru- 
P5-MC15) angle is 117.7(2)". Although the phosphorus- 
bound hydrogen was not located, the structure appears 

(28) Benfield, R. E.; Cragg, H. R.; Jones, R. G.; Swain, A. C. Nature 

(29) Werner, H . ;  Feser, R.Angew. Chem. Znt. Ed. (Engl.) 1979,18, 
1991,353, 340. 
3 10 
Li) I .  

(30) Werner, H.; Werner, R. J. Organomet. Chem. 1979, 174, C63. 
(31) Werner, H.; Feser, R. J.  Organomet. Chem. 1982,232, 351. 
(32) Doherty, N. M.; Bercaw, J. E. J .  Am. Chem. SOC. 1986, 107, 

(33) Black, S. I.; Skapski, A. C.; Young, G. B. J .  Chem. Soc., Chem. 

(34) Roddick, D. M.; Santarsiero, B. D.; Bercaw, J. E. J .  Am. Chem. 

(35) Stephen, D. W.; Ho, J. Organometallics 1992, 11, 1014. 
(36) Weber, L.; Meine, G.; Boese, R.; Augart, N. Organometallics 

(37) Vaughan, G. A.; Hillhouse, G. L.; Rheingold, A. L. Organomet. 

2670. 

Commun. 1989, 911. 

SOC. 1986,107, 4670. 

1987, 6(12), 2484. 

1989, 8, 1760. 
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to be consistent with a phosphorus center that has a 
pyramidal geometry (B). However, the short Ru-P 
(phosphide) bond length suggests some double bond 
character may be present in the metal-phosphide bond. 

In contrast the metal-nitrogen bond distance in 20a 
is very similar to that of the previously reported 
tetrakis(trimethy1phosphine) analogue (Ru-N 2.160(6) 
A).' The Ru-P3 (trans to the amido ligand) distance of 
2.244(3) A in 20a is similar to Ru-P3 (trans to the 
thiocresolate group) in 18 (2.270(3) A) and consistent 
with a comparable trans influence. A Ru-P2 distance 
of 2.335(3) A (trans to  the hydride ligand, which was 
not located in the structural study) is slightly longer 
than the Ru-P distances in 18 and 21 trans to  the ethyl 
ligand, also in accord with the expectedly stronger trans 
influence of H relative to C.l 

In comparison to (PM~~)~RU(H)(OC~H~-~-CH~)~, the 
structure of ~~~~S-(DMPE)~RU(H)(OCGH~-~-CH~) (23) 
shows the Ru-0 bond length of 2.239(2) A to be slightly 
longer and the Ru-O-Cip, bond angle of 137.9(4)" 
slightly larger than that in the cis tetrakidtrimeth- 
ylphosphine) analog. The increased bond length could 
be attributed to the trans influence of the hydride 
ligand. One unusual feature of the structure is the 15.4" 
tilt of the Ru-0 vector from the normal to the phospho- 
rus plane in the direction between P3 and P4. This 
detail is ascribed in part to steric interaction between 
the p-cresolate phenyl ring and the DMPE methyl 
groups. The Ru-H distance of 1.63(3) A is slightly 
smaller than that for the related PMe3 ~omplex.~ 

The most unique structure described in this paper38 
is the cationic complex, [trans-(DMPE)2Ru(C2H4)(H)lf- 
[OC6H4-pPCH3*2HOC6H4-p-CH31- (24). Analysis of the 
X-ray data for this structure detected approximately 
15% chloride presence in the hydride position. The 
source of chloride is undoubtedly the CH2C12 used as a 
recrystallization solvent as no halogenated solvents 
were used in the synthesis of the complex. The hydride- 
chloride exchange suggests a fairly reactive hydride. The 
Ru-C1 and Ru-C2 bond lengths are 2.265(10) A and 
2.269(10) A, respectively, and the ethylene C1-C2 bond 
distance is 1.430(12) A. The [OC6H4-p-CH3*2HOC6H4- 
p-CH3 I- counter-ion is propeller shaped; the 01-02 and 
02-03 distances of 2.479(8) A and 2.543(9) A, respec- 
tively, constitute examples of very strong hydrogen 
bonding.39 

Behavior of Divinyl Complex 7. It was initially 
hoped that, in a manner similar to the reaction with 
EtMgC1, reaction of dichloride 2 with vinylmagnesium 
bromide would yield a metallacyclopropene. However, 
the product isolated was the divinyl species, (PMe3)4- 
Ru(CH=CH2)2 (7). Thermolysis of 7 could result in 
either coupling of the vinylic groups to give a butadiene 
ligand or loss of one of the vinyl groups as ethylene to 
give a metallacyclopropene, analogous to preparation of 
the benzyne complex (23) from (PMe&Ru(Ph)z (24).17 
In the event, thermolysis of 7 in benzene led to the 
formation of butadiene complex 8. Spectroscopic details 
indicate that the chelating butadiene ligand has sub- 
stantial metallacyclopentene character.20 

The most plausible mechanism for the formation of 
butadiene 8 would be a direct concerted C-C reductive 

(38) Benfield, F. W. S.; Green, M. L. H. J. Chem. SOC. Dalton Trans. 

(39) Emsley, J. Chem. SOC. Reu. 1980, 91. 
1974, 1324. 

Burn et al. 

elimination of the two vinyl ligands to form the buta- 
diene species. Although C-C reductive elimination is 
not as well known as C-H reductive elimination for 
ruthenium complexes it has been invoked in a number 
of other systems such as the thermolysis of (alkyl)(acyl)- 
rhenium complexes to form ketones.40 Butadiene com- 
plexes of transition metals are well known and are 
typically prepared by the reaction of butadiene with a 
coordinatively unsaturated metal s p e c i e ~ . ~ ~ > ~ l - ~  How- 
ever, there is literature precedent for butadiene species 
formed from C-C coupling reactions. For example, 
addition of diphenylacetylene to Cp(PPhs)Co(Me)2 forms 
C ~ ( P P ~ ~ ) C ! O ( C ~ P ~ ~ ) ~ ~ , ~ ~  and Cp2MC12 (M = Zr  or Hf) 
reacts with CHzCHLi to form Cp2M(C4H6).47 Interest- 
ingly, in direct contrast to the formation and relative 
stability of divinyl complex 7, intermediate divinyl 
species are not observed in the Co, Zr or Hf cases. 

Summary 

The reactivity of two strained phosphine-substituted 
ruthenium metallacyclopropanes (or ruthenium ethyl- 
ene species) has been explored. The reactivity depends 
dramatically upon whether four PMe3 ligands or two 
bis-dimethylphosphinoethane (DMPE) ligands are bound 
to ruthenium. For example, stable intermediate ethyl 
complexes could be isolated from the reaction of a 
variety of HX compounds (X = SAr, OAr, PPhH) with 
(DMPE)2Ru(C2H4) (6). Thermolysis of (DMPE)2Ru(Et)- 
(SC6H4-p-Me) resulted in the formation of the hydride, 
trans-(DMPE)2Ru(H)(SCsHs-p-Me). In contrast, reac- 
tions of (PMe3)8u(C~H4) (1) with HX immediately 
resulted in the formation of the hydride species, and no 
ethyl intermediates could be observed. 

A possible mechanism for these reactions involves 
initial protonation of the metal center by HX. This was 
initially proposed by Hartwig et al. for the reaction of 
(PMe3)4Ru(CzH4) with cres01.~ Due to the reactivity of 
the PMe3 complexes no intermediates were observed. 
We have observed similar behavior in the reactions of 
(PMe3)4Ru(CzH4) with HX (X = SC&-p-Me, OC6H4-p- 
Me, PPhH). Once again the presence of bidentate 
phosphine ligands provided additional stability to the 
intermediate ethyl species. The ethyl species have been 
isolated and shown to undergo conversion to the hydride 
products, and a unique ethylene hydride species, 
[(DMPE)2Ru(C~~)(H)If[OAr2HOArl- has been isolated 
and characterized by X-ray crystallography. This spe- 
cies rapidly rearranges to form (DMPE)zRu(H)(OAr) in 
solution at room temperature. 

Attempts to extend the metallacyclopropane-like be- 
havior of ethylene complex 6 to the corresponding 
metallacyclopropene analog were not successful. Treat- 
ment of dichloride 2 with vinyl Grignard reagent 
resulted in the formation of a divinyl species, (PMed4- 

(40) Goldberg, K. I.; Bergman, R. G. J. Am. Chem. SOC. 1989,111, 

(41) Ruh, S.; vonPhilipsborn, W. J. Organomet. Chem. 1977, 127, 

(42) Chang, J.; Bergman, R. G.  J. Am. Chem. SOC. 1987,109,4298. 
(43) Wreford, S. S.; Whitney, J. F. Inorg. Chem. 1981,20, 3918. 
(44) Yamamoto, H.; Yasuda, H.; Tatsumi, R; Lee, R; Nakamura, 

(45) Evitt, E. R.; Bergman, R. G. J. Am. Chem. Soc. 1978,100,3237. 
(46) Yamazaki, H.; Haghara, N. J.  Organomet. Chem. 1970,21,431. 
(47) Beckhaus, R.; Thiele, K-H. J. Organomet. Chem. 1986, 317, 

1285. 

c59. 

A.; Chen, J.; Kai, Y.; Kasai, N. Organometallics 1989, 8, 105. 

23. 
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Complexes with Metal-Heteroatom Single Bonds 

Ru(CH=CHz)z which led upon thermolysis to the buta- 
diene complex 8. 

Experimental Section 
General Considerations. Unless otherwise noted, all 

reactions and manipulations were carried out under a nitrogen 
atmosphere in a Vacuum Atmospheres 553-2 Dri-Lab inert 
atmosphere box with attached M6-40-1H Dri-Train or under 
argon using standard Schlenk and vacuum techniques. Glass- 
ware was dried in an oven at 150 "C. 

Reactions involving gaseous reagents were handled on a 
vacuum line equipped with a MKS Baratron gauge. A known 
pressure of volatile gaseous reagents, calculated from the ideal 
gas law, was expanded into a bulb of known volume and then 
condensed at -196 "C into a high pressure vessel consisting 
of a thick-walled glass bomb attached to  a Kontes vacuum 
stopcock. 

Infrared spectra were taken on a Mattson Galaxy 3000 - 
Fourier Transform Infrared spectrometer (FTIR). All 'H, 31P- 
{'H} and 13C{'H} NMR spectra were obtained at  room 
temperature on a superconducting FT spectrometer incorpo- 
rating Nicolet computers and cryomagnets assembled in the 
UC Berkeley NMR laboratory by Mr. Rudi Nunlist. The 'H, 
31P{1H} and 13C{'H} spectra were determined at 300 MHz, 121 
MHz and 75 MHz, respectively. Elemental analyses were 
conducted by the U.C. Berkeley Microanalysis Facility. FAB- 
MS was carried out on a VG-70SE instrument in the U.C. 
Berkeley Mass Spectrometry Facility. 

To prepare sealed NMR tubes, the sample tube was attached 
by Cajon adapters directly to Kontes vacuum stopcocks. 
Known volume bulb vacuum transfers were accomplished with 
an  MKS Baratron gauge attached to a high vacuum line. 

Unless otherwise specified, all reagents were purchased 
from commercial suppliers and used without further purifica- 
tion. Trimethylphosphine (Aldrich) was dried over Na and 
vacuum transferred prior to  use. p-Thiocresol was recrystal- 
lized from pentane and p-nitrophenol and p-chlorophenol were 
purified by sublimation. Aniline was heated to  reflux in 
benzene using a Dean-Stark trap and then vacuum distilled. 
(PMe3hRu(CzH4) (PMed4RuClz (2),4s ( P M ~ ~ ) ~ R u ( C Z H ~ ) Z  
( 14)17 and truns-(DMPE)zRuCl~~~ were prepared by literature 
methods. 

Pentane and hexane (UV grade) were distilled from LiAlH4 
under nitrogen. Benzene and toluene were distilled from 
sodium benzophenone ketyl under nitrogen. Ether and tet- 
rahydrofuran were distilled from sodiumhenzophenone ketyl. 
Deuterated solvents for use in NMR experiments were dried 
as their protiated analogues and vacuum transferred from the 
drying agent. 

(PMe&Ru(H)(SC&CHs) (9). One equivalent of p-thio- 
cresol (15.9 mg, 0.128 mmol) dissolved in 5 mL of pentane was 
slowly added to a pentane solution of (PMe3)&u(CzH4) (1) (53.6 
mg, 0.124 mmol) at room temperature. A yellow precipitate 
formed immediately. The mixture was stirred at room tem- 
perature for 3 h to insure complete reaction. The solution was 
filtered and the remaining solvent was removed from the 
yellow precipitate in uucuo. The product was recrystallized 
at -30 "C from a CHzCldether mixture obtained by room 
temperature diffusion of ether into CHzClz solution of 9 (32.1 
mg, 49% yield). 'H NMR (CDzCIz) 6 7.58 (d, J = 7.9 Hz), 6.74 
( d , J = 7 . 9 H z ) , 2 . 1 6 ( ~ ) , 1 . 4 2 ( d , J = 7 . l H z ) , 1 . 3 4 ( t , J = 2 . 6  

Hz); 31P{1H} NMR (CDZC12) 6 20.6 (m, J = 17.9 Hz, J = 31.0 
Hz), 9.8 (dd, J = 31.0 Hz, J = 26.7 Hz), -0.74 (m); 13C{1H} 

127.83 (t, J = 12.8 Hz), 27.95 (d, J = 23.6 Hz), 23.76 (dt, J = 
3.7 Hz, J = 13.0 Hz), 22.64 (d, J = 17.5 Hz), 20.60 (s). IR 
(CD2C12) YR"-H 1860 cm-I. Anal. Calcd for C ~ ~ H U P ~ R U S :  C, 
43.09; H, 8.37. Found: C, 42.91; H, 8.27. 

Hz), 1.32 (d, J = 5.5 Hz), -8.95 (dq, J = 28.1 Hz, J = 85.1 

NMR (CD2C12) 6 131.84 (s), 131.43 (d, J = 2.7 Hz), 130.28 (s), 

(48) Sellman, D.; Bohlen, E. 2. Naturforsch. 1982, 37B, 1026. 
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(PMes)~u(H)(OC&-p-C1) (10). Treatment of (PMe3)4- 
Ru(CzH4) (1) (74.2 mg, 0.171 mmol) dissolved in 5 mL of 
pentane with HOC,&I4-p-C1(25.5 mg, 0.199 mmol) resulted in 
a change in color of the solution from yellow to  white and the 
formation of a white precipitate over 15 min at room tempera- 
ture. The mixture was allowed to stir an additional 15 min 
to ensure complete reaction before the pentane solvent was 
removed in vacuo. The white residue was dissolved in a 
minimum amount of ether (0.5 mL) and 5 mL of pentane was 
diffised into the solution at room temperature. The ether/ 
pentane mixture was cooled to -30 "C. After 2 days, 40.8 mg 
(48%) of pure white solid 10 was collected by filtration. 'H 

1.38(d,J=5.71Hz),1.33(d,J=7.8Hz),1.30(t,J=2.8Hz), 
-7.93 (ddt, J = 26.5 Hz(triplet1, J = 26.5 Hz, J = 101.2 Hz, 

NMR (ds-THF) 6 6.70 (d, J = 8.9 Hz), 6.60 (d, J = 8.9 Hz), 

1H); 31P NMR (C6D6) 6 AzMX 16.2 (dt, PM), 1.76 (dd, PA), 
-12.50 (dt, Px) JAM = 33.0 Hz, JAX = 26.7 Hz, J m  = 16.5 Hz; 
'3C('H} NMR (ds-THF) 6 170.7 (d, J = 4.4 Hz), 128.4 (s), 121.6 
(s), 113.8 (s), 27.4 (dm, J = 26.5 Hz), 23.2 (dt, J (triplet) = 
12.9 Hz, J (doublet) = 3.8 Hz), 20.8 (dm, J = 15.9 Hz); IR (d8- 
THF) 2814 (w), 2908 (m), 2978 (m), 2225 (w), 1873 (m), 1483 
(s), 1319 (s), 1423 (m). Anal. Calcd for C ~ ~ H ~ I C ~ O P ~ R U :  C, 
40.49; H, 7.74. Found: C, 40.04; H, 7.52. 

(PMe3)4Ru(H)(OC&-p-NOz) (11). A benzene solution of 
p-nitrophenol(37.9 mg, 0.272 mmol) was added dropwise to  a 
solution of (PMe&Ru(CzH4) (1) (95.4 mg, 0.220 mmol) over 
15 min at room temperature. The solution color turned from 
yellow to orange immediately upon addition of p-nitrophenol. 
The solution was stirred at room temperature for an additional 
8 h to insure complete reaction. The solution was filtered 
through Celite and the solvent was removed under vacuum. 
Recrystallization from a 1O:l mixture of pent8ne:benzene at 
-30 "C gave 89.4 mg (78%) of orange solid 11. 'H NMR (ds- 
THF) 6 7.82 (d, J = 9.4 Hz, 2H), 6.63 (d J = 9.0 Hz, 2H), 1.41 
(d, J = 5.7 Hz), 1.36 (d, J = 8.0 Hz), 1.30 (t, J = 2.7 Hz), -8.03 
(ddt, J = 25.7 Hz, J = 101.2 Hz, 1H); 31P NMR (C&C12) 6 
AzMX 19.4 (dt, PM), 2.48 (dd, PA), -0.74 (dt, Px) JAM = 33.8 
Hz, J m  = 25.9 Hz, J M X  = 16.9 Hz; 31P{1H} NMR (ds-THF) 6 
A2MX 17.8 (dt, PM), 17.1 (dd, PA), -12.9 (dt, Px) JAM = 34.2 
Hz, Jpx = 25.9 Hz, J m  = 17.1 Hz. l3C{'H} NMR (ds-THF) 6 
179.8 (d, J =  3.9 Hz), 133.7 (s), 126.6 (s), 120.0 (s), 27.1 (dd, J 
= 1.5 Hz, J = 31.9 Hz), 23.2 (dt, J = 3.5 Hz, J = 13.1 Hz), 

for C18H41Pa03Ru: C, 39.71; H, 7.59. Found: C, 39.53; H, 
7.36. 

(PMe&(PPhHz)Ru(H)(PHF'h) (12). To a benzene solu- 
tion (10 mL) of (PMe3)4Ru(Cz&) (1) (56.7 mg, 0.131 "01) was 
added one equivalent of phenylphosphine (15.0 mg, 0.136 
mmol) dissolved in 1 mL of benzene. The solution became 
vivid yellow immediately. The solution was allowed to  stir at 
room temperature for 5 min before the solvent was removed 
in uucuo. The yellow residue was dissolved in 1 mL of pentane 
and cooled to  -30 "C. After 24 h, 36.8 mg (51%) of yellow 
crystalline product was isolated. 'H NMR (CsDs) 6 6.47 (m), 
6.05 (m), 6.26 (d, J = 125.3 Hz), 5.32 (d, J = 75.5 Hz), 5.11 
(m), 3.02 (m), 2.72 (d, J = 180.7 Hz), 1.42 (d, J = 5.97 Hz), 
1.32 (m), 1.03 (d, J = 5.7 Hz), 0.99 (d, J = 6.4 Hz), -9.42 (m). 
31P{1H} NMR (CsD.5) 6 -6.0 (m), -7.8 (MI, -10.1 (m), -12.9 
(m), -14.8 (m), -19.8 (m), -47.3 (m). 13C{1H} NMR (CsD6) 6 
134.2 (d, J = 10.4 Hz), 132.8 (d, J = 12.9 Hz), 128.7 (s), 126.9 
(s), 122.5 (s), 65.4 (s), 63.5 (s), 25.3 (d, J = 19.0 Hz), 21.3 (d, J 
= 19.5 Hz), 23.8 (dd, J = 11.3 Hz, J = 19.2 Hz). Anal. Calcd 
for C21H4PeRu: C, 45.90; H, 7.52. Found C, 45.65; H, 7.84. 

(PMe&Ru(CA)(CzD*) (13). A degassed benzene solution 
(0.7 mL) of (PMe&Ru(C2H4) (8.3 mg, 0.019 mmol) in an NMR 
tube was pressurized with CzD4 (0.019 mmol) and the tube 
was sealed under vacuum. The tube was placed in a 45 "C oil 
bath and heated at 45 "C for 6 h. Comparison of the NMR 
spectra of the single product formed to literature data for 
( P M ~ ~ ) ~ R U ( C Z H ~ ) Z ~ ~  confirmed its assignment as complex 13. 

(DMPE)au(C&) (6). trans-(DMPE)zRuClz (17) (3.619 g, 
7.68 mmol) was dissolved in 60 mL of THF in a glass vessel 

20.8 (d, J = 16.8 Hz); IR (c6H6) ~ R ~ - H  2003 cm-'. Anal. Calcd 
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Table 14. Data Collection Parameter@ 
18 20a 21 23 24 

temp, K -89 "C -114°C -100 OC -95 "C -112 oc 

28 range 3 - 50" 3-45O 3-45" 3-50' 3-45" 

scan type 8-28 8-28 8-28 8-28 W 
scan width (AB) 

scan speed (8, deg/min) 5.49 8.24 5.49 5.49 8.24 
vert aperture (mm) 4.0 4.0 4.0 6.0 6.0 
horiz aperture (mm) 2 .0+ i .o t ane  2.2+ i .otane 2.0+ i .o tane  2.0 + 1.0 tan e 2.3 + 1.0 tan 8 
reflections measured +h,+k,+l +h,+k, f l  +h,+k, f l  +h,+k,&l + h , + k , f l  
no. rflns collected 2687 3243 3671 4694 5080 
no. unique rflns 2663 3107 3359 4244 4885 
min/max transmission 0.931/0.984 0.810/0.999 0.833/0.998 0.94 
no. params refined 139 122 235 3 87 203 
R ( 0 ,  % 4.6 6.4 4.6 2.20 6.1 
R w ( 0 ,  % 6.0 7.8 7.2 2.77 7.1 
h i ,  % 7.1 8.4 5.2 2.93 8.3 
goodness of fit 2.30 2.95 3.44 1.319 2.99 
p factor 0.03 0.03 0.03 0.03 0.03 

a General information: Diffkactometer: ENRAF-Nonius CAD-4. Background: measured over 0.25(A8) (in the case of 24, measured over 0.25(Aw)) 
added to each of the scan. Monochromator: highly oriented graphite, (28 = 12.2'). Radiation: Mo K a  (1 = 0.71073 A). Absorption correction: empirical. 

0.70 + 0.35 tan 8 0.90 + 0.35 tan e 0.85 + 0.35 tan e 0.80 + 0.35 tan 8 1.00 + 0.35 tan 8 

0.925/1.000 

containing finely cut Na (1.60 g, 69.6 mmol). The vessel was 
degassed with three freeze-pump-thaw cycles on a vacuum line 
and excess ethylene (54.1 mmol, 1.7 atm) was transferred from 
a known-volume bulb. The reaction mixture was stirred 
vigorously at room temperature for 8 d, during which time 
purple (presumably NaCl and colloidal NaZ8) solid was formed. 
The excess ethylene and the THF solvent were removed under 
vacuum, and product 6 was extracted with pentane (6 x 8 mL) 
to  yield 2.97 g (90%) pure product. 'H NMR (C6D6) 6 1.48 (d, 
J = 4.2Hz), 1.35 (m), 1.22 (m), 1.17 (vt, J = 42.2Hz), 1.06 (s), 
1.02 (m), 0.85 (m), 0.79 (t, J = 2.3 Hz); 31P NMR (C6D6) 6 AzBz 
43.9 (t, J = 28.6 Hz), 37.2 (t, J = 28.5 Hz), W{'H} NMR (C&) 
6 33.0 (m), 25.8 (t, J = 11.5 Hz), 21.0 (m), 8.5 (m), 7.9 (m); IR 
2967 (s), 2898 (vs), 2803 (w), 1427 (m), 1270 (w), 1100 (m), 
923 (vs), 880 (m), 684 (m), 630 (m) cm-'. Anal. Calcd for C14- 

cis-(DMPE)zRu(SCeH4Me)(CHaCHs) (18). A solution of 
p-thiocresol(29.2 mg, 0.235 mmol) in 3.0 mL of benzene was 
added slowly to  a benzene solution of (DMPE)zRu(CzH4) (6) 
(100 mg, 0.234 mmol) dissolved in 10 mL of benzene. f i r  
two hours, the solvent was removed under vacuum and the 
product was recrystallized from a pentanehenzene solution 
(10/l)at -30 "C to yield 99.5 mg (75%) of yellow crystals. 'H 
NMR (C6D6) 6 7.86 (d, J = 7.9 Hz, 2H), 6.99 (d, J = 7.8 Hz, 
2H), 2.18 (s), 1.82 (dq, J = 2.7 Hz, 7.1 Hz), 1.74 (dd, J = 1.4 
Hz,J=7.4Hz),1.44(d,J=6.6Hz),1.30(d,J=7.2Hz),1.09 
(d , J=7 .6Hz) ,1 .02(d ,J=5 .7Hz) ,0 .92(dd ,J=1.3Hz,8 .1  
Hz), 0.82 (d, J = 5.0 Hz), 0.74 (d, J = 6.6 Hz), 0.46 (br s); 31P 

Hz), 43.8 (t, J = 21.8 Hz, J = 20.8 Hz), 41.0 (t, J = 21.6 Hz, 
J = 21.0 Hz), 29.9 (dd, J = 7.7 Hz, J = 28.6 Hz), 27.1 (dd, J 
= 7.7 Hz, J = 28.6 Hz), 21.3 (seven line multiplet, J = 8.1 Hz, 
J = 11.6 Hz, J = 22.2 Hz); I3C{lH} NMR (C6D6) 6 45.6 (d, J = 
8.2 Hz), 137.2 (s), 130.8 (s), 32.8 (m), 32.1 (m), 31.1 (dd, J = 
21.9 Hz, J = 27.2 Hz), 29.4 (dd, J = 16.7 Hz, J = 25.1 Hz), 
24.4 (dd, J = 6.6 Hz, J = 12.1 Hz), 22.1 (dd, J = 3.0 Hz, J = 
19.3 Hz), 21.3 (s), 20.5 (d, J = 14.1 Hz), 18.5 (m), 15.7 (dd, J 
= 2.5 H z , J  = 23.1 Hz), 15.2 (d, J =  17.2 Hz), 14.3 ( d d , J =  3.1 
Hz, J = 20.3 Hz), 9.2 (d, J =  20.9 Hz), 5.1 (d, J =  60.0 Hz); IR 
2966 (m), 2906 (s), 2013 (m), 1953 (m), 1481 (m), 1402 (m), 
1257 (m), 1085 (w), 966 (s), 890 (m) cm-l. Anal. Calcd for 

X-ray Crystal Structure Determination of 18. Yellow 
crystals of 18 were obtained by vapor diffusion of pentane into 
a benzene solution of 18 followed by cooling to -30 "C for 2 
days. A single crystal was mounted on a glass fiber using 
Paratone N hydrocarbon oil. The crystal used for data 
collection was then transferred to an Enraf-Nonius CAD-4 
diffractometer, centered in the beam, and cooled to -89 "C by 
a nitrogen flow low-temperature apparatus which had been 
previously calibrated by a thermocouple placed at  the sample 

H ~ ~ P ~ R u :  C, 39.16; H, 8.45. Found C, 39.34; H, 8.41. 

NMR (CsD6) 6 48.3 (ddd, J = 11.6 Hz, J = 20.0 Hz, J = 28.7 

C ~ ~ H M P ~ R U S :  C, 45.56; H, 8.01. Found C, 45.37; H, 7.90. 

position. Automatic peak search and indexing procedures 
yielded an orthorhombic reduced primitive cell for 18. Inspec- 
tion of the Niggli values revealed no conventional cell of higher 
symmetry. 

The 2687 raw intensity data were converted to structure 
factor amplitudes and their esd's by correction for scan speed, 
background and Lorentz and polarization effects. No correc- 
tion for crystal decomposition was necessary. Inspection of 
the azimuthal scan data showed a variation ImidImax = 0.95 
for the average curve. An empirical correction based on the 
observed variation was applied to the data. Inspection of the 
systematic absences indicated uniquely space group P212121. 
Removal of systematically absent and redundant data left 2663 
unique data in the final data set. 

The structure was solved by Patterson methods and refined 
by standard least-squares and Fourier techniques, and all non- 
hydrogen atoms were refined with anisotropic thermal pa- 
rameters. 

The final residuals for 139 variables refined against the 
2239 accepted data for which F 2 > 3 d F 2 )  were R = 4.6%, R, 
= 6.0% and G.O.F. = 2.30. The R value for all 2663 data was 
7.1%. 

The quantity minimized by the least-squares program was 
Ew(IF,, - lFcl)z, where w is the weight of a given observation. 
The p-factor, used to reduce the weight of the intense reflec- 
tions, waa set to 0.03 throughout the refinement. The analyti- 
cal forms of the scattering factor tables for the neutral atoms 
were used, and all scattering factors were corrected for both 
the real and imaginary components of anomalous dispersion. 

Inspection of the residuals ordered in ranges of sin8/1, IFo\, 
and parity and value of the individual indexes showed no 
unusual features or trends. The largest peak in the final 
difference Fourier map had an electron density of 0.87 e-/& 
and the lowest excursion -0.22 e-/A. 

Crystal parameters for 18 are listed in Table 1. The bond 
distances and bond angles are given in Tables 2 and 3, and 
the data collection parameters are listed in Table 14. The 
positional, thermal and anisotropic parameters of the non- 
hydrogen atoms and their estimated standard deviations are 
available as supplementary material. 

trane-(DMPE)aRu(SCse)(H) (19). In an NMR tube 
cis-(DMPE)zRu(Et)(p-thiocresolate) (46.5 mg, 0.084 mmol) was 
dissolved in 0.7 mL of benzene. The solution was degassed 
with one freeze-pump-thaw cycle and the NMR tube was 
sealed under vacuum. The solution was heated to 85 "C for 
24 h. The tube was cracked open under an N2 atmosphere 
and the solvent removed by lyophilization. Complex 19 was 
recrystallized at  -30 "C from a benzene/pentane solution 
obtained by room temperature vapor diffusion of pentane into 
a concentrated benzene solution of 19. Pale yellow crystals 
of 19 were obtained (21.3 mg, 48% yield). 'H NMR (C6D6) 6 
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Complexes with Metal-Heteroatom Single Bonds 

7.65 (d, J = 7.9 Hz), 6.88 (d, J = 7.7 Hz), 2.19 (s), 1.67 (m), 
1.44 (s), 1.23 (m), 1.12 (s), -18.01 (quintet, J =22.0 Hz); 31P- 
{lH} NMR (c&43) 6 43.2 (8 ) ;  13C{lH} NMR (CD3CN) 6 149.5 
(s), 136.0 (s), 130.1 (s), 128.4 (81, 31.6 (quintet, J = 13.5 Hz), 
24.6 (quintet, J = 6.5 Hz), 20.8 (s), 15.3 (quintet, J = 5.6 Hz); 
IR 2962 (m), 2910 (m), 2896 (s), 1856 (m, YRU-H), 1478 (m), 
1425 (m), 1296 and 1276 (w), 1074 (m), 935 (81,890 (m), 725 
and 705 (m), 637 (w) cm-'. Anal. Calcd for C1g&oP&uS: C, 
43.42; H, 7.67. Found C, 43.65; H, 7.52. 
cis-(DMPE)aRu(NHPh)(H) (20a). (DMPE)2Ru(C2HJ (6) 

(0.208 g, 0.485 mmol) was dissolved in 20 mL of THF in a high 
pressure vessel. Aniline (45 pL, 0.48 mmol) was syringed 
directly into the solution in one portion and the resulting 
mixture was degassed once by a freeze-pump-thaw cycle. The 
solution was heated at 120 "C for eight days, interrupted once 
to  be degassed a by freeze-pump-thaw cycle to remove free 
ethylene. The solvent was removed in vacuo and the product 
recrystallized by vapor diffusion of pentane into a concentrated 
benzene solution at room temperature and cooling the result- 
ing pentanehenzene solution to  -30 "C to induce crystalliza- 
tion. This single crystallization gave clean product as golden 
crystalline clusters (107.3 mg, 45% yield). 'H NMR (ds-THF) 
6 6.47 (br, 4H), 5.57 (t, J = 7.1 Hz, lH), 1.65 (m), 1.42 (d, J = 
6.1Hz),1.39(d,J=5.3Hz),1.34(d,J=8.2Hz),1.30(d,J= 
6.3 Hz), 1.25 (s), 1.23 (m), 1.19 (s), 1.16 (d, J =  6.8 Hz), -7.53 

= 21.8 Hz), 47.5 (br. m), 46.6 (t, J = 21.8 Hz), 44.3 (dd, J = 
17.0, 26.1 Hz), 41.6 (dd, J = 16.2, 26.6 Hz), 31.6 (br. m); 13C- 
{'H} NMR (ds-THF) 6 163.8 (s), 128.0 (br), 117.1 (br), 105.9 
(s),36.1 (m),33.4(m),31.0(t, J=21.8Hz),30.2(dd, J =  16.1, 
25.6 Hz), 28.0 (dd, J = 7.1, 28.4 Hz), 21.6 (d, J = 16.6 Hz), 
20.9 (d, J = 15.7 Hz), 20.5 (m), 19.0 (m), 16.0 (d, J = 20.4 Hz), 
12.8 (d, J = 9.6 Hz); IR 3353 (vw), 2962 (m), 2896 (SI, 2803 
(w), 1829 (m, VR~.H), 1591 (s), 1492 (vs), 1419 (m), 1313 (m), 
922 (s), 889 (m), 696 (m) cm-'. Anal. Calcd for C18H3gNP4- 
Ru: C, 43.72; H, 7.95; N, 2.83. Found C, 43.50; H, 8.03; N, 
2.87. 

X-ray Crystal Structure Determination of 20a. Brown- 
ish-red crystals of 20a were obtained from a concentrated 
toluene solution cooled to  -30 "C. A single crystal was 
mounted on a glass fiber using Paratone N hydrocarbon oil. 
Data were collected and refined as described for 18. Crystal 
parameters for 20a are listed in Table 1. The bond distances 
and bond angles are given in Tables 4 and 5, and the data 
collection parameters are listed in Table 14. The positional, 
thermal and anisotropic parameters of the non-hydrogen 
atoms and their estimated standard deviations are available 
as supplementary material. 

(99.5 mg, 0.23 mmol) was dissolved in 20 mL of THF and 
aniline (22.0 pL, 0.24 mmol) was syringed into the solution. 
The bomb was degassed once by a freeze-pump-thaw cycle and 
the mixture heated at 90 "C for 5.5 days. The solvent was 
removed in vacuo, and the product was isolated from the 
remaining starting material by recrystallization under N2. The 
solid was dissolved in a minimum amount of benzene and 
pentane vapor was slowly diffused into the benzene solution 
at room temperature. The resulting benzenelpentane solution 
was cooled to -30 "C to induce crystallization. Reddish 
crystals were obtained (17.6 mg, 15% yield). 'H (CsD6) 6 7.22 
(t, J = 7.4), 6.38 (m), 6.24 (d, J = 7.8 Hz), 1.42 (m), 1.27 (s), 
1.16 (m), 1.10 (s), -19.13 (quin, J = 22.9 Hz); 31P{1H} NMR 

104.7(~),32.3(quintet,J=13.6Hz),24.7(m),16.3(brs).Anal. 
Calcd for C ~ ~ H ~ ~ N P ~ R U :  C, 43.72; H, 7.95; N, 2.83. Found C, 
43.92; H, 7.74; N, 2.68. 
cis-(DMPE)zRu(PP~)(C&CHs) (21). Phenylphosphine 

(66.5 pL, 0.605 mmol) was syringed into a THF solution of 
(DMPE)zRu(CzH4) (6, 252.8 mg, 0.589 mmol, dissolved in 10 
mL THF). After stirring for 29 h at  room temperature, the 
solvent was removed in vacuo and the product was recrystal- 
lized from a pentanehenzene (1O:l) solution at -30 "C. The 

(dq, J = 28.1 Hz, 96.0 Hz); 31P{1H} NMR (ds-THF) 6 49.4 (t, J 

trans-(DMPE)aRu(NHPh)(H) (20b). (DMPE)~Ru(C~H~) 

(CsDs) 6 44.5 (s); I3C{lH} NMR (ds-THF) 6 128.2 (91, 115.8 (81, 
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recrystallization procedure was repeated once to  yield 269 mg 

7.17 (t, J = 7.7 Hz), 7.06 (t, J = 6.8 Hz), 2.82 (d, J = 198.2 
Hz), 1.76 (dq, J = 2.5, 6.7 Hz), 1.62 (d, J = 6.0 Hz), 1.40 (m), 
1.30 (d, J = 3.0 Hz), 1.10 (m), 1.01 (d, J = 5.7 Hz), 0.86 (m), 
0.80 (m), 0.69 (d, J = 7.7 Hz), 0.14 (m); 31P{1H} NMR (CeD6) 
6 43.0 (m), 40.4 (m), 40.0 (m), 39.0 (m), 30.1 (7 line m), 27.5 
(m), 22.0 (broad s), -62.5 (very broad m, 1820 Hz); 'H (de- 
THF)67.33(m),6.81(t,J=7.3Hz),6.74(t,J=6.9Hz),2.36 
(d,J=189.1Hz),1.60(m),1.55(d,J=6.8Hz),1.47(m),1.33- 
1.31 (complicated m), 1.25 (d, J = 5.1 Hz), 0.58 (d, J = 7.4 

(d, J = 34.3 Hz), 134.0 (d, J = 12.9 Hz), 126.9 (d, J =  3.3 Hz), 
122.5 (s), 33.1 (m), 32.1 (m), 23.9 (t, J = 10.8 Hz), 22.5 (d, J = 
15.5 Hz), 21.8 (d, J = 14.2 Hz), 20.4 (m), 19.2 (dd, J = 7.6, 
22.8 Hz), 16.7 (t, J = 17.8 Hz), 15.2 (dd, J = 3.5, 19.1 Hz), 
12.7 (m), 9.0 (d, J = 21.9 Hz), 2.5 (dq, J = 9.7, 56.6 Hz); IR 
3055 (w), 2967 (m), 2905 (s), 2830 (m), 1576 (w), 1465 (w) 1427 
(w), 1290 (w), 1257 (w), 1205 and 1188 (w), 1099 and 1070 
(m), 1018 (m), 930 (s), 896 (m), 691 (m) cm-l. Anal. Calcd for 
C ~ O H ~ ~ P ~ R U :  C, 44.53; H, 8.03. Found C, 44.60; H, 7.99. 

X-ray Crystal Structure Determination of 21. Bright 
yellow crystals of air-sensitive 21 were obtained from a 
benzenelpentane solution at -30 "C. A single crystal was 
mounted on a glass fiber using Paratone N hydrocarbon oil. 
Data were collected and refined as described for 18. Crystal 
parameters for 21 are listed in Table 1. The bond distances 
and bond angles are given in Tables 6 and 7, and the data 
collection parameters are listed in Table 14. The positional, 
thermal and anisotropic parameters of the non-hydrogen 
atoms and their estimated standard deviations are available 
as supplementary material. 

Thermolysis of cis-(DMPE)aRu(Et)(PHPh). A THF 
solution (6 mL) of cis-Ru(Et)(PHPh)(DMPE)z (21) (0.284 g, 
0.526 mmol) was transferred to a 100 mL high pressure vessel 
and heated at 90 "C for 6 d. The solvent was removed in vacuo, 
and the yellow solid was triturated with 2 x 3 mL of pentane 
and dried in vacuo to  yield 0.2667 g (99%) of crude product. 
NMR analysis of this material indicated it to be a 2:l mixture 
of (hydrido)(phosphido)ruthenium complexes 22a and 22b (see 
text). lH (C&) 6 8.26 (m, cis), 7.64 (m, trans), 7.18 (t, J = 
7.3 Hz, cis), 7.04 (m, trans), 6.99 (m, cis), 3.00 (br, cis P-H), 
2.8 (br, trans P-H), 2.40 (br, cis P-H), 2.2 (br, trans P-H) 1.62 
(m), 1.58 (d, J = 6.9 Hz, cis), 1.32 (s, trans DMPE Me), 1.27 
(d, J = 8.0 Hz, cis), 1.22 (d, J = 5.9 Hz, cis), 1.13 (s, trans 
DMPE Me), 1.10 (m, cis), 1.05 (m, cis), 0.85 (d, J = 5.6 Hz, 
cis), 0.82 (m), -9.33 (m, cis Ru-H), -13.55 (m, trans Ru-H); 
31P{1H} NMR (C&) 6 47.3 (br, cis), 44.8 (br, cis), 43.6 (8 ,  
trans), 40.9 (br, cis), 40.3 (br, cis), 28.5 (br, cis), -63.0 (dd, J 
= 13.0,87.2 Hz, cis Ru-PHPh), -78.0 (s, trans Ru-PHPh); 13C- 

(d, J = 11.4 Hz, cis Cohho), 127.3 (d, J = 4.2 Hz, trans Cmeb), 
126.9 (d, J = 1.8 Hz, cis Cmek), 122.0 (s, cis), 121.7 (s, trans), 
33.9 (m), 33.0 (m), 31.5 (m), 31.2 (m), 30.2 (m), 28.0 (m), 26.6 
(m), 21.8 (m), 18.4 (m), 16.4 (m), 15.9 (m), 15.1 (m); IR (CsHs) 
3055 (w), 2962 (s), 2896 (81, 1829 (m, V R ~ . H ) ,  1776 (m, V R ~ - H ) ,  
1571 (m), 1419 (m), 1260 (s), 1087 (vs), 1021 (s), 928 (s), 703 
(s) cm-l. 
~~u~s-(DMPE)zRu(H)(OC~H~-~-CH~) (23). A benzene 

solution (6 mL) of p-cresol (61.3 mg, 0.567 mmol) was added 
slowly to a stirred benzene solution of (DMPE)2Ru(Cz&) (221.0 
mg, 0.515 mmol, dissolved in 2 mL of CsH6) in a 100 ml high 
pressure vessel. The mixture was heated for 4 h at  75 "C and 
then the warm solution was degassed in vacuo. The reaction 
mixture was lyophilized, and the product was extracted with 
3 mL toluene leaving behind a white insoluble solid. After 
removing the toluene in vacuo , the product was recrystallized 
from a pentaneholuene (1O:l) solution at  -30 "C to yield 187 
mg (71%) of light yellow crystals. lH (CsDs) 6 7.11 (d, J = 
8.1), 6.38 (d, J = 7.7 Hz), 2.40 (s), 1.66 (m), 1.32 (s), 1.26 (m), 
1.00 (s), -23.20 (quintet, J = 21.8 Hz); 31P{1H} NMR (CsDs) 6 

(89.4%) of yellow crystals. 'H (C6D6) 6 7.84 (dd, J = 5.2,6.7), 

Hz), 0.15 (d, J = 131.8 Hz); l3C{lH) NMR (ds-THF) 6 154.5 

{lH} NMR ( 0 6 )  6 133.1 ((d, J = 14.3 Hz, trans coho), 132.9 

45.5 (s); 13C{lH} NMR (C&) 6 171.4 (S), 129.5 (S), 119.9 (S), 
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116.8 (s), 31.1 (quintet, J = 13.4 Hz), 22.8 (quintet, J = 7.5 
Hz), 21.1 (s), 15.4 (quintet, J = 5.3 Hz); IR (C&) 2969 (w), 
2903 (m), 1929 (m, Y R ~ . H ) ,  1604 (m), 1489 (vs), 1419 (w), 1313 
(m), 928 (s), 889 (m), 730 (w), 710 (w) cm-l. Anal. Calcd for 

X-ray Crystal Structure Determination of 23. Large, 
pale yellow crystals of 23 were collected by vapor diffusing 
pentane (10 mL) into a toluene solution of 23 (1 mL) and 
cooling the resulting pentaneltoluene solution to -30 "C for 
24 h. A single crystal was mounted on a glass fiber using 
Paratone N hydrocarbon oil and data taken and analyzed as 
described for complex 18 (see Table 1). 

In a difference Fourier map calculated following the refine- 
ment of all non-hydrogen atoms with anisotropic thermal 
parameters, peaks were found corresponding to the positions 
of all the hydrogen atoms. Hydrogen atoms were included in 
structure factor calculations and refined with isotropic thermal 
parameters. In the final cycles of least-squares, 51 data in 
two regions of the hOGplane were given zero weight because 
they had abnormally large weighted difference values. 

The final residuals for 387 variables refined against the 
3563 accepted data for which F>3dF) were R = 2.20%, R, 
= 2.77% and GOF = 1.319. The R value for all 4244 data was 
2.93%. In the final cycles of refinement a secondary extinction 
parameter was included (maximum correction: 11% on F). 

Inspection of the residuals ordered in ranges of sinold, IFo\, 
and parity and value of the individual indexes showed no 
unusual features or trends. The largest peak in the final 
difference Fourier map had an electron density of 0.43 e-/& 
and the lowest excursion -0.10 e-lA. 

Crystal data parameters for 23 are listed in Table 1. The 
bond distances and bond angles are given in Tables 8 and 9, 
and the data collection parameters are listed in Table 14. The 
positional, thermal and anisotropic parameters of the non- 
hydrogen atoms and their estimated standard deviations are 
available as supplementary material. 

p-CH& (24). A toluene solution (3.0 mL) ofp-cresol(30 mg, 
0.276 mmol) was cooled to  -30 "C and added rapidly to a cold 
(-30 "C) toluene solution of (DMPE)zRu(CzHd) (55 mg, 0.139 
mmol dissolved in 0.5 mL of toluene), instantly generating a 
white precipitate. The temperature of the reaction solution 
was maintained at -30 "C for 10 min, a t  which point the 
supernatant was decanted off and the white solid washed with 
2 x 1 mL cold (-30 "C) pentane. The solid was dried in vacuo 
to yield 63.2 mg (91.1%) of the crude product. The crude 
product (50.0 mg) was dissolved in CH2C12, and pentane (1O:l 
pentane to  CH2C12) was slowly diffused into the solution at 
-30 "C. Clear, colorless crystals of the pure product were 
obtained (30.3 mg, 55%). lH NMR (CD2C12) 6 14.32 (s, 2H), 
6.84(d,J=8.1Hz,6H),6.71(d,J=8.1Hz,6H),2.18(~,9H), 
1.89 (m, 4H), 1.64 (m, 8H), 1.43 (s, 12H), 1.20 (s, 12H), -9.91 
(quintet, J = 22.6 Hz, 1H); ,31P{1H} NMR (CD2C12) 6 41.5 (9); 

(s), 46.3 (s), 30.5 (quintet, J = 13.2 Hz), 22.8 (quintet, J = 8.8 
Hz), 20.5 (s), 13.0 (quintet, J = 6.7 Hz); MS-FAB [sulfolanel 
m l z  = 431.089 [M']. The spectrum also contained a small 
pattern centered around mlz = 465 with relative intensities 

C ~ ~ H ~ O O P ~ R U :  C, 44.79; H, 7.91. Found C, 44.60; H, 7.99. 

[~~~~~-(DMPE)~Ru(C~H)(H)~+[OC~H~-~-CH~.~HOC~H~- 

l3C{IH} NMR (CH2C12) 6 160.3 (s), 129.7 (s), 124.2 (s), 117.0 

Burn et al. 

that match exactly those predicted for the corresponding 
chloride; a 15% contamination by this material was noted in 
the X-ray study summarized below. 

X-ray Crystal Structure Determination of 24. Clear, 
colorless crystals of 24 formed from vapor diffusion of pentane 
into CH2Clz carried out at  -30 "C. A single crystal was 
mounted on a glass fiber using Paratone N hydrocarbon oil. 
Data were collected and refined as described for 18. The 
specific crystal parameters for 24 are listed in Table 1. The 
positional, thermal and anisotropic parameters of the non- 
hydrogen atoms and their estimated standard deviations are 
available as supplementary material. The bond distances and 
bond angles are given in Tables 10 and 12 and Tables 11 and 
13, respectively, and the data collection parameters are listed 
in Table 14. 

Ru(CH=CHa)z(PMe& (7). Vinylmagnesium bromide (5.0 
mL of a 1.0 M ether solution, 0.50 mmol) was added by syringe 
to an  ether (10 mL) slurry of Ru(PMe&(C1)2 (2) (111 mg, 0.234 
mmol) at room temperature. After stirring for 6 h the orange 
solution turned white. The ether was removed in vacuo and 
the product was extracted with pentane (8 x 10 mL). The 
pentane was removed in vacuo and 7 was crystallized from 
hexane at -30 "C. After 2 d, 55.0 mg of white product 7 (50%) 
was obtained. 'H NMR (C&) 6 8.2 (m, 2H), 6.6 (m, 2H), 5.7 
(m, 2H), 1.18 (t, J = 27 Hz, 18H), 1.13 (d, J = 4.7 Hz, 18H); 

(m), 20.19 (t, J = 13.2); 31P{1H} NMR (C6Ds) 6 -6.44 (t, J = 
25.8 Hz), -12.43 (t, J = 25.8 Hz). Anal. Calcd for C16H42P4- 
Ru: C, 41.83; H, 9.21. Found: C, 41.78; H, 9.01. 

Ru(q4-C&)(PMes)3 (8). A degassed benzene (10 mL) 
solution of 7 (72.5 mg, 0.158 mmol) was heated to 55 "C for 48 
h during which time the colorless starting solution turned 
orange. The solvent was removed in vacuo and the product 
was crystallized from hexanes at  -30 "C yielding 29.0 mg 
(48%) of orange crystals: mp 165-170 "C; lH NMR (C6D6) 6 
4.3 (br. s, 2H), 1.33 (d, J =  6.8 Hz), 1.01 (t, J = 5.5 Hz), -0.42 
(m); 31P{1H} NMR (CsD6) 6 2.81 (t, J = 6.8 Hz), -1.79 (d, J = 
6.7 Hz); 13C{lH} NMR (C&) 6 79.1 (m), 28.9(m), 25.8(m), 24.1- 
(m); MS-FAB [sulfolanel mlz = 384 [M+l. 

13C{lH} NMR (C&) 6 121.6 (t, J = 4.7 Hz), 69.52 (s), 24.03 
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Supplementary Material Available: Tables of crystal 
and data collection parameters, positional and thermal pa- 
rameters, bond distances and angles, and torsion angles for 
18,20a, 21,23, and 24 (34 pages). This material is contained 
in many libraries on microfiche, immediately follows this 
article in the microfilm version of the journal, and can be 
ordered from the ACS; ordering information is given on any 
current masthead page. 
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Ab Initio Molecular Orbital and Experimental Studies of 
Hydride Addition to Phosphine-Substituted Manganese 

Carbonyl Complexes 
Dermot F. Brougham, David A. Brown,* Noel J. Fitzpatrick, and 

William K. Glass 
Department of Chemistry, University College Dublin, Belfield, Dublin 4, Ireland 

Received June 29, 1994@ 

Ab initio molecular orbital calculations on [Mn(Co)61+, [Mn(CO),(PH,)]+, and the formyl 
and hydride complexes derived from these show that the increased stability of cis-Mn(CO)c- 
(PRd(CH0) and similar formyl complexes is largely kinetic in origin. The transition state 
for the unsubstituted formyl complex, which forms the corresponding hydride by a simple 
dissociative mechanism, differs from the transition states for the substituted formyl 
complexes, which form the corresponding hydrides by concerted mechanisms. Experimental 
studies of hydride addition to diphenylphosphinoalkane-substituted hexacarbonylmanganese 
cations are in accord with the theoretical conclusions. 

Introduction 

For nearly two decades, there has been continued 
interest in the hydride reduction of metal carbonyl 
complexes, motivated at  least in part by interest in the 
Fischer-Tropsch reaction involving hydrogenation of 
carbon monoxide catalyzed by transition metal com- 
p0unds.l In a number of cases, e.g., hydride addition 
to  [CpFe(C0)31+, low-temperature spectroscopy has 
provided clear evidence for the intermediacy of metal 
formyl complexes such as CpFe(C0)2(CH0).2 In the 
case of the prototype manganese formyl, Mn(C0)5- 
(CHO), no spectroscopic evidence has yet been obtained 
for its existence although it is strongly implicated as 
an intermediate in both the reaction of NaMn(C0)s with 
acetic [13Clformic anhydride3 and the substitution reac- 
tions of Mn(C0)sH with labeled C0.4 In general, 
attempts to prepare stable metal formyls by CO inser- 
tion into metal hydrogen bonds (pathway a) have been 

unsuccessful in contrast to the well-documented CO 
insertion into metal-alkyl bonds; this failure is at- 
tributed to the greater M-H bond strength compared 
to  the homologous M-C  bond^.^^^ It is still not clear 
whether the reverse reaction (pathway b) of a metal 
formyl to form the corresponding metal hydride with 
loss of CO is determined by thermodynamic factors or 
is kinetic in origin. The balance between these will 
depend on the mechanism of CO loss. For example, 
third-row metals (e.g., Re) form stronger metal ligand 
bonds than first row (e.g., Mn), so if the loss of CO from 

@Abstract published in Advance ACS Abstracts, November 1, 1994. 
(1) Pichler, H.; Schulz, H. (?hem.-Ing.-Tech. 1970,42, 1162. 
(2) Brown, D. A.; Glass, W. K.; Ubeid, M. T. Inorg. Chim. Acta 1984, 

89, L45. 

172, C4. 
(3) Fiato, R. A.; Vidal, J. L.; F'ruett, R. L. J .  Organomet. Chem. 1979, 

(4) Byers, B. H.; Brown, T. L. J. Organomet. Chem. 1977,127, 181. 
( 5 )  Berke, H.; Hoffmann, R. J. Am. Chem. SOC. 1978,100, 7224. 
(6) Ziegler, T.; Versluis, L.; Tschinke, V. J. Am. Chem. SOC. 1988, 

108, 612. 

the formyl proceeds by a dissociative mechanism, then 
third-row metal formyls should have greater kinetic 
stability as discussed by G l a d y ~ . ~  

The nature of the L, ligands is also very important, 
and as noted above, if the ligands L, are replaced by a 
n-acid such as a Cp ring, the formyls can be observed 
spectroscopically and only lose CO to form the cor- 
responding metal hydrides on raising the temperature. 
In the case of Mn(C0)5(CHO), replacement of some of 
the carbonyl groups by phosphines and phosphites leads 
to the formation of stable metal formyls. For example, 
the crystal structure of [Mn(C0)2(P(OPh)3)3(CHO)l has 
been reported8 and a range of the trans complexes, 
[Mn(CO)5-,(PPh3),(CHO)l, n = 1,2, ~ r e p a r e d . ~  Clearly, 
replacement of CO by weaker n-acceptors such as 
phosphites and phosphines, which should lead to in- 
creased electron density on the metal, also leads to 
enhanced stability of the corresponding metal formyls. 

The object of the theoretical part of this paper is to 
examine in detail the various factors influencing the 
relative stabilities of a series of manganese formyls and 
hydrides of the above types and, in particular, to assess 
the relative importance of thermodynamic and kinetic 
factors. Ab initio calculations were completed on the 
cationic parent complexes, [Mn(C0)61+ and [Mn(C0)5- 
(PH3)1+, on the three daughter formyl complexes, Mn- 
(C0)5(CHO), cis-Mn(C0)4(PH3)(CHO), and trans-Mn- 
(C0)4(PH3)(CHO), and also on the corresponding hydride 
complexes, Mn(C0)5H, cis-Mn(CO)r(PH3)H, and trans- 
Mn(C0)4(PH3)H. In addition, stationary points for the 
decomposition of each of the three formyl complexes to 
the corresponding hydride complexes were located. 

Computational Details 
Ab initio molecular orbital calculations on the species 

I-XI were carried out using the Gaussian 92 program.1° 
The stationary points were initially located at the 

Hartree-Fock level using the 3-21G** basis set.'l 

(7) Gladysz, J. A. Adv. Organomet. Chem. 1982,20, 1. 
( 8 )  Berke, H.; Huttner, G.; Scheidsteger, 0.; Weiler, G. Angew. 

(9) Gibson, D. H.; Owens, K.; Mandal, S. K.; Sattich, W. E.; Franco, 
Chem., Int. Ed. Engl. 1984,23, 737. 

J. 0. Organometallics 1989, 8, 498. 

0276-733319512314-0151$09.00/0 0 1995 American Chemical Society 
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energy process; thus, the stationary state is considered 
a minimum. A similar result was obtained for CpFe- 
(C0)2(CH0).13 

The complex cis-Mn(C0)4(PH3)(CHO) (IV) has all 
frequencies real and thus is a minimum. However 
trans-Mn(C0)4(PH3)(CHO) (V) has one imaginary fre- 
quency, corresponding to a movement of two mutually 
trans carbonyls towards the phosphine and the other 
carbonyls away from it. Thus the minimum of this 
species has a slightly distorted octahedral structure. 

The three hydride structures (VI-VIII) have imagi- 
nary frequencies. However, Mn(C015H is a stable 
molecule with geometry14 quite close to the calculated 
HF geometry. Calculations of the frequencies at the 
MP2 level were computationally too expensive. 

Stationary points along the decomposition pathway 
of Mn(C0)5(CHO) (111) to Mn(C0)5H (VI) and CO and 
for cis- and trans-Mn(C0)4(PH&CHO) (IV and V) to the 
corresponding hydrides VI1 and VI11 and CO were 
located at  the HF level, using the constraint, as noted 
above, of keeping the 90" angles at Mn. Due to this 
constraint the "transition states" exhibited three imagi- 
nary frequencies. In the cis transition state X these 
were at -934, -392, and -156 cm-l, essentially cor- 
responding to in-plane H migration, out-of-plane H 
migration, and formyl group rearrangement. In the 
trans transition state XI, the corresponding frequencies 
were at -914, -335, and -242 cm-l, with assignments 
as in the cis case. 

Table 1 gives the total and relative energies for 
various species, at both HF and MP2 levels, with and 
without ZPE corrections. From these values it is noted 
that, at both the HF and the MP2 levels, the cis isomers 
have lower energies than the trans isomers for the 
formyl and hydride complexes. The extra stability is 
possibly due to weaker x accepting ligands trans to CO 
enhancing the x-back-bonding to  the carbonyls. This 
mechanism to increase the thermodynamic stability of 
the cis isomers is vindicated by the details of this study 
discussed below. 

Table 1 also gives the enthalpies for the formation 
reaction (Mf) [Mn(C0)5(L)l+ + H- - Mn(C0)4(L)(CHO) 
and for the dissociation reaction ( m d )  Mn(C0)4(L)- 
(CHO) - Mn(C0)4(L)H + CO, where L = CO, PH3. AHf 
and were calculated from the MP2 results, and a 
zero-point correction calculated at the HF level, due to  
computational limitations, was included. The results 
in Table 1 show that the formation of the formyl is 
exothermic in all three cases, and the results in the 
three series differ little. The evidence for the existence 
of Mn(C0)5(CHO) is indirect, yet phosphine-substituted 
formyls exist. Thus AHf, whose absolute value is 
greater in the unsubstituted case, does not reflect the 
instability of Mn(C0)5(CHO). The theoretical enthal- 
pies of formation presented here compare favorably with 
values in other studies. In CpFe(C0)2(CHO), a cor- 
responding value of -202 kcal mol-l was ca1c~lated.l~ 
Lane and Squires15 obtained a value of -194 kcal mol-l 
for the gas phase enthalpy of formation of [Fe(C0)4- 
(CH0)I- from the corresponding carbonyl complex and 
H-. Similarly, the M d  values do not explain the 
increased stability of the formyls with monosubstitution 

bfn(CO)6j+ [Mn(CO)5(PH3)]+ 

I II 
Mn(C0)5(CHO) cis-Mn(C0)4(pEQ)(CHO) ~ ~ ~ ~ s - M ~ ( C O ) ~ ( P H ~ ) ( C H O )  

In IV V 

Mn(C0)5H n's-Mn(CO)4(PHg)H trans-Mn(CO)$(PH3)H 

VI VI1 VI11 
T.S. T.S. T.S. 

Lx X X I  

These points were characterized by harmonic vibra- 
tional analyses at the HF/3-21G** level (designated by 
HF). The geometrical parameters were then refined 
using second-order Mgller-Plesset perturbation calcu- 
lations for all the species considered, except the transi- 
tion states (E-XI), using the 3-21G basis set with d 
polarization function on phosphorus only, MP2/3-21G 
(d p) (designated by MP2). The zero-point corrections 
were estimated from HF harmonic vibrational wave- 
number calculations. 

All the bond angles at Mn were assumed to be 90" 
throughout. The formyl groups were kept planar. This 
assumption is justified by published X-ray data.8 All 
the carbonyl groups were assumed to  be linear. C-0 
and M-C bond lengths of the carbonyl groups were 
considered equal if they possessed the same trans group, 
and the geometry of the PH3 group was frozen through- 
out at the standard value.12 The other geometrical 
parameters were allowed to optimize freely. 

These choices were dictated by computational limita- 
tions. Similar choices have been adequate in discussing 
hydride attack on [CpFe(C0)31+.13 

Initial calculations indicated that the energy surface 
for rotation of the formyl group is almost flat in 
agreement with the conclusions for the CpFe(C0)s- 
(CHO) system.13 At the HF level optimization of Mn- 
(COk(CH0) (111) gave the eclipsed form, which is less 
than 1 kcal mol-l lower in energy than the staggered 
form. The cis-Mn(C0)4(PH3)(CHO) complex (IV) opti- 
mized to the eclipsed form, with the formyl hydrogen 
syn to the PH3 group. The trans-Mn(C0)4(PH3)(CHO) 
complex optimized to  the eclipsed form. Preliminary 
calculations, at the HF level, showed that rotation of 
the phosphine group is a very low energy process FO.01 
kcal mol-') in these systems. Thus, the phosphine 
group was rotationally frozen during the geometry 
optimizations at  values which maximize the distances 
from the phosphine hydrogens to the atoms of the other 
ligands. 

Results and Discussion 
Energies. At the HF level both the parent cations I 

and I1 are minima, having all real frequencies. Mn- 
(CO)s(CHO) (111) has one imaginary frequency cor- 
responding to a rotation of the formyl group. As 
mentioned above, rotation of the formyl group is a low- 

(10) Frisch, J. M.; Head-Gordon, M.; Schlegel, H. B.; Raghavachari, 
K.; Binkley, J. S.; Gonzalez, C.; De Frees, D. J.; Fox, D. J.; Whiteside, 
R. A.; Seeger, R.; Melius, C. F. Baker, J.; Kahn, L. R.; Stewart, J. J. 
P.; Fluder, E. M.; Topiol, S.; Pople, J. A. GAUSSIAN 92; Gaussian 
Inc.: Pittsburgh, PA, 1992. 
(11) Binkley, J. S.; Pople, J. A,; Hehre, W. J. J .Am.  Chem. SOC. 1980, 

102.939. 
(12) Hehre, W. J.; Ditchfield, R.; Stewart, R. F.; Pople, J. A. J. Chem. 

(13) Brown, D. A.; Fitzpatrick, N. J.; Groarke, P. J.; Koga, N.; 
Phys. 1970, 52, 2769. 

Morokuma, K. Organometallics 1993, 12, 2521. 

(14) La Placa, S. L.; Hamilton, W. C.; Ibers, J. A.; Davidson, A. Znorg. 

(15) Lane, K. R.; Squires, R. L. Polyhedron 1988, 7, 1609. 
Chem. 1969,9,1928. 
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Phosphine-Substituted Manganese Carbonyl Complexes 

Table 1. Energetics 
HF MP2 

Total Energies (au) 
[Mn(Co)sl+ (1) -1816.91034 -1818.09157 
[Mn(CO)s(PH3)1+ -2045.49798 -2046.64128 
H- -0.40042 -0.40638 
co -112.09330 -1 12.30484 

Relative Energies (kcal mol-')" 
[Mn(CO),# (I) + H- 0.0 (0.0) 0.0 (0.0) 
Mn(CO)s(CHO) (m) -181.5 (-175.1) -228.1 (-221.7) 
Mn(C0)sH (VI) + CO -141.2 (-139.5) -233.2 (-231.5) 
Mn(CO)5(CHO) (M, TS) -154.7 
[Mn(CO)s(PH3)lf (II) + H- 0.0 (0.0) 0.0 (0.0) 
cis-Mn(C0)4(PH,)(CHO) (IV) -176.1 (-169.6) -217.2 (-210.7) 
trans-Mn(C0)4(PH3)(CHO) (V) -175.0 (-168.4) -202.2 (-195.6) 
cis-Mn(CO)4(PH3)H (VII) + CO -134.7 (-133.2) -221.7 (-220.2) 
trans-Mn(C0)4(PH3)H (VIII) f -130.7 (-129.6) -201.0 (-199.9) 

cis-Mn(C0)4(PH3)(CHO) (X, TS) - 136.4 
rrans-Mn(C0)4(PH3)(CHO) -138.8 

co 

(XI, TS) 
Thermochemical Datab (kcal mol-') 

mf m d  
unsubstituted complexes -221.7 -9.8 
cis-substituted complexes -210.7 -9.5 
trans-substituted complexes -195.5 -4.3 

L2 Values with HF ZPE corrections in parentheses. Values at the MP2 
level with ZPE corrections. 

by phosphines, since A H d  for the unsubstituted and cis- 
substituted complexes differ by an insignificant amount, 
-9.8 and -9.5 kcal mol-l, respectively. It is noted that 
it is the cis-monosubstituted form that is found experi- 
men tall^.^ Lane and Squires15 recently estimated from 
published thermochemical data that the decomposition 
of [Fe(C0)4(CHO)I- to [Fe(C0)4Hl- and CO was mod- 
erately exothermic, -21 kcal mol-l. This compares 
favorably with the values of m d  in this study. These 
small exothermic values for suggest that the vie+,6 
that large metal hydrogen bond strengths render CO 
insertion into neutral metal hydride complexes difficult 
and that neutral formyl complexes are thermodynami- 
cally unstable is suspect. 

On the other hand, the values for the trans-mono- 
substituted complexes do differ substantially from both 
the cis-monosubstituted and unsubstituted forms. md 
for the trans-substituted complexes is -4.3 kcal mol-l, 
which is significantly less exothermic than the previous 
values of -9.8 and -9.5 kcal molp1. This thermody- 
namic difference is due to the trans geometry being less 
favorable in the hydride complex than in the formyl 
complex because of the presence of two strong donor 
ligands along one coordinate axis in the trans hydride, 
an arrangement which leads to electron density being 
forced back into the phosphine ligand. 

The optimized geometries at the MP2 level for species 
I-VI11 and at the HF level for the transition states M- 
XI are given in Figure 1. The effects of substituting 
CO with PH3 are clearly evident. For example, the Mn- 
C(0)  bonds trans to PH3 in [Mn(CO)dPH3)1+ are shorter 
than in [Mn(C0)6]+, and correspondingly, the C - 0  
bonds in the phosphine-substituted species are longer, 
in accord with the presence of the phosphine increasing 
back-bonding to the other carbonyls, particularly in the 
trans position. 

A similar effect is observed on those bond lengths in 
Mn(C0)sH compared to [Mn(CO)6]+ (Figure 1). Again 
comparing the cis and trans hydrides VI1 and VIII, the 
Mn-C(0) bonds trans to PH3 and H are shorter than 
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those which are cis, and the corresponding C-0 bonds 
are longer, suggesting that the relative thermodynamic 
stability of VI1 is due to enhanced back-bonding to the 
carbonyls trans to substituents of less back-bonding 
ability. In the case of the formyls 111-V, the calculated 
Mn-C(0) and C-0 bond lengths are shorter and longer, 
respectively, than those in [Mn(CO)6]+, and moreover, 
the Mn-C(0) bond lengths in I11 are shorter than those 
in [Mn(C0)5(PH3)lf (11), indicating greater back-bonding 
to carbonyls in the neutral formyl species I11 than in 
the cationic phosphine complex 11. A comparison of the 
cis and trans species IV and V is also of interest (see 
Figure 1). In trans-Mn(C0)4(PH3)(CHO) (V), the Mn- 
C(0)  and C-0 bond lengths trans to CO are 1.762 and 
1.187 A, respectively, whereas in the cis complex IV the 
Mn-C(0) trans to PH3 is 1.695 A and to CHO is 1.720 
A. Thus, carbonyls trans to PH3 and CHO show en- 
hanced back-bonding leading to a slightly greater 
thermodynamic stability for cis-Mn(C0)4(PH3)(CHO) 
(rv> than the trans isomer V. The calculated Mn-CHO 
bond lengths may be discussed in terms of the relative 
contribution of the carbenoid resonance form B (Figure 
2). In general, unsubstituted anionic formyls such as 
[Cr(C0)5(CHO)I- and [Fe(C0)4(CHO)]- l7 are stabi- 
lized by significant contributions from the carbenoid 
resonance form D,' as indicated by their unusually low 
formyl CO stretching frequencies, -1570 cm-l as op- 
posed to the value of -1600 cm-l for neutral formyls, 
which thus involve a smaller contribution from the 
carbenoid form B. Comparing Mn(C0)5(CHO) (111) with 
the corresponding cis and trans PH3-substituted formyls 
IV and V, it is immediately obvious that phosphine 
substitution leads to  an increase in electron density on 
the metal and hence increased importance from (B). 
Thus, in Mn(C0)5(CHO), r(Mn-CHO) = 2.024 A, while 
in cis- and trans-Mn(C0)4(PH3)(CHO) the values of 
r(Mn-CHO) are 1.998 and 1.933 A, respectively. Simi- 
larly, without phosphine substitution, r(C(H)-0) = 
1.239 A, while in the cis- and trans-Mn(CO)dPHs)- 
(CHO), r(C(H)-0) = 1.243 (IV) and 1.245 A (W. 

Kinetic Factors. The similarity of the above calcu- 
lated enthalpies ( m d )  suggests that the difference in 
stabilities of the unsubstituted formyl Mn(C0)5(CHO) 
and the corresponding cis and trans monophosphine- 
substituted formyls is not thermodynamic in origin and 
may be kinetic. Accordingly we searched for transition 
states for decomposition of the formyl species 111-V to 
their corresponding hydrides VI-VIII. The respective 
transition states which we located using the basis sets 
discussed above are shown in M-XI. The transition 
states X and XI are similar, and in both cases, the 
geometry of the formyl group has changed from that of 
the parent formyl, with the formyl hydrogen now being 
less associated with the carbon and more with the metal 
and with the C-H bond length being significantly longer 
and the Mn-H bond significantly shorter while the 
MnCH bond angle is very small and the formyl MnCO 
bond angle approaches 180". These transition states 
correspond to  a concerted mechanism for hydride for- 
mation and are in accord with experimental evidence 
for the decomposition of both monophosphine- and 
diphosphine-substituted metal formyls to their cor- 
responding hydrides. For example, the decomposition 

(16) Casey, C .  P.; Neumann, S. M. J. Am. Chem. Soc. 1976,98,5395. 
(17) Collman, J. P.; Winter, S. R. J. Am. Chen. SOC. 1973,95,4089. 
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0 

H3 ,,# 
P ..E 

0 

c-0 

0 

- 2411 A 

Figure 1. Optimized geometries at the MP2 level of the complexes of this study. Bond lengths are in angstroms and 
bond angles in degrees. Decomposition transition states are at the HF level. 

of the neutral stable formyl Mn(C0)2(P(OPh)3)3(CHO) addition, our own experimental studies described below 
to the corresponding hydride shows a clear kinetic also indicate a different mechanism for hydride forma- 
isotope effect, k H / k D  = 3.24 consistent with considerable tion as between unsubstituted and phosphine-substi- 
C-H bond breaking in the transition state.8 In the case tuted formyl complexes. 
of the formation of trans-[RuH(CO)(dppb)21 (dppb = 1,4- In the case of the unsubstituted formyl, Mn(C0)5- 
bis(diPhenYlPhosPhino)butane, PPhZ(CH2)4PPhZ) from (CHO), we were not able to locate a transition state of 
trans-[Ru(CHo)(Co)(dPPb)zl, Barr& and Cole-l+"n- the above type. Instead, a transition state was located 
ton18 invoked a three-centered transition state to ex- 
plain an isotope effect of k H / k D  = 2.3. Their transition 
state is very similar to that calculated above. In 1987,2683. 

(18) Barratt, D. S.; Cole-Hamilton, D. J. J. Chem. Soc., Dalton T~uns. 
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Phosphine-Substituted Manganese Carbonyl Complexes 

Neutral: 

+ /O- 

'H 'H 
M-C M=C 

Anionic: 

- Yo L /O- 

'H 'H 

M-C - M-C 

(C) ( D) 
Figure 2. Significant resonance forms. 

as shown in M in which one carbonyl group has almost 
fully dissociated from the metal, r(MnC(0)) = 8.610 A, 
while the geometry of the formyl group remains close 
to that of the parent formyl complex at the HF level. 
This result suggests that the unsubstituted formyl 
decomposes to the corresponding hydride by a mecha- 
nism different from that of the phosphine-substituted 
formyls. It appears that initial carbonyl dissociation 
occurs, possibly with subsequent migration of the CO 
of the formyl group and formation of the corresponding 
hydride. Unfortunately we were not able to locate any 
other transition states to support this argument, so it 
must remain speculative. Nevertheless, the phosphine- 
substituted complexes, IV and V, clearly have different 
transition states from I11 involving a concerted mecha- 
nism and so we conclude that the difference in stability 
between the unsubstituted and phosphine-substituted 
metal formyls is kinetic in origin with thermodynamic 
factors only playing a small part. 

Comparison with Experiment. Hydride Addi- 
tion to [Mn(C0)4(PPh2(CH2),PPh2)lC104 (n = 1, 
dppm; n = 2, dppe; n = 3, dppp). In view of the above 
theoretical results, it was of interest to compare them 
with detailed studies of the reaction of a hydride donor 
such as borohydride with the related series of diphos- 
phine-substituted manganese carbonyl complexes, [Mn- 
(C0)4(PPh2(CH2)nPPh2)1C104, n = 1,2, and 3, using low- 
temperature lH NMR spectroscopy to identify inter- 
mediates as in analogous studies of hydride addition to 
[(q5-C5H5)Fe(C0)31+ and [(715-CgH,)Fe(C0)31+.19 

Room-Temperature Studies. Addition of NaBH4 
to  a solution of [Mn(CO)4(dppe)lC104 in THF or acetone 
gave an immediate color change from yellow to a redl 
brown suspension and formation of fuc-[Mn(C0)3- 
(dppe)Hl as indicated by replacement of the starter 
v(C0) infrared peaks with bands at  2003, 1928, and 
1915 cm-l in agreement with published values.20 At- 
tempts to isolate and purify [Mn(CO)s(dppe)H] were 
unsuccessful but the lH NMR spectrum of the product 
contained a metal-hydride peak at 6 -8.0 ppm (t, J 
46.5 Hz) identical with the published value.21 Similar 
results were obtained with [Mn(CO)4(PPh2(CH2),PPh2)1- 
c104, n = 2 and 3, but again attempts to isolate the 
hydrides were unsuccessful. 

Low-Temperature Studies. The reaction of [Mn- 
(COk(dppe)lC104 and NaBH4 in a 2:l molar ratio in 
acetone-ds was carried out at -80 "C by use of tech- 

(19)Ahmed, H. A.; Brown, D. A.; Fitzpatrick, N. J.; Glass W. K. 

(20) Booth, R. L.; Hazeldine, R. N. J. Chem. SOC. A 1966, 157. 
(21) Lapinte, C.; Cathelin, D.; Astruc, D. Organometallics 1988, 7 ,  

Inorg. Chim. Acta 1989, 164, 5 .  

1683. 
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Table 2. Low-Temperature (-65 "C) 'H NMR Data (in 
ppm) from the Reactions of [Mn(CO)Xdppx)lClO,, (dppx = 
Bis(diphenylphosphinoa1kane) with NaB& in Acetone46 
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dDDX 

dPPm dPPe dPPP 
WH) 14.66) 13.4(t), 4 H 14.5(s), 12 H 

J(W (Hz) (t) 10.3 (d) 8.9 

thermal stability (fin) 15, RTa (t) 15, RT (s) 15, RT 

15.2(d), 1 H 

(d) 12.5 

13.7(d), 1 H 

(d) 5, RT (d) <1, -20 "C 

RT, room temperature. 

niques previously p~b1ished.l~ At -65 "C, clear evi- 
dence for the initial formation of metal formyls was 
obtained with characteristic peaks at 6 15.2 (d, 12.5 Hz) 
and 13.4 ppm (t, 10.3 Hz), the upfield resonance being 
about 4 times more intense than the other formyl 
resonance. No signal corresponding to a metal-hydride 
(6 -5 to -20 ppm) was present at this temperature nor 
did it appear on raising the temperature to 0 "C in 
marked contrast to the behavior of [CpFe(C0)31+ and 
[IndFe(C0)31+, where on raising the temperature to 0 
"C the characteristic metal-formyl peaks disappear 
with concomital development of metal hydride p e a k ~ . ~ J ~  
In the present system, the metal formyl peaks were 
stable even at room temperature for several minutes 
with the peak at 6 15.2 ppm decomposing more rapidly 
(-5 min) than that a t  6 13.4 ppm (-15 min) (Table 2). 
At the same time, the region 6 0-10 ppm became 
complex, suggesting formation of a number of products, 
e.g., hydroxymethyl and methyl derivatives formed by 
further reactions of the metal formyls similar to those 
occurring with [CpFe(C0)2(PR3)1+.21 However, on re- 
peating the reaction at low temperatures with an 
increased molar ratio of NaBH4 to substrate (e.g., l:l), 
initial formation of the metal formyls was still observed, 
but on increasing the temperature to 0 "C, when there 
was still some NaBH4 present, the metal-hydride peak 
at 6 -8.0 ppm due to fac-[Mn(CO)s(dppe)HI now ap- 
peared. The presence of two metal formyl peaks in the 
region 6 12-15 ppm often arises because of the forma- 
tion of a simple metal formyl, e.g., CpFe(C0)2(CHO) and 
an adduct, e.g., CpFe(C0)2(CHO)BH2CN.2 In the present 
case, adduct formation may be discounted because on 
addition of a small quantity of pyridine to the reaction 
mixture at -20 "C both metal formyl peaks were 
unaffected. On the basis of the observed coupling 
constants, we assign the 6 15.2 ppm peak to mer-Mn- 
(CO)s(dppe)(CHO) and that at 6 13.4 to fac-Mn(CO)s- 
(dppe)(CHO). 

These results show that, in the absence of excess 
NaBH4, the above formyls do not decompose dissocia- 
tively by loss of CO and formation of the corresponding 
metal-hydride as in our previous studies of [CpFe- 
(CO)J+ and [IndFe(C0)31+.19 It follows that the diphos- 
phine ligands stabilize the formyl complexes relative to 
the parent neutral Mn(C0)5(CHO), which has not been 
observed spectroscopically. Similar low-temperature 
results were obtained with [Mn(C0)4(PPh2(CH2),PPh2)1- 
Clod, n = 1 and 3, using lH NMR spectroscopy to 
monitor the course of reaction, except that for [Mn(C0)4- 
(PPh2CH2PPh2>]+ only one metal formyl at 6 14.6 ppm 
was observed (see Table 2). 

During the preparation of this paper, a paper by 
Orchin and co-workers22 was published reporting a 
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room-temperature study of the same systems as above 
but in a different solvent mixture (CH3CN/CH30W 
HzO). This enabled them to isolate both the mer- and 
fac-metal formyls and record spectroscopic data before 
decomposition occurred together with an X-ray structure 
of the methoxymethyl derivative fm-(dppb)Mn(C0)3CHz- 
OCH3. Low-temperature lH NMR studies were not 
reported. 

Unlike the acetone system of our study, they found 
the formyl complexes decomposed directly to the hydride 
complexes. The lH data for the complexes of their study 
are similar to ours, given that a different solvent was 
used. It appears therefore that the reaction is solvent 
dependent, indicating that the decomposition of both 
diphosphine and monophosphine formyls is under ki- 
netic control. 

Organometallics, Vol. 14, No. 1, 1995 

Experimental Section 

Solvents were freshly dried by standard methods. All 
reactions and workup were carried out under high-purity 
nitrogen. Tertiary diphosphines (dppm, dppe, and dppp) were 

Brougham et al. 

obtained commercially and used without further purification. 
Infrared spectra were measured using a 0.1 mm CaFz cell on 
a Perkin-Elmer 1720FT spectrometer linked to a 3700 data 
station. lH, 13C, and 31P NMR spectra were recorded on a 
JEOL GX270 spectrometer. The complexes [Mn(CO)4(dppx)]- 
c104, x = m, e, and p, were prepared by published methods.23 

Conclusion 
The increased stability of monosubstituted phosphine 

carbonyl formyl complexes is shown theoretically to be 
largely kinetic in origin and to arise from quite different 
transition states between the unsubstituted formyl 
which forms the corresponding hydride by a simple 
carbonyl dissociative mechanism and the monophos- 
phine-substituted formyls which form the corresponding 
hydrides by a concerted mechanism. Experimental 
studies are in accord with the theoretical conclusions. 

Acknowledgment. We thank Ms. Geraldine Fitz- 
patrick for her expert help with the NMR studies and 
also the reviewers for helpful comments. 
OM940511S 

(22) Mandal, S. K.; Krause, J. A.; Orchin, M. J .  Organomet. Chem. 
1994, 467, 113. 

(23) Carriedo, G. A.; Riera, V.; Santamaria, J. J .  Orgunomet. Chem. 
1982,234, 17. 
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Photochemical Reimer-Tiemann Reactions of 
( ?I~-C~H~)~F~~(I~-CO)~(I~-P~~PCH~PP~~) and 

(?1~-C5H5)2Fe2(Ic-C0)201-Ph2PCH2CH2PPh2). Molecular 
Structures of (?I~-C~H~)~F~~C~-CO)~C~-P~~PCH~CH~PP~~) 

and 
(q5-CHOC5H4) ( ? I ~ - C ~ H ~)F~~C~-CO)~~~-P~~PCH~CH~PP~~) 

Joyce E. Shade,* Wayne H. Pearson,* and James E. Brown 
Department of Chemistry, U. S.  Naval Academy, Annapolis, Maryland 21402-5026 

Thomas E. Bitterwolf" 
Department of chemistry, University of Idaho, Moscow, Idaho 83844-2343 

Received July 28, 1994@ 

Photolysis of either (175-C5H5)2Fe201-CO)201-DPPM) (DPPM = Ph2PCH2PPh21, I, or (r5- 
C5H5)2Fe201-C0)201-DPPE) (DPPE = Ph2PCH2CH2PPh2), 11, in CHCl3 followed by chroma- 
tography on wet alumina results in the formation of products in which one cyclopentadienyl 
ring has been formylated. In contrast, photolysis of (175-C5H5)2Fe201-CO)201-DPPP), 111, under 
analogous conditions gives the chloride derivative expected from Fe-Fe bond homolysis. 
Available evidence suggests that  the reactions of I and I1 proceed via a photochemical 
Reimer-Tiemann reaction involving a n  irreversible charge transfer to yield the respective 
radical cation and a dichloromethyl radical. Subsequent coupling of these radicals forms a 
ring-substituted dichloromethyl intermediate which is in turn hydrolyzed to the aldehyde 
upon workup. Formyl derivatives have been fully characterized by IR, lH, 13C, and 31P NMR, 
mass spectrometry, and elemental analysis. Reaction of [(175-C5H5)2Fe201-CO)201-DPPM)lPF6, 
I+PF6, with ICHzCOzCzH5, under conditions known to generate the alkyl radical, yielded 
the ring substituted compound (1;15-C5H4CH2C04C2H5)(C5H5)Fe201-C0)201-DPPM), providing 
additional support for a radical pathway to ring substitution in these compounds. The 
molecular structures of (175-C5H5)2Fez01-C0)201-DPPE), 11, and (D~-CHOC~H~)(~~~-C~H~)F~~- 
b-C0)2@-DPPE), V, have been characterized by X-ray crystallogra hy: 11, rhombohedral, 
R3, a = b = c = 27.749(2) A, a = ,8 = y = 116.52(9)", V = 10104(15) if 3, Z = 12, R(F) = 4.1%; 
V ,  orthorhombic, Pna21, a = 13.988(10) A, b = 13.371(3) A, c = 17.358(6) A, V = 3246.5(41) 
A3, Z = 4, R(F) = 6.9%. 

The photochemical behavior of metal-metal bonded, 
metal-carbonyl complexes has been the subject of 
substantial investigati0n.l It is now well-established 
that two principle reaction modes are possible: metal- 
metal bond homolysis and carbonyl loss. We have been 
interested for some time in the behavior of bimetallic 
compounds in which the metal atoms are linked by 
either a bridging ligand such as a diphosphine, coupled 
cyclopentadienyl rings, or both. We hypothesized that 
these additional linkages between the metals would 
reduce the importance of the radical pathway by either 
eliminating homolysis or facilitating facile recombina- 
tion of metal radicals. To test this hypothesis we 
examined the photolysis of (775-C5H5)2Fe2CU-CO)2CU- 
DPPM), I, (q5-C5H5)2Fe2+-C0)2+-DPPE), 11, and (q5- 
C~H~)~F~~(U-CO)&-DPPP),  111, in CHCl3, anticipating 
that CHC13 would serve as an efficient radical scavenger 
for any long-lived iron-iron bond homolysis products. 

@ Abstract published in Advance ACS Abstracts, November 1,1994. 
(1) For major references, please see: (a) Zhang, S.; Brown, T. L. 

Organometallics 1992, 11,  4166. (b) Dixon, A. J.; George, M. W.; 
Hughes, C.; Poliakoff, M.; Turner, J. J. J .  Am. Chem. SOC. 1992, 114, 
1719. (c) Bloyce, P. E.; Campen, A. K.; Hooker, R. H.; Rest, A. J.; 
Thomas, N. R.; Bitterwolf, T. E.; Shade, J. E. J .  Chem. Soc., Dalton 
Trans. 1990,2833. 

0276-733319512314-0157$09.00/0 

0 

1 : "  I I 1v: n I I 

11:"  - 2 v n  I , 
I l l : " -  1 

VI 

Ch2C02C'1&H, 

Ph2P PP\ )  ' CH?' 

VI, 

As will be discussed in this paper, photolysis of I11 
proceeds by the expected homolysis pathway while 
photolysis of I and I1 revealed a wholly unexpected, and 
previously unobserved, charge transfer pathway for the 
photolysis of metal-metal bonded complexes. Further 
evidence for a radical pathway to ring substitution of 
these compounds is presented. 

0 1995 American Chemical Society 
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Table 1. WNisible Data for (CSHS)~F~~@-CO)~L~ and Related Complexes 
A,,,. nm (6. Umol cm) 

L2 (CsHMez@-C0)2Lza MezSi(CsH4)2Fe2Oc-CO)zLzb C H ~ ( C ~ H ~ ) Z F ~ Z ~ ~ - C O ) ~ L ~ " . '  (CsH4CHO)(CsHs)FezOc-CO)zLz' 
DPPM 634 (5.8 x lo2) 616 (4.4 x lo2) 580 (3.6 x lo2) 660 (3.7 x lo2) 

330 (5.0 x lo3) 
DPPE 655 (5.7 x lo2) 648 (4.0 x lo2) 604 (2.5 x lo2) 670 (5.5 x lo2) 

DPPP 681 (5.5 x lo2) 682 (4.3 x lo2) 
389 (4.2 x lo3) 

342 (7.4 x 103) 

376 (4.7 x 103) 

385 (3.9 x 103) 

385 (3.8 x lo3) 

332 (5.3 x 103) 

360 (3.7 x 103) 

390 (3.7 x 103) 

400 (4.7 x 103) 

376 (5.5 x 103) 

Spectra were recorded in benzene. Spectra were recorded in CH2Clz. Reference 9. 

Results and Discussion 

(r5-C5H5)2Fe2CU-C0)2Cu-L2), where L2 = DPPM (I), 
DPPE (111, and DPPP (1111, were prepared as described 
by Haines.2 Photolysis of I or I1 in CHCl3 resulted in a 
change in color of the reaction mixture from green to 
brown. After solvent removal, the resulting oil was 
chromatographed on wet (6% water) alumina, grade 111, 
using petroleum ether:CHCl3. In each case, a single 
golden brown band was eluted from the column, yielding 
a brown solid after removal of solvent. 

Analysis of lH and 13C NMR spectra of the product 
compounds, IV and V, where L2 = DPPM and DPPE, 
respectively, revealed that one cyclopentadienyl ring 
had been substituted during the course of the reaction. 
Characteristic resonances in both the proton and carbon 
spectra and the appearance of new IR bands at 1658 
and 1655 cm-l, respectively, strongly suggested the 
presence of a formyl group in the molecule. The IR 
spectra also contained bands which were almost identi- 
cal in position in the p-CO stretching bands of the 
starting materials. We have been unable to locate the 
13C bridging carbonyl resonances of these compounds. 
The 31P NMR spectrum of IV consisted of a clean AB 
pattern centering on 84.48 and 81.47 ppm which is 
upfield of the singlet resonance observed at  86.56 ppm 
for I. V was found to  have two singlets at 68.52 and 
64.11 ppm which are slightly upfield from the singlet 
resonance of I1 which is found at 69.82 ppm. Mass 
spectrometry of IV (EI/CI) and V (FAB) revealed a 
parent mass and fragmentation pattern consistent with 
formyl derivatives of I and 11. Final confirmation of the 
structure of V, and by inference IV, was provided by a 
molecular structure of V (vide infra). 

The color change from the green starting materials 
to the golden brown formyl products can be understood 
by examination of the Whisible spectra. The band 
positions of compounds I-V and representative, similar 
compounds are presented in Table 1. Compounds I and 
I1 have two bands in their electronic spectra. The lower 
energy bands are assigned to the Fe-Fe (0 - a*) and 
the higher energy band to the Fe - ring (MLCT) 
transitions. Introduction of a formyl group onto one ring 
causes the 0 -. u* bands to shift t o  longer wavelength 
and splits the Fe - ring charge transfer bands. In the 
case of IV, two charge transfer bands are clearly 
observed, while for V a broad plateau is observed that, 
presumedly, contains the two overlapping bands. We 
suggest that the two bands correspond to  Fe - C5H5 
and Fe - CBH~CHO charge transfer bands, respectively. 
In both IV and V, the net effect of formylation is to shift 
the strongly absorbing charge transfer bands toward the 

(2) (a) Haines, R. J.; DuPreez, A. L. J .  Orgunometal. Chem. 1970, 
21,181. (b) Haines, R. J.; DuPreez, A. L. Inorg. Chem. 1970,1I, 330. 

blue end of the visible range, resulting in a color change 
from green to golden-brown. 

IR spectra of the reaction mixture of I prior to 
chromatographic purification contains bands which are 
similar in position to those of the product although the 
shoulder assigned to the formyl group was not observed. 
No bands were observed that might be attributable to 
a CpFe(C0)LCl product. Several attempts to obtain 
NMR spectra of these reaction mixtures were unsuc- 
cessful, due, apparently, to the presence of paramagnetic 
decomposition products. Ultraviolet photolysis of I in 
Nujol at 77 K yielded no change in the IR spectrum after 
1 h, ruling out the possibility of photochemical carbonyl 
bridge opening. Similarly, photolysis of I in benzene 
resulted in some decomposition with no isolable product. 

Photolysis of I11 proceeds similarly to that of I and 
I1 with a color change from green to brown although 
chromatography of the resulting product required a 
more polar solvent mixture (20: 1 dichloromethane: 
methanol) for elution of the brown product, VI, which 
is unstable in solution and upon storage. It was not 
possible to record an NMR spectrum of VI. VI has a 
single carbonyl stretching band at 1967 cm-l. No bands 
which might be associated with either bridging carbonyl 
or formyl groups were observed. The observed IR band 
is similar in position to that of an authentic sample of 
(r5-C5H5)Fe(CO)(PPh3)C1 which has a terminal carbonyl 
stretching band at 1963 cm-'. These observations 
suggest that photolysis of I11 proceeds by homolysis of 
the Fe-Fe bond followed by reaction of the iron radicals 
with the chlorinated solvent. 

The reactions of I and I1 are reminiscent of those 
reported by Sugimori and co-workers3 involving the 
photochemistry of ferrocene in halocarbon solvents in 
which formyl, carboxylic acid, and ester (alcohol sol- 
volysis) derivatives were isolated. Similar studies 
involving electron rich arene compounds) have been 
r e p ~ r t e d . ~  These authors suggested that the observed 
products could be explained by a photochemical 
Reimer-Tiemann reaction whose initiating step is the 
photoinduced transfer of an electron from the ferrocene 
to  CHCl3, yielding a ferrocinium ion, a chloride ion, and 
the CHCl2 radical. Exo attack of the CHC12 radical on 
a cyclopentadienyl ring of the 17-e- ferrocinium ion 
gives a protonated ferrocene intermediate. Deprotona- 
tion and hydrolysis of this species upon workup yields 
the formyl derivative. The literature on photooxidation 
of metal complexes has been r e v i e ~ e d . ~  

We propose that photolysis of I and I1 proceeds by a 

(3) Hoshi, Y.; Akiyama, T.; Sugimori, A. Tetrahedron Lett. 1970, 
1485. 

(4) (a) Hirao, K.; Ikegame, M.; Yonemitsu, 0. Tetrahedron 1974,30, 
2301. (b) Kurz, M. E.; Lapin, S. C.; Mariam, K.; Hagen, T. J.; Qian, 
X. Q. J .  Org. Chem. 1984,49, 2728. 
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product, VII. Mass spectrometry (EYCI) yielded the 
required parent mass and a fragmentation pattern 
diagnostic of an ethyl ester. As found in the mass 
spectrum of IV and V, fragmentation of these asym- 
metrically substituted compounds gives rise to (C5H5)- 
FeL2+ and (CsH4R)FeLz+ species that provide further 
confirmatory evidence for the identity of the compounds. 
The ultimate yield of VI1 was insufficient to permit 
elemental analysis. 

The differences in behavior among compounds I, 11, 
and I11 are probably attributable to the effect of the 
increasing length of the phosphine bridge upon the 
stability of the Fe&-C0)2 core of the molecule. Several 
physical properties of these and related compounds 
support this argument. Iron-Iron bond lengths are 
found to increase with increasing bridge length. The 
Fe-Fe bond length in I has been found to  be 2.516 A,9 
while the same bond length in I1 is 2.527 A. Wright 
and co-workers1° have found the Fe-Fe bond lengths 
in the compounds (CH3)2Si(C5H4)2Fe2CU-CO)01-X), where 
X = DPPM and DPPP, to be 2.497 and 2.521 A, 
respectively. It should be noted that introduction of the 
(CH3)2Si bridge between the rings in the DPPM deriva- 
tive compresses the Fe-Fe bond relative to I. These 
changes in bond length are reflected in changes in the 
Fe-Fe (a - a*) band positions as presented in Table 1 
for compounds 1-111 and analogous ring-coupled de- 
rivatives. As the diphosphine ligand bridge grows, this 
band moves to lower energy, reflecting the increasing 
strain on the Fe-Fe bond. Similarly, Wright has found 
that the first oxidation potentials for the series (CH3)2- 
S~(C~H~)~F~Z~~-CO)CU-X) ,  where X = DPPM, DPPE, and 
DPPP, undergo a negative shift with increasing bridge 
length.1° These various trends are consistent with a 
gradual weakening of the Fe-Fe bond with increasing 
bridge length, but do not explain why only ring substi- 
tution is observed for compounds I and I1 and only bond 
homolysis is observed for 111. 

The X-ray crystallographic results for both I1 and V 
were obtained. Crystallographic data for I1 and V 
appear in Table 2 and selected bond lengths and angles 
appear in Tables 3 and 4, respectively. The solid state 
structure of I1 contains a racemic mixture resulting 
from the C2 symmetry of the compound. The two 
independent molecules in the unit cell are chemically 
indistinguishable. The structures of compounds I1 
(Figure 1) and V (Figure 2) are also effectively super- 
imposable with no chemically significant differences in 
bond lengths or angles arising from the presence of the 
formyl group. The Fe-Fe bond length of 2.527(1) A for 
V and 2.516(1) and 2.512(1) A for the two independent 
molecules of I1 indicate a slight weakening of the Fe- 
Fe bond, as reflected in the electronic spectra. 

The observation of photochemical charge transfer for 
one class of bimetallic complexes raises the possibility 
that similar reactions might be possible for other 
complexes such as (q5-C5H,=,)2Fe2(C0)4 and (q5-C5H&- 
Moz(CO)s. Recent elegant work by Bullock et al.ll 
examined the electrochemical formation of the [(q5- 
C5H5)2Fe2(CO)411+ radical cation and provided detailed 

(9) Bitterwolf, T. E.; Shade, J. E.; Pearson, W. H.; Brown, J. E., 

(10) Wright, M. E.; Mezza, T. M.; Nelson, G. 0.; h s t r o n g ,  N. R.; 

(11) Bullock, J. P.; Palazotto, M. C.; Mann, K. R. Inorg. Chem. 1991, 

Unpublished results, 1994. 

Day, V. W.; Thompson, M. R. Organometallics 1983,2, 1711. 

30, 1284. 

Scheme 1. Postulated Mechanism for 
Formylation of I 

+ 

2’1 I 

l o 1  I I O I  I 
P*,P PPh, ‘ C”>’ 

L J 

similar mechanism (Scheme 1) involving photoinduced 
electron transfer from the bimetallic compound to the 
solvent, followed by radical attack to form a protonated 
intermediate containing a p-H. Hydrolysis upon workup 
yields the isolated formyl derivative. The good yields 
of formyl products suggest that the bimetallic radical 
cation and the dichloromethyl radical are formed within 
a solvent cage, enhancing the likelihood of a favorable 
attack of the dichloromethyl radical onto one of the 
cyclopentadienyl rings. Since formylcyclopentadienyl 
iron compounds have proven to be particularly difficult 
to prepare by other strategies, this reaction provides an 
attractive synthetic entry to  this class of compounds. 
We are presently exploring the organic reaction chem- 
istry of these compounds. 

Previous studies have shown that I and I1 can be 
oxidized to the corresponding stable radical cations both 
chemically and electrochemically.2bs6 Additionally, (q5- 
C~H~)~F~Z@-CO)Z@-P~~PN(E~)PP~~) undergoes one- 
electron charge transfer oxidation with 7,7,8,8-tetracyano- 
p-quinodimethane to yield a product which has been 
crystallographically characterized.’ Generating the 
monocations of I and I1 by photochemical charge 
transfer is entirely reasonable under the conditions of 
our reactions. 

In order to provide further support for the proposal 
that these reactions proceed via radical attack on the 
ring of a bimetallic radical cation, we have carried out 
the reaction of I+PF6 under conditions that are reported 
to involve alkyl radicals. Floris and co-workerss have 
described the reactions of ferrocene and ferrocinium ions 
with alkyl radicals generated by reaction of alkyl iodides 
with Fe+2, H202, and DMSO. Directly adopting the 
reported protocol, I+PF6 was reacted with ICHzCOzCzH5. 
Upon workup and careful chromatography, a small 
quantity of green product was obtained that was shown 
to be free of I by HPLC. IR confirmed the presence of 
both ester and p-CO bands, and lH, 13C, and 31P NMR 
spectra were consistent the expected ring substituted 

(5) Giannotti, C.; Gaspard, S.; Kramer, P. In Photoinduced Electron 
Transfer. Part D. Photoinduced Electron Transfer Reactions: Inor- 
ganic Substrates and Applications; Fox, M. A.; Chanon, M., Eds.; 
Elsevier: Amsterdam, 1988; p 200-240. 

(6) (a) Furguson, J. A,; Meyer, T. J. Inorg. Chem. 1971, 10, 1025. 
(b) Furguson, J. A.; Meyer, T. J. Znorg. Chem. 1971,11, 631. 

(7) Bell, S. E.; Field, J. S.; Haines, R. J. J .  Chem. SOC., Chem. 
Commun. 1991,489. 
(8) Baciocchi, E.; Floris, B.; Muragila, E. J. Org. Chem. 1993, 58, 

2013. See also, Minisci, F.; Vismara, E.; Fontana, F. J .  Org. Chem. 
1989,54, 5224. 
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Shade et al. 

(i) Crystal Data 
formula C38H3402PzFe2 C39H3403PzFez 
crystal system trigonal orthorhombic 
space group 

R3 (No. 148) Pna21 (No. 33) 
a 27.749 (2) 13.988 (10) 
b 27.749(2) 13.37 l(3) 
c 27.749(2) 17.358(6) 
a 116.52(9) 90 

116.52(9) 90 
116.52(9) 90 

P 
Y 
volume, A3  10109(15) 3246.5(41) 
Z 12b 4 
D(calc), g/cm3 1.373 1.48 1 
D(obs), g/cm3 1.410 1.463 
p(Mo Ka), cm-' 10.5 10.5 
temp, K 296 296 
crystal size, mm 
crystal color dark green dark brown 

(ii) Data Collection 
diffractometer Enraf-Nonius CAD4 Enraf-Nonius CAD4 
monochromator oriented graphite oriented graphite 
radiation Mo Ka Mo Ka 
wavelength 0.71073 0.71073 
28 limits, deg 2-50 2-50 

standards 3 stdl00 refls 3 stdl00 rfls 
decay (max), % 4.2 1.6 
octants collcd 1h,k,&l(1-30° 28)d fh,fk+l(O-24° 28) 

no. of reflns collcd 17970 5360 

no. of independt rflns 
I2 3a(Z) 5413 3368 
R(Z) on averaging, % 3.8 1.7 
T(max)/T(min) 1.02 1.35 

0.30 x 0.20 x 0.25 0.25 x 0.25 x 0.20 

scan technique 0 8-28 

h,k,fl(30-50" 28) h,k,fl(24-50' 28) 

no. of independt rflns 11832 4704 

(iii) Refinement 
R(F), % 4.1 5.4 
RdF) ,  % 5.9 6.3 
GOF 1.936 1.667 
Ab 0.01 0.01 
A(@), e k3 1.03 2.75 
NdNv 6.83 8.13 

Cell parameters for the idealized cells were determined from 25 
reflections in the range 20" < 28 -= 35" followed by least-squares 
refinement. Setting angles for the 25 reflections were based upon 100 
reflections (four settings of each reflection including 1 2 8  values). This 
is the number of molecules in the unit cell. The number of asymmetric 
units per unit cell is six, with two molecules per asymmetric unit. Same 
as 11. dData were collected with hexagonal setting and converted to 
rhombohedral for structure solution and refinement. 

Table 3. Selected Bond Distances (A) for 11 and V 
atoms II V atoms I1 V 

Fei-Fe2 2.516(1) 2.527(1) C36-02 1.202(8) 1.187(8) 
Fel-PI 2.172(2) 2.198(2) C35-01 1.181(8) 1.171(8) 
Fe2-P2 2.180(2) 2.186(2) Pl-C37 1.825(4) 1.817(7) 
Fel-C36 1.884(8) 1.917(7) P2-C38 1.838(8) 1.833(8) 
Fel-C35 1.922(4) 1.925(6) C37-C38 1.51(1) 1.55(1) 
Fe2-C36 1.902(6) 1.919(7) C25-C39 1.41(1) 
Fe2-C35 1.908(8) 1.903(7) 03-C39 1.25(2) 

information on its reactions with nucleophiles. Earlier 
work by Kadish12 demonstrated that the [(v5-C5H&Mo2- 
(CO)&+ cation radical is an intermediate in the oxida- 
tion of the bimetallic molybdenum compound. Bullock 
and co-workers have demonstrated that reactions of the 
cation radicals with nucleophiles yield products which 
are similar to those observed by Tyler and attributed 
to an intermediate 19-electron species.13 Additional 

C15 

c9 

Figure 1. 

c3 4 

c3 *A P2 R- 

ClO c4 y j A C 6  c21- 
_ _  
cs LL 

Figure 2. 

Table 4. Selected Bond Angles (deg) for I1 and V 
atoms II V 

Fe2-Fe 1 -P 1 105.64(6) 104.83(6) 
Fel -Fe2-P2 105.65(7) 106.24(7) 
Fel-Pl-C37 117.6(3) 117.7(2) 
Fe2-P2-C38 119.5(2) 118.0(2) 
Fel-C36-Fe2 83.3(3) 82.4(3) 
Fe 1 -C35 -Fe2 82.1 (2) 82.6(3) 
03-C39-C25 124.(1) 

work will be necessary to establish whether photochemi- 
cal charge transfer reactions compete with the more 
familiar radical formation processes and contribute to  
the photochemistry of these bimetallic complexes. 

Experimental Section 
Compounds I,2 11: III? and I+PFe,2b,S were prepared by 

literature procedures. Crystals of I1 and V for X-ray crystal- 
lography were grown from CHCl3:pentane mixtures. IR 
spectra were recorded on a Perkin-Elmer 1750 FT-IR spec- 
trometer. NMR spectra were recorded on a GE-QE300 NMR 
spectrometer and referenced to solvent resonances. Mass 
spectra of IV were recorded by Dr. Mark Ross of the Naval 
Research Laboratory and Dr. Gary Knerr of the University of 
Idaho. Elemental analyses were performed by Desert Ana- 
lytics, Inc. Tucson, AZ. 

IV. I(0.50 g, 0.73 mmol) is taken up in 125 mL of CHC13 in 
a Pyrex water-jacketed reaction vessel and photolyzed using 
a 250 W General Electric sun lamp for 4 h. During this time 
the solution changes color from olive green to brown. After 
the reaction is complete, the solvent is removed and the oily 
residue is chromatographed on a grade I11 alumina column 

Synthe~iS Of (tlS-C~CHO)(~S.C~)F~~-CO)~~-DPPM), 

(12) Kadish, K. M.; Lacombe, D. A,; Anderson, J. E. Inorg. Chem. 
1986,25,2246. 

(13)Avey, A.; Tyler, D. R. Organometallics 1992, 1 1 ,  3856, and 
references therein. 
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(m, ipso-Ph), 131.7 (m, o-Ph), 128.4 (s, m-Ph), 127.0 @-Ph), 
95.7 (ipso-cp), 86.2 (CpR), 85.8 (Cp), 83.7 (CpR), 59.3 (CpCHz- 
COz), 32.4 (CHzCHs), 27.5 (t, Jp-c = 21.7 Hz), 13.2 (CHzCH3). 
31P NMR: (C&) 83.8 and 81.1 (AB q, JPa-Pb = 91.9 Hz). Mass 
spectrometry: (EI/CI) 768 (M+), 740 (M+ - CzH4 or CO), 712 
(M+ - 2CO or CO and cZH4), 696 (M+ - CzH4 and COz), 682 
(M+ - CJ&02), 654 (M+ - CJ3702 and CO), 591 ((q5- 
C5H4C3H,02)FeDPPE+), 505 ((CsHdFeDPPE+), 440 (Fe- 
DPPM+). 
X-ray Structure Determination. Crystal data are pre- 

sented in Table 1. Crystals of both I1 and V were grown by 
evaporation of chloroform:pentane solutions. Suitable crystals 
were chosen from each compound and mounted in random 
orientations on glass fibers. Rotation photographs were used 
to locate reflections which were then indexed to obtain the unit 
cells for both crystals, Axial photographs confirmed axial 
lengths for both unit cells and mmm Laue diffraction sym- 
metry for V. Compound I1 was originally indexed in the 
nonprimative hexagonal cell for which a = 47.2 A and c = 15.7 
A. Data were collected in the hexagonal cell but were later 
transformed to the primitive rhombohedral cell for structure 
solution and refinement. Conditions of reflection of h + k + 1 
= 3n confirmed space group R3 for 11. Conditions of reflection 
OkZ (k + 2 = 2n) and h01 (h = 2n) for V were not sufficient to  
choose between the centrosymmetric Pnam and the noncen- 
trosymmetric Pna2l. Intensity statistics indicated a noncen- 
trosymmetric structure. A linear decay correction was applied 
to both data sets. Empirical absorption corrections for both 
crystals were based on ly scans of three reflections at 10" yj 
intervals. 

Both structures were solved via direct methods and com- 
pleted with difference Fourier synthesis. Structure solutions 
for V were attempted in both Pnam and Pna21 but could only 
be obtained in Pna21. The absolute configuration of the, space 
group was assigned on the basis of the difference in R(F) 
between refinements of both hands without hydrogen atoms. 
"he two forms refined to R(F) of 0.066 for the correct structure 
and RQ of 0.072 for the incorrect structure. All non-hydrogen 
atoms were refined with anisotropic temperature factors in 
both structures. Hydrogen atoms were located in the differ- 
ence Fourier maps but were calculated at idealized positions 
and assigned a temperature factor 30% larger than the 
corresponding carbon isotropic temperature factor. Hydrogen 
atom positions were updated throughout the final cycles of 
refinement. Examination of strong, low-angle reflections 
revealed no extinction effects. 

An interesting feature of I1 is the existence of both enan- 
tiomers of the compound in the asymmetric unit. Cocrystal- 
lization of both enantiomers accounts for the usually large unit 
cell with six asymmetric units per cell. 

using 6:l petroleum ether:CHCla as an  eluant. A green band 
of I is eluted first from the column followed by a golden band. 
Removal of solvent from the golden band and recrystallization 
from dich1oromethane:pentane yields 0.19 g of IV as a brown 
solid. Mp: 224-225 "C. Yield 37%. IR: (CHCl3): 1690 (m), 
1682 (sh), 1658 (sh). lH NMR: (CDCld 9.15 ( 8 ,  1 H, CHO), 
7.44-7.22 (m, 20 H, Ph), 4.70 and 4.66 (AA'BB, 4 H, C5H4- 
CHO), 4.37 (8, 5 H, C a s ) ,  1.89 (t, 2 H, 2 J ~ - ~  = 10.06 Hz, 
PCHZP). '3C NMR (CDC13) 191.2 (CHO), 136.28 (dd, ipso- 
Ph, 'Jp-c = 32.6 Hz, Vp-c = 4.8 Hz), 135.75 (dd, ipso-Ph', 'JP-c 
= 33.6 Hz, 3Pp-c = 6.3 Hz), 132.35 (d, 0-Ph, Vp-c = 9.6 Hz), 
132.22 (d, o-Ph', 'Jp-c = 9.1 Hz), 129.96 (d,p-Ph and -Ph', 4 J ~ - ~  

3Pp-c = 9.0 Hz), 94.28 (Zp~o-Cp), 90.37 (CHOCp), 86.91 (Cp), 
85.31 (CHOCp), 28.29 (t, 'Jp-c = 22.8 Hz). 31P NMR (CDCld 

710 (M+), 682 (M+ - CO), 658 (M+ - 2CO), 589 (CHOC5H4- 

= 8.0 Hz), 128.26 (d, m-Ph, 3 J p - ~  = 9.4 Hz 128.22 (d, m-Ph', 

84.48 and 81.47 (AB, Vp-p  = 92.38 Hz). Mass Spectrometry: 

FeZDPPM), 561 (CsHtjFezDPPM), 533 (CHOC&f$eDPPM), 505 
(C~HSF~DPPM), 440 (FeDPPM). Calcd for C ~ ~ H ~ Z F ~ Z O ~ P ~ :  C, 
64.25; H, 4.55; P, 8.72. Found: C, 64.36; H, 4.55; P, 8.63. 

Synthesis of (q5-C5~CHO)(C5Ha)Fe2(lr-CO)z(lr-DPPE), 
V. I1 (0.50 g, 0.72 mmol) was photolyzed and purified as 
described above. V was recovered as a brown solid. Mp: 243- 
244 "C dec. Yield: 40%. IR: (CHC13) 1687 (m), 1655 (sh). 'H 
NMR: (CDC13) 8.90 (s, 1 H, CHO), 7.89 (m, 8 H, Ph), 7.45 (m, 
12 H, Ph), 4.57 and 4.53 (AA'BB', 4 H, CHOCEH~), 4.72 (8 ,  5 
H, C5H5), 1.35 (m, 4 H, P-Cd&-P). I3C: (CDCld 191.23 (CHO), 
136.67 (br, ipso-Ph), 132.87 (br s, 0-Ph), 130.04 (d, 4Jp-c = 12.8 
Hz,p-Ph), 128.37 (pseudo t, 3 J p - ~  = 8.3 Hz, m-Ph), 95.26 (ipso- 
CHOCp), 90.37 (CHOCp), 86.88 (Cp), 84.55 (CHOCp), 22.54 

PCzW) .  31P NMIk (CDC13) 68.52 and 64.11. MS: (FAB) 724 

[CHOC5H3e(DPPE)(CO)1, 547 [CHOCd&Fe(DPPE)I or tC&- 
Fe(DPPE)(CO)], 519 [C5HsFe(DPPE)l, 454 [Fe(DPPE)I. 

Synthesis of (q5-C5HaCH2C04C2Ha)(CaHs)Fe2(lr-CO)2(lr- 
DPPM), VIII. I+PFs (0.51 g, 0.61 mmol) and FeS04.7Hz0 
(0.28 g, 1.0 mmol) were taken up in DMSO, 35 mL of ICHz- 
COzCzHs, and 5.0 mL of a 0.20 M solution in DMSO (1.0 
mmol), and the solution stirred for 15 min, at  which time the 
solution was green. Freshly prepared HzOz in DMSO (0.140 
mL of 30% solution in 10 mL of DMSO, 1.0 mmol) was added 
dropwise to  the solution during which the solution changes to 
reddish brown. Note: addition of excess HzOz results in 
complete decomposition of the metal compounds. After stirring 
for 15 min, the solution was diluted with brine and an excess 
of ascorbic acid was added. The solution immediately produces 
a green suspension that was stirred for at least 30 min. 
Extraction with benzene (30 mL) gave a green solution that 
was washed with brine and dried with MgS04. Removal of 
solvent gave a green solid that was taken up in minimal 
benzene and chromatographed on a 40 x 2 cm alumina (grade 
111) column using benzene as the eluant. Slow elution resulted 
in the partial separation of two green bands. The first band 
was shown by IR and HPLC to be I. The second band 
recovered in this way was consistently contaminated with I 
and had to be rechromatographed to obtain a small amount 
of VI1 as a dark green solid. VI1 appears to decompose slowly 
on the column to a purple product resulting in a reduction of 
the total yield. IR: (CHzClz) 1728 (m), 1676 (s), 1095 (m) cm-' 
(m). IH NMR: (C&) 7.50 (8H, Ph), 7.00 (12 H, Ph), 4.59 (t, 
2H, CpR), 4.39 (s, 5H, Cp), 4.09 (m, 2H, CpR), 3.92 (9, 2H, J 

(d, 'Jp-c = 25.23 Hz, PCZH~P), 22.30 (d, 'Jp-c = 25.72 Hz, 

(M+), 696 (Mf - CO), 668 (M+ - 2 CO), 640 (M+ - 3 CO), 575 

= 7.1 Hz, CHzCHs), 3.59 (9, 2H, CpCHzCOz), 1.76 (t, 2H, JP-H 
= 10 Hz, PCHzP), 0.93 (t, 3H, J = 7.1, CHzCH3). 13C NMR 
(CsDs) 295.1 (t, Jp-c = 14.6 Hz,,u-CO), 170.6 (COzCzHd, 136.3 
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Unexpected Synthesis of Ortho-Substituted 
Diselenophenylenezirconocenes from the 

Para-Substituted Diphenylzirconocenes. Chemical and 
Structural Evidence of the Participation of a 

Cyclometalated Intermediate That Behaves as a Benzyne 
Zirconocene Equivalent 
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de Bourgogne, 6 boulevard Gabriel, BP 138,21004 Dcon Cedex, France, Department of 
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Laboratoire de Chimie des Organominkraux (URA CNRS 477), Universitk Paul Sabatier, 

118, route de Narbonne, 31062 Toulouse Cedex, France 

Received July 12, 1994@ 

Heating grey selenium with [v5-C5H4(t-Bu)lzZr(CsHq@-OCH3))2 in boiling octane affords 
the diselenophenylenezirconocene complex containing a methoxy group in the ortho position. 
A similar reaction, although less selective, occurs when starting from [v5-C5H4(t-Bu)12Zr- 
(Cd&(p-CH3))2. The structures of the diselenophenylenezirconocenes obtained were con- 
firmed by NMR spectroscopy and definitively proved by comparison with the authentic ortho- 
substituted derivatives prepared from the corresponding methyl-o-anisyl- and methyl-o- 
tolylzirconocene. The mechanism proposed to explain this transformation involves the 
activation of a tert-butyl C-H bond by a transient benzynezirconocene species. The 
cyclometalation product, which is obtained by heating the diphenylzirconocene, reacts toward 
selenium and unsaturated organic compounds like the benzynezirconocene but the reaction 
takes place at room temperature. The cyclometalation pathway allows a more sterically 
hindered selenium-containing derivative [q5-C5H4(t-Bu)l2ZrSe2C6H3(o,o’-(CH&) to  be pre- 
pared. The new diselenophenylenezirconocenes described are good precursors to  generate 
benzodiselenagermoles and related spiro compounds by a zirconium-germanium trans- 
metalation reaction. All the new products synthesized, zirconocene complexes and cyclo- 
metalated derivatives, benzodiselenagermoles, and spirobisbenzodiselenagermoles, were 
identified by the multinuclear NMR methods and mass spectrometry. The structure of the 
cyclometalated product [q5-C5H4(t-Bu)IZr[(2,5-(CH3)2CgH3)(1;1l: v5-CH2C(CH3)2C5H4)I was de- 
termined by X-ray diffraction analysis. This compound crystallizes in the monoclinic space 
group P21/c with two molecules per asymmetric unit with cell dimensions a = 8.278(3) .$, b 
= 20.113(9) A, c = 27.661(9) .$, and /3 = 93.13(2)’ at 295 K. Least-squares refinement led 
to  a value for the final R index of 0.0642 for 2701 reflections with I =- 241) .  

Introduction Scheme 1 

We have previously shown that chalcogens readily 
insert in the zirconium-carbon bonds of arynezir- 
conocene c~mplexes.l-~ In this way, dichalcogenatozir- 
conacyclic complexes are obtained in good yield by 
refluxing various diphenylzirconocenes with chalcogens 
in heptane (Scheme 1). In the case of para-substituted 
diphenylzirconocenes, complexes 2 (in which the sub- 
stituent is positioned meta and para relative to the two 
carbon atoms bonded to the chalcogens) are selectively 
obtained. 

+ Universit6 de Bourgogne. 
8 West Virginia University. 
8 Universit6 Paul Sabatier. 
@ Abstract published in Advance ACS Abstracts, November 1,1994. 
(1) Gautheron, B.; Tainturier, G.; Pouly, S.; ThBobald, F.; Vivier, 

(2) Meunier, P.; Gautheron, B.; Mazouz, A. J.  Organomet. Chem. 
H.; Laarif, A. Organometallics 1984 , 3,  1495. 

1987.320. C39. 
, - - - I  ~~ - .  

(3) Bodiguel, J.; Meunier, P.; Gautheron, B. Appl. Organomet. Chem. 
1991, 5, 479. 

I 114 X, X = S, Se 

R = H, CH,, OCH,, NMe,, Br 

(?.BuCp)lZr <JJR 
X 

2 

Such compounds represent very useful reagents for 
the generation of various organic or organometallic 
 specie^.^-^ For example, they are used as a source of 
the o-diselenophenyl moiety through reactions with 

(4) Meunier, P.; Gautheron, B.; Mazouz, A. J.  Chem. SOC., Chem. 
Comm. 1986,424. 

0276-733319512314-0162$09.0010 0 1995 American Chemical Society 
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Ortho-Substituted Diselenophenylenezirconocene Synthesis 

monofunctional (acid and benzyl halides), bi- and tet- 
rafunctional (metal halides) electrophiles, affording 
o-diselenium-containing benzenic compound~,~ bicyclic5 
and spiro6g7 derivatives. Some selenium-containing 
crown ethers have also been prepared by this way.g 

When the reaction of elemental selenium with para- 
substituted diphenylzirconocenes is performed in boiling 
octane, the reaction proceeds with the formation of the 
ortho-substituted diselenophenylenezirconocene in some 
cases. The mechanism of the thermal isomerization 
involves a cyclometalated derivative resulting from the 
C-H bond activation of a tert-butyl group. We have 
isolated one representative of such intermediates for 
which the X-ray structure has been established. From 
the reactivity point of view, these cyclometalated com- 
plexes behave as arynezirconocene species, as evidenced 
by their analogous insertion chemistry with nitriles, 
alkynes, and ketones. 

Results and Discussion 

The products obtained by heating para-substituted 
diphenylzirconocenes 1 with grey selenium powder in 
refluxing octane are dependent on the substituents of 
the phenyl ring. When the substituent is a bromine 
atom or a dimethylamino group, decomposition is ob- 
served. When R is methyl, the reaction results in the 
formation of a mixture of complexes 2 and 3 (60/40). In 
the case where R is methoxy, complex 3 is the only 
observed product and the reaction proceeds with a 
satisfactory yield (60-65%). 

2 a/ R = CH, 
bl R = OCH, 

3 a/ R = CH, 
bl R = OCH, 

As already observed for the meta-substituted deriva- 
tives,1,2 the mass spectra of compounds 3 show the 
molecular isotopic pattern in perfect accordance with 
theoretical prediction. The fragmentation initially in- 
volves the breaking of the zirconium-carbon bonds and 
is followed by loss of the metal atom and the subsequent 
fragmentation of the selenium-containing ring. 

The ortho- and meta-substituted complexes, 3 and 2, 
can be differentiated by lH and NMR.1° As 
expected, the position of the R group on the phenyl ring 
does not influence the chemical shifts of the cyclopen- 
tadienyl protons. The methyl protons of the R group 
in the ortho isomer, being closer to a selenium atom, 
are more deshielded than those of the corresponding 
meta isomer. The increment is about 0.13 ppm for the 
methoxy series and lies close to 0.60 ppm for the methyl 
one. The phenyl protons are more sensitive to the sub- 

( 5 )  Meunier, P.; Gautheron, B.; Mazouz, A. Phosphorus Sulfur Relat. 

(6) Tavares, P Meunier, P.; Gautheron, B.; Dousse, G.; Lavayssiere, 

(7) Tavares, P.; Meunier, P.; Kubicki, M. M.; Gautheron, B.; Dousse, 

(8) Fagan, P. J.; Nugent, W. A.; Calabrese, J. C. J. Am. Chem. SOC. 

(9) Mazouz, A.; Bodiguel, J.; Meunier, P.; Gautheron, B. Phosphorus, 

(10) Granger, P.; Gautheron, B.; Tainturier, G.; Pouly, S. Org. Magn. 

Elem. 1987, 33, 33. 

H. Phosphorus, Sulfur Silicon Relat. Elem. 1991, 55, 249. 

G.; Lavayssiere, H.; SatgB, J. Heteroatom Chem. 1993, 4 ,  383. 

1994,116, 1880. 

Sulfur Silicon Relat. Elem. 1991, 61, 247. 

Reson. 1984,22, 701. 
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Scheme 2 
Li 

(t-BuCp),Zr /" + bR --> (I-BuCp),Zr /" 

'a 

d R = C H ,  
b/ R = OCH, 

R 
I 

A/ 
4a, b 

b C H 3 L i  

Me 
(I-BuCp),Zr <Io +y (t-BuCp),Zr / 

3a, b Sa, b R A2 
stitution: H8 appears as a doublet (J,fi,, = 8 Hz) with 
approximately the same chemical shift for both the 
ortho- and meta-substituted compounds. On the con- 
trary, in the methoxy series, the proton HE is more 
shielded for the ortho isomer than for the meta one (Ad 
= 0.1 ppm). Proton H7, which appears as a doublet of 
doublets (3J = 8 Hz, 4J = 2 Hz) for the meta complex, 
is a triplet (3J = 7.8 Hz) in the ortho series. 

The 77Se NMR signals were assigned by comparing 
the proton-decoupled and normal spectra and consider- 
ing the coupling constants between the aromatic protons 
and the selenium atoms. A selenium atom in a position 
meta to a methoxy group is slightly more deshielded 
than when located in the ortho position and is signifi- 
cantly more deshielded when located in the para posi- 
tion. 

The structures of the ortho-substituted complexes 3 
were also confirmed by comparison of their NMR spectra 
with those of authentic samples prepared according to 
Scheme 2. Complexes 4 and 5 are prepared in good 
yield starting from the [q5-Cd&(t-Bu)lZrC12. The mono- 
substituted derivative 4 is exclusively formed due to the 
steric hindrance of the ortho substituent. The action 
of methyllithium on 4 leads to complex 5 which, when 
heated, loses a molecule of methane and affords the 
transient arynezirconocene able to insert two chalcogen 
atoms. Both methods afford the same compounds, but 
the latter is less efficient with the observed yields being 
8% (R = CH3) and 24% (R = OCH3). 

1. Mechanism of the Thermal Transformation 
of 1 into 3. In view of the results previously published 
on the thermolysis of diphenylzircon~cenes,~~-~~ it is 
well established that the reactive species is the ben- 
zynezirconocene. Such species has been isolated and 
characterized by Buchwald14 as a complex with tri- 
methylphosphine. For the related tert-butyl-substituted 
cyclopentadienyl analog, the transient benzynezir- 
conocene intermediate promotes a C-H bond activation 
of a methyl substituent of a tert-butyl leading 
to the metallacyclic complex I (Scheme 3). Alterna- 
tively, the thermolysis of [ C ~ H ~ C M ~ Z P ~ I P Z ~ P ~ Z  gives a 
mixture of two compounds resulting from the C-H bond 
activation and cyclometalation, in a highly tempera- 

(ll)Kolomnikov, I. s.; Lobeeva, T. s.; Gorbachevskaya, V. V.; 
Aleksandrov, G. G.; Struckhov, Y. T.; Vol'pin, M. E. J. Chem. SOC., 
Chem. Commun. 1971,972. 

(12)Erker, G. J. Organomet. Chem. 1977, 134, 189. 
(13) Buchwald, S. L.; Nielsen, R. B. Chem. Rev. 1988,88, 1047. 
(14) Buchwald, S. L.; Watson, B. T.; Hufhan ,  J. C. J. Am. Chem. 

SOC. 1986,108, 7411. 

201. 
(15) Erker, G.; Mfhlenbernd, T. J. Organomet. Chem. 1987, 319, 
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Scheme 3 

Legrand et al. 

Scheme 6 

R',GeClz R 
I 

Scheme 4 

L t-B; 
I V  

J 

Scheme 5 

1 2c (R = H) 

ture dependent equilibrium.16 Similar behavior has 
been observed in the pentamethylcyclopentadienyl se- 

From our experimental results, cyclometalation prod- 
ucts similar to I are assumed to be the transient species 
involved in the reaction of diarylzirconocenes with 
chalcogens. Isomerization of the arynezirconocene in- 
termediate via the cyclometalation product provides a 
reasonable explanation of the origin of the ortho isomer 
in the substituted phenyl ring (Scheme 4). Near 80 "C, 
the arynezirconocene I1 is transformed into the cyclo- 
metalation product 111, able to afford intermediate IV 
(isomer of 11). By varying the temperature and the 
electronic nature of R, the equilibrium I11 == IV can be 
shifted to favor the formation of IV. The subsequent 
reaction of selenium with IV produces selectively the 
ortho-substituted compound 3. 

We have tried to investigate this mechanism further 
by isolating the intermediates 111. Unfortunately, for 
the experimental conditions used, only a mixture of 
isomers is obtained arising from the two ways of opening 
the three-membered zirconacyclic ring of 11. As an 
alternative strategy, we reacted grey selenium with the 
complex I (Scheme 5). At 80 "C this reaction affords, 
in satisfactory yield, the diselenophenylenezirconocene 
2c.l This result provides good evidence of complex I as 
the intermediate in the transformation of (r5-C5H&- 
Bu))2Zr(C&)2 into 2c. From these results, it is appar- 
ent that I and I11 provide a source of the corresponding 
arynezirconocene. 

2. Reactivity of the Ortho-Substituted Disele- 
nophenylenezirconocenes (3). Like complexes 2, 

ries.17,18 

(16) Erker, G.; Korek, U.; Petrenz, R.; Rheingold, A. L. J. Organomet. 

(17) Schock, L. E.; Brock, C. P.; Marks, T. J. Organometallics 1987, 
Chem. 1991,421, 215. 

6, 232, and references therein. 
(18) Schock, L. E.; Marks, T. J. J. Am. Chem. Soc. 1988,110,7701. 

8 1  
R = OCH,, R'  = Ph 7 

complexes 3 are good precursors for the substituted 
o-diselenophenylene unit. For instance, a zirconium- 
germanium transmetalation (Scheme 6 F s  provides a 
synthesis of several benzodiselenagermoles and spiro- 
bisbenzodiselenagermoles. Particularly a selenium in- 
sertion followed by the exchange with reagents contain- 
ing a main group element represents a new way of 
access to selenium-containing heterocyclic molecules. 
The exchange reactions were usually carried out at room 
temperature in tetrahydrofuran solutions. The reaction 
was complete when the deep red color of the starting 
solutions turned to yellow. Sometimes (in particular 
with germanium tetrachloride), the reaction took only 
a few seconds but generally it needed several minutes. 
Diselenagermoles 6 and 7, which are noticeably more 
soluble than the side product zirconocene dichloride, 
were dissolved in pentane or in a pentanelether mix- 
ture and chromatographed after the solvent was re- 
moved. Compounds 6 and 7 were obtained in a 60- 
70% yield of isolated product. They were characterized 
by microanalysis, mass spectrometry, and multinuclear 
NMR. 

The influence of the position of the substituent in the 
phenyl ring on the chemical shifts of the lH and 77Se 
atoms has been pointed out in 6 and 7 synthesized from 
complexes 3b and in their isomers previously synthe- 
sized7 from diselenophenylenezirconocene 2b. The pro- 
tons H7 and Hs are the most sensitive to the position of 
the methoxy substituent. A shielding (0.2-0.25 ppm) 
of the signal of H8, associated with a deshielding (0.5 
ppm) of the resonance of H7, is observed when the 
substituent is moved from C6 to C5. The resonances of 
the 77Se are also dependent on the position of the 
substituent in the phenyl ring. The assignment of the 
77Se signals to the ortho and para isomers, respectively, 
is the result of the comparison between the proton- 
decoupled and nondecoupled 77Se NMR spectra. The 
Se-H coupling constant observed (about 9 Hz) is 
assigned to the Se1-H8 set (6 = 185.9 ppm) in 6 (R = 
OCH3). The other selenium atom (Se3) leads to a 
slightly more shielded singlet (140.4 ppm). The com- 
parison between the values collected for the Se reso- 
nance versus the position of the methoxy group leads 
to the following sequence: ortho (about 140 ppm); para 
(about 156 ~ p m ) ; ~  meta (about 190 ppm). 

The 77Se NMR results related to the spiran deriva- 
tives 7 and their isomers previously described7 follow 
the same sequence with values largely shifted to low 
field (ortho position about 300 ppm; para about 320 
~ p m ; ~  meta about 350 ppm). The same order (ortho 
position at 150.0 ppm; para at 189.5 ppm; and meta at 
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Scheme 7 

8 I 9 

25°C CH,COCH, I 
10 

Scheme 8 
Li 

207.0 ppm) has already been assigned to similar se- 
lenide compoundslg of general formula 

3. Reactivity of the Cyclometalated Products. 
Complex I also behaves as a source of benzynezir- 
conocene, and its reactivity is comparable to  that of the 
benzynezirconocene trimethylphosphine adduct. l4 For 
example, in the presence of elemental selenium, complex 
I affords the diselenolatozirconacyclic complex 2c (R = 
H), whereas the benzynezirconocene trimethylphos- 
phine adduct leads to the corresponding diselenophen- 
ylenezirconocene. In addition, the insertion reactions 
of I with unsaturated organic molecules (nitrile, alkyne, 
ketone) have been performed (Scheme 7). The yields 
obtained by this route are slightly lower than when 
starting &om the trimethylphosphynezirconocene 
complex14 or from the corresponding diphenylzir- 
conocene precursor. However, because these insertion 
reactions with I take place at room temperature, they 
allow thermally unstable species to be studied without 
use of trimethylphosphine.20 

We have also been interested in the synthesis of 
sterically hindered compounds with a substituent in the 
position ortho to the zirconium-phenyl bond. We have 
prepared complex 12 following the reaction sequence 
shown in Scheme 8. The precursor compound 11 readily 
eliminates methane at room temperature leading easily 
to 12. 

Spectroscopic data for 12 are consistent with the 
proposed structure. The two diastereotopic methylene 
protons display two doublets a t  0.30 and -1.22 ppm in 
the lH NMR spectrum. The cyclopentadienyl protons 
are also diastereotopic and appear as eight pseudoquar- 
tets. Seven signals in the range 99.3-117.5 ppm (one 
is of double intensity) are detected by 13C NMR for the 
eight unsubstituted carbons of the cyclopentadienyl 
rings. 

~~~~~~ 

(19) Llabrhs, G.; Baiwir, M.; Piette, J. L.; Christiaens, L.0rg. Mugn. 

(20) Meunier, P.; et al. Unpublished results. 
Reson. 1981,2, 152. 

1 1  

1 2  

The molecular structure of complex 12 was confirmed 
by X-ray diffraction methods. The final atomic coordi- 
nates and selected interatomic distances and bond 
angles are given in Tables 1 and 2, respectively. This 
compound crystallizes in a monoclinic crystal lattice 
with two independent molecules per asymmetric unit. 
The structures of these two molecules differ only in 
terms of the spatial orientation of the tert-butyl- 
substituted cyclopentadienyl ring. As illustrated by the 
perspective view of 12 (Figure 11, the coordination 
environment about Zr is compatible with that of a bent 
pseudotetrahedral zirconocene complex with a Cp(c)- 
Zr-Cp(c) angle of ca. 134”. One of the tert-butyl- 
substituted cyclopentadienyl rings remains coordinated 
in a typical ~75 fashion. The other has been transformed 
as a consequence of intramolecular C-H activation into 
a dianionic bifunctional cyclopentadienyl ligand which 
is further linked to the same Zr center through an ql- 
1,l-dimethylethano bridge. Although the Zr-Cp(c) 
distance for the bifunctional cyclometalated cyclopen- 
tadienyl ligand is ca. 0.05 shorter than that for a 
normal cyclopentadienyl ring, the Zr-C(ring) distances 
similarly vary by ca. 0.1 A within each ring. The Zr- 
C(methy1ene) bond of ca. 2.34 A (av) is noticeably longer 
than the Zr-C(ary1) bond of 2.30 A (av). 

This type of “tucked-in” or cyclometalated structure 
has been reported by Marks and co-workers for (q5-C5- 
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Table 1. Positional Parameters (x  104) and Equivalent 
Isotropic Displacement Coefficients (A2 x 103) for Complex 

12 

Legrand et al. 

atom X Y Z U(eq)" 

1544(2) 2207(1) 803(1) 39(1) 
803(21) 1960(6) W4)  45(6) 

2195(18) 1946(6) -250(5) 47(6) 
2194(20) 1794(7) -742(5) 54(7) 
713(22) 1670(7) -97 l(5) 58U) 

-669(21) 1696(7) -728(5) 
-652(21) 

-2246(18) 
371 1( 19) 
4304(16) 
4300(17) 
5263(19) 
4928( 18) 
2502( 18) 
1362( 18) 

-178(18) 
12(20) 

1646( 19) 
274(19) 

-404(19) 
817(22) 

2244(21) 
1884( 18) 
2983(21) 

1 829(7 j 
1832(7) 
1782(7) 
2451(7) 
3203(7) 
3600(8) 
3344(8) 
3349(6) 
3184(6) 
3 140(6) 
3257(7) 
3379(6) 
1063(7) 
1515(7) 
1666(8) 
1350(7) 
958(6) 
439(8) 

-237(5j 
5 ( 5 )  

- 1014(5) 
918(5) 

1032(5) 
693(7) 

1554(5) 
958(5) 

1310(5) 
1066(6) 
576(6) 
503(5) 
897(5) 

1221(6) 
1567(5) 
1451(5) 
1026(5) 
815(6) 

4650(20) 697(7) 732(6) 108(9) 
2245(21) 165(8) 329(6) 105(9) 
3124(20) -140(7) 1174(6) 97(9) 

"Equivalent isotropic U is defined as one-third of the trace of the 
orthogonalized Ujj tensor. 

Table 2. Selected Bond Lengths (A) and Angles (deg) for 
Complex 12 

Zr-C(l) 
Zr-Cp( 1) 
Zr - Cp(2) 
Zr-C(9) 
Zr-C(13) 
Zr-C(22) 
C(l)-C(2) 
C(9)-C( 10) 
C(l0)-C(l1) 
C(lO)-C(12) 

C( 1)-Zr-C(9) 
Cp( l)-Zr-Cp(2) 
Zr-C(1)-C(2) 
Zr-C(1)-C(6) 
C( 1)-C(6)-C(7) 
Zr-C(9)-C( 10) 
C(9)-C(10)-C(11) 
C(9)-C(lO)-C(12) 
c(l l)-c(lo)-c(l2) 
C(9)-C(lO)-C(13) 
C(ll)-C(lO)-C(l3) 
C( 12)-C( 10)-C( 13) 

Bond I 
2.285( 13) 
2.172 
2.227 
2.342( 13) 
2.460(13) 
2.599( 13) 
1.399(22) 
1.545(20) 
1.495(23) 
1.533(20) 

Bond 
112.6(6) 
133.7 
1 0 8 3  10) 
134.7( 12) 
122.2(13) 
102.7(8) 
112.7(12) 
11 1.7(12) 
109.1 ( 12) 
100.1(11) 
111.3(12) 
11 1.8(12) 

-engths 
C( lO)-C( 13) 
C( 13)-C( 14) 
C(13)-C(17) 
C(14)-C(15) 
C(15)-C(16) 
C(16)-C(17) 
C(22)-C(23) 
C(23)-C(24) 
C(23)-C(25) 
C(23)-C(26) 

Angles 
C(10)-C(13)-C(14) 
C( 10)-C( 13)-C( 17) 
c(14)-c( 13)-c(17) 
c(13)-c( 14)-c(15) 
C(14)-C(15)-C(16) 
C(15)-C(16)-C(17) 
C(13)-C(17)-C(16) 
C( 18)-C(22)-C(23) 
C(21)-C(22)-C(23) 
C(22)-C(23)-C(24) 
C(22)-C(23)-C(25) 
C(22)-C(23)-C(26) 

1.520(20) 
1.430(20) 
1.41 1( 19) 
1.412(20) 
1.392(23) 
1.400(23) 
1.522(22) 
1.5O4(24) 
1.547(22) 
1.529(22) 

122.7(12) 
124.7( 13) 
107.3( 12) 
107.6( 12) 
107.9( 13) 
109.4( 13) 
107.8( 13) 
126.7( 13) 
126.1( 13) 
113.2( 13) 
11 1.2( 13) 
107.4( 13) 

Mes)Zr(y6-CsMe4CH2)(C~H5),17 obtained by the ther- 
molysis of (175-C5Me5)2Zr(CsH5)2. In this case the bi- 
functional (q6-C5Me4CH2) ligand is linked by a single C 
atom to the metal rather than by a two-carbon-atom 
bridge as observed in 12. As one might expect, the 
length of the hydrocarbon chain significantly affects the 
extent to which the methylene group of the metalated 
cyclopentadienyl ring is displaced from the mean plane 
defined by the internal carbons of the ring and the 
degree of canting of the cyclopentadienyl rings. The 
methylene group of (175-C5Me5)Zr(y6-C5Me4CH2)(CsH5) 
is displaced by 0.89 A whereas the substituted meth- 
ylene group of 12 is displaced by only 0.48 A from the 
corresponding ring plane toward the Zr. The Cp(c)- 

h 

12) 

Figure 1. ORTEP view of compound 12. 

Scheme 9 

1 2  13 

Zr-Cp(c) angle falls within the normal range of 125- 
135" observed for CpzZr(IV)Lz-type complexes;21,22 the 
corresponding angle of 143.6" in (r5-CsMe5)Zr(q6-C5Me4- 
CH2)(CsH5) reflects significantly less canting of the 
cyclopentadienyl rings in this case. The additional 
carbon atom in the hydrocarbon linkage, however, does 
not notably affect the C(methy1ene)-Zr-C(pheny1) bond 
angle in 12 of 111.7' (av), which is comparable to the 
value of 110.5(2>0 observed in (q5-C5Me5)Zr(q6-CgMe4- 
CHz)(C&).17 Finally, within the bridging ethano group 
of 12 the C(ring)-C-C and C-C-Zr bond angles of 
102.7(8) and 100.1(11)" deviate significantly from that 
normally expected for a sp3 carbon. 

The cyclometalation product 12 represents a useful 
precursor for the synthesis of crowded complexes con- 
taining two selenium atoms for which the corresponding 
diarylzirconocenes are not accessible for steric reasons 
(Scheme 9). The reaction of 12 with selenium proceeds 
in a good yield (83%), but the corresponding reaction 
for complex 11 affords a complex mixture. Moreover, 
the chemical intermediacy of 12 avoids the need to 
stabilize a benzynezirconocene with PMe3. l4 Spectro- 
scopic data for 13 are in agreement with its high 
symmetry. The IH NMR displays the signal of the two 
homotopic phenyl protons near 7 ppm. In C6D6, the 
cyclopentadienyl protons appear as a singlet but this 
fortuitous equivalence is not observed in CDCls. As 
expected the tert-butyl and methyl groups resonate as 
two singlets a t  1.11 and 2.73 ppm, respectively. The 
13C NMR spectrum of 13 is very comparable to that of 
2 and fits well with the proposed structure. In addition, 
only one signal is viewed in NMR, the chemical 
shift of which (559.3 ppm) is close to that of the 

(21) Hunter, W. E.; Hmcir, D. C.; Vann Bynum, R.; Penttila, R. A.; 

(22) Atwood, J. L.; Barker, G. IC; Holton, J.; Hunter, W. E.; Lappert, 
Atwood, J. L. Organometallics 1983,2, 750. 

M. F.; Pearce, R. J. Am. Chem. SOC. 1977, 99, 6645. 
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Ortho-Substituted Diselenophenylenezirconocene Synthesis 

unsubstituted congener 2c (562.9 ppm)l and those 
related to 3a (583.6 and 546.0 ppm). 

Conclusion 

We have proposed a mechanism for the thermal 
isomerization of a y2-arynezirconocene species based on 
the formation of a cyclometalation product resulting 
from the activation of a C-H bond of a tert-butyl group 
by the transient benzynezirconocene precursor. A crys- 
tallized representative has been isolated for the first 
time starting from the methyl(2,5-dimethylphenyl)di- 
tert-butylzirconocene, and its molecular structure has 
been determined by X-ray diffraction. Like I, this 
cyclometalated product is very reactive at  room tem- 
perature toward grey selenium powder. Some comple- 
mentary results concerning this reactivity will be re- 
ported in due time. 

Experimental Section 
General Procedures. Reactions were carried out under 

an atmosphere of argon by means of conventional Schlenk 
techniques. Solvents (except benzene) were dried and deoxy- 
genated before distillation from sodium benzophenone ketyl. 
Benzene and hexadeuteriobenzene were distilled from Na/K 
alloy. Acetonitrile was dried over anhydrous CaClz and 
distilled from PzO5. Acetone was dried over anhydrous CaClz 
and distilled from KzCO3. Di-tert-butylzirconocene dichloride 
was prepared according to l i t e r a t ~ r e . ~ ~  Chloromethyldi-tert- 
butylzirconocene was prepared with the method Wailes used 
for the chloromethylzirconocene.24 Flash chromatographyzs 
was performed using silica gel Merck 9385. 

Melting points were measured on a Kofler beam without 
any correction. Elemental analysis were performed by the 
Service Central #Analyses du CNRS. Mass spectra (electronic 
ionization 70 eV) were recorded on a Kratos concept IS. 

'H and 13C NMR spectra were recorded on a Bruker AC 200 
(lH, 200 MHz; 13C, 50.3 MHz) or a Bruker WM 400 apparatus 
(W, 100.4 MHz). The spectra were referenced to  TMS 
(external), 13C spectra being recorded using the JMOD tech- 
nique. 77Se NMR drawings were obtained on a Bruker WM 
400 (76.31 MHz) or Bruker WR 300 (57.24 MHz) spectrometer 
and referenced to  dimethylselenide (external). 

The following abbreviations were used: Cp-, C,,, Ctee, and 
Cquat for the primary, secondary, tertiary, and quaternary 
carbon atoms, respectively. 

Preparation of 3a. A mixture of di(pto1yl)zirconocenel 
(0.59 g, 1.14 mmol) and grey selenium powder (0.19 g, 2.40 
mmol) was heated with reflux for 17 h in octane (14 mL). The 
resulting brown mixture was then hot filtered. When cooled, 
the solution gave 0.29 g of brown crystals containing a mixture 
of the two isomers 3a and 2a (60/40) from which 3a has never 
been obtained in a pure state. 

The lH NMR of the meta isomer 2a had been previously 
published' at 100 MHz. More precise values (at 200 MHz) 
and 13C NMR data are reported here. 'H NMR, C6Ds: 7.86 
(d, H8, J = 7.81 Hz), 7.83 (s, H5), 6.81 (dd, H7, J = 7.81, 1.95 
Hz), 5.85 (pt, 4H, Cp), 5.73 (m, 4H, Cp), 2.07 (s, 3H, CH3), 
1.13 (s, 18H, t-Bu). 13C NMR, CDC13: 145.9 (Cquat), 142.6 
(Cquat), 141.3 (Cquat, 2C), 135.4 (CteAr C6H3), 134.5 (Ctert, C6H3), 
126.9 (ctert, C&3), 111.2 (Ckd, 4c, cp), 108.1 (Cbd, 4c, cp),  
33.2 (CqUat, t-Bu), 31.8 (Cp-, t-Bu), 21.0 (Cpfim, CH3). 
NMR, CDC13: 567.9 (Se-l), 561.6 (Se-3). 

Spectroscopic data for 3a. Anal. Calcd for CzeH3zSezZr: C, 
51.62; H, 5.54. Found: C, 51.43; H, 5.49. 'H NMR, C6D6: 7.88 
(d, H8, J = 7.81 Hz), 7.02 (d, H6, J = 7.81 Hz), 6.97 (t, H7, J 

(23) Howie, R. A,; McQuillan, G. P.; Thompson, D. W.; Lock, G. A. 

(24) Wailes, P. C.; Weigold, H.; Bell, A. P. J.  Organonet. Chen. 

(25) Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978,43, 2923. 

J .  Organonet. Chen. 1986,303, 213. 

1972,34, 155. 
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= 7.81 Hz), 5.79 (pt, 4H, Cp), 5.66 (m, 4H, Cp), 2.67 (s, 3H, 
CH3), 1.12 (8, 18H, t-Bu). 13C NMR, CDCl3: 148.4 (Cq,t), 147.4 
(Cquat), 140.7 (Cquat, 2C), 132.5 (Ctert, C6H3), 126.1 (Ctert, C6H3), 
125.7 (Chrt, C&), 111.3 (Ckrt, 4c,  cp), 108.3 (Ccrt, 4C, Cp), 
33.1 (Cquat, t-Bu), 31.9 (Cp-, t-Bu), 26.6 (Cp-, CH3). W e  
NMR, CDCls: 583.6 (Se-l), 546.0 (Se-3). 

Preparation of 3b. A mixture of di@-anisy1)zirconocene 
(0.75 g, 1.37 mmol) and grey selenium powder (0.22 g, 2.79 
"01) in 16 mL of octane was heated with reflux for 17 h. 
The obtained dark-red solution was hot filtered and gave after 
cooling 0.42 g (0.70 mmol, 51% yield) of brown crystals. mp: 
160 "C. Anal, Calcd for C~5H320SezZr: C, 50.24; H, 5.40. 
F o n d :  C, 49.99; H, 5.24. 'H NMR, C6D6: 7.68 (d, H8, J = 
7.81 Hz), 7.01 (t, H7, J = 7.81 Hz), 6.44 (d, H6, J = 7.81 Hz), 
5.86 (pt, 4H, Cp), 5.76 (m, 4H, Cp), 3.41 (s, 3H, OCHs), 1.14 
(9, 18H, t-Bu). 13C NMR, CDC13: 158.6 (Cquat, C6H3), 147.8 
(Cquat, C6H3), 141.4 (Cquat, 2C, CP), 135.8 (Cquat, C6H3), 127.6 
(Cw, CsH3), 126.6 (ctert, C6H3), 111.5 (ctert, 2c, CP), 111.0 (Ctert, 
2C, Cp), 108.2 (Ckfi, 2C, Cp), 107.9 (Ctert, 2C, Cp), 106.4 (Ctert, 
CsH3), 56.3 (Cpnm, OCH3), 33.1 (Cquat, t-BU), 31.8 (Cpnm, t-Bu). 
77Se NMR, CsD6: 576.1 (Se-l), 574.6 (Se-3). 

Preparation of 4a. o-Tolyllithium was prepared by action 
of lithium metal on o-tolyl bromide in ether. The aryllithium 
(65 mL, 20 mmol) was added dropwise at 0 "C to a solution of 
4.04 g (10 mmol) of di-tert-butylzirconocene dichloride in 100 
mL of diethyl ether. The stirring was maintained for 1 h at 0 
"C and for 2 h more at room temperature. The solvent was 
then removed. The solid residue was extracted by 60 mL of 
hot octane, and the mixture was hot filtered. After cooling, 
2.3 g of colorless crystals (5 mmol, 50% yield) were isolated. 
mp: 151 "C. Anal. Calcd for C25H33ClZr: C, 65.25; H, 7.23. 
Found: C, 65.01; H, 7.18. lH NMR, CsD6: 7.98 (m, lH, C6H4), 
7.02 (m, 3H, C6H4), 6.31 (q,2H, Cp), 5.90 (q,2H, Cp), 5.76 (9, 

Preparation of 4b. 4b was prepared according to the same 
method used for 4a (77% yield). Anal. Calcd for C25H33- 
ClOZr: C, 63.06; H, 6.98. Found: C, 62.84; H, 6.87. lH NMR, 
C6D6: 7.81 (m, 2H, C&), 7.00 (dd, lH, C&), 6.85 (dd, lH, 
CsH41, 6.40 (pq, 2H, CP), 5.94 (pt, 4% CP), 5.64 (pq, 2H, CP), 

Preparation of Sa. To 3.53 g (7.68 mmol) of (t-BuCp)zZr- 
(Cl)(o-C6H4CH3) in ether at 0 "C were added dropwise 3.3 mL 
(7.99 mmol) of an etheral solution of CH3Li. The stirring was 
maintained for 1 h at 0 "C and for 2 h more at room 
temperature. The solvent was then removed and the residual 
solid extracted by 60 mL of hot hexane. After filtration and 
cooling, 2.18 g (4.96 mmol, 64% yield) of white crystals was 
obtained. Anal. Calcd for C36H36Zr: c, 71.01; H, 8.25. 
Found: C, 71.21; H, 8.27. lH NMR, GDs: 7.02 (m, 4H, C6H4), 
6.20 (pq, 2H, Cp), 5.84 (pq, 2H, Cp), 5.57 (pq, 2H, Cp), 5.35 

2H, Cp), 5.44 (q,2H, Cp), 2.00 (8,3H, CH31, 1.19 (s, 18H, t-Bu). 

3.29 (s, 3H, OCHs), 1.24 (6 ,  18H, t-Bu). 

(pq, 2H, Cp), 2.10 (5, 3H, CH3), 1.06 (9, 18H, t-Bu), 0.47 (s, 
3H, CH3). 

Preparation of Sb. Sb was isolated as white crystals 
according to the same method used for Sa (62% yield). mp: 
69-70 "C. Anal. Calcd for C26H360Zr: c, 68.52; H, 7.96. 
Found: C, 68.42; H, 7.90. 'H NMR, C6D6: 7.06 (m, 2H, C6H4), 

5.87 (pq, 2H, Cp), 5.75 (pq, 2H, CP), 5.52 (pq, 2H, Cp), 3.26 (s, 

Preparation of 3a from Sa. A mixture of 0.68 g (1.55 
"01) of ( ~ - B U C ~ ) Z Z ~ ( C H ~ ) ( O - C ~ H ~ C H ~ )  and 0.25 g (3.16 mmol) 
of grey selenium in 40 mL of hexane was heated with reflux 
for 4 h. The hot filtered mixture led after cooling to 0.07 g 
(0.12 mmol, 8% yield) of red crystals identified to 3a by the 
usual spectroscopic methods. 

Preparation of 2 (R = H, X = Se) from I. A 0.27 g (0.66 
mmol) sample of I was heated for 2 h with grey selenium 
powder (0.112 g, 1.42 mmol) in refluxing benzene (8 mL). The 
red reaction mixture was then filtered and the solvent was 
removed, leading to  a red-brown solid (quantitative yield) 
identified as 2 by the usual spectroscopic methods.2 

Preparation of 6 from 3 (R = OCHs, R' = C&). A red 
solution of 0.44 g (0.74 mmol) of (t-BuCp)zZrSez(o-CsH3OCH3) 

6.91 (dd, lH,  C6H4), 6.41 (dd, lH,  CsH4), 6.27 (pq, 2H, Cp), 

3H, OCH3), 1.12 (s, 18H, t-Bu). 
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mp: 85-6 "C. lH NMR, CsD6: 7.28 (dd, lH, C6H4, J = 8,1.16 
Hz), 7.15 (td, lH, CsH4, J = 7, 1.66 Hz), 6.96 (td, 1H, c6& J 
= 7, 1.16 Hz), 6.85 (dd, lH, C6H4, J = 7, 1.66 Hz), 6.39 (Pq, 
1H, Cp), 6.11 (pq, lH, Cp), 5.87 (pq, 1H, Cp), 5.70 (pq, 1H, 
Cp), 2.46 (9, 2H, CH2, J = 7.5 Hz), 2.06 (9, 2H, CHz, J = 7.5 
Hz), 1.23 (t, 3H, CH3, J = 7.5 Hz), 1.03 (8, 18H, t-Bu), 1.02 (t, 
3H, CH3, J = 7.4 Hz). NMR, CsDs: 196.5 (Cquat), 185.1 
(Cquat), 146.6 (Cquat), 144.1 (Cquat), 141.3 (Cquat), 137.7 (Ctertt, 
CsH4), 126.3 (ctert, Cs&), 122.6 (ctert, CsH4), 121.8 (Ctert, CsH4), 
111.5 (Ctert, 2C, Cp), 111.3 (Ctert, 2C, CP), 108.3 (Ctertt, 4C, CP), 
33.0 (Cquat, t-Bu), 31.5 (Cp-, t-Bu), 28.1 (Csec, CHd, 21.8 (Csec, 
CH2), 15.3 (Cprim, CH3), 13.9 (Cprim, CH3). 

Preparation of 10. (a) From I. To a yellow solution of 
0.29 g (0.71 mmol) of I in benzene (15 mL) was added dropwise 
0.08 mL (0.82 mmol) of CH3COCH3. After 5 h stirring at room 
temperature, the solution had discolored. The solvent was 
removed, and the residue was recrystallized from pentane. 
After cooling, 0.16 g (0.34 mmol, 48% yield) of pale yellow 
crystals was isolated (the yield was limited by the presence of 
diphenyldi-tert-butylzirconocenel which was not totally trans- 
formed into I). 

(b) Direct Synthesis. A mixture of 0.74 g (1.52 mmol) of 
diphenyldi-tert-butylzirconocene and 0.12 mL of CH3COCH3 
(1.63 mmol) in heptane (30 mL) was heated with reflux for 16 
h. The solvent was then removed, and the residue was 
recrystallized from heptane. After cooling, 0.57 g (1.22 mmol, 
80% yield) of pale yellow crystals was isolated. mp: 152-3 
"C. Anal. Calcd for C27H3&rO: C, 69.32; H, 7.75. Found: 
C, 69.49; H, 7.70. Mass spectrum (main fragments): 451 (M+ 

20), 211 (t-BuCpZr+, 38). 'H NMR, C6D.5: 7.20 (m, 3H, C6H4), 

(pq, 2H, Cp), 5.93 (pq, 2H, Cp), 5.35 (pq, 2H, CP), 1.55 (s, 6H, 

- CH3,39), 409 (M+ - t-Bu, loo), 351 (M+ - t-Bu-CH3COCH3, 

6.85 (dd, lH, CsH4, J = 4.7, 2.2 Hz), 6.36 (pq, 2H, Cp), 6.08 

CH3), 1.17 (6, 18H, t-Bu). I3C NMR, C6Ds: 180.2 (Cquat), 170.3 
(Cquat), 142.7 (Cquat), 139.2 (Ckrt, C6H4), 124.8 (Ctert, C6H4), 124.7 
(Ce,rt, C a ) ,  124.5 (Ctert, C a ) ,  117.9 (Ctert, 2C, CP), 110.4 (Ctert, 
2C, Cp), 110.0 (Ctert, 2'2, Cp), 103.8 (Ctert, 2C, CP), 87.5 (Cquat), 
32.6 (Cquat, t-Bu), 32.1 (Cprim, CH3), 31.8 (Cprim, t-Bu). 

Preparation of 11. (a) (C&Xs)(C&)aLi. The aryllithium 
was prepared by action of 2-bromo-p-xylol(2.76 g, 14.91 mmol) 
in ether (15 mL) on lithium metal (0.23 g, 32.81 mmol) in ether 
(30 mL). The stirring was maintained for a night and the 
mixture was then filtered leading to a yellow solution (which 
concentration was found to  be 0.255 mol-L-l, 77% yield). 

(b) (t-BuCp)zZr(CHs)[CsHs(CHs)zl. To a 0 "C cooled 
solution of chloromethyldi-tert-butylzirconocene (0.90 g, 2.35 
"01) in ether (20 mL) was added dropwise 10 mL of the above 
aryllithium solution (2.55 mmol). The stirring was maintained 
for 2 h at 0 "C and for 30 min at room temperature. The 
solvent was then removed. The residue was extracted with 
20 mL of hexane, and the mixture was filtered. After cooling, 
0.30 g (0.66 mmol) of yellow crystals was isolated (28% yield). 
mp: 90 "C. 'H NMR, C&: 6.99 (d, lH, C6H3, J = 6.6 Hz), 

2H, Cp), 5.88 (pq, 2H, Cp), 5.55 (pq, 2H, Cp), 5.34 (pq, 2H, 
6.86 (d, lH, CsH3, J = 6.6 Hz), 6.78 (s, lH, CsHs), 6.19 (pq, 

Cp), 2.18 (s, 3H, CH3), 2.12 (s, 3H, CH31, 1.05 (s, 18H, t-Bu), 
0.51 (8,3H, CH3). NMR, C6Ds: 142.3 (Cquat), 140.0 (Cquat), 
133.0 (C,,t), 132.9 (cquat), 128.5 (ctert, CsH3), 127.0 (ctert, C6H3), 
124.9 (Ctert, C&), 111.3 (ctert, 2c,  CP), 110.9 (Ctert, 2c,  CP), 
106.3 (Ctert, 2C, Cp), 103.2 (Ctert, 2C, Cp), 33.2 (Cquat, t-Bu), 
31.3 (Cprim, t-Bu), 28.7 (Cprim, CH3), 25.2 (Cprim, CHd, 21.8 (Cprim, 
CH3). 

Preparation of 12. A solution of (t-BuCp)zZr(CH3)[CsH3- 
(CH&] (1.58 g, 3.49 mmol) in benzene (25 mL) was heated 
with reflux for 2.5 h. ARer removal of the solvent, the residual 
solid was recrystallized from pentane, leading to pale yellow 
crystals suitable for X-ray analysis. mp: 94-5 "C. Anal. 
Calcd for c26H3&: C, 71.33; H, 7.83. Found C, 71.22; H, 7.89. 
'H NMR, CsDs: 7.01 (d, lH, CsH3, J = 7.5 Hz), 6.85 (d, lH, 
CsH3, J 7.5 Hz), 6.42 (s, lH,  C6H3), 6.29 (q,2H, Cp),6.16 (9, 
1H, Cp), 5.64 (q, lH, Cp), 5.27 (9, 1H, Cp), 5.15 (4, 1H, Cp), 
5.08 (9, lH, Cp), 5.03 (9, lH, Cp), 2.16 (8, 3H, CHd, 2.14 (s, 
3H, CH3), 1.49 (s, 3H, CHz), 1.23 (s, 3H, CH3), 0.99 (s, 9H, 

in 14 mL of THF was added dropwise at room temperature to 
a colorless solution of dichlorodiphenylgermane (0.22 g, 0.74 
mmol) in THF (9 mL). After 15 h under stirring, the mixture 
had become yellow. The solvent was removed and the product 
extracted with a mixture of pentane and diethyl ether (l / l) .  
After evaporation of the solvents, the residue was chromato- 
graphed on silica gel with pentadether (8/2). The solvents 
were then removed, and the product was obtained as a pale 
yellow crystalline solid (0.23 g, 0.47 mmol, 64% yield). mp: 
148 "C. Anal. Calcd for C19H160SezGe: C, 46.49; H, 3.28. 
Found: C, 46.69; H,3.56. '€3 NMR, CsDs: 7.78 (m, 4H, CsHs), 
7.44 (m, 6H, C.&), 7.16 (dd, H8, J = 7.86 and 1.22 Hz), 7.07 
(t, H7, J = 7.86 Hz), 6.60 (dd, H6, J = 7.86, 1.22 Hz), 3.87 (s, 
3H, OCH3). 77Se NMR, C&: 185.9 (Se-I), 140.4 (Se-3). 

Preparation of 7. To a solution of (t-BuCp)~ZrSe~(o-CsH3- 
OCH3) (0.93 g, 1.56 mmol) in THF (43 mL) was added a 
solution of germanium tetrachloride (0.17 g, 0.78 mmol) in 
THF (17 mL). The mixture progressively discolored. After 3 
h under stirring at room temperature, the solvent was removed 
under vacuum. The residual product was extracted by a 
mixture of pentane and diethyl ether (3/2). After evaporation 
of the solvents, the residue was chromatographed on silica gel 
with pentane/ether (3/2). The yellow fraction was collected, 
and the solvents were evaporated. The resulting solid was 
recrystallized from a mixture of methylene dichloridehexane 
(l / l) .  After cooling, 0.26 g (0.43 mmol, 56% yield) of yellow 
crystals was isolated. mp: 197 "C. Anal. Calcd for 
C14H12Ge02Sed: C, 27.99; H, 2.01. Found: C, 27.75; H, 1.89. 
'H NMR, CDC13: 7.14 (dd, H8, J =  7.8, 1.3 Hz), 7.11 (t, H7, J 
= 7.8 Hz), 6.60 (dd, H6, J = 7.8, 1.3 Hz), 3.88 (s, 6H, OCH3). 
I3C NMR, CDC13: 157.9 (Cquat), 156.2 (Cquat), 139.4 (Cquat), 126.9 
(Ctert, C6H3), 121.0 (Ctert, C6H3), 107.4 (Ctert, C6H3), 56.5 (Cprim, 
OCH3). 77Se NMR, CsDs: 346.5 (Se-11, 296.6 (Se-3). 

Preparation of 8. (a) From I. To a yellow solution of 
0.30 g (0.73 mmol) of I in benzene (12 mL) was added dropwise 
a solution of CH3CN (0.04 mL, 0.76 mmol) in benzene (4 mL). 
The stirring was maintained for 24 h at room temperature 
after what the solution had become orange. The solvent was 
then removed, leading to  an orange solid containing a little 
amount of nonreacted I1 (quantitative yield from I). 

(b) Direct Synthesis. Compound 8 can also be synthesized 
directly from the diphenyldi-tert-butylzirconocenel via the 
following way: a mixture of 0.60 g (1.23 mmol) of diphenyldi- 
tert-butylzirconocene and 0.07 mL of CHsCN (1.33 mmol) in 
heptane (20 mL) was heated with reflux for 17 h. After this, 
the solution had turned from yellow to dark orange. The 
solvent was then removed, and the residue was recrystallized 
from heptane (15 mL), leading, after cooling, to  0.42 g (0.93 
mmol, 76% yield) of orange crystals. mp: 136-7 "C. Anal. 
Calcd for C26H33NZr: C, 69.27; H, 7.37. Found: C, 69.42; H, 

(dd, J = 6.8, 1.7 Hz, lH, C&), 7.22 (m, 2H, C&), 5.93 (q, 
2H, Cp), 5.62 (9, 2H, Cp), 5.55 (4, 2H, Cp), 5.41 (9, 2H, Cp), 

7.37. 'H NMR, CsDs: 7.74 (dd, J =  6, 2.2 Hz, lH, CsH4), 7.40 

1.61 (s, 3H, CH3), 0.97 (s, 18H, t-Bu). l3C NMR, CsDs: 186.3 
(Cquat), 172.4 (Cquat), 156.3 (CquaJ, 148.8 (Cquat), 140.8 (Ctertt, 
Cs&), 125.5 (ctert, C6H4), 123.9 (ctert, C6H4), 123.1 (Ctert, C6H4), 
113.8 (Ctert, 2C, Cp), 109.8 (Ctert, 2C, Cp), 105.8 (Ctert, 2C, Cp), 
101.1 (Ckrt, 2C, Cp), 32.7 (Cquat, t-Bu), 31.2 (Cprim, t-Bu), 24.1 
(Cprim, CH3). 

Preparation of 9. (a) From I. To a yellow solution of 
0.30 g (0.73 mmol) of I in benzene (12 mL) was added dropwise 
a solution of hex-3-yne (0.08 mL, 0.76 mmol) in benzene (4 
mL). The stirring was maintained for 24 h at room tempera- 
ture. The solution had then become orange. The solvent was 
removed and the residue was washed several times with 
pentane. The product was obtained as an orange solid (0.25 
g, 0.51 mmol, 70% yield). 
(b) Direct Synthesis. A mixture of 0.35 g (0.72 mmol) of 

diphenyldi-tert-butylzirconocenel and 0.09 mL of hex-3-yne 
(0.79 mmol) in heptane (12 mL) was heated with reflux for 20 
h. After this period, the solution had turned from yellow to 
dark orange. The solvent was then evaporated, leading to 0.36 
g (0.72 mmol, 100% yield in crude product) of an orange solid. 
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Ortho-Substituted Diselenophenylenezirconocene Synthesis 

Table 3. Structure Determination Summary 
Crystal Data 

empirical formula C26H3& 
color, habit pale yellow, rectangular 
crystal size (mm) 0.080 x 0.120 x 0.230 
crystal system monoclinic 
space group P21lc 
unit cell dimens 

volume 4599(2) A3 
Z 8 
formula wt 437.8 
density (calc) 1.264 g/cm3 
absorption coeff 4.85 cm-I 
F ( 0 W  1840 

diffractometer used Siemens P4 
radiation 
temp (K) 295 
monochromator highly oriented graphite crystal 
26' range 3.0-45.0" 
scan type w 
scan speed 
scan range (w) f0.55" 
background measurement 

a = 8.278(3) A, b = 20.113(9) 
A, c = 27.661(9) A, = 93.13 (2)" 

Data Collection 

Mo K a  (1 = 0.710 73 A) 

fixed, 5.00"/min in w 

stationary crystal and stationary 
counter at beginning and end of scan, 
each for 0.5% of total scan time 

3 measured every 200 reflections 
0 5 h 5 8,05  k 5  21, -29 5 I 2 9  

std reflcns 
index ranges 
reflcns collected 6470 

observed reflcns 
absorptn correction face-indexed numerical 
min/max transmission 0.9450/0.9673 

system used 
solution direct methods 
refinement method full-matrix least squares 
quantity minimized M F 0  - Fd2 
hydrogen atoms 
weighting scheme 
no. of params refined 487 
fmal R indices (obs data) 
R indices (all data) 

independent reflcns 5989 (Rrm = 1.64%) 
2701 ( F  > 4.0a(F)) 

Solution and Refinement 
Siemens SHELXTL PLUS (PC Version) 

riding model, fixed isotropic U 
w-' = a2(F) + 0.0008P 
R = 6.42%, R ,  = 5.90% 
R = 15.92%, R, = 8.12% 

0.002, O.Oo0 
data-to-parameter ratio 5.5: 1 
largest difference peak 0.52 eA-3 
largest difference hole -0.46 eA-3 

goodness of fit 1.10 
largest and mean A/a 

t-Bu), 0.30 (d, lH, CH2, J = 11.3 Hz), -1.22 (d, lH, CHz, J = 
11.3 Hz). I3C NMR, C6D6: 187.1 (Cquat, C6H3), 142.4 (Cquat), 
140.0 (Cquat), 132.9 (CqUt), a CqUt was not observed, 127.1 (CW, 
2c, C&), 121.0 (ctert, C&), 113.5 (Ctert, CP), 111.9 (ctert, CP), 
111.1 (Ctert, 2C, Cp), 104.0 (Csrt, Cp), 103.6 (Ctert, Cp), 100.9 
(Ckrt, Cp), 99.3 (Ctert, Cp), 34.3 (Cquat or C d ,  33.6 (CqU,t or C d ,  
32.9 (Cquat or C,,,), 31.2 (Cpfim, t-Bu), 30.4 (Cpfim, CH3), 25.2 

Preparation of 13. A mixture of 12 (57.6 mg, 0.132 mmol) 
and grey selenium powder (21.1 mg, 0.264 mmol) in benzene 
(6 mL) was heated with reflux for 15 h. The mixture was then 
filtered, and the benzene was removed. The product extracted 
with pentane was obtained as a red product (65.5 mg, 83% 
yield). Anal. Calcd for C26H34Se~Zr: c ,  52.42; H, 5.75. 
Found: C, 52.31; H, 5.78. Mass spectrum (main fragments): 
596 ( M + ,  23), 475 (M+ - t-Bu, 181,335 ([t-BuCp]zZr+, 68), 264 

(Cp-, CH3), 21.6 (Cp-, CH3). 

( C ~ H Z ( C H ~ ) Z S ~ ~ ,  201, 170 (CsH3SeCH3, 43). 'H M R ,  Cab:  
7.08 (s, 2H, CsHz), 5.81 (t, 8H, Cp), 2.73 (s, 6H, CH3), 1.11 (s, 
18H, t-Bu). I3C NMR, C&: 150.3 (Cquat, C6HZ), 140.6 (Cquat, 
CsH2), 138.2 (Cquat, cp), 126.9 (&fit, CsHZ), 110.8 (ctert, CP), 
108.3 (Ckd, Cp), 32.8 (Cq,at, t-Bu), 31.8 (Cpfim, t-Bu), 26.9 (Cpfim, 
CH3). 77Se NMR, CDC13: 559.5. 

Action of the Selenium Powder on the Benzynezir- 
conocene Trimethylphosphine Adduct. A mixture of Cpz- 
Z ~ ( P M ~ ~ ) ( C O H ~ ) ' ~  (0.10 g, 0.27 mmol) and grey selenium 
powder (0.05 g, 0.63 mmol) in benzene (20 mL) was heated 
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with reflux for 18 h. The red mixture was then filtered, the 
benzene was removed, and the residual solid was washed with 
pentane (20 mL). The product was obtained as a red solid 
(0.07 g, 55% yield) and identified by the usual spectroscopic 
method.2 

X-ray Structural Analysis of 12. Suitable crystals of 12 
were obtained by slow crystallization from a pentane solution. 
A single crystal of &H3& was sealed under nitrogen in a 
capillary tube and then optically aligned on the goniostat of a 
Siemens P4 automated X-ray difiactometer. The correspond- 
ing lattice parameters and orientation matrix for the sample 
were determined from a least-squares fit of the orientation 
angles for 25 reflections at 22 "C. The systematic absences 
are consistent with the centrosymmetric monoclinic space 
group, P21Ic. The refined lattice paramaters and other per- 
tinent crystallographic information are provided in the struc- 
ture determination summary. 

Intensity data were measured with graphite-monochro- 
mated Mo Ka radiation (,I = 0.710 73 A) and variable w scans. 
Background counts were measured at the beginning and at 
the end of each scan with the crystal and counter kept 
stationary. The intensities of three standard reflections 
were measured periodically during data collection and de- 
creased by ca. 21% during data collection. The data were 
corrected for Lorentz-polarization effects, crystal decomposi- 
tion, and absorption; the symmetry-equivalent reflections were 
averaged. 

Approximate positions for the two independent Zr atoms 
were located by using direct methods (SHELXTL PLUS 
operating on a Professional Computing Systems 486 66 MHz 
computer), and all non-hydrogen atoms were revealed by 
successive difference Fourier syntheses. Following anisotropic 
refinement of the non-hydrogen atoms, idealized positions for 
the hydrogen atoms were included as fxed contributions by 
using a riding model. Full-matrix least-squares refinement, 
based upon the minimization of XwilF, - Fcl2, with wi- l=  a2- 
(F,) + 0.00O8Fo2, converged to give final discrepancy indicesz6 
of R(FJ = 0.0642, R,(F,) = 0.0590, and a1 = 1.10 for 2701 
reflections with F, > 4.0dFO). The refined positional param- 
eters are provided in Table 1, and selected interatomic 
distances and bond angles for the C26H3zr are given in Tables 
2. 

A summary of crystallographic data for the structural 
analysis of 12 is provided in Table 3. 

Acknowledgment. J.L.P. acknowledges the finan- 
cial support provided by the Chemical Instrumentation 
Program of the National Science Foundation (Grant 
CHE-9120098) for the acquisition of a Siemens P4 X-ray 
diffractometer by Department of Chemistry at West 
Virginia University. Authors from the University of 
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Supplementary Material Available: The positional pa- 
rameters and equivalent isotropic displacement coefficients for 
CZ&,& are given in Table I. The whole of interatomic 
distances and angles for the two independent molecules of 
C&&r are given in Tables I1 and 111, respectively. The 
anisotropic thermal paramaters for the 54 non-hydrogen atoms 
and the idealized coordinates for the 68 hydrogen atoms are 
given in Tables JY and V, respectively (6 pages). Ordering 
information is given on any current masthead page. 

OM9405495 

(26) The discrepancy indices were calculated from the expressions 
R(Fo) = ZJF, - F J m 0  and R,(F,) = Z(:(W~)~'~F~ - FcIE(~i)'/'F0, and the 
standard deviation of an observation of unit weight 81 is equal to 
[(ZwilF, - Fc12)/(n - p)Im, where n is the number of observations and 
p is the number of paramaters varied during the last refine- 
ment cycle. 
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The Gas-Phase Chemistry of Silamide Ions 
Michele Kremppt and Robert Damrauer*p$ 

Departments of Chemistry, University of Colorado at Denver, Denver, Colorado 8021 7-3364, 
and University of Colorado at  Boulder, Boulder, Colorado 80309 

Received July 20, 1994@ 

A series of silamide (silanamide) anions, SiH3NH- (l), C6H5SiH2NH- (2), CH30SiH2NH- 
(3), and CH3SiF2NH- (4), has been studied in detail in a tandem flowing afterglow selected- 
ion flow tube. Their reaction chemistry has been probed with C02, CS2, COS, SO2, and N2O 
as well as a number of alcohols and other reagents and shows not only features expected 
from amides but also ones that result from silyl substitution. Collision-induced dissociations 
(CID) were carried out to expand our knowledge of the effect of silyl substitution on amide 
behavior. A prevalent pattern for the CID behavior of anions 1-4 reveals that  a substituent 
borne by silicon cleaves as an anion. The resulting fragments either separate immediately 
or the anion abstracts a proton before separation. The gas-phase acidities of SiH3NH2, FSiH2- 
NH2, C ~ H ~ S ~ H ~ N H Z ,  CH30SiH2NH2, and CH3SiF2NH2 have been measured using bracketing 
techniques. The acidity values fall in a small range, indicating that ,&substitution effects 
on silicon are small. G2 computational studies have been used to  probe the Si-H and N-H 
acidity of SiH3NH2, showing that the N-H position is the more strongly acidic one. 

Introduction 

Amide ions (RNH-) are the strongest bases routinely 
used in the gas phase. They are generally prepared by 
electron impact of amines and are used to prepare 
conjugate bases of acids that are more acidic than the 
amine~ . l -~  A great deal of work has focused on deter- 
mining the acidities of amines, particularly as they 
relate to  the effects of substitution on n i t r ~ g e n . l , ~ > ~  

Although the reactivity of H2N- has been studied in 
detail,2 only a few studies have concentrated on the 
reactivity of other amide ions, despite the ease with 
which they can be prepared.l~~,~ tert-Butylamide, di-sec- 
butylamide, and 2,2,6,&tetramethylpiperidide have re- 
cently been prepared to  study both their reactivity and 
the acidity of their corresponding  amine^.^ Each was 
found to have a rich reaction chemistry with a variety 
of neutral reagents. There has also been recent interest 
in amines and amide ions substituted by silicon sub- 
s t i t u e n t ~ ~ , ~  because of the importance of some a-silyl 
amines as precursors to synthetically important bases.3 
Such silamines (silanamines) are considerably more 
acidic than carbon-substituted amines in both the gas 
and condensed phase~. l>~ Indeed, Grimm and Bartmess 
have recently shown that the disilamine hexamethyl- 

+University of Colorado at Boulder. * University of Colorado at Denver. 
@ Abstract published in Advance ACS Abstracts, November 1, 1994. 
(1) Mackay, G. I.; Hemsworth, R. S.; Bohme, D. K. Can. J. Chem. 

(2) Bierbaum, V. M.; Grabowski, J. J.; DePuy, C. H. J. Phys. Chem. 

(3) Grimm, D. T.; Bartmess, J. E. J. Am. Chem. SOC. 1992, 114, 

(4) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, 
R. D.; Mallard, W. G. J. Phys. Chem. Ref. Data 1988, 17 (Suppl 1). 
This is the primary source for gas-phase acidity data. Unless otherwise 
specified, all gas-phase acidities used in this paper come from this 
source. 
(5) Damrauer, R.; Krempp, M.; OHair, R. A. J.; Simon, R. A. Znt. J. 

Mass Spectrom. Ion Process 1992, 117, 199-211. 
(6) Brauman, J. I.; Blair, L. K. J. Am. Chem. SOC. 1971,93, 3911- 

14. 
(7) O'Hair, R. A. J.; Sheldon, J. C.; Bowie, J. H.; Damrauer, R.; 

Depuy, C. H. Awt .  J. Chem. 1989,42,489-96. 

1976,54, 1624-42. 

1984, 88, 1389-93. 

1227-31. 

0276-733319512314-0170$09.00/0 

disilazane is more acidic in the gas phase than expected 
on the basis of its solution behavior. They have sug- 
gested that such anomalous behavior results from 
counterion effects in solution.3 Several years ago, we 
reported an experimental and computational study of 
the reactions of two silamides (silanamides), 
[(CH3)3Sil2N- and [(CH3)3SiNCH31-, with C02, COS, 
and CS2.7 More recently, we have prepared several 
silamides as possible precursors to low-valent silicon- 
containing species* such as HSiNH-. We have studied 
the properties of four silamides in some detail and 
report on them here. 

Experimental Section 

All experiments are carried out at room temperature in a 
tandem flowing afterglow-selected ion flow tube (FA-SIFT) 
which has been described in detail previo~sly.~ The FA-SIFT 
consists of four sections: a source (first) flow tube for ion 
preparation, an  ion selection region, a second flow tube for 
studying the chemical reactions of the selected ions, and an 
ion detection region. In the typical experiment whose results 
are reported in this paper, silamide ions are prepared in the 
first flow tube by reaction of H2N- and the appropriate silane 
(CsHsSiH3 for SiHSNH- (11, CsH5SiHzNH- (21, CH30SiHzNH- 
(3) (with added CH30H for the latter), and CH3SiF3 for 
CH3SiF2NH- (4)). FSiHzNH- was prepared in the source from 
a mixture of H2N-, CsH&iH3, and "3. The desired anions 
were readily mass selected as described below. The silamides 
formed in the source are entrained in a rapidly flowing helium 
stream (0.3 Torr) and sampled at the end of the first flow 
through a nose cone orifice into an ion separation region. The 
helium and other neutrals are removed by pumping while the 
silamides are focused into a quadrupole mass filter by a series 
of electrostatic lenses. This SIFT quadrupole can be tuned to 
an  appropriate mlz and the desired anions are injected into 
the second flow tube, where they are entrained in helium (0.5 
Torr). The reactions of the injected silamides can then be 
studied by the addition of a variety of neutral reactants in the 

(8) Damrauer, R.; Krempp, M.; O'Hair, R. A. J. J. Am. Chem. SOC. 

(9) Van Doren, J. M.; Barlow, S. E.; DePuy, C. H.; Bierbaum, V. M. 
1993,115,1998-2005. 

Znt. J. Muss Spectrom. Ion Processes 1987, 81, 85-100. 

0 1995 American Chemical Society 
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Gas-Phase Chemistry of Silamide Ions 

second flow tube. At the end of the second flow tube, the ionic 
products are sampled through a nose cone orifice, mass 
analyzed, and detected by an electron multiplier. The struc- 
tures of the product ions discussed in this paper are based on 
a recording of their mlz. Since neutral products are not 
detected, their identity is assumed on the basis of mechanistic 
rationale. 

Branching ratios for the reactions of SiHSNH- (1) and 
CsH5SiHzNH- (2) were determined by injecting the silamides 
into the second flow tube and adding a particular neutral 
reactant at various points along the second tube. These ratios 
were determined as a function of reaction distance and are 
reported as extrapolations to zero reaction distance to elimi- 
nate any effects of secondary reactions or differential diffusion 
among the ions. Mass discrimination corrections were made 
for all the reactions. Rate coefficients were determined under 
pseudo-first-order conditions by monitoring the silamide ion 
density as a function of reaction distance (which is proportional 
to time) for a measured flow of neutral acid reagent. Reported 
values are the average of at least three measurements with 
different flows and are reproducible to 10%. Reaction efficien- 
cies have been calculated from ion-neutral collision rates 
using the variational transition state theory model of Bowers 
and co-workers.1° Two small impurities in CHSOSiH2NH- (3) 
(not present in the few reactions of CD30SiHzNH- we studied) 
limited its quantitative study. 

Torr) region of 
the SIFT quadrupole into the higher pressure region of the 
second flow tube, they must be extracted by an electrical 
potential which imparts kinetic energy to them. Multiple 
collisions with the helium buffer gas generally cool such ions; 
however, if the potential is made sufficiently high, ions can 
often undergo collision-induced dissociation (CID), forming new 
ions.ll In a field-free region, the resulting ions can subse- 
quently undergo multiple collisions with helium where they 
are usually cooled to room temperature. The injection poten- 
tial leading to decomposition of ions is the potential difference 
between the ion source and the injector plate. The resulting 
kinetic energy of the ions is a sensitive function of a variety 
of factors and is not well characterized. 

All reactions were studied at a He flow of -225 STP cm3 
s-1, Gases were obtained from commercial sources and were 
of the following purities: He (99.995%), NH3 (99.99%), COz 
(99.5%), COS (97.7%), SO2 (99.9%), and NzO (99.99%). Other 
reagents were obtained from commercial sources. The helium 
buffer gas was passed through a liquid nitrogen cooled 
molecular sieve trap before entering the flow tubes. 

To inject ions from the low pressure 
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any unusual reactivity in amides caused by substitution 
of silicon on nitrogen, (2) to identify any unusual 
reactivity in silamides caused by substitution of differ- 
ent groups on silicon, and (3) to determine the effect of 
/3-substitution on silamine acidity. 

Reactivity Studies with C02, CS2, COS, S02, and 
N20. It is important to validate the structures of anions 
1-3 since their preparation (see Experimental Section) 
might lead to either the amide anions proposed or 
corresponding silyl anions. In earlier work, we deter- 
mined that SiH3CH3 gave predominantly SiH3CH2- on 
reaction with amide even though its Si-H is more 
strongly acidic that its C-H.I2" This not only suggested 
that the C-H abstraction pathway was kinetically more 
accessible but raised the question of whether similar 
behavior would be observed in other systems. We 
believe that silyl amines as demonstrated in the struc- 
tures of ions 1-3 undergo predominant N-H over Si-H 
deprotonation (see G2 calculations). The validity of 
these structures was determined by reactivity studies 
with simple neutral characterization reagents that have 
been used previously to characterize gas-phase 

Table 1 summarizes the reactivity of the two previ- 
ously studied silamides with CO2, CS2, and COS. In 
addition, the reactions of 1-4 with C02, CS2, COS, S02, 
and N2O are presented. We have also determined the 
rate coefficients and efficiencies10 of 1 and 2 with COS, 
CS2, COS, and SOz. 

Anions 1-4 react with these reagents in a very 
similar way to the amides and silamides previously 
studied, indicating the validity of their proposed struc- 
tures. The mechanistic picture developed by DeF'uy and 
co-workers for amide ions thus serves well to explain 
most of the products of the newly studied silamides 
reactions.2 In its reaction with COS, which is the 
reagent that often best reveals the mechanistic path- 
ways of importance, amide either adds to the central 
carbon (ultimately giving NCO- and HS-1 or undergoes 
sulfur transfer by reaction a t  sulfur (ultimately giving 
H2NS-1. In the silamides studied here and previously, 
another mechanistic channel occurs as well when the 
DePuy intermediate 5 formed by reaction a t  the central 

anions,5>7,&12b 

RSiX2NH-C@ /o 
S 

5 

carbon is diverted by a further interaction a t  silicon. 
Although either sulfur or oxygen attachment at silicon 
is possible for this ambident intermediate, there is a 
strong tendency for S-Si over Si-0 bond formation. 
Thus, for 1-4 and (CH&SiNCH3-, no Si-0 bond 
formation is ~bse rved ,~  while the structurally more 
complex disilamide7 [(CH3)3Sil2N- gives both NCO- and 
NCS-. The products in this last case are most easily 
rationalized by formation of complexes [(CH3)3- 
SiS-• .(CH3)3SiNCOl and [(CH&.SiO-. - .(CH3)3SiNCSl. 
The first complex can either separate giving (CH313SiS- 
and (CH3)3SiNCO, or react further a t  the neutral silicon 
component, giving NCO- and (Me8Si)zS. An analogous 
pathway for the other complex would give (CH313SiO- 
and (CH&SiNCS, and NCS- and (MesSihO, respec- 
tively. The minor yield of the reaction channel leading 

(12) (a) Damrauer, R.; Kass, S. R.; DePuy, C. H. Organometallics 
1988, 7, 637-40. (b) DePuy, C. H.; Damrauer, R. Organometallics 
1984,3,362-5. 

Results and Discussion 

We report here on the reaction chemistry of silamide 
ions SiH3NH- (11, CsH5SiH2NH- (21, CH30SiH2NH- (31, 
and CH3SiF2NH- (4), their collision-induced dissociation 
behavior, and the N-H acidities of SiH3NH2, FSiH2NH2, 
CsH5SiH2NH2, CH30SiH2NH2, and CH3SiF2NH2. Si- 
lamides with such different substitution patterns are 
well suited for exploring reactivity differences. These 
silamides will be compared with those previously stud- 
ied,7 [(CH&Si12N- and [(CH3)3SiNCH&, and with the 
simple  amide^^,^ HzN- and t-BuNH-. Although the 
previous studies of [(CH3)3Sil2N- and [(CH3)3SiNCH31- 
have not been exhaustive, their reactions with C02, 
COS, and CS2 have been explored. The two amides, on 
the other hand, have been studied in more detai1.2i5 The 
major objectives in our work have been (1) to identify 

(10) Chesnavich, W. J.; Su, T.; Bowers, M. T. J. Chem. Phys. 1980, 

(11) Gronert, S.; O'Hair, R. A. J.; Prodnuk, S.; Siilzle, D.; Damrauer, 
72, 2641-55. 

R.; DePuy, C. H. J. Am. Chem. SOC. 1990,112, 997-1003. 
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Table 1. Products, Branching Ratios: Rate Coefficients? and Efficiencies' of Two Previously Studies Silamides and 1-4 with 
CO2, CSz, COS, N20, and SO2 

amide ion reactnat = C02 reactant = CS2 reactant = COS reactant = N20 reactant = SO2 

NCO- + MesSiOMe (51) Me3SiS- + MeNCS (53) 
MesSiO- + MeNCO (21) CSz- + MesSiNMe (47) 
adduct (28) 

NCO- + (Me3Si)zO (59) 
adduct (41) 

NCO- + SiHsOH (92) 
SiH30- + HNCO (8) 
7.24 (0.86) 
NCO- + C6H5SiHzOH 

6.02 (0.88) 
CH30SiHzNH- (3) NCO- + CH30SiHzOH 

CH3SiFzNH- (4) NCO- + CH3SiFzOH 

NCS- + (Me3Si)zS (84) 
Me3SiS- + Me3SiNCS (16) 

SiH3S- + HNCS (50) 
NCS- + SiHsSH (50) 
2.28 (0.18) 

NCS- + C&SiHzSH (31) 
0.84 (0.08) 
NCS- + CH30SiHzSH 

CHsOSiHzS- + HNCS 

C6&Si&S- + HNCS (69) 

NCS- + CH3SiFzSH 
CH3SiFzS- + HNCS 

MesSiS- + MeNCO (76) 
NCO- + Me3SiSMe (10) 
HS- + CsHllNOSi (14) 
(the HS- likely forms from 

HzS impurities in COS) 
MesSiS- + MesSiNCO (53) 
NCO- + (Me3Si)zS (38) 
NCS- + (Me3Si)zO (9) 
SiH3S- + HNCO (79) NSO- + SiHsOH (61) 
NCO- + SiH3SH (21) SiH30- + HNSO (39) 
6.17 (0.42) very slow 16.6 (0.86) 
C&SiHzS- + HNCO (13) N3- + C&SiHzOH NSO- + C&SiHzOH (95) 
NCO- + CsH5SiHzSH (87) C&SiHzO- + HNSO (5) 
6.05 (0.51) very slow 14.5 (0.93) 
CH30SiHzS- + HNCO 

NCO- + CH30SiHzSH very slow 

CH3Siz.S- + HNCO N3- + CH3SiFzOH NSO- + CHsSiFzOH 
NCO- + CH3SiFzSH CH3SiF20- + HNSO 

N3- + SiHsOH 

N3- + CH30SiHzOH NSO- + CH30SiHzOH 
(major) 

(minor) 

(I The branching ratios are given in parentheses. Experimental rate coefficients are given in bold type. Their units are cm3 s-l molecule x 
The efficiencies (given in bold type) are the ratio of the experimental to the computed rate coefficients. The latter are obtained as k~ (Langevin) or k,, 

(variational) depending on the whether the reactant has a permanent dipole moment. References to their calculation are given in ref 10. 

Table 2. Products, Branching Ratios: Rate Coefficient,b and Efficienciesc of 1-4 with Deuterated Neutrals 
amide ion reactant = D20 reactant = CH30D reactant = CD&N 

SiH3NH- (1) SiHZ(NHD)O- + HD (92) SiHz(OCH3)NH- + HD (44) NCCDz- + SiH3NHD 
H3SiO- + NHDz ( 5 )  

HZSi(0D)O- + HD (3) 

5.50 (0.20) 13.31 (0.57) 

Cs&SiH(NHD)O- + HD (60) 

SiHz(OCH3)ND- + HZ (39) 

H3SiND- + CH30H (17) 

C&SiHzNH- (2) SiHZ(NHD)O- + C&D (40) SiHz(OCH3)NH- + Cd5D (32) C6HsSNzND- + CHDzCN 
SiHz(OCH3)ND- + C& (30) 
C&SiH(OCH3)NI-- + HD (13) 
C&5SiH(OCH3)ND- + HZ (1 1) 
adduct (14) 

10.57 (0.43) 13.11 (0.65) 

CH3OSiHzNH- (3) SiHZ(NHD)O- + CH30D SiH(OCH3)zNH- + HD CH30SiHzND- + CHDzCN 
CH30SiH(NHD)O- + HD SiH(OCH3)zND- + Hz NCCDz- + CH30SiHzNHD 

NCCDz- + C6H5SiHzNHD 

adduct 

CH3SiFzND- + CH30H 
CHsSiFzNH- (4) CH3SiFzND- + HOD adduct (major) adduct 

SiFZ(NHD)O- + CH3D 
CH&F(NHD)O- + DF 
adduct 

a The branching ratios are given in parentheses. Experimental rate coefficients are given in bold type. Their units are cm3 s-l molecule x 
The efficiencies (given in bold type) are the ratio of the experimental to the computed rate coefficients. The latter are obtained as kL (Langevin) or k.,, 

(variational) depending on the whether the reactant has a permanent dipole moment. References to their calculation are given in ref 10. 

to NCS- (9%) as well as the absence of any such pro- 
ducts for the other silamides indicates the strength of 
the tendency to form a Si-S rather than a Si-0 bond 
in silamide reactions with COS. Previous studies of the 
reaction of the low-valent HSiNH- with COS demon- 
strated exclusive formation of Si-S bonds as 
These results clearly demonstrate that the anions 1-4 
display both the predominant characteristics of amide 
ions and those of their silicon substitution. 

The rate coefficients of 1 and 2 with CO2, CS2, COS, 
and SO2 parallel each other closely (Table 1). Both 
anions react at nearly the collision rate with C02 and 
SOz, at about half that rate with COS, and even more 
slowly with CS2. Both anions react very slowly with 
N20. Previous rate coefficient measurements on 
(CH3)3SiNCH3- give very similar results for reaction 
with CS2 and COS, but reaction with COZ was about 

10-fold s10wer.~ The more weakly basic anion 
[(CH3)3Sil2N- reacted a t  about a quarter the rate of 1 
and 2 with COZ but a t  a greatly reduced rate with CS2 
and COS.7 The simple amide HzN- reacts at or near 
the collision rate with COz, CSz, COS, and SO2 (efficien- 
cies are 0.84,0.95, 1.0, and 1.4) and at about a quarter 
of that rate with Nz0.2 Low-valent HSiNH- reacts with 
C02, CS2, COS, and SO2 with efficiencies of 0.41, 0.35, 
0.24, and 0.87.1° Thus, while SO2 always seems to react 
near the collision rate with the amine nucleophiles that 
have been studied, there is a large variation in efficien- 
cies between H2N- and silicon-substituted amines and 
between the silicon substituted amines themselves in 
other reactions with neutrals. 

Reactions with Deuterated Neutrals. Strongly 
basic amides react with water and alcohols by proton 
abstraction while silamides have a quite different fate 
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Gas-Phase Chemistry of Silamide Ions 

Scheme 1 

Organometallics, Vol. 14, No. 1, 1995 173 

Scheme 2 
SiH,(OR')NH- + RH 

RSiH(0R')NH- + H2 

adduct 

R'O- + RSiH,NH, 

RSil+NH- + R'OH 

RSiX2NH- + D20 e RSiX2NHD i DO' 1 
1 R-X-H 92% 

R- cleavage J 1 yes 

1 R-X-H 92% 
RSIXzNHD x- Mavage RSi(X)(NHD)OD z 60% 

4 yes 
[ DO- ] - [ x- ] RSi(X)(NHDP- + DX 

RS,X,ND- + HOD 
H+abrtraclon 

3 no 
4 yes 

in their corresponding reactions as shown in Table 2. 
Reaction of D2O with 1-4 occurs by the general reaction 
Scheme 1. Since the silamides are less basic than DO- 
(see following section on acidity), the endergonic proton 
abstraction reactions are driven by an ion-dipole at- 
traction (ion-dipole attractions of 15-20 kcal/mol are 
common13). Subsequent attack of the DO- at silicon 
cleaves a basic group (either X- or R-) from silicon. The 
bases so cleaved abstract a proton before departing the 
reaction complex and, as a result, give RSi(X)(NHD)O- 
plus DX and S&(NHD)O- plus RD products. Such 
cleavage pathways account for more than 90% of the 
products of 1 and 2, the two reactants that have been 
studied quantitatively. We account for the 5 and 3% 
channels in the reaction of 1 with D2O by formation of 
H3SiO- and the reaction product HzSi(OD)O-, respec- 
tively. These form by initial formation of H3SiNHD and 
DO- followed by addition of DO- with cleavage of 
NHD-. The other product somehow must form from 
H3SiO- by a similar mechanism. We have obtained no 
evidence for H-D exchange of 1 with D2O or with the 
more acidic CD3CN, but 1 does exchange with CH30D. 
This result is perplexing, given that exchange is ender- 
gonic by 18 and 6 kcal/mol with D20 and CH30D but 
exergonic by 3 kcal/mol with CD3CN. It might be 
argued that the C-D exchange has a kinetic barrier; 
however 2 undergoes no exchange with D2O or CH30D 
but exchanges with CD3CN. These three cases are 
endergonic by 20 and 8 kcdmol and exergonic by 1 kcal/ 
mol, respectively. In contrast, anion 4 undergoes ex- 
change with both D2O and CH30D. 

The major reaction chemistry of anions 1-4 with CH3- 
OD is detailed in Table 2 and readily explained with 
reference to  Scheme 1. For H3SiNH- (11, 83% of the 
products result from H- cleavage with a slight prefer- 
ence for HD (44%) over H2 (39%). The exchange product 
mentioned above is formed in fairly large amounts 
(17%). Similar results are obtained in the reaction of 1 
and CH3CH20D. The reaction of CsHsSiHnNH- (2) and 
CH30D gives all of the expected cleavage products, with 
CsH5D (32%) being formed in slightly greater amounts 
than CsHsH (30%) and HD (13%) in greater yield than 
H2 (11%). There is no evidence here of exchange, but 
an adduct is observed (14%), suggesting again that 
structurally more complex features in silamides larger 

(13) Bartmess, J. E. Mass Spectrom. Rev. 1989, 8, 297-343. The 
15-20 kcdmol  generally cited as the ion-dipole attraction is typical 
of the attraction of anions with water, alcohols, and simple organic 
molecules that do not form covalent products. The source cited here 
reviews a number of anion affinity relationships as well. 

than H3SiNH- provide lifetimes sufficient for adduct 
~tabi1ization.l~ The rate coefficients for the reactions 
of 1 and 2 with both D20 and CH30D have been 
measured (Table 2). These are relatively slow reactions 
that occur with efficiencies between 0.20 and 0.65 of the 
collision rate. Although no exchange reaction of 1 with 
CD3CN occurs, anion 2 does give observable H-D 
exchange. Both anions abstract D+ from CD3CN, giving 
NCCD2- as would be expected from their basicities 
compared to that of NCCD2- (AGidd of CH3CN = 365 
kcaVm01)~ (3 kcal/mol exergonic for 1 and 1 kcal/mol 
exergonic for 2). 

The general features of the reactions just described 
have been observed with a number of other alcohols, 
although the proton abstraction channel described in 
Scheme 1 is invisible for reactions of undeuterated 
alcohols. A qualitative picture of the reactivity of anions 
1, 2, and 3 (each a RSiH2NH- species) with a number 
of alcohols (ROH) is given in Scheme 2 and in Table 3. 
Products of pathways a and b, SiHz(0R')NH- plus RH 
and RSiH(0R)NH- plus H2, respectively, correspond to 
the cleavage reactions of R- and H-, while c corresponds 
to adduct formation and d t o  a simple acid-base 
reaction to give RO-. Anion 1 reacts with the aliphatic 
alcohols to give cleavage products almost exclusively, 
the only exceptions being its reaction with tert-butyl 
alcohol, where some d is observed, and hexanol, where 
adduct forms. The slightly greater acidity of tert-butyl 
alcohol4 may explain the occurrence of pathway d while 
adduct formation in hexanol case is likely a reflection 
of the greater molecular complexity of hexanol. The 
more acidic fluoro alcohols4 give greater amounts of the 
proton abstraction product d and less of the correspond- 
ing cleavage product a = b. Anion 2 exhibits a more 
complicated reactivity pattern, since two cleavage prod- 
ucts are possible. Its reaction with small aliphatic 
alcohols generally gives phenide and hydride cleavage 
products a and b as well as adduct formation. Phenide 
cleavage is slightly favored in these qualitative studies. 
As the aliphatic group of the alcohol becomes larger, the 
amount of adduct increases to the point where it is 
nearly the exclusive product for hexanol. The fluoro 
alcohols are observed to form cleavage products a and 
b as well as adduct c, but only trifluoroethanol consis- 
tently gives R'O- (d). The methoxy-substituted anion 
HzSi(OCH3)NH- (3) has a similar pattern of reactivity, 
with hydride over methoxide cleavage generally pre- 
dominating. 

The reactivity pattern of these anions with alcohols 
is reasonably explained in terms of an initial acid-base 
reaction giving [RSiH2NH2* *R'O-1. This intermediate 
complex can (1) undergo cleavage reactions initiated by 
nucleophilic attack of the alkoxide a t  silicon (pathways 

(14) Berry, R. S.; Rice, S. A.; Ross, J. Physical Chemistry; John Wiley 
and Sons: New York, 1980; pp 1204-1209. RRKM and similar kinetic 
treatments account for the distribution of energy in ion-dipole 
complexes. 
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Table 3. Reactions with 1-3 with Various Alcohols (R'OH) 
Reactions of 1" 

R' 

products Me Et n-Pr i-Pr n-Bu t-Bu n-hexyl CHzFCHz CHFzCHz CF3CHz 
- a = bb + + + + + +++ ++ ++ + 

C C  

dd 
trace - - - - - - - - + + ++ + - + - - - - - 

Reactions of 2" 

R' 

n-hexyl CH2FCHz CHF2CH2 CF3CH2 products Me Et n-Pr i-Pr n-Bu t-Bu 

ab ++ +++ ++ ++ + + trace + ++ ++ 
bC + + + + + + + + 
Cd + ++ + +++ +++ +++ +++ ++ ++ ++ 
de 

Reactions of 3' 

- - 

- +' +++ - - - - - - - 

R' 

products Me Et i-F'r n-Bu t-Bu n-hexyl CHSCH2 CHFzCHz CF3CH2 
- ab + + trace ++ + ++ + 

b' +++ +++ ++ - + + +++ ++ 
Cd ++ ++ + + trace ++ trace 
de 

- 
- 

- - 
- +f +++ + - - trace trace - 

These reactions have been carried out to determine the relative reactivities of 1-3 with alcohols of widely varying structure. When only one product 
is observed in such a reaction, it is designated by +. If no reaction occurs, a - designation signifies this. In those ases where more than one product is 
observed, we have tried to give a sense of the relative amounts of these by using multiple plus signs. Without careful branching ratio measurements these 
data can only be considered qualitatively as pointed out in the text. b-r The designations a, b, c, and d correspond to the reaction channels given in Scheme 
2 in the text. fThese products have not been consistently observed. 

Table 4. Reactions of 1 and 2 with Cas, HC02CH3, and CH~COZCH~ 
amide ion reactant = C6F6 reactant = HC02CHj reactant = CH3C02CHj 

SiH3NH- (1) C85NH- + SiH3F HCONH- + SiH30CH3 CHsOzCCHz- + SiH3NH2 
C&si&NH- (2) C@5NH- + C&SiHzF HCONH- + C&SiHzOCHs (major) CH30zCCHz- + CdI5SiH2NHz 

CH3CONH- + C&I5SiH20CH3 [C&SiHz(OCH3)NH2]- + CO 
[C&SiHz(NCHO)]- + CH30H 
SiHz(OCH3)NH- + c& + co 

a and b), (2) be stabilized by collision after the penta- 
coordinate silicon intermediate forms (pathway c), and/ 
or (3) dissociate to  alkoxide and RSiHzNHZ (pathway 
d). The observed trends are consistent with expecta- 
tions, since increased molecular complexity tends to 
increase the amount of pathway c and increased acidity 
of ROH tends to  increase the amount of d. 

Other Reactions. Hexafluorobenzene has been 
shownl1J5 to give a number of unusual reactions with 
a wide variety of anions (Table 4). Its reaction with 
CsH5SiHzNH- giving CsFsNH- is reminiscent15 of 0- 
transfer from (CH3)&lO-. In reactions of this type, we 
believe the anion adds to hexafluorobenzene, giving an 
adduct that loses F- while transferring it to the elec- 
tropositive element (silicon here and aluminum in the 
previous case studied) as shown in eq 1. Another silicon 

anion, HSiO-, has been shown to behave in a similar 
manner, although, in this example, the F- transfer to 
silicon results in the loss of HFSiO, giving CsF5- as one 
of several products.ll 

The reactions of methyl formate and methyl acetate 
have also been studied briefly to chart the range of 

(15) Damrauer, R.; Krempp, M.; Schmidt, M. W.; Gordon, M. S. J. 
Am. Chem. SOC. 1991,113, 2393-2400. 

reactivity of silylamines (Table 4). These neutrals react 
with anionic bases to give a variety of products that 
depend on the substitution pattern of the ester and the 
nature of the base.16-18 Typical products that have been 
observed arise from processes including s N 2  displace- 
ment at the methyl ester, proton abstraction of an 
aldehydic hydrogen followed by methoxide loss (the 
Riveros reaction of methylformate), and carbonyl addi- 
tion through a tetracoordinate intermediate (BAc~) .  
Anion 1 reacts with methyl formate in a simple fashion 
by a process that we believe begins as a carbonyl 
addition. Product HC(=O)NH- then forms as shown 
in eq 2 with the tetracoordinate adduct losing methox- 

ide, which is transferred to silicon without escaping the 
reaction complex. The major product of the reaction of 
2 follows this same pathway, although smaller amounts 
of other products suggest that some variations of the 
familiar pathways discussed above for other anions with 
ester are active. In the reaction of 2 with methyl 

(16) DePuy, C. H.; Grabowski, J. J.; Bierbaum, V. M.; Ingemann, 

(17) Faigle, J. F. G.; Isolani, P. C.; Riveros, J. M. J. Am. Chem. SOC. 

(18) Takashima, K.; Riveros, J. M. J. Am. Chem. SOC. 1978, 100, 

S.; Nibbering, N. M. M. J. Am. Chem. Soc. 1985,107, 1093-8. 

1976, 98, 2049-52. 

6128-32. 
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Gas-Phase Chemistry of Silamide Ions 

Table 5. Collision-Induced Dissociation of Silamides 1-4 
amide ion collision-induced dissociation (CID) 

Organometallics, Vol. 14, No. 1, 1995 175 

Table 6. AG",;, Values for Various Silamines (N-H) 

SiH3NH- (1) HSiNH- + Hz (major) 
SiH2- + HzN (minor) 

SiD3NH- DSiNH- + D2 (major) 
SiD2- + HDN (minor) 
D- + DzSiNH (minor) 
HSiNH- + C& (major) 
C&NH- + H2SiNH (major) 
C&NH- + H2 (minor) 
SiH2NH2- + CH2=O (major) 
CH3O- + H2SiNH (minor) 
HSiNH- + CH30H (minor) 
FSi(NH)CH2- + HF (major) 
SiFzNH- + CH3 or 
CH3SiF2- + NH (minor) 

C&SiHZNH- (2) 

CH30SiH2NH- (3) 

CH3SiFzNH- (4) 

acetate, we observe not only the major process just 
described for 1 and 2 with methyl formate, but a proton 
abstraction giving the enolate of methyl formate. Once 
again, the reactivity of anions 1-4 is a combination of 
that characteristic of simple amide ions and that caused 
by silicon substitution. 

The reactions just described for anions 1-4 are strong 
evidence that the proposed structures are correct. The 
mechanistic schemes leading to products are reasonable 
in such structural terms. Furthermore, the similarity 
between the reactions of amides and these silamides 
indicates that the presence of silicon is often not the 
defining feature of their reactivity, but only a modifying 
influence. 

Collision-Induced Dissociation (CID) Studies. 
The CID products for the silamides (1-4) are presented 
in Table 5 and can be understood in terms of the 
structural assignments for these anions. An important 
dissociative process common to all the silamides 1-3 is 
represented in a general way by eq 3 (the analogous X- 
cleavage is not illustrated). In such a process, a group 

7 R'+ H2Si=NH (3a) 

L 

'\ [HSINH; + RH (3b) 

attached to silicon is lost as an anion (R-) that can either 
escape the dissociation complex ( la )  (e.g., 2 and 3) or 
abstract a proton before the complex collapses (lb) (e.g., 
1-3). Anion 2 loses C&- with no detectable loss of 
H-. Although the nature of our experimental setup 
makes it impossible to detect H- (mlz = 11, the small 
amount of CsH5NH- (plus H2) detected suggests that 
H- loss is minor. Because of the nearly identical 
basicities of CsH5- and H-, however, we believe it is 
likely that both cleavage processes are occurring. A 
process analogous to that in eq 1 in which X- is cleaved 
explains the major CID product of 4. Here a complex 
of [CH3SiF=NH- * sF-1 forms before proton abstraction 
leads to FSiNHCH2-. 

In addition to the processes outlined in eq 3, SiH3NH- 
undergoes a minor amount of dissociation to SiHz-. This 
may occur by silylene extrusion, a process quite common 
in the pyrolysis of organosilicon  compound^.^^,^^ Since 

(19) Apeloig, Y. In The Chemistry of Functional Groups; Patai, S., 
Rappoport, Z., Eds.; John Wiley and Sons: New York, 1989; pp 57- 
225. 
(20) Gordon, M. S.; Francisco, J. S.; Schlegel, H. B. In Advances in 

Silicon Chemistry; Larson, G. L., Ed.; JAI Press: Greenwich, CT, 1993; 
Vol. 2, pp 137-185. 

A G L ~ ~ ( ~ . ~  
silamine (in kcdmol) 

SiH3NH2 368 f 3 
FSiHzNHz 366 f 4 
C & I ~ S ~ H ~ ~ H Z  366 f 4 
CH30SiHzNHz 368 f 3 
CH3SiFzNHz 363 f 3 

bracketing acid' 
(protonates) 

CH3CH2CN 
CH3CN 
CH3CN 
CH3CHzCN 
(CH3CH2)zCO 

"The free energy change, AGE,,, is commonly referred to as the 
acidity. The acidity values reported are determined in relative terms from 
their ordering with the bracketing reference acids, which is known precisely. 
In absolute terms, the acidities depend on how accurately the acidities of 
the reference acids are known. This varies with the experimental method 
used in their determination. As a result, it is difficult to provide error limits 
on the accuracy of the data which are universally accepted. The absolute 
error limits reported here are consistent with our methodology and the 
reference acids used by us. A "protonates" in the bracketing acid column 
signifies that the reference acid reacts with the corresponding silamide giving 
the silamine and the M - 1 of the reference acid; a "does not protonate" 
signifies that the acid listed does not so react with the silamide. 

the electron affinities of NH2 and SiH2 are 17.8 and 25.9 
kcal/mol,21 dissociation to  a complex of SiHz and NH2- 
followed by electron transfer is a plausable route to 
SiH2-. The methoxy-substituted silamide 3, in losing 
formaldehyde, takes a dissociative path that the other 
silamides do not. This is a process we reported earlier 
in the CID of methoxy-substituted siloxide anions.22 
CH3SiF2NH- (4) takes still another dissociative path, 
although it is not clear what the products are since the 
resulting mlz is the same for both SiF2NH- and 
CH3SiF2-. A path leading to SiF2NH- could follow the 
general outline of eq 1 by forming SiFzNH and CH3-. 
The low electron affinity of CH3- (1.8 kcal/moU21 and a 
presumed high electron affinity for SiFzNH would then 
give a reasonable picture of SiF2NH- formation. The 
small electron affhity of NH (8.6 kcal/mol)21 suggests 
another possibility, namely that CH3SiF2 and NH- form 
before electron transfer to give CH3SiF2-. We have not 
tried to distinguish between these two minor products. 

The somewhat different CID behavior of the four 
silamides is a reflection of their different structures. It 
is reasonable to assume that an anion such as SiH3NH-, 
having fewer locations to deposit excess energy, might, 
in addition to its loss of H-, dissociate by a unique 
process such as silylene extrusion. On the other hand, 
the other silamides with larger substituents dissociate 
in different ways because they have more places to 
deposit excess energy.14 

Acidity Studies. The gas-phase acidities of many 
amines are k n ~ w n , ~ , ~  although values for only a few 
silamines have been r e p ~ r t e d . ~  The newly measured 
bracketed acidities of SiH3NH2, FSiH2NH2, C&SiHz- 
NH2, CH30SiHzNH2, and CH2SiF2NH2 are presented 
in Table 6. The values for these silamides fall 
in the 363-368 kcal/mol range. Since gas-phase acidi- 
ties are endergonic processes, a smaller magnitude of 

corresponds to  a stronger acidity. The sily- 
lamines studied here are considerably stronger acids 
than typical amines (e.g., NH3 and t-BuNH2 with 
AGiCid = 396 and 390 kcal/m01),~9~ comparable to other 
simple silamines [e.g., (CH3)3SiNH2 with AGicid = 371 
kcal/molI3 and more weakly acidic than disilylamines 

(21) Brinkman, E. A.; Wilbus, J. L.; Brauman, J. I. In Negative Zons; 
Esaulov, V. A., Ed.; Cambridge University Press: New York, 1993; pp 

(22) Damrauer, R.; Krempp, M. OrganometalZics 1990,9,999-1004. 
1-48. 
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[e.g., ((CH3)3Si)2NH with AG:,id = 349 kcdm011.~ 
Nevertheless, the effect of /?-substitution on silion in the 
silamines is very small as is generally the case for other 
P-substitutions, for example, s i l a n o l ~ . ~ ~ ~ ~ ~  A fluorine for 
hydrogen substitution in the silylamines makes FSiH2- 
NH2 a stronger acid by 2 kcal/mol than SiH3NH2 while 
the same substitution in the silanols strengthens the 
acidity by 4 kcal/m01.~~ A C6H5 for hydrogen substitu- 
tion in the silamines strengthens the acidity by 2 kcaY 
mol; the same substitution in the silanols strengthens 
the acidity by 4 kcal/mol.26 The effect of a methoxy 
substitution is small, with CH30SiH2NH2 and SiH3NHz 
having the same acidity.23 The closely corresponding 
silanols CH30(CH&SiOH and (CH313SiOH also have 
the same acidity. Perhaps surprisingly, CH3SiF2NHz 
is a stronger acid than SiH3NH2 by 5 kcal/mol while 
CH3SiFzOH is a 12 kcal/mol stronger acid than SiH3- 
OH.23 These bracketing studies are made more difficult 
because of signal loss problems when using various 
alcohols as bracketing acids. 

In earlier studies of the weakly acidic alkanes, we 
reported that /?-methyl substitutions of alkanes had a 
larger acid strengthening effect than analogous substi- 
tutions in alcohols.25 We suggested that the "much 
more strongly basic carbanions would be expected to 
make greater demands on methyl groups, which are 
postulated to stabilize anions by polarization". /?-Methyl 
substitutions of amines have a similar acid strengthen- 
ing effect to the analogous substitutions in  alcohol^.^^^ 
The first P-methyl substitution increases the acidity by 
3.9 kcal/mol, the second by 2.1 kcal/mol, and the third 
by 0.6 kcdmol. The corresponding values for alkanes 
are 4.5, 2.7, and 4.0 kcal/mol, and for alcohols, 3.1, 1.9, 
and 1.0 kcavm01.~ Thus, /?-substitution effects for 
silamines and silanols have similar sensitivities to those 
of simple amine and  alcohols, although a full analysis 
is complicated in the silicon systems where longer bond 
distances attenuate polarizability As G r i m  
and Bartmess have recently reported, the effects of 
counterions in solution adds another level of complexity 
to the acidities of ~ i lamines .~  

Finally, we return to the question of the relative 
acidity of Si-H and N-H. Since an experimental 

Krempp and Damrauer 

determination of this is not readily made, we have 
examined the Si-H versus N-H acidity with Gaussian 
9226 using G227 computations on MP!Y6-31+G(d,p) 
optimized structures for SiH3NH2, [SiHzNHI-, and 
[SiH3NHl-. These demonstrate that Si-H is more 
weakly acidic in this compound by about 5 kcal/mo1.28 
This is a reversal of the trend of SiH3CH3 in which Si-H 
is more strongly acidic than C-H by about 12 k c d m o P  
and contrasts with an earlier computational 

(23) Damrauer, R.; Simon, R.; Krempp, M. J .  Am. Chem. 1991,113, 

(24) Gordon, M. S.; Damrauer, R.; Krempp, M. J. Phys. Chem. 1993, 

(25) DePuy, C. H.; Gronert, S.; Barlow, S. E.; Bierbaum, V. M.; 

4431-5. 

97, 7820-7822. 

Damrauer, R. J .  Am. Chem. SOC. 1989, 111,  1968-73. 

Summary 

Reactivity studies of anions 1-4 have been used to 
characterize their structures as SiH3NH- (11, 
C&I&&NH- (2), CH30SiH2NH- (31, and CH3SiF2NH- 
(4). The reactivity of anions 1-4 is generally similar 
to that of unsilylated amide ions; however, certain 
reactions have been shown to involve the substituted 
silicon in important ways. The CID behavior of these 
anions has been studied. The subtle structural features 
of the silamide anions are reflected in their complex 
behavior. The gas-phase acidities of SiH3NH2, FSiH2- 
NH2, CsH5SiH2NH2, CH30SiH2NH2, and CH3SiF2NH2 
fall in a small range, indicating that /?-substitution 
effects on silicon are small in much the same way that 
they are with substituted silanols. 
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(26) Gaussian 92, Revision G.2. M. J. Frisch, G. W. Trucks, M. 
Head-Gordon, P. M. W. Gill, M. W. Wong, J. B. Foresman, B. G. 
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D. J. Fox,'D. J. fiefrees, J. Baker, J. J. F. Stewart, and J. A. Pople; 
Gaussian, Inc., Pittsburgh, PA, 1992. 

(27) G2: Curtiss, L. A.; Raghavachari, K; Pople, J. A. J .  Chem. Phys. 
1991.94, 7221. 

(28) R. Damrauer, work in progress. A computational study of SiH2- 
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effects, particularly in terms of the almost complete invariance of Si-H 
acidity with substitution of X and Y. 
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New Silyl-Substituted Cyclopentadienyl Titanium and 
Zirconium Complexes. X-ray Molecular Structures of 

[ TiC12{p - (OSiMe2-y 5-C5H4)} 12 and 
[ ZrC12{p- [ ( yS-C5H4)SiMe2OSiMe2(y5-C~H4)1} I 

Santiago Ciruelos, Tomas Cuenca, Pilar Gbmez-Sal,? Antonio Manzanero,? and 
Pascual Royo* 

Departamento de Quimica Inorganica, Universidad de Alcala, Campus Universitario, 
28871 Alcala de Henares, Spain 

Received July 28, 1994@ 

We report the synthesis of 1-(chlorodimethylsily1)-1-(trimethylsilyl)cyclopentadiene, 1. The 
reaction of a toluene solution of 1 with one equivalent of MC4 (M = Ti, Zr) leads to  the 
mono(cyclopentadieny1) derivatives [MC13(q5-C5H4SiMe2Cl)l [M = Ti (2); M = Zr (311 in 76 
and 87% yields, respectively. The same reaction with ZrCl4 in a Zr/Cp molar ratio 1:2 in 
refluxing methylene dichloride yields the dicyclopentadienyl derivative [ZrC12(q5-C5H4SiMe2- 
Cl)zl, 4, whereas the related titanium compound cannot be synthesized by this method. These 
mono- and bis(cyclopentadieny1) complexes are very moisture sensitive and react with water 
to  give different oxo complexes. Reaction of one equivalent of water with [TiC13(q5-C5H4- 
SiMezCl)] in toluene takes place with elimination of HC1, resulting in formation of the 
dinuclear titanium methylsiloxane derivative [TiC12Cu-(OSiMe2-q5-C5H4)}12, 5, in a quantita- 
tive yield, which by further addition of one equivalent of water gives the mononuclear 
compound [TiC12{ OSiMe20SiMe2(q5-C5H4)}l, 6, in very low yield. However the best procedure 
to obtain 6 (in 45% yield) is the direct reaction of [TiC13(q5-C5H4SiMe2Cl)l with two equivalents 
of water. The analogous reaction of [ZrC12(q5-C5H4SiMe2Cl)21 with one equivalent of water 
proceeds to  give [ZrC12~-[(q5-C5H4)SiMe20SiMe2(q5-C5H4)l}l, 7. Alkylation of [TiC13(q5-C5H4- 
SiMezCl)] with Mg(CHzCsH5)2(THF)z leads to  the tribenzyl derivative [Ti(CH2C6H5)3(q5-C5H4- 
SiMezCl)], 8, and alkylation of [TiC12Cu-(OSiMe2-q5-CsH4))12 with MgClMe and Mg(CH$6H5)2- 
(THF)2 allows the isolation of the oxoalkyl complexes [TiR2{p-(OSiMe2-q5-C5H4)}12 [R = Me, 
9; R = CH2CsH5,lOI. Reaction of [MC13(q5-C5H4SiMe2C1)1 with LiN(SiMe3)z gives the amido 
complex [TiC12{N(SiMe3)2(q5-C5H4SiMe2C1))l, 11, whereas a similar reaction with LiNHtBu 
takes place with simultaneous elimination of HC1 to give the cyclic amido pendant 
cyclopentadienyl complex [TiC12{NtBuSiMe2(q5-C5H4)}l, 12. The molecular structures of 
[TiC12{p-(OSiMe2-q5-C5H4)}12 and [ZrC12{p-[(q5-C5H4)SiMe20SiMe2(q5-C~H4)1}l have been 
determined by X-ray diffraction methods. Complex 5 is a dimer formed by two [Mez- 
SiCpTiClzl fragments bonded by two oxygen bridges, connecting the silicon and titanium 
atoms from different units. 5 crystallizes in monoclinic space group P2l/n with a = 9.461- 
(7), b = 10.926(1), c = 10.507(3) A, /3 = 95.20(2)", and V = 1081(1) Hi3 for 2 = 2. The molecular 
structure of 7 corresponds to  a typical bent dicyclopentadienyl system. Complex 7 crystallizes 
in the space group P21/c with a = 13.479(4), b = 8.654(1), c = 15.343(5) A, /3 = 97.18(2)", and 
V = 1775(2) Hi3 for 2 = 4. 

Introduction 

q5-Cyclopentadienyl derivatives of group 4 elements 
play an important role in structural, synthetic, and 
catalytic organometallic chemistry. Replacement of one 
or more cyclopentadienyl ring hydrogens has been 
shown to result in significant changes in both steric and 
electronic effects at the metal center. 

Attachment of metal complexes that are homogeneous 
catalysts to organic polymers and inorganic supports1 
is an area of increasing interest in organometallic 
chemistry, as they combine the most advantageous 
properties of the homogeneous and heterogeneous ca- 
talysis. Polysiloxanes have also been investigated as 

+X-ray diffraction studies. 
@ Abstract published in Advance ACS Abstracts, November 1,1994. 

Q276-7333l95/2314-Q177$Q9,QQlQ 

potential supports for homogeneous catalysts.2 Recently 
there has been growing interest in the development of 
catalytic systems based on supported cyclopentadienyl 
ligands. Cyclopentadienyl ligands are specially attrac- 
tive as anchoring groups since the metal is strongly 
bound by the q5-coordination. Good candidates for this 

(1) (a) Hartley, F. R., Vezez, P. N. Adu. Organomet.Chem., 1977, 
15,189. (b) Murre11 in J. J. Burton and R. L. Garten (Eds.), Advanced 
Materials in Catalysis, Academic Press, New York, 1977. (c)  F'ruett, 
R. L. Adu. Organomet. Chem., 1979, 17, 1. (d) James, B. R. Adu. 
Organomet. Chem., 1979,17, 319. (e) Pittman, C. U. in P. Hodge and 
D. C. Sherrington (Eds.), Polymer-Supported Reactions in Organic 
Synthesis, Wiley, New York, 1980. (0 Akelah, A. Synthesis, 1981,413. 
(g) Bailey, D. C., L a g e r ,  S. H. Chem. Rev., 1981,81, 109. (h) Akelah, 
A., Sherrington, D. C. Chemt Reu., 1981, 81, 557. (i) Klein, B., 
Kaziuskas, R. J., Wrighton, M. S. Organometallics, 1982, 1,  1338. (i) 
Booth, B. L., Ofunne, G. C., Stacey, C., Tait, P. J. T. J. Organomet. 
Chem., 1986,315, 143. 

(2) Curtis, M. D., D'Errico, J. J., Duffy, D. N., Epstein, P. S., Bell, 
L. G. Organometallics, 1983,2, 1808. 

0 1995 American Chemical Society 
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Scheme 1 

Ciruelos et al. 

n-BuLi a ('. SiMe3 hexane.O0C * -SiMe3 
Ll + 

proposal could be the silylated cyclopentadienyl deriva- 
tives, similar to  those previously r e p ~ r t e d . ~  In this 
paper we report synthetic procedures to  prepare mono- 
and bis(cyclopentadieny1) derivatives of titanium and 
zirconium with the monosubstituted (chlorodimethyl- 
sily1)cyclopentadienyl group. The synthesis of the cy- 
clopentadienyl ligand (CsH4)(SiMe2Cl)(SiMe3), 1, the 
mono(cyclopentadieny1) derivatives [MC13(v5-C5H4SiMe2- 
Cl)] (M = Ti, 2; M = Zr, 3) and the bis(cyclopentadieny1) 
complex [ZrC12(v5-C5H4SiMe2C1)21, 4, is described. The 
alkyl complex [Ti(CH2CsH5)3(v5-C5H4SiMe2Cl)l, 8, the 
amido complexes [TiC12{N(SiMe3)2}(v5-C5H4SiMe2C1)1, 
11, and [TiC12{NtBuSiMe2 (v5-C5H4)}l, 12, and the 
methylsiloxane derivatives [TiC12Cu-(OSiMe2-v5-CsH4))12, 
5, [TiCl~{OSiMe2OSiMe2-(~~-CsH4))1, 6, [ZrC1&-[(v5- 
C!~H~)S~M~~OS~M~~(T, I~-C~H~)~)I}I ,  7, and [TiR&-(OSiMe2- 
v5-C5H4))12 (R = Me, 9; R = CH2CsH5, 10) are also 
reported, and the crystal structures of 5 and 7 have been 
determined by X-ray diffraction methods. 

Results and Discusion 

Synthesis of Mono- and Bis(cyclopentadieny1) 
Complexes 1-4. The reaction of a solution of 14tri- 
methylsilyl)cyclopenta-2,4-diene in hexane with n-BuLi 
at 0 "C permits us to obtain a suspension of the white 
insoluble lithium salt, which after addition of dichlo- 
rodimethylsilane reacted to yield a colorless liquid, 
soluble in hexane (Scheme l), that could be purified by 
distillation (65 "Cll x mmHg) and stored in the 
dark under an inert atmosphere for several months 
(72% yield). 

This liquid was identified as 1-(chlorodimethylsily1)- 
1-(trimethylsilyl)cyclopentadiene, 1, by NMR spectros- 
copy. The lH NMR spectrum (CDC13 and CsDs) of the 
resulting liquid shows resonances assignable to 1 (iso- 
mer I in Figure 1) (see Experimental Section). 

Other signals due to trimethylsilyl and chlorodim- 
ethylsilyl protons are observed at 6 -0.04 and 6 0.58 
(CDC131, respectively, along with other weak and broad 
signals at ca. Q 3, corresponding t o  sp3-C bonded 
protons. This NMR behavior is indicative of the pres- 
ence of an equilibrium4 between the three isomers (I, 
11, and 111) shown in Figure 1. The relative intensities 
associated with these resonances allow us to predict that 
isomer I is present in a ratio of 95% with respect to the 
other two isomers I1 and 111. 

Compound 1 reacts with one equivalent of Tic14 at 
room temperature and ZrCL at 100 "C in toluene to give 
the mono(cyclopentadieny1) derivatives [MC13(v5-C5H4- 

(3) Winter, C. H., Zhou, X. X., Dobbs, D. A., Heeg, M. J .  Organo- 

(4) (a) Jutzi, P., Sauer, R. J.  Orgunomet. Chem., 1973, 50, C29. (b) 
metallics, 1991, 10, 210. 

Siemeling, U. J .  Orgunomet. Chem., 1992,429, C14. 

Figure 1. 
of 1. 

1 + Zrcl, 

( 111 ) 

Equilibrium between the three possilble isomers 

Scheme 2 

SiMe2C1 

M = Ti (a; Zr (3 

Scheme 3 
-SiMe,CI 

CHzCIz 

Me- M: SI .e 
4 I 

SiMezCl)] [M = Ti, 2; M = Zr, 31 with elimination of 
SiMeaCl (Scheme 2). The high selectivity for SiMesCl 
rather than SiMezClz elimination is probably based on 
the lower affinity of the silicon bonded ring carbon atom 
for the attacking electrophile, due to the presence of the 
more electronegative chloro substituent. Yellow crystals 
of 2 were isolated in 76% yield by cooling a hexane 
solution to -30 "C, whereas 3 was isolated as white 
crystals in 87% yield, after recrystallization from toluene/ 
hexane of the solid obtained by cooling a hexane solution 
to -30 "C. 

The lH and 13C NMR spectra for 2 and 3 show the 
presence of resonances for two methyl groups bonded 
to silicon, and an AA'BB spin system is observed for 
the cyclopentadienyl protons. Broad lH NMR signals 
observed for 3 are similar to those of (ZrC13Bp)x, 
indicating that a similar oligomeric or polymeric struc- 
ture5 can be proposed for this monocyclopentadienyl 
zirconium derivative. 

When the same reaction between 1 and ZrCl4 in a Zrl 
Cp molar ratio of 112 was carried out in refluxing 
methylene dichloride, the bis(cyclopentadieny1) deriva- 
tive [ZrC12(v5-C5H4SiMe2C1)21, 4, was isolated (Scheme 
3). Brown crystals of 4 were formed by cooling a 
dichloromethane solution to -20 "C and recrystallized 
from toluenehexane in 74% yield. However, the related 
bis(cyclopentadieny1) titanium complex could not be 

(5) Wells, N. J., Huffmann, J .  C., Caulton, K. G.  J. Organomet. 
Chem., 1981,213, C17. 
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Scheme 4 

A 

5 

synthesized, as this reaction with Tic4 only affords6 the 
monocyclopentadienyl compound 2. 

These mono- and bis(cyclopentadieny1) complexes 
were found to be very moisture sensitive and react 
inmediately with traces of water; therefore, they have 
to be stored under rigorously dry conditions. They are 
soluble in aromatic hydrocarbons, methylene dichloride 
and chloroform but insoluble in alkanes, with the 
exception of 2, which is partially soluble in hexane. 

Synthesis of Oxocomplexes 5-7. Complexes 2-4 
have two different types of chlorine bonds that could 
be involved in hydrolysis, i.e. the chlorine bonded to 
silicon and those bonded to the metal. We were 
particularly interested in comparing the reactivity of 
both M-C1 bonds with water, and the subsequent 
reactivity of the products, in order to obtain information 
about the way to achieve selective or simultaneous 
hydrolysis of these bonds. Selective hydrolysis of the 
Si-C1 bond would be desirable in order to attach these 
complexes to acidic inorganic oxides as ~upports, l*~ that 
can be used as heterogeneous catalysts for the oligo- or 
polymerization of olefins. Simultaneous hydrolysis of 
both Si-C1 and M-C1 bonds would lead to complexes 
with pendant cyclopentadienyl ligands, that combine the 
stability of the q5-coordinated cyclopentadienyl ligand 
and the terminal anionic alkoxide coordinated to the 
high Lewis acidic metal center. 

Addition of one equivalent of water to a toluene 
solution of the titanium compound 2 produced the 
evolution of HC1, and complex 5 was obtained as a 
yellow crystalline solid in a quantitative yield, by cooling 
the solution to -20 "C. The same complex 5 was also 
formed when only I12 equivalent of water was used, 
leaving l12 equivalent of unreacted starting complex 2, 
indicating that both Si-C1 and Ti-C1 bonds are simul- 
taneously hydrolyzed. However, the formation of the 
oxygen bridge is not an intramolecular reaction, as this 
would lead to  a mononuclear four-membered Cp-Si- 
0-Ti cyclic species. Complex 5 was characterized as 
the dinuclear titanium compound (Scheme 41, which 
contains the oxygen atom bridging the silicon and the 
titanium atoms of two different units to form an eight- 
membered ring, if the Cp is considered as one member 
of the titanium-Cp-silicon-oxygen-titanium-Cp- 

(6) (a) Cardoso, A. M., Clark, R. J. H., Moorhouse, S. J. Chem. SOC. 
Dalton T~czns., 1980,1156. (b) Hidalgo, G., Mena, M., Palacios, F., Royo, 
P., Serrano, R. J. Orgunomet. Chem., 1988, 340, 37. 

t n,o 

very slowly 

+ A  

t Ti / I  ' o- Si- Me 
CI 'Me 

6 

+ unidentified 
products 

c21 

CIlO 

Figure 2. Ortep view of molecular structure of 6 with the 
atom-numbering scheme. 

silicon-oxygen ring. This formulation is in agreement 
with the mass spectrum and the lH NMR (CDC13 and 
C&) spectrum, which shows one singlet for the methyl- 
silyl protons and two pseudotriplets corresponding to 
an AA'BB spin system, for the cyclopentadienyl protons. 
Crystals of 5 suitable for X-ray diffraction were grown 
by slow cooling of a toluene-hexane solution to -30 "C. 
The molecular structure of 5, obtained by X-ray diffrac- 
tion, is shown in Figure 2, with the atomic labeling 
scheme. Final atomic coordinates and equivalent iso- 
tropic thermal parameters for non-hydrogen atoms are 
displayed in Table 1. Selected bond distances and 
angles are given in Table 2. 

The molecular structure consists of a dinuclear com- 
pound formed by two fragments related by an inversion 
center. Dimerization is produced by the interaction of 
two [MezSiCpTiClzl units bonded by two oxygen atoms 
which connect one silicon and one titanium atoms from 
different units. 

The coordination around the titanium atom cor- 
responds to a pseudo-three-legged piano-stool structure 
similar to that found for complexes of the type TiC12- 
Cp(X).' If the centroid of the silyl-substituted ring is 

(7) (a) Rogers, R. D., Benning, M. M., Kurihara, L. K., Moriaty, K. 
J., Rausch, M. D. J. Orgunomet. Chem., 1985,293, 51. (b) Mena, M., 
Pellinghelli, M. A., Royo, P., Serrano, R., Tiripicchio, A. J. Chem. Soc., 
Chem. Commun., 1988, 1118. 
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Table 1. Positional Parameters and Their Estimated 
Standard Deviations for 5 

Ciruelos et al. 

[(Me2Si)2(v5-C5H3)21}l (2.004 or [TiC12{O(CH2)3(v5- 
C5Me4))I (2.015 A),g but similar to those found in the 
fulvalene complex [ ( T ~ C ~ Z ) ~ ~ - O ) ~ - ( ~ ~ - ~ ~ - C ~ O H ~ ) I  (2.029 
&.lo Another observed feature is the partial loss of the 
q5-character of the Cp ligand, as shown by the different 
Ti-C distances, ranging from the shorter 2.323(2) A for 
Ti-C15 (bonded to Si) to the larger 2.395(2) A for Ti- 
C12. The c-C distances in the Cp ring also show slight 
differences ranging from 1.396(2) to 1.431(2) A, in 
contrast with the situation in [(TiCl3)2@-[(MezSi)z(q5- 
C5H3)21)1 and [TiC12{O(CH2)3(~5-CsMe4)}l,9b where the 
q5-character is retained. However, the Cp ring is planar 
and perpendicular to the plane defined by the Ti, C15, 
and Si atoms, which divides this Cp ring into two 
symmetrical moieties. The rest of the ligands bonded 
to Ti and the two chlorine atoms and the oxygen atoms 
define another plane almost parallel to the Cp plane 
with an angle of only 3". 

The Si atom is almost located in the Cp plane, with a 
distance to this plane of 0.06 A, as expected for a Si- 
Cspz bond. The distance from the Si atom to the plane 
formed by the oxygen and the two chlorine atoms on 
the same face of the metal, is 2.840 A avoiding the 
intramolecular interaction that would give a mono- 
nuclear species. The Ti-0-Si angle (160.2') is larger 
than that found in [TiC12{ O(CH2)3(v5-C5Me4)}Igb for the 
C-0-Ti angle (146.1"), corresponding to a more open 
eight-membered cycle with the cyclopentadienyl alkox- 
ide ligand in comparison with the six-membered ring 
of the Teuben complex. Another difference between 
complex 5 and the Teuben complex is the closer linearity 
of the Ti-0-Si angle due to the stronger Si-0 n 
bonding with the vacant 3d silicon orbitals, which is 
absent in the C-0-Ti system. However, the Ti-0 
distance, 1.767(1) A, is the same in both compounds, 
indicating a partial Ti-0 double-bond interaction. It 
is known that the maximum x interaction in the Ti-0 
bond corresponds to angles of 180', but there exist many 
important examples showing that this relation is not 
always accomplished." This distance is slightly shorter 
than that found in the fulvalene complex [(TiC12)&-0)- 
@-(q5:q5-CloH8)}] (1.811 A, average)l0 with a Ti-0-Ti 
unit. The Si-0 distance (1.653(1) A), is slight1 larger 
than that found in siloxanes (mean value 1.63 x )12 and 
larger than the Si-0 distance in the zirconium com- 
pound [Zr(q5-C5H5)201-OSiPh20)l~ (1.611 A, average).13 
This behavior confirms the competition between silicon 
and titanium for n-bonding with the bridged oxygen 
atom, which is more favored for the Ti-0 bond. There- 
fore, this Ti-0 bond is found to be shorter in the Ti- 
0-Si unit than in the Ti-0-Ti unit. 

atom X Y Z Ba (AZ) 
Ti( 1) 0.62148(3) 0.16861(3) 0.15 107(3) 2.217(5) 
Si(1) 0.61975(5) 0.05464(4) -0.17760(4) 2.535(8) 
Cl(1) 0.84357(5) 0.10047(6) 0.19970(6) 4.28(1) 
Cl(2) 0.57657(7) 0.26053(6) 0.33583(5) 4.32( 1) 
0(1) 0.5157(2) 0.0355( 1) 0.1538(1) 3.39(3) 
C(11) 0.7191(2) 0.2683(2) -0.0213(2) 3.01(3) 
C( 12) 0.6644(3) 0.3607(2) 0.0519(2) 3.82(4) 
C(13) 0.5158(3) 0.3435(2) 0.0485(2) 4.01(4) 
C( 14) 0.4800(2) 0.2395(2) -0.0268(2) 3.33(3) 
C(15) 0.6068(2) 0.1889(2) -0.0698(2) 2.45(3) 
C(21) 0.5972(3) 0.1086(3) -0.3452(2) 4.56(5) 
C(22) 0.7887(3) -0.0272(2) -0.1419(3) 4.39(5) 

Isotropic equivalent displacement parameter is defined as (4/3)[azB(l,l) 
+ bZB(2,2) + czB(3,3) + &(cos y)B(1,2) + ac(cos B)B(1,3) + bc(cos 
a)B(2,3)1. 

Table 2. Selected Bond Distances (A) and Bond Angles 
(deg) for Compound 5a 

Ti( 1)-C1( 1) 2.244(1) Ti( 1)-C1(2) 2.260( 1) 
Ti( 1)-O( 1) 1.767(1) Ti(1)-C(11) 2.371(2) 
Ti(1)-C(12) 2.395(2) Ti( 1)-C( 13) 2.370(2) 
Ti( 1)-C( 14) 2.330(2) Ti(1)-C( 15) 2.323(2) 
Si(1)-O(1) 1.653( 1) Si( 1)-C(15) 1.864(2) 
Si( 1)-C(21) 1.851(2) Si( 1)-C(22) 1.840(2) 
C(ll)-C(12) 1.396(2) C(11)-C(15) 1.430(2) 
C( 12)-C( 13) 1.416(4) C(13)-C(14) 1.407(3) 
C( 14)-C( 15) 1.431(2) Ti( 1)-Cp( 1) 2.026 

Cl(l)-Ti(l)-Cl(2) 101.36(2) C1( 1)-Ti(1)-O(1) 104.09(5) 
C1(2)-Ti(l)-O(l) 101.57(5) Ti(1)-O(1)-Si(1) 160.2(1) 
Si(l)-C(15)-C(ll) 127.3(1) Si(l)-C(l5)-C(l4) 126.8(1) 

Numbers in parentheses are estimated standard deviations in the least 
significant digits. Cp(1) is thecentroidofC(ll), C(12). C(13), C(14), C(15). 

c21 

A 

Y 

Figure 3. View of central core of 5. Cpl and Cp2 are the 
centroid of cyclopentadienyl rings. 

considered as a coordination site bonded to Ti, the 
central core of the dimeric structure appears as an eight- 
membered cycle, with a "chair conformation", as shown 
in Figure 3. 

The formation of this cycle plays an important role 
in the disposition of the rest of the molecule. In fact, 
one of the interesting features is the position of the Ti 
atom with respect to the Cp-ring. The Ti-Cp(centroid) 
distance is 2.026 4 larger than those found in [(TiCl&b- 

(8) Cano, A., Cuenca, T., G6mez-Sa1, P., Royo, B., Royo, P. Orga- 
nometallics, 1994, 13, 1688. 

(9)(a) Shapiro, P. J., Bunel, E., Schaefer, W. P., Bercaw, J. E. 
Organometallics, 1990,9,867. (b) Fandos R., Meetsma, A., Teuben, J. 
H. organometallics, 1991,10, 59. (c) Rieger, B. J. Orgummet. Chem., 
1991, 420, C17. (d) Hughes, A. K., Meetsma, A., Teuben, J. H. 
Organometallics, 1993, 12, 1936. 
(10) Alvaro, L. M., Cuenca, T., Flores, J. C., Royo, P., Pellinghelli, 

M. A., Tiripicchio, A. Organometallics, 1992, 11,  3301. 
(11) Ciruelos, S., Cuenca, T., Flores, J. C., G6mez. R., G6mez-sal, 

P., Royo, P. Organometallics 1993, 12., 944. 
(12) Wells, A. F. "Structural Inorganic Chemistry", 3rd. ed.; Clar- 

endon Press: Oxford, 1962. 
(13) Samuel, E., Harrod, J., McGlinchey, M. J., Cabestaing, C., 

Robert, F. Inorg. Chem., 1994,33, 1292. 
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Ti and Zr Si-Substituted Cyclopentadienyl Complexes 

The Ti-Cl distances are 2.244(1) and 2.260(1) A, in 
the range of mono(cyclopentadieny1) derivatives,1° slightly 
larger than that found in [(TiC13)2[~-[(MezSi)2(y5- 
C5H3)21}] but slightly shorter than in [TiC12[O(CH2)3(y5- 
C5Me4)}1, due probably to the oxygen competition. The 
disposition of these ligands is alternated with respect 
to the Cp ring. 

Addition of an excess of water to a toluene solution 
of 2 led to a solution which contained a mixture of 
different compounds, as shown by its IH N M R  spectrum. 
However, complex 6 could be easily separated from this 
mixture in a 45% yield, as a yellow crystalline solid, 
because it is the only component that crystallizes on 
cooling a toluene-hexane solution of this mixture to -20 
“C. Very low yields of complex 6 are also obtained 
together with other unidentified products, when a 
toluene solution of 5 is left to the open air for a period 
of time, by addition of a second equivalent of water or 
by reaction of a toluene solution of 5 with aqueous HC1. 
Therefore, complex 5 is resistant to hydrolysis, that 
takes place very slowly leading to complex 6, which is 
the main product when an excess of water is added to 
complex 2, preventing the formation of 5. 

This behavior can be explained (see Scheme 4) by 
assuming that simultaneous hydrolysis of both Si-C1 
and Ti-C1 bonds in complex 2 takes place with elimina- 
tion of HCl, leading to an intermediate fragment, which 
in the presence of an excess of water liberates the 
-SiMez-O- fragment that couples to give 6, whereas 
in the absence of water it dimerizes to give 5. Complex 
6 was characterized by its elemental analysis, mass 
spectrum, and lH, 13C, and 29Si NMR spectroscopy. The 
mass spectrum agrees with the formulation of 6 as a 
mononuclear compound, [TiC12[ OSiMe20SiMe2(y5- 
C5H4)}1, formed by a new six membered ring system 
(Ti-Cp-Si-0-Si-0) if Cp is considered as one of the 
members. In agreement with this formulation, the 
cyclopentadienyl protons appear as two pseudotriplets, 
whereas two singlets at 6 0.18 and 6 0.42 (CDC13) are 
observed for the methyl-silyl protons with an intesity 
ratio of 3:3:1:1 with respect to  the cyclopentadienyl 
signals. Two resonances are also observed for the 
methyl-silyl carbon atoms in the 13C and for the two 
silicon atoms in the 29Si NMR spectra, respectively. 

The relative stability of the cycle could explain why 
5 prefers a dinuclear disposition whereas 6 presents a 
mononuclear structure. As shown by the X-ray molecu- 
lar structure of complex 5, the long distance between 
the Ti center and the oxygen bonded to the silicon atom, 
coplanar with the cyclopentadienyl ring, prevents the 
formation of a mononuclear species, which would give 
a too greatly constrained four-membered ring, less 
stable than the eight-membered ring that leads to the 
prefered dinuclear disposition. However, 6 prefers a 
mononuclear disposition by formation of a stable six- 
membered ring. Teuben et al. have observed the 
stability of the six-membered ring Ti-Cp-C-C-C-0 
in the titanium cyclopentadienyl alkoxide 
[TiC12[O(CH2)3(y5-C5Me4)}l,9b in which the bidentate 
ligand is flexible enough to produce little steric con- 
straint. 

The reaction of complex 3 with one equivalent of 
water under the same conditions described for the 
titanium compound gave a white solid, insoluble in all 
the common solvents indicating its polymeric nature. 

Organometallics, Vol. 14, No. 1, 1995 181 

-C13 

Figure 4. Ortep view of molecular structure of 7 with the 
atom numbering scheme. 

Its analytical composition corresponds to the expected 
oxo compound [ZrC12(y5-C5H4SiMe20)lz, which could not 
be structurally characterized due to its lack of solubility. 

The results observed in the reactions of 2 and 3 with 
water allow us to conclude that the reactivity of the Si- 
C1 bond, in this type of mono(cyclopentadieny1) complex, 
is very similar to  the reactivity of one of the M-C1 
bonds, so that the selective hydrolysis of one of these 
bonds is not possible in these compounds. 

However, this selectivity could probably be easier for 
bis(cyclopentadieny1)-type complexes. The reaction of 
the bis(cyclopentadieny1) zirconium compound 4 with 
one equivalent of water gave a colorless crystalline solid 
(Scheme 3). The proton NMR spectra (CDC13 and CsDs) 
show the expected singlet for the methyl protons and 
two pseudotriplets for the cyclopentadienyl protons with 
an intensity ratio of 6:2:2, respectively. The infrared 
spectrum clearly shows the unit “ZrClz”. These data 
together with the elemental analysis and the mass 
spectrum are in agreement with the formulation pro- 
posed for compound 7 (Scheme 3) as a tetramethyldisi- 
loxane-bridged bis(cyclopentadieny1) dichloride complex. 
Single crystals of this compound have been obtained, 
and the X-ray diffraction study confirmed the proposed 
structure. Similar bis(cyclopentadieny1)titanium and 
-zirconium complexes have been obtained by reacting 
the lithium or sodium salt of 1,3-bis(cyclopentadienyl)- 
tetramethyldisiloxane and poly(cyclopentadieny1meth- 
ylsiloxane) with MC14.2,14 

The X-ray crystal structure of compound 7 is shown 
in Figure 4 with the atomic labeling scheme. Final 
atomic parameters for non-hydrogen atoms are dis- 
played in Table 3. Selected bond distances and bond 
angles are given in Table 4. 

The molecular structure of 7 is a typical bent bis- 
(cyclopentadienyl) system, similar to that reported 
previously for compounds with free or bridged cyclo- 
pentadienyl rings.15J6 The structure of this zirconium 

(14) (a) Wang, Y, Zhon, X., Wang, H., Yas, X. Huaxue Xuebao 1991, 
49(11), 1107. (Chem. Abst., 1991, 116, 129129s). (b) Wang, Y., Zhon, 
X. Youji Huaxue 1992,12(3), 286. (Chem. Abst., 1992,117,171616~). 

(15) (a) Prout, K., Cameron, T. S., Forder, R. A., Critchley, S. R., 
Denton, B., Rees, G.  V. Acta Crystallogr., 1974, B30, 2290. (b) 
Clearfield, A., Warner, D. K., Saldarriaga-Molina, C. H., Ropal, R.,  
Bernal I. Can. J. Chem., 1975, 53, 1622. 
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Table 3. Positional Parameters and Their Estimated 
Standard Deviations for 7 

Ciruelos et al. 

atom X Y Z Ea (A2) 
Zr( 1) 0.1985 1( 1) -0.09717(2) 0.17960( 1) 2.15 l(4) 
Si(1) 0.37998(4) -0.15768(6) 0.38917(4) 2.37(1) 
Si(2) 0.23196(5) 0.1 1286(7) 0.40237(5) 3.16(1) 
Cl(1) 0.33396(5) 0.07341(7) 0.15212(5) 4.05(1) 
Cl(2) 0.12819(5) -0.1467(1) 0.02752(4) 4.56(1) 
O(1) 0.3064(1) -0.0325(2) 0.4286(1) 3.15(3) 
C(11) 0.3102(1) -0.2474(2) 0.2892(2) 2.43(4) 
C(12) 0.3459(1) -0.2755(2) 0.2077(2) 2.77(4) 
C(13) 0.2740(2) -0.3568(3) 0.1523(2) 3.23(4) 
C(14) 0.1919(2) -0.3829(2) 0.1996(2) 3.33(5) 
C(15) 0.2145(2) -0.3201(2) 0.2832(2) 2.74(4) 
C(21) 0.1481(2) 0.0701(2) 0.29960(2) 2.62(4) 
C(22) 0.0750(2) -0.0479(3) 0.2855(2) 3.15(4) 
C(23) 0.0223(2) -0.0333(3) 0.2018(2) 3.92(5) 
C(24) 0.0581(2) 0.0989(3) 0.1624(2) 3.89(5) 
C(25) 0.1338(2) 0.1624(2) 0.221 8(2) 3.12(4) 
C(111) 0.4938(2) -0.0630(3) 0.3592(2) 4.23(6) 
C(112) 0.4116(2) -0.3102(3) 0.4715(2) 3.64(5) 
C(211) 0.3036(3) 0.2889(3) 0.3862(3) 6.22(8) 
C(212) 0.1522(3) 0.1389(4) 0.4910(2) 6.09(7) 

Anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameter refined as (4/3)[a2B(l,l) + b2B(2,2) + 
c2B(3,3) + nb(cos y)B(1,2) + ac(cos /3)B(1,3) + bc(cos a)B(2,3)]. 

Table 4. Selected Bond Distances (A) and Bond Angles 
(deg) for Compound 7 

Zr( I)-Cl( 1) 2.4256(7) Zr(1)-Cl(2) 2.4443(7) 
zr(1)-C(11) 2.480(2) Zr(1)-C(12) 2.51 l(2) 
Zr(l)-C(13) 2.523(2) Zr(1)-C(14) 2.495(2) 
Zr( 1)-C( 15) 2.492(2) Zr( 1)-C(2 1) 2.495(2) 
Zr(1)-C(22) 2.504(2) Zr( 1)-C(23) 2.504(2) 
Zr(l)-C(24) 2.531(2) Zr( 1)-C(25) 2.523(2) 
Si(1)-O(1) 1.635(1) Si( 1)-C( 11) 1.865(2) 
Si(1)-C(111) 1.847(3) Si(1)-C(112) 1.839(2) 
Si(2)-0(1) 1.627(2) Si(2)-C(21) 1.866(2) 
Si(2)-C(211) 1.837(3) Si(2)-C(212) 1.850(3) 
Zr(l)-Cp( 1) 2.202 Zr(l)-Cp(2) 2.208 

Cl(l)-zr(l)-C1(2) 98.71(3) Si(l)-O(l)-Si(2) 143.5(1) 
O(l)-Si(l)-C(ll) 108.24(8) O(l)-Si(2)-C(21) 110.24(9) 
Cl(1)-Zr(1)-Cp(1) 106.7 Cl(1)-Zr(1)-Cp(2) 106.2 
Cl(2)-Zr(l)-Cp(l) 104.9 C1(2)-Zr(l)-Cp(2) 105.0 
Cp(1)-Zr(1)-Cp(2) 130.9 

a Numbers in parentheses are estimated standard deviations in the least 
significant digits. Cp(1) is the centroid of C(11), C(12), C(13), C(14), C(15), 
and Cp(2) is the centroid of C(21), C(22), C(23), C(24), C(25). 

compound is comparable with that previously reported 
for the similar titanium derivativeU2 

The two cyclopentadienyl rings are bonded by the Si- 
0-Si chain. The oxygen atom is out of the reflection 
plane defined by the zirconium and chlorine atoms, with 
a distance to the plane of 0.052(2) A. 

The most important feature in this structure is the 
disposition of the Si-0-Si bridge, which is long enough 
to  allow the Cp rings to be located with an angle 
between the Cp planes of 51.1", smaller than that found 
in the double-ansa-bridged complex [ZrC12{(r5-C5H3)- 
(SiMe2)2(r5-C5H3)}1 (69.6(1)")* and in the mono-ansa- 
bridged derivative [ZrC12[(r5-C5H4)SiMe2(r5-C5H4)ll6 
(56.8'1, but comparable to those reported for other 
compounds containing free cyclopentadienyl rings. Ac- 
cordingly, the Cp(centroid1-Zr-Cp(centroid) angle is 
more open, 130.9", than those in the examples men- 
tioned above. In this way, it is possible to introduce 
the Zr atom between the Cp rings and maintain the 
same distances for the Zr-Cp(centroid) (2.202 and 2.208 

-c1c2, 

Figure 6. Alternative view of molecular structure of 7, 
showing the disposition of the ligand. 

8, for both Cp), and for the normal to the Cp plane (2.194 
and 2.208 A). Thus, the Zr-C(Cp) distances are very 
similar, with a maximum difference of 0.04 A, keeping 
the y5-coordination. 

The Si-0-Si bond angle of 143.5 (1)" and the Si-0 
bond distances (1.635(1) and 1.627(2) A) are similar to 
those observed in hexamethyldisiloxane." Another 
important structural feature to notice is the conforma- 
tion of the bridge that, as in the related titanium 
compound,2 is not symmetrically placed with respect to  
the C1-Zr-C1 angle but shows instead the disposition 
presented in Figure 5. Due to this wedging of the ring, 
the minimum C-C distance between the rings cor- 
responds to C22-Cl5, whereas the distance Cll-C21 
is 3.526 A. 

This lack of symmetry affects the Zr-C1 distances, 
which are slightly different (Zr-Cll, 2.4256(7) A,and 
Zr-C12, 2.4443(7) A) due to  the different effect of the 
siloxo group. Both rings are located in an eclipsed 
configuration. 

Synthesis of Alkyl Complexes. Reaction of com- 
plex 2 with 1.5 equivalents of Mg(CHzCsH&(THF)2 in 
hexane at room temperature led to the tribenzyl deriva- 
tive [Ti(CH2CsH5)3(r5-C5H4SiMe2Cl)l, 8, which was iso- 
lated as red crystals in 86% yield from diethyl ether a t  
-40 "C. The same compound was also obtained when 
an excess of the alkylating agent was used. The same 
reaction with 3 equivalents of MgClMe led to  a yellow 
oil that spontaneously decomposed with evolution of 
methane to give a dark paramagnetic unidentified 
residue. The thermal decomposition was monitored by 
lH NMR spectroscopy in a sealed tube in the presence 
of ethyl benzoate and the formation of a-ethoxystyrene 
was detected, indicating the intermediate formation of 
a methylidenetitanium compound. The same behavior 
was also observed for complex 8 when heated to 80 "C 
with evolution of toluene and transfer of the benzylidene 
group to ethyl benzoate. 

Alkylation of 6 with 4 equivalents of MgClMe or 2 
equivalents of Mg(CH2CsH&(THF)z produced the tet- 
ramethyl and tetrabenzyl derivatives 9 and 10, respec- 
tively (Scheme 5) .  The same alkylations of complex 6 
led to yellow and red oils, which could not be isolated 

(16) Bajgur, C. S., Tikkanen, W. R., Petersen, J. Znorg. Chem., 1986, 
24, 2539. 

(17) Glidewell, C., Rankin, D. W. H., Robiette, A. G., Sheldrick, G. 
M. J. Chem. Soc. A 1970, 318. 
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Scheme 5 

SiMczCl e SiMe2Cl 

Me 

MgCIMeor Mg(CH2Ph),(THF), 

-MgCI, 

as solids, that contained the expected methyl and benzyl 
complexes respectively, according to their lH NMR 
spectra. 

Compounds 8-10 were characterized by elemental 
analyses, mass spectrometry, and NMR spectroscopy. 
The 'H NMR spectrum of 8 in C& shows a singlet at 
6 3.05 for the six equivalent protons of the benzyl 
methylene groups, whereas two doublets (JH-H = 10 Hz) 
are observed for the diastereotopic protons of the 
methylene groups bonded to the prochiral metal center 
in complex 10 and one singlet is observed at 6 0.75 due 
to  the equivalent methyl groups in complex 9. 

Synthesis of Amido Complexes. As we have 
discussed above, both Si-C1 and M-C1 bonds are 
simultaneously involved in reactions with protic re- 
agents such as water, whereas reactions with nucleo- 
philic Grignard reagents take place selectively at the 
M-C1 bonds. In order to obtain additional information 
about this different reactivity, we decided to study the 
reactions of complex 2 with tertiary and secondary 
lithium amides. 

Reaction of 2 with 1 equivalent of LiN(SiMe& in 
hexane at  room temperature led to the amido complex 
[TiC12{N(SiMe&}(q5-C5H~SiMe2C1)1, 11, which was iso- 
lated as orange crystals aRer cooling a hexane solution 
to -40 "C. An analogous reaction of 2 with LiNHtBu 
took place with elimination of HC1 and LiCl to  give the 
constrained monomeric cyclic species ['l'iC12{NtBuSiMe2- 
(q5-C5H4)}1,'* 12, containing the amido pendant cyclo- 
pentadienyl ligand in high yield (Scheme 5). Both 

Me 

R= Me 2 
R= CHzPh lQ 

complexes were characterized by mass spectrometry and 
NMR spectroscopy (see Experimental Section). 

Experimental Section 
All manipulations were performed under an inert atmo- 

sphere (dinitrogen or argon) using Schlenk and high vacuum 
line techniques or a VAC glove box Model HE 63P. Solvents 
were purified by distillation from an appropriate drying/ 
deoxygenating agent (phosphorus pentoxide for dichlo- 
romethane, sodium for toluene and sodiudpotassium alloy for 
hexane). C&I&Me3,19 Mg(CHzPh)z(THF)2,20 and LiN(SiMe3)Zz1 
were prepared according to literature procedures. n-BuLi, L 
BuNH2, MgClMe, SiMezClz, TiC4, and ZrCld (Aldrich) were 
obtained commercially. NMR spectra were recorded on a 
Varian Unity FT-300 and a Varian FT-500 Unity Plus instru- 
ments (lH and 13C chemical shifts were referenced to  MerSi, 
6 0 ppm, and 29Si chemical shifts were referenced to TMS 
external reference). IR spectra were performed (Nujol mulls) 
on a 883 Perkin-Elmer spectrophotometer. Mass spectra were 
recorded on a Hewlett-Packard 5890 spectrometer. Elemental 
C, H analyses were carried out on a Perkin-Elmer 240B 
microanalyzer. 

Synthesis of (C&)(SiMe&l)(SiMe& 1. A 1.6 M solution 
of n-BuLi in hexane/3.75 mL, 6.00 mmol) was added dropwise, 
at 0 "C, to a solution of freshly distilled C5H5SiMe3 (1.00 mL, 
0.83 g, 6.0 mmol) in 50 mL of hexane. The reaction mixture 
was slowly warmed to room temperature and stirred for 3 h. 
A white precipitate was formed which after filtration was 
washed with hexane (3 x 20 mL). To a suspension of this 
white solid in 50 mL of hexane was inmediately added SiMe,- 
Clz (0.73 mL, 0.78 g, 6.02 mmol) at -10 "C, and the reaction 
mixture was stirred for 5 h and warmed to  room temperature. 
After filtration, the resulting solution was evaporated under 

(18) (a) Stevens, J. C., Timmers, F. J., Wilson, D. R., Schmidt, G. 
F., Nickias, P. N., Rose, R. K., Knight, G. W.,Lai, S., Eur. Pat. Appl. 
EP 416,815, 1991. (Chem. Abst., 1991, 115, 93163m). (b) Okuda, J. 
Chem. Ber., 1990,123, 1649. 

(19) Abel, E. W., Dunster, M. 0. J. Orgunomet.Chem., 1971,33,161. 
(20) Schrock R. R., J. Orgunomet. Chem., 1976, 122, 209. 
(21) Amonoo-Neizer, E. H., Shaw, R. A,, Skovlin, D. O.,Smith, B. 

C. ,  Inorg. Synth., 1966, 8, 19. 
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vacuum to give a yellow-orange oil. Distillation at 65 "C/1 x 
mmHg gave a colorless liquid which was characterized 

as 1 (1.00 g, 1.14 mL, 4.33 mmol, 72% yield) (d = 0.876 g/mL). 
lH NMR (300 MHz, CDCb, 25 "C): 6 0.00 (s,9H, SiMed, 0.22 
(s,6H, SiMezCl), 6.54 (m, 2H, C5H4), 6.78 (m, 2H, CsH4). (300 
MHz, C6&, 25°C): 6 0.01 (s, 9H, SiMes), 0.12 (s, 6H, SiMez- 
Cl), 6.42 (m, 2H, C5&), 6.65 (m, 2H, C5&). 13C NMR (75 MHz, 
CDC13, 25 "C): 6 -0.9 (9, 'Jc-H = 119 Hz, SiMed, 1.6 (9, 'Jc.H 
= 121 Hz, SiMezCl), 58.2 [s, Clpso (CsH4)1, 132.5,134.7 [d, 'JC-H 
= 165-169 Hz, CZ-c5 (CsH4)I. MS(E1) m / z :  230 (M+) (3%); 
122 (M+-SiMe&I) (100%) 

Synthesis of WCl&1~-C&Sillle2Cl), 2. (CsH4)(SiMezCl)- 
(SiMe3), l(l.ll mL, 0.97 g, 4.21 mmol), was added dropwise 
to a solution of TiC14 (0.46 mL, 0.79 g, 4.19 mmol) in toluene 
(40 mL). The reaction mixture was stirred for 2 days at room 
temperature. A change of color from orange to dark red was 
gradually observed. After evaporation under vacuum to  
dryness, an oil was obtained which was disolved in hexane 
(60 mL). The resulting solution was concentrated and cooled 
to -30 "C to  give a microcrystalline yellow solid which was 
characterized as 2. (1.00 g, 3.21 mmol, 76% yield). Anal. Cald. 
for C7HloC14SiTi: C, 26.95; H, 3.23. Found: C, 27.34; H, 3.39. 
'H NMR (300 MHz, CDC13, 25°C): 6 0.80 (s, 6H, SiMezCl), 
7.10 (m, 2H, C5H4), 7.30 (m, 2H, C5H4). (300 MHz, C&, 25 
"C): 6 0.47 (s, 6H, SiMezCl), 6.05 (m, 2H, C5H4), 6.45 (m, 2H, 
C5H4). 13C NMR (75 MHz, CDC13, 25 "C): 6 2.4 (4, 'Jc.H = 
122 Hz., SiMezCl), 126.3, 129.1 [d, 'Jc.H = 178-179 Hz, CZ-c5 
(C5H4)], 135.1 [s, Cipso (CsHd)]. MS(E1) mlz:  312 (M+) (7%); 

Synthesis of ZrCls (qs-C&SiMe2C1), 3. (CaH4)(SiMez- 
Cl)(SiMes), 1 (0.85 mL, 0.74 g, 3.23 mmol), was added to  a 
suspension of ZrC4 (0.75g, 3.22 mmol) in 15 mL of toluene. 
The Schlenk was connected to a bubbler and the reaction 
mixture was warmed slowly to 100 "C with vigorous stirring. 
As the temperature was raised the ZrCl4 reacted and the 
formation of a brown solution was observed. The solution was 
filtered and cooled to -30 "C to give a white solid which was 
washed with cold hexane (2 x 20 mL). Recrystallization from 
toluenehexane gave a microcrystalline white solid which was 
characterized as 3. (1.00 g, 2.81 mmol,87% yield). Anal. Cald. 
for C~H10C14Si Zr: C, 23.67; H, 2.84. Found: C, 24.02; H, 3.06. 
lH NMR (300 MHz, CDC13, 25 "C): 6 0.79 (s, 6H, SiMezCl), 
6.99 (m, 2H, C5H4), 7.09 (m, 2H, C5H4). (300 MHz, CsDs, 25 
"C): 6 0.50 (s, 6H, SiMezCI), 6.12 (m, 2H, C5H4), 6.39 (m, 2H, 

[C,-C5 (C5H4)1, (Clpso (C5H4) not observed).MS(EI) n / z :  354 

Synthesis of ZrCl2 (q5-C&SiMe2Cl)2, 4. (CsHJ(SiMe2- 
Cl)(SiMes) 1 (1.49 mL, 1.31 g, 5.67 mmol) was added to a 
suspension of ZrC14 (0.66g, 2.83 mmol) in 50 mL of dichlo- 
romethane. The reaction mixture was refluxed with stirring 
for 4 days. ZrC14 gradually reacted and the formation of a 
brown solution was observed. After filtration the resulting 
solution was concentrated (10 mL) and cooled to -20 "C to  
give a brown solid which was washed with cold hexane (3 x 
20 mL). Recrystallization from toluenehexane gave a pale 
brown microcrystalline solid characterized as 4. (l.OOg, 2.09 
mmol, 74% yield). Anal. Cald. for C~HzoC14SizZr: C, 35.21; 
H, 4.22. Fond :  C, 35.60; H, 4.57. 'H NMR (300 MHz, CDCl3, 
25 "C): 6 0.73 (s, 12H, SiMezCl), 6.59 (m, 4H, C5H4), 6.79 (m, 
4H, C5H4). (300 MHz, CsDs, 25 "C): 6 0.67 (s, 12H, SiMezCl), 
5.82 (m, 4H, C5H4), 6.37 (m, 4H, C5H4). l3C(lH} NMR (75 

(CsH4)I. MS(E1) mlz:  477 (M+) (5%), 407 (M+-2C1) (94%). 
Synthesis of [TiC12(q5:q1-CsH4SiMez)Ol-O)12, 5. Deoxy- 

genated water (73 pL, 4.06 mmol) was added to  a solution of 
TiC4(y5-CsH4SiMezC1) 2 (1.26g, 4.04 mmol) in 50 mL of 
toluene. The reaction mixture was stirred for 15 h. The color 
of the solution changed to yellow orange. After filtration the 
resulting solution was concentrated (10 mL) and cooled to  -20 
"C to  give a pale yellow microcrystalline solid which was 
characterized as 5. Recrystallization from toluenehexane at 

242 (M+-2C1) (35%). 

C5H4). 

(M+) (2%); 319 (Mf-C1) (28%). 

13C{lH} NMR (75 MHz, C6D6, 25 "C): 6 124.0, 126.1 

MHz, C6D6, 25 "C): 6 116.8 [Cipso (CEH~)], 122.9, 127.0 [Cz-cS 

Ciruelos et al. 

-30 "C gave single crystals for X-ray diffraction. (1.00 g, 1.95 
mmol, 96% yield). Anal. Cald. for C ~ ~ H Z O C ~ O Z S ~ Z T ~ Z :  C, 32.71; 

25 "C): 6 0.55 (s, 12H, SiMez), 6.99 (m, 4H, C5H4), 7.05 (m, 
4H, C5H4). (300 MHz, 25 "C): 6 0.39 (s, 12H, SiMez), 
6.36 (m, 4H, C5H4), 6.64 (m, 4H, C5H4). 13C{lH} NMR (75 
MHz, CDCl3,25 "C): 6 0.3 (SiMez), 124.6,126.5 [c& (C5H4)1, 
131.6 [Ci,., (C5&)]. MS(E1) mlz:  499 (M+-CH3) (36%). 

genated water (242 pL, 13.9 mmol) was added, at room 
temperature, to a solution of TiC13(q5-C5H4SiMezC1), 3 (2.09g, 
6.70 mmol), in 50 mL of toluene. The reaction mixture was 
stirred for 24 h. After filtration the resulting solution was 
concentrated (10 mL) and cooled to -20 "C to give a pale green- 
yellow solid which was recrystallized from toluenehexane at 
-20 "C giving a crystalline solid characterized as 6 (LOOg, 3.02 
mmol,-45% yield). Anal. Cald. for c&I&1~0~SizTi: C, 32.64; 

25 "C,): 6 0.18 (s, 6H, SiMez), 0.42 (s, 6H, SiMez), 6.76 (m, 2H, 
C5H4), 7.12 (m, 2H, C5H4). (300 MHz, C&, 25 "c): 6 0.03 (s, 
6H, SiMez), 0.12 (s, 6H, SiMez), 6.26 (m, 2H, C5H4), 6.58 (m, 

(SiMez), 0.0 (SiMez), 128.4 [Ci,., (C5H4)1, 125.2, 125.1 [CZ-CS 

(SiMez), 128.9 [Ci,,, (C5H4)1, 125.2, 125.1 [c2-c5 (C5HdI. 29Si 

MS(E1) mlz: 330 (M+) (3%), 315 (M+-CH3) (100%). 
Synthesis of Zr Cl2 [(qs:qs:-C~H4)~Ol-Me2SiOSiMe2)l, 7. 

Deoxygenated water (47 pL, 2.61 mmol) was added to  a 
solution of ZrC12(y5-C5H4SiMe&l)z, 4 (1.25g, 2.62 mmol), in 
50 mL of toluene. The reaction mixture was stirred at room 
temperature for 15 h. After filtration the resulting solution 
was concentrated (10 mL) and cooled to  -20 "C to give a 
colorless solid. Recrystallization from toluenehexane at -20 
"C gave a white microcrystalline solid which was characterized 
as 7 (l.OOg, 2.37 mmol, 91% yield). Anal. Cald. for 
C14HzoClzOSizZr: C, 39.79; H, 4.77. Found: C, 39.59; H, 4.75. 
lH NMR (300 MHz, CDCl3, 25 "C): 6 0.37 (s, 12H, SiMez), 
6.54 (m, 4H, C5H4),6.84 (m, 4H, C5H4). (300 MHz, CsD6,25 
"C): 6 0.23 ( 8 ,  12H, SiMez), 6.27 (m, 4H, C5H4), 6.42 (m, 4H, 
C5H4). 13C{lH} NMR (75 MHz, CDCl3, 25 "C): 6 0.8 (SiMez), 
117.1 [Ci,,, (CSH~)], 121.3, 125.5 [CZ-CS (C5H4)I. MS(E1) mlz: 

Synthesis of W(CH2CsHs)s(qS-CsH4SiMe~Cl), 8. To a 
suspension of TiC13(v5-C5H4SiMezC1), 2 (0.76g, 2.43 mmol), in 
75 mL of hexane cooled to -60 "C was added dropwise a 
solution of Mg(CHzPh)Z(THF)z (2.568, 7.30 mmol) in 30 mL of 
toluene. The reaction mixture was allowed to stir at room 
temperature for 3h, over which time it turned from yellow to 
dark red. After filtration the resulting solution was concen- 
trated to 20 mL and cooled to  -40 "C to  give a dark red 
microcrystalline solid which was characterized as 8 (l.OOg, 2.09 
mmol, 86% yield). Anal. Cald. for CzsH31ClSiTi: C, 70.21; H, 

"C): 6 0.36 (s,6H, SiMezCl), 3.05 (s, 6H, CHZPh), 5.72 (m, 2H, 
C5H4), 6.10 (m, 2H, C5H4), 6.85-7.15 (m, Ph). 13C NMR (75 
MHz, C&, 25 "c): 6 3.0 (9, 'Jc.H = 119 Hz, SiMez), 94.7 (t, 

H, 3.92. Found: C, 32.74; H, 4.04. 'H NMR (300 MHz, CDC13, 

synthesis Of WCl~[~s~'-C~SiM~-O-SiM~Ol, 6. Deoxy- 

H, 4.87. Fond:  C, 32.95; H, 4.68. 'H NMR (300 MHz, CDC13, 

2H, C5H4). 13C{lH} NMR (75 MHz, CDCl3, 25 "C): 6 -0.2 

(CsH4)I. l3C NMR (75 MHz, CeD6,25 "c): 6 -0.4 (SiMez), -0.3 

NMR (75 MHz, C6D6, 25 "c): 6 -4.9 (SiMez), -3.1 (SiMez). 

422 (M+) (6%), 417 (M+-CH3) (90%). 

6.52. Found: C, 70.56; H, 6.66. 'H NMR (300 MHz, C6D6, 25 

'Jc.H = 125 Hz, CHzPh), 121.6, 121.9 Ed, 'Jc.H = 173 Hz, Cz- 
C5, (C5H4)1, 123.4, 127.2, 128.9 (d, 'Jc.H = 153-159 Hz, Ph), 

91 (C,H7+, 100%). 
148.6 (s, Ci,,,, Ph). (Cipso of C5H4 not observed). MS(E1) mlz: 

Synthesis of [TiMe2(qs:q1-C5~SiMe~)(Ir-0)la, 9. To a 
suspension of [TiCl~(y~-vl-C5HaSiMe~)~-O)l~,  5 (1.67g, 3.25 
mmol), in 100 mL of hexane, cooled to -60 "C, was added 4.33 
mL of a 3M solution of MgClMe in THF (13.00 mmol) via 
syringe. After warming to 25 "C, the reaction mixture was 
allowed to stand for 5 h. The MgClz formed was removed by 
filtration and the volume of the filtrate was reduced in vacuum 
to 20 mL and cooled to -60 "C. Yellow microcrystals were 
obtained and were characterized as 9 (LOOg, 2.31 mmol, 71% 
yield). Anal. Cald. for C18H320~SizTi2: C, 50.00; H, 7.46. 
Found: C, 49.53; H, 7.21. 'H NMR (300 MHz, CaD6,25"C): 6 
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Ti and Zr Si-Substituted Cyclopentadienyl Complexes 

Table 5. Crystal and Experimental Data and Structure 
Refinement Procedures for Compounds 5 and 7 

5 7 

formula 
crystal habit 
color 
crystal size 
symmetry 
unit cell determination 
unit cell dimensions 

a, b, c, 8, 

B, deg v. A3 

no. of reflections 
measured 
independent observed 

range of hkl 

standard reflections 
R 
R w  
m a  peak in final 

diff map, e1A3 
min peak in final 

diff map e/A3 
goodness of fit indicator 
largest param shift/error 

C ~ ~ H ~ O O ~ S ~ ~ C L + T ~ Z  C ~ J - I ~ O O S ~ ~ C ~ ~ Z I  
prismatic prismatic 
yellow yellow 
0.20 x 0.12 x 0.15 0.3 x 0.20 x 0.15 
monoclinic P21In monoclinic P21Ic 

least-squares fit from 25 reflns 

9.461(7), 10.926(1), 13.479(4), 8.654(1), 

95.20(2) 97.18(2) 
1081.8(6) 1775(1) 
2 4 
1.578 1.581 
5 14.1 422.6 
520 856 
13.443 10.386 
w128 scans; w128 scans; 

10.507(3) 15.343(5) 

e,, = 30" 8,, = 30" 

3465 5666 
2803 I > 2u(4 

criterion criterion 
h-l3to13;kOt015; h-l9to19;kOto12; 

lOto14 lOto21 
2 reflections every 120 min, no variation 

4139 I > 20(4 

0.036 0.029 
0.065 0.054 
0.866 0.317 

-0.544 -0.493 

1.633 2.249 
0.02 0.02 

0.41 ( 6 ,  12H, SiMez), 0.75 (s, 12H, TiMe), 6.13 (m, 4H, C5H4), 
6.56 (m, 4H, C5&). 13C{lH} NMR (75 MHz, CsD6, 25 "c): 6 
1.3 (SiMez), 52.7 ( W e ) ,  118.7,119.2 [CZ-CS (c~&)], 122.9 [Ci,, 
(C5H4)I. MS(E1) m l z  417 (M+-CH3,4%), 387 (Mf-3CH3, 15%). 
Synthesis of [T~(CH~C~HS)~(~~:~'-C~H~S~M~~)G~-O)I~, 10. 

To a suspension of [TiCl~(r~-r~-CsH4SiMe~)O1-0)12, 5 (0.90g, 
1.75 mmol), in 100 mL of hexane, cooled to -60 "C, was added 
dropwise a solution of Mg(CHZPh)z(THF)z (2.46g, 7.01 mmol) 
in 30 mL of toluene. The reaction mixture was allowed to stir 
at room temperature for 4h, turning from orange to dark red. 
After filtration over celite the resulting solution was concen- 
trated to  20 mL and cooled to -40 "C to  give a dark red 
microcrystalline solid which was characterized as 10 (1 .OOg, 
1.36 mmol, 78% yield). Anal. Cald. for C42H402Si~Tiz: C, 
68.47; H, 6.57. Found: C, 67.92; H, 6.88. 'H NMR (300 MHz, 
CsDs, 25 "C): 6 0.31 (s, 12H, SiMez), 2,54 (d, 'JH.H = 10 Hz, 
4H, CHZPh), 2,74 (d, 'JH.H = 10 Hz, 4H, CHzPh), 5.79 (m, 4H, 
C5H4), 6.58 (m, 4H, C5H4), 6.93-7.18 (m, Ph). NMR (75 
MHz, C&, 25 "C): 6 2.0 (9, 'Jc.H = 119 Hz, SiMez), 82.7 (t, 
'Jc.H = 125 Hz, CHZPh), 121.7,123.3 [d, 'Jc.H = 173 Hz, Cz-Cs 
(C5H4)], 124.2 (s, Cipso, C5H4), 122.7, 126.8, 128.6, (d, 'Jc-H = 
153-159 Hz, Ph), 149.0 (s, Cipso, Ph). MS(E1) mlz 91 (C7H7+, 
100%). 
Synthesis of TiClz[N(SiMes)21(tlS-CaHaSiMe2C1), 11. A 

mixture of TiC13(~,-~-C5H4SiMezCl), 2 (0.98g, 3.14 mmol), and 
LiN(SiMe3)z (0.53g, 3.14 mmol) in 50 mL of hexane was stirred 
at room temperature for 10h and then filtered. The filtrate 
was concentrated under reduced pressure and cooled to -40 
"C to give orange crystals which were characterized as 11 
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(LOOg, 2.29 mmol, 73% yield). Anal. Cald. for C13HzsC13NSi3- 
Ti: C, 35.74; H, 6.46; N, 3.21. Found: C, 36.06; H, 6.67; N, 

NSiMed, 0.73 (9, 6H, SiMezCl), 6.21 (m, 2H, C5H4), 6.62 (m, 
2H, C5&). I3C{'H} NMR (75 MHz, &De, 25 "C): 6 2.4 (SiMez- 
Cl), 5.5 (NSiMes), 118.9 [CZ-CS, (CsH4)I. (Cips0 and another 
CZ-5 not observed). MS(E1) mlz: 437 (M+,l%); 422 (M+-CH3, 
6%), 262 [M+-CH3-NSi(Me&, 51%1. 
Synthesis of Ti Clz (q6-Cs&SiMez-NtBu), 12. A mixture 

of TiC13(q5-C5H4SiMezC1), 2 (1.89g, 6.06 mmol), and LiNHtBu 
(0.48g, 6.06 mmol) in 60 mL of hexane was stirred at room 
temperature overnight and then filtered. The filtrate was 
concentrated under reduced pressure and cooled to -30 "C to 
give an orange-brown solid. Recrystallization from toluene- 
hexane gave a microcrystalline solid whose analytical composi- 
tion and NMR spectra were coincident with data reported18" 
for complex 12 (l.OOg, 3.20 mmol, 53% yield). 
Crystal Structures of [TiCl2(tl6:~'-Cs&SiMe2)(Ir-0)I2, 5, 

and ZrC12[(tlS-CaH4)2Gu-Me2SiOSiMe2)l, 7. Crystallographic 
and experimental details of X-ray crystal structure determina- 
tion are given in Table 5. Suitable crystals of 5 and 7 were 
mounted on an Enraf-Nonius CAD-4 automatic four-circle 
diffractometer with bisecting geometric and using graphite- 
oriented monochromator with Mo Ka radiation ( ~ ( M o  Ka) = 
0.710 73 A). Data were collected at room temperature. In- 
tensities were corrected for Lorenz and polarisation effects in 
the usual manner. No absorption or extinction corrections 
were made. The structures were solved by a combination of 
direct methods and Fourier synthesis and refined (on F) by 
full matrix least-squares calculations. All the non hydrogen 
atoms were refined anisotropically. In the last cycle of 
refinement the hydrogen atoms were introduced from geomet- 
ric calculation refined one cycle isotropically and then fured. 

Final values of R = 0.036 and R, = 0.065 were obtained for 
compound 5 and R = 0.029 and R,  = 0.054 for compound 7,  
with R,  = [xwllFol - ~Fc~~2/w~Fo~2]uz and w = 4Foz/talFo1]2. 

Anomalous dispersion corrections and atomic scattering 
factors were taken from ref 22. Calculations were performed 
with the SDP package,23 and the programs MultanZ4 and 
DirdiP5 on a Microvax I1 computer. 

3.29. 'H NMR (300 MHz, C&6, 25 "C): 6 0.25 (8, 18H, 
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Au-Ir and Hg-Ir Mixed-Metal Carbonyl Clusters. 
Synthesis, Characterization, and Solid State Structure of 

[Irs(co) idA~PPh3)21 and [IrdCO) i4(HgC1)2l2- 
Alessandro Ceriotti, Roberto Della Pergola, and Luigi Garlaschelli* 

Dipartimento di Chimica Inorganica, Metallorganica ed Analitica, via 'G. Venezian 21, 
20133 Milano, Italy 

Mario Manassero and Norbert0 Masciocchi* 
Istituto di Chimica Strutturistica Inorganica, via G. Venezian 21, 20133 Milano, Italy 

Received July 13, 1994@ 

The neutral cluster [Ir6(CO)15(AuPPh3)21 has been obtained by reaction of [IrdC0)15I2- 
with [AuPPh3]+. It crystallizes in the triclinic space group Pi with cell constants a = 
13.160(2) A, b = 13.714(4) A, c = 18.266(3) A, a = 65.47(2)", /3 = 110.93(2)", y = 112.07(1)", 
V = 2699(2) Hi3, and 2 = 2. Data were collected at room temperature to a maximum 26' = 
54". The final discrepancy indices were R = 0.032 and R, = 0.034 for 7217 independent 
reflections with I >30(I). The structure was solved by direct methods. The iridium atoms 
of the cluster define a n  octahedral frame capped by one gold-phosphine group. The second 
AuPPh3 unit spans one Ir-Au edge. The metal skeleton of C1 symmetry is coordinated by 
twelve terminal and three edge-bridging carbonyl groups. The dianionic [IrdcO)14(Hgc1)21~- 
has been prepared from [Irs(C0)15l2- and Hg2C12, HgC12 + Hg, or HgClz in the presence of 
Na2C03. The salt [PPh4]2[Ir6(CO)14(HgC1)2] crystallizes in the monoclinic space group Cc 
with cell constants a = 10.257(2) A, b = 46.848(4) A, c = 14.639(3) A, /3 = 107.83(2)", V = 
6696(4) A3, and 2 = 4. Data were collected at room temperature to a maximum 26' = 50". 
The final discrepancy indices were R = 0.037 and R, = 0.036 for 3619 independent reflections 
with I >30(1). The metallic framework forms a n  octahedron of iridium atoms bearing, on 
four non-adjacent faces, two ,u3-HgC1 fragments and two ,u3-C0 groups. The chemical shift 
of the lg9Hg NMR was found at +1508 ppm, and suggests an  anomalous oxidation state. 

In recent papers we have described the syntheses and 
the chemical properties of mixed-metal clusters of 
formula [Ir6(C0)15ML]- [ML = CuNCMe (l),l  AuPPhs 
(2): and HgCl (3)2], obtained by the direct addition of 
electrophilic metal complexes to  [Irs(C0)1512-. These 
anions showed very similar behavior and structures, 
with face capping ML groups. The main difference 
between them is the arrangement of the three bridging 
carbonyls, which shows enhanced face-bridging char- 
acter in the sequence 1, 2 and 3, increasing the 
molecular symmetry in the solid state from C3 to C3".ls2 
These structural variations implied two different formal 
descriptions for the clusters: 1 and 2 were considered 
adducts of [Ir6(C0)15lZ- with ML+ fragments, retaining 
the ligand architecture of the parent dianion of D3 
symmetry; 3 was envisaged as a structural analogue of 
Irg(COh (red isomer, Td point where one p3- 
CO is replaced by one HgC1- group, formally acting as 
a two electron donor. 

Moreover, the synthetic studies and the multinuclear 
NMR measurements showed that other species were 
formed when an excess of the heteroatom complex was 
added; these data prompted us to investigate the 

Abstract published in Advance ACS Abstracts, November 1,1994. 
(1) Della Pergola, R.; Garlaschelli, L.; Demartin, F.; Manassero, M.; 

Masciocchi, N. J. Organometal. Chem., 1992,436, 241. 
(2) Della Pergola, R.; Demartin, F.; Garlaschelli, L.; Manassero, M.; 

Martinengo, S.; Masciocchi, N.; Sansoni, M. Organometallics, 1991, 
10, 2239. 
(3) Garlaschelli, L.; Martinengo, S.; Bellon, P. L.; Demartin, F.; 

Manassero, M.; Chiang, M. Y.; Wei, C. Y.; Bau, R. J. Am. Chem. SOC., 
1984,105,6664. 
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systems further, resulting in the isolation of the new 
complexes [Ir6(C0)15(AuPPh3}~1 (4) and [Ir6(C0)14- 
(HgC1)212- (5) which showed remarkable differences in 
the behavior of Hg and Au, confirming that the previous 
formalism has substantial support. The adduct [Irs- 
(C0)15{ CuNCMe}2] (6) was obtained in solution, but 
was found to be too unstable to  be crystallized. 

Results 

The addition of [Cu(NCMe)#, [AuPPh3]+ or HgCl2 
to [Ir6(C0)15lZ- (molar ratio 1:l) in tetrahydrofuran 
(THF) at room temperature resulted in the fast forma- 
tion of the monoanionic adducts [Ir6(CO)l5CuNCMe]- 
(l), [Irdc0)1&uPPh31- (2), and [ I ~ ~ ( C O ) I ~ H ~ C ~ ] -  (31, 
which showed strikingly similar spectroscopic, struc- 
tural, and chemical properties.1!2 The same reactions 
were carried out with higher molar ratios between the 
monomeric complexes and the carbonyl cluster, search- 
ing for neutral derivatives. 

Synthesis and Spectroscopic Characterization 
of [Ir6(co)l6(cuNcMe)2]. The reaction of [IrdC0)15l2- 
with [Cu(NCMe)4]+ (molar ratio 1:2) in CHzClz produced 
a new species which was easily identified as [ I I -~(CO)~~- 
(CuNCMe)21, on the basis of the stoichiometry of reac- 
tion 1. The infrared spectrum of the product (vco in 

[Ir6(C0)1512- + 2[Cu(NCMe),I+ - 
[Ir6(CO),5(C~CMe),] + 6NCMe (1) 

0 1995 American Chemical Society 
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2200.0 +----G-.- 2000.0 

CH-1 

2200.0 c 2 
0 

THF: 2075m, 2034vs, 1813m cm-l, Figure la)  closely 
resembles the spectrum of [Ir6(CO)15(AuPPh3)21 (see 
later), and also that reported for [Ru6C(CO)l6(Cu- 
NCMe)2];4 the coincidence of the infrared spectra strongly 
suggests very similar architectures between the three 
molecules. By analogy with [RU~C(CO)~~(CUNCM~)~I,~ 
the two copper atoms are most likely within bonding 
distance of each other. Unfortunately, the Ir-Cu 
cluster was too unstable to be crystallized, and the 
characterization was limited to the IR data. Any 
attempt to grow crystals of 6 resulted in the transfor- 
mation to Ir6(CO)1s3 or 1, depending on the conditions 
used. This instability is not surprising considering the 
efforts needed to obtain crystalline samples of 1. 

Synthesis and Spectroscopic Data of [Irs(CO)15- 
(AuPPh&l. The addition of two moles of [AuPPh31+ 
onto [Ir6(C0)15l2- occurs only when a large excess of the 
cationic complex is used. Very similar results were 
obtained with solvent other than THF, such as 2-pro- 
panol or CH2C12. In the alcoholic solvent, the soluble 
potassium salt &[Ir6(c0)15] was employed, according 
to eq 2. The cluster 4 was obtained as a microcrystalline 

solid, which was isolated by filtration. A very large 
excess of gold was needed to obtain complete conversion 
even in CH2C12, where the [AuPPh31+ is less stabilized 
by solvation. The neutral cluster 4, once formed, is 
fairly stable and can be crystallized from THF, CH2Cl2, 
or toluene, after precipitation with 2-propanol, with 

(4) Bradley, J. S.; Pruett, R. L.; Hill, E.; Ansell, G. B.; Leonowicz, 
M. E.; Modrick, M. A. Organometallics, 1982, 1 ,  748. 

comparable results. The capping groups are rapidly 
displaced when an excess of halide salts is added to the 
solution.2 

The infrared spectrum of [Ir6(C0)15(AuPPh3)21 shows 
bands at 2027m, 2036vs, 1978w, 1952w, 1819m cm-l, 
in THF (Figure lb). The 31P NMR spectrum shows only 
one signal at 66.2 ppm (CD2C12, room temperature), 
which is slightly displaced to 64.9 ppm at -90 "C, 
indicating that the two phosphines are equivalent on 
the NMR time scale, even at  low temperature. These 
findings are in contrast to  the solid state structure, 
where the two phosphorus atoms are in different 
environments. The existence of several isomers is not 
unlikely, since for [Ru~C(CO)~~(AUPM~P~~)~~~ two dif- 
ferent isomers in solution were observed by 31P NMR 
the isomer characterized by X-ray analysis showed two 
centrosymmetric edge-bridging gold atoms. However, 
4 should be present in solution as a single isomer, 
different from that observed in the solid state; more 
probably, the two capping gold atoms are rapidly 
exchanging their site, even at -90 "C; presumably, the 
Auz(PPh3)~ group oscillates between two adjacent faces 
of the octahedral iridium framework, as previously 
suggested for [Rus(CO>~~B~AU(PP~~>}~~.~ 

Synthesis and Spectroscopic Data of [Ire(CO)l4- 
(HgC1)2I2-. The addition of a large excess of HgCl2 to 
[Ir6(C0)15I2- does not change the products of the reac- 
tion, and the monoadduct 3 is the only product which 
can always be detected. When a test reaction was 
carried out with EtHgC1, the formation of 3 was initially 

(5) Bunkall, S. R.; Holden, H. D.; Johnson, B. F. G.; Lewis, J.; Pain, 
G. N.; Raithby, P. R.; Taylor, M. J. J. Chem. SOC., Chem. Commun., 
1984,25. 

(6) Housecroft, C. E.; Matthews, D. M.; Waller, A.; Edwards, A. J.; 
Rheingold, A. L. J. Chem. SOC., Dalton Trans., 1993, 3057. 
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observed; however, after prolonged standing, small 
amounts of a more reduced species were formed. Even- 
tually, this new cluster was isolated and was shown to 
be [Ir6(CO)14(HgC1)2I2- (5). The addition of the second 
Hg atom is thus accompanied by loss of CO and 
reduction of the cluster. Thereafter, three different 
successful methods of synthesis were devised, according 
to  eqs 3-5. 

[Ir6(C0),,I2- + 2HgC1, + Na,CO, - 
[Ir6(CO)14(HgC1),]2- + 2c0,  + 2NaCl (3) 

Ceriotti et al. 

Table 1. Selected Distances (A) and Angles (deg) in 
[ I~~(CO)I~(AUPP~~)ZI  with Estimated Standard Deviations 

(Esd’s) on the Last Figure in Parenthese@ 
Metal-Metal 

Au(l)-Au(2) 2.8530(8) Ir(2)-Ir(3) 2.7771(7) 
Au( 1)-Ir( 1) 2.83 13(6) W ) - W )  2.7657(7) 
Au( 1)-Ir(4) 2.9347(5) Ir(2)-Ir(6) 2.8094(9) 
Au( 1)-Ir(5) 2.8327(9) W3) -W4) 2.8081(9) 
Au(2)-Ir( 1) 2.6569(6) W3)-W5) 2.7498(6) 
h( 1 )-W) 2.760( 1) W)-Ir(6) 2.7694(7) w 1 ) - ~ 4 )  2.7849(7) Ir(4)-Ir(5) 2.8582(9) 
~r( 1 )-1r(5) 2.9325(7) Ir(4)-Ir(6) 2.7810(7) 
Wl)-W6) 2.8422(5) 

Ir-Cterm 
Ir(1)-C(11) 1.90(1) Ir(4)-C(41) 1.88(2) 
Ir(l)-C(12) 1.90(2) Ir(4)-C(42) 1.90( 1) 
Ir(2)-C(21) 1.91(2) Ir(5)-C(51) 1.85(2) 
Ir(2)-C(22) 1.88(1) Ir(5)-C(52) 1.91( 1) 
Ir(3)-C(3 1) 1.87(1) Ir(6)-C(61) 1.88(1) 
Ir(3)-C(32) 1.87(2) Ir( 6) - C(62) 1.87(2) 

Ir(3)-Cb( 1) 2.07(1) Ir(6)-Cb(2) 2.29(2) 
Ir(5)-Cb( 1) 2.04(2) Ir(4)-Cb(3) 2.01(1) 
Ir(2)-Cb(2) 2.01(1) Ir(6)-Cb(3) 2.15(2) 

Other Distances 
Ctem-Otermb 1.14 Au( 1)-P( 1) 2.293(4) 
Cb-Obb 1.16 Au(2) -P(2) 2.272(3) 

Angles 
Ir(l)-Au(l)-Au(2) 55.73(2) Ir(l)-Au(2)-A~(l) 61.72(2) 
Ir(4)-Au(l)-Au(2) 111.09(2) Ir(1)-Au(1)-P(1) 157.69(9) 
Ir(4) - Au( l)-Ir( 1) 57.73(2) Ir( l)-Au(2)-P(2) 166.4 1 (8) 
k(5)-Au( l)-Au(2) 75.92(2) Ir-Ctem-Otmb 176 
Ir(5)-Au(l)-k(l) 62.36(2) Ir-Cb-Obb 138.5 
Ir(5)-Au(l)-Ir(4) 59.38(2) 

Ir-Cb 

Abbreviations for atoms in Tables 1-5: term = terminal; Ct = triple 
(face) bridging carbon; Ot = triple (face) bridging oxygen; Cb = double 
(edge) bridging carbon; Ob = double (edge) bridging oxygen. Average 
values. 

All reactions are of a heterogeneous nature, since 
some of the reactants are insoluble in THF. Therefore 
they require more than 15 days to go to completeness, 
at room temperature; nevertheless they are very selec- 
tive, and clean conversions to 5, as the only carbonylic 
product, are obtained. The reactions proceed via the 
very rapid intermediate formation of 3, which is then 
slowly transformed into the final product; in the case 
of reaction 4, the addition of the first HgCl+ group is 
allowed by the disproportionation of HgzC12, with for- 
mation of elemental Hg and C1-, which can be clearly 
detected in the reaction vessel as a greyish residue; the 
step which follows can be considered as a ligand 
substitution: 

(PPh&Ir&CO)151 + HgZC1, - 
(PPh4)[Ir,(CO)15(HgCl)I + Hg + (PPh4)C1 (6 )  

(PPh4)[Ir,(CO),,(HgC1)1 + Hg + (PPh4)C1 - 
(PPh~>,[Ir~(co)~~(HgC1),1 + CO (7) 

The sequence represented by steps 6 and 7 can be 
effected by the successive addition of HgClz and Hg (eq 
5), with identical results. The infrared spectrum of 5 
in THF shows bands at 2057w, 2013~5, 1972m, 
1697m,br cm-l (Figure IC), the band at  lowest wave- 
numbers confirming the presence of face bridging car- 
bonyls. 

The lg9Hg NMR spectrum was recorded, in THF at 
-90 “C, and showed a single peak at +1590 ppm. The 
signal could also be observed at room temperature at 
1508 ppm, and is well outside the usual range for this 
nucleus (+500, -3500 ppm).’ This chemical shift should 
be compared with the value of -1168 ppm found for 3,, 
and strongly supports the hypothesis of an anomalous 
oxidation state of Hg in the cluster (see Discussion). 

Solid State Structure of [Irs(CO)&-CO)a(Au- 
PPhshI (4). The crystal structure of [Ir6(CO)l5(Au- 
PPh3)d consists of discrete neutral molecules held 
together by van der Waals contacts. A list of the 
relevant bond distances and angles appears in Table 1. 
The metal skeleton of 4 is based on a Ir6 octahedron 
[av. Ir-Ir = 2.803 A (min 2.7498(6); max 2.9325(7) A, 

(7) Granger, P. in Transition Metal Nuclear Magnetic Resonance, 
Pregosin, P. S. (ed.), Amsterdam, Elsevier, 1991; p. 306-332. 

Q8 = 4.611, capped on a trian lar face by a p3-AuPPhs 

ment brid es one of the Au-Ir edges [Au(l)-Au(2) = 

terminal (two on each iridium atom) and three edge- 
bridging carbonyl ligands complete the molecule, which 
is fully depicted, with partial labeling scheme, in Figure 
2. Average bonding values are: Ir-Ck, 1.88; Ctem- 

176; Ir-Cbr-Obr 138” (term = terminal; br = bridging). 
The nature, and geometry, of the (AuPPh3)z ligand 

in 4 can be interpreted on the basis of the strong 
“aurophilic attraction”1° of two roughly linearly coordi- 
nating fragments [P(l)-Au(l)-Ir(l) = 157”; P(2)- 
Au(2)-Ir(l) = 166O1, which, however, does not signifi- 
cantly affect the Au-P bond lengths [av. Au-P 2.28 A 
in 4; Au-P 2.272(3) in 21. 

Solid State Structure of (PPh&[Ire(CO)dp3- 
C0)2(HgC1)21 (Sa). The crystal structure of [PPh412- 
[Ir6(C0)14(HgCl)z] consists of an ionic packing of cluster 
anions 5 and PPh4+ cations; no anomalously short 
contacts are present. Relevant bond distances and 
angles are listed in Table 2. The metal cage of the 

ligand [av Au(1)-Ir = 2.86 r I; another AuPPh3 frag- 

2.8530(8) R ; Au(2)-Ir(l) = 2.6569(1) AI. A set of twelve 

ob, 1.14; Ir-Cb, 2.10; Cbr-Obr 1.16 A; Ir-Ckm-Otem 

(8) The Q value meamres the deviations of the M-M edges from the 
average value; it was introduced in Della Pergola, R.; Garlaschelli, L.; 
Martinengo, S.; Demartin, F.; Manassero, M.; Masciocchi, N.; Bau, R.; 
Zhao, D. J. Organometal. Chem., 1990, 396, 385. 

(9) A Fortran thermal-ellipsoid program for crystal structure il- 
lustration (Johnson, C. K. ORTEP; Oak Ridge National Laboratory: 
Oak Ridge, TN, 1971). 

(lO)PyykkO, P.; Zhao, Y. Angew. Chem. Int. Ed. Engl., 1991, 30, 
604 and references therein. 
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Figure 2. ORTEP drawing and atom-labeling scheme for [Ir~(C0)15(AuPPh&l. Thermal ellipsoids are drawn at 30% 
probability. Carbonyl carbons are designated as the oxygens to which they are attached. 

Table 2. Selected Distances (A) and Angles (deg) in the 
Dianion [Ira(CO)~&IgCl)zl~- with Estimated Standard 
Deviations (Esd's) on the Last Figure in Parentheses 

Metal-Metal 
2.808(2) W 1) - h(6) 
2.745(2) h ( 2 ) - ~ 4 )  
2.787( 1) ~ 2 ) - ~ 5 )  
2.768(2) W')-Ir(6) 
2.788(2) W3)-W4) 
2.777(2) M3)-M5) 
2.804(2) W)-Ir(6) 
2.874(2) W4)-M5) 
2.85 l(2) W5)-W6) 

Ir-C,, 
1.85(4) Ir(4)-C(41) 
1.73(3) Ir(4)-C(42) 
1.76(4) Ir(5)-C(5 1) 
1.83(4) Ir(5)-C(52) 
1.88(4) Ir(6)-C(61) 
1.7 l(3) Ir(6)-C(62) 

2.01(3) Ir(2)-Ct(2) 
2.29(3) Ir(4)-Ct(2) 
2.06( 3) Ir(5) - Ct(2) 

Ir-Ct 

Other Distances 
1.17 Hg( U-CK 1) 
1.22 Hg(2)-CW 

2.754(2) 
2.768(2) 
2.748(2) 
2.754(2) 
2.899(2) 
2.825(2) 
2.846(2) 
2.746(2) 
2.947(2) 

1.96(3) 
1.80(3) 
1.89(4) 
1.83(4) 
1.85(3) 
1.89(4) 

2.33(3) 
2.09(2) 
2.13(3) 

2.444(7) 
2.399(9) 

Angles 
h(3)-Hg(l)-h(l) 62.33(5) h(6)-Hg(2)-Ir(3) 61.76(5) 
Ir(4)-Hg(l)-h(l) 61.28(5) Ir(6)-Hg(2)-Ir(5) 63.96(5) 
Ir(4)-Hg(l)-h(3) 63.20(4) Ir-Ctem-Otem" 171 
Ir(5)-Hg(2)-Ir(3) 61.13(5) Ir-Ct-Oto 131.5 

* Average values. 

[Ir~(CO)14(HgC1)212- anion is also based on an octa- 
hedron of iridium atoms [av. Ir-Ir = 2.818 A (min 
2.746(2); max 2.947(2) A, Q8 = 4.6)1, which is capped in 
meta(l,3)11 positions by two pus-HgC1 fragments [av Hg- 
Ir = 2.779 A (min 2.768; max 2.808 A)]. Twelve 

terminal (two on each iridium atom) and two face- 
bridging carbonyl ligands complete the coordination 
around the metal cage. An ORTEPg drawing of the 
whole anion, with partial labeling scheme, is shown in 
Figure 3. Average bonding values are: Ir-Ck, 1.83; 

Ok, 171; Ir-Cbr-Obr 131" (term = terminal; br = 
bridging). 

Comparison of homologous bond distances in 3 and 5 
is very informative. Ir-Hg interactions are shortened, 
whereas Hg-C1 interactions are loosened; the same trend 
is observed in Ir-C and C-0 distances, indicating (i) a 
stronger n back-donation effect in the dianion and (ii) 
the similar behavior of HgCl and CO in this context.2 

ckm-ok, 1.17; Ir-Cbr 2.15; Cbr-Obr 1.22 A; Ir-Ckm- 

Discussion 

In the following discussion, we want to correlate the 
different geometries found in mono- and bicapped 
octahedral clusters. 

Addition of a p3-MLn fragment to  an octahedral 
cluster frame (a in Scheme 1) generates a C3" metal 
skeleton (b); 1,2, and 3 are examples of this structure. 

A further addition of a second metallic fragment can 
formally occur in three different modes: on using the 
nomenclature developed in ref 11, trans(l,4) (D3d,  c), 
meta(l,3) (CzU, d), and cis(l,2) (CzU, e) isomers can be 
formed. Octanuclear carbonyl clusters possessing a 
trans bicapped octahedral core are exemplified by RUG- 
(CO)18[CU(C7H8)]212 and several carbido species of rhe- 
nium, such as [Re8C(C0)2412-, [Re7C(C0)21R(C4H7)lZ-, 
[Re7C(CO)2~Ir(CzH4XCO)lz-, [Re7C(C0)ziPd(CsHs)12-, and 

(11) Henly, T. J.; Shapley, J. R.; Rheingold, A. L. J. Organometal. 

(12) Ansell, G. B.; Modrick, M. A.; Bradley, J. S.; Acta Cryst., 1984, 
Chem., 1966,310,55. 

C40, 365. 
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c12 

02 1 :p 
Figure 3. ORTEP drawing and atom-labeling scheme for [Ir6(C0)14(HgC1)2]2-. Thermal ellipsoids are drawn at 30% 
probability. Carbonyl carbons are designated as the oxygens to which they are attached. 

[R~~C(CO)Z~(AUPP~~)~~-;~~,~~ trigonal prisms bicapped 
on triangular faces are present in the [Rh6C(C0)15(MZ)zI 
family ( M  = Ag, L = CH3CN; M = Cu, Ag, Au, L = 
PPh31 .I4 

The meta( l ,3 )  bicapping process ideally leads to 
products possessing a metal skeleton of Cpv symmetry 
(d), such as those found in Pt3Ru5C(C0)14(COD)z,15 [Oss- 
Ptz(C0)17(COD)~l,’~ Pd8(CO)8(PMe3)7,17 and in the 
[ ~ S ~ ( ~ ~ ) Z Z ~ ~ - , ~ ~  [hIr(co)2313- l9 and [Ir6(Co)i4(H&1>~1~- 
anions. Products of cis(l,2) addition or clusters contain- 
ing the metal cores (e) in Scheme 1, are still unknown; 
however, after a slight distortion the two capping metals 
can be shifted to within bonding distance of each other, 
leading to  the metallic framework of [Rh&(CO)13- 
(AuPPh3)2I2O and [Ru~H(CO)~~B(AUPP~~)~].~ With dif- 
ferent deformations the solid state structures (0 of 
[RU&(CO)I~(CUL)~~~ and [ I ~ ~ ( C O ) ~ ~ ( A U P P ~ ~ ) Z I  can be 
attained, without breaking the M-M bond between the 
heterometal atoms. Considering the fluxional behavior 

(13) (a) Ma, L.; Wilson, S. R.; Shapley, J. R. Inorg. Chem., 1990,29, 
5133. (b) Henly, T. J.; Shapley, J. R.; Rheingold, A. L.; Gib,  S. J. 
Organometallics, 1988,7,441. (c) Henly, T. J.; Wilson, S. R.; Shapley, 
J. R. Inorg. Chem., 1988, 27, 2551. (d) Henly, T. J.; Shapley, J. R. 
Organometallics, 1989, 8, 2729. 

(14) (a) Albano, V. G.; Braga, D; Martinengo, S.; Chini, P.; Sansoni, 
M; Strumolo, D. J. Chem. SOC., Dalton Trans., 1980,52. (b) Fumagalli, 
A.; Martinengo, S; Albano, V. G.; Braga, D. J. Chem. SOC., Dalton 
Trans., 1988, 1237. 

(15) Adams, R.; Wu, W. J. Cluster Sci., 1991,2, 271. 
(16) Couture, C.; Farrar, D. H.; Goudsmit, R. J. Inorg. Chim. Acta, 

(17) Bochmann, M.; Hawkins, I.; Hursthouse, M. B.; Short, R. L. 

(18) Jackson, P. F.; Johnson, B. F. G.; Lewis, J.; Raithby, P. R. J. 

(19) Ma, L.; Wilson, S. R.; Shapley, J. R. J. Am. Chem. SOC., 1994, 

(20)Fumagalli, A.; Martinengo, S.; Albano, V. G.; Braga, D.; 

l984,89, L29. 

Polyhedron, 198’7, 6, 1987. 

Chem. SOC., Chem. Commun., 1980, 60. 

116, 787. 

Grepioni, F. J. Chem. SOC., Dalton Trans., 1989, 2343. 

of the two AuPPhs groups in 4, evidenced by 31P NMR, 
this cluster can be conceived as having an average Cpv 
structure, i.e. (e) or even (g), where a formal Auz(PPh3)a 
moiety bridges an Ir-Ir edge. This latter description 
would raise a strong analogy between the black (Du) 
isomer of Ir6(CO)16,3 possessing four symmetrically edge- 
bridging carbonyls, and compound 4, in which the two- 
electron donor Auz(PPh3)~ fragment formally substitutes 
one p-CO of the homoleptic cluster. 

Finally, compounds 3 and 5 can also be correlated 
with the simple Td geometry of the red isomer of 11-6- 
(CO)IS; as a matter of fact, substitution of p3-carbonyls 
of the latter with one or two [HgClI- fragments leads 
to the structures of 3 and 5, respectively. In order to 
avoid a high separation of formal charge, [ I I -~(CO)~~-  
(HgCl)zI-, as 3, should be better considered as an Ir6- 
(CO)16 analogue, rather than as an adduct of two HgCl+ 
fragments to the (unknown) [Ir6(C0)14I4-. 

Both views agree with electron-counting theories: 
according to the latter description, each [HgClI+ capping 
group adds 12 electrons to the total number of CvE’s 
(cluster valence electrons), but does not increase the 
number of filled skeletal orbitals, as required by the 
capping principle.21 In the second case, the [HgClI- 
groups can be considered as nonconventional ligands 
donating two electrons each to the “Irg(CO)14)) fragment. 

Indeed, EHMO calculations show that HgC1- and CO 
groups are isolobal fragments, having a filled u orbital 
and two empty x orbitals (suitable for back-donation) 
at comparable energy levels.22 Moreover, the ability of 
Hg atoms to act as simple ligands in osmium carbonyl 

(21) (a) D. M. P. Mingos, ACC. Chem. Res., 1984, 17, 311. (b) D. M. 
P. Mingos, D. J. Wales, Introduction to Cluster Chemistry; Prentice- 
Hall International: Englewood Cliffs, NJ 1990. 
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Scheme 1. Symmetry of Mono- and Bicapped Octahedra 
C3" monocapped octahedron o h  octahedron 

I L .! V 

bicapped octahedra 

trans ( 1 , 4 )  meta (1.3) cis (1,2) 

(d) 

czv 

I distortion of the capping atoms 

I 
V 

clusters was recently invoked in order to rationalize 
their fluxional behavior.23 

Unfortunately, very little data are known for the 
chemical shift of Hg bound to large clusters, and the 
value found for 5 cannot therefore be attributed great 
significance in supporting our pr~posa l .~  For sake of 
comparison, it should be noted that the chemical shift 
of HgCl groups bound to iridium in mononuclear orga- 
nometallic compounds typically are in the negative 
range (-2000 to -3000 ppmh7 

Experimental Section 
All the solvents were purified and dried by conventional 

methods and stored under nitrogen. All the reactions were 
carried out under an oxygen-free nitrogen atmosphere using 
the Schlenk-tube technique.24 [IrdC0)1612-,26 [Cu(NCMe)d 

(22) CACAO, Mealli, C.; Proserpio, D. M. J. Chem. Ed., 1990, 67, 

(23) Gade, L. H. Angew. Chem. Int. Ed. Engl., 1993,32,24. 
399. 

I 
V 

n 

P F s , ~ ~  and AuPPh&lZ7 were prepared by the published meth- 
ods. Infrared spectra (IR) were recorded on a Perkin-Elmer 
781 grating spectrophotometer using calcium fluoride cells 
previously purged with N2. 

Samples for mass spectra were suspended in a matrix of 
m-nitrobenzyl alcohol and bombarded with a beam of Xe atoms 
at 70 keV with a VG Micromass machine and compared with 
computed theoretical isotope patterns; mass peaks refer to the 
most abundant isotopomers. Elemental analyses were carried 
out by the staff of Laboratorio di Analisi of the Dipartimento 
di Chimica Inorganica, Metallorganica e Analitica. 31P and 
lg9Hg NMR spectra were recorded on a Bruker AC200 spec- 
trometer, operating at 81.0 MHz for phosphorus and at 35.76 
MHz for mercury and are reported in ppm downfield from the 

(24) D. F. Shriver, M. A. Drezdzon, in The Manipulation of Air- 

(25) Angoletta, M.; Malatesta, L.; Caglio, G. J. Orgunometal. Chem., 

(26) Kubas, G. J. Znorg. Synth., 1979,19, 311. 
(27) Bruce, M. I.; Nicholson, B. EL; Shawkataly, 0. B. Inorg. Synth,, 

sensitive Compounds, 2nd ed.; Wiley: New York, 1986. 

1976, 94, 99. 

1989,26, 325. 
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Table 3. Crystal Data and Data Collection Parameters 

Ceriotti et al. 

compd 
formula 
fw 
cryst syst 
space group 
a, A 
b, A 
c, A 
a, deg 
B, deg 
Y, deg 
v, A3 
Z 
Dcdcdr g Cm-3 
p(Mo Ka), cm-l 
min. transm. fact. 
scan mode 
w-scan width, deg 
&range, deg 
octants of reciprocal 

space explored 
measd reflns 
unique obsd reflns with 

I ’ 3u(I) 
final R and Rwa 
no. of variables 

4 
c5 iH3chzIr6015Pz 
2491.9 

P1 
13.160(2) 
13.714(4) 
18.266(3) 
65.47(2) 
110.93(2) 
112.07(1) 
2699(2) 
2 
3.066 
202.06 
0.70 

hi_clinic 

w 
1.2 + 0.35 tan e 
3-27 
f h , f k , l  

12197 
7217 

0.032, 0.034 
505 

Sa 
C6zbC1zHgzIr601& 
2696.2 
monoclinic 
CC 

10.257(2) 
46.848(4) 
14.639(3) 
90 
107.83(2) 
90 
6696(4) 
4 
2.674 
165.85 
0.22 
0 
1.2 + 0.35 tan e 
3-25 
fh,k, l  

6182 
3619 

0.037,0.036 
41 1 

- klFcl)Z/C~Fo2]L”.  

external standard (85% H3P04 in DzO for phosphorus and neat 
MezHg for mercury).2 

Preparation of [I~~(CO)IS(CUNCM~)ZI. (PPh4)2[Ir6(co)161 
(90 mg; 40 pmol), CHzClz (5  mL), [Cu(NCMe)4]PF6 (30 mg; 80 
pmol) were placed in a Schlenk tube under nitrogen; infrared 
spectra showed complete conversion afier 10 min stirring; 
cyclohexane (5  mL) was added and the colourless precipitate 
of (PPh)PF6 was eliminated by filtration. The red solution 
was layered with cyclohexane. On standing overnight, well 
shaped orange crystals of Ir6(CO)16 and Cu metal were formed. 

Preparation of [Ir&O)l~(AuPPha)zl in .%Propanol. 
AuPPh&1(490 mg; 0.98 mmol) and THF (10 mL) were placed 
in a Schlenk tube. When the solid was dissolved, AgBF4 (185 
mg; 0.95 mmol) was added, causing the precipitation of AgCl 
which was allowed to  settle for 10 min. K2[Irg(co)15] was 
dissolved with 2-propanol (30 mL) and filtered; the salt could 
not be weighed, since there were too large amounts of KC1 
present; it was estimated 350 mg (0.21 mmol). Small portions 
(2 mL each) of the solution of [AuPPhs]BF4 were added, while 
monitoring the disappearance of [Ir6(CO)16]2- by infrared. 
When the reaction was complete, about one half of the solvent 
was evaporated in vacuo. The black solid was filtered, washed 
with 2-propanol (5  mL), and dried. It was then extracted with 
CHzClz and layered with 2-propanol. 

Preparation of [ I rdCO)ldAuPP~)zl  in CHZClz. A solu- 
tion of [AuPPh31BF4 was prepared in a Schlenk tube under 
nitrogen with AuPPh&1(900 mg; 1.81 mmol), CHzClz (15 mL) 
and AgBF4 (336 mg; 1.71 “01). (NEt4)2[Ir6(C0)16] (350 mg; 
0.19 mmol) was dissolved in CHzClz (15 mL), and small 
fractions of the first solution were added, monitoring the 
reaction by infrared. Total conversion was achieved after 
addition of 12 mL (molar ratio Ir6:Au = 1:7). The initially 
brown solution became red and, eventually, green. Addition 
of cyclohexane (15 mL) caused precipitation of colourless NEb- 
BF4, which was eliminated by filtration. The solution was 
dried, and the residue was dissolved in CHzClz and layered 
with 2-propanol. Yield 58%. 

Anal. Calcd for Ca~Ha&~zIrsOlsPz: c ,  24.2; H, 1.2. 
Found: C, 24.26; H, 1.37. 

FAB-MS (negative ions) m / z :  2037 [ I ~ ~ ( C O ) ~ & I P P ~ ~ ] - ;  
2037 - 28x (2 = 1-51 [Ir6(C0)16.&hPPh&; the parent peak 
was never observed, either with electron impact or in the 
positive FAB region. 

Preparation of CIr&O)d€gC1)d2- &om HgCls (PPh4h- 
[Ir6(c0)161(460 mg; 0.204 mmol), THF (20 mL), HgClz (98 mg; 

Table 4. Fractional Atomic Coordinates for 
[IrdCO)14AuPPhdd (4) (Esd’s in Parentheses) 

Au 1 
Au2 
IIl 
Ir2 
Ir3 
Ir4 
Ir5 
Ir6 
P1 
P2 
Ob1 
Ob2 
Ob3 
0 1  1 
012 
0 2  1 
022 
0 3  1 
032 
0 4  1 
042 
0 5  1 
052 
0 6  1 
062 
Cbl 
Cb2 
Cb3 
c11 
c12 
c 2  1 
c22 
C3 1 
C32 
C4 1 
C42 
C5 1 
C52 
C6 1 
C62 
C l l l  
c112 
C113 
C114 
C115 
C116 
c121 
c122 
C123 
C124 
C125 
C126 
C131 
C132 
C133 
C134 
C135 
C136 
c211 
c212 
C213 
C214 
C215 
C216 
c221 
c222 
C223 
C224 
C225 
C226 
C23 1 
C232 
C233 
C234 
C235 
C236 

atom xla Ylb dc 

-0.3 1720(4) 0.49610(4) 0.25443(3) 
-0.21608(4j 
-0.08140(4) 

0.0 1660(4) 
-0.05317(4) 
-0.15521(4) 
-0.21007(4) 

0.07365(4) 
-0.4943(2) 
-0.2936(3) 
-0.1758(9) 

0.2513(7) 
0.0018(8) 
0.0806(9) 

-0.1260(9) 
0.0956(8) 
0.000( 1) 

-0.151(1) 
0.1424(9) 

-0.198(1) 
-0.3474(8) 
-0.263( 1) 
-0.4430(8) 

0.2756(8) 
0.1397(9) 

-0.157( 1) 
0.164(1) 

-0.022( 1) 
0.021(1) 

-0.115(1) 
0.072( 1) 
O.O07( 1) 

-0.1 15(1) 
0.069( 1) 

-0.185( 1) 
-0.276(1) 
-0.247( 1) 
-0.359( 1) 

0.199( 1) 
0.1 14( 1) 

-0.604( 1) 
-0.574( 1) 
-0.654( 1) 
-0.759( 1) 
-0.787(1) 
-0.7 10( 1) 
-0.4995(9) 
-0.593( 1) 
-0.595( 1) 
-0.506( 1) 
-0.409( 1) 
-0.408( 1) 
-0.543 l(9) 
-0.618( 1) 
-0.641(1) 
-0.588( 1) 
-0.5 10( 1) 
-0.491( 1) 
-0.432( 1) 
-0.460(1) 
-0.566( 1) 
-0.640( 1) 
-0.611(1) 
-0.507( 1) 
-0.31 l(1) 
-0.406( 1) 
-0.415(1) 
-0.331(1) 
-0.236( 1) 
-0.227( 1) 
-0.206( 1) 

-0.061( 1) 
-0.085( 1) 
-0.171(1) 
-0.230( 1) 

-0.1 18(1) 

0.3 18 ~ ( 4 j  
0.52205(4) 
0.55182(4) 
0.74338(4) 
0.71233(4) 
0.54477(4) 
0.72841(4) 
0.4568(3) 
0.13 16(3) 
0.6135(9) 
0.5968(8) 
0.9462(7) 
0.3837(9) 
0.520(1) 
0.5828(9) 
0.3056(8) 
0.9384(8) 
0.848(1) 
0.737( 1) 
0.8111(9) 
0.3268(8) 
0.58 1( 1) 
0.9097(8) 
0.716( 1) 
0.628( 1) 
0.606( 1) 
0.848( 1) 
0.435( 1) 
0.520( 1) 
0.574( 1) 
0.399( 1) 
0.863( 1) 
0.808( 1) 
0.725( 1) 
0.773( 1) 
0.407( 1) 
0.563( 1) 
0.841(1) 
0.7 17( 1) 
0.344( 1) 
0.296( 1) 
0.207( 1) 
0.169( 1) 
0.218( 1) 
0.312( 1) 
0.417(1) 
0.416(1) 
0.378( 1) 
0.344(1) 
0.350( 1) 
0.385( 1) 
0.582( 1) 
0.598( 1) 
0.703( 1) 
0.788( 1) 
0.769( 1) 
0.669( 1) 
0.080( 1) 
0.147( 1) 
0.108(1) 
0.007( 1) 

-0.053( 1) 
-0.017( 1) 

0.085( 1) 
0.095( 1) 
0.074( 1) 
0.038( 1) 
0.026( 1) 
0.046(1) 
0.056( 1) 
0.114(1) 
0.048(1) 

-0.067( 1) 
-0.123( 1) 
-0.061( 1) 

0.3 1209(4j 
0.30067(3) 
0.17956(3) 
0.07945(3) 
0.201 60(3) 
0.12888(3) 
0.23976(3) 
0.27 16(2) 
0.3417(2) 

-0.0418(6) 
0.2894(7) 
0.1775(8) 
0.4 106(7) 
0.45 16(7) 
0.03 13(7) 
0.2412(9) 

-0.0278(7) 
-0.0014(8) 

0.3445(7) 
0.0745(7) 
0.1033(8) 
0.0403(7) 
0.1850(7) 
0.4189(7) 
0.0209(9) 
0.2542(9) 
0.192( 1) 
0.3706(9) 
0.3944( 8) 
0.0890(9) 
0.21 8( 1) 
0.012(1) 
0.030( 1) 
0.290( 1) 
0.1251(9) 
0.1 170(9) 
0.076( 1) 
0.2045(8) 
0.3513(9) 
0.2345(9) 
0.1947(9) 
0.170(1) 
0.185(1) 
0.224( 1) 
0.2478(9) 
0.3801(8) 
0.3995(9) 
0.484( 1) 
0.545(1) 
0.525(1) 
0.442(1) 
0.2168(8) 
0.1396(9) 
0.094( 1) 
0.130(1) 
0.2088(9) 
0.2483(9) 
0.3634(9) 
0.391 l(9) 
0.411(1) 
0.404( 1) 
0.377( 1) 
0.3551(9) 
0.2571(9) 
0.1906(9) 
0.120( 1) 
0.1 14(1) 
0.181 (1) 
0.256(1) 
0.4330(9) 
0.484( 1) 
0.558( 1) 
0.583( 1) 
0.532( 1) 
0.459( 1) 
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Au-Ir and Hg-Ir Mixed-Metal CO Clusters 

Table 5. Fractional Atomic Coordinates for the Anion 
[Ir6(CO)~~(HgC1)~l2- (5) (Esd's in Parentheses) 

Organometallics, Vol. 14, No. 1, 1995 193 

atom xla ylb dC 
Hg 1 0.0 
Hg2 0.2484(2) 
Irl 0.0426(2) 
Ir2 0.3 139(2) 
Ir3 0.1 177(2) 
Ir4 0.2663(2) 
Ir5 0.3905( 1) 
Ir6 0.1623(2) 
c11 -0.1217(8) 
c12 0.2913(9) 
Otl 0.074(2) 
Ot2 0.574(2) 
011 -0.019(3) 
012 -0.239(3) 
0 2  1 0.3 14(2) 
022 0.525(3) 
0 3  1 0.208(2) 
032 -0.155(3) 
0 4  1 0.345(2) 
042 0.263(2) 
0 5  1 0.508(2) 
052 0.632(3) 
0 6  1 -0.092(2) 
062 0.309(2) 
Ct2 0.107(3) 
Ct2 0.460(3) 
c11 0.015(3) 
c12 -0.123(3) 
c 2  1 0.316(4) 
c22 0.452(4) 
C3 1 0.176(3) 

C41 0.317(3) 
C42 0.266(2) 
C5 1 0.463(3) 
C52 0.536(4) 
C6 1 0.011(3) 
C62 0.258(4) 

C32 -0.035(3) 

0.14913(3) 
0.05208(3) 
0.14359(3) 
0.14387(3) 
0.09953(3) 
0.15307(3) 
0.10363(3) 
0.09430(3) 
0.1637(2) 
0.0017(2) 
0.1384(5) 
0.1572(5) 
0.2057(6) 
0.1232(6) 
0.2029(6) 
0.1205(6) 
0.0801(5) 
0.0733(7) 
0.1506(5) 
0.2149(5) 
0.091 l(5) 
0.0762(6) 
0.0602(5) 
0.0671(5) 
0.1321(7) 
0.1467(6) 
0.1825(8) 
0.1304(7) 
0.1798(9) 
0.133( 1) 
0.0892(8) 
0.0819(7) 
0.1536(7) 
0.1915(6) 
0.0939(7) 
0.0852(9) 
0.0709(7) 
0.0750(9) 

0.0 
0.1863( 1) 
0.1980( 1) 
0.3188(1) 
0.0870( 1) 
0.1245(1) 
0.2085( 1) 
0.2879( 1) 

-0.1644(5) 
0.1887(6) 
0.408( 1) 
0.243 1) 
0.214(2) 
0.150(2) 
0.387(2) 
0.49 l(2) 

-0.083(2) 
0.023(2) 

-0.064(2) 
0.143(2) 
0.043(2) 
0.35 l(2) 
0.257(2) 
0.478(2) 
0.337(2) 
0.224(2) 
0.205(2) 
0.168(2) 
0.355(2) 
0.426(3) 

-0.019(2) 
0.047(2) 
0.006(2) 
0.129(2) 
0.108(2) 
0.292(3) 
0.264(2) 
0.403(3) 

0.36 mmol) and NazC03.10HzO (77 mg; 0.27 mmol) were placed 
in a Schlenk tube under nitrogen. The reaction mixture was 
stirred vigorously for 12 days at  room temperature. A black 
insoluble residue was slowly formed, while the colour of the 
clear solution turned red. Small amounts of HgClz and Naz- 
CO3 were then added, and the stirring continued for 5 more 
days. The disappearance of [Ir6(CO)16Hgcl]- could be followed 
by monitoring the infrared band of the bridging carbonyls at 
1765 cm-l. When the reaction was complete, the solution was 
cautiously filtered and dried in vacuo. The red residue was 
dissolved in CHzClz and layered with cyclohexane. Yield: 425 
mg, 78%. 

The cluster is well soluble in THF, CHZC12, and acetone. It 
decomposes when exposed to protic solvents, such as alcohols 
or water. 

Anal. Calcd for C ~ Z & O C ~ Z H ~ Z I ~ ~ P Z ~ I ~ :  c, 27.6; H, 1.5. 
Found: C, 28.2; H, 1.46. The compound is always impure with 
uncharacterized thin, colorless, needles. 

The FAB-MS immediately recorded showed a broad, un- 
resolved signal at mlz = 2008, corresponding to the parent 
peak. However, fast decomposition of the cluster with the 
matrix did not permit the recording of satisfactory spectra. 

Preparation of [Ira(CO>~&SgCl)zl~- from HgzCh. (Pfih- 
[Ir6(co)U] (493 mg; 0.219 mmol), THF (20 mL), and HgzClz 

(103 mg; 0.219 mmol) were placed in a Schlenk tube under 
nitrogen. A grey insoluble residue immediately formed, while 
the colour of the clear solution turned red. The reaction 
mixture was stirred vigorously for 15 days at room tempera- 
ture. The product was treated as above described, with 
comparable yields (420 mg; 71%) and higher purity. 

Anal. Calcd for C ~ Z H ~ O C ~ Z H ~ Z I ~ ~ P Z ~ ~ ~ :  c, 27.6; H, 1.5. 
Found: C, 27.33; H, 1.66. 
X-Ray Collections and Structural Refinements. A 

summary of crystal data parameters and some experimental 
details are collected in Table 3. Crystals of the two compounds 
were mounted in arbitrary orientation on the tip of a glass 
fibre mounted onto a goniometer head. Diffraction data were 
collected on an Enraf-Nonius CAD4 automated diffractometer 
using Mo Ka radiation (1 = 0.710 73 A), equipped with a 
pyrolitic graphite crystal monochromator in the incident beam. 
Cell dimensions were obtained by the least-squares method 
on the setting angles of 25 intense reflections, randomly 
distributed in the reciprocal space, having 9 < 8 < 11". 
Periodic measurements of three standard reflections revealed 
a crystal decay, on X-ray exposure, which was evaluated as 
null for 4 and 22% for 5a (on I) at the end of data collection. 
Lorentz, polarization, decay and absorption corrections were 
applied, the latter performed with the empirical method 
described in ref 28. 

The structures were solved by Direct Methods (MULTAN),29 
which succeeded in locating the metal atoms; the coordinates 
of the remaining non-hydrogen atoms were determined by 
successive least-squares refinements and difference Fourier 
maps. The refinements were carried out by full-matrix least 
squares with anisotropic temperature factors for Ir, Hg, Au, 
C1, P and, for 4, also for carbonyl atoms. Individual weights 
were given as: w =N[uz(F,) + BFO21, withA = 1.3353, 1.0646 
and B = 0.000 572, 0.000 824 for 4 and Sa, respectively. 
Scattering factors, corrected for real and imaginary anomalous 
dispersion terms, were taken from ref 30; the contribution of 
the hydrogen atoms to the scattering factors was neglected. 
The absolute structure of the crystal of Sa was tested by 
refining two inverted models; tabulated values refer to that 
having the lowest agreement discrepancy. All computations 
were performed on a Silicon Graphics Indigo computer, run- 
ning IRM 4.1, using SHELX31 The positional parameters for 
4 and 5a are listed in Tables 4 and 5 ,  respectively. 
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Supplementary Material Available: Tables of fractional 
atomic coordinates and isotropic thermal parameters and of 
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Use of the 2,6-Bis[ (dimethy1amino)methyllphenyl Ligand 
for the Study of Nucleophilic Substitution at 

Hexacoordinate Silicon Centers. Evidence Suggestive of 
a Heptacoordinate Silicon Transition State 

Francis Carre, Claude Chuit, Robert J. P. Corriu,* Alan Fanta,? 
Ahmad Mehdi, and Catherine Rey6 

Laboratoire Hhthrochimie et Amino-Acides CNRS, URA 1097, Universith Montpellier 11, 
Sciences et Techniques du Languedoc, Place E.  Bataillon, 34095 Montpellier Cedex 5, France 

Received July 7, 1994@ 

Two silicates bearing the potentially bis chelating ligand Ar = ( C ~ H ~ ( C H Z N M ~ ~ ) Z - ~ , ~ )  have 
been made with the objective of studying nucleophilic substitution reactions at  hexacoordinate 
silicon. The X-ray crystal structure of the silicate [&’S~(~ZC~H~-~,~)~I-PPN+, 3b, has revealed 
that the anion exhibits slightly distorted octahedral geometry, with only one NMe2 being 
coordinated to the silicon. Furthermore, the results of solution NMR studies of 3b and 
[ArSiFJ [K, 18-crown-61+, 4, are consistent with dynamic coordination, in which the NMez 
groups are displacing each other through a heptacoordinate transition state and the central 
silicon atom is essentially hexacoordinated. 

Initial experiments have indicated poor reactivity of 
hexafluorosilicatel and organopentafluorosilicatesz~3 to- 
ward Grignard reagents. However, further studies have 
confirmed the reactivity of hexacoordinate silicon com- 
plexes toward nucleophiles and have shown that this 
reactivity is highly dependent on the substituents 
around the silicon a t ~ m . ~ , ~ ~ ~  While hexacoordinate 
silicon species with Si-C bonds have been i ~ o l a t e d ~ ~ * , ~  
and often invoked as intermediates in the course of 
nucleophilic substitution at pentacoordinate silicon, the 
nature of the mechanism of nucleophilic displacement 
at hexacoordinate silicon compounds is unclear. Direct 
attack of a nucleophile a t  the silicon center with 
formation of a heptacoordinate intermediate (or transi- 
tion state) is a possibility which deserves to be consid- 
ered, especially since X-ray crystal structures of (4+3)loab 
and even (4+4)lobJ1 coordinate silicon compounds have 
been established. 

t Present address: 3M Company, Bldg. 201-4N.01, St. Paul, MN 
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The structure of the silicate la12 exposed the quasi 

L J 

l a : R = H  
b : R = M e  

2 

octahedral geometry of the anion, and solution NMR 
studies of the silicate 2l3 suggested an arrangement 
about the silicon atom consistent with an octahedral 
geometry. In this paper, dynamic NMR studies of 
silicates 3b and 4, in which heptacoordination at silicon 
can be achieved by chelation of both NMe2 groups, as 
well as the determination of the X-ray structure of 3b 
were completed. From these data, a mechanistic ap- 
proach of nucleophilic displacement on anionic hexaco- 
ordinate silicon species will be proposed. 

Results and Discussion 
Synthesis of 3 and 4. The preparation of 3a was 

noteworthy in that it was not possible to synthesize it 
from the classical exchange reaction between catechol 
and [2,6-bis[(dimethylamino)methyllphenylltrimeth- 
oxysilane in methanol. The reaction produced zwitte- 
rion 514 instead of the expected silane 3a (eq 1). 
However, treatment of 5 with potassium hydride in CH2- 

(12)Carr6, F.; Cerveau, G.; Chuit, C.; Cornu, R. J. P.; Rey6, C. 

(13) Brelibre, C.; Carre, F.; Corriu, R. J. P.; Douglas, W.; Poirier, 
Angew. Chem., Int. Ed. Engl. 1989,28, 489. 

M.; Royo, G.; Wong Chi Man, M. Organometallics 1992,11, 1586. 
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Clz resulted in 3a quantitatively, which was trans- 
formed into 3b by methathesis with bis(tripheny1phos- 
phorany1idene)ammonium chloride (PPNC1) (eq 2). 
Suitable crystals for X-ray structural analysis were 
grown from a saturated solution of 3b in CH2Clfit20 
cooled at -40 'C. Fluorosilicate 4 preparation was 
analogous to that of 213 (eq 3). The silicate was air- 
stable and decomposed only slowly in solvent solutions 
open to the atmosphere. 

Me2 

7 -  

Me2 

3b 

J 

Me2 
P N  

BF3,0Ete 4' KF ~ 

siF3 18-crown-6 

L N  
Mez 

L N  
Me2 

- 

[K,18-crown-6]+ (3) 

4 

Structure of 3b in the Solid State. The ORTEP 
drawing of 3b is shown in Figure 1. Selected bond 
distances and angles are given in Table 1, and other 
crystallographic details are given in Tables 2 and 3. The 
X-ray structure determination of 3b showed that the 
anion adopted a slightly distorted octahedral geometry 
with one dimethylamino oup coordinated to the silicon 
atom (Si-N(l) = 2.173 8, while the second dimethyl- 
amino group was directed away from the silicon center 
(Si-N(2) = 4.792 A) without intermolecular bonding 

(141Carr6, F.; Chuit, C.; Corriu, R. J. P.; Mehdi, A.; Rey6, C. J. 
Organomet. Chem. 1993,446, C6. 

Figure 1. ORTEP drawing of the molecular structure of 
silicate 3b showing the numbering scheme. The thermal 
ellipsoids and spheres are at the 30% probability level. 

Table 1. Selected Interatomic Distances (A) and Main 
Bond Angles (deg) in Silicate 3b 

Si-01 1.767(5) 01 -Si-C1 lOOS(3) 
Si-02 1.787(5) 01-Si-02 89.1(3) 
Si-03 1.795(5) 01-Si-03 94.2(3) 
Si-04 1.793(5) 0 1 -Si-04 93.6(3) 
Si-C1 1.954(7) C1-Si-02 95.8(3) 
Si-N 1 2.173(6) 02-Si-03 88.2(2) 
Si,C8 3.464(9) 0 3  -Si-04 86.6(2) 
Si,N2 4.792(5) 04-Si-C1 88.6(3) 
0 1 - C l l  1.338(9) N1-Si-Cl 81.0(3) 
02-c12  1.355(9) N1-Si-02 81.3(3) 
C l l - c 1 2  1.360(11) N1-Si-03 85.3(3) 
03-C21 1.353(9) N 1-Si-04 95.9(3) 
04-C22 1.345(8) Si-Cl-C6 128.8(5) 
c21-c22 1.388(10) Si-C1-C2 113.9(5) 
Cl-C2 1.394(10) Cl-C6-C8 122.8(7) 
C 1 -C6 1.408(10) Cl-C2-C7 117.6(7) 
01 -Si-Nl 170.4(3) C2-C7-N1 107.8(6) 
02-Si-04 174.3(3) C7-Nl-Si 103.2(5) 
03-Si-C1 164.9(3) C2-Cl-C6 117.2(7) 

interaction. Thus, the octahedral geometry previously 
found for complex la12 was maintained in 3b. However, 
the octahedron was slightly more distorted with angles 
around the silicon atom being 170.4' (31,174.3' (31, and 
164.9' (3), whereas in la they were 167.3' (4), 172.6' 
(31, and 175.2' (31, res ectively. The dative Si-N bond 
in la12 was 2.157 1, which was not si 
different from that observed in 3b (2.173 
values are short compared to those previously reported 
for the neutral hexacoordinate silicon compound 6' (2.77 

6 

and 2.80 A). This is an illustration of the electrophilicity 
of the silicon atom in these derivatives, were the ligand 

(15) Boudin, A.; Cerveau, G.; Chuit, C.; Coniu, R. J. P.; Rey6, C. 
Bull. Chem. SOC. Jpn. 1988, 61, 101. 

(16) Handwerker, H.; Leis, C.; Probst, R.; Bissinger, P.; Grohmann, 
A.; Kiprof, P.; Herdtweck, E.; Bliimel, J.; Auner, N.; Zybill, C. 
Organometallics 1993, 12, 2162. 
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Measurements, and Refinement 
Table 2. Summary of Crystal Data, Intensity 

Car& et al. 

formula 
cryst system 
space group 
a, A 
b, 8, 
c, A 
vol, A3  
mol wt 
Z 
dcalcd, g cm-3 
dmeasd, g cmF3 
cryst size, mm3 
cryst color 
recryst solv 
mp, "C 
method of data collectn 
Radiatn (graphite monochromated) 
p,  cm-' 
28 limits, deg 
no. of unique reflns 
no. of obsd reflns 
final no. of variables 
R 
R W  

residual electron density 

C ~ ~ H S ~ C ~ Z N ~ ~ ~ P Z S ~  
orthorhombic 
p21217.1 
9.9612(15) 
33.551(8) 
16.415(2) 
5486.2 
1059.1 
4 
1.282 
1.28(1) 
0.32 x 0.45 x 0.50 
colorless 
CHzCldether, 9:l 
176-178 

Mo K a  
2.44 
4-50 
8506 
4405 
357 
0.056 
0.060 
0.71 

wte 

geometry does not impose intramolecular coordination 
to the silicon center due to the freedom of motion 
allowed to the NMez groups in the benzylic position. 

Dynamic NMR Studies of 3b in Solution. The 
29Si NMR chemical shift of 3b was in the range expected 
for a hexacoordinate bis(benzene-1,2-diolato)silicate 
with the resonance occurring at 6 = -127.2 ppm in the 

solid state and at 6 = -129.4 in solution (CDzC12, 200 
MHz), with that of la  being at 6 = -121.2 ppm (CDz- 
Clz). These values were markedly upfield with respect 
to  that of the pentacoordinate phenylbis(benzene-l,2- 
diolato)silicate15 (6 = -87.4 ppm in DMSO-&). The 'H 
NMR spectrum of 3b was temperature dependent. At 
295 K in CDzC12, the lH NMR spectrum of 3b displayed 
a sharp signal for the twelve dimethylamino protons and 
a sharp signal for all the benzylic protons. Lowering 
the temperature of the NMR sample resulted in broad- 
ening and decoalescence of NMez and methylene signals. 
At 183 K, the lH NMR spectrum of 3b exhibited three 
single resonances for the dimethylamino groups. Two 
of these signals were assigned to one NMe2 unit; the 
third was assigned to  the other. The integration of 
these peaks gave a ratio of 1:1:2. At this temperature, 
both CHzN groups appeared as an AB pattern (Table 
4). An estimation of the Gibbs free energy of activation 
from the coalescence temperature of the N-methyl 
signals gave AG* = 46.4 W mol-l (T, = 203 K), and from 
the coalescence temperature of the CHzN signals AG* 
= 42.2 W mol-' (T, = 223 K). 

On the basis of the above observations, the following 
conclusions can be drawn. The magnetic equivalence 
of the two NMez groups observed at room temperature 
can be interpreted in terms of a fluxional process 
involving the two NMez units whereby fast exchange 
(on the NMR time scale) of one NMez unit for the other 
at the hexacoordinate silicon center occurs. During this 
dissociative process there is simultaneously formation 

Table 3. Fractional Atomic Coordinates (x  104) and Isotropic Thermal Parameters (x  103) 

Si 
0 1  
0 2  
0 3  
0 4  
c 1  
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
N1 
Me 1 
Me2 
C8 
N2 
Me3 
Me4 
c11  
c12 
C13 
C14 
C15 
C16 
c 2  1 
c22  
C23 
C24 
C25 
C26 
P1 
P2 
N 
C3 1 
C32 
c33  

2635(2) 
4403(5) 
2523(5) 
2451(5) 
2657(5) 
2347(7) 
1117(7) 
710(9) 

1525(10) 
2776(9) 
3173(7) 
206(9) 
462(6) 

-251(8) 
-72(8) 

4490(9) 
5497(8) 
6569( 11) 
6030( 14) 
477 l(8) 
376 l(8) 
3963 10) 
5372( IO) 
6343( 10) 
6 l09(9) 
2339(8) 
2480(7) 
2389(7) 
2143(8) 
1974(8) 
2090(8) 
3613(2) 
1527(2) 
2231(5) 
4447(8) 
4244(9) 
4940( 11) 

1392.8(6) 
1408( 1) 
1734(1) 
994(1) 

1016( 1) 
1790(2) 
1987(2) 
2273(3) 
2372(3) 
2 183(2) 
1885(2) 
1872(2) 
1440(2) 
1193(2) 
1353(2) 
1672(3) 
1915(2) 
1674(3) 
2 199(4) 
1651(2) 
1820(2) 
2065(3) 
2129(3) 
1985(3) 
1742(3) 
630(2) 
647(2) 
3W2)  
-56(2) 
-72(2) 
279(2) 

4263.w) 
3787.9(6) 
4043(2) 
4054(2) 
3660(3) 
347 l(3) 

7979( 1) 
8062(3) 
88 12(3) 
8698(3) 
7205(3) 
7126(4) 
7183(5) 
6616(5) 
5992(5) 
5908(5) 
6459(5) 
7858(5) 
8052(4) 
7448(5) 
8879(5) 
6287(6) 
5890(5) 
5566(7) 
6437(9) 
8669(5) 
9107(5) 
9798(6) 
9981(6) 
9553(6) 
8876(5) 
8349(5) 
7508(4) 
7042(5) 

8281(5) 
8742(5) 
6946(1) 
7762(1) 
7069(3) 
6079(5) 
5906(5) 
5235(6) 

7437(5) 

c34  
c35 
C36 
C4 1 
C42 
c43  
C44 
c45 
C46 
C5 1 
C52 
c53  
c54  
c55 
C56 
C61 
C62 
C63 
C64 
C65 
C66 
C7 1 
C72 
C73 
c74  
c75 
C76 
C8 1 
C82 
C83 
C84 
C85 
C86 
C 
c1 1 
C12a 
C12b 

5754( 10) 
5983 10) 
5305(9) 
3323(7) 
4293(7) 
4038(8) 
2818(9) 
1815(9) 
209 1 (8) 
4745(7) 
4419(8) 
5245(8) 
6319(9) 
6645(9) 
5864(7) 
909(7) 
790(7) 
259(8) 

-193(8) 
-121(8) 

468(7) 
2561(7) 
2636(8) 
3592(9) 
4468(9) 
4362(8) 
3440(8) 

93(7) 
-272( 10) 

-1443(11) 
-2132( 10) 
-1798(9) 
-656(8) 
5499( 11) 
4673(3) 
7124( 12) 
7266(8) 

3709(3) 
4078(3) 
4276(3) 
4780(2) 
5065(2) 
5463(2) 
5573(3) 
5293(3) 
4890(2) 
4237(2) 
4457(2) 
4413(2) 
4164(2) 
3953(2) 
3993(2) 
4087(2) 
4497(2) 
4743(2) 
4575(2) 
4167(2) 
3923(2) 
3394(2) 
3045(2) 
2763(3) 
2815(3) 
3168(2) 
3452(2) 
3550(2) 
3657(3) 
3467(3) 
3203(3) 
3094(3) 
3273(2) 
583(3) 
563(1) 
450(4) 
578(2) 

4786(6) 
4939(7) 
5606(5) 
6765(4) 
691 3(4) 
6752(5) 
6453(5) 
6297(5) 
6451(5) 
7802(4) 
8502(5) 
9196(5) 
9 191(5) 
8478(5) 
7804(5) 
8578(4) 
8459(5) 
9063(5) 
9767(5) 
9887(5) 
9308(5) 
8160(4) 
7710(5) 
79 15(6) 
8533(5) 
8893(5) 
8808(4) 
7303(5) 
6515(6) 
6188(6) 
6637(6) 
7391(6) 
7744(5) 
6147(6) 
5184(2) 
5846(8) 
61 14(5) 

a The anisotropic thermal parameters for these atoms are given in Table 9 (supplementary material). The corresponding equivalent Ui,, values are 0.038(1), 
0.048(3), 0.046(3), 0.043(3), 0.041(3), 0.047(4), 0.071(5), 0.032(1), and 0.034(1), respectively. 
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Substitution at a Hexacoordinate Si Center 

Table 4. lH NMR Data of Hexacoordinated Anionic 
Silicate 3b 

Organometallics, Vol. 14, No. 1, 1995 197 

complicated: three distinct signals corresponding to an 
X2YZ system were observed. This finding was in accord- 
ance with the low-temperature 29Si NMR spectrum 
(Table 5). 

At 273 K in CD2C12, the lH NMR spectrum of 4 
exhibited a sharp signal for the twelve dimethylamino 
protons and a sharp signal for the CH2N protons. As 
the temperature was decreased, the CH3N signal was 
split into two resonances of equal intensity. An estima- 
tion of AG*, calculated at  T = 183 K with a separation 
of the two methyl peaks of Av = 42.5 Hz, gave 38.5 W 
molt1. From these NMR data, it can be concluded that 
4 exhibited the same dynamic behavior as 3b. At room 
temperature the equivalence of NMe2 units observed in 
lH NMR can also be interpreted as fast exchange (on 
the NMR time scale) of one NMe2 unit for the other in 
the hexacoordinate silicon complex. The equivalence of 
fluorine atoms at room temperature observed in both 
19F and 29Si NMR spectra can be explained by the 
formation of the symmetrical heptacoordinate interme- 
diate (or transition state) 4a in which all the 19F nuclei 

NCH3 293 2.40 (s, 12H) 

CHIN 293 3.76 (s, 4H) 
183 

183 

1.95 (s, 3H); 2.08 (s, 6H); 2.63 (s, 3H) 

3.08 (d, lH, 2J(H-H) = 9.6 Hz); 3.67 
(d, lH, 2J(H-H) = 12 Hz); 4.14 
(d, lH, 'J(H-H) = 14 Hz); 4.47 
(d, lH, 'J(H-H) = 12 Hz) 

Table 5. 19F, 29Si, and 'H NMR Data of Hexacoordinated 
Anionic Silicate 4 

19Si 293 -161.0 (quint, 'J(Si-F) = 197.1 Hz) 
183 -162.6 (ddt, 'J(Si-F) = 217.5 (SiXz), 

191.2 (SiY), 142.5 Hz (Siz)) 
'9F 283 -118.2 (s) 

223 -119.1 (s, 2F); -122.1 (s, 1F); -130.1 
(s, 1F) 

'H 293 2.30 (s, 12H, NCH3); 3.70 (s, 4H, CHIN) 
183 2.10 (s, 6H, NCH3); 2.27 (s, 6H, NCH3) 

of one Si-N bond and cleavage of the other with rotation 
around the N-C bond and inversion at nitrogen. This 
dynamic N-Si-N coordination mode has been observed 
previously16 on pentacoordinate silicon species. 

At 183 K this process slowed (on the NMR time scale), 
and the two NMez units appeared dissociated such that 
one NMe2 unit was away from the silicon center while 
the other was coordinated. This was the situation 
observed in the solid state. The free NMez unit ap- 
peared as a singlet and the corresponding CHzN group 
appeared as an AB system because of the chirality at 
the silicon center. The chirality at the silicon atom also 
explained the diastereotopic nature of the methyls of 
the coordinate NMez unit and the AI3 system of the 
corresponding CHzN group. These data imply that no 
isomerization occurred around the Si center. In con- 
trast, an intramolecular nondissociative isomerization 
process had been observed on la and lb12 even at low 
temperature. This difference between la, lb, and 3b 
seems due to the dynamic N-Si-N coordination mode 
occuring on 3b and hindering the isomerization. 

Dynamic NMR Studies of 4 in Solution. At room 
temperature, the 29Si NMR spectrum of 4 in CD2C12 
showed a quintet centered at 6 = -161.0 ppm due to 
coupling of the silicon atom with four equivalent fluo- 
rines resulting from intramolecular fluoride site ex- 
change at this temperature. This chemical shift is in 
the range expected for hexacoordinate tetrafluorosili- 
cates with the chemical shift of 213 occurring at -160.1 
ppm. At 183 K, the 29Si NMR spectrum of 4 showed a 
doublet of doublets of triplets centered at  6 = -162.6 
ppm corresponding to a SiX2YZ coupled system contain- 
ing four fluorines, of which two are equivalent (Table 
5). The 29Si NMR chemical shift of 4 is not significantly 
changed when 4 is cooled to 183 K (6 = -162.6 ppm). 
29Si-19F coupling persists throughout the temperature 
range studied, which suggested that no intermolecular 
fluoride exchange occurred. Furthermore the 29Si-19F 
coupling constants at room temperature and at  low 
temperature were close to those observed for 2.13 That 
was another indication of the hexacoordination at silicon 
regardless of the temperature. 

The 19F NMR spectrum of 4 at  273 K showed a single 
resonance for the four magnetically equivalent fluorines, 
while at 193 K the 19F NMR spectrum became more 

4 
r 

L 

4a 

are equivalent. The formation of 4a results from attack 
of the noncoordinated NMe2 group at  the FlF2C (or 
F1F3C) face of the octahedron. Indeed, comparison of 
the NMR data of 4 and 213 suggests an octahedral 
arrangement around the silicon atom in 4 with only one 
NMe2 group coordinated to it, opposite one Si-F bond, 
as previously demonstrated for 2.13 This attack causes 
the fluorine atoms to adopt a symmetric rearrangement. 
At low temperature, the dynamic N-Si-N coordination 
mode becomes slow enough that the two NMe2 groups 
appear separately by NMR with one coordinated to the 
silicon and the other uncoordinated. The coordinated 
group is not diastereotopic because of the symmetry of 
the hexacoordinate tetrafluorosilicate. 

The potentially bis chelating 2,6-bis[(dimethylamino)- 
methyllphenyl ligand is an excellent tool for the study 
of nucleophilic substitution in hexacoordinate silicon 
compounds. In both models studied, displacement of 
one NMe2 group by the other across the hexacoordinate 
silicon center can be observed by dynamic NMR studies. 
This movement mimics a nucleophilic attack on a 
hexacoordinate silicon center, and thus provides strong 
support for direct nucleophilic attack on a hexacoordi- 
nate silicon complex through a heptacoordinate transi- 
tion state. 
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Experimental Section 
All the reactions were performed under a dry argon atmo- 

sphere using standard Schlenk techniques. 'H, 19F, and 29Si 
NMR spectra were obtained using a Bruker 200-SY or a 
Bruker 250 AC spectrometer. 'H and 29Si chemical shifts were 
reported relative to Mersi, and 19F chemical shifts were 
relative to CFC13. Elemental analyses were performed by the 
centre de Microanalyse du CNRS. 
[2,6-Bis[(dimethylamino)methyllphenyll trimeth- 

oxysilane. A solution of [2,6-bis[(dimethylamino)methyll- 
phenylllithi~m'~ (35 mmol) in ether (100 mL) was added 
dropwise at -10 "C to an  ethereal solution (100 mL) of ClSi- 
(OMe)3 (35 mmol). The resulting mixture was stirred at room 
temperature for 5 h, filtered, and concentrated. The residue 
was distilled to  give 6.9 g (63% yield) of a colorless oil: bp 
107-108 "C (0.25 mmHg); lH NMR (6 in CDC13) 2.15 (s, 12H, 
NMeZ), 3.55 (s, 9H, OCHs), 3.58 (s, 4H, CHzN), 7.25 (s, 3H, 
aromatic); 29Si NMR (6 in CDC13) -53.8. Anal. Calcd for CIS- 
HzsNzO3Si: C, 57.66; H, 9.03; N, 8.96. Found: C, 57.56; H, 
8.93; N, 9.23. 

[2,6-Bis[ (dimethylamino)methyllphenyll trifluoro- 
silane. Freshly distilled boron trifluoride etherate ( 5  mmol, 
0.61 mL) was added dropwise to an ethereal solution ( 5  mL) 
of [2,6-bis[(dimethylamino)methyllphenylltrimethoxysilane (1.2 
g, 3.8 mmol), and the reaction mixture was stirred for 10 min. 
The solvents were removed, and a foamy product was distilled 
to  give 0.62 g (58% yield) of the expected product: bp 142 "C 
( 5  mmHg); lH NMR (6 in cc14) 2.21 (s, 12H, NMeZ), 3.54 (s, 
4H, CHzN), 6.9-7.4 (m, 3H, aromatic); 29Si NMR (6 in CDCl3) 
-103.58. This product is very air-unstable, and no correct 
analysis was obtained. 

Potassium 18-Crown-6 [2,6-Bis[(dimethylamino)meth- 
yl]phenyl]tetrafluorosilicate (4). To a dispersion of dry 
potassium fluoride (3.3 mmol, 0.193 g) in dry toluene (55 mL) 
was added 18-crown-6 ether (3.3 mmol) followed by a toluene 
solution (5 mL) of [2,6-bis[(dimethylamino)methylIphenyl]- 
trifluorosilane (3.3 mmol, 0.90 g). The mixture was stirred at  
room temperature, and after 2 days a precipitate was evident. 
The reaction mixture was filtered, and the precipitate was 
recrystallized from a THF/Et20 mixture to give 1.62 g (82% 
yield) of colorless crystals of 4: mp 157-158 "C; 'H NMR (6 
in CD2C12) 2.30 (s, 12H, N(CH3)2), 3.55 (s, 24H, OCHz), 3.70 
(s, 4H, CHzN), 7.00 (s, 3H, aromatic). Anal. Calcd for C24H43- 
F4N20&iK C, 48.14; H, 7.24; N, 4.68. Found: C, 47.91; H, 
7.02; N, 4.91. 

Crystal Structure of Compound 3b: Crystal Prepara- 
tion. Crystals of compound 3b14 were grown by cooling a 
saturated dichloromethane/ether solution cooled at  -40 "C. 
Colorless elongated blocks were produced. A block, ap- 
proximately 0.3 x 0.45 x 0.5 mm, was sealed inside a 
Lindeman glass capillary and mounted on a Weissenberg 
camera. A monoclinic unit cell was first determined (19.1, 
33.7, 10.5 A; 126.6'1, which was later revealed to  be an 
orthorhombic one, having the [ lo l l  direction parallel to  the 4 
axis of the diffractometer. 

X-ray Data Collection. Data were collected at  22 "C on a 
CAD-4 automated diffractometer with graphite-monochroma- 
tized Mo Ka radiation (1 = 0.71069 A). Lattice constants 
(Table 2) came from a least-squares refinement of 25 well- 

Card et al. 

defined reflections in the range 19.5" < 20 < 25". The 
intensities of three standard reflections were monitored after 
intervals of 60 min.; a 3% decrease in these check reflections 
was observed. Since the difiactometer operator was not fully 
confident in the B angle value, it was decided to collect a whole 
set of data (h,h:O,K;O,Z) to cope with the possibility of a 
structure determination in the monoclinic system. However, 
the examination of the data set collected established beyond 
doubt the orthorhombic symmetry of the lattice with space 
group P212121 (from the systematic absences). The structure 
amplitudes were obtained after decay correction and the usual 
Lorentz and polarization reductions. Only the reflections 
having dO/F < 0.4 were considered to be observed. No 
absorption corrections were made. 

Structure Determination and Refinement. Direct meth- 
ods (1980 version of the MULTAN program)ls were used to 
solve the structure and to give the positions of the silicon and 
phosphorus atoms, along with the positions of the oxygen, 
carbon, and nitrogen atoms directly bound to silicon. These 
atomic positions were used to phase a Fourier map which gave 
the coordinates of the chlorine atoms (CHzClz) and eight of 
the phenyl ring carbon atoms. Subsequent Fourier maps and 
difference Fourier syntheses revealed all the remaining non- 
hydrogen atoms. At this stage only the data set (h,O;O,k;O,Z) 
was used. After six cycles of least-squares refinement with 
isotropic thermal parameters to all atoms, the phosphorus, 
silicon, oxygen, and nitrogen atoms were refined anisotropi- 
cally. Due to disorder in the Cl(2) atomic position the thermal 
parameters of both chlorine atoms were left isotropic. The 
conventional R factor was 0.080. The hydrogen atoms were 
positioned by calculation (SHELX-76 program)19 and refine- 
ment converged to the R value of 0.061. An attempt to refine 
the opposite configuration of the molecule with the same data 
set established unambiguously that the present absolute 
configuration (displayed on Figure 1) is the correct one. 
Finally the second half of the data set (O,h;O,k;O,Z) was added 
to (but not merged into) the first one, and the refinement 
converged to the final R value of 0.056 along with a decrease 
in the 610 ratios. 

The final atomic coordinates are listed in Table 3. The 
labeling scheme is given in Figure 1. Typical bond lengths 
and main bond angles for the silicate anion are listed in Table 
1. 

Acknowledgment. We are grateful to R. Astier of 
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atoms), and calculated hydrogen atom coordinates (Tables 
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Synthesis and Characterization of Ambient Temperature 
Stable Organopalladium(IV) Complexes, Including Aryl-, 

ql-Allyl-, Ethylpalladium(IV), and 
Pallada(IV)cyclopentane Complexes. Structures of the 
Poly(pyrazo1-l-y1)borate Complexes PdMe3{ (pz)sBH} and 

PdMe3{ (pz)rB} and Three Polymorphs of 
PdMezEti (pz)3BHI 
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Peter R. Traill,? and Allan H. White$ 
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The palladium(I1) complexes PdMeZ(tmeda1, PdMePh(tmeda), and Pd(CH2CHzCHzCHz)- 
(tmeda) (tmeda = tetramethylethylenediamine) react with potassium tris(pyrazo1-l-y1)borate 
and organohalides RX in acetone to form the octahedral palladium(IV) complexes PdMeRR”- 

{(pz)sBH} (R = Me, Ph) and Pd(CH2CHzCHzCH~)R{(pz)3BH} (RX = MeI, EtI, PhCHzBr, 
CHz=CHCH&. The complexes are stable in the solid state and in solution at ambient 
temperature, PdMe3{(pz)3BH} is more stable than the iodide salt of isoelectronic [PdMes{(pz)a- 
CH}]+, and the aryl- and 17l-propenylpalladium(IV) complexes are the first examples of aryl- 
and allylpalladium(IV) complexes that are stable above 0 “C. The tris(pyrazo1-l-y1)borate 
ligand considerably enhances the stability of palladium( IV) complexes when compared with 
related neutral donor ligands. The ethylpalladium(rV) complexes have stabilities in solution 
similar to that of the most stable ethylpalladium(I1) complexes reported. The complex PdMea- 
{ ( ~ Z ) ~ B }  (2) has been prepared, and structural studies of this complex and PdMe~R{(pz)3- 
BH} [ R  = Me (l), Et (3>] completed, allowing the first comparison of structural parameters 
of ethylpalladium( 11, IV) complexes and of PdMe3{ (pz)3BH} with the “isoelectronic” cation 
[PdMe3{(pz)3CH}]+. Three polymorphs of PdMezEt{ (pz)3BH} were examined: complex 3a 
is ordered, but the other polymorphs exhibit disordering in the conformation of the ethyl 
group (3b) and in the position of the ethyl group and one of the methyl groups (3c). 
Crystallographic data: for 1, monoclinic, space group P21/c, a = 16.559(16) A, b = 7.859(4) 
A, c = 13.774(15) A, p = 118.88(8)”, 2 = 4, R = 0.032, R, = 0,043; for 2, monoclinic, space 
group P21/c, a = 11.453(1) A, b = 9.729(2) A, c = 16.973(9) A, p = 107.25(3)”, 2 = 4, R = 
0.053, R, = 0.055; for 3a, monoclinic, P2&, a = 9.384(3) A, b = 12.795(3) A, c = 15.119(8) 
A, p = 115.22(3)”, 2 = 4, R = 0.055, R, = 0.052; for 3b, orthorhombic, P212121, a = 13.955- 
(3) A, b = 13.152(18) A, c = 9.047(6) A, 2 = 4, R = 0.052, R, = 0.053; for 3c, tetragonal, 
P43212, a = 12.305(4) A, c = 21.542(7) A, 2 = 8, R = R, = 0.035. 

, 

Introduction 

Synthetic, structural, and mechanistic aspects of 
organopalladium(IV) chemistry have developed rapidly 
since the initial report of the first hydrocarbyl complex 

T University of Tasmania. * University of Western Australia. 
@ Abstract published in Advance ACS Abstracts, November 1,1994. 
( l ) (a)  Byers, P. K.; Canty, A. J . ;  Skelton, B. W.; White, A. H. J. 

Chem. Soc., Chem. Commun. 1986,1722. (b) Canty, A. J.Acc. Chem. 
Res. 1992,25, 83, and references therein. (c) Canty, A. J.; Traill, P. 
R.; Skelton, B. W.; White, A. H. J. Organomet. Chem. 1992,433,213. 
(d) Byers, P. K; Canty, A. J . ;  Honeyman, R. T.; Skelton, B. W.; White, 
A. H. J. Organomet. Chem. 1992,433,223. (e) Byers, P. K.; Canty, A. 
J.; Skelton, B. W.; Traill, P. R.; Watson, A. A.; White, A. H. Organo- 
metallics 1992, 11, 3085. (0 Canty, A. J .  Platinum Met. Rev. 1993, 
37, 2. (g) Bennett, M. A.; Canty, A. J . ;  Felixberger, J. K.; Rendina, L. 
M.; Sunderland, C.; Willis, A. C. Inorg. Chem. 1993, 32, 1951. (h) 
Canty, A. J . ;  Traill, P. R.; Colton, R.; Thomas, I. M. Znorg. Chim. Acta 
1993,210,91. (i) Markies, B. A.; Canty, A. J.; Boersma, J.; van Koten, 
G. Organometallics 1994,13,2053. (i) Ducker-Benfer, C.; van Eldik, 
R.; Canty, A. J .  Organometallics 1994, 13, 2412. 

0276-733319512314-0199$09.0010 

in 1986, PdIMedbpy) (bpy = 2,2’-bip~ridyl).l-~ All 
complexes isolated to date contain bidentate or tripodal 
donor ligands, although evidence has been presented in 
support of the proposal that PdBrzH(Cy)(PPh& is 
present as one component in a solid obtained on heating 
PdBrz(PPh3)~ in cyclohexane.5 Most of the complexes 
isolated have low stability, decomposing at or below 

(2) (a) de Graaf, W.; Boersma, J.; Smeets, W. J. J.; Spek, A. L.; van 
Koten, G. Organometallics 1989,8, 2907. (b) de Graaf, W.; Boersma, 
J . ;  van Koten, G. Organometallics 1990, 9, 1479. (c) Asters, P. L.; 
Engel, P. F.; Hogerheide, M. P.; Copijn, M.; Spek, A. L.; van Koten, G. 
Organometallics 1993, 12, 1831. ~ 

(3) (a) Catellani, M.; Chiusoli, G. P. Gam. Chim. Ital. 1993,123, 1. 
(b) Bocelli, G.; Catellani, M.; Ghelli, S. J. Organomet. Chem. 1993,458, 
n, 0 
bL&. 

(4) van Asselt, R.; Runberg, E.; Elsevier, C. J .  Organometallics 1994, 

(5) Vedernikov, A. N.; Kuramshin, A. I.; Solomonov, B. N. J. Chem. 

(6) Klaui, W.; Glaum, M.; Wagner, T.; Bennett, M. A. J. Organomet. 

13, 706. 

SOC., Chem. Commun. 1994,121. 

Chem. 1994,472,355. 
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ambient temperature, facilitating kinetic studies of their 
decomposition that have revealed insights into C-C 
bond formation mechanisms of direct interest to poten- 
tial roles for palladium(IV) in organic synthesis.lb 
Kinetic studies of the decomposition of PdIMedbpy) in 
acetone, including a volume profile for the reaction, 
indicate that the major pathway for reductive elimina- 
tion of ethane and formation of PdIMe(bpy) proceeds via 
iodide dissociation (eq 1, R = Me) and that the inter- 

Canty et al. 

Iodomethane (0.017 g, 0.12 mmol) was added, the solution was 
stirred for 3 h at ambient temperature, and after centrifuga- 
tion to precipitate a fine powder, the yellow solution was 
collected and evaporated to dryness under vacuum at 0 “C. 
The residue was extracted with diethyl ether, filtered, and 
evaporated to dryness. The solid obtained was recrystallized 
from diethyl ethedpetroleum (bp 40-60 “C) to give a white 
crystalline product (0.037 g, 86%): ‘H NMR (CDC13) 6 7.64 
(d, 3, H3 or 5), 7.54 (d, 3, H3 or 5), 6.20 (“t”, 3, H4), 1.38 (s, 9, 
PdMe); 13C{lH} NMR (CDCl3) 6 138.3 (H3 or 51, 135.4 (C3 or 
5), 105.5 (C4), 12.9 (PdMe). Anal. Calcd for CIZHISBN~P~: C, 
39.5; H, 5.2; N, 23.0. Found: C, 39.8; H, 5.2; N, 23.0. 

PdMes{(pz)rB} (2). A solution of PdMez(tmeda1 (0.036 g, 
0.14 mmol) and K[(pz)4B] (0.045 g, 0.14 mmol) in acetone (10 
mL) was stirred at 40 “C for 1 h, and on lowering the 
temperature to ambient, iodomethane (0.02 g, 0.14 mmol) was 
added. The solution was stirred overnight, the solvent re- 
moved and the residue extracted with diethyl ether to  give an 
orange solid. The solid was extracted with petroleum ether 
(2 x 5 mL, bp 40-60 “C) and evaporated to  give the product 
as a whie solid (61%): lH NMR (CDCl3) 6 8.03 (d, 35 = 2.4 
Hz, 1, H3 or 5 of uncoordinated pz), 7.96 (d(b), 1, H3 or 5 of 
uncoordinated pz), 7.66 (d, 35 = 2.4 Hz, H3 or 51, 7.61 (d(b), 3, 
H3 or 5), 6.61 (“t”(b), 1, H4 of uncoordinatd pz), 6.21 (“t”(b), 3, 
H4), 1.42 (s,6, PdMe); l3C{lH) NMR (CDC13) 6 142 (C3 or 5 of 
uncoordinated pz), 139.2 (C3 or 5), 136.8 (C3 or 5 of uncoor- 
dinated pz), 133.3 (C3 or 5), 107.4 (C4 of uncoordinated pz), 
105.9 (C4), 13.2 (PdMe). Anal. Calcd for CISHZ~BN&’~: C, 
41.8; H, 4.9; N, 26.0. Found: C, 42.4; H, 5.1; N, 25.9. 

The following complexes were obtained by a procedure 
mostly similar to that for complex 1. 

PdMeJ3t{ (pz)sBH} (3): iodoethane as reagent, crystalliza- 
tion from pentane, yield 80%; lH NMR (CDC13) 6 7.70 (d(b), 2, 
H3 or 5 trans to  Me), 7.66 (d(b), 1, H3 or 5 trans to Et), 7.63 
(d(b), 2, H3 or 5 trans to  Me), 7.54 (d(b), 1, H3 or 5 trans to 
Et), 6.23 (“t”, 2, H4 trans to Me), 6.19 (“t”, 1, H4 trans to Et), 
2.42 (9, = 7.6 Hz, 2, P ~ C H Z C H ~ ) ,  1.42 (9, 6, PdMe), 1.09 (t, 

or 5), 138.3 (C3 or 5), 135.5 (C3 or 51, 135.1 (C3 or 51, 105.5 
(C4), 105.3 (C4), 28.9 (P~CHZCH~) ,  17.9 (PdMe), 15.6 (PdCHz- 
CH3). Anal. Calcd for C13H21BNsPd: C, 41.3; H, 5.6; N, 22.2. 
Found: C, 41.5; H, 5.9; N, 21.9. 

PdMez(CH#h)((pz)sBH} (4): benzyl bromide as reagent, 
crystallization from petroleum ether, yield 55%; ‘H NMR 
(CDCl3) 6 9.80 (d, 35 = 2.3 Hz, 2, H3 or 51, 9.77 (d, 35 = 2.0 
Hz, 1, H3 or 5 trans to CHZPh), 9.66 (d, = 2.0 Hz, 1, H3 or 
5 trans to CHZPh), 9.22 (m, 3, Ph(3-511, 9.16 (m, 4, H3 or 5 
trans to  Me and Ph(2,6)), 8.33 (“t”, 1, H4 trans to CHzPh), 8.24 
(“t”, 2, H4 trans to Me), 3.54 ( 8 ,  2, PdCHZ), 1.55 (s, 6, PdMe); 
13C{lH} NMR 6 146.7, 138.4, 135.4, 135.2, 130.1, 125.6, 105.5 
(C4), 105.1 (C4), 36.1 (PdCHz), 18.5 (PdMe). Anal. Calcd for 
ClsHzsBNsPd: C, 49.1; H, 5.3; N, 19.1. Found: C, 49.0; H, 
5.5; N, 19.1. 

PdMez(CH&H=CHz){ (pz)sBH} (5). A procedure similar 
to that for 1 was followed except that oxidative addition with 
2-propenyl iodide was carried out at -5 “C, and the complex 
was obtained by crystallization from petroleum ether, yield 
71%: lH NMR ((CD3)&O) 6 7.96 (d, 3J = 2.1 Hz, H3 or 5 trans 
to  Me), 7.93 (d, 3J = 2.1 Hz, 1, H3 or 5 trans to allyl), 7.90 (d, 
35 = 2.1 Hz, 2, H3 or 5 trans to  Me), 7.80 (d, 3J = 2.1 Hz, 1, 
H3 or 5 trans to  allyl), 6.24 (“t”, 2, H4 trans to Me), 6.39 (‘‘t”, 
1, H4 trans to allyl), 6.09 (m, PdCHZCHCHz), 5.34 (m, PdCHz- 
CHCHH trans to CH), 5.15 (dd, 2J = 9.9 Hz, 35 = 1.2 Hz, 1, 
PdCHzCHCHH cis to CH), 3.20 (d, 35 = 9 Hz, PdCHz), 1.61 (s, 
6, PdMe); l3C(lH} NMR 6 144.3, 143.7, 139.5 (C3 or 51, 139.3 
(C3 or 51, 136.5 (C3 or 51, 136.3 (C3 or 51, 113.3 (PdCHz- 
CHCHz), 106.3 (C4), 106.1 (C4), 34.6 (PdCHZ), 18.2 (PdMe). 
Anal. Calcd for C14HzlBNsPd: C, 43.1; H, 5.4; N, 21.5. 
Found: C, 43.3; H, 5.6; N, 21.5. 

PdMezPh{ (pz)sBH} (6). A solution of PdMePh(tmeda) 
(0.030 g, 0.095 mmol) and K[(pz)3BHI in acetone (5 mL) was 
stirred at 35 “C for 4 h. The solution was cooled to ambient 
temperature, iodomethane (50 pL) added, the solution stirred 

35 = 7.6 Hz, 3, PdCHzCH3); 13C{’H} NMR (CDC13) 6 138.6 (C3 

PdIMe,R(bpy) == [PdMe,R(bpy)(acetonel+I- - 
PdIR(bpy) + Me-Me (1) 

mediate cation probably contains probably contains 
coordinated acetone [PdMe3(bpy)(acetone)l+.ljr7 

For nitrogen donor tripod ligands coordinated to 
trimethylpalladium(IV), [P~M~~(Ls-N,W,”)~+X-, the 
stability of the complexes increases with increasing 
basicity of the ligands; e.g., complexes of bis(1-meth- 
ylimidazol-2-yl)(pyridin-2-yl)methane are more stable 
than those of tris(pyrazol-l-yl)methane.8~9 

In an attempt to gain further insight into these effects 
on stability, and to search for complexes that are stable 
a t  ambient temperature, we have investigated the 
synthesis and properties of palladium(IV) tris(pyrazo1- 
1-y1)borate complexes, because poly(pyrazo1-1-yllborates 
are more basic than poly(pyrazo1-1-yllalkanes and the 
anticipated complexes “PdR3{ (pz)3BH-iV,iV’,”)” are iso- 
electronic with [P~R~((~Z)~CH-N,W,”)I+. We have 
found that the [(pz)~BHl- ligand has a remarkable 
ability to stabilize the higher oxidation state for pal- 
ladium, allowing the isolation of a range of ambient 
temperature stable palladium(IV) complexes. These 
include pallada(n7)cyclopentane complexes, complexes 
containing +allyl and ethyl groups where the ethylpal- 
ladium(IV) complexes have stabilities comparable to the 
most stable ethylpalladium(I1) complexes reported to 
data, and the first ambient temperature stable arylpal- 
ladium(IV) complexes and palladium(IV) complexes 
containing three different hydrocarbyl groups. Prelimi- 
nary reports of parts of this work have appeared.lOJ1 

Experimental Section 
The reagents PdMez(tmedaP and PdMePh(tmeda)12 and the 

pallada(I1)cyclopentane complex Pd(C4H8)(tmeda)13 were pre- 
pared as described. Solvents were dried and distilled, and all 
syntheses were carried out under nitrogen. Microanalyses 
were by the Central Science Laboratory, University of Tas- 
mania, and NMR spectra were recorded with a Bruker AM 
300 spectrometer, with chemical shifts given in ppm relative 
to Mersi. 

Synthesis of Complexes. PdMes{(pz)sBH} (1). A solu- 
tion of PdMez(tmeda) (0.03 g, 0.12 mmol) and K[(pz)3BHl(O.O3 
g, 0.12 mmol) in acetone (10 mL) was stirred at 0 “C for 1 h. 

(7) Byers, P. K.; Canty, A. J.; Crespo, M.; Puddephatt, R. J . ;  Scott, 

(8 )  Byers, P. K.; Canty, A. J.; Skelton, B. W.; White, A. H. 

(9) Brown, D. G.; Byers, P. K.; Canty, A. J. Organometallics 1990, 

(10) Canty, A. J.; Traill, P. R. J. Organomet. Chem. 1992,435, C8. 
(11) Canty, A. J.; Honey”, R. T.; Colton, R.; Skelton, B. W.; White, 

A. H. J. Organomet. Chem. 1994,471, C8. 
(12) Markies, B. A.; Canty, A. J.; de Grad, W.; Boersma, J.; Janssen, 
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Table 1. Specific Crystallographic Details 
complex PdMed(pz)sBHI (1) PdMed(pz)4BI (2) PdMeBt{(pz)sBHI (3a) PdMezEt{(pz)sBH}(3b) PdMeaEt{(pzhBHI (34  

formula CizH19BNd‘d Ci5HziBNsPd Ci3HziBN6Pd Ci3HziBN6Pd Ci3HziBN6Pd 
P21/~ (NO. 14) P21/~ (NO. 14) P21/~ (NO. 14) E212121 (NO. 19) P43212 (NO. 96) 
16.559(16) 11.453(1) 9.384(3) 13.955(3) 12.305(4) 
7.859(4) 9.729(2) 12.795(3) 13.152(18) b (A) 

c (A) 13.774(15) 16.973(9) 15.119(8) 9.047(6) 21.542(7) 
B (deg) 118.88(8) 107.25(3) 115.22(3) 
V (A) 1570(3) 1806(1) 1642(1) 1660(3) 3262(2) 
z 4 4 4 4 8 
mol wt 364.5 430.6 378.6 378.6 378.6 

(g 1.54 1.58 1.53 1.51 1.54 
crystalsize(”) 
P (cm-9 10.7 8.9 11.3 11.2 11.4 
F(OCQ) 736 872 768 768 1536 
2&, (de@ 55 55 50 55 50 
A*,”,,, 1.21, 1.38 1.07, 1.17 1.05, 1.14 1.07, 1.48 1.25, 1.40 
N 3593 4149 2873 2166 1723 
NO 3086 2683 1518 1470 1283 
R 0.032 0.053 0.055 0.052 0.035 
R W  0.043 0.055 0.052 0.053 0.035 

:p3 

0.22 x 0.40 x 0.50 0.08 x 0.18 x 0.20 0.12 x 0.24 x 0.04 0.06 x 0.75 x 0.55 0.47 x 0.32 x 0.28 

for 2 min, and water (2 mL) added. The solvents were removed 
to give a white solid which was dissolved in ethanol (4 mL) 
and filtered, and water (4 mL) was added to precipitate a white 
solid. Ethanol was removed by rotary evaporation, and the 
resulting suspension was centrifuged to precipitate the prod- 
uct, which was washed with water, recentrifuged, collected, 
and dried under vacuum (0.029 g, 71%): ‘H NMR (CDCl3) 6 
7.70 (m, 3H, H3 or 5) ,  7.62 (b, 1, H3 or H5), 7.24 (b, 2, H3 or 
5) ,  7.03 and 6.96 (m(b), 5 ,  Ph), 6.25 (“t”, 1, H4), 6.15 (“t”, 2, 
H4), 1.82 (2, 6, PdMe); l3C{lH) NMR 6 140.0, 138.7, 136.9, 
135.6,135.2,128.0 (Ph), 124.7 (Ph), 105.9 ((241,105.7 (C4), 19.1 
(PdMe). Anal. Calcd for C1&1BN6Pd: C, 47.9; H, 5.0; N, 
19.7. Found: C, 47.8; H, 4.9; N, 19.6. 

PdMeEtPh{(pz)sBH} (7). A procedure similar to that for 
6 was followed, except that reaction with iodoethane was 
carried out at 55 “C, water was added at 45 “C until cloudiness 
occurred, and then iodomethane (100 pL) was added to convert 
any unreacted PdMePh(tmeda) to insoluble PdIPh(tmeda). 
Volatiles were removed on a vacuum line to give a white solid 
suspended in water. The product was extracted into diethyl 
ether, the diethyl ether layer was evaporated to dryness, the 
solid obtained was dissolved in acetone, and a solid precipi- 
tated with addition of water. Acetone was removed by rotary 
evaporation and the resulting suspension centrifuged to 
precipitate the product (84%): lH NMR (CDC13) 6 7.72 (m, 3, 
H3 or 5),  7.66 (d, 3J = 2.2 Hz 1, H3 or 51, 7.31 (d(b), 1, H3 or 
5) ,  7.17 (d(b), 1, H3 or 5) ,  7.00 (m(b), 5 ,  Ph), 6.27 (“t”, 1, H4), 
6.19 (“t”, 1, H4), 6.12 (“t”, 1, H4), 2.83 (m, 2, P ~ C H Z C H ~ ) ,  1.81 
( s ,  3, PdMe), 0.99 (t, 3J = 7.5 Hz, 3, PdCHzCH3); l3C{lH) 
NMR: 6 140.7, 140.1, 139.1, 136.5, 135.7, 135.3, 134.9, 127.9 
(Ph), 124.7 (Ph), 105.7 (C4), 105.5 (C4), 35.8 (PdCHzCH3), 21.7 
(PdMe). Anal. Calcd for Cl&3BN6Pd: C, 49.1; H, 5.3; N, 
19.1. Found: C, 49.2; H, 5.4; N, 18.3. 

PdMe(CHzPh)Ph{(pz)sBH} (8). A procedure similar to 
that for 6 was followed using benzyl bromide (95%): lH NMR 
(CDC13) 6 7.66 (d, 3J = 2.4 Hz, 1, H3 or 51, 7.64 (d, 3J = 2.2 
Hz, 1, H3 or 5) ,  7.63 (d, 35 = 2.2 Hz, 1, H3 or 51, 7.08 (d, 3J = 
2.0 Hz, 1, H3 or 51, 7.04 (m, 5 ,  PdPh), 6.99 (‘8, 1, PdCHSh), 
6.86 (“t”, 2, PdCHSh), 6.78 (‘d‘, 2, PdCHSh), 6.56 (d, 3J = 
1.9 Hz, 1, H3 or 5) ,  6.09 (“t”, 1, H4), 6.07 (“t”, 1, H4), 6.01 (“t”,l, 
H4), 3.99 (d, 25 = 8.2 Hz, 1, PdCHH), 3.89 (d, 2J = 8.2 Hz, 
PdCHH), 1.97 (s,3, PdMe); l3C{lH} NMR 6 146.1,140.3,138.8, 
136.5, 135.6, 135.2, 135.0, 130.4, 128.6, 128.0, 126.0, 124.9, 
105.6 (C4), 105.5 (C4), 105.3 ((241, 43.1 (PdCHzPh), 24.1 
(PdMe). Anal. Calcd for Cz3HzaBNsPd: C, 54.9; H, 5.0; N, 
16.7. Found: C, 54.8; H, 4.9; N, 16.3. 

PdMe(CH&H=CH2)Ph{ (pz)sBH} (9). A procedure simi- 
lar to that for 6 was followed, except that the oxidative addition 
reaction with 2-propenyl iodide was carried out at 0 “C, and 
workup of the solid used acetonelwater (88%): lH NMR 
(CDC13) 6 7.73 (d, 3J = 2.2 Hz, 1, H3 or 51, 7.69 (m, 2, H3 or 
5) ,  7.64 (d, 35 = 2.2 Hz, 1, H3 or 5) ,  7.32 (b, 1, H3 or 51, 7.12 
(d, 3J = 1.8 Hz, 1, H3 or 5) ,  7.02 (m, Ph), 6.95 (m, Ph), 6.24 

(“t”, 1, H4), 6.18 (“t”, 1, H4), 6.11 (“t”, 1, H4), 5.91 (m, 1, 
PdCHZCHCHz), 5.21 (d(b), 1, PdCHzCHCHH trans to CH), 5.02 
(dd, 3J = 9.9 Hz, = 2.3 Hz, PdCHzCHCHH cis to CH), 3.51 
(“t”, 1, PdCHZ), 3.31 (“t”, 1, PdCHZ), 1.88 (s, PdMe); l3C{lH) 
NMR 6 143.4, 140.5, 140.2, 139.4, 136.4, 135.8, 135.4, 135.1, 
128.0 (Ph), 124.8 (Ph), 114.7 (PdCHzCHCHz), 105.7 (C4), 39.3 
(PdCHZ), 24.4 (PdMe). Anal. Calcd for C19H~3BNad: C, 50.4; 
H, 5.1; N, 18.6. Found: C, 50.4; H, 5.0; N, 18.5. 

Pd(C&)Me{ (pz)*H} (10). A solution of Pd(C&)(tmeda) 
(0.06 g, 0.24 mmol) and K[(pz)3BHl (0.06 g, 0.24 mmol) in 
acetone (15 mL) was stirred at 0 “C for 2 h. Iodomethane 
(0.015 mL, 0.24 mmol) was added, and the solution was 
allowed to warm to ambient temperature and stirred for 4 h. 
On evaporation of solvent, the residue was extracted with 
diethyl ether and filtered to remove a yellow solid. The 
solution was evaporated to -2 mL and cooled to -20 “C to 
give the product as a cream-colored solid (0.084 g, 90%): ‘H 
NMR (CDCl3) 6 7.78 (d, 3J = 1.8 Hz, 1, H3 or 5 trans to  Me), 
7.64 (d, 35 = 2.0 Hz, 3, H3 or 9, 7.44 (d, 3J = 2.0 Hz, 2, H3 or 
5) ,  6.20 (“t”, 3J = 3 Hz, 1, H4 trans to  Me), 6.17 (“t”, 3J = 3 
Hz, 2, H4), 3.16 (m, 2, PdCHH), 2.87 (m, 2, P d O ,  1.78 (m, 
4, CH2), 1.44 (8, 3, PdMe); l3C{lH) NMR 6 138.9 (C3 or 5) ,  
135.3 (C3 or 51, 105.3 (C4), 45.6 (PdCHZ), 34.9 (CHz), 16.1 
(PdMe). Anal. Calcd for C ~ J I Z I B N ~ P ~ :  C, 43.0; H, 5.4; N, 
21.5. Found: C, 43.0; H, 5.2; N, 20.5. 

The following complexes were obtained by a procedure 
mostly similar to that for complex 10. 

Pd(C&)Et{ (pz)sBH} (11): iodoethane as reagent, crys- 
tallization from pentane, yield 70%; ‘H NMR (CDCl3) 6 7.75 
(d, 3 5  = 1.8 Hz, 1, H3 or 5 trans to Et), 7.67 (d, 35 = 1.8 Hz, 2, 
H3 or 5) ,  7.60 (d, 3J = 1.8 Hz, 1, H3 or 5 or trans to Et), 7.51 
(d, 3J = 1.8 Hz, 2, H3 or 5),  6.18 (“t”, 2, H4), 6.16 (“t”, 1, H4 
trans to Et), 3.20 (m, 2, PdCHH), 2.75 (m, 2, PdCHH), 2.40 (9, 
3J = 7.5 Hz, 2, P ~ C H Z C H ~ ) ,  1.79 (m, 4, CHd, 0.93 (t, 35 = 7.5 
Hz, 3, PdCHzCHs); l3C{lH) NMR: 6 139.6 (C3 or 51,139.0 (C3 
or 51, 135.5 (C3 or 51, 135.1 (C3 or 9,105.2 (C4),47.6 (PdCH2- 

Anal. Calcd for C16H23BN6Pd: C, 44.5; H, 5.7; N, 20.8. 
Found: C, 44.6; H, 5.9; N, 20.5. 

Pd(C&)(CHzPh){(pz)&?H} (12): benzyl bromide as re- 
agent, crystallization from pentane, yield 67%; lH NMR 
(CDC13) 6 7.77 (d, 3J = 2.0 Hz, 1, H3 or 5 ,  pz trans to CHZPh), 
7.60 (d, 35 = 2.2 Hz, 2, H3 or 51, 7.58 (d, 35 = 2.0 Hz, 1, H3 or 
5 trans to  CHZPh), 7.0-6.83 (m, 8, Ph and H3 or 51, 6.15 (“t”, 
1, H4 trans to CHZPh), 6.01 (“t”, 3J = 3.0 Hz, 2, H4), 3.58 (8 ,  

2, PdCH2Ph), 3.56 (m, 2, PdCHH), 2.85 (m, 2, PdCHH), 1.93 
(m, 4, CHz); l3C{lH) NMR: 6 146.9, 135.2, 139.0, 135.2, 129.9 
(Ph), 128.4 (Ph), 125.3 (Ph), 105.2 ((241, 105.0 (C4), 49.6 
(PdCHZ), 39.0 (PdCHZPh), 34.7 (CHz). Anal. Calcd for CZO- 
Hz6BN6Pd: C, 51.5; H, 5.4; N, 18.0. Found: C, 51.5; H, 5.5; 
N, 17.9. 

Pd(C&)(CHzCH=CHd{ (pz)sBH} (13): oxidative addi- 
tion of 2-propenyl iodide at -5 “C, crystallization from pentane, 

CHz), 34.8 (PdCHZCHz), 30.4 (PdCHzCH3), 18.6 (PdCHzCH3). 
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Table 2. Non-Hydrogen Atom Coordinates and Equivalent 
Isotropic Displacement Parameters for PdMe3{ (pz)JBH} (1) 
atom X Y Z Ueq(A2) 

Pd 0.16618(2) 0.22089(4) 0.21 123(2) 0.0409(1) 
C(a) 0.0834(3) 0.3159(6) 0.0570(3) 0.064(2) 
C(b) 0.0746(3) 0.3166(7) 0.2555(4) 0.079(3) 
C(c) 0.0874(3) 0.0083(6) 0.1626(3) 0.064(2) 
B 0.3882(3) 0.2404(5) 0.3505(3) 0.041(2) 
N(a1) 0.3501(2) 0.1460(3) 0.4183(2) 0.039(1) 
N(a2) 0.2580(2) 0.1205(4) 0.3754(2) 0.045(1) 
C(a3) 0.2472(3) 0.0353(5) 0.4522(3) 0.054(2) 
C(a4) 0.3309(3) 0.0062(6) 0.5447(3) 0.060(2) 
C(a5) 0.3956(3) 0.0786(5) 0.5208(3) 0.049(2) 
N(b1) 0.3580(2) 0.1436(4) 0.2415(2) 0.039(1) 
N(b2) 0.2672(2) 0.1 196(3) 0.1681(2) 0.042( 1) 
C(b3) 0.2648(3) 0.0314(5) 0.0848(3) 0.054(2) 
C(b4) 0.3519(3) -0.0023(5) 0.1016(3) 0.059(2) 
C(b5) 0.4102(3) 0.0706(5) 0.2024(3) 0.050(2) 
N(c1) 0.3470(2) 0.4212(4) 0.3243(2) 0.043(1) 
N(c2) 0.2544(2) 0.4450(4) 0.2670(3) 0.049(1) 
C(c3) 0.2409(3) 0.6122(5) 0.2597(4) 0.065(2) 
C(c4) 0.3235(4) 0.6975(5) 0.3122(4) 0.069(3) 
C(c5) 0.3899(3) 0.5739(5) 0.3530(3) 0.053(2) 

Table 3. Non-Hydrogen Atom Coordinates and Equivalent 
Isotropic Displacement Parameters for PdMe3{ (PZ)~} (2) 

Canty et al. 

Table 4. Non-Hydrogen Atom Coordinates and Equivalent 
Isotropic Displacement Parameters for PdMe$t{ (pz)JBH} 

(3a) 

0.31895(5) 
0.3872(8) 
0.1957(8) 
0.4363(8) 
0.2658(7) 
0.2349(5) 
0.2493(5) 
0.2137(7) 
0.1768(7) 
0.1912(6) 
0.4014(5) 
0.4462(5) 
0.5610(7) 
0.5935(7) 
0.4900(7) 
0.1885(5) 
0.1964(5) 
0.1270(6) 
0.0740(7) 
0.1 144(6) 
0.24 16(5) 
0.1249(6) 
0.1297(9) 
0.2448(9) 
0.3118(7) 

0.44420(5) 
0.2580(8) 
0.3423(9) 
0.4372(9) 
0.6968(7) 
0.7355(5) 
0.647 l(6) 
0.7 130(8) 
0.8432( 8) 
0.8554(7) 
0.6544(5) 
0.5558(6) 
0.5357(8) 
0.6143(8) 
0.6866(7) 
0.5720(5) 
0.4553(6) 
0.3610(7) 
0.4 163(7) 
0.5468(8) 
0.8222(6) 
0.8501(7) 
0.9793(8) 
1.0364(8) 
0.9354(8) 

0.67790(3) 
0.6625(5) 
0.7206(5) 
0.7944(4) 
0.5469(4) 
0.6276( 3) 
0.6906( 3) 
0.7480(4) 
0.7228(4) 
0.6465(4) 
0.5682(3) 
0.6283(3) 
0.6313(4) 
0.5726(5) 
0.5329(4) 
0.5067(3) 
0.5520(3) 
0.5032(4) 
0.4255(4) 
0.4299(4) 
0.4916(3) 
0.4429(3) 
0.4184(5) 
0.4517(5) 
0.4989(4) 

0.0388(2) 
0.064(3) 
0.060(3) 
0.063(3) 
0.032(3) 
0.033(2) 
0.040(2) 
0.045(3) 
0.051(3) 
0.043(3) 
0.033(2) 
0.041(2) 
0.045(3) 
0.051(3) 
0.040(3) 
0.032(2) 
0.037(2) 
0.041(3) 
0.048(3) 
0.041(2) 
0.036(2) 
0.055(3) 
0.064(4) 
0.061(4) 
0.047(3) 

yield 76%; lH NMR (CDC13) 6 7.78 (d, 35 = 2.0 Hz, 1, H3 or 5 
trans to  allyl), 7.68 (d, 35 = 2.0 Hz, 2, H3 or 5), 7.62 (d, 35 = 
2.0 Hz, 1, H3 or 5 trans to allyl), 7.52 (d, 3J = 2.0 Hz, 2, H3 or 
5), 6.18 (m, 3, H4), 5.86 (m, 1, PdCHzCHCHz), 5.23 (dd, 35 = 
17 Hz, = 2.5 Hz, 1, PdCHzCHCHH trans to CHI, 4.96 (dd, 
3J = 9.8 Hz, 25 = 2.5 Hz, 1, PdCHzCHCHH cis to CH), 3.32 
(m, 2, PdCHH), 3.07 (d, 35 = 9 Hz, 2, PdCHZCHCHz), 2.76 (m, 
2, PdCHH), 1.86 (m, 4, CHz); l3C{lH) NMR 6 144.4, 139.8, 
139.0, 135.5, 135.3, 112.6 (PdCHZCHCHz), 105.3 (C4), 105.2 
(C4), 50.2 (PdCHZCHz), 37.7 (PdCHzCHCHz), 34.7 (CH2). Anal. 
Calcd for C16H23BNePd: C, 46.1; H, 5.6; N, 20.2. Found: C, 
46.4; H, 5.7; N, 18.9. 

X-ray Structure Determinations. For each complex, a 
unique data set was measured at 295 K using an Enraf-Nonius 
CAD-4 diffractometer operating in conventional 26-6 scan 
mode with monochromatic Mo Ka  radiation (2 = 0.710 73 A), 
yielding N independent reflections, No, with Z > 3dn consid- 
ered observed and used in the full matrix least-squares 
refinement after Gaussian absorption correction and solution 

(14) Ibers, J. A., Hamilton, W. C., Eds. International Tables for 
X-Ray Crystallography; Kynoch Press: Birmingham, England, 1974; 
VOl. 4. 

(15) Hall, S. R.; Stewart, J. M. The XTAL User's Manual, Version 
3.0; Universities of Western Australia and Maryland, 1990. 

X 

0.8140( 1) 
0.843( 1) 
1.014(1) 
0.959(2) 
0.88 l(3) 
0.495(2) 
0.630( 1) 
0.777( 1) 
0.866( 1) 
0.774(2) 
0.626(2) 
0.468( 1) 
0.585( 1) 
0.522(2) 
0.365(2) 
0.333( 1) 
0.541(1) 
0.671(1) 
0.678(2) 
0.554(2) 
0.470( 1) 

Y 
0.65674(7) 
0.5207(9) 
0.621(1) 
0.728(1) 
0.783(2) 
0.744(1) 
0.8228(6) 
0.8002( 6) 
0.881(1) 
0.9566(9) 
0.9176(9) 
0.7213(6) 
0.6862(7) 
0.668( 1) 
0.6917(9) 
0.7248(8) 
0.6396(6) 
0.5862(6) 
0.4986(9) 
0.4937(9) 
0.5827(9) 

Z 

0.26100(7) 
0.2025(9) 
0.3804(9) 
0.208( 1) 
0.116(1) 
0.264( 1) 
0.3110(6) 
0.3228(6) 
0.3703(9) 
0.3877(9) 
0.3501(8) 
0.1591(7) 
0.1393(6) 
0.0436(9) 

-0.0006(8) 
0.0761(9) 
0.3208(6) 
0.3274(6) 
0.3753(8) 
0.4018(9) 
0.3654(8) 

Ueq(A2) 

0.0521(4) 
0.078(7) 
0.090(7) 
0.11(1) 
0.19(2) 
0.060(7) 
0.049(4) 
0.052(4) 
0.071(6) 
0.080(8) 
0.063(6) 
0.049(4) 
0.060(5) 
0.070(6) 
0.072(7) 
0.058(5) 
0.049(4) 
0.046(4) 
0.067(7) 
0.076(7) 
0.062(6) 

Table 5. Non-Hydrogen Atom Coordinates and Equivalent 
Isotropic Displacement Parameters for PdMe$t{ (pz)JBH) 

(3b) 
atom X V Z U."(A2) 

0.54445(7) 
0.456(1) 
0.614(1) 
0.645(2) 
0.686(3) 
0.620(5) 
0.469( 1) 
0.5753(6) 
0.6257(6) 
0.7154(8) 
0.729(1) 
0.639( 1) 
0.4429(7) 
0.4747(6) 
0.4479(9) 
0.404(1) 
0.4034(9) 
0.4192(7) 
0.4391(8) 
0.392( 1) 
0.339( 1) 
0.361 (1) 

0.84129(6) 
0.866( 1) 
0.973( 1) 
0.776(2) 
0.690(3) 
0.684(6) 
0.768( 1) 
0.7842(6) 
0.8223(7) 
0.8276(9) 
0.799( 1) 
0.7724(8) 
0.6892(5) 
0.7009(6) 
0.6176(8) 
0.5512(8) 
0.5987(9) 
0.8719(7) 
0.9145(7) 
1 .OO21(9) 
1.015(1) 
0.93 1( 1) 

0.52319(9) 
0.7 12( 1) 
0.579(2) 
0.656(2) 
0.594(5) 
0.723(9) 
0.204( 1) 
0.197( 1) 
0.3 169(9) 
0.278( 1) 
0.135(2) 
0.085( 1) 
0.322( 1) 
0.459( 1) 
0.533( 1) 
0.439(2) 
0.305(2) 
0.249(1) 
0.383( 1) 
0.381(2) 
0.255(2) 
0.166(2) 

0.0678(3) 
0.132(8) 
0.113(6) 
0.145(9) 
0.14(1) 
0.33(4) 
0.067(5) 
0.057(3) 
0.060(3) 
0.072(5) 
0.085(6) 
0.066(4) 
0.060(3) 
0.063(3) 
0.083(5) 
0.093(6) 
0.079(5) 
0.075(4) 
0.083(4) 
0.109(7) 
0.132(9) 
0.099(6) 

Site occupancy factors, 0.5. 

of the structures by vector methods. Residuals R and R,  are 
quoted on F at convergence (preferred hand, 3b, 3c); statistical 
weights derived from u2(n = u2(I& + O.O004d'(Zdiff) were 
employed. Neutral atom complex scattering factors were 
used;I4 computation used the XTAL 3.0 program system 
implemented by Hall.I5 Crystal data, coordinates, and equiva- 
lent isotropic thermal parameters for the non-hydrogen atoms 
and geometries of the complexes are given in Tables 1-8, and 
views of the complexes are shown in Figures 1-3. 

Results and Discussion 

Synthesis and Characterization of Complexes. 
The reagents PdMez(tmedaIza and PdMePh(tmeda)12 
and the pallada(I1)cyclopentane complex Pd(C4Hs)- 
(tmeda)13 (tmeda = N,",iV'-tetramethylethylenedi- 
amine) were chosen as substrates for attempted syn- 
thesis of complexes containing [(pz)~BHl- because tmeda 
is known to be readily displaced by stronger donor 
ligands such as 2,8'-bipyridyl.1g,2a,6,12,13a,b Initial lH 
NMR studies of reactions indicated that displacement 
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Organopalladium(N) Complexes 

Table 6. Non-Hydrogen Atom Coordinates and Equivalent 
Isotropic Displacement Parameters for PdMe&t{ (pz)JBH} 

(3c) 
atom X Y Z U,(A2) 

Pd 0.60270(6) 0.20744(6) 0.51406(3) 0.0642(3) 

Organometallics, Vol. 14, No. 1, 1995 203 

Table 7. Selected Bond Distances (A) and Angles (deg) for 
PdMed(pz)JBW (1) and PdMe3{(~~)4Bl (2), and 

C(a) 0.62i(ij ’ o m ( i j  ’ 
C(b) 0.6115(9) 0.1439(9) 
C(C) 0.444(1) 0.222(2) 
C(d)” 0.382(3) 0.1776) 
C(d’)B 0.618(3) 0.448(3) 
B 0.7262(9) 0.1 162(8) 
N(a1) 0.6543(5) 0.0273(5) 
N(a2) 0.5902(5) 0.0479(5) 
C(a3) 0.5330(7) -0.0407(8) 
C(a4) 0.5593(9) -0.1198(7) 
C(a5) 0.6365(8) -0.0739(7) 
N(b1) 0.6552(5) 0.2132(6) 
N(b2) 0.5969(6) 0.2693(5) 
C(b3) 0.5399(8) 0.3432(8) 
C(b4) 0.5629(9) 0.3368(9) 
C(b5) 0.6331(8) 0.2548(8) 
N(c1) 0.8084(6) 0.1531(5) 
N(c2) 0.7764(6) 0.1953(5) 
C(c3) 0.8639(9) 0.22 1 l(9) 
C(c4) 0.9552(9) 0.19% 1) 
C(c5) 0.9170(9) 0.15 14(8) 

Site occupancy factor, 0.5. 

0.5565(6) ’ 
0.60 16(4) 
0.5258(9) 
0.533(3) 
0.518(2) 
0.3934(4) 
0.4201(3) 
0.4697(3) 
0.4792(4) 
0.4357(5) 
0.3997(4) 
0.3749(3) 
0.4179(3) 
0.3870(5) 
0.3256(5) 
0.3186(4) 
0.4424(3) 
0.4970(3) 
0.5282(5) 
0.4939(7) 
0.4414(6) 

0.121(6) 
0.103(4) 
0.144(9) 
0.25(3) 
0.24(2) 
0.068(4) 
0.063(3) 
0.062(2) 
0.080(4) 
0.090(4) 
0.076(4) 
0.066(2) 
0.068(3) 
0.082(4) 
0.092(5) 
0.077(4) 
0.068(3) 
0.070(3) 
0.089(4) 
0.117(6) 
0.090(5) 

of tmeda by [(pz)3BHl- occurs readily at 0 “C for PdMez- 
(tmeda) and Pd(C4Hs)(tmeda), but that heating to -35 
“C is required for PdMePh(tmeda1. Oxidative addition 
of organohalides to [PdMez{(pz)3BH}I- or [Pd(C4Hs)- 
{(pz)aBH}]- occurs at 0-25 “C, but ambient tempera- 
tures or above were generally required to  observe 
reactions for [PdMePh{ (pz)~BH}l-. Although tempera- 
tures required for synthesis were generally higher than 
the decomposition temperatures of most previously 
reported organopalladium(IV) complexes, a series of 
complexes were obtained in 55-95% yield (eq 2). Water 

PdRR’R{(pz),BH} + tmeda (2) 

PdMe,R{ (pz),BH} : 
R = Me (l), Et(3), CH,Ph (41, CH,CH=CH, (6) 

PdMePhR{ (pz),BH}: 
R = Me (6), E t  (7),  CH,Ph (81, CH,CH=CH, (9) 

Pd(CH2CH,CH2CH,)R{(pz),BH}: 
R = Me (lo), Et (ll), CH,Ph (121, 

CH,CH=CH, (13) 

was rigorously excluded from all reactions, up to but 
not including the working up stage, as it has been 
established that the palladium(I1) poly(pyrazo1-1-y1)- 
borate complexes [PdMeR{(pz)aBH}l- (R = Me, Ph) are 
susceptible to oxidation by water.ll 

Extensive attempts to obtain crystals suitable for a 
structural study were successful for PdMes{(pz)aBH} (1) 
and PdMezEt{ (pz)3BH) (3) only, and the tetrakidpyra- 
zol-1-y1)borate complex PdMes{(pz)d3} (2) was synthe- 
sized and crystallized to allow a comparison with 1. 

lH and 13C NMR spectra of the complexes are in 
accord with the formulations presented and may be 
readily assigned, e.g., occurrence of two pyrazole ring 
environments in 2:l ratio for PdMezR{(pz)aBH} (R” = 
Et, CHzPh, CHzCH=CH2) and Pd(C4Hs)R{(pz)3BH} 

Pd-C(a) 
Pd-C(b) 
Pd-C(c) 

Pd-N(b2) 
Pd- N(c2) 

Pd-N(a2) 

C(a)-C(d’) 
C(c)-C(d) 
C(c)-C(d’) 
B-N(a1) 
B-N(b1) 
B-N(c1) 
B-N(d1) 

2.034(4) 
2.032(7) 
2.024(5) 
2.174(3) 
2.178(4) 
2.177(3) 

1.545(6) 
1.536(5) 
1.542(5) 

Bond Dish 
2.021(8) 
2.026(9) 
2.036(6) 
2.164(6) 
2.177(6) 
2.184(4) 

1.560(9) 
1.542(9) 
1.538(8) 
1.514(9) 

nces 
2.02(1) 
2.03(1) 
2.06(2) 
2.155(9) 
2.183(7) 
2.18(1) 

1.45(3) 

1.54(2) 
1.53(2) 
1.54(2) 

2.13(2) 
2.05( 1) 
2.03(2) 
2.198(9) 
2.165(8) 
2.17(1) 

1.39(5) 
1.40(8) 
1.51(2) 
1.53(2) 
1.59(2) 

~~ 

2.04(1) 
2.045(9) 
1.97(2) 
2.189(6) 
2.208(6) 
2.174(7) 
1.42(4) 

0.97(5) 
1.52(1) 
1.53(1) 
1.53(1) 

“Bite Distances” for the Poly(pyrazo1-1-y1)borate Ligands 
N(a2)-N(b2) 2.900(9) 2.932(6) 2.97(1) 2.94(1) 2.945(9) 
N(a2)-N(c2) 2.922(7) 2.941(5) 2.92(1) 2.93(1) 2.981(9) 
N(b2)-N(c2) 2.936(7) 2.952(5) 2.90(1) 2.94(1) 2.934(10) 

C(a)-Pd-C(b) 87.3(2) 
C(a)-Pd-C(c) 87.5(2) 
C(b)-Pd-C(c) 87.1(2) 
N(Q-Pd-N(b2) 84.7( 1) 
N(d)-Pd-N(cZ) 85.1(1) 
N(b2)-Pd-N(~2) 85.4(1) 
C(a)-Pd-N(aa) 178.4(2) 
C(a)-Pd-N(b2) 93.9(2) 
C(a)-Pd-N(c2) 94.0(2) 
C(b)-Pd-N(a2) 94.0(2) 
C(b)-Pd-N(b2) 178.5(1) 
C(b)-Pd-N(c2) 93.8(2) 

C(c)-Pd-N(b2) 93.7(2) 
C(c)-Pd-N(c2) 178.3(1) 

C(c)-Pd-N(a2) 93.4(1) 

Pd-N(aZ)-N(al) 118.2(2) 
Pd-N(a2)-C(a3) 135.5(3) 
Pd-N(b2)-N(bl) 117.7(2) 
Pd-N(bZ)-C(b3) 136.2(2) 
Pd-N(~2)-N(cl) 118.1(2) 
Pd-N(cZ)-C(c3) 135.6(3) 
Pd-C(a)-C(d’) 
Pd-C(c)-C(d) 
Pd-C(c)-C(d’) 
N(a1)-B-N(b1) 108.5(3) 
N(a1)-B-N(c1) 108.7(4) 
N(a1)-B-N(d1) 
N(b1)-B-N(c1) 109.2(3) 
N(b1)-B-N(d1) 
N(c1)-B-N(d1) 

Bond Angles 
86.8(4) 87.1(5) 
85.8(3) 88.9(7) 
88.0(3) 86.1(6) 
83.8(2) 86.3(3) 
84.5(2) 84.7(4) 
84.6(2) 83.3(3) 

177.3(3) 178.3(5) 
93.9(3) 92.7(4) 
94.5(3) 93.9(5) 
95.4(3) 93.9(4) 

178.0(2) 174.1(5) 
93.4(2) 90.8(5) 
95.2(3) 92.6(6) 
93.9(3) 99.8(5) 

178.5(3) 175.7(5) 
117.8(4) 118.3(6) 
135.8(5) 135.7(9) 
119.1(4) 118.5(7) 
133.4( 5 )  135.2(9) 
120.7(4) 117.7(6) 
131.8(4) 135.0(9) 

116(1) 

109.5(4) llO(1) 
109.2(6) 109.4(8) 
107.6(5) 
107.5(5) 107(1) 
110.3(6) 
112.7(4) 

87.1(6) 
89.4(7) 
83.4(7) 
84.8(3) 
84.4(4) 
85.3(3) 

175.0(5) 
94.7(5) 
90.6(5) 
93.4(5) 

178.2(5) 
95.0(5) 
95.6(6) 
96.2(6) 

178.5(6) 
116.3(6) 
135.9(8) 
119.9(6) 
133.7(8) 
118.5(7) 
137(1) 

113(2) 
117(3) 
111(1) 
108.4(9) 

108(1) 

85.4(5) 
88.5(8) 
88.3(7) 
84.1(2) 
86.2(2) 
84.1(3) 

177.4(5) 
96.8(4) 
91.5(5) 
93.6(3) 

177.4(3) 
94.4(4) 
93.9(7) 
93.3(6) 

177.3(7) 
1 18.1(5) 
135.6(6) 
116.6(5) 
136.4(6) 
117.5(5) 
134.8(6) 
117(2) 
139(4) 

109.1(8) 
109.6(7) 

108.9(7) 

Table 8. Deviations (A) of Palladium and Boron Atoms 
from the “Cfiz)’ Mean Planes of Pyrazole Rings, and Angles 

(deg) between Planes‘ 

(1) 

Pd (ring a) 0.041(7) 
Pd (ring b) 0.034(7) 
Pd (ring c) 0.022(7) 
B (ring a) -0.012(7) 
B (ring b) 0.013(7) 
B (ring c) 0.026(8) 

(2) 3a 

O.oo(1) O.lO(2) 
0.45(1) 0.19(2) 
0.16(1) O.OO(2) 
O.Ol(1) -0.09(2) 
0.07(1) 0.08(2) 
0.08(1) -0.06(2) 

Deviations 

3b 3c 

0.15(2) O.Ol(1) 
0.03(2) 0.21(2) 
0.21(2) O.Ol(2) 

-0.01(2) -0.10(2) 
-0.12(2) 0.07(2) 

0.06(3) -0.03(2) 
Angles 

rings a/b 119.0(2) 127.3(3) 127.5(6) 117.1(5) 112.3(4) 
rings a/c 118.2(2) 124.2(3) 120.7(6) 115.5(6) 124.8(4) 
rings b/c 122.3(2) 108.2(3) 111.4(6) 126.8(6) 122.8(4) 

O x z  values for rings a-c, respectively: (1) 1.2, 0.3, 1.1; (2) 0.1, 13.1, 
0.3, and for ring d 12.7; (3a) 0.2, 0.2, 0.4; (3b) 4.4, 8.7, 2.4; (3c) 0.3, 1.8, 
1.7. Forring d Pd 1.29(2), B 0.33(1) A, ring a/d 91.1(3), ring b/d 134.8(3), 
and ring c/d 142.5(3)’. 

( R  = Me, Et, CHzPh, CHzCH=CHz), two pyrazole ring 
environments in 3:l ratio for PdMe3{(pz)rB}, and three 
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0 

P 

a 

l 0 
Figure 1. Molecular structures of (a, top) PdMes{(pz)s- 
BH) (1) illustrating the noncrystallographic CsU symmetry 
and (b, bottom) PdMes{(pz)a} (2) illustrating the deviation 
(0.45 A) of the palladium atom from the mean plane of 
pyrazole ring b. Thermal ellipsoids (20%) are shown for 
the non-hydrogen atoms, and hydrogen atoms (constrained 
at estimated positions) have been given an arbitrary radius 
of 0.1 A. 
pyrazole ring environments for PdMePhR”{(pz)sBH} (R” 
= Et, CHZPh, CH2CH=CH2). Replacement of methyl 
groups in PdMes{(pz)sBH) by +propenyl, benzyl, or 
phenyl groups results in a downfield shift for the 
remaining methyl resonance, as shown in Scheme la .  
The protons of the pallada(Iv)cyclopentane rings are 
present as three resonances in 4:2:2 ratio. For these 
complexes, the protons closest to R in Pd(C4H8)R”{ (pz)g- 
BH}, Ha in Scheme lb, are expected to experience 
changes in chemical shift similar to that of the methyl 
groups in PdMezR{(pz)sBH}, allowing assignment of 
resonances as shown in Scheme lb. Protons opposite 
to R ,  Hb, experience upfield shifts, in contrast to Ha. 

X-ray Structural Studies. Crystals of PdMe3{ (pz)3- 
BH} (1) and PdMes((pz)rB} (2) were obtained on dis- 
solution in acetone followed by diffusion of diethyl ether 
vapor into the solution, and crystals of PdMezEt- 
((pz)sBH} (3) formed from pentane. 

Three crystalline forms of 3 were detected: complex 
3a is ordered, but 3b has disordering of the methyl 

Figure 2. Unit cell contents of PdMea{(pz)sBH} (1) 
projected down b, illustrating the packing of molecules and 
showing views of the complex in a different orientation. 

group of PdCH2CH3 between two positions in equal 
proportions, and 3c has disorder in position between the 
ethyl group and one of the PdCH3 groups in equal 
proportions (Figure 3). Disorder in complexes of tripod 
ligands is not unexpected, and recent examples include 
octahedral [RIPh~{(pz)~CH}I[II[I~1 which has an asym- 
metric unit containing one ordered cation and one 
disordered cation in which the position of the iodine and 
one of the phenyl groups is disordered.16 

All of the complexes have octahedral geometry for 
palladium (Figures 1-3), and complexes 3b and 3c have 
geometries similar to those of the other complexes, but 
in view of the disorder, data for these complexes are 
generally excluded in detailed comparisons of geom- 
etries. 

The trimethylpalladium(I) complexes 1 and 2 (Fig- 
ure 1) have bond lengths and angles at the palladium 
centre within 30, except for C(a)-Pd-C(b) [87.5(2)’ in 
(l), 85.8(3)’ in (211 (Table 7). Complexes 1, 2, and 3a 
have C-Pd-C angles 85.8(3)-88.9(7)’ and N-Pd-N 
chelate angles 83.3(3)-86.3(3)”, and complex 1 has 
noncrystallographic C3” symmetry. 

The palladium atoms in 1 and 3a-c lie within -0.2 
A of the “C3N2” mean planes of coordinated pyrazole 
rings (Table 7), as found for the related cation [PdMes- 
{(p~)3CH}l+,~ but for complex 2 the palladium atom lies 
0.45(1) A from the mean plane of ring b (Figure lb). The 
larger deviation for the [(pz)rBl- complex appears to 
result from steric effects between ring d and the 
coordinated rings; steric interactions of this type be- 
tween coordinated and uncoordinated rings of tridentate 
[B(pz)& have been documented recently in studies of 
complexes of group 2 metal ions.’7 

Complex 1 has average values of Pd-C and Pd-N 
about 0.02 and 0.03 A shorter than those for isoelec- 
tronic [PdMe3{(pz)sCH}I+, but these differences are 
within 20 and the bond lengths in the cation occur over 

(16) Canty, A. J.; Honeyman, R. T.; Skelton, B. W.; White, A. H. J. 

(17) Sohrin, Y.; Kokusen, H.; Kihara, S.; Matsui, M.; Kushi, Y.; 
Organomet. Chem. 1992,424. 381. 

Shiro, M. J .  Am. Chem. SOC. 1993, 115, 4128. 
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Scheme 1. ‘H NMR Chemical Shifts for (a) 
Methylpalladium(IV) Groups in 

PdMeR’R“{ (pz)sBH} and (b) 
Pallada(n3cyclopentane groups in 

Pd(Wb)R{(p)&H} 
(a) PdMe, - PdMezEt < PdMe2(CHzPh) e PdMe2(CHzCH=CHz) e 

1.38 1.42 1.55 1.61 

P 

Figure 3. Molecular structures of PdMezEt{(pz)sBH} 
showing (a, top) the ordered structure of 3a and disorder 
in (b, middle) the methyl positions of the ethyl group in 
3b and (c, bottom) in positions of the ethyl and methyl 
groups in (3c). 
a wider range, Pd-C 2.036(11)-2.060(9) A.8 The 
[(pz)sBH]- ligands in 1 and 3a exhibit N-N “bite 

PdMezPh - PdMeEtPh < PdMePh(CHzCH=CHz) < PdMePh(CH2Ph) 
1.82 1.81 1.88 1.97 

R 
I 

Me Et CH,CH=CH* CHzPh 

Ha 3.16 3.20 3.32 3.56 

Hb 2.87 2.75 2.76 2.85 

Hc,d 1.78 1.79 1.86 1.93 

distances” [2.90(1)-2.97(1) AI (Table 7) similar to that 
of PdMes((pz)&H} [2.89(1)-2.92(1) A], but form larger 
N-Pd-N bite angles, 83.3(3)-86.3(3)” compared with 
8.17(3)-83.2(3)”. The larger angles appear to be di- 
rectl attributable to B-N bond distances [1.53(2)-1.54- 
(2) & that are longer than the analogous C-N bond 
distances [1.45(1)-1.48(1) A]. The slightly more regular 
octahedral geometry of the [(pz)3BH]- complexes com- 
pared to PdMes((pz)&H) is also reflected in Pd-N(n1)- 
C(n3) angles, which are -2” less in 1 and 3a [135.0(9)- 
136.2(2)”1 than in [PdMe3{(pz)&H}l+ [137.1(7)- 
138.2(6)”1. A similar trend in bite angles is found for 

[BF412 [87.4(5)OI,l8 and in these complexes, angles closer 
to 90” are assumed to result from greater flexibility in 
the ligands when they are present as bidentates. 

Complex 3 is the only ethylpalladium(IV) complex for 
which a crystal structure has been determined, and only 
two structures appear to have been published for 
palladium(I1). These complexes, trans-[Pd(SPh)Et- 
(PMe3)21lga and truns-[PdBrEt(PMe3)21,lgb exhibit simi- 
lar geometries for the ethylpalladium group, although 
they have smaller Pd-C-C angles, 107.6(6)” and 110.5- 
(5)”, respectively, than that found for 3a, 116(1)”. 

Stabilities of the Complexes. All of the complexes 
are stable at ambient temperature and as suspensions 
in water. When heated in the solid state, they decom- 
pose to form black powders over wide temperature 
ranges, but the PdMePhR complexes appear to be 
generally less stable than the Pd(C4H8)R” and PdMe2R 
complexes, and the least stable complexes in each group 
have R = Et or CH2CH=CH2. These stability trends 
are consistent with solution behavior, e.g., when studied 
by lH NMR spectroscopy in toluene-&, the complexes 
PdMeaR”{(pz)aBH} and Pd(C&I8)R”{(pz)3BH) ( R  = Et, 
CH&H=CHz) are stable to a t  least 80 “C, but PdMe- 

P~{(Pz)~BH-N,”}~ [90.1(1Yl and [Pd{(p~)&H-N,”)21- 

(18) Canty, A. J.; Minchin, N. J.; Engelhardt, L. M.; Skelton, R W.; 
White, A. H. J. Chem. SOC., Dalton Trans. 1986, 645. 

(19) (a) Osakada, Y.; Ozawa, Y.; Yamamoto, A. Bull. Chem. Soc. Jpn. 
1991, 64,2002. (b) Osakada, Y.; Ozawa, Y.; Yamamoto, A. J. Chem. 
SOC., Dalton Trans. 1991, 759. 
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PhEt((pz13BH) and PdMePh(CHzCH=CHd{ (pz)sBH} 
decompose at 60-70 “C and -25 “C, respectively, to give 
black solids. The nature of organic products from these 
decomposition reactions has not been ascertained. 

A relatively small number of hydrocarbylpalladium- 
(IV) complexes reported to date are stable at ambient 
temperature. 1b2g94,6 Hydrocarbylpalladium(IV) chemis- 
try is usually characterized by clean and facile reductive 
elimination reactions at  low to moderate temperatures 
to form palladium(I1) products, in particular phenylpal- 
ladium(IV) complexes; e.g., PdXMePh(CHzPh)(bpy) (X 
= Br, I) decompose in both the solid state and solution 
at  0 “C to form PdX(CHzPh)(bpy) and to1uene.l’ How- 
ever, the stabilities of the pallada(IV1cyclopentane and 
ethyl- and phenylpalladium(IV) complexes described 
here are similar to related diorganopalladium(I1) ana- 
logues involving bidentate nitrogen donor ligands;12J3ab,20 
e.g., the decomposition of Pd(C4H8)(bpy)13a and PdEtn- 
(bpyIz0 has been studied in solution at 80 and 60 “C, 
respectively. Thus, with suitable choice of donor ligand 
systems, organopalladium(IV) complexes have stabili- 
ties comparable to that exhibited in well-established 
organopalladium(I1) chemistry. 

Although far fewer studies in organopalladium(IV) 
than organopalladium(I1) chemistry have been reported 
to date, it appears that similar principles govern stabili- 
ties for “cis-PdR? groups in square-planar palladium- 
(11) and ‘)%c-PdRs” groups in octahedral palladium(IV) 
complexes. Enhanced stability occurs for complexes 
containing polydentate ligands that have high donor 
ability andor ability to adopt a conformation favoring 

Canty et al. 

(20) Sustmann, R.; Lau, J. Chem. Ber. 1986, 119, 2531. 

square-planar geometry for palladium(I1) or octahedral 
geometry for palladium(IV), because these properties 
reduce tendencies toward donor group dissociation. For 
example, Pd(C4Hs)(bpy) is more stable than Pd(C&)- 
(tmeda) where bpy is more rigid than tmeda,13b and 
PdMez(CHzPh)((pz)3BH} is more stable than [PdMez- 
(CHzPh)((pz)3CH)lX (X = Br, BFd9 where [(pz)3BHl- 
is a stronger donor than isoelectronic (pz)&H and 
presents coordination geometries closer to  octahedral. 
Similarly, although palladium(IV) appears to be stabi- 
lized by anionic “harder” nitrogen and oxygen6 donor 
ligands, the “soft” thioether donor 1,4,7-trithiacy- 
clononane (9S3) forms very stable complexes [PdMes- 
(9S3)IX (X = I, and the high stability of these 
complexes may be related to the fac-9S3 group adopting 
a conformation in the complex which is very similar to 
that adopted by free 9S3.21 
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(21) (a) Cooper, S. R.; Rawle, S. C. Stmct. Bonding 1990, 72, 1. (b) 
Blake, A. J.; Schroder, M. Adu. Inorg. Chem. 1990,35, 1. (c) Beech, 
J.; Cragg, P. J.; Drew, M. G. B. J. Chem. SOC., Dalton Trans. 1994, 
719. 
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The reactions of l-iodo-2-(3-butenyl)benzene and of two side-chain ether analogs with [ 1,l'- 
bis~diphenylphosphino)ferrocenel(q2-cyclooctatetraene)palladium gave the expected (+aryl)- 
($-iodo)palldium adducts, the 2-oxa-3-butenyl complex being characterized by X-ray 
crystallography. The alkene does not interact directly with palladium. Restricted rotation 
about the aryl-palladium bond was observed on the NMR time scale in all cases, since the 
methylene groupb) of the side chain were diastereotopic. The complexes were stable, but 
on treatment with silver trifluoromethanesulfonate in acetone at low temperature an unstable 
species was identified by lH and 31P NMR in two of the three cases. Spectral observations 
were consistent with the formation and subsequent rearrangement of an intermediate along 

the Dathwav of an intramolecular Heck cvclisation with structure o-&H40C(CH3)(Pd[dppfl- 
OTfi. 

1. Introduction 
Among palladium-catalyzed C -C bond-forming reac- 

tions, the Heck synthesis enjoys considerable current 
popularity because of its versatility and tolerance of 
functiona1ity.l Recent developments include intramo- 
lecular examples leading to useful synthetic intermedi- 
ates or targets,2 the coupling of Heck reactions in 
tandem with other catalytic proce~ses,~ and both inter- 
and intramolecular asymmetric s y n t h e s i ~ . ~ ~ ~  Synthetic 
application in this field has tended to run ahead of 
mechanistic under~tanding.~ The intention of the present 
work was to make an initial contribution to understand- 
ing the catalytic cycle by characterizing likely interme- 
diates using heteronuclear NMR techniques; such ap- 
proaches have proved successful in their application to 
Pd-catalyzed cross-coupline and other areas of homo- 
geneous catalysis. Although the characterization of 
intermediates has not been completed at this stage, a 
general restricted rotation phenomenon has been de- 
lineated, underlining the tendency for arylpalladium 
complexes to  prefer an orthogonal relationship between 
the coordination plane and the aromatic ring. Further, 
an unstable intermediate derived from the initial alkene 

Reprint requests by E-mail: bjm@vax.ox.ac.uR. 
@ Abstract published in Advance ACS Abstracts, November 1, 1994. 
(1) Heck, R. F. Org. React. 1982, 27, 345. 
(2) Kondo, R; Sodeoka, M.; Mori, M.; Shibasaki, M. Synthesis 1993, 

920. Ashimori, A,; Overman, L. E. J. Org. Chem. 1992, 57, 4571- 
4572. 

(3) Burns, B.; Grigg, R.; Santhakumar, V.; Sridharan, V.; Stevenson, 
P.; Worakun, T. Tetrahedron 1992,48, 7297. 
(4) Ozawa, F.; Kubo, A.; Matsumoto, Y.; Hayashi, T.; Nishioka, E.; 

Yanagi, K.; Moriguchi, K. Organometallics 1993,12,4188-4196. 
(5) For studies of acyl migration to coordinated alkenes: Daves, G. 

D., Jr.; Hallberg, A. Chem. Rev. 1989, 89, 1433-1445. Cf.: Ozawa, 
F.; Hayashi, T.; Koide, H.; Yamamoto, A. J. Chem. SOC., Chem. 
Commun. 1991, 1469-1470. Dekker, G. P. C. M.; Elsevier, C. J.; 
Vrieze, K.; Van Leeuwen, P. W. N. M.; Roobeek, C. F. J. Organomet. 
Chem. 1992,430,357-372. 
(6) Brown, J .  M.; Cooley, N. A. Organometallics 1990,9, 353-359. 

0276-733319512314-0207$09.00/0 

Scheme 1 d2 
' Y  SOpPh DMF, RT S02Ph 

Pd(OAC)2 
___) 

P(otol), 

MeCN. 60'C 

MeCONMe, 

71% e a  

/-as base 66%e.e J 

insertion product by a /?-elimination and Pd-H read- 
dition process has been identified. 

2. Results and Discussion 

Synthesis of Complexes. At the outset, the inten- 
tion of the present work was to define the structure of 
intermediates in the Heck synthesis and the pathways 
available for their interconversion. In order to simplify 
the problem, an intramolecular reaction was selected. 
There have been many examples of the synthesis of 

0 1995 American Chemical Society 
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Chart 1 
b o -  I + 40- 

CH3 
1 2 3 

Brown et al. 

4 

5-ring heterocycles by the formal addition of an arylpal- 
ladium species to the double bond of an unsaturated 
ortho side chain.' When the alkene is three bonds 
removed from the aromatic ring, exocyclic ring closure 
occurs exclusively to give an indene or heterocyclic 
analog. Examples are shown in Scheme 1 which il- 
lustrates this point. It is significant to note that the 
initial product of reaction has an exocyclic double bond 
(as would be expected for formal Pd-Ar addition to the 
alkene) and that this is the sole product in the presence 
of silver carbonate as base, despite the fact that this is 
thermodynamically much less stable than the indole 
with an endocyclic double bond. The potential complex- 
ity of the reaction is indicated by the third example of 
Scheme 1, for which the preferred hand of product in 
an intramolecular Heck reaction depends on whether 
the base involved is Ag3PO4 or 1,2,2,6,6-pentamethylpi- 
peridine. The range of precedents recorded made this 
an suitable starting point, and accordingly the three aryl 
iodide precursors 1,* and 39 were synthesized. 

In previously reported studies of the mechanism of 
cross-coupling,6 palladium complexes of 1,l'-biddiphe- 
ny1phosphino)ferrocene have been successfully utilized. 
The putative first step in a catalytic Heck reaction is 
addition of the electrophile, normally an unsaturated 
iodide or trifluoromethanesulfonate, to a low-valent 
palladium species. Analogy with cross-coupling sug- 
gests that this is in the Pd(0) state. Zerovalent pal- 
ladium complexes with a labile ligand and a cis- 
chelating diphosphine are difficult to isolate;1° hence, 
the +cyclooctatetraene complex 4 was prepared in 
solution in thf by reduction of the PzPdC12 precursor 
with dilithiocyclooctatetraene. The reaction of this 
alkene complex with alkenyl bromides gives first the 
direct alkene/alkene displacement product and subse- 
quently the oxidative addition product derived from it; 
with alkenyl or aryl iodides only this $:+iodoalkyl 
complex is 0bserved.l' 

After preparation of complex 4 in situ as a 0.02 M 
solution in thf, the iodide 1 was added directly at -78 
"C and warmed to ambient temperature, whereupon the 

(7) See, for example: Abramovitch, R. A.; Barton, D. H. R.; Finet, 
J.-P. Tetrahedron 1988,44,3039. Sakamoto, T.; Kondo, Y.; Uchiyama, 
M.; Yamanaka, H. J. Chem. Soc., Perkin Trans. 1 1993, 1941. 

(8) Beckwith, A. L. J . ;  Gara, W. B. J. Chem. SOC., Perkin Trans. 2 
1975, 795. 
(9) Negishi, E.; Nguyen, T.; OConnor, B.; Evans, J. M.; Silveira, A. 

Heterocycles 1989,28, 55.  
(10) But see: Krause, J.; Bonrath, W.; Porschke, K. R. Organome- 

tallics 1992,11,1158. Hodgson, M.; Parker, D.; Taylor, R. J.; Ferguson, 
G. Organometallics 1988, 7, 1761. 

(11) Brown, J. M.; Guiry, P. J. Inorg. Chim. Acta 1994, 220, 249- 
261. 

b 
Figure 1. ORTEP representation of the molecular struc- 
ture of complex 5a. The atomic coordinates and isotropic 
thermal parameters are collected in Table 1 and selected 
bond distances and angles in Table 2. 

color of the solution changed from dark red to orange. 
Workup gave a stable yellow solid in 81% yield which 
was recrystallized by slow diffusion of pentaneEt2O into 
its thf solution, giving red-orange blocks of 5a suitable 
for X-ray analysis. The structure obtained is shown in 
Figure 1 and reveals a distorted-square-planar arrange- 
ment about the Pd atom; for example, the P-Pd-I angle 
is 171.3" and the P-Pd-C angle is 172.6" rather than 
the ideal 180". The ligand bite angle is 100.7", slightly 
larger than the typical value of 98" for the dppf ligand.12 
This enhanced angle is created by staggering the two 
ferrocenyl rings, while the Fc-P bonds are coplanar 
with their rings. The side-chain double bond shows a 
high degree of libration, particularly in the region of C1 
and C2, but is remote from Pd with no significant 
bonding interaction. The bound aryl group is close to 
orthogonality with the mean square plane, a common 
feature of structurally related metal aryls. In the 
present case, there is substantial steric hindrance to  
positioning of the aryl group in the coordination plane, 
and this has consequences for the solution structures 
observed by NMR. Final atomic coordinates are given 
in Table 1 and selected bond lengths and angles in Table 
2. 

Restricted Pd-Aryl Rotation. Related complexes 
6a and 7 were prepared by the same method used for 
complex 5a in 85% and 76% yields, respectively, and 
fully characterized. In all cases the lH NMR spectra 
were informative. Taking first the vinyl ether complex 
5a in C&, the benzylic CH2 was diastereotopic as a 
sharp AB quartet at 5.25 and 5.49 ppm (Figure 21, 
despite the lack of stereogenicity in the structure; the 
31P NMR in thf appeared as a single AX quartet at 7.9 
and 25.9 ppm. If rotation about the Pd-C bond is slow 
on the NMR time scale, the aromatic ring possesses 
planar chirality, and the enantiomers are interconverted 
by that rotation process. This requires slow rotation of 
the aryl-palladium bond on the NMR time scale, since 
rotation about that bond interconverts the enantiomers 

(12) Hayashi, T.; Kumada, M.; Higuchi, T.; Hirotsu, K. J.  Orga- 
nomet. Chem. 1987,334, 195. 
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Arylpalladium Iodides and Trifluoromethanesulfonates 

Table 1. Atom Coordinates (x  104) and Isotropic Thermal 
Parameters (A2 x 103) 

Organometallics, Vol. 14, No. 1, 1995 209 

Table 2. Selected Bond Distances (A) and Angles (deg) 
~ 

atom X Y Z U* 
2380.9(4) 
2777.7(4) 
3866.5(8) 
3255.1(14) 
1925.1( 13) 
4380(9) 
6452(18) 
5661(17) 
3789(9) 
2418(8) 
1919(14) 
612(14) 

-175(14) 
366(8) 

1627(7) 
3099(5) 
4474(6) 
5053(7) 
4059(8) 
2859(6) 
3589(6) 
484 l(6) 
4667(6) 
3319(7) 
2643(6) 
2288(6) 
1145(6) 
378(7) 
733(9) 

1837(9) 
2638(8) 
4851(6) 
5647(7) 
6925(9) 
7278( 10) 
7278( 10) 
6493(10) 
5286(9) 
402(5) 

-195(6) 
-1312(7) 
-1798(7) 
- 124 l(7) 
-153(6) 
1758(6) 
590(7) 
514(8) 

1536( 10) 
2686(9) 
2778(7) 
3563(22) 
2309(28) 
2258(33) 
1533(26) 
2458(36) 
2112(35) 
3830(33) 
3334(60) 

644.5(2) 
-506.9(2) 
2723.0(4) 
1250.0(7) 
1533.9(7) 

-145(4) 
284(10) 

-50(4) 
-227(3) 
-658(5) 
-853(6) 
-612(5) 
-178(3) 

120) 
2222(3) 
2148(3) 
2798(4) 
3283(4) 
2949(3) 
2161(3) 
2487(3) 
3204(3) 
3332(3) 
2692(3) 
1239(3) 
857(3) 
884(4) 

1282(4) 
1659(5) 
1647(4) 
908(3) 
761(4) 
486(5) 
358(5) 
358(5) 
493(5) 
769(4) 

1947(3) 
1793(4) 
2149(5) 
2658(4) 
2796(4) 
2439(3) 
1360(3) 
1063(4) 
908(5) 

1030(5) 
1302(5) 
147 l(4) 
6890( 13) 
6703 ( 15) 
6985( 18) 
7373 15) 
7864(21) 
7552( 19) 
7569( 19) 
7030(36) 

53(8) 

2114.4(2) 
1495.9(2) 
2110.9(4) 
1266.5(7) 
2766.0(7) 
3983(3) 
3653(11) 
4107(8) 
3344(3) 
3282(3) 
3722(5) 
3612(7) 
3094(7) 
2668(4) 
2770(3) 
28 18(3) 
2861(3) 
2919(3) 
2926(3) 
2865(3) 
1312(2) 
1340(3) 

13,69(3) 
1363(3) 
13 18(3) 
5W3)  
426(3) 

-138(3) 
-63 l(3) 
-555(4) 

W3)  
1131(3) 
1678(4) 
1643(6) 
1023(7) 
1023 (7) 
5W5)  
552(4) 

2506(3) 
1917(3) 
1701(4) 
207 l(5) 
2649(4) 
2870(3) 
3610(3) 
3790(3) 
4428(4) 
4865(3) 
4693(3) 
4060(3) 

117(12) 
183(14) 

- 187(17) 
159(13) 
343(18) 
664( 18) 
250(17) 
622(32) 

33(1)* 
49(1)* 
38(1)* 
35(1)* 
33(1)* 

106(3) * 
216(13)* 
155(9)* 
76(3)* 
64(3)* 

106(5)* 
127(6)* 
119(6)* 
65(3)* 
51(2)* 
38(2)* 
46(2)* 
60(3)* 
61(3)* 
47(2)* 
37(2)* 
45(2)* 
52(2)* 
54(2)* 
44w*  
42(2)* 
44(2)* 
61(2)* 
70(3)* 
84(4)* 
63(3)* 
47(2)* 
70(3)* 
95(4)* 

105(5)* 
105(5)* 
89(4)* 
72(3)* 
38(2)* 
53(2)* 
73(3)* 
74(3)* 
70(3)* 
52(2)* 
43(2)* 
55(2)* 
73(3)* 
82(4)* 
76(3)* 
58(2)* 

185(8) 
5x71 
71(8) 

128(8) 
83(10) 
77(9) 
79(9) 

117(22) 

"Values marked with an asterisk are equivalent isotropic U values, 
defined as one-third of the trace of the orthogonalized Uy tensor. Occu- 
pancy 0.5. Occupancy 0.25. 

Of 5a. Recently,13 a similar phenomenon was reported 
for the tmeda complex 8 in CDCl3, although in MeOH 
the same compound was dynamic between 20 and 60 
"C through a process involving coordination of the 
hydroxyl group and ionic dissociation of bromide. A 
range of Pt-aryl complexes also demonstrate restricted 
rotation.l* In keeping with these observations, the same 

(13)Alster, P. L.; Boersma, J.; Smeets, W. J. J.; Spek, A. L.; van 
Koten, G. Organometallics 1993,12, 1639-1647. 

(14) Alcock, N. W.; Brown, J. M.; PBrez-Torrente, J. J. Tetrahedron 
Lett. 1992, 33, 389-393; Organometallics, submitted for publication. 

Pd-I 
Pd-P(l) 
Pd-P(2) 
Pd-C(9) 
P( 1)-C( 15) 
P(2)-C(20) 
P( 1)-C(26) 
P(2)-C(10) 
P(2)-C(32) 
P(2)-C(38) 

I-Pd-P( 1) 
I-Pd-P(2) 
P( 1)-Pd-P(2) 
I-Pd-C(9) 
P( 1)-Pd-C(9) 
P(2)-Pd-C(9) 
C(2)-0-C(3) 
O-C(2)-C(l) 
O-C(3)-C(4) 
C(3)-C(4)-C(5) 

2.647(1) 
2.384(2) 
2.287(2) 
2.055(7) 
1.810(6) 
1.834(6) 
1.821(7) 
1.805(6) 
1.8 12(6) 
1.838(6) 

88.0 
171.2 
100.7(1) 
84.6(2) 

172.5(2) 
86.6(2) 

117.8(9) 
124.6( 14) 
112.8(7) 
119.7(8) 

1.381(19) 
1.449( 10) 
1.387(28) 
1.453( 12) 
1.383( 13) 
1.383(10) 
1.403(20) 
1.390(20) 
1.387(16) 
1.354( 10) 

120.0(7) 
120.2(9) 
117.2(10) 
122.2( 12) 
118.6( 12) 
119.6(9) 
119.9(5) 
117.9(5) 
122.2(7) 

behavior was observed for both the butenyl complex 6a, 
where both the a- and @-methylenes are diastereotopic, 
and the allyloxy complex 7, the relevant regions of their 
lH NMR spectra being shown in Figure 2. A point of 
interest is that one of the two diastereotopic protons at 
the benzylic site in 7 exhibits a much stronger allylic 
coupling than the other, and also more pronounced 
homoallylic coupling, consistent with a well defined side- 
chain conformation in solution. As expected, the trans- 
PPh3 complex 9 exhibits a singlet for the benzylic CH2, 
since the symmetry plane orthogonal to the coordination 
plane renders the methylene hydrogens equivalent, 
irrespective of restricted rotation. The related l-bute- 
nylaryl complex 10 showed similar behavior. Platinum 
complexes 5b and 6b were prepared in 85% and 80% 
yields, respectively, from the stable v2-ethene complex 
11, by refluxing in thf for 3 h, followed by recrystalli- 
zation. lH NMR spectra very similar to those of their 
Pd analogs were obtained, with minor differences in 
chemical shift for the relevant diastereotopic proton 
pairs. 

Models for the Heck Reaction Pathway. The aryl 
iodide complexes Sa, 6a, and 7 were all thermally stable 
and in the absence of forcing conditions exhibited no 
tendency for cyclization or other involvement of the 
double bond. Given that many Heck reactions are 
promoted by silver salts,15 the effect on these model 
insertion step intermediates was investigated. Hence, 
reaction of complex Sa with AgOSOzCF3 in ds-acetone 
at -78 "C caused instant precipitation of AgI which was 
removed by low-temperature Celite filtration. The 31P 
NMR spectrum at -30 "C or below demonstrated 
complete conversion to a single AX species at this 
temperature: 6 31.1 and 15.3 ppm (J  = 51 Hz). 
Broadening of the signals was observed above that 
temperature, and on brief warming to ambient and 
recooling loss of signal intensity was observed. Insight 
into the structure of this new species was obtained from 
the lH NMR spectrum obtained at -20 "C. Two 
structures were anticipated from consideration of likely 
reaction pathways for a cationic complex produced in 
the Ag+-induced step, namely the coordinated alkene 
complex 12 and cyclization product 13, but the observed 

(15) Sato, Y.; Sodeoka, M.; Shibasaki, M. J .  Org. Chem. 1989, 54, 
4738. Abelman, M. M.; Oh, T.; Overman, L. E. J. O g .  Chem. 1987, 
52, 4130. Karabelas, K.; Hallberg, A. J .  Org. Chem. 1986, 51, 5286. 
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Chart 2 

Brown et al. 

I 

5.5 5.0 

I I 
3.0 2.0 

7 +-I 

I I 
6.5 6.0 

Figure 2. CH2 region of the lH NMR spectra of complexes 
5a, 6a, and 7, demonstrating magnetic inequivalence. 

spectrum is inconsistent with either of these. There is 
a inequivalent methylene group centered at 5.18 ppm 
(JAB = 19 Hz), with one of the pair partially obscured 
by a ferrocenyl signal, in which both protons possess 
two further couplings to phosphorus of 8 and 11 Hz. The 
only high-field signal is methyl group at 1.40 ppm, 
possessing coupling of 10.5 and 11.5 Hz to the two 
phosphorus nuclei. Signals associated with the vinyl 
group of the original alkene are absent. It was estab- 
lished via a COSY experiment that there is no detect- 
able coupling between the CH2 and CH3 groups a t  5.18 
and 1.40 ppm; in the same experiment four contiguous 
aryl protons associated with the organic substrate were 

5 (a M = Pd) 
(b M = Pt) 

6 (a M = Pd) 
(bM=Pt) 

7 Me' 

0 9 

10 11 

identified, the ortho proton at 7.76 ppm possessing long- 
range coupling to  both protons of the CH2 group. Both 
the chemical shifts and the P couplings are consistent 
with one phosphorus trans to carbon and the other trans 
to a more electronegative group (OTf'), but the presence 
of an isolated methyl group requires an additional 
sequence of reactions not normally considered as a 
component of the catalytic cycle, as illustrated in Figure 
3. The implication is that all the initial stages of this 
sequence are rapid and complete by the time that the 
first spectroscopic observations are made at -40 "C. 
Iodide ionization creates a vacant coordination site 
which is occupied by the alkene double bond in 12, 
followed by an exocyclic closure to give the primary alkyl 
complex 13, the expected intermediate. According to 
the usual view of the catalytic cycle, this would undergo 
P-hydride elimination to form Pd-hydride 14, which will 
then dissociate the alkene to form the observed Heck 
product, as shown. Evidently this dissociation is slower 
than Pd-H readdition to the alkene so that the more 
stable ql-benzyl complex 15 is the first observed inter- 
mediate. Structure 15 fits the available spectroscopic 
data. Its propensity for decomposition by P-elimination 
would explain why attempts to obtain a pure sample 
were unsuccessful. Furthermore, attempts to charac- 
terize organic decomposition products were equivocal. 
While structure 15 is the most probable structure for 
the unstable intermediate, minor variations are also 
consistent with the data-for example, the coordinated 
triflate could be replaced by an acetone solvent molecule 
in 16.16 The high reactivity of complex 12 toward Pd-C 
insertion may be due to a number of factors, including 

(16) Cf.: Seligson, A. L.; Trogler, W. C. J. Am. Chem. SOC. 1991, 
113, 2520. 
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Arylpalladium Iodides and Trifluoromethanesulfonates 

5a 

P* = AgOTf 

-78°C to -4O'C &PPh2 

I 
H 

;PdPp 
TfO 

12 13 

ll 

15 14 

Figure 3. Reaction pathway from complex 5a to the 
unstable intermediate 15 on reaction with AgOTf'. 

the favorable formation of a five-membered ring. In 
addition, the insertion step can be viewed as an elec- 
trophilic carbodepalladation, the electrophile being the 
ether-stabilized carbocation formed by addition of pal- 
ladium to the terminal carbon of the alkene. The 
stoichiometric addition of an alkenyl bromide to nor- 
bornene promoted by Pd(0) under mild conditions had 
been noted.6 

Under the same reaction conditions, the butenylaryl 
complex 6a behaved similarly, although the purity and 
stability of the intermediate were both lower. Two 
coupled CH2 groups are observed at 6 2.85 and 1.55 
ppm, with further complexity arising from coupling to 
phosphorus. A CH3 group with two equivalent phos- 
phorus couplings is observed at 1.18 ppm. This new 
compound is assigned structure 17, the cyclization step 
again being fast in both cases and leading to an 
intermediate of similar structure. The allyloxy complex 
7 did not follow the same reaction pathway, and it 
proved impossible to characterize anything in that case. 
Notably, the related intermediate 18 could decompose 
directly to 3,5-dimethylbenzofuran. For the truns-PPh3 
complex 9, reaction with AgOS02CF3 was slow and 
incomplete below -20 "C and did not lead to a clean 
characterizable species. In addition, the Pt complex 5b 
did not yield useful information on treatment with 
AgOS02CF3 under the previously described conditions. 
The reaction occurred rapidly at -78 "C, but the first 
formed species was unstable and decomposed by mul- 
tiple pathways. 

Significance of the Results. With normal reac- 
tants, and conventional catalysts, the rate of turnover 
in catalytic Heck reactions is quite slow, so that reac- 
tions are typically carried out at 80-100 "C.l Many 
attempts have been made to facilitate reactivity, includ- 
ing the addition of phase-transfer catalysts," conducting 
the reaction in water,18 and the use of silver or thallium 

(17) Jeffery, T. J. Chem. Soc., Chem. Commun. 1984, 1287. 
(18) Bumagin, N. A.; More, P. G.; Beletskaya, I. P. J. Organomet. 

Chem. 1989,371, 397. 
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PdP2 PdP2 

16 17 18 

salts to promote the ionization of the Pd-I bond in the 
initial oxidative addition c0mp1ex.l~ The use of aryl or 
vinyl triflates in place of halides as the electrophilic 
complex promises to permit the reaction to be conducted 
under milder  condition^.^ In view of the general slug- 
gishness of catalysis, the high reactivity of complexes 
5a and 7 toward silver-ion promoted cyclization is 
surprising. It implies that the critical aryl-Pd insertion 
in the alkene is rapid at -40 "C and that the /?-elimina- 
tion step is sufEciently facile for intramolecular loss and 
readdition of Pd-H, giving the benzylpalladium complex 
inaccessible by direct reaction. It remains to be seen 
whether this intermediate 15 can be cleanly broken 
down to the alkene product by base and whether the 
Pd(0) species thus generated can be quantitatively 
recycled. 

Summary and Conclusions. These experiments 
demonstrate that the pathway of the intramolecular 
Heck reaction can be simulated in a stoichiometric cycle, 
and in the absence of base (a normal component under 
catalytic conditions) an alkylpalladium complex 15 
formed by eliminatiodreaddition of palladium hydride 
is observable at sub-ambient temperature. The initial 
alkene complex and the first Pd alkyl formed by Pd- 
Ar addition to the coordinated alkene are evidently too 
transient to detect in this series. Access to a forward 
intermediate will permit further studies on the reaction 
mechanism to be carried out. Such studies will be the 
subject of future reports. 

3. Experimental Section 

General Information. All solvents were freshly distilled 
from standard drying agents and degassed by three freeze1 
thaw cycles before use. Organometallic reactions were carried 
out under dry argon by using Schlenk glassware and vacuum 
line techniques. Transfers were carried out with stainless 
steel cannulas under positive argon pressure. lH NMR spectra 
were recorded on a Varian Gemini 200 (200 MHz), a Bruker 
WH-300 (300 MHz), or a Bruker AM-500 (500 MHz) spectrom- 
eter and are referenced to residual protic solvents with 
chemical shifts being reported as 6 (ppm) from TMS. 31P NMR 
spectra were recorded on a Bruker AM-250 spectrometer 
operating at 101.26 MHz using 85% H3P04 as external 
reference. Elemental analyses were performed by the Dyson 
Perrins Laboratory Analytical Service using a Carlo Erba 1106 
elemental analyzer. 

The starting materials [1,1'-bis(diphenylphosphino)ferrocene]- 
palladium dichloride,lg [ 1,l'-bis(diphenylphosphino)ferrocenel- 
($-ethene)platinum (1 1),6 and tetrakis(tripheny1phosphine)- 
palladium20 were prepared by literature methods. Dilithium 
cyclooctatetraenide was prepared by the method of Katz and 
Garratt.21 

(19) Hayashi, T.; Konishi, M.; Kobori, Y.; Kumada, M.; Higuchi, T.; 

(20) Coulson, D. R. Inorg. Synth. 1972,13, 121. 
(21) Katz, T. J.; Garratt, P. J. J. Am. Chem. Sac. 1964, 86, 4876. 

Hirotsu, K J. Am. Chem. Sac. 1984,106, 158. 
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Preparation of o-Iodobenzyl Vinyl Ether (1). The 
compound was prepared from 2-iodobenzyl alcohol by following 
a procedure similar to that given in the literature.s The crude 
product was distilled in a Kugelrohr apparatus: bp 80 "C, 0.3 
mmHg (lit.9 bp 82-83"C, 0.8 mmHg). Yield: 70%. 

Preparation of l-Iodo-2-(3-butenyl)benzene (2). To a 
stirred solution of 2-iodobenzyl bromide (5.0 g, 0.017 mol) 
(prepared by metathesis of the commercially available 2-io- 
dobenzyl chloride with a large excess of NaBr) in THF (60 mL) 
at -10 "C was added allylmagnesium bromide (18.5 mL, 1.0 
M, 0.018 mol) by syringe over a period of 10 min. A white 
precipitate was immediately formed. After 5 h of stirring at 
ambient temperature, saturated ammonium chloride solution 
(10 mL) and water (20 mL) were added and the mixture was 
extracted with diethyl ether (2 x 20 mL). The ethereal layer 
was washed with water and brine, dried over anhydrous 
MgS04, and concentrated under vacuum to give a yellow oil. 
The product was obtained as a yellow liquid by Kugelrohr 
distillation (100 "C at 0.3 mmHg); lit.8 130-132 "C, 19 mmHg. 
Yield: 92%. 

Preparation of 1-(Allyloxy)-2-iodo-4-methylbenzene 
(3).9 The compound was synthesized from 2-iodo-4-meth- 
ylphenolZ2 and allyl bromide on an 0.076 mol scale by following 
the literature procedure for the preparation of allyl aryl ethers: 
23 bp 125-127 "C, 0.3 mmHg. Yield: 89%. 'H NMR (200 MHz, 
CDC13): 7.63 (d, lH), 7.08 (dd, lH),  6.71 (d, 1H) (aryl), 6.08 
(m, lH, -CH=CHz), 5.52 (dd, lH,  J = 18,2 Hz, -CH=CHz), 
5.32 (dd, lH,  JHH = 12, 2 Hz, -CH=CHz), 4.58 (br d, 2H, 

Synthesis of the Complexes [(dppf)Pd(I)(R)]: R = 
o-(Cfi)CH20CH%H2 (Sa), O-(C~H~)CH&H~CH=CH~ (6a), 
m-CHs(C&)-o-OCHzCH=CH2 (7). A solution of dilithium 
cyclooctatetraenide (1.53 cm3, 0.26 M in diethyl ether, 0.41 
mmol) was added dropwise over a period of 5 min to  a stirred 
suspension of [(dppf)PdClz] (0.30 g, 0.41 mmol) in THF (20 mL) 
at -78 "C to give a dark red solution in 15 min. Then, the 
appropriate o-iodoaryl species (1-3) (0.41 mmol) was added 
and the mixture was warmed slowly to room temperature (3 
h) to give an orange solution. The solvent was removed under 
vacuum and the yellow residue extracted with toluene (15 mL) 
and then centrifugated in order to remove LiC1. Concentration 
of the clear orange solution under vacuum to ca. 2 mL and 
slow addition of cold hexane (20 mL) gave the complexes Sa, 
6a, and 7 as yellow solids which were collected by filtration, 
washed with cold hexane, and dried under vacuum. 
[(dppf)Pd(I)(o-(C&)CH20CH=CH2)1 (Sa). Yield: 81%. 

Anal. Calcd for C43H37FeIOP2Pd: C, 56.08; H, 4.05. Found: 
C, 55.96; H, 4.13. 'H NMR (300 MHz, C6D6): 8.30 (m, 4H), 
7.70 (m, 2H), 7.46 (m, lH), 7.30-6.91 (m, 9H), 6.88 (m, 4H), 
6.69 (m, 4H)u(ferrocenyl and aryl residues), 6.61 (dd, lH, 

OCHz-), 2.23 (s, 3H, -CH3). 

-CH=CHz), 5.49, 5.25 (2H, AB q, J = 12 Hz, -CHzO), 4.81 
(s, lH,  Cp), 4.69 (dd, lH, J =  1.4, 1.5 Hz, -CH=CHz), 4.32 (6, 
lH, Cp), 4.14 (dd, lH, J = 7, 1.5 Hz, -CH=CHz), 4.03 (8, lH), 

NMR (250 MHz, thf7DzO): 25.9 (d), 7.9 (d) (Jp-p = 34 Hz). 
3.94 (s, lH), 3.71 (s, lH), 3.63 (s, 2H), 3.55 (s, 1H) (Cp). 31P 

[(dppf)Pd(I)(o-(CJ&)CH2CH&H%H2)1 @a). Yield: 85%. 
Anal. Calcd for CuH39FeIPzPd: C, 57.51; H, 4.27. Found: C, 
57.32; H, 4.25. 'H NMR (300 MHz, d8-toluene): 8.40 (m, 2H), 
8.20 (m, 2H), 7.93 (m, 2H), 7.53 (m, lH), 7.33-6.89 (m, lOH), 
6.83 (m, 2H), 6.65 (m, 4H), 6.50 (m, 1H) (ferrocenyl and aryl 
residues), 6.20 (m, lH, -CH=CHz), 5.37 (dd, lH, J = 17, 2 
Hz, -CH=CHz), 5.20 (dd, lH, J = 11,2 Hz, -CH=CHz), 5.05 
(5, lH), 4.10 (9, 2H), 3.92 (8, lH), 3.75 (s, lH), 3.69 (s, lH), 
3.64 (s, lH), 3.56 (s, 1H) (Cp), 3.66 (td, lH, Ar-CHz-1, 3.11 
(m, lH, -CHz-), 2.51 (td, lH, Ar-CHZ-1, 2.20 (m, lH, -C- 
Hz-). 31P NMR (250 MHz, thUDzO): 25.4 (d), 9.4 (d) (Jp-p  = 
35 Hz). 

Brown et al. 

(22) Kometani, T.; Watt, D. S.; Ji, T. Tetrahedron Lett. 1985, 26, 

(23) White, W. N.; Gwynn, D.; Schlitt, R.; Girard, C.; Fife, W. J. 
2043. 

Am. Chem. SOC. 1958,80, 3271. 

[(dppDPd(I)(m-CHs(CsH4)-o-OCHzCH=CH2)1 (7).% Yield: 
76%. Anal. Calcd for C44H39FeIOP~Pd: C, 56.52; H, 4.20. 
Found: C, 55.43; H, 4.73. lH NMR (300 MHz, de-toluene): 
8.37 (m, 2H), 8.26 (m, 2H), 7.70 (m, 2H), 7.68-7.00 (m, 13H), 
6.90 (m, 2H), 6.75 (m, 2H) (ferrocenyl and aryl residues), 6.39 
(d, lH,  OCHz-), 6.20 (m, lH, -CH=CHz), 5.93 (m, lH,  OC- 
Hz-), 5.52 (dd, lH, J = 17, 1.8 Hz, -CH=CHz), 5.27 (dd, lH,  
J = 10, 1.8 Hz, -CH=CHz), 5.01 (8, lH), 4.35 (8, 2H), 4.08 (s, 

-CH3). 31P NMR (250 MHz, thf7DzO): 26.6 (d), 8.2 (d) (Jp-P 
lH), 4.00 (s, lH), 3.69 (s, 2H), 3.57 (s, 1H) (Cp), 1.97 (s, 3H, 

= 31 Hz). 
Synthesis of [(dppf)Pt(I)(o-(CsH4)CH20CH=CH2)1 (Sb). 

To a solution of [(dppf)Pt(v2-ethene)] (0.1 g, 0.128 mmol) in 
THF (10 mL) was added o-iodobenzyl vinyl ether (1; 0.041 g, 
0.154 mmol). The mixture was refluxed for 3 h to give an 
orange solution. The solvent was removed under vacuum, and 
then acetone (2 mL) was added. Slow addition of diethyl ether 
(5 mL) and pentane (10 mL) affords the complex as an orange 
microcrystalline solid which was filtered, washed with pentane 
and dried in vacuo (0.109 g, 85%). Anal. Calcd for C43H37- 
FeIOPZPt: C, 51.15; H, 3.69. Found: C, 51.07; H, 3.86. 'H 

2H), 7.51 (m, lH), 7.30 (m, 4H), 7.26-6.85 (m, 9H), 6.78 (m, 
4H) (ferrocenyl and aryl residues), 6.67 (dd, lH, -CH=CHz), 

NMR (300 MHz, C&): 8.41 (m, 2H), 8.30 (m, 2H), 7.70 (m, 

5.43 (2H, AB, 4, JAB = 12 Hz, -CHzO), 4.80 (s, lH, Cp), 4.74 
(dd, lH, JH-H = 14, 1.4 Hz, -CH=CHz), 4.53 (s, lH, Cp), 4.19 
(dd, lH,  J = 7, 1.4 Hz, -CH=CHz), 4.05 (s, lH), 4.02 (s, lH), 
3.72 (s, lH), 3.65 (s, 2H), 3.61 (s, lH), (Cp). 31P NMR (250 
MHz, thUDz0): 13.6 (d, dd, Jpt-p = 4163 Hz, Jp -p  = 16 Hz), 
10.6 (d, dd, Jpt-p = 1746 Hz). 

Synthesis of [(~~~~)P~(I)(o-(C&)CHZCHZCH=CHZ)I 
(6b). The complex was prepared from [(dppf)Pt(v2-ethene)1 
(0.060 g, 0.077 mmol) and l-iodo-2-(3-butenyl)benzene (2; 0.026 
g, 0.1 mmol), by a procedure identical with that given for 6a, 
as an orange microcrystalline solid (0.062 g, 80%). Anal. 
Calcd for C&sgFeIPzPt: C, 52.45; H, 3.90. Found: C, 52.40; 
H, 4.15. 'H NMR (300 MHz, C6D6): 8.43 (m, 2H), 8.26 (m, 
2H), 7.93 (m, 2H), 7.65 (m, 1H) 7.35-6.76 (m, 13H), 6.66 (m, 
4H) (ferrocenyl and aryl residues), 6.28 (m, lH,  -CH=CHz), 
5.41 (d, lH, J = 17 Hz, -CH=CHz), 5.23 (d, lH, J = 10 Hz, 
-CH=CHz), 5.12 (s, lH), 4.17 (s, lH), 4.05 (s, lH), 3.86 (s, 
lH),  3.73 (6,  lH), 3.64 (s, lH), 3.59 (9, lH), 3.57 (s, 1H) (Cp), 
3.52 (dt, lH, -CHzCHz-), 3.30 (m, lH,  -CHzCHz-), 2.59 (dt, 
lH, -CHzCHz-), 2.35 (m, lH, -CHzCHz-). 31P NMR (250 
MHz, thUDzO): 13.1 (d, dd, Jpt-p = 4228 Hz, Jp -p  = 15 Hz), 
10.0 (d, dd, Jpt-p = 1716 Hz). 

Synthesis of [ (PPh&Pd(I)(o-(CJ-&)CH20CH=CH2)1(9). 
To a solution of [Pd(PPh3)4] (0.2 g, 0.173 mmol) in THF (10 
mL) was added o-iodobenzyl vinyl ether (1; 0.049 g, 0.19 mmol). 
The mixture was stirred for 2 h to give a pale yellow solution. 
Evaporation of the solvent under vacuum to ca. 1 mL and slow 
addition of MeOH (10 mL) gave the complex as a yellow 
microcrystalline solid, which was filtered, washed with MeOH, 
and vacuum-dried (0.140 g, 91%). Anal. Calcd for C45H39IOPz- 
Pd: C, 60.65; H, 4.41. Found: C, 60.50; H, 4.53. 'H NMR 
(300 MHz, CDC13): 7.47 (m, 12H), 7.35-7.20 (m, 18H) (PPh3 
ligands), 6.83 (d, lH), 6.49 (t, lH), 6.42 (d, lH), 6.25 (t, 1H) 
(aryl ligand), 5.97 (dd, lH,  -CH=CHz), 4.44 (s, 2H, -CHzO), 
4.13 (dd, lH,  J = 14, 1.7 Hz, -CH=CHz), 3.94 (dd, lH, J = 7, 
1.7 Hz, -CH=CHz). 31P NMR (250 MHz, thEIDz0): 23.5 (SI. 

Synthesis of [(PP~~)~P~(I)(O-(C&)CH~CH~CH=C€€Z)I 
(10). The complex was synthesized from [Pd(PPh&l (0.1 g, 
0.086 mmol) and 4-(o-iodophenyl)but-l-ene (IC; 0.051 g, 0.2 
mmol); workup as above gave the compound as a yellow 
microcrystalline solid (0.069 g, 90%). Anal. Calcd for C46H41- 
IPzPt: C, 62.14; H, 4.64. Found: C, 61.81; H, 4.66. 'H NMR 
(300 MHz, CD2Cl2): 7.58-7.16 (m, 30H, PPh3 ligands), 6.88 
(d, lH), 6.51 (t, lH), 6.28 (t, lH), 6.22 (d, 1H) (aryl ligand), 
5.7 (m, lH, -CH=CH2), 4.97-4.90 (m, 2H, J = ca. 17, 10, 1.5 
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Arylpalladium Iodides and Trifluoromethanesulfonates 

Table 3. Crystallographic Data for Sa 
mol formula C ~ ~ H ~ ~ O P ~ F ~ I . ' / ~ C ~ H I ~ Q ~ / ~ C ~ H B O  
Mr 951.5 
crys syst monoclinic 
crys size (mm) 0.45 x 0.44 x 0.25 

P21/c 
10.320(3) 
19.499(5) b (A) 

c (A) 21.150(5) 
B (de@ 94.61(2) 
v (A? 4242(2) 
2 4 

T (K) 290 
diffractometer Nicolet p21 
radiation; A (A) 
P (cm-9 15.9 
scan method 0 - 2 0  
28(max) (deg) 50 
no. of unique rflns 7510 
no. of obsd rflns 5958 
criterium for observn 
no. of params refined 474 
S (goodness of fit) 0.98 
AJGll&X 0.9 
R 0.042 
R W  0.050 
residual electron density + 1.U-0.4 

:pE 

D, (g ~ m - ~ )  1.44 

Mo Ka;  0.710 69 

I > 2u(z) 

Hz, -CH=CHz), 2.51 (m, 2H, Ar-CHZ-1, 1.65 (m, 2H, 

Reaction of Sa and 6a with Silver Trifluoromethane- 
sulfonate. Solid silver trifluoromethanesulfonate (0.044 g, 
0.172 "01) was added to a solution of [(dppDPd(IXo-(C&)CHz- 
OCH=CHz)] (Sa; 0.184 g, 0.172 mmol) in a 1:l mixture of THF 
and acetone (6 mL) at -78 "C. The mixture was stirred for 1 
h at this temperature and then filtered through Celite at -78 
"C to give 9 clear orange solution containing complex 16. 31P 
NMR (250 MHz, thE/acetone/DzO, -40 "C): 31.1 (d), 15.3 (d) 
(Jp-p = 5.1 Hz). A sample for proton NMR was similarly 
obtained using d6-acetone as solvent. 'H NMR (500 MHz, d6- 
acetone, -20 "C): 7.77 (m, 3H, dppf and aryl ligand), 7.68- 
7.48 (set of m, 14H, aryl), 7.34 (m, 3H, aryl), 7.03 (m, 1H, aryl), 
6.78 (m, 2H, ferrocenyl), 6.59 (m, lH, aryl), 5.16 (m, 2H, 
-CHzO (see text)), 5.11 (s, lH), 4.80 (8, lH), 4.60 (s,2H), 4.34 
( 6 ,  1H), 4.29 (8, 1H), 3.84 (s, 1H), 3.34 (9, 1H) (CP), 1.40 (dd, 

In a similar way, reaction of [(dppnPd(I)(o-(C6H4)CHzCHz- 
CH=CHz)] (6a; 0.2 mmol scale) with AgOSOzCF3 gave an 
orange solution of complex 18. lH NMR (500 MHz, &-acetone, 
-20 "C): 7.85-7.10 (set of m, 20H, aryl residues), 7.05 (m, 
lH, aryl), 6.83 (m, 2H, dppf), 6.52 (m, lH,  aryl), 5.03 (s, W, 
4.74 (s, 1H), 4.70 (s, lH), 4.68 (s, lH), 4.33 (s, 1H), 4.30 (8, 

lH), 3.68 (8, lH), 3.47 (8, 1H) (Cp), 2.85 (m, 2H, -CHz-), 1.53 
(m, 2H, -CHz-), 1.18 (t, 3H, JH-p  = 11 Hz, -CH3). 31P NMR 
(250 MHz, thf-acetoneDz0, -40 "C): 33.4 (d), 18.0 (d) (Jp-p  

= 56 Hz). 

-CH2-). 31P NMR (250 MHz, CHzC12/D20): 21.9 (8). 

3H, JH-p = 10.5, 11.7 Hz, -CH3). 

(24) This compound was less pure than others in the series and did 
not analyze satisfactorily despite several attempts. 

Organometallics, Vol. 14, No. 1, 1995 213 

Crystal Structure Determination. Suitable orange crys- 
tals for X-ray structure determination were obtained by slow 
diffusion of a diethyl ether-pentane mixture into a saturated 
solution of the complex in THF at -15 "C. Crystal data 
collection parameters are summarized in Table 3. Data were 
collected with a Nicolet P21 four-circle diffractometer in the 
0-28 mode. The maximum 28 was 50" with scan range +1.3" 
(28) around the Kal-Kaz angles, scan speed 5-29' min-I, 
depending on the intensity of a 2 s prescan; backgrounds were 
measured at each end of the scan for 0.25 of the scan time. 
hkl ranges were: 0-12, 0-23, and -25 to  +25. Three 
standard reflections were monitored every 200 reflections and 
showed no change during data collection. Unit cell dimensions 
and standard deviations were obtained by a least-squares fit 
to 15 reflections (25 < 20 < 27"). Intensity data were corretted 
for absorption effects (by the Gaussian method); minimum and 
maximum transmission factors were 0.66 and 0.78. 

Heavy atoms were located by the Patterson interpretation 
section of SHELXTL and the light atoms then found on 
successive Fourier syntheses. One partially occupied disor- 
dered solvent molecule was located; it was modeled as a 50: 
50 mixture of the two ethers, sharing the same oxygen and 
one carbon site, with a total occupancy of 0.5. All significant 
residual peaks were in the vicinity of this solvent, indicating 
that the description of the molecule was not perfect. Aniso- 
tropic temperature factors were used for all non-H atoms, 
apart from solvent atoms. Hydrogen atoms were given fixed 
isotropic temperature factors; U = 0.07 k. Those defined by 
the molecular geometry were inserted at calculated positions 
and not refined (omitted on the solvent molecule). A weighting 
scheme of the form w = l/(a2(F) + g F )  with g = 0.0043 was 
used and shown to  be satisfactory by a weight analysis. All 
calculations were performed on a DEC Microvax-I1 computer 
using SHELXTL PLUSz5 Scattering factors in the analytical 
form and anomalous dispersion factors were taken from ref 
26. 
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lengths and angles. 

OM940604+ 

(25) Sheldrick, G. M. SHELXTL User's Manual; Nicolet: Madison, 
WI, 1983, 1986. 

(26) International Tables for X-Ray Crystallography; Kynoch 
Press: Birmingham, U.K., 1974; Vol. IV (present distributor Khwer 
Academic Publishers, Dordrecht, The Netherlands). 
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Density Functional Study of C-H and 0 - H  Activation 
and Methanol Oxidation by Chromyl Chloride 
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Calculations based on density functional theory (DFT) have been carried out on the 
activation of the C-H and 0-H bonds in methanol by C12Cr02 (la). Two modes of activation 
were considered. The first was the abstraction of hydrogen by Cl2CrOz represented by the 
reactions (i): CH30H + l a  - C12(0)Cr-OH (lb) + OCH3 and (ii): CH30H + la - CM0)Cr- 
OH (lb) + CH20H. The two reactions were found to be endothermic by 41 kcaVmol (i) and 
34 kcdmol (ii), respectively. The second mode involves addition of the 0-H and C-H o-bonds 
to a Cr-0 multiple bond of la leading to (iii): C12(0)(0H)Cr-OC& (le) and (iv): C12(0)(0H)Cr- 
CH20H (If). The calculated endothermicities were 8 kcaVmo1 for (iii) and 23 kcaVmol for 
(iv). It is concluded that (ii) and (iv) are feasible pathways for C-H activation whereas only 
(iii) is available for 0-H activation. The activation processes (i-iv) constitute possible first 
steps in the oxidation of methanol by la. Other possible steps of importance for the oxidation 
were investigated. They include the decomposition of the addition products (v): le - 
CrC12(0H)2 + H2CO -9 kcaVmol and (vi): If - CrC12(0H)2 + H2CO -18 kcaVmol as well as 
the capture of the radicals produced in the abstraction reactions (vii): OCH3+ l a  - Cl202- 
Cr-OCH3 (IC) -9 kcaVmo1 and (viii): CH20H + l a  - Cl2(O)CrO-CHzOH (Id) -36 kcaVmo1. 
Fully optimized structures are provided for la to If. It is concluded that oxidation of 
methanol by CrClzOz (ix): CrCl202 + CH30H - CrC12(0H)2 + HzCO is endothermic by 5 
kcaVmol and most likely proceeds by addition of the 0-H bond (iii) followed by decomposition 
to CH20 (v). The strength of the C12(0)CrO-H bond is crucial for the C-H and 0-H activation 
by la.  The C12(0)CrO-H bond energy has been compared to the 0-H bond strengths in other 
hydroxy metal complexes. The following values were obtained : D(02CrO-H) = 81 kcaV 
mol; D(C12(0)CrO-H) = 66 kcaVmo1; D(020HCrO--H ) = 56 kcaVmol; D(03MnO--H ) = 63 
kcaVmol and D(03RuO-H ) = 64 kcaVmo1. 

I. Introduction 

High oxidation state chromium(VI) do-oxo compounds 
such as chromic acid, chloro-chromate, chromium tri- 
oxide and chromyl chloride are used widely to oxidize 
alkanes, alkenes, alcohols, diols, aldehydes and ketones1 
in organic synthesis. Mechanistic studies of the oxida- 
tion reactions were first carried out experimentally by 
Westheimer,2 Wibergla and others1 in the 1960's. More 
recent experimental investigations have been conducted 
by Cook and Mayer3 as well as Lee4 et al. Molecular 
orbital methods have also been applied to the oxidation 
studies. Rappk5 and Goddard employed the Generalized 
Valence Bond (GVB) method in an investigation of 
alkane, alcohol and alkene oxidation by chromyl chloride 

@ Abstract published in Advance ACS Abstracts, November 1,1994. 
(1) (a) Wiberg, K. B. in Oxidation in Organic Chemistry Part A 

Wiberg, K. B., Eds.; Academic Press: New York, 1965. (b) Ley, S. V.; 
Madin, A. in Comprehensive Organic Synthesis; Trost, B. N.; Fleming, 
I.; Eds.; Pergamon: Oxford, 1991. (c) Cainelli, G.; Cardillo, G. 
Chromium Oxidation in Organic Chemistry; Springer-Verlag: Berlin, 
1984. (d) Freeman, F. in Organic Synthesis by Oxidation with Metal 
Compounds; Mijs,W. I.; de Jonge, C. R. H. I., Eds., Plenum: New York, 
1986. (e) Muzart, J. Chem. Rev. 1992, 92, 113. (0 Sharpless, K. B.; 
Akashi, K. J. Am. Chem. SOC. 1975,97,5927. (g) Scott,S. L.; Bakac,A.; 
Espenson,J. H. J. Am.Chem.Soc. 1992, 114, 4205. 
(2) Westheimer, F. H.; Chang, Y. W. J. Phys. Chem. 1959,63, 438. 
(3) Cook, G. K.; Mayer, J. M. J. Am. Chem. SOC. 1994, 116, 1855. 
(4) (a) Lee, D. G.; Chen, T. J. Org. Chem. 1991, 56, 5341. (b) Lee, 

D. G.; Chen, T. J . A m .  Chem. SOC. 1993, 115, 11231. 

0276-7333195123 14-0214$09.0010 

and molybdenyl chloride. Other theoretical studies 
are due to Yamaguchi6 et al. as well as Jargensen7 and 
Schiatt. 

It is the general consensus that the initial key step 
in oxidation by transition-metal oxides involves an 
activation of either a C-H or an 0-H bond. The 
activation is considered to take place in one of two ways 
as illustrated in Schemes 1 and 2, where the oxidation 
of CH30H by chromyl chloride, CrC1202, is used as an 
example. 

The activation mode in Scheme 1 involves the ab- 
straction of a hydrogen atom by CrClzOz , la, from a 
0-H , R1, or C-H, R2, bond leading to CrC12(0)0H, lb, 
and either of the radicals OCH3, R1, or CHzOH, R2. 
The radicals can react further with another CrC1202 
molecule to generate, R3, C12(0)2Cr-OCHs, IC, in the 
case of OCH3 or, RA, C120Cr-O-CH20H, Id, in the case 
of CH20H. The species IC and Id might subsequently 

(5) (a) Rappe, A. K.; Goddard 111, W. A. Nature (London) 1980,285, 
311. (b) Rapp6, A. K.; Goddard 111, W. A. J. Am. Chem. SOC. 1980, 
102, 5114. (c) RappB, A. K.; Goddard 111, W. A. in Potential Energy 
Surfuces andDynamics Calculations; Truhlar, D. G. Ed.; Plenum: New 
York, 1981. (d) Rapp6, A. K.; Goddard 111, W. A. J. Am. Chem. SOC. 
1982, 104, 448. (e) Rappe, A. K; Goddard 111, W. A. J. Am.  Chem. _ _  
SOC. 1982, 104, 3287. 
(6) Yamaguchi, K.; Tekahara, Y.; Fueno, T. in Applied Quantum 

Chemistry: Smith, V .  H.: Schaefer 111, H. F.: Morokuma, K., Eds.; D. . .  
Reidel: Dordrecht, 1986. 
(7) Jorgensen, K. A.; Schiett, B. Chem. Rev. 1990, 90, 1483. 

0 1995 American Chemical Society 
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Scheme 1 
0 0 

lb  IC 
CH30H + CrC1202. / 

Scheme 2 
0 
I 

CHJOH + CrClzO2 ( 

l a  l b  

1 b' 
decompose into oxidized productsSa as illustrated in eq 
1. 

0 
I 

CI2Cr(OH) 

0 
II 

t HCH 

The alternative activation mode is illustrated in 
Scheme 2. Here the 0-H or C-H bonds are added to 

OH 
I 

+ CH2O 

the Cr-0 linkage to  produce respectively the methoxy 
complex le , 51, or the hydroxymethyl complex lf, 52. 
A subsequent hydrogen transfer from the methoxy 
group, le, or the hydroxymethyl ligand, lf, to the 
oxygen of the remaining Cr-0 multiple bond , in 
respectively 53 and 54 of Scheme 2, produce HzCO and 
the hydroxy complex, lg. 

The way in which alcohols and other organic mol- 
ecules are oxidized by CrClzOz and related metal com- 
plexes might well be more complex than outlined above, 
and we shall in the following consider a few alternative 
routes. However, it is in general assumed that the 
initial step either consists of a hydrogen a b s t r a c t i ~ n l ~ , ~ ~ ~ ,  
Scheme 1, or an addition4s5 of an 0-H or a C-H bond to 
the M-0 linkage. "he preferred mode might very well 
depend on the nature of the oxidant. 

The objective of the present study is to investigate 
the reaction enthalpies for the initial steps suggested 
in Schemes 1 and 2 as well as the subsequent decom- 
position reactions of eqs l a  and lb. We shall begin by 
presenting some of the key thermodynamic data in 
section IIIA. The thermochemistry for the reactions in 
Schemes 1 and 2 are subsequently discussed in sections 
IIIB and IIIC, respectively. Considerations will also be 
given to the electronic and molecular structure for some 
of the species involved in the two schemes as well as 
eqs l a  and lb. We present finally in section IIID a 
discussion of the strength and formal bond order of the 
Cr-0 links in CrClz0~ and CrC40, since the formal bond 
order of a M-0 link has been associated with its ability 
to activate C-H and 0-H bonds in a previous study by 
Rappe5 and Goddard. 

11. Computational Details 
All the calculations were carried out by using the density 

functional package A-MOL. This program was developed by 
Baerendss et al. and vectorized by Ravenek.lo The numerical 

(8) (a) Rocek, J.; Westheimer, F. H.; Eschenmoser, A.; Moldovanyi, 
L.; Schreiber, J. Helv. Chin. Acta 1962, 45, 2554. (b) Stavropoulos, 
P.; Bryson, N.; Youinou, M.-T.; Osborn, J. A. Inorg.Chem. 1990, 29,- 
1807. 

(9) Baerends, E. J.; Ellis, D. E.; Ros, P. Chem. Phys. l973 ,2 ,  41. 
(10) Ravenek, W. in Algorithms and applications on Vector and 

Parallel Computers; te Riele, H. J. J.; Dekker, T. J.; van de Vorst, H. 
A, Eds.; Elsevier: Amsterdam, 1987. 
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integration procedure applied for the calculations is due to  te 
Veldell et al. An uncontracted triple-g STO basis set was used 
for the ns, np, nd, (n + 1)s and (n + l )p  orbitals of chromium, 
manganese and ruthenium. For carbon (2s,2p), chlorine (3s,- 
3p), oxygen (2s,2p) and hydrogen (Is), double-5 basis sets were 
employed and augmented by an  extra polarization function.12 
The inner cores of chromium and manganese (ls2s2p), ruthe- 
nium (ls2s2p3s3p3d), carbon (Is) and oxygen (Is) as well as 
chlorine (ls2s2p) were treated by the frozen-core approxima- 
tiong. A set of auxiliary s, p, d, f and g STO functions was 
introduced in order to  fit the molecular density and Coulomb 
potential accurately in each SCF-cycle.13 All the geometries 
were optimized at the local density approximation (LDA) 
level1* by the method due to Vers l i~s '~  and Ziegler. The energy 
differences were calculated by including Becke's nonlocal 
exchange correction16 and Perdew's nonlocal correlation cor- 
rection'' as perturbations based on the LDA density, LDN 
NL. The validity of such a procedure has been investigated 
extensively.'* 

The calculated bond energies (BE) were analyzed by the 
Extended Transition State method (ETS).l9 The ETS method 
considers the bond between the fragments A and B in A-B as 
given by 

Ziegler a n d  Li 

Table 1. Geometrical Parameters for do Oxo-Complexes 
and Methanol" 

The first term, AEskrie, is the steric interaction energy between 
A and B. It  can be written as 

where AE,, is the, usually attractive, electrostatic Coulomb 
interaction between A and B, whereas hEpadi is the Pauli 
repulsion due to the destabilizing two-orbital four-electron 
interactions between occupied orbitals on A and B. The term 
mint represents the stabilizing interaction between occupied 
and virtual orbitals on A and B, and Uprep takes into account 
deformations of A and B as the two fragments are combined 
into A-B. The term hEprom includes energies required to  
promote the fragments A and B from their ground states to 
their valence states. This term will only be used in connection 
with the Cr-0 bond energy discussed in section IIId. 

111. Results and Discussion 

A. Strengths of 0 - H  Bonds Formed by Metal- 
Oxo Compounds. It is clear from Schemes 1 and 2 
that the ability of ClzCr02 and other oxo-metal com- 
plexes to form strong 0-H bonds is of crucial impor- 
tance3 for their role as oxidizing agents in organic 

(11) (a) Boenigter, P. M.; te Velde, G.; Baerends, E. J. Int. J. Quant. 
Chem. 1987, 33,87. (b) te Velde, G.; Baerends, E. J. J.  Comp. Phys. 
1992, 99, 84. 
(12) (a) Snijders, G. J.; Baerends, E. J.; Vernooijs, P. At. Nucl. Data 

Tables 1982,26,483. (b) Vernooijs, P.; Snijders, G. J.; Baerends, E. J. 
Slater Type Basis Functions for the Whole Periodic System; Internal 
Report: Free University of Amsterdam, The Netherlands, 1981. 
(13) Krijn, J.; Baerends, E. J. Fit Functions in the HFS-methods; 

Internal Report: Free University of Amsterdam, The Netherlands, 
1984. 
(14) Vosko, S. H.; Wilk, L.; Nusair, M. Can. J. Phys. 1980,58, 1200. 
(15)Verluis, L.; Ziegler, T. J. Chem. Phys. 1988, 88, 322. 
(16) Becke, A. D. Phys. Rev. A 1988, 38, 2398. 
(17) (a) Perdew, J. P. Phys. Rev. Lett. 1985,55, 1655. (b) Perdew, J. 

P. Phys. Rev. B 1986,33, 8822. (c) Perdew, J. P.; Wang, Y. Phys. Rev. 
E 1986,33, 8800. 
(18) (a) Ziegler, T. Chem. Rev. 1991, 91, 651. (b) Ziegler, T. Pure 

Appl. Chem. 1991, 63, 873. (c) Ziegler, T.; Verluis, L. Adv. Chem. Ser. 
1992, No. 230, 75. (d) Ziegler, T.; Tschinke, T. ACS Symp. Ser. 1990, 
No. 428, 277. 

(19) (a) Ziegler, T.; Rauk, A. Theor. Chim. Acta 1977, 46, 1. (b) 
Ziegler, T. in Metal-Ligand Interactions: from Atoms, to Clusters, to 
Surfaces; Salahub, D. R.; Russo, N. Eds.; NATO AS1 C378; Kluwer 
Academic Publishers: Dordrecht, 1992. 

molecule calculated experimental 

CKlzOz (la) 1.565(Cr-0), 2.098(Cr-C1) 1.581(Cr-O), 2.126(Cr-C1) 
108.6(0CrO), 111.6(ClCrCl) 108.7(0CrO), 113.0(C1CrCl)b 

CH3OH 1.415(C-0), 1.102(C-H) 1.425(C-O), 1.094(C-H) 
0.979(0-H), 108.4(COH) 0.945(0-H), 108.5(COH) 
110.0 (OCH) 110.3 (OCH)c 

cas 1.586 (Cr-0) 
HCrO4- 1.612(Cr-O), 1.840(Cr-OH) 1.637-1.648,' 1.69 
Mn04- 1.6W(Mn-O) 1.61 (Mn-O)g 
RUo4 1.709 (Ru-0) 1.705 (Ru-0)" 

20. Reference 21. Reference 21. e Crystallographic data for 
f Reference 23. Reference 24. Reference 25. 

a Bond lengths in hgstroms, and bond angles in degree. Reference 

synthesis. Preferably, the 0-H bond formed in the 
hydroxy-metal complex should be comparable to the 0-H 
or C-H bonds broken in the organic molecules. We have 
examined a number of oxo-metal systems and calculated 
the 0-H bond dissociation energies in the corresponding 
hydroxy-metal complexes. The purpose of this investi- 
gation has been to supplement the sparse experimental 
data on 0-H bond energies in hydroxy-metal complexes, 
and compare the calculated values with estimates for 
the organic C-H and 0-H bonds. We shall in addition 
supply optimized structures for the oxo-metal and 
hydroxy-metal complexes involved. 

Table 1 provides optimized structures for the inves- 
tigated CrO3, ClzCr02, MnO4-, OZCr(0H)O- and Ru04 
do oxo complexes. The optimized bond distances and 
angles compare fairly well with available experi- 
menta1z0-z5 data. The error for the M-0 bond distances 
in CrOzClz, Mnos-, CrOz(OH)2, and RuOs are within 
0.02 A. Experimental data are not available for Cr03. 
The favorable comparison between experiment and 
calculations in Table 1 would indicate that the level of 
DFT theory applied here is adequate for structure 
optimizations within the class of molecules under 
investigation. We have also optimized the structure for 
Mn0sZ- in order to ensure that we can predict M-0 
distances for dl complexes. Our Mn-0 distance of 1.658 
A is in good agreement with the experimental% estimate 
of 1.66 A. 

The 0-H bond energies for the hydroxy-metal com- 
pounds as well as the C-H and 0-H bond strengths for 
methanol are summarized in Table 2. The calculated 
C-H and 0-H bond strengths for methanol are in good 
agreement with experiment.z6 This is to be expected 
based on previous experience18 with calculations on 
organic molecules. In particular, Becke has in a series 
of seminal papersz7 shown that the DFT method used 
here provides as accurate estimates of bond energies in 

(20) Marsden, C. J.; Hedberg, L.; Hedberg, K. h o g .  Chem. 1982, 
21, 1115. 
(21) Landolt-Bomstein New Series, Group 11, Vol. 7; Callomon, J. 

H.; Hirota, E.; Kuchitsu, K.; Lafferty, W. J.; Maki, A. G.; Pote, C. S., 
Eds.; Springer-Verlag: Berlin, 1976. 
(22) Bystrom, A.; Wilhelmi, K. A. Acta Chem. Scand. 1960,4,1131. 
(23) (a) Toriumi, K.; Saito, Y. Acta Cryst. B 1978,34,3149. (b) Krebs, 

B.; Hasse, K. D. Acta Cryst. B 1976, 32, 1334. 
(24) Kalman, A. J. Chem. SOC. A 1971, 1851. 
(25) Seip, H. M. in Molecular Structure by Difiactwn Methods, Sims, 

A.; Sutton, L. E, Eds.; Vol. I ,  Part 1; The Chemical Society: London, 
1973. 
(26) Handbook of Chemistry and Physics, 73rd Edition; Liele, D. R., 

Ed., CRC Press: Boca Raton, 1992. 
(27) (a) Becke, A. D. J.  Chem. Phys. 1993,98,1372. (b) Becke, A. D. 

J. Chem.Phys. 1993, 98, 5648. 
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Table 2. Calculated O-H and C-H Bond Strengthsa 
bond strength Decomposition"f 

U D r e D  Calcd exPC mint msteric AEorb-int 

H-CH20H 101 94f2b 
CH30-H 108 104f lb  
02CrO-H 81 -89 167 -256 8 
C12Cr(O)(O-H) 66 -79 167 -245 13 
02Cr(OH)(O-H)- 56 -76 163 -239 20 
03MnO-H- 63 83" -78 156 -234 15 
03RuO-H 64 -85 159 -244 21 

a Energies in kcal/mol. Reference 26. These are AH298 values. Ref- 
erence 3 gives 80 kcal/mol. More recent value (private communication by 
same authors) is 83 kcal/mol. Both values correspond to m 2 9 8 .  dThe 
theoretical values are electronic enthalpies, AE,. For a comparison with 
the experimental m 2 9 8  values one would have to add vibrational zero point 
energy corrections as well as thermal corrections. The theoretical AH298 
estimate should be 2-5 kcaVmol lower than the theoretical AE, values, 
where the lower limit apply to the hydroxy-metal complexes. ehEint = 
mstenc + morb-int.  mo = -[mint + u p r e p ] .  

organic molecules as the highest level of ab initio theory 
based on the G2-scheme due to Pople28 et al. 

Following an approach developed by B ~ r d w e l l ~ ~  et aZ., 
Cook and Maye9 have estimated the O-H bond strengths 
for Mn03(0H)- from redox potentials and pKa values, 
Table 2. Their estimated value of 83 kcal/mol for the 
O-H bond energy in Mn03(0H)- is much larger than 
the value of 63 kcdmol obtained by the LDA/NL 
scheme, Table 2. We are at the moment not able to 
account for this discrepancy. The size of the deviation 
is surprising since the LDA/NL scheme applied here has 
provided accurate estimates of bond energies involving 
hydrogen in organic c o m p l e ~ e s l ~ ~ ~ ~  as well as transition 
metal complexes. l 8 ~ 9 b  

An ETS decomposition analysislg of the O-H bond 
energies is also included in Table 2. The ETS scheme 
writes according to eq 2a the total bond dissociation 
energy, BE, as a sum of the total interaction energy 
between the fragments A and B, - M i n t ,  and the energy 
required, "prep, to distort the fragments from their 
geometries in the free state to  the structures they adopt 
in the final compound A-B. It is remarkable that the 
interaction energies, - M i n t ,  between hydrogen and the 
different oxo-metal fragments are quite similar. 

A single orbital in each of the hydroxy-metal com- 
plexes is basically responsible for the O-H bond. The 
O-H bonding orbitals for C12Cr(O)(OH) and 02Cr(OH) 
are depicted in Figure 1. The plots reveal that the 
hydrogen atom is embedded in the positive lope of one 
of the oxygen n-type lone-pair orbitals. The - A E h t  term 
is seen to be -5 kcal/mol smaller for the two charged 
species primarily as a result of the orbital interaction 
contribution -hEorb-int. The interaction between hydro- 
gen and the do oxo-species involves the formation of the 
bonds shown in Figure 1 as well as the formal transfer 
of an electron from hydrogen to a d-based metal orbital 
in the resulting dl hydroxy-metal complex. It is the 
electron transfer that is less favorable in the case of the 
negatively charged species. 

The preparation energy, M p r e p ,  diminish the total 
bond strength, BE, by 8-21 kcal/mol, Table 2, according 
to our calculations. The preparation process is first of 
all associated with a stretch of one M-0 bond to form 

~ ~~ 

(28) Pople, J. A.; Head-Gordon, M.; Fox, D. J.; Raghavachari, K.; 
Curtiss, L. A. J. Chem. Phys. 1989, 90, 5622. 

(29) (a) Bordwell, F. G.; Chen, J. P.; Harrelson Jr., J. A. J. Am. 
Chem. SOC. 1988,110, 1229. (b) Zhang, X. M.; Bordwell, F. G. J. Am. 
Chem. SOC. 1992,114, 9787. 

a 
H 

b 
H 

CrCl$O)OH Cr020H 
Figure 1. Bonding orbitals corresponding to the O-H bond 
in (a) Cl&r(O)(OH) and (b) 02CrOH. 

the M-OH link. This stretch contributes to M p r e p  with 
nearly the same amount in the different species. There 
is in addition a reorganization of the remaining part of 
the complex. The reorganization consists of a distortion 
of the O-M-0 and C1-M-C1 bond angles as well as a 
modest elongation of one or more of the M-0 or M-C1 
bonds adjacent to the hydroxy ligand. The reorganiza- 
tion is associated with the occupation of a metal-based 
d-orbital as the dl hydroxy complex is formed, and its 
contribution to AEprep varies. The optimized geometries 
for the dl hydroxy metal-complexes are given in struc- 
tures lb, 2a, 2b, 2c, and 2d for C12Cr(O)OH, 02CrOH, 
O&r( OH)2-, 03MnOH-, and 03RuOH, respectively. 

The Cr(0)2(OH) species has the single electron situ- 
ated in a dz2 orbital, 3a. The orbital is weakly sigma 
anti-bqnding but lacks any anti-bonding n-interactions 
due to symmetry. The weakly anti-bonding interactions 

3a 3b 3c 
results in only a modest reorganization, and a small 
contribution to U p r e p .  In total AEprep for 02CrOH 
amounts to 8 kcal. The modest size of AEprep makes the 
O-H bond in 02CrOH stronger than the O-H bond in 
any of the other hydroxy-metal species. We calculate 
the O-H bond energy for 02CrOH to be 81 kcal/mol. 
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0 
I 

t I R 1 +  R3 = 32 kcaVmol 

2 CrCI-0, + CKOH t 1U 

C1. Id 

R2 + R4 = - 2 kcaYmol 
Figure 2. Energetics for steps R1 to R.4 of Scheme 1. All energies in kcdmol. 

L L  3 

The singly occupied d-orbital in 03RuOH, 3b, as well 
as 02Cr(OH)2- and 03MnOH- is d,z based with a strong 
anti-bonding n-interaction(s1 involving oxygen. It cor- 
responds to one of the e-components in the tetrahedral 
crystal field splitting of the d many-fold. The anti- 
bonding interaction(s1 will lead to elongation(s) of the 
M - 0  bond(s) involved and a considerable contribution 
to  U p r e p .  We calculate the O-H bond energies to be 56 
kcaymol, 63 kcaVmol and 64 kcaVmol for 02Cr(OH)(O- 
H)-, 03MnO-H- and O~RUO-H, respectively. Thus, all 
three bonds are considerably weaker than in OzCrOH 
due to the larger hE,, contribution, Table 2. In 2c and 
2d the anti-bonding interaction involves only a single 
n-orbital on the unique oxygen, 3b. The corresponding 
unique M - 0  bond is as a consequence elongated com- 
pared to  the two equivalent M-0 bonds. 

The C120CrOH system has the single electron in a 
d,z orbital, 3c. This orbital is weakly anti-bonding with 
respect to  the chlorine n-orbitals. The anti-bonding 
n-interaction is not so strong as in 3b since the chlorine 
n-orbitals form smaller overlaps with d,z then oxygen. 
It is thus understandable that the Uprep contribution 
of 13 kcaymol as well as the O-H bond energy of 66 kcaV 
mol are intermediate between the corresponding values 
in O2CrOH on the one hand and OZCr(OH)(O-H)-, 0 3 -  

MnO-H-, 03RuO-H on the other, Table 2. The Cr=O 
bond in lb  is not elongated compared to the Cr-0 bonds 
in l a  since only chlorine n-orbitals are involved in the 
anti-bonding orbital 3c. In fact, the Cr-0 bond in lb  is 
contracted by .01 A compared to the corresponding 
bonds in la. 

B. Activation of Methanol by Hydrogen Abstrac- 
tion. The calculated O-H bond dissociation energy in 
ClzCr(0)OH together with the O-H and C-H bond 
strengths of methanol, Table 2, allow us to estimate the 
total reaction enthalpy for the first abstraction steps in 
Scheme 1 as 41 kcaVmol , R1, and 34 kcaymol, R2, 
respectively. The step R2 leading to lb  and CHzOH is 
more facile than the abstraction step R1 producing lb  
and OCH3 because the C-H methanol bond is weaker 
than the O-H methanol bond. The energetics for steps 
R1 and R2 are recorded in Figure 2. 

The organic radicals OCH3 and CHzOH generated in 

R1 and R2 can undergo a number of reactions3. We 
are interested in the capture of these radicals by another 
ClzCrO2 molecule, R3 and R4 of Scheme 1. The reaction 
between C12Cr02 and CH30, R3, results in the square 
pyramidal five coordinated complex 4a, (IC), with an 
oxygen in the axial position and the OCH3 group 
attached directly to chromium through the methoxy 
oxygen. The reaction enthalpy for R3 is only -9 kcaV 
mol, testifying to a weak bond between OCH3 and the 
already coordinatively saturated chromium center with 
a formal oxidation number of VII. An alternative 
configuration with OCH3 bound to an oxygen on ClzCr02 
was found to be even less stable. 

4b 
6 

4c 

The reaction between CHzOH and C12Cr02, R4, can 
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CrC1202 t CH,OH 

Figure 3. Energetics for steps S1 to 54 of Scheme 2. All energies in kcal/mol. 

lead to the product 4b, (ld), in which CHzOH is bound 
through an oxygen on ClZCr02 or directly to  the chro- 
mium atom, 4c. The formation of 4b from CHzOH and 
ClzCrOz is favorable with a reaction enthalpy of -36 
kcdmol, whereas the formation of 4c is unfavorable 
with a reaction enthalpy of 6 kcavmol. The stability of 
4b stems primarily from the relatively strong C12(O)CrO- 
CHzOH bond which has about half the strength of the 
corresponding Clz(0)CrO-H bond, Table 2. Thus the 
OCH3 radical is seen to bind directly to the metal center 
whereas the CHzOH radical binds through an oxygen 
atom. 

It follows from Figure 2 that the activation of the C-H 
bond in methanol leading to 4b, (Id), along the steps 
R2 and R4 is favorable with an over-all reaction 
enthalpy of -2 kcavmol. The product 4b can further 
decompose to lb and formaldehyde according to eq la ,  
thus completing the total oxidation process of methanol: 

2ClzCrOz + CH30H - 2ClZCr(O)OH + HzCO (3) 

We find that the decomposition of Id according to eq 
l a  is endothermic by 10 kcdmol. In eq l a  the loss of 
a strong O-H bond (-104 kcdmol) and a weaker CrO-C 
bond (-36 kcdmol) is compensated for by the formation 
of the CrO-H bond (-66 kcal/mol) and a C=O double 
bond (-60-70 kcdmol). 

We find further that the total reaction enthalpy for 
the process in eq 3 is 3 kcal/mol. The over-all barrier 
for R2+R4 is likely to come from R2, the hydrogen 
abstraction step for which the reaction enthalpy is 
calculated to be 29 kcdmol, Figure 2. This value is very 
close to the experimental barrier of 27 kcaVmol ob- 
served3 for oxidation of cyclohexane by CrC1202. In this 
process the initial step is postulated3 to be the abstrac- 
tion of hydrogen from a C-H bond by CrClzOz. However 
we have not been able to estimate the kinetic barrier 
for the abstraction reaction. 

The alternative route involving the steps R1 and R3 
is thermodynamically unfavorable by 32 kcal/mol. This 
route has in addition a barrier of a t  least 41 kcavmol 
on account of the step R1 which involves the activation 
of the O-H alcohol bond via abstraction of hydrogen by 
CrClzOz. It is thus not likely that the combination R1 

+ R3 is of importance in the oxidation of alcohols by 
CrCl,Oz, although IC, (4a), formed in R3 of Scheme 2 
can decompose to the oxidized product HzCO as shown 
in eq lb. The reaction (lb) was calculated to be 
exothermic by 29 kcdmol. In eq l b  the loss of a strong 
O-H bond (-104 kcdmol) and a very weak Cr-OCH3 
bond (-9 kcaumol) is compensated for by the formation 
of the CrO-H bond (-66 kcal/mol) and a C=O double 
bond (-60-70 kcavmol). The process in eq l b  is more 
favorable than the elimination reaction in eq l a  since 
the Cr-OCH3 bond of 9 kcaumol is weaker than the 
CrO-C bond of 36 kcavmol. 

It should be mentioned that the reactions between the 
two organic radicals to produce formaldehyde 

20CH, - CH30H + H,CO (4a) 

2CH,OH - CH30H + HzCO (4b) 

are favorable with reaction enthalpies of -65 kcavmol 
and -79 kcavmol for (4a) and (4b), respectively. How- 
ever, it is not likely that the concentration of either 
OCH3 or CHzOH is large enough to facilitate such a 
route. 

We shall in the next section turn to a discussion of 
an alternative mechanism, Scheme 2, by which the C-H 
as well as O-H alcohol bonds can be activated by 
addition to a M-0 linkage. 

C. Activation of Methanol by 12, + 2,,1 addition. 
The activation of O-H and C-H bonds by a 12, + 2, ] 
addition to the M-0 link is illustrated in Scheme 2 as 
S1 and 52, respectively. Addition of the O-H bond, S1, 
results in the five coordinated methoxy complex le. The 
addition process is mildly endothermic with a reaction 
enthalpy of 8 kcavmol, Figure 3. The five coordinated 
species le could conceivably adopt either a square 
pyramidal (SP) or a trigonal bipyramidal (TB) confor- 
mation. The optimized structure of lowest energy, Sa, 
has a SP conformation with oxygen in the apical 
position. This is the conformation adopted by most five 
coordinated oxy complexes of the chromium triad. 
Alternative TP structures with chlorine, Sb, or OH, Sc, 
trans to an oxygen atom in the axial positions were 3 
kcavmol and 9 kcavmol higher in energy. 
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5a 

@ 3 kcaUmol 

5b 

The addition of a C-H bond, 52, requires 23 kcaYmo1, 
Figure 3, and results in the five coordinated hydroxym- 
ethyl complex If. The most stable conformation for the 
hydroxymethyl complex is again a SP structure, 6a , 
with oxygen in the apical position. Alternative TP 
structures with chlorine, 6b, or OH, 6c , in the axial 
positions trans to an oxygen atom were 15 kcaYmol and 
12 kcaYmol higher in energy. 

Experimental structures are not known for the five 
coordinated species studied here. However, the opti- 
mized Cr-0 bond distances in 5a-c and 6a-c are all 
in the range, 1.55 -1.58 A, observed experimentally for 
related chromium-oxo ~ystems.3~ The sum of the ionic 
radii for Cr(VI) and 0(-11) is given by 1.9 A, which is 
close to the calculated Cr-0 single bond distances of 
between 1.72 A and 1.84 A. The calculated Cr(VI)-C 
single bond distances are in the range of 2.06-2.16 A. 
Experimental Cr(VI)-C distances are not available for 
related systems. The observed Cr(IV)-C bond lengths 
in a number of CrR4 compounds31 are between 2.01 A 
and 2.07 A. 
(30) (a) Nugent, W. A.; Mayer, J. M. Metal-Ligand Multiple Bonds, 

John Wiley and Sons: New York, 1988. (b) Mayer, J. M. Inorg. Chem. 
1988,27,3899. (c) Colton, R. Coord. Chem. Rev. 1988,90, 1; 1985,62, 
85; 1984,58, 245; 1984,57, 189. (d) Cielak-Golonka, M. Coord. Chem. 
Rev. 1991, 109, 223. 
(31) Kirtley, S. W. in Comprehensive Organometallic Chemistry; 

Wilkinson, G.; Stone, F. G. A., Eds.; Vol. 3, Pergamon: Oxford, 1982. 

6a 

b l5 kcaumo’ 
6b 

> 12 kcaUmol 

6c 

The square pyramidal structure with a Cr-oxo bond 
in the apical position has been observed for a number 
of Cr compounds, especially in the case of Cr(V) com- 
p l e x e ~ . ~ ~  Among Cr(VI) systems CrF40 has been shown 
to possess a SP structure by measurements based on 
IR spectro~copy.~~ 

Either of the products Sa (le) and 6a (10 can 
decompose by way of a hydrogen transfer to the oxygen 
atom involved in the remaining Cr-0 multiple bond, 
thus producing HzCO and the d2 complex CrCldOHh, 
53 and 54 of Scheme 2. We calculate 53 to be 
exothermic by 4 kcaYmol, Figure 3, whereas 54 has an 
exothermicity of 29 kcaYmol. For the over-all process 

CrCl20, + CH,OH - CrCl,(OH), + CH20 ( 5 )  

we find a slight endothermicity of 5 kcaYmo1. Our 
calculations indicate in addition, Figure 3, that the route 
Sl+S3 with 0-H activation is more attractive than the 
52+54 path with C-H activation since 51 requires .8, 
kcaYmo1 as opposed to 23 kcaYmo1 for 52. The d i e -  
ence between 51 and 52 can be attributed to a differeke 
in the Cr-OCH3 and Cr-CH20H bond strengths. We 
calculate the Cr-OCH3 bond energy of 5a to be 33 kcaY 
mol whereas the Cr-CH20H bond strength in 6a only 
is 11 kcavmol. 

The factors responsible for the weak Cr-OCH3 and Cr- 
CHzOH bonds have been studied by applying the ETS 

(32) (a) Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry, 
5rd Edition; John Wiley and Sons: New York, 1988. (b) Mitewa, M.; 
Bontchev, P. R. Coord. Chem. Rev. 1985,61, 241. 
(33) Hope, E. J.; Jones, P. J.; Levason, W.; Ogden, J. S.; Tajik, M.; 

TurtT, J .  W. J. Chem. Soc. Dalton Trans. 1985, 529. 
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C-H and 0-H Activation and MeOH Oxidation by ClzCrOz 

Table 3. Calculated Cr-C and Cr-0 Bond Strength* in 5a, 
6a. and l b  

Organometallics, Vol. 14, No. 1, 1995 221 

by the elimination of HC1 according to eq 7b. We 

bond 
StrengthC B i n ?  A E s t e r i c  AE0rb-m U p r e p  

ClzCr(O)(OH)-OCH3 33 -57 73 -130 21d+3e 
ClZCr(O)(OH)-CH20H 1 1  -40 54 -94 24d+5e 

L1 Energies in kcal/mol. A&,, = AEsufic + AE0+,,. Bond strength = 
-[mint + AEm]. Relaxation energy metal fragment. e Relaxation energy 
for OCH3 and CH20H. 

decomposition analysis of eq 2. The ETS results are 
shown in Table 3 where we also include a decomposition 
of the strong C12Cr(O)-OH bond for comparison. It is 
clear that the stabilizing -hEorb-int contribution to the 
Cr-OCH3 and Cr-CH20H bond energies is much smaller 
than the contribution from -hEorb- in t  to the C12Cr(O)-OH 
bond energy. Essentially, fewer d-orbitals are of the 
right symmetry to provide sizable a-overlaps with the 
four equatorial ligands in 5a and 6a than with the four 
ligands in the tetrahedral C12Cr(O)OH complex. An- 
other factor is the preparation energy U p r e p .  The Cl2- 
Cr(O)(OH) frameworks in 5a and 6a are distorted 
considerably in comparison to the framework, lb, of the 
isolated C12Cr(O)(OH) complex in order to accomodate 
a fifth ligand. The distortion energy hEprep amounts to 
27 kcaumol and 29 kcaVmol for 5a and 6a, respectively. 

The present set of calculations indicate that the 
oxidation of methanol by CrC1202 could take place by 
0-H activation in the form of a [an + 2al addition of 
the 0-H bond to the Cr-0  linkage. The routes based 
on C-H activation by hydrogen abstraction, R2 of 
Scheme 1, or [2n + 201 addition of the C-H bond to the 
Cr-0  linkage, 52 of Scheme 2, are not likely with 
endothermicities of 29 kcdmol and 34 kcdmol, respec- 
tively. However, the paths based on C-H activation 
might be of importance in the oxidation of hydrocarbons 
by CrC1202. 

One could imagine several alternative routes leading 
to methanol oxidation. The 0-H bond might add to the 
Cr-Cl rather than the Cr-0 linkage in a [2a + 2al a-bond 
metathesis reaction leading to HC1 and the methoxy 
complex lh as shown in eq 6a. This process is feasible 

ClZCr(O)-OH 82 -98 74 -172 16‘ 

r 1 

l h  

with a reaction enthalpy of 6 kcaVmo1. The methoxy 
complex l h  could alternatively be formed from le  by a 
hydrogen transfer between the methoxy group and an 
oxygen in one of the Cr-0 multiple bonds as shown in 
eq 6b. The last step is exothermic by 8 kcal/mol. 

5, 

l e  l h  

The methoxy complex lh  can decompose to  formal- 
dehyde by a transfer of hydrogen according to eq 7a or 

l h  

calculate both of these steps to be rather endothermic 
with 30 kcaVmo1 for eq 7a and 92 kcdmol for eq 7b. 
Mechanisms based on HC1 elimination have some mer- 
its since Osbornesb et al. have observed the formation 
of methoxy complexes such as lh. However, it appears 
that the available routes to aldehyde from lh  are too 
endothermic. The high endothermicity is partly due to 
the fact that the Cr-OCH3 bond in the four coordinated 
methoxy-complex lh  is much stronger than the Cr- 
OCH3 bond in the five coordinated species le. We have 
also examined routes involving C-H activation and HC1 
elimination. These routes are even less favorable. 

Rappe and Goddard5 have carried out GVB calcula- 
tions on the energetics of steps S1 and S2 using ethanol 
as the substrate. They found that the formation of the 
ethoxy complex analogous to Sa is endothermic by 5 
kcaVmo1 whereas the formation of the ethylhydroxy 
species similar to 6a is exothermic by 2 kcaVmo1. In 
addition Rappe and Goddard found that the homolytic 
cleavage of the Cr-OCzHs bond was exothermic by 4 
kcaVmol whereas the homolytic Cr-CHOHCH3 bond 
cleavage was thermo-neutral. The results obtained by 
Rappe and Goddard differ from those reported here. 
However, it seems that the calculated energetics in the 
GVB study was based on assumed structures rather 
than optimized geometries as in the present investiga- 
tion. 

D. Strengths of Chromium-Oxygen Double and 
Triple Bonds. Rappe and Goddard5 have pointed out 
that [2a + 2nI addition reactions of the type shown in 
eq 8 are helped by significant changes in the chromium- 
oxygen bond orders. They emphasised the importance 

c1 

la Id 

of the spectator oxo group in CrC1202 and the difference 
between dioxo and monooxo bonds. Rappe and Goddard 
found from an analysis of the GVB wavefunctions that 
the Cr-oxo bonds in the dioxo complex CrC1202 are 
double bonds, lb, like C=O bonds in carbon dioxide 
while the Cr-oxo bond in the monooxo methoxy complex, 
Id, is a strong triple bond like the CEO bond in carbon 
monooxide. The n-contributions to the bond strengths 
of the Cr=O double bond in la and the C-0 triple 
bond in Id are 51 and 82 kcdmol, respectively, accord- 
ing to the bond strength calculation scheme used by 
Rappe and Goddard. This difference could serve as a 
driving force for addition processes of the type shown 
in eq 8. 

We have carried out calculations on the C12(0)Cr-O 
and C14Cr-0 bond energies with the help of the ETS 
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Table 4. Cr-0 Bond Strengths and Their Decompositions" 

CrC4-0 113 -174 166 -340 22 3Od-I-9' 
CrC12(0)-0 123 -176 170 -346 12 3Od+ llf 

Energies in kcal/mol. Bond strength = 
- [ M i n t  + AEprep + AEpmm]. Promotion energy from the O(3P) ground 
state to the O( 1 s22s22p:) oxygen valence configuration. e Promotion en- 
ergy from the triplet ground state to the singlet valence state of CrC4. 
fhomotion energy from the triplet ground state to the singlet valence state 
of crc120. 

M i n t  = AEste,ic + AEorb-int. 

CrCl CrCI40 0 

Figure 4. Diagram for the interaction between the singlet 
fragments 0 and CrC14 in CrC140. 

method and full geometry optimization, Table 4. We 
find that the Cr=O bond strengths for CrC1202 and 
CrC140 are 123 and 113 kcal/mol, respectively. The 
bond energies are with respect to the oxygen O(3P)- 
ground states and the triplet ground states of the metal 
fragments. These values are comparable to the experi- 

Cr-0 bond strength of 124 kcal/mol for the 
diatomic CrO molecule. Thus, our calculations would 
indicate that the ClZ(0)Cr-0 bond in la  actually is 
stronger than the Cr-0 bond of C14Cr0, in contrast to 
the arguments put forward by Rapp6 and Goddard. 

One can view the Cr-0 bond in CrC140 as formed from 
the interaction between the two singlet fragments O[pn4] 
and CrC14 la12], see Figure 4. Both fragments have a 
set of two n-orbitals and one a-orbital which can form 
one a-bond, 7a, and two n-bonds, 7b-7c. This simple 

S =  

CI' 

A "Cl CI 

CI 

s y = .22 2& s = .22 13 2p:, 

CI CI 

7a 7b 7c 
orbital analysis conforms well with the bond order of 
three assigned by Rapp6 and Goddard to the Cr-0 

(34) Glidewell, C. Inorg. Chim. Acta 1977,24, 149. 

3a' (dg) 
\ 3.81 eV '- 
7 

2a"(dg) 

2a' (d7$ 
\ '- 

la"(d4 

la' (dd 

CrCl 0 CrCl 0 2  0 

Figure 5. Diagram for the interaction between the singlet 
fragments 0 and CrC120 in CrC1202. 

linkage in C4CrO. The same authors assigned an order 
of two to the Cr-0 bond in CrC1202. However, if one 
view the Cr-0 bond in CrC1202 as formed from the 
interaction between the two singlet fragments 0[pn4] 
and CrOC12[(la')2], see Figure 5 ,  a total of three bonding 
orbitals, 8a (a), 8b (n) and 8c (n), are formed, just as in 
the case of C14CrO. Thus, it is not easy from the simple 

S =  .62 
2P:, 

0 4' ""%#,,,,, CI CI 

+ 
2a' 

W,, 

8a 8b 8c 

bonding analyses of the Cr-0 linkage in CrC1202 to 
assign a bond order of two. In fact our analysis would 
indicate that the Cr-0 bonds qualitatively are the same 
in C14CrO and CrC1202 with one a- and two n-compo- 
nents. We don't feel that it is of much use to  assign 
bond orders to the Cr-0 links in C14CrO and CrC1202. 
It is more informative to  look at  the Cr-0 bonding 
interactions, Figures 4 and 5, if one wants to assess the 
relative strengths of the two Cr-0 links. 

The ETS decomposition finds the steric repulsion, 
AEskric, as well as the orbital interaction, hEorb-int, to 
be quite similar for the C12(0)Cr-O and C14Cr-0 bonds, 
Table 4, with identical values for the sum, m i n t .  We 
find that the ratio between the contribution from the 
a-bond components 7a, 8a and the n-bond components, 
7b+7~/8b+8~ to hEorb-int is roughly 5 to 1 in both la  
and Id. The only difference between l a  and Id is in 
-prep, which is 10 kcal/mol larger for CrC140 than for 
CrC1202. The larger prepartion energy for CrC140 is 
related to the substantial geometry change in the CrC1, 
fragments as it takes up its shape in the SP based c4- 
CrO complex with a coordinatively saturated chromium 
center. 
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C-H and 0 - H  Activation and MeOH Oxidation by ClzCrOS 

Ogden and coworkers have been able to determine the 
Cr-0 stretching frequencies in CrF4033 and C r F ~ 0 2 ~ ~  
as 1028 and 1016(s)/1006(a) cm-l, respectively, by low 
temperature matrix isolation techniques. This would 
indicate that the Cr-0 bond strengths are similar in the 
two compounds. Sanderson has developed a scheme to 
calculate bond energies based on experimental heats of 
formation and electr~negativities.~~ The W=O bond 
strength obtained by Sanderson for WC140 and WC1202 
in the gas-phase are 195.4 and 194.8 kcallmol, respec- 
tively, again indicating that the two types of bonds are 
quite similar in strength. 

Goddards and Rapp6 found from GVB calculations 
that the hydrogenation of la 
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? 

is exothermic with AG = -7 kcdmol, whereas the 
hydrogenation of Id 

is endothermic with AG = 71 kcal/mol. They attributed 
this difference to a stronger Cr-0 bond in Id. We have 
calculated the electronic reaction entalphies, AE, for the 
two reactions, and find them to be very similar with A E g  
= -18.3 kcallmol and hE10 = -21.5 kcallmol. Again 
our calculations do not support the notion that the Cr-0 
bond in Id should be stronger than the Cr-0 bond in 
la. We should note that the two Cr-C1 bond trans to 
hydrogen and OH are very long, 2.3 A, and that CrC12- 
(0H)H + Clz only is 2 kcaymol above 10 in energy. 

(35) Hope, E. G.; Levason, W.; Ogden, J. S.; Tajik, M.; Turf€, J. W. 

(36) Sanderson, R. T. Znorg. Chem. 1986,25, 3518. 
J.  Chem. SOC. Dalton Trans. 1986, 1587. 

IV. Concluding Remarks 
We have carried out DFT based calculations on the 

activation of the 0-H and C-H bonds in methanol by 
CrC1202. It is shown that activation by hydrogen 
abstraction, Scheme 1, only is feasible for the weaker 
C-H bond whereas both bonds can be activated by a 
[2a+2nI addition to Cr-0, Scheme 2. It is further 
suggested that oxidation of methanol by CrClzOz in- 
volves 0-H addition to the Cr-0 bond, R1 of Scheme 2, 
followed by hydrogen transfer from the methoxy-group 
to the oxygen of the remaining Cr-0 multiple bond, R.3 
of Scheme 2. 

The strength of the C12(0)CrO-H bond is crucial for 
the C-H and 0-H activation. The C12(0)CrO-H bond 
energy has been compared to the 0-H bond strengths 
in other hydroxy metal complexes. The following values 
were obtained D(02CrO-H) = 81 kcdmol; D(C12(0)CrO- 
H) = 66 kcdmol; D(020HCrO--H ) = 56 kcdmol; D(o3- 
MnO--H ) = 63 kcaymol and D(03RuO--H = 64 kcay 
mol. The relative strength of the 0-H bonds has been 
correlated to the amount of anti-bonding character in 
the d-based orbital holding the single electron in the d1 
hydroxy complexes. 

We have examined the strengths of the Cr-0 bonds 
in di- and mono-oxo compounds. The Cr-0 bond ener- 
gies in CrC1202 and CrC140 are 123 and 113 kcaymol, 
respectively. An analysis further indicates that the 
Cr-0 bonds qualitatively are the same in C14CrO and 
CrC1202 with one 0- and two n-components. 
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Density functional calculations were performed on a variety of carbene and silylene 
complexes involving the chromium pentacarbonyl fragment (CO)&r=ERz, with ER2 = CHZ, 
CFz, CC12, CMe2, CMe(OMe), SiHz, SiFz, SiClZ, SiMez, and SiMe(0Me). Further, a calculation 
on the base-stabilized silylene complex (CO)5Cr=Si(OPH3)Clz has been included. A bond 
analysis reveals that, compared with carbene compounds, silylene complexes form only weak 
n bonds with the metal center. Consequences for the coordination chemistry of silylene 
complexes as well as their reaction chemistry are discussed. 

Introduction 
The concept of a double bond between transition 

metals and carbon constitutes one of the important 
elements in the field of organometallic chemistry. The 
notion of a metal-carbon double bond was first brought 
forward by Fischer and Maasboll in 1964. They sug- 
gested that the product of the reaction between LiMe 
and W(CO)6, followed by protonation and subsequent 
treatment with CH2N2, should be formulated as 
(C0)5W=CMe(OMe). The chemistry of transition metal 
carbenes2 developed rapidly, and these compounds have 
been established as valuable species in organic synthe- 
ses3 as well as in catalytic pro~esses .~ 

The field of the higher homologues of Fischer carbenes 
was pioneered by Marks5 in the early seventies. Up to 
now, a larger number of germylene, stannylene, and 
even plumbylene systems have been structurally char- 
a ~ t e r i z e d . ~ , ~  Several modes of complexation are ob- 
served, two of which are displayed in Chart 1. We follow 
the notation of PetzGa and denote the structures as type 
I and type I1 complexes, respectively. 

In these arrangements, ML, represents the transition 
metal fragment, E is a group XIV element, X and Y 
represent o-bonded substituents, and B stands for a 
neutral Lewis base molecule. Structures of type I 
complexes with E = Ge, Sn reveal a trigonal planar 
coordination around the divalent E center in the solid 
state. The M-E bond lengths are noticeably shortened 
compared t o  known M-E single bonds. An example of 
analogous type I and type I1 stannylene complexes6a 

@ Abstract published in Advance ACS Abstracts, November 15,1994. 
(1) Fischer, E. 0.; Maasbol, A. Angew. Chem., Int. Ed. Engl. 1964, 

3, 580. 
(2) Dotz, K. H.; Fischer, H.; Hofmann, P.; Kreissl, F. R.; Schubert, 

U.; Weiss, K. Transition Metal Carbene Complexes; Verlag Chemie: 
Weinheim, Germany, 1983. 

(3) Dotz, K. H. Pure Appl. Chem. 1983, 55, 1689. (b) Dotz, K. H. 
Angew. Chem., Int. Ed. Engl. 1984, 23, 587. (c) Brookhart, M.; 
Studabaker, W. B. Chem. Rev. 1987,87,411. (d) Hegedus, L. S. Pure 
Appl. Chem. 1990,62,691. (e) Schmalz, H. G.Angew. Chem., Int. Ed. 
Engl. 1994, 33, 303. 

(4) Grubbs, R. H. In Comprehensive Organometallic Chemistry; 
Wilkinson, G., Stone, F. G. A. Abel, E. W., Eds.; Pergammon Press: 
Oxford, U.K., 1982; Vol. 8. 

( 5 )  Marks. T. J. J .  Am.  Chem. SOC. 1971.93. 7090. 
(6) (a) Petz, W. Chem. Rev. 1986,86,1019: (bj Lappert, M. S.; Rowe, 

(7) Tokitoh, N.; Manmaru, K.; Okazaki, R. Organometallics 1994, 
R. S. Coord. Chem. Rev. 1990, 100, 267. 

13, 167. 

Chart 1 

/B 
ML,-E /x 

MLm-E\Y 'YX 
I I1 

indicates an increase of the M-E bond length by about 
10 pm under complexation of the Lewis base. For the 
type I1 compound ( ~ - C ~ H ~ ) Z S ~ C ~ ( C O ) ~ * C ~ H ~ N ,  Brice and 
Cotton8 describe the coordination around the tin center 
as an intermediate between a planar SnCrCz group with 
pyridine approaching perpendicularly and a tetrahedral 
SnCrCzN group. 

In contrast to germylene and its higher analogues, 
the area of transition metal silylene chemistry has been 
developed rather recently and represents a field of 
ongoing research a~t iv i ty .~  In 1987, the cationic'O and 
neutral'l type I1 coordination compounds of silylenes 
were discovered. In the following years, Zybill and co- 
workers prepared a broad variety of base-stabilized 
silylene type I1 complexes12 with the low-valent metal 
fragments Fe(C014 and Cr(C0)5. All these complexes 
are structurally well characterized, and for several of 
the compounds the solid state structures have been 
determined. Also a few type I silylene complexes have 
been i d e n t i f ~ e d . l ~ ~ J ~  Very recently, the first structure 
of a cationic type I silylene complex has been reported.13b 

The reaction chemistry of the heavier carbene ana- 
logues is still in an early process of de~elopment~ ,~  and 
not too many transformations involving silylene, ger- 
mylene, and stannylene complexes are known in the 
literature. Most of the reactions deal with the modifica- 
tion of the E(B)XY unit of type I1 complexes. However, 
Zybill and co-workers reported the interesting Sila- 

(8) Brice, M. D.; Cotton, F. A. J .  Am.  Chem. SOC. 1973, 95, 4529. 
(9)Zybill, C. Top. Curr. Chem. 1991, 160, 1. 
(10) Straus, D. A.; Tilley, T. D.; Rheingold, A. L.; Geib, S. J. J .  Am. 

Chem. Soc. 1987,109, 5872. 
(11) Zybill, C.; Muller, G. Angew. Chem., Int. Ed. Engl. 1987, 26, 

669. 
(12) (a) Zybill, C.; Muller, G. Organometallics 1988, 7, 1368. (b) 

Leis, C.; Wilkinson, D. L.; Handwerker, H.; Zybill, C.; Muller, G. 
Organometallics 1992, 11, 514. (c) Handwerker, H.; Paul, M.; Riede, 
J.; Zybill, C. J .  Organomet. Chem. 1993, 459, 151. 

(13) (a) Leis, C.; Lachmann, H.; Muller, G.; Zybill, C. Polyhedron 
1991, 10, 1163. (b) Grumbine, S. K.; Tilley, T. D.; Arnold, F. P.; 
Rheingold, A. L. J .  Am.  Chem. SOC. 1994, 116, 5495. 
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Fischer Type Chromium Carbenes and Silylenes 

Scheme 1 

Wittig reaction12b of (CO)sCr=SiMez with dimethyl 
carbonate, yielding (CO)&r=C(OMe)2 and hexameth- 
yltrisiloxane, [MezSiO-Is. 

Calculations on Fischer type carbenes possessing a 
fully saturated coordination sphere provide a formidable 
task for computational chemistry. The first computa- 
tions reported for the complexes (CO)5Cr=CXY (X = 
OMe, NH2, Y = Me, OEt, Ph; X = NMez, Y = Me, Ph; X 
= SMe, Y = Me) have been performed using the 
Fenske-Hal1.meth0d.l~ On the basis of the result of a 
population analysis, qualitative trends in o-donor as 
well as n-acceptor contributions from the various ligands 
were evaluated. During the eighties, Fischer type 
complexes with transition metal carbonyl fragments 
became accessible for ab initio calculations. In 1981, 
Spangler15 and co-workers reported the electronic struc- 
ture and the optimized Ni=CH2 bond length of (c0)~- 
NiCHz. Two years later, Nakatsuji and co-workers16a 
presented studies on the Fischer type compounds (Cola- 
Cr=CMe(OMe) and (CO)&=CMe(OMe), providing M=C 
bond energies and optimized M-C bond distances. 
These authors also investigated the silylene compound16b 
Cr(CO)&iH(OH), demonstrating the possible existence 
of a transition metal silylene complex. In their classical 
work on transition metal carbenes, Taylor and Hall17 
made an essential contribution to the understanding of 
the nature of the bond in Fischer carbenes. The metal- 
carbon double bond is best described as o h  dative 
interactions between two singlet fragments, as shown 
in Scheme 1. Recently, M6rquez and Fernandez S a d 8  
presented fully optimized SCF geometries of the mo- 
lybdenum complexes (C0)5Mo=EH2 (E = C, Si, Ge, Sn). 
They also employed the CASSCF method to get accurate 
values for the Mo=E bond distances and bond energies. 
Furthermore, MNDO calculations on chromium-based 
Fischer-type complexes of the type (C0)5Cr=EX2 (E = 
C, Si, Ge, Sn, Pb; X = H, C1) have been performed by 
Abroninlg and co-workers. 

Approximate density functional theory (DFT) has 
been proven to be a powerful computational tool in 
determining the structures and energetics of transition 
metal complexes.20 Thus, DFT seems to be the method 
of choice for careful investigation of the structures and 
bonding in Fischer type complexes. In connection with 
the generalized transition method, accurate total bond- 

(14) (a) Block, T. F.; Fenske, R. F.; Casey, C. P. J .  Am. Chem. SOC. 
1976, 98, 441. (b) Block, T. F.; Fenske, R. F. J .  Organomet. Chem. 
1977,139, 235. 

(15) Spangler, D.; Wendoloski, J. J.; Dupuis, M.; Chen, M. M. L.; 
Schaefer, H. F., 111. J .  Am. Chem. Soc. 1981, 103, 3985. 

(16) (a) Nakatsuji, H.; Ushio, J.; Han, S.; Yonezawa, T. J .  Am. Chem. 
Soc. 1983, 105, 426. (b) Nakatsuji, H.; Ushio, J.; Yonezawa, T. J. 
Organomet. Chem. 1983,258, C1. 

(17) Taylor, T. E.; Hall, M. B. J .  Am. Chem. SOC. 1984, 106, 1576. 
(18) Mbrquez, A.; Fembndez Sanz, J. J .  Am. Chem. SOC. 1992,114, 

2903. 
(19) Abronin, I. A.; Avdyuhina, N. A.; Morozova, L. V.; Magomedov, 

G. K.-I. J .  Mol. Struct. 1991,228, 19. 
(20) (a) Ziegler, T. Pure Appl. Chem. 1991,28, 1271. (b) Ziegler, T. 

Chem. Rev. 1991,91, 651. 
(21) Ziegler, T.; Rauk, A. Baerends, E. J. Theor. Chim. Acta 1977, 

43, 261. 
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ing energies2lyz2 are available, and the bond energy can 
be analyzed in terms of steric as well as orbital interac- 
t i o n ~ . ~ ~  Our studies were prompted not only by the 
recent developments in the field of silylene chemistryg-l3 
but also by the continued interest in an understanding 
of the physical properties of Fischer c a r b e n e ~ . ~ ~  In our 
first effort,z5a we investigated the role of the transition 
metal M as well as of the main group element E on the 
bonding in complexes of the type (C0)5M=EH2. We 
further discussed the influence of nonlocal corrections 
and relativistic effects on geometries and bond energies 
of carbene complexes,25b in order to judge the quality of 
our theoretical model. 

The present work deals with the influence of the 
modification of the R substituent in ER2 carbene and 
silylene systems. In contrast to the early Fenske-Hall 
studies, we will base our selection of ligands on experi- 
mentally known silylene ligands rather than on typical 
Fischer type carbenes. We further present calculations 
on a “real life” Fischer carbene. It is still an interesting 
question how well DFT is able to handle the molecular 
structures of these challenging and rather complex 
molecules. Finally, we investigate one silylene type I1 
compound. To our knowledge, so far no theoretical 
studies have been reported on this type of complexes. 
We hope to  provide new insight into the different 
coordination as well as reaction chemistry of silylene 
complexes compared to their carbon analogues. 

Computational Details 
The calculations in this work are based on approximate 

density functional theory within the local density approxima- 
tionZ6 (LDA) in the parametrization of Vosko, Wilk, and 
N ~ s a i r . ~ ~  The exchange factor, G ~ ,  was given the usual value 
of V 3 .  Bond energies were evaluated by adding Becke’s 
nonlocal exchange correction2s as well as Perdew’s inhomoge- 
neous gradient correction for correlationz9 as a perturbation 
(LDA/NL). In a more sophisticated approach, the before 
mentioned corrections were added self-consistently3” (NL- 
SCF). 

We utilized the AMOL program package for density func- 
tional calculations, which was developed by Baerends31 and 
co-workers. The numerical integration scheme employed was 
that of te Velde3z and co-workers. A triple 5-STO basis33 was 
used to describe the ns,np,nd, (n  + l)s ,  and (n  + l)p shells of 

(22) Ziegler, T.; Rauk, A. Theor. Chim. Acta 1977, 46, 1. 
(23) (a) Baerends, E. J.; Rozendaal, A. NATO ASZ 1986, C176,159. 

(b) Ziegler, T. NATO A S I  1991, C378, 367. 
(24) (a) Gandler, J. P.; Bernasconi, C. F. Organometallics 1989, 8, 

2282. (b) Bemasconi, C. F.; Stronach, M. W. J. Am. Chem. SOC. 1993, 
115, 1341. (c) Bernasconi, C. F.; Sun, W. J .  Am. Chem. SOC. 1993, 
115, 12526. (d) Bemasconi, C. F.; Flores, F. X.; Gandler, J. R.; Leyes, 
A. E. Organometallics 1994, 13, 2186. 

(25)(a) Jacobsen, H.; Ziegler, T. Znorg. Chem., submitted for 
publication. (b) Jacobsen, H.; Schreckenbach, G.; Ziegler, T. J.  Phys. 
Chem. 1994,98, 11406. 

(26) (a) Gunnarsson, 0.; Lundquist, I. Phys. Rev. 1974, B10, 1319. 
(b) Gunnarsson, 0.; Lundquist, I. Phys. Rev. 1976, B13, 4274. 

(27) Vosko, S. J.; Wilk, M.; Nusair, M. Can. J .  Phys. 1980,58,1200. 
(28) (a) Becke, A. J. Chem. Phys. 1986,84, 4524. (b) Becke, A. J. 

Chem. Phys. 1988,88,1053. (c) Becke, A. Phys. Rev. 1988, A38,3098. 
(29) (a) Perdew, J. P. Phys. Rev. 1986, B33,8822. (b) Perdew, J. P. 

Phys. Rev. 1986, B34, 7406. 
(30) (a) Fan, L.; Ziegler, T. J .  Chem. Phys. 1991,94,6057. (b) Fan, 

L. Ph.D. Thesis, University of Calgary, 1992. 
(31) (a) Baerends, E. J.; Ellis, D. E.; Ros, P. E. Chem. Phys. 1973, 

2,41. (b) Baerends, E. J. Ph.D. Thesis, Vrije Universiteit Amsterdam, 
1975. 

(32) teVelde, G.; Baerends, E. J. J .  Comp. Phys. 1992, 99, 84. 
(33) (a) Snijders, G. J.; Baerends, E. J. Vemoijs, P. At. Nucl. Data 

Tabl. 1982,26, 483. (b) Vemooijs, P.; Snijders, G. J.; Baerends, E. J. 
Slater Type Basis Functions for the Whole Periodic Table; Internal 
Report; Vrije Universiteit: Amsterdam, 1981. 
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Cr. For H, a double 5-STO basis33 was extended by one 2p- 
STO polarization function. The ns and np orbitals of the 
remaining main group elements were described by a double 
C-STO augmented by one (n + 1)d-STO polarization 
function for second row elements, and one nd-STO polarization 
function for higher row elements. Electrons in lower shells 
were treated within the frozen core approximation as outlined 
by Baerends and co-workers. An auxiliary set34 of s, p, d, f, 
and g type STO functions, centered on all nuclei, was used to 
fit the molecular density as well as present Coulomb and 
exchange potentials accurately in each SCF cycle. The geom- 
etry optimization procedure was based on a method developed 
by Versluis and Ziegler.34 

Jacobsen and Ziegler 

electronic preparation. One of the exceptions is the 
methylene ligand, which needs to be electronically 
promoted: 

CHz(3Bl) - CH2(lA1) (4) 

The triplet-singlet splitting of CH2 which is associated 
with reaction 4 amounts to 38 kJ/m01.~~ Considering 
the (Me)& ligand, we found that on the LDA/NL level 
of theory the triplet state is about 10 kJ/mol more stable 
than the singlet state. However, for this molecule one 
might further consider the following isomerization reac- 
tion: 

Results and Discussion 

We will begin our discussion with a short introduction 
to our method of bond energy decomposition. Since we 
already presented a detailed account of the bond analy- 
sis for Fischer complexes,25a we restrict ourselves to a 
concise description. 

We analyze the Cr=E bond energy in (C0)5Cr=ERz 
complexes by considering the bond-forming reaction 
between the chromium pentacarbonyl fragment and the 
ER2 moiety: 

(1) 

The energy associated with reaction 1 is called the bond- 
snapping energy BEsnap. It can be decomposed into two 
main components, namely the steric repulsion term AEo 
and the electronic interaction term mint :  

(CO),Cr + ER2 - (CO),Cr=ER2 

BEsnap = -[m0 + mint] 
AEo is in most cases dominated by the contribution of 
the so-called Pauli repulsion, which is directly related 
to the two-orbital three or four electron interactions 
between occupied orbitals on both fragments. Whereas 
AEo is mostly destabilizing in nature, the term AEint 
introduces the attractive orbital interactions between 
occupied and virtual orbitals on the two fragments. We 
will picture the bond as an interaction of two singlet 
fragments, as shown in Scheme 1. It has been argued25a 
that for carbene complexes with low-valent, late transi- 
tion metals this bond description is most appropriate, 
even if the ER2 ligand has a triplet ground state. 

The bond energy BE is obtained when the bond- 
snapping energy is corrected by the preparation energy 
AEprep: 

(3) 

Since the equilibrium geometry of the fragments usually 
differs from their arrangement in the framework of the 
final molecule, a small geometric preparation energy is 
required to get the fragments ready for bonding interac- 
tion. Further, the fragments have to have the electronic 
valence configuration, necessary for formation of the 
bond. The (CO)&r fragment and most of the ER2 
ligands that we will encounter, namely CF2, CC12, CMe- 
(OMe), SiH2, SiFz, SiC12, SiMe2, and SiMe(OMe), possess 
a singlet ground state and thus do not require an 

(34) Krijn, J.; Baerends, E. J. Fitfunctions in the HFS Method, 

(35) Versluis, L.; Ziegler, T. J. Chem. Phys. 1988, 88, 322. 
(36) Mbrquez, A.; Fernandez Sanz, J. J. Am. Chem. SOC. 1992,114, 

Internal Report; Vrije Universiteit: Amsterdam, 1984. 

10019. 

H3C-C-CH, -, HzC=CH(CH3) ( 5 )  

A 1,2-H-shift transforms dimethylmethylene into me- 
thylethylene, a process which we have calculated to be 
favorable by 289 kJ/mol. This value is comparable with 
the intrinsic ?G bond strength in ethylene, Dn(C2H4) = 
312 kJ/m01.~* It will depend on the definition of the 
reference state whether the Cr-C bond in (CO)&r= 
CMez is to be considered as stable or not. 

Martinho Sim6es and B e a ~ c h a m p ~ ~  differentiate be- 
tween metal-ligand bond dissociation enthalpies and 
metal-ligand bond enthalpy terms. For the latter, the 
molecule dissociates into the starred fragments which 
have the same configuration as in the initial complex 
and which are not allowed to relax. However, only 
dissociation enthalpies are experimentally accessible, 
whereas the determination of the enthalpy terms re- 
quires the aid of calculations. They further argue that 
bond strengths are better described by bond enthalpy 
terms rather than by bond dissociation enthalpies. The 
concept of bond enthalpy terms is closely related to our 
bond snapping energy BEsnap. The remaining differ- 
ences due to zero point energy as well as to thermal 
corrections can be expected to be rather small. In the 
following, we will mainly use bond-snapping energies 
BEsnap as a measure for M=E bond strengths, and we 
only occasionally refer to the corrected bond energies 
BE. 

Complexes (CO)sCr=CMe(OMe) and (C0)5Cr= 
SiMe(0Me). We have chosen (CO)&r=CMe(OMe) as 
the simplest model of a "real life" Fischer carbene 
complex. This compound was reported by Fischer and 
MaasbOl4O in 1967. We performed a full geometry 
optimization on the LDA as well as NL-SCF level of 
theory. Most crystal structures of Fischer carbenes 
show the ligand to  adapt a staggered conformation S 
with respect to the transition metal.41 We thus provided 
a starting geometry with a rotation angle CP = 45", as 
defined as follows: 

Me-0 + L o  
Regarding the local orientation of the Me-C-OMe 
ligand, we have chosen a trans rather than a cis 
arrangement. This is in accord with the known struc- 
tures of the closely related molecules (CO)&r=CMe- 
(OEt)42a and (CO)&r=CPh(OMe).42b The optimized 
structures are displayed in la, and all bond distances 
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Fischer Type Chromium Carbenes and Silylenes 

W 
LDA (NL-SCF) @ = 48'149" 

la  
are reported in pm. We note as an important difference 
between the LDA and NL-SCF geometries that the self- 
consistent inclusion of nonlocal corrections results in an 
elongation of the M-C bonds by 5-7 pm. The Cr=C 
bond lengths amounts to 194 pm or 199 pm, respec- 
tively. This value is significantly larger than for the 
Cr=C bond in (CO)&r=CH2, ~LDA(C=CH~) = 188 pm25 
and ~NL-scF(C=CHP) = 193 pm.25b The experimentally 
known bond lengths for Fischer carbenes range from 
200 to 216 pm.41 The CFC distances in (CO)&r=CMe- 
(OEt) and (CO)sCr=CPh(OMe) amount to 205.3 and 204 
pm, re~pectively.~~ Thus, our ~ N L - S C F  value for the 
CFC bond is in good agreement with the experimental 
values. We can expect that further increase of the steric 
bulk of the carbene substituents will lead to an ad- 
ditional increase in the Cr=C separation. The C-0 
distances as well as the rotational angle CP are less 
sensitive to the level of theory; both geometry optimiza- 
tion resulted in structures with CP slightly larger than 
45". 

The question of the rotational barrier around the 
Cr=C bond has generated some interest in the litera- 
ture.15J6J8 In fact, the first ab initio study on (C0)s- 
Ni=CH2 by Spangler and co-workers15 focused on the 
value for the six-fold rotational barrier rather than on 
the Ni=C bond strength. We therefore also optimized 
the geometry for (CO)sCr=CMe(OMe) in an eclipsed 
conformation E, CP = 0". The results are displayed in 
lb. We note only minor structural changes of the Cr-C 
bond lengths. The carbene ligand now forms a slightly 
shorter bond with the transition metal fragment. 

LDA (NL-SCF) @ = 0" 

l b  
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Table 1. Bond Analysis" for the Eclipsed E and the 
Staggered S Conformation of (CO)d3=CMe(OMe) 

LDtVNL NL- SCF 

m i n t  BEsnap m i n t  BE,, 
E-(CO)sCR=CMe(OMe) -391 91 300 -366 54 312 
S-(CO)Kr=CMe(OMe) -393 95 298 -361 52 309 

Energies in kJ/mol. 

We next turn to the bond analysis of both the 
staggered S as well as the eclipsed E conformation of 
(CO)&r=CMe(OMe). The results are presented in 
Table 1. We find that both the LDA as well as the NL- 
SCF geometries to be more stable in the eclipsed 
conformation by 2-3 kJ/mol. To explain these trends, 
we first consider the bond analysis for the NL-SCF 
geometries. As to be expected, the steric repulsion is 
reduced when the carbene ligand is rotated into the 
staggered conformation. We also observe a small de- 
crease in orbital interaction, caused by the slight 
elongation of the Cr=C bond. The balance of these two 
effects, A(AEo) and A(hEint), determines whether the E 
or the S conformation will be more stable. If the steric 
bulk of the carbene ligand is increased, we can expect 
the value for A(AEo) to increase as well, which means 
that the steric repulsion is more effectively decreased 
under rotation. On the other side, A(AEint) will be less 
sensitive to  ligand variation on the carbenoid ligand, 
since it is mainly determined by the overlap of the 
empty 2p orbital a t  carbon with the metal 3d orbitals. 
We therefore can expect that with increasing steric bulk 
of the carbene ligand a staggered arrangement will 
become more stable. In the case of LDA geometries, the 
situation is different. We now observe an increase in 
both steric repulsion as well as orbital interaction. 
Under rotation the methyl group of the methoxy ligand 
comes closer to one of the equatorial CO groups. This 
increases the steric repulsion, but also allows for some 
intramolecular H-0 stabilizing interaction. In case of 
the shorter Cr=C separation for the LDA geometries, 
this effect dominates the trends in A(AEo) and A(AEint). 

However, the net result again is a more stable eclipsed 
arrangement E. 

At this point, we like to  draw two main conclusions 
from our analysis presented so far. First, we observe 
that the value of the rotational barrier is very small, 
and when there is comparison with experimental solid 
state structures, intermolecular interactions, e.g. pack- 
ing effects, might well compete with intramolecular 
interactions, as discussed above, in determining the 
most stable geometric arrangement of the molecule. The 
value of the rotational barrier amounts to less than 1% 
of the bond-snapping energy and can safely be neglected, 
when analyzing the Cr=C bond strength. Second, we 
point out that the LDA/NL value for BE,,, is already 
a reasonable approximation to the NL-SCF value. For 

(37) McKellar, A. R. W.; Bunker, P. R.; Sears, T. J.; Evenson, K. 

(38) Jacobsen, H.; Ziegler, T. J. Am. Chem. SOC. 1994, 116, 3667. 
(39) Martinho SimBes, J. A.; Beauchamp, J. L. Chem. Rev. 1990, 

M.; Saykally, R. J.; Langhoff, S. R. J. Chem. Phys. 1983, 79, 5251. 

90 629 
- - I  

(40) Fischer, E. 0.; Maasbol, A. Chem. Ber. 1967,100, 2445. 
(41) Schubert, U. Coord. Chem. Rev. 1984,55,261. 
(42) (a) Kriiger, C.; Goddard, R.; Claus, K. H. 2. Nuturforsch. 1983, 

38b, 1431. (b) Mills, 0. S.; Redhouse, A. D. J. Chem. SOC. A 1968, 
642. 
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the (CO)sCr=CMe(OMe) system, BE,,,,(LDA) value 
falls short by 12-13 kJ/mol, compared to BE,nap(NL- 
SCF). 

The optimized LDA structure for (CO)&r=SiMe- 
(OMe) is displayed in 2. We only observe minor changes 

Organometallics, Vol. 14, No. 1, 1995 Jacobsen and Ziegler 

Table 2. Selected Optimized Bond Distances and LDA/NL 
Bond Energies for Various (CO)&r=ER* Systems 

115 8 9  

LDA Q, =O" 

2 
in the chromium pentacarbonyl fragment, compared to 
(CO)sCr=CMe(OMe). It is of interest that for 
(CO)sCr=SiMe(OMe) the Cr-Si bond length is 2 pm 
shorter as compared to (CO)&r--SiH2, & r S i  = 200 pm. 
We will return to this point in the next section. The 
bond-snapping energy amounts to BEsnap = 260 kJ/mol, 
with contributions from steric respulsion and orbital 
interaction as AEo = 165 kJ/mol and M i n t  = -425 kJ/ 
mol. Thus, the Cr=Si bond strength is only 40 kJ/mol 
weaker than the Cr=C analogue. Nakatsuji and co- 
workers16b have reported the Cr-Si bond to be 63 kJ/ 
mol weaker than the corresponding Cr=C link. It is, 
however, not obvious why the reaction and coordination 
chemistry of silylene complexes is so significantly dif- 
ferent from that of their carbene analogues. To get a 
better understanding of this problem, we will now study 
a variety of carbene and silylene ligands, and analyze 
the bonding according to u and n bond contributions. 

Substituent Variation in (co)~Cr=CRg and ( C O h  
Cr=SiRg Complexes. We optimized the geometries of 
the Fischer type complexes (C0)5Cr=ER2, with ER2 = 
CH2, CF2, CC12, CMe2, SiH2, SiF2, and Sic12 and SiMe2. 
The substituents methyl and chloride were chosen since 
corresponding type I1 silylene complexes with these 
ligands are experimentally known and structural 
characterized.12b We included the fluoride-substituted 
ligands since a variety of halocarbene complexes includ- 
ing L,M=CF2 and L,M=CCl2 have been studied.43 The 
calculations were performed at the LDA level of theory 
with the ER2 ligand in an eclipsed conformation. 
Selected structural parameters and values for hEo, 
mint, and BEsnap are presented in Table 2. 

Considering the Cr=E distances, we observe that the 
distances of the calculated carbene ligands vary over a 
range of 7 pm, whereas the largest difference of two 
silylene-metal bonds only amounts to 3 pm. We also 
note that all silylene ligands provide similar contribu- 
tions in AEo, whereas for the carbene ligands a larger 
variation in AEo is found. We recall that the steric 
repulsion term is mainly determined by the influence 
of the Pauli repulsion term. Compared to the 1s core 
of carbon, silicon possesses an extended electronic core 

~~ ~~ ~ 

(43) Brothers, P. J.; Roper, W. R. Chem. Rev. 1988, 88, 1293. 

bond energiesb ER2 for Bond distances" 
(C0)5CrER2 d(Cr=E) d(Cr-CO), AP mint BE,,, 

188 189 
190 187 
193 188 
193 188 
220 186 
218 184 
220 185 
22 1 185 

113 -469 356 
135 -348 213 
141 -372 231 
88 -390 302 

157 -414 257 
166 -353 187 
172 -360 188 
162 -439 277 

a Distances in pm. Energies in kJ/mol. 

including p orbitals. Thus, for the SiRz ligands the 
silicon center causes the major contribution to the term 
hEo. Small changes in the electronic effects then lead 
to small variations in the calculated Cr-Si bond length. 
For the carbene ligands, on the other hand, the sub- 
stituents provide the major contribution to hEo. This 
is one of the reason for the variation in the calculated 
Cr=C bond lengths. The especially short Cr=CH2 bond 
is also a result of electronic interaction, due to the fact 
that for the excited singlet methylene the acceptor 
orbital at carbon provides a better energetic match with 
the 3d donor orbitals of the metal fragment.25a 

At first, it might be puzzling that the larger CMe2 
ligand is associated with the smaller value for hEo 
(Table 2). However, one has to keep in mind that hEo 
also depends on the Cr-E separation. This structural 
parameter in turn is determined by the balance between 
hEo and AEht. The CH2 ligand undergoes a very strong 
electronic interaction with the Cr(C0)5 fragment. Thus, 
shortening of the Cr=C bond effectively strengthens the 
Cr=C bond, with the enhanced electronic interaction 
overcoming the increase in hEo. The C1-substituted ER2 
ligands are associated with the largest value of hEo, 
since only C1, compared to the other systems, has an 
extended eight electron core. 

Another interesting structural parameter is the dis- 
tance between the axial CO group and the chromium 
center. The LDA value for the Cr-C bond length in 
chromium hexacarbonyl amounts to 187 pm. Thus, for 
the carbene complexes one finds that the bond distance 
~ ( c ~ - c o ) ~  is slightly elongated, whereas for the silylene 
complexes this bond is slightly shortened compared to  
Cr(CO16. This trans effect might be the first indicator 
for differences in bonding between CR2 and SiR2 ligands, 
suggesting that silylenes form weaker n bonds. 

All ligands under investigation seem to form stable 
bonds with the chromium pentacarbonyl fragment. The 
bond strength of CMe2 is comparable to that of the CMe- 
(OMe) ligand. Compared to the alkyl-substituted sys- 
tems, the halo ligands form significantly weaker bonds. 

To our knowledge, the experimentally available metal 
carbene bond dissociation enthalpies are limited to three 
Mn(C0)5CXY molecules: D[Mn(C0)5+=CH21 = 401 * 
31 kJ/mol, D[Mn(C0)5+=CHF] = 356 & 25 kJ/mol, and 
D[Mn(C0)5+=CF2] = 332 & 12 kJ/mol. All of these 
results were obtained by photoionization mass spec- 
t r ~ m e t r y . ~ ~  The positive charge of the manganese 
complexes will have a significant influence on the 
Mn=CR2 bond dissociation enthalpies, and we cannot 
compare our calculated bond energies for the neutral 

(44) Stevens, A. E. Ph.D. Thesis, California Institute of Technology, 
1981. 
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understood by noting that the F, C1, and Me substitu- 
ents can donate electrons into the empty p orbital at 
the carbon center. This substituent donation competes 
with the back-donation for the metal fragment, with the 
consequence that substituted carbene ligands form 
weaker n bonds than methylene itself. Further, we see 
that, with the exception of the CMe2 ligand, all inves- 
tigated carbene ligands show a higher n bond than u 
bond strength. This is in accord with the common 
notion that electron-withdrawing substituents enhance 
the ability of n acceptance, whereas alkyl substituents 
increase the capacity for u donation. 

If we now turn to the silylene systems, we find that 
all systems posses only a weak n bond around 70 kJ/ 
mol. The u component contributes the major part to the 
bonding interaction. In general, we can state that the 
different bond strengths of the ER2 ligands are deter- 
mined by the variation in D’o,int rather than in Dn,int. 
For both the series of ligands we obtain a similar 
ranking of Dlo,int, EMe2 > EHz > ECl2 % EF2. 

The fact that silylene systems posses only a weak n 
bond holds an explanation why these species follow a 
trend to form Lewis base adducts and to  undergo type 
I1 complexation. In the next section, we will analyze a 
Lewis base adduct in more detail. 

Type I1 Complex (CO)&r=SiCl&PHs. We have 
chosen (CO)&r=SiC12*OPH3 as a model compound of a 
type I1 silylene complex. The solid state structure of 
the related compound (CO)&r=SiC12*HMPA (HMPA = 
hexamethylphosphoric triamide) has been reported by 
Zybill and co-workers.12b The optimized structural 
parameters together with experimental values are 
presented in 3. The calculated geometric arrangements 

250 1 
200 

150 

E 8 100 - 
50 

n 

Figure 1. Reduced u bond strengths and n bond strengths 
for various (CO)&r=ER2 complexes. 

chromium carbenes with the experimental results. We 
might, however, compare the effect of fluorination, that 
is A[D(Mn=CH2),D(Mn=CF2)1, and A[BE(Cr=CH2), BE 
(Cr=CF2)1. Since we compare with bond dissociation 
enthalpies rather than with bond enthalpy terms, we 
have to correct our BEsnap values to bond energies BE, 
according to eq 3. The geometric preparation energies 
for (CO)&r=CH2 and (C0)5Cr=CF2 amount to 10 and 
4 kJ/mol, respectively. We further correct BE(Cr-CH2) 
with the experimental value for the triplet-singlet 
splitting of methylene. Thus, we obtain A[BE(Cr=CHz), 
BE(Cr=CF2)1= 99 kJ/mol. This result is in good agree- 
ment with the experimental value of A[D(Mn=CH2), 
D(Mn=CF2)1 = 69 f 43 kJ/mol. 

Assignment of u and rc Bond Strengths. In order 
to  obtain values for the u as well as the n component of 
the Cr-E double bond, we make use of the fact that we 
can decompose our electronic interaction energy due to 
different symmetry contributions: 

Here, r represents the different irreducible representa- 
tions of the point group of the molecule. We can 
associate the different terms from the right side 
of eq 6 with the intrinsic u and n bond strengths, Do,int 
and Dn,int, respectively. Orbitals that have the plane 
of the ER2 ligands as a nodal plane contribute to Dn,i,,t. 
Similarly, orbitals that lie in the plane of the ER2 ligand 
donate to  Do,int. Thus, we can break down AEint into 
only two terms as 

We can further combine Dg,int and hEo to the so-called 
reduced intrinsic u bond strength25a Do,int: 

We now are able to analyze our bond-snapping energy 
BEsnap or the Cr=E bond strength according to u and n 
contributions as 

’‘snap = D‘o,int + Dn,int (9) 

The results of our analysis are presented in Figure 1. 
We will first discuss the trends observed for the carbene 
ligands. CH2 posses by far the strongest n bond with 
Dn,int = 198 kJ/mol. The other carbene ligands possess 
n bond strengths around 120 kJ/mol. This can be 

LDA (Exp.) 
3 

of the (CO)&r fragments and the Sic12 ligand are in 
good agreement with the crystal structure. However, 
two structural parameters do not provide a good agree- 
ment between experiment and theory. First, the cal- 
culated Cr-Si bond length is 9 pm shorter than in the 
crystal structure. If we employ a nonlocal correction of 
5 pm, as established for the (CO)&r=CMe(OMe) mol- 
ecule, our Cr-Si distance comes close to the experimen- 
tal result. However, comparing the Cr-Si distance in 
the corresponding type I and type I1 complexes, we find 
a bond elongation under Lewis base addition of 5 pm. 
This is only half the value found for a pair of analogous 
type Vtype I1 stannylene complexes.Ga The other struc- 
tural parameter that is in disagreement with the 
experiment is the Si-0 separation. Our result is 13 
pm too long compared to experiment. 
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E 

(CO),Cr=SiCl I O 4 H ,  1 

Figure 2. Bond analysis for (CO)&r-SiClz and its Lewis base adduct (CO)&r=SiC12*OPH3. 

An explanation for the poor agreement in the Si-0 
bond lengths might be found in the difference of Lewis 
base strength of our model compound OPH3 and the 
experimentally employed OP(N(Me)z)3. Since the Lewis 
adduct bond is relatively weak, differences in Lewis base 
strength might well have major consequences on the 
Si-0 distance. Thus, if OP(N(Me)z)3 is a stronger donor 
than OPH3, we can expect to find a shorter Si-0 for 
the triamide. Consequently, this should lead to longer 
Cr-Si bond, since the n bond character of the metal- 
silicon bond is decreased. This would also provide a 
reason why our theoretically obtained bond elongation 
is smaller than the experimental value. To support out 
argument, we analyze the energies of the 0-based donor 
orbitals for OPH3 and OP(NH2h as a measure for the 
Lewis base strength. We find that the donating orbital 
for the triamide is 0.16 eV higher in energy than for 
OPH3. The OP(NHz)3 donor orbital provides a better 
energetic match for the acceptor orbital of the 
(CO)&r=SiC12 fragment. Thus, a phosphoric triamide 
can indeed be considered as a somewhat stronger Lewis 
base than phosphine oxide. 

In Figure 2, we present a bond analysis for the 
(CO)&r=SiClyOPH3 molecule. We begin with the 
interaction of (C0)sCr with SiClz to  form the type I 
complex (CO)&r=SiC12. This process is favored by 188 
kJ/mol, with a n contribution of Dn,int = 68 kJ/mol. In 
the next step we provide the system for Lewis base 
addition. The bond elongation as well as the pyrami- 
dalization of the silicon center requires on energy of 30 
kJ/mol. The addition of the Lewis base finally stabilizes 
the system by 94 kJ/mol. We see that the final step 
not only overcomes the 30 kJ/mol of preparation energy 
but could also compensate for the complete loss of the 
Cr=Si n bond. 

Concluding Remarks 
The main difference between carbene and silylene 

ligands has been established in the very weak n bond 
strength of the latter. Lewis donation can favorably 

compete with n bonding and as a consequence silylene 
complexes show a high tendency for type I1 complex- 
ation. Bulky substituents a t  the silylene ligands are 
required to protect the reactive Cr=Si n bond. However, 
a compromise has to be found between steric protection 
of the silicon center and steric repulsion with the metal 
fragment. 

The Sila-Wittig reaction of (CO)&r=SiClz with OC- 
(0Me)z has been proposed to proceed as a two step 
reaction. Experimental evidence clearly excludes a 
reaction mechanism in the sense of a concerted [2 + 21 
cycloaddition.12b Our calculation support this notion 
and suggest that the polar addition of OC(0Me)Z to the 
silylene complex initializes the formation of the product 
(CO)&r=C(OMe)2. 

Although the n bond in silylene type I complexes is 
weak, our calculations indicate that those compounds 
form reasonably strong M-Si bonds and might be 
isolated without a stabilizing base. This has recently 
been demonstrated with the synthesis of [Cp*(PMe&- 
Ru=SiMezl+, for which the first crystal structure of a 
base-free silylene complex without n-donor stabilization 
has been obtained.13b The main features of this com- 
pound are a planar dimethylsilene ligand as well as the 
shortest Si-Ru bond reported so far. The results of 
Fenske-Hall calculations13b on the model compound 
[ Cp( PMe3)2Ru=SiH21f indicate a loss of electron density 
at the silylene ligand under coordination to the metal. 
This again is consistent with the fact that SiRz ligands 
form weak n bonds and have mainly to be considered 
as o donors. 
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Organic Syntheses via Transition Metal Complexes. 752 
Phosphinonaphthalenes and Phosphinoindenes by 

Cyclization of Alkynyl Carbene Complexes (M = Cr, W) 
Rudolf Aumann,* Beate Jasper, and Roland Frohlich 

Organisch-Chemisches Institut der Universitat Munster, Orlians-Ring 23, 
0-48149 Munster, Germany 

Received July 5, 1994@ 

l-Amino-2-ethoxy-4-phosphinonaphthalenes 6a,b ('90% yields) are obtained from (phen- 
ylalkyny1)carbene complexes (CO)5M=C(OEt)-C=C-Ph (M = Cr, W) 1 by a novel two-step 
carbene/alkyne benzannulation. The first step involves the formation of (E)-(2-phenyl-2- 
phosphinoetheny1)carbene complexes (CO)5M=C(OEt)-CH=C(Ph)-PR2 (l9-3a-c by 3-ad- 
dition of secondary phosphines HPRz (R = t-Bu, c-CsH11) 2a,b to 1. A subsequent addition 
of isocyanides RlNC (R = t-Bu, c-CsH11) 4a,b to W3a-c  yields ketene imine complexes 
(CO)5M[R1N=C=C(OEt)-CH=C(Ph)-PR2] A by the insertion of 4 into the M=C bond of 3. 
(Metal-free) ketene imines are generated from A by ligand displacement with 4 and cyclize 
spontaneously to 6. Thermolysis of (E)-Sa-c affords (C0)5M phosphinoindene complexes 9 
and 10. Reaction of 9 or 10 with pyridine yields phosphinoindenes 12 and pyridine complexes 
(CO)&I(CsHa) 11. loa, C24H29CrO6p, was characterized by X-ray diffraction. It crystallizes 
in space group Pi No. 2 with cell parameters a = 9.412(1) A, b = 11.455(2) 8, c = 11.962(2) 
A, = 89.10(1)", /3 = 79.09(1)", y = 88.60(1)", 2 = 2, R1 = 0.063, and wR2 = 0.117. 

Benzannulation reactions of (ary1carbene)chromium 
complexes with alkynes have gained wide application 
in synthetic organic chemistry.2 The so-called Dotz 
reaction involves the insertion of a C=C into a Cr=C bond 
and leads to  the formation of 1,4-dioxynaphthalenes 
(Scheme 1, eq 1). Indenes may be obtained as side 
products (Scheme 1, eq 2h213 Intramolecular Dotz-type 
cyclizations of (alkyny1carbene)chromium complexes are 
governed by sterical  restriction^.^ Reactions of this type 
are achieved only when the reacting groups are tethered 
pr~per ly .~  We report here on a carbene/alkyne benzan- 
nulation, which is different from the Dotz-type reaction. 
It requires two steps: a Michael addition of a protic 
nucleophile to a (2-arylalkyny1)carbene complex (CO)fl= 
C(OEt)-C=C-Ar (M = Cr, W) and the cyclization of the 
Michael adduct by the addition of an isocyanide. First 
examples of this reaction comprise the formation of 1,4- 

@ Abstract published in Advance ACS Abstracts, November 1,1994. 
(1) Part 7 4  Aumann, R.; Jasper, B.; Lage, M.; Krebs, B. Chem. Ber., 

in press. 
(2)Reviews: (a) Dotz, K. H. Angew. Chem. 1984, 96, 573-594; 

Angew. Chem., Znt. Ed. Engl. 1984,23,587-608. (b) Wulff, W. D. Adu. 
Met. Org. Chem. 1988, I, 209-393. (c) Dotz, K H. New J. Chem. 1990, 
14, 433. (d) Dotz, K H. In Organometallics in Organic Synthesis: 
Aspects of a Modern Interdisciplinary Field; tom Dieck, H., de Meijere, 
A., Eds.; Springer: Berlin, 1988, p 85 ff. List of syntheses: (e) Wulff, 
W. D.; Bauda, W. E.; Kaesler, R. W.; Lankford, P. J.; Miller, R. A.; 
Murray, C. K; Yang, D. C. J. Am. Chem. SOC. 1990,112,3642-3659. 
(0 Diitz, K. H.; Popall, M. Chem. Ber. 1988,121, 665-672. 

(3) (a) Dotz, K. H.; P r~sk i l ,  I.; Schubert, U.; Ackermann, K. Chem. 
Ber. 1983,116,2337-2343. 

(4) Dotz, K. H.; SchSer, T.; Kroll, F.; Harms, KAngew. Chem. 1992, 
104, 1257-1259; Angew. Chem. Znt. Ed. Engl. 1992,31, 1236-1238. 

(5) (a) Semmelhack, M. F.; Bozell, J. J.; Keller, L.; Sato, T.; Spiess, 
E. J.; Wulff, W.; Zask, T. Tetrahedron 1986, 41, 5803-5812. (b) 
Anderson, B. A.; Bao, J.; Brandvold, T. A.; Challener, C. A.; Wulff, W. 
D.; Xu, Y.4.; Rheingold, A. L. J. Am. Chem. SOC. 1993,115, 10671- 
10687. (c) Chelain, E.; Goumont, R.; Hamon, L.; Parlier, A.; Rudler, 
M.; Rudler, H.; Daran, J.-C.; Vaisserman, J. Am. Chem. SOC. 1992, 
114, 8088-8098. (d) Harvey, D. F.; Brown, M. F. Tetrahedron Lett. 
1990,31, 5223-5226. (e) Harvey, D. F.; Brown, F. M. J. Am. Chem. 
SOC. 1990,112, 7806-7807. (0 Balzer, B. L.; Cazanoue, M.; Finn, M. 
G. J.  Am. Chem. SOC. 1992,114,8735-8736. (g) Dotz, K. H.; Schafer, 
T. 0.; Harms, K. Synthesis 1992, 146. 

0276-733319512314-0231$09.0010 

Scheme 1. Benzannulation and Formation of 
Indenes via the Arylcarbene/Akyne (Dtltz 

Reaction) us the (1-Arylalkyny1)carbene Complex 
Route 

L R,R1p 
E t 0  

R "  - R  

E t 0  

diamino-2-ethoxynaphthalenes by subsequent addition 
of a secondary amine and an isocyanide to a (phenyl- 
akyny1)carbene complex (C0)5M=C(OEt)-C=C--Ph (M 
= Cr, W).s This novel type carbenelalkyne benzannu- 
lation is complementary to the Dotz reaction with regard 
to its regiochemistry, and insofar as heterosubstituents 

(6) (a) Aumann, R. Chem. Ber. 1993,126, 1867-1872. (b) Aumann, 
R.; Jasper, B.; Goddard, R.; Ibtiger, C. Chem. Ber. 1994, 127, 717- 
724. 

0 1995 American Chemical Society 
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Scheme 2. 1-Amino-4-phosphinonaphthalenes 
from (Arylalkyny1)carbene Complexes 

- (CO)5M 

( E ) - 3  PRZ 
(77439%) 

1 

P h  

+ 2 R ~ N C  (4) 

- (CO)5M(R1NC) (5) 

Aumann et al. 

Scheme 3. Ketene Imine Complexes A and (E)-8 as 
Key Intermediates 

(0-3 + 4 - [ Rl,N=;qP2 ) ( C 0 ) 5 k , ,  + + 4  

-7 
I 6 

other than those based on oxygen are introduced at 1- 
and 4-positions of the six-membered ring. 

We have extended our studies to  the formation of 
l-amino-2-ethoxy-4-phosphinonaphthalenes by the step- 
wise addition of secondary phosphines and isocyanides 
to (arylalkynyllcarbene complexes (Scheme 1, eq 3). We 
also report on the generation of phosphinoindenes from 
such compounds (Scheme 1, eq 4). 

Phosphinonaphthalenes 6. The first step of the 
cyclization of an (arylalkyny1)carbene complex (C0)5M= 
C(0Et)-CEC-Ph 1 requires the addition of a protic 
nucleophile NuH to the alkyne unit in a syn fashion, 
by which an arylalkenyl carbene complex (C0)5M=C- 
(0Et)-CH=C(Nu)Ph 3 of (E) configuration is generated. 
The ( E )  configuration is the stereochemical prerequisite 
for the subsequent cyclization. Thus, the stereochem- 
istry of the 3-addition of NuH to 1 is crucial. Depending 
on the type of nucleophile involved, its addition to 1 may 
be highly stereoselective in one or the other dire~t ion.~ 
The stereodifferentiation apparently results from dif- 
ferent protonation sites of the zwitterionic (CO)5M-- 
[C(OEt)=C=C(Ph)NuH+l and anionic allene-type inter- 
mediates (CO)5M[C(OEt)=C=C(Ph)Nu]-,l which are 
formed as the primary adducts of NuH and its conjugate 
base Nu-, respectively, to l.7i For the present case, the 
addition of a secondary phosphine H-PR2 2 to 1 is 
stereochemically uniform and leads to (2-phosphino-2- 
aryletheny1)carbene complexes (E)-3a-c of proper (E) 
configuration (Scheme 2) in 7 7 4 9 %  chemical yields (R 
= tert-Bu, c-CsH11).' Side reactions comprise the forma- 
tion of small amounts of binuclear complexes (E)-7 
(Scheme 31.l 

The alkenylcarbene complexes (E)-3a-c react with 
isocyanides 4a,b under mild conditions and afford 
l-amino-2-ethoxy-4-phosphinonaphthalenes 6a,b in 96% 
yields (Scheme 2). The key step of this reaction consists 

(7) (a) Fischer, E. 0.; Kreissl, F. R. J. Organomet. Chem.1972, 35, 
C47. (b) Fischer, E. 0.; Kalder, H. J .  J. Organomet. Chem. 1977,131, 
57. (c )  Duetsch, M.; Stein, F.; Lackmann, R.; Pohl, E.; Herbst-Irmer, 
R.; de Meijere, A. Chem. Ber. 1992, 125, 2051. (d) Aumann, R.; 
Hinterding, P. Chem. Ber. 1992,125,2765. (e) Aumann, R.; Hinterding, 
P. Chem. Ber. 1993, 126, 421. (0 Camps, F.; Llebaria, A.; Moret6, J .  
M.; Ricart, S.; Vifias, S.; Ros, J.; Ybnez, R. J. Organomet. Chem. 1991, 
401, C17. (g) Aumann, R.; Chem. Ber. 1992,125,2773. (h) Wang, S. L. 
B.; Wulff, W. D. J. Am. Chem. SOC. 1990,112, 4550. (i) Aumann, R.; 
Jasper, B.; Lage, M.; Krebs, B. Organometallics 1994, 13, 3502. 

M = W,  6OoC, l h :  no r c t n .  b W t -Bu t - B u  
E Cr t - 8 U  C-CgH11 

in the insertion of an isocyanide 4 into the M=C bond 
of (E)-3 with formation of a ketene imine complex A 
(Scheme 3).6p8,9 Subsequently, A takes up a further 
equivalent of 4 and yields an isocyanide complex 5 by 
displacement of the ketene imine ligand. The latter 
cyclizes spontaneously at 20 "C to the naphthalene 6. 
Ketene imine complexes (E)-8a,c, which are coordina- 
tion isomers of A, are more stable thermally than A, 
due to steric hindrance of the cyclization step by the 
bulkiness of the (CO)aMP(tert-Bu)a unit. These com- 
pounds are generated by addition of 2 equiv of 4a to 
the binuclear complexes (E)-7a,c1 and could be charac- 
terized spectroscopically at 20 "C. The cyclization of 
(E)-da,c to naphthalenes 6 requires heating to 60 "C in 
order to induce the disengagement of the (CO)5M moiety 
from the phosphorus atom. Thus, naphthalenes 6 are 
obtained from both, compounds A and their coordination 
isomers (E)-& though different reaction temperatures 
are required. 

Phosphinoindenes 9, 10, and 12. Indenes are 
formed on reaction of arylcarbene complexes with 
alkynes as side products of the Dotz r e a ~ t i o n . ~ , ~  A 
different approach to the synthesis of indenes from 
carbene complexes is based on the cyclization of the C5 
skeleton of the (2-aryl-l-a1kynyl)carbene ligand of 1. 

Phosphinoindenes 12 are generated together with 
pyridine complexes (C0)5M(CsHsN) 11 in two steps, by 
the addition of secondary phosphines 2 to 1, which leads 
to the formation of (2-phosphinoetheny1)carbene com- 
plexes (E)-3 (Scheme 2) and the thermolysis of (E)-3 in 
the presence of pyridine at 80-100 "C (Scheme 4; M = 
Cr, W; > 90% yields). Complexes 11 are removed most 
conveniently and almost quantitatively from the reac- 
tion mixture by crystallization from heptane at -15 "C, 
under which conditions compounds 12 are accumulated 
in the mother liquor. 

The cyclization of (E)-3 to 12 involves the formation 
of phosphino complexes 9 and 10 as intermediate 
products (Scheme 4). Compounds 9 are generated from 
(E)-3, supposedly by an attack of the carbene carbon 
atom at the aromatic ring.1° A zwitterionic species B 

(8) Review on this reaction type: Aumann, R. Angew. Chem. 1988, 
100, 1512-1524; Angew. Chem. Znt. Ed. Engl. 1988,27, 1456-1467. 
(9) (a) Merlic, C. A.; Burns, E.; Xu, S.; Chen, Y. J. Am. Chem. Soc. 

1992,114,8722-8724. (b) Merlic, C. A,; Burns, E. E. Tetrahedron Lett. 
1993,34,5401. 
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Organic Syntheses via Transition Metal Complexes 

Scheme 4. Cyclization of 
(2-Phosphinoetheny1)carbene Complexes (E)-3 (M 
= Cr, W) with Formation of Phosphino Indenes 12 

via 9 and 10 
E t Q  

I 
E t 0  E t 0  

R2P 12 

3,9-12 M R - 
a C r  t - B u  

c C r  c - C ~ H 1 1  
b W t-BU 

11 (C0)gM'T;R 

may be formed initially and rearrange fast to  an olefin 
complex C. The (CO)5M moiety of C could migrate to 
the phosphorus atom without losing contact to the 
indene skeleton. A (suprafacial) 1,5 hydrogen shift of 
the rearranged product may finally lead to 9. The 
chromium complex 9a can be isolated. It forms an 
isomer 9'8 in solution at  80 "C, while the tungsten 
complex 9b remains unchanged for several hours even 
at 100 "C. lH NMR spectra of 9a and 9 a  may be closely 
similar to  each other with respect to the chemical shifts 
and the proton coupling pattern except for the vicinal 
couplings 3J(P,2-H), which amount to 5.5 and 2.5 Hz, 
respectively. The different coupling constants may be 
attributed to the influence of conformational effects, for 
which Karplus-like curves have been established in the 
case of phosphine oxides and related compounds.ll 

The product composition resulting from the thermoly- 
sis of 3a-c in the presence of equivalent amounts of 
pyridine was analyzed by, IH NMR measurements 
(CsDs, 360 MHz) under different reaction conditions 
(Table 1). In the multi-step rearrangement sequence 
from (E)-3 to 10, the M(COI5 unit is not trapped by 
pyridine and therefore appears to remain in close 
contact to the indene ligand. We conclude that the 
isomerization of the rotamers 9a and 9a' might be 
initiated by a shift of the metal moiety from the 
phosphorus atom to the C-C bond of the indene 
skeleton and a rotatiordinversion of the (slightly tilted) 
Pt-Bun unit. This process may require less energy than 

(10) More commonly, indene formation i s  viewed as occurring via a 
dissociation of carbon monoxide, a subsequent electrocyclic ring closure 
to a metallocyclohexadiene intermediate, a reductive elimination, and 
a metal-mediated hydrogen shift (see ref 2). 
(11) Mavel, G. Annu. Rep. NMR Spectrosc. 1973, 5b, 1-350. 
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Table 1. Product Ratio of Indenes 9-12 Formed on 
Thermolysis of 3 under Different Reaction Conditions 

reaction condns 

starting yield" time temp 
material M R (%) (h) ("C) 9:9':1012 

3a Cr r-Bu 
3a Cr t-Bu 
3a Cr r-Bu 
3b W t-Bu 
3b W t-Bu 
3b W r-Bu 

3c Cr c-Cd-II1 
3c Cr c-Cd-II1 

3b W t-Bu 

> 90 
> 90 
> 90 
> 90 
> 90 
> 90 
> 90 
> 90 
> 90 

3 
3 
3 
35 

1 
10 
8 
2 
2 

60 
80 
80 (+CsHsN) 
55 
80 
80 80 (+CsHsN) 

80 
100 

4:l:O:O 
0:o: l:o 
0:O:O:l 
1:o:o:o 
2:o: 1 :o 
0:o: 1 :o 
0:O:O:l 
8:O:l:O 
0:o: l:o 

Total yield of indenes according to 'H NMR spectra. Product ratio 
of corresponding indenes. 

Scheme 5. Oxidation of Phosphinoindenes and 
(2-Phosphinoetheny1)carbene Complexes 

+ a i r  

o*h 

v o ) . c r q h  -"( C 0 ) g C r "  

(E)-13a / / P t - B u p  Pt -Bup  
(E) -3a 

0 

Et0 E t 0  

the dissociation of the P-Cr bond. A rearrangement 
simply by rotation of the C3-P bond of 919' apparently 
is strongly hindered by the bulkiness of both the M(CO)5 
and the tert-butyl groups. The rearrangement of 9/9 
to 10 involves a metal-mediated (supposed intramolecu- 
lar) 1,3 hydrogen shift and is observed at  elevated 
reaction temperatures only (Table 1). The elimination 
of a pyridine complex 11 leads concomitantly to the 
generation of 12. 

Oxidation of Phosphines 3 and 12. It is important 
to note that compounds 12 are readily oxidized in 
solution on exposure to air within a few hours to the 
corresponding phosphine oxide 14 (Scheme 5) .  (2- 
Phosphinoetheny1)carbene complexes, e.g., (E)-3a, are 
stable in the solid state but decompose in solution under 
the influence of oxygen by formation of the phosphono 
acrylate, e.g., (E1-13a. 

Crystal Structure Analysis of Indene loa. Figure 
1 shows the molecular structure and Tables 2 and 3 
show the experimental data for the crystal structure of 
loa. The Cr-P distance [2.525(2) AI is significantly 
longer than it is in compounds of type (E)-7 (Scheme 3) 
[M = Cr, R = Ph, Cr-P 2.409(8)1.1J2 The coordination 
geometry at the phosphorus atom corresponds to a 
slightly distorted tetrahedral structure, with angles 
ranging from 105.7(2) to 116.7(2) A. The Cr(C015 
moiety and the hydrogen atom 3-H are arranged syn to  
each other, in line with expectations, if 10 were gener- 
ated from 9 by an intramolecular metal-induced 1,3 
hydrogen shift (see above). 

~ ~ 

(12) For a compilation of more data, see: Jelinek-Fink, H.; Duessler, 
E. N.; Paine, R. T. Acta Crystallogr. 1987, C43, 635-636. 
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Table 3. Atomic Coordinates (x  104 and Equivalent 
Isotropic Displacement Parameters (iz x 103) for loau 

X Y Z U(eq) 

c*! 
dc112 

Figure 1. View of the molecular structure of 10a with 
selected bond distances (A) and angles (deg): Cr-P 2.525- 
(2), P-C3 1.893(5), P-C10 1.906(5), P-C14 1.903(6), Cr- 
P-C3 107.1(2), ClO-P-Cl4 108.9, C3-C2 1.508(7), C3- 
C4 1.523(7), C2-C1 1.345(7), C4-C9 1.404(7), Cl-C9 
1.430(8), C1-011 1.359(6), C10-P-C14 108.9(3), C3-P- 
Cr 107.1(2), C3-P-C10 106.3(2), C3-P-Cl4 105.7(2), 
C14-P-Cr 111.6(2), C10-P-Cr 116.7(2). 

Table 2. Crystal Data and Structure Refinement for 10a 
identification code 
empirical formula 
fw 
temp (K) 
wavelength (A) 
cryst syst 
space group 
unit cell dimens 
a (8,) 
b (8,) 
4) 
a (de@ 
B (de@ 

LY& 
Z 
density (calcd) (mg/m3) 
abs coeff ("-I) 

F ( @ W  
cryst size (mm) 
0 range for data collection 
index ranges 

no. of reflns collcd 
no. of ind reflns 
refinement method 
datairestrain tslparams 
goodness of fit on F2 
final R indices [I > 2u(I)] 
R indices (all data) 
largest diff peak and hole (e8,-3) 
diffractometer 
programs used 

AUM-151 

496.44 
223(2) K 
0.71073 8, 
triclinic 
P1 (No. 2) 

9.412(1) 
11.455(2) 
1 1.962(2) 
89.10( 1) 
79.09( 1) 
88.60( 1) 
1265.9(3) 
2 
1.302 
0.550 
520 
0.2 x 0.2 x 0.15 
2.53-26.31" 
0 5 h 5 11, -14 5 k 5 14, 

-14 5 I 5  14 
5469 
5141 [R(int) = 0.0581 
full-matrix least squares on F2 
5 137101296 
1.001 
RI = 0.063, wRZ = 0.117 
R1 = 0.231, wR2 = 0.171 

Enraf-Nonius CAD4 
SHELX-86, SHELX-93, ORTEX 

c24&9cfl6p 

Experimental Section 
All operations were performed under argon. Solvents were 

dried by distillation from sodiumhenzophenone. lH NMR and 
13C NMR spectra were obtained with Bruker WM 300 spec- 
trometer. Multiplicities were determined by DEPI'. Chemical 
shifts refer to  6 ~ s  = 0.00 ppm. Other analyses: IR Digilab 
FTS 45; MS, Finnigan MAT 312; elemental analysis, Perkin- 

13 10( 1) 
1775(7) 
1889(6) 

-469(8) 
- 1576(5) 

797(7) 
397(6) 

1713(7) 
1854(6) 
461(7) 

- 197(5) 
3818(2) 
4485(6) 
3236(7) 
5716(7) 
5000(7) 
5221(6) 
5035(7) 
4958(6) 
6805(6) 
3251(7) 
2611(5) 
1107(9) 
564(10) 
2683(6) 
3803(6) 
5085(6) 
6394(7) 
7364(7) 
6990(8) 
5675(8) 
4722(7) 

2466(1) 
3550(7) 
4237(6) 
2532(6) 
2571(5) 
3782(6) 
4540(5) 
1145(7) 
339(5) 

1532(6) 
1044(4) 
2299(1) 
773(5) 
102(5) 
773(5) 
92(5) 

2985(5) 
2575(6) 
4311(5) 
2722(5) 
2677(5) 
2328(4) 
2056(7) 
1823(8) 
2762(4) 
3198(4) 
3381(5) 
3919(5) 
3995(5) 
3586(6) 
3129(5) 
3036(5) 

8972(1) 
10006(6) 
10669(5) 
9912(5) 

10529(4) 
8126(6) 
7651(5) 
9839(6) 

10386(4) 
8007(5) 
7450(4) 
7771(1) 
7282(4) 
6989(5) 
6238(5) 
8248(5) 
8497(4) 
9734(5) 
8470(5) 
7939(5) 
4683(5) 
3820(3) 
4 120(6) 
3052(7) 
5799(5) 
643 l(4) 
5462(5) 
5414(5) 
4378(6) 
3396(6) 
3416(5) 
4432(5) 

U(eq) is defined as one-third of the trace of the orthogonalized Vi, 
tensor. 

Elmer 240 elemental analyser; melting points uncorrected; 
column chromatography, Merck Kieselgel 100. TLC, Merck 
DC-Alufolien Kieselgel60 F 254. Rfvalues refer to  TLC tests. 
1-(tert-Butylamino)4(di-tert-butylphosphho)-2-ethox- 

ynaphthalene (6a) and [ (E)-N.(tert-Butyl)-4-(di.teert-b~- 
tylphosphino)-2-ethoxy-4-phenyl-1,3-butadien-l-imine, 
P-Crlpentacarbonylchromium [(E)-8al from Chromium 
Complex (E)-3a. (a) NMR experiment. To 50 mg (0.10 
mmol) of (3-di-tert-butylphosphino-l-ethoxy-3-phenyl-prope- 
ny1idene)pentacarbonylchromium [(E)-3aI1 in 1 mL of and 
hexamethylbenzene as an internal standard is added 16 mg 
(0.20 "01) of tert-butyl isocyanide (4a) at 20 "C. The initially 
red solution turns yellow within 1 min. NMR measurements 
(360 MHz) indicate the presence of a 2:1:2:1 mixture of 6a, 
(E)-8a, (CO)&r(t-BuNC) (Sa), and unreacted 4a. After 1 h at 
60 "C, the signals of (E)-8a have disappeared, and signals 
expected for a 3:3 mixture of 6a and Sa are observed. (E)-8a 
is hydrolyzed on silica gel and therefore cannot be isolated by 
chromatography. 
(b) Preparation of 6a. To 248 mg (0.50 mmol) of (E)-3a 

in 3 mL of cyclohexane is added 83 mg (1.00 mmol) of tert- 
butyl isocyanide (4a) with vigorous stirring at 20 "C. The 
mixture is heated to 60 "C for 1 h to complete the conversion 
of (E)-8a into 6a. Chromatography on silica gel with pentane/ 
dichloromethane (4:l) yields colorless Sa (125 mg, identified 
by IR and by comparison of the TLC with authentic material); 
elution with dichloromethandpentane (1:l) affords pale yellow 
6a [Rf = 0.4 in dichloromethane/pentane (l:l),  185 mg, 96%, 
colorless crystals from pentane, mp 104 "Cl. 

6a: lH NMR (CsDs): 6 9.35 [lH, dd, 3J = 7 Hz, 3J(P,H) = 

Hz, 3-H], 7.29 and 7.05 (1H each, dd, 35 = 7 and 7 Hz each, 
6-H and 7-H), 3.92 (2H, q, OCHZ), 3.59 (lH, s broad, NH), 1.27 

7, 5-H], 8.62 (lH, d, 'J= 7 Hz, 8-H), 7.76 [lH, d, 3J(P,H) = 2 

(9H, Nt-Bu), 1.20 (18H, Pt-Buz), 1.23 (3H, t, CH3, Et). 13C 
NMR (CsDs): 6 149.8 (Cq, C2), 137.0 [cq, 'J(P,C) = 26 Hz, 
C41,134.8 [Cq, V(C,P) = 7 Hz, Cl], 132.4 (Cq, C9), 130.8 [Cq, 
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Organic Syntheses via Transition Metal Complexes 

V(C,P) = 24 Hz, ClO], 127.9 [CH, V(C,P) = 37 Hz, C31; 126.6, 
125.2, 124.1 (CH each, C6-C8), 121.5 [CH, V(C,P) = 4 Hz, 
C51, 64.8 (OCHz), 56.0 (NCMe3), 33.4 [Cq, lJ(P,C) = 22 Hz, 
PCMea], 31.8 (CH3, Nt-Bu), 30.0 [CH3, zJ(C,P) = 15 Hz, Pt- 
Bu], 15.6 (CH3, Et). IR (diffise reflection): 3330 cm-I [v(N- 
H)]. MS (70 em, mle (%): 388 (40) [M+ + 13, 387 (50) [M+l, 
330 (50), 274 (100) [M+ - tert-Bu - MezC=CHzl, 218 (401,190 
(10). Anal. Calcd for C2&8NOP (387.6): C, 74.38; H, 9.88; 
N, 3.61. Found: C, 74.43; H, 9.75; N, 3.52. 

(E)-8a: lH NMR (CsDe): 6 7.30 and 7.08 (2:3H, m each, 
4-Ph), 7.10 [lH, d, 3J(P,H) = 8 Hz, 3-H], 3.18 (2H, q, 2-OCHz1, 
1.18 [18H, 3J(C,P) = 12 Hz, Pt-Buzl, 1.05 (9H, Nt-Bu), 0.71 
(3H, t, CH3, Et). 13C NMR (C6D6): 6 222.6 [cq, lc, 'J(p,c) = 
4 Hz, trans-CO, (CO)&r], 219.1 [Cq, 4C, V(P,C) = 11 Hz, cis- 
CO, (CO)&r], 191.8 (Cq, Cl), 155.8 [Cq, lJ(P,C) = 86 Hz, C41, 
141.0 [CH, V(P,C) = 26 Hz, C31, 137.1 [Cq, %J(P,C) = 32 Hz, 
iC, 4Phl; 128.8,127.7,125.3 (2:1:2, CH each, 4-Ph); 113.1 [Cq, 
V(P,C) = 18 Hz, C2],67.5 (OCHz), 61.4 (Cq, NCMe3), 33.0 [Cq, 
V(P,C) = 22 Hz, PCMe31, 31.3 (CH3, Nt-Bu), 31.0 (CH3, Pt- 

l - ( t e r t - B u ~ ~ o ) ~ - ( d i - t e r t - b u t y l p h o s p ~ o ) - 2 ~ ~ o x -  
ynaphthalene (6a) from Tungsten Complex (E)-3b. To 
63 mg (0.10 mmol) of (3-di-tert-butylphosphino-l-ethoxy-3- 
phenylpropeny1idene)pentacarbonyltungsten [(E)-3b11 in 1 mL 
of C6Ds is added 16 mg (0.10 mmol) of tert-butyl isocyanide 
(4a) at 20 "C. The initially red solution turns yellow within 1 
min. lH NMR measurements (360 MHz) indicate that a clean 
conversion into a 1:l mixture of 6a and (C0)6W(t-BuNC) (6b) 
has occurred. 

[ ( ~ - ~ - ( t e r t - B u t y l ) ~ ( ~ - t e ~ - b u t y l p h o s p ~ o ) - 2 - e t h o ~  
4-phenyl-l,3-butadien-l-imine, P-Crlpentacarbonyl- 
chromium [(E)-8a] from (E)-7a and Ita Conversion to 6a. 
To 34 mg (0.05 mmol) of (E)-7a1 in 1 mL of C6D6 is added 8 
mg (0.10 mmol) of 4a. The initially red solution turns yellow 
immediately and shows lH and 13C NMR spectra that are 
identical with those of (E)-8a and Sa. After 1 h at 60 "C, a 
complete conversion of (E)-8a into 6a is indicated by the 'H 
NMR spectrum. 

[ (E)-~-(tert-Butyl)~-(di-tert-butylphosp~o)-2-etho~ 
4-phenyl-1,3-butadien-l-imine, P-Crlpentacarbonyl- 
tungsten [(E)-8b] from (E)-% and Its Conversion to 6a. 
To 48 mg (0.05 mmol) of (E)-%' in 1 mL of C6D6 is added 8 
mg (0.10 mmol) of 4a. The initially red solution turns yellow 
immediately and shows 'H NMR signals of (E)-8b and 5b. 
Compound (E)-8b is stable a t  60 "C for at least 1 h according 
to 'H NMR spectra. After 1 h at 100 "C, a partial conversion 
(10-20%) of (E)-8b into 6a is observed. 

(E)-8b: 'H NMR (C6D6): 6 7.35, and 7.03 (2:3H, m each, 

Buz), 14.8 (CH3, Et). 

4-Ph), 7.22 [lH, d, 3J(P,H) = 8 Hz, 3-H), 3.28 (2H, q, 2-OCH21, 
1.18 [18H, 4J(C,P) = 12 Hz, Pt-Buz], 1.07 (9H, Nt-Bu), 0.65 
(3H, t,  CH3, Et). 

4@i-tert-butylphosphino)- l-(cyclohe~lamino)-24hox- 
ynaphthalene (6b). To 248 mg (0.50 mmol) of (3-di-tert- 
butylphosphino-l-ethoxy-3-phenylpropenylidene)pentacar- 
bonylchromium [(E)-3a] in 3 mL of cyclohexane is added 109 
mg (1.00 mmol) of cyclohexyl isocyanide (4b) with vigorous 
stirring at 20 "C. The mixture is heated to 60 "C for 1 h in 
order to guarantee a complete conversion of the ketene imine 
complex of type (E)-8 into 6b. Chromatography on silica gel 
with pentanddichloromethane (41) yields colorless 6c (140 mg, 
identified by IR and by comparison on TLC with authentic 
material) and with dichloromethandpentane (1:l) pale yellow 
6b [Rf = 0.4 in dichloromethane/pentane (l:l), 210 mg, 96%, 
colorless crystals from pentane, mp 104 "C). Alternatively, 
6b is obtained by the addition of 109 mg (1.00 mmol) of 4b to 
314 mg (0.50 mmol) of (3-di-tert-butylphosphino-l-ethoxy-3- 
phenylpropeny1idene)pentacarbonyltungsten [(E)-3bl at 20 "C 
in a smooth reaction, as is indicated by the lH NMR spectrum. 

6b: 'H NMR (CsDs): 6 9.43 [lH, dd, 3J = 7 Hz, V(P,H) = 
7, 5-H], 8.35 (lH, d, 3J = 7 Hz, 8-H), 7.82 [lH, d, 3J(P,H) = 2 
Hz, 3-H], 7.38 (2H, m, 6-H and 7-H), 3.95 (2H, q, OCHd, 3.45 
(lH, s broad, NH), 3.25 (lH, m, MCH); 2.00, 1.55, 1.30-0.80 
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( l lH ,  m, 5 CHZ, C6H11), 1.28 [18H, d, V(P,H) = 14 Hz, 
averaged signals of Pt-Buz], 1.23 (3H, t, CH3, Et). 13C NMR 

133.3 (Cq, Cl), 128.5 [CH, zJ(C,P) = 37 Hz, C31, 128.6 [Cq, 
3J(P,C) = 7 Hz, C9], 126.9 [Cq, ?J(C,P) = 24 Hz, C101; 124.5, 
123.1, 123.0, 122.9 (CH each, C6 to C8), 121.5 [CH, V(C,P) = 
4 Hz, C5]; 66.8 (OCHz), 57.0 (CH N); 34.6, 26.0, and 25.2 (2: 
2:1, CH2 each, Cy); 32.7 [Cq, lJ(P,C) = 22 Hz, PCMe31,29.7 [6 
CH3, d, dynamically broadened, V(C,P) = 15 Hz, Pt-Bud, 15.2 
(CH3, Et). IR (diffise reflection): 3344 cm-l [v(N-H)I. MS 
(70 eV), mle (%): 413 (40) [M+l, 356 (301, 300 (100) [M - 2 
t-Bul. Anal. Calcd for CZ~H&OP (413.6): C, 75.51; H, 9.75; 
N, 3.39. Found: C, 75.55; H, 9.70; N, 3.34. 
[l-(Di-tert-butylphosphin0)-3-ethoxyindene, P-Crl- 

pentacarbonylchromium (loa) and [3-(Di-tert-butylphos- 
phino) - 1 -ethoxyindene, P -Cr] pentacarbonylchromium 
(9a and 9a'). A 248 mg (0.50 mmol) sample of (3-(di-tert- 
butylphosphino)-l-ethoxy-3-phenylpropenylidene)pentacar- 
bonylchromium [(E)-3a] in 2.5 mL of dry benzene is heated to 
60 "C for 3 h. According to lH NMR spectra, (E)-3a is 
consumed completely and a 4:l mixture of 9a and Sa is 
formed. 9a was isolated by crystallization from pentane at 
-15 "C [Rf = 0.4 in dichloromethanelpentane (1:3), 150 mg, 
60%], while 9a' is accumulated in the mother liquor. Heating 
of a benzene solution of (E)-3a (or of 9a and 9'a) for 3 h to  80 
"C yields mainly 10a [Rf = 0.4 in dichloromethandpentane 
(1:10), yellow crystals from pentane at -45 "C, mp 102 "C, 
dec] . 

loa: 'H NMR (C6D6): 6 7.81, 7.56, 7.12, 7.04 (1H each; d, 
d, dd, dd; 3 5  = 8 Hz each, 4-H-7-H); 5.81 [lH, dd, V(P,H) = 
3 Hz, 3J = 2 Hz, 2-HI, 4.35 [lH, dd, V(P,H) = 8 Hz, 3J = 2 Hz, 
1-HI, 3.95, and 3.80 (1H each, m each, diastereotopic OCHZ), 
1.23, 1.05 [9H each, d each, V(P,H) = 12 Hz each, diaste- 
reotopic t-Bu], 1.15 (3H, t, CH3, Et). l3c NMR (C6D6): 6 221.8 
[Cq, lC, V(P,C) = 6 Hz, trans-CO, (Co)~Crl, 219.1 [Cq, 4C, 
2J(P,C) = 11 Hz, cis-CO, (CO)&r], 157.5 [Cq, d, 3J(P,C) = 8 
Hz, C3], 143.8 [Cq, d, 2J(P,C) = 8 Hz, C81, 142.6 (Cq, C9); 
127.7, 126.6, 126.5, and 120.6 (CH each, C4-C7); 103.8 [CH, 
d, V(P,C) = 4 Hz, C2], 66.4 (OCHz), 51.2 (CH, Cl), 40.0, and 
38.9 (Cq each, diastereotopic PCMe3), 31.5, and 30.8 (CH3 each, 
diastereotopic Pt-Buz), 15.8 (CH3, Et). IR (hexane), cm-l(%): 
2056.2 (30), 1982.6 (51, 1928.0 (100) [v(C=O)I. MS (70 eV), 
mle (%): 496 (20) [M+], 468 (lo), 440 (5), 412 (301, 384 (251, 
356 (60) [M+ - 5C0],314 (50), 304 (50) [356 - Crl, 272 (50), 
248 (50), 247 (50), 159 (go), 131 (100) [indenonel. Anal. Calcd 
for Cz.&Iz&rO6P (496.5): C, 58.06; H, 5.89. Found: C, 58.23; 
H, 5.97. 

9a: 'H NMR (C6D6): 6 8.18, 7.40, 7.21, 7.03 (1H each; d, d, 
dd, dd; 3J = 8 Hz each, 4-H-7-H); 6.87 [lH, dd, V(P,H) = 5.5 
Hz, 3J = 2 Hz, 2-HI, 5.03 (lH, d, 3J = 2 Hz, 1-H), 3.28, and 
3.15 (1H each, m each, diastereotopic OCHZ), 1.20 (18H, 2 
t-Bu), 1.15 (3H, t, CH3, Et). l3c NMR (CsD6): 6 222.6 [cq, 
lC, V(P,C) = 6 Hz, trans-CO, (CO)sCrl, 219.1 [Cq, 4C, 'J(P,C) 
= 11 Hz, cis-CO, (CO)&r], 147.3 (CH, C2), 143.8 [Cq, lJ(P,C) 
= 20 Hz, C31, 143.6 (Cq, C8), 139.1 [Cq, lJ(P,C) = 9 Hz, C91; 
128.4,126.9,125.4, 124.7 [CHeach, C4-C7]; 83.0 [CH, 3J(P,C) 
= 4 Hz, Cl], 62.0 (OCHz), 38.8 and 38.6 [Cq each, lJ(P,C) = 
15 Hz each, PCMe31, 31.9 and 31.8 (3 CH3 each, Pt-Bu), 16.5 
(CH3, Et). IR (hexane), cm-l (%): 2057.7 (20), 1972.0 (51, 
1941.2 (80), 1926.5 (100) [v(C=O)I. MS (70 eV), mle (%I: 496 
(5) [M+], 412 (5), 384 (5), 356 (30) [M+ - 5CO1,320 (30) [ligand + 0 ?I, 304 (10) [356 - Cr], 291 (20) [320 - Et], 247 (60) [304 
- tBu], 159 (95), 131 (100) [indenonel. Anal. Calcd for Cz4H29- 
CrO6P (496.5): C, 58.06; H, 5.89. Found: C, 58.18; H, 5.94. 

9'a: 'HNMR (CeD6): 6 7.94,7.48, 7.23, 7.08 (1H each; d, d, 
dd, dd; 35 = 8 Hz each, 4-H-7-H); 6.73 [lH, dd, %J(P,H) = 2.5 
Hz, 3J = 2 Hz, 2-HI, 5.14 (lH, d, 3J = 2 Hz, 1-HI, 3.39 and 
3.25 (1H each, m each, diastereotopic OCHz), 1.25 (18H, 2 
t-Bu), 1.11 (3H, t, CH3, Et). l3c NMR (C6D6): 6 219.1 and 
218.1 [Cq each, d each, zJ(P,C) = 8.5 Hz each, (C0)5Crl, 143.8 
(CH, C2), 143.0 [Cq, lJ(P,C) = 18 Hz, C31,142.9 (Cq, C8),142.0 
(Cq, C9) = 9 Hz, C91; 128.6,127.8,126.2, 123.8 [CH each, C4- 

(CDCl3): 6 145.4 (Cq, C2), 136.0 [Cq, 'J(P,C) = 26 Hz, C4], 
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C7]; 84.0 [CH, 3J(P,C) = 8 Hz, Cl], 62.2 (OCHz), 39.4 and 38.6 
(Cq each, diastereotopic PCMe3), 30.8 and 33.0 (3 CH3 each, 

[ l-(Di-tert-butylphosphio)-3-ethoxyindene, P-Wlpen- 
tacarbonyltungsten (lob) and [3-(Di-tert.butylph0~phio)- 
1-ethoxyindene, P-Wlpentacarbonyltungsten (9b) by 
Thermolysis of (E)-3b. Thermolysis of [3-(di-tert-butylphos- 
phino)- l-ethoxy-3-phenyl-propenylidene]pentacarbonyltung- 
sten [(E)-3b] in an inert solvent leads to mixtures of varying 
composition, depending on the reaction conditions. 

(a) NMR Experiments. A lH NMR spectrum of a solution 
of 32 mg (0.01 mmol) (E)-3b in 1 mL of CsDs after 35 h at 55 
"C shows signals of 9b only. For different product composition, 
see Table 1. 

(b) Preparation of 9b. A 314 mg (0.50 mmol) sample of 
(E)-3b in 3 mL of heptane is heated for 35 h to 55 "C. 
Chromatography on silica gel with pentane/dichloromethane 
(3:l) yields colorless 9b [Rf = 0.4 in pentane/dichloromethane 
(3:1), 285 mg, 91%, pale yellow crystals, mp 98 "c]. 

( c )  Preparation of lob. A 314 mg (0.50 mmol) sample of 
(E)-3b in 3 mL of heptane is heated for 10 h to 80 "C. 
Chromatography on silica gel with pentane/dichloromethane 
(3:l) yields colorless lob [Rf = 0.4 in pentane/dichloromethane 
(3:1), 270 mg, 86%, pale yellow crystals, mp 140 "C, dec) and 
yellow 9b. 

(lH, dd, 3 J =  7 Hz, 4J= 1.5 Hz, 4-H), 7.12 (lH, dd, 3 J =  7.5, 

Pt-Bu), 16.5 (CH3, Et). 

lob: 'H NMR (CsDs): 6 7.87 (lH, d, 3J = 7.5 Hz, 8-H), 7.56 

7.5 Hz, 5-H), 7.05 (lH, ddd, 3J = 7, 7.5 Hz, 4J = 1.5, 6-H), 
5.78 [lH, dd, 3J(P,H) = 3 Hz, 3J = 2 Hz, 2-H], 4.40 [lH, dd, 
zJ(P,H) = 8 Hz, 3J = 2 Hz, 1-HI, 3.93 and 3.80 (1H each, m 
each, diastereotopic OCHz), 1.21 and 1.06 [9H each, d each, 
3J(P,H) = 13 Hz each, diastereotopic Pt-Bud, 0.95 (3H, t,  CH3, 

(CO)5W], 198.0 [IC, d, 3J(P,C) = 11 Hz, trans-CO, (CO)sWI, 
157.5 [Cq, d, 3J(P,C) = 6 Hz, C31, 142.3 [Cq, d, 'J(P,C) = 7 
Hz, C81, 141.4 (Cq, C9); 128.8, 128.6, 127.0, 119.8 (CH each, 

Hz, Cl), 40.0 and 39.0 [Cq each, IJ(P,C) = 6 and 7 Hz, 
diastereotopic PCMe3],31.6 and 31.4 (CH3 each, diastereotopic 
Pt-Buz), 15.0 (CH3, Et). MS (70 eV), Ia4W, m/e (%): 628 (20) 

(30), 159 (80), 131 (100). IR (hexane), cm-l(%): 2067.3 (201, 
1936.0 (100) [v(CO)]. Anal. Calcd for C Z ~ H Z ~ O ~ P W  (628.3): c ,  
45.88; H, 4.65. Found: C, 45.97; H, 4.55. 

9b: lH NMR (CsDs): 6 8.17, 7.40, 7.19, 7.01 (1H each; d, d, 

2-H], 5.05 (lH, d, 3J = 2 Hz, 1-H), 3.30 and 3.25 (1H each, m 
each, diastereotopic OCHz), 1.25 and 1.20 (9H each, d each, 
3J(P,H) = 14 Hz each, diastereotopic Pt-Bud, 1.15 (3H, t,  CH3, 

CO, (CO)5W], 198.3 [Cq, lC, %7(P,C) = 21 Hz, trans-CO, 

[Cq, IJ(P,C) = 17 Hz, C31, 138.5 [Cq, zJ(P,C) = 15 Hz, C91; 
128.3,126.9,126.2,124.7 [CH each, C4-C7]; 83.0 [CH, 3J(P,C) 
= 9 Hz, Cl), 62.0 (OCHz), 38.3 and 38.1 [Cq each, 'J(P,C) = 
14 Hz each, diastereotopic PCMe31, 31.3 and 31.1 [CHs each, 
V(P,C) = 14 Hz, diastereotopic CMe31, 16.3 (CH3, Et). IR 
(hexane), cm-' (a): 2067.7 (20), 1973.2 (5), 1940.2 (901,1925.7 
(100) [v(C=O)]. MS (70 eV), la4W, mle (%): 628 (20) [M+l, 572 
(5), 516 (20), 488 (20) [M+ - 5CO1, 304 (30) [488 - Wl, 247 
(30), 191 (60), 163 (401, 57 (100). Anal. Calcd for C24H2906- 
PW (628.3): C, 45.88; H, 4.65. Found: C, 46.12; H, 4.63. 
[3-(Dicyclohexylphosphino)-l-ethoxyindene, P-Crl- 

pentacarbonylchromium (9c) and [ 1-(Dicyclohexylphos- 
phino)-3-ethoxyindene, P-Crlpentacarbonylchromium 
(1Oc). A 274 mg (0.50 mmol) sample of [3-dicyclohexylphos- 
phino)- 1-ethoxy-3-phenylpropenylidenelpentacarbonyl- 
chromium [(E)-3c] in 4 mL of heptane is heated for 2 h to 80 
"C. The IH NMR spectra indicate a clean conversion of (E)- 
3c into a 8:l mixture of 9c and 1Oc. After 2 h a t  100 "C, 
compound 1Oc is observed as the only product. 

Et). 13C NMR (C&): 6 199.8 [4C, d, 3J(P,C) = 6 Hz, c~s-CO, 

C4-C7); 103.8 (CH, C2), 65.8 (OCHz), 51.2 (CH, 'J(P,C) = 7 

[M+], 488 (20) [M+ - 5CO1, 304 (30) [488 - Wl, 247 (301, 191 

dd, dd; 4-H-7-H); 6.87 [2-H, dd, 3J(P,H) = 6 Hz, 3J = 2 Hz, 

Et). l3C NMR (CeDs): 6 218.6 [cq, 4c, 'J(P,C) = 8 Hz, cis- 

(CO)5W], 147.5 [CH, 'J(P,C) = 6 Hz, C21, 143.8 (Cq, C8), 143.6 

1Oc: 'H NMR (CsDs): 6 7.61, 7.21, 7.12, 7.02 (1H each; d, 
d, dd, dd; 3J = 8 Hz each, 4-H-7-H); 5.50 [lH, dd, 3J(P,H) = 

1-HI, 3.80 and 3.65 (1H each, m each, diastereotopic OCHz), 
2.30 and 2.25 [ lH each, d each, V(P,H) = 12 Hz each, 
diastereotopic CHP, Cy]; 1.85,1.66,1.52,1.20 (2:8:8:2, m each, 

lC, V(P,C) = 6 Hz, trans-CO, (C0)5Cr], 219.0 [Cq, 4C, 2J(P,C) 
= 13 Hz, cis-CO, (CO)&r], 158.6 [Cq, C31,142.5 [Cq, d, zJ(P,C) 
= 8 Hz, C8], 141.1 (Cq, C9); 127.6, 126.4, 125.0, and 120.2 
(CH each, C4-C7); 100.0 [CH, d, %T(P,C) = 4 Hz, C21, 65.6 
(OCHz), 45.7 (CH, Cl), 39.3 and 39.1 (CH each, diastereotopic 
CHP); 38.5, 36.6,36.4, 35.3, 35.2 (CHz each, 2 Cy); 14.9 (CH3, 
Et). IR (hexane), cm-' (%): 2056.0 (30), 1982.6 (5), 1928.0 
(100) [v(C=O)]. MS (70 eV), mle (%): 548 (20) [M+], 520 (101, 
464 (40), 436 (30), 409 (501, 408 (60) [M+ - 5CO1, 356 (30) 
[408 - Cr], 327 (50) [356 - Et], 245 (30) [327 - CsHio1, 131 
(100). Anal. Calcd for CzsH33CrOsP (548.5): C, 61.31; H, 6.06. 
Found: C, 61.44; H, 6.28. 

9c: lH NMR (CsD.5): 6 7.72, 7.30, 7.21, 7.13 (1H each; d, d, 
dd, dd; 3J = 8 Hz each, 4-H-7-H); 7.02 [lH, dd, 3J(P,H) = 5.5 
Hz, 3 J  = 2 Hz, 2-HI, 5.00 (lH, d, 3J = 2 Hz Hz, 1-H), 3.26 and 
3.16 (1H each, m each, diastereotopic OCHz), 2.60 (2H, m, 
diastereotopic CHP); 2.10,1.80,1.60,1.20 (46:6:4, CHz of Cy); 
1.05 (3H, t, Et), IR (hexane), cm-l (%): 2056.7 (201, 1974.3 
(51, 1925.2 (100) [v(C~O)I. 
l-(Di-tert-butylphosphino)-3-ethoxyindene (12) from 

(E)-3a or (E)-3b. (a) NMR experiment. A 25 mg (0.05 
mmol) sample of [3-(di-tert-butylphosphino)-l-ethoxy-3-phen- 
ylpropeny1idene)pentacarbonylchromium [(E)-3al in 1 mL of 
CsDs, 5 mg (0.05 mmol) of pyridine, and hexamethylbenzene 
as an internal standard is heated to 80 "C for 2 h. The 'H 
NMR spectrum indicates a clean conversion of (E)-3a into 12 
('90%) and (C0)5Cr(C5Ha) l l a  [6 = 7.91,6.55, and 6.02,2:1: 
2H, m each]. A 32 mg (0.05 mmol) sample of [3-(di-tert- 
buty1phosphino)- 1-ethoxy-3-phenylpropenylidenelpentacar- 
bonyltungsten [(E)-3b] and 5 mg of pyridine at 80 "C for 8 h 
give 12 ('90%) and (C0)5W(C5H5N) l l b  [6 = 8.05,6.95 and 
6.04, 2:1:2H, m each]. 

(b) Preparation of 12. A 248 mg (0.50 mmol) sample (E)- 
3a in 4 mL of heptane and 45 mg (0.50 mmol) of pyridine is 
heated for 1.5 h to 80 "C. l l a  forms yellow crystals at -15 
"C, which are removed by centrifugation after 12 h. 12 
separates from pentane at -45 C in yellowish crystals, mp 
88 "C. Solutions of 12 are sensitive to oxidation by air. 

12: IH NMR (C6D6): 6 7.92, 7.68, 7.20 (1:1:2H, m each, 
4-H-7-H); 5.56 (lH, d, 3J = 2 Hz, 2-H], 3.84 (2H, m, 
diastereotopic OCHz), 3.70 [lH, dd, 'WP,H) = 2 Hz, 3J = 2 
Hz, 1-HI, 1.29 and 0.93 [9H each, d each, 3J(P,H) = 11 Hz 
each, diastereotopic t-Bu], 1.21 (3H, t, CH3, Et). 13C NMR 

138.9 [Cq, d, 3J(P,C) = 4 Hz, C91; 126.6, 126.1, 125.2, 119.1 
(CH each, C4-C7); 103.5 [CH, d, %7(P,C) = 4 Hz, C21, 65.3 

each, d each, 'J(P,C) = 32 and 26 Hz, diastereotopic PCMe31, 
30.8 and 30.2 [CH3 each, d each, 2J(P,C) = 14 and 13 Hz, 
diastereotopic P(CMe3)], 14.9 (CH3, Et). MS (70 eV), m/e (%I: 

t-BuzPl, 131 (100). Anal. Calcd for C19HZgOP (304.4): C, 
74.97; H, 9.60. Found: C, 74.75; H, 9.36. 
l-(Di-tert-butylphosphono)-S-ethoxyindene (14) by Oxi- 

dation of 12 on Air. A 30 mg (0.10 mmol) sample of l-di- 
tert-butylphosphino-3-ethoxyindene (12) in 1 mL of CsD6 and 
hexamethylbenzene as an internal standard is exposed to air 
for 30 h at 20 "C. The lH NMR spectrum indicates that a clean 
conversion into 14 (>go%) has occurred. 14 separates from 
pentane at -45 O C in yellowish crystals. NMR (CsD6): 6 
8.63,7.71, 7.20 (1:1:2H, m each, 4-H-7-H); 5.16 [lH, dd, 3J = 

= 2 Hz, 1-HI, 3.85 (2H, m, diastereotopic OCHz), 1.55 and 1.10 
[9H each, d each, 3J(P,H) = 25 Hz each, diastereotopic t-Bul, 

3 Hz, 3J = 2 Hz, 2-HI, 4.15 [lH, dd, 'J(P,H) = 8 Hz, 3J = 2 Hz, 

CH2, CY), 1.05 (3H, t, CH3, Et). 13C NMR (C6Ds): 6 222.8 [cq, 

(CsDs): 6 157.8 (cq, c3), 148.1 [cq, d, 'J(P,C) = 16 Hz, C81, 

(OCHz), 43.0 [CH, d, 'J(P,C) = 43 Hz, Cl], 34.1 and 32.3 [Cq 

304 (10) [M+], 247 (80) [M - t-Bu], 191 (501, 159 (100) [M - 

2 Hz, 3J(P,H) = 2 Hz, 2-HI, 4.06 [lH, dd, 'J(P,H) = 22 Hz, 3J 

1.21 (3H, t, CH3, Et). 13C NMR ( c a s ) :  6 154.3 (Cq, C3), 143.2 
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Organic Syntheses via Transition Metal Complexes 

[Cq, d, 2J(P,C) = 4 Hz, C81, 136.0 (Cq, C9); 127.4,126.8,124.8, 
118.4 (CH each, C4-C7); 97.4 (CH, C2), 64.9 (OCHd, 45.5 [CH, 
d, lJ(P,C) = 33 Hz, Cl], 38.1 and 37.0 [Cq each, d each, lJ(P,C) 
= 37,33 Hz, diastereotopic PCMe31,30.6 and 27.2 [CH3 each, 
d each, 2J(P,C) = 11 Hz, diastereotopic P(CMe3)1, 14.6 (CH3, 
Et). IR (diffise reflection), cm-l (%): = 1176 (100) [(C-0) 
andor (P=O) I. MS (70 em, mle (%I: 320 (10) [M+], 291 (10) 

Calcd for CIgH2902P (320.4): C, 74.97; H, 9.60. Found: C, 
75.00; H, 9.75. 

(E)-Ethyl 3-(di-tert-butylphosphono)propenoate [(E)- 
131 by Oxidation of (E)-3a on Air. A 25 mg (0.05 mmol) 
sample of [3-(di-tert-butylphosphino)-1-ethoxy-3-phenylprope- 
nylidenelpentacarbonylchromium [(E)-3a] in 1 mL of C& and 
hexamethylbenzene as an internal standard is exposed to air 
for 30 h at  20 "C. The mixture is centrifiged, and a lH NMR 
spectrum is taken from the supernatant solution, which 
indicates a clean conversion of (E)-3a into (E)-13 (>go%). 
Compound (E)-13 separates from pentane at  -45 C in 
yellowish crystals, mp 87 "C. 'H NMR (CsDs): 6 7.20, 7.05, 

[M - Et], 159 (100) [M - t-BuzPO], 131 (50) [EO - CO]. Anal. 

Organometallics, Vol. 14, No. 1, 1995 237 

and 7.00 (2:1:2H, m each, Ph); 7.20 [lH, d, 3J(P,H) = 15 Hz, 
2-HI, 3.96 (2H, q, OCHz), 1.17 [18H, d, 'J(P,H) = 13 Hz, Pt- 
Bu~],  0.68 (3H, t, CH3, Et). MS (70 eV), mle (%): 337 (10) [M+ 
+ 13,279 ( 5 )  [M - t-Bu], 263 (51,251 (70) 1279 - HzC=CHzI, 
195 (100) [251 - - C~HS], 57 (40), 41 (50). IR (diffuse 
reflection), cm-l(%): = 1728 (100) [(C=O)], 1165 (100) [(C-0) 
andor (P-0) I. Anal. Calcd for C~gH2903P (336.4): C, 67.84; 
H, 8.69. Found: C, 67.93; H, 8.80. 

Acknowledgment. This work was supported by the  
Volkswagen-StiRung and the Fonds der Chemischen 
Industrie. 

Supplementary Material Available: For loa, tables of 
crystal data and details of data collection, interatomic dis- 
tances and angles, final thermal parameters, and hydrogen 
positional parameters (8 pages). Ordering information is given 
on any current masthead page. 
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[ C ~ S , C ~ S ,  tr~n~-RuCl2( C0)2{ Ph2P(CH2CH20),CH2CH2PPh2-PP '} 1, 
(n = 4, 5; m = 1, 2, ...) Metallacrown Ethers. X-ray 

Crystal Structures of 

a Complex Which Exhibits Rotational Isomers in the 
Solid State, and [cis,cis,truns-RuCl~(CO)~= 

{pPh2P(CH2CH20)4CH2CH2PPh2=P,P '}12, an Unusual 
Dimetallacrown Ether 

cis,cis,tr~n~-R~C12( C0)2{ P~~P(CH~CH~O)~CHZCH~PP~~-PP '} 

Gary M. Gray,* Ashima Varshney, and Christina H. Duffey 
Department of Chemistry, The University of Alabama at Birmingham, 242-OB15 UAB Station, 

Birmingham, Alabama 35294, and Department of Chemistry, Samford University, 
Birmingham, Alabama 35229 

Received August 16, 1994@ 

The reactions of Ph2P(CH2CH20),CH2CH2PPh2 (n  = 4, 5 )  ligands with RuC12(C0)3(THF) 
give a variety of complexes of the type [c~s,c~s,~~u~s-RuC~~(CO)~{P~~P(CH~CH~~),CH~CH~- 
PPhz-PQ '}Im. Multinuclear NMR and IR spectroscopic studies indicate that the major 
product in each reaction is the mononuclear (m = 1) complex in which the P~~P(CH~CHZO),-  
CH2CH2PPh2 ligand spans two trans positions. The minor products are polynuclear (m = 
2, 3, ...I complexes in which each P ~ ~ P ( C H ~ C H Z O ) , C H ~ C H ~ P P ~ ~  ligand bridges two 
rutheniums. X-ray crystal structures of cis,cis,truns-RuC12(C0)2{Ph2P(CH2CH20)4CH2CH2- 
PPhz-PQ '}, 4a, (monoclinic space group P2l/n, a = 10.194(1), b = 22.907(3), c = 15.259(2) 
A; p = 92.46(1)"; V = 3560.0(8) A3; 2 = 4) and [cis,cis,trans-RuCl2(CO)2{~-Ph2P(CH2CH20)4- 
CH2CH2PPh2-PQ '}12*(CH&CO, 4b.(CH&CO, (monoclinic space group P21/a, a = 18.976(3), 
b = 22.076(5), c = 10.426(8) A; /3 = 111.64(1)"; V = 4060(1) A3; 2 = 4) confirm these 
conclusions. The monomeric 4a  is a rare example of an octahedral complex with a trans- 
spanning bis(phosphine) ligand. Two different rotamers of 4a are observed in the solid state. 
In the major rotamer the trans-spanning ligand passes between one chloride and one carbonyl 
while in the minor rotamer the trans-spanning ligand passes between the two chlorides. 
The dimeric 4b  is the first example of a dimetallacrown ether. The trans phosphines in 4b  
cause the formation of two, distinct metallacrown ether sites separated by a chloride and a 
carbonyl ligand on each ruthenium. 

Introduction 

One of the most interesting classes of metallomacro- 
cycles1 are the metallacrown ethers, formed by chelation 
of R2PX(CH2CH20),CH2CH=R2 (R = Ph, 0-alkyl; X 
= -, 0; n 1 3) ligands to transition These 
metallacrown ethers readily coordinate hard metal 

* To whom correspondence should be addressed at The University 

@ Abstract published in Advance ACS Abstracts, November 1,1994. 
(1) This class of complexes has recently been reviewed van Veggel, 

F. C. J. M.; Werbloom, W.; Reinhoudt, D. N. Chem. Reviews 1994,94, 
279. 
(2) (a) Powell, J.; Kuksis, A,; May, C. J.; Nyberg, S. C.; Smith, S. J. 

J.  Am. Chem. SOC. 1981,103,5941. (b) Powell, J.; Nyberg, S. C.; Smith, 
S. J. Inorg. Chim. Acta 1983, 76, L75. ( c )  Powell, J.; Ng, K. S.; Ng, W. 
W.; Nyberg, S. C. J.  Organomet. Chem. 1983,243, C1. (d) Powell, J.; 
Gregg, M.; Kuskis, A.; Meindl, P. J.  Am. Chem. SOC. 1983,105, 1064. 
(e) Powell, J.; Gregg, M. R.; Kuksis, A.; May, C. J.; Smith, S. J. 
Organometallics 1989, 8, 2918. (0 Powell, J.; Kuskis, A.; May, C. J.; 
Meindl, P. E.; Smith, S. J. Organometallics 1989,8, 2933. (g) Powell, 
J.; Gregg, M. R.; Meindl, P. E. Organometallics 1989, 8, 2942. (h) 
Powell, J.; Lough, A.; Wang, F. Organometallics 1992, 11, 2289. 

(3) (a) Alcock, N. W.; Brown, J .  M.; Jeffery, J. C. J .  Chem. SOC., 
Chem. Commun. 1974, 829. (b) Alcock, N. W.; Brown, J .  M.; Jeffery, 
J .  C. J .  Chem. Soc., Dalton Trans. 1976,583. ( c )  Thewissen, D. H. W.; 
Timmer, K.; Noltes, J. G.; Marsman, J. W.; Laine, R. M. Inorg. Chim. 
Acta 1986,97, 143. (d) Timmer, K.; Thewissen, D. H. W. Inorg. Chim. 
Acta 1986, 100, 235. (e) Timmer, K., Thewissen, H. M. D.; Marsman, 
J. W. Recl. Trav. Chim. Pays-Bas 1988, 107, 248. 

of Alabama at Birmingham. 

0276-7333195123 14-O238$O9.OOIO 

cations, and the stabilities of the alkali metal cation 
complexes depend upon the relative sizes of the cation 
and the metallacrown ether ~ a v i t y . ~ , ~ , ~  Cations bound 
to the metallacrown ethers can interact with the oxygen 
lone pairs of the carbonyl ligands in cis-Mo(CO)4{Rz- 
PX(CH~CH~~),CHZCH~XPR~-PQ '} metallacrown ethers. 
Coordination of Li+ activates the carbonyl ligands of cis- 
MO(C~)~{RZPO(CHZCH~O)~CH~CH~OPR~-PQ '] met- 
allacrown ethers toward nucleophilic attack by alkyl- 
and aryllithium reagents.2 Coordination of Hg2+ cata- 
lyzes the cis to trans isomerization of the cis-Mo(CO)r- 
{ Ph2P(CH2CH20)4CH&H2PPh2-P,P '} metallacrown 
ether.6 These results suggest that hard metal ion 
complexes of metallacrown ethers could be used to 
activate a variety of bifunctional ligands, such as 
carbonyls, that can coordinate to both metal centers. 
This property could be quite useful in the design of 
catalysts for reactions involving such ligands. 

The phosphorus-donor groups are cis coordinated iq 
all reported metallacrown ethers except trans-Mo(CO)4- 
{Ph2P(CH2CH20)4CH2CH2PPh2-PQ '}, l.5 The chelate 
(4) (a) Varshney, A,; Gray, G. M. Inorg. Chem. 1991, 30, 1748. (b) 

Varshney, A.; Webster, M. L.; Gray, G. M. Inorg. Chem. 1992,31,2580. 
( 5 )  Gray, G, M.; Duffey, C. H. Organometallics 1994, 13, 1542. 
(6) Gray, G, M.; Duffey, C. H. Organometallics, in press. 

0 1995 American Chemical Society 
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Table 1. 31P and Phenyl 13C NMR Data" 

para P ipso ortho meta 

no. 6 ( W  (ppm) W3C) (ppm) lJ(PC)I (Hz) 613C (ppm) IJ(PC)I (Hz) W3C) (ppm) IJ(PC)I (Hz) W3C) (ppm) 
l b  32.57 s 139.48 aq 34d 131.70 aq 1 lf 128.28 bs 129.16 s 
2 e  -21.68 s 138.17 d 12e 132.68 d 188 128.56 d 12h 128.41 s 
3' -21.69 s 138.29 d 12' 132.71 d 178 128.58 d loh 128.41 s 
4a 9.74 s 132.74 aq 47d 132.55 aq 8f 128.74 aq 8' 130.79 s 
4b 13.43 s 131.02 aq 45d 132.85 aq sf 128.52 bs 130.71 s 
4d 14.77 s i 132.93 bs 128.43 bs 130.70 s 
Sa 11.16 s 131.85 aq 46d 132.63 aq 1N 128.71 bs 130.81 s 

Ob = broad, s = singlet, d = doublet, aq = apparent quintet. *Data from ref 5 .  Data from ref 3a. IIJ(PC) + 3J(PC)I. e IIJ(PC)/. f I2J(PC) + 4J(PC)l. 
g 12J(PC)I. 13J(PC)I. 13J(PC) + 5J(OC)I. j Not observed. 

Table 2. AliDhatic and Carbonyl 13C NMR Data" 

C3, C4, C5, C6 
W3C) (ppm) 

l b  34.38 aq 22d 66.96 aq 1 2  71.07 s, 71.03 s, 70.24 s 210.59 t 8 
2' 28.73 d 12e 68.53 d 268 70.58 s, 70.53 s, 70.10 s 
3c 28.73 d 13' 68.49 d 258 70.55 s, 70.51 s, 70.51 s, 70.07 s 
4a 27.05 aq 2gd 65.18 s 70.46 s, 69.98 s, 69.07 s 191.67 t 11 
4b 24.54 aq 27d 66.01 s 70.61 s, 70.44 s, 69.95 s 192.23 t 11 
4d 24.13 aq 27d 66.05 s 70.43 s, 70.36 s, 69.86 s 192.25 t 11 
Sa 25.47 aq 2gd 65.54 s 70.97 s, 70.69 s, 69.89 s, 69.69 s 191.94 t 11 

r? b = broad, s = singlet, d = doublet, t = triplet, aq = apparent quintet. Data from ref 5.  Data from ref 3a. I*J(PC) + 3J(PC)I. e IIJ(PC)I. f I2J(PC) 
+ 4J(PC)I. IZJ(PC)I. 

ring in 1 has very different solution and solid state 
conformations from those of the chelate rings in the 
metallacrown ethers with cis phosphorus-donor groups. 
In addition, the Mo(C0)4 group in 1 freely rotates within 
the chelate ring making this complex a 'molecular 
gyroscope'. Both these properties suggest that metal- 
lacrown ethers with trans-coordinated phosphorus- 
donor groups (trans-metallacrown ethers) could exhibit 
properties that are quite different from those with cis- 
coordinated phosphorus-donor groups (cis-metallacrown 
ethers). 

In this paper, we report the results of our studies of 
the reactions of RuC12(CO)&THF') with Ph2P(CH2CH20),- 
CH2CH2PPh2 (n = 4 (2),5 (3)). These reactions yield a 
variety of trans-metallacrown ethers, and these have 
been characterized by multinuclear NMR and IR spec- 
troscopy. The insights that these spectroscopic studies 
provide into the solution structures of these metalla- 
crown ethers are discussed. X-ray structures of the 
major product and one of the minor products from the 
reaction of RuC12(CO)3(THF) with Ph2P(CH2CH20)4CH2- 
CH2PPh2 have also been determined and are presented. 

Experimental Section 

The 31P{ lH} and 13C{ 'H} NMR spectra were recorded on a 
GE NT-300, multinuclear NMR spectrometer. The 31P NMR 
spectra were referenced to external 85% H3P04, and the 13C 
NMR spectra were referenced to internal SiMe4. The 31P and 
13C NMR data for the complexes are given in Tables 1 and 2 
with positive chemical shifts downfield from those of the 
references. Infrared spectra of KBr disks of the complexes 
were run on a Nicolet IR44 spectrometer. Elemental analyses 
were carried out by Atlantic Microlab, Inc., Norcross, GA. 

All free ligands, tetrahydrofuran (THF) and diethyl ether 
were handled under high purity nitrogen, and all reactions 
and recrystallizations were carried out under high purity 
nitrogen. The solid products were air stable. All solvents were 
of reagent grade and were used as received except for diethyl 
ether and THF which were distilled from sodium-benzophe- 
none. All starting materials were reagent grade and were used 
as received. The deuterated solvents were opened and handled 
under a nitrogen atmosphere at all times. The PhzP(CH2- 

CH20),CH2CHzPPh2 (n = 4 (2), 5 (3)) ligands4* and RuClz(C0)3- 
(THF)' were prepared using literature procedures. 

PQ '}Im (4). Solutions of 1.00 g (3.05 mmol) of RuC12(CO)3- 
(THF) in 500 mL of dichloromethane and 1.85 g (3.23 mmol) 
of 2 in 500 mL of dichloromethane were added dropwise and 
simultaneously to 1000 mL of dichloromethane over a period 
of 5 h. The reaction mixture was then stirred for an additional 
18 h after which it was evaporated to  dryness to yield 2.56 g 
(100%) of crude 4 as a white foam. The 31P NMR (chloroform- 
d l )  of the material contained four singlets at  9.71 (4a, major), 
13.42 (4b, minor), 14.35 (4c, very minor) and 14.77 (4d, minor) 
ppm. A portion of the material (0.80 g) was chromatographed 
on silica gel. Elution with a 3:l mixture of ethyl acetate- 
hexanes yielded 4a (0.46 g, 58%). Next, elution with a 4:l 
mixture of ethyl acetate-hexanes initially yielded 4b (0.13 g, 
16%) and then a mixture of 4b, 4c and 4d. Finally, elution 
with a 1 O : l  mixture of ethyl acetate-methanol yielded pure 
4d (0.07 g, 9%). Each fraction that contained a single 
component was triturated with hexanes to give the compounds 
as analytically pure white powders (mp 203-205 "C for 4a, 
192-195 "C for 4b, 90-95 "C for 4d). Anal. Calcd for 
C ~ ~ H ~ ~ C ~ Z O ~ P ~ R U :  C, 53.86; H, 4.99%. Found for 4a: C, 53.65; 
H, 5.09%. Found for 4b: C, 53.56; H, 5.06%. Found for 4d: 
C, 53.62: H, 5.13%. IR (KBr): v(C0) 2058, 1995 cm-l, 4a; 
2058, 1995 cm-l, 4b; 2058, 1995 cm-l, 4d. 

PQ '}I,,, (5). Using the procedure for the preparation of crude 
4, 0.10 g (0.32 mmol) of 3 and 0.10 g (0.30 mmol) of RuC12- 
(C0)3(THF) were reacted to  yield a white waxy residue. A 31P 
NMR spectrum of the material in chloroform-dl had singlets 
at 11.17 (Sa, major), 13.99 (Sb, minor) and 14.75 (Sc, minor). 
The residue was chromatographed on silica gel. Elution with 
a 2:l mixture of ethyl acetate-hexanes yielded 0.20 g (74%) 
of analytically pure Sa (mp 280 "C). Anal. Calcd for 
C38H44C1207P2R~: C, 53.91; H, 5.24%. Found: C, 54.49; H, 
5.32%. IR (KBr): v(C0) 2058, 1997 cm-l. 

[ ~ i s p i s a m - R ~ ( C O ) & l 2 {  Phap(CHzCH20)4CHzCHapph2 

[C~&S&YJIW-RU(CO)~C~Z{ PhaP(CHzCH2O)&HzCI&PPhr 

(7) We originally reported that this complex was [Ru(C0)&121. 
0.75THF based upon analytical results. (Reddy, V. V. S.; Whitten, J. 
E.; Redmill, K. A.; Varshney, A.; Gray, G. M. J. Organomet. Chem. 
1989, 372, 207). We have now obtained a crystal structure of this 
complex (Duffey, C. H.; Gray, G. M. Unpublished results) which 
indicates that the correct formula is as shown in the text. The 
difference in formulas most likely is due to loss of THF during drying 
of the analytical sample. 
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X-ray Structure Determination of 4a and 4b(C&)&O. 
A colorless, needlelike crystal of 4a was grown by slowly 
diffusing hexanes into a dichloromethane/methanol solution 
of the complex. A colorless, blocky crystal of 4b.(CH&CO was 
grown by slowly diffusing acetone into a dichloromethane 
solution of 4b. The crystals were mounted on glass fibers with 
epoxy cement, and the cell constants were obtained from least- 
squares refinement of 25 reflections with 25 5 8 5 35" for 4a 
and 12 5 8 5 16" for 4b.(CH&CO. All measurements were 
carried out on an Enraf-Nonius CAD4 diffractometer at 23 "C 
using graphite-monochromated Cu Ka radiation (A = 1.5418 
A) for 4a and at 22 "C usin graphite-monochromated Mo Ka 

collected by 0-20 scans for both crystals. No decay correction 
was applied to the data for 4a, but an empirical absorption 
correction was applied. Both linear decay and empirical 
absorption corrections were applied to the data for 4b.(CH& 
co. 

Both structures were solved by heavy-atom methods and 
refined by a full-matrix least squares procedure that mini- 
mized w(lFol - lFc1)2 where w = l/u2(Fo) using the Crystals 
programs in the MolEN package of programs from Enraf- 
Nonius. The structure of 4a was disordered due to rotational 
isomerism that exchanged one carbonyl and one chloride 
ligand. The sum of the occupancies of the chloride and 
carbonyls in the two sites were set equal to one, the occupancy 
of the chloride in one site was linked to that of the carbonyl 
in the other site and the occupancies were refined. The 
polyether chains in 4b.(CH&CO were quite mobile and gave 
poor bond lengths when freely refined. In order to obtain a 
reasonable structure, the C-C bond lengths were restrained 
to 1.54 A and the C-0  bond lengths were restrained to 1.43 
A during the refinement. This did not materially affect the R 
factors and did result in reasonable bond angles. All hydrogen 
atoms in both structures were placed in calculated positions 
(C-H = 0.96 A, UISO(H) = 1.3U1so(C)) and were ridden on the 
heavy atoms to which they were attached. Both data sets were 
weighed using a non-Poisson scheme. A secondary extinction 
correction was applied to  each set of data: and the extinction 
coefficients were refined. In the last stage of the refinement 
for each structure, no parameter varied by more than 0.01 of 
its standard deviation, and the final difference Fourier map 
had no interpretable peaks. Heavy atom scattering factors 
were taken from the compilations of Cromer and Weber,g and 
those for hydrogen were taken from the International Tables 
for X-Ray Crystallography, Vol. W.lo Corrections for anomalous 
dispersion were taken from the compilations of Cromer and 
Liebermanl' and applied to chlorine, phosphorus and ruthe- 
nium. Data for the X-ray structure analyses are given in Table 
3. Positional parameters for 4a are given in Table 4, and those 
for 4b.(CH&CO are given in Table 5. Values of selected bond 
lengths for 4a are given in Table 6, and those for 4b.(CH&- 
CO are given in Table 7. Values of selected bond angles for 
4a are given in Table 8, and those for 4b.(CH&CO are given 
in Table 9. Values of selected torsion angles for both struc- 
tures and for 1 are given in Table 10. Tables of hydrogen 
atomic positional parameters, thermal parameters, torsion 
angles and least squares planes for 4a and 4b are available 
as supplementary material. ORTEP12 drawings of the major 
and minor rotamers of 4a are given in Figures 1 and 2, and 
that for 4b.(CH&CO is given in Figure 3. 

radiation (A = 0.710 73 1 ) for 4b.(CH&CO. Data were 

Results and Discussion 
Syntheses and Solution Conformations of the 

RUC~~(C~)~{P~~P(CH~CH~O)~CH~CH~PP~~} Com- 

Gray et al. 

(8) Zachariasen, W. H. Acta Crystallogr. 1963, 16, 1139. 
(9)  Cromer, D. T.; Waber, D. T. Acta Crystallogr. 1966,18, 104. 
(10) International Tables for Crystallography; Hahn, T., Ed.; The 

(11) Cromer, D.  T.; Lieberman, D. J. J. Chem. Phys. 1970,53,1891. 
(12) Johnson, C. K. ORTEPII. Report ORNL-5138. Oak Ridge 

Kynoch Press: Birmingham, U.K., 1974; Vol. IV, p 72. 

National Laboratory: Oak Ridge, TN, 1976. 

Table 3. Data Collection and Structure Solution and 
Refinement Parameters for 4a and 4b 

Z 

cryst dimens, mm 
dCdc (g/cm3) 

h m a ,  hmin 
kmax, kmin 
&I" 
radiation (A (A)) 
temp ("C) 
abs coeff (cm-I) 
8 (limits (deg) 
decay corr 
decay (%) 
abs corr 
Tma. Tmm (%) 
refl measd 
scan width (deg) 
refl with I ?  nu(l) 
no. of variables 
function minimized 
weighing scheme 

instrumental uncertainty factor 
secondary extinction corr type 
minimized extinction coeff 
R, %" 
Rw 
GOFC 
max, min resid electron 

max shifuerror 
density (e/A3) 

4a 

P21/n 
10.194( 1) 
22.907(3) 
15.259(2) 
92.46( 1) 
3560.0(8) 
4 
1.497 
0.11 x 0.10 x 0.21 
12, 0 
28,O 
19, -19 
Cu Ka (1.541 84) 
23 
62.890 

none 

empirical 
99.6, 84.8 
8036 
1.34 
4310 ( n  = 3) 
423 

non-Poisson 

0.03 
Zachariesen 
7.608 x lo-* 
7.13 
8.68 
1.324 
1.057, -0.287 

0.01 

0.1-74 

W(lF0I - IFcl)2 

(w = l/u2(Fo)) 

P21/a 
18.976(3) 
22.076(5) 
10.426(8) 
11  1.64(1) 
4060.(1) 
4 
1.408 
0.37 x 0.34 x 0.50 
24, -24 
0, -28 
13,O 
Mo Ka (0.710 73) 
22 
6.324 
0.1 -27.5 
linear 
6.9 
empirical 
99.9,94.6 
10 073 
1.35 
4305 (n = 2) 
46 1 

non-Poisson 

0.02 
Zachariesen 
2.867 x lo-* 
5.58 
6.04 
1.972 
0.721, -0.140 

0.01 

W(lF0l - IFCIY 

(w = l/u2(Fo)) 

R = E(IF0I - lFcl ) /z lFo l ) .  R, = Ew(lF0l - lFcl)2/XIFo12)o~5. GOF 
= [Zw(llFoi - IFcl)2/n - mlO.5. 

plexes. I n  contrast to t h e  reactions of the  PhzP(CH2- 
CH20),CHzCH2PPhz (n  = 4 (2), 5 (3)) ligands with 
Mo(C0)4(norbornadiene) and PtC1~(1,5-cyclooctadiene) 
in 1:l ratios, which yield single  product^,^ the reactions 
of these ligands with RuClz(C0)3(THF) in 1:l ratios 
under similar conditions yield a variety of products (eq 
1). Elemental analyses of the  crude reaction mixtures 

RuCl,(CO),(THF) + 
Ph2P(CHzCHzO),CH2CHzPPh2 - 

2 (n = 4), 3 (n = 5 )  
RuC1,(C0),{Ph2P(CH2CH,0),CH,CH,PPh,1 (1) 

4 (n = 4), 5 (n = 5 )  

indicate that all of these products have empirical 
formulas of the  type RuCl2(CO)z{PhzP(CHzCHzO),CH2- 
CHzPPhz} (n  = 4 (41, 5 (5)).  The various products do 
not interconvert as indicated by the  fact that t h e  31P 
NMR spectra of t h e  mixture did not vary with either 
temperature or concentration and by t h e  fact that the  
major components and some of the  minor components 
could be separated by column chromatography on silica 
gel. 

Each of the  RuCl~(CO)~{Ph2P(CH2CH~O)~CH~CH2- 
PPhz} complexes have identical ruthenium coordination 
geometries with cis carbonyls, cis chlorides and trans 
phosphines as shown by their  IR and 31P and I3C NMR 
spectra (Tables 1 and 21. The IR spectrum of each 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

03
6



Ruthenium Metallacrown Ethers Organometallics, Vol. 14, No. 1, 1995 241 

Table 5. Positional Parameters and Isotropic Thermal 
Factors (Az) for 4b.(CH3)zCO" 

atom X Y Z B O  

Table 4. Positional Parameters and Isotropic Thermal 
Factors (Az) for 4a' 

atom X Y Z B" 
Ru 
c11 
c12 
C12' 
P1 
P2 
0 1  
0 2  
0 3  
0 4  
0 5  
0 6  
06' 
c 1  
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
C8 
c 9  
c10  
c11  
c12 
C13 
C14 
C15 
C16 
C17 
C18 
C19 
c20  
c 2  1 
c22  
C23 
C24 
C25 
C26 
C27 
C28 
C29 
C30 
C3 1 
C32 
c33  
c34  
c35  
C36 
C36' 

0.58941(6) 
0.7932(2) 
0.6528(4) 
0.4986(7) 
0.4982(2) 
0.6808(2) 
0.5492(7) 
0.772 l(8) 
0.835(1) 
0.8076(7) 
0.3393(7) 
0.503( 1) 
0.695(3) 
0.4672(9) 
0.5882(9) 
0.637( 1) 
0.768( 1) 
0.767( 1) 
0.798( 1) 
0.851(1) 
0.9025(9) 
0.800( 1) 
0.6977(9) 
0.3376(8) 
0.3280(9) 
0.207( 1) 
0.093( 1) 
0.1011(9) 
0.2208(9) 
0.5887(8) 
0.5282(9) 
0.599( 1) 
0.725( 1) 
0.783( 1) 
0.719( 1) 
0.841 l(9) 
0.888( 1) 
1.008(1) 
1.084(1) 
1.040(1) 
0.9 192(9) 
0.5757(8) 
0.507( 1) 
0.426( 1) 
0.412(1) 
0.479( 1) 
0.559( 1) 
0.432( 1) 
0.533( 1) 
0.659(3) 

0.52967(3) 
0.571 8( 1) 
0.5260(2) 
0.5273(3) 
0.62620(9) 
0.43447(9) 
0.7107(3) 
0.6840(3) 
0.5342(4) 
0.4133(3) 
0.474% 3) 
0.5382(5) 
0.532( 1) 
0.6670(4) 
0.6885(4) 
0.7495(5) 
0.7264(5) 
0.6275(5) 
0.5854(5) 
0.4837(5) 
0.4356(5) 
0.4443(4) 
0.4128(4) 
0.6239(4) 
0.6023(5) 
0.5942(5) 
0.6087(5) 
0.6290(5) 
0.6361(5) 
0.6788(4) 
0.7317(4) 
0.7727(4) 
0.7600(4) 
0.7084(5) 
0.6681(4) 
0.4 176(3) 
0.3593(4) 
0.3460(5) 
0.3873(5) 
0.4440(5) 
0.4591(4) 
0.3766(4) 
0.3375(5) 
0.2960(5) 
0.2919(5) 
0.3314(5) 
0.3734(5) 
0.4957(4) 
0.5351(6) 
0.531(1) 

0.75769(4) 
0.7086(2) 
0.9125(3) 
0.6141(5) 
0.7759( 1) 
0.7334(2) 
0.5487(5) 
0.4291(5) 
0.4268(5) 
0.4880(4) 
0.8153(5) 
0.5705(8) 
0.955(2) 
0.674 l(5) 
0.6309(6) 
0.5 130(9) 
0.497 l(9) 
0.4554(8) 
0.3850(8) 
0.3722(7) 
0.4306(6) 
0.5680(6) 
0.6195(6) 
0.8238(6) 
0.9091(6) 
0.9443(6) 
0.8975(8) 
0.8131(8) 
0.7773(7) 
0.8449(6) 
0.8658(6) 
0.9174(6) 
0.9479(7) 
0.9287(8) 
0.8747(7) 
0.7868(6) 
0.7814(7) 
0.8231(9) 
0.8635(8) 
0.8690(8) 
0.8299(7) 
0.7739(6) 
0.7 192(7) 
0.7570(9) 
0.8437(8) 
0.8982(7) 
0.8629(6) 
0.7932(6) 
0.6307(9) 
0.884(2) 

2.15(1) 
3.34(4) 
4.29(7)* 
3.2(1)* 
2.16(4) 
2.49(4) 
4.5(2) 
5.1(2) 
6.1(2) 
3.7(1) 
4.3(2) 
5.1(3)* 
5.1(6)* 
2.7(2) 
3.4(2) 
5.5(3) 
5 3 3 )  
6.0(3) 
5.3(3) 
4.1(2) 
3.4(2) 
3.5(2) 
3.0(2) 
2.5(2) 
3.6(2) 
3.6(2) 
4.3(2) 
4.6(3) 
3.5(2) 
2.6(2) 
3.1(2) 
3.2(2) 
3.6(2) 
4.2(2) 
3.8(2) 
2.7(2) 
3.9(2) 
5.1(3) 
4.8(3) 
4.5(2) 
3.5(2) 
2.5(2) 
5.0(3) 
6.8(3) 
5.3(3) 
4.6(2) 
3.9(2) 
3.2(2) 
3.3(2)* 
3.0(5)* 

a Starred B values are for atoms that were refined isotropically. 
Anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameter defined as (4/3)[a2B(l,l) + b(2,2) + 
c2B(3,3) + &cos y)B(1,2) + ac(cos Pp(1.3) + bc(cos a)B(2,3)]. 

complex has two equally intense bands at approximately 
1995 and 2058 cm-' indicating that the carbonyls in 
each of the complexes are cis-coordinated.13 The 13C 
NMR spectrum of each complex has a single 1:2:1 triplet 
for the two carbonyls at approximately 192 ppm with a 
relatively small 12J(PC)I of approximately 11 Hz. This 
demonstrates that the carbonyls are chemically equiva- 
lent and are cis to both phosphines.13 Each complex also 
has a single 31P NMR resonance indicating that the 
phosphines are chemically equivalent. 

The above data suggests that the reactions shown in 

(13) (a) Lindner, E.; Schober, U.; Fawzi, R.; Hiller, W.; Englert, U.; 
Wegner, P. Chem. Ber. 1987,120,1621. (b) Reddy, V. V. S. R.; Whitten, 
J. E.; Redmill, K. A,; Varshney, A.; Gray, G. M. J. Organomet. Chem. 
1989,372, 207. (c) Lindner, E.; Karle, B. Chem. Ber. 1990,123, 1469. 
(d) Lindner, E.; Mockel, A.; Mayer, H. A.; Fawzi, R. Chem. Ber. 1992, 
125, 1363. (e) Lindner, E.; Mockel, A.; Mayer, H. A.; Kuhlbauch, H.; 
Fawzi, R.; Steimann, M. h o g .  Chem. 1993, 32, 1266. 

Ru 
c11 
c12 
P1 
P2 
0 1  
0 2  
0 3  
0 4  
0 5  
0 6  
c 1  
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
C8 
c 9  
c10 
c11  
c12  
C13 
C14 
C15 
C16 
C17 
C18 
C19 
c20  
c 2  1 
c22  
C23 
C24 
C25 
C26 
C27 
C28 
C29 
C30 
C3 1 
C32 
c33  
c34  
c35  
C36 
0 7  
c37 
C38 
c39  

0.22681(3) 
0.2518(1) 
0.1715(1) 
0.10206(9) 

-0.3453( 1) 
-0.0708(3) 
-0.1664(4) 
-0.2993(3) 
-0.4267(3) 

0.2964(3) 
0.1903(3) 
0.0565(4) 

-0.0155(5) 
-0.1389(5) 
-0.1960(5) 
-0.1748(6) 
-0.2544(5) 
-0.3734(5) 
-0.4182(4) 
-0.4344(4) 
-0.3576(4) 

0.0454(3) 
0.0006(4) 

-0.0346(4) 
-0.0247(5) 

0.0195(5) 
0.0544(4) 
0.0936(3) 
0.0288(4) 
0.0215(4) 
0.0798(4) 
0.145 l(4) 
0.1530(4) 
0.4309(3) 
0.4339(4) 
0.5009(4) 
0.5653(4) 
0.5638(4) 
0.4972(4) 
0.3541(3) 
0.3423(4) 
0.3452(4) 
0.3615(4) 
0.3719(4) 
0.3680(4) 
0.2694(4) 
0.2042(4) 
0.8469(4) 
0.7521 (7) 
0.7936(5) 
0.7673(8) 

0.07645(3) 
0.00032(9) 
0.0017(1) 
0.08849(9) 

-O.O498( 1) 
0.0502(3) 
0.1474(3) 
0.1729(3) 
0.1013(3) 
0.1737(3) 
0.1646(3) 
0.0154(3) 
0.0077(4) 
0.045 l(4) 
0.0881(4) 
0.1877(5) 
0.2158(5) 
0.1968(4) 
0.1548(4) 
0.05 16(4) 
0.0314(4) 
0.1378(3) 
0.1161(4) 
0.1561(5) 
0.2183(4) 
0.2394(5) 
0.1994(4) 
0.1209(3) 
0.1498(3) 
0.1705(3) 
0.1643(4) 
0.1352(3) 
0.1 140(3) 
0.0736(3) 
0.0699(4) 
0.0809(4) 
0.0972(4) 
0.1010(4) 
0.0898(4) 
0.0792(4) 
O.O415(4) 
0.0679(5) 
0.1279(5) 
0.1642(5) 
0.1388(4) 
0.1372(3) 
0.1305(4) 
0.2328(4) 
0.1752(6) 
0.1977(5) 
0.18 12(7) 

0.00749(6) 4.08(1) 
-0.1402(2) 

0.1115(2) 
-0.1677(2) 
-0.1860(2) 
-0.3333(8) 
-0.4275(7) 
-0.3448(7) 
-0.3953(6) 
-0.1051(6) 

0.1933(6) 
-0.2078(8) 
-0.337( 1) 
-0.453( 1) 
-0.426( 1) 
-0.327( 1) 
-0.384( 1) 
-0.374( 1) 
-0.3 14( 1) 
-0.3 140(8) 
-0.2071(8) 
-0.105 l(7) 
-0.0375(8) 

0.0227(8) 
0.0178(9) 

-0.0490(8) 
-0.1090(9) 
-0.333 l(6) 
-0.4163(7) 
-0.5449(7) 
-0.5911(7) 
-0.5108(7) 
-0.3809(6) 

0.1624(7) 
0.0314(7) 
0.0113(9) 
0.1 193(9) 
0.2509(9) 
0.2712(8) 
0.3558(6) 
0.4531(7) 
0.5785(8) 
0.6040(8) 
0.5064(8) 
0.3835(8) 

-0.0630(7) 
0.1217(8) 
0.1868(8) 
0.022( 1) 
0.151(1) 
0.253( 1) 

5.46(5) 
7.86(6) 
3.96(4) 
4.48(5) 
8.9(2) 

11.5(3) 
8.3(2) 
8.5(2) 
6.9(2) 
8.9(2) 
5.7(2) 
9.4(3) 
9.4(4) 

12.5(4) 
12.8(5) 
10.9(4) 
10.3(4) 
9.4(3) 
6.8(2) 
5.8(2) 
4.3(2) 
6.5(2) 
9.2(3) 
8.9(3) 
8.2(3) 
6.2(2) 
3.7(2) 
4.6(2) 
5.4(2) 
6.0(2) 
5.0(2) 
4.1(2) 
4.5(2) 
5.5(2) 
7.3(2) 
7 3 3 )  
7.2(3) 
5.8(2) 
4.8(2) 
6.8(2) 
7.8(3) 
8.4(3) 
7.6(3) 
6.2(2) 
4.3(2) 
6.2(2) 

12.1(3) 
17.9(6) 
9.6(3) 

25.9(7) 

Anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameter defined as (4/3)[a2B(l,l) + b2B(2,2) + 
c2B(3,3) + ab(cos y)B(1,2) + ac(cos P)B(1,3) + bc(cos a)B(2,3)]. 

Table 6. Selected Bond Lengths (A) for 4a 
Ru-Cl1 2.438(2) 01-C3 1.39(1) 
Ru-C12 2.424(4) 02-C4 1.42(2) 
Ru-C12' 2.343(7) 02-C5 1.36(1) 
Ru-P1 2.420(2) 03-C6 1.38(1) 
Ru-P2 2.406(2) 03-C7 1.44( 1) 
Ru-C35 1.88(1) 04-C8 1.43(1) 
Ru-C36 2.00(1) 04-C9 1.42(1) 
Ru-C36' 2.02(3) 05-C35 1.13( 1) 
P1-c1 1.829(9) 06-C36 0.96(2) 
P1-c11 1.822(8) 06'-C36' 1.14(4) 
P1-C17 1.824(9) Cl-C2 1.51(1) 
P2-c10 1.82(1) c3-c4 1.47(2) 
P2-C23 1.836(9) C5-C6 1.49(2) 
F'2-C29 1.828(9) C7-C8 1.50(1) 
01-c2  1.39(1) C9-C10 1.51(1) 

eq 1 yield mixtures of monomers and oligomers. The 
minor products of each reaction appear to be oligomers 
as demonstrated by the fact that their 31P NMR 
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Table 7. Selected Bond Lengths (A, for 4bKHdCO 

Gray et al. 

Ru-Cl1 2.440(2) 02-C4 1.43( 1)n 
Ru-C12 2.417(3) 02-C5 1.43(1)” 
Ru-P1 2.413(2) 03-C6 1.43( 1)” 
Ru-PI 2.404(3) 03-C7 1.43( 1)” 
Ru-C35 1.853(8) 04-C8 1.43( 1)“ 
Ru-C36 1.843( 9) 04-C9 1.43(1)” 
P1-c1 1.807(7) 05-C35 1.13( 1) 
P1-c11 1.8 1 1 (8) 06-C36 1.16( 1) 
P1-C17 1.8 19(7) Cl-C2 1.53( l)b 
P2-c10 1.81 l(8) c3-c4 1.54( l)b 
P2-C23 1.809(8) C5-C6 1.54( l)b 
P2-C29 1.834(7) C7-CS 1.54(l)b 
01-c2 1.42(1)n C9-C10 1.538(9)b 
01-C3 1.431(9)” 

a C-0 distances were constrained to 1.43 A. C-C distances were 
constrained to 1.54 A. 

Table 8. Selected Bond Angles (deg) for 4a 
Cll-Ru-Cl2 96.8(1) C35-Ru-C36 95.3(5) 
C11 -Ru-C12’ 91.7(2) C35-Ru-C36’ 90.0(9) 
C11-Ru-P1 90.58(8) Ru-P1-C1 115.0(3) 
Cll-Ru-P2 88.34(8) Ru-P1-C11 112.1(3) 
Cll-Ru-C35 178.5(3) Ru-Pl-Cl7 118.8(3) 
Cll-Ru-C36 83.7(4) Ru-P2-C 10 116.6(3) 
Cll-Ru-C36’ 91.1(9) Ru-P2-C23 117.8(3) 
C12-Ru-Pl 90.4(1) Ru-P2-C29 11 1.6(3) 
C12-Ru-P2 91.7(1) C2-01-C3 115.0(8) 
C12-Ru-C35 84.3(3) C4-02-C5 115.6(9) 
C12-Ru-C36 178.0(4) C6-03-C7 116.9(9) 
C12’-Ru-P1 89.4(2) C8-04-C9 114.3(7) 
C12’-Ru-P2 88.6(2) P1 -Cl-C2 115.1(6) 
C12’-Ru-C35 87.3(3) 01-c2-c1 107.8(7) 
C12’-R~-C36’ 177.2(9) 01-C3-C4 116(1) 
P 1 - Ru - P2 177.70(8) 02-C4-C3 115(1) 
Pl-Ru-C35 90.5(3) 02-C5 -C6 113(1) 
Pl-Ru-C36 87.6(4) 03-C6-C5 106(1) 
Pl-Ru-C36’ 90.2(9) 03-C7-C8 107.0(8) 
P2-Ru-C35 90.6( 3) 04-C8-C7 113.6(8) 
P2-Ru-C36 90.2(4) 04-C9-C 10 105.8(8) 
P2-Ru-C36’ 91.9(9) P2-ClO-C9 117.4(6) 

Table 9. Selected Bond Angles (deg) for 4b.(CH&CO 
Cll-Ru-C12 91.74(8) Ru-P2-C10 112.2(2) 
C11-Ru-P1 87.88(7) Ru-P2-C23 117.0(2) 
Cll-Ru-P2 88.62(7) Ru-P2-C29 112.8(2) 
Cll-Ru-C35 91.9(2) C2-01-C3 11 1.4(7) 
Cll-Ru-C36 176.5(3) C4-02-C5 114.4(9) 
C12 - RU - P 1 87.01(7) C6-03-C7 109.8(7) 
C12-Ru-P2 85.52(7) C8-04-C9 107.3(7) 
C12-Ru-C35 176.3(2) Pl-Cl-C2 1 1 9.8( 6) 
C12-Ru-C36 84.8(3) 01-c2-c1 109.4( 8) 
P1 -Ru-P2 171.65(8) 01-C3-C4 105.4(8) 
Pl-Ru-C35 94.0(2) 02-C4-C3 104.9(8) 
Pl-Ru-C36 91.2(2) 02-C5-C6 109.3(8) 
P2-Ru-C35 93.7(2) 03-C6-C5 103.2(8) 
P2-Ru-C36 91.8(2) 03-C7-C8 109.8(7) 
C35-Ru-C36 91.6(4) 04-C8-C7 102.4(8) 
Ru-P1-C1 109.2(2) 04-C9-C10 112.1(6) 
Ru-P1-C11 109.9(2) P2-ClO-C9 114.9(5) 
Ru-PI-Cl7 118.7(2) 

coordination chemical shifts (d31P complex - d31P 
ligand) (4b, 35.11 ppm; 4c, 36.03 ppm; 4d, 36.45 ppm; 
5b, 35.68 ppm; 5c, 36.44 ppm) are similar to those of 
cis,cis,trans-Ru(CO)~C12{Ph2P(CH2CH~O)~CH3-P}2 (6, 
36.00 ~ p m 1 . l ~ ~  This similarity is due to the fact that 
bridging bis(phosphine1 ligands in oligomeric complexes 
can adopt conformations similar to those of monodentate 
phosphine ligands.14 The major products for each 
reaction appear to be monomers with trans-spanning 
P~Z.P(CH~CH~O),CH~CH~PP~~ ligands as demonstrated 
by the fact that their 31P NMR coordination chemical 

(14) Hill, W. E.; Minahan, D. M. A.; Taylor, J. G.; McAuliffe, C. A. 
J. Am. Chem. SOC. 1982,104, 6001. 

Table 10. Selected Torsion Angles (deg) for 4a, 
4b*(CH&CO, and 1 

4a 4b(CH3)zCO 1‘ 

C11-Ru-P1-C1 67.3(3) 5 3 3 3 )  
C11 -Ru-P2-C10 -7 1.1(3) -46.1(3) 
Ru-Pl-Cl -C2 -71.7(7) -166.5(6) 65.5(4) 
Ru-P2-ClO-C9 69.4(7) 176.6(5) -65.3(4) 
C3-01-C2-C1 158.8(8) 179.6(7) -166.4(5) 
C2-01-C3-C4 61U) 173.5(7) -61.5(8) 
C5-02-C4-C3 -95(1) - 141.2(9) 157.9(7) 
C4-02-C5-C6 -169(1) -83(1) -177.8(6) 
C7-03-C6-C5 171(1) 172.2(8) 168.9(6) 
C6-03-C7-C8 175(1) -172.1(8) 173.9(5) 
C9-04-C8-C7 -86(1) 153.5(7) 82.8(5) 
C8-04-C9-C10 -178.3(7) -78.8(8) 178.4(4) 
Pl-Cl-C2-01 171.2(6) -55.3(9) -173.4(3) 
01-C3-C4-02 6 W )  67(1) -50.5(9) 
02-C5-C6-03 159(1) 8 W )  142.4(6) 
03-C7-C8-04 71(1) -66.7(9) -79.6(5) 
04-C9-ClO-P2 170.8(6) -139.4(6) -173.5(3) 

a Data from ref 5 .  Numbering is identical except Ru should be replaced 
with Mo. 

c3 

0 4  
01 

7 

C26 cloL 

C15 

14 

Figure 1. ORTEP12 drawing of the molecular structure 
of the major rotamer of 4a. Thermal ellipsoids are drawn 
at the 50% probability level, and hydrogen atoms are 
omitted for clarity. 

shifts (4a, 31.42 ppm; 5a, 32.85 ppm), are smaller than 
that of 6. This difference is due to the fact that trans- 
spanning bis(phosphine) ligands cannot adopt confor- 
mations similar to those of monodentate phosphine 
ligands.14 These conclusions are supported by the X-ray 
crystal structures of 4a and 4b discussed below, and 
by the fact that the longer ligand, 3, gives a higher yield 
of the monomeric product, 5a. 

The variations in chemical shifts of the ipso, ortho, 
meta, and pura phenyl and the C1 and C2 methylene 
13C NMR resonances are also consistent with the 
assignment of the solution structures of the RuC12- 
(CO)~{P~~P(CHBCH~O),CH~CH~PP~~} complexes made 
in the previous paragraph. The chemical shifts of these 
resonances are similar for 4b and 4d, in which the 
Ph2P(CH2CH20)&H2CH2PPh2 ligands are bridging, but 
are significantly different from those for 4a, in which 
the same ligand is trans-spanning. The chemical shifts 
of these resonances for Sa, in which the longer Ph2P(CH2- 
CH20)&H2CH2PPh2 ligand is trans-spanning, are in- 
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coordination chemical shifts is quite different for the two 
types of complexes. In the square planar complexes, the 
coordination chemical shifts from trans-coordination of 
bidentate ligands increase as the length of the ligand 
decreases,14 but the opposite trend is observed for 4a 
and Sa. This suggests that the additional cis ligands 
in octahedral complexes cause the conformations of 
trans-spanning ligands in these complexes to be differ- 
ent from those of trans-spanning ligands in square 
planar complexes. 

NMR 
resonance is observed for the carbonyl ligands in both 
4a and 5a. This suggests that the RuC12(CO)2 group 
moves freely within the chelate ring to average the 
environments of the two carbonyl ligands because the 
chemical shifts of carbonyl resonances in transition 
metal complexes are quite sensitive to asymmetry in the 
phosphine ligands.15 The rotation of the RuC12(C0)2 
around the P-Ru-P axis is strongly supported by the 
fact that two rotamers of 4a are observed in the solid 
state, as discussed below. The carbonyl 13C NMR 
resonance of 4a does not broaden as much as does that 
of ~~~~~-Mo(CO)~{P~~P(CH~CH~O).&H~CH~PP~~-P,P '1, 
1: as the temperature is lowered from 21 "C to  -80 "C. 
This suggests that the barrier to rotation about the 
P-M-P axis is somewhat lower in 4a than in 1. The 
lower rotation barrier in 4a could be due to the fact that 
the carbonyl ligands in 4a can be averaged by rotating 
the RuC12(CO)2 group so that the trans-spanning ligand 
moves over the smaller chlorides but not over the larger 
carbonyl ligands. This is not possible in 1. 

X-ray Crystal Structure of cis,cis,truns-RuCl~- 
(CO>~{P~&'(CH&HZO>&HZCHZ~P~~-P~ '1,4a. The 
X-ray crystal structure of 4a has been determined. The 
ruthenium has an octahedral coordination geometry 
with a trans-spanning Ph2P(CH2CH20)4CH2CH2PPhz 
ligand, cis carbonyl ligands and cis chloride ligands 
consistent with the NMR data. Two rotamers of the 
RuCl2(C0)2 group relative to the trans-spanning ligand 
are observed, and ORTEP drawings of the major and 
minor rotamers Of 4a are shown in Figures 1 and 2. In 
the major rotamer (-70%), the trans-spanning ligand 
passes between one carbonyl and one chloride while in 
the minor rotamer (-30%), the trans-spanning ligand 
passes between the two chlorides. There is no evidence 
of the third rotamer in which the trans-spanning ligand 
would pass between the two carbonyls. The relative 
abundances of the two rotamers are consistent with a 
statistical occupancy of the sites. 

The presence of rotamers in the crystal structure of 
4a may be due to the fact that rotation about the 
P-Ru-P bond to generate the two different rotamers 
does not affect the orientation of the phenyls and the 
trans-spanning polyether chain. Because these are the 
outermost portions of the molecule, the rotamers would 
have the same shapes and could cocrystallize. However, 
if this is the case, it is somewhat surprising that the 
third rotamer, in which the trans-spanning ligand 
passes between the two carbonyls, is not observed. It 
is possible that this rotamer is not observed because, 
when the trans-spanning ligand is between two larger 
carbonyl ligands, it adopts a different and less stable 
conformation that prevents cocrystallization with the 
other two rotamers. This hypothesis is supported by 
the fact that conformation of the trans-spanning ligand 

A final point of interest is that a single 

c3 

04hc9 

I gb cll 

f o l  

I 
c19 

W 

Figure 2. ORTEPI2 drawing of the molecular structure 
of the minor rotamer of 4a. Thermal ellipsoids are drawn 
at the 50% probability level, and hydrogen atoms are 
omitted for clarity. 

Figure 3. 0RTEPl2 drawing of the molecular structure 
of 4b. Thermal ellipsoids are drawn at the 50% probability 
level, and hydrogen atoms are omitted for clarity. 

termediate between those for 4a, on the one hand, and 
those for 4b and 4d, on the other. 

Although the complexes in this study are the first 
octahedral complexes observed to form both monomers 
with trans-spanning bis(phosphine) ligands and oligo- 
mers with bridging bis(phosphine) ligands, it is well 
established that such mixtures are formed when bis- 
(phosphine) ligands react with square-planar platinum- 
group metal (Rh(I), Ir(I), Pd(II), and Pt(I1)) precur- 
s o r ~ . ~ ~ , ~ ~  However, the behavior of the 31P NMR 

(15) (a) March, F. C.; Mason, R.; Thomas, K. M.; Shaw, B. L. J.  
Chem. SOC., Chem. Commun. 1976, 584. (b) Pryde, A.: Shaw, B. L.; 
Weeks, B. J. Chem. SOC., Dalton Trans. 1976,322. (c) Appleton, T. G.: 
Bennett, M. A.; Tompkins, B. I. J.  Chem. Soc., Dalton Trans. 1976, 
439. (d) Sanger, A. R. J.  Chem. Soc., Dalton Trans. 1977, 120. (e) 
Alcock, N. W., Brown, J. M.; Jeffery, J. C. J .  Chem. Soc., Dalton Trans. 
1977,888. (0 Sanger, A. R. J. Chem. SOC., Dalton Trans. 1977,1971. 
(g) Al-Salem, N. A.; Empsall, H. D.; Markham, R.; Shaw, B. L.; Weeks, 
B. J.  Chem. SOC., Dalton Trans. 1979,1972. (h) Hill, W. E.; McAuliffe, 
C. A.; Niven, I. E.; Parrish, R. V. Inorg. Chim. Acta 1980,38,273. (i) 
Crocker, C.; Errington, J.; Markham, R.; Moulton, C. J.; Odell, K. J.; 
Shaw, B. L. J. Am. Chem. SOC. 1980,102,4373. (i) Hill, W. E.; Minahan, 
D. M. A.; McAuliffe, C. A. Inorg. Chem. 1983,22, 3382. 
(16) Gray, G. M.; Redmill, K. A. Inorg. Chem. 1985,24, 1279. 
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in 4a is quite different from that of the identical ligand 
in 1 as indicated by torsion angles (Table 10) that differ 
by as much as 60". 
X-ray Crystal Structure of [cis,cis,truns-RuCl2- 

(CO)2(C1-Ph2P(CH2CH20)4CH2CH2PPh2PQ '}, 4b. The 
X-ray crystal structure of 4b has been determined and 
shown to be a cyclic dimer. A n  ORTEP drawing of the 
structure is shown in Figure 3. Consistent with the 
NMR data, each Ru has an octahedral coordination 
geometry with trans, bridging Ph2P(CH&H20)4CH2- 
CH2PPh2 ligands, cis carbonyl ligands and cis chloride 
ligands. The bond lengths and angles about the Ru are 
similar to those observed in 4a with the largest differ- 
ence in the P-Ru-P angles (4b: 171.65(8)"; 4a: 177.70- 
(8)"). This is consistent with the fact that the 31P NMR 
coordination chemical shift of 4b was larger than that 
of 4a which suggested that the phosphorus environ- 
ments were different in the two complexes. 

The most interesting feature of this structure is that 
the trans coordination of the bridging bidphosphine) 
ligands results in two, separate metallacrown ether 
sites. Because each ruthenium is octahedral and the 
molecule crystallizes around an inversion center, both 
a chloride and a carbonyl ligand stick into the cavity 
and separate these two sites. This results in a Ru-Ru 
distance of 9.1961(9) A indicating that there is no 
interaction between the two ruthenium centers. These 

Gray et al. 

cavities are enclosed by the phenyl groups on P1 and 
P2 that are located above and below the cavities. This 
conformation suggests that it may be possible to coor- 
dinate a hard metal cation to each of these sites to form 
tetrametallic complexes. It may also be possible to 
bridge a bidentate ligand between the two rutheniums 
to generate a more rigid dimetallacrown ether. Such 
complexes could exhibit unusual catalytic activities and 
selectivities. 
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crystallographic data for 4a and 4b including hydrogen 
coordinates and B values, anisotropic thermal parameters, 
complete bond lengths and angles, torsion angles, and least 
squares planes (16 pages). Ordering information is given on 
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Size-Selective Reactions of 
~~~-MO(CO)~{P~~P(CH~CH~O),CH~CH~PP~~-P,P) (n = 4,5) 

Metallacrown Ethers with Mercury(I1) Salts. 
Crystal Structure of cis-Mo(C0)4- 

an Unusual Bimetallic Complex Containing a 
Molecular Cleft 

Gary M. Gray* and Christina H. Duffey 
Department of Chemistry, The University of Alabama at Birmingham, UAB Station, 

Birmingham, Alabama 35294 

Received May 31, 1994@ 

{ - P h 2 P  ( CH2CH20) &H2CH2PPh2-P,P90,0’,0”,0”’, O””}*HgCl2, 

The reactions of mercury(I1) salts with cis-Mo(CO)4{ P~zP(CHZCHZO),CH~CHZPP~Z-P,P} 
(n = 5 (l), 4 (2)) metallacrown ethers are surprisingly complex, and the product depends 
upon the size of the metallacrown ether ring and the anion in the mercury(I1) salt. The 
reaction of HgC12 and 1 gives the bimetallic metallacrown ether complex, cis-Mo(CO)4@- 
Ph~P(CH~CH~O)~CH~CH~PPh~-~,P,0,0’ ,0”,0,0””}*HgC1~,  3, because the metallacrown 
ether ring is sufficiently large to accommodate the Hg2+. “he X-ray crystal structure of 3 
(triclinic space group Pi, a = 10.387(2) A, b = 13.0359(7) A, c = 17.710(3) A, a = 69.401(7)”, 
/3 = 81.32(1)”, y = 87.15(1)”; V = 2218.8 A3; Z = 2; R = 5.82; R, = 7.19; GOF = 1.996 for 497 
parameters and 7737 out of 9505 unique reflections) has been determined. The coordination 
environment of the Hg2+ is a hexagonal bipyramid with one missing equatorial ligand, axial 
chlorides, and equatorial ether oxygens. The open coordination site points toward the 
molybdenum, and the Mo-Hg distance is 6.8854(6) A. In contrast, the reaction of HgClz 
and 2 results in the isomerization of 2 to trans-Mo(CO)4{ P~zP(CHZCHZO)~CHZCHZPP~Z- 
P,P’}, 4. The Hg2+, which is too large to  fit in the metallacrown ether ring in 2, catalyzes 
this isomerization, perhaps via coordination to the metallacrown ether and a lone pair on 
one of the carbonyl oxygens. Finally, the reaction of Hg(NO&H20 and 1 results in the 
oxidation of the molybdenum carbonyl complex and the formation of a Hg2+ complex of 
Ph2P( CH&H20)&H&H2PPh2. This mercury complex is not formed when Hg(N03)2*H20 is 
stirred with PhzP(CHzCH20)5CHzCHzPPhz indicating that the metallacrown ether is required 
for the reaction to  occur. 

Introduction 

Metallacrown ethers are formed when RzPX(CH2- 
CHZO),CHZCH~XPRZ (R = Ph, O-alkyl; X = -, 0; n L 3) 
ligands chelate transition meta l~ . l -~  These complexes 
are of interest because they contain both a transition 
metal complex, which may catalyze a variety of organic 
reactions, and a crown ether, which may act as a phase- 
transfer catalyst. Studies of these metallacrown ethers 
have shown that they, like the crown ethers, are capable 

* Abstract published in Advance ACS Abstracts, November 15,1994. 
(1) (a) Powell, J.; Kuksis, A.; May, C. J.; Nyberg, S. C.; Smith, S. J. 

J. Am. Chem. SOC. 1981,103,5941. (b) Powell, J.; Nyberg, S. C.; Smith, 
S. J. Znorg. Chim. Acta 1983, 76, L75. (c) Powell, J.; Ng, K. S.; Ng, W. 
W.; Nyberg, S. C. J. Organomet. Chem. 1983,243, C1. (d) Powell, J.; 
Gregg, M.; Kuskis, A.; Meindl, P. J. Am. Chem. SOC. 1983,105, 1064. 
(e) Powell, J.; Gregg, M. R.; Kuksis, A.; May, C. J.; Smith, S. J. 
Organometallics 1989, 8, 2918. (0 Powell, J.; Kuskis, A.; May, C. J.; 
Meindl, P. E.; Smith, S. J. Organometallics 1989,8, 2933. (g) Powell, 
J.; Gregg, M. R.; Meindl, P. E. Organometallics 1989, 8, 2942. (h) 
Powell, J.; Lough, A.; Wang, F. Organometallics 1992, 11, 2289. 

(2) (a) Alcock, N. W.; Brown, J. M.; Jeffery, J. C. J. Chem. SOC., 
Chem. Commun. 1974, 829. (b) Alcock, N. W.; Brown, J. M.; Jeffery, 
J. C. J. Chem. Soc., Dalton Trans. 1976,583. (c) Thewissen, D. H. W.; 
Timmer, K.; Noltes, J. G.; Marsman, J. W.; Laine, R. M. Znorg. Chim. 
Acta 1985,97,143. (d) Timmer, K.; Thewissen, D. H. W. Znorg. Chim. 
Acta 1985,100, 235. (e) Timmer, K., Thewissen, H. M. D.; Marsman, 
J. W. Recl. Trav. Chim. Pays-Bas 1988, 107, 248. 
(3) (a) Varshney, A.; Gray, G. M. Znorg. Chem. 1991, 30, 1748. (b) 

Varshney, A.; Webster, M. L.; Gray, G. M. Znorg. Chem. 1992,31,2580. 
(4) Gray, G. M.; Duffey, C. H. Organometallics, in press. 

0276-7333/95/2314-0245$09.00fO 

of coordinating alkali metal cations and that the stabili- 
ties of the resulting complexes depend upon the relative 
sizes of the cation and the metallacrown ether cavity.’~~ 
These studies have also shown that carbonyl ligands in 
metallacrown ether complexes are activated toward 
nucleophilic attack by organolithium reagents when the 
cavity is of the appropriate size to bind the Li+.l 

Little is known about the conformational changes that 
occur when these metallacrown ethers bind hard metal 
cations because no X-ray crystal structures of such 
complexes have been reported. In addition, nothing is 
known about the abilities of the metallacrown ether 
complexes to bind heavy metal cations such as Hg2+. 
In this paper, we report the results of a synthetic and 
NMR spectroscopic study of the reactions of Hg2+ salts 
with metallacrown ethers of the type cis-Mo(COk- 
(Ph2P(CH2CH20),CH2CH2PPh2-P$”} (n = 5 (1) or n = 
4 (2)). We also report the X-ray crystal structure of cis- 

O , O , O , O } ~ H g C l ~ ,  3, and discuss the significance of 
this structure. 

Mo(CO)~{  Ph2P( CH2CH20)5CH2CH2PPh2-P,P’,O, 

Experimental Section 

All manipulations were carried out under a atmosphere of 
nitrogen. The solvents were of reagent grade and were used 

0 1995 American Chemical Society 
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Table 1. NMR Data for the Metallacrown Ethers and their HgClz Complexes 

1 2 3 4 5 5 4 3 2 1  
A A A A A  

P h 2 P  0 0 0 0 P P h 2  

1 2 3 4 5  6 6  5 4 3  2 1 
nnnnnn 

P h 2 P  0 0 0 0 0 P P h p  

c 1  c 2  C3-C6 P 

compd &31P) (ppm) I'J(HgP)I (Hz) W3C) (ppm) IJ(W (Hz) W3C) (ppm) IJ(PC)I (Hz) W3C) (ppm) 
1" 20.44 s 32.87 aq 2w 66.94 bs 69.96 s, 70.34 s, 70.47 s, 70.47 s 
2" 20.11 s 31.32 aq 67.71 bs 70.16 s, 70.25 s, 70.65 s 
36 21.20 s 32.28 aq 13c 67.33 bs 69.91 s, 69.91 s, 70.02 s, 70.07 s 
46 32.54 s 
56 27.83 sd 9861 27.37 d 37d 64.53 bs 70.00 s, 70.07 s ,  70.07 s, 70.30 s 
6" 20.11 s 31.22 aq 15c 67.57 aq 9' 69.81 s, 69.99 s, 69.99 s, 69.99 s 

Data from ref 3a. Data from this work. IIJ(PC) + 3J(P'C)I. IIJ(PC)I. I2J(PC) + 4J(P'C)I. 

as received. Literature procedures were used to prepare cis- 
MO(CO)~{P~~P(CH~CH~O)~CH~CH~PP~~-P,P'} (n = 5 (l), 4 
(2)).3a 

The 31P{1H}, 13C{'H}, and 'H NMR spectra were recorded 
on a GE NT-300, wide-bore, multinuclear NMR spectrometer. 
The 31P NMR spectra were referenced to external 85% phos- 
phoric acid, and the I3C and 'H NMR spectra were referenced 
to internal tetramethylsilane. Chemical shifts that are down- 
field from those of the reference compounds are reported as 
positive. The 31P and aliphatic 13C NMR data for the com- 
plexes are given in Table 1. Infrared spectra of dilute 
dichloromethane solutions of the carbonyl complexes in a 0.2 
mm KBr solution cell were run on a Nicolet IR44 FTIR 
spectrometer. The background for these measurements was 
pure dichloromethane in the same cell. Elemental analyses 
of the compounds were performed by Atlantic Microlab, Inc., 
Norcross, GA. 

0 , 0 , 0 , 0 , 0 } ~ H g C 1 ~ ,  3. A mixture of 0.176 g (0.213 mmol) 
of 1 and 0.301 g (1.11 mmol) of HgCl2 in 3 mL of chloroform- 
dl was stirred at ambient temperature for 4 h and then filtered 
through diatomaceous earth. The filtrate was allowed to stand 
in the dark for 2 days and then refiltered. This filtrate was 
evaporated to dryness to give a quantitative yield of crude 
3. Recrystallization from a dichloromethane-methanol mix- 
ture yielded analytically pure 3. Anal. Calc (found) for 

(CDC13): 6 7.507 and 7.352 (Ph, m, 5H); 6 3.652 (C5 and C6 
methylenes; m, 4H), 3.578 (C4 methylene; m, 2H), 3.405 (C3 
methylene; m, 2), 3.274 (C2 methylene, t, I3J(HH)l = 7.6 Hz, 
2H), 2.805 (C1 methylene, t, I3J(HH)l = 7.6 Hz, 2H). IR [v(CO)l 
(CH2C12): 2022 m, 1919 sh, 1909 s, 1886 sh cm-'. 

Reaction of C ~ ~ - M O ( C ~ ) ~ { P ~ S ( C H ~ C H Z O ) ~ C H Z C H ~ P ~ Z -  
Pr}, 2, and HgClz. A mixture of 0.098 g (0.129 mmol) of 2 
and 0.170 g (0.626 mmol) of HgCl2 in 2.0 mL of chloroform-dl 
was stirred in the dark at  ambient temperature for 70 h. The 
mixture was then filtered through a 0.2 pm syringe filter. The 
residue was washed with two, 0.50 mL portions of chloroform- 
dl, and these were also filtered through the syringe filter and 
combined with the reaction mixture. A quantitative 31P NMR 
spectrum was taken of the filtrate. This spectrum contained 
a singlet at 20.19 ppm due to 1 and a singlet at 32.54 ppm 
due to truns-Mo(CO)r{ P~~P(CHZCH~O)&H~CHZPP~~-P,P'},  4, 
in a 46.3 to 53.7 ratio (from integration). 

Reaction of cis-Mo(CO)r(PhzPMe)z and HgC12. The 
reaction of 0.078 g (0.129 mmol) of ci~-Mo(CO)4(PhzPMe)z and 
0.170 g (0.626 mmol) of HgCl2 in 2.0 mL of chloroform-dl was 
carried out using the procedure described for the reaction of 2 
and HgC12. A quantitative 31P NMR spectrum of the filtrate 
contained a singlet at 15.44 ppm due to &-Mo(CO)*(Ph2PMe)2 
and a singlet at  28.49 ppm due to trans-Mo(C0)4(PhzPMe)z in 
a 79.2 to  20.8 ratio (from integration). 

Reaction of cis-Mo(CO)r{ PhS(CH&H2O)~CHZCHPPhr 
Pp}, 2, and Hg(NOs)z.HzO. A mixture 0.20 g (0.24 mmol) 
of 1 and 0.425 g (1.24 mmol) of Hg(N03)2*H20 in 25 mL of 
dichloromethane was stirred at  ambient temperature for 24 
h. During this time, the color of the solution changed from 

C ~ S - M O ( C O ) ~ { ~ - P ~ ~ P ( C H Z C H Z O ) ~ C H ~ C H Z P P ~ ~ - P , ~ ,  

C ~ ~ H U C ~ ~ H ~ O Q M O P ~ :  C, 58.11 (58.26); H, 5.36 (5.42). 'H NMR 

colorless to yellow to dark brown to beige and a beige solid 
precipitated. The reaction mixture was then filtered, and the 
filtrate evaporated to  dryness to yield 0.126 g of a foamy white 
solid, 5, which appeared to be a Hg(N03)~ complex of the 
P ~ ~ P ( C H ~ C H ~ O ) & H ~ C H Z . P P ~ ~  ligand on the basis of its 31P 
and NMR spectra. 

X-ray Structure Determination of 3. A colorless, needle- 
like crystal of 3 was grown by slowly diffusing hexanes into a 
THF solution of the complex. The crystal was mounted on a 
glass fiber with epoxy cement, and the cell constants were 
obtained from least-squares refinement of 25 reflections with 
25 5 8 5 35". All measurements were carried out at  23 "C on 
an Enraf-Nonius CAD4 diffractometer using graphite mono- 
chromated Cu Ka radiation (1 = 1.5418 A). 

Data were collected by 0-28 scans. The crystal decayed 
12.3% during the data collection, and a linear decay correction 
was applied. An analytical absorption correction (using the 
Crystal and Abscor programs) was also applied to the data. 
Of the 9505 independent reflections measured, 7737 had Z > 
3 d n  and were used for structure solution and refinement. 

The structure was solved by heavy-atom methods and 
refined by a full-matrix least squares procedure that mini- 
mized w(lFol - IFc1)2, where w = l/u2(Fo), using the MolEN 
package of programs. All non-hydrogen atoms were refined 
anisotropically. The hydrogen atoms were placed in calculated 
positions (C-H = 0.96 A, UISO(H) = 1.3U1so(C)) and were not 
refined. Data were weighted using a non-Poisson scheme. A 
secondary extinction correction was applied to the data,5 and 
the extinction coefficient was refined. In the last stage of the 
refinement no parameter varied by more than 0.01 of its 
standard deviation, and the final difference Fourier map had 
no interpretable peaks. Atomic scattering factors were taken 
from the compilations of Cromer and Weber: and those for H 
were taken from the ref 7. Corrections for anomalous disper- 
sion were taken from the compilations of Cromer and Lieber- 
mans and applied to  chlorine, mercury, molybdenum, and 
phosphorus. Data for the X-ray structure analyses are given 
in Table 2. Positional parameters are given in Table 3. Values 
of selected bond lengths and angles and torsion angles are 
given in Tables 4-6. Tables of hydrogen atomic positional and 
thermal parameters, thermal parameters, torsion angles, and 
least squares planes are available as supplementary material. 
An ORTEPQ drawing of the molecule is given in Figure 1. 

Results and Discussion 

Previous studies of cis-Mo(C0)4{Ph2P(CH2CH20)n- 
CH~CHZPP~~-P,F"} (n = 5 (1),4 (2)) metallacrown ethers 
have shown that 1 weakly coordinates to Li+ and 

( 5 )  Zachariasen, W. H. Acta Crystallogr. 196.3, 16, 1139. 
(6) Cromer, D. T.; Waber, D. T. Acta Crystallogr. 1966,18, 104. 
(7) International Tables for Crystallography; Hahn, T., Ed.; The 

(8) Cromer, D. T.; Lieberman, D. J. J. Chem. Phys. 1970,53, 1891. 
(9) Johnson, C. K. ORTEPZZ. Report ORNL-5138; Oak Ridge Na- 

Kynoch Press: Birmingham, U.K., 1974; Vol. IV, p 72. 

tional Laboratory: Oak Ridge, TN, 1976. 
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Reactions of Metallacrown Ethers with Hg(II) Salts 

Table 2. Data Collection and Structure Solution and 
Refinement Parameters for 3 

Organometallics, Vol. 14, No. 1, 1995 247 

Table 3. Positional Parameters and Isotropic Thermal 
Factors (Az) for J 

formula 
Mw 

:p:G 
b (A) 
c (A) 
a (de@ 
B (deg) 
Y (deg) 
v (A31 
Z 
dCdc (dcm3) 
cyst  diamens (mm) 
h m u ,  hmjn 
k m u ,  kmin 

kdMn 
temp (“C) 
abs coeff (cm-’) 
8 limits (deg) 
decay corr 
decay (%) 
abs corr 
Tmu. Trmn (%) 
reflns measd 
scan width (deg) 
reflns with I ?. 3u(Z) 
no. of variables 
function minimized 
weighting scheme 
instrumental uncertainty factor 
secondary extinction corr type 
minimized extinction coeff 
R (%) 

GOF‘ 
max, min resid electron density (e/A3) 
max shifuerror 

Rw (%) 

C&&12HgMOOgPz 

P1 
10.387(2) 
13.0359(7) 
17.710(3) 
69.401(7) 
81.32( 1) 
87.15(1) 
2218.8 
2 
1.644 
0.13 x 0.17 x 0.70 
12, 0 
-16, 16 
-21,21 
1.541 84 
23 
111.825 
0.1-74 
linear 
12.3 

38.46, 5.83 
9505 
1.34 
7737 
497 
W(lF0 - I F C V  
non-Poisson (w = l/u2(Fo)) 
0.03 
Zachariesen 
1.995 x 
5.82 
7.19 
1.996 
3.109, -0.175 
0.01 

1098.18 

analytical 

strongly coordinates to Na+ but that 2 strongly coordi- 
nates to Li+ and weakly coordinates to Na+.3a Because 
Na+ and Hg2+ have similar ionic radii (for coordination 
number 6: Na+, 1.16 A, and Hg2+, 1.16 &,lo we expected 
that 1 would strongly bind Hg2+ but that 2 would not. 
This picture, however, is much too simplistic. 
Reaction of C ~ S - M O ( C O ) ~ ( P ~ ~ P ( C H ~ C H ~ O ) & H ~ -  

CH2PPh2-PQ’}, 1, and HgC12. The reaction of 1 with 
HgC12 in dichloromethane, shown in eq 1, yields only 

I 

3 

the bimetallic complex, C ~ ~ - M O ( C O ) ~ C ~ - P ~ ~ P ( C H ~ C H ~ O ) ~ -  
CH~CH~PPh~-P,P’,O,O,O,O,O}~HgCl2,3. This com- 
plex is quite stable in solution and can be recrystallized. 

atom X Y Z B 

Hg 
Mo 
c12 
P1 
P2 
01 
02 
03 
04 
05 
06 
07 
0 8  
09 
c1 
c2 
c3 
c4 
c5 
c7 
C8 
c9 
c10 
c11 
c12 
C13 
C14 
C15 
C16 
C17 
C18 
c19 
c20 
c2 1 
c22 
C23 
C24 
C25 
C26 
C27 
C28 
C29 
C30 
C3 1 
C32 
c33 
c34 
c35 
C36 
c37 
C38 
c39 
C40 

0.33142(3) 
0.06877(5) 
0.1926(3) 
0.2349(2) 

-0.0437(2) 
-0.1089(7) 
0.2031(6) 
0.2650(8) 

-0.1272(6) 
0.4733(5) 
0.5579(6) 
0.4390(6) 
0.1972(6) 
0.0908(5) 

-0.0459(8) 
0.1559(8) 
0.1965(8) 

-0.0586(7) 
0.3048(6) 
0.5720(7) 
0.6408(8) 
0.620(1) 
0.524(1) 
0.347( 1) 
0.285( 1) 
0.144(1) 
0.0356(9) 

-0.0070(7) 
0.0604(7) 
0.3782(6) 
0.4751(7) 
0.5794(7) 
0.5911(8) 
0.4929(9) 
0.3868(8) 
0.1971(6) 
0.2902(7) 
0.2567(9) 
0.1272(9) 
0.0344(8) 
0.067 l(7) 

-0.1229(7) 
-0.0794(8) 
-0.13 14(9) 
-0.232( 1) 
-0.2784(9) 
-0.2265(7) 
-0.1699(6) 
-0.2795(7) 
-0.3655(7) 
-0.3459(8) 
-0.2363(8) 
-0.1481(7) 

0.58858(2) 
1.02894(4) 
0.5003(2) 
0.8943( 1) 
0.8863( 1) 
1.2231(5) 
1.2104(4) 
1.0859(7) 
1.008 l(5) 
0.6686(4) 
0.4760(4) 
0.4195(4) 
0.5082(4) 
0.6996(4) 
1.1481(6) 
1.1436(6) 
1.0624(6) 
1.0103(6) 
0.7905(5) 
0.5960(6) 
0.5518(6) 
0.4190(7) 
0.3504(7) 
0.3626(6) 
0.4404(7) 
0.5944(7) 
0.6459(7) 
0.7501(6) 
0.8144(6) 
0.9720(5) 
0.999 l(6) 
1.0632(6) 
1.1027(6) 
1.0796(6) 
1.0159(6) 
0.8094(5) 
0.7704(6) 
0.7040(7) 
0.6773(7) 
0.7121(6) 
0.7771(6) 
0.7764(5) 
0.6706(6) 
0.5952(7) 
0.6245(8) 
0.7294(7) 
0.8065(6) 
0.9352(5) 
0.8745(6) 
0.9109(7) 
1.0109(7) 
1.0691(7) 
1.0338(6) 

0.67593(2) 
0.77377(3) 
0.7910(1) 
0.84785(9) 
0.73701(9) 
0.6893(4) 
0.8132(4) 
0.6 102(4) 
0.9345(4) 
0.7860(3) 
0.7473(3) 
0.6315(3) 
0.574 l(3) 
0.5990(3) 
0.7190(5) 
0.7994(4) 
0.6689(5) 
0.8778(4) 
0.8039(4) 
0.8189(4) 
0.7565(5) 
0.6959(5) 
0.6834(5) 
0.6077(5) 
0.5420(5) 
0.5139(5) 
0.5544(5) 
0.6389(4) 
0.6780(4) 
0.8445(4) 
0.7775(4) 
0.77 12(5) 
0.8320(6) 
0.8980(4) 
0.9052(4) 
0.9555(4) 
1.0073(4) 
1.0877(4) 
1.1186(5) 
1.0688(5) 
0.9876(4) 
0.8255(4) 
0.8522(5) 
0.9262(5) 
0.9754(5) 
0.9490(5) 
0.8753(4) 
0.6700(4) 
0.6776(4) 
0.6205(4) 
0.5570(5) 
0.5493(4) 
0.6052(4) 

3.733(6) 
2.576(9) 
6.05(6) 
2.62(3) 
2.78(3) 
7.0(2) 
5.9(1) 
8.3(2) 
5.7(1) 
3.5(1) 
4.4(1) 
4.8(1) 
4.9(1) 
3.8(1) 
4.2(2) 
3.9(2) 
4.3(2) 
3.6(1) 
3.2(1) 
3.8(1) 
4.2(2) 
5.4(2) 
5.9(2) 
5.3(2) 
5.1(2) 
5.1(2) 
5.6(2) 
4.1(2) 
3.6(1) 
2.9(1) 
3.7(1) 
4.5(2) 
4.8(2) 
4.7(2) 
4.1(2) 
3.0(1) 
3.7(1) 
4.4(2) 
4.8(2) 
4.5(2) 
3.5(1) 
3.2(1) 
4.2(2) 
5.5(2) 
5.6(2) 
4.9(2) 
3.7(2) 
3.1(1) 
3.4(1) 
4.3(2) 
4.8(2) 
4.5(2) 
3.7(1) 

Anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameter defined as (4/3)[a2B(l,l) + b2B(2,2) + 
c2B(3,3) -t ab(cos y)B(1,2) + ac(cos /3)B(1,3) + bc(cos a)B(2,3)]. 

The shift in the 31P NMR resonance of 1 upon coordina- 
tion of the HgClz is in the opposite direction and 
approximately twice as large as the shift that occurs 
upon coordination of NaBPh, to 1 to form cis-Mo(CO)&- 

O}*NaBPh,, 6.3a The shifts in the methylene 13C NMR 
resonances of 1 upon coordination of the HgCl2 are in 
the same directions as those observed upon coordination 
of NaBPh, to  1 but are of somewhat different magni- 
tudes. These differences are not surprising given the 
different coordination geometries preferred by Hg2+ and 
Na+ and the flexibility of the metallacrown ether ring 
in 1. 

P h ~ P ~ C H ~ ” ~ 0 ) ~ C H ~ C H ~ P P h ~ - P , P ’ , O , O ’ , O ’ ’ , O ” ’ ,  

(10) (a) Shannon, R.; Prewitt, C. T. Acta Crystallogr. 1966, B25,925. 
(b) Shannon, R. Acta Crystallogr. 1976, A32, 751. 
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Table 4. Selected Bond Lengths (A) for 3 
Hg-Cl1 2.281(2) 02-c2 1.13( 1) 

Hg-05 3.085(6) 04-C4 1.132(9) 
Hg-06 2.921(6) 05-C6 1.434(9) 
Hg-07 2.727(6) 05-C7 1.408(8) 
Hg-08 2.921(7) 06-C8 1.41(1) 
Hg-09 3.078(5) 06-C9 1.43(1) 
Mo-P1 2.558(2) 07-C10 1.42(1) 
Mo-P2 2.557(2) 07-Cll  1.43( 1) 
Mo-C1 1.969(8) 08-C12 1.43(1) 
Mo-C2 1.999(9) 08-C13 1.405(9) 
M o - C ~  2.036(7) 09-C14 1.42(1) 
Mo-C4 2.046(7) 09-C15 1.417(9) 
P1-C5 1.854(7) C5-C6 1.484(9) 
P1-C17 1.823(7) C7-C8 1.49(1) 
Pl-C23 1.830(6) C9-C10 1.46(2) 
P2-Cl6 1.842(8) Cll-c12 1.46(1) 
P2-C29 1.826(5) C13-Cl4 1.50(1) 
P2-C35 1.84 l(7) C15-Cl6 1.5 1( 1) 
01-c1 1.16( 1) 

Hg-C12 2.276(2) 03-C3 1.12( 1) 

Table 5. Selected Bond Angles (deg) for 3 

Gray and Duffey 

Cll-Hg-C12 169.41(9) M0-Pl-U 118.0(3) 
C11 -Hg-05 88.5( 1) Mo-Pl-Cl7 102.6(3) 
C11 -Hg-06 92.4(1) Mo-Pl-C23 103.6(3) 
C11-Hg-07 88.2(1) Mo-P2-C16 102.6(3) 
C11-Hg-08 92.4(1) Mo-P2-C29 100.8(3) 
Cll-Hg-09 88.2( 1) Mo-P2-C35 103.6(3) 
C12-Hg-05 86.1(1) C6-05-C7 112.0(5) 
C12-Hg-06 92.3(1) C8-06-C9 1 13.1(6) 
C12-Hg-07 102.4(1) C10-07-Cll 114.6(6) 
C12-Hg-08 93.1(1) C12-08-C13 113.7(6) 
C12-Hg-09 87.4(1) C14-09-C15 110.9(6) 
05-Hg-06 57.4( 1) Pl-C5-C6 117.9(5) 
06-Hg-07 60.8(2) 05-C6-C5 108.4(6) 
07-Hg-08 61.4(2) 05-C7-C8 109.8(6) 
08-Hg-09 56.2(2) 06-C8-C7 108.4(6) 
P1-M0-n 94.57(5) 06-C9-C10 109.4(8) 
P1-Mo-C1 172.2(3) 07-ClO-C9 108.4(6) 
Pl-Mo-C2 86.7(2) 07-Cll-C12 109.3(7) 
Pl-Mo-C3 88.5(2) 08-C12-Cll 109.5(7) 
P1 -Mo-C4 94.1(2) 08-Cl3-Cl4 108.9(6) 
P2-Mo-C 1 93.2(3) 09-Cl4-Cl3 108.1(7) 
P2-Mo-C2 178.4(2) 09-Cl5-Cl6 107.6(6) 
P2-Mo-C3 89.9(3) P2-Cl6-Cl5 117.2(5) 
P2-Mo-C4 94.5(2) 

Table 6. Selected Torsional Angles (deg) for 3 and 
Hg( CH~C~~0(C~~~H~0)&H~CH~-O,O’,O”,O”’,O’’’,O”’’)Cl~, 9 

3 9” 

C7-05-C6-C5 -176.2(6) C3-01-C2-C1 -170 
C6-05-C7-C8 -174.3(6) C2-01-C3-C4 171 
C9-06-C8-C7 -173.2(5) C5-02-C4-C3 170 
C8-06-C9-C10 -174.6(6) C4-02-C5-C6 - 174 
Cl1-07-ClO-C9 174.4(7) C7-03-C6-C5 -176 
C10-07-Cll-C12 -168.1(7) C6-03-C7-C8 - 179 
C13-08-Cl2-Cll 172.9(8) C9-04-C8-C7 178 
C12-08-Cl3-Cl4 169.3(7) C8-04-C9-C10 177 
C15-09-Cl4-Cl3 180.0(6) Cll-05-ClO-C9 -178 
Cl4-09-Cl5-Cl6 -174.6(6) C10-05-Cll-Cl2 -80 
05-C7-C8-06 -73.1(7) Ol-C3-C4-02 -77 
06-C9-C10-07 7 1.9(8) 02-C5-C6-03 72 
07-C11-C12-08 -72.2(9) 03-C7-C8-04 -71 
0 8  -C 13 -C 14-09 68.2(8) 04-C9-C10-05 73 

Data from ref 14b. 

The X-ray crystal structure of 3 is shown in Figure 1 
and contains a number of interesting features. The 
coordination geometry of the molybdenum is a distorted 
octahedron similar to that observed in other cis-Mo- 
(CO)1(P-donor 1igand)z complexes. The Pl-Mo-P2 
angle (94.57(5)”) is similar to those in cis-Mo(CO)r- 

and c~s-P~C~~{P~~P(CH~CH~O)~CH~CH~PP~~-P,P}, 8 
(99.03(6)0).3b This suggests that the metallacrown ether 

{Ph2P(CH2CH20)3CH2CH2PPh2-P,P}, 7 (93.78(2)0),3a 

c20 

c21 c19 

c22 

C36 c37-49c38 
Figure 1. ORTEP drawing of the molecular structure of 
3. Thermal ellipsoids are drawn at the 50% probability 
level, and hydrogens are omitted for clarity. 

ring in 2 is sufficiently flexible that coordination of 
HgC12 does not greatly perturb the coordination envi- 
ronment of the molybdenum. 

The coordination environment of the Hg2+ ion is 
unusual. The Hg2+ is coordinated to all five oxygens in 
the metallacrown ether and to both chlorides. The 
oxygens are in a nearly planar arrangement (largest 
deviations from the least squares plane through the five 
oxygens are 0.141(6) A for 0 7  and -0.107(6) A for 08).  
The chlorides are trans to each other, and the mercury- 
chloride bonds are perpendicular to the least squares 
plane through the five ether oxygens. Because the 
0-Hg-0 angles are all close to 60” and not 72”, the 
coordination environment of the Hg2+ is better described 
as a hexagonal bipyramid with a missing equatorial 
ligand than as the more common pentagonal bipyramid. 

The open coordination site in the hexagonal bipyra- 
mid is pointed toward the molybdenum. This, together 
with the Mo-Hg bond distance of 6.8854(6) A, suggests 
that it might be possible to bridge a ligand between the 
metals in bimetallic, metallacrown ether complexes. One 
difficulty with this is that the protons on C5 and C16 
are pointed into the cavity between the Mo and the Hg 
(distances (A): H5-Hl6, 2.719; H5-Hl6, 3.178; H5’- 
H16, 2.184; H5’-H16‘, 3.322) and would interfer with 
a ligand bridging between the two metals. However, it 
seems likely that this could be avoided by rotation about 
the Mo-P bonds. This occurs rapidly in solution as 
indicated by the equivalence of the phenyl groups on 
the phosphines and thus should not introduce a great 
deal of strain into the molecule. 

The asymmetric coordination environment of the Hg2+ 
ion in 3 is unlike that observed for Hg2+ coordinated to 
crown ethers and azacrown ethers. With larger crown 
ethers such as 1,4,10,13-tetraoxa-7,16-diazacycloocta- 
decane and 18-crown-6, the Hg2+ coordinates in the 
center of the crown with the ether oxygens sym- 
metrically arranged around the Hg2+ and with trans 
monodentate anionic 1igands.ll With smaller crown 
ethers such as 15-crown-5, the Hg2+ is too small to fit 

(11) (a) Malmsten, L.-A. Acta Crystallogr. 1979, B35,1702. (b) Paige, 
C. R.; Richardson, M. F. Can. J. Chem. 1984,62,332. (c) Drew, M. G.  
B.; Lee, K. C.; Mok, K. F. Znorg. Chim. Acta 1989,155, 39. 
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Reactions of Metallacrown Ethers with Hg(II) Salts 

into the crown and coordinates above the crown with 
cis monodentate anionic ligands.12 Very similar behav- 
ior is also observed in Pb2+ crown ethers ~omp1exes.l~ 

The Hg2+ coordination environment in 3 closely 
resembles that in complexes with linear ethylene oxide 
01igomers.l~ This resemblance is seen in the similarity 
of the torsion angles for equivalent bonds in 3 and in 

Cl2, 9, shown in Table 6. The only major difference in 
these angles is between that for C14-09-Cl5-Cl6 in 
3 and that for C10-05-Cll-C12 in 9, and this is to  
be expected because the polyether is cyclic in 3 and 
acyclic in 9. This striking similarity in torsion angles 
suggests that presence of the large transition metal 
complex in the ring allows metallacrown ethers to adopt 
a larger variety of coordination modes than can the 
crown ethers and therefore resemble the open chain 
polyethers in this regard. 

Reaction of c~s-Mo(CO)~(P~~P(CH~CH~O)~CH~- 
CH2PPh2-PQ’}, 2, and HgCl2. In contrast to the 
above results, when a chloroform-dl solution of 2 is 
stirred with excess HgC12 in the dark at ambient 
temperature, truns-Mo(C0)4{ P ~ ~ P ( C H ~ C H ~ O ~ C H Z C H Z -  

Hg(CH~CH~0(CH~CH~0)~CH~CH~-O,O,O’,0,0”’’)- 

PPhz-PQ’}, 4, is 

2 

formed, as shown in eq 2. This 

P O ?  

4 

isomerization is 53.7% complete after 70 h in the 
presence of HgClz but does not occur to any appreciable 
extent during this time if HgC12 is not present. We 
recently reported that this reaction occurs very slowly 
in the dark (15% isomerization after 24 days at 5 “C) 
and rapidly when 1 is irradiated with W light (12 min 
at  21 “ 0 . 4  

In order to better understand the mechanism of this 
isomerization, we carried out a similar isomerization of 
cis-Mo(CO)4(Ph2PMe)~ to trans-Mo(C0)4(PhzPMe)~ in 
chloroform-dl solution in the presence of HgC12. This 
isomerization also occurs but at a much lower rate than 
the isomerization of 2 t o  4. This suggests that the Hgz+ 
facilitates the loss of the carbonyl by binding to  the lone 
pair on the oxygen and weakening the metal carbon 
bonds as demonstrated by Shriver with a variety of 
Lewis acids and metal carbonyl ~omp1exes.l~ The 
increased rate of the isomerization of 2 to 4 by HgClz 
could result from initial binding of the HgC12 to the 
metallacrown ether in 2 followed by coordination of a 
carbonyl oxygen to the Hg2+. The crystal structure of 
cis-Mo(CO)4(pu-Ph2P(CHzCHzO)sCHzCHzPPhz-P,P’, 
0,O,0”,0”’,O}.HgC1~, 3, discussed above, suggests 
that bridging of a carbonyl between the Mo and the Hg2+ 
in these complexes is possible. The proposed mecha- 

(12) Byriel, K. A.; Dunster, K. R.; Gahan, L. R.; Kennard, C. H. L.; 
Latten, J. L. Inorg. Chim. Acta 1992, 196, 35. 
(13) Byriel, K. A.; Dunster, K. R.; Gahan, L. R.; Kennard, C. H. L.; 

Latten, J. L. Swann, I. L. Polyhedron 1992, 10, 1205. 
(14) (a) Iwamoto, R. Bull. Chem. Soc. Jpn. 1973, 46, 1115. (b) 

Iwamoto, R. Bull. Chem. Soc. Jpn. 1973,46,1115. (c) Iwamoto, R. Bull. 
Chem. SOC. Jpn. 1973,46, 1123. 
(15) Shriver, D. F. J. Orgunomet. Chem. 1975,94,25 and references 

therein. 
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nism is similar, in many respects, to the mechanism 
suggested by Powell for the activation of carbonyls to 
attack by alkyl- and aryllithiums in related metalla- 
crown ethers.‘ 

Reaction of c~s-Mo(CO)~{P~~P(CH~CH~O)&H~- 
CHzPPh2-PQ’), 2, and Hg(NOs)a*HaO. In an attempt 
to synthesize a Hg2+ complex with less strongly coor- 
dinating anions, Hg(N03)2-H20 was added to a dichlo- 
romethane solution of 1. This caused the color of the 
solution to change from colorless to deep brown and 
finally to beige and a beige solid to precipitate from the 
solution. A 31P NMR spectrum of the methylene chlo- 
ride soluble portion of the reaction mixture contained a 
single resonance that was a superimposed singlet and 
doublet. The relative intensities of the singlet and 
doublet and magnitude of the coupling constant indi- 
cated that the diphenylphosphino groups in the 
PhzP(CH&H20)5CH&H2PPhz ligand were coordinated 
to mercury. This suggests that the nitrate oxidized the 
molybdenum, hence the color change, allowing the 
diphenylphosphino groups of the PhzP(CHzCH20)5CHz- 
CH2PPh2 ligand to cooordinate to the mercury, as shown 
in eq 3. The formulation for the product is supported 

by the presence of resonances for all the ligand carbons 
and the absence of carbonyl resonances in its 13C NMR 
spectrum and by the absence of CEO stretches in its 
IR spectrum. This formulation is also supported by the 
fact that no reaction is observed when the PhzP(CH2- 
CH20)5CH2CH2PPh2 ligand is stirred with Hg(N03)2.H20 
in dichloromethane, indicating that the metallacrown 
ether is needed as a template for this reaction to  occur. 
The only problem with this explanation is that all of 
the 13C NMR resonances of the Ph2P(CH2CH20)5CH2- 
CH2PPh2 ligand appear to be doublets, suggesting that 
only one phosphorus is coordinated to each Hg2+. 
However, these doublets could also result if lZJ(PP)l is 
small, which would be the case if the complex is 
fluxional. Unfortunately, we have been unable to either 
purify or crystallize this material to prove the exact 
nature of the product. 

Conclusions 

The reactions of Hg2+ salts with the cis-Mo(C0)4- 
{P~~P(CHZCH~O),CH~CH~PP~~-PJ”} (n = 4,5) metal- 
lacrown ethers are surprisingly complex. The nature 
of the product depends on the the size of the metalla- 
crown ether and the reactivity of the anions. The size- 
selective reactions of the metallacrown ethers with Hg2+ 
are particularly fascinating because it might be possible 
to employ them in sensors for Hg2+ and related anions. 

The coordination environment of the Hg2+ in cis- 

0 , O , O , O , O } ~ H g C l ~  is a hexagonal bipyramid with 
M o ( C ~ ) ~ { ~ - P ~ ~ P ( C H ~ C H ~ O ) ~ C H ~ C H ~ P P ~ ~ - P , P ’ ,  
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an empty equatorial site pointing toward the molybde- 
num. This is quite interesting because it suggests that 
is should be possible to bridge a bifunctional ligand, such 
as carbon monoxide or carbon dioxide, between the two 
metals in these complexes. This type of bridging may 
be the reason that HgC12 catalyzes the isomerization of 

much more rapidly than it does the isomerization of cis- 
Mo(CO)r(PhzPMe)z. In bimetallic metallacrown ethers 
containing Pt-group metal complexes, such bridging 

c~s-Mo(CO)~{ Ph2P(CH2CH20)4CH2CH2PPh2P,P'} 

Gray and Duffey 

could give rise to catalytic activities and selectivities 
that are quite different from those of monometallic Pt- 
group metal complex catalysts. 

Supplementary Material Available: Tables listing po- 
sitional and thermal parameters for hydrogens, temperature 
factors, bond lengths, bond angles, torsion angles, and least 
squares planes for 3 (10 pages). Ordering information is given 
on any current masthead page. 

OM940409V 
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Biological Recognition of Enantiomeric Silanes: 
Syntheses and Antimuscarinic Properties of Optically 

Active (2-Aminoethyl)cyclohexyl( hydroxymethy1)phenyl- 
silanes and Related Quaternary Ammonium Derivatives'' 

Reinhold Tacke,*'t Dirk Reichel,? Martin Kropfgans,? Peter G. Jones,* 
Ernst Mutschler,§ Jan  Gross,§ Xue H o u , ~  Magali Waelbroeck,l and 

Gunter Lambrecht5 

Institut f i r  Anorganische Chemie, Universitat Karlsruhe, Engesserstrasse, Geb. 30.45, 
0-76128 Karlsruhe, Germany, Znstitut fur Anorganische und Analytische Chemie, Technische 

Universitat Braunschweig, Postfach 3329, 0-38023 Braunschweig, Germany, 
Pharmakologisches Znstitut fur Naturwissenschaftler, Biozentrum Niederursel, Universitat 

Frankfurt, Marie-Curie-Strasse 9, Geb. N 260, 0-60439 Frankfurt, Germany, and Laboratoire 
de Chimie Biologique et de la Nutrition, Facultd de Mddecine et de Pharmacie, Universitd 

Libre de Brurelles, Route de Lennik 808, B-1070 Bruxelles, Belgium 

Received August 19, 1994@ 

The racemic (2-aminoethyl)cyclohexyl(hydroxymethyl)phenylsilanes [rac-Ph(c-Hex)Si(CH~- 
OH)CH2CH2NR21 ruc-5a (NR2 = pyrrolidino), ruc-5b (NR2 = piperidino), and r u c d c  (NR2 = 
hexamethylenimino) were synthesized by a five-step synthesis starting from ruc-Ph(c-Hex)- 
Si(CH2Cl)OMe. The (I?)- and (5')-enantiomers of Sa-c were obtained by resolution of ruc- 
5a-c using the antipodes of O,O-di-p-toluoyltartaric acid as resolving agents (resolution 
by fractional crystallization of diastereomeric salts). The enantiomeric purities of the resolved 
antipodes of 5a-c were determined to be 298% ee (lH NMR) and 197% ee (13C NMR), 
respectively (NMR experiments using chiral shift reagents). Reaction of the pure (R)- and 
(5')-enantiomers of Sa-c with methyl iodide gave the pure (I?)- and (5')-enantiomers of the 
respective quaternary ammonium derivatives 6a-c. The absolute configuration of (R)-6b 
was determined by single-crystal X-ray diffraction. The crystal data for this compound are 
as follows: C ~ ~ H ~ G I N O S ~ ,  space group P212121, u = 890.5(3) pm, b = 916.2(2) pm, c = 2719.4 
(7) pm, V = 2.2187(11) nm3, T = -130 "C, 2 = 4, R(F) = 0.0210. On the basis of the 
experimentally established absolute configuration of (R)-6b, the absolute configurations of 
all the other aforementioned optically active silicon compounds could be assigned by chemical 
and optical correlations. The pure (I?)- and (S)-enantiomers of 5 a - c  and 6a-c were studied 
for their affinities for muscarinic M1, M2, M3, and M4 receptors by functional pharmacologi- 
cal experiments (M1, rabbit vas deferens; M2, guinea-pig atria; M3, guinea-pig ileum) and 
radioligand binding experiments (M1, human NB-OK 1 cells; M2, rat heart; M3, rat  pancreas; 
M4, rat striatum). According to these studies, the (I?)-enantiomers of 5a-c and 6a-c 
exhibited higher affinities for all four muscarinic receptor subtypes than their corresponding 
(5')-antipodes. The greatest difference (44-fold, M1 receptors) between the enantiomers was 
observed for l-{2-[cyclohexyl(hydroxymethyl)phenylsilyl]ethyl}-l-methylhexamethylenimin- 
ium iodide (6c). The highest receptor selectivity was observed for (R)-6c at MUM2 receptors 
(20-fold) and at M1M3 receptors (6.9-fold). The potent M1-selective antagonist (I?)-6c is 
considered to  be an interesting lead for the development of new receptor-selective muscarinic 
antagonists. 

Introduction prominent drugs obtained in these studies. Both com- 
pounds are commercially available and are used world- 

receptor subtypes. The related silanols, sila-procycli- 
dinela~b~d-fJ (3) and sila-tricyclamol iodideleIf (41, are also 
potent and selective muscarinic antagonists, the (R)- 
enantiomers being more uotent than the corresponding 

During the past decade, we have a variety wide as selective tools for the classification ofmusc.,~c of highly potent and selective silicon-based muscarinic 
antag0nists.l "he racemic silanols, hexahydro-sila- 
difenidollCpf*g,ijJ (HHSiD; rac-1) and p-fluoro-hexahydro- 
sila-difenidollg,i-k (p-F-HHSiD; rac-21, are the most - 

II Dedicated to Professor Dr. Klaus Rilhlmann on the occasion of his 

* Author to whom correspondence should be addressed. 
+ University of Karlsruhe. * Technical University of Braunschweig. 
P University of Frankfurt. 

@ Abstract published in Advance ACS Abstracts, November 1,1994. 

0276-733319512314-0251$09.00/0 

(S)-antipodes.lbIe 
In the course of our structure-activity relationship 

studies of silicon-based muscarinic antagonists of this 
particular formula type, we have synthesized the enan- 
tiomers of the related (hydroxymethy1)silanes 5a-c and 
their corresponding quaternary ammonium derivatives 

65th birthday. 

Free University of Brussels. 

0 1995 American Chemical Society 
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pharmacological characterization a t  muscarinic M1, M2, 
M3, and M4 receptors. The studies presented here were 
carried out as part of our systematic investigations in 
bioorganosilicon ~hemis t ry .~  

1: R = H .  2: R = F  

0, ,OH 
Si 

3 

4 

6a-c and have investigated the antimuscarinic proper- 
ties of these compounds. Instead of the SiOH group of 
the above-mentioned silanols, compounds 5a-c and 
6a-c contain a SiCHzOH unit. The aim of these studies 
was (i) to contribute to the chemistry of optically active 
silicon compounds and (ii) to obtain more information 
about the stereoselectivity of muscarinic receptor 
binding.2-4 Optically active silanols, such as the enan- 
tiomers of 3 and 4, racemize in aqueous solution and 
are therefore unsuitable for pharmacological stereose- 
lectivity studies.le In contrast, the related (hydroxy- 
methy1)silanes 5a-c and 6a-c were expected to be 
configurationally stable and therefore to be useful tools 
for the stereochemical characterization of muscarinic 
receptor binding. Here we report on the synthesis of 
the pure enantiomers of Sa-c and 6a-c and their 

(1) Selected publications on silicon-based muscarinic antagonists: 
(a) Tacke, R.; Strecker, M.; Lambrecht, G.; Moser, U.; Mutschler, E. 
Liebigs Ann. Chem. 1983, 922-930. (b) Sheldrick, W. S.; Linoh, H.; 
Tacke, R.; Lambrecht, G.; Moser, U.; Mutschler, E. J.  Chem. SOC., 
Dalton Trans. 1986, 1743-1746. (c) Tacke, R.; Linoh, H.; Zilch, H.; 
Wess, J.; Moser, U.; Mutschler, E.; Lambrecht, G. Liebigs Ann. Chem. 
1985,2223-2228. (d) Tacke, R.; Pikies, J.; Linoh, H.; Rohr-Aehle, R.; 
GiSnne, S. Liebigs Ann. Chem. 1987, 51-57. (e) Tacke, R.; Linoh, H.; 
Emst, L.; Moser, U.; Mutschler, E.; Sarge, S.; Cammenga, H. IC; 
Lambrecht, G. Chem. Ber. 1987,120,1229-1237. (0 Waelbroeck, M.; 
Tastenoy, M.; Camus, J.; Christophe, J.; Strohmann, C.; Linoh, H.; 
Zilch, H.; Tacke, R.; Mutschler, E.; Lambrecht, G. Br. J .  Pharmacol. 
1989, 98, 197-205. (g) Lambrecht, G.; Feifel, R.; Wagner-Rtider, M.; 
Strohmann, C.; Zilch, H.; Tacke, R.; Waelbroeck, M.; Christophe, J.; 
Boddeke, H.; Mutschler, E. Eur. J .  Pharmacol. 1989,168, 71-80. (h) 
Tacke, R.; Linoh, H.; Rafeiner, K.; Lambrecht, G.; Mutschler, E. J .  
Organomet. Chem. 1989, 359, 159-168. (i) Waelbroeck, M.; Camus, 
J.; Tastenoy, M.; Mutschler, E.; Strohmann, C.; Tacke, R.; Lambrecht, 
G.; Christophe, J. Eur. J .  Pharmacol. Mol. Pharmacol. Sect. 1991,206, 
93-103. (i) Lambrecht, G.; Feifel, R.; Moser, U.; Wagner-Roder, M.; 
Choo, L. K.; Camus, J.; Tastenoy, M.; Waelbroeck, M.; Strohmann, C.; 
Tacke, R.; Rodrigues de Miranda, J. F.; Christophe, J.; Mutschler, E. 
Trends Pharmacol. Sci. Suppl. 1989,10,60-64. (k) Tacke, R.; Mahner, 
IC; Strohmann, C.; Forth, B.; Mutschler, E.; Friebe, T.; Lambrecht, G. 
J .  Organomet. Chem. 1991,417,339-353. (1) Waelbroeck, M.; Camus, 
J.; Tastenoy, M.; Lambrecht, G.; Mutschler, E.; h p f g a n s ,  M.; Sperlich, 
J.; Wiesenberger, F.; Tacke, R.; Christophe, J. Br. J .  Pharmacol. 1993, 
109,360-370. (m) Tacke, R.; Pikies, J.; Wiesenberger, F.; Emst ,  L.; 
Schomburg, D.; Waelbroeck, M.; Christophe, J.; Lambrecht, G.; Gross, 
J.; Mutschler, E. J .  Organomet. Chem. 1994, 466, 15-27. (n) Wael- 
broeck, M.; Camus, J.; Tastenoy, M.; Feifel, R.; Mutschler, E.; Tacke, 
R.; Strohmann, C.; Rafeiner, K.; Rodrigues de Miranda, J. F.; Lam- 
brecht, G. Br. J .  Pharmacol. 1994, 112, 505-514. (0) Tacke, R.; 
Kropfgans, M.; Tafel, A.; Wiesenberger, F.; Sheldrick, W. S.; Mutschler, 
E.; Egerer, H.; Rettenmayr, N.; Gross, J.; Waelbroeck, M.; Lambrecht, 
G. 2. Nuturforsch., B 1994,49, 898-910. 
(2) Reviews on optically active silicon compounds: (a) Corriu, R. J. 

P.; Gubrin, C. Adv. Orgunomet. Chem. 1982,20,265-312. (b) Corriu, 
R. J. P.; Gubrin, C.; Moreau, J. J. E. Top. Stereochem. 1984,15,43- 
198. 

I n  

60-6c 

Results and Discussion 

Syntheses. The preparation of the (R)- and (S)- 
enantiomers of the title compounds 5a-c and 6a-c is 
based on the synthesis of the racemic silanes racda- 
c, followed by their resolution into the respective 02)- 
and (,")-enantiomers and subsequent transformation of 
the latter compounds into the (I?)- and (,")-enantiomers 
of the ammonium derivatives 6a-c. 

The racemic compounds rac-5a-c and their quater- 
nary ammonium derivatives rac-6a-c were synthesized 
according to Scheme 1, starting from rac-(chloromethy1)- 
cyclohexyl(phenyl)methoxysilaneld (ruc-7). In the first 
step, the methoxysilane rac-7 was transformed into the 
corresponding vinylsilane rucd by reaction with vinyl- 
magnesium bromide in THF (yield 91%). Subsequent 
reaction with sodium acetate in DMF gave the (acet- 
oxymethy1)silane rac-9 (yield 92%), which was converted 
into the corresponding (hydroxymethy1)silane ruc-10 by 
reduction with lithium aluminum hydride in diethyl 
ether followed by hydrolysis with hydrochloric acid 
(yield 92%). 0-Silylation of rac-10 with chlorotrimeth- 
ylsilane in n-pentane in the presence of triethylamine 

(3) Recent publications on optically active silicon compounds (silicon 
atom as the center of chirality): (a) Terunuma, D.; Kato, M.; Kamei, 
M.; Uchida, H.; Ueno, S.; Nohira, H. Bull. Chem. SOC. Jpn. 1986, 59, 
3581-3587. (b) Tacke, R.; Becker, B. Main Group Met. Chem. 1987, 
10, 169-197. (c) Larson, G. L.; Prieto, J. A.; Ortiz, E. Tetrahedron 
1988, 44, 3781-3790. (d) Syldatk, C.; Stoffregen, A.; Brans, A.; 
Fritsche, K.; Andree, H.; Wagner, F.; Hengelsberg, H.; Tafel, A.; 
Wuttke, F.; Zilch, H.; Tacke, R. In Enzyme Engineering 9; Blanch, H. 
W., Klibanov, A. M., Eds.; Ann. N .  Y. Acad. Sci., vol. 542; The New 
York Academy of Sciences: New York, 1988; pp 330-338. (e) Ter- 
unuma, D.; Yamamoto, N.; Kizaki, H.; Nohira, H. Nippon Kagaku 
Kaishi 1990, 451-456. (0 Djerourou, A.-H.; Blanco, L. Tetrahedron 
Lett. 1991,32, 6325-6326. (g) Tacke, R.; Brakmann, S.; Wuttke, F.; 
Fooladi, J.; Syldatk, C.; Schomburg, D. J .  Organomet. Chem. 1991, 
403,29-41. (h) Tacke, R.; Brakmann, S.; Kropfgans, M.; Strohmann, 
C.; Wuttke, F.; Lambrecht, G.; Mutschler, E.; Proksch, P.; Schiebel, 
H.-M.; Witte, L. In Frontiers of Organosilicon Chemistry; Bassindale, 
A. R., Gaspar, P. P., Eds.; The Royal Society of Chemistry: Cambridge, 
1991; pp 218-228. (i) Tacke, R.; Wuttke, F.; Henke, H. J .  Organomet. 
Chem. 1992,424,273-280. (j) Yamamoto, K.; Kawanami, Y.; Miyaza- 
wa, M. J.  Chem. SOC., Chem. Commun. 1993,436-437. (k) Tacke, R.; 
Reichel, D.; Giinther, K.; Merget, S. 2. Naturforsch., B ,  submitted. (1) 
See also refs l b  and IC. 
(4) Reviews on stereoselectivity of muscarinic receptor binding: (a) 

Waelbroeck, M.; Tastenoy, M.; Camus, J.; Feifel, R.; Mutschler, E.; 
Strohmann, C.; Tacke, R.; Lambrecht, G.; Christophe, J. Trends 
Pharmacol. Sci. Suppl. 1989, 10, 65-69. (b) Casy, A. F. The Steric 
Factor in Medicinal Chemistry: Dissymmetric Probes of Pharmacologi- 
cal Receptors; Plenum Press: New York, London, 1993; pp 287-325. 

( 5 )  Review on bioorganosilicon chemistry: Tacke, R.; Linoh, H. In 
The Chemistry of Organic Silicon Compounds, Part 2; Patai, S., 
Rappoport, Z., Eds.; Wiley & Sons: Chichester, 1989; pp 1143-1206. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

03
8



Biological Recognition of Enantiomeric Silanes 

0, /CHzC’  CHz=CHMgBr 
Si 

roc-7 

1 HCI 

Organometallics, Vol. 14, No. 1, 1995 253 

Scheme 1 

roc-8 rac-9 

1.) WH, 

2.) YO IHCI] 1 
(CH&JCI 0, /CH20Si(CHS), N(C2Ha)a 0, /CH20H 

Si Si 0 \CH=CH, (J‘ \ C H = C H ~  

roc-1 1 roc- 10 

r o c - 5 a  HCI-roc-Sc HCI roc-6a - roc-  6 c  

yielded the corresponding 0-trimethylsilyl derivative 
rac-11 (yield 84%). Treatment of the vinylsilane rac- 
11 with a mixture of pyrrolidine and its lithium amide 
in THF, followed by hydrolysis with hydrochloric acid 
and subsequent workup with aqueous KOH, gave the 
corresponding (2-pyrrolidinoethy1)silane rac-Sa (82%), 
which was then transformed into its hydrochloride rac- 
5a HC1 by reaction with hydrogen chloride in diethyl 
ether (yield 89%). The related (2-piperidinoethy1)silane 
rue-5b and (2-hexamethyleniminoethy1)silane rac-5c 
and their corresponding hydrochlorides rac-5b HC1 and 
rac-5c - HC1 were obtained by analogous syntheses 
[yields 89% (rac-5b), 85% ( ~ u c - ~ c ) ,  91% (rac-5b HCl), 
and 90% (rac-5c - HCl)]. The quaternary ammonium 
compounds ruc-6a-c were synthesized in the last step 
by reaction of the amines rac-Sa-c with methyl iodide 
in acetone [yields 91% (ruc8a), 91% (rac-6b1, and 90% 
(rac-6c)l. 

Compounds ruc-5a and rac-8-11 were isolated as 
colorless liquids, whereas rac-Sb,c, rac-5a-c HC1, and 
rac-6a-c were obtained as colorless crystalline solids. 
The identity of these hitherto unknown compounds was 
established by elemental analyses (C, H, N), NMR- 
spectroscopic studies (lH, 13C, and 29Si NMR), and mass- 
spectrometric investigations (E1 MS and FD MS, re- 
spectively). 

The (R)- and (5’)-enantiomers of 5a-c-HCl were 
obtained by resolution of rac-Sa-c using the antipodes 
of 0,O’-di-p-toluoyltartaric acid as resolving agents, 
followed by reaction of the respective enantiomerically 
pure (R)- and (5’)-enantiomers of 5a-c with hydrogen 
chloride in diethyl ether (Scheme 2) (yields 9-12%; for 
details, see Experimental Section). Reaction of the 
purified antipodes of 5a-c . HC1 with aqueous NaOH 
gave the pure (R)- and (S)-enantiomers of 5a-c (yields 
84-92%). The pure antipodes of the quaternary am- 
monium derivatives 6a-c were obtained by reaction of 
the respective (R)- and (5’)-enantiomers of 5a-c with 
methyl iodide in acetone (yields 6745%).  

With the exception of (R)-5a and (S)-5a (colorless oily 
liquids), the aforementioned optically active silicon 

5 0 , 6 a  

5 b ,  6b 

Sc, 6c 

“3 
“3 
“3 

compounds were isolated as colorless crystalline solids. 
The identity of the (R)- and (5’)-enantiomers of 58-c, 
5a-c HC1, and 6a-c was established by elemental 
analyses (C, H, C1, I, N), NMR-spectroscopic studies (lH, 
13C, and 29Si NMR), and mass-spectrometric investiga- 
tions (E1 MS and FD MS, respectively). In addition, 
(R)-6b was structurally characterized by a single-crystal 
X-ray diffraction study. The determination of the 
absolute configurations and enantiomeric purities of the 
optically active compounds is described in the two 
following chapters. As the enantiomers of 5a-c and 
6a-c were found to be configurationally stable under 
physiological conditions, they could be used to study the 
stereoselectivity of muscarinic receptor binding (see 
Pharmacological Studies). 

Determination of the Absolute Configurations. 
The absolute configuration of the levorotatory enanti- 
omer of 6b was determined by single-crystal X-ray 
diffraction. The crystal data and experimental param- 
eters used for this study are given in Table 1; the 
structure of the cation of (-)-6b in the crystal is shown 
in Figure 1. According to this crystal structure analysis, 
(-)-6b (optical rotation measured for a solution in 
CHCl3 a t  546 nm) is the (R)-enantiomer. As the 
N-methylation of 5b with methyl iodide [(-)-5b - (-)- 
6b; (+)-5b - (+)-6bl and the conversion of 5b e HC1 into 
5b [(+)-5b HC1- (-)-5b; (-)-5b HC1- (+)-5bl do not 
affect the configuration at the silicon atom, assignment 
of the absolute configurations of (-)-5b [- (R)l, (+)-5b 
[- (571, (+)-5b HC1 [- (R)I, and (-)-5b HC1 [- (5’11 
could also be made. Based on the unequivocally estab- 
lished configurations of the (R)- and (5’)-enantiomers of 
5b, 5b - HC1, and 6b, the absolute configurations of the 
antipodes of 5a, 5c, 5a HC1,5c HC1,6a, and 6c could 
be easily assigned by optical correlations (comparison 
of the signs of the respective optical rotations, measured 
in CHC13; see Experimental Section). 

Determination of the Enantiomeric Purities. 
The enantiomeric purities of the (R)- and (Sbenanti- 
omers of 5a-c were determined by NMR experiments 
using the chiral shift reagents (-)-2,2,2-trifluoro-1-(9- 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

03
8



254 Organometallics, Vol. 14, No. 1, 1995 

, -  
1.) fmct. cyst. 

2.) NoOH 

5.) HCI 

Tacke et al. 

5 b . 6 b  

5 c , 6 c  

Scheme 2 

N 2  

“3 

roc-Sa-roc-5c 

(R ) -5a  *HCI - (R) -5c .HCI  

1 NoOH 

0, ,CHzOH . .  
Si a ‘CH2-CH2-NR2 

( R) - 50 - (R)  - 5 c  

( R) - 6a - ( R) - 6 c  

HOOC, ,COOH 

0.0 ’- di - p -  t 01 uoy I t o rt o r ic ocid (X)  

5 a , 6 a  I N 3  

anthry1)ethanol [(-)-TFAEI (lH NMR) and (+)-tris[3- 
(2,2,3,3,4,4,4-heptafluoro-l-hydroxybutylidene)-d-cam- 
phoratoleuropium(III) [(+)-Eu(hfc)31 (13C NMR). As 
shown for 5b in Figure 2, the enantiomers of this silane 
can be clearly discriminated by NMR spectroscopy and 
therefore quantitatively determined by integration of 
their characteristic resonance signals. Analogous NMR 
spectra (not shown) were obtained for 5a and 5c. 
According to this method, the enantiomeric purities of 
the resolved antipodes of 5a-c were determined to  be 
298% ee (lH NMR) and 297% ee (13C NMR), respec- 
tively. As the reactions 5a-c - 5a-c - HC1 and Sa-c - 6a-c do not affect the absolute configuration at the 
silicon atom, the same enantiomeric purities can be 
assumed for the antipodes of 5a-c.HC1 and 6a-c. 
Thus, the (R)- and (S)-enantiomers of Sa-c, Sa-c HC1, 
and 6a-c prepared in this study were almost enantio- 
merically pure. 

Pharmacological Studies. The pure (R)- and (SI- 
enantiomers of 5a-C and 6a-C were studied for their 
affinities for muscarinic M1, M2, M3, and M4 receptors 
by functional pharmacological experiments (Ml,  M2, 
M3) and radioligand binding experiments (Ml, M2, M3, 
M4). The results of these investigations are sum- 
marized in Tables 2-4 and Figures 3 and 4. 

All compounds concentration-dependently antago- 
nized the 4-F-PyMcN+-induced inhibition of the neuro- 

1 . )  fract. cryst. 

2.) NoOH 

3.) HCI 

1 NoOH 
0, ,CH,OH 

Si a ‘C H, - CH, -N R, 

( S) - Sa - ( S) - 5 c  

( S) - 60 - ( S) - 6c 

genic twitch contraction in rabbit vas deferens (M1 
receptors). Furthermore, they inhibited the negative 
inotropic responses in guinea-pig atria and ileal con- 
tractions (M2 and M3 receptors, respectively) mediated 
by arecaidine propargyl ester. The (R)- and (&enan- 
tiomers of 5a-c and 6a-c produced parallel shifts of 
the agonist concentration-response curves without 
changes in basal tension or maximum agonist responses. 
Arunlakshana-Schild plots were linear over the an- 
tagonist concentration range examined, and the slopes 
of the regression lines were not significantly different 
from unity. In addition, all the competition curves (not 
shown) obtained in binding studies were compatible 
with the existence of a single receptor subtype; the Hill 
coefficients were not different from unity. Thus, all 
compounds studied exhibited an apparently competitive 
antagonism at Ml-M3 receptors in functional studies 
and at Ml-M4 receptors in binding experiments. 

The pKi values of the (R)- and (SI-enantiomers of 
5a-c and 6a-c obtained in binding studies at Ml-M3 
receptors correspond reasonably to the respective anti- 
muscarinic potencies ( p A z  values) determined in func- 
tional experiments at M1, M2, and M3 receptors (Tables 
2 and 3). The binding affinities of the (R)-enantiomers 
of 5a-c and 6a-c to M4 receptors in rat striatum were 
always lower than those found at M1 receptors in NB- 
OK 1 cells, but higher than those obtained at M2 and 
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Biological Recognition of Enantiomeric Silanes 

Table 1. Crystal Data and Experimental Parameters for 
the Crystal Structure Analysis of (R)-6b 

Organometallics, Vol. 14, No. 1, 1995 255 

by N-methylation. The greatest difference between the 
enantiomers was found for compound 6c (44-fold, M1 
receptors). 

N-Methylation of the (R)-enantiomers of 5a-c  in- 
creased the affinity for functional M1, M2, and M3 
receptors up to 65-fold [(R)-5c - (R)-6c1, the increase 
being consistently highest a t  M1 receptors and lowest 
at M3 receptors. Thus, N-methylation of (R)-5a-c 
changed the receptor selectivity pattern from M3 L M1 
> M2 to M1 > M3 > M2. The highest receptor 
selectivity was observed for (R1-6~ at Ml/M2 receptors 
(20-fold) and a t  MUM3 receptors (6.9-fold). This com- 
pound represents a potent M1-selective antagonist and 
is considered to be an interesting lead for the develop- 
ment of new receptor-selective muscarinic antagonists. 

empirical formula CziH36mOSi 
formula mass, g mol-' 473.5 
collection T, "C -130 
A(Mo Ka), pm 7 1.073 
cryst syst orthorhombic 
space group p212121 
a, pm 890.5(3) 
b, pm 916.2(2) 
c, pm 2719.4(7) 
v, m3 2.2187(11) 
Z 4 
D(calcd), Mg m-3 1.418 
p(Mo Ka), mm-I 1.506 
F(OO0) 976 
cryst dimens, mm 
0 range, deg 3.16-27.57 
index ranges 
no. of coll reflns 8210 
no. of indep reflns 5129 
Rim 0.0208 
no. of reflns used 5128 
no. of params 229 
absorption correction 
SQ 1.060 

RdF2)C 0.0468 
max/min res electron +447/-385 

0.58 x 0.42 x 0.35 

-11 5 h 5 11, - 11 5 k 5 0, -35 5 15 35 

$ scans, transmissions 0.67-0.87 

R(Ub[Z 2u(Ol 0.0210 

dens, e nm-3 

S = {X[w(Fo2 - Fc2)2]/(n - P ) } ' / ~ ;  n = no. of reflections; p = no. of 
parameters. R ( R  = Z,llFol - lFcll/ZIFol. 'RW(P) = {X[w(Foz - F,2)2]/ 
{Z[w(Fo2)21 1 I iZ.  

9 

C 

"C2& 

Figure 1. Structure of the cation of (R)-6b in the crystal 
(ORTEP plot, probability level 50%), showing the atomic 
numbering scheme. Selected bond distances (pm) and 
angles (deg): Si-C(l), 188.2(2); Si-C(2), 188.8(2); Si- 
C(10), 187.7(2): Si-C(16), 188.5(2); C(l)-O, 142.8(3); C(1)- 
Si-C(2), 109.30(10); C(l)-Si-C(lO), 106.99(11); C(l)-Si- 
C(16), 111.13(10); C(Z)-Si-C(lO), 111.47(10); C(B)-Si- 
C(16), 107.40(10); C(lO)-Si-C(lG), 110.57(9); Si-C(1)-0, 
110.4(2). The cation and anion of (R)-6b are connected by 
a hydrogen bond of the type 0-H I [O I, 345.0(2) 
pml. 

M3 receptors (except for compounds 5 a  and 5 b  a t  M3 
receptors). 

In general, the (R)-enantiomers (eutomers) exhibited 
higher affinities at all four muscarinic receptor subtypes 
than the corresponding (S)-enantiomers (distomers) 
(Tables 2-4; Figures 3 and 4). In addition, in most 
cases the (R)-enantiomers showed higher receptor se- 
lectivities. The rank order of the functional stereose- 
lectivity ratios (Table 4) of compounds 5a-c  were M3 
> M1 2 M2, whereas the quaternary ammonium 
derivatives 6a-c had the order M1 L M3 > M2 due to 
the large increase in stereoselectivity at M1 receptors 

Conclusions 

The results described in this paper clearly demon- 
strate that enantiomeric silanes generally may differ 
in their biological properties. As shown for the title 
compounds, biological recognition of chiral silicon com- 
pounds (with the silicon atom as the center of chirality) 
may be reflected, for example, by different pharmaco- 
logical potencies and selectivities of the respective 
antipodes. Since biologically active organosilicon com- 
pounds have a great potential of application as agro- 
chemicals and for future developments in this 
field extensive studies of the stereochemistry of chiral 
silicon compounds are necessary. In particular, the 
development of new preparative methods for the syn- 
thesis of enantiomerically pure chiral silanes is of great 
importance. In most cases (as in this study), optically 
active silicon compounds have been obtained by (i) 
classical resolution of the respective racemic mixtures 
via fractional crystallization of appropriate diastereo- 
meric derivatives and (ii) stereoselective chemical trans- 
formations of the resolved enantiomers. As alternative 
methods, we have started to investigate (i) stereoselec- 
tive biotransformations of suitable racemic or prochiral 
organosilicon substrates (see refs 3b,d,g,h and 5) and 
(ii) chromatographic racemate resolutions (see ref 3k). 
The development of efficient asymmetric chemical syn- 
theses of enantiomerically pure chiral silicon compounds 
represents a further challenge. 

Experimental  Sect ion 

General Procedures. All syntheses were carried out 
under dry nitrogen. The solvents used were dried according 
to standard procedures and stored under nitrogen. Melting 
points (uncorrected) were determined with a Leitz Laborlux 
S microscope, equipped with a heater (Leitz, Model M 350). 
'H and 13C NMR spectra were recorded at room temperature 
on a Bruker AM-400 (IH, 400.1 MHz; 13C, 100.6 MHz), Bruker 
AMX-300 (lH, 300.1 MHz; 13C, 75.5 MHz), or Bruker AC-250 
NMR spectrometer (lH, 250.1 MHz; 13C, 62.9 MHz). 29Si NMR 
spectra were recorded on a Bruker AC-250 NMR spectrometer 
operating at 49.7 MHz. Chemical shifts (ppm) were deter- 
mined relative to internal CHC13 (lH, 6 7.25), CDC13 (13C, 6 
77.051, and TMS P9Si, 6 0). Assignment of the 13C NMR data 
was supported by DER experiments. Mass spectra were 
obtained with a Varian MAT-711 mass spectrometer (E1 MS, 
70 eV, FD MS, 11 kV, CH30H as solvent); the selected mlz 
values given refer to the isotopes 'H, IZC, 14N, I60, 28Si, 35Cl, 
and 1271. Optical rotations were measured with a Perkin- 
Elmer polarimeter, Model 241; CHC13 served as solvent 
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- (b)A - 3.5 3.4 3.3 (c)klL - 3.5 3.4 3 .3  3.5 3.4 3.3 
~ [ P P ~ I  dlppml b[ppmI 

Tacke et al. 

d 137 134 131 128 (YI 137 134 131 1 2 8  (d - 137 134 131 128 

b[ppmI d[ppml b(ppm1 

Figure 2. Quantitative determination of the enantiomeric purities of the antipodes of 5b: Characteristic lH and 13C 
NMR partial spectra of the (R)- and @)-enantiomers of 5b in the  presence of (-)-TFAE ('H NMR; above) or (f)-Eu(hfc)s 
(l3C NMR; below) [(a) racemic mixture; (b) pure @)-enantiomer obtained by preparative resolution; (c) pure (SI-enantiomer 
obtained by preparative resolution]. For details, see the  Experimental Section. 

Table 2. Aff i t ies  (pAz Values) and Slopes of 
Arunlakshana-Schild Plots (in Parentheses) for the (R)- and 

@)-Enantiomers of 5a-c and 6a-c at Muscarinic M1 
Receptors in Rabbit Vas Deferens (RVD), M 2  Receptors in 
Guinea-Pig Atria (GPA), and M3 Receptors in Guinea-Pig 

Ileum (GPI) as Well as Receptor Selectivities of These 
Compounds 

pA2 values" selectivity ratiosb 

compd RVD(M1) GPA(M2) GPI(M3) MUM2 MUM3 M3lM2 
(R)-5a 7.13 f 0.02 6.68 i 0.02 7.62 f 0.04 

(1.00 f 0.04) (0.99 f 0.04) (1.07 i 0.06) 
(R)-5b 7.39 f 0.05 6.76 i 0.04 7.32 i 0.03 

(1.14 i 0.12) (0.85 5 0.06) (0.91 i 0.08) 
(R)-5c 7.35 i 0.04 6.74 f 0.03 7.55 f 0.04 

(1.01 f 0.07) (0.96 f 0.05) (1.02 f 0.06) 
(R)-6a 8.67 f 0.03 7.98 f 0.03 8.38 i 0.04 

(1.03 f 0.06) (1.05 f 0.05) (1.00 f 0.06) 
(R)-6b 9.09 i 0.06 8.21 i 0.01 8.65 i 0.05 

(0.98 i 0.10) (0.98 f 0.02) (0.98 i 0.07) 
(R)-6c 9.16 f 0.05 7.86 i 0.05 8.32 i 0.04 

(0.84 f 0.07) (0.91 f 0.07) (1.03 i 0.07) 
(S)-Sa 6.49 f 0.04 6.22 f 0.03 6.32 f 0.04 

(0.91 f 0.08) (0.90 f 0.05) (1.19 f 0.09) 
(S)-5b 6.53 f 0.04 6.26 f 0.03 6.15 f 0.02 

(1.18 f 0.09) (1.1 1 f0.06) (1.03 f 0.06) 
(3 -5c  7.20 i 0.03 6.43 f 0.04 7.18 f 0.04 

(1.04 f 0.05) (0.95 f 0.06) (0.98 f 0.07) 
(S)-6a 7.46 & 0.03 7.44 f 0.03 7.08 f 0.03 

(0.97 f 0.06) (0.98 i 0.05) (1.00 i 0.05) 
(S)-6b 7.74 & 0.04 7.57 f 0.05 7.36 i 0.03 

(1.12 f 0.07) (1.01 i 0.07) (1.03 & 0.06) 

(0.97 i 0.07) (0.95 i 0.08) (0.98 f 0.05) 
(9 -6c  7.52 f 0.04 6.98 f 0.04 7.03 f 0.03 

2.8 

4.3 

4.1 

4.9 

7.6 

20 

1.9 

1.9 

5.9 

1.1 

1.5 

3.5 

0.3 

1.2 

0.6 

2.0 

2.8 

6.9 

1.5 

2.4 

1.1 

2.4 

2.4 

3.1 

8.7 

3.6 

6.5 

2.5 

2.8 

2.9 

1.3 

0.8 

5.6 

0.4 

0.6 

1.1 

a The parameters given represent the mean f s e  (n = 3-4). KD ratios 
(pAz = -log KD) are given as a measure of the receptor selectivity; these 
values were calculated from the antilogs of the differences between the 
respective pA2 values. 

{purified by dynamic drying on an  A1203 column [50 g A1203 
(Merck, 1077)/100 mL CHC131 and subsequent distillation}. 

Preparation of rac-Cyclohexyl(hydroxymethy1)phen- 
yl(2-pyrrolidinoethy1)silane (rac-Sa). A 1.6 M solution of 
n-butyllithium in n-hexane (20.0 mL, 32.0 mmol of n-BuLi) 
was added dropwise at 50 "C over 15 min to a stirred solution 
of pyrrolidine (6.70 g, 94.2 mmol) in THF (100 mL). After 
stirring at 50 "C for 30 min, a solution of ruc-11 (10.0 g, 31.4 
mmol) in THF (100 mL) was added dropwise over 30 min. The 
resulting mixture was stirred at 50 "C for 3 h, cooled to room 
temperature, and then cautiously mixed with 2.0 M hydro- 
chloric acid (250 mL). After stirring at  room temperature for 

Table 3. Affinities (pKi Values) for the (R)- and 
@)-Enantiomers of 5a-c and 6a-c Obtained in Binding 
Studies on Homogenates of Human NB-OK 1 Cells (M1 
Receptors), as Well as Rat Heart (M2 Receptors), Rat 

Pancreas (M3 Receptors), and Rat Striatum (M4 Receptors)" 
pKi values 

human NB-OK 1 cells rat heart rat pancreas rat striatum 
compds (MI) 042) 043) 044) 

(R)-5a/(S)-5a 7.816.8 6.516.2 7.316.6 7.316.6 
(R)-5bl(S)-5b 7.816.9 6.616.3 1.416.7 7.216.5 
(R) -5d(S) -5~  7.917.4 6.816.6 1.417.0 7.717.1 
(R)-6a/(S)-6a 8.617.5 7.416.8 7.716.6 8.017.0 
(R)-6b/(S)-6b 8.917.9 7.917.3 7.9l7.0 8.517.4 
( R ) - W ( S ) - k  8.417.5 7.717.0 7.716.9 8.217.2 

"All the experiments were repeated three times in duplicate. The 
standard deviations of the pKi values were generally close to fO.lO, and 
always lower than f0.15. 

Table 4. Stereoselectivities of the (R)- and @)-Enantiomers 
of 5a-c and 6a-c at Muscarinic M1 Receptors in Rabbit 
Vas Deferens (RVD), M 2  Receptors in Guinea-Pig Atria 

(GPA), and M3 Receptors in Guinea-Pig Ileum (GPI) 
stereoselectivities" 

compds RVD (Ml) GPA (M2) GPI (M3) 

(R)-5a/(S)-5a 4.4 2.9 20 
(R)-Sbl(S)-Sb 7.2 3.2 15 
( R ) - 5 d ( S ) - 5 ~  1.4 2.0 2.3 
(R)-6a/(S)-6a 16 3.5 20 
(R)-6bl(S)-6b 22 4.4 20 
(R) -6d(S) -6~  44 7.6 20 

a These values are the antilogs of the differences between the respective 
pA2 values. 

30 min, diethyl ether (250 mL) and 6.0 M aqueous KOH 
solution (100 mL) were added. The organic phase was 
separated and the aqueous layer extracted with diethyl ether 
(3 x 200 mL). After drying of the combined organic extracts 
over anhydrous NaZS04, the solvent was removed under 
reduced pressure and the residue purified by Kugelrohr 
distillation (170 "C/O.Ol Torr) to give rac-Sa in 82% yield as 
an oily liquid (8.19 g, 25.8 mmol). lH NMR (300.1 MHz, 
CDC13): 6 0.85-1.3 and 1.55-1.85 (m, 17 H, SiCHzC, SiCHC2, 
CCHzC), 2.35-2.7 (m, 6 H, NCHzC), 3.60 (SA) and 3.63 (SB) 
(AB System, JAB = 14.9 Hz, 2 H, SiCHzO), 6.7 (br s, 1 H, OH), 
7.45-7.55 (m, 5 H, SiCsHs). 13C NMR (75.5 MHz, CDC13): S 
11.5 (SiCHzC), 23.2 (2 C) (CcH2c), 23.4 (c-1, S i C d h ) ,  26.7 
(CCHzC), 27.50 (CcH2C), 27.54 (CCH2C), 27.9 (CCHzC), 28.0 
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10 I I 

9 

0 8  - 
0 

a? 
= 7  

6 

5 
M i  M2 M3 M1 M2 M3 M1 M2 M3 M1 M2 M3 M1 M2 M3 M1 M2 M3 

5a 5b 5c 6a 6b 6c 
Figure 3. Affinity profiles (pA2 values) of the (E)- and (S)-enantiomers of 5a-c and 6a-c at muscarinic M1 receptors in 
rabbit vas deferens, M2 receptors in guinea-pig atria, and M3 receptors in guinea-pig ileum. 

10 

9 

a 8  - 
m 
.- 

y " 7  

6 

5 
M1 M2 M3 M4 M1 M2 M3 M4 M1 M2 M3 M4 M1 M2 M3 M4 M1 M2 M3 M4 M1 M2 M3 M4 

5a 5b 5c 6a 6b 6c 
Figure 4. Affinity profiles (PKi values) of the (E)- and @)-enantiomers of 5a-c and 6a-c at muscarinic M1 receptors in 
human NB-OK 1 cells, M2 receptors in rat heart, M3 receptors in rat pancreas, and M4 receptors in rat striatum. 

(CCH2C), 49.2 (SiCHzO), 5.10 (SiCCHzN), 53.7 (2 C) (NCH2C, 
NC~HS), 127.7 (c-3/c-5, Sic&&), 129.0 (c-4, Sic&&,), 134.4 (c- 
84 (100, CH~=NC~HS+). Anal. Calcd for C1gH31NOSi (Mr = 
317.5): C, 71.87; H, 9.84; N, 4.41. Found: C, 71.7; H, 10.0; 
N, 4.3. 

Preparation of (R)-Cyclohexyl(hydroxymethy1)phen- 
yl(2-pyrrolidinoethy1)silane [(R)-5al. A 2.0 M aqueous 
NaOH solution (1.0 mL, 2.00 mmol of NaOH) was added to a 
mixture composed of an aqueous solution (30 mL) of (R)- 
5a HCl(302 mg, 853 pmol) and diethyl ether (30 mL). After 
stirring for 5 min, the organic phase was separated and the 
aqueous layer extracted with diethyl ether (3 x 30 mL). The 
combined organic extracts were dried over anhydrous Na2S04, 
and the solvent was removed under reduced pressure and the 
residue dried in vacuo to give (R)-5a in 88% yield as an oily 
liquid (238 mg, 750 pmol). The NMR and MS data of the 
product were identical with those obtained for rac-5a. [aI2O546 

= -1.7 (CHCl3, c = 1.0). Anal. Calcd for C1gN31NOSi (M, = 
317.5): C, 71.87; H, 9.84; N, 4.41. Found: C, 71.8; H, 9.9; N, 
4.4. 

Preparation of (S)-Cyclohexyl(hydroxymethy1)phen- 
yl(2-pyrrolidinoethy1)silane [(S)-5al. This compound was 
prepared from (S)-5a HCl(3 12 mg, 881 pmol) analogously to 
the synthesis of (R)-5a and isolated in 92% yield as an oily 

I ,  Sic&&), 134.5 (C-2/C-6, SiCsH5). EI MS: m / ~  317 (3, M') 

liquid (257 mg, 809 pmol). The NMR and MS data of the 
product were identical with those obtained for ruc-5a. [aI2O546 

= +1.7 (CHCl3, c = 1.0). Anal. Calcd for ClgH31NOSi (Mr = 
317.5): C, 71.87; H, 9.84; N, 4.41. Found: C, 71.7; H, 10.0; 
N, 4.3. 

Preparation of ruc-Cyclohexyl(hydroxymethy1)phen- 
yl(2-piperidinoethy1)silane (ruc-5b). This compound was 
prepared analogously to the synthesis of ruc-5a by addition of 
piperidine to the vinyl group of rac-11 (10.0 g, 31.4 mmol). 
After Kugelrohr distillation (180 "C/O.Ol Torr) and crystal- 
lization of the distillate at room temperature, ruc-5b was 
isolated in 89% yield as a white crystalline solid (9.29 g, 28.0 
mmol); mp 89-90 "C. lH NMR (400.1 MHz, CDCl3): 6 0.9- 
1.0,l.O-1.3,1.3-1.5, and 1.5-1.8 (m, 19 H, SiCHzC, SiCHC2, 
CCH2C), 2.1-2.6 (m, 6H, NCH2C), 3.61 ( 6 ~ )  and 3.64 ( 6 ~ )  (AB 
system, JAB = 14.9 Hz, 2 H, SiCH20), 6.5 (br s, 1 H, OH), 7.3- 
7.6 (m, 5 H, SiCsHs). 13C NMR (100.6 MHz, CDCl3): 6 9.6 
(SiCH&), 23.6 (c-1, SiCsH11), 24.2 (cCH2c), 25.2 (2 c) 
(CCH2C), 26.8 (CCH2C), 27.59 (CCH2C), 27.63 (CCH&), 28.0 
(CCHzC), 28.1 (CCH2C), 49.1 (SiCH20), 54.0 (SiCCHzN), 54.4 
(2 C) (NCHzC, NC~HLO), 127.8 (C-3/C-5, Sics&), 129.1 (C-4, 

(5, M+), 98 (100, CH2=NC5Hlo+). Anal. Calcd for C2oH33NOSi 

10.2; N, 4.2. 

SiCsHs), 134.6 (3 C) (C-l/C-2/C-6, Sics&). 

(Mr = 331.6): C, 72.45; H, 10.03; N, 4.22. Found: C, 72.6; H, 

EI MS: m / ~  331 
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Preparation of (R)-Cyclohexyl(hydroxymethy1)phen- 
yl(2-piperidinoethy1)silane [(R)-Sbl. This compound was 
prepared from (R)-Sb HCl(342 mg, 929 pmol) analogously to 
the synthesis of (R)-Sa and isolated in 87% yield as a white 
crystalline solid (269 mg, 811 pmol); mp 84-85 "C. The NMR 
and MS data of the product were identical with those obtained 
for ruc-Sb. [aIz0546 = -4.3 (CHC13, c = 1.0). Anal. Calcd for 
CzoH33NOSi (M, = 331.6): C, 72.45; H, 10.03; N, 4.22. 
Found: C, 72.2; H, 10.3; N, 4.2. 
Preparation of 6)-Cyclohexyl(hydroxymethy1)phen- 

yl(2-piperidinoethy1)silane [(S)-Sbl. This compound was 
prepared from (S)-Sb * HCl(390 mg, 1.06 mmol) analogously 
to the synthesis of (&Sa and isolated in 86% yield as a white 
crystalline solid (302 mg, 911 pmol); mp 84-85 "C. The NMR 
and MS data of the product were identical with those obtained 
for ruc-Sb. [aIz0546 = +4.3 (CHCl3, c = 1.0). Anal. Calcd for 
C2oH33NOSi (M, = 331.6): C, 72.45; H, 10.03; N, 4.22. 
Found: C, 72.4; H, 10.3; N, 4.2. 
Preparation of ruc-Cyclohexyl(2-hexamethylenimi- 

noethyl)(hydmxymethyl)phenylsilane (rac-Sc). This com- 
pound was prepared analogously to the synthesis of rac-Sa by 
addition of hexamethylenimine to  the vinyl group of rac-11 
(10.0 g, 31.4 mmol). After Kugelrohr distillation (190 "C/O.Ol 
Torr) and crystallization of the distillate at room temperature, 
ruc-Sc was isolated in 85% yield (9.23 g, 26.7 mmol) as a white 
crystalline solid; mp 54-55 "C. 'H NMR (400.1 MHz, 
CDC13): 6 0.9-1.0, 1.0-1.3, and 1.5-1.8 (m, 21 H, SiCHzC, 
SiCHC2, CCHzC), 2.4-2.7 (m, 6 H, NCHzC), 3.62 ( 6 ~ )  and 3.65 
( 6 ~ )  (AB system, JAB = 14.9 Hz, 2 H, SiCHZO), 6.6 (br s, 1 H, 

CDC13): 6 10.4 (SiCHzC), 23.6 (c-1, SiC&1), 26.6 (2 c) 
28.0 (CCH2C),28.1 (CCH2C), 49.1 (SiCH20),53.0 (SiCCHzN), 

OH), 7.25-7.6 (m, 5 H, Sic&&). 13C NMR (100.6 MHz, 

(CCHzC), 26.7 (3 C) (CCHzC), 27.60 (CCHzC), 27.62 (CCH2C), 

55.8 (2 c) (NCHzC, NC~HIZ), 127.8 (c-3/c-5, SiCsHs), 129.0 
(c-4, Sic&), 134.6 (C-2/C-6, SiCeHs), 134.7 (c-1, Sics&). E1 
MS: mlz 345 (6, M+), 112 (100, CHZ=NC~HI~+). Anal. Calcd 
for C Z ~ H ~ ~ N O S ~  (M, = 345.6): C, 72.98; H, 10.21; N, 4.05. 
Found: C, 73.3; H, 10.2; N, 4.2. 
Preparation of (R)-Cyclohexyl(2-hexamethylenimino- 

ethyl)(hydroxymethyl)phenylsilane [(R)-Scl. This com- 
pound was prepared from (R)-Sc a HC1 (306 mg, 801 pmol) 
analogously to the synthesis of (RMa and isolated in 84% yield 
as a white crystalline solid (233 mg, 674pmol); mp 50-51 "C. 
The NMR and MS data of the product were identical with 
those obtained for rac-Sc. [aIz0s46 = -3.4 (CHCl3, c = 1.0). 
Anal. Calcd for C21H35NOSi (M, = 345.6): C, 72.98; H, 10.21; 
N, 4.05. Found: C, 72.8; H, 10.4; N, 4.1. 
Preparation of (S)-Cyclohexyl(2-hexamethylenimino- 

ethyl)(hydroxymethyl)phenylsilane [(S)-Scl. This com- 
pound was prepared from (S)-Sc a HC1 (381 mg, 997 pmol) 
analogously to the synthesis of (R)-Sa and isolated in 86% yield 
as a white crystalline solid (297 mg, 859 pmol); mp 50-51 "C. 
The NMR and MS data of the product were identical with 
those obtained for ruc-Sc. [aIz0s46 = +3.4 (CHC13, c = 1.0). 
Anal. Calcd for C21HasNOSi (Mr = 345.6): C, 72.98; H, 10.21; 
N, 4.05. Found: C, 72.9; H, 10.4; N, 4.1. 
Preparation of rac-l-{2-[Cyclohexyl(hydroxymethyl)- 

phenylsilyl]ethyl}pyrrolidinium Chloride (=-Sa HCl). 
A 3.1 M ethereal HC1 solution (1.0 mL, 3.10 mmol of HC1) was 
added at room temperature to a stirred solution of rac-Sa (500 
mg, 1.57 mmol) in diethyl ether (50 mL). After stirring at  room 
temperature for 15 min, the solvent and excess HC1 were 
removed under reduced pressure. The solid residue was dried 
in uucuo and then recrystallized from acetoneldiethyl ether 
(diffusion of diethyl ether via the gas phase into a solution of 
the product in acetone at  room temperature) to give ruc- 
Sa - HCI in 89% yield as a colorless crystalline solid (495 mg, 
1.40 mmol); mp 149-150 "C. 'H NMR (400.1 MHz, CDC13): 
6 0.9-1.2, 1.4-1.7, and 1.9-2.1 (m, 17 H, SiCHzC, SiCHC2, 
CCHzC), 2.7-2.9, 3.0-3.15, 3.2-3.4, and 3.6-3.7 (m, 7 H, 
NCHzC, OH), 3.78 ( s , 2  H, SiCHZO), 7.3-7.5 (m, 5 H, Sics&,), 
11.4 (br s, 1 H, NH). I3C NMR (100.6 MHz, CDC13): 6 7.7 

Tacke et al. 

(SiCHZc), 23.28 (c-1, SiCeHii), 23.33 (2 c) (cCH2c), 26.5 
(CCH2C), 27.35 (CCH2C1, 27.37 (CCHzC), 27.7 (CCHzC), 27.8 
(CCHzC), 50.0 (SiCHzO), 52.4 (NCHzC), 52.5 (NCHZC), 52.6 
(NCHzC), 128.2 (C-3c-5, Sic&), 129.7 (c-4, SiCaHs), 132.4 

Mime), 84 (100, CH2=NC4Hsf). Anal. Calcd for C19H32- 
ClNOSi (M, = 354.0): C, 64.46; H, 9.11; N, 3.96. Found: C, 
64.3; H, 9.0; N, 4.0. 
Preparation of (R)-l-{2-[Cyclohexyl(hydroxymethyl)- 

phenylsilyllethyl}p~olidinium Chloride [(R)-Sa HCll. 
The combined mother liquors [enriched with (R)-Sa - (S,S)- 
0,O-di-p-toluoyltartaric acid] collected in the several steps of 
the resolution of rac-Sa [see preparation of (S)-Sa * HC11 were 
concentrated under reduced pressure, and the solid residue 
was suspended in water (200 mL). After addition of diethyl 
ether (200 mL) and 2.0 M aqueous NaOH solution (40 mL), 
the resulting mixture was stirred at room temperature for 15 
min, the organic phase separated, and the aqueous layer 
extracted with diethyl ether (3 x 150 mL). After drying of 
the combined organic extracts over anhydrous Na2S04, the 
solvent was removed under reduced pressure and the residue 
dried in vacuo to yield a mixture of (R)-Sa and (S)-Sa [strongly 
enriched with (R)-Sal (6.85 g, 21.6 mmol). A boiling solution 
of this product in acetone (70 mL) was added to  a filtered 
solution of (R,R)-0,O'-di-p-toluoyltartaric acid (8.33 g, 21.6 
mmol) in boiling acetone (330 mL). After cooling of this 
mixture to room temperature and keeping it undisturbed for 
60 h, the crystals that formed (10.1 g) were filtered off and 
then subjected to a 7-fold fractional crystallization following 
the procedure described for the preparation of (S)-Sa - HC1. The 
product6 (1.08 g) finally obtained by this method was trans- 
formed into crude (R)-Sa (448 mg, 1.41 "01) and then further 
into (R)-Sa.HCl following the procedure described for the 
preparation of (SMa HC1. Compound (R)-Sa HC1 was iso- 
lated in 9% yield [related to @)-Sa in the racemic mixture of 
Sa] as a colorless crystalline solid (503 mg, 1.42 mmol); mp 
131-132 "C. The NMR and MS data of the product were 
identical with those obtained for rac-Sa * HC1. [aIz0546 = $0.7 
(CHCl3, c = 1.0). Anal. Calcd for Cl~H32ClNOSi (M, = 
354.0): C, 64.46; H, 9.11; N, 3.96; C1, 10.01. Found: C, 64.8; 
H, 9.3; N, 4.1; C1, 10.0. 
Preparation of (5)-1-{2-[Cyclohexyl(hydroxymethyl)- 

phenylsilyl1ethyl)pyrrolidinium Chloride [@)-Sa - HCll. 
(S,S)-0,O-Di-p-toluoyltartaric acid (11.7 g, 30.3 mmol) was 
dissolved in boiling acetone (470 mL). The hot solution was 
filtered and then added to a solution of rue-Sa (9.60 g, 30.2 
mmol) in boiling acetone (100 mL). The resulting mixture was 
cooled to room temperature and then kept undisturbed for 60 
h to yield 16.6 g of a crystalline solid. The crystals were 
isolated by filtration and then subjected to a 7-fold fractional 
crystallization from acetone. For this purpose, the boiling 
saturated solution of the crystals in acetone was filtered and 
then allowed to cool slowly to room temperature over ca. 6 h 
(slow cooling in a water bath, starting at 55 "C). After keeping 
the mixture at  room temperature for a further 48 h, the 
crystals formed were isolated by filtration and then subjected 
to the next crystallization step. In the case of the first three 
fractional crystallization steps, the crystals of a second pre- 
cipitate (obtained by removal of the solvent of the filtrate under 
reduced pressure and crystallization of the resulting residue 
from boiling acetone in the same manner as described above) 
were collected as well, whereas in the four following fractional 
crystallization steps only the primary precipitate was isolated. 
The product6 (1.29 g) finally obtained by this procedure was 
suspended in a mixture of water (100 mL) and diethyl ether 
(100 mL), followed by addition of 2.0 M aqueous NaOH solution 
(3.0 mL). After stirring at room temperature for 10 min, the 
organic phase was separated and the aqueous layer extracted 
with diethyl ether (3 x 100 mL). The combined organic 

(6)According to lH and I3C NhfR studies (data not given), this 
product is the respective 0,O-di-p-toluoyl hydrogen tartrate containing 
ca. 1 mol equiv of acetone. 

(C-1, Sics&), 134.4 (C-2/C-6, Sic&). EI MS: m/z 317 (7, 
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extracts were dried over anhydrous NazS04, and the solvent 
was removed under reduced pressure and the residue dried 
in vacuo to yield crude (S)-5a as an oily liquid (547 mg, 1.72 
mmol). M e r  dissolving this product in diethyl ether (100 mL), 
3.1 M ethereal HCl solution (1.0 mL, 3.10 mmol of HC1) was 
added at room temperature and the resulting mixture stirred 
for 10 min. The solvent and excess HC1 were removed under 
reduced pressure, and the solid residue was dried in vacuo 
and then recrystallized from acetone/diethyl ether (diffusion 
of diethyl ether via the gas phase into a solution of the product 
in acetone at room temperature) to  give (S)-5a * HC1 in 10% 
yield [related to  (S)-5a in the racemic mixture of Sa] as a 
colorless crystalline solid (556 mg, 1.57 mmol); mp 131-132 
"C. The NMR and MS data of the product were identical with 
those obtained for rac-5a - HC1. [aIz0546 = -0.7 (CHCl3, c = 
1.0). Anal. Calcd for C19H32ClNOSi (M, = 354.0): C, 64.46; 
H, 9.11; N, 3.96; C1, 10.01. Found: C, 64.8; H, 9.4; N, 3.9; C1, 
10.0. 

Preparation of rac-l-{2-[Cyclohexyl(hydroxymethyl)- 
phenylsilyl1ethyl)piperidinium Chloride (ruc-5b 0 HCl). 
This compound was prepared from rac-5b (500 mg, 1.51 "01) 
analogously to  the synthesis of rac-5a * HC1 and isolated in 
91% yield as a colorless crystalline solid (507 mg, 1.38 mmol); 
mp 169-170 "C. lH NMR (400.1 MHz, CDC13): 6 0.9-1.25, 
1.25-1.3, 1.35-1.9, and 2.0-2.2 (m, 19 H, SiCHzC, SiCHC2, 
CCHzC), 2.4-2.6, 2.9-3.0, 3.1-3.3, and 3.4-3.6 (m, 6 H, 
NCHZC), 3.1 (br s, 1 H, OH), 3.83 (8, 2 H, SiCHZO), 7.3-7.5 
(m, 5 H, Sic,&,), 11.2 (br s, 1 H, NH). I3C NMR (100.6 MHz, 
CDC13): 6 5.7 (SiCHZC), 22.3 (CCHZC), 22.8 (2 C) (CCHzC), 
23.3 (c-1, SiCsH11), 26.6 (Cmzc) ,  27.4 (2 c) (CCH2C), 27.77 
(CCHZC), 27.80 (CCHzC), 50.2 (SiCH20), 51.8 (NCHZC), 52.5 
(NCHzC), 54.5 (NCHzC), 128.2 (C-3/C-5, Sics&), 129.8 (C-4, 
Sics&), 132.4 (c-1, Sics&), 134.5 (C-2/C-6, SiC6H5). E1 MS: 
m/z 331 (4, Mime), 98 (100, CHZ=NC~HIO+). Anal. Calcd for 
CzoH34ClNOSi (M, = 368.0): C, 65.27; H, 9.31; N, 3.81. 
Found: C, 65.3; H, 9.5; N, 3.8. 

Preparation of (R)-l-{2-[Cyclohexyl(hydroxymethyl)- 
phenylsilyl]ethyl)piperidinium Chloride [(R)-Sb HCl]. 
The combined mother liquors [enriched with (R)-Sb - (S,S)- 
0,O-di-p-toluoyltartaric acid] collected in the several steps of 
the resolution of rac-5b [see preparation of (S)-5b * HCl] were 
concentrated under reduced pressure, and the solid residue 
was suspended in water (200 mL). After addition of diethyl 
ether (200 mL) and 2.0 M aqueous NaOH solution (40 mL), 
the resulting mixture was stirred at room temperature for 15 
min, the organic phase separated, and the aqueous layer 
extracted with diethyl ether (3 x 150 mL). After drying of 
the combined organic extracts over anhydrous Na2SO4, the 
solvent was removed under reduced pressure and the residue 
dried in vucuo to yield a mixture of (R)-5b and (S)-5b [strongly 
enriched with (R)-5b] (7.32 g, 22.1 mmol). A boiling solution 
of this product in acetone (75 mL) was added to a filtered 
solution of (R,R)-0,O-di-p-toluoyltartaric acid (8.53 g, 22.1 
mmol) in boiling acetone (1.3 L). After cooling of this mixture 
to  room temperature and keeping it undisturbed for 60 h, the 
crystals that formed (12.7 g) were filtered off and then 
subjected to a 7-fold fractional crystallization following the 
procedure described for the preparation of (S)-5b - HC1. The 
product6 (1.29 g) finally obtained by this method was trans- 
formed into crude (R)-5b (560 mg, 1.69 mmol) and then further 
into (R)-5b - HC1 following the procedure described for the 
preparation of (S)-5b * HC1. Compound (R)-5b * HC1 was iso- 
lated in 10% yield [related to  (R)-5b in the racemic mixture of 
5b] as a colorless crystalline solid (567 mg, 1.54 mmol); mp 
153-154 "C. The NMR and MS data of the product were 
identical with those obtained for rac-5b * HC1. [aIz05a = +7.9 
(CHC13, c = 1.0). Anal. Calcd for CzoH34ClNOSi (MI = 
368.0): C, 65.27; H, 9.31; N, 3.81; C1, 9.63. Found: C, 65.4; 
H, 9.6; N, 3.8; C1, 9.6. 

Preparation of (S)-l-{2-[Cyclohexyl(hydroxymethyl)- 
phenylsilyl1ethyl)piperidinium Chloride [(S)-5b HCll. 
(S,S)-0,O-Di-p-toluoyltartaric acid (11.7 g, 30.3 mmol) was 
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dissolved in boiling acetone (1.75 L). The hot solution was 
filtered and then added to a solution of ruc-Sb (10.0 g, 30.2 
mmol) in boiling acetone (100 mL). The resulting mixture was 
cooled to room temperature and then kept undisturbed for 60 
h to yield 19.4 g of a crystalline solid. The crystals were 
isolated by filtration and then subjected to  a 7-fold fractional 
crystallization from acetone. For this purpose, the boiling 
saturated solution of the crystals in acetone was filtered and 
then allowed to cool slowly to room temperature over ca. 6 h 
(slow cooling in a water bath, starting at 55 "C). After keeping 
the mixture at room temperature for a further 48 h, the 
crystals formed were isolated by filtration and then subjected 
to  the next crystallization step. In the case of the first three 
fractional crystallization steps, the crystals of a second pre- 
cipitate (obtained by removal of the solvent of the filtrate under 
reduced pressure and crystallization of the resulting residue 
from boiling acetone in the same manner as described above) 
were collected as well, whereas in the four following fractional 
crystallization steps only the primary precipitate was isolated. 
The product6 (1.52 g) finally obtained by this procedure was 
suspended in a mixture of water (100 mL) and diethyl ether 
(100 mL), followed by addition of 2.0 M aqueous NaOH solution 
(3.0 mL). After stirring at  room temperature for 10 min, the 
organic phase was separated and the aqueous layer extracted 
with diethyl ether (3 x 100 mL). The combined organic 
extracts were dried over anhydrous NazS04, and the solvent 
was removed under reduced pressure and the residue dried 
in vacuo to yield crude (S)-5b as a white crystalline solid (658 
mg, 1.98 mmol). f i r  dissolving this product in diethyl ether 
(100 mL), 3.1 M ethereal HC1 solution (1.0 mL, 3.10 mmol of 
HC1) was added at  room temperature and the resulting 
mixture stirred for 10 min. The solvent and excess HC1 were 
removed under reduced pressure, and the solid residue was 
dried in vacuo and then recrystallized from acetone/diethyl 
ether (diffusion of diethyl ether via the gas phase into a 
solution of the product in acetone at room temperature) to  give 
(S)-5b * HCl in 12% yield [related to  (S)-5b in the racemic 
mixture of Sb] as a colorless crystalline solid (655 mg, 1.78 
"01); mp 153-154 "C. The NMR and MS data ofthe product 
were identical with those obtained for ruc-5b * HC1. [alZo546 = 
-7.9 (CHCl3, c = 1.0). Anal. Calcd for CzoH34ClNOSi (MI = 
368.0): C, 65.27; H, 9.31; N, 3.81; C1, 9.63. Found: C, 65.4; 
H, 9.6; N, 3.8; C1, 9.6. 

Preparation of ruc-l-{2-[Cyclohexyl(hydroxymethyl)- 
phenylsilyl]ethyl}hexamethyleniminium Chloride (rac- 
5c * HC1). This compound was prepared from rac-5c (500 mg, 
1.45 mmol) analogously to the synthesis of rac-5a - HC1 and 
isolated in 90% yield as a colorless crystalline solid (498 mg, 
1.30 "01); mp 163-164 "C. IH NMR (300.1 MHz, CDCl3): 
6 0.8-1.2, 1.3-1.8, and 1.9-2.2 (m, 21 H, SiCHzC, SiCHCz, 
CCHzC), 2.7-3.1 and 3.1-3.5 (m, 7H, NCHzC, OH), 3.82 (s, 2 
H, SiCHzO), 7.25-7.6 (m, 5 H, Sic&,), 11.1 (br s, 1 H, NH). 
13C NMR (62.9 MHz, CDC13): 6 6.2 (SiCHzC), 23.3 (C-1, 
SiCsH11), 23.6 (2 c) (CCH&), 26.5 (3 c) (cCH2c), 27.4 (2 c) 
(CCHzC), 27.7 (2 C) (CCHzC), 49.9 (SiCHzO), 53.0 (NCHzC), 
53.7 (NCHzC), 54.9 (NCHzC), 128.1 (C-3/C-5, Sics&), 129.7 

MS: m/z 345 (5, Miase), 112 (100, CHZ=NC~H~Z+). Anal. 
Calcd for C21H36ClNOSi (M, = 382.1): C, 66.02; H, 9.50; N, 
3.67. Found: C, 66.2; H, 9.8; N, 3.7. 

Preparation of (R)-l-{ 2-[Cyclohexyl(hydroxymethyl)- 
phenylsilyl]ethyl)hexamethyleniminium Chloride [(R)- 
5c - HCl]. The combined mother liquors [enriched with (R)- 
5c (S,S)-0,O-di-p-toluoyltartaric acid] collected in the several 
steps of the resolution of rac-5c [see preparation of (S)- 
5c * HCl] were concentrated under reduced pressure, and the 
solid residue was suspended in water (200 mL). After addition 
of diethyl ether (200 mL) and 2.0 M aqueous NaOH solution 
(40 mL), the resulting mixture was stirred at  room tempera- 
ture for 15 min, the organic phase separated, and the aqueous 
layer extracted with diethyl ether (3 x 150 mL). After drying 
of the combined organic extracts over anhydrous NazS04, the 

(C-4, Sic&), 132.5 (C-I, Sic,&), 134.4 (C-2/C-6, Sic,&). EI 
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solvent was removed under reduced pressure and the residue 
dried in vacuo to yield a mixture of (R)-Sc and (S)-Sc [strongly 
enriched with (R)-Sc] (7.21 g, 20.9 mmol). A boiling solution 
of this product in acetone (75 mL) was added to a filtered 
solution of (RP)-O,O-di-p-toluoyltartaric acid (8.06 g, 20.9 
mmol) in boiling acetone (1.2 L). After cooling of this mixture 
to room temperature and keeping it undisturbed for 60 h, the 
crystals formed (13.1 g) were filtered off and then subjected 
to  a 7-fold fractional crystallization following the procedure 
described for the preparation of (S)-Sc * HC1. The product6 
(1.20 g) finally obtained by this method was transformed into 
crude (R)-Sc (532 mg, 1.54 mmol) and then further into (R)- 
Sc HC1 following the procedure described for the preparation 
of (S)-Sc - HCl. Compound (R)-Sc * HC1 was isolated in 9% 
yield [related to (R)-Sc in the racemic mixture of Scl as a 
colorless crystalline solid (512 mg, 1.34 mmol); mp 133-134 
"C. The NMR and MS data of the product were identical with 
those obtained for ruc-Sc HC1. [aI2O546 = +7.0 (CHCb, c = 
1.0). Anal. Calcd for C21H36ClNOSi (M, = 382.1): C, 66.02; 
H, 9.50; N, 3.67; C1, 9.28. Found: C, 66.0; H, 9.7; N, 3.7; C1, 
9.3. 
Preparation of (S) -  1-{ 24 Cyclohexyl(hydroxymethy1)- 

phenylsilyl]ethyl}hexamethyleniminium Chloride [ (S)-  
Sc - HCl]. (S,S)-0,O-Di-p-toluoyltartaric acid (11.6 g, 30.0 
mmol) was dissolved in boiling acetone (1.75 L). The hot 
solution was filtered and then added to a solution of rac-Sc 
(10.4 g, 30.1 mmol) in boiling acetone (100 mL). The resulting 
mixture was cooled to room temperature and then kept 
undisturbed for 60 h to  yield 20.6 g of a crystalline solid. The 
crystals were isolated by filtration and then subjected to a 
7-fold fractional crystallization from acetone. For this purpose, 
the boiling saturated solution of the crystals in acetone was 
filtered and then allowed to cool slowly to room temperature 
over ca. 6 h (slow cooling in a water bath, starting at 55 "C). 
After keeping the mixture at room temperature for a further 
48 h, the crystals that formed were isolated by filtration and 
then subjected to  the next crystallization step. In the case of 
the first three fractional crystallization steps, the crystals of 
a second precipitate (obtained by removal of the solvent of the 
filtrate under reduced pressure and crystallization of the 
resulting residue from boiling acetone in the same manner as 
described above) were collected as well, whereas in the four 
following fractional crystallization steps only the primary 
precipitate was isolated. The product6 (1.35 g) finally obtained 
by this procedure was suspended in a mixture of water (100 
mL) and diethyl ether (100 mL), followed by addition of 2.0 M 
aqueous NaOH solution (3.0 mL). After stirring at room 
temperature for 10 min, the organic phase was separated and 
the aqueous layer extracted with diethyl ether (3 x 100 mL). 
The combined organic extracts were dried over anhydrous Naz- 
SO4, and the solvent was removed under reduced pressure and 
the residue dried in vacuo t o  yield crude (S)-Sc as a white 
crystalline solid (591 mg, 1.71 mmol). After dissolving of this 
product in diethyl ether (100 mL), 3.1 M ethereal HC1 solution 
(1.0 mL, 3.10 mmol of HC1) was added at  room temperature 
and the resulting mixture stirred for 10 min. The solvent and 
excess HC1 were removed under reduced pressure, and the 
solid residue was dried in vacuo and then recrystallized from 
acetone/diethyl ether (diffusion of diethyl ether via the gas 
phase into a solution of the product in acetone at room 
temperature) to give (S)-Sc HC1 in 10% yield [related to (S)- 
5c in the racemic mixture of SC] as a colorless crystalline solid 
(601 mg, 1.57 mmol); mp 133-134 "C. The NMR and MS data 
of the product were identical with those obtained for rac- 
5c * HC1. [alZo546 = -7.0 (CHC13, c = 1.0). Anal. Calcd for 
C Z ~ H ~ & M O S ~  (M, = 382.1): C, 66.02; H, 9.50; N, 3.67; C1,9.28. 
Found: C, 66.1; H, 9.7; N, 3.7; C1, 9.3. 
Preparation of rac- 1-{2-[Cyclohexyl(hydroxymethyl)- 

phenylsilyllethyl}-1-methylpyrrolidinium Iodide (ruc- 
6a). Methyl iodide (2.23 g, 15.7 mmol) was added to a solution 
of rac-Sa (500 mg, 1.57 mmol) in acetone (50 mL) and the 
resulting mixture stirred at room temperature for 21 h. After 
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removal of the solvent and excess methyl iodide under reduced 
pressure, the solid residue was dried in vacuo and then 
recrystallized from acetone/diethyl ether (diffusion of diethyl 
ether via the gas phase into a solution of the product in acetone 
at room temperature) to give rac-6a in 91% yield as a colorless 
crystalline solid (660 mg, 1.44 mmol); mp 142-143 "C. lH 
NMR (250.1 MHz, CDC13): 6 1.0-1.8 and 2.1-2.3 (m, 17 H, 
SiCHZC, SiCHC2, CCHzC), 3.1 (br s, 1 H, OH), 3.15 (s, 3 H, 
NCHs), 3.35-3.55, 3.55-3.75, and 3.8-4.0 (m, 6 H, NCHzC), 
3.86 (s, 2 H, SiCH20), 7.3-7.55 (m, 5 H, SiCsHd. 13C NMR 
(62.9 MHz, CDC13): 6 6.1 (SiCH2C), 21.8 (2 C) (CCHzC), 23.3 
(c-1, SiCeH11), 26.5 (CCHZC), 27.4 (2 c) (CCHzC), 27.70 
(CCHzC), 27.73 (CCHzC), 48.3 (NCHs), 48.7 (SiCHZO), 62.2 
(NCH2C), 63.3 (NCHzC), 63.7 (NCH2C), 128.3 (C-3/C-5, Sic&), 
129.8 (c-4, Sics&), 132.5 (c-1, Sic&), 134.4 (C-2/C-6, 
Sic&). FD MS: m/z 332 (100, M:ation). Anal. Calcd for 
C2oH34INOSi (M, = 459.5): C, 52.28; H, 7.46; N, 3.05. Found: 
C, 52.7; H, 7.8; N, 3.1. 
Preparation of (R)-l-{2-[Cyclohexyl(hydroxymethyl)- 

phenylsilyl]ethyl}-1-methylpyrrolidinium Iodide [(R)- 
6a]. This compound was prepared analogously to the synthe- 
sis of ruc-6a by addition of methyl iodide (184 mg, 1.30 mmol) 
to a solution of (R)-Sa (210 mg, 661 pmol) in acetone (40 mL). 
(R)-6a was isolated in 71% yield as a colorless crystalline solid 
(216 mg, 470 pmol); mp 135-136 "C [recrystallization by 
diffusion of diethyl ether via the gas phase into a solution of 
the product in ethyl acetate/acetone (1/5, v/v) at room tem- 
perature]. The NMR and MS data of the product were 
identical with those obtained for ruc-6a. [aIz0546 = -5.6 
(CHCl3, c = 1.0). Anal. Calcd for C2oH34INOSi (M, = 459.5): 
C, 52.28; H, 7.46; N, 3.05; I, 27.62. Found: C, 52.4; H, 7.5; N, 
3.0; I, 27.8. 
Preparation of ( S )  - 1 - { 2-[Cyclohexyl( hydroxymethy1)- 

phenylsilyllethyl}-1-methylpyrrolidinium Iodide [ (S)-  
6a]. This compound was prepared analogously to the synthe- 
sis of rac-6a by addition of methyl iodide (207 mg, 1.46 mmol) 
to a solution of (S)-Sa (231 mg, 728 pmol) in acetone (40 mL). 
(S)-6a was isolated in 67% yield as a colorless crystalline solid 
(225 mg, 490 pmol); mp 135-136 "C [recrystallization by 
diffusion of diethyl ether via the gas phase into a solution of 
the product in ethyl acetate/acetone (1/5, v/v) at  room tem- 
perature]. The NMR and MS data of the product were 
identical with those obtained for rac-6a. [aIz0546 = +5.6 
(CHCl3, c = 1.0). Anal. Calcd for C2oH34INOSi (M, = 459.5): 
C, 52.28; H, 7.46; N, 3.05; I, 27.62. Found: C, 52.6; H, 7.7; N, 
3.0; I, 27.7. 
Preparation of rac- 1-{2-[Cyclohexyl(hydroroxymethyl)- 

phenylsilyl]ethyl}-1-methylpiperidinium Iodide (ruc- 
6b). This compound was prepared analogously to the synthe- 
sis of rac6a by addition of methyl iodide (860 mg, 6.06 mmol) 
to a solution of rac-Sb (1.00 g, 3.02 mmol) in acetone (100 mL). 
rac-6b was isolated in 91% yield as a colorless crystalline solid 
(1.30 g, 2.75 mmol); mp 141-142 "C. IH NMR (250.1 MHz, 
CDCl3): 6 0.95-1.5 and 1.5-2.0 (m, 19 H, SiCHZC, SiCHCZ, 
CCHzC), 3.1 (br s, 1 H, OH), 3.14 (s, 3 H, NCHs), 3.35-3.65 
and 3.85-4.05 (m, 6 H, NCHzC), 3.87 (s, 2 H, SiCHZO), 7.3- 
7.55 (m, 5 H, Sics&). 13C NMR (62.9 MHz, CDC13): 6 4.1 
(SiCH2C), 20.1 (2 C) (CCHzC), 20.8 (CCHzC), 23.4 (C-1, 
SiCeHll), 26.5 (CCHZC), 27.5 (2 c) (CCHzC), 27.7 (CCHzC), 27.8 
(CCH2C), 47.2 (NCHs), 48.7 (SiCH20), 59.8 (NCH2C), 60.3 
(NCHZC), 61.9 (NCHZC), 128.3 (C-3/C-5, Sics&), 129.9 (C-4, 

MS: m/z 346 (100, MZation). Anal. Calcd for C Z I H ~ ~ I N O S ~  (M, 
= 473.5): C, 53.27; H, 7.66; N, 2.96. Found: C, 53.3; H, 7.7; 
N, 3.0. 
Preparation of (R)-l-{2-[Cyclohexyl(hydroxymethyl)- 

phenylsilyllethyl}-1-methylpiperidinium Iodide [(R)-6bl. 
This compound was prepared analogously to  the synthesis of 
ruc-6a by addition of methyl iodide (177 mg, 1.25 mmol) to a 
solution of (R)-Sb (205 mg, 618 pmol) in acetone (40 mL). (R)- 
6b was isolated in 82% yield as a colorless crystalline solid 
(239 mg, 505 pmol); mp 164-165 "C. The NMR and MS data 

SiC,jHs), 132.5 (C-1, Sics&), 134.4 (C-2/C-6, Sic,&& FD 
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of the product were identical with those obtained for rac-6b. 
[aIz0546 = -5.9 (CHCl3, c = 1.0). Anal. Calcd for C Z ~ H ~ ~ I N O S ~  
(M, = 473.5): C, 53.27; H, 7.66; N, 2.96; I, 26.80. Found: C, 
53.3; H, 7.7; N, 3.0; I, 26.7. 
Preparation of (S)-l-{2-[Cyclohexyl(hydroxymethyl)- 

phenylsilyllethy1)-1-methylpiperidinium Iodide [ (S)-6b]. 
This compound was prepared analogously to the synthesis of 
ruc-6a by addition of methyl iodide (184 mg, 1.30 mmol) to a 
solution of (S)-Sb (215 mg, 648 pmol) in acetone (40 mL). (5')- 
6b was isolated in 82% yield as a colorless crystalline solid 
(252 mg, 532 pmol); mp 164-165 "C. The NMR and MS data 
of the product were identical with those obtained for rac-6b. 
[alZ05a = +5.9 (CHC13, c = 1.0). Anal. Calcd for C21H36INOSi 
(M, = 473.5): C, 53.27; H, 7.66; N, 2.96; I, 26.80. Found: C, 
53.4; H, 7.8; N, 2.9; I, 26.8. 
Preparation of rac-l-{2-[Cyclohexyl(hydroxymethyl)- 

phenylsilyll et hy 1) - 1 -methylhexamet hyleniminium Io- 
dide (mc-6c). This compound was prepared analogously to 
the synthesis of rac-6a by addition of methyl iodide (830 mg, 
5.85 mmol) to a solution of rac-Sc (1.00 g, 2.89 mmol) in 
acetone (100 mL). rac-6c was isolated in 90% yield as a 
colorless crystalline solid (1.27 g, 2.60 mmol); mp 149-150 "C. 
lH NMR (250.1 MHz, CDC13): 6 1.0-2.0 (m, 21 H, SiCHzC, 
SiCHC2, CCHzC), 3.1 (br s, 1 H, OH), 3.15 (s, 3 H, NCHs), 
3.25-3.6 and 3.85-4.0 (m, 6 H, NCHzC), 3.88 (s, 2 H, SiCHZO), 
7.3-7.55 (m, 5 H, SiCsH5). l3C NMR (62.9 MHz, CDC13): 6 
5.1 (SiCHzC), 22.0 (CCHzC), 22.1 (CCHzC), 23.4 (c-1, Sics&), 
26.5 (CCHzC), 27.3 (2 C) (CCHzC), 27.5 (2 C) (CCHzC), 27.7 
(CCHzC), 27.8 (CCHzC), 48.7 (SiCHZO), 50.0 (NCH3), 63.3 
(NCHzC), 63.5 (NCH2C), 64.1 (NCHzC), 128.3 (C-3/C-5, SiC6H5), 

Sic&&). FD MS: m/z 360 (100, M;ation). Anal. Calcd for 
CzzH38INOSi (M, = 487.5): C, 54.20; H, 7.86; N, 2.87. Found: 
C, 53.7; H, 7.7; N, 3.0. 
Preparation of (R)-l-{2-[Cyclohexyl(hydroxymethyl)- 

phenylsilyl]ethyl}-1-methylhexamethyleniminium Io- 
dide [(R)-6cl. This compound was prepared analogously to  
the synthesis of rac-6a by addition of methyl iodide (164 mg, 
1.16 mmol) to  a solution of (E)& (200 mg, 579 pmol) in 
acetone (40 mL). (R1-6~ was isolated in 85% yield as a colorless 
crystalline solid (239 mg, 490 pmol); mp 176-177 "C. The 
NMR and MS data of the product were identical with those 
obtained for rac-6c. [aIz0546 = -1.7 (CHCl3, c = 1.0). Anal. 
Calcd for C22H3sINOSi (M, = 487.5): C, 54.20; H, 7.86; N, 2.87; 
I, 26.03. Found: C, 54.3; H, 8.0; N, 2.9; I, 26.2. 
Preparation of (S)-l-{ 2-[Cyclohexyl(hydroxymethyl)- 

phenylsilyl]ethyl}-1-methylhexamethyleniminium Io- 
dide [(S)-6c]. This compound was prepared analogously to 
the synthesis of rac-6a by addition of methyl iodide (204 mg, 
1.44 mmol) to a solution of (S1-5~ (250 mg, 723 pmol) in acetone 
(40 mL). (S)-6b was isolated in 83% yield as a colorless 
crystalline solid (294 mg, 603 pmol); mp 176-177 "C. The 
NMR and MS data of the product were identical with those 
obtained for rac-6c. [aIz0546 = +1.7 (CHCl3, c = 1.0). Anal. 
Calcd for C22H3sINOSi (M, = 487.5): C, 54.20; H, 7.86; N, 2.87; 
I, 26.03. Found: C, 54.6; H, 8.0; N, 3.0; I, 26.0. 
Preparation of rac-(Chloromethyl)cyclohexyl(meth- 

0xy)phenylsilane (ruc-7). Synthesis was as described in ref 
Id. 
Preparation of ruc-(Chloromethyl)cyclohexyl(phen- 

y1)vinylsilane (ruc-8). A 1.0 M solution of vinylmagnesium 
bromide in THF (200 mL, 200 mmol of CHZ=CHMgBr) was 
added dropwise at room temperature over 70 min to  a stirred 
solution of ruc-7 (43.0 g, 160 mmol) in THF (200 mL). After 
heating under reflux for 6 h and stirring at room temperature 
for 14 h, a saturated aqueous NH4C1 solution (300 mL) was 
added to the reaction mixture at 0 "C. The organic phase was 
separated and the aqueous layer extracted with diethyl ether 
(4 x 200 mL). After drying of the combined organic extracts 
over anhydrous NazS04 and removal of the solvent under 
reduced pressure, the residue was distilled in uucuo (Vigreux 
column) to  give ruc-8 in 91% yield as a colorless liquid (38.6 

129.9 (C-4, Sics&), 132.5 (C-I, SiCsHs), 134.4 (C-2/C-6, 
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g, 146 mmol); bp 101 "C/O.Ol Torr. 'H NMR (400.1 MHz, 
CDCld: 6 1.2-1.4 and 1.7-1.9 (m, 11 H, SiCsH11), 3.17 (s, 2 

SiCH=CHH), 6.29 (dd, Jgem = 5.9 Hz, Jcis = 14.9 Hz, 1 H, 
SiCH=CHH), 6.34 (dd, Jcis = 14.9 Hz, Jk,,, = 18.2 Hz, 1 H, 
SiCH=CHZ), 7.4-7.7 (m, 5 H, Sic,&). 13C NMR (100.6 MHz, 

and 27.94 (CCHZC, SiCHzCl), 127.9 (c-3/c-5, SiC6H5), 129.7 
(c-4, Sics&), 131.5 (SiCH=CHZ), 132.7 (c-1, SiCsHs), 135.0 
(C-WC-6, Sic&), 136.4 (SiCH=CHZ). E1 MS: m/z 264 (5, M+), 

Si+). Anal. Calcd for C15Hz1ClSi (M, = 264.9): C, 68.02; H, 
7.99. Found: C, 68.1; H, 8.1. 
Preparation of ruc-(Acetoxymethyl)cyclohexyl(phen- 

y1)Vinylsilane (rac-9). A mixture of rac-8 (15.0 g, 56.7 mmol) 
and sodium acetate (4.65 g, 56.7 mmol) in DMF (65 mL) was 
stirred under reflux for 5 h. The mixture was cooled to  room 
temperature, the precipitate filtered off, and the solvent 
removed under reduced pressure. The residue was distilled 
in uucuo (Vigreux column) to give rac-9 in 92% yield as a 
colorless liquid (15.1 g, 52.3 mmol); bp 110 "C/O.Ol Torr. lH 
NMR (400.1 MHz, CDCl3): 6 1.1-1.3 and 1.7-1.9 (m, 11 H, 
SiC&1), 2.02 (s, 3 H, CCHs), 4.17 ( 6 ~ )  and 4.19 ( 6 ~ )  (AB 
system, JAB = 14.5 Hz, 2 H, SiCHZO), 5.88 (dd, Jgem = 5.3 Hz, 
Jtrans = 18.6 Hz, 1 H, SiCH=CHH), 6.21 (dd, J,,, = 5.3 Hz, 
Jd, = 14.7 Hz, 1 H, SiCH=CHH), 6.28 (dd, J,,, = 14.7 Hz, Jt,,, 
= 18.6 Hz, 1 H, SiCH=CHZ), 7.35-7.65 (m, 5 H, Sics&). I3C 
NMR (100.6 MHz, CDC13): 6 20.8 (CCH3), 23.3 (C-1, SiC&11), 

(SiCH20), 127.8 (C-3c-5, Sic&), 129.5 ((2-4, Sic,&), 131.6 
(SiCH=CHZ), 132.8 (c-1, Sic&), 134.8 (C-2/C-6, Sic&&), 
136.0 (SiCH=CHZ), 171.7 (CO). E1 MS: m/z 261 (8, M+ - 

(60, CaHeSi+). Anal. Calcd for C17H2402Si (M, = 288.5): C, 
70.78; H, 8.39. Found: C, 70.7; H, 8.3. 
Preparation of ruc-Cyclohexyl(hydroxymethy1)phen- 

yl(viny1)silane (ruc-10). A solution of ruc-9 (36.4 g, 126 
mmol) in diethyl ether (300 mL) was added dropwise at -30 
"C over 2 h to a stirred suspension of lithium aluminum 
hydride (9.57 g, 252 mmol) in diethyl ether (500 mL). The 
mixture was stirred at -30 "C for 30 min and then added in 
20-mL portions (-30 "C) to ice-cold 18% hydrochloric acid (1.0 
L). The organic phase was separated and the aqueous layer 
extracted with diethyl ether (4 x 500 mL). After drying of 
the combined organic extracts over anhydrous NazS04 and 
removal of the solvent under reduced pressure, the residue 
was distilled in uacuo (Vigreux column) to give rac-10 in 92% 
yield as a colorless liquid (28.7 g, 116 mmol); bp 105 "C/O.Ol 
Torr. 'H NMR (400.1 MHz, CDC13): 6 1.1 (br s, 1 H, OH), 
1.1-1.4 and 1.6-1.9 (m, 11 H, SiCsH11), 3.79 (s, 2 H, SiCHZO), 
5.93 (dd, Jgem = 5.4 Hz, J,,, = 18.7 Hz, 1 H, SiCH=CHH), 
6.25 (dd, Jgem = 5.4 Hz, Jcis = 14.9 Hz, 1 H, SiCH=CHH), 6.32 
(dd, JdB = 14.9 Hz, Jt,.,, = 18.7 Hz, 1 H, SiCH=CHz), 7.35- 
7.65 (m, 5 H, Sic&&,). 13C NMR (100.6 MHz, CDC13): 6 23.1 
(C-1, SiCsH11), 26.8 (CCH2C), 27.6 (2 C) (CCHzC), 27.9 
(CCHzC), 28.0 (cCH&), 51.7 (SiCHzO), 127.9 (c-3/c-5, Sic&&), 
129.5 (C-4, SiCeH5), 132.2 (SiCH=CHz), 133.4 (C-1, Sic&), 
135.0 (C-2/C-6, Sic&&,), 136.1 (SiCH=CH2). E1 MS: m/z 246 

(100, CsHgSi+). Anal. Calcd for ClsHzzOSi (M, = 246.4): C, 
73.11; H, 9.00. Found: C, 73.1; H, 9.0. 
Preparation of rac-Cyclohexyl(pheny1) [(trimethylsi- 

lyloxy)methyl]vinylsilane (rac-11). A solution of chlorotri- 
methylsilane (52.2 g, 480 mmol) in n-pentane (270 mL) was 
added dropwise at -30 "C over 100 min to  a stirred solution 
of ruc-10 (29.6 g, 120 mmol) and triethylamine (13.0 g, 128 
mmol) in n-pentane (430 mL). The solution was allowed to 
warm up to room temperature and then stirred for 19 h. The 
precipitate was filtered off, the solvent removed under reduced 
pressure, and the residue distilled in vacuo (Vigreux column) 
to give rac-11 in 84% yield as a colorless liquid (32.3 g, 101 
mmol); bp 86 "C/O.Ol Torr. lH NMR (400.1 MHz, CDC13): 6 

H, SiCHzCl), 5.95 (dd, Jgem = 5.9 Hz, Jtrans = 18.2 Hz, 1 H, 

CDC13): 6 22.9 (c-1, SiC6Hi1), 26.7, 26.8, 27.3 (2 c ) ,  27.91, 

215 (67, M+ - CHzCl), 181 (18, M+ - CsH11),133 (100, CsHg- 

26.7 (CCHzC), 27.4 (2 C) (CCHzC), 27.9 (2 C) (CCHzC), 53.3 

CH=CHz), 211 (12, M+ - CsH51, 205 (100, M+ - CsH11), 133 

(2, M+), 215 (52, M+ - CHzOH), 163 (74, M+ - CsHii), 133 
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Isotropic Displacement Parameters (pmz x 1O-I) for (R)-6b 
Table 5. Atomic Coordinates (x  104) and Equivalent 

Tacke et al. 

atom X Y Z 

2892.4(2) 
2224.9(7) 
-783(2) 

391(3) 
3139(2) 
2 122(2) 
2666(2) 
4187(2) 
2695(3) 
30 13(3) 
1876(3) 
1836(3) 
1553(2) 
1782(2) 
765(3) 
437(3) 

1085(3) 
2068(3) 
2417(2) 
3565(2) 
2858(3) 
3922(3) 
5378(3) 
6114(3) 
5057(2) 

9270.0(2) 
5109.1(6) 
5079(2) 
6094(3) 
4790(2) 
403 l(2) 
4032(2) 
3347(3) 
5586(2) 
5653(3) 
4763(3) 
3199(3) 
3145(2) 
3342(2) 
33 16(3) 
2034(3) 
733(3) 
718(3) 

20 12(2) 
6232(2) 
6710(2) 
7625(3) 
6817(3) 
6348(3) 
5451(2) 

4778.5( 1) 
3853.7(2) 
4049.7(7) 
394539) 
4470.6(7) 
4836.2(6) 
5369.3(6) 
5394.8(8) 
5560.1(7) 
6105.6(7) 
6396.6(8) 
6214.1(8) 
5661.7(8) 
3535.9(7) 
3 143.6(9) 
2898.0( 10) 
3042.0(9) 
3434.3( 8) 
3675.8(8) 
3473.4(7) 
2985.9(7) 
2675.9(8) 
2578.6(9) 
305 8.5 (9) 
3378.6(8) 

3 1.6( 1) 
19.7(1) 
45.1(5) 
31.8(5) 
22.7(4) 
19.5(3) 
16.1(3) 
25.3(5) 
24.4(4) 
32.3(5) 
34.4(6) 
28.0(5) 
22.2(4) 
22.1(4) 
31.6(5) 
40.3(6) 
36.2(5) 
3 1.1(4) 
24.4(5) 
20.9(4) 
26.3(4) 
30.4(5) 
33.7(6) 
32.7(5) 
25.8(5) 

The equivalent isotropic displacement parameter U(eq) is  defined as 
one-third of the trace of the orthogonalized Uij tensor. 

0.10 (9, 9 H, SiCH3), 1.1-1.4 and 1.7-1.9 (m, 11 H, SiC&1), 
3.69 (6, 2 H, SiCHZO), 5.58 (dd, J,,, = 5.1 Hz, Jk,. = 19.2 
Hz, 1 H, SiCH=CKH), 6.20 (dd, J,,, = 5.1 Hz, Jd8 = 14.9 Hz, 
1 H, SiCH=CHH), 6.32 (dd, J e  = 14.9 Hz, Jt,,, = 19.2 Hz, 1 
H, SiCH=CHZ), 7.35-7.7 (m, 5 H, Sic&). 13C NMR (100.6 
MHz, CDC13): 6 -0.8 (SiCHs), 23.3 ((2-1, SiCsH11), 27.0 

51.5 (SiCHZO), 127.6 (C-3/C-5, SiCsHs), 129.2 (C-4, SiCsHs), 
133.0 (SiCH=CHZ), 134.6 (C-1, Sic&), 135.1 (C-WC-6, Sic&), 
135.3 (SiCH=CHZ). E1 MS: mlz 318 (1, M+), 235 (99, M+ - 
CeH11), 133 (100, CsHQSi+). Anal. Calcd for C18H300Siz (M, = 
318.6): C, 67.86; H, 9.49. Found: C, 67.8; H, 9.5. 

Crystal Structure Analysis of (R)-6b. Intensities were 
measured with monochromatized Mo Ka radiation on a Stoe 
STADI-4 diffractometer equipped with a Siemens LT-2 low- 
temperature attachment. The structure was solved by the 
heavy-atom method and refined anisotropically on F (program 
SHELXL-93, G. M. Sheldrick, University of Gottingen). Hy- 
drogen atoms were included with a riding model except for 
methyl or hydroxyl H (rigid groups). The absolute configura- 
tion was determined by an x refinement;I x refined to -0.028- 
(12). For further details, see Table 1. The atomic coordinates 
and equivalent isotropic displacement parameters for (R)-6b 
are listed in Table 5 ;  the atomic numbering scheme is given 
in Figure 1. Tables of anisotropic thermal parameters, atomic 
coordinates for the hydrogen atoms, and complete lists of 
bond distances and angles are provided as supplementary 
material. 

NMR-Spectroscopic Determination of the Enantio- 
meric Purities of the Antipodes of Sa-c. The enantio- 
meric purities of the (R)- and (5')-enantiomers of Sa-c were 
determined by NMR experiments using the chiral shift re- 
agents (-)-2,2,2-trifluoro-1-(9-anthryl)ethanol [(-)-TFAE] (lH 

(CCHzC), 27.6 (2 C) (CCHzC), 28.1 (CCHzC), 28.2 (CCHzC), 

(7) Flack, H. D. Acta Crystallogr. Ser. A 1983, 39, 876-881. 

NMR) and (+)-tris[3-(2,2,3,3,4,4,4-heptafluoro-l-hydroxybu- 
tylidene)d-camphorato]europium(III) [(+)-Eu(hfc)s] NMR). 
(-)-TFAE and (+)-Eu(hfc)~ were purchased from Sigma and 
Aldrich, respectively. The NMR spectra were recorded at room 
temperature on a Bruker AM-400 NMR spectrometer operat- 
ing at 400.1 MHz ('H) and 100.6 MHz (W), respectively. The 
composition of the samples used for the lH NMR experiments 
was as follows: 30.2 pmol of Sa-c, 152 pmol of (-)-TFAE, 0.5 
mL of CDC13. The composition of the samples used for the 
13C NMR experiments was as follows: 90.5 pmol of Sa-c, 45.2 
pmol of (+)-Eu(hfc)a, 0.5 mL of CDCl3. 

Functional Pharmacological Studies. As a measure of 
affinity, p A 2  values of the pure (R)- and (5')-enantiomers of 
Sa-c and 6a-c were determined at muscarinic M1 receptors 
in rabbit vas deferens [l-[4-[[(4-fluorophenyl)carbamoylloxyl- 
2-butyn-1-yll-1-methylpyrrolidinium tosylate (4-F-PyMcN+) as 
agonist], M2 receptors in guinea-pig atria, and M3 receptors 
in guinea-pig ileum (arecaidine propargyl ester as agonist) 
according to published procedures.lg Concentration-response 
curves of the agonists were constructed in the absence and in 
the presence of the antagonists [(R)- and (5')-enantiomers of 
Sa-c and 6a-c]. Dose ratios calculated from the respective 
ECso values of the agonists were used to  perform a Schild 
analysis.8 Since the Arunlakshana-Schild plots of all the 
compounds investigated were linear and the slopes of the 
regression lines were not significantly different from unity, 
p A 2  values were estimated as the intercept on the abscissa 
scale by fitting to the data the best straight line with a slope 
of unity (constrained plot).9 The p A 2  values given in Table 2 
correspond to -log KD values (KD = dissociation constant of 
the antagonist-receptor complex). 

Radioligand Binding Studies. Radioligand binding stud- 
ies of the pure (R)- and (5')-enantiomers of Sa-c and 6a-c 
were carried out with homogenates of human NB-OK 1 
neuroblastoma cells (M1 receptors), as well as with homoge- 
nates of rat heart (M2 receptors), rat pancreas (M3 receptors), 
and rat striatum (M4 receptors). The radioligand was [3H]- 
N-methylscopolamine (0.24-1.0 nM). Data of the binding 
experiments were analyzed by an iterative curve fitting 
procedure. Dissociation constants (Ki values) of the (R)- and 
(S)-enantiomers of Sa-c and 6a-c were determined from IC50 
values obtained from competition curves. The pKi values given 
in Table 3 correspond to -log Ki values. For more experimen- 
tal details, see ref lf,i. 
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pic thermal parameters, atomic coordinates for the hydrogen 
atoms, and complete lists of bond distances and angles for (R)- 
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masthead page. 

OM940667S 

(8) Arunlakshana, 0.; Schild, H. 0. Br. J. Pharmacol. 1969,14,48- 

(9)Tallarida, R. J.; Murray, R. B. Manual of Pharmacologic 
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Addition of H2SiPh2 to 
Ir(acac)(q2-CH302C-C=C-C02CH3)(PR3): Synthesis and 

Characterization of 
I 
Ir(acac){ C [CH( OCH3)OSiPh2]=CHC02CH3} (PR3) (PR3 = 

PiPr3, PCy3) 

Miguel A. Esteruelas,* Fernando J. Lahoz, Enrique Oiiate, Luis A. Oro, and 
Laura Rodriguez 

Departamento de Quimica Inorganica, Instituto de Ciencia de Materiales de Aragbn, 
Universidad de Zaragoza-Consejo Superior de Investigaciones Cientificas, 

50009 Zaragoza, Spain 

Received August 5, 1994@ 

The complexes Ir(acac)(cyclooctene)(PR3) (PR3 = PiPrs (21, PCy3 (3)), which are prepared 
by reaction of Ir(acac)(cyclooctene~~ (1) with the corresponding phosphine, react with carbon 
monoxide and acetylenedicarboxylic methyl ester to give Ir(acac)(CO)(PR3) (PR3 = PiPr3 (4), 
PCy3 (5) )  and I~(~C~C)(~~-CH~O~C-C~C--CO~CH~)(PR~) (PR3 = PiPr3 (6), PCy3 (7)). The 

reactions of 6 and 7 with H2SiPhz afford ~r(acac){C[CH(OCH3)0SiPh21=CHCO~CH3}(PR3) 
(PR3 = PiPr3 (8),  PCy3 (9)). The X-ray crystal structure analysis of 9 (monoclinic, space 
group P21h with a = 21.408(1) A, b = 10.246(1) A, c = 18.983(1) A, and B = 106.89(1)") 
reveals that the bonding situation in the Ir-Si-0 sequence could be described as an  
intermediate state between metal-silylene stabilized by a n  oxygen base and a tetrahedral 
silicon. 

Introduction 
The mechanisms of type Chalk-Harrod and their 

variants employ conventional oxidative addition, inser- 
tion, and reductive elimination steps to  explain the 
hydrosilylation of olefins and alkynes.' The design of 
new catalysts requires a basic knowledge of the leading 
factors of these elementary steps. In this respect, the 
reactions of z-olefin2 and z-alkyne3 transition metal 
complexes with silanes are of great interest. 

We have previously reported that square-planar 
complexes of the types Ir(OR')(COD)(PR3)4 (COD = 1,5- 
cyclooctadiene) and I~(T,AOC(O)CH~)(TFB)(PR~)~ (TFB 

@ Abstract published in Advance ACS Abstracts, November 1, 1994. 
(1) (a) Chalk, A. J.; Harrod, J. F. J. Am. Chem. SOC. 1966, 87, 16. 

(b) Schroeder,M.; Wrighton, M. S. J. Organomet. Chem. 1977,128,345. 
(c) Dickers, H. M.; Haszeldine, R. N.; Mather, A. P.; Parish, R. V. J. 
Organomet. Chem. 1978,161,91. (d) Randolph, C. L.; Wrighton, M. S. 
J. Am. Chem. SOC. 1986, 108, 3366. (e) Seitz, F.; Wrighton, M. S. 
Angew. Chem., Int. Ed. Engl. 1988, 27, 289. (0 Ojima, I.; Clos, N.; 
Donovan, R. J.; Ingallina, P. Organometallics 1990, 9, 3127. (g) 
Esteruelas, M. A.; Oro, L. A.; Valero, C. Organometallics 1991,10,462. 
(h) Duckett, S. B.; Perutz, R. N. Organometallics 1992, 11, 90. (i) 
Esteruelas, M. A.; Herrero, J.; Oro, L. A. Organometallics 1993, 12, 
2377. 

(2)(a) Haddleton, D. M.; Perutz, R. N. J. Chem. Soc., Chem. 
Commun. 1986, 1372. (b) Bentz, P. 0.; Ruiz, J.; Mann, B. E.; Spencer, 
C. M.; Maitlis, P. M. J. Chem. SOC., Chem. Commun. 1985, 1374. (c) 
Ruiz, J.; Bentz, P. 0.; Mann, B. E.; Spencer, C. M.; Taylor, B. F.; 
Maitlis, P. M. J. Chem. Soc., Dalton Trans. 1987, 2709. (d) Duckett, 
S. B.; Haddleton, D. M.; Jackson, S. A.; Perutz, R. N.; Poliakoff, M.; 
Upmacis, R. K. Organometallics 1988, 7, 1526. (e) Tanke, R. S.; 
Crabtree, R. H. J. Chem. Soc., Chem. Commun. 1990,1056. (0 Duckett, 
S. B.; Perutz, R. N. J. Chem. SOC., Chem. Commun. 1991, 28. 

(3) (a) Glockling, F.; Hooton, K. A. J. Chem. SOC. A 1967, 1066. (b) 
Eabom, C.; Metham, T. N.; Pidcock, A. J. Organomet. Chem. 1973, 
63, 107. (c) Kiso, Y.; Tamao, K.; Kumada, M. J. Organomet. Chem. 
1974, 76,105. (d) Eaborn, C.; Metham, T. N.; Pidcock, A. J. Organomet. 
Chem. 1977, 131, 377. (e) Yamashita, H.; Tanaka, M.; Goto, M. 
Organometallics 1993, 12, 988. 

0276-7333/95/2314-0263$09.00/0 

= tetrafluorobenzobarrelene) react with tertiary silanes 
(HSiR'd to give the dihydridosilyl derivatives IrH2- 
(SiR"3)(diolefin)(PR3), which have been found to promote 
silicon-carbon bond formation in hydrosilylation and 
dehydrogenative silylation of olefins6 and  alkyne^.^ 
Furthermore, we have observed that the reactions of Ir- 
(17l-OC(O)CH3)(TFB)(PR3) with HzSiPhz afford IrHz{Si- 
(OC(O)CHdPh2}(TFBXPRa) (PR3 = PiPr3, PCy3, PPhd, 
which are the first iridium compounds containing an 
acetoxysilyl ligand.5 

As a continuation of our work in this field, we have 
now prepared the complexes Ir(a~ac)(~~-CH30&- 
CEC-CO~CH~)(PR~) (PR3 = PiPrs, PCy3) and investi- 
gated their reactivity toward HzSiPhz. As a result of 

this study, we have isolated the derivatives Ir(acac)- 
7 

{C[CH(OCH3)0SiPh21=CHCO2CH3}(PR3) (PR3 = PiPr3, 
PCy3), which are the first examples of compounds 
containing a chelate silylvinyl ligand. In this paper, we 
report the synthesis and characterization of these 
(silylvinyl)iridium(III) complexes. 

Results and Discussion 
On treatment with PiPr3 and PCy3, the bis(cyc1ooc- 

teneliridium complex 1 (Scheme 1) affords the phos- 
(4) (a) Femtindez, M. J . ;  Esteruelas, M. A.; Oro, L. A.; Apreda, M. 

C.; Foces-Foces, C.; Cano, F. H. Organometallics 1987, 6, 1751. (b) 
Femhdez ,  M. J.; Esteruelas, M. A.; Covanubias, M.; Oro, L. A.; 
Apreda, M. C.; Foces-Foces, C.; Cano, F. H. Organometallics 1989,8, 
1158. 

(5) Esteruelas, M. A, Numberg, 0.; O l i v h ,  M.; Oro, L. A.; Wemer, 
H. Organometallics 1993, 12, 3264. 

(6) (a) Ferntindez, M. J.; Esteruelas, M. A.; J i m h e z ,  M. S.; Oro, L. 
A. Organometallics 1986, 5, 1519. (b) Oro, L. A.; Femlndez, M. J.; 
Esteruelas, M. A.; JimBnez, M. S. J. Mol. Catal. 1986, 37, 151. 

0 1995 American Chemical Society 
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Scheme 1 

Esteruelas et al. 

1 

phine derivatives 2 and 3 in good yield. The reactions 
proceed at  room temperature and do not lead to the 
displacement of the second olefin even if an excess of 
phosphine is used. The complexes 2 and 3, which are 
yellow air-sensitive solids, are stable for 1 week if kept 
under argon at -20 "C. The cyclooctene ligand of 2 and 
3 is easily displaced by stronger nacceptor ligands such 
as carbon monoxide and acetylenedicarboxylic methyl 
ester. By passing a slow stream of carbon monoxide 
through toluene solutions of 2 and 3, the carbonyl 
complexes 4' and 5 are formed. Similarly, treatment 
of hexane suspensions of 2 and 3 with stoichiometric 
amounts of acetylenedicarboxylic methyl ester affords 
6 and 7 as orange solids in 76 and 73% yield, respec- 
tively. 

The presence of the n-alkyne ligand in 6 and 7 can 
be inferred from the IR and lH and 13C{lH} NMR 
spectra of these compounds. The IR spectra show strong 
absorptions at 1820 (6) and 1860 (7) cm-l, which are 
characteristic of v(C=C) vibrations. The 'H NMR 
spectra in benzene-& contain singlets a t  about 3.5 ppm, 
due to the methyl groups of the acetylenedicarboxylic 
methyl ester. In the l3C{lH) NMR spectra, the acety- 
lenic carbon atoms appear a t  about 74 ppm as doublets 
with P-C coupling constants of 4 Hz. Singlets at 14.9 
and 4.5 ppm, in the 31P{1H} NMR spectra, are also 
characteristic of the new derivatives 6 and 7, respec- 
tively. 

Complexes 6 and 7 react with the stoichiometric 
amount of diphenylsilane, in hexane at room tempera- 
ture to give after 12 h yellow solids in 41 and 53% yield. 
The IR and lH, 13C{lH}, and 31P{1H} spectra of these 
solids suggest that the products obtained from these 
reactions are the silylvinyl complexes 8 and 9 (Scheme 
11, which are a result of a net transformation involving 
addition of one Si-H bond across the C=O and another 
across the alkyne triple bond. 

The IR spectra in Nujol of both complexes show two 
strong v(C0) absorptions between 1565 and 1520 cm-l, 
indicating that the acetylacetonato ligands are coordi- 
nated in a v2-oxygen bonding mode.8 Furthermore, 
bands at about 1700, 1580, and 1020 cm-l which can 
be assigned to the vibrations v(C=O), v(C=C), and 

~ ~ 

(7) The synthesis of the carbonyl complex 4 has been previously 
reported. See: Papenfuhs, B.; Mahr, N.; Werner, H. Organometallics 
1993, 12, 4244. 

(8) Oro, L. A.; Carmona, D.; Esteruelas, M. A.; Foces-Foces, C.; Cano, 
F. H. J. Orgunomet. Chem. 1986, 307, 83. 

v(Si-0) of the silylvinyl ligands, are also observed. The 
proposal that the oxygen atom of the carbonyl group of 
the silylvinyl ligands does not coordinate to the iridium 
atom of both compounds is strongly supported by the 
values of the stretching frequency of the v(C=O) bonds. 

The lH and l3C{lH) NMR spectra of 8 and 9 suggest 
that these compounds have a rigid structure in solution 
at  room temperature. Thus, the lH NMR spectra of 
both complexes show two singlets at 1.8 and 1.1 ppm, 
indicating that the methyl groups of the acetylacetonato 
ligands are chemically inequivalent. Two singlets are 
also observed for the OCH3 groups, at 4.0 and 3.4 ppm. 
The CH-: and CHOZ protons appear as singlets at about 
6.7 ppm. In agreement with the 'H NMR spectra, the 
l3C{lH) NMR spectra contain a resonance for each 
carbonyl and methyl group of the acetylacetonato ligands 
(see Experimental Section). In addition, the resonances 
corresponding to the vinylic and CHOz carbon atoms of 
the silylvinyl ligands should be mentioned. The vinylic 
carbon atom directly linked to the iridium center in both 
complexes appears at about 177 ppm, as a doublet with 
a P-C coupling constant of 7 Hz, while the CH= carbon 
atoms are observed at 123.6 (8) and 124.2 (9) ppm as 
singlets. Similar chemical shifts have been found for 
related vinylic carbon atoms.g The CHOZ resonances 
appear at 107.5 (8) and 107.7 (9) ppm. Singlets a t  1.8 
(8) and -9.4 (9) ppm, in the 31P{1H} NMR spectra, are 
also characteristic of these compounds. 

In five-coordinate complexes of d6 electron configura- 
tion, the ground state geometry can be trigonal bipy- 
ramidal or square pyramidal. So, in order to determine 
the coordination polyhedron around the iridium atom 
and to get additional information on the bonding 
parameters of 8 and 9, a single-crystal X-ray diffraction 
analysis of 9 was carried out. 

An ORTEP drawing of the molecule of 9 is presented 
in Figure 1. Selected bond distances and angles are 
listed in Table 1. The iridium atom is coordinated in a 
distorted square-pyramidal arrangement. The basis of 
the pyramid is defined by the oxygens of the acac ligand, 
the P atom of the phosphine, and the vinylic C(13) atom, 
showing significative deviations from the calculated 
least-squares plane: 0.139(4), 0.135(5), 0.016(2), and 
0.228(5) A, respectively. The metal is also out of this 

(9) (a) Werner, H.; Esteruelas, M. A.; Otto, H. Organometallics 1986, 
5,  2295. (b) Poulton, J. T.; Sigalas, M. P.; Eisenstein, 0.; Caulton, K. 
G. Inorg. Chem. 1993, 32, 5490. 
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(Silylvinyl)iridium(III) Complexes Organometallics, Vol. 14, No. 1, 1995 265 

Scheme 2 ""H 

Figure 1. ORTEP diagram of ir(acac){C[CH(OCHs)- 
OSiPhzI=CHCOzCH3}(PCy3) (9); 50% thermal ellipsoids 
are shown. 

Table 1. Selected Bond Lengths (A) and Angles (deg) for 

1 

I I 
Ir(acac){ C[CH(OCH3)OSiPh21=CHC02CH3}(PCy3) (9) 

Bond Lengths 
Ir-P 2.294( 1) O(4)-C( 15) 1.429(9) 
Ir-Si 2.264(2) C(13)-C(14) 1.537(8) 
Ir-O(1) 2.076(4) C(13)-C(16) 1.347(8) 
Ir-0(2) 2.1 1 l(5) C(16)-C(17) 1.465(9) 
Ir-C(13) 2.018(6) 0(5)-C(17) 1.208(8) 
Si-0(3) 1.656(4) 0(6)-C(17) 1.360(8) 
O(3)-C( 14) 1.428(7) O(6)-C( 18) 1.439( 10) 
O(4)-C( 14) 1.399(6) 

Bond Angles 
P-Ir-Si 103.38(5) Si-Ir-0(2) 103.2(1) 
P-Ir-O( 1) 163.0(1) Si-Ir-C(l3) 79.2(2) 
P-Ir-O(2) 89.6(1) O(l)-Ir-0(2) 87.0(2) 
P-Ir-C(13) 95.0(2) O(l)-Ir-C(13) 87.5(2) 
Si-Ir-O( 1) 93.6(1) 0(2)-Ir-C(13) 174.2(2) 
Ir-Si-0(3) 105.2(2) 0(3)-Si-C(1) 106.0(2) 
Ir-Si-C( 1) 110.0(2) 0(3)-Si-C(7) 109.2(2) 
Ir-Si-C(7) 117.7(2) C(l)-Si-C(7) 108.2(3) 
Si-O(3)-C( 14) 115.7(3) Ir-C(13)-C(16) 120.0(4) 
0(3)-C(14)-0(4) 108.7(4) C(13)-C(16)-C(17) 128.0(5) 
0(3)-C(14)-C(13) 111.6(5) 0(5)-C(17)-0(6) 121.4(6) 
0(4)-C(14)-C(13) 110.0(4) 0(5)-C(17)-C(16) 129.1(6) 
Ir-C( 13)-C( 14) 120.9(4) 0(6)-C(17)-C(16) 109.5(5) 
C(14)-C(13)-C(16) 118.7(5) 

coordination plane, being shifted toward the apical 
position by 0.2372(3) A. The Si atom, which occupies 
the apex, is also displaced toward the C(13) atom as a 
result of the ring constraint (Si-Ir-C(l3) = 79.2(2)"). 

The Ir-Si distance of 2.264(2) A is significantly 
shorter than those determined previously for the six- 
coordinate iridium(II1) complexes IrHn(SiEts)(COD)- 
(AsPh3) (2.414(2) A),4a 1rH~(SiMe~Ph)(C0){P(-to1)3}~ 
(2.414(2) &,lo IrH(SiMezCl)(CO)(dppe) (dppe = 1,2-bis- 
(dipheny1phosphino)ethane) (2.396(2) A), IrH(SiEtF2)z- 

(CO)(dppe) (2.360(10) A),11 and IrH(Ph2SiCsH4)(PMe3)3 
(2.404(3) A).1z However, it is similar to those found in 
the complexes IrHCl(SiMeClz)(PiPr3)~ (2.235(5) and 

- 
(10) Rappoli, B. J.; Janik, T. S.; Churchill, M. R., Thompson, J. S.; 

(11) Hays, M. K.; Eisenberg, R. Inorg. Chem. 1991,30, 2623. 
Atwood, J. D. Organometallics 1988, 7, 1939. 

9 9 

IrClz(SiMeC12)(PMe3)3 (2.299(5) A),14 where it has been 
proposed that the high electron density of the iridium 
center and the n-accepting properties of SiMeCl2 ligand 
lead to a considerable back donation of d electron 
density to an acceptor orbital on silicon. 

The short Ir-Si bond distance in 9, which could be a 
reflection of the situation of the Si atom in the apical 
position of the metal coordination sphere with no trans 
ligand present, seems to suggest that for an adequate 
description of the bonding situation a second silylene 
resonance form such as 9 (Scheme 2) may be consid- 
ered. 

This proposal is also supported by the Ir-Si-C(7) 
bond angle (117.2(2)"), which is close to the value 
expected for an sp2-hybridized silicon. However, the Si- 
O(3) bond length (1.656(4) & lies in the upper part of 
the range of distances oxygen-tetrahedral silicon,15 
suggesting that the silylene character is minimal. The 
real bonding situation in complex 9 could be described 
as an intermediate state between a metal-silylene 
stabilized by an oxygen base and a tetrahedral silicon. 

The Ir-C(13) distance (2.018(6) A) is shorter than the 
Ir-C distances found in the iridium(II1) complexes IrH- 
(CH=CHz)Cl(r1-iPr2PCH2CH3)2 (2.059( 6) A)18 and 
IrH(CH=CH2)(v5-C5H5)(PMe3) (2.054(4) A),19 but almost 
identical with that of the complex [IrH{C(COOCH3)= 
CHz}(Hpz)(PPh3)21BF4 (Hpz = pyrazole; 2.02(2) Ahzo 
The C(13)-C(16) bond length (1.347(8) A) compares well 
with the corresponding bond length in olefins (ca. 1.32 

The reactions of 6 and 7 with HzSiPhz to  give 8 and 
9 merit further comment. Scheme 3 illustrates two 
plausible reaction routes that allow the formation of 8 
and 9 t o  be rationalized. Path a involves the initial 

and supports the vinyl-metal formulation. 

(12) Aizenberg, M.; Milstein, D. Angew. Chem., Int. Ed. Engl. 1994, 
33. 317. 

I -~ .. 

(13) Yamashita, H.; Kawamoto, A. M.; Tanaka, M.; Goto, M. Chem. 

(14)Zlota, A. A.; Frolow, F.; Milstein, D. J. Chem. Soc., Chem. 
Lett. 1990, 2107. 

Commun. 1989, 1826. 
(15) Si-0 single bonds in compounds of tetrahedral silicon normally 

fall in the range 1.63-1.66 A,16 whereas metal-silylene complexes 
stabilized by neutral oxygen bases have Si-0 distances of about 1.74 
A.17 . -. 

(16) Wiberg, N.; Wagner, G.; Muller, G.; Reide, J. J. Organomet. 
Chem. 1984,271,381. 

(17)(a) Straus, D. A.; Tilley, T. D. J. Am. Chem. SOC. 1987, 109, 
5872. (b) Ueno, K.: Tobita. H.: Shimoi, M.: Opino. H. J. Am. Chem. 
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Scheme 3 

Esteruelas et al. 

l a  1 
I b  

oxidative addition of the silane to the iridium(1) starting 
compounds to give hydride-nalkyne intermediates, 
which evolve, by insertion of the alkyne into the metal- 
hydrido bond, to  (diphenylsily1)-(vinyl)-iridium(II1) 
species. The subsequent hydrosilylation of the carbonyl 
group of the ester at the a-carbon atom of the vinyl 
ligand should afford 8 and 9. Path b involves the initial 
dissociation of the alkyne, which undergoes selective 
hydrosilylation of the carbonyl group of one of the two 
esters.22 The silane formed in this way reacts by 
oxidative addition to the metallic center. Subsequently, 
the insertion of the carbon-carbon triple bond into the 
iridium-hydrido bond should afford 8 and 9. 

When the mixtures of 6 and 7 with HzSiPhz were left 
to react for 20 min, the IR spectra of the obtained solids 
showed bands at  2120,1715, and 1025 cm-’ (PiPr3) and 
2110,1710, and 1015 cm-l (PCyd, which can be assigned 
to  vibrations of Ir-H, C=O, and Si-0 bonds, respec- 
tively. No v(Si-H) absorptions were observed. This 
seems to suggest that path b is the main route in the 
formation of 8 and 9. These solids could be intermedi- 

ates of type irH{v2-C(C02CH3)4!(OCH3)ObiPhz). Un- 
fortunately, characterization by NMR spectroscopy was 
not possible, because in benzene-ds solution they rapidly 
evolve to 8 and 9. 

Concluding Remarks 

The reactions of the complexes Ir(acac)(v2-CH30&- 

CW-COzCHd(PR3) with HzSiPhz lead to Ir(acac)- 
I 

{ C[CH(OCHdO~iPh21=CHC02CH3}(PR3) (PR3 = PiPr3, 
PCyd, which are a result of a net transformation 
involving addition of one Si-H bond across the C=O 
and another across the alkyne triple bond. They are 
the first examples of compounds containing a chelate 
silylvinyl ligand. The X-ray diffraction analysis of the 
complex containing the tricyclohexylphosphine ligand 

(22) Precedents for the hydrosilylation of the carbonyl group of a+- 
unsaturated esters have been previously reported. See: (a) Ojima, I.; 
Kumagai, M.; Nagai, Y. J. Orgunomet. Chem. 1976, 111, 43. (b) 
Yamamoto, K.; Tabei, T. J.  Orgunomet. Chem. 1992, 428, C1. 

Ph 
\ 

‘7-9 / 
1r./ C \ H  

F 

indicates that the bonding situation in the Ir-Si-0 
sequence could be described as an intermediate state 
between metal-silylene stabilized by an oxygen base 
and a tetrahedral silicon. The reactions of formation 
of these compounds, most probably, involve the initial 
hydrosilylation of the carbonyl group of one of the two 
esters of the alkyne. 

Experimental Section 

General Considerations. All reactions were carried out 
under an argon atmosphere by using Schlenk tube techniques. 
Solvents were dried and purified by known procedures and 
distilled under argon prior to use. The starting complex Ir- 
(acac)(cyclooctene)~ (1) was prepared by a published method.23 

Physical Measurements. NMR spectra were recorded on 
a Varian 200 XZ, or on a Varian UNITY 300 spectrophotometer 
at room temperature. Chemical shifts are expressed in parts 
per million, upfield from Si(CH3)d (l3C(lH}, lH) and 85% H3- 
PO1 (31P{1H}). Infrared spectra were recorded on a Perkin- 
Elmer 783 instrument. C and H analyses were carried out 
on a Perkin-Elmer 240 C microanalyzer. 

Preparation of Ir(acac)(cyclooctene)(PiPrs) (2). A 
suspension of 1 (100 mg, 0.20 mmol) in 10 mL of toluene was 
treated with PiPr3 (31 ,uL, 0.20 mmol). After the mixture was 
stirred for 5 min at room temperature, the solution was filtered 
through Kieselguhr. The filtrate was concentrated to ca. 0.1 
mL; addition of methanol caused the precipitation of a yellow 
solid. The solvent was decanted, and the solid was twice 
washed with methanol and then dried in vacuo. Yield: 80 mg 
(73%). Anal. Calcd for CzzH41IrOzP: C, 47.12; H, 7.36. 
Found C, 46.90; H, 7.59. IR (Nujol, cm-I): v(acac) 1580,1520. 
IH NMR (300 MHz, C6D6): 6 5.2 (s, 1 H, CH of acac); 3.0 (br, 
2 H, HC=CH); 2.6-2.3 (m, 4 H, CHCH2); 2.0 (m, 4 H, CHz); 
2.1 (m, 3 H, PCHCH3); 1.6 and 1.5 (both s, 6 H, CH3 of acac); 
1.4 (br, 4 H, CHz); 1.2 (dd, 18 H, JP-H = 13 Hz, JH-H = 7 Hz, 

Preparation of Ir(acac)(cyclooctene)(PCys) (3). The 
complex was prepared using the procedure described for 2; 
starting with 1 (150 mg, 0.30 mmol) and PCy3 (82 mg, 0.16 
”01). Compound 3 was isolated as a yellow solid. Yield 160 
mg (80%). Anal. Calcd for C31H~Jr02P: C, 54.60; H, 7.98. 
Found C, 54.52; H, 8.27. IR (Nujol, cm-l): v(acac) 1580,1520. 

(23) Diversi, P.; Ingrosso, G.; Immirzi, A.; Porzio, W.; Zocchi, M. J. 

PCHCH3). 31P{1H} NMR (80 MHz, CaDs): 6 33.4 (s). 

Orgunomet. Chem. 1977,125,253, 
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(Silylvinyl)iridium(III. Complexes 

'H NMR (300 MHz, CsDs): 6 5.2 (8, 1 H, CH of acac); 3.0 (br, 
2 H, HC=CH); 2.6-2.4 (m, 4 H, CHCH2); 2.0 (m, 4 H, CH2); 
1.7 and 1.6 (both s, 6 H, CH3 of acac); 2.2-1.2 (m, 37 H, Cy 
and CH2). 31P{1H} NMR (80 MHz, CsD6): 6 1.4 (8). 

Preparation of Ir(acac)(CO)(PiPr3) (4). A slow stream 
of CO was passed for 5 min through a solution of 2 (110 mg, 
0.20 mmol) in 10 mL of toluene. After the mixture was stirred 
for 15 min at room temperature, the solution was filtered 
through Kieselguhr. The filtrate was concentrated to ca. 0.1 
mL; addition of hexane caused the precipitation of a greenish 
yellow solid. The solvent was decanted, and the solid was 
twice washed with hexane and then dried in vacuo. Yield: 64 
mg (67%). Anal. Calcd for C16H28Ir03P: c ,  37.75; H, 5.88. 
Found: C, 37.34; H, 5.93. IR (Nujol, cm-'): v(C0) 1960, 
v(acac) 1580, 1525. 'H NMR (300 MHz, C&): 6 5.2 (s, 1 H, 
CH of acac); 2.2 (m, 3 H, PCHCH3); 1.7 and 1.6 (both s, 6 H, 
CH3 of acac); 1.2 (dd, 18 H, JP-H = 13 Hz, JH-H = 7 Hz, 
PCHCH3). 31P{1H} NMR (80 MHz, CsD6): 6 35.8 (s). 

Preparation of Ir(acac)(CO)(PCy3) (5). The complex was 
prepared using the procedure described for 4 starting with 3 
(100 mg, 0.15 mmol). Compound 5 was isolated as a pale 
yellow solid. Yield: 76 mg (86%). Anal. Calcd for C24H40- 
IrO3P C, 48.06; H, 7.62. Found: C, 48.42; H, 7.93. IR (Nujol, 
cm-l): v(C0) 1960, v(acac) 1585, 1520. 'H NMR (300 MHz, 
CsDs): 6 5.3 (s, 1 H, CH of acac); 2.2-1.2 (m, 33 H, Cy); 1.7 
and 1.6 (both s, 6 H, CH3 of acac). 31P{1H} NMR (121.45 MHz, 
CsDs): 6 25.4 (S). 

Preparation of I~(~c~c)(?~-CH~OZCCICCOZCH~)(P~P~~) 
(6). A solution of 2 (110 mg, 0.20 mmol) in 15 mL of hexane 
was treated with CH~O~CCICCOZCH~ (24 pL, 0.20 "01). The 
mixture was stirred for 30 min at room temperature. An 
orange precipitate was formed. The solvent was decanted, and 
the solid was washed with hexane and then dried in vacuo. 
Yield: 88 mg (76%). Anal. Calcd for CzoH34IrOsP: C, 40.46; 
H, 5.77. Found: C, 40.71; H, 5.83. IR (Nujol, cm-l): v(C3C) 
1820; v(C0) 1700, 1690; v(acac) 1580, 1515. IH NMR (300 

2.3 (m, 3 H, PCHCH3); 1.8 and 1.6 (both s, 6 H, CH3 of acac); 
MHz, CsDs): 6 5.1 (9, 1 H, CH of acac); 3.4 (9, 6 H, C02CH3); 

1.1 (dd, 18 H, J p - H  = 14 Hz, JH-H = 7 Hz, PCHCH3). 31P{1H} 
NMR (121.45 MHz, C.5Ds): 6 14.9 (9). I3C{'H} NMR (75.45 
MHz, CsD.5): 6 189.8 and 181.6 (both s, CO of acac); 154.7 ( 8 ,  

COOCH3); 101.4 (s, CH of acac); 74.18 (d, JP-c = 4Hz, CEC); 

CH3 of acac); 19.1 (s, PCHCH3). 
Preparation of I~(~C~C)(~~-CH~OZCC~CCOZCH~)(PC~~) 

(7). The complex was prepared using the procedure described 
for 6 starting with 3 (120 mg, 0.18 mmol) and CH302- 
CC=CC02CH3 (22 pL, 0.18 mmol). Compound 7 was isolated 
as an orange solid. Yield: 105 mg (73%). Anal. Calcd for 
C29H46IrO& C, 48.79; H, 6.49. Found: c, 48.80; H, 6.91. IR 
(Nujol, cm-l): v(C=C) 1860; v(C0) 1710; v(acac) 1590, 1515. 

H, CO2CH3); 2.2-1.2 (m, 33 H, Cy); 1.7 and 1.6 (both 8, 6 H, 
CH3 of acac). 31P{1H} NMR (121.45 MHz, C6Ds): 6 4.5 (SI. 
l3C(lH} NMR (75.45 MHz, CsDs): 6 189.9 and 181.4 (both s, 
CO of acac); 154.7 (s, COOCH3); 101.6 (s, CH of acac); 74.0 (d, 

51.5 (s, COOCH3); 22.7 (d, J p - c  = 32 Hz, PCHCH3); 26.0 ( 8 ,  

'H NMR (300 MHz, CsDs): 6 5.1 (s, 1 H, CH of acac); 3.5 (9, 6 

J p - c  = 3 Hz, CzC); 51.6 (s, COOCH,); 32.4 (d, J p - c  = 31 Hz, 
PCHCH2); 29.7 (s, CHz); 28.0 (d, J p - c  = 10 Hz, PCHCH2); 27.0 
(s, CH3 of acac); 26.0 (s, CHd. 

I 
Preparation of ~r(acac){C[CH(0CHs)0SiPh~l=CHCOz- 

CHs}(PiPrs) (8). A suspension of 6 (110 mg, 0.19 mmol) in 
15 mL of hexane was treated with HzSiPhz (34.5 pL, 0.19 
mmol). The mixture was stirred for 12 h at room temperature. 
The solvent was decanted, and the pale yellow solid was 
washed with hexane and then dried in vacuo. Recrystalliza- 
tion from toluene-hexane gave pure 8. Yield: 61 mg (41%). 
Anal. Calcd for C32H461rOSPSi: C, 49.40; H, 5.96. Found: c, 
49.70; H, 5.50. IR (Nujol, cm-'1: v(C0) 1710; v(C=C) 1590; 
v(acac) 1565, 1530; v(Si-0) 1020. '€3 NMR (300 MHz, CsDs): 
6 8.2-6.9 (m, 10 H, Ph); 6.8 (s, 1 H, HC=C); 6.7 (s, 1 H, CHOz); 
5.2 (s, 1 H, CH of acac); 4.0 and 3.4 (both s, 6 H, COOCH3); 
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Table 2. Atomic Coordinates ( ~ 1 0 4 ;  x1@ for Ir, P, and Si 
Atoms) and Equivalent Isotropic Displacement Coefficients 

(A2 x lv; x104 for Ir, P, and Si Atoms) for 

atom Xla Ylb Z/C U.0" 
22439( 1) 
29271(7) 
20663(7) 

1666(2) 
1460(2) 
277 l(2) 
3822(2) 
3872(2) 
3870(2) 
1464(3) 
848(3) 
433(3) 
616(3) 

1228(3) 
1645(3) 
1787(3) 
1225(3) 
1016(3) 
1375(4) 
1940(3) 
2142(3) 
2954(2) 
3183(3) 
4117(3) 
3 181(3) 
3664(3) 
4366(3) 
105 l(3) 
746(3) 
662(3) 
872(3) 
388(3) 

2477(4) 
2292(4) 
1841(4) 
1882(5) 
2098(4) 
2540(4) 
3675(3) 
3573(3) 
4225(3) 
467 l(3) 
4756(3) 
4104(3) 
3258(3) 
3851(3) 
4060(3) 
3519(4) 
2902(3) 
2696(3) 

62368(2) 
54002( 14) 
45173(15) 

7492(4) 
6127(4) 
4271(4) 
5029(4) 
7531(5) 
9362(5) 
4982(6) 
4451(6) 
4776(7) 
5678(7) 
6226(8) 
5895(7) 
2950(5) 
2915(6) 
1788(7) 
658(7) 
670(7) 

1780(6) 
6513(5) 
5388(6) 
4250(7) 
7723(6) 
8128(6) 
9868(8) 
7666(6) 
8540(7) 
7135(7) 
6459(6) 
6078(7) 
4636(7) 
3246(6) 
2730(7) 
3246(8) 
4605(7) 
5142(8) 

3118(6) 
248 l(7) 
2344(6) 
3639(7) 
4259(7) 
6938(5) 
7524(6) 
8755(7) 
9764(7) 
9196(6) 
7937(6) 

-11487(1) 
-806(8) 

- 1931 l(8) 
-1928(2) 

-687(2) 
-2107(2) 
- 1650(2) 
- 2490( 2) 
- 184(2) 
-2839(3) 
-3099(3) 
-3775(3) 
-4223(4) 
-3975(3) 
-3285(4) 
-1614(3) 
-1388(3) 
- 1 13 l(4) 
- 1089(4) 
-1299(4) 
- 1566(3) 
- 1638(3) 
-2038(3) 
-2089(4) 
- 1690(3) 
-2057(3) 
-2143(4) 
-2066(3) 
-2707(4) 
- 166x4) 
-1010(3) 

-606(4) 
524(4) 
379(4) 
782(4) 

1500(4) 
1651(4) 
1255(4) 

-6(3) 
-396(3) 
-371(3) 

423(4) 
815(3) 
787(3) 
422(3) 
261(3) 
708(3) 
580(4) 
701(4) 
261(3) 

aEquivalent isotropic U defined as one-third of the trace of the 
orthogonalized U, tensor. 

2.2 (m, 3 H, PCHCH3); 1.8 and 1.0 (both s, 6 H, CH3 of acac); 
1.1 (dd, 9 H, J p - H  = 13 Hz, JH-H = 7 Hz, PCHCH3); 0.96 (dd, 
9 H, J p - H  = 13 Hz, JH-H = 7 Hz, PCHCH3). 31P{1H} NMR 
(121.45 MHz, C&): 6 1.8 (8). I3C('H} NMR (75.45 MHz, 
CsDs): 6 185.8 and 183.2 (both s, co of acac); 177.1 (d, J p - c  = 
7 Hz, C=CH); 163.4 (8, COOCHs); 139.9 (d, J p - c  = 2 Hz, C+, 
Ph); 139.6 (d, J p - c  = 2 Hz, Ci,,, ph); 135.1 and 133.4 (both s, c, 
Ph); 129.2 and 127.8 (both s, C, Ph); 127.3 and 127.0 (both 8, C 

ph); 123.6 (s, C=CH); 107.5 (s, CH02); 103.2 (s, CH of acac); 
56.6 and 50.0 (both s, c o o m 3 ) ;  27.2 (s, CH3 of acac); 25.2 (d, 
J p - c  = 30 Hz, PCHCH3); 20.5 and 19.2 (both s, PCHCH3). 

Preparation of Ir(acac){ C[CH(OCHS)OS~P~Z]=CHCOZ- 
C&}(PCy3) (9). The complex was prepared using the pro- 
cedure described for 8 by starting 7 (110 mg, 0.15 mmol) and 
HzSiPhz (28.5 pL, 0.15 mmol). Compound 9 was isolated as a 
pale yellow solid. Yield: 73 mg (53%). Anal. Calcd for c41- 
H&OsPSi: C, 54.83; H, 6.50. Found: C, 54.63; H, 6.65. IR 
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Table 3. Crystal Data and Data Collection and Refinement 

for I~(~c~c){C[CH(OCH~)OS~P~Z~=CHCOZCH~}(PC~~) (9) 
I I 

Esteruelas et al. 

Crystal Data 
formula C41H5sIr06PSi 
mol wt 898.19 
color and habit 
crystal size, mm 
crystal syst monoclinic 

a, A 21.408(1) 
b, 8, 10.246( 1) 
c, A 18.983(1) 
B, 106.89( 1) 
v, A3 3984.2(5) 
Z 4 
h c d r  g 1.497 

Data Collection and Refinement 
diffractometer 4-circle Siemens-STOE AED 
A(Mo Ka) A; technique 
monochromator graphite oriented 

light yellow, transparent prism 
0.258 x 0.179 x 0.319 

space group P z l k  (NO. 14) 

0.71073, bisecting geometry 

p, "-I 3.45 
scan type 0126 

temperature (K) 200 
28 range, deg 

no. of data collect 7668 

no. of obsd data 
no. of params refined 452 
R ,  Rw" 0.0332, 0.0312 

3 5 26 5 50 

no. of unique data 6996 (Rint 0.026) 
5272 (Fo t 4.0a(F0)) 

R = CllFol - I F c l l E l F o l ;  Rw = [C{~(lFol - l~c1)2}/~1~01210~5; w-l = 
u2(Fo) + 0.000153(F0)2. 

(Nujol, cm-I): v(C0) 1705; v(C=C) 1580; v(acac) 1560, 1520; 
v(Si-0) 1020. 'H NMR (300 MHz, C&): 6 8.2-6.9 (m, 10 
H, Ph); 6.8 (s, 1 H, HC=C); 6.7 (s, 1 H, CH02); 5.2 (8, 1 H, CH 
of acac); 4.0 and 3.4 (both s, 6 H, COOCH3); 2.2-1.2 (m, 33 H, 
Cy); 1.8 and 1.1 (both s, 6 H, CH3 of acac). 31P{1H} NMR 

CsD6): 6 186.0 and 183.3 (both 8, CO of acac); 177.9 (d, J p - c  = 
(121.45 MHz, C&): 6 -9.4 (s). 13C{'H} NMR (75.45 MHz, 

7 Hz, C=CH); 163.5 (s, COOCH3); 140.4 (d, J p - c  = 2 Hz, CiP,, 
Ph); 139.6 (d, J p - c  = 2 Hz, Ci,, ph); 135.4 and 133.6 (both s, c, 
ph); 129.1 and 127.8 (both s, C,, ph); 127.4 and 127.1 (both s, c, 
ph); 124.2 (s, C-CHI; 107.7 (s, CH02); 103.2 (s, CH of acac); 
57.1 and 50.1 (both S, coom3); 35.4 (d, J p - c  = 29 Hz, 
CH2CHP); 32.9 ( 8 ,  CH2); 30.4 (9, CHz); 27.7 (d, J p - c  = 10 Hz, 
CHZCHP); 27.5 (d, J p - c  = 11 Hz, CH2CHP); 27.3 (s, CH3 of 
acac); 26.6 (s, CH2). 

I 
X-Ray Structure Analysis of Ir(acac){C[CH(OC&)- 

OSiPh2]=CHCO&&}(PCyS) (9). Crystals suitable for an 
X-ray diffraction experiment were obtained by slow diffusion 

1 

of hexane into a concentrated solution of 9 in THF. Atomic 
coordinates and ?Yes values are listed in Table 2. A summary 
of crystal data, intensity collection procedure, and refinement 
data is reported in Table 3. The prismatic crystal studied was 
glued on a glass fiber and mounted on a Siemens-STOE AED-2 
diaactometer. Cell constants were obtained from the least- 
squares fit of the setting angles of 58 reflections in the range 
20 I 28 I 41". The 7668 recorded reflections were corrected 
for Lorentz and polarization effects. Three orientation and 
intensity standards were monitored every 55 min of measuring 
time; no variation was observed. Reflections were also cor- 
rected for absorption by a semiempirical method ( Y - ~ c a n ) . ~ ~  

The structure was solved by Patterson (Ir atom) and 
conventional Fourier techniques. Refinement was carried out 
by full-matrix least squares with initial isotropic thermal 
parameters. Anisotropic thermal parameters were used in the 
last cycles of refinement for all non-hydrogen atoms. Hydrogen 
atoms were located from difference Fourier maps and included 
in the refinement (some of them in calculated positions, C-H 
= 0.96 A) riding on carbon atoms with a common isotropic 
thermal parameter. Atomic scattering factors, corrected for 
anomalous dispersion for Ir, Si, and P, were taken from ref 
25. The function minimized was Cw(IF,,l - IFC1l2 with the 
weight defined as w = V(021Fol + 0.0001531F01~). Final R and 
R, values were 0.0332 and 0.0312. All calculations were 
performed by use of the SHEZXTL-PLUS system of computer 
programs.26 
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Instruments, Inc.: Madison, WI, 1990. 
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Synthesis of Stable ( q4-Vinylallene)iron Tricarbonyl 
Complexes: Preparation, Fluxionality, and X-ray Crystal 

Structure Analysis 
Charles E. Kerr and Bruce E. Eaton* 

Department of  Chemistry, Washington State University, Pullman, Washington 991 64-4630 

James A. Kaduk 
Amoco Corporation, Naperville, Illinois 

Received August 16, 1994@ 

Some of the first examples of air stable y4-vinylallene-Fe(C0)3 complexes have been 
prepared by photochemical reaction of Fe(C0)b and vinylallenes. A high degree of 
diastereofacial selectivity was observed for iron coordination and the mfacial preference 
confirmed by X-ray crystallography. Comparison of NMR data (lH and 13C) for y4- 
vinylallene-Fe(C0)3 complexes and y4-isoprene-Fe(C0)3 revealed many similarities but 
some important differences that may be attributed to different polarization of these 
conjugated z-systems. Consistent with these differences the y4-vinylallene-Fe(C0)3 
complexes showed significantly higher AG* for interconversion of the carbonyl ligands as 
compared to q4-isoprene-Fe(C0)3. The X-ray data rule out intra- or intermolecular contacts 
as the cause of the increased barrier to carbonyl isomerization. The data clearly indicate 
that the central allene carbon is strongly backbonding to the iron center, which may account 
for observed NMR and X-ray results. 

Introduction 

A wide array of y2-allene-transition-metal complexes 
have been prepared and their structures studied.l In 
contrast very few examples of conjugated vinylallenes 
coordinated to  transition metals have been reported.2 
Preparation of y4-vinylallene-Fe(CO)3 complexes had 
been accomplished previously by treatment of the cor- 
responding y4-vinylketene-Fe(C0)3 complexes with sta- 
bilized Wittig reagents.2b It was of interest to probe the 
chemistry of these "high energy" ligands and determine 
if any stable complexes could be prepared by simple 
complexation of Fe(C0)3, a method that in contrast to 
the Wittig reaction of vinylketenes might allow for the 
inclusion of a wide array of hydrocarbon substituents 
at the terminal allene carbons. 

In addition, previously it had been shown that con- 
jugated dial lene~,~ allenyl ketones4 and allenyl imines5 
react with CO and catalytic amounts of iron carbonyls 
to  give [4 + 11 cycloaddition products. The stereoselec- 
tivity of those cycloaddition reactions was attributed to 
a high degree of diastereofacial selectivity on coordina- 
tion of the iron to one face of the allene n-system. 
Herein we describe a highly diastereoselective synthesis 
of (y4-vinylallene)iron-Fe(C0)3 complexes, related to 
the putative intermediates in the proposed 14 + 11 
cycloaddition mechanisms. 

@ Abstract published in Advance ACS Abstracts, November 1, 1994. 
(l)Bowden, F. L.; Giles, R. Coord. Chem. Rev. 1976, 20, 81 and 

references cited therein. 
(2) (a) Trifonov, L. S.; Orahovats, A. S.; Prewo, R.; Heimgartner, H. 

Helv. Chim. Acta. 1988, 71, 551. (b) Hill, L.; Saberi, S. P.; Slawin, A. 
M. 2.; Thomas, S. E.; Williams, D. J. J. Chem. Soc., Chem. Commun. 
1991,1290. (c) Saberi, S. P.; Thomas, S. E. J. Chem. Soc., Perkin Trans. 
1 1992,259. 
(3) Eaton, B. E.; Rollman, B.; Kaduk, J. A. J. Am. Chem. Soc. 1992, 

114,6245. 

115, 7545. 
(4) Sigman, M. S.; Kerr, C. E.; Eaton, B. E. J. Am. Chem. SOC. 1993 

(5) Sigman, M. S.; Eaton, B. E. J. Org. Chem., in press. 

The fluxtionality of these new ( y4-vinylal1ene)iron 
tricarbonyl complexes was also examined by variable 
temperature NMR revealing significant differences in 
the dynamic behavior of the carbonyl ligands as com- 
pared to their y4-diene counterparts. An X-ray crystallo- 
graphic study was performed to unambiguously deter- 
mine the facial preference of iron coordination and to 
better understand the nature of the bonding in these 
air-stable complexes. 

Results and Discussion 

Using the method of Nakanishi: the desired vinyl- 
allenes could be prepared in good yield starting from 
allenyl aldehydes.' Treatment of the vinylallenes with 
Fez(C0)g failed to give complete conversion. The best 
yields were obtained when the vinylallenes were treated 
with Fe(C0)5 under 350 nm irradiation (eq 1). After 

1842 2s-C 

R Cvield 

la. 2n; COzCHzCHj 97 

Ib, fb; COCHj 66 

le. l e :  CHzWHzCHj 77  

careful isolation under air-free conditions it was found 
that complex 2a was in fact very robust and could be 
stored in the air a t  ambient temperature for several 
days without any detectable decomposition. The rela- 

(6) Nakanishi, K.; Yudd, A. P.; Crouch, R. K.; Olson, G. I.; Cheung, 
H.-C.; Govindjee, R.; Ebrey, T. G.; Patel, D. J. J. Am. Chem. Soc. 1976, 
98, 236. 

(7) Clinet, J. C.; Linstrumelle, G. Nouueau J. Chim. 1977, 1, 373. 
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Table 1. Selected 'H and I3C NMR Data for Vinylallenes of 
the Corresponding Iron Carbonyl Complexes 

1.-c Zs-C 3 0 

ld2a  lb/Zb l C / Z C  314 

lH Chemical shifts (6): 

H' 5.76/1.25 5.9211.24 5.5W1.34 5.041-0.22 

H2 7.2M.68 6.88/5.70 6.08/4.98 6.3Y4.72 

H3 5.64/4.46 5.64/4.48 5.72/4.48 

H@ 1.47/1.85 1.50/1.89 1.56/1.92 

1-Bu 0.85/0.79 0.89/0.85 0.95/0.86 

'H Coupling constants (Hz): 

H1 - H2 15.4/8.0 15718.1 15.Y8.5 17.4/8.5 

H2. H3 11.0/4.7 10.U4.8 10.4/4.5 

H3- H3C6 2.6/1.4 2.711.7 2.711.6 

I3C Chemical Shifts (6): 

C1 119,6147.9 129.1m.3 127.7/61.6 I13.5/38.0 

C2 143.2/89.9 141.4188.4 129.488.9 140.W84.8 

c 3  93.2/68.9 93.6169.3 93.9166.3 142.5/103.2 

c 4  208.6/152.2 208.9/152.5 204.3/153.2 116.9/43.8 

c 5  110.6/133.8 110.6/133.8 109,71132.4 

C6 14.4120.7 14.4/20.8 14.9120.7 

t-Bu 28.9D9.6 28.9129.6 29.U29.7 

tive stability of the complexes in air was 2a I 2b >> 2c. 
Complex 2c decomposed in air after several minutes and 
was handled and stored in an argon atmosphere. 

In all cases the substituents on the terminal allene 
carbons were methyl and tert-butyl. Excellent diaste- 
reoselectivity of iron coordination was observed. In all 
examples only one diastereomer was isolated as deter- 
mined by lH NMR (Table 1). 
NMR Analysis. The assignments for the lH reso- 

nances were made on the basis of COSY NMR experi- 
ments. To make assignment of the 13C NMR resonances 
HETCOR experiments were performed on both free 
vinylallene ligands and iron complexes. 

What is the best structural description of these 
vinylallene-Fe(C0)3 complexes? Are the vinylallenes 
strictly q4-bound to the iron and how do they compare 
to 1,3-diene-Fe(CO)s complexes? We begin the analysis 
by comparing the resonances for the free vinylallene 
ligands (la-c) with the relevant isoprene (3) proton 
resonances. The endo proton H1 resonance is at lower 
field for all the vinylallenes studied as compared to 3. 
Regardless of whether the group R on the vinyl allene 
was electron withdrawing or donating, the H1 chemical 
shift was 0.5 to 0.8 ppm higher than for 3. The internal 
proton H2 (6.35 ppm) of isoprene is difficult to compare 
to the vinylallenes because of the methyl group at  C3, 
but the vinylallenes la-c span a range (7.21-6.08) that 
includes the frequency observed for 3. 

Larger differences exist between la-c and 3 in their 
13C NMR spectra. On average C' is shifted down field 
for la-c as compared to 3. Both the 13C NMR reso- 
nances C1 and C2 appear to be changed by the substitu- 
ent R, perhaps due to changes in polarization about the 
vinylallene n-system. The resonance most notably 
different for la-c versus 3 is C3, which is shifted ca. 

49 ppm. This is undoubtedly the effect of the sp carbon 
C4 in la-c. These data suggest that conjugated vinyl- 
allenes are different from conjugated dienes in the way 
their n-systems are polarized and that vinylallenes may 
adopt other bonding interactions with Fe(C013. 

The complexes 2a-c and 4 show some similarity in 
their lH and 13C NMR spectra. Beginning with the lH 
NMR data, as seen for q4-1,3-diene-Fe(CO)3 structures, 
the chemical shift of the endo proton H1 (Table 1) is 
shifted upfield > 4 ppm on iron coordination while the 
H2 and H3 protons are shifted between 1 and 2 ppm 
upfield. The allenyl H3 proton is virtually a t  the same 
chemical shift for all the complexes studied and is 
upfield 0.44 to 0.46 ppm as compared to the internal 
proton H2 in the isoprene complex, possibly indicating 
more electron density at this location in the vinylallene 
complexes. All CH3 groups of 2a-c are shifted > 0.4 
ppm downfield on complexation of Fe(C0)3 indicating 
that they are positioned within the deshielding region 
of the iron and/or the carbonyl ligands. For both 
isoprene and the vinylallene complexes the 'H-lH 
couplings are decreased by approximately 50%. This 
decrease in 'H-lH coupling is consistent with iron 
backbonding into the antibonding n*-orbital of the 
ligand. A small but measurable coupling is still present 
between the CH3 groups and the allenyl H3-proton of 
2a-c indicating that there is electronic communication 
through the allenyl n-system accounting for the pres- 
ence of a 5-bond coupling. Consistent with iron coor- 
dination anti to the less sterically hindered n-face of the 
allene, the resonance of the t-butyl group is shifted only 
slightly (0.09-0.04 ppm) upfield. 

The 13C NMR data shows some interesting differences 
between the complexes 2a-c and 4. First, the reso- 
nance assigned to  C1 is shifted 5-24 ppm downfield for 
the complexed vinylallenes 2a-c relative to 4. Inter- 
estingly, the order of the magnitude of downfield shift 
is strongly affected by the group R, where ester (2a) < 
ketone (2b) < ether (2c). The internal carbon, C2 of 
2a-c all have a chemical shift very similar to the 
corresponding carbon in complex 4. In contrast, C3 of 
2a-c is shifted approximately 34-37 ppm upfield as 
compared to 4. Notably, the central allene carbon in 
all the vinylallene complexes, for which there is no 
counterpart in the isoprene complex, is shifted upfield 
more than 50 ppm on coordination of Fe(C0)3, consistent 
with a change in hybridization because of extensive 
back-bonding into the allene n-system. Concomitant 
with this shift of the central carbon of the allenes, the 
terminal carbon is shifted to  lower field, possibly due 
to  the electron withdrawing effect of the metal. 

In contrast to 4, all of the complexes 2a-c show slow 
exchange of the carbonyl ligands. Variable temperature 
13C NMR experiments revealed a trend in the coales- 
cence temperature for the different substituents R 
attached to C1 of the vinylallene (Table 2). The energy 
barrier to  interconversion of carbonyl ligands in the 
vinylallene complexes 2a-c increases with the degree 
of electron withdrawing character of the R group. For 
the vinylallene-Fe(C0)3 complexes studied AG* is 20- 
25 kJ/mol higher than for isoprene-Fe(C0)3 (41, rep- 
resenting a difference in T, of between 80-100 "C. It 
was of interest to determine if this higher barrier to 
interconversion of carbonyl ligands was because of 
steric, electronic or coordinating interactions of the 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

04
0



Stable (y4-Vinylallene)iron Tricarbonyl Complexes 

Table 2. 13C NMR Coalescence Temperature and Chemical 
Shift Data of Carbonyl Ligands of 2a, 2b, 2c, and 4 in 

Toluene4 
2a 2b 2c 4 

A& (kJ/mol)/T, (K) 83.3(1)/333 86.3(1)/342 78.3(1)/314 57.7(1)/234 
chem shift (6)" 209.1 209.6 211.2 211.8 

209.5 209.4 210.8 215.9 
214.9 215.5 216.1 

At coalescence. Below coalescence. AG* (kJ/mol) = 9.62RTc(10.32 

chem shiftsb (6) 206.2 205.5 209.0 210.2 

+ log TJk,), kc = ( ~ A v / 2 ) - ' ~  s-l, where Av is the difference between 
resonances. 

013 - 

c11 P 

Figure 1. Ortep plot of the X-ray crystal structure of 2b. 

Table 3. Selected Bond Lengths (A) and 
Angles (deg) for 2b 

Cl-C2 
C2-C3 
C2-013 
c3-c4 
c4-c5 
C5-C6 
C6-C7 
C7-C8 
C7-Cl2 
Fe-C3 
Fe-C4 
Fe-C5 
Fe-C6 
Fe-C14 
Fe-C16 
Fe-C18 

1.499(6) 
1.470(5) 
1.222(5) 
1.419(5) 
1.398(5) 
1.41 8 ( 5 )  
1.324(5) 
1.538(5) 
1.5 13(6) 
2.136(3) 
2.050(3) 
2.071(4) 
2.042(3) 
1.81 l(4) 
1.781(4) 
1.793(4) 

Cl-C2-C3 
C1 -C2-013 
C3-C2-013 
c2-c3-c4 
c3-c4-c5 
C4-C5-C6 
C5-C6-C7 
C6-C7-C8 
C6-C7-C12 
C8-C7-C12 
C14-Fe-C16 
C14-Fe-C18 
C16-Fe-C18 
Fe-C14-015 
Fe-C16-017 
Fe-C18-019 

117.6(3) 
120.8(4) 
121.5(4) 
121.2(3) 
118.4(3) 
115.4(3) 
144.9(4) 
122.1(3) 
120.5(3) 
117.3(3) 
90.5(2) 

101.6(2) 
98.3(2) 

177.3(3) 
178.3(4) 
179.6(3) 

substituent R. In addition, we wanted more definitive 
structural information on how the iron was bound to 
the vinylallene, including the selectivity of n-face coor- 
dination. Fortunately, we were able to crystallize 2b 
and perform an X-ray crystal structure analysis. 

X-ray Crystal Structure Analysis 2b. The crystal 
structure consists of discrete molecules of complex 2b 
(Figure 1). Selected bond lengths and angles are 
provided in Table 3. The bond distances and angles of 
the ends of the vinylallene ligand fall within normal 
ranges for y4-diene-Fe(C0)3 complexes. There are 
several structural features in the center of the com- 
plexed ligand that are significantly different. 

The Fe-C vinylallene distances [2.136(3), 2.050(3), 
2.071(4) and 2.042(3) AI are similar to the average Fe-C 
distance of 2.09(6) A, obtained from X-ray studies on 
163 y4-diene-Fe(C0)3 complexes.8 The Fe-CO dis- 

~ ~~ 

(8) Allen, F. H.; Davies, J. E.; Galloy, J. J.; Johnson, 0.; Kennard, 
0.; Macrae, C. F.; Mithchell, E. M.; Smith, J. M.; Watson, D. G. J. 
Chem. Inf. Comp. Sci. 1991,31, 187. 
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A B C 

Figure 2. Three resonance forms of vinylallene-Fe(C0)s 
complexes. 

tances of 1.781(4), 1.811(4) and 1.793(4) A are also close 
to the average value of 1.81(9) A observed in the diene 
complexes. The orientation of the vinylallene in 2b with 
respect to the carbonyl ligands is very similar to that 
observed in several y4-diene-Fe(C0)3 complexes having 
a conjugated carbonyl The Fe-C-0 angles 
[177.3(3), 178.3(4) and 179.6(3)"1 are very close to linear. 
Both the molecular and crystal structure data rule out 
coordination or steric interaction of the carbonyl oxygen 
013 as the cause of the slow interconversion of the 
carbonyl ligands. 013 is not oriented toward the Fe in 
the molecule, nor to the Fe in an adjacent molecule. The 
closest intermolecular contacts for 013 are 2.75 A, too 
far away to account for the slow interconversion of the 
CO ligands. 

Taken together the NMR and X-ray data suggest that 
it is best to view vinylallene-Fe(C0)3 complexes 2a-c 
as n-bound but with a significant degree of a-character 
between the iron and central allene carbon as shown 
by resonance structures A and B of Figure 2. The X-ray 
data rule out any significant contribution from reso- 
nance contributor C because the terminal vinyl carbon 
is close to sp2 hybridized and the vinylallene iron- 
carbon distances are all very similar. The iron appears 
to have little interaction with the terminal allene n-bond 
since this bond length is on the order of a typical C-C 
double bond. 

Conclusions. The y4-vinylallene-Fe(CO)3 com- 
plexes of this study are air-stable when electron- 
withdrawing carbonyl groups are in conjugation with 
the vinylallene. They can be prepared easily be treating 
the vinylallenes with Fe(C0)S and irradiating at  350 
nm. The complexation of iron occurs preferentially to 
the n-face of the vinylallene ligand that is anti with 
respect to the tert-butyl group. On complexation of Fe- 
(CO)3, vinylallenes show changes in chemical shifi and 
H1-H1 coupling similar to those observed in y4-is0- 
prene-Fe(CO13. In contrast to known y4-diene-Fe(C0)3 
complexes, the CO ligands of y4-vinylallene-Fe(C0)3 
complexes show slow exchange by 13C NMR. One 
explanation is that the apparent strong interaction of 
the iron with the central allene carbon distorts the 
geometry of the vinylallene complexes so that they are 
not exclusively n-bound but posses a significant amount 
of u character, thereby increasing the barrier for inter- 
conversion of the CO ligands. The structure of 2b does 
show a significant rehybridization from sp to  sp2 of the 
central allene carbon consistent with strong back- 
bonding from the iron into the allene n-system. X-ray 

(9)Mason, R.; Robertson, G. B. J. Chem. SOC. A.  1970, 1229. (b) 
Messager, J. C.; Toupet, L. Acta Cryst. 1986, B42, 371. (c) Morey, J.; 
Gree, D.; Mosset, P.; Toupet, L.; Gree, R. Tetrahedron Lett. 1987,28, 
2959. (d) Balde, L.; Rodier, N.; Bidaux, N.; Brion, J. D.; Le Baut, G. 
Acta Cryst. 1988, C44, 1394. (e) Adams, C. M.; Ceroni, G.; Hafner, A,; 
Kalchhauser, H.; von Philipsborn, W.; Prewo, R.; Schwenk, A. Helu. 
Chim. Acta 1988, 71, 1116. (0 Le Gall, T.; Lellouche, J.-P.; Toupet, L.; 
Beaucourt, J.-P. Tetrahedron Lett. 1989, 30, 6517. (g) Rohde, W.; 
Fischer, J.; De Cian, A. J.  Organomet. Chem. 1990, 393, C25. (h) 
Benvegnu, T.; Martelli, J.; Gree, R.; Toupet, L. Tetrahedron Lett. 1990 
31, 3145. 
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crystal structure analysis did not reveal steric or 
coordinating interactions for either the carbonyl or CO 
ligands that could account for the relatively slow 
exchange of the CO ligands. 

Kerr et al. 

Experimental Section 
All reactions and manipulations were conducted under a dry 

argon atmosphere either using an inert atmosphere glovebox 
or standard Schlenk techniques. The Wittie reagents and 
4,5,5-trimethylhexa-2,3-diena17 were prepared as described in 
the literature. The silica gel used was 230-400 mesh ASTM. 
Vacuum distillations, and freezelpumplthaw cycles were per- 
formed on a vacuum line ('1 pmHg). A minimum of three 
freezelpump/thaw cycles were used when degassing samples. 
Irradiations were performed using a Rayonet photochemical 
reactor (350 nm, 10 bulbs). NMR data was acquired on a 
Bruker AMX (300 MHz lH). Infrared data was acquired from 
a Perkin-Elmer 1600 I?TIR. Mass spectral data were obtained 
from the departmental facility at Washington State University. 
Elemental analysis was obtained from Desert Analytics, 
Tuscon, AZ. Melting points were recorded on a Mel-Temp 
apparatus and are uncorrected. 
Ethyl-6,7,7-trimethylocta-2,4,5-trienoate (la). Sodium 

hydride (1.5 g, 63 mmol) and THF (75 mL dried over Na/K/ 
benzophenone) were placed in a flask under argon and cooled 
to  0 "C. Triethylphosphonoacetate (11.54 mL, 57.1 mmol) was 
added gradually. Evolution of hydrogen gas was observed. The 
mixture was stirred for 15 m and added to 4,5,5-trimethylhexa- 
2,3-dienal (7.5 mL, 51.9 mmol) and stirred at ambient tem- 
perature for 12 h. The reaction mixture was submitted to  
standard aqueous work up using diethyl ether. The ether 
layer was concentrated and applied to silica gel using ether 
as eluant. Removal of the ether followed by short-path vacuum 
distillation gave 8.44 g (78%) of la pale yellow oil. lH NMR 

(d, J = 2.5 Hz, 3H), 4.07 (9, J = 7.1 Hz, 2H), 5.71 (d, J = 15.4 
Hz, lH), 5.74 (dq, J =  11.0,2.5 Hz, lH), 7.04 (dd, J =  15.4, 11 
Hz, 1H); '3C {lH} (75 MHz: CDC13) 6 14.01,14.10,28.64,33.49, 
59.72, 92.47, 110.23, 118.39, 143.39, 166.48, 208.41; IR (neat) 
1941.5, 1719.8 cm-l; MS mlz (M+) 208. HRMS m / z  for 

7,8,8-Trimethylnona-3,5,6-triene-2-one (lb). 1-Triph- 
enylphosphoranylidene-2-propanone (8.7 g, 27 mmol), p-diox- 
ane (150 mL freshly distilled from Wbenzophenone) and 4,5,5- 
trimethylhexa-2,3-dienal(3.0 mL, 20.8 mmol) were combined 
under argon and refluxed for 20 h. The dioxane was removed 
under reduced pressure. After percipitation of the tri- 
phenylphosphine oxide from pentane and filtration of the 
solvent was removed by reduced pressure. Fractional vacuum 
distillation gave 1.93 g (75%) of lb a pale yellow oil. 'H NMR 
(300 MHz; CDC13) 6 0.91 (s, 9H), 1.58 (d, J = 2.7 Hz, 3H), 
2.07 (6,  3H), 5.69 (dq, J = 10.8, 2.6 Hz, lH), 5.92 (d, J = 15.6 
Hz, lH), 6.83 (dd, J = 10.8, 15.7 Hz, 1H); 13C ('H} (75 MHz; 
CDC13) 6 14.0, 26.7, 28.6, 33.4, 92.8, 110.26, 128.0, 142.4, 
197.34, 208.92; IR (neat) 1939.6, 1663.2 cm-l; MS mlz (M+) 
178. HRMS mlz for C12HlsO1, calcd 178.1358, found 178.1374. 
6,7,7-Trimethylocta-2,4,5-triene-l-ol. la (500 pL, 2.23 

mmol) was dissolved in THF (25 mL distilled from NaW 
benzophenone) and cooled to 0 "C pending addition of DIBAL 
(11.1 mL, 1M in THF, 11.1 mmol). After addition, the reaction 
was allowed to warm to ambient temperature and stirred for 
20 h. Workup by extraction with ether/HCl, followed by 
concentration of the organic residue gave a yellow oil. The 
product was dried with MgS04 in dichloromethane to yield 350 
mg (94%) of 6,7,7-trimethylocta-2,4,5-triene-l-o1 as a colorless 
oil. 'H NMR (300 MHz; CDC13) 6 .99 (s, 9H), 1.64 (d, J = 2.7 
Hz, 3H), 3.37 (s, lH), 4.04 (dd, J = 6.0, .9Hz; 2H), 5.7 (m, 2H), 

6 14.51, 28.26, 33.34, 62.44, 92.90, 109.22, 128.49, 128.62, 
203.76; IR (neat) 3322.4, 1944.9 cm-l; MS mlz (M+) 166. 
HRMS m l z  for C11HISOlr calcd 166.1358, found 166.1346. 

(300 MHz; CDC13) 6 0.96 (8,9H), 1.17 (t, J = 7.1 Hz, 3H), 1.62 

C13H2002 calcd 208.1463, found 208.1478. 

5.97 (ddt, J =  15.4,10.3,1.3 Hz; 1H); 13C {lH} (75 MHz; CDC13) 

l-Ethogy-6,7,7-trimethylocta-2,4,S-triene (IC). 6,7,7- 
Trimethylocta-2,4,5-trien-l-o1 (2 mL, 10.48 mmol), THF (90 
mL distilled from Na/K benzophenone) and 90 mL hexanes 
(freshly distilled from K) were combined and cooled to 0 "C. 
Butyllithium (7.4 mL, 1.5M in hexanes, 11.1 "01) was added 
dropwise at 0 "C. The reaction mixture turned yellow im- 
mediately, then gradually turned green over several minutes. 
After 10 m DMSO (45 mL, distilled off CaH2) were added, 
followed by bromoethane (3.95 mL, 52.40 mmol). The reaction 
mixture was then allowed to warm to ambient temperature 
and stirred for 21 h. After standard aqueous work up the 
residue was vacuum distilled to give 1.85 g (91%) of IC as a 
pale yellow oil. 'H NMR (300 MHz: CDC13) 6 1.01 (s, 9H), 
1.18 (t, J = 7 Hz, 3H), 1.66 (d, J = 2.7 Hz, 3H), 3.45 (9, J = 7 
Hz, 2H), 3.94 (dd, J = 6.3, 1.2 Hz, 2H), 5.64 (dtd, J = 15.3, 
6.3, 0.3 Hz, lH), 5.69 (dq, J = 10.4, 2.7 Hz, lH), 6.01 (ddt, J 

15.11,28.94,33.57,65.39,70.95,92.99,109.58,126.07,130.36, 
204.09; IR (neat) 1945.1, 1644.1, 1461.5 cm-l; MS m l z  (M+) 
194. HRMS mlz for C13H2201, calcd 194.1671; found 194.1675. 
(q4-Ethyl-6,7,7-trimethylocta-2,4,S-trienoate)iron Tri- 

carbonyl (2a). Ethyl-6,7,7-trimethylocta-2,4,5-trienoate (177 
mg, 85 pmol) was placed in a vacuum Schlenk tube and 
freeze-pump-thawed. The tube was charged with Fe(C0)5 
(223 pL, 1.70 mmol, 2 equiv) and THF (5 mL distilled from 
Na/K benzophenone) were added. The reaction bomb was then 
irradiated at 350 nm with stirring for 24 h. The resulting 
mixture was washed into a flask with ether and concentrated 
onto silica gel. The crude product was eluted from the silica 
with ether and concentrated. The residue was then eluted 
with benzene through a Pasteur filter pipette of silica gel 
yielding 287 mg (97%) of 2a as an amber oil. 'H NMR (300 

8.1 Hz, lH), 1.85 (d, J = 1.4 Hz, 3H), 3.91 (MX, 2H), 4.46 
(m, lH), 5.68 (dd, J = 4.7,7.9 Hz, 1H); 13C {'H} (75 MHz; CsDs) 
6 14.17,20.66,29.57,36.84,47.91,60.42,68.97,89.88,133.77, 
152.17, 171.41, 205.94 209.25, 214.36; IR (neat) 2058, 1980.2, 
1706.6 cm-l. Anal. Calcd for C16H~005Fel: C, 55.19; H, 5.79; 
Fe, 16.04. Found C, 55.17; H, 5.64; Fe, 15.92: MS mlz  (M+) 

(q4-7,8,8-Trimethylnona-3,5,6-triene-2-one)iron Tricar- 
bony1 (2b). 7,8,8-Trimethylnona-3,5,6-trien-2-one (208 mg, 
1.17 mmol) and THF (10 mL distilled from Na/K benzophe- 
none) were combined and freeze-pump-thawed. Iron pen- 
tacarbonyl (750 pL, 5.7 mmol) was added and the solution 
irradiated for 5 h at 350 nm. The resultant mixture was 
concentrated onto silica gel. The dried residue was added to 
the top of a pad of silica gel and the product was eluted with 
1: 1 benzene:pentane. The concentrated eluent was eluted 
through a Pasteur pipet of silica gel, first with benzene, then 
again with ether as the eluant. Removal of solvent gave 244 
mg (66%) of 2b as an orange oil. Crystallization from pentane 
gave amber crystals (Mp 55.5-58 "C, vacuum sealed capillary); 
'H NMR (300 MHz; CsDs) 6 0.85 (9, 9H), 1.24 (d, J = 8.1 Hz, 
lH), 1.68 ( 8 ,  3H), 1.89 ( 8 ,  3H), 4.48 (m, lH), 5.70 (dd, J = 8.0, 
4.8 Hz, 1H); I3C {lH} (75 MHz; CsDs) 6 20.70, 29.04, 29.62, 
36.90,55.31,69.33,88.40,133.65,152.33,201.01,205.2,209.2, 
215.4; IR (neat) 2057.1, 1982.1, 1679.0 cm-l. MS m l z  (M+) 
318. HRMS mlz  for C~Hle04Fe1, calcd 318.0559, found 
318.0532. 
(q4-1-Ethoxy-6,7,7-trimethylocta-2,4,5-triene)iron Tri- 

carbonyl (24. l-Ethoxy-6,7,7-trimethylocta-2,4,5-triene (171 
mg, 879 pmol) was freeze-pump-thawed and THF (from 10 
mL NdK benzophenone) and Fe(C0)5 (578 pL, 4.39 mmol) 
were added. ARer 18 h irradiation at 350 nm, the reaction 
mixture was concentrated onto silica gel. The crude product 
was eluted with ether, concentrated, and then purified by 
column chromatography ( 1 : l O  hexanes:toluene, flash silica) to 
yield 2c 294 mg (77%). 'H NMR (300 MHz; CsD6) 6 0.86 ( 8 ,  
9H), 1.03 (t, J = 6.99 Hz, 3H), 1.34 (m, lH), 1.92 (d, J = 1.63 
Hz, 3H), 3.14 (m, 2H), 3.22 (m, 2H), 4.48 (m, lH), 4.98 (dd, J 
= 4.5, 8.5 Hz, 1H); 13C ('H} (75 MHz; CsDs) 6 15.22, 20.69, 

= 15.3, 10.3, 0.3 Hz, 1H); I3C {'H} (75 MHz; CDCI3) 6 14.73, 

MHz: CsDs) 6 0.79 (9, 9H), .93(t, J = 7.1 Hz, 3H), 1.25 (d, J = 

348. 
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Stable (q4-Vinylallene)iron Tricarbonyl Complexes 

29.73,36.80,61.63, 66.26,66.39, 71.08,88.98, 132.42, 153.18, 
210; IR (neat) 2044.2,1962.4 cm-l; MS mlz (M+) 334. HRMS 
mlz for C~H2204Fe1, calcd 334.0867, found 334.0864. 

X-ray Crystal Structure Analysis. A clear yellow crystal 
aproximately 0.75 x 0.58 x 0.38 mm was wedged in a 0.3 mm 
capillary and optically centered on a NicoleUSiemens R3m 
single crystal difFractometer. The dimensions of the primative 
monoclinic unit cel were determined from the setting angles 
of 23 strong reflections having 25 < 20 .c 32". The refined 
lattice parameters, derived from a Rietveld refinementlo of a 
powder sample mixed with NIST 640b Si internal standard 
are as follows: a = 10.7875(8), b = 13.1067(13), c = 11.5274- 
(10) A, and ,f3 = 95.598(5)". A search of the Crystal Data 
database yielded no plausable hits. 

The details of the data collection are reported in supple- 
mentary material. Both UJ and 20lw scans indicated that the 
crystal was of high quality. The intensities of four check 
reflections varied by fl% during data collection. An empirical 
absorption correction, derived from yj-scans of 15 strong 
reflections well-distributed in reciprocal space, was applied. 
The maximum and minimum transmission were 0.268 and 
0.227. The systematic absences unambiguously determined 
the space group to be P21lc. 

Data processing was carried out using the SHELXTL Plus, 
version 3.4 system of programs (Nicolet Instrument Corp.). The 
structure was solved by direct methods, which indicated the 
position of the iron atom, 6 carbons and three oxygens. The 
remaining heavy atoms were located by difference Fourier 
techniques. The hydrogen atoms were included in the calcu- 
lated positions. 

(10) Larson, A. C.; Von Dreele, R. B. GSAS, The General Structure 
Analysis System; Los Alamos National Laboratory, Feb 1993 version. 

Organometallics, Vol. 14, No. 1,  1995 273 

All non-hydrogen atoms were refined anisotropically. All 
C-H distances were fixed at 0.96 A. A common isotropic 
displacement coeficient was refined for the three vinyl hydro- 
gens. The methyl groups were treated as rigid bodies. A 
common isotropic displacement coeficient was refined for the 
hydrogens on C 1  and C12, and another common thermal 
parameter for the tert-butyl hydrogens on C9, C10 and C11 
(Figure 1). The final refinement of 184 variables using 2135 
observations yielded the residuals R = 0.0427 and WR = 
0.0545. The R factor expected from counting statistics is 
0.0198. The atomic coordinates and the equivalent isotropic 
displacement coeficients of the heavy atoms, bond angles, bond 
lengths, anisotropic displacment coeficients and the observed 
and calculaed structure factors are reported in supplementary 
material. 
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Supplementary Material Available: X-ray crystal struc- 
ture determination data for 2a including tables of solution and 
refinement parameters, atomic coordinates, bond lengths, bond 
angles, and isotropic and anisotropic displacement coefficients 
and stereo ORTEP plots (10 pages). Ordering information is 
given on any current masthead page. 
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Monomeric Alkyl and Hydride Derivatives of Zinc 
Supported by Poly(pyrazoly1)hydroborato Ligation: 

Synthetic, Structural, and Reactivity Studies 

Adrian Looney, Runyu Han, Ian B. Gorrell, Mark Cornebise, Keum Yoon, and 
Gerard Parkin* 

Department of Chemistry, Columbia University, New York, New York 10027 

Arnold L. Rheingold 
Department of Chemistry, University of Delaware, Newark, Delaware 1971 6 

Received September 1, 1994@ 

A series of monomeric four-coordinate monoalkyl zinc complexes [TpBUtlZnR ([TpButl = tris- 
(3-tert-butylpyrazolyl)hydroborato; R = Me, Et) and [TpMe21ZnMe ([TpMezl = tris(3,5- 
dimethylpyrazoly1)hydroborato) has been prepared by metathesis of RzZn with T1[TpButl and 
T1[TpMe2], respectively, while the three-coordinate zinc alkyl derivatives [BpBUtlZnR ([BpButl 
= bis(3-tert-butylpyrazolyl)hydroborato; R = Me, Et, But) have been synthesized by the 
reactions of RzZn with T1[BpBUt]. The monomeric zinc hydride derivative [TpBUtlZnH has 
also been prepared by the reaction of ZnHz with T1[TpBUtl. The reactivities of [TpButlZnH 
and [TpBUt]ZnR toward a variety of substrates have been investigated, giving rise to a series 
of derivatives [TpBUtlZnX (X = OzCH, OZCMe, C2Ph, SH, OSiMe3, C1, Br, I). The Zn-C bonds 
of the three-coordinate complexes [BpBut]ZnR (R = Me, Et) are cleaved by HzO to give the 
cyclic hydroxo trimer { [BpBUt]Zngl-OH)}3 and by MeCOzH to give [BpBUtlZn(q2-Od2Me). Mez- 
CO, MeCHO, and (CH20), insert into the B-H bond of [BpButlZnR, in preference to the 
Zn-R bond, to give the complexes {HB(OR')(3-Butpz)z}ZnR ( R  = Me, Et, P$). The molecular 
structures of [TpMezlZnMe, [TpMezlzZn, [TpButlZnH, [TpBUtlZn(yl-O~CMe), [TpButlZnNCS, [BpButll- 
ZnBut, and { [BpBut]Zngl-OH)}3 have been determined by X-ray diffraction. [TpMezlZnMe is 
orthorhombic, Pcmn (No. 62), a = 7.831(2) A, b = 13.376(4) A c = 18.877(4) A V = 1977(1) 
Hi3, and 2 = 4. [TpMezlzZn is triclinic, Pi (No. 2), a = 8.806(1) A b = 10.195(2) A, c = 10.800- 
(2) A, a = 63.46(2)", ,!? = 85.11(2)", y = 79.63(1)", V = 853(1) k3, and 2 = 1. [TpBUtlZnH is 
monoclinic, Pn  (No. 7), a = 8.262(1) A, b = 15.465(2 A, c = 9.696(2) A, ,!? = 100.76(2)", V = 
1217(1) A3, and 2 = 2. [TpBut]Zn(yl-OzCMe) is orthorhombic, P2lcn (No. 331, a = 10.433(1) 
A, b = 15.832(2) A, c = 19.292(3) A, V = 3186(1) Hi3, and 2 = 4. [TpBUtlZnNCS is monoclinic, 
P21h (No. 14), a = 9.703(2) A, b = 17.001(4) A, c = 16.582(3) A, ,!? = 95.08(1)", V = 2725(1) 
Hi3, and 2 = 4. [BpBUt]ZnBut is monoclinic, P21/n (No. 14), a = 14.912(7) A, b = 8.556(2) A, 
c = 18.482(5) A, ,!? = 112.86(3)", V = 2173(2) A3, and 2 = 4. {[BpButlZngl-OH)}~ is 
orthorhombic, Pc2ln (No. 33), a = 12.302(2) A, b = 20.057(6) A, c = 22.110(2) A, V =  5455(2) 
Hi3, and Z = 4. 

Introduction 

Organozinc complexes are presently used extensively 
in both organic and organometallic syntheses.lJ In 
particular, organozinc reagents offer valuable alterna- 
tives to the corresponding magnesium and lithium 
reagents in terms of both their reactivity and selectivity. 
However, in contrast to  dialkylmagnesium reagents, in 
which the Mg centers are typically four-coordinate and 
tetrahedral (both in the solid state and as solvated 
derivatives in solution), dialkylzinc complexes exist as 

monomeric two-coordinate linear molecules. In view of 
the different structures of dialkylmagnesium and di- 
alkylzinc complexes, it is of some interest to compare 
the reactivity of isostructural organomagnesium and 
organozinc complexes. Such studies would thereby 
allow a comparison of the intrinsic reactivity of Zn-C 
and Mg-C bonds. We have recently described the use 
of the sterically-demanding tris(3-tert-butylpyrazoly1)- 
hydroborato ligand, [TpBUtl,3s4 to provide a well-defined 
coordination environment for a series of four-coordinate 
monomeric magnesium alkyl derivatives [ T P ~ ~ ~ I M ~ R . ~  

~ 

@ Abstract published in Advance ACS Abstracts, November 1,1994. 
(1) (a) Boersma, J. In Comprehensive Organometallic Chemistry; 

Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon Press: 
Oxford, U.K., 1982; Vol. 2, pp 823-862. (b) Coates, G. E.; Green, M. 
L. H.; Wade, K. Organometallic Compounds. Volume I: The Main 
Group Elements, 3rd ed.; Methuen: London, 1967. (c) Elschenbroich, 
C.; Salzer, A. Organometallics: A Concise Introduction, 2nd ed.; 
VCH: New York, 1992. 
(2) (a) Miginiac, L. In The Chemistry of the Metal-Carbon Bond; 

Hartley, F. R., Patai, S., Eds.; Wiley: New York, 1985; Vol. 3, Chapter 
2. (b) Furukawa, J.; Kawabata, N. Adu. Organomet. Chem. 1974,12, 
83-134. (c) Erdik, E. Tetrahedron 1992, 48, 9577-9648. 

0276-7333/95/2314-0274$09.0OI0 

(3) Trofimenko, S.; Calabrese, J. C.; Thompson, J. S. Inorg. Chem. 
1987,26,1507-1514. 
(4) The nomenclature adopted here for tris(pyrazoly1)hydroborato 

ligands is based on that described by Trofimenko. Thus, the tris- 
(pyrazoly1)hydroborato ligands are represented by the abbrevation Tp, 
with the 3- and 5-alkyl substituents listed, respectively, as superscripts. 
Similarly, the bis(pyrazoly1)hydroborato ligands are represented by the 
abbrevation Bp. See: Trofimenko, S. Chem. Rev. 1998,93,943-980. 

( 5 )  (a) Han, R.; Looney, A.; Parkin, G. J. Am. Chem. SOC. 1989,111, 
7276-7278. (b) Han, R.; Parkin, G. J. Am. Chem. SOC. 1990, 112, 
3662-3663. (c) Han, R.; Parkin, G. Organometallics 1991,10, 1010- 
1020. (d) Han, R.; Parkin, G. J. Am. Chem. SOC. 1992,114,748-757. 

0 1995 American Chemical Society 
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Alkyl and Hydride Derivatives of Zinc 

Scheme 1 

-[TIR] I 

(R = Me, Et) 

H 
Me2Zn - 
-(TIMe] 

Here we report that the tris(3-tert-butylpyrazoly1)- 
hydroborato ligand also permits the isolation of the 
corresponding monomeric zinc alkyl and hydride deriva- 
tives [TpBUtlZnR and [TpBUtlZnH. Furthermore, we also 
describe the use of the bis(3-tert-butylpyrazoly1)hy- 
droborato ligand, [BpBUtl,3 to stabilize monomeric three- 
coordinate zinc alkyls [BpBUtlZnR. Some of this work 
has been previously communicated.6 

Results and Discussion 
Syntheses, Characterization, and Reactivity of 

the Four-Coordinate Zinc Alkyl Complexes [TpBu'+ 
ZnR and [TpMealZnR. Our recent studies have dem- 
onstrated that the sterically demanding t is(  3-tert- 
butylpyrazoly1)hydroborato ligand, [TpButl,3 provides a 
well-defined coordination environment for investigating 
the chemistry of four-coordinate alkyl complexes of 
beryllium and magne~ium.~~'  The corresponding zinc 
alkyl derivatives [TpBUtlZnR (R = Me, Et) may also be 
readily prepared by metathesis of RzZn with Tl[TpButl 
(Scheme 1). The reaction is accompanied by the deposi- 
tion of Tl due to decomposition of unstable [TlRl, thereby 
providing an effective driving force for the reaction.* In 
addition to the bulky tris(3-tert-butylpyrazoly1)hydrobo- 
rat0 ligand, [TpButl, the less sterically demanding tris- 
(3,5-dimethyl)pyrazolylhydroborato ligand, [TpM*l, may 
be used to prepare the methyl derivative [TpMezlZnMe 
(Scheme l), of which the magnesium analogue [TpMez]- 
MgMe has been previously synthesi~ed.~,~ 

The complexes [TpBUt]ZnR represent the first ex- 
amples of zinc alkyl derivatives stabilized by an v3-tris- 
(pyrazoly1)hydroborato ligand.6a Vahrenkamp has also 
utilized the tris(3,5-diphenylpyrazolyl)hydroborato and 
tris(3-arylpyrazoly1)hydroborato (aryl = phenyl, tolyl, 
anisyl) ligands to synthesize the complexes [TpPh21ZnR 
and [TpATlZnR(R = Me, Et, But, Ph).l0 Furthermore, 
the cadmium analogues [TpBUtICdR1l and [TpMez1CdRl2 
have also been recently prepared using a similar ap- 
proach. 

(6) (a) Gorrell, I. B.; Looney, A.; Parkin, G. J .  Chem. Soc., Chem. 
Commun. 1990, 220-222. (b) Gorrell, I. B.; Looney, A.; Parkin, G.; 
Rheingold, A. L. J .  Am. Chem. SOC. 1990, 112, 4068-4069. (c) Han, 
R.; Gorrell, I. B.; Looney, A. G.; Parkin, G. J.  Chem. SOC., Chem. 
Commun. 1991, 717-719. 

(7) Han, R.; Parkin, G. Inorg. Chem. lSS3,32, 4968-4970. 
(8) Gilman, H.; Jones, R. G. J .  Am. Chem. Soc. 1946.68.517-520. 
(9) Han, R.; Parkin, G. J. Organomet. Chem. 1990,393,'C43-C46. 
(10) (a) Alsfasser, R.; Powell, A. K.; Vahrenkamp, H. Angew. Chem., 

Int. Ed. Engl. 1990, 29, 898-899. (b) Alsfasser, R.; Powell, A. K.; 
Trofimenko, S.; Vahrenkamp, H. Chem. Ber. 1993,126, 685-694. 

(11) Looney, A.; Saleh, A.; Zhang, Y.; Parkin, G. Inorg. Chem. 1994, 

(12) Reger, D. L.; Mason, S. S. Organometallics 1993, 12, 2600- 
33, 1158-1164. 

2603. 
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Figure 1. Molecular structure of [TpMezIZnMe. 

Table 1. Selected Bond Lengths (A) and Angles (deg) for 
[TpMQIZnMe 

Zn-C(l) 1.981(8) Zn-N(12) 2.048(6) 
Zn-N(22) 2.056(4) N(l1)-N(12) 1.377(8) 
N(21)-N(22) 1.364(6) B-N(11) 1.540( 12) 
B-N(21) 1.545(7) 

C(l)-Zn-N(12) 123.6(4) C(l)-Zn-N(22) 125.8(2) 
N( 12)-Zn-N(22) 90.5(2) N(22)-Zn-N(22') 89.9(2) 

Table 2. Comparison of Bond Lengths and Angles for 

d(M-C)/A d@i-N)/k N-M-C/dep ref 

[TpWlMMe Complexes 

[TpM%]ZnMe 1.981(8) 2.053[10] 125[2] this work 
[TpPh]ZnMe 1.950(4) 2.108[30] 126[2] b 
[TpBu']Znh4e 1.971(4) 2.109[10] 125[2] c 
[TpB"']MgMe 2.1 18( 11) 2.135[ 101 125[3] d 

The number in parentheses indicates the range of bond lengths and 
angles. Alsfasser, R.; Powell, A. K.; Trofimenko, S.; Vahrenkamp, H. 
Chem. Ber. 1993,126,685-694. Yoon, K.; Parkin, G. J .  Am. Chem. SOC. 
1991, 113, 8414-8418. dHan, R.; Parkin, G. Organometallics 1991, 10, 
1010-1020. 

The molecular structures of the methyl derivatives 
[TpBUt1ZnMeGaJ3 and [TpMe21ZnMe (Figure 1) have been 
determined by X-ray diffraction, confirming the v3- 
coordination mode of the tris(pyrazoly1)hydroborato 
ligands. Selected bond lengths and angles for [TpMezl- 
ZnMe are presented in Table 1. The zinc centers are 
appropriately described as trigonally distorted tetrahe- 
dral, with average C-Zn-N and N-Zn-N bond angles 
of ca. 125 and go", respectively. The molecular struc- 
ture of the derivative [TpPhlZnMe has also been deter- 
mined by Vahrenkamp, and average bond lengths and 
angles for these compounds are compared in Table 2. 

Examination of Table 2 indicates the trend that the 
average Zn-N bond length increases very slightly as 
the steric bulk of the tris(pyrazoly1)hydroborato ligand 
increases.14 Thus, the average Zn-N bond length of 
2.053[10] A in [TpMez]ZnMe increases to 2.109[10] A in 
[TpBUtlZnMe. The Zn-C bond lengths for the complexes 
[TpMezlZnMe [1.981(8) AI and [TpBUtlZnMe [1.971(4) AI 
are close to, but slightly less than, the sum of the 
covalent radii of Zn and C (2.02 A),15 and are also in 
the range of known Zn-C bond lengths. For example, 

(13) Yoon, K.; Parkin, G. J .Am.  Chem. SOC. 1991,113,8414-8418. 
(14) The cone angles of tris(pyrazoly1)hydroborato ligand increases 

(15) Pauling, L. TheNature ofThe ChemicalBond, 3rd ed.; Cornel1 
from [TpM@l (224") t o  [TpButl (244"). See ref 3. 

University Press: Ithaca, NY, 1960; p 256. 
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Table 3. Terminal Zn-C Bond Lengths for RzZn 

RzZn d(zn-C)/A ref 

Complexes 

1.930(2) 
1.950(2) 
1.952(3) 
1.937(2) 
1.97[2] 
1.946[5] 
1.950[1] 
1.969(8) 

1.982(2) 
1.974(3) 
1.980(4) 
1.968[3] 
1.983(7) 

a 
a 
a 
b 

d 
e 

C 

f 
g 
h 
i 
i 
i 

a Almenningen, A.; Helgaker, T. U.; Haaland, A,; Samdal, S. Acta Chem. 
Scad .  1982, A36, 159-156. Westerhausen, M.; Rademacher, B. J .  
Organomet. Chem. 1993,443,25-33. Gais, H.-J.; Biilow, G.; Raabe, G. 
J .  Am. Chem. SOC. 1993, 115, 7215-7218. dMarkies, P. R.; Schat, G.; 
Akkerman, 0. S.; Bickelhaupt, F.; Smeets, W. J. J.; Spek, A. L. Organo- 
metallics 1990, 9, 2243-2247. eBrooker, S.; Bertel, N.; Stalke, D.; 
Noltemeyer, M.; Roesky, H. W.; Sheldrick, G. M.; Edelmann, F. T. 
Organometallics 1992, 11, 192-195.fEmst, R. D.; Freeman, J. W.; 
Swepston, P. N.; Wilson, D. R. J .  Organomet. Chem. 1991, 402, 17-25. 
8 Westerhausen, M.; Rademacher, B.; Poll, W. J. Organomet. Chem. 1991, 
421, 175-188. Al-Juaid, S. S.; Eaborn, C.; Habtemariam, A.; Hitchcock, 
P. B.; Smith, J. D. J .  Organomet. Chem. 1992,437,41-45. Aigbirhio, F. 
I.; Al-Juaid, S. S.; Eaborn, C.; Habtemariam, A.; Hitchcock, P. B.; Smith, 
J. D. J .  Organomet. Chem. 1991, 405, 149-160. j Cited in ref i .  

dialkylzinc complexes typically exhibit Zn-C bond 
lengths in the range 1.9-2.0 A, as summarized in Table 
3. 

The Zn-C bond lengths in the complexes [TpR*RIZnMe 
are also similar to  those in the zinc ethyl derivatives 
(EtZn)2(p-C20H28N4) (1.978[41 Alls and [(EtZn)2{2- 
N(SiMes)CsH3N-6-Me}]z (1.95[21 Moreover, the 
four-coordinate dialkyl derivatives Me2Zn[(CH2NMe)& 
[1.987(6) Alla and Zn[(CH2)3NMe212 11.9846) A, X-ray; 
1.991(6) A, electron diffraction1lg also have similar 
Zn-C bond lengths. 

It is also worth notin that the Zn-C bond length of 
[TpBut]ZnMe [1.971(4) 1 113 listed in Table 2 is longer 
than the value cited in the original report [1.890(10) 

It is possible that the shorter value, which is 
anomalous compared to  other Zn-CH3 bond lengths 
(vide supra), is an artifact due to compositional disorder 
with an impurity (possibly [TpBUtlZnOH), since it is well 
documented that trace impurities may artificially influ- 
ence apparent bond lengths as determined by single 
crystal X-ray diffraction.20 

The Zn-C bond length in [TpBUtlZnMe [1.971(4) AI 
may also be compared with the Mg-C bond length 
[2.118(11) AI in the isostructural magnesium derivative, 
[TpButlMgMe.SC As expected, the Zn-C bond length is 
slightly shorter than the Mg-C bond length,15 and 
similar results have been observed in comparisons of 
other structurally related Mg and Zn alkyl derivatives. 
For example, the Zn-C bond length [1.957(5) AI in the 
adduct (18-crown-G)ZnEt is also shorter than the Mg-C 

(16) Spek, A. L.; Jastrzebski, J. T. B. H.; van Koten, G. Acta 
Crystallogr. 1987, C43, 2006-2007. 

(17) Engelhardt, L. M.; Jacobsen, G. E.; Patalinghug, W. C.; Skelton, 
B. W.; Raston, C. L.; White, A. H. J .  Chem. Soc., Dalton Trans. 1991, 

(18) Hursthouse, M. B.; Motevalli, M.; O'Brien, P.; Walsh, J. R.; 
Jones, A. C. Organometallics 1991,10, 3196-3200. 
(19) Dekker, J.; Boersma, J.; Femholt, L.; Haaland, A.; Spek, A. L. 

Organometallics 1987, 6, 1202-1206. 
(20) (a) Parkin, G. Acc. Chem. Res. 1992,25,455-460. (b) Parkin, 

G. Chem. Rev. 1993,93, 887-911. 

2859-2868. 

Scheme 2 
PhCCH r- 
Xp, -RX 

\ 

Wut ,\ R'I 

(R' = CH3, CH2Ph) 

(X = CI, Br, I, CN, 
N3, NCS, OAC) 

Looney et al. 

[TpBU']Zn-C=C-Ph 

[TpBu']Zn-X 

[TpBU']Zn-l 

[TpBU']Zn-X 

bond length [2.104(2) A] in the related complex, (18- 
~rown-G)MgEt2.~l 

The alkyl derivatives [TpMe21ZnMe, [TpBU'lZnMe, and 
[TpBUtlZnEt are soluble in hydrocarbon solvents and are 
characterized in solution by well-defined lH and 13C 
NMR spectra (Table 4) which provide a useful spectro- 
scopic handle for monitoring reactions. For example, 
in addition to resonances assignable to the tris(pyra- 
zoly1)hydroborato ligand, the complex [TpBUtlZnMe is 
characterized by resonances attributable to the Zn-Me 
group at 6 0.54 ppm in the lH NMR spectrum and at 6 
-2.8 [q, VC-H = 118 Hzl in the 13C NMR spectrum. 

The reactivity of the four-coordinate alkyl derivatives 
[TpButlZnR toward a number of reagents has been 
examined and is summarized in Scheme 2. Halogens 
(X2) rapidly cleave the Zn-C bond to  eliminate RX and 
give the halide complex [TpButlZnX (X = C1, Br, I). 
Protic reagents (HX) also readily cleave the Zn-R bond 
in [TpButlZnR to eliminate RH, with the concomitant 
formation of the corresponding [TpButlZnX derivative. 
Thus, the reactions of [TpBut1ZnR with hydrogen chlo- 
ride, acetic acid, and phenylacetylene give [TpBut]ZnCl, 
[TpButlZn(+02CMe) and [TpBUtlZnCCPh, respectively. 
Moreover, HX (X = Br, I, CN, N3, NCS), generated in 
situ by the treatment of MesSiX with H20, also reacts 
with [TpBUtlZnR to give [TpBUtlZnX. Trofimenko has 
previously synthesized [TpButlZnX (X = N3, NCS) by the 
reactions between KTTpBUtl and ZnX2.3 In a similar way, 
the complexes [TpBUtlZnX (X = Cl, Br, I, CN, 02CMe) 
may also be synthesized by metathesis of ZnX2 with 
either KTTpButl or T1[TpButl (eq 1). Furthermore, Vahr- 
enkamp and Klaui have also independently used related 
methods for the synthesis of [TpPhzlZnX and [TphlZnX 
derivatives .IO922 

(M = K. TI) 

The molecular structures of the derivatives [TpBUtlZnX 
(X = C1, Br, 1),13 [ T P ~ ~ ~ I Z ~ C N , ~ ~  [TpBUtlZn(yl-OzCMe), 

~ 

(21) Pajerski, A. D.; BergStresser, G. L.; Parvez, M.; Richey, H. G., 
Jr. J. Am. Chem. SOC. 1968,110,4844-4845. 

(22) Hartmann, F.; Kiaui, W.; Kremer-Aach, A.; Mootz, D.; Strerath, 
A.; Wunderlich, H. 2. Anorg. Allg. Chem. 1993, 619, 2071-2076. 

(23) Yoon, K; Parkin, G. Znorg. Chem. 1992,31, 1656-1662. 
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derivative [TpBU'lMgR. In this regard, the rates of the 
reactions of [TpBUtlZnR are significantly slower than 
those of the corresponding magnesium  derivative^.^ For 
example, although both [TpBUtlZnEt and [TpBUtlMgEt 
react with PhCHzI to give [TpBUtlMI (M = Zn, Mg), the 
half-lives of samples prepared under similar conditions 
are ca. 2.3 x lo3 h and 0.23 h at 100 "C, respectively, a 
factor of 4 orders of magnitude difference in reactivity. 
A similar difference in reactivity is observed in the 
reactions of [TpBUtlZnMe and [TpBUtlMgMe toward COZ. 
Thus, whereas [TpButlMgMe undergoes insertion of COz 
into the Mg-C bond at room t e m p e r a t ~ r e , ~ ~  no reaction 
is observed between [TpBUtlZnMe and COZ at  140 "C, 
even though the expected product, [TpBUtIZn(y1-02CMe), 
has been prepared independently (vide Finally, 
whereas benzene solutions of the magnesium alkyl 
derivatives [TpBu'lMgR (R = Me, Et, Pr', But) react 
immediately with 0 2  at  room temperature to give alkyl 
peroxo derivatives [TpButlMgOOR,5~32 solutions of the 
zinc derivative [TpBUtlZnEt are stable toward 0 2  at 100 
"C! 

The reactivity of the less sterically demanding deriva- 
tive [TpMezlZnMe has also been investigated. This 
complex is indeed more reactive than [TpButlZnMe 
toward a number of reagents, eg. Br2, Iz, MeOH, PhOH, 
ButOOH, MeI, BrCN, and HC1. However, in each case 
the major product of the reaction is the six-coordinate 
sandwich complex [TpMe212Zn, as a result of ligand 
redistribution (eq 2).33 The facile formation of [TpMe21z- 

c2 

Figure 2. Molecular structure of [TpBu']Zn( Vl-OZCMe). 

S 

C 

Figure 3. Molecular structure of [TpBUt]ZnNCS. 

and [TpBu'lZnNCS have been determined by X-ray 
diffraction, with the structures of [TpBUt]Zn(yl-OzCMe) 
and [TpBUtlZnNCS shown in Figures 2 and 3. Selected 
bond lengths and angles for [TpBUtlZn(y1-OzCMe) and 
[TpButlZnNCS are presented in Tables 5 and 6. 

The X-ray diffraction studies confirm that the acetate 
ligand in [TpButlZn(y1-02CMe) is bound to zinc in a 
unidentate mode, with substantially different Zn-0 
separations of ca. 1.86 A and 2.95 The structure 
of [TpBUt1Zn(y1-OzCMe), which is similar to that pro- 
posed for [TpButlMg(y1-O~CMe),5 contrasts with that of 
the copper analogue [TpBut1Cu(y2-OzCMe) which has 
been proposed to exhibit bidentate coordination of the 
acetate ligand on the basis of the observed EPR spec- 
trum.25,26 Such a change in coordination mode for 
copper and zinc derivatives is to  be anticipated on the 
basis of our recent structural studies on the nitrate 
derivatives [TpButlM(N03) (M = Co, Ni, Cu, Zn), for 
which the coordination mode of the nitrate ligand varies 
from unidentate for Zn to symmetric bidentate for Ni 
and 

It is of particular interest to  compare the reactivity 
of [TpBUtlZnR with that of the isostructural magnesium 

(24) The thioacetate derivative [TpPhlZn{ql-SC(0)Me} also exhibits 
unidentate coordination with d(Zn-S) = 2.20 A and d(Zm - 0) = 2.92 
A. See ref 10. 

(25) Tolman, W. B. Znorg. Chem. 1991,30 4877-4880. 
(26) Moreover, the related derivative [TpR'21Cu(q2-O~CC&I&l) has 

been structurally characterized by X-ray diffraction: Kitajima, N.; 
Fujisawa, IC; Mor-oka, Y. J. Am. Chem. SOC. 1990,29, 357-358. 

(27) Han, R.; Parkin, G. J. Am. Chem. Soc. 1991,113,9707-9708. 
(28) Han, R.; Looney, A.; McNeill, K.; Parkin, G.; Rheingold, A. L.; 

Haggerty, B. 5. J .  Znorg. Biochem. 1993,49, 105-121. 
(29) Looney, A.; Han, R.; McNeill, K.; Parkin, G. J. Am. Chem. SOC. 

1993, 115, 4690-4697. 

H-%. Z.=&z-, xy 

(XY = Br2.12, MeOH, PhOH, But 02H, Mel, BrCN, HCI) 

Zn in the reactions of [TpMezlZnMe is analogous to that 
observed for (i) the magnesium derivatives [TpM*lMgR,5,9 
and (ii) the zinc alkyls LoE$~R supported by the oxygen 
tripod ligand LOE~ = [CpCo{P(0)(0Et)~}31.~~ Further- 
more, the bis complex [TpPh12Zn (and also [TpA~lzZn 
derivatives) has also been observed independently by 
Vahrenkamp and Klaui to be a product of the reactions 
of [TpPhlZnX derivatives.lobPz2 Such observations again 
underscore the benefits associated with the bulky [TpButl 
ligand, the "tetrahedral enf~rcer"~ nature of which 
effectively inhibits such reaction pathways. 

(30) It should be noted that the reaction between [TpBu']MgMe and 
COS is slow, but observable, at room temperature. However, at 80 "C 
the reaction takes place readily. See ref 5. 

(31) It is worth noting that dialkylzinc compounds also do not react 
readily with carbon dioxide. However, in the presence of N-meth- 
ylimidazole as a catalyst, insertion of C02 into the Zn-C bond may 
occur. See ref la. 

(32) In addition, the trimethylsilylmethyl derivative [TpBU'1MgCHz- 
SiMes reacts with 02 to give the trimethylsiloxide derivative: Han, 
R.; Parkin, G. Polyhedron 1990,9, 2655-2657. 

(33)In the absence of any reagent, solutions of [TpMealZnMe in 
benzene may be heated to 120 "C in a sealed tube for 12 h without 
significant decomposition. 

(34) honey,  A.; Cornebise, M.; Miller, D.; Parkin, G. Znorg. Chem. 
1992,31,989-992. 
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Table 4. NMR Datau 
coupling/Hz type assgnt &ppm coupling/Hz type assgnt a/PPm 

[TpBu']ZnMe 
'H NMR q3-HB{C3NzH2C(CH3)3}3 1.41 S I3C NMR q3-HB{C3NzHzC(CH3)3}3 30.7 q, 'Jc-H = 126 

V~-HB{C~N~HZC(CH~)~}~  spt (partial res), 3JC-H = 5 
1 H  5.85 d, 3 J ~ - ~  = 2.2 q3-HB{C3NzH2C(CH3)3}3 32.0 dct (partial res), z J ~ - ~  = 4 
1 H  7.36 d, 'JH-H = 2.2 V~-HB{C~NZHZC(CH~)~I~ 

q3-HB{C3N2H2C(CH3)3)s not obsd 1 c  102.0 
ZnCH3 0.54 S 

1 c  135.2 

1 c  
ZnCH3 

164.4 
-2.8 

[TpBU']ZnEt 
'H NMR q3-HB{C3N2H2C(CH3)3)3 1.41 S I3C NMR q3-HB{C3N2HzC(CH3)3}3 30.9 

v ~ - H B { C ~ N ~ H Z C ( C H ~ ) ~ I ~  
1 H  5.84 d, 3 H ~ - ~  = 2.2 q3-HB{C3N2H2C(CH3)3}3 32.0 
1 H  7.36 d, 3 J ~ - ~  = 2.2 v~-HB{C~NZHZC(CH~)~}~ 

q3-HB{C3N2H2C(CH3)3}3 not obsd 1 c  102.0 
ZnCH2CH3 1.31 q, 3JH-H = 8.0 
ZnCHzCH3 1.96 t, 3JH-H 8.0 1 c  135.4 

1 c  164.7 
ZnCHzCH3 7.3 

[Tp'k-]ZnMe 
2.14 S I3C NMR 
2.20 S 

5.50 S 

0.28 S 

not obsd 

[TpBU']ZnH 
1.49 S 13C NMR 

5.83 d, 3 J ~ - ~  = 2.2 
7.34 d, 3 J ~ - ~  = 2.2 
not obsd 
5.36 S 

ZnCHzCH3 13.9 

q3-HB{C3N2H(CWds 12.3 
$-HB{ C~NZH(CH~)Z}~ 12.9 

1 c  104.6 
1 c  144.1 
1 c  148.6 

Zn-CH3 -16.7 

1 c  135.2 

1 c  
ZnOzCH 

165.6 
166.7 

1c 136.1 

1 c  165.2 
ZnOzCCH3 23.1 
ZnOzCCH3 177.0 

q, 'Jc-H = 126 
spt (partial res), 3JC-H = 5 
dct (partial res), zJc-H = 4 

q, 'Jc-H = 125 
spt S (partial res), 3JC-H = 5 

q, 'Jc-H = 126 
spt (partial res), 3JC-H = 5 
dct (partial res), z J ~ - ~  = 4 

d, 'Jc-H = 176 

d, 'Jc-H = 185 
d, 'Jc-H = 8 

d, zJ~-H = 9 

S 

d, 'Jc-H = 202 

4, 'Jc-H = 126 

3 J c - ~  = 5 
spt (partial res) 

dct (partial res) 
2 J ~ - ~  = 5 

d, 'Jc-H = 176 
d, 2 J ~ - ~  = 9 
d, 'Jc-H = 185 
d, 'Jc-H = 7 

q, 'Jc-H = 126 
S 

S 
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Table 4 (Continued) 
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~~ ~~ 

coupling/Hz type assgnt d/ppm coupling/Hz type assgnt d/PPm 

‘H NMR 

‘H NMR 

‘H NMR 

‘H NMR 

‘H NMR 

5.83 d, 3 J ~ - ~  = 2.2 
7.31 d, 3 J ~ - ~  = 2.2 
not obsd 

ZnCzC6H5 
2 0-H 7.18 m 
2 m-H, 1 p-H 7.04 - 7.20 m 

1 c  

1 c  
ZnCzPh 

1 c  
1 c  

ZnCzCd-Is 
1 ipso-c 
2 0-c 

2 m-C 

1 p-c  

30.9 q,  IJC-H = 126 

32.3 s 
spt (partial res), 3Jc-H = 5 

102.2 d, ~Jc-H = 175 

135.4 d, ‘Jc-H = 185 

164.9 s 

d, z J ~ - ~  = 9 

d, z J ~ - ~  = 6 

111.3 s 
112.7 

128.4 s 
128.2 d, ‘Jc-H = 188 

131.8 d, IJc-H = 160 

126.8 d, IJc-H = 160 

d, z J ~ - ~  = 8 

t, z J ~ - ~  = 7 

t, z J ~ - ~  = 7 

31.1 q, I J c - ~  = 126 

32.2 

102.5 d, IJc-H = 176 

135.7 d, IJC-H = 186 

165.4 s 

spt (partial res), 3Jc-H = 5 
dct (partial res), z J ~ - ~  = 4 

d, z J ~ - ~  = 9 

d ,  2 J ~ - ~  = 6 

31.0 q,  ~ J c - H  = 126 

32.1 

102.0 d, IJc-H = 176 

spt (partial res), 3Jc-H = 5 
dct (partial res), z J ~ - ~  = 4 

d, Z J ~ - H  = 9 

d, z J ~ - ~  = 7 
135.6 d, ‘Jc-H = 186 

164.9 s 
5.2 q, ~ J c - H  = 117 

31.1 q,  ~ J c - ~  = 126 
31.8 s 

102.2 d, ‘Jc-H = 175 

135.7 d, ~Jc-H = 185 

162.9 s 
-10.9 q, IJc-H = 122 

d, z J ~ - ~  = 9 

d, 2 J ~ - ~  = 7 

31.0 q, ‘Jc-H= 126 
spt (partial res), ~ J c - H  = 5 

31.7 s 

102.1 d, ‘ J c - ~  = 175 
d, z J ~ - ~  = 9 

d, z J ~ - ~  = 8 
135.6 d, ‘Jc-H = 186 

162.7 s 
12.5 q, ‘Jc-H = 125 

t, ’Jc-H = 5 
2.3 t, ‘Jc-H = 121 

q (partial res), ’Jc-H = 4 
q (partial res), ’Jc-H = 4 
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Table 4 (Continued) 
assgnt dlppm coupling/Hz type assgnt BlPPm coupling/Hz 
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Alkyl and Hydride Derivatives of Zinc 

Table 4 (Continued) 
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type assgnt 6JPPm coupling/Hz type assgnt 6/ppm coupling/Hz 

' [BpBUjZn(q2-02CCHs) 
'H NMR H ~ B { C ~ N ~ H ~ C ( C H ~ ) ~ } Z  1.31 S I3C NMR HZB{C~NZH~C(CH~)~}Z 30.6 9. 'Jc-H = 126 

HzB{C~NZHZC(CH~)~IZ HzB{C~NZHZC(CH~)~IZ 31.6 5 
1 H  5.28 d, 33H-H = 2.2 HZB{C~NZHZC(CW~IZ 
1 H  7.47 d, 3 J ~ - ~  = 2.2 1 c  102.3 d, 'Jc-H = 175 

H2B{C3N2H2C(CH3)3}2 not obsd d, 'Jc-H = 9 

d, 'Jc-H = 6 
Zn(+02CCH3) 2.06 S 1 c  136.8 d, 'Jc-H = 185 

1 c  164.7 s 

Zn(q2-02CCH3) 181.5 s 
Zn(qz-02Cc'H3) 24.6 q, 'Jc-H = 130 

[TpMe~]zZn 
'H NMR q3-HB{C3Nfi(C&)z}3 1.63 S 13C NMR q3-HB{C3NzH(CH3)2}3 12.2 9, 'Jc-H = 128 

2.29 S 12.9 q, 'Jc-H = 129 
V ~ - W C ~ N ~ H ( C H ~ ) Z } ~  5.69 S v~-HB{C~NZH(CH~)ZI~ 
T$HB{C~N~H(CH~)~)~ not obsd 1 c  105.1 d, 'Jc-H = 170 

1 c  143.1 s 
1 c  149.1 s 

a In c a s .  Abbreviations: s = singlet, d = doublet, t = triplet, q = quartet, spt = septet, dct = dectet, m = multiplet. ZH NMR for ZnOD: 6 2.23 (s). 

Table 5. Selected Bond Lengths (A) and Angles (deg) for 

Zn-O(1) 1.859(6) Zn-N(l2) 2.061(5) 
Zn-N(22) 2.075(5) Zn-N(32) 2.108(6) 
0(1)-C(1) 1.241(12) 0(2)-C(1) 1.225( 13) 
C(l)-C(2) 1.480( 15) N( 11)-N( 12) 1.364(9) 
N(21)-N(22) 1.368(8) N(3 1)-N(32) 1.368(8) 
B-N(11) 1.548(10) B-N(21) 1.522( 10) 
B-N(31) 1.539( 10) 

[TpBU'lZn(q1-02CMe) 

N(12)-Zn-O(l) 122.1(3) N(22)-Zn-0(1) 115.6(3) 
N(32)-Zn-0(1) 129.2(2) N(12)-Zn-N(22) 92.1(2) 
N(12)-Zn-N(32) 97.0(3) N(22)-Zn-N(32) 91.4(3) 
Zn-O(1)-C( 1) 122.7(6) O(l)-C(1)-0(2) 122.0(9) 
O(l)-C(l)-C(2) 116.6(9) 0(2)-C(l)-C(2) 121.1(10) 

Table 6. Selected Bond Lengths (A) and Angles (deg) for 
[TPlZnNCS 

Zn-N 1.893(4) Zn-N( 12) 2.041(3) 
Zn-N(22) 2.027(3) Zn-N(32) 2.029(3) 
N-C 1.164(6) c-s 1.586( 5 )  
N(ll)-N(12) 1.374(5) N(21)-N(22) 1.378(4) 
N(3 1)-N(32) 1.369(4) B-N(11) 1.541(6) 
B-N(21) 1.548(6) B-N(31) 1.535(5) 

N-Zn-N( 12) 120.5(1) N-Zn-N(22) 123.1(1) 
N-Zn-N(32) 121.7(1) N(12)-Zn-N(22) 94.4(1) 
N(12)-Zn-N(32) 95.8(1) N(22)-Zn-N(32) 94.3(1) 
Zn-N-C 171.4(4) N-C-S 179.7(4) 

[TpMez12Zn may also be prepared directly by the 
reaction of NTpMez1 with ZnCl2, and its molecular 
structure has been determined by X-ray diffraction 
(Figure 4). Selected bond lengths and angles are listed 
in Table 7. The structure of [TpMe212Zn is closely related 
to that of the magnesium analogue [ T P ~ ~ ~ I ~ M ~ . ~  In 
marked contrast, however, the related [TpPh12Zn com- 
plex does not exhibit an analogous structure. Specifi- 
cally, the potentially tridentate [Tpphl ligand acts only 
as a bidentate ligand in [ ~ ~ - T p ~ ~ l z Z n , ~ ~  so that the 
complex adopts only a four-coordinate pseudotetrahe- 
dral geometry, rather than the six-coordinate octahedral 
geometry adopted by [TpMe212Zn. The Zn-N bond 
lengths in the four-coordinate complex [y2-TpPh12Zn are 
also slightly shorter (2.013[61 A) than in the octahedral 
derivative (2.17[31 A). It is also worth noting that the 
four-coordinate structure of [q2-TpPh12Zn contrasts with 
the structure of [TpPh12Fe, in which the Fe is octahe- 
drally co~rdina ted .~~ 

Synthesis, Characterization, and Reactivity of 
[TpBUtIZnH. In contrast to dialkylzinc derivatives 

Figure 4. Molecular structure of [TpMe212Zn. 

Table 7. Selected Bond Lengths (A) and Angles (deg) for 
[TpMez]2Zn 

Zn-N( 12) 2.187(3) Zn-N(22) 2.183(2) 
Zn-N(32) 2.146(2) N(l1)-N(12) 1.372(2) 
N(2 1) - N(22) 1.373(2) N(31)-N(32) 1.374(3) 
B-N(l1) 1.538(4) B-N(21) 1.539(3) 
B-N(31) 1.546(4) 

N(12)-Zn-N(22) 87.2(1) N(12)-Zn-N(32) 85.9(1) 
N(22)-Zn-N(32) 86.1(1) N(12)-Zn-N(12') 180.0 
N(22)-Zn-N(12') 92.8(1) N(32)-Zn-N(12') 94.1(1) 
N(12)-Zn-N(22') 92.8(1) N(22)-Zn-N(22') 180.0 
N(32)-Zn-N(22') 93.9( 1) N(22)-Zn-N(32') 93.9(1) 
N(12)-Zn-N(32') 94.1(1) N(32)-Zn-N(32') 180.0 

which exist as two-coordinate monomeric species, zinc 
hydride is a polymeric material that is insoluble in most 
organic solvents.36 By analogy with the use of the tris- 
(pyrazoly1)hydroborato ligand to support the monomeric 
zinc alkyl derivatives described above, it was anticipated 
that the zinc hydride complex [TpBUtlZnH could also be 
synthesized. Indeed, [TpButlZnH is readily prepared by 
metathesis of ZnH2 with Tl[TpBUtl (eq 3). As with the 
reactions between ZnR2 and Tl[TpButl, the decomposition 

(35) Eichorn, D. M.; Armstrong, W. H. Znorg. Chem. 1990,29,3607- 

(36) De Koning, A. J.; Boersma, J.; van der Kerk, G. J. M. J. 
3612. 

Organomet. Chem. 1980,186,159-172. 
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Figure 5. Molecular structure of [TpBUtlZnH. (The hydride 
ligand was not located and is illustrated in an idealized 
position.) 

of putative [TlHI provides an effective driving force for 
the reaction. 

Zinc hydride derivatives are rare and are typically 
o l i g o m e r i ~ . ~ ~ . ~ ~  For example, some zinc hydride deriva- 
tives include [Hz1iN(Me)CH&HzNMe212,3~ [HznOB~~l4,3~ 
[HZnO(CH2)2NMe212,40 and [RZnH(NC5H& (R = Et, 
Phh41 Of these derivatives, the only other structurally 
characterized zinc hydride complex is dimeric [HZnN- 
(Me)CH&H2NMe212.38 

The molecular structure of [TpBUtlZnH has been 
determined by X-ray diffraction (Figure 51, which clearly 
identifies its monomeric nature. [TpBUtlZnH is the first 
structurally-characterized monomeric zinc hydride de- 
rivative of which we are aware, and the synthetic 
methodology has also been applied to the synthesis of 
the terminal beryllium and cadmium hydride deriva- 
tives, [TpBUtlBeH42p43 and [TpBUtlCdH.44 Selected bond 
lengths and angles for [TpBUtlZnH are presented in 
Table 8. The hydrogen atom bound to zinc in [TpButl- 
ZnH was not located by the X-ray diffraction study; 
however, the expected axial location of the hydride 
ligand is clearly suggested by the trigonal coordination 
of the tris(3-tert-butylpyrazolyl)hydroborato ligand il- 
lustrated in Figure 5. Furthermore, evidence for the 
presence of the hydride ligand is provided by NMR and 

(37) (a) De Koning, A. J.; Boersma, J.; van der Kerk, G. J. M. J. 
Organomet. Chem. 1980,195,l-12. (b) Ashby, E. C.; Goel, A. B. Inorg. 
Chem. 1981,20, 1096-1101. (c) De Koning, A. J.; Boersma, J.; van 
der Kerk, G. J. M. Tetrahedron Lett. 1977, 2547-2548. 

(38) (a) Bell, N. A.; Coates, G. E. J. Chem. SOC. A 1968, 823-826. 
(b) Bell, N. A.; Moseley, P. T.; Shearer, H. M. M.; Spencer, C. B. J. 
Chem. SOC., Chem. Commun. 1980,359-360. (c) Bell, N. A.; Moseley, 
P. T.; Shearer, H. M. M.; Spencer, C. B. Acta Crystallogr. 1980, B36, 
2950-2954. 

(39) Neils, T. L.; Burlitch, J. M. Inorg. Chem. 1989,28,1607-1609. 
(40) Goeden, G. V.; Caulton, K. G. J. Am. Chem. SOC. 1981, 103, 

7354-7355. 
(41)De Koning, A. J.; Boersma, J.; van der Kerk, G. J. M. J. 

Organomet. Chem. 1978,155, C5-C7. 
(42) Han, R.; Parkin, G. Inorg. Chem. 1992,31, 983-988. 
(43) The first terminal beryllium hydride complex to be structurally 

characterized by X-ray diffraction was the dimer [(Me2NCH2CHme)- 
BeHl2. (a) Bell, N. A.; Coates, G. E.; Schneider, M. L.; Shearer, H. M. 
M. J. Chem. Soc., Chem. Commun. 1983, 828-829. (b) Bell, N. A.; 
Coates, G. E.; Schneider, M. L.; Shearer, H. M. M. Acta Crystallogr. 
1984, C40, 608-610. 

(44) (a) Reger, D. L.; Mason, S. S.; Rheingold, A. L. J. Am. Chem. 
SOC. 1993, 115, 10406-10407. (b) Reger, D. L.; Mason, S. S.; Rhein- 
gold, A. L. J. Am. Chem. SOC. 1994, 116, 2233. 

Table 8. Selected Bond Lengths (A) and Angles (deg) for 
ITnBU'lZnH 
L .  .. 

Zn-N(12) 2.078(5) Zn-N(22) 2.089(6) 
Zn-N(32) 2.079(5) N(l1)-N(12) 1.371(7) 
N(21)-N(22) 1.359(8) N(31)-N(32) 1.348(9) 
B-N(11) 1.549(9) B-N(21) 1.541(9) 
N(3 l)B - 1.556(10) 

N(12)-Zn-N(22) 90.2(2) N(12)-Zn-N(32) 91.7(2) 
N(22)-Zn-N(32) 92.3(2) 

v(Zi-D) 

1 

2& 2000 1800 1600 1400 1200 l000cm" 
Figure 6. IR spectra of (a) [TpBUtlZnH and (b) [TpBUtlZnD. 

Scheme 3 

1 I I I I 

[TpBU1]Zn(q'-O~CH) 

(TpBuljZn-C=C-Ph 

(TpBU1]Zn-OSiMe3 

IR studies. For example, the hydride resonance is 
observed at 6 5.36 ppm in the lH NMR spectrum, an 
assignment that has been confirmed by the 2H NMR 
spectrum of the isotopomer [TpBUtlZnD. Similarly, Y- 
(Zn-H) is observed as a strong absorption at 1770 cm-l 
in the IR spectrum, which shifts to  1270 cm-l (YH/VD = 
1.39) upon deuterium substitution, as shown in Figure 
6. 

The zinc-hydride functionality in [TpBUt]ZnH is reac- 
tive toward a number of substrates, as summarized in 
Scheme 3. Thus, protic reagents (HX = H2S, MesSiOH, 
MeCOzH, PhCSCH) react at the Zn-H bond to give 
[TpBUtlZnX and H2. The complex [TpBUtlZnOSiMe3 may 
also be prepared independently by the reaction of 
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Alkyl and Hydride Derivatives of Zinc 

[TpBUtl-ZnCl with KOSiMe3 (eq 4). The Zn-H bond also 

Organometallics, Vol. 14, No. 1, 1995 283 

undergoes metathesis with a variety of halide deriva- 
tives. For example, [TpBUtlZnH reacts with Me1 and 
PhCHzI to give [TpBUtlZnI and CH4 and RH (R = Me, 
PhCHz). The reactions between [TpBUtlZnH and RI, 
which occur at room temperature, were observed to be 
more facile than those of the corresponding alkyl 
derivatives [TpBUtlZnR. The source of the hydrogen in 
the RH products was confirmed as the Zn-H group by 
the reaction of [TpBUtlZnD with RI. [TpBUtlZnH also 
reacts with MeCOC1, Me3SiX (X = C1, I) and IZ to give 
[TpBUtlZnX (X = C1, I). 

The Zn-H group in [TpBUtlZnH undergoes clean 
insertion of COZ at 50 "C to give the ql-formato deriva- 
tive, [TpBUtlZn(q1-02CH). It is noteworthy that, as 
described above, the methyl derivative [TpButlZnCH3 
does not react with COP under similar conditions. The 
formato derivative [TpBUt]Zn(q1-02CH) has been char- 
acterized by NMR and IR spectroscopy. The formato 
moiety of [TpBUt1Zn(q1-OzCH) is observed as a singlet 
at 6 8.91 ppm in the lH N M R  spectrum and as a doublet 
at 166.7 ppm (~Jc-H = 202 Hz) in the 13C NMR 
spectrum. Although the molecular structure of [Tp- 
BUtlZn(ql-O~CH) has not been determined by X-ray 
diffraction, the complex is characterized as an ql- rather 
than q2-formato derivative by analogy with the acetato 
complex [TpBUt1Zn(q1-0zCMe) (vide supra), and also on 
the basis of the stretching frequencies of the vaSym(CO2) 
(1655 cm-l) and vSym(C02) (1290 cm-l) absorptions in 
the IR spectrum. The absorptions associated with the 
formato group have been identified by the shifts ob- 
served for the isotopomers [TpBUtlZn(q1-0~13CH) and 
[TpBUt1Zn(q1-OzCD) (Figure 7). Most notably, the large 
difference between vSym(C0z) and ~a,3ym(C02) (Av = 365 
cm-l) is very diagnostic of ql-c~ordination.~~ 

The insertion of C02 into the Zn-H bond of [TpBUtl- 
ZnH contrasts with the inertness of the alkyls [TpBut13- 
ZnR toward CO2. However, the Zn-H moiety is inert 
(at 120 "C and 1 atm) toward insertion of ethylene to 
give the ethyl derivative [TpButlZnEt. Such an observa- 
tion is presumably a reflection of kinetic factors since 
the ethyl derivative is stable under these conditions. 

Synthesis, Characterization, and Reactivity of 
the Three-Coordinate Zinc Alkyl Derivatives 
[BpBUtlZnR. The above studies have demonstrated the 
use of the tris(3-tert-butylpyrazolyl)hydroborato ligand 
to provide a well-defined environmentfor the study of 
four-coordinate alkyl and hydride derivatives of zinc. In 
order to investigate changes in reactivity of the Zn-C 
bond upon lowering the coordination number at the 
metal from four to three, we have utilized the cor- 

(45) Monomeric carbxylato complexes with Av values greater than 
200 cm-l invariably have unidentate coordination: Deacon, G. B.; 
Phillips, R. J. Coord. Chem. Rev. 1980, 33, 227-250. 

I 

2;OO 2000 1800 1600 li00 lib0 ldOOcm.' 

Figure 7. IR spectra of (a) [TpButlZn(y1-02CH), (b) [Tp- 
BUtlZn(q1-0213CH), and ( c )  [TpBUtlZn(ql-O&D). 

responding bidentate bis(3-tert-butylpyrazolyl)hydrobo- 
rat0 ligand, [BpButl. 

By analogy with the complexes [TpButlZnR, the three- 
coordinate zinc alkyl derivatives [BpBUtlZnR (R = Me, 
Et, But) are readily prepared by metathesis of RzZn with 
the thallium derivative T1[BpButl (eq 5). The molecular 

&-Bu' ,w 

structure of the tert-butyl derivative [BpBUtlZnBut has 
been determined by an X-ray diffraction study (Figures 
8 and 91, and selected bond lengths and angles are listed 
in Table 9. The zinc center may be described as 
distorted trigonal planar, with the bond angles N(12)- 
Zn-N(22) = 94.3(2)", N(12)-Zn-C(1) = 132.2(3)", and 
N(22)-Zn-C(1) = 132.7(3)". The sum of the three bond 
angles at zinc is 359.2(8)", clearly indicating a high 
degree of coplanarity. Three coordination is quite rare 
for zinc compared to four-coordination, although in 
recent years the number of such complexes has begun 
to increase quite rapidly.46 Some specific examples of 
three-coordinate organozinc complexes include (i) 
{(Me3Si)~(Ph)P(NSiMe3)2}ZnPh,4~ (ii) [Zn(CHzCMe&I-, 
[Zn(CHzSiMe3)31-, and [ Z ~ ( C H Z S ~ M ~ & P ~ I - , ~  (iii) I(Me3- 
Si)zCHlzZn[q1-(MeNCH2)31 and [Zn{CH(SiMe&)31-,49 
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82 

B 

Figure 8. Molecular structure of [BpBUtlZnBut. 

Figure 9. Molecular structure of [BpBUtlZnBut. 

Table 9. Selected Band Lengths (A) and Angles (des) for 
[BpBu'] ZnBd 

Zn-C(l) 1.995(7) Zn-N( 12) 2.040(5) 
Zn-N(22) 2.045(6) C(l)-C(2) 1.486( 15) 
cm-c(3)  1.495(13) C(l)-C(4) 1.501(11) 
N(ll)-N(12) 1.367(8) N(21)-N(22) 1.377(8) 
B-N( 11) 1.547(10) B-N(21) 1.541( 12) 

C(l)-Zn-N(12) 132.2(3) C(l)-Zn-N(22) 132.7(3) 
N(12)-Zn-N(22) 94.3(2) Zn-C(1)-C(2) 108.6(5) 
Zn-C( 1)-C(3) 114.7(5) Zn-C(1)-C(4) 109.7(6) 
C(2)-C(l)-C(3) 107.2(9) C(2)-C(l)-C(4) 108.8(7) 
C(3)-C(l)-C(4) 107.7(8) 

(46) Recent examples of non-organometallic three-coordinate zinc 
complexes include [Zn{S(Cd-IMe4)}31-,46* [Zn(u-OCEta){N(SiMe3)~}12,~ 
[Zn{y-S(C~HzBut~)}{S~C~H~B~t~)}l~,46c Z ~ { S ( C ~ H Z B U ~ ~ ) } { L } , ~ ~ ~  Zn- 
{ S ~ ( C ~ H ~ B U ~ ~ ) } { L } , ~ ~ ~  [ZnOt-P(SiMe3)2}{P(SiMes)z)l2,48" [Znbc-TeSi- 
(SiMe3)3}{TeSi(SiMe3)s}l~,4~~ Zn(SC~HzBu~s)z(OEtz),~g [ZndButzP)z- 
(OH)@-OH)12,46h Zn[FeCp(C0)213-,461 and [q2-R2N(Ph)P(NR)21ZnPh:46j 
(a) Gruff, E. S.; Koch, S. A. J. Am. Chem. SOC. 1989,111,8762-8763. 
(b) Goel, S. C.; Chiang, M. Y.; Buhro, W. E. Inorg. Chem. 1990,29, 
4646-4652. (c) Bochmann, M.; Bwembya, G.; Grinter, R.; Lu, J.; Webb, 
K J.; Williamson, D. J.; Hursthouse, M. B.; Mazid, M. Inorg. Chem. 
1993,32, 532-537. (d) Bochmann, M.; Bwembya, G. C.; Grinter, R.; 
Powell, A. It; Webb, K. J.; Hursthouse, M. B.; Malik, K. M. A.; Mazid, 
M. A. Inorg. Chem. 1994,33, 2290-2296. (e) Goel, S. C.; Chiang, M. 
Y.; Buhro, W. E. J. Am. Chem. Soc. 1990,112,5636-5637. (0 Bonasia, 
P. J.; Arnold, J. Inorg. Chem. 1992,31,2508-2514. (g) Power, P. P.; 
Shoner, S. C.Angew. Chem., Int. Ed. Engl. 1990,29,1403-1404. (h) 
Arif, A. M.; Cowley, A. H.; Jones, R. A.; Koschmieder, S. U. J. Chem. 
Soc., Chem. Commun. 1987,1319-1320. (i) Petersen, R. B.; Ragosta, 
J. M.; Whitwell, G. E., 11; Burlitch, J. M. Inorg. Chem. 1983,22,3407- 
3415. (j) Romanenko, V. D.; Shul'gin, V. F.; Skopenko, V. V.; Mark- 
ovskii, L. N. Zh. Obshchei Khim. 1984, 54, 2791-2792; J. General 
Chem. (Engl. Transl.) 1985, 250fL2502. 

(47) Chemega, A. N.; Antipin, M. Y.; Struchkov, Y. T.; Romanenko, 
V. D. Koord. Chim. 1989,15,894-901. 

(48) Purdy, A. P.; George, C. F. Organometallics 1992, 11, 1955- 
1959. 

Figure 10. Molecular structure of { [BpButlZn~-OH>}3. 

Scheme 4 

h -RH ([BpeU']Zn(p-OH))~ 

The three-coordinate alkyl derivatives [BpBUtlZnR are 
also well characterized by lH and 13C N M R  spectroscopy 
in solution. For example, [BpBUtlZnMe exhibits reso- 
nances attributable to the Zn-Me group at 6 1.41 and 
30.7 (9, VC-H = 126 Hz) in the lH and 13C NMR spectra, 
respectively. 

The reactivity of [BpBUtlZnR is summarized in Scheme 
4. The Zn-C bonds are readily cleaved by the protic 
reagents HzO and MeCOzH to give the hydroxo ([BpBut13- 
Zn@-OH)}s and acetato [BpBUtlZn(yZ-OzCMe) deriva- 
tives, respectively. The molecular structure of the 
hydroxo derivative {[BpButlZn(D-OH))3 has been deter- 
mined to be a cyclic trimer by X-ray diffraction (Figure 
lo), and selected bond lengths and angles are given in 
Table 10. The molecule exhibits approximate C3h sym- 
metry, with each hydroxo group bridging two zinc 
centers. Although the X-ray structure determination 
did not reveal the location of the hydroxo hydrogen 
atoms, convincing evidence for their presence is pro- 
vided by the 40-H) absorption at 3611 cm-l in the IR 
spectrum. This assignment has been confirmed by 
the observation of the shifts observed for the isotopomer 

(49) Westerhausen, M.; Rademacher, B.; Schwarz, W. 2. Anorg. Allg. 

(50) Olmstead, M. M.; Power, P. P.; Shoner, S. C. J. Am. Chem. Soc. 

(51)Parvez, M.: BergStresser. G. L.; Richey. H. G., Jr. Acta 

Chem. 1993,619,675-689. 

1991,113, 3379-3385. 

Crystallogr. 1992, C48, 641-644.' 
(52) Some older examples of three-coordinate organozinc derivatives 

include [MeZn@-NPh~)12,~28 [M~~N(CHZ)~IZ~WC~(CO)~,~~~ and KMez- 
PhSi)&Zn@-OH)lz:S2c (a) Bell, N. A.; Shearer, H. M. M.; Spencer, C. 
B. Acta Crystallogr. 1983, C39, 1182-1185. (b) Budzelaar, P. H. M.; 
AlbertsJansen, H. J.; Mollema, K.; Boersma, J.; van der Kerk, G. J. 
M.; Spek, A. L.; Duisenberg, A. J. M. J. Organomet. Chem. 1983,243, 
137-148. (0) Al-Juaid, S. S.; Buttrus, N. H.; Eaborn, C.; Hitchcock, 
P. B.; Roberts, A. T. L.; Smith, J. D. S.; Sullivan, A. C. J. Chem. SOC., 
Chem. Commun. 1986,908-909. 

(53) In the solid state, zinc exhibits three-coordination in the dialkyl 
Zn[CHzSiMezOPriIz due to an  intermolecular Zn-0 interaction [2.252- 
(4) A]. The C-Zn-C bond angle is 152.3(3)": Gais, H.-J.; Biilow, G.; 
Raabe, G. J. Am. Chem. SOC. 1993,115, 7215-7218. 
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Alkyl and Hydride Derivatives of Zinc 

UBdn’lZnbOH)h 
Table 10. Selected Bond Lengths (A) and Angles (deg) for 

Organometallics, Vol. 14, No. 1, 1995 285 

complex [Zn2(But2P)z(OH)01-OH)12, with Zn-0 bond 
lengths (both terminal and bridging) which, as pointed 
out previously, are abnormally long (2.30-2.33 A),46h 
It is plausible that the origin of the long Zn-0 bond 
lengths in [ Z ~ Z ( B U ~ ~ P ) ~ ( O H ) ~ - O H ) ] ~  may be an artifact 
due to contamination, possibly with a chloride deriva- 
tive.20 Indeed, such a suggestion is reasonable since 
[Znz(But2P)2(0H)01-OH)Iz was prepared in only low yield 
by the reaction of ZnClz with ButzPLi and required the 
presence of adventitious water. 

The above reactions with protic reagents are analo- 
gous to those of the four-coordinate complexes, [TpButll- 
ZnR. However, whereas the tris(3-tert-butylpyrazoly1)- 
hydroborato complexes [TpBUtlZnR only show reactivity 
at the Zn-C bond, the bis(3-tert-butylpyrazoly1)hy- 
droborato derivatives also exhibit reactivity at an ad- 
ditional site, namely the B-H bond. Thus, the bis(3- 
tert-butylpyrazoly1)hydroborato complexes, [BpBUtlZnR 
(R = Me, Et), react with aldehydes and ketones, 
(CHzO),, MeCHO, and MezCO, to give the derivatives 
{HB(OR)(3-Butpz)z}ZnR (R = Me, Et, Pr9, as a result 
of insertion into the B-H bond. We have not yet 
determined whether the alkoxo substituents on boron 
are also coordinated to the zinc center, i.e. {72-HB(0R’)(3- 
Butpz)2}ZnR us {73-HB(OR)(3-Butpz)2}ZnR. Other bis- 
(pyrazoly1)hydroborato metal complexes have also dem- 
onstrated the capability of reducing ketones to alcohols.56 
However, functionalized bis(pyrazoly1)hydroborato prod- 
ucts were not isolated. 

~ ~~ ~~~~ 

Zn( 1)-O( 1) 1.923(8) Zn(1)-O(3) 1.957(10) 
Zn(2)-0(1) 1.968(9) Zn(2)-O(2) 1.888(9) 
Zn(3)-0(2) 1.985(8) f i (3)-0(3 1.917(10) 
Zn(l)-N(12) 2.048(9) Zn(l)-N(42) 2.054(11) 
Zn(2)-N(22) 2.034(10) Zn(2)-N(52) 2.022(11) 
Zn(3)-N(32) 2.033(11) Zn(3)-N(62) 2.035(11) 
B(1)-N(l1) 1.586(20) B(l)-N(41) 1.554(22) 
B(2)-N(21) 1.494(23) B(2)-N(51) 1.554(22) 
B(3)-N(31) 1.515(26) B(3)-N(61) 1.613(24) 
N(ll)-N(12) 1.365(14) N(21)-N(22) 1.376(17) 
N(31)-N(32) 1.378(16) N(41)-N(42) 1.325(17) 
N(5 I)-N(52) 1.362( 16) N(61)-N(62) 1.374(16) 

O(l)-Zn(l)-0(3) 103.6(4) O(l)-Zn(l)-N(12) 118.9(4) 
0(3)-Zn(l)-N(12) 112.1(4) 0(1)-Zn(l)-N(42) 122.1(4) 
0(3)-Zn(l)-N(42) 105.5(4) N(12)-Zn(l)-N(42) 94.3(4) 
0(1)-Zn(2)-0(2) 104.0(4) 0(1)-Zn(2)-N(22) 108.5(4) 
0(2)-Zn(2)-N(22) 119.2(4) 0(1)-Zn(2)-N(52) 109.0(4) 
0(2)-Zn(2)-N(52) 121.1(4) N(22)-Zn(2)-N(52) 94.4(4) 
0(2)-Zn(3)-0(3) 102.0(4) 0(2)-Zn(3)-N(32) 109.3(4) 
0(3)-Zn(3)-N(32) 120.1(4) 0(2)-Zn(3)-N(62) 107.3(4) 
0(3)-Zn(3)-N(62) 124.1(4) N(32)-Zn(3)-N(62) 93.4(4) 
Zn(1)-O(1)-Zn(2) 135.3(5) Zn(2)-0(2)-Zn(3) 137.2(5) 
Zn(l)-0(3)-Zn(3) 137.5(4) 

Table 11. Zn-0 Bond Lengths of [Zn@z-OH)Zn] Moieties 
d(Zn- 0)lA ref 

{[BPB”’lZn@-OH)h 1.89(1)-2.02(1) this work 
KMeShSi)3CZn@-OH)lz 1.899(9) C 

[{ (BuPz)~Z~IZ@-OH)I~+ 1.91[1] d 
[(LH)zZnz@-oH)l+ 1.915(2) e 
[{(Me3tacn)Zn}z@-OH)@-O~CMe)]~ 1.996(4) f 
[ (Me3tacn)Zn@-OH)]zZf 1.97[ 11 f 
[{~4-N(CHz~~)s}~@-OH) l~z+  2.01[4] g 
~Znz~ButzP~z~OH~@-OH~1z 2.33[2]* h 

LH2 = 4,7-bis(2-hydroxybenyl)-1-oxa-4,7-diazacyclononane. The 
t e d a n l  Zn-0 bond length is 2.30(2) A. Al-Juaid, S. S.; Buttrus, N. H.; 
Eabom, C.; Hitchcock, P. B.; Roberts, A. T. L.; Smith, J. D. S.; Sullivan, 
A. C. J. Chem. Soc., Chem. Commun. 1986, 908-909. dAlsfasser, R.; 
Vahrenkamp, H. Chm.  Ber. 1993,126,695-701. Flassbeck, C.; Wieghardt, 
K.; Bill, E.; Butzlaff, C.; Trautwein, A. X.; Nuber, B.; Weiss, J. Inorg. 
Chem. 1992, 31, 21-26. fchaudhuri, P.; Stockheim, C.; Wieghardt, K.; 
Deck, W.; Gregorzik, R.; Vahrenkamp, H.; Nuber, B.; Weiss, J. Znorg. 
Chem. 1992,31, 1451-1457. 8 Murthy, N. N.; Karlin, K. D. J. Chem. SOC., 
Chem. Commun. 1993, 1236-1238. hArif, A. M.; Cowley, A. H.; Jones, 
R. A.; Koschmieder, S. U. J. Chem. SOC., Chem. Commun. 1987, 1319- 
1320. 

{[BpButlZn01-OD)}3 (2670 cm-l). The Zn-OH moiety is 
also characterized by a resonance at  2.25 ppm in the 
lH NMR spectrum. 

The hydroxo bridge between each pair of zinc centers 
in the trimer { [BpBUtlZn@-OH)}3 is slightly asymmetric. 
Thus, the lengths of the Zn-0 bonds alternate in a 
short-long fashion around the ZnsOs ring, although the 
differences are small, i.e. the Zn(1)-O(l), Zn(2)-0(2) 
and Zn(3)-0(3) bonds average 1.91[21 A, while Zn(1)- 
0(3), Zn(2)-0(1), and Zn(3)-0(2) bonds average 1.97- 
[21 AI. Notably, all these bridging Zn-OH interactions 
are longer than that in the monomeric terminal zinc 
hydroxo complex [TpBUtaelZnOH [1.850(8) 8 1 1 5 4 p 5 5  but 
comparable to the values reported for a number of 
complexes with hydroxo groups bridging two zinc cen- 
ters, as summarized in Table 11. The data presented 
in Table 11 indicate that Zn-0 bond lengths for hydroxo 
groups that brid e two zinc centers are typically of the 
order 1.89-2.01 f . A notable exception, however, is the 

(54) Alsfasser, R.; Trofimenko, S.; Looney, A,; Parkin, G.; Vahren- 
kamp, H. Znorg. Chem. 1991,30, 4098-4100. 

(55) The reference value for a pure single covalent Zn-0 bond has 
been adopted to be 1.89 A: Haaland, A. Angew. Chem., Znt. Ed.  Engl. 
1989,28,992-1000. 

Conclusion 

In summary, the tris(pyrazoly1)hydroborato ligand 
system has allowed the isolation of monomeric four- 
coordinate zinc alkyl and hydride derivatives [TpButlZnR 
(R = Me, Et), [TpMezlZnMe, and [TpBUtlZnH, while the 
bis(3-tert-butylpyrazolyl)hydroborato ligand system has 
allowed the isolation of monomeric three-coordinate zinc 
alkyl derivatives [BpBUtlZnR (R = Me, Et, But). The 
four-coordinate alkyl complexes are isostructural with 
the analogous magnesium derivatives, and comparison 
of the reactivity of the Zn-C and Mg-C bonds in these 
complexes provides good evidence for the intrinsic 
higher reactivity of the Mg-C us the Zn-C bond. 
Comparison of the alkyl and hydride derivatives [TpButll- 
ZnR and [TpBUtlZnH indicates that the Zn-H bond 
exhibits higher reactivity than the Zn-C bond, espe- 
cially with regards to insertion of CO2. In contrast to 
the four-coordinate zinc alkyls [TpBUtlZnR, the three- 
coordinate derivatives [BpBUtlZnR exhibit two different 
sites of reactivity. Thus, the Zn-C bonds of [BpBUtlZnR 
are the sites of reactivity with protic reagents such as 
H2O and MeCOzH, while the B-H bonds are the 
preferred sites of reactivity for insertion with ketones 
and aldehydes. 

Experimental Section 

General Considerations. All manipulations were per- 
formed using a combination of glovebox, high-vacuum, and 
Schlenk  technique^.^' Solvents were purified and degassed 
by standard procedures. lH and 13C NMR spectra were 
measured on Varian VXR 200, 300, and 400 spectrometers. 

(56) Paolucci, G.; Cacchi, S.; Caglioti, L. J. Chem. Soc., Perkin Trans. 
1 1979, 1129-1131. 
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IR spectra were recorded as KBr pellets or Nujol mulls 
between KBr disks on a Perkin-Elmer 1420 spectrophotometer 
and are reported in cm-1. Mass spectra were obtained on a 
Nermag R10-10 mass spectrometer using chemical ionization 
(NH3 or CH4) techniques. Elemental analyses were measured 
using a Perkin-Elmer 2400 CHN elemental analyzer. ZnH2,36 
Me3SiOH,S8 T1[TpBUt],3 T1[TpMez1,& KITpMezl,Se Tl[BpBUtl,3 and 
[TpBut]ZnNCS3 were prepared by the literature methods. NMR 
data are listed in Table 4. 

Synthesis of [TpMB9lZnMe. A solution of excess MezZn in 
decalin was added to a stirred suspension of Tl[TpMe2] (1.00 g, 
1.99 mmol) in THF (30 mL), resulting in the formation of a 
black precipitate. The volatile components were removed in 
uacuo, and the residue was extracted into benzene (ca. 30 mL). 
The mixture was filtered, the benzene removed in uacuo, and 
the product recrystallized from THF at -78 "C, giving [TpM"2]- 
ZnMe as a white solid (0.13 g, 17%). Anal. Calcd for [TpMe21- 
ZnMe: C, 50.9; H, 6.7; N, 22.3. Found: C, 50.9; H, 6.7; N, 
22.0. IR data: 2506 (YB-H) .  

Synthesis of [TpBUt]ZnMe. A solution of Tl[TpButl (0.5 g, 
0.85 mmol) in THF (20 mL) was added dropwise to  a solution 
of MezZn in pentane (0.83 g, 0.87 mmol), resulting in the 
immediate formation of a black deposit of T1 metal. The 
mixture was stirred for 30 min at room temperature and 
filtered. The volatile components were removed from the 
filtrate under reduced pressure. The solid was extracted into 
pentane (20 mL) and filtered. The filtrate was concentrated 
to ca. 10 mL and placed at -78 "C giving a crop of colorless 
crystals of [TpBUt]ZnMe, which were isolated by filtration and 
dried in uucuo (150 mg, 38%). Anal. Calcd for [TpBU'lZnMe: 
C, 57.3; H, 8.0; N, 18.2. Found: C, 56.6; H, 7.1; N, 17.2. IR 
data: 2505 ( Y B - H ) .  MS: mlz 461 (M+ + 1). 

Synthesis of [TpBut]ZnEt. A solution of T1[TpBUtl (1.0 g, 
1.7 mmol) in THF (30 mL) was added dropwise to a solution 
of EtzZn (1.4 g, 15% wlw in hexane, 1.7 mmol) in THF (10 mL) 
resulting in the formation of a black deposit of T1 metal. The 
mixture was stirred for 30 min at room temperature and 
filtered. The filtrate was concentrated to ca. 10 mL and placed 
at 0 "C giving a crop of colorless crystals of [TpBUtlZnEt, which 
were isolated by filtration and dried in uacuo (400 mg, 50%). 
Anal. Calcd for [TpBUt]ZnEt: C, 58.1; H, 8.3; N, 17.7. Found: 
C, 56.9; H, 8.2; N, 16.9. IR data: 2452 and 2480 (YB-H). MS: 
mlz 475 (M+ + 1). 

Syntheses of [TpBut]ZnX (X = C1, Br, I, CN, NCS, 0 2 -  

CMe). The complexes [TpBU'IZnX were prepared by reaction 
of WTpButl or T1[TpButl with ZnXz by a method analogous to 
that used for [TpBUt]ZnN3 and [TpButlZnNCS,3 and a typical 
procedure is given for [TpBu']ZnC1. A solution of T1[TpBUtl (2.0 
g, 3.42 mmol) in THF (40 mL) was added to a stirred 
suspension of ZnClz (0.56 g, 4.10 mmol) in THF (20 mL), 
resulting in the immediate formation of a white precipitate. 
The mixture was stirred for 1 h and filtered. The solvent was 
removed from the filtrate in uucuo, giving [TpBUtlZnC1 as a 
white solid (1.57 g, 96%). 

Anal. Calcd for [TpBUt]ZnC1: C, 52.4; H, 7.1; N, 17.5. 
Found: C, 52.6; H, 7.0; N, 17.4. IR data: 2490 ( Y B - H ) .  MS: 
mlz 480 (M+ + 1). 

Anal. Calcd for [TpBUt]ZnBr: C, 47.9; H, 6.5; N, 16.0. 
Found: C, 47.9; H, 6.4; N, 15.1. IR data: 2527 ( Y B - H ) .  MS: 
mlz 526 (M+ + 1). 

Anal. Calcd for [TpBU']ZnI: C, 44.0; H, 6.0; N, 14.7. 
Found: C, 44.2; H, 6.2; N, 14.4. IR data: 2519 ( Y B - H ) .  MS: 
mlz 572 (M+ + 1). 

Anal. Calcd for [TpBut]ZnCN: C, 55.9; H, 7.3; N, 20.7. 
Found: C, 56.2; H, 8.2; N, 20.6. IR data: 2520 (YB-H) and 2214 
( Y C - N ) .  MS: mlz 471 (M+ + 1). 

Organometallics, Vol. 14, No. 1, 1995 Looney et al. 

Anal. Calcd for [TpBut]Zn(+OzCMe): C, 54.6; H, 7.4; N, 
16.6. Found: C, 54.6; H, 7.2; N, 16.2. IR data: 2480 ( Y B - H )  
and 1610 (vaSym COJ. MS: mlz 505 (M+ + 1). 

Reaction of [TpB"']ZnEt with Cl2 and Br2. A solution 
of [TpBUt]ZnEt (20 mg, 0.04 mmol) in de-benzene (0.7 mL) was 
treated with XZ (X = C1, Br, I). 'H NMR spectroscopy 
demonstrated the formation of [TpBUt]ZnX and EtX after 1 day 
at room temperature. 

Reaction of [TpB"]ZnEt with MesSiX/HaO (X = C1, Br, 
I, CN, Ns, NCS). A solution of [TpBut1ZnEt (20 mg, 0.04 "01) 
in de-benzene (0.7 mL) was treated with a mixture of Me$%/ 
HzO (X = C1, Br, I, CN, N3, NCS). The reactions were 
monitored by lH NMR spectroscopy which demonstrated the 
formation of [TpBU'lZnX and CZH.5. 

Reaction of [TpBU7ZnMe with HCl. A solution of [TpBut]- 
ZnMe (20 mg, 0.04 mmol) in de-benzene (0.7 mL) was treated 
with HC1 (1 atm) at room temperature. The reaction was 
monitored by lH NMR spectroscopy which demonstrated the 
immediate formation of [TpBUt]ZnC1. 

Synthesis of [TpBu7ZnC8ph. A solution of [TpBu'lZnEt (20 
mg, 0.04 mmol) in &-benzene (0.7 mL) was treated with 
PhCCH (0.05 mmol) and heated at 70-80 "C for a period of 
days. The reaction was monitored by lH NMR spectroscopy 
which demonstrated the formation of [TpBUt1ZnCzPh and C&. 
Anal. Calcd for [TpBut]ZnCzPh: C, 63.5; H, 7.3; N, 15.3. 
Found: C, 63.1; H, 7.4; N, 15.9. IR data: 2503 (YB-H). MS: 
mlz 547 (M+ + 1). 

Reaction of [TpButlZnEt with RI (R = Me, PhCH2). A 
solution of [TpBUt]ZnEt (20 mg, 0.04 mmol) in &-benzene (0.7 
mL) was treated with RI (R = Me, PhCHz; 0.05 mmol) and 
heated at 140 "C over a period of weeks. The reactions were 
monitored by 'H NMR spectroscopy which demonstrated the 
slow formation of [TpBu']ZnI. 

Reaction of [TpBut]ZnEt with MeC0J-I. A solution of 
[TpBUt]ZnEt (20 mg, 0.04 "01) in de-benzene (0.7 mL) was 
treated with MeCOzH (2.8 pL, 0.05 mmol) and left at room 
temperature. The reaction was monitored by 'H NMR spec- 
troscopy which demonstrated the formation of [TpBUt]Zn(yl- 
0zCMe) and CZH6. 

Reactions of [TpM*lZnMe. A solution of [TpMezlZnMe (ca. 
10 mg) in de-benzene (0.7 mL) was treated with a variety of 
reagents (Brz, 12, MeOH, PhOH, BuQOH, MeI, BrCN, HC1) 
and monitored by lH NMR spectroscopy. In each case, [TpMqIz- 
Zn was observed to be a major product. 

Synthesis of [TpMeal~n. A solution of K[TpMe21 (500 mg, 
1.49 mmol) in THF (20 mL) was added to  a stirred suspension 
of ZnClz (101 mg, 0.74 m o l )  in THF (10 mL). The mixture 
was stirred overnight and the solvent removed in uacuo. The 
residue was extracted into CHzClz (30 mL) and the extract 
was washed with water. The solvent was removed from the 
CHzClz layer in uacuo, and the solid obtained was recrystal- 
lized from toluene at -78 "C. Yield of [TpMe2]~Zn: 173 mg 
(34%). Anal. Calcd for [TpMe212Zn: C, 54.6; H, 6.7; N, 25.5. 
Found: C, 54.7; H, 6.8; N, 25.9. IR data: 2506 (YB-H).  MS: 
mlz 659 (M+ + 1). 

Synthesis of [TpButlZnH. THF (50 mL) was added drop- 
wise to a mixture of T1[TpBUt] (1.0 g, 1.7 mmol) and ZnHz (180 
mg, 2.7 mmol), resulting in the immediate formation of a black 
deposit of T1 metal. The mixture was stirred for 30 h at room 
temperature and filtered. The filtrate was concentrated to ca. 
10 mL and placed at  0 "C giving colorless crystals. The 
crystals of [TpBUt]ZnH were isolated by filtration and dried 
in uacuo (0.10 g). Further crops of [TpBUtlZnH were obtained 
from the mother liquor by a similar procedure. Total yield of 
[TpBU'lZnH: 0.32 g (42%). Anal. Calcd for [TpBU'lZnH: C, 56.3; 
H, 7.9; N, 18.9. Found: C, 55.9; H, 7.9; N, 19.2. IR: 2500 
(YB-H), 1770 (YZn-H). MS: mlz 447 (M+ + 1). [TpBUtlZnD was 
prepared analogously using ZnDz. Yield of [TpBUt]ZnD: 40%. 
IR: 1270 ( Y Z ~ - D ) .  MS: mlz 448 (M+ + 1). 

Reaction of [TpBUtlZnH with COB. A solution of [TpBU']]- 
ZnH (45 mg, 0.1 mmol) in benzene (1 mL) was treated with 
COz (1 atm) and heated at 50 "C for 4 days. The volatile 
components were removed under reduced pressure giving 

~ ~ 

(57) (a) McNally, J. P.; Leong, V. S.; Cooper, N. J. ACS Symp. Ser. 
1987, No. 357,6-23. (b) Burger, B. J.; Bercaw, J. E. ACS Symp. Ser. 

(58) George, P. D.; Sommer, L. H.; Whitmore, F. C. J. Am. Chem. 

(59) Trofimenko, S .  J. Am. Chem. SOC. 1967,89, 6288-6294. 

1987, NO. 357, 79-97. 

SOC. 1963, 75, 1585-1588. 
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Alkyl and Hydride Derivatives of Zinc 

[TpBUtlZn(ql-OzCH) as a white solid (45 mg, 92%). Anal. Calcd 
for [TpBUtlZn(ql-OzCH): C, 53.7; H, 7.2; N, 17.1. Found: C, 
53.1; H, 6.9; N, 16.4. IR: 2505 (YB-H), 1655 ( Y - ~  C O J ,  1290 
(vsm ~ 0 ~ ) .  MS: mlz 491 (M+ + 1). [TpBut]Zn(q1-0~13CH) and 
[TpBUt]Zn(ql-OzCD) were prepared in a similar fashion using 
the appropriately labeled materials. IR data for [TpBUt]- 
Zn(ql-0~~~CH):  2505 (YB-H), 1620 (Y" 13c%), 1270 (vSym 13C02). 

IR data for [TpBUtlZn(ql-OzCD): 2510 (YB-H), 2120 (YC-D), 1645 

Reaction of [TpBu'lZnH with C a .  A solution of [TpBu']- 
ZnH (20 mg, 0.04 "01) in &-benzene (1 mL) was treated with 
C2H4 (1 atm) and heated at 120 "C for about 20 days. No 
reaction was observed, except for slight decomposition of [TpBut]- 
ZnH. 

Reaction of [TpButlZnH with Has. A solution of [TpBUt]]- 
ZnH (40 mg, 0.09 mmol) in benzene (1 mL) was treated with 
HzS (1 atm) and left at room temperature for 1 h. The volatile 
components were removed under reduced pressure giving 
[TpBUtlZnSH as a white solid (40 mg, 93%). Anal. Calcd for 
[TpBUtlZnSH: C, 52.3; H, 7.4; N, 17.5. Found: C, 52.6; H, 7.3; 
N, 17.4. IR: 2500 (YB-H) .  MS: mlz 479 (M+ + 1). 

Reaction of [TpButlZnH with MesSiOH. A solution of 
[TpBUtlZnH (40 mg, 0.09 mmol) in benzene (1 mL) was treated 
with Me3SiOH (10 pL), and heated at 70 "C for 3 days. The 
volatile components were removed under reduced pressure 
giving [TpBUtlZnOSiMe3 as a white solid (45 mg, 93%). Anal. 
Calcd for [TpBUt]ZnOSiMe3: C, 53.8; H, 8.1; N, 15.7. Found: 
C, 58.7; H, 7.3; N, 15.8. IR data: 2490 (YB-H). 

Reaction of [TpBUtlZnC1 with KOSiMes. KOSiMe3 (100 
mg, 0.8 mmol) was added to  a solution of [TpButlZnC1 (250 mg, 
0.5 mmol) in benzene (20 mL). The mixture was shaken at 
room temperature for 15 min and filtered. The colorless 
crystals were isolated and demonstrated to be [TpBUtlZnOSiMe3 
by 'H NMR spectroscopy. 

Reaction of [TpB"']ZnH with MeCOa. A solution of 
[TpBUt]ZnH (20 mg, 0.04 mmol) in benzene (1 mL) was treated 
with MeCOzH (0.05 mmol) and left at room temperature for 
10 min. The reaction was monitored by 'H NMR spectroscopy 
which demonstrated the formation of [TpBUtlZn(ql-OzCMe) and 
Hz. Anal. Calcd for [TpBut1Zn(q1-OzCMe): C, 54.6; H, 7.4; N, 
16.6. Found: C, 54.6; H, 7.2; N, 16.2. 

Reaction of [TpBU*lZnH with RX (R = Me, PhCHg). A 
solution of [TpBut]ZnH (20 mg, 0.04 mmol) in &-benzene (0.7 
mL) was treated with RX (R = Me, PhCHz; 0.05 mmol) and 
left at room temperature. The reactions were monitored by 
'H NMR spectroscopy which demonstrated the formation of 
[TpBUt]ZnI and RH (R = Me, PhCHz) over a period of days. 
The formation of [TpBUt]ZnI and RD (CHsD, PhCHZD) was 
observed for the reaction of [TpBUtlZnD with RI. 

Reaction of [TpBUt]ZnH with MesSiX (X = C1, I). A 
solution of [TpBUt]znH (20 mg, 0.04 mmol) in &-benzene (1 mL) 
was treated with Me3SiX (X = C1, I; 0.05 mmol) and heated at 
70-80 "C for a period of days. The reactions were monitored 
by 'H NMR spectroscopy which demonstrated the formation 
of [TpBU'lZnX (X = C1, I). 

Reaction of [TpBUt]ZnH with MeCOCl. A solution of 
[TpBUt]ZnH (20 mg, 0.04 mmol) in benzene (1 mL) was treated 
with MeCOCl(O.05 mmol) and left at room temperature for 1 
day. The reaction was monitored by lH NMR spectroscopy 
which demonstrated the formation of [TpBUt]ZnC1 and MeCHO. 

Reaction of [TpBUt]ZnH with 12. A solution of [TpBUt]ZnH 
(20 mg, 0.04 mmol) in &-benzene (15 mL) was treated with IZ 
(10 mg, 0.04 mol). The reaction was monitored by 'H NMR 
spectroscopy which demonstrated the formation of [TpButlZnI 
immediately. 

Synthesis of [BpBUt]ZnMe. A solution of MezZn (2.5 g, 
10% wlw in pentane, 2.6 mmol) was added dropwise to a 
solution ofTl[BpBut] (0.5 g, 1.1 mmol) in THF (15 mL), resulting 
in the formation of a black deposit of T1 metal. The mixture 
was stirred for 2 h at room temperature and filtered. The 
solvent was removed from the filtrate under reduced pressure, 
extracted into pentane (20 mL), and filtered. The filtrate was 
concentrated to  ca. 10 mL and placed at 0 "C giving a crop of 

( ~ a s y m  CO~) ,  1280 ( ~ s y m  CO~) .  
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colorless crystals. The crystals of [BpBUtlZnMe were isolated 
by filtration and dried in vacuo (200 mg, 54%). Anal. Calcd 
for [BpBUtlZnMe: C, 53.1 H, 8.0; N, 16.5. Found: C, 53.3; H, 
7.6; N, 15.8. IR data: 2434 (VB-H). MS: mlz 339 (M+ + 1). 

Synthesis of [BpBUtlZnEt. A solution of EtzZn (4.5 g, 15% 
wlw in hexane, 5.5 mmol) was added dropwise to a solution of 
T1[BpBUtl (2.0 g, 4.3 mmol) in THF (30 mL), resulting in the 
immediate formation of a black deposit of Tl metal. The 
mixture was stirred for 30 min at room temperature and 
filtered. The solvent was removed from the filtrate under 
reduced pressure, extracted into pentane (30 mL), and fdtered. 
The filtrate was concentrated to ca. 10 mL and placed at 0 "C 
giving a crop of colorless crystals of [BpBUt]ZnEt. The crystals 
were isolated by filtration and dried in vacuo (800 mg, 53%). 
Anal. Calcd for [BpBUtlZnEt: C, 54.4; H, 8.3; N, 15.8. Found: 
C, 54.7; H, 7.8; N, 15.6. IR data: 2440 (YB-H).  MS: mlz 353 
(M+ + 1). 

Synthesis of [BpButlZnBut. A solution of ButzZn (8 mL, 
0.2 M in pentane, 1.6 mmol) was added dropwise to a solution 
of T1[BpBUtl (0.5 g, 1.1 mmol) in THF (30 mL), resulting in the 
formation of a black deposit of Tl metal. The mixture was 
stirred for 1 h at room temperature and filtered. The solvent 
was removed from the filtrate under reduced pressure, ex- 
tracted into pentane (20 mL), and filtered. The filtrate was 
concentrated to ca. 10 mL and placed at 0 "C giving a crop of 
colorless crystals of [BpBUt]ZnBut. The crystals were isolated 
by filtration and dried in uacuo (240 mg, 57%). Anal. Calcd 
for [BpBut]ZnBut: C, 56.6 H, 8.7; N, 14.9. Found: C, 56.6; H, 
8.4; N, 15.1. IR data: 2446 (%-HI. MS: mlz 381 (M+ + 1). 

Synthesis of { [BpBut]Zn(p-OH)}~. A solution of [BpBut]- 
ZnEt (210 mg, 0.59 mmol) in THF (10 mL) was treated with 
HzO (11 pL, 0.60 mmol). The mixture was stirred for 10 min 
at room temperature and filtered. The filtrate was removed 
under reduced pressure giving {[BpB"'lZngl-OH)}3 (250 mg, 
44%). Anal. Calcd for {[BpBUt]Zngl-OH)}3: C, 49.2; H, 7.4; N, 
16.4. Found: C, 50.1; H, 7.2; N, 15.9. IR data: 3611 (YO-H) 
and 2444 (--HI. The isotopomer {[BpBUtlZn~-OD)}~ was 
prepared by the corresponding reactions of [BpButlZnEt with 
DzO. IR data for {[BpButlZngl-OD)}3: 2670 (YO-D). 

Synthesis of (HB(OMe)(3-Butpz)a}ZnEt. A solution of 
[BpBUtlZnEt (100 mg, 0.3 mmol) in benzene (1 mL) was treated 
with excess (CHzO), and left at room temperature for 2 days. 
The mixture was filtered, and the volatile compounds were 
removed under reduced pressure giving {HB(OMe)(3-Butpz)z}- 
ZnEt (ca. 90 mg, 78%). Anal. Calcd for {HB(OMe)(3-Butpz)z}- 
Z n E t  C, 53.2; H, 8.1; N, 14.6. Found: C, 51.6; H, 7.8; N, 13.8. 
IR data: 2440 (vB-H). MS: mlz 383 (M+ + 1). 

Synthesis of {HB(OEt)(3-Butpz)2}ZnEt. A solution of 
[BpBUtlZnEt (100 mg, 0.3 mmol) in benzene (1 mL) was treated 
with MeCHO (30 pL, 0.53 "01) and left at room temperature. 
The volatile compounds were removed under reduced pressure 
giving {HB(OEt)(3-Butpz)z}ZnEt (ca. 95 mg, 80%). Anal. 
Calcd for {HB(OEt)(3-Butpz)z}ZnEt: C, 54.4; H, 8.4; N, 14.1. 
Found: C, 53.6; H, 7.8; N, 14.2. IR data: 2440 (YB-H).  MS: 
mlz 396 (M+ + 1). 

Synthesis of (HB(OW)(3-Butpz)z}ZnEt. A solution of 
[BpBU']ZnEt (100 mg, 0.3 mmol) in benzene (1 mL) was treated 
with MezCO (25 pL, 0.44 mmol) and left at room temperature 
for several days. The volatile compounds were removed under 
reduced pressure giving {HB(OPri)(3-Bu~z)~}ZnEt (ca. 100 
mg, 81%). Anal. Calcd for {HB(OPr')(3-Butpz)~}ZnEt C, 55.4; 
H,8.6;N,13.6. Found C,55.5;H,8.5;N,14.1. IRdata: 2445 
(YB-H). MS: mlz 411 (M+ + 1). 

Synthesis of [BpBUt]Zn(q2-02CMe). A solution of [BpBU']]- 
ZnEt (100 mg, 0.3 mmol) in &-benzene (0.7 mL) was treated 
with MeCOzH and left at room temperature for 1 day. The 
reaction was monitored by 'H NMR spectroscopy which 
demonstrated the formation of [BpButlZn(q2-O~CMe). The 
volatile compounds were removed under reduced pressure 
giving [BpBUt]Zn(v2-0&Me) (ca. 80 mg, 70%). IR data: 2448 
(VB-H) and 1580 (YCOJ.  MS: mlz 383 (M+ + 1). 

X-ray Structure Determination of [TpM"BlZnMe. Crys- 
tal data, data collection, and refinement parameters for [TpM%I- 
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Table 12. Crystal and Intensity Collection Data 

Looney et al. 

[TPrIZnMe [TpMe2]2Zn [TpB"']zn(~~-oAcKCd-I,j) [Tpe"']ZnNCS [TpBY']ZnH [BpB"]ZnBu' { [BpBU'lZn@-OH)}3 

formula 
fw 
lattice 
cell consts 

alA 
blA 
CIA 
ufdeg 
Bid% 
?J/deg 
VIA3 

radiation (UA) 
space group 
@(calcd)/g ~ m - ~  
p(Mo Ka)Icm-l 
28 rangeldeg 
no. of data 
no. of params 
goodness of fit 
R 
R W  

Ci6HzN6Ba C ~ ~ H ~ ~ N I Z B Z Z ~  
377.6 659.8 
orthorhombic triclinic 

7.831(2) 8.806( 1) 
13.376(4) 10.195(2) 
18.877(4) 10. 800(2) 
90.0 63.46(2) 
90.0 85.11(2) 
90.0 79.63(1) 
1977(1) 853(1) 
4 1 
Mo Ka (0.710 73) M_o Ka (0.710 73) 
Pcmn (No. 62) 
1.27 1.28 
12.9 7.6 
3-50 3-55 
1141 [F > 6o(F)] 3175 [F > 6o(F)1 
128 23 1 
1.39 1.37 
0.0454 0.0391 
0.0580 0.0543 

P1 (No. 2) 

C29H43N6BOzZn 
583.90 
orthorhombic 

10.433( 1) 
15.832(2) 
19.292(3) 
90.0 
90.0 
90.0 
3 186( 1) 
4 
Mo Ka (0.710 73) 
P2lcn (No. 33) 
1.22 
8.3 
3-52 
2081 [F > 6o(F)] 
314 
1.38 
0.0456 
0.0548 

ZnMe are summarized in Table 12. A single crystal of 
[TpMe2]ZnMe was mounted in a glass capillary and placed on 
a Nicolet R3m difiactometer. The unit cell was determined 
by the automatic indexing of 25 centered reflections and 
confirmed by examination of the axial photographs. Intensity 
data were collected usin graphite monochromated Mo Ka 

every 100 reflections, and the data were scaled accordingly 
and corrected for Lorentz, polarization, and absorption effects. 
The structure was solved using direct methods and standard 
difference map techniques on a Data General NOVA 4 
computer using SHEIXTL.60 Systematic absences were con- 
sistent with the space groups Pcmn (No. 62) or Pc21n (No. 33), 
but consideration of the E-value statistics suggested the choice 
Pcmn (No. 62). Hydrogens on carbon were included in 
calculated positions (&-H = 0.96 A; U d H )  = 1.2Uiao(C))- 

X-ray Structure Determination of [TpM*12Zn. Crystal 
data collection, and refinement parameters are summarized 
in Table 12, and the general procedure is as described for 
[TpMez]ZnMe. Systematic absences were consistent with the 
space groups P1 (No. 1) and P1 (No. 2), but the structur? was 
successfully solved in the centrosymmetric alternative P1 (No. 
2). 

X-ray Structure Determination of ["pBu'lZnH. Crystal 
data, data collection, and refinement parameters are sum- 
marized in Table 12, and the general procedure is as described 
for [TpMe2]ZnMe. Systematic absences were consistent with 
the space groups Pn (No. 7) and P2/n (No. 13). Since the 
molecule possesses neither a 2-fold axis nor inversion center, 
the space group Pn (No. 7) was selected. Inversion of configu- 
ration indicated the correct absolute structure. 

X-ray Structure Determination of [TpBUtlZn(ql-O~- 
CMe)C&e. Crystal data, data collection, and refinement 
parameters are summarized in Table 12, and the general 
procedure is as described for [TpMez]ZnMe, Systematic ab- 
sences were consistent with the space groups P2lcn (No. 33) 
and Pmcn (No. 62). The structure was successfully solved in 

(60) Sheldrick, G. M. SHELXTL, An Integrated System for Solving, 
Refining and Displaying Crystal Structures from Diffraction Data; 
University of Gijttingen, Gijttingen, Federal Republic of Germany, 
1981. 

X-radiation (A = 0.710 73 1 ). Check reflections were measured 

monoclinic monoclinic monoclinic orthorhombic 

9.703(2) 8.262(1) 14.912(7) 
17.001(4) 15.465(2) 8.556(2) 
16.582(3) 9.696(2) 18.482(5) 
90.0 90.0 90.0 
95.08( 1) 100.76(2) 112.86(3) 
90.0 90.0 90.0 
2725(1) 1217(1) 2173(2) 
4 2 4 
Mo Ka (0.710 73) Mo Ka (0.710 73) Mo Ka (0.710 73) 
P21h (No. 14) Pn (No. 7) F211n (No. 14) 
1.21 1.22 1.17 
10.3 10.6 11.7 
3-45 3-45 3-52 
2483 [F > 6o(F)1 2100 [F > 6o(F)] 1948 [F > 6u(F)1 
294 266 225 
1.20 1.55 1.21 
0.0386 0.0410 0.054 
0.0477 0.0589 0.0682 

12.302(2) 
20.057(6) 
22.1 lO(2) 
90.0 
90.0 
90.0 
5455(2) 
4 
Mo Ka (0.710 73) 
Pc21n (No. 33) 
1.25 
13.8 
3-50 
2946 [F > 5a(F)] 
563 
1.20 
0.072 
0.0637 

P2lcn (No. 33), and inversion of configuration indicated the 
correct absolute structure. The centrosymmetric alternative 
was ruled out since the contents of the asymmetric unit were 
not related by a mirror plane. 

X-ray Structure Determination of [TpWJZnNCS. Crys- 
tal data, data collection, and refinement parameters are 
summarized in Table 12, and the general procedure is as 
described for [TpMe21ZnMe. Systematic absences were consis- 
tent uniquely with the space group P21/n (No. 14). 

X-ray Structure Determination of [BpBUt]ZnBut. Crys- 
tal data, data collection, and refinement parameters are 
summarized in Table 12, and the general procedure is as 
described for [TpMea]ZnMe. Systematic absences were consis- 
tent uniquely with the space group P2lln (No. 14). 

X-ray Structure Determination of { [BflUtlZn(lr-OH)}s, 
Crystal data, data collection, and refinement parameters are 
summarized in Table 12, and the general procedure is as 
described for [TpMBzlZnMe. Systematic absences were consis- 
tent with the space groups Pc2ln (No. 33) and Pcmn (No. 62). 
The structure was successfully solved in Pc2ln (No. 33), and 
inversion of configuration indicated the correct absolute 
structure. The centrosymmetric alternative was ruled out 
since the contents of the asymmetric unit were not related by 
a mirror plane. 
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support of this research. M.C. acknowledges support 
through the NSF REU Program at Columbia University. 

Supplementary Material Available: Complete tables of 
atom coordinates, thermal parameters, bond distances and 
angles, and crystal data, data collection, and refinement 
parameters and ORTEP diagrams for [TpMe2]ZnMe, [TpMe2]2- 

Zn, and [TpBU']ZnNCS (19 pages). Ordering information is 
given on any current masthead page. Tables for [TpBUt]ZnH," 
[TpButlZn(ql-O~CMe)," [BpBUt]ZnBut,Gb and {[Bpeut]Zn~-OH)}~6b 
were deposited with the original publications. 
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Enthalpies of Reaction of (~5-C~H~)R~(cyclooctadiene)C1 
with Tertiary Phosphine Ligands: Ligand Substitution 
as a Gauge for Metal Basicity and a Linear Correlation 

of Bond Length and Bond Enthalpy 
Michele E. Cucullu, Lubin Luo, and Steven P. Nolan* 

Department of Chemistry, University of New Orleans, New Orleans, Louisiana 70148 

Paul J. Fagan, Nancy L. Jones,? and Joseph C. Calabrese 
Central Research and Development, E.  I .  du Pont de Nemours & Co., Inc., 
Experimental Station, P. 0. Box 80328, Wilmington, Delaware 19880-0328 

Received September 12, 1994@ 

The enthalpies of reaction of CpRu(C0D)Cl (1) (Cp = q5-C5H5; COD = cyclooctadiene) 
with a series of monodentate ligands, leading to the formation of CpRu(ER3)pCl (E = P, As), 
have been measured by anaerobic solution calorimetry in THF a t  30.0 "C. These reactions 
are rapid and quantitatively lead to  the formation of the corresponding CpRu(ER3)pCl 
complexes. The overall relative order of stability established for the preceding complexes is 
as follows: AsEt3 < PPh3 < PPhpMe < P(OPh)3 < PEt3 .e PnBu3 < PPhMe2 < PMe3 < 
P(OMe)3. Comparisons with other organometallic systems providing insights into factors 
influencing the Ru-L bond disruption enthalpies and metal basicity are discussed. 
Structural studies of two of these CpRu(ER3)pCl complexes (ER3 = AsEt3 (2) and PEt3 (3)) 
have also been performed. Data for 2: monoclinic, C2/c; a = 30.549(5); b = 10.523(2); c = 
13.503(3) A; U = y = go"; /3 = 103.71(2)"; v = 4217.1 A3; = 8; dcalcd = 1.6568 Cm-'; nobsd = 
5328; R = 0.032. Data for 3: monoclinic, P21/c; a = 13.553(1); b = 8.283(2); c = 19.359(3) 
A; p = 109.74(1)"; v = 2045.5 A3; = 4; dcdcd  = 1.422 g Cm-'; nobsd = 5152; R = 0.030. A 
relationship between bond distances and relative bond energies is made possible by the 
present data. This correlation is good and represents a rare example of such a relationship. 

Introduction 
Thermochemical studies performed on organometallic 

systems have gained recognition as an area of research 
that can provide important insights into reactivity and 
bonding p a t t e r n ~ . l - ~  In spite of this recognition, the 
solution thermochemistry of systems such as those 
revolving around group 8 metal centers is an area where 
more information is needed.la,b The scarcity of thermo- 

+ Permanent address: Department of chemistry and Biochemistry, 
LaSalle University, Philadelphia, PA 19141. 

@ Abstract published in Advance ACS Abstracts, November 1,1994. 
(1) For leading references in this area, see: (a) Nolan, S. P. Bonding 

Energetics of Organometallic Compounds. In Encyclopedia of Znor- 
ganic Chemisty; J. Wiley and Sons: New York, 1994. (b) Hoff, C. D. 
Prog. Inorg. Chem. 1992, 40, 503-561. (c) Martinho SimGes, J. A.; 
Beauchamp, J. L. Chem. Rev. 1990, 90, 629-688. (d) Marks, T. J., 
Ed. Bonding Energetics In Organometallic Compounds. ACS Symp. 
Ser. 1990,428. (e) Marks, T. J., Ed. Metal-Ligand Bonding Energetics 
in Organotransition Metal Compounds. Polyhedron Symp. Print 1988, 
7. (0 Skinner, H. A.; Connor, J. A. In Molecular Structure and 
Energetics; Liebman, J. F., Greenberg, A., Eds.; VCH: New York, 1987; 
Vol. 2, Chapter 6. (g) Skinner, H. A,; Connor, J. A. Pure Appl. Chem. 
1986, 57, 79-88. (h) Pearson, R. G. Chem. Rev. 1986,85,41-59. (i) 
Mondal, J. U.; Blake, D. M. Coord. Chem. Rev. 1983,47,204-238.(j) 
Mansson, M. Pure Appl. Chem. 1983, 55, 417-426. (k) Pilcher, G.; 
Skinner, H. A. In The Chemistry of the Metal-Carbon Bond; Harley, 
F. R., Patai, S., Eds.; .Wiley: New York, 1984; pp 43-90. (1) Connor, 
J. A. Curr. Top. Chem. 1977, 71, 71-110. 
(2) See, for example: (a) Nolan, S. P.; Hoff, C. D.; Stoutland, P. 0.; 

Newman, L. J.; Buchanan, J. M.; Bergman, R. G.; Yang, G.  K.; Peters, 
K. G. J .  Am. Chem. SOC. 1987,109,3143-3145 and references therein. 
(b) Nolan, S. P.; Lopez de la Vega, R.; Hoff, C. D. Organometallics 1988, 
5,2529-2537. 
(3) (a) Nolan, S. P.; Porchia, M.; Marks, T. J. Organometallics 1991, 

10,1450-1457. (b) Nolan, S. P.; Stern, D.; Marks, T. J .  J .Am.  Chem. 
SOC. 1989,111, 7844-7854. 

0276-7333/95/2314-0289$09.00/~ 

chemical investigations on organoruthenium complexes 
is all the more noticeable when one considers the 
catalytic activities displayed by these compounds, which 
range from the ring opening and closing metatheses of 
olefins5 to the recently reported ruthenium-catalyzed 
synthesis of formic acid in supercritical C O Z . ~  In view 
of the limited number of thermochemical studies for 
group 8 metal it is not too surprising that 
investigations addressing the influence of ancillary 
ligand modification on the enthalpy of ligand substitu- 
tion for such systems are virtually nonexistent. 

(4) (a) Nolan, S. P.; Stem, D.; Hedden, D.; Marks, T. J. In ref Id, pp 
159-174. (b) Nolan, S. P.; Lopez de la Vega, R.; Mukejee, S. L.; 
Gonzalez, A. A.; Hoff, C. D. In ref l e ,  pp 1491-1498. (c) Marks, T. J.; 
Gagn6, M. R.; Nolan, S. P.; Schock, L. E.; Seyam, A. M.; Stern, D. L. 
Pure Appl. Chem. 1989, 61, 1665-1672. (d) Schock, L. E.; Marks, T. 
J. J .  Am. Chem. Soc. 1988,110,7701-7715. 
(5) (a) Novak, B. M.; Grubbs, R. H. J .  Am. Chem. SOC. 1988,110, 

960-961. (b) Novak, B. M.; Grubbs, R. H. J .  Am. Chem. SOC. 1988, 
110, 7542-7543. (c) Nguyen, S. T.; Johnson, L. K.; Grubbs, R. H.; 
Ziller, J. W. J .  Am. Chem. Soc. 1992,114, 3974-3975. (d) Fu, G. C.; 
Nguyen, S. T.; Grubbs, R. H. J .  Am. Chem. SOC. 1993, 115, 9856- 
9857. (e) Nguyen, S. T.; Grubbs, R. H.; Ziller, J. W. J .  Am. Chem. 
SOC. 1993, 115, 9858-9859. 
(6) Jessop, P. G.; Ikariya, T.; Noyori, R. Nature 1994, 368, 231- 

233. 
(7) For solution calorimetric investigations of organogroup 8 com- 

plexes, see: (a) Nolan, S. P.; Martin, K. L.; Stevens, E. D.; Fagan, P. 
J. Organometallics 1992, 11, 3947-3953. (b) Luo, L.; Nolan, S. P. 
Organometallics 1992,11,3483-3486. (c) Luo, L.; Nolan, S. P. Znorg. 
Chem. 1993, 32, 2410-2415. (d) Luo, L.; Fagan, P. J.; Nolan, S. P. 
Organometallics 1993,12, 3405-3411. (e) Luo, L.; Zhu, N.; Zhu, N.- 
J.; Stevens, E. D.; Nolan, S. P.; Fagan, P. J .  Organometallics 1994, 
13, 669-675. (0 Li, C.; Cucullu, M. E.; McIntyre, R. A.; Stevens, E. 
D.; Nolan, S. P. Organometallics 1994, 13, 3621-3627. 
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In fact, very little thermochemical information is 
available concerning the effects of ligand variation on 
enthalpies of reaction. Hoff and co-workers have probed 
ancillary ligand variation and thermodynamic effects in 
organomolybdenum complexes, examining enthalpies 
associated with the substitutionloxidative addition and 
ligand addition reactions illustrated in eqs 1 and 2.2bJ0 

U R  

Cucullu et al. 

RAR 

R = H or Me 

[Cp'Mo(CO),12 + 2CO - [Cp'Mo(CO),], (2) 

Cp' = C,H,, C5Me5, C,H, 

Sowa and Angelici have investigated the effects of 
ancillary ligand modification on the enthalpy of proton- 
ation of organoiridium complexes in order to gauge the 
basicity of the metal center.ll 

Cp'Ir(l,5-COD) + CF,SO,H - 
Cp'Ir(l,5-COD)HfCF,S03- (3) 

Cp' = C,Me,H,-, x = 0, 1,3-5 

Lastly, Tilset and Parker have investigated the absolute 
metal-hydride bond dissociation enthalpy for transition 
metal hydrides, with little observed variation in M-H 
BDE associated with modifications of the ancillary 
ligation. 12 

In view of the dearth of thermodynamic information 
surrounding group 8 centered organometallic complexes 
and the importance of such species in c a t a l y s i ~ , ~ J ~  we 
have recently been involved in the determination of 
enthalpies of ligand substitution reactions revolving 

(8) (a) mancuso, C.; Halpern, J. J .  Organomet. Chem. 1992, 428, 
CS-Cll. (b) Bryndza, H. E.; Fong, L. K.; Paciello, R. A.; Tam, W.; 
Bercaw, J. E. J .  Am. Chem. SOC. 1987,109,1444-1456. (c) Collman, 
J. P.; McElwee-White, L.; Brothers, P. J.; Rose, E. J .  Am. Chem. SOC. 

(9) Calorimetric studies of coordination complexes have been re- 
ported for complexes of type [(NH&RuOHzI2+; see, for example: (a) 
Wishart, J. F.; Taube, H.; Breslauer, K. L.; Isied, S. S. Znorg. Chem. 
1986,25, 1479-1481. (b) Wishart, J. F.; Taube, H.; Breslauer, K, L.; 
Isied, S. S. Znorg. Chem. 1984,23, 2997-3001. 
(10) (a) Nolan, S. P.; Hoff, C. D.; landnun, J. T. J. Orgunomet. Chem. 

1985,282, 357-362. (b) Nolan, S. P.; Lopez de la Vega, R.; Hoff, C. 
D. Znorg. Chem. 1986,25, 4446-4448. 

(11) (a) Sowa, J. R., Jr.; Angelici, R. J. J. Am. Chem. SOC. 1991,113, 
2537-2544. (b) Rottink, M. K.; Angelici, R. J. J .Am.  Chem. Soc. 1993, 

(12) Tilset, M.; Parker, V. D. J. Am. Chem. Soc. 1989, 111,  6711- 
6717; 1990, 112, 2843. 
(13) (a) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. 

Principles and Applications of Orgamtransition Metal Chemistry, 2nd 
ed.; University Science: Mill Valley, CA, 1987. (b) Bennett, M. A.; 
Matheson, T. W. In Comprehensive Organometallic Chemistry; Wilkin- 
son, G., Stone, F. G. A,, Abel, E. W., Eds.; Pergamon Press: Oxford, 
England, 1982; Chapter 32.9. (c) Mitsudo, T.; Naruse, H.; Kondo, T.; 
Ozaki, Y.; Watanabe, Y. Angew. Chem., Znt. Ed. Engl. 1994,33,580- 
581. 

1986,108,1332-1333. 

115, 7267-7274. 

around these metal centers, using anaerobic solution 
calorimetry.7d-f 

THF 
Cp*Ru(CH,CN),OTf(so,n) + arene(So1n) E 

Cp*Ru(arene)OTf(,oln~ + 3CH3CN(,oln) (4) 

In order to gain insights into structuralhond strength 
influences, diffraction studies were performed on two 
organoruthenium complexes to  allow the examination 
of bond lengthhond disruption enthalpy correlation. 
This, to our knowledge, has not been examined exten- 
sively for organometallic complexes.l3*,b 

In the present study, we extend our solution thermo- 
chemical investigations to organoruthenium complexes 
bearing an ancillary Cp ligand and examine how the 
overall steric and electronic variations accompanying 
this change in ancillary ligation influence the thermo- 
dynamic stability of these complexes. Furthermore, 
structural investigations were carried out on two com- 
plexes in the present series that allow for a wider 
sampling of bond length variation with change in 
phosphine (or arsine) ancillary ligation. A combination 
of enthalpy data and structural results allows for the 
determination of a unique linear correlation existing 
between these two factors. 

Experimental Section 
General Considerations. All manipulations involving 

organoruthenium complexes were performed under  iner t  
atmospheres of argon or nitrogen, using s tandard high-vacuum 
or Schlenk tube  techniques, or in a VacuudAtmospheres  
glovebox containing less than 1 ppm oxygen and  water .  
Ligands were purchased from S t rem Chemicals or Aldrich and  
used as received. Solvents were dried a n d  distilled under  
dinitrogen before use, employing s tandard drying agents.14 
Only mater ia ls  of high puri ty  as indicated by IR and  NMR 
spectroscopies were used in t h e  calorimetric experiments. 
NMR spectra were recorded using a Varian Gemini 300-MHz 
spectrometer. Calorimetric measurements  were performed 
using a Calvet calorimeter (Setaram C-80), which was periodi- 
cally calibrated using t h e  TRIS reaction15 or  the enthalpy of 
solution of KC1 in water.I6 The experimental  enthalpies for 
these two s tandard reactions compared very closely to litera- 
ture  values. This calorimeter has been previously described,loa 
and  typical procedures are described below. Experimental  
enthalpy d a t a  a r e  reported with 95% confidence limits. El- 
emental  analyses were performed by Oneida Research Ser- 
vices, Whitesboro, NY. 

~ ~ ~~ ~ ~ _ _ _ _ _ ~ ~ ~  

(14) Pemn, D. D.; Armarego, W. L. F. Purification of Laboratory 

(15) Ojelund, G.; Wadso, I. Acta Chem. Scand. 1968,22,1691-1699. 
(16) Kilday, M. V. J. Res. Natl. Bur. Stand. (US.) 1980, 85, 467- 

Chemicals, 3rd ed.; Pergamon Press: New York, NY, 1988. 
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Reaction of CpRu(C0D)Cl with Phosphine Ligands 

Synthesis. The compound CpRu(C0D)CP was synthe- 
sized according to the reported literature procedure. The 
identity of the CpRu(PR3)zCl (PR3 = PPh3,'* PMe3,1g PPhMez,2O 
PPhzMe,2O P(OMe)3,20 P(OPh)3,2l P n B ~ 2 2 )  complexes was as- 
certained by comparison with literature NMR spectroscopic 
data. Experimental synthetic procedures, leading to isolation 
of crystalline materials, for two previously unreported com- 
plexes are described below. 

CpRu(AsEts)2Cl (2). Under an inert atmosphere, a 25- 
mL flame-dried flask was charged with 270 mg (0.87 mmol) 
of CpRu(C0D)Cl and 15 mL of dried THF. Then 300 ,uL (2.08 
mmol) of AsEt3 was slowly added to the solution, and this was 
stirred for 1 h. M e r  this time, the solvent was removed under 
vacuum, and 10 mL of hexane was vacuum transferred to the 
cooled (-78 "C) flask containing the solid residue. The mixture 
was warmed up to 40 "C and stirred until all the solid had 
completely dissolved. The solution was then filtered and 
slowly cooled to -30 "C. Cold filtration afforded orange-red 
needles, which were washed with a small amount of hexane 
and dried in vacuum. This procedure affords an isolated yield 
of 340 mg (74%). 'H-NMR (300 MHz, THF-ds, 25 "C): 1.14 
(t, 18 H, -CHzCH,), 1.61 (m, 6 H, -CHzCH3), 1.92 (m, 6 H, 
-CHzCHs), 4.31 (s, 5H, Cp). Anal. Calcd for C1.1H36RuAszCl: 
C, 38.78; H, 6.71. Found: C, 39.05; H, 6.82. 

CpRu(PEt~)&1(3). Under an inert atmosphere, a 25-mL 
flame-dried flask was charged with 200 mg (0.65 mmol) of 
CpRu(C0D)Cl and 15 mL of dried THF. Then 210 pL (1.50 
mmol) of PEt3 was slowly added to the solution, which was 
stirred for 1 h. f i r  this time, the solvent was removed under 
vacuum, and 10 mL of hexane was vacuum transferred to the 
cooled (-78 "C) flask containing the solid residue. The mixture 
was warmed up to about 40 "C and stirred until all the solid 
had completely dissolved. The solution was filtered and then 
slowly cooled to -30 "C. Cold filtration afforded orange-red 
needles, which were washed with a small amount of hexane 
and dried in vacuum. This procedure affords an isolated yield 
of 194 mg (68%). 'H-NMR (300 MHz, THF-ds, 25 "C): 1.07 
(m, 18 H, -CHzCH& 1.58 (m, 6 H, -CHzCH3), 2.06 (m, 6 H, 
-CHzCHs), 4.45 (s, 5 H, Cp). Anal. Calcd for C17H36RuP2Cl: 
C, 46.57; H, 8.05. Found: C, 46.62; H, 7.79. 
lH NMR Titrations. Prior to every set of calorimetric 

experiments involving a new ligand, an accurately weighed 
amount (fO.1 mg) of the organoruthenium complex was placed 
in a Wilmad screw-capped NMR tube fitted with a septum, 
and THF-ds was subsequently added. The solution was 
titrated with a solution of the ligand of interest by injecting 
the latter in aliquots through the septum with a microsyringe, 
followed by vigorous shaking. The reactions were monitored 
by lH NMR spectroscopy, and the reactions were found to  be 
rapid, clean, and quantitative under experimental calorimetric 
conditions. These conditions are necessary for accurate and 
meaningful calorimetric results and were satisfied for all 
organoruthenium reactions investigated. 

Solution Calorimetry. (A) Calorimetric Measurement 
of Reaction Between CpRu(COD)Cl(l) and P(OMe)s. The 
mixing vessels of the Setaram C-80 were cleaned, dried in an 
oven maintained at 120 "C, and then taken into the glovebox. 
A 30-40-mg sample of recrystallized CpRu(C0D)Cl was 

(17)Albers, M. 0.; Robinson, D. J.; Shaver, A.; Singleton, E. 
Organometallics 1986, 5, 2199-2205. 

(18) Bruce, M. I.; Hameister, C.; Swincer, A. G.; Wallis, R. C. Inorg. 
Synth. 1982,21, 78-84. 

(19) (a) Treichel, P. M.; Komar, D. A. Synth. React. Inorg. Met.-Org. 
Chem. 1980,10, 205-210. (b) Bruce, M. I.; Wong, F. S.; Skelton, B. 
W.; White, A. H. J .  Chem. SOC., Dalton Trans. 1981, 1398-1405. (c) 
Bruce, M. I.; Wong, F. S.; Skelton, B. W.; White, A. H. J .  Chem. SOC., 
Dalton Trans. 1982, 2203-2207. 

(20) (a) Treichel, P. M.; Komar, D. A. Synth. React. Inorg. Met.-Org. 
Chem. 1984, 14, 383-400. (b) Bruce, M. I.; Cifuentes, M. P.; Snow, 
M. R.; Tiekink, R. T. J .  Organomet. Chem. 1989,359, 379-399. 

(21) Bruce, M. I.; Humphrey, M. G.; Swincer, A. G.; Wallis, R. C. 
Aust. J .  Chem. 1984.37. 1747-1755. 

(22) Lehmkuhl, HI; Mauermann, H.; Benn, R. Liebigs Ann. Chem. 
1980, 754-767. 
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c i  

m n  c2 

Figure 1. ORTEP of CpRu(AsEt&Cl (2) with ellipsoids 
drawn in at 50% probability. 

accurately weighed into the lower vessel, which was closed and 
sealed with 1.5 mL of mercury. Four milliliters of a stock 
solution of P(OMe)3 [5 mL of P(OMe)3 in 25 mL of THF] was 
added, and the remainder of the cell was assembled, removed 
from the glovebox, and inserted in the calorimeter. The 
reference vessel was loaded in an identical fashion with the 
exception that no organoruthenium complex was added to the 
lower vessel. After the calorimeter had reached thermal 
equilibrium at 30.0 "C (about 2 h), the calorimeter was 
inverted, thereby allowing the reactants to mix. After the 
reaction had reached completion and the calorimeter had once 
again reached thermal equilibrium (ca. 2 h), the vessels were 
removed from the calorimeter. Conversion to CpRu(P(OMe)&Cl 
was found to  be quantitative under these reaction conditions. 
Control reactions with Hg and no phosphine show no reaction. 
The enthalpy of reaction, -37.9 f 0.1 kcdmol, represents the 
average of five individual calorimetric determinations. This 
methodology represents a typical procedure involving all 
organometallic compounds and all reactions investigated in 
the present study. 

(B) Calorimetric Measurement of the Enthalpy of 
Solution of CpRu(COD)Cl(l) in THF'. In order to consider 
all species in solution, the enthalpy of solution of CpRu(C0D)- 
C1 had to be directly measured. This was performed by using 
a procedure similar to the one described above with the 
exception that no ligand was added to the reaction cell. This 
enthalpy of solution represents the average of five individual 
determinations and is 3.9 f 0.1 kcavmol. 

Structure Determination of CpRu(AsEt&Cl (2). A 
rectangular orange plate, g r o w n  by slow cooling of a saturated 
THF solution, having approximate dimensions 0.38 x 0.05 x 
0.46 mm was selected and mounted on the end of a glass fiber 
in a random orientation. This selected crystal was mounted 
on a Syntex R3 diffractometer, and data was collected using 
MoKa radiation at 173 K under a stream of cold nitrogen gas. 
Cell dimensions were determined by least-squares refinement 
of the measured setting angles of 25 reflections with 20" < 28 
< 50". The structure was solved using automated Patterson 
analysis and refined by full matrix least-squares techniques. 
Crystal data for 2 are summarized in Table 2, and selected 
bond distances and angles are listed in Table 3. Positional 
and equivalent isotropic thermal parameters are presented in 
Table 4. Figure 1 gives an ORTEP drawing of this molecule. 

Structure Determination of CpRu(PEt&Cl (3). An 
orange wedge, grown from slow heptane diffision through a 
saturated solution of THF, having approximate dimensions 
0.20 x 0.17 x 0.46 mm was selected and mounted on the end 
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C24 / 
Figure 2. ORTEP of CpRu(PEt3)zCl (3) with ellipsoids 
drawn in at 50% probability. 

of a glass fiver in a random orientation. This selected crystal 
was mounted on a Syntex R3 difiactometer, and data was 
collected using MoKa radiation at 173 K under a stream of 
cold nitrogen gas. Cell dimensions were determined by least- 
squares refinement of the measured setting angles of 25 
reflections with 20" < 28 < 50". The structure was solved 
using direct methods (SHELXS) and refined by full matrix 
least-squares techniques. Crystal data for 3 are summarized 
in Table 5, and selected bond distances and angles are listed 
in Table 6. Positional and equivalent isotropic thermal 
parameters are presented in Table 7. Figure 2 gives an 
ORTEP drawing of this molecule. 

Results 

A facile entryway into the thermochemistry of CpRu- 
(PR3)zCl complexes is made possible by the rapid and 
quantitative reaction of CpRu(COD)Cl(l) with a variety 
of different phosphine ligands.17 

This type of phosphine binding reaction appears general 
and was found to be rapid and quantitative for all 
ligands calorimetrically investigated at 30.0 "C in tetra- 
hydrofuran. A compilation of phosphine and arsine 
ligands along with their respective enthalpies of reaction 
where all species are in solution are listed in Table 1. 

Single-crystal structural studies were carried out on 
the two new complexes, 2 and 3. Tables 2 and 7 give 
important bond distances and angles, and positional 
parameters are reported for both complexes along with 
appropriate ORTEP drawings (Figures 1 and 2). 

Discussion 

The labile nature and relative thermodynamic stabil- 
ity of a number of metal-diene complexes are well 
known.13a Such complexes are often used to stabilize a 
catalytically active organometallic fragment. For ex- 
ample, the Ni(C0D)z complex readily loses cycloocta- 
diene ligands to form nickel allyl complexes in the 

Table 1. Enthalpies of Substitution (kcaYmol) in the 
Reaction CpR 

L complex - "" 
CpRu(AsEt3)zCl 
CpRu(PPh3)zCl 
CpRu(PPh2Me)zCl 
CpRu(P(0Ph)s)zCl 
CpRu(PEt3)nCl 
CpRu(P"Bu3)2Cl 
CpRu(PPhMez)zCl 
CpRu(PMe3)zCl 
CpRu(P(OMe)&Cl 

19.4(0.2) 
22.9(0.4) 
32.8(0.2) 
34.1(0.4) 
34.5(0.2) 
35.4(0.2) 
35.9(0.2) 
38.4(0.4) 
41.8(0.2) 

Enthalpy values are reported with 95% confidence limits. 

Table 2. Summary of Crystallographic Data for 
CpR~(AsEt3)zCl (2) 

empirical formula C ~ ~ H ~ ~ A S Z C I R U  
space group c2lc 
unit cell dimensions 

a, A 30.549 ( 5 )  
b, A 10.523 (2) 
c, A 13.503 (3) 
a, deg 90 
t% deg 103.71 (2) 
Y I deg 90 
v, A' 4217.1 
Z, molecule/cell 8 
density (calcd), g/cm3 1.656 

~ ( M o ) ,  cm-l 39.62 
monochromator highly ordered graphite crystal 
temp, K 173 
abs corr empirical (111-scan method) 
diffractometer Syntex R3 

data collected 

28 range, deg 4.1-55.0 
no. of collected reflns 3583 
no. of indep reflns 3368 
Rp (obsd data), % 3.2 
R,F, % 2.9 
goodness of fit 1.05 
number of variables 330 

scan type 8-28 
-39 S h 5 39; 0 5 k 5 13; 

O S l S  17 

presence of allylic halidesz3 (eq 8): 

2 kwx + 2Ni(COD),- 
R 

/x\ R 
A N I  N i p  +4COD (8) 

R ' X' 
Another example is its involvement in the asymmetric 
isomerization of allylamines to enamines by Noyori and 
co-workersz4 who have used a [Rh(COD)(BINAP)l+ 
complex as catalyst precursor. The first step of the 
catalytic transformation involves substitution of solvent 
and/or substrate molecules for the outgoing COD ligand. 
The relative thermodynamic stability of these M-COD 

(23) For reviews, see: (a) Semmelhack, M. F. O g .  React. 1972,19, 
115-198. (b) Baker R. Chem. Rev. 1973, 73, 487-530. (c) Hegedus, 
L. S. J. Organomet. Chem. Libr. 1976,1,329-359. (d) Billington, D. 
C. Chem. SOC. Rev. 1986,14, 93-120. 
(24) (a) Noyori, R. Science 1990, 248, 1194-1199. (b) Noyori, R.; 

Takaya, H. Am. Chem. Res. 1990,23,345-350. (c) Inoue, S.-I.; Takaya, 
H.; Tani, K.; Otsuka, S.; Sato, T.; Noyori, R. J. Am. Chem. SOC. 1990, 
112, 4897-4905. (d) Otsuka, S.; Tani, K. Synthesis 1991, 665-680. 
(e) Yamakawa, M.; Noyori, R. Organometallics 1992, 11, 3167-3169 
and references therein. 
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Reaction of CpRu(C0D)Cl with Phosphine Ligands 

Table 3. Selected Bond Distances (A) and Bond Angles 
(deg) for CpRu(AsEt&Cl (2) 

Bond Lengths" 
Ru( 1)-Cl( 1) 2.452( 1) C(25)-C(26) 1.515(6) 
Ru(l)-As(l) 2.4125(7) As(l)-C(ll) 1.962(5) 
Ru(l)-As(2) 2.4158(6) As(l)-C(13) 1.968(5) 
C(11)-C(12) 1.524(7) As( 1)-C( 15) 1.963(5) 

C(15)-C(16) 1.510(8) As(2)-C(23) 1.953(4) 
C(21)-C(22) 1.493(7) As(2)-C(25) 1.958(4) 
C(23)-C(24) 1.523(6) Cp C-C(ave) 1.398(6) 
Ru-Cp(cen) 1.81 l(5) Ru-C(Cp ave) 2.166(5) 

Bond Angles" 
Cl(l)-Ru(l)-As(l) 84.49(3) As(2)-Ru(l)-C(4) 91.1(1) 
Cl(l)-Ru(l)-As(2) 85.84(3) As(2)-Ru(l)-C(5) 101.8(1) 
As(l)-Ru(l)-As(2) 101.30(2) C(ll)-As(l)-C(13) 100.7(2) 
RNl)-AS(l)-C(ll) 123.4(1) C(ll)-A~(l)-C(l5) 99.0(2) 
Ru(l)-As(l)-C(13) 116.3(2) C(13)-A~(l)-C(15) 99.9(2) 
Ru(l)-As(l)-C(15) 113.8(2) C(21)-As(2)-C(23) 102.0(2) 
Ru(l)-As(2)-C(21) 119.9(1) C(21)-As(2)-C(25) 97.5(2) 
Ru(l)-As(2)-C(23) 119.4(1) C(23)-As(2)-C(25) 102.1(2) 
Ru(l)-As(2)-C(25) 112.4(1) A~(l)-C(ll)-C(l2) 116.2(4) 
As(2)-C(21)-C(22) 114.4(3) A~(l)-C(13)-C(14) 113.0(3) 
As(2)-C(23)-C(24) 116.3(4) As(l)-C(15)-C(16) 113.0(4) 
As(2)-C(25)-C(26) 11443) As(1)-Ru(1)-Cp(cen) 124.2(2) 
As(2)-Ru(l)-Cp(cen) 123.4(2) Cl(1)-Ru(1)-Cp(cen) 126.3(2) 

C(13)-C(14) 1.505(8) As(2)-C(21) 1.949(4) 

Numbers in parentheses are the estimated standard deviations. 

Table 4. Fractional Coordinates (x 10 OOO) and Isotropic 
Thermal Parameters for CDRu(AsEtdX1 (2)" 

~~ 

atom X Y z B (Az) 
Ru 1673.2(1) 1617.4(3) 1052.3(2) 1.4(1) 
C11 1790.0(4) 1185.9(10) -650.9(8) 2.3(1) 
As1 1084.8(1) 3018.3(4) 164.3(3) 1.8(1) 
As2 1282.7(1) -396.3(3) 883.5(3) 1.5(1) 
c 1  2351(2) 2344(6) 1659(4) 3.9(2) 
c 2  2047(2) 3153(5) 1946(4) 3.7(2) 
c 3  18 13(2) 2471(6) 2542(4) 3.7(2) 
c 4  1983(2) 1232(5) 2625(4) 3.4(1) 
c 5  2317(2) 1127(5) 2074(4) 3.2(1) 
c11 5W2) 2414(5) -637(4) 2.6(1) 
c12 156(2) 3436(6) -1083(5) 3.4(1) 
C13 891(2) 4351(4) 990(4) 3.0(1) 
C14 625(2) 3838(6) 1708(5) 3.7(2) 
C15 1260(2) 4074(5) -876(4) 3.0(1) 
C16 1715(2) 4697(5) -501(5) 3.8(2) 
c 2  1 893(2) -811(4) 1790(4) 2.3(1) 
C22 488(2) 22(6) 1669(5) 3.5(2) 
C23 912(2) -901 (4) -444(3) 2.1(1) 
C24 737(2) -226 l(5) -531(5) 3.6(2) 
C25 1696(2) -1838(4) 1232(4) 2.2(1) 
C26 2035(2) - 1943(5) 581(4) 2.7(1) 

Numbers in parentheses are the estimated standard deviations. 

bonding interactions has been observed in other orga- 
nometallic systems.25 Tolman and co-workers have 
studied, by solution calorimetry, phosphine and phos- 
phite substitution reactions according to eq 9:z6 

Ni(COD), + 4PR3 - Ni(PR3), + 2COD (9) 

As in the case of the Cp*Ru(COD)Cl complex,7d the 
related CpRu(CODXl(1) complex was found to have a 
diene ligand that is weakly bound to the metal center. 
The labile nature of this diene ligand leads to the CpRu- 
(CODY21 complex being an efficient catalyst precursor; 
this emerging catalytic chemistry has recently been 

(25) See, for example: Mukerjee, S. L.; Nolan, S. P.; Hoff, C. D.; de 

(26) Tolman, C. A.; Reutter, D. W.; Seidel, W. C. J. Orgunomet. 
la Vega, R. Inorg. Chem. 1988,27, 81-85. 

Chem. 1976,117, C30-C33. 
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Table 5. Summary of Crystallographic Data for 
CpRu(PEt3)zCl (3) 

empirical formula C ~ ~ H ~ ~ P ~ C I R U  
space group P2dC 
unit cell dimensions 

a, A 13.553( 1) 
b, A 8.283(2) 
C, A 19.359(3) 
a, deg 90 
B, deg 109.74( 1) 
Y 9 deg 90 
v, A3 2045.5 
Z, molecule/cell 4 
density (calcd), g/cm3 1.422 

p(Mo),  cm-l 10.32 
monochromator highly ordered graphite crystal 
temp, K 173 
abs corr empirical (?)-scan method) 
diffractometer Syntex R3 
scan type 6-26 
data collected 

28 range, deg 4.5-55.0 
no. of collected reflns 5152 
no. of indep reflns 3255 
RF (obsd data), % 3.0 
R ~ F ,  ?% 2.7 
goodness of fit 0.94 
number of variables 330 

-17 d h d 17; -10 d k d 0; 
0 5 1 5 2 5  

Table 6. Selected Bond Distances (A) and Bond Angles 
(deg) for CpRu(PEt3)zCl (3) 

Bond Lengths" 
Ru( 1)-Cl(1) 2.4502(8) P(l)-C(15) 1.844(3) 
Ru( 1)-P( 1) 2.2993(8) P(2)-C(21) 1.847(3) 
Ru( 1)-P(2) 2.3080(9) P(2)-C(23) 1.840(3) 
P(2)-C(25) 1.845(6) C(ll)-C(12) 1.5 24(6) 
C(13)-C(14) 1.529(4) C(15)-C(16) 1.515(5) 
C(21)-C(22) 1.5 15(5) P(l)-C(ll) 1.848(4) 
C(23)-C(24) 1.524(5) P(l)-C( 13) 1.839(3) 
C(25)-C(26) 1.522(5) Cp C-C(ave) 1.404(6) 
Ru - Cp(cen) 1.858(4) Ru-C(Cp ave) 2.209(5) 

Bond Anglesa 
Cl(l)-Ru(l)-P(l) 90.43(3) P(2)-Ru(l)-C(4) 128.4(1) 
Cl(l)-R~(l)-P(2) 90.50(3) P(2)-Ru(l)-C(5) 158.6( 1) 
P( 1)-Ru( 1)-P(2) 94.71(3) Ru(1)-P(1)-C(l1) 120.5(1) 
R~(l)-P(l)-C(l3) 117.6(1) R~(l)-P(l)-C(l5) 11 1.8(1) 
Ru(l)-P(2)-C(21) 120.9(1) R~(l)-P(2)-C(23) 118.1(1) 
Ru(l)-P(2)-C(25) 112.2(1) C(ll)-P(l)-C(l3) 100.8(2) 
C(ll)-P(l)-C(l5) 100.3(2) P(l)-C(ll)-C(l2) 116.5(3) 
C(l3)-P(l)-C(l5) 103.2(2) P(l)-C(l3)-C(l4) 117.6(2) 
C(21)-P(2)-C(23) 100.9(2) P(l)-C(l5)-C(l6) 115.4(3) 
C(21)-P(2)-C(25) 99.5(2) P(2)-C(21)-C(22) 115.5(3) 
C(23)-P(2)-C(25) 102.2(2) P(2)-C(23)-C(24) 1 17.3(3) 
P(2)-C(25)-C(26) 114.6(2) P(1)-Ru(1)-Cp(cen) 125.2(1) 
P(2)-Ru( 1)-Cp(cen) 126.1( 1) C1( 1)-Ru(1)-Cp(cen) 120.0( 1) 

a Numbers in parentheses are the estimated standard deviations. 

revie~ed.~ '  The labile nature of the Ru-COD bond was 
exploited in the reaction shown in eq 10 and investi- 
gated by solution calorimetry. 

THF 
CPRu(COD)C+,oln, + 2PEt,(so1n, 

CpRu(PEt3)2C1~,,,,, + COD,,,,,, (10) 

AHH, = -34.5 f 0.2 kcaumol 

These reactions were found to be quantitative and rapid 
under the experimental calorimetric conditions. It is 
important to note that few thermodynamic data are 
available describing such systems. The magnitude of 

~ 

(27) Butenschon, H. Angew. Chem., Znt. Ed. Engl. 1994,33, 636- 
638. 
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Table 7. Fractional Coordinates (x  10 OOO) and Isotropic 
Thermal Parameters for CDRu(PEt&Cl (3P 

Cucullu et al. 

atom X Y Z B (A2) 
Ru 7990.4(2) 293.9(3) 3106.0(1) 1.3(1) 
C11 6736.2(6) -1935.9(9) 2902.8(4) 2.0(1) 
P1 7224.6(6) 1555.9(10) 3854.6(4) 1.6(1) 
P2 6940.3(6) 1541.6(9) 2046.9(2) 1.4(1) 
c1 9262(3) - 1540(5) 3259(2) 2.9(1) 
c 2  9299(3) -458(6) 2724(3) 3.3(1) 
c 3  9493(3) 1 lOl(5) 3057(2) 3.6(1) 
c 4  9575(3) 926(5) 3794(2) 3.3(1) 
c5 9437(3) -716(5) 3923(2) 2.9(1) 
C11 7331(3) 3766(4) 3988(3) 2.6(1) 
C12 8436(4) 4463(5) 4272(2) 3.9(2) 
C13 5808(3) 1265(5) 3647(2) 2.2(1) 
C14 5352(3) 1690(5) 4247(2) 2.6(1) 
C15 7791(3) 869(4) 4814(2) 2.0( 1)  
C16 7608(3) -892(5) 4945(2) 2.7(1) 
C21 6678(3) 3765(4) 1973(3) 2.3(1) 
C22 7923(3) 4610(6) 2128(2) 3.4(1) 
C23 5537(3) 1027(5) 170 l(2) 2.2(1) 
C24 4906(3) 1561 (5) 524(2) 2.5(1) 
C25 7348(3) 1069(4) 1251(2) 2.1(1) 
C26 7233(4) -698(5) 1023(2) 3.1(1) 

a Numbers in parentheses are the estimated standard deviations. 

the thermodynamic forces behind catalytic and stoichio- 
metric organoruthenium chemistry must be gauged in 
order to  gain a better understanding of the factors 
controlling the stability of, for example, metal-diene 
interactions. Table 1 lists a variety of phosphine and 
arsine ligands readily able to substitute for COD in this 
system. 

Arsine and phosphine ligands were investigated in 
view of their importance as catalyst modifiers.28 As 
might be expected, in view of its steric bulk and weak 
electronic donating ability, the AsEt3 ligand is the most 
weakly bound ligand studied. A similar trend has been 
observed for (A~Et3)2Fe(C0)3~~ and ( A s E ~ ~ ) ~ M o ( C O ) ~ ~ ~  
complexes. The binding enthalpy of the arsine can be 
compared with that of its phosphine analog by simply 
taking the difference in enthalpies of reactions listed 
in Table 1. The reaction involving the phosphine ligand, 
PEt3, displays an enthalpy 15.1 kcdmol more exother- 
mic than that of its arsenic relative. 

This compares to  an enthalpy difference of 12.2 k c d  
mol for the Cp*Ru(L)2Cl system.7d Similar enthalpy 
differences (12.4 f 0.3 kcallmol) have been observed in 
the cis-(L)2Mo(CO)a complexes25 (L = arsine and phos- 
phine ligands). A recent study of the diaxial-(L)Z- 
Fe(C013 s y ~ t e m ~ ~ ! ~  also shows important similarities as 
far as the binding of arsenic versus phosphorus donors. 
Taking into consideration the estimated enthalpy of 
isomerization (axial-equatorial to  diaxial) worth -5.4 
kcal/mol, the difference in enthalpies of binding of AsEt3 
us PEt3 is calculated to be 12.5 kcal/mol in this iron 
system. 

From the experimental data, it is now clear why the 
triphenylphosphine complex acts as a useful synthon 
in the isolation of bidphosphine) complexes.1s-22 These 

(28) Pignolet, L. H., Ed. Homogeneous Catalysis with Metal Phos- 
phine Complexes; Plenum: New York, 1983. 

20 25 3 0  35 40 45 

Entlinlpy of Itcaction (Kcul/mol) 

Figure 3. Enthalpy of reaction us phosphine cone angle 
for a series of tertiary phosphine ligands in the CpRu(PR& 
C1 system. Slope = -1.95; R = 0.91. 

reactions are enthalpically driven; for a typical example, 
see eq 12. The ruthenium-PPh3 is the weakest Ru-P 

CpRu(PPh3)2C1(~01n) + 2PMe3(80h) -. 
CpRu(PMe3)2Cl(,,1n, + 2PPh3(,01n) (12) 

m c & d  = -14.5 f 0.6 kcaVmo1 

interaction found in the present study. Metal-PPh3 
interactions renowned for their thermodynamic weak- 
ness have found great use in catalysis. In this instance, 
we can estimate the difference in average Ru-P bond 
energy between the PMe3 and PPh3 to be on the order 
of 7.3 kcaVmol in tetrahydrofuran solution. 

The data in Table 1 can be examined in terms of steric 
and electronic contributions to the enthalpy of reac- 
tion.26>29 In view of the cis arrangement of phosphine 
ligands, steric factors might be expected, as in the 
related Cp* to represent the predominant 
factor influencing the magnitude of the enthalpy of 
reaction. Since the steric factor has such a profound 
influence on the enthalpy of reaction, a direct relation- 
ship between the enthalpy of reaction and the phosphine 
cone angle was established (Figure 3), and the linear 
relationship emphasizes the major role played by steric 
effects in the present system. These results are in 
agreement with semiquantitative  calculation^.^^ In the 
present system, it appears, from the experimental 
enthalpy data, that trimethylphosphite leads to the 
formation of the most stable organoruthenium complex. 
This is not obvious even though similar high binding 
affinities of this ligand for transition metals have been 
observed previ~usly. '~ The relatively high affinity of 
ruthenium for phosphites can possibly be explained in 
terms of back donation from the metal into orbitals on 
the phosphite ligand (phosphorus-oxygen o* orbitals). 
Ruthenium(I1) d6 is also known to be a strong back- 
bonding system. 

Important insights are offered by a comparison be- 
tween the present data and that of the Cp*Ru(PR3)&1 
system. In both Cp and Cp* systems the role of the 

(29) (a) Tolman, C. A. Chem. Rev. 1977, 77,313-348. (b) Manzer, 
L. E.; Tolman, C. A. J .  Am. Chem. SOC. 1976,97, 1955-1986. 

(30) A treatment of the enthalpy data similar to the one already 
performed in ref 7d continned the major role of the steric component 
of the relationship initially discussed by Tolman in ref 29a. 
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approaches, relate information concerning the same 
fundamental characteristic, namely, metal basicity. Hoff 
and co-workers first demonstrated this difference in 
metal basicity between Cp and Cp* in their thermo- 
chemical investigations of organomolybdenum com- 
plexes.10 

40 

0 

PMe, 
0 

PMe,Ph 0 

PMePhl ' 

4 6 R 10 12 14 

Ligand Donicity Parameter ( x )  
Figure 4. Enthalpy of reaction us phosphine x values for 
a series of tertiary phosphine ligands in the Cp'Ru(PR3)z- 
C1 systems (Cp' = Cp and Cp*). 

phosphine steric factor is most important. Yet the 
difference in enthalpies of reaction between the two 
systems is based on differences in electronic features 
at  the metal, resulting from a change of ancillary 
ligation (Cp us Cp*). Since Cp is less electron donating 
than Cp*, the Cp system will be able to accommodate 
greater electron density from the incoming two-electron 
donor (higher electrophilicity), therefore leading to more 
exothermic enthalpies of ligand substitution. The elec- 
tronic origin of this difference in enthalpy of reaction 
between the present Cp-based system and the Cp*- 
based system can be further illustrated upon examina- 
tion of x factors, used by Geiring and c o - ~ o r k e r s , ~ ~  
which express the donicity of the phosphine ligand. The 
ligand donicity remains constant while the accepting 
properties of the metal have been modified by the 
change in ancillary ligation (Cp to Cp*). Herein lies the 
electronic difference between the two systems (Figure 4). 

THF 
Cp*Ru(CoD)C1(,oln) + 2pph3(801n) 30°C 

AHm = -18.1 f 0.2 k c d m o l  

This difference in electronic properties at  the metal 
center measures the change in metal basicity. Sowa 
and Angelici have investigated a series of iridium 
complexes and have observed a difference in enthalpies 
of protonation of 5.7 kcaYmo1 between CpIr(C0D) and 
Cp*Ir(COD) complexes.'l In these experiments, H+ 
proved to be more strongly bound to M-Cp* by ca. 5 
kcaYmol. This is in view of the increased electron 
density imparted by the better Cp* donor. In the 
present ruthenium systems electron-donating phosphine 
groups are more strongly bound in the CpRu system. 
Both sets of experiments, although using different 
~~~ ~~ ~ ~ 

(31) (a) Liu, H.-Y.; Eriks, K.; Geiring, W. P. Organometallics 1990, 
9, 1758-1766. (b) Femandez, A. L.; Rock, A.; Geiring, W. P. 
Organometallics 1994, 13, 2767-2772. 

R 
R A R  

R = H ; AH,, = -12.8 kc&mol 
R = M e  ; AHmn = -10.5 kcdmol  

The enthalpy difference between ligand substitution 
reactions, -2.3 kcavmol, reflects the difference of metal 
basicity accompanying a change of the ancillary ligation. 
This difference is of the same order of magnitude as 
Angelici's enthalpies of protonation and the average 
difference in enthalpy of ligand substitution in the Cp 
versus Cp* organoruthenium systems. Rottink and 
Angelici have also measured metal basicity differences 
in a related Cp'Ru(PPh3)zH system (Cp' = Cp and Cp*) 
and found protonation to be 5.5 kcavmol in favor of the 
Cp*Ru(PPh&H complex.llb These researchers have 
also found differences in the related chloro complexes, 
Cp'Ru(PMea)aCl, on the order of 9.0 kcallmol. This 
result can be compared directly with the present dif- 
ference in enthalpies of ligand substitution in these two 
Cp'Ru(PR&Cl systems for PMe3 (6.2 f 0.5 kcavmol). 

Closer examination of the crystal structures of 2 and 
3 reveals similar Ru-C1 bond distances of 2.452(1) and 
2.4502(8) A, respectively. The most noticeable variation 
between the two structures is the difference in the 
average Ru-E (E = As and P) distances, which are 
2.4141(7) and 2.3036(9) A. This difference in Ru-E 
distances can be qualitatively understood in terms of 
binding energy. The Ru-As interaction, being the 
weakest of the series examined, will possess the longest 
Ru-E bond distance (no corrections were applied for 
differences in atomic radii). Three other CpRu(PR3)z- 
C1 complexes (PR3 = PMe3, P(OMe)3, and PPh3) have 
been structurally characterized p r e v i o u ~ l y . ~ ~ ~ ~ ~ ~ ~  A 
comparison involving all five complexes in terms of bond 
distances and bond angles (Table 8) suggests a linear 
relationship between bond enthalpy data and ruthe- 
nium-phosphinelarsine bond length in fo rma t i~n .~~  A 
graphic representation of the relationship is presented 
in Figure 5 and shows a good correlation (R = 0.94) to 
exist in this system. A comparison between Cp- and 
Cp*-based ruthenium complexes bearing similar arsine 
or phosphine ligands offers further insights into the 

(32) Such a correlation is expected if no important variation in Ru- 
L, (L, =, ancillary ligand) bond distance or L,-Ru-L, bond angle is 
present in these complexes. Studies aimed at probing the extent and 
reasons for such a correlation to exist in the present system are 
currently underway. 
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Table 8. Selected Bond Distances (A) and Bond Angles 
(deg) for CpRu(ER3)2Cl Complexes 

Bond Distances (A) 
ER3 M-C1 M-ERs(ave) M-Cp 

PMepb 2.451(6) 2.326(6) 1.850(5) 
PPhs" 2.453(2) 2.336( 1) 1.847(4) 
P(OMe)$ 2.393(3) 2.217(3) 1.953(4) 
PEtjd 2.4502( 8) 2.304(1) 1.858(4) 
AsEgd 2.452( 1) 2.414(1) 1.811(5) 

Bond Angles (deg) 

Cucullu et al. 

ER3 Cp(cen)M-C1 Cl-M-E(,,, E-M-E 

PMepb 123.6(2) 89.82(2) 94.7(2) 
PPh3" 122.5( 1) 89.73(4) 103.99(4) 
P(OMe)3C 120.9( 1) 93.4( 1) 91.2( 1) 
PEtsd 120.0( 1) 90.46(3) 94.71(3) 
AsEt,d 126.3(2) 85.17(3) 101.30(2) 

See reference 19c. Two independent molecules are found in this unit 
cell. See reference 20b. This work. 

AsEtl 

2 .35  4 

P(OMe), 
2 .2  . . . , . I . I l . . . . I , . I I , . . . , ~  

15 20 25 30 35 40 4s 

Enthalpy of Ligand Substitution ( -AH)  in 
the CpRu(ERl)zCl System (Kcallmol) 

Figure 6. Enthalpy of ligand substitution reaction us 
average Ru-E bond distance in the CpRu(ER&Cl system 
(E = As, PI. Slope = -0.007; R = 0.94. 

bond strengthhond length relationship. In the present 
system, the average Ru-As and Ru-P bond lengths 
cited above can be compared with distances of 2.4.45 and 
2.321 8, for the related Cp* complexes.33 There appears 
to exist a correlation between bond length and magni- 
tude of the enthalpies of substitution in both systems. 
Further structural studies are in progress in order to 
examine to what extent this relationship remains valid 
for these ruthenium systems.33 

Trost and co-workers have recently reported on the 
catalytic role of CpRu(PPh&Cl as an efficient catalyst 
precursor in the ruthenium-catalyzed addition of allyl 
alcohols and acetylenes leading, in a simple synthetic 
route, to  unsaturated ketones.34 They have since re- 
ported that complex 1 can very easily perform such a 

(33) Luo, L.; Li, C.; Cucullu, M. E.; Mahler, C. H.; Fagan, P. J.; 

(34) Trost, B. M.; Dyker, G.; Kulawiec, R. J. J .  Am. Chem. SOC. 1990, 
Jones, N.; Nolan, S. P. Manuscript in preparation. 

112, 7809-7811. 

transformation, although using a different mechanistic 
r0ute.3~ The utility of the ruthenium-COD complex (1) 
as a catalyst precursor can be understood in terms of 
relative bond dissociation enthalpies. The Ru-PPh3 
bond is on average 11.5 kcal/mol stronger than the Ru- 
olefin bond present in 1. In view of the labile nature of 
the COD ligand in the present system and the catalytic 
activity of ruthenium complexes, 1 was found to be 
capable of mediating the catalytic isomerization and/or 
oligomerization of 1-hexene a t  50 0C.36 

Conclusion 
The labile nature of the COD ligand in CpRu(C0D)- 

C1 was used to gain access to the thermochemistry of 
ligand substitution for monodentate arsine/phosphine/ 
phosphite ligands. The enthalpy trend can be explained 
in terms of electronic and steric conditions to the 
enthalpy of reaction, with the steric constituent playing 
a major role. Reactions of monodentate ligands with 1 
also show this reaction to be of synthetic use for isolation 
of complexes of formulation CpRu(L)&l. The increased 
exothermicity displayed by the CpRu(PR&Cl system 
over its Cp* parent is taken as a gauge of the increased 
metal basicity on going from Cp to Cp*, and for the first 
time, a gauge of metal basicity is obtained that relies 
exclusively on enthalpies of substitution reactions. A 
quantitative relationship is established between struc- 
tural and thermodynamic parameters and displays a 
good correlation. The labile nature of the COD in 1 was 
used in catalytic tests and resulted in its assessment 
as an efficient catalyst precursor in the ruthenium- 
mediated oligomerizatiodisomerization of a terminal 
olefin. Further thermochemical, kinetic, mechanistic, 
and catalytic investigations focussing on this and re- 
lated systems are present underway. 

Acknowledgment. The donors of the Petroleum 
Research Fund, administered by the American Chemi- 
cal Society; the Board of Regents of the Louisiana 
Education Quality Support Fund (LEQSF(RFA993-96)- 
RD-A-47); and the National Science Foundation (CHE- 
9305492) are gratefully acknowledged for support of this 
research. We are also indebted to Aesar/Johnson- 
Matthey for the generous loan of ruthenium salts. We 
also wish to thank Dr. Charles H. Mahler and Professor 
Warren P. Geiring for helpful suggestions and discus- 
sions. 

Supplementary Material Available: Tables of crystal 
and intensity data, atomic coordinates, selected distances and 
angles, anisotropic thermal displacement parameters, and 
hydrogen bond distances for 2 and 3 (8 pages). Ordering 
information is given on any current masthead page. 
OM9407159 
(35) (a) Trost, B. M.; Martinez, J. A.; Kulawiec, R. J.; Indolese, A. 

F. J .  Am. Chem. SOC. 1999, 115, 10402-10403. (b) Trost has also 
recently reported the catalytic use of 1 in a butenolide synthesis: Trost, 
B. M.; Mdler, T. J. J. J .  Am. Chem. SOC. 1994, 116, 4985-4986. 
(36) For recent observation of such isomerization and oligomeriza- 

tion by a ruthenium complex, see: Carreno, R.; Chaudret, B.; Labroue, 
D.; Sabo-Etienne, S. Organometallics 1999, 12, 13-14. 
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Thermal Fragmentation of Acyl Thiolato Complexes to 

Ru (q  6-SC3Me3C OMe) (PPh3) 2 

Reactive Metal Sulfido Intermediates. Structure of 

Qian Feng, Harald Krautscheid, Thomas B. Rauchfuss," Anton E. Skaugset, and 
Anne Venturelli 

School of Chemical Sciences, University of  Illinois, Urbana, Illinois 61801 

Received February 18, 1994@ 

This study deals with the thermal decomposition of acylbutenethiolate (SC3Me3COMe) 
complexes derived from the base hydrolysis of tetramethylthiophene complexes [(ring)M- 
(C4Me4S)12+ (M = Ru, ring = p-cymene, C4Me4S; M = Os, ring = p-cymene; M = Rh, Ir, ring 
= C5Me5). (cymene)Ru(SC3Me3COMe) (1) and ( C ~ M ~ ~ S ) R U ( S C ~ M ~ ~ C O M ~ )  undergo thermal 
fragmentation, affording tetramethylfuran and insoluble ruthenium sulfides. The thermal 
decomposition of both 1 and (cymene)Os(SC3Me&OMe) (2) follows first-order kinetics. Two 
intermediates were observed in the thermal decomposition of 2. These intermediates are 
clusters containing inequivalent cymene groups as the only lH NMR detectable ligands. 
The second, more stable, intermediate was isolated and identified as (cymene)sOs3Sz (4). 
The complex Ru(qs-SC3Me3COMe)(PPh3)z (5) is obtained when 1 is thermolyzed in the 
presence of PPh3. Crystallographic analysis confirmed the structure of 5, in which the q6- 
acyl thiolate is bound through the four carbon atoms as well as the 0 and S atoms. The 
formation of 5 is first order in [l]. At high [PPh31 the rate is zero order in [PPh3], while at 
low [PPh31 a bimolecular ([PPhal[Ru]) pathway is indicated. These results are explained in 
terms of a preequilibrium whereby the acyl thiolate in one isomeric form of 1 reversibly 
binds in an q6 mode. Thermal decompositions of (CsMes)M(SC3Me3COMe) (M = Rh (61, Ir 
(7)) occur unimolecularly to  give tetramethylfuran and [(CaMe5)MS]*. Thermolysis of 6 in 
the presence of PPh3 still gives tetramethylfuran, but the Rh product is spectroscopically 
identified as ( C ~ M ~ ~ ) Z R U Z ~ Z - S > ~ ( P P ~ ~ ) .  

Introduction Scheme 1 

The generation and study of reactive metal sulfido 
species provides insights into the conversion of small 
molecules to  clusters. Two approaches have been 
described. In the first, coordinatively unsaturated metal 
sulfides are produced by desulfurization of sulfur-rich 
precursors, i.e. by changing the M/S ratio. For example, 
the desulfurization of ( C ~ H ~ ) Z V ~ S ~  with PBu3 gives a 
mixture of (C5H5)4V& and (C5H5)5V& c1usters.l In a 
more controlled process the desulfurization of (C5Me5)~- 
RuzS4 leads to (C5Me&RuzS2, which can be trapped 
with ligands such as CO and RzCZ.~ Alternatively, 
reactive metal sulfido intermediates have been gener- 
ated via ligand dissociation. Bergman and co-workers 

-7-G 

kinetic 
ac ylthiolate 

1: M = Ru; ring = cymene 
2: M = Os, ring = cymene 
6: M = Rh; ring = C5Me5 
7: M = Iq ring = gMe5 

thermodynamic 
acylthiolate 

have empibyed this method for &e conversion of (C5- 

highly reactive intermediates (C5Me&ZrS3 and ((25- 
Mea),-&S(L) and (C5Me5)zMzSz(PR3) (M = Rh, Ir) to the 

Mes)zMzSz,4 respectively. In the present report we 
describe a new method for generating reactive metal 

described as complexes of @-unsaturated thiones 

been described in previous reports, and two new ex- 
amples are reported in this paper*5-7 The acyl thiolates 

(Scheme 1). The preparation of these complexes has 

sdfido intemediates via a unimolecular fragmentation 
of metal acyl thiolates. 

are synthesized via the base hydrolysis of dicationic 
thiophene complexes.' This transformation effects the 
net addition of 02- to the heterocycle and the formal 

It is to what is about the reduction of the metal center by 2e. The acyl thiolate 

depending on the configuration of the carbon bearing 
the acyl (see Scheme 1). The kinetic isomer has the acyl 

Of thiolates, which can be complexes are found to in either of two isomers, 

@ Abstract published in Advance ACS Abstracts, November 15 1994 

J. W.; Rauchfuss, T. B.; Wilson, S. R. Organometallics 1988, 5, 2386. 
(2) Ogilvy, A. E.; Rauchfuss, T. B. Organometallics 1988, 7 ,  1884. 

Rauchfuss, T. B.; Rodgers, D. P. S.; Wilson, S. R. J .  Am. Chem. SOC. 
1986,108, 3114. 

(3)Carney, M. J.; Walsh, P. J.; Hollander, F. J.; Bergman, R. G. 
Organometallics 1992, 11, 761. 

(4) Dobbs, D. A.; Bergman, R. G. J .  Am. Chem. SOC. 1992,114,6908. 

(1) Bolinger, c. M.; Darkwa, J.; Ga"ie, G.; s. D.; iyfing; 

(5) Skaugset, A. E.; Rauchfuss, T. B.; Wilson, S. R. Organometallics 

(6) Skaugset, A. E.; Rauchfuss, T. B.; Wilson, S. R. J .  Am. Chem. 

(7) Krautscheid, H.; Feng, Q.; Rauchfuss, T. B. Organometallics 

1990, 9, 2875. 

Soc. 1992,114, 8521. 

1993,12, 3273. 

0276-7333/95/2314-0297$09.00/0 0 1995 American Chemical Society 
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IW 

w - -. - - - . - - -. - -. 

Feng et al. 

. - ~ ~ -  2 '* 1 + Tetramethylfuran 

80 - 
70 - 

5 60- 

5 so- 

69 40- 

1' 

3 - 
30- 

20. 

;a 1b0 :SO & d o  3m Ao 4b0 

Figure 1. Thermogravimetric analysis of (cymene)Ru(v4- 
SC3Me3COMe) (heating rate 4 "C/min, under an He atmo- 
sphere). 

group oriented toward the sulfur (endo), reflecting the 
fact that the acyl carbon was attached to the s u l h  atom 
prior to the hydrolysis. This isomer rearranges to a 
second, or thermodynamic, isomer wherein the acyl side 
chain is oriented away from the sulfur (exo). The acyl 
thiolate (cymene)Ru(SC3Me&OMe) (cymene is 4-iso- 
propyltoluene), derived from the tetramethylthiophene 
complex (~ymene)Ru(C&Ie4S)~+, exists as a pair of 
rapidly interconverting isomers with an equilibrium 
constant near unity a t  -60 "C.7 

Some years ago we found that thermolysis of the acyl 
thiolato complex (CsMes)Rh(SC3Me&OMe) gave the 
cubane cluster (CsMe5)4RbS4 together with tetrameth- 
y l f ~ r a n . ~  The project described in the present paper 
began as an investigation of the mechanism and scope 
of this reaction. As shown below, several features of 
these reactions have been elucidated through a combi- 
nation of in situ spectroscopic studies and trapping 
reactions. 

Tempram (OC) 

Results  

Thermal Decomposition of (cymene)Ru(SCNes-  
COMe). Toluene solutions of (cymene)Ru(SCaMes- 
COMe) (1) decompose at 95 "C via a first-order process 
with k = 3.5 x 10-5 s-l (tl12 PZ 5.5 h). Free cymene and 
tetramethylfuran are both formed in yields of -80%. 
Also observed is a gray-black solid which is insoluble 
in organic solvents. This solid has the empirical formula 
C~H~.,RUS, the hydrocarbon content of which is probably 
related to the nonquantitative yields of cymene and 
tetramethylfuran. It is amorphous by powder X-ray 
diffraction, and dissolution in cold nitric acid shows that 
it is neither Ru nor RuS2.* When the thermolysis was 
monitored by thermogravimetric analysis, decomposi- 
tion was observed to commence at 140 "C (Figure 1). 
The yield of nonvolatile solid is 48%, which is 14% 
greater than predicted for RuS. 

Thermolysis of ( C ~ M ~ ~ S ) R U ( S C ~ M ~ & O M ~ ) ,  which 
contains v5-tetramethylthiophene as a coligand instead 
of cymene, occurs readily at 70 "C. These conditions 
are substantially milder than those for (cymene)Ru(SCa- 
MesCOMe). 

Thermal Decomposition of (cymene)Os(SC&les- 
COMe). We prepared (cymene)Os(SC3Me&OMe) (2) 
in two steps from [(cymene)OsClzb in a manner analo- 
gous to the synthesis of 1. Thermal decomposition of 2 

gamon: Oxford, 1984; pp 1246-1250. 
(8) Greenwood, N. N.; Earnshaw, A. Chemistry ofthe Elements; Per- 

+ 3  
l . O k  * 4 

0 1000 2000 3000 4000 5000 6000 

t (SI 

Figure 2. Product distribution vs time for the thermal 
decomposition of (cymeneIOs(SC3Me3COMe). 

Scheme 2 

(cymene)Os(SC3Me3COMe) - (cymene)OsS + C4Me40 
kl = 6.20 x104 s-l 

2 

fast 3 (cymenc)OsS - [(cymene)OsS13 
* 

3 

k3 = 5.98 x104 s-l cymene + .... 

occurs at 95 "C to give 80% tetramethylfuran and 
variable quantities of free cymene. An insoluble co- 
product of metal sulfides was again observed. Solutions 
of 2 decompose readily at 95 "C via a first-order process. 
The decomposition rate (k = 6.20 x s-l, t1/2 - 20 
min) is ca. 10-fold faster than for the Ru case. 

When the thermolysis of 2 was monitored by lH NMR 
spectroscopy, we confirmed that the decomposition rate 
was the same as the rate of the appearance of tetra- 
methylfiran (Figure 2). Two organometallic intermedi- 
ate compounds, 3 and 4, were observed to form sequen- 
tially. The mechanism proposed for this process is 
outlined in Scheme 2. 

The kinetic analysis established that the first inter- 
mediate 3 decomposes via two pathways, one of which 
leads to the very stable species 4, which itself slowly 
decomposes with loss of cymene. The lH NMR spectra 
of 3 and 4 indicate that they are both clusters, since 
each contains two types of cymene ligands, each in a 
ratio of 2:l (Figure 3). Furthermore, the 1H NMR 
signals for these compounds (two doublets for each Cd4- 
Me(i-Pr) group in a ratio of 2:l) indicate that the clusters 
3 and 4 contain a plane of symmetry (hence only two 
pairs of doublets, not four) and inequivalent (cymene)- 
Os centers. Variable-temperature 'H NMR measure- 
ments suggest that both intermediates are structurally 
dynamic. The dynamics might result from mobile 
metal-metal bonds, since similar processes have been 
observed by us in related  cluster^.^ One can also see 

(9) (a) Venturelli, A.; Rauchfuss, T. B. J. Am. Chem. Soc. 1994,116, 
4824. (b) Houser. E. J.: Amarasekera. J.: Rauchfuss. T. B.: Wilson. S. 
R. J. Am. Chem. hoc. 1991, 113, 7440. Houser, E. J.; Rauchfuss,'T. 
B.; Wilson, S. R. Inorg. Chem. 1993,32,4069. 
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pling experiments showed that each of the phosphorus 
centers is coupled to a pair of methyl groups. The 
J(P,P) value of 34 Hz indicates that the phosphine 
ligands are mutually cis. These NMR data are consis- 
tent with the results of a single-crystal structural 
analysis (see below). Solutions of ( C ~ M ~ ~ S ) R U ( S C ~ M ~ ~ -  
COMe) and PPh3 react rapidly at room temperature to 
give 5. 

The progress of the reaction of 1 and PPh3 was 
monitored by lH NMR spectroscopy at 70 "C in a CsDs 
solution. The sum of the concentrations of 1 and 5 
remained constant, and no intermediates were observed. 
At high concentrations of PPh3 the rates were shown 
to  be first order in 1 and independent of [PPh31 (kl = 
5.7 x s-l, t112 = 3.4 h). At lower PPh3 concentra- 
tions, the rate of the conversion of 1 to 5 was dependent 
on [PPh31. These results can be explained by invoking 
a two-step mechanism involving a metastable interme- 
diate symbolized as (cymene)Ru(SC3Me3COMe)* shown 
in Scheme 3. This scheme conforms to the conditions 

e i lk 

C M 1 

b M I 
/!\ 

a ,cw, 
I 1  I I I I I I  I 1  1 1 1 1  

6.2 5.0 5.4 5.0 4.6 4.2 ppm 

Figure 3. 400 MHz lH NMR spectra for the thermolysis 
of (cymene)Os(v4-SC3Me3COMe) (toluene-& solution): (a) 
t = 0 (75 "C); (b) t = 4.5 h (75 "C); (c) t = 6.0 h (75 "C); (d) 
sample in (c), recorded at 20 "C; (e) sample after heating 
at 75 "C for 20 h, recorded at 20 "C. 

from the spectra in Figure 3 that 2 itself is dynamic, as 
seen for the corresponding ruthenium ~omplex.~ 

Since 3 is formed at approximately the same rate as 
it decomposes, its solutions are always contaminated 
with 2,4, or both. For this reason we decided to focus 
on the second intermediate 4, which arises via the 
decomposition of 3. lH NMR spectra showed that the 
yield for 4 is -25%, which corresponds roughly to the 
ratio kd(k2 + k3), less that amount which decomposes 
via the k4 pathway. Indeed, when the thermolysis was 
allowed to proceed until all 2 and 3 were consumed, we 
were able to  isolate 4 as a dark green solid. Its field 
desorption mass spectrum showed a molecular ion 
envelope corresponding to  (cymene)30~3Sz+. Oxidation 
of 4 with HOTf gave the known red species [(cymene)s- 
O S ~ S ~ ] ~ + . ~ ~  Confirmatory evidence for the identity of 4 
came from its independent synthesis by cobaltocene 
reduction of the known salt [(Cymene)30S3S21(PFs)z (eq 
1). The spectroscopic properties of (cymene)sOssSz 
prepared in this way perfectly match those for 4. 

(cymene),0s3S2 + 2(C5H5),Co(PF6) (1) 

Thermal Decomposition of (ring)Ru(SCsMes- 
COMe) (ring = cymene, CyIe4S) in the Presence 
of PPhs. The thermal decomposition of 1 in the 
presence of PPh3 was investigated in an attempt to trap 
intermediates. When the reaction was conducted in 
warm toluene, keep-cymene and a compound analyzed 
as R U ( ~ ~ - S C ~ M ~ & O M ~ ) ( P P ~ ~ ) Z  (5) formed (eq 2). The 

[(cymene)Ru(q4-SC3Me3COMe)l + 2PP$ - 
RU(~'-SC~M~,COM~)(PP~,)~ + cymene (2) 

lH N M R  spectrum of 5 showed four methyl signals, each 
of which appears as a doublet. The 31P{1H} NMR 
spectrum consisted of two equally intense doublets. A 
series of selective as well as broad-band 1H{31P} decou- 

5 

(10) Lockemeyer, J. R.; Rauchfuss, T. B.; Rheingold, A. L. J .  Am. 
Chem. SOC. 1989,111, 5133. 

Scheme 3 
ki 

k-i 
(cymene)Ru(SC3Me3COMe) - 

1 (cymene)Ru(SC3Me3COMe)* 

ka 
(cymene)Ru(SC3Me3COMe)* + 2PPh3 - 

Ru(~'-SC,M~,COM~)(PP~~)~ + cymene 
5 

of the steady-state approximation, which requires that 
[(cymene)Ru(SC3Me&OMe)*I be small and unchanging, 
leading to the rate equation (3). The special condition 

of [PPh31 = 2111 leads to the simplified integrated rate 
equation shown in eq 4 (see also Experimental Sec- 
tion). Plots of 111-l vs (klt + ln[ll) were shown to be 
linear. 

(4) 

Structure of Ru(SCsMe&OMe)(PPh&. As shown 
in Figure 4, the hydrocarbon ligand of 5 is coordinated 
to Ru in an v6 fashion with the two PPh3 ligands 
completing the coordination sphere. If the metal and 
the ligands are regarded as neutral, the thiolate ligand 
contributes six electrons and the metal attains an 18e- 
configuration. The q6-SC3Me&OMe ligand consists of 
planar SCzMez and OCzMe2 subunits where the sum of 
the angles around C 1  and C4 is 360". The angle 
between these planes is 110.4". The bond lengths of 
S-C1, Cl-C2, C3-C4, and C4-0 are intermediate 
between single and double bonds, while the C2-C3 
bond, which links the two heteroallyl groups, is signifi- 
cantly longer (Table 1). These data suggest n-electron 
delocalization as expected for such a heteroallyl sys- 
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mc5 

1,1995 

C6 

C8 

Figure 4. ORTEP plot of Ru(yG-SC3Me3COMe)(PPh3h 
with thermal ellipsoids drawn at the 50% probability level. 

Table 1. Important Bond Distances (A) and Angles (deg) in 
Ru(qa-SC&le3COMe)(PPh3)~ (5) 

Ru-S 2.394(9) Ru-0 2.180(2) 
Ru-C1 2.283(4) Ru-C2 2.207(4) 
R u - C ~  2.243(4) R u - C ~  2.325(4) 
s-c1 1.753(4) C4-0 1.3 13(4) 
C1-C2 1.399(5) C2-C3 1.489(5) 
c3-c4 1.389(6) 

O-C4-C8 115.6(3) S-Cl-C2 119.5(3) 
s-c1-c5 118.0(3) c2-c1 -c5 122.4(3) 
C3-C4-0 120.5(4) C3-C4-C8 123.9(3) 

tem.ll The Ru-C distances indicate that Cl-C4 atoms 
are coordinated to the Ru atom. The Ru-C4 distance 
is 0.08 A longer than Ru-C3, which is in agreement 
with the case for the oxaallyl complex (C5H5)(C0)2W(q3- 
CH2CONEt2), in which the C-W distance for the central 
bond of 2.46 A is 0.19 A longer than Ckm-W.l2 Also 
consistent with the y3-oxaallyl formulation is the ab- 
sence of any prominent bands in the YC-Q region. 
Finally, the l3C(lH} NMR (CsDs) spectrum does not 
show any peaks around 200 ppm typical of carbonyls. 
Overall, the coordination around Ru can be described 
as pseudotetrahedral with the S, C1, C2 and the C3, 
C4,O units as two vertices. In this way the complex is 
similar to R u ( C ~ H ~ ) ~ ( P P ~ & ? ~  and RU(C&I~)~(P(OM~)~)~ .~~  

Thermal Decomposition of (C&'Ie6)M(SCsMes- 
COMe) (M = Rh, Ir). Thermal decomposition of 
toluene solutions of (C&Ie5)Rh(SC&le&OMe) (6) yielded 
tetramethylfuran and the cubane cluster (C&Ie&Rh&. 
The lH NMR spectrum of the cluster exhibited only one 
singlet, consistent with its highly symmetrical structure 
featuring a Rh4S4 core of idealized Td symmetry. This 
cluster has previously been prepared by us via the 

(11) (a) Robertson, G. B.; Whimp, P. 0. Inorg. Chem. 1973,12,1740. 
(b) Holmgren, J. S.; Shapley, J. R.; Wilson, S. R.; Pennington, W. T. J. 
Am. Chem. SOC. 1986,108,508. 
(12) Burkhardt, E. R.; Doney, J. J.; Bergman, R. G.; Heathcock, C. 

H. J. Am. Chem. Soc. 1987,109,2022. 
(13) Smith, A. E. Znorg. Chem. 1972,11,2306. 
(14) Marsh, R. A.; Howard, J.; Woodward, P. J .  Chem. SOC., Dalton 

Trans. 1973, 778. 

Feng et al. 

io I& ;so *bo Zso im ;so 4bo 

Figure 6. Thermogravimetric analysis of (C5Me5)Rh(y4- 
SC3Me3COMe) (heating rate 4 "C/min, under an He atmo- 
sphere). 

reaction of (C5Me&Rh2Cb with (Me3Si)2S,l5 while Berg- 
man and co-workers have isolated the mixed (CsMe&- 
IrzRhzS4 cubane from the thermal decomposition of 
(CsMes)zRhIrS~(PMe3).~ The rate of decomposition of 
6 in toluene48 solution followed first-order kinetics over 
the temperature range 80-100 "C (e.g., Iz1= 4.55 x 
s-l a t  90 "C). The temperature dependence of the rates 
over this admittedly small temperature range indicates 
a positive entropy of activation (AS') of -44 J/(mol K). 

Solid-state thermolyses of 6 also proceeded well and 
allowed us to readily collect the volatile product. The 
lH and l3C(lH} NMR data for this compound compare 
well with literature values for tetramethylfuran,16 and 
the identification was confinned by high-resolution mass 
spectrometry. The thermal decomposition of (CsMe5)- 
Rh(SC3Me(CH2D)&OMe), derived from tetramethyl- 
thiophene specifically monodeuterated at the 3- and 
4-methyl positions,6 gave tetramethylfuran with one 
deuterium each in the the 3- and 4-positions. Thermo- 
gravimetric analysis showed that 6 decomposes in two 
stages (Figure 5) .  Between 150 and 190 "C, 25% of the 
sample weight is lost; the elimination of tetramethyl- 
furan should cause a weight loss of 32%. From 270 to 
350 "C, loss of an additional 34% of the sample weight 
occurs, leaving a residual 38%, compared to  34% the 
expected for RhS. 

Thermal decomposition of toluene solutions of the 
iridium acyl thiolate 7 also afforded high yields of 
tetramethylfuran and the cluster. The lH NMR data 
for the cluster compare well with literature values for 
(C~,Me5)4Ir&~ Final identification of the (C5Me5)4Ir4- 
S4 cubane was made by comparison to a specimen 
prepared by literature methods.ga The rate of decom- 
position in toluene48 follows first-order kinetics at rates 
very similar to the rhodium case ( I z  = 5.71 x s-l 
at 90 "C, tu2 = 3.4 h). 

Thermal Decomposition of (C&¶es)Rh(SCsMes- 
COMe) in the Presence of PPb. The rate of decom- 
position of the rhodium acyl thiolate 6 was unaffected 
by PPh3. Sealed-tube lH NMR experiments also dem- 
onstrated that the formation of tetramethylfuran was 
unaffected; however, we did not observe the formation 
of the cubane cluster. Independent studies demon- 
strated that the cubane cluster was unreactive toward 
excess PPh3 under similar reaction conditions. 

Tmperarurs ("0 

(15) Lockemeyer, J. R.; Rauchfuss, T. B.; Venturelli, A. Unpublished 

(16) Kiewiet, A.; de Wit, J.; Weringa, W. D. Og. Magn. Reson. 1974, 
results. 

6, 461. 
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Fragmentation of Acyl Thiolato Complexes 

Scheme 4 

O S  
I1 
S 

2 

3 I A 
4 

The fact that PPh3 blocks the formation of cubane but 
does not affect the rate of decomposition of 6 indicates 
that the PPh3 intercepts an intermediate subsequent 
to the rate-limiting step. Indeed, the lH NMR spectrum 
of the reaction solution showed a strong singlet and a 
doublet (J1~-103~h  = 3.2 Hz), both centered at  1.55 pm. 
The 31P{ lH} NMR spectrum consisted of one doublet at 
58.2 ppm (Jm-p = 225 Hz). These data compare 
favorably with those for (CsMe5)Rh(PMes)SaIr( C5Me5): 
indicating that (CsMes)Rh( SC3Me3COMe) decomposes 
to give (C5Me&Rh&, which can be intercepted by PPh3 
to give (C5Me&Rh&(PPh3). 

Discussion 

In this study we have examined the thermal frag- 
mentation of acyl thiolate complexes of the type (ring)M- 
(SC3Me3COMe). While the (cymene)Ru derivative only 
gave insoluble materials, the thermolysis of the cor- 
responding osmium compound, (cymene)Os( SC3Me3- 
COMe) (2), proved very informative. Here it was 
established that the tetramethylfuran is indeed released 
prior to formation of the free cymene. Furthermore, two 
intermediates were observed, the second of which was 
identified as (cymene)30s3S2. This species is more 
stable with respect to  loss of cymene than the cor- 
responding (cymene)3Ru&, which we had previously 
shown to decompose at room temperature.1° Since the 
M:S ratio in the acyl thiolate is unity and it is otherwise 
in the isolated Os3S2 cluster, it is proposed that the 
other intermediate (compound 3) has an 0s:S ratio of 
1:l. Cluster 3 is proposed to arise via aggregation of 
the highly reactive entity (cymene)OsS (Scheme 4), a 
species we propose is structurally analogous to the imido 
complexes (cymene)Os(NR) (R = 2,6-dimethylphenyl, 
tert-butyl).17 It is interesting that the Ru and Os 
compounds decompose to give trimetallic clusters while 
the Rh and Ir acyl thiolates give the cubane clusters.18 

Attempts were made to intercept intermediates in 
these fragmentation processes by employing PPh3 as a 
trapping agent. For the Ru case, PPh3 completely 
changed the course of the reaction and no tetrameth- 
ylfuran was generated. Instead we obtained the struc- 
turally unusual q6-acyl thiolate complex 5. The kinetics 

~ ~~~ ~ ~ 

(17) Michelman, R. I.; Andersen, R. A.; Bergman, R. G. J. Am. Chem. 
SOC. 1991,113, 5100. 

(18) We have never observed compounds of the type (arene14WS4 
for M = Ru, Os from reactions of [(cymene)MC12]2 with Sa, sources.1o 
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Figure 6. Chem 3D view of the acyl thiolato ligand in Ru- 
(q6-SC3Me&OMe)(PPh3)2 showing that the ligand confor- 
mation corresponds to the thermodynamic isomer (see 
Scheme 1). 

Scheme 5 

kinetic isomer 

-(cymene)RuS 1 
thermodynamic isomer 

+2 PPh3 1 
Ph3P 

indicate that 1 exists in equilibrium with a reactive 
intermediate via a pathway that becomes rate limiting 
at high [PPh3]. We propose that this unimolecular step 
involves the formation of ( q4-cymene)Ru( q6-SC3Me3- 
COMe). The forward rate for this equilibration is far 
slower than the rate of isomerization of the acyl thi01ate7 
and far faster than that for the unassisted thermal 
decomposition of (cymene)Ru( SC3Me3COMe). Insight 
into the nature of this pathway can be inferred from 
the crystal structure of 5, which clearly arises from the 
thermodynamic isomer of the acyl thiolate (Figure 6). 
This result leads to a more global assessment of the 
reactivity of the acyl thiolates: the orientation of the 
carbonyl center determines the decomposition pathway. 
Thus, the carbonyl in the kinetic isomer is oriented 
correctly for cyclization, giving tetramethylfuran, while 
the carbonyl in the thermodynamic isomer cannot 
cyclize but instead binds to ruthenium to give the q6- 
acyl thiolate complex which is trapped by PPh3 (Scheme 
5). 

The use of PPh3 allowed us to trap an intermediate 
in the thermal fragmentation of (CsMes)Rh(SC3Me3- 
COMe) (6) (Scheme 6). Kinetic measurements show 
that trapping occurs after the rate-limiting step. The 
yield of the tetramethylfuran remained high, but no 
cubane cluster forms. Instead, we observed the forma- 
tion of (C5Me&Rh&(PPhs), a compound spectroscopi- 
cally similar to (CsMe&IrRhS2(PMe3), a precursor to 
( C5Me5)41r2Rh2S4.4 The formation of this compound 
implies that the cubane forms via the intermediacy of 
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Scheme 6 

Feng et al. 

resulting in a yellow precipitate. After 3 h, the solvent volume 
was reduced to 5 mL and the yellow solid was collected by 
filtration. The yellow precipitate was washed with -3 mL of 
CH2C12. The solid was recrystallized from 4 mL of acetone by 
dilution with 7 mL of CHCl3. Yield: 449 mg (73% yield). 'H 
NMR (acetone-&): 6 7.21 (d, 2H), 7.04 (d, 2H), 3.1 (sept, lH), 
2.67 (s,6H), 2.60 (s,6H), 2.56 (s,3H), 1-40 (d, 6H). Anal. Calcd 
(found) for C ~ ~ H ~ ~ B ~ F ~ O S S :  C, 33.87 (33.62); H, 4.11 (4.23). 

Preparation of (cymene)Os(SCsMesCOMe) (2). A 
Schlenk flask was charged with 0.140 g (0.219 mmol) of solid 
[(cymene)Os(C4Me4S)](BF4)~, and 18.26 mL of 0.030 M aqueous 
KOH solution (0.548 mmol) was added with stirring. The 
osmium salt initially dissolved. After 2 h, a yellow precipitate 
was observed in the solution. The reaction mixture was stirred 
for 12 h, and more precipitate was obtained. The volume of 
the solution was reduced to  10 mL under vacuum, and the 
yellow product was collected by filtration and washed with a 
few milliliters of H2O. Recrystallization from acetone and 
HzO gave yellow crystalline (cymene)Os(SC&e3COMe) (2). 
Yield: 70 mg (67%). 'H NMR (C&; 20 "c): 6 4.85 (d, 1H), 
4.64 (br s, 2H), 4.25 (d, lH), 2.38 (8, 3H), 2.20 (br s, lH), 1.79 
(s, 3H), 1.65 (s, 3H), 1.50 (s, 3H), 1.02 (br s, 6H). IR (KBr): 
YCO 1662 cm-'. Anal. Calcd (found) for C1~H2600sS: C, 44.98 
(44.33); H, 5.54 (5.50); S, 6.67 (6.38); Os, 25.81 (27.84). 

Thermal Decomposition of (cymene)Os(SC&Ie&OMe). 
A yellow solution of 20.0 mg (0.042 mmol) of 2 in toluene-& 
was sealed in a NMR tube under vacuum. After thermolysis 
for 10 h at  75 "C, 1H NMR spectroscopy showed that 4, free 
cymene, and tetramethylfuran had formed. Filtration to 
remove the black solid and evaporation of the solution gave a 
dark green powder, which was identified by FD-MS as 
(cymene)30s3S2. A toluene solution of 4 was treated with an 
excess of HOTf to  give [(cymene)3Os3S2l(OTf)2 as a red oil, with 
its 1H NMR spectrum in acetone& matching that of the 
known (cymene)30~3S2(PF6)2.~~ 'H NMR of 4 (toluene-& 20 
"C): 5.69 (d, 2H), 5.62 (d, 2H), 5.42 (d, 2H), 5.27 (d, 2H), 2.22 
(m, 2H), 2.11 (s, 3H), 1.89 (9, 6H), 1.19 (d, 6H), 1.14 (d, 12H). 
FD-MS: mlz 1036. 'H NMR of (cymene)3Os&(OTfh 
(acetone-&): 6.45 (m, 4H), 2.85 (m, lH), 2.67 (8, 3H), 1.35 (s, 
6H). 

A solution of 7.6 mg (15.8 pmol) of 2 in 0.65 mL of toluene- 
ds was sealed in a NMR tube under vacuum with PhzCHz as 
a standard. The sample was maintained at 95 "C, and 
integrated NMR spectra were recorded at 5-10 min intervals 
for 2 h, showing the disappearance of the methyl signal of 2 
and formation of the methyl signals of 2 and (cymene)30s3Sz 
(4). The rate of disappearance of 2 was found to be first order 
with kl = 6.20 x s-l. lH NMR of 3 (toluene-&, 20 "C): 
6 5.35 (br d, 2H), 5.20 (br d, 2H), 5.12 (d, 4H), 4.93 (d, 4H), 
2.20 (m, 3H), 2.08 (obscured by solvent), 1.93 (s, 6H), 1.28 (d, 
6H), 1.19 (d, 12H). 

The kinetics of these reactions were analyzed as follows. 
The rate for the loss of 2 is 

d[2Ydt = -k1[21 (la) 

6 \ 

(C5MedzRhzS~. Analogous to the Ru and Os cases we 
propose that the precursor to this dirhodium species is 
(C5MedRhS. 

Experimental Section 
Materials and Methods. The experiments were conducted 

by following protocols described in previous  publication^.^^^ 
The preparations of (CsMes)Rh(SC3Me3COMe) (7),6 (C&k?s)- 
Rh(&-SC3Me3COMe),G [(cymene)30~3S2I(PFs)~,l~ and (ring)Ru- 
(SC3Me3COMe) (ring = cymene, tetramethylthi~phene)~ 
followed literature methods. [(C~M~~)I~(C~M~~S)](CF~SO~)Z 
was prepared from [(C&fes)IrClz]2 analogously to the literature 
method for the BF4- salt.lg 

IR spectra were acquired using a Mattson Galaxy Series 
FTIR 3000 spectrometer. NMR spectra were collected on the 
General Electric instruments GN300NB and QE300 and the 
Varian spectrometers U400 and XL200. Field desorption and 
electron impact mass spectra were measured on a VG 70-VSE. 
Elemental analyses were performed by the University of 
Illinois Microanalytical Laboratory. Thermogravimetric analy- 
ses were measured by the University of Illinois Microanalytical 
Laboratory using a Perkin-Elmer Thermal Systems VII. 

Thermal Decomposition of (cymene)Ru(SCslMesCOMe). 
A solution of 50.6 mg (0.13 mmol) of 1 in 10 mL of toluene 
was heated at  reflux for 12 h. The dark orange solution 
became colorless, and a fine gray powder formed. The volatile 
products were removed under vacuum. Anal. Found for the 
residue: C, 15.55; H, 3.09; Ru, 45.29; S, 13.64 (giving C3H7- 
RuS). The thermal decomposition was conducted in toluene- 
d8 at 95 "C and monitored by lH NMR spectroscopy. The 
thermolysis resulted in the formation of 70-80% cymene and 
tetramethylfuran and the gray precipitate. The kinetics of the 
thermolysis of 1 were studied at 95 "C by integrated lH NMR 
spectra recorded at  30 min to 1 h intervals. The rate of 
dissappearance of one of the methyl singlets of 1 was measured 
vs an internal standard (Ph2CH2, singlet at 3.70 ppm) and was 
found to be first order (k = 3.5 x 

Thermal Decomposition of (C&Ie&Ru(SC&Ie&OMe). 
A solution of 12 mg (30 pmol) of (Cme4S)Ru(SC3MesCOMe) 
and biphenyl in 0.5 mL of C& was heated to 70 "C in a sealed 
tube. After 17 h, the decomposition was complete, as shown 
by 'H NMR spectroscopy. A dark solid precipitated and the 
solution became dark brown. On the basis of 'H NMR 
integrations, the yield of tetramethylthiophene was loo%, 
while the yield of tetramethylfuran was only 28%. After 
removal of the volatile material the residue was washed with 
hexane and dried under vacuum. Anal. Found: C, 38.79; H, 
4.95; Ru, 31.04; S. 10.75. 
[(cymene)Os(C4Me4S)l(BF4)2. A slurry of 393 mg (2.02 

mmol) of AgBF4 in 20 mL of CHzCl2 was treated with a solution 
of 380 mg (0.481 mmol) of [(cymene)OsClzIz in 20 mL of CHZ- 
Cl2. The reaction mixture was stirred for 2 h and then filtered 
to remove AgC1. The yellow filtrate of "(cymene)Os(BF4)zn was 
treated dropwise with 300 pL (291 mg, 2.08 "01) of CdMedS, 

(19) Russell, M. J. H.; White, C.; Maitlis, P. M. J. Chem. Soc., Dalton 

s-l). 

Trans. 1978, 857. 

The rate equation for 3 is 

d[3Ydt = k,[21 - (kz + k3)[3I (2a) 

Dividing both sides of eq 2a by 131 gives 

d[3Y[3ldt = Ki[ZY[3I - (k2 + K , )  (3a) 

which can be rewritten as 

[31'/[31= k,[2M31 - (k2 + k,) ( 4 4  

where [3]' is d[3ydt. Using the Cricket Graph I11 graphics 
program, we fitted our data for [31 vs t using a fourth-order 
polynomial. The time derivative of this polynomial was then 
taken as [3l'. A plot of [3l'/[31 vs [2M31 gave a straight line 
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with slope k l  = 6.20 x s-' and an intercept (kz + k3) = 
9.23 10-4 8-1. 

Similarly, the rate equation for 4 is 

Dividing both sides of the above eq by [41 gives 

Equation 6a can be rewritten as 

A plot of [41'/[4] vs [31/[4] gave a straight line with slope kz 
= 3.32 x s-' was obtained 
from (kz + k3) = 9.32 x s-'. 

(cymene)sOssSg (4). A slurry of 90 mg (67.8 pmol) of 
[(Cymene)30S3Sz](PF6)z in 10 mL of benzene was treated with 
a solution of 28 mg (149 pmol) of (C5Hs)zCo in 20 mL of 
benzene, resulting in a green slurry. After 5 h the green 
solution was filtered from the (Cs&)zcoPF6 and the solvent 
was removed. The green solid was heated to 50 "C under 
vacuum for 3 h to remove any unreacted (C5H5)zCo. 'H NMR 
(toluene-&, 20 "C): 5.69 (d, 2H), 5.62 (d, 2H), 5.42 (d, 2H), 
5.27 (d, 2H), 2.22 (m, 2H), 2.11 (s, 3H), 1.89 (s, 6H), 1.19 (d, 
6H), 1.14 (d, 12H). UV-vis (CHsCN, 1, nm (log E ) ) :  340 (2.941, 
504 (2.551, 616 (2.51). Anal. Calcd (found) for C~OH~ZOS~SZ: 
C, 34.74 (34.87); H, 4.08 (4.15); S, 6.18 (6.32). 

Ru(qs-SCsMe&OMe)(PPh& (6). A solution of 110 mg 
(0.28 mmol) of 1 and 150 mg (0.57 mmol) of PPh3 in 15 mL of 
toluene was heated to 70 "C. The orange color of the solution 
intensified, and after 24 h the solvent was evaporated under 
vacuum. The orange solid Ru(y6-SC3Me3COMe)(PPh& (6) was 
washed with hexane. Yield: 196 mg (90%). 'H NMR (C6D6): 
6 7.7 (m, 12H), 6.9 (m, 18H), 1.97 (d, J = 2.9 Hz, 3H), 1.41 (d, 
J=2.9Hz,3H),1.16(d,J=2.2Hz,3H),0.96(d,J=3.8Hz, 

Hz), 134.6 (d, J =  10.7 Hz), 129.1 (m), 127.5 (m), 120.3 (d, J =  
6.1 Hz), 106.4 (d, J = 6.9 Hz), 82.8 (d, J = 12.2 Hz), 23.6 (s), 

53.4 (d, J = 34 Hz), 40.4 (d, J = 34 Hz). Anal. Calcd (found) 
for C ~ H ~ ~ O P ~ R U S :  C, 67.59 (67.01); H, 5.42 (5.24); P, 7.92 
(7.78); Ru, 12.93 (11.15); S, 4.10 (4.46). FD-MS: mlz 782. 

The rates of the conversion of 1 to 6 were investigated by 
'H NMR spectroscopy (C6D6) in vacuum-sealed NMR tubes. 
The samples were maintained at  70 "C, and integrated NMR 
spectra of the disappearance of the methyl signal of 1 were 
recorded at  15-30 min intervals for 7 h. The reactions were 
conducted in duplicate under the following initial conditions: 

s-l; therefore, k3 = 5.98 x 

3H). 'Y!{'H} NMR (CDZC12): 6 152.4 (s), 138.0 (d, J = 35.9 

19.0 (s), 13.4 (s), 8.0 (d, J = 1.5 Hz). 31P{1H} NMR (C6D6): 6 

expt i expt ii 
V l o ,  M 0.02 0.02 
[PPh3lo, M 0.4 0.8 

Both experiments gave the same linear plots of ln[ll vs t with 
the slope Itl = 5.7 x lo+ s-l. Thus, the reaction is first order 
in 1 at high [PPhs]. 

For experiments where [PPh& .C 0.1 M, plots of ln[ll vs t 
were not linear. A more complete test of the mechanism was 
based on a rate law developed from the steady-state ap- 
proximation: 

( lb) 

When [PPh] = 2[1], the rate expression (lb) can be simplified 
as follows: 

Equation 2b can be rewritten as 

Dividing both sides of eq 3b by kz[112 gives -[s + &] d [ l l =  2k1 dt 

which upon integration and rearrangement gives 

2k2 - _  - +kit + In[ll) + C 
111 k-1 

(4b) 

This model was tested by the reaction of benzene solutions of 
1 (0.02 M) with 2 equiv of PPh3 (0.04 M). The reaction was 
monitored by 'H NMR spectroscopy at 70 "C. Plots of 111-l vs 
klt + ln[ll were linear with a slope of 2kJk-1 (=159.6 M-') 
(Figure 7). This value can be substituted into eq l b  together 
with the value for kl(5.7 x s-'), giving the rate equation 
(6b). This equation defines conditions where the kinetics 

(6b) 

should appear first order in [l], i.e. [PPh3] > 0.25 M. This is 
consistent with the results obtained above, in which the 
reactions of 1 with [PPhslo = 0.4 or 0.8 M are first order in 
[ll. 

Preparation of (C&les)Ir(SCae&OMe) (7). A Schlenk 
flask was charged with 0.106 g (0.140 mmol) of solid [(CS- 
Me&o~e4S)](OTflz, and 11.65 mL of 0.030 M aqueous KOH 
solution (0.350 mmol) was added with stirring. After 0.5 h, a 
yellow precipitate was observed in the solution. The reaction 
mixture was stirred for 24 h, and more precipitate was 
obtained. The yellow product collected by filtration was 
washed with 30 mL of HzO. The yellow solid was extracted 
into 20 mL of Et0 and filtered to remove KOTf. Recrystal- 
lization from acetone and HzO gave yellow crystalline 7. 
Yield: 40 mg (60%). lH NMR (toluene-&): 6 2.28 (br, s, 3H), 
2.13 (s, 3H), 1.50 (8 ,  3H), 1.49 (s, 15H), 1.35 (s, 3H). 13C{1H} 

(s), 27.09 (s), 22.00 (s), 20.92 (s), 13.63 (s), 8.70 (s). IR (KBr): 
YCO 1672 cm-'. FAB-MS mlz 483 (M+). Anal. Calcd (found) 
for ClsH271rOS: C, 44.70 (44.84); H, 5.63 (5.78). 

Thermal Decomposition of (C&ledIr(SCsMesCOMe). 
A solution of 0.711 g (1.47 mmol) of 7 in 10 mL of toluene was 
heated for -10 h. Cooling the reaction mixture to room 
temperature produced red-black crystals of (CsMe&InS4. 

kinetics of this decomposition reaction were monitored in 
toluene& by observing the disappearance of one of the methyl 
singlets of 7 in the 'H NMR spectrum at 90 "C. The rate was 
found to be first order with K1 = 5.7 x 

Thermal Decomposition of (C&ledRh(SCfle&OMe). 
A solution of 1.19 g (3.02 mmol) of 6 in 20 mL of toluene was 
heated to  reflux, Over the course of -12 h the red color of the 
solution changed to  dark purple. The reaction solution was 
placed in a -20 "C freezer for 2 days followed by filtration to 
give purple-black crystals of (C5Me&Rh&. Yield: 573 mg 

Anal. Calcd (found) for C40H,joRh&: C, 44.45 (44.62); H, 5.60 
(5.57); Rh, 38.09 (37.99); S, 11.87 (11.79). 

NMR (C6D6): 203.40 (s), 91.16 (s), 90.27 (s), 86.01 (81, 62.65 

Yield: 225 mg (59%). 'H NMR (C6D6): 6 1.71 The 

s-l. 

(70%). 'H NMR (C6Ds): 6 1.72 (8). FD-MS: mlz 1080 (M'). 
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constant was 4.5 x s-l, suggesting that the decomposition 
of 6 is the rate-determining step. In a control experiment a 
refluxing toluene solution of (C&Ie5)&h& was shown to be 
unreactive toward 4 equiv of PPh3 after 3 days. 

Crystallographic Characterization of Ru(q6-SC&Ies- 
COMe)(PPh&. Orange-red, translucent crystals were ob- 
tained by layering a toluene solution with hexane. The crystal 
was mounted to a thin glass fiber using epoxy. Unit cell 
parameters were obtained from the least-squares fit of 25 
reflections with 9.5" < 28 < 20". The space group P21lc (No. 
14) was determined according to systematic absences and 
verified by successful refinement. Lorentz and polarization 
correction as well as numerical absorption correction were 
applied to the intensity data. The structure was solved by 
direct methods (SHELXS-86).20 Correct positions for Ru, S, 
and P were deduced from the electron density map. Subse- 
quent least-squares difference Fourier calculations (SHEIX 
76F revealed positions for oxygen and all carbon atoms. The 
positions of the hydrogen atoms were calculated for idealized 
distances (0.96 A) with common thermal parameters for each 
type of hydrogen. Anisotropic thermal parameters were used 
for all non-hydrogen atoms. Successful convergence was 
indicated by the maximum shWerror for the final refinement 
cycle. The highest peak in the final difference map was close 
to Ru. 

1601 / 

140 

120 

100 

80 

60 

40 

-1 

-4.0 -3.8 -3.6 -3.4 -3.2 
klt + ln[l] 

Figure 7. Plot of L13-l vs klt + ln[ll, where the slope is 
2k2/32-1 (=159.6 M-'). 

A sample of 109 mg (0.28 mmol) of 6 was loaded into a 
Schlenk tube, and the tube was fitted with a tared trap. The 
sample was heated at 120 "C for 8 h under a nitrogen 
atmosphere. The system was then placed under vacuum, and 
a colorless product was condensed into the liquid-nitrogen- 
filled trap. Yield of tetramethylfuran (Cme40): 27.2 mg 
(79%). lH NMR of C&k40 (CC4): 6 2.09 (9, 6 H), 1.77 (8, 6 
HI. l3C(lH} NMR of CyIe40 (cc14): 6 142.86 (s), 113.70 (s), 
10.87 (s), 7.96 (8). High-resolution ELMS: mlz 124.088 020 
(calcd for CsHlzO mlz 124.088 815). Thermolysis of (C5- 
Me5)Rh(d&Cae3COMe) gave the dideuteriotetramethylfuran 
3,4-(CHzD)2-2,5-MezC40. 'H NMR (CsDs): 6 2.04 (s, 6 H), 1.70 
(t, 4 HI. 

The kinetics of the thermolysis of 6 were determined from 
integrated 'H NMR spectra. The rate of disappearance of one 
of the methyl singlets of 6 was measured vs the internal 
standard PhzCHz (3.70 ppm). The thermolyses were conducted 
at 80, 90, and 100 "C. The rate of disappearance of 6 was 
found to be first order with rate constants 1.92 x ~ ~ ( 8 0  
"C), 4.55 x 

Thermal Decomposition of (C&lea)Rh(SC&Ie&OMe) 
in the Presence of PPb. In a sealed NMR tube, a solution 
of 6.6 mg (16.7 pmol) of 6 and 11.1 mg (42.3 pmol) of PPh3 in 
toluene-& was heated at 85 "C for 24 h. The lH NMR 
spectrum showed that tetramethylfuran was formed, but ((25- 
Med4Rh4S4 was not observed. The lH NMR spectrum instead 
showed a superimposed singlet and doublet at 1.55 ppm (J1H-P 
= 3.2 Hz). The 31P{1H} NMR spectrum consisted of one 
doublet at  58.2 ppm (JP-Rh = 224 Hz)? and small amounts of 
SPPh3 (43.0 ppm) were also observed. This decomposition was 
monitored as follows: A toluene solution of 6 and 3 equiv of 
PPh3 in a sealed tube was heated to 90 "C in the NMR probe. 
The disappearance of 6 was found to be first order with a rate 
constant of 3.5 x s-l. In the absence of PPh3, the rate 

s-l (90 "C), and 6.50 x s-l (100 "C). 
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Reactions of a Cyclotrisilane with Olefins and Dienes: 
Evidence for an Equilibrium between Silylenes and a 

C yclotrisilanet 
Johannes Belzner,*lS Heiko Ihmels,S Boris 0. Kneisel,§ Robert 0. Gould,§Jl and 

Regine Herbst-IrmerE 
Institut fur Organische Chemie der Georg-August- Universitat Gottingen, Tammannstrasse 2, 

0-37077 Giittingen, Germany, and Institut fur Anorganische Chemie der 
Georg-August- Universitat Giittingen, Tammannstrasse 4, 0-37077 Gottingen, Germany 

Received May 17, 1994@ 

Various new siliranes were synthesized by reaction of the cyclotrisilane cycZo-(Ar2Si)~ (Ar 
= 2-(MezNCH2)CsH4; la) with terminal and strained internal olefins under mild thermal 

conditions. The thermolysis of siliranes Ar2SiCH2CHR (3a, R = n-propyl; 3b, R = n-butyl) 
indicated these compounds to be in a thermal equilibrium with cyclotrisilane la and the 
corresponding alkene; this observation provides evidence for an  equilibrium between the 
silylene Ar2Si: (Sa) and cyclotrisilane la and, moreover, proves that free silylenes are 
involved in silylene transfer reactions of la. Reaction of la with conjugated dienes resulted, 
presumably via vinylsiliranes, in the formation of the expected 1,4-cycloaddition products 
in high yield. The solid-state structures of silaindane 14 and silanorbornene 17a were 
determined by single-crystal X-ray diffraction (14, monoclinic, C2/c, a = 36.255(7) A, b = 
8.877(2) A, c = 14.966(2) A, fi  = 109.60(1)", 2 = 8; 17a, monoclinic, C2/c, a = 14.155(5) A, b 
= 13.336(4) A, c = 23.339(8) A, p = 107.16(2)", 2 = 8). 

n 

Introduction 

In 1972, Lambert and Seyferthl reported the first 
isolation of stable siliranes (silacyclopropanes), which 
were synthesized by intramolecular closure of a C-C 
bond of acyclic precursors. Later it was demonstrated 
that siliranes also are formed by addition of thermally 
or photolytically generated silylenes to substituted 
olefins2 and even ethene.3 A major drawback of this 
method is the low stability of the siliranes under the 
conditions employed for silylene generation, which 
frequently gives rise to the isolation of isomerized 
compounds. This is especially true for the addition of 
silylenes to  conjugated dienes: initially formed vinyl- 
siliranes almost inevitably undergo subsequent rear- 
rangement~.~ A third synthetically useful approach to 

+ Dedicated to Prof. Dr. Wolfgang Luttke on the occasion of his 75th 
birthday. * Institut fur Organische Chemie der Georg-August Universitlit 
Gttingen. 

0 Institut fiir Anorganische Chemie der Georg-August Universitat 
Gttingen. 

Permanent address: Department of Chemistry, West Mains Road, 
Edinburgh EH9 355, Scotland. 

@ Abstract published in Advance ACS Abstracts, December 1,1994. 
(1) Lambert, R. L., Jr.; Seyferth, D. J. Am. Chem. SOC. 1972, 94, 

9246. 
(2) (a) Ishikawa, M.; Nakagawa, K.-I.; Kumada, M. J. Organomet. 

Chem. 1979,178,105. (b) Tortorelli, V. J.; Jones, M., Jr. J. Am. Chem. 
SOC. 1980,102,1425. (c) Seyferth, D.; Annarelli, D. C.; Duncan, D. P. 
Organometallics 1982,1,1288. (d) Tortorelli, V. J.; Jones, M., Jr.; Wu, 
S.-H.; Li, Z.-H. Orgunometallics 1983, 2, 759. (e) Ando, W.; Fujita, 
M.; Yoshida, H.; Sekiguchi, A. J. Am. Chem. SOC. 1988,110,3310. (0 
Pae, D. H.; Xiao, M.; Chiang, M. Y.; Gaspar, P. P. J. Am. Chem. SOC. 
1991,113, 1281. 
(3) Boudjouk, P.; Black, E.; Kumarathasan, R. Organometallics 

1991, 10, 2095. 
(4) For recent studies on the reactivity of silylenes with conjugated 

dienes, see: (a) Lei, D.; Hwang, R.J.; Gaspar, P. P. J. Orgunomet. 
Chem. 1984,271, 1. (b) Gaspar, P. P.; Lei, D. Organometallics 1986, 
5,  1276. (c) Clarke, M. P.; Davidson, I. M. T. J. Chem. Soc., Chem. 
Commun. 1988, 241. (d) Zhang, S.; Conlin, R. T. J. Am. Chem. Soc. 
1991,113,4272. 
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stable siliranes makes use of the reductive dehaloge- 
nation of dihalosilanes by lithium metal in the presence 
of 0lefins.2~J15 

We have recently shown that cyclotrisilane la6 serves 
as an effective synthetic equivalent for silylene 2a: it 
transfers all three of its silylene subunits to various 
unsaturated substrates such as ketones6 or alkynes7 
under mild thermal conditions. It remained uncertain 
whether free silylenes are involved in these reactions. 
We now have investigated the reactivity of la toward 
olefins, both to examine the aptitude of la as a precur- 
sor for new siliranes and to obtain some insight into 
possible mechanisms of the unusual silylene transfer 
reactions of this cyclotrisilane. 

Results and Discussion 

When la was heated at  40 "C for 12 h with 1-pentene 
in C&, silirane 3a was formed quantitatively, as shown 
by lH NMR spectroscopy using poly(dimethylsi1oxane) 
as the internal integration standard. A large excess of 
olefin (> 10 equiv per silylene unit of la) was necessary 
in order to drive the reaction to completion. Further- 
more, it was essential to perform this reaction in quite 
concentrated solution (>0.1 mofi);  otherwise, appre- 
ciable amounts of unidentified byproducts were formed. 
Even under these conditions, isolation of analytically 
pure silirane 3a from the reaction mixture was impos- 
sible due to its thermal instability. Spectroscopically 
pure samples8 of 3a could be obtained by rapid removal 
of excess olefin and solvent in vacuo at room tempera- 

( 5 )  Boudjouk, P.; Samaraweera, U.; Sooriyakumaran, R.; Chrisciel, 
J.; Anderson, K. R. Angew. Chem. 1988,100,1406; Angew. Chem., Int. 
Ed. Engl. 1988,27, 1355. 
(6) Belzner, J. J. Organomet. Chem. 1992, 430, C51. 
(7) Belzner, J.; Ihmels, H. Tetrahedron Lett. 1993, 6541. 

0 1995 American Chemical Society 
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R 
\ F: 

R 

R R\  / 

R' R 
Si=Si, 

1 2 7 
R b 

3a,b 

la, 2a, 7a: R = 2-(Me2NCH2)C6H4 ( EAr) 

IC, ZC, 7c: R = H 
lb, 2b, 7b: R = r-Bu 

Ar2 Me2 
3a, 6a: R = n-Pr 

Me,,""' AMe "W Me 
3b, 6b: R ~ - B u  /'\ 3c,6c: R=Ph 

R Me 

3 4 

Ar2 

/!\ 
Pr ' 

5 

ture. Heating a concentrated solution of Sa, which was 
prepared as described above, in C6D6 for 5.5 h at  40 "C 
resulted in a mixture Of 3a, la, and 1-pentene in a 1:1:3 
ratio; this mixture could be converted back to 3a by 
addition of excess olefin. Silirane 3b, which was 
similarly prepared by reaction of l a  with an excess of 
1-hexene, exhibited an analogous partial retro reaction 
to cyclotrisilane la and olefin. Both siliranes were 
obtained as highly air- and moisture-sensitive oils, 
which were identified mainly by their NMR spectra, 
especially the 29Si NMR shift values, which fell into the 
high-field region typical for siliranesg (3a, 6 -76.6; 3b, 
6 -76.8) and proved the proposed cyclic structure 
unambiguously. 

The thermal retro reaction of siliranes 3a and 3b, 
respectively, to cyclotrisilane la  and the corresponding 
olefin indicates an equilibrium that does not have any 
precedent in the chemistry of siliranes. A possible 
mechanistic pathway for this reversible reaction is 
represented in Scheme 1: the first step of the sequence 
is the extrusion of silylene 2a, which could be trapped 
by addition to 1-pentyne, yielding quantitatively the 
known silirene 5.7 An analogous retro cleavage of a 
silirane is well-known from the pioneering studies on 
the reactivity of siliranes by Seyferth,2cJ0 which have 
unequivocally established an equilibrium between hex- 
amethylsilirane (4) and dimethylsilylene: thermolysis 
of 4 resulted in formation of tetramethylethylene and 
dimethylsilylene, which polymerized, inserted into a 
Si-C bond of the starting silirane 4, or could be 
intercepted by various trapping agents such as silox- 
anes, organosilicon hydrides, 2,3-dimethylbuta-1,3-di- 
ene, and alkynes. But whereas dimethylsilylene poly- 
merizes in the absence of a trapping agent, 2a trimerizes, 
presumably via disilene 7a as intermediate, eventually 

(8)The content of l a  in such samples was shown by lH NMR 
spectroscopy to be less than 1%. 

(9)  Williams, E. A. In The Chemistry of Organic Silicon Compounds; 
Patai, S., Rappoport, Z., Eds.; Wiley: Chichester, U.K., 1989; p 511. 
(10) (a) Seyferth, D.; Annarelli, D. C.; Vick, S. C.; Duncan, D. P. J. 

Organomet. Chem. 1980,201, 179. (b) Seyferth, D.; Annarelli, D. C. 
J .  Am. Chem. Soc. 1976,97, 7162. (c) Seyferth, D.; Annarelli, D. C.; 
Vick, S. C. J. Organomet. Chem. 1984,272, 123. 

Scheme 1 

l a  

A r 2 S q  

AI + ArzSi: AI, AI 
'si: si=( 
/ AI' Ar AI 

AI* Ar2 
Si-Si 

I I  
F R 

6a,b 

yielding cyclotrisilane 1a.l1 An  alternative, albeit less 
probable, mechanism cannot totally be ruled out: ini- 
tially formed silylene 2a could insert into a Si-C bond 
of the starting material to form 1,2-disilacyclobutane 
6; [2 + 21 cycloreversion of the four-membered ring 
again would lead to disilene 7a as a precursor of la. 
Both of the proposed mechanisms proceed through 
silylene 2a as an intermediate. Because of the revers- 
ibility of the cyclotrisilane formation from 3a and 3b, 
the principle of microscopic reversibility applies to these 
reactions and we must conclude that in the reverse 
reaction, i.e., that of la  with olefins to form siliranes, 
silylene 2a is involved as well. 

This is the first time that an equilibrium between a 
cyclotrisilane, a disilene, and a silylene has been 
established, thus adding a third reaction mode to the 
known decomposition pathways of cyclotrisilanes.12 In 
organotin chemistry, an analogous thermal equilibrium 
between cyclotristannane, distannene, and stannylene 
is ~ell-known, '~ whereas in organosilicon chemistry it 
had been sought without success.14 Only a few observa- 
tions reported in the last number of years have given 
hints of the possibility of such an equilibrium. First, 
reductive dehalogenation of 1,2-dibromo-1,1,2,2-tetra- 
tert-butyldisilane led, depending on the reaction condi- 
tions, to the corresponding disilene 7b, cyclotrisilane lb, 
or silylene 2b, which was trapped by subsequent cy- 
cloaddition rea~ti0ns.l~ The formation of compounds 
containing monosila or trisila units starting from a 
disilane may be due to silylene intermediates in these 
reactions but does not necessarily require the involve- 
ment of these species: it cannot be excluded that the 
initially formed disilene 7b undergoes metal-mediated 
redistribution reactions via metal silyl compounds as 

(11) Formation of a cyclotrisilane by addition af a silylene to a 
disilene was recently suggested by West: Gillette, G. R.; Noren, G.; 
West, R. Organometallics 1990, 9 ,  2925. 

(12) Weidenbruch, M. Comments Inorg. Chem. 1986,5,  247. 
(13) (a) Masamune, S.; Sib ,  L. R. J . h .  Chem. SOC. 1985,107,6390. 

(b) Weidenbruch, M.; Schiifer, A.; Kilian, H.; Pohl, S.; Sa&, W.; 
Marsmann, H. Chem. Ber. 1992,125,563. 

(14) See, e.g.: Masamune, S.; Eriyama, Y.; Kawase, T.Angew. Chem. 
1987,99, 601; Angew. Chem., Int. Ed. Engl. 1987,26, 584. 

(15) (a) Weidenbruch, M.; Schiifer, A.; mom,  K. L. Z .  Naturforsch. 
1983, 38B, 1695. (b) Schiifer, A.; Weidenbruch, M.; Peters, K.; von 
Schnering, H. G. Angew. Chem. 1984,96,31l;Angew. Chem., Int. Ed. 
Engl. 1984,23, 302. 
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Equilibrium between Silylenes and a Cyclotrisilane 

observed for various cyclic oligosilanes. l6 Second, an 
extremely bulky substituted disilene recently was re- 
ported to undergo silylene-like rea~ti0ns.l~ Presumably 
the extreme steric bulk of the organic substituents in 
this disilene reduces the strength of the Si-Si double 
bond substantially. Finally, the ability of the 2-((di- 
methy1amino)methyl)phenyl substituent to induce Si- 
Si bond cleavage in disilene 7a by intramolecular 
coordination of the amino group to silicon finds support 
in ab initio calculations by Apeloig for the H2Si=SiHd 
H2O interaction.ls On the basis of these computational 
results, an equilibrium between disilene 7a, which bears 
four potentially intramolecularly coordinating substitu- 
ents, and the silylene 2a, stabilized by intramolecular 
coordination, seems reasonable. It might be expected 
that such intramolecular coordination will substantially 
lower the activation energy for the formation of 2a from 
la and 7a, respe~tive1y.l~ 
la did not react with unstrained internal olefins. 

Addition of 2a to the C=C bond of trans-3-hexene, trans- 
stilbene, cyclooctene, cyclohexene, or cyclopentene was 
not observed. However, when the cyclopentene ring was 
part of a strained system as in norbornene, clean 
formation of tricyclic silirane 8 occurred. On the basis 

$Me Me 

8 9 

Me Me 

10 11 

12 13 

Ar = ~ - ( M c ~ N C H ~ ) C ~ H ~  

of the lH and 13C NMR data we assume the silirane ring 
in 8 adopts the ex0 configuration, which is in good 
agreement with the ex0 selectivity found for carbene 
attack on norbornene.20 The same strategy that worked 

(16) Brough, L. F.; West, R. J. Organomet. Chem. 1980, 194, 139 
and references cited therein. 

(17) Tokitoh, N.; Suzuki, H.; Okazaki, R.; Ogawa, K. J. Am. Chem. 
SOC. 1993,115, 10428. 

(18) Apeloig, Y. In Heteroatom Chemistry; Block, E., Ed.; VCH New 
York, 1990; p 27. For related calculations on silylenes, see: Gano, D. 
R.; Gordon, M. S.; Boatz, J. A. J. Am. Chem. SOC. 1991, 113, 6711. 

(19) (a) Corriu, R.; Lanneau, G.; Priou, C.; Soulairol, F.; Auner, N.; 
Probst, R.; Conlin, R.; Tan, C. J.  Organomet. Chem. 1994,466,55. (b) 
Conlin, R. T.; Laakso, D.; Marshall, P. Organometallics 1994,13,838. 

(20) See for example: (a) Kropp, P. J.; Pienta, N. J.; Sawyer, J. A.; 
Polniaszek, R. P. Tetrahedron 1981, 37, 3229. (b) Jefford, C. W.; 
Mahajan, S.; Waslyn, J.; Waegell, B. J.Am. Chem. SOC. 1965,87,2183. 
(c) Sauers, R. R.; Sonnet, P. E. Tetrahedron 1965, 20, 1029. (d) 
Simmons, H. E.; Smith, R. D. J. Am. Chem. SOC. 1959, 81, 4256. (e) 
Moore, W. R.; Moser, W. R.; LaPrade, J. E. J. Org. Chem. 1983, 28, 
2200. 
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w w  
Figure 1. Crystal structure of 14. Hydrogen atoms are 
omitted for clarity; displacement ellipsoids are at the 50% 
probability level. 
for norbornene, i.e., to increase the reactivity of the 
olefinic double bond by introduction of strain, was 
successful also with geminally disubstituted olefins. 
Whereas 9 did not form a silirane with la, the meth- 
ylenecyclopropane 10, which is formally the ring-closure 
product of 9, reacted with la to give spiro[2.2lpentane 
11. Extending this methodology to bicyclopropylidene, 
whose enhanced reactivity toward carbenes is known 
as allowed the synthesis of dispiro[2.0.2.1]- 
heptane 12 in quantitative yield. Decrease of strain, 
as realized in tetramethylethylene, resulted in complete 
suppression of the cycloaddition. 

In contrast to 3a and 3b, 8 as well as 11 and 12 were 
thermally stable; no retro reaction to la was observed 
at  room temperature. Only at temperatures above 110 
"C did 8 transfer its silylene unit to 2,2'-bipyridyl a t  a 
reasonable rate, giving the known6 tricyclic system 13.22 
Presumably the high strain energy of norbornene, which 
is formed in the course of the cleavage reaction, com- 
pared with that of normal olefins is responsible for the 
decreased silylene transfer reactivity of 8. 

The addition reaction of 2a with styrene was more 
complex: stirring la for 12 h at 40 "C with an excess of 
styrene led to quantitative formation of silaindane 14, 
whose structure was confirmed by X-ray analysis (Fig- 
ure 1). When the reaction was monitored by means of 
lH NMR spectroscopy, the formation of an intermediate, 
3c, was observed, which was converted subsequently to 
14. So far, it has not been possible to  find reaction 
conditions which allow the exclusive formation of 3c.23 
On the basis of the characteristic 29Si NMR shift 6 
-82.5, as well as examination of lH NMR spectra of the 
reaction mixture, the structure of silirane 3c was 
ascribed to this intermediate, which is formed by initial 
addition of 2a to the olefinic double bond of styrene. 

It has been assumed that silylene cycloaddition to 
conjugated dienes proceeds by a stepwise mechanism, 

(21) See for example: (a) Fitjer, L.; Conia, J. M. Angew. Chem. 1973, 
85 ,349  Angew. Chem., Znt. Ed. Engl. 1973,12,334. (b) Lukin, K. A.; 
Kuznetsova, T. S.; Kozhushkov, S. I.; Piven, V. A.; Zefirov, N. S. Zh. 
Org. Khim. 1988,24, 1644. 

(22) Similar compounds were shown by Weidenbruch to be the 
reaction products of photochemically generated 2b with 2,2'-bipy- 
ridyl: (a) Weidenbruch, M.; Schtifer, A.; Marsmann, H. J. Organomet. 
Chem. 1988, 354, C12. (b) Weidenbruch, M.; Lesch, A.; Marsmann, 
H. J .  Organomet. Chem. 1990,385, C47. 

(23) Very recently an analogous but stable phenyl-substituted 
silirane was obtained by cophotolysis of lb  and 2-methylstyrene: 
Weidenbruch, M.; Kroke; E.; Marsmann, H.; Pohl, S.; Saak, W. J. 
Chem. SOC., Chem. Commun. 1994, 1233. 
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Scheme 2 

Belzner et al. 

Table 1. Selected Bond Lengths (A), Nonbonding Distances 
(A), and Bond Angles (deg) in Silaindane 14 

Si(l)-C(l) 1.888(3) Si(l)-C(4) 1.881(4) Si(l)-C(ll) 1.888(3) 
Si(l)-C(21) 1.877(3) C(l)-C(2) 1.3920) C(2)-C(3) 1.508(5) 

Si( 1). -.N( 11) 3.259(3) Si(1). eN(21) 3.060(3) 

C(l)-Si(l)-C(4) 90.6(2) C(1)-Si(1)-C(l1) 112.8(1) 
C(4)-Si(l)-C(ll) 109.9(2) C(l)-Si(l)-C(21) 110.8(1) 
C(4)-Si(l)-C(21) 114.6(2) C(ll)-Si(l)-C(21) 115.6(2) 

When la was stirred with 3 equiv of 2,3-dimethyl- 
1,3-butadiene at  40 “C for 12 h, silacyclopentene M 3 0  
was formed quantitatively. In this case, the assumed 

C(3)-C(4) 1.533(5) 

3c 

Ar 
‘si: 
/ AI 

15 

starting with 1,2-addition of the silylene to the C-C 
double bond, followed by subsequent rearrangement.z4 
The transient existence of the initially formed vinylsi- 
lirane was proved indirectly by trapping experiments. 
Only recently, Conlin4 has succeeded in stabilizing such 
intermediates by reacting photolytically generated, 
bulky substituted silylenes with conjugated dienes. The 
resulting vinylsiliranes, which were contaminated with 
isomeric products, were identified unambiguously by 
means of NMR spectroscopy. Initial formation of the 
silirane 3c also was observed in the reaction of la  with 
styrene, thus suggesting two different mechanistic 
pathways to 14 (Scheme 2). The silaindane either may 
be the product of a [1,3]-silyl migrationz5 from initially 
formed 3c, followed by irreversible rearomatization of 
intermediate 15, which is the formal lP-addition prod- 
uct of 2a, to the conjugated system, or it may be the 
result of a possibly reversiblez6 1,4-~ycloaddition of 2a, 
which originates from cycloreversion of silirane 3c or 
directly from la, t o  styrene, again yielding 15 as 
precursor of 14. The second possibility appears to be 
less probable. Styrene is well-known to react with 
electron-deficient olefins as a 1,3-diene,z7 but this reac- 
tion mode was never observed for additions of carbenesz8 
or other group 14 homologues to styrene or substituted 
styrenes. However, germylenes have been reported to  
undergo concerted 1,4-~ycloadditions with “normal” 
conjugated olefins such as 1,4-diphenyl-1,3-b~tadiene.~~ 

(24) Gaspar, P. P. In  Reactive Intermediates; Jones, M., Jr., Moss, 
R. A., Eds.; Wiley: New York, 1985; Vol. 3, p 333 and references cited 
therein. 

(25) This shift may proceed in a concerted& or s t e p w i ~ e ~ ~  fashion 
via diradical intermediates. 

(26) Compare, e. g.: Lei, D.; Gaspar, P. P. Organometallics 1986, 
4, 1471. 

(27) Fringuelli, F.; Taticchi, A. Dienes in the Diek-Alder Reaction; 
Wiley: New York, 1990; and references cited therein. 

(28) Compare, e.g.: Hoffmann, R. W.; Lilienblum, W.; Dittrich, B. 
Chem. Ber. 1974,107,3395. 

(29) (a) Schriewer, M.; Neumann, W. P. Angew. Chem. 1981, 93, 
1089; Angew. Chem., Int. Ed. Engl. 1981,20, 1019. (b) Ma, E. C.-L.; 
Kobayashi, K.; Barzilai, M. W.; Gaspar, P. P. J .  Orgummet. Chem. 
1982,224, C13. 

(30) Recently, rather incomplete NMR data for 16 were reported.l9a 
The lH NMR shift values differ considerably from values found by us; 
we consider our data reported here to be correct. 

(31) Hwang, R.-J.; Conlin, R. T.; Gaspar, P. P. J. Orgummet. Chem. 
1975. 94. C.78. - - . -, - -, - - -. 

(32) Brook, A. G.; Baumegger, A.; Lough, A. J. Organometallics 

(33) Bondi, A. J. Phys. Chem. 1964, 68, 441. 
1992, 11, 310. 

16 17 

17% R = 2-(Me2NCH2)C6H4 ( 3Ar) 
17b: R=Me 

18 

vinylsilirane intermediate could not be detected in the 
course of this cycloaddition. In comparison with the 
reluctance of the olefin 9 (vide supra) to react with la, 
the activating influence of a conjugated double bond 
becomes rather evident. This seems to be true for 
cyclohexene and 1,3-cyclohexadiene as well: 2a did not 
add to the isolated internal double bond of cyclohexene, 
whereas 7-silanorbornene 17a was formed by reaction 
of la with 1,3-cyclohexadiene without any side products. 
Comparison of this result with the outcome of the 
interaction of thermally generated dimethylsilylene with 
1,3-cyclohexadiene, which resulted in a 1:l mixture of 
the corresponding silanorbornene 17b and the acyclic 
triene 18 in 20% yield,31 once more points out the 
advantage of having precursors from which silylenes 2a 
can be generated under mild conditions. 

Crystal Structures 
Crystals of 14 suitable for X-ray structural analysis 

were obtained by crystallization from diethyl ether/ 
pentane. Figure 1 shows the structure of 14; selected 
interatomic distances and angles are listed in Table 1. 
Whereas atoms Si(l), C(l) ,  C(2), and C(3) form an 
almost perfect plane (mean deviation 0.012 A), C(4) is 
located 0.517 A above this plane. Thus, the silacyclo- 
pentene ring in 14 adopts an envelope conformation, 
which is more strongly developed than that in a similar 
silaindane whose structure was reported recently by 
Brook.3z The bonding geometry around silicon is that 
of distorted tetrahedron: the small endocyclic C(1)- 
Si(l)-C(4) angle (90.6(2)”) is in contrast with the 
widened exocyclic C(2l)-Si(l)-C( 11) angle (1 15.6(2)”). 
The Si(l> **N(11) and Si(1). **N(21) distances (3.259(3) 
and 3.060(3) A, respectively) are shorter than the sum 
of the van der Waals radii of both elements (3.65 
but significantly longer than the usual distance between 

~~ 

(34) Chuit, C.; Corriu, R. J. P.; Reye, C.; Young, J. C. Chem. Rev. 
1993,93, 1371. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

04
4
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Table 2. Selected Bond Lengths (A), Nonbonding Distances 
(A), and Bond Angles (deg) in Silanorbornene 17a 

Figure 2. Crystal structure of 17a. Hydrogen atoms are 
omitted for clarity; displacement ellipsoids are at the 50% 
probability level. 

silicon and nitrogen in hypercoordinated silicon com- 
pounds (ca. 2-3 A).34 This could indicate a weak 
coordination of nitrogen to  silicon. However, this con- 
clusion is questioned by the observation that the lone 
pairs of the amino groups are not oriented exactly 
toward the silicon center. 

The structure of 17a is shown in Figure 2; selected 
structural parameters are summarized in Table 2. The 
double bond is disordered over two positions (C(2)= 
C(3) and C(5)=C(6) bonds, respectively, resulting in 
bond lengths between single and double bonds. The 
occupation ratio refined to 7:3. Again, severe distortion 
of the tetrahedral geometry around the silicon center 
is obvious: the endocyclic C(l)-S(l)-C(4) bond angle 
is reduced to  80.5(1)", a phenomenon which finds its 
parallel in the structure of some 7-silan0rbornadienes.~~ 
On the other hand, the exocyclic angles around silicon 
are significantly enlarged (up to 123.6(1)' for C(11)- 
Si(l)-C(4)). The widening of these angles allows one 
dimethylamino group to approach the silicon center, 
resulting in a Si( l ) . -*N(l l )  distance of 2.918(2) A. 
However, as in 14, the missing exact orientation of the 
amino lone pair  toward silicon argues against a signifi- 
cant Si* * .N interaction. 

Experimental Section 
IH NMR and 13C NMR spectra were recorded on a Bruker 

AM 250 ('H NMR, 250 MHz; 13C NMR, 62.9 MHz). lH,IH and 
lH,13C COSY spectra were recorded on a Varian VXR-200 (200 
MHz). C,, CH, CHz, and CH3 were determined using the 
D E R  pulse sequence. 29Si NMR spectra were recorded on a 
Bruker AMX 300 (59.6 MHz) using a refocused INEPT pulse 
sequence. Chemical shifts refer to 6 ~ s  0.0. Mass spectra were 
recorded on a Varian MAT CH7 and MAT 731; HRMS data 
were determined with a Varian MAT 311 A, using preselected 
ion peak matching at R =S 10 000 to be within f 2  ppm of the 
exact mass. Because of the high sensitivity of siliranes toward 
moisture and air, satisfactory mass spectra or elemental 
analyses could not be obtained in most cases. Mass spectra 
always showed, besides M+, the silirane contamination with 
hydrolysis product and corresponding fragments. Melting 
points are uncorrected. Elemental analyses were performed 
at Mikroanalytisches Labor der Georg-August-Universitat 
Gottingen. 

All manipulations were carried out under an inert argon 
atmosphere using carefully dried glassware. Solvents used 
were dried by refluxing over sodium and distilled immediately 
before use. 

(35) F'reut, H.; Mayer, B.; Neumann, W. P. Acta Crystallogr. 1983, 
C39, 1118. 

Si(l)-C(l) 1.917(3) Si(1)-C(4) 1.908(2) Si(1)-C(l1) 1.886(3) 
Si(l)-C(21) 1.883(2) 

2.918(2) Si(1). .*N( 11) 

C(l)-Si(l)-C(4) 80.5(1) C(1)-Si(1)-C(l1) 109.7(1) 
C(4)-Si(l)-C(ll) 123.6(1) C(l)-Si(l)-C(21) 114.5(1) 
C(4)-Si(l)-C(21) 114.8(1) C(l l)--Si(l)-C(21) 110.3(1) 

l,l-Bis[B-( (dimethylamino)methyl)phenyll-2-n-propyl- 
l-silirane (3a). To a solution of 45 mg (0.06 mmol) of la in 
0.4 mL Of C6D6 was added a 10-fold excess (about 0.07 mL) of 
l-pentene. The solution was heated at 40 "C for 12 h. After 
the reaction was completed, solvent and excess alkene were 
removed in vacuo at room temperature. The remaining pale 
green oil was redissolved in C6Ds to  yield a solution of 
spectroscopically pure 3a. The NMR spectra were determined 
within 30 min. 'H NMR (C&): 6 0.60 (dd, 'JtranS = 7 Hz, 2J 

'Jck = 11 Hz, 2J = 11 Hz, 1 H, 3-Htrans), 1.31-2.02 (m, 5 H, 
2H-, propyl CHd, 1.80 (s, 6 H, NMez), 1.83 (s, 6 H, NMez), 
3.18, 3.40 (AB system, 2J = 13 Hz, 2 H, CHZN), 3.27 (s, 2 H, 
CHzN), 7.10-7.19 (m, 6 H, ar HI, 7.92-7.98 (m; 2 H, ar H). 

(propyl CHz), 45.0, 45.1 (2 x NMez), 64.6, 64.8 (2 x CHZN), 
126.3 (ar CH), 126.6 (ar CHI, 127.8 (ar CH), 128.0 (ar CH), 
129.1 (ar CH), 129.2 (ar CHI, 133.6 (ar C,), 135.7 (ar Cq), 136.6 
(ar CH), 137.4 (ar CH), 145.9 (ar CJ, 146.7 (ar C,). 29Si NMR 

Thermolysis of 3a. With 45 mg (0.05 mmol) of la and 
0.07 mL of 1-pentene in 0.4 mL of C6Ds as starting materials, 
a solution of 3a was prepared as described above. After rapid 
removal of solvent and excess alkene in vacuo at room 
temperature, 0.4 mL of CsD6 was added to the residue; the 
content of starting materials la and l-pentene in this sample 
of 3a was shown to  be less than 1% by means of IH NMR 
spectroscopy. After poly(dimethylsi1oxane) was added as 
internal integration standard, the solution was heated to  40 
"C for 1 h. l a  as well as l-pentene were formed; the ratio 
3a:la:l-pentene was spectroscopically determined to  be 5:l: 
3. When the solution was heated to 40 "C for another 4.5 h, 
the ratio changed to  1:1:3. 

l,l-Bis[2-( (dimethylamino)methyl)phenyll-2-n-butyl- 
l-silirane (3b). To a solution of 60 mg (0.07 mmol) of la in 
0.4 mL of C6D6 was added 0.1 mL of l-hexene. After the 
solution was heated for 3 h at 40 "C, the solvent and excess 
alkene were removed in vacuo at room temperature. The 
remaining oil was redissolved in C6D6 to yield a solution of 3b 
(97%, contaminated with 3% la). lH NMR (CsD6): 6 0.62 (dd, 

= 11 Hz; 1 H, 3-&ie), 1.01 (t, ' J  = 7 Hz, 3 H, CH3), 1.18 (dd, 

13C NMR (C6D6): 6 5.3 (C-3), 14.4, 14.6 (CH3, C-2), 24.6, 35.7 

(C6D6): 6 -76.8. 

3Jtra, = 7 Hz, '5 = 10 Hz, 1 H, 3-&js), 0.95 (t, ' J  = 7 Hz, 3 H, 
CH3), 1.12 (dd, 'JcLs = 12 Hz, '5 = 10 Hz, 1 H, 3-Htr,ns), 1.22- 
2.03 (m, 7 H, 2-H, butyl CHz), 1.81 (8, 6 H, NMez), 1.83 (s, 6 
H, NMez), 3.20, 3.41 (AB system, zJ = 13 Hz, 2 H, CHZN), 
3.27 (9, 2 H, CHZN), 7.09-7.25 (m, 6 H, ar H), 7.94-7.98 (m, 
2 H, ar H). 13C NMR (C&): 6 5.4 (c-31, 14.5, 15.0 (CH3, c-2), 
23.1, 33.2, 33.8 (butyl CHz), 45.0, 45.1 (2 x NMez), 64.7, 64.9 
(2 x CHzN), 126.2 (ar CH), 126.6 (ar CH), 127.8 (ar CH), 129.1 
(ar CH), 129.2 (ar CHI, 129.9 (ar CHI, 133.6 (ar Cq), 135.8 (ar 
CJ, 136.6 (ar CHI, 137.4 (ar CHI, 145.9 (ar Cq), 146.7 (ar Cq). 
"si NMR (CsD6): -76.6. 

Thermolysis of ab. With 60 mg (0.07 mmol) of l a  and 
0.1 mL of l-hexene in 0.4 mL of CsDs as starting materials, a 
solution of 3b was prepared as described above. After rapid 
removal of the solvent and the alkene in vacuo at room 
temperature, CsD6 was added and the content of l a  relative 
to  3b was determined by IH NMR to be less than 3%. The 
solution was heated to 40 "C for 2 h, and the content of 3b 
was found to be 15%. When the solution was left at room 
temperature for 12 h, the content of la increased to 21%. 

1,l-Bis[2-( (dimethylamino)methyl)phenyll-2-phenyl-l- 
silirane (3c) and 2,3-Benzo-l,l-bis[2-((dimethylamino)- 
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methyl)phenyl]-l-silacyclopent-2-ene (14). To a solution 
of 63 mg (0.07 mmol) of la in 4 mL of toluene was added 0.2 
mL of styrene, The solution was stirred at 40 "C for 1 h; 3c 
could be identified in this reaction mixture in addition to 
starting materials and 14 by means of NMR spectroscopy. The 
solution was heated for another 11 h to  40 "C. After solvent 
and excess styrene were removed in vacuo, 85 mg of a 
spectroscopically pure, white solid wa8 obtained. Recrystal- 
lization from ethedpentane (2:l) gave 44 mg (52%) of analyti- 
cally pure 14. 3c (data incomplete due to partial signal overlap 
with starting materials and 14). lH NMR (C6Ds): 6 1.39 (dd, 

3J,i, = 11 Hz, 2 H, 2-H), 1.66 (s,6 H, NMez), 1.90 (s,6 H, NMe2), 
2.94 (B moiety of AB system, 25 = 14 Hz). 29Si NMR (CsDs): 6 
-82.5. 14: mp 114-115 "C. 'H NMR (CDC13): 6 1.54 (dd, 3J 
= 7 and 8 Hz, 2 H, 5-H), 1.83 (s, 12 H, NMez), 3.20 (m, 6 H, 
CHzN, 4-H), 7.16-7.31 (m, 9 H, ar H), 7.69 (d, 35 = 7 Hz, 2 H, 
ar H), 7.77 (d, 3 5  = 7 Hz, 1 H, ar H). 13C NMR (CDC13): 6 12.9 
(C-5), 31.7 (C-41, 45.1 (NMeZ), 64.7 (CHZN), 125.2 (ar CHI, 
125.9 (ar CH), 126.4 (ar CH), 128.5 (ar CH), 128.8 (ar CH), 
128.9 (ar CH), 134.6 (ar CHI, 135.9 (ar Cq), 136.0 (ar CHI, 139.3 
(ar Cq), 145.2 (ar Cq), 154.0 (ar Cq). 29si (CsDs): 6 2.5. MS 
(EI; 70 em: mlz (relative intensity) 400 (M+, l), 385 (M+ - Me, 
l), 297 (ArzSi+, 21, 266 (M+ - 134, 34), 57 (CHNMeZ+, 100). 
Anal. Calcd for C Z ~ H ~ Z N ~ S ~ :  C, 77.95; H, 8.05; N, 6.99. 
Found: C, 78.03; H, 8.03; N, 6.94. 
1,1-Bis-[2-((dimethylamino)methyl)phenyll-2-n-propyl- 

1-silirene (5).7 To a solution of 56 mg (0.15 mmol) of 3b in 
0.5 mL of C& in the presence of 0.2 mL of 1-pentene (to 
suppress retro reaction to  la) was added 0.2 mL of 1-pentyne, 
and the mixture was heated to 40 "C for 8 h. After evaporation 
of all volatile compounds in vacuo, silirene 5 remained as a 
lH NMR spectroscopically pure oil. Attempted further puri- 
fication by distillation resulted in complete decomposition. 'H 
NMR (CsDs): 6 1.03 (t, 35 = 7 Hz, 3 H, CH3), 1.75-2.04 (m, 2 
H, CH2), 1.94 (s, 12 H, NMez), 2.67 (dt, 35 = 7 Hz, 45 = 1 Hz, 
2 H, CHz), 3.28 (s, 4 H, CHzN), 7.07-7.21 (m, 6 H, ar H), 7.71 
(dd, 35 = 8 Hz, 45 = 1 Hz, 2 H, ar HI, 8.58 (t, 45 = 1 Hz, 1 H, 

45.3 (NMeZ), 63.6 (CHzN), 126.8 (ar CH), 127.4 (ar CH), 128.9 
(ar CH), 136.4 (ar CH), 138.5 (ar CJ, 144.3 (ar Cq), 147.9 (C- 
2), 180.5 (C-3, JC-H = 166 Hz). 29Si NMR (CsDs): 6 -106.3. 
MS (EI; 70 eV): mlz 364 (M+, 1). Anal. Calcd for C23H32N~Si: 
C, 75.77; H, 8.85. Found: C, 74.55; H, 8.82. 
exo-3,3-Bis[2-((dimethylamino~methyl)phenyl)l-3-si- 

latricycl0[3.2.1.0~~~]octane (8). To a solution of 80 mg (0.09 
mmol) of la in 0.4 mL of CsDs was added 25 mg (0.27 mmol) 
of norbornene. The solution was heated for 4.5 h to 50 "C. 
After evaporation of solvent and remaining norbornene, 8 was 
obtained as a spectroscopically pure colorless oil. lH NMR 
(additional lH,lH and lH,13C COSY spectra; CsDs): 6 0.96- 
1.01 (m, 1 H, 8-Kyn),  1.45-1.56 (m, 3 H, 8-%nti, 6,7-Endo), 
1.76-2.01 (m, 4 H, 6 , 7 - a 0 ,  2,4-H), 1.86 (9, 6 H, NMez), 1.96 
(s, 6 H, NMez), 2.65-2.90 (broad s, 2 H, 1,5-H), 3.17 (s, 2 H, 
CHzN), 3.40-3.50 (broadened AB system, 2 H, CHZN), 6.95- 
6.99 (m, 1 H, ar H), 7.10-7.20 (m, 5 H, ar  HI, 7.81 (dd, 35 = 
7 Hz, 4J = 1 Hz, 1 H, ar H), 8.16-8.20 (m, 1 H, ar H). 13C 
NMR (125.7 MHz, CsDs): 6 26.3 (broad, C-2,4), 34.3 (C-6,7), 
36.4 (C-81, 40.1 (broad, C-1,5), 45.1 (NMez), 45.2 (NMez), 64.3 
(CHzN), 64.7 (CHz), 126.0 (ar CH), 126.9 (ar CH), 127.1 (ar 
CHI, 128.6 (ar CHI, 128.9 (ar CHI, 129.8 (ar CHI, 134.7 (ar 
CJ, 135.4 (ar Cq), 136.4 (ar CHI, 139.5 (ar CHI, 146.1 (ar Cq), 
146.4 (ar Cq). 29Si NMR (CsDs): 6 -77.3. HRMS: calcd for 
C ~ 5 H d z S i  390.2491, found 390.2491. Anal. Calcd for C2&4- 
NzSi: C, 76.87; H, 8.77. Found: C, 75.70; H, 8.92. 
Thermolysis of 8 in the Presence of 2,2-Bipyridyl. To 

a solution of 211 mg (0.54 mmol) of 8 in 10 mL of xylene was 
added 84 mg (0.54 mmol) of 2,2'-bipyridyl. The solution was 
stirred for 12 h at 120 "C. After evaporation of the solvent 
the crude product was recrystallized from ether to give 63 mg 
(21%) of 136 (mp 60-62 "C dec). 

3Jt,,, = 9 Hz, 25 = 12 Hz, 1 H, 3-&& 2.63 (dd, V t , ,  = 9 Hz, 

3-H). 13C NMR (CsDs): 6 14.6 (CH3), 21.5 (CHz), 38.7 (CH2), 

Belzner et al. 

Table 3. Summary of Crystal Data, Details of the Intensity 
Collection, and Least-Squares Refinement Parameters for 

Silaindane 14 and Silanorbornene 17a 
14 179 

empirical formula 
MI 
cryst size (mm) 
cryst syst 
space group 
a (A) 
b (A) 

Z 
D, (g 
P ("-9 
F(000) 
20 range (deg) 
range of hkl 

no. of rflns coll 
no. of indep rflns 
R(int) 
no. of data 
no. of params 
S 
gl 
gz 
R1 (F > 4u(F)) 
wR2 (all data) 
extinction coeff x 
largest diff peak (e A-3) 
largest diff hole (e A-3) 

CzaHdzSi  
400.63 
0.7 x 0.6 x 0.3 
monoclinic 
a l e  
36.255(7) 
8.877(2) 
14.966(2) 
1O9.60( 1) 
4537(2) 
8 
1.173 
0.118 
1728 

-38 5 h 5 +38, 
- 9 5 k 5 + 9 ,  
-7 5 15 +16 

8 5 2e 5 45 

4732 
2881 
0.0205 
2876 
266 
1.103 
0.0554 
13.5732 
0.0515 
0.1552 

0.48 
-0.48 

C24H32NzSi 
376.61 
0.7 x 0.7 x 0.5 
monoclinic 
a i c  
14.155(5) 
13.336(4) 
23.339(8) 
107.16(2) 
4120(2) 
8 
1.188 
0.123 
1632 

-15 5 h 5 +15, 
8 5 2e 5 45 

-12 5 k 5 +14, 
-25 5 15 $25 

3565 
2683 
0.0437 
2681 
249 
1.131 
0.0249 
7.1883 
0.0401 
0.0978 
0.0013(2) 
0.27 
-0.23 

l,l-Bis-[2-( (dimethylamino)methyl)phenyll-4,4-di- 
methyl-l-silaspiro[2.2lpentane (11). To a solution of 70 mg 
of la (0.08 mmol) in 4 mL of toluene wa8 added 0.1 mL of 10. 
The solution was stirred at 40 "C for 12 h. Solvent and alkene 
were removed in vacuo to give 90 mg of 11 as a spectroscopi- 
cally pure, pale yellow oil. lH NMR (CsDs): 6 0.73, 1.13 (AX 
system, 2 5  = 3 Hz, 2 H, 5-H), 0.88, 1.23 (AB system, 2J = 10 

H, NMeZ), 1.80 (s, 6 H, NMeZ), 3.12, 3.27 (AB system, zJ = 13 
Hz, 2 H, C H a ) ,  3.21,3.28 (AB system, 25 = 13 Hz, 2 H, C H a ) ,  
6.99-7.02 (m, 1 H, ar H), 7.13-7.23 (m, 5 H, ar H), 7.85-7.88 
(m, 1 H, ar H), 8.09-8.13 (m, 1 H, ar HI. 13C NMR (CsDs): 

(NMez), 45.4 (NMez), 64.4 (CHZN), 64.6 (CH2N), 126.5 (ar CHI, 
126.9 (ar CH), 127.2 (ar CH), 128.4 (ar CH), 128.7 (ar CH), 
129.3 (ar CH), 135.5 (ar CH), 135.9 (2 x ar Cq), 137.1 (ar CH), 
145.5 (ar cq), 145.6 (ar cq). "Si NMR (CsDs): 6 -72.4. MS 
(EI; 70 em: mlz (relative intensity) 376 (Mf, 41, 363 (M+ - 
Me, 16), 244 (M+ - 134, 17). Anal. Calcd for C24H382Si: C, 
76.13; H, 9.05. Found: C, 76.23; H, 9.25. 
7,7-Bis-[2-((dimethylamino)methyl~phenyll-7-sila- 

dispiro[2.0.2.l]heptane (12). To a solution of 112 mg (0.13 
mmol) of la in 0.4 mL of CsDs was added 31 mg (0.39 mmol) 
of bicyclopropylidene. The solution was heated to  50 "C for 7 
h to give 12 quantitatively. 'H NMR (CsDs): 6 0.67, 0.85 (m, 
AA'BB' system, 8 H, 1,2,5,6-H), 1.74 (a, 12 H, NMe2), 3.27 (s, 
4 H, CHzN), 7.13-7.23 (m, 6 H, ar H), 8.07-8.11 (m, 2 H, ar 

(NMe2), 64.7 (CHzN), 126.7 (ar CH), 127.3 (ar CHI, 129.0 (ar 
CH), 136.4 (ar CJ, 136.6 (ar CH), 144.9 (ar Cq). 29Si NMR 
(CeDt3): 6 -75.6. 
l,l-Bis-[2-((dimethylamino)methyl~phenyll-3,4-di- 

methyl-1-silacyclopent-3-ene (16). To a solution of 51 mg 
(0.06 mmol) of la in 5 mL of toluene was added 0.2 mL of 
2,3-dimethyl-1,3-butadiene. The solution was stirred at 40 "C 
for 12 h. After removal of solvent and excess diene, 66 mg of 
16 as a colorless, spectroscopically pure oil was obtained. The 
compound could be further purified by Kugelrohr distillation 
(125 "C/5 x mmHg) to  yield 37 mg (57%) of 16 as a white 

Hz, 2 H, 2-H), 1.21 ( 8 ,  3 H, CH3), 1.39 (s, 3 H, CH3), 1.76 (8, 6 

8.1 (C-2), 20.2 (C-3,4), 23.4 (CH3), 27.7 (CH3), 28.3 (C-5), 45.1 

H). l3C NMR (CsD6): 6 8.3 (C-1,2,5,6), 10.9 (c-3,4), 45.3 
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Equilibrium between Silylenes and a Cyclotrisilane 

solid; mp 70 "C. lH NMR (CDC13):30 6 1.74 (broad s, 6 H, CH3), 
1.84 (broad s, 16 H, NMe2, 2,5-H), 3.15 (s, 4 H, CHzN), 7.25- 
7.30 (m, 6 H, ar H), 7.69 (d, 3J = 7 Hz, 2 H, ar H). 'H NMR 
(CsD6): 6 1.76 (s, 12 H, NMez), 1.86 (s, 6 H, CH3), 1.99 (broad 
s, 4 H, 2,5-H), 3.12 (8, 4 H, CH2N), 7.17-7.28 (m, 6 H, ar  H), 
7.82-7.88 (m; 2 H, ar  H). 13C NMR (CDC4): 6 19.2 (CH3), 
25.5 (CHz), 45.1 (NMeZ), 64.5 (CHzN), 126.1 (ar CHI, 128.3 (ar 
CH), 128.8 (ar CH), 130.4 (C-3,4), 135.7 (ar CH), 136.6 (ar Cq), 
145.3 (ar Cq). 29Si NMR (C6De): 6 -2.3. MS (EI; 70 eV): mlz 
(relative intensity) 378 (M+, lo), 363 (M+ - Me, 4), 296 ( A r z -  
Si+, 4), 281 (ArZSi+ - Me, loo), 244 (M+ - 134, 40). Anal. 
Calcd for C24H3&Si: C, 76.13; H, 9.05; N, 7.40. Found: C, 
76.26; H, 9.15; N, 7.39. 

7,7-Bis-[2-( (dimethylamino)methyI)pheny1]-7-~ila- 
bicyclo[2.2.1]hept-2-ene (17). To a solution of 58 mg (0.07 
mmol) of la  in 4 mL of toluene was added 0.2 mL of 
1,3-cyclohexadiene. The solution was stirred at 40 "C for 12 
h. Solvent and excess diene were removed in vacuo, and 13 
mg (99%) of 17 was obtained as a white, analytically pure solid; 
mp 100 "C. lH NMR (250 MHz, C&; additional 'H,lH 
COSY): 6 1.57 (broad d, zJ = 7 Hz, 2 H, 5,6-Kn&), 1.79 (s, 6 
H, NMeZ), 1.88 ( 8 ,  6 H, NMez), 2.17 (broad, zJ = 7 Hz, 2 H, 
5,6-&), 2.45 (broad s, 2 H, 1,4-H), 3.09 (s, 2 H, CHzN), 3.13 

7.11-7.26(m,6H,arH),7.72-7.76(m, lH,arH),7.88-7.92 

44.9 (NMeZ), 64.6, 65.0 (2 x CHzN), 125.6 (ar CH), 126.1 (ar 
CH), 128.3 (ar CH), 128.9 (ar CHI, 129.3 (ar CHI, 129.4 (ar 
CH), 133.8 (C-2,3), 134.6 (ar Cq), 137.1 (ar Cq), 137.7 (ar CHI, 
140.1 (ar CH), 145.7 (ar Cq), 146.6 (ar Cq). 29Si NMR (CsDs): 
6 19.0. MS (EI; 70 eV): m/z (relative intensity) 376 (M+, 5), 
296 (ArzSi+, 7), 281 (ArzSi+ - Me, loo), 238 (ArzSi - 58, 33). 
Anal. Calcd for C24H3zNzSi: C, 76.54; H, 8.56. Found: C, 
76.49; H, 8.70. 

(s, 2 H, CHzN), 6.45 (dd, 3J = 4 Hz, 4J = 3 Hz, 2 H, 2,3-H), 

l3C NMR (C6D6): 6 25.8 (C-5,6), 31.3 (C-1,4), (m, 1 H, ar H). 
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X-ray Structure Determination for 14 and 17a. Crystal 
data, data collection, and least-squares parameters are sum- 
marized in Table 3. Data were collected at -120 "C on a 
STOE-Siemens-Huber four-circle diffractometer using 
monochromated Mo Ka radiation (1 = 0.710 73 ), The 
structures were solved by direct methods.36 All non-hydrogen 
atoms were refined anisotropi~ally.~~ A riding model starting 
from calculated positions was employed for the hydrogen 
atoms. The structure was refined against F with the weight- 
ing scheme w- l=  u2(Fo2) + ( ~ I P ) ~  + gfl, with P = (F2 + 2F,2)/ 
3. The R values were defined as R1 = CIIFol - IFcllEIFoI and 
wR2 = [Xw(Fo2 - F~)2EwFo4]uz. For 17a an extinction 
correction was applied: Fc* = kFJ1 + 0.001F>A3/(sin 2e)]-1/4. 
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Experimental and Theoretical Studies of Gold(1) 
Complexes Au(L)+ (L = H20, CO, NH3,  C2&, C3H6, C4H& 

C6H6, C6F6) 
Detlef Schroder,*>t Jan HrugAk,t Roland H. Hertwig,? Wolfram Koch,? 

Peter Schwerdtfeger,* and Helmut Schwarzt 
Institut fur Organische Chemie der Technischen Universitat Berlin, 

D-10623 Berlin, Germany, and Computational Material Science and Engineering Research 
Centre, Department of Chemistry and the School of Engineering, University of Auckland, 

Private Bag 92019, Auckland, New Zealand 

Received July 6, 1994@ 

Radiative association enhances the formation of AU(CsF6)' from bare Au+ ions and 
hexafluorobenzene in the low-pressure regime of a Fourier transform ion cyclotron resonance 
mass spectrometer. Due to the relatively small bond dissociation energy (BDE) of Au+- 
C6F6, this complex can be used as a versatile precursor for the generation of other Au(L)+ 
complexes by ligand-exchange reactions. Iodmolecule reactions employing the bracketing 
technique provide a relative gold(1) cation affinity scheme for the various ligands L, i.e. C6F6 
< H20 < CO < C2H4 < C6H6 < NH3 < C3H6 < C4H6. In addition, for some ligand pairs L/L' 
both the forward and reverse ligand exchange reactions were observed from which 
equilibrium data a t  room temperature were derived. For Au(H20)+, Au(CO)+, Au(NHd+, 
and Au(C2H4)+ the absolute BDEs are evaluated by means of ab initio MO calculations at 
the MP2 level of theory, and the following gold(1) cation affinities are obtained: 39 kcallmol 
(L = HzO), 50 kcaVmo1 (CO), 69 kcaVmol (NH3), and 73 kcal/mol (C2H4), respectively. On 
the basis of a comparison of the experimental and computational findings, the absolute error 
of the calculated BDEs is estimated to  be f5 kcallmol. The unusually high BDE of Au- 
(C2H4)+ of ca. 70 kcaVmol is further confirmed by the observation that ethene can replace 
not only a benzene molecule in AU(CsH6)' in a slightly endothermic process but also the 
covalently bound iodine ligand in AuI+ to yield Au(C2H4)+, setting a lower limit of 59 kcall 
mol for BDE(Au+-CzH4). Finally, the relative gold(1) cation affinity scale is compared to 
findings for M(L)+ complexes of other transition metals. 

Complexes of bare transition-metal cations with small 
ligands in the gas phase have attracted considerable 
interest within the last decade. Numerous experimen- 
tal studies established accurate bond dissociation ener- 
gies (BDEs) of M(L)+ complexes for the first-row tran- 
sition-metal cations with a large variety of 1igands.l In 
addition, nowadays theoretical results on these systems 
are available and found to  be in reasonable agreement 
with the experimental findings, provided the correlation 
energy is taken into account appropriately.2 In fact, in 
some cases the computational results prompted a revi- 
sion of experimental  figure^.^ So far, not much experi- 
mental effort has been undertaken to  evaluate the 
thermochemistry of second- and third-row transition- 
metal i0ns.l Previous studies by Wilkins and co- 
workers4 addressed the chemistry of bare Au+ with 
organic substrates, e.g. saturated and unsaturated 
hydrocarbons as well as monofunctionalized alkanes. A 

particular feature of Au+ chemistry is due to the high 
ionization energy (IE) of the gold atom, which renders 
its chemistry quite different as compared to other 
transition-metal ions. For example, while most transi- 
tion-metal cations dehydrate/dehydrohalogenate al- 
kanols and haloalkanes, respectively, bare Au+ prefer- 
entially undergoes hydride transfer to yield neutral AuH 
together with the corresponding a-cleavage products of 
the substrates, ie.. closed-shell organic ions.4 In addi- 
tion, heavy elements exhibit relativistic effects, which 
are most pronounced for gold.5 

In this article we report combined experimental/ 
computational studies of Au(L)+ complexes with some 
inorganic and organic ligands L.6 The relative gold 
cation affinities of the various ligands as derived from 
bracketing experiments are supplemented by ab initio 
MO computations and compared to previous findings 
for other ligated transition-metal ions. 

+ Technischen Universitat Berlin. * University of Auckland. 
@ Abstract published in Advance ACS Abstracts, November 15,1994. 
(1) Reviews: (a) Buckner, S. W.; Freiser, B. S. PoZyhedron 1988, 7,  

1583. (b) Freiser, B. S. Chemtracts: Anal. Phys. Chem. 1989, 1, 65. 
(c) Eller, K.; Schwarz, H. Chem. Reu. 1991, 91, 1121. 

(2) (a) Tsipis, C. A. Coord. Chem. Rev. 1991,108, 163. (b) Magnus- 
son, E.; Moriarty, N. W. J .  Comput. Chem. 1993,8, 961. 

(3) See for example: Sodupe, M.; Bauschlicher, C. W., Jr.; Langhoff, 
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(4) (a) Weil, D. A.; Wilkins, C. L. J .  Am. Chem. SOC. 1985,107,7316. 
(b) Chowdhurv, A. K.: Wilkins, C. L. J .  Am. Chem. SOC. 1987. 109. 
5336. 

Experimental and Computational Details 

The experiments were performed with a Spectrospin CMS 
47X Fourier transform ion cyclotron resonance (FTICR) mass 
spectrometer, which has been described in detail elsewhere.' 
In brief, Au+ ions were generated by laser desorptionflaser 

(5) Pyykkii, P. Chem. Rev. 1988,88, 563. 
(6) Theoretical studies of Au(H20)+ were reported in a preliminary 

communication: HruS&, J.; Schroder, D.; Schwarz, H. Chem. Phys. 
Lett. 1994, 225, 416. 

0276-7333/95/2314-0312$09.00/0 0 1995 American Chemical Society 
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Gold(I) Complexes 

ionizations by focusing a beam of a Nd:YAG laser onto a pure 
gold target. The ions were extracted from the source and 
transferred to the analyzer cell by a system of electric 
potentials and lenses. The isolation of lg7Au+ and all subse- 
quent ion isolations were performed by using FERETS,g a 
computer-controlled ion ejection protocol which combines 
single-frequency pulses with frequency sweeps to optimize ion 
isolation. Au(L)+ complexes were generated by reacting the 
ligands L with Au(C$6)+, which was produced from Au+ and 
a pulsed-in CoFdAr mixture, and subsequently thermalized 
by collisions with argon.1° It  is borne out in the experiments 
that thermalization of atomic Aut is not as efficient as for other 
transition-metal cations,1° and more than 1000 collisions with 
argon were necessary for effective thermalization. Organic 
substrates were introduced via leak valves at pressures 
ranging from 2 x to 5 x mbar. Branching ratios 
and rate constants were derived from the analysis of the 
reaction kinetics, and the pseudo-first-order rate constants 
were converted to absolute rate constants by calibrating the 
pressure measurementsll using rates of well-known ion/ 
molecule processes;12 the error of the absolute rate constants 
is estimated to be f25%.Ioa If forward and backward ligand- 
exchange reactions were observed, a ca. 1:l mixture of the 
respective neutrals L and L' was admitted to the FTICR cell. 
After the mass selection of Au(L)+ and Au(L')+ ions, generated 
as described above, the pressure and time dependence of the 
Au(L)+/Au(L')+ ratios was monitored. With the knowledge of 
absolute pressures, these ratios are then converted to thermal 
equilibrium constants, Keq. As described in the following, the 
experimental error of Keq amounts to  f20%; however, due to  
systematic errors which are associated with the pressure 
measurement,IOJ1 the absolute errors may well be larger. 

In the ab initio MO calculations we used the multielectron 
adjusted relativistic effective core potential (RECP),13 aug- 
mented by additional diffuse and polarization functions, 
resulting in a [lOslSp/7d/lfy(9~/5p/6d/l~ basis set for the gold 
atom.6 For the other atoms we used the Dunning TZ2P basis 
sets with an additional f-polarization function ( 5  = 1.85) for 
the carbon, nitrogen, and oxygen atoms, i.e. the contraction 
[lOs/6p/2d/lfy(5~/3p/2d/l~ and the [5~/2p/ldY(3~/2p/ld) basis 
set for hydrogen atoms.14 Full geometry optimizations have 
been performed by using standard procedures at the SCF and 
MP2 levels of theory. As has been demonstrated previously,6J5 
simple Au+ compounds are reasonably described by this 
theoretical approach, and a further increase of the inclusion 
of correlation energy does not result in substantial changes 
in geometry and/or energy. All valence electrons were cor- 
related in the perturbational treatment, and these calculations 
were performed in appropriate symmetries using the GAUSS- 
IAN92-DFT program package.16 All computations were per- 
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formed on either IBM/RS 6000 workstations or a CRAY-YMP 
computer. A complete theoretical treatment of basis set 
dependencies and relativistic effects, as well as various 
alternative computational approaches, will be published sepa- 
rately.17 

(7) (a) Eller, K.; Schwarz, H. Int. J. Mass Spectrom. Zon Processes 
1989,93,243. (b) Eller, K.; Zummack, W.; Schwarz, H. J. Am. Chem. 
SOC. 1990. 112. 621. 

(8) (a) FrGser, B. S. Talanta 1986,32,697. (b) Freiser, B. S. Anal. 

(9) Forbes, R. A.; Laukien, F. H.; Wronka, J. Znt. J. Mass Spectrom. 
Chim. Acta 1986,178, 137. 

Zon Processes 1988, 83, 23. 
(10)(a) Schroder, D. Ph.D. Thesis, TU Berlin D83, 1993. (b) 

Schroder. D.: Fiedler. A.: Rvan. M. F.: Schwarz. H. J. Phvs. Chem. , , " ,  

1994, 98,' 68.' 
(11) The pressures were corrected for the relative sensitivity of the 

ion gauge for different gases. For details, see: (a) Nakao, F, Vacuum 
1976, 25, 431. (b) Bartmess, J. E.; Georgiadis, R. M. Vacuum 1983, 
33, 149. 

(12) Examples of calibration reactions are described by: Lin, Y.; 
Ridge, D. P.; Munson, B. Org. Muss Spectrom. 1991,26, 550. 

(13) Schwerdtfeger, P.; Dolg, M.; Schwarz, W. H. E.; Bowmaker, G. 
A.; Boyd, P. D. W. J. Chem. Phys. 1989,91, 1762. 

(14) Huzinaga, 5. J. Chem. Phys. 1968,42, 1293. 
(15) Veldkamp, A.; Frenking, G. Organometallics 1993, 12, 4613. 
(16)Frisch, M. J.; Trucks, G. W.; Schlegel, H. W.; Gill, P. M. W.; 

Johnson, B. G.; Wong, M. W.; Foresman, J. B.; Robb, M. A.; Head- 
Gordon, M.; Replogle, E. s.; Gomperts, R.; Andres, J. L.; Raghavachari, 
K.; Binkley, J. S.; Gonzales, C.; Martin, R. L.; Fox, D. J.; Defrees, D. 
J.; Baker, J.; Stewart, J. J. P.; Pople, J. A. GAUSSIAN92-DFT, Rev. 
F.2; Gaussian Inc., Pittsburgh, PA, 1993. 

Results and Discussion 

Even at  the low-pressure regime of the FTICR setup, 
thermalized Au+ cations react with hexafluorobenzene 
(C6F6) to rapidly form the adduct complex Au(CsFs)+, 
indicating that the rovibrationally excited encounter 
complex Au(C,jFs)+* undergoes radiative stabilization.ls 
Measurements of rate constants at different reactant 
pressures in the presence of argon as an additional 
third-body stabilization agent result in the following 
rate law for the association reaction of Au+ with CsF6: 
k ( p )  = 1.5 x lowlo cm3 molecule-l s-l + ( 3  x 10-20)p 
cm6 molecule-2 s-l. In a secondary reaction, association 
to yield the corresponding bisadduct complex Au(C6F&+ 
is observed (Scheme 1). For convenience, CsF6 was 
pulsed-in as a mixture with argon in order to allow rapid 
formation as well as thermalization of Au(CsFd+. Thus, 
when the reagents were pumped-off, they did not affect 
the subsequent measurements. 

Scheme 1 

We were not able to determine the bond dissociation 
energy of the Au(C6F6)+ so formed; however, as shown 
below, its BDE is relatively small. Therefore, this 
complex can be used as a suitable precursor for the 
generation of Au(L)+ complexes with various other 
ligands by ligand-exchange reactions of the type 

In addition, association to yield Au(C6F&)+ as well 
as subsequently Au(L)z+ was also observed. 

Assuming that multiple collisions with argon ef- 
fectively thermalize the Au(L)+ complexes so formed, 
the occurrence of ligand exchange indicates that the 
BDE(Au+L) values or the particular ligands exceed 
BDE(Au+-CsFe). No exchange reactions were observed 
when Au(CsFs)+ was reacted with Nz and 02. For those 
ligands which undergo ligand exchange with Au(CsFs)+, 
the Au(L)+ complexes so formed were subsequently 
mass-selected and reacted with other ligands L' to probe 
relative gold cation affinities, e.g. 

(17) (a) HruB&, J.; Hertwig, R. H.; Scmder, D.; Schwerdtfeger, P.; 
Koch, W.; Schwarz, H. organometallics, in press. (b) Hrugfi, J.; 
Hertwig, R. H.; Schroder, D.; Koch, W.; Schwarz, H. Proc. Int. Congr. 
Quantum Chem. 1994,8,350. 

( l 8 ) (a )  Dunbar, R. C. Mass Spectrom. Rev. 1992, 11, 309. (b) 
Dunbar, R. C.; Uechi, G. T.; Asamoto, B. J. Am. Chem. Soc. 1994,116, 
2466. (c) Tholmann, D.; McCormick, A.; McMahon, T. B. J. Phys. 
Chem. 1994, 98, 1156. (d) Stockigt, D.; Schwarz, H. Znt. J. Mass 
Spectrom. Zon Processes, in press. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

04
5



314 Organometallics, Vol. 14, No. 1, 1995 Schroder et al. 

Table 1. Occurrence (+) or Nonoccurrence (-) of 
Ligand-Exchange Reactions Au(L)+ + L' - Au(L')+ + L for 

Various Ligands L and L'= 
L' 

+ + +  + + +  + 
o + +  + + +  + 
- o +  + + +  + 
- - 0  +b +b + + 
- - +b 0 +b + + 
- - +b f b  0 +b + 

- +b 0 + 
0 

- - - 
- - - - - - 

a The circles denote the rapid degenerate exchange reactions Au(L)+ + 
L - Au(L)+ + L. For all ligand combinations, formation of the bisadduct 
complexes Au(L)2+ was observed as a secondary reaction. For these ligand 
pairs forward and backward ligand-exchange reactions between Au(L)+ and 
Au(L')+ were observed, if both neutral ligands were leaked simultaneously 
into the mass spectrometer. This observation indicates that for these ligands 
the difference of the gold(1) cation affinities of L and L' is <4 kcal/mol 
(see text). 

Scheme 2 
+ NH, I - CZH, 

AU(CzH4)* +CzH,/- NH, 
AU(NH,)+ Ligand Exchange (kex) 

I 

Au(C,H.,); ~t Au(C~H~) (NH~) *  s f  Au(NH,); Adduct Formation (k,) 

Table 2. Equilibrium Constants (KW) and Relative 
Abundances (%) of Au(Cz&)+ and Au(NH3)+ as a Function 

of Partial Pressure p (mbar) and Reaction Time t~ (sy 
P re1 abund 

CZH4 w3 t~ Au(CZ%)+ A ~ ( w 3 ) '  Keq 

2.1 x 1.4 x 10 3.2 100 0.02 1 
2.1 x 1.4 x 20 2.9 100 0.019 
7.1 x 1.4 x 5 8.0 100 0.016 
7.1 x 1.4 x 10 8.3 100 0.017 
2.9 x lo-' 1.4 x 5 48.5 100 0.023 
2.9 x lo-' 1.4 x 10 49.0 100 0.024 

Prior to the reaction time a mixture of Au(C*&)+ and Au(NH3)+ was 
generated from Au+ and c@6 as described above, thermalized with pulsed- 
in argon, and preequilibrated for 15 s; then both ions were isolated in the 
FTICR cell. In terms of collision theory the ions undergo ca. 500 collisions 
with argon during thermalization and at least 15 collisions with ammonia 
and ethene, respectively. The intensities are normalized to Au(NH3)+ = 
100%. Naturally, adduct formation increases with pressure and reaction 
time; for example, for the entry in the last row the ratio Au(NH3)+: 
Au(NH3)2+ amounts to ca. 1:2. 

This sequence of reactions enables us to determine a 
relative Au+ affinity scheme for the various ligands, i.e. 
N2, 0 2  < C6F6 < H2O < co < CaH4 < C6H6 -= NH3 < 
C3H6 -= C4H6 (Table 1). This ordering agrees well with 
the previous findings by Wilkins and co-~orkers ,~ who 
reported that benzene and also CH3CN are more 
strongly bound to  Au+ than C2H4. 

In the case of the ligand pair C2H4 and NH3 (Scheme 
21, the rates k ,  for the competitive formation of the 
adduct complexes Au(C2H&+, Au(C~&)(NH~)+, and Au- 
(NH3)2+, respectively, are much smaller than the rates 
of the ligand exchange reactions kex. Hence, it is 
possible to establish an equilibrium between Au(C2H4)+ 
and Au(NH3)+ for certain C2HDH3 ratios (Table 21, 
which in turn enables one to evaluate the equilibrium 
constant Keq. As can be seen from the time indepen- 
dence of the AU(C~H~)+:AU(NH~)+ ratios, the reaction 
time is sufficient to establish the equilibrium, and 
adduct formation does not affect the relative abun- 
dances. Furthermore, Keq exhibits no distinct pressure 

dependence; rather, the small spread of the Keq values 
reflects the experimental uncertainties, the pressure 
measurement in particular. Given a thermal equilib- 
rium between the two gold(1) complexes and assuming 
room temperature for the reactants, Keq can be con- 
verted to AAG of the ligand-exchange reaction, leading 
to  a value of -2.3 f 0.5 kcal/mollg for the process 

For the other ligand pairs studied, either the BDE 
differences were too large to attain equilibrium or rapid 
adduct formation obscures the otherwise straightfor- 
ward conversion of ion signal intensities for the mono- 
ligand complexes to AAG. For example, if Au(C3Hs)+ 
is reacted with a 1:l mixture of ammonia and propene, 
association to bisligated complexes is so rapid that 
ligand exchange to  yield Au(NH3)+ amounts to only 5%. 
However, the occurrence of forward and backward 
ligand-exchange reactions was observed for the ligand 
pairs L/L' = C2HdC6H6, CsHdNH3, and NH&Hs, with 
the formation of Au(L')+ being favored when the partial 
pressures of L and L' are identical. 

A principal shortcoming of the bracketing technique 
is that absolute values for the ligand binding energies 
can usually not be obtained by using this approach.20 
Wilkins and co-workers derived lower limits for BDE- 
(Au+-H20) > 16 kcal/mol and BDE(Au+-C2H4) > 33 
kcal/mol from the occurrence of iodmolecule reactions 
of Au+ with alcohols and  alkane^.^ However, this 
information is not very conclusive in that upper bounds 
have not been determined yet. More recently it has 
been demonstrated that for closed-shell gold compounds 
ab initio MO calculations can be performed with reason- 
able a c ~ u r a c y . ~ J ~ p ~ ~  Therefore, we calculated the BDEs 
of Au(H20)+, Au(CO)+, Au(C2H4)+, and Au(NH3)+ at the 
MP2 level of theory using a relativistic effective core 
potential for the gold atom. In this article we refrain 
from a detailed discussion of the theoretical results with 
respect to  basis set dependencies, different computa- 
tional approaches, levels of correlation energy, and 
influences of relativistic effects;17 rather, we will restrict 
the discussion to the structural and energetic aspects 
on the MP2 level of theory which will be compared with 
the experimental findings. 

The optimized geometry of Au(H20)+ (Figure 1) 
reveals a nonplanar structure, with the gold atom being 
located out of the H-0-H plane by 47"; the planar C2"- 
symmetrical structure corresponds to a transition struc- 
ture. BDE(Au+-H20) has been calculated to be 38.8 
kcal/mol with respect to isolated Au+ and H20 in their 
respective electronic ground states (Table 3L6 The 
geometry-optimized structure of Au(CO)+ and the BDE 
of 50.1 kcal/mol are in line with a recent computational 

(19) The systematic errors are associated with the relative sensitivi- 
ties of the ion gauge used (IMG 070, Balzers) for the various gases; 
for details, see ref 10a and 11. 
(20) In some cases, lower and upper bounds are close to each other 

and permit a good estimate for the absolute BDEs. For a recent 
example concerning Au(1) compounds, see: (a) Schroder, D.; HruBgk, 
J.; Tornieporth-Oetting, I. C.; Kiapotke, T. M.; Schwarz, H. Angew. 
Chem., Int. Ed. EngZ. 1994,33,212. (b) Schwerdtfeger, P.; McFeaters, 
J. S.; Stephens, R. L.; Liddell, M. J.; Dolg, M.; Hess, B. A. Chem. Phys. 
Lett. 1994,218, 362. 

(21) (a) Reference 13. (b) Schwerdtfeger, P. J . h .  Chem. SOC. 1989, 
111, 7261. (c) Schwerdtfeger, P.; Boyd, P. D. W.; Burrell, A. K.; 
Robinson, W. T.; Taylor, M. J. Inorg. Chem. 1990, 29, 3593. (d) For 
earlier work, see Ziegler, T.; Rauk, A. Inorg. Chem. 1979, 18, 1558. 
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Chart 1 

1110 H 

(C3V) 
+ G M H  

A U T  

Figure 1. Optimized geometries of Au(HzO)+, Au(CO)+, 
Au(C2H4)+, and Au(NH3 , at the MP2-TZ2P+f level of 
theory (bond lengths in i+ and angles in degrees). 

Table 3. Symmetries, Bond Distances ( ~ A ~ - L  in A), 
Mulliken Charges (qAu) on the Gold Atom, and Bond 
Dissociation Energies (BDE in kcavmol) for Au(L)+ 

Complexes 
sYm rAu-LR qAu BDE 

Au(H20)' C, 2.13 0.86 38.8 
Au(CO)+ C-, 1.91 0.93 50.1 
Au(CZH~)+ CZ" 2.10 0.58 73.1 
Au(NH3)' C3" 2.03 0.63 68.6 

a The bond lengths refer to T A ~ - O ,  T A ~ - C ,  ~ A ~ - c ,  and TA~-N, respectively. 
The fully geometry-optimized structure of Au(HzO)+ is nonplanar; for 

details, see ref 6. 

study;15 the somewhat smaller bond lengths in the 
present work, as compared to  the previous study,15 has 
to be ascribed to the different basis sets used, i.e. Hay/ 
Wadt ECP and 6-31G"" for the ligands versus TZ2P+f. 
The CzV-sy"etrical structure of Au(C2H4)+ agrees well 
with its description as a n-complex of ethene with the 
Au+ cation, in which the methylene groups are pyra- 
midalized by 8.7". Significant covalent contributions to 
the Au-C bonding are indicated by the lengthenin of 
the C-C distance to 1.40 A as compared to  1.33 l i n  
uncomplexed ethene. The computed BDE of Au(C~H~)+ 
amounts to 73.1 kcaYmol. Finally, the optimized ge- 
ometry of Au(NH3)+ exhibits C3" symmetry with an 
almost unperturbed ammonia substrate and a BDE of 
68.6 kcaymol. 

According to the computational results Au+ binds 
ethene more strongly than ammonia (AI3 = 4.5 kcaY 
mol), whereas the equilibrium data imply the opposite 
(AAG = -2.3 kcaYmo1). A possible reason for the 
discrepancy between the theoretical and experimental 
results might be due to  entropy effects. However, a 
frequency analysis and the subsequent computation of 
AAG (298 K) do not resolve this discrepancy, since AAH 
and AAS precisely cancel each other, such that the 
computed AAG (298 K) also amounts to 4.5 kcaYmo1. 
While one might doubt the magnitude as well as the 
precision of the experimental figure, the relative order 
of stabilities of the two complexes is unambiguous. 
Consequently, we are left with the conclusion that the 
calculated BDEs are associated with an absolute error 

.."I( H-Au+-) 

1 2 a 

of at least 5 kcaYmol. With respect to the restricted 
basis set, and the limitations of the MP2 method in 
particular, an error of this magnitude is not unexpected 

Surprisingly, the BDEs of most ligands L to Au+ are 
significantly larger than for other transition-metal 
cations M+. For example, BDE(Au+-CzH4) is higher 
than those of most other known M(C2H4)+ complexes. 
In particular, the electronically related Cu(C2H4)+ and 
Au(C2H4)+ complexes exhibit BDEs of only 36 and 34 
kcaymol, re~pectively,~t~~ i.e. less than half of the value 
for gold. Furthermore, the magnitude of BDE(Au+- 
C2H4) is on the order of that for cationic benzene 
c o m p l e ~ e s , ~ ~ ~ ~ ~  which is in line with the experimental 
observation that the reaction of Au(C2&)+ with benzene 
to yield Au(CsHs)+ and ethene is partially reversible. 

The description of the structure of Au(C2H4)+ as an 
intact olefin complex24 is further supported by the 
occurrence of ligand exchange reactions; in particular, 
the rapid degenerate exchange with C2D4 to yield Au- 
(C2D4)+ takes place without any evidence for H/D 
exchange processes. Similarly, the structure of Au- 
(C3H6)+ should correspond to the genuine propene 
complex 1 (Chart 1). It is noteworthy that BDE(Au+- 
C3H6) exceeds BDE(Au+-C&), although benzene may 
potentially serve as a v6 ligand. Chowdhury and 
W i l k i n ~ ~ ~  ascribed the absence of ligand exchange with 
benzene to an isomerization of the formal v2 complex 
Au(C~H~)+ (l), to yield the corresponding auracyclobu- 
tane Furthermore, the absence of H/D exchange 
processes when Au(C3H6)+ is reacted with either D2 or 
C2D4 led these authors to conclude that structure 3 does 
not participate. In order to solve this structural prob- 
lem, we examined the secondary reactions of Au(C~H~)+. 
(i) Upon reaction of CH3CH2CD20H with bare Au+ the 
labeled complex Au(CH3CH=CD2)+ is formed in reason- 
able yields.4a If this complex is reacted with unlabeled 
propene, besides adduct formation, rapid exchange to 
yield Au(C3H6)+ is observed; again, there is no evidence 
supporting the occurrence of HID exchange processes. 
(ii) Similarly, the C3H6 ligand in Au(C3Hs)+ can be 
replaced by NH3 as well as butadiene to yield the 
corresponding Au(L)+ complexes. These findings indi- 
cate that an intact propene substructure is present in 
Au(C3H6)+; thus, we conclude that 1 is formed in the 
experiment. The absence of ligand exchange with 
benzene, which was interpreted previouslgPb in terms 
of structure 2, can simply be accounted for by the 
unusually high BDE of the propene complex 1. For the 
sake of completeness we wish to stress that our mass- 

a t  a11.2b313,17 

(22) Guo, B. C.; Castleman, A. W., Jr. Chem. Phys. Lett. 1991,181, 
16. 

(23) Willey, K. F.; Cheng, P. Y. ;  Bishop, M. B.; Duncan, M. A. J. 
Am. Chem. Sac. 1991,113,4721. 

(24) For a s w e y  of gold(1) olefin complexes in the condensed phase, 
see: Schmidbaur, H. Gmelin Handbook; Springer-Verlag: Berlin, 1980; 
Au Organogold Compounds, p 194. 

(25) (a) Jacobson, D. B.; Freiser, B. S. Organometallics 1984,3,513. 
(b) van Koppen, P. A. M.; Bowers, M. T.; Beauchamp, J. L. Organo- 
metallics 1990, 9, 625. (c) Schultz, R. H.; Armentrout, P. B. Organo- 
metallics 1992, 11, 828. 
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spectrometric experiments cannot fully rule out that 
isomer 2 is also present. However, this would imply 
that structures 1 and 2 are in a rapid equilibrium. As 
a consequence, one would have to assume allylic C-H 
bond activation of 1 and subsequent H-transfer to the 
central carbon atom as well as formation of two Au-C 
bonds to yield 2, with the allylic structure 3 as inter- 
mediate. Formation of 3 would imply not only that H/D 
exchange processes with labeled alkenes occur but also 
that dissociation to C3H5+ and neutral AuH (IE = 10.6 
eV) is expected to take place. From the absence of these 
features we conclude that, most likely, 1 is formed 
exclusively in the experiment. 

In order to confirm the order of magnitude for the 
BDE of Au(C?H4)+, we performed an additional bracket- 
ing experiment in which AuI+ was reacted with ethene. 
AuI+ has been generated by reacting Au+ with CD31, 
indicating that BDE (Ad-I) exceeds 59 kcal/mol. 
Interestingly, the covalent iodine ligand is replaced quite 
rapidly by ethene (kex = 6.0 cm3 molecules-l s-l) 
with Au(CzH4)+ as the exclusive ionic product (Scheme 
3). To the best of our knowledge, this reaction repre- 
sents the first example for the substitution of a covalent 
ligand by a n-bonded one.26 

Schroder et al. 

Scheme 3 
+C2H4/-I. 

Au+ +CD3'-CD3'- AUI+ - Au(C2H4)' 

As compared to the ligand binding energies of main- 
group as well as transition-metal cations, the ordering 
for Au+ differs significantly from that described previ- 
ously for Li+,27 Mg+,28 Mn+,30 C U + , ~ ~  and Ni(c- 
C E H ~ ) + . ~ ~  For example, the BDE(Au+-L) values do not 
correlate with the corresponding proton affinities of the 
ligands,33 as was observed for the other metal cat- 
i o n ~ . ~ ~ - ~ ~  The most likely explanation for this deviation 
of Au+ involves the high IE of gold as well as the effects 
of s - p and s - d excitations as compared to its first- 
and second-row transition-metal congeners. Particu- 
larly, for gold(1) complexes the high IE will lead to 
significant electron transfer from the ligand to the metal 
cation, resulting in a relatively large covalent contribu- 
tion to the bonding. In contrast, the nature of the 
binding for other cationic transition-metal complexes 
has been described as primarily electrostatic.2 For the 
gold(1) complexes studied here, the charge transfer from 
the ligand to the gold atom is also borne out in the 

(26) There exists one remotely related example in the literature; 
however, its details are not clear: Allison, J.; Ridge, D. P. J .  Am. Chem. 
Soc. 1976,98, 7445. 
(27) (a) Staley, R. H.; Beauchamp, J. L. J .  Am. Chem. SOC. 1975, 

97,5920. (b) Woodin, R. L.; Beauchamp, J. L. J. Am. Chem. SOC. 1978, 
100, 501. 
(28) Operti, L.; Tews, E. C.; Freiser, B. S. J. Am. Chem. SOC. 1988, 

110, 5847. 
(29) Uppal, J. S.; Staley, R. H. J. Am. Chem. SOC. 1982,104, 1235. 
(30) Uppal, J. S.; Staley, R. H. J .  Am. Chem. SOC. 1982,104, 1238. 
(31) (a) Jones, R. W.; Staley, R. H. J .  Am. Chem. SOC. 1980, 102, 

3794. (b) Jones, R. W.; Staley, R. H. J .  Am. Chem. SOC. 1982, 104, 
2296. Also see: (c) Magnera, T. F.; David, D. E.; Stulik, D.; Orth, R. 
G.; Jonkman, H. T.; Michl, J .  J .  Am. Chem. SOC. 1989,111, 5036. (d) 
El-Shall, M. S.; Schriver, K. E.; Whetten, R. L.; Meot-Ner (Mautner), 
M. J. Phys. Chem. 1989,93, 7969. 
(32) Corderman, R. R.; Beauchamp, J. L. J .  Am. Chem. SOC. 1976, 

98, 3998. 
(33) For additional thermochemical data, see: (a) Lias, S. G.; 

Leibman, J. F.; Levin, R. D. J .  Phys. Chem. Ref. Data 1984, 13, 695. 
(b) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, 
R. D.; Mallard, W. G. J .  Phys. Chem. Ref. Data 1988, 17, Suppl. 1. 

Table 4. Calculated and Estimated Bond Dissociation 
Energies (BDEs in kcdmol) for Au(L)+ Complexes, 
Experimental Proton Afinities (PA in kcaVmol), and 

Ionization Energies (IE in eV) of the Ligands L 
BDE PA(L)" W - ) b  

Au(H20)' 39 167 12.61 
Au(CO)+ 50 142 14.01 
Au(C2H4)' 13 163 10.51 
Au(c-C&)+ W O C  181 9.25 
Au(NH3)' 69 204 10.16 
AU(C3Hd' '75C 180 9.13 
AU(C4Hd' '15' 193 9.08 

a The experimental data were taken from ref 33. For comparison: 
IE(Au) = 9.225 eV. Estimate derived from iodmolecule bracketing (see 
text). 

charge distribution as derived from Mulliken population 
analysis (Table 3). Also, charge transfer causes the 
deviation from planarity in the case of Au(H20)+, as 
analyzed in detail previously.6 However, there exists 
no evident correlation between the IEs of the ligands 
and their corresponding gold cation affinity. Presum- 
ably, the unique feature of the gold(1) complexes is due 
to relativistic effects, which strengthen and shorten the 
bonds to the ligands. The precise nature and the origin 
of these effects are presently under in~estigati0n.l~ 

Finally, in our study of gold(1) chemistry in the gas 
phase we hardly observe processes in which typical 
metal-mediated bond-activation processes occur. For 
example almost all transition-metal cations undergo 
condensation reactions with two or more butadiene 
molecules to yield higher  hydrocarbon^.',^^ Although 
the Au+ cation clusters with butadiene to yield Au- 
(C4H&+, the product appears to be a simple dimeric 
complex without any evidence for C-C bond formation, 
consecutive dehydrogenation, olefin losses, etc. Simi- 
larly, in contrast to most other transition-metal cations, 
no H/D exchange processes are associated with Au+- 
mediated dehydration or dehydrohalogenation of labeled 
alkanols or haloalkanes, respectively, as are reported 
to occur for alkali-metal cations.35 In fact, none of the 
other reactants under study underwent chemical activa- 
tion processes except for obvious charge transfer or 
hydride abstraction when thermochemically feasible. 
Thus, while gold(1) chemistry deserves interest with 
respect to relativistic effects on bonding, as far as 
catalysis is concerned, in the gas phase atomic Au+ 
seems to be quite ineff i~ient .~~,~ '  
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(34) Karrass, S.; Schrlider, D.; Schwarz, H. Chem. Ber. 1992, 125, 
751 and references cited therein. 
(35) (a) Allison, J.; Ridge, D. P. J .  Am. Chem. SOC. 1979,101,4998. 

(b) Prtisse, T.; Schwarz, H. Organometallics 1989, 8, 2856. (c) Eller, 
K. Coord. Chem. Rev. 1993, 126, 93. 
(36) For a recent study on the inertness of gold(1) compounds in the 

condensed phase, see: Banaszak Holl, M. M.; Seidler, P. F.; Kowalczyk, 
S. P.; McFeely, F. R. Inorg. Chem. 1994, 33, 510. 
(37) Puddephatt, R. J. Polyhedron 1994, 13, 1233. 
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Activation of C-C and C-H Bonds of cis- and 
trans- 1-Acetyl-2-methylcyclopropane by Bare Metal(1) 
Cations in the Gas Phase: Comparative Study of the 

First-Row Transition-Metal Ions Cr+-Cu+ 
Christoph A. Schalley, Detlef Schroder, and Helmut Schwarz” 

Institut f i r  Organische Chemie der Technischen Universitat Berlin, 10623 Berlin, Germany 

Received June 13, 1994@ 

Stereochemical effects on transition-metal-mediated C-H and C-C bond activation are 
probed by examining unimolecular fragmentation reactions of 1-acetyl-2-methylcyclopropane/ 
M+ complexes (M = Cr+-Cu+) in the gas phase. Basically, three general reaction types can 
be distinguished: (i) metal-induced ring cleavage leading to  losses of molecular hydrogen, 
ethene, and acetaldehyde (these C-H and C-C bond activation processes can be ascribed 
to remote functionalization of an acyclic hexenone/M+ intermediate), (ii) insertion of the 
metal in an  a-C-C bond and subsequent decarbonylation to yield the corresponding olefin/ 
M+ complexes, and (iii) geminal C-C bond activation leading to  the formation of metal 
carbene complexes as intermediates for M = Cr, Mn, Co, and Ni. These carbene complexes 
eventually give rise to  unimolecular losses of ethene or propene. Direct C-H bond activation 
of the terminal methyl group is observed for none of the metals. Stereochemical differences 
for cis and trans isomers are only observed when the rate-determining steps for C-C bond 
activation leading to  different products, i.e. remote functionalization and decarbonylation, 
compete directly with each other, and distinct stereochemical effects are observed for the 
Mn+, Fe+, and Cu+ complexes. The experimental data and the trends within the late first- 
row transition metals are compared with previous findings and discussed in terms of 
activation barriers associated with C-C and C-H bond activation processes and thermo- 
dynamics. 

Introduction 

While there have been numerous reports on the gas- 
phase chemistry of bare and partially ligated transition- 
metal ions with organic substrates,l detailed studies of 
the stereochemistry of C-H bond activation mediated 
by bare or ligated metal cations in the gas phase are 
scarce.2 Carbonyl compounds may serve as a case in 
point, in that both the regio- and the stereochemistry 
of C-H and C-C bond activation by naked Fe+ cations 
were examined in great detail.3 In particular, the 
examination of unimolecular dissociations of metastable 
ketoneme+ complexes provided detailed insight into the 
reaction mechanisms, rate-determining steps, and ki- 
netic isotope effects associated with Fe+-mediated C-H 
and C-C bond activation in the gas phase.2fv3d-f In 
general, the studies revealed that these reactions, 

@ Abstract published in Advance ACS Abstracts, November 15,1994. 
(1) For recent reviews see: (a) Eller, K.; Schwarz, H. Chem. Reu. 

1991, 91, 1121. (b) Eller, K. Coord. Chem. Rev. 1993, 126, 93. 
(2) (a) Nekrasov, Y. S.; Zagorevskii, D. V. Org. Mass Spectrom. 1991, 

26,733. (b) Priisse, T.; Fiedler, A.; Schwarz, H. Helu. Chim. Acta 1991, 
74,43. (c) Seemeyer, K; Priisse, T.; Schwarz, H. Helu. Chim. Acta 1993, 
76, 1632. (d) Seemeyer, K.; Priisse, T.; Schwarz, H. Helv. Chim. Acta 
1993, 76, 113. (e) Seemeyer, K.; Schwarz, H. Helu. Chim. Acta 1993, 
76, 2384. (0 SchMder, D.; Schwarz, H. J.  Am. Chem. SOC. 1993,115, 
8818. (g) Raabe, N.; Karrass, S.; Schwarz, H. Chem. Ber. 1994, 127, 
261. (h) For a recent study of the gas-phase stereoseledivity in metal- 
free 1,a-elimination reactions, see: Rabasco, J. J.; Gronert, s.; GSS, 
S. R. J.  Am. Chem. Soc. 1994,116, 3133. 
(3) (a) Bumier, R. C.; Byrd, G.  D.; Freiser, B. S. J .  Am. Chem. SOC. 

1981,103,4360. (b) Grady, W. L.; Bursey, M. M. Int. J. Mass Spectrom. 
Ion Processes 1983,52,247. (c) Lambarski, M.; Allison, J. Int. J .  Mass 
Spectrom. Ion Processes 1986, 65, 31. (d) Schrbder, D.; Schwarz, H. 
Chimia 1989,43,317. (e) Schroder, D.; Schwarz, H. J.  Am. Chem. SOC. 
1990,112,5947. (f) Schroder, D. Ph.D. Thesis, Technische Universitat 
Berlin D83, 1993. 

0276-7333f95f2314-0317$09.00/0 

Scheme 1 

H H  \M/+-CHZ 
I t  

V 
involving the activation of ordinary C-H and C-C 
bonds, can be described in terms of the “remote func- 
tionalization” concept4 (Scheme 11, provided one side 
chain bears at least three carbon atoms. Most interest- 
ingly, bare Fe(1) cations were also demonstrated to bring 
about diastereoselective C-H bond activation of acyclic 
 ketone^.^^,^^ 

With regard to the topic of stereochemistry in metal- 
mediated bond activation, the investigation of complexes 

(4) Schwarz, H. ACC. Chem. Res. 1989,22, 282. 

0 1995 American Chemical Society 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

04
6



318 Organometallics, Vol. 14, No. 1, 1995 

Chart 1 

Schalley et al. 

10/Fe+. Loss of acetaldehyde (Am = 44) must not 
necessarily involve remote functionalization and can be 
accounted for by a partial isomerization of 3/Fe+ to 4/Fe+ 
or 5/Fe+; from the last two complexes acetaldehyde can 
readily be formed via 1,4- or 1,2-elimination processes. 

On the other hand, Fe+-induced decarbonylation of 1 
and 2 (Scheme 2, path b; M = Fe) was shown6 to 
commence with a-C-C bond insertion, in analogy to the 
reaction of acetone with Fe+,3a97 to  generate the inter- 
mediate 6/Fe+; this species serves as a precursor for 
carbon monoxide loss. Most interestingly, in contrast 
to the eliminations of Hz, C2H4, and CHsCHO, the 
expulsion of carbon monoxide exhibits a distinct ste- 
reoselective effect, and the process is favored for the 
trans complex W e + .  The observed stereochemical 
differences can be rationalized via the stereoselective 
formations of cis- and trans-3-allyl complexes 6/Fe+ 
(Scheme 4, M = Fe) in the course of the electrocyclic 
ring-opening process of the cyclopropyl backbone, where 
the formation of trans-6/Fe+ is favored such that the 
decarbonylation of W e +  is more abundant as compared 
to  l/Fe+. As a consequence, the subtle stereochemical 
differences between the cis and trans isomers l/Fe+ and 
W e f  manifest themselves in the competition of the 
reaction channels in the unimolecular dissociation of the 
metastable complexes. 

Here, we will present a more comprehensive, com- 
parative study of the gas-phase reactions of 1 and 2 with 
late first-row transition-metal ions from Cr+ through 
Cu+. As will be uncovered in the unimolecular frag- 
mentation patterns, in addition to the reactions depicted 
for M = Fe in Schemes 2-4, some of the transition- 
metal ions induce quite remarkable processes, e.g. 
metal-carbene formations or losses of neutral metal 
fragments. Furthermore, the origin of distinct stereo- 
chemical effects for some metal complexes of the cis/ 
trans isomers 1/M+ and 2/M+ as well as periodic trends 
are discussed and explained in terms of the internal 
energy content of the metastable ions in conjunction 
with the interplay of competing processes for the various 
metals. 

1 2 3 

-A( ,dL 
4 5 

(cispans mixture) 

of cis- and trans-1-acetyl-2-methylcyclopropanes 1 and 
2 (Chart 1) with bare transition-metal cations appears 
to  be particularly promising, as the rigidity of these 
substrates confers a well-defined stereochemical rela- 
tionship between the substituents. However, there are 
other features to be taken into account: the C-C bonds 
of the cyclopropyl backbone are weakened by the high 
ring-strain energy, while the cyclopropylic C-H bonds 
are strengthened and possess high bond dissociation 
energies in the range of 106 kcal/moL5 Due to  these 
properties, the stereoisomeric cyclopropyl ketones 1 and 
2 are likely not only to provide insight into some 
stereochemical details of metal-mediated reactions but 
also to serve as crucial test systems to further probe 
the concept of remote functionalization of C-H and C-C 
bonds. The study of unimolecular reactions of meta- 
stable ion complexes is ideally suited for this purpose, 
since they allow us to probe even the small energetic 
differences which result from stereochemical differences 
in the precursor molecules (e.g. cis /trans isomers) 
complexed to a bare metal ~ a t i o n . ~ ~ - g , ~ ~  

In a previous paper,e we reported in detail the 
reactions of metastable 1/Fe+ and 2/Fe+ complexes in 
the gas phase. By using a combination of tandem mass 
spectrometric methods and isotopic labeling techniques, 
we were able to provide evidence for the existence of 
two competing reaction channels being operative in the 
unimolecular fragmentation reactions of 1/Fe+ and 
W e + .  Briefly, the comparative study of the isotopolo- 
gous Fe+ complexes of 1 and 2 (Chart 2) and the 
isomeric acyclic hexenone complexes 3/Fef-5/Fe+ dem- 
onstrated that one reaction channel (Scheme 2, path a) 
commences with a metal-induced ring cleavage leading 
eventually to the acyclic 3-hexen-2-one/Fe+ complex 
3/M+ (M = Fe). The intermediate 3/Fe+ serves as a 
branching point for the generation of the three main 
neutral products, i.e. Hz, CzH4, and CH3CH0, which are 
formed with similar intensities for the cis and trans 
isomers l/Fef and 2/Fe+; consequently, path a is as- 
sociated with a complete loss of stereochemical informa- 
tion. Hydrogen and ethene losses from 3/Fe+ can be 
described in terms of the concept of remote functional- 
ization, as depicted in Scheme 3 (M = Fe). The metal- 
mediated w-C-H bond activation leads to 7/Fe+, which 
then, via a P-H shift and reductive elimination of H2, 
gives rise to 8/Fe+. In competition, ,8-C-C bond cleav- 
age, presumably via 9/Fe+, causes ethene loss to yield 

(5) (a) Ferguson, K. C.; Whittle, E. Trans. Faraday SOC. 1971, 67, 
2618. (b) Baghal-Vayjooee, M. H.; Benson, S. W. J. Am. Chem. SOC. 
1979,101,2838. 
(6) Schalley, C. A.; Schroder, D.; Schwarz, H. J. Am. Chem. SOC., in 

press. 

Experimental Section 

The experiments were performed with a modified VG ZAB/ 
HF/AMD 604 four-sector mass spectrometer of BEBE configu- 
ration (B stands for magnetic and E for electric sectors), which 
has been described previously.8 In brief, the metal cations 
were generated from the substrates given in Table 1 and 
reacted in a chemical ionization (CI) source with the organic 
precursors of interest (Charts 1 and 2). Unfortunately, the 
measurements of Ni+ complexes could not be carried out using 
bis(cyclopentadienyl)nickel(II), bis(acetylacetonato)nickel( II), 
or bis(cycloocta-l,5-dienyl)nickel as substrates, because of 
isobaric interferences arising from these compounds. There- 
fore, the bis(hexafluoroacetylacetonato)nickel(II) complex (Ni- 
(hfac)z) has been used for the generation of Ni+ cations. 
Similarly, Cu+ had to  be generated from (Cu(hfac)z). In 
addition, instead of the isotopes 58Ni+ and W u + ,  complexes 
with the less abundant 6oNi+ and 6 5 C ~ +  isotopes had to  be 

(7) (a) Halle, L. F.; Crowe, W. E.; Armentrout, P. B.; Beauchamp, 
J. L. Organometallics 1984,3, 1694. (b) Sonnenfroh, D. M.; Farrar, J. 
M. J. Am. Chem. SOC. 1986,108,3521. (c) Schultz, R. E.; Armentrout, 
P. B. J. Phys. Chem. 1992,96, 1662. 
(8) (a) Srinivas, R.; Sulzle, D.; Weiske, T.; Schwarz, H. Znt. J. Mass 

Spectrom. Ion Processes 1991, 107, 368. (b) Srinivas, R.; Siilzle, D.; 
Koch, W.; DePuy, C. H.; Schwarz, H. J. Am. Chem. SOC. 1991, 113, 
5970. 
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Activation of C-C and C-H Bonds by Metal(I) Cations 

Chart 2 + +% p A  
D D  

l a  l b  I C  
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0 0 

I d  le 

3/M' 

t 

2a 2b 2c 2d 2e 

Scheme 2 

M-0 H* 

CH,CHO 3/M' 

M' 

,""" 

1IM' and Z/M' 

Scheme 3 
n 
I 

7/M' 

9lM' 

studied, in order to avoid interferences from isobaric ions. In 
contrast to electron impact conditions, the relatively high 
pressure that prevails in the ion source during chemical 
ionization allows efficient cooling of the complexes generated.6 
Nevertheless, the metastable complexes must contain a certain 
amount of excess internal energy in order to undergo uni- 
molecular dissociation within the time scale of the experiment. 

The ketones were introduced via the heated septum inlet 
system (70 "C), and the mixture of ketone and metal precursor 
was subsequently ionized by a beam of electrons having 50- 
100 eV kinetic energy. The ions of interest were accelerated 
to 8 keV translational energy and mass-selected by means of 
B(l)/E(l) at  a mass resolution of mlAm = 2000-5000. Uni- 
molecular fragmentations of metastable ions (MI) occurring 
in the field-free region preceding the second magnet were 
recorded by scanning B(2). For collisional activation (CA) 
experiments, mass-selected ions were collided with helium 

M*\ + 
1 IM' 

2/M+ 

Scheme 4 

transd IM' 

(80% transmission). The CA spectrag are in line with the 
results reported below but are not pursued further in the 
present discussion. Therefore, the corresponding data are not 
given explicitly in this article; they are available from the 
authors upon request. The error of the relative intensities in 
MS/MS experiments does not exceed Some MS/MS/ 
MS experimentslO were performed with the complexes of 
unlabeled l/M+-S/M+ (M = Fe, C O ) ~ , ~  by selecting the primary 
fragment ions by means of B(2), and the collision-induced 
fragmentations occurring in the subsequent field-free region 
were recorded by scanning E(2); these experiments will be 
referred to as MVCA spectra. All spectra were accumulated 

(9) Schalley, C. A. Diploma Thesis, Technische Universitat Berlin, 
1994. 

(10) Busch, K. L.; Glish, G. L.; McLuckey, S. A. Mass Spectrometry/ 
Mass Spectrometry: Techniques and Applications of Tandem Mass 
Spectrometry; VCH: Weinheim, Germany, 1988. 
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Table 1. Precursors and Types of Inlet Systems Used for 
the Generation of Transition-Metal Ions M+ in the CI 

Source 

Schalley et al. 

these data can be considered as being representative 
for both stereoisomers. 

The intensities of the main fragmentation processes 
of the Co+ complexes, i.e. dehydrogenation, ethene and 
carbon monoxide formation, and loss of acetaldehyde, 
differ from those observed for the Fe+ complexes. The 
high amounts of ethene and CO losses, as compared to 
dehydrogenation, point to a lower activation barrier for 
the first two processes. Thus, for Co+ (as well as for 
Ni+, see below) C-C bond activation is clearly favored 
over C-H bond activation. This observation is in line 
with previous findings, and similar trends have been 
reported for many reactions of group VI11 transition- 
metal cations with numerous substrates.’ In addition, 
formation of methane and water and consecutive losses 
of H2 and H2O are observed as side reactions of low 
intensities; these will not be discussed further. 

As compared to Fe+, the Co+ complexes of labeled 1 
and 2 reveal a similar distribution of isotopes for each 
group of neutral products. Therefore, we conclude that 
the unimolecular fragmentation reactions of the Fe+ and 
Co+ complexes follow the same mechanistic pathways. 
Ring cleavage yielding the acyclic 3/co+ isomer is 
further supported by the fragmentations of authentic 
3/co+, which are very similar to those of 1/Co+ and 
2/Co+, respectively. In addition, the MUCA spectra of 
the ionic products due to etheneIC0 losses from l/Co+- 
5/co+ are indistinguishable within experimental error. 
This indicates that identical products are formed after 
the expulsion of ethene and carbon monoxide, respec- 
tively, from the cyclopropyl ketone complexes as well 
as the acyclic isomers and, furthermore, strongly sup- 
ports the operation of similar mechanisms for Fe+ and 
Co+. Likewise, comparison of the MI/CA spectra of the 
ethene loss from 2a/Co+ with the CA spectrum12 of an 
authentic methyl vinyl ketone/Co+ complex reveals that 
the latter is indeed formed from 2/Co+ in the course of 
ethene loss. 

In spite of these similarities, there is one striking 
difference in the reaction patterns of the Fe+ and the 
Co+ complexes: while expulsion of [Dslethene (Am = 
31) from the [Dalmethyl-labeled complex 2e/Fe+ is 
negligible (Table 31, for 2e/Co+ the eliminations of [D31- 
ethene and [Dslethene are observed with nearly the 
same intensities, whereas loss of [Dllethene does not 
occur at all (Table 4). This isotope distribution im- 
mediately rules out simple H/D exchange processes with 
other positions in 2e/Co+, since in the course of H/D 
exchange formation of [Dslethene would invariably be 
accompanied by the expulsion of a [Dll isotopologue. 
Consequently, not only does ethene loss follow the 
remote functionalization mechanism (Scheme 3) but also 
a “carbene mechanism” is operative, as depicted in 
Scheme 5 (M = Co). The ethylidene complex 11/Co+ 
rearranges via a hydrogen shift to 12/Co+, from which 
ethene is extruded. This mechanistic picture agrees 
well with the low amount of [Dllethene (arising from 
2c/Co+ via the remote knctionalization mechanism) and 
unlabeled ethene (formed via the carbene intermediate 
11/Co+). In line with the MI/CA results mentioned 
above, both mechanisms (Schemes 3 and 5) give rise to 
methyl vinyl ketone/Co+ complexes, lO/Co+, as ionic 

M+ substrate inlet syst (temp, “C) 

Cr+ Cr(CQ6 direct (23) 
Mn+ Cp’Mn(C0)Y septum (70) 
Fe+ Fe(CO)s septum (70) 
co+ CO(CO)~NO septum (70) 
Ni+ Ni(hfac)zc direct (90) 
cu+ Cu(hfac)zc direct (45) 

Cp’ = methylcyclopentadienyl. To avoid interference with the 
hydrogen losses from heavier isotopologues, measurements have been 
carried out using the 6oNi and 65Cu isotopes, respectively. hfac = 
hexafluoroacetylacetonate. 

and on-line-processed with the AMD-Intectra data system; 
5-30 scans were averaged to improve the signal-to-noise ratio. 

All unlabeled and lSO- and deuterium-labeled compounds 
(Chart 2) have been synthesized and purified by standard 
laboratory procedures and fully characterized by spectroscopic 
means as described in detail e l~ewhere .~ ,~  

Results and Discussion 

The relative intensities of the decomposition products 
arising from unlabeled 1/M+ and 2/M+ are given in 
Table 2. These data reveal that, despite common 
features, the metal ions Cr+ through Cu+ give rise to 
different products. As far as product variety is con- 
cerned, Fe+ seems to be the most selective metal ion in 
that only 5 products are formed; in contrast, the Cu+ 
complexes give rise to more than 10 different products. 
Further, inspection of the data in Table 1 reveals the 
existence of a stereochemical effect for the metal com- 
plexes of 1 and 2 with M+ = Mn+, Fe+, Cu+, while for 
M+ = Cr+, Co+, Ni+ intensity differences due to the 
stereochemistry of 1 and 2 are not observed.ll 

For comparative purposes, the complexes of the 
acyclic isomers 3-5 with M = Cr-Cu have also been 
included. As already noted,6 for the Fe+ complexes of 
1 and 2 ring cleavage leading to 3/Fe+ is supported by 
the similarity of the MI spectra of l/Fe+, 2/Fe+, and 
3/Fe+. We obtain similar results for the complexes of 
the other M+ ions examined here;9 for the sake of brevity 
the corresponding data will not be given. A complete 
set of data is available from the authors upon request. 

The unimolecular dissociations of the Fe+ complexes 
have been discussed in detail elsewhere,6 and a brief 
summary has also been given in the Introduction. For 
comparison, the data for both sets of stereoisomeric 
isotopologues are reproduced in Table 3; however, they 
will not be pursued further in the discussion. The 
reactions of Fe+ with 1 and 2 (depicted in Schemes 2-4) 
may serve as a basis for the interpretation of the 
processes observed for the corresponding complexes of 
the other metal cations. In this paper, we will focus on 
the differences for the group VI11 transition metals Co 
and Ni as well as for Cr, Mn, and Cu in comparison to 
the Fe+ complexes. 

Complexes of 1 and 2 with Co+ and Ni+. Table 4 
summarizes the data for the gas-phase reactions of Co+ 
with the l8O- and deuterium-labeled isotopologues of 2. 
Since no significant cis / trans differences” are observed, 

~ ~~ 

(11) A slightly different ethene/CO ratio is observed for the I*O- 
labeled compounds la/Co+ (34/48) and 2a/Co+ (29/54) (values normal- 
ized to  X = 100%). However, since these differences are within the 
experimental error limits, we refrain from drawing any conclusions 
from these data. 

(12) The CA spectra of the methyl vinyl ketone/M+.(M = Fe, Co) 
complexes lO/M+ were recorded at a reduced acceleration voltage, in 
order to ensure that these ions have the same kinetic energy as those 
produced by unimolecular ethene losses from l a +  and 2a/M+. 
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Table 2. Neutral Products Generated in the Unimolecular Decomposition Reactions of M+ Complexes of 
1-Acetyl-2-methylcyclopropanes 1 and 2" 

product Am, mu 1 2 1 2 1 2 1 2 1 2 1 2 

Hz 2 100 100 100 100 100 100 14 14 59 61 100 41 
CH3 15 25 34 10 9 
CHq 16 4 4 3 3 4 4 1 1 
Hz0 18 4 1 4 4 2 1 4 2 5 2 78 7 
Hz + HzO 20 2 2 2 1 1 1 
COIC2H4 28 8 8 58 68 43 76 100 100 100 100 86 100 
CO + Hz 30 1 1 
c3H4 40 3 4 
c3H6 42 3 4 1 1 
CH3CHO 44 1 1 27 34 5 5 3 4 
c4& 54 2 2 
MH 66 
MCH3 80 
ligand loss 98 1 2 6 11 

Cr+ Mn+ Fe+ co+ Ni+ cu+ 

46 28 
32 30 
3 2 

Intensities are given in percentages of the base peak. For the sake of clarity intensities less than 1% are omitted. 

Table 3. Mass Differences (Am in amu) Observed in the 
Unimolecular Decomposition Reactions of the Isotopologues 

of m e +  and m e +  a 

Scheme 5 

Am 

-2 -3 -28 -29 -30 -31 -44 -45 -46 -47 

1/Fe+ 59 25 16 
la/Fe+ 62 11 11 16 
lb/Fe+ 57 25 18 
l&e+ 33 17 23 6 15 6 
ld/Fe+ 35 17 13 13 21 1 
le/Fe+ 4 34 23 12 1 10 16 

2/Fe+ 49 35 16 
2a/Fe+ 50 11 23 16 
2b/Fe+ 61 22 17 
W e +  34 17 23 7 14 5 
2d/Fe+ 34 17 20 11 17 1 
2e/Fe+ 5 41 18 12 1 10 13 

Intensities are expressed in X(products) = 100%. Intensities less than 
1 % are omitted. In addition, minor losses of water are observed; see Table 
2 (Am = 18). 

Table 4. Mass Differences (Am in amu) Observed in the 
Unimolecular Decomposition Reactions of the 2/Co+ 

Isotouolormee 
Am 

-2 -3 -28 -29 -30 -31 -44 -45 -46 -47 

21co+ 12 84 4 
2a/co+ 12 29 54 5 
2b/Co+ 13 82 5 
2c/Co+ 4 4 78 9 3 2  
2d/Co+ 5 4 56 30 5 
2e/Co+ 3 9 51 17 16 2 2 

Intensities are expressed in X(products) = 100%. Intensities less than 
1% are omitted. The expulsions of methane and water and the consecutive 
losses of Hfl20 (Table 2) are not included, as these minor processes will 
not be discussed. 

products. It should be mentioned that rearrangement 
processes of metal ethylidenes to metal-olefin com- 
plexes have been postulated for the gas-phase reactions 
of methyl-substituted metallacycl~butanes~~ with Co+ 
and Fe+. Likewise, unimolecular decarbonylation of 
propionic acid/Fe+ complexes14 leads to a methyl- 
carbene/Fe(OH# complex, which subsequently rear- 
ranges to the corresponding ethene-ligated complex. 
Furthermore, a recent theoretical study16 indicates that 
~~~ ~ ~ 

(13) (a) Armentrout, P. B.; Halle, L. F.; Beauchamp, J. L. J. Am. 
Chem. SOC. 1981,103, 6624. (b) Peake, D. A.; Gross, M. L.; Ridge, D. 
P. J. Am. Chem. SOC. 1984.106.4307. 
(14) Schroder, D.; Zummack,'W.; Schwarz, H. J. Am. Chem. SOC. 

1994,116, 5857. 

ZM' 

ll/M* 12/M' 

Table 5. Mass Differences (Am in amu) Observed in the 
Unimolecular Decomposition Reactions of the 2PNi+ 

Isotopologuefb 
Am 

-2 -3 -4 -28 -29 -30 -31 

2/Ni+ 38 62 
2a/Ni+ 40 40 20 
2b/Ni+ 37 63 
2c/Ni+ 30 9 1 52 8 
2d/Ni+ 27 8 44 21 
2e/Ni+ 10 17 2 46 2 16 7 

"Intensities are expressed in X(products) = 100%. Only the main 
fragmentation reactions (Le. dehydrogenation, ethene formation, and loss 
of carbon monoxide) are summarized here. * Since for the Ni+ complexes 
no significant cisltruns differences are observed, only the data for the trans 
isotopomers are given as representative for both stereoisomers. 

the isomerization barrier for free singlet methylcarbene 
is as low as 2.0 kcallmol. Thus, we conclude that the 
rearrangement of the metal ethylidene to an ethene 
complex, i.e. 11/Co+ - lWCo+, is a facile process for the 
group VI11 metal cations in general. 

At first sight a comparison of the data given in Table 
4 for the Co+ complex cations with those summarized 
in Table 5 for the Ni+ complexes reveals that the same 
mechanistic pathways are operative in the decomposi- 
tion reactions of the complexes of both metal cations, 
though with different intensities. C-C bond activation 
is favored over dehydrogenation, but the amount of 
carbon monoxide generated from l/Ni+ and mi+ is 
much lower as compared to the corresponding Co+ 
complexes. As indicated by the [Dllethene losses from 
2e/Ni+, H/D exchange processes have to  be taken into 

(15) Ma, B.; Schaefer, H. F. J. Am. Chem. SOC. 1994, 116, 3539. 
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Table 6. Mass Differences (Am in amu) Observed in the 
Unimolecular Decomposition Reactions of the 2/Cr+ 

Isotopologue@b 
Am 

-2 -3 -28 -29 -30 -31 -42 -43 -44 -45 Cr+ 

2/Cr+ 88 7 3 2 
2a/Cr+ 89 6 3 2 
2b/Cr+ 85 9 5 1 
2c/Cr+ 27 55 6 3 I 2 
2d/Cr+ 74 15 5 4 2 
2e/Cr+ 11 76 4 2  5 2  

a Intensities are expressed in x(products) = 100%. Intensities less than 
1% are omitted. Since the methane and water losses are not discussed in 
detail, the corresponding data are omitted. Since for the Cr+ complexes 
no significant cidrrans differences are observed, the data for the trans 
isotopomers are given as representative for both stereoisomers. 

Scheme 6 

M’\ 0 

2/M‘ 

account. Nevertheless, the rather high abundance of 
[Dslethene formation from 2e/Ni+ cannot only be due 
to  statistical H/D exchange processes. Therefore, the 
carbene mechanism as discussed for Co+ (Scheme 5) is 
also operative for the Ni+ complexes. 

Complexes of 1 and 2 with Cr+. The complexes of 
1 and 2 with Cr+ exhibit some clear differences as 
compared to those with the group VI11 transition metals 
(Table 6). For example, dehydrogenation corresponds 
to  the by far most intense unimolecular fragmentation 
of 1/Cr+ and 2/Cr+. Furthermore, in contrast to the 
group VI11 metal complexes 2c/Cr+ and 2d/Cr+ do not 
exhibit the same HflD ratio (Table 3); thus, for Cr+- 
mediated dehydrogenation an alternative mechanism 
must be operative. Moreover, hydrogen atoms from the 
methylene group of the cyclopropyl ring ((33)) contribute 
significantly to dehydrogenation. These findings can be 
rationalized by the mechanism depicted in Scheme 6. 
If path a, which leads from intermediate 13/M+ to ring- 
opened 3/M+, is facile (and largely reversible) the 
hydrogen atoms attached originally to C(2)/C(3) will 
equilibrate prior to the remote functionalization. This 
holds true for the Fe+ complexes, as indicated by the 
same HflD ratio for the two isotopomers 2c/Fe+ and 
2d/Fe+; both precursors give rise to labeled 3-hexen-2- 
oneme+ intermediates bearing one deuterium atom at 
the (w - 1)-position of the side chain. In contrast, if 
the formation of 3/M+ via step a is kinetically impeded, 
13/M+ may explore a different route by, for example, 
bypassing reaction a and following path b. This “direct” 
activation of the o-H atom in 13/M+ will consequently 
result in a predominant loss of HD from 2c/Cr+ and 
likewise in a higher intensity for the H2 loss from 2d/ 

Scheme 7 

0 0 M’\ 

2/M‘ 14/M’ 

Cr+. This mechanism is also in keeping with the 
prevailing HD loss from 2e/Cr+. Presumably, the 
lifetime of the insertion intermediate is smaller for the 
Cr+ complexes as compared to the group VI11 metal 
cations and, therefore, the direct route via is preferred 
for 2/Cr+. 

As far as the minor fragmentation channels are 
concerned, the absence of Cl80 loss (Am = 30) from the 
l*O-labeled complex 2a/Cr+ reveals that decarbonylation 
does not interfere with ethene loss. From the observa- 
tion of [Dll- and [Dolethene losses from 2c/Cr+ we 
conclude that at least two mechanisms are operative. 
One involves remote functionalization (Scheme 3, M = 
Cr) via the intermediate 3/Cr+, and the other cor- 
responds to the carbene mechanism (Scheme 5, M = Cr). 
In keeping with this interpretation, only [Dllethene is 
generated from 2d/Cr+, whereas 2c/Cr+ leads to  losses 
of [Dol- and [Dllethene and 2e/Cr+ to losses of [Dzl- and 
[Dslethene, respectively. 

The formation of carbene intermediates is not limited 
to ethene expulsion but is also involved in the loss of 
propene. As clearly shown by the data for the labeled 
complexes 2c/Cr+-2e/Cr+, the C3H6 moiety stems ex- 
clusively from the C(2)/C(3) positions of the cyclopropyl 
ring and the adjacent 2-methyl group. H/D exchange 
processes do not occur. These observations are easily 
rationalized in terms of the mechanism depicted in 
Scheme 7 (M = Cr). Here, 14/Cr+ is formed as a central 
intermediate, from which propene is lost eventually. The 
insertion of Cr+ in the C(l)-C(2) bond of the cyclopropyl 
ring can be rationalized in terms of thermodynamic 
arguments. The cyclopropylic C(l)-C(2) and C(l)-C(3) 
bonds are lengthened and weakened by conjugation with 
the carbonyl group,16 such that C-C insertion of the 
metal ion is facilitated to some extent. Notably, only 
the Cr+ and Mn+ complexes give rise to this type of 
carbene mechanism, whereas the late-transition-metal 
cations from Fe+ through Cu+ do not mediate propene 
loss from 2/M+. 

Methane and water losses are observed as side 
reactions. Due to the low intensities and some interfer- 
ences the corresponding data cannot be deconvoluted 
exactly. Therefore, these reactions are not discussed 
here.g Last but not least, ligand detachment is observed 
for the Cr+ complexes of 1 and 2. Thus, the activation 
barriers for the decomposition reactions described above 
are of the same order of magnitude as the Cr+-ligand 
bond dissociation energy. 

Complexes of 1 and 2 with Mn+. From the isotope 
distribution in the neutral fragments (Table 7) we can 
conclude that dehydrogenation and ethene formation 

(16) (a) Hoffmann, R. Tetrahedron Lett. 1970, 2907. (b) Dill, J. Di 
Greenberg, A.; Liebman, J. F. J. Am. Chem. SOC. 1979,101,6814. ( c )  
Clark, T.; Spitznagel, G. W.; Klose, R.; Schleyer, P. v. R. J .  Am. Chem. 
SOC. 1984, 106, 4413. (d) Cremer, D.; Kraka, E. J. Am. Chem. SOC. 
1985, 107, 3811. (e) Slee, T. S. In Modern Models $Bonding and 
Delocalization; Liebman, J. F., Greenberg, A., Eds.; VCH: New York, 
1988. 
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Table 7. Mass Differences (Am in amu) Observed in the Unimolecular Decomposition Reactions of the 2/Mn+ Isotopologuee 
hm 

-2 -3 -4 -15 -16 - 11 -18 -28 -29 -30 -31 Mn+ 

2/Mn+ 41 16 32 5 
2a/Mn+ 41 16 26 7 4 
2b/Mn+ 45 18 32 5 
2clMn+ 30 16 <1 13 4 10 19 2 6 
2d/Mn+ 30 16 <1 15 2 7 24 2 4 
2e/Mn+ 6 29 1 6 9 6 3 25 4 11 

Intensities are expressed in Z(products) = 100%. Intensities less than 1% are omitted (except for the Dz losses). Since the losses of methane, water, 
propene, and acetaldehyde and the formation of Mn(CH&HO)+ are not discussed in detail, the corresponding data are omitted. 

Scheme 8 
M’ 

follow the same mechanistic picture as outlined for the 
corresponding Fe+ complexes (Schemes 2 and 3). For 
example, the data for 2&n+ and 2d/Mn+ are close to 
each other, as observed for the Fe+ complexes. Simi- 
larly, ethene expulsion overlaps with isobaric carbon 
monoxide loss as derived from Am = 30 for ‘*O-labeled 
2a/Mn+. However, in contrast to the corresponding Fe+ 
complexes, the MI spectra of the acyclic isomers 3/Mn+, 
4/Mn+, and 5/Mn+ are similar to each other, indicating 
a rapid migration of the double bond within the acyclic 
hexenone complexes. H/D exchange processes, following 
ring cleavage, also have to be taken into account for 
1 N n +  and 2/Mn+, as revealed by the observed isotope 
distributions, e.g. D2 losses from 2c/Mn+-2e/Mn+, [Dzl- 
ethene formation from 2c/Mn+-2d/Mn+, and [Dllethene 
loss from 2e/Mn+. 

In addition to the reaction pathways discussed so far, 
the Mn+ complexes undergo abundant loss of a methyl 
radical which stems predominantly from the terminal 
methyl group (see 2e/Mn+, Am = 181, whereas the 
a-methyl group is not involved (see 2b/Mn+, Am = 15). 
However, the losses of CH2D (Am = 16) from 2c/Mn+ 
and 2d/Mn+ as well as CHDB’ from 2e/Mn+ (Am = 17) 
indicate WD exchange processes preceding dissociation. 
A plausible mechanism that accounts for the experi- 
mental findings involves initial formation of 3/Mn+, 
from which methyl loss may proceed via allylic C-C 
bond homolysis (Scheme 8). Similar allylic C-C bond 
activation processes have been reported for the frag- 
mentations of alkene/M+ l 3 9 l 7  and alkyne/M+ l8 com- 
plexes. However, in these examples the formation of 
radicals was avoided and rather followed by H-transfer 
from one ligand to the other, leading to reductive 
elimination of small alkanes as neutral products. In the 
present case, however, there is no accessible hydrogen 
atom that could be transferred easily without producing 
energetically demanding cumulene structures. 

With regard to stereochemical features the Mn+ 
complexes exhibit clearly recognizable cis /trans differ- 
ences. In particular, for the trans isomer, 2/Mn+, all 

(17)(a) Hanratty, M.; Paulsen, C. M.; Beauchamp, J. L. J .  Am. 
Chem. SOC. 1986, 107, 5074. (b) van Koppen, P. A. M.; Jacobson, D. 
B.; Illies, A.; Bowers, M. T.; Hanratty, M.; Beauchamp, J. L. J .  Am. 
Chem. SOC. 1989,111, 1991. 

(18)MacMillan, D. K.; Gross, M. L.; Schulze, C.; Schwarz, H. 
Organometallics 1992, 11 ,  2079. 

main fragmentation processes except dehydrogenation, 
i.e. methyl loss, formation of CO/C2H4, and ligand 
detachment, show enlarged intensities as compared to 
the cis isomer l/Mn+ (Table 2). In view of the fragmen- 
tation mechanisms outlined above, two arguments 
speak against a particular stereospecificity for the Mn+ 
complexes, e.g. selective formation of cis- or trans-3/Mn+ 
from 1/Mn+ and 2/Mn+, respectively. (i) Ring-opened 
3/Mn+ undergoes a fast isomerization of the double-bond 
po~ition.~ Since this is likely to be associated with cis / 
trans isomerization, complete loss of stereochemical 
information is expected. (ii) The “a-insertion” channel, 
which leads to stereoselectivity in the case of the Fe+ 
complexes, is almost negligible for Mn+ complexes. 
Furthermore, the “ring cleavagehemote functionaliza- 
tion” channel dominating here has been shown not to 
be stereoselective for all metal ions discussed so far. 
Rather, as compared to  l/Mn+, the higher abundance 
of ligand detachment for the trans isomer clearly 
indicates an increased internal energy content of meta- 
stable W n +  complexes monitored within the time 
window of the experiment. One may speculate that a 
possible origin for different internal energy contents in 
l/Mn+ and 2/Mn+ is the different bond strengths of the 
metal-ligand bond for cis and trans complexes. How- 
ever, this assumption can be excluded by using Cooks’ 
kinetic method.lg The MI spectra of the mixed bis- 
(ligand) complexes 1/2b/Mn+ and lb/2/Mn+ reveal a ca. 
1:l ratio for the losses of the cis and trans isomeric 
ketones; thus, their binding energies to Mn+ are identi- 
cal within <fl kcal/mol. 

Consequently, the higher internal energy content of 
the trans isomers has to be rationalized differently. We 
suggest that the somewhat higher ring-strain energy 
of the cis-configurated complexes, which is due to steric 
interactions of the 2-methyl group with the acetyl 
substituent, leads to a slightly faster decay of the 1/Mn+ 
parent ions as compared to those of 2/Mn+. Thus, 
1/Mn+ ions reaching the field-free region preceding the 
second magnet in which the fragmentation is monitored 
will possess on average a lower ion internal energy 
content than the corresponding trans isomers. If this 
scenario holds true and we furthermore assume that 

(19) For a general discussion of Cooks’ method and leading refer- 
ences, see: Brodbelt-Lustig, J. s.; Cooks, R. G. Talanta 1989,36,225. 
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Isotopologue& 
Table 8. Mass Differences (Am in amu) Observed in the Unimolecular Decomposition Reactions of the P C u +  and 2/65Cu+ 

Am 

-2 -3 -4 -15 -18 -19 -28 - 66 - 67 -80 -83 cu+ 

l/CU+ 28 3 22 24 13 9 1 
lb/Cu+ 26 11 12 23 17 10 1 
lc/CU+ 12 11 3 18 1 23 12 7 12 1 
ld/CU+ 16 6 2 29 21 11 2 12 1 
le/Cu+ 5 16 1 2 15 12 23 11 3 12 1 
2/cu+ 19 4 3 46 13 14 1 
2b/Cu+ 24 9 4 45 9 8 1 
2c/cu+ 9 9 4 4 46 8 6 13 1 
2d/cu+ 11 6 4 5 1 43 14 2 13 1 
2e/Cu+ 4 11 1 4 1 2 47 12 2 16 1 

Intensities are expressed in E(products) = 100%. Intensities less than 1% are omitted. For the sake of clarity, only the main fragmentation reactions 
are included. 

Table 9. Ionization Energies JE (eV) and Bond Dissociation Energies D (kcal/mol) for the M-H versus M+-H and M-CH3 
versus M+-CH3 BondsZZ 

M WMH) D(M+-H) D(M-H) WMCH3) D(M+-CH3) D(M-CH3) 

Cr 7.14 32.5 f 2.2 41.1 f 3.1 7.25 30.1 f 1.9 41.1 f 6.9 
Mn 6.64 48.6 f 3.3 30.1 f 4.1 
Fe 7.69 49.8 f 1.4 45.7 f 3.1 
c o  7.81 46.7 f 1.4 45.7 f 2.4 
Ni 8.44 39.7 f 1.9 58.1 & 3.1 
c u  9.42 22.0 f 3.1 61.0 f 4.1 

dehydrogenation via remote functionalization is associ- 
ated with the lowest activation barrier?O we expect that 
reactions with higher activation barriers are favored at 
the expense of dehydrogenation upon increase of the 
internal energy. This is indeed borne out in the experi- 
ment, in which the cis /trans differences can be ascribed 
to a decreasing intensity of dehydrogenation for the 
trans complexes. 

As in the case of Cr+ complexes of 1 and 2, the 
observation of facile ligand detachment from the Mn+ 
complexes indicates activation barriers for the other 
fragmentations comparable to the metal-ligand bond 
dissociation energy. 

Complexes of 1 and 2 with Cu+. The Cu+ com- 
plexes of 1 and 2 decompose via a manifold of reaction 
channels (Table 2). The most important ones cor- 
respond to dehydrogenation (Am = 21, losses of a methyl 
radical (Am = 15) and water (Am = 18), expulsion of 
carbon monoxide (Am = 281, losses of 6 5 C ~ H  (Am = 66) 
and 65C~CH3 (Am = BO), and ligand detachment (Am 
= 98). In addition, striking stereochemical effects seem 
to  be operative. Unfortunately, the complexity of these 
reaction patterns made it difficult to derive a full 
mechanistic description of this system. Therefore, we 
will restrict our discussion to  some basic conclusions 
that are based on the analysis of the isotopologues 
(Table 8). 

Dehydrogenation follows by and large the mecha- 
nisms proposed above for the complexes of 1 and 2 with 
Cr+ (Scheme 6). Ring cleavage giving rise to 3/M+ (M 
= Cr, CUI and subsequent dehydrogenation via remote 
functionalization competes with direct activation of an 
w-H atom in the intermediate 13/M+. This results in a 
higher abundance of the HD losses from lc/Cu+ and 2c/ 
Cu+, as compared to those from ld/Cu+ and 2d/Cu+. 
However, the generation of Hz from le/Cu+ and 2e/Cu+ 
indicates that WD exchange processes are operative 
once 3/Cu+ is formed. Although dehydrogenation fol- 
lows the remote functionalization mechanism to at  least 
some extent, formation of ethene is not observed at all, 

6.54 51.0 f 1.9 30.1 f 4 . 1  
6.97 57.9 f 1.9 37.1 f 6.9 
7.71 49.0 * 3.6 45.7 f 3.1 
8.09 45.0 f 2.4 55.3 rt 3.1 
8.96 29.7 f 1.7 58.1 f 1.9 

either by the “carbene route” or by remote functional- 
ization, as evidenced from the absence of any fragments 
with Am = 29-31 for all isotopomers; therefore, we did 
not examine the 180-labeled complexes la/Cu+ and 2a/ 
cu+. 

The loss of CuH quite likely involves allylic interme- 
diates (such as 13/Cu+), since the hydride structure is 
preformed. As allyl complexes are generated as inter- 
mediates during isomerization of the double-bond 
p o s i t i o n ~ , ~ J ~ ~ ~ ~ ~  one expects WD exchange processes 
with the consequence that all positions of the cyclo- 
propyl backbone are expected to participate, thus giving 
rise to the losses of CuH as well as CUD. This is indeed 
the case. Formation of neutral copper hydride is 
thermodynamically favored due to  the rather high 
ionization energy (IE) of CuH on the one hand and the 
large CuH bond dissociation energy (BDE) as compared 
to the much lower BDE value given for the Cu+-H bond 
(Table 9) on the other hand.22 Since copper is the only 
metal included in this study which bears these unique 
features,23 it can be easily understood why none of the 
other metals form a metal hydride or any other neutral 
metal fragments from their complexes with 1 or 2. 

In the formation of methyl radicals and of CuCH3 only 
the a-methyl group is involved (see lb/Cu+ and 2b/Cu+, 
respectively). Presumably, both products arise via 
a-insertion rather than allylic activation of the w-methyl 
group of ring-opened 3/Cu+, as was observed for the loss 
of CH3 from the Mn+ complexes. The intermediates 15/ 
M+ and 16M+ (M = Cu) may well explain the expulsion 
of methyl radicals and of neutral CuCH3, as well as 
decarbonylation. With respect to the loss of neutral 
CuCH3 the same thermochemical arguments apply as 

(20) (a) Schroder, D.; Eller, K.; Priisse, T.; Schwarz, H. Orgunome- 
tallics 1991,96,2052. (b) Stijckigt, D.; Sen, S.; Schwarz, H. Chem. Ber. 
1993, 126, 2553. (c) References 2f and 3d-f. 

(21) Schwarz, J.; Schwarz, H. Chem. Ber. 1993, 126, 1257. 
(22) Martinho SimGes, J. A.; Beauchamp, J. L. Chem. Rev. 1990, 

(23) Bumier, R. C.; Byrd, G.  D.; Freiser, B. S. Anal. Chem. 1980, 
90, 629. 

52, 1641. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

04
6



Activation of C-C and C-H Bonds by Metal@') Cations 

Scheme 9 
0 

1 4 
r 

151M' 

Table 10. Data for the Unimolecular Decompositions of 
V5Cu+ and P C u +  after Subtraction of the Intensities of 

the Water Losses" 
Am 

-2 -15 -28 -66 -80 Cu+ 
l/Cu+ 35 4 31 17 12 1 
ucu+ 20 4 47 13 15 1 

a Intensities given are renormalized to C(pr0ducts) = loo%.. 

mentioned above for the discussion of the loss of CuH 
(Table 9). Obviously, the fact that losses of neutral 
metal fragments only occur for the Cu+ complexes is due 
to the s1dl0 electronic configuration of neutral Cu being 
ideally suited for formation of one covalent bond, 
rendering hydride and methanide transfer from the 
substrate to the copper thermodynamically favorable. 

Interestingly, the water losses reveal a drastically 
higher intensity for 1/Cu+ as compared to 2/Cu+. 
However, the mechanism of water formation is by no 
means clear, and fiom the isotope distribution we only 
can conclude that hydrogen atoms from both methyl 
groups must be involved (lb/Cu+ and le/Cu+; Table 8); 
a simple mechanistic picture involving enolization of the 
ketone and subsequent dehydration does not account 
for the experimental finding~.~3 

The additional stereochemical influences on the other 
unimolecular decompositions of 1/Cu+ versus WCu+ 
become more obvious when the percentages of the water 
losses are subtracted and the remaining fragments 
renormalized (Table 10). The intensities of dehydroge- 
nation and CuH loss, i.e. the products arising from the 
"ring cleavage/remote functionalization" channel, are 
lower for the trans isomer, while the abundances of CO, 
CH3, and CuCH3, i.e. the products of the "a-insertion" 
channel, are higher. We recall that, for the Fe+ 
complexes, CO loss is also clearly favored for the trans 
complex, and this has been explained in terms of 
different energy demands for the electrocyclic ring 
opening (Scheme 4). Similarly, this reasoning can 
account for the Cu+ complexes of 1 and 2. 

Conclusions 
Although the unimolecular decomposition reactions 

of the transition-metal complexes l/M+ and 2/M+ reveal 
distinct features for each of the metal ions M+ = Cr+- 
Cu+ studied here, all main reactions can be categorized 
into three general reaction schemes: (i) metal-induced 
ring cleavage predominantly gives rise to Ha and ethene 
via remote functionalization of acyclic 3/M+, (ii) a-C-C 
bond insertion leads to carbon monoxide as neutral 
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Remote 
Functionalization 

100 1 i 
50 

0 
Cr Mn Fe Co Ni Cu 

Figure 1. Relative abundances of the three basic frag- 
mentation channels for metastable 2/M+ complexes for M 
= Cr-Cu. The first column represents the initial cleavage 
of the cyclopropyl backbone and subsequent remote func- 
tionalization, the second stands for a-C-C bond activation 
next to the carbonyl group leading to consecutive decar- 
bonylation, and the third column refers to the carbene 
mechanism; for details see text (data are extracted from 
Tables 3-8). 

product, and (iii) carbene formation is observed for the 
Cr+, Mn+, Co+, and Ni+ complexes, yielding ethene and 
propene, respectively. None of the metal cations inves- 
tigated are capable of functionalizing directly the cy- 
clopropyl backbone of 1 and 2 via remote functionaliza- 
tion of a 6-C-H bond. Rather, initial C-C bond 
activation of the cyclopropyl backbone dominates the 
scene, until the acyclic isomeric 3/M+ is formed, which 
can then be functionalized at positions remote from the 
carbonyl group. Within the group VI11 transition-metal 
complexes of 1 and 2, respectively, the, amount of C-C 
bond activation products reaches its maximum for the 
Co+ complexes, while it decreases for the Fe+ and Ni+ 
complexes, which in turn show a higher abundance of 
C-H bond activation products. 

With respect to the competition of the three basic 
pathways, i.e. remote functionalization, decarbonylation 
(paths a and b in Scheme 2), and the carbene mecha- 
nisms outlined in Schemes 5 and 7, the following 
conclusions can be derived from the present study 
(Figure 1). Except for Co+ and Cu+, the initial ring 
cleavage of the cyclopropyl backbone followed by the 
remote functionalization mechanism corresponds to the 
dominating activation process for M = Cr, Mn, Fe, Ni. 
However, the examination of the isotopomers demon- 
strates the existence of subtle differences in that the 
rate-determining step of path a differs for the various 
metal cations. The direct activation of the functional 
group, i.e. decarbonylation, shows the opposite trend 
and reaches a maximum for the Co+ complexes. More- 
over, the efficient competition of decarbonylation with 
the remote functionalization path is the origin of the 
decreased remote functionalization for Co+ and Cu+. As 
far as the Co+ complexes are concerned, the prevailing 
direct C-C bond activation, which leads to decarbony- 
lation, can be ascribed to a high stability of the insertion 
intermediate 6/Co+ as compared to the other metal 
cations. For example, the sum of the bond dissociation 
energies of the dimethylmetal cations, M(CH&+, is 
significantly higher for Co+ (1 10 kcal/mol) as compared 
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to Fe+ and Ni+ (101 and'>95 kcallmol, r e s p e c t i ~ e l y ) . ~ ~ , ~ ~  
Consequently, for WCo+ the decarbonylation pathway 
will be energetically favored at  the expense of the 
remote functionalization channel. On the other hand, 
for Cu+ the formation of an insertion intermediate with 
two covalent bonds is not feasible, since this would 
require an excitation of 3d electrons of Cu+ to the 4s or 
4p manifold. Rather, for the Cu+ complexes initial C-C 
bond activation next to the carbonyl group may involve 
electron transfer from the acyl moiety to the CuCH3 
fragment to yield a complex of the C4H&O+ cation with 
neutral CuCH3; this scenario is further supported by 
the fact that indeed unimolecular loss of neutral CuCH3 
from 2/Cu+ is observed.23 Moreover, since the remote 
functionalization pathway also involves insertion inter- 
mediates, but electron transfer from the remaining 
fragments is less facile as compared to an acyl group, 
the decarbonylation pathway gains in importance for 
2/Cu+. With respect to the carbene mechanism we 
cannot interpret the relative abundances in terms of 
such simple thermodynamic and kinetic arguments. For 
example, for the metal cations under study the M+- 
CHZ binding energies reach a maximum for M = Fe;24 
however, it is 2/Fe+ in particular which hardly (or even 
not at all) follows this route. Presently, we are left with 
the assumption that the transition structures associated 
with the carbene route are energetically more demand- 
ing for Fe+ as compared to the other metals. 

As far as the stereochemical features are concerned, 
we draw the following conclusions. The ring cleavage 
process, which leads to 3/M+ and subsequent remote 
functionalization, does not occur stereospecifically. The 
only two metal cations which show large cisltruns 
differences are Fe+ and Cu+. In both cases these 
differences can be ascribed to the efficiencies with which 
a-C-C insertion' reactions followed by formation of cis- 
and trans-3-allyl complexes take place. However, ste- 
reospecificity is only observed when the rate-determin- 
ing steps (RDS) of the C-C bond activation leading 
either to subsequent rearrangement to 3-allyl complexes 
or decarbonylation directly compete with each other. 
Since it is well-known that C-C bond activation is facile 
for Co+ and Ni+, it does not correspond to the RDS for 
these metals, and thus, these reactions are not ste- 
reospecific.ll Likewise, the Cr+ complexes do not reveal 
cis-trans differences, since the predominant dehydro- 
genation prevents competition with other processes. For 
Mn+, decarbonylation occurs and hence minor cis-trans 
differences are indeed observed. 

Schalley et al. 

From the observation of ligand detachment for the 
Cr+, Mn+, and Cu+ complexes and its absence for the 
group VI11 metals, we can derive some qualitative 
information about the barriers for C-WC-C bond 
activation; these are of the same order of magnitude as 
the M+-ligand bond dissociation energies for the former 
and are clearly lower for the latter group. Although the 
binding energies of 2 to M+ have not been studied 
experimentally, the current knowledge of related sys- 
temsz6 indicates that for Cr+ and Mn+ the observation 
of facile ligand detachment is also due to the low binding 
energies of these metal cations as compared to Fe+ 
through Cu+. In fact, the relatively low binding ener- 
gies of Cr+ and Mn+ to organic substrates have been 
associated with their electronic ground states (d5 and 
s1d5, respectively). In addition, thermodynamic grounds 
also account for the fact that loss of neutral metal 
fragments is only observed for the copper complexes 
1/Cu+ and 2/Cu+, respectively. 

Finally, from the mechanisms outlined in this article 
we conclude that initial C-H bond activation of the 
2-methyl group does not take place for the intact 
cyclopropane system. Even if this would occur due to 
the radicaloid naturez7 of cationic metal-carbon bonds, 
the cyclopropylmethyl radicals thus formed would un- 
dergo a rapid vinyl rearrangement.z8 Obviously, on 
geometric grounds direct C-H bond activation should 
occur much easier for the cis isomer, 1/M+, than for the 
trans isomer, a+. However, neither the stereochem- 
ical features nor the isotope distribution provides any 
evidence for the operation of such a mechanism for all 
metal complexes studied. Thus, we conclude that for 
substituted cyclopropanes C-H bond activation at the 
&position does not take place, in marked contrast to 
acyclic  system^.^,^ 

(24) Armentrout, P. B.; Clemmer, D. E. In Energetics of Orgunom- 
tallic Species; Martinho SimGes, J. A., Ed.; NATO AS1 Series 367; 
Kluwer: Dordrecht, The Netherlands, 1992; p 321. 
(25) For a theoretical study of M(CH&+ (M = Sc-Cu), see: Rosi, 

M.; Bauschlicher, C. W., Jr.; Langhoff, S. R.; Partridge, H. J. Phys. 
Chem. 1990,94,8656. 
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of M(CO)+, M(CzH4)+, and M(C&I6)+ for M = Sc-Cu, see: (a) Barnes, 
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19F Chemical Shifts of m- and p-Fluorophenyl 
Derivatives as a Probe of Metal-Ligand mBonding 

Russell S. Drago 
Department of Chemistry, University of Florida, Gainesville, Florida 3261 1-2046 

Received June 13, 1994@ 

Analysis of the 19F chemical shifts of n-fluorophenyl derivatives of transition metal 
complexes establishes this measurement as a probe of metal electron density. The inductive 
AEx and A P  substituent constants are used to analyze the 19F shifts of m-FCsHr-Pt- 
(PEt3)2-X complexes. An excellent data fit shows there is no indication of significant F’t-X 
back-bonding into X even when X is CN or CsH5. 

Introduction 

In a recent article1 it was shown that 19F chemical 
shifts for a series of m-substituted fluorophenyl deriva- 
tives could be correlated with the 3-AEx and 3-ACx 
parameters2 of the X-substituent. Since the shift re- 
flects the electron-withdrawing and -releasing proper- 
ties of the substituent, the correlation suggests that the 
m-fluorophenyl substituent attached to a metal complex 
may be a good probe of the influence that the coordina- 
tion of ligands has on the electronic properties of metal 
centers. The 3-X substituent constants describe the 
inductive substituent influence on the electron density 
in the a and n orbitals of the ring carbon to which they 
are attached. Since there is a node in the n-system 
between the carbon to which fluorine is attached and 
the meta carbon to which the 3-X substituent is at- 
tached, the substituent influence is transmitted by an 
inductive mechanism. The 19F shift mirrors the change 
in electron density of the carbon attached to the sub- 
stituent. 

The p-substituted fluorophenyl derivatives showed a 
poor correlation of the 19F shift with the 4-AEx and 
4-ACx substituent constants. This was attributedl to  
a n-plus effect. This term signifies that mechanisms 
other than the normal conjugative electron density 
transmission of 4-X substituents to the para carbon are 
operative. In the normal 4-X conjugative interaction, 
the conjugative interaction of the substituent influences 
the total electron density on the para carbon attached 
to the reactive group. This change in electron density 
is transmitted to the reactive group from its attached 
carbon by a dominant a-mechanism or is reflected in 
proportional changes in a- and n-bonds of the para 
carbon to the reactive group. In cases where a spectral 
shift is measured instead of a reaction, the term 
“reactive group” encompasses the group undergoing the 
spectral transition. 

The 19F chemical shift is a n-plus system because it 
is more sensitive to the conjugative interactions of the 
substituent than described above as normal. This 
sensitivity results because the fluorine is directly con- 
jugated to the substituent and because the p-n orbital 
electron population on fluorine influences the chemical 
shift to a greater extent than the proportional changes 

*Abstract published in Advance ACS Abstracts, November 15,1994. 
(1) Drago, R. S.; Zoltewicz, J. A. J. Org. Chem. 1994, 59, 2824. 
(2) Drago, R. 5.; Dadmun, A. P. J. Am. Chem. SOC. 1993,115,8592. 

0276-7333195123 l4-0327$09.OOIO 

in electron density occurring in the fluorine a-bond. In 
some cases, even though normal conjugative influences 
may be observed in the a- and n-bonds for a particular 
reaction, the greater sensitivity of a different property 
to n-effects could lead to the n-plus mechanism. A 
second way in which the conjugative interaction can 
provide a n-plus contribution to the 19F shifts is via the 
influence of substituent ring n-bonding on the energy 
of the n-orbitals. The paramagnetic contribution to the 
19F chemical shift arises from field induced mixing of 
the ground and excited states which is a function of 
llAE, where AE is the energy difference of the ground 
state and the average energies of the empty molecular 
orbitals. As a result of these n-plus mechanisms, the 
19F shifts do not correlate with the 4-X substituent 
constants. 

Metal complexes can be considered as substituents 
when bound to meta- and para-fluorophenyl. Different 
mechanisms for interaction of the metal with the 
m-fluorophenyl and p-fluorophenyl groups have led to 
the use of 19F chemical shifts to probe n-back-bonding 
of ligands in metal complexes. In this article, 19F 
chemical shifts of meta- and para-fluorophenyl probes 
bonded to a metal will be analyzed to reflect the changes 
in metal electron density resulting from coordination 
of X-groups directly to the metal. A very different 
conclusion concerning metal-ligand n-back-bonding 
results than from earlier literature interpretations of 
these measurements. 

Analyses of the 19F shifts will be carried out with the 
electrostatic-covalent substituent constant model. 

(1) 

In eq 1, AEx and ACx are the electrostatic-covalent 
analogues of Hammett a values while the dE and dC 
parameters are interpreted as electrostatic and covalent 
components of @-values. 

The A E  and AC parameters are a unique set of 
substituent constants for they are directly related to the 
earlier E and C parameters used in the ECW equation 
(eq 2). Equations 3 and 4 show the relation of AEx and 

A$ = dEAEx + dCACx + AxH 

Ax = EAEB + C,C, + W 
Ex = EH + sEAEx (3) 

ACx to the E and C parameters. In eqs 3 and 4, Ex 
and Cx are E and C values for the X-substituted 

0 1995 American Chemical Society 
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Table 1. '9F Shielding in m-FC&-Pt(PEt3)2-X 
Complexes 

l 9 F C a l c 3 . 9  l9FcalCexc 

Cx = CH + scACx (4) 

compound and sE and sc indicate the sensitivity of the 
reactive center in a family of compounds to a substituent 
change. The s-values are set at one for the family of 
pyridine donors. For substituted phenols, the measured 
EA and CA values for several members of this family 
lead to3 sE = -0.83 and sc = -0.23. The EB' and C B ~  
or EA' and C A ~  values of eq 2 result for any X- 
substituted member of the family when the appropriate 
s, AEx, and ACX values are substituted into eqs 3 and 
4 along with EH and CH. 

Results and Discussion 

Fluorophenyl-Metal Systems. The 19F chemical 
shifts of (m- and p-fluorophenyl)Pt[P(C2Hs)312X provide 
the classic example4 of the use of the fluorophenyl 
probes to infer metal-ligand n-back-bonding into X. The 
19F chemical shifts of m- and p-FC&L&[P(Et)31& are 
influenced3 by the coordinating tendencies of the X 
group bound to platinum. Electron-releasing X ligands, 
decrease the partial positive charge on Pt making the 
ring carbon bound to platinum more carbanion-like. 
This in turn increases the shielding of the f l~or ine .~  This 
trend is seen by comparing the experimental 6(19F) 
values of the X = -CH3 and -C1 compounds (Tables 1 
and 2) for both the m- and p-fluorophenyl derivatives. 

Cyanide is a strong coordinating ligand, and the small 
negative 19F value of the fluorophenyl derivatives when 
X is CN compared to that when X is chlorine was 
interpreted3 as an indication of increased partial posi- 
tive charge on Pt from metal-ligand n-back-bonding 
into the cyano group. In this article an alternative 
interpretation of 19F shifts will result. 

m-FC&Pt(PEt&-X The analysis of 19F data for 
a coordinated fluorophenyl group requires a consider- 
ation of both the metal bonding to X and the metal 
bonding to  the fluorophenyl group. First consider the 
data for the m-fluorophenyl derivatives in Table 1. The 
fluorine is attached to the benzene ring in the position 
meta to the Pt so there is a node in the n-system 
preventing a direct n-conjugative interaction of the 
phenyl-F n-bond with the pz orbital of the carbon bound 
to the metal or to a potential Pt-phenyl n-bond. Since 
the 19F of the m-F phenyl ligand is mainly influenced 
by the u-bonding of the m-fluorophenyl to  platinum 
bond, it is a good probe of the electron withdrawal by X 
from the platinum center. 

The platinum center is being modified by the bonding 
to X. The 3-AEx and 3-ACx substituent constants for 
the group, X, attached to platinum will be investigated 
as a measure of the u inductive properties of the X 
group. If there were metal n-back-bonding into X or a 
lone pair donation from X into a metal, the metal 
reactivity would be incorrectly predicted by the 3-X 
inductive, substituent constants. 

When the 3-AEx and 3-ACX values3 for the X ligands 
in Table 1 and the corresponding 19F chemical shifts are 
substituted into eq 1, eight simultaneous equations 
result. In the initial solution of these equations the iodo 
derivative was found to  not fit well and missed in a 
direction suggestive of a steric effect; vide infra. When 

(3) Drago, R. S.; Dadmun, A. P. J. Am, Chem. SOC. 1994,116, 1792. 
(4) Parshall, G. W. J. Am. Chem. SOC. 1966, 88, 704. 

X IFexpt m-fluoropbenyP 

C1 -2.50 -2.40 -2.96 
Br -2.34 -2.44 -3.06 
I -2.00 (-2.52) (-3.00) 
CN -2.53 -2.53 -2.00 
CH3 -4.26 -4.23 -3.78 
SCN-(NCS-)d - 1.90 -1.90 (-2.07)d 
OCN- -2.48 -2.40 
CSHS -3.72 -3.82 -3.35 

Data from ref 3. The iodo derivative was omitted from the data fit 
because of steric effects. It is not known if thiocyanate is bonded to sulfur 
or nitrogen. The data fit suggest nitrogen. In this article, the more shielded 
the I9F, the more negative the number. The m-derivatives were calculated 
with Axx = -39.02(*0.4)AE~ + ~ . O ~ ( ~ Z O . ~ ) A C A  - 3.82(&0.0), using 
reported 3-AE and 3-AC values. X = 0.06 and the % fit is 3. To examine 
conjugative interactions, the m-derivatives were calculated with Axx = 
-0.85(*0.5)AE~ + 0.00(rtO.Ol)AC~ - 0.49(*0.5), using reported 4-AE 
and 4-AC values. V = 0.05 and the % fit is 28. dValues are fit for N 
bound and calculated in parentheses for S bound thiocyanate using reported 
AE and AC values. The N-bonded or S-bonded forms or a rapidly 
exchanging mixture fit the data well considering the uncertainty (see 
n-values) in these substituents. 

this data point is omitted, the remaining seven equa- 
tions produce an excellent data fit giving dBE = -39.02, 
d B C  = 7.09, and AxH = -3.82 for the m-fluorophenyl 
probe. The AxH value corresponds to the value predicted 
for the platinum complex with X = H. The data fit is 
shown in Table 1 by comparing the column labeled 
19Fcalc3.~ with the experimental values. The (T inductive 
properties of the X-group attached to platinum accurately 
correlate the 19F shifts. Thus, m-fluorophenyl shifts, 
which provide a measure of the electron density on 
platinum, indicate that the essential interaction of X 
with platinum for all the X groups in Table 1 is u 
bonding. The mode of thiocyanate coordination is 
unknown, but it would fit if it were either sulfur or 
nitrogen bound. 

The sign of d is determined by the signs of sE and sc 
for platinum and the signs of EB* and CB* for the 
fluorophenyl group. 

The signs of d B E  and dBC in the 19F fit1 of a series of 
m-FC6H4X compounds with different substituent con- 
stants X is the same as that found here. These signs 
indicate that increasing the electrostatic character of 
the metal bond to the fluorophenyl group makes the 
meta carbon more carbanion-like which shields the 
fluorine and makes 6 more negative. The sign for dBC 
tells us that covalency in the bond of the metal to the 
fluorophenyl group deshields the fluorine and makes 6 
less negative. This interpretation is in keeping with 
predictions of the influence of the meta carbon charge 
on both the electron population of the fluorine p-orbital 
and on its influence on the paramagnetic contribution 
to the 19F shift1 from covalency. 

In order to obtain a good fit, the iodo derivative was 
omitted. When the dE, dC, and AxH parameters are used 
to calculate the value for this derivative, the calculated 
result is more negative than the experimental value. 
The more negative experimental value is consistent with 
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19F Shifts of m- and p-Fluorophenyl Derivatives 

the existence of a steric effect involving the ligands in 
the first coordination shell around the metal. Steric 
repulsion makes the platinum charge more positive than 
it would be if iodide were more strongly bound. The 
most interesting conclusion from this analysis is that 
there is no indication of any n-back-bonding when the 
X-group attached to platinum is cyano or phenyl. 

To further probe the bonding of X to platinum, the 
4-AEx and 4-A@ conjugative substituent constants of 
the X-groups bound to platinum were used to evaluate 
the shifts of the meta-fluorophenyl platinum complex. 
Though the 4-X substituent constants are not expected 
to  be accurate measures of the Pt-X conjugative 
interactions, they should do better than the 3-X sub- 
stituents if Pt-X n-back-bonding exists. The poor data 
fit for the m-fluorophenyl platinum complexes to the 4-X 
substituent constants is shown in Table 1 under the 
column labeled I9Fdc 4-X. Even with fewer known values 
of 4-X substituent constants, a poor fit results which 
provides further support for the conclusion that the 
X-group coordinated to Pt does not n-bond. 

p-FCm(EtaP)& The 19F shifts of para-fluo- 
rophenyl substituted platinum derivatives4 will be 
considered next. The 19F shift in the parafluoro group 
attached to Pt is fit to the 3-X substituent constants for 
the X groups attached to Pt. A poorer data fit results 
than for the meta-fluoro complexes even when X = I is 

Table 2. 19F Shielding in p-FC&-Pt(PEt&-X Complexes 
X 19Fexm 19E~c3-X(1 X "Fexpt '9Fca1c3-x' 

c1 -10.2 -10.0 CH3 -11.7 -11.5 
Br -10.0 -10.0 NSC- (SCN) -9.2 -10.0 (-10.2) 
I -9.7 (-10.1) OCN- -10.2 -10.2 
CN -9.1 -9.1 cas -10.9 -11.3 
4-FCa5 -10.8 -11.3 

"The p-derivatives were calculated with Axx = -6.49(&2)AE~ - 
0.92(*0.46)AC~ - 11.2(&0.0), using reported 3-AE and 3-AC values for 
X. The i = 0.26 and the % fit is 11. 

omitted because of the steric problem found in the 
m-fluorophenyl fit. The shift of the parafluoro group is 
very sensitive to even weak n-conjugation of X-groups. 
For example, 4-CH3 hyperconjugation leads to a 4 ppm 
deviation in the 19F shift of p-XCsH4F from that pre- 
dicted with a 4-X substituent constant. The weak, direct 
n interaction of the X-group with the para-fluorophenyl 
group, is referred to as a n-plus contribution in the 19F 
shifts. Electron density on the para carbon influences 
the 19F shift by the normal conjugative and the n-plus 
mechanisms discussed earlier. This results in a crude 
relationship of the shift to the electron-withdrawing 
properties of the attached group. The para-fluorophenyl 
group is a poorer probe of metal electron density than 
the meta-fluor0 group. 

The deviations observed for the p-fluorophenyl plati- 
num complexes are much smaller than those found in 
the 19F fit of p-FCsH& compounds. Thus, the extent 
of n-back-bonding of platinum into the fluorophenyl 
n-system is even less than the n-mixing involved in 
methyl hyperconjugation. The poor overlap and poor 
energy match of the platinum d-orbitals with the 
fluorophenyl n-system leads to little if any n-back- 
bonding into p-fluorophenyl which leads to a small 
n-plus effect in the 19F shifts. In view of the extreme 
sensitivity of the p-fluorophenyl probe to n-plus contri- 
bution from electron density on the para-carbon, the 
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p-fluorophenyl is not as good a probe of electron density 
on the metal as the metafluorophenyl probe. 

The final issue remaining concerns the greater shield- 
ing observed for the p-fluoro derivatives than for the 
m-fluoro derivatives. This results from the more effec- 
tive transmission of the normal substituent influence 
through the n-system. The ring carbon bonded to a Pt- 
[P(Et)312-X substituent is carbanion like and this 
electron density is transmitted to the fluorine more 
effectively by the normal conjugative 4-X mechanism 
than by the 3-X inductive mechanism. In general, the 
4-X substituent constants are larger in magnitude than 
the 3-X. 

In summary, the 19F shifts of the m-fluorophenyl 
derivatives provide the best indication of the electronic 
properties of the metal. These shifts show that the 
trend as X is varied is dominated by the metal-X 
a-bonding interaction. There is no indication of metal 
to ligand n-back-bonding into cyanide. There is, how- 
ever, indication of a steric effect with the iodo derivative. 
The steric effect causes the metal center to have an 
increased partial positive charge leading to  a less 
negative experimental value for the 19F resonance than 
predicted. These results suggest that 19F chemical 
shifts of the meta and para fluorophenyl group can be 
a valuable probe for understanding organometallic 
chemistry. The former probes electron density on the 
group to which it is attached. The latter should give 
rise to a large n-plus contribution when metal n-back- 
bonding is significant. The data fit also demonstrates 
the remarkably broad scope of the AE and AC param- 
eters by extending the type of system treated to sub- 
stituents directly bound to Pt(I1). The insights provided 
about the 19F shifts in these systems were not obtained 
by other analyses. This success should encourage the 
application of the AE and AC substituent constant 
analyses in coordination and organometallic chemistry. 

FC&-Hg-X Complexes. The next system to be 
analyzed involves a series of meta- and para-fluorophe- 
nyl mercury-X  derivative^.^ A limited number of 
X-groups have been studied. With limited substituents, 
the consistency of the data set with a a-bonding interac- 
tion of X can be determined, but the absence of n-back- 
bonding is not firmly established. Only tentative values 
for the dE, dC, and AxH parameter are obtained. The 
19F data for the para- and meta-fluorophenyl derivatives 
were fit using the 3-X substituents for the group bonded 
to mercury. The results are shown in Table 3. The 

Table 3. 1V Shifts For FC&-Hg-X Derivative? 
m-FC&- p-FC&- 

X "9 exp '9F calcb '9F exp '9F calcC 

3-CH3 -0.31 -0.31 -0.24 -0.19 
3-Br 2.08 2.08 2.78 2.78 
3 - c a 5  0.10 0.11 0.37 0.22 
3-OH 1.32 1.32 1.11 1.32 
3-CC13d 1.53 1.54 2.30 2.28 

Data from ref 5.  Calculated with Axx = -26.75(&0.05)A& + 
2.86(i~0.01)hC~ + 0.22(f0.0). The i = 0.010 and the percent fit is better 
than 1%. Calculated with Axx = -9.95(&0.7)A& - 2.50(*0.18)ACe + 0.47(&0.0). The i = 0.05 and the percent fit is 2%. 

excellent data fit of the metafluorophenyl derivative 

(5 )  Hansch, C.; Leo, A.; Taft, R. W. Chem. Rev. 1991,91, 165. 
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suggests that the interaction of the X groups studied 
with mercury involves mainly (T bonding. 

The parafluorophenyl data also gives a good fit with 
the 3-X substituent constants. The absence of a large 
n-plus contribution in the fit of the parafluorophenyl 
derivatives confirms the conclusion from the 3-fluo- 
rophenyl data that the X-substituents are only (T bonded. 

FC&-Co(DO-DOHpn)-X Complexes. The 19F 
chemical shift of m- and p-FCsH4-Co[(DO)(DOH)pnI- 
X complexes, (where DO-DOHpn is diacetylmonoxime- 
imino diacetylmonooximatoiminopropane-1,3 and X is 
an anionic ligand) have been measured6 to  investigate 
the trans effect. The data are given in Table 4 along 
with the results of the data fit to eq 1. 

Drago 

Table 5. Fit of (p- and (mFluoropheny1)cobaloxime Donor 
B Adduct@ 

m-FC& p-FCsHs 
donor exo Calb exo calC 

Table 4. 19F Shifts of m- and 
p-FCfi-Co[(DO)-DOHpn]Xa 

m- fluoropheny 1 

H3C- -3.05 -3.05 
OCN- -0.98 -0.96 
Br- -0.68 -0.68 
1- -0.50 (-0.85) 
NCS- (SCN-) -0.52 -0.55 (-0.76) 

~ 

p- fluorophenyl 

X "Fenp 19Fc~cc 
H3C- -11.3 -11.3 
p-FC&- -10.6 -11.0 
OCN- -9.72 -9.66 
Br- -9.73 -9.69 
1- -9.73 -9.76 
NCS- (SCN-) -9.29 -9.37 (9.23) 

19F relative to C&F measured in (CH3)SO. Calculated with Axx = 

fit is 1. Calculated with Axx = -33.41(&1.2)hE~ -k 5.99(f0.29)hC~ - 
10.91(&0.0). f = 0.10 and the % fit is 4. 

-17.31(&0.2)AE~ + 0.44(&0.05)AC~ - 2.52(f0.0). j2 = 0.01 and the % 

The iodo derivative is well behaved in the p-fluo- 
rophenyl series but may be displaced by solvent in the 
m-fluorophenyl series. It was omitted from the data fit. 
The limited data set leads to tentative parameters but 
clearly shows the shifts for both the m-fluorophenyl and 
p-fluorophenyl derivatives of the compounds studied can 
be described with the 3-hE and 3-AC parameters of the 
-X group. No significant n-plus contribution is detected 
for the p-fluorophenylcobalt complexes. We can confi- 
dently state that these results do not support the 
literature6 conclusions that there is extensive interac- 
tion of the cobalt with n-aryl ligands and that thiocy- 
anate is a n donor ligand toward this complex. 

Fluorophenyl-M-B Systems. The alkylco- 
baloximes, XCo(DMG)zL, contain a small, low oxidation 
state metal center and have been reported to n-back- 
bond into L when it is a phosphite ligand.7 A series of 
19F shifts have been measured8 for (m- and (p-fluo- 
ropheny1)cobaloxime adducts of various donors (B). To 
probe a u donor interaction, this data is fit to the ECW 
equation (eq 7) using reported EB and CB parameters 

4 - C N Q m  -1.43 -1.38 -9.48 -9.21 
CsHsN -1.66 -1.71 -8.75 -9.44 
4-CH3Csm -1.75 -1.80 
4 - m z c s m  -2.05 -1.97 -10.0 -9.59 
4-CH$(O)NHCsm -1.55 -1.65 -9.56 -9.39 
CH3OH -0.98 -0.98 -9.75 -9.73 
(CHdzSO -1.86 (-1.03) -10.27 (-10.12) 

a Data from ref 7. The EB and CB values for the substituted pyridine 
are calculated from AE and AC  value^.^,^ The more negative the number 
the more shielded the fluorine. chemical shift ppm, relative to intemal 

0.48(&0.12). j2 = 0.06, and the percent fit is 5 .  I9F chemical shift ppm, 
relative to internal FC&. Calculated with Axx = -1.13(f0.50)& - 
0.10(fO.o1)CB - 7.77(f0.30). P = 0.36, and the percent fit is 30. 

for the  donor^.^ The data fit for those bases in the E 
and C correlation are shown in Table 5. An excellent 
data fit is obtained for the m-fluorophenyl derivative. 
Substantial changes occur in the n* energies of the 
substituted pyridines that have been studied and if 
n-back-bonding occurs it would vary over the series. 
Since the 19F shifts are correlated with the u donor, EB 
and CB parameters, we can conclude that a-bonding is 
the principal interaction of the donors studied with the 
cobalt. The same electrostatic, EB, and covalent, CB, 
properties that determine enthalpies of interaction of 
these donors with various acceptors also determine the 
19F shifts. The enthalpies for the methyl~obaloxime~ 
acceptor have a large contribution from the covalency 
(EA = 4.70, CA = 3.24) with a CIE ratio of 0.69. The 
tentative parameters for the 19F chemical shift, with a 
C*IE* = 0.36, suggest the shift is more dependent on 
the electrostatic properties of the base than the enthal- 
pies are. The CA*IEA" ratio of 0.36 is large for a spectral 
probe. 

Since the number and type of donor studied is limited, 
the conclusion to be drawn from the data fit is that there 
is no indication of metal to ligand n-back-bonding in the 
systems studied. The m-FCsH&o(DH)z*B system should 
be studied with more donors whose EB and CB values 
are known to establish that n-back-bonding into pyri- 
dine-type ligands does not occur and to establish this 
complex as a spectral probe. On the basis of the 
enthalpy fit to methylcobaloxime, it is anticipated that 
good n-back-bond acceptor ligands, e.g. CH&N and 
P(OCH&, will lead to deviations in the 19F fit. 

The dimethyl sulfoxide adduct deviates from the fit. 
The EB and CB parameters are for oxygen-bonded 
dimethyl sulfoxide. The miss is consistent with other 
correlations that suggest dimethyl sulfoxide may be 
sulfur coordinated to the cobalt center.ll 

In contrast to the excellent ZL for the data fit of the 
m-fluorophenyl adducts, the p-fluorophenyl derivatives 
give a poorer fit to  the EB and CB of the coordinated 
donors. The deviations are not as large as those found1 
for n-plus contributions from the conjugative interaction 
of substituents in the 4-X fluorophenyl derivatives. The 
fit is consistent with a dominant u interaction of the 
ligands with the cobalt. 

FC&. Calculated with Axx = -0.72(f0.20)E~ - 0.26(fO.o5)C~ - 

(6) Hill, H. A. 0.; Morallee, K G.; Cemivez, F.; Pellizer, G. J. Am. 
Chem. Soc. 1912. 94. 277. 
(7) Courtrighi; R. Ly; Drago, R. S.; Nusz, J. A.; Nozari, M. S. Inorg. 

(8)  Brown, K. L.; Lu, L.-Y. Inorg. Chem. 1981,20, 4178. 
Chem. 1973,12,2809. 

(9) Drago, R. S. Applications of Electrostatic-Covalent M o d ~ l s  in 
Chemistry; Surfside Scientific Publishers: P.O. Box 13413, Gainesville, 
FL, 1994. 
(10) Drago, R. S. Inorg. Chem. 1990,29, 1379. 
(11) Drago, R. S. Submitted for publication. 
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19F Shifts of m- and p-Fluorophenyl Derivatives 

The conclusions drawn from this analysis are consis- 
tent with the reported interpretation of the reactivity 
and spectroscopic properties of a series of XCo(DMG)2*B 
c~mplexes.~Jl Very good n-acceptor ligands are neces- 
sary to obtain measurable contributions to bond strength 
and equilibrium properties from n-back-bonding in this 
cobalt system. 

FCmC12-B Adducts. The 19F shifts upon coor- 
dination of a series of bases to 3- and 4-FC6a-BC12 
are r e p ~ r t e d . ~  Data for both sets of adducts are poorly 
fit. Steric effects are expected to  be operative in these 
adducts and the poor fit is attributed to  this problem. 
It is significant that a poor fit was obtained for this data 
set even though five experimental values were fit to 
three unknowns. 

Conclusions 
The meta-fluorophenyl substituent constant is estab- 

lished as a probe of electron density on a metal complex. 
As such its 19F shift can be used to  probe the interaction 
of other ligands, X, with the metal to which the m-fluoro 
group is attached. The p-fluorophenyl substituent is a 
very sensitive probe of conjugative interactions of metal 
centers with this substituent. Good data fits to AE and 
AC are not expected, but the absence or existence of 
large n-plus contributions can provide information about 
n-back-bonding of the metal with the probe. 

The number of donors studied in all of the systems 
analyzed in this article is limited. Even under these 
circumstances, the AE-AC and the ECW analyses are 
shown to have utility in determining whether or not the 
data for the substituents studied provide experimental 
support for unusual effects (steric, n-back-bonding, 
nonspecific solvation, etc.) in organometallic chemistry. 
It is interesting to note that even with a limited number 
of systems, unusual effects are found in some of the data 
fits. 
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The parameters resulting from any fit of limited data 
should be considered tentative. Prediction of data for 
new donors should be limited to those whose C$EB ratio 
or ACIAE ratio is in the range of those used in the data 
fits. The interpretation of the relative importance of 
covalent and electrostatic bond contributions from 
tentative parameters is not recommended. 

Calculations 

Substituent Constant Analyses. Reported sub- 
stituent constants are substituted into eq 1 along with 
the corresponding value of the 19F shift (Ax). A least 
squares minimization procedures is used to find the best 
fit dE, dC, and AxH parameters. When omitting one 
substituent from the fit leads to a significant improve- 
ment in the fit of the remaining systems, it is omitted 
from the reported fit. The substituent constants for the 
deviating system is used to calculate Axx from the 
reported dE, dC, and AxH parameters. 

The addition of new data has led to  the refmement12 
of several 3-X substituent constants reported previ- 
0us1y.~ The new values used in this study are listed in 
the order subs tituenUAE1ACln : C6H5IO.O 1 1/0.058/0.3; 
SCN-1-0.1101-0.33510.8; NCS-/-0.125/-0.442/0.6; 
OCN-/-0.099/-0.34510.5; CCl~-0.089/-0.372/0.8; 
p-FC~0.004/0.03510.5. All other parameters are those 
reported earlier.3 
Donor Adduct Analyses. When the quantity being 

varied is a neutral base, the data are fit to eq 7. 
Reported valuesg of EB and CB are substituted into eq 
7, and the least squares fit produces EA*, CA*, and W. 
OM940451Q 

(12) Drago, R. S. Manuscript in preparation. 
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Synthesis, Reactions, and 77Se NMR Studies of 
q5-Selenophene Complexes of Chromium, Manganese, 

Ruthenium, and Iridium 
Carter J. White and Robert J. Angelici* 

Department of Chemistry and Ames Laboratory,l Gilman Hall, Iowa State University, 
Ames, Iowa 50011 

Moon-Gun Choi 
Department of Chemistry, Yonsei University, Seoul 120-749, Korea 

Received June 9, 1994@ 

The series of q5-selenophene transition metal complexes (q5-Seln)Cr(C0)3 (1-31, [(q5- 
Seln)Mn(CO)3lS03CF3 (4-61, [(q5-Seln)RuCp*lS03CF3 (7-91, and [(q5-Seln)lrCp*l(BF412 (10- 
121, where Seln = selenophene (Sell, 2-methylselenophene (2-MeSel), or 2,5-dimethylsele- 
nophene (2,5-MezSel), were synthesized and characterized by lH, 13C, and 77Se NMR and IR 
spectroscopy. The molecular structure of (q5-2,5-Me2Sel)Cr(C0)3 (3) was determined. 
Reactions of [(q5-Sel)Mn(C0)3]S03CF3 (4) with nucleophiles (Nuc = H-, CN-) give the neutral 
addition products [(Sel-Nuc)Mn(CO)sl [NUC = H- (4a), NUC = CN- (4b)l in which three carbon 
atoms and the Se are bonded to the Mn. The reaction of [(q5-Sel)RuCp*lS03CF3 (7) with 
H-, however, results in cleavage of the C-Se bond to form a butadiene selenide complex 
((q5-SeCH=CHCH=CH2)RuCp*) (7a). Still another type of product results from the reaction 
of [(q5-2,5-Me2Sel)IrCp*](BF& (12) with 2 equiv of H-; in this case, the H- acts as a reducing 
agent to  give the ring-opened complex (C, Se-2,5-MezSel)IrCp* (12a). All of these reactions 
are similar to those of the analogous q5-thiophene complexes. The 77Se NMR chemical shift 
values for the q5-Seln ligands in complexes 1-12 fall within a range of 225 ppm; they are 
influenced by the metal and its ligands, the charge on the complex, and the number of methyl 
groups in the selenophene. 

Introduction 
In studies of the mechanism(s) of thiophene (T) 

hydrodesulfurization (HDS), we and others have sought 
to  understand how thiophene is bound to metal sites 
on the heterogeneous ~ a t a l y s t . ~ - ~  In HDS model orga- 
nometallic complexes, thiophene is commonly known to 
coordinate either through the entire n system (q5)  or 
through the sulfur atom [ql(S)] only. Reactions of the 
q 5  thiophene complexes have been linked to possible 
HDS  mechanism^.^ Thiophene has also been reported 
to coordinate to metals through a single C-C bond (q2)6 
or through both C-C bonds ( ~ ~ 1 . ~ 9 ~  

Selenophene is a five-membered heterocyclic com- 
pound with a structure and chemistry similar to that 
of thiophene (Figure 119-12 Our group has previously 
reported on the coordination of selenophenes (Seln) in 

@ Abstract published in Advance ACS Abstracts, November 15,1994. 
(1) Ames Laboratory is operated for the U.S. Department of Energy 

by Iowa State University under Contract W-7405-Eng-82. This 
research was supported by the Office of Basic Energy Sciences, 
Chemical Sciences Division. 

(2) Angelici, R. J. Acc. Chem. Res. 1988,21, 387. 
(3) Angelici, R. J. Coord. Chem. Rev. 1990, 105, 61. 
(4) (a) Rauchfuss, T. B. Prog. fnorg. Chem. 1991, 39, 259. (b) 

Sanchez-Delgado, R. A. J. Mol. Catal. 1994, 86, 287. 
(5) Angelici, R. J. In Encyclopedia ofhorganic ChemistTy; King, R. 

B., Ed.; Wiley: New York, 1994; Vol. 3, pp 1433-1443. 
(6) Cordone, R.; Harman, W. D.; Taube, H. J. Am. Chem. SOC. 1989, 

111, 5969. 
(7) Chen, J.; Angelici, R. J. Organometallics 1989, 8, 2277. 
(8) Rauchfuss, T. B.; Ogilvy, A. E.; Skaugset, A. E. Organometallics 

(9) Magdesieva, N. N. Farmakol. Toksikol. Prep. Selena, Mater. 

(10) Magdesieva, N. N. Adu. Heterocycl. Chem. 1970, 12, 1. 

1989, 8, 2739. 

Simp. 1967, 41. 

0276-7333/95/2314-0332$09.00/0 

thiophene selenophene 
Figure 1. Structures and numbering of thiophene and 
selenophene. 

the complexes Cp'Re(C0)2(Seln).l3J4 In the electron- 
rich complex Cp*Re(CO)2(Seln) (Cp* = q5-C5Me5), the 
selenophene (Sel) ligand is q2 coordinated through two 
of the carbons of Sel, while in the analogous 2,5- 
dimethylselenophene (2,5-Me2Sel) complex Cp*(CO)aRe- 
(2,5-MezSel), the ligand is coordinated through the Se 
atom. For the analogous 2-methylselenophene (2-Me- 
Sel) complexes, the ql(Se) and q2 isomers are in equi- 
librium (eq 1). Not only does the selenophene binding 

mode depend on the number of methyl groups in the 
Seln, but the equilibrium amount of the V1(Se) isomer 
increases when the Cp* ligand is replaced by the less 
electron-donating Cp (q5-CsH5) in CpRe(CO)z(Seln). 

0 1995 American Chemical Society 
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$-Selenophene Complexes of Cr, Mn, Ru, and  Ir 

Lowering the electron density on Re favors the vl(Se) 
isomer, in which the Se acts as a two-electron donor to 
the Re. The q2 isomer becomes less favored in this case 
because the lower electron density on Re makes it less 
capable of n back-bonding to the olefin. In the analo- 
gous thiophene (Th) complexes, Cp'Re(CO)z(Th), only 
the r1(S) isomer is observed regardless of the electron 
richness a t  the metal center or the methyl substitution 
in the thiophene.16J6 The distinctly different 77Se 
chemical shifis of the +(Se) and v2 isomers of the 
CpRe(CO)z(Seln) complexes suggest that 77Se MMR 
studies could be used to investigate the modes of 
selenophene binding on heterogeneous catalysts. 

The only other known selenophene complexes are ($- 
Seln)Cr(CO)s (Seln = selenophene, 2,5-dimethylsele- 
nophene), first reported by Ofele in 1966.17 Recent 13C 
NMR studies of these complexes1* show that the rota- 
tional barrier of the selenophene is higher than that of 
thiophene in the analogous complexes. The results 
suggest that selenophenes donate slightly more electron 
density to chromium than thiophenes do. 

Although attempts to establish the mode of thiophene 
binding on HDS catalysts have not been successful, the 
existence of the NMR-active isotope 77Se (7.58% natural 
abundance) may make it possible to study selenophene 
binding to catalyst surfaces. Therefore, it is of interest 
to determine whether 77Se NMR spectroscopy is capable 
of distinguishing r5 coordination from vl(Se) coordina- 
tion based on the chemical shift. In the investigations 
reported herein, we determine the W e  NMR chemical 
shifts in the following series of complexes, (@-Seln)Cr- 
(CO)3, [($-Seln)Mn(C0)31+, [($-Seln)RuCp*l+, and [($- 
Seln)IrCp*12+ (where Seln = Sel, 2-MeSel, 2,5-MezSel), 
in which the metal, the charge on the complex, and the 
surrounding ligands are varied. The synthesis, char- 
acterization, and reaction chemistry of the new com- 
plexes are reported and compared to the previously 
studied thiophene analogs. In addition, the molecular 
structure of (r5-2,5-MezSel)Cr(CO)3 determined by X-ray 
crystallography is compared with the recently published 
structure of the analogous qW~iophene complex ($-2,5- 
Me2T)Cr(C0)3.18 

Experimental Section 
General Procedures. All reactions and manipulations 

were carried out under an atmosphere of NZ using standard 
Schlenk techniques unless otherwise ~ t a t e d . ~ ~ ~ ~ ~  Solvents were 
reagent grade and dried under NZ by the following methods. 
Tetrahydrofuran (THF) and diethyl ether (EtzO) were distilled 
from Nahenzophenone. Hexanes, CHZC12, and MeCN were 
distilled from CaH2. Acetone was dried with potassium 
carbonate and distilled. Nitromethane (MeN02) was dried 
over CaClz and distilled. The solvents were used immediately 

(11)Bird, C. W.; Cheeseman, G. W. H.; Hornfeldt, A. B. In 
Comprehensive Heterocyclic Chemistry; Katritzky, A. R., Rses, C. W., 
Eds.; Pergamon Press: New York, 1984; Vol. 4; pp 935-971. 

(12) Hoernfeldt, A. B. Adv. Heterocycl. Chem. 1982,30, 127. 
(13) Choi, M. G.; Angelici, R. J. J.  Am. Chem. Soc. ISSO, 112, 7811. 
(14) Choi, M. G.; Angelici, R. J. J .  Am. Chem. Soc. 1991,113,5651. 
(15) Choi, M. G.; Angelici, R. J. J .  Am. Chem. Soc. 1989,111,8753. 
(16) Choi, M. G.; Angelici, R. J. Organometallics 1991, 10, 2436. 
(17) Ofele, K. Chem. Ber. 1966, 99, 1732. 
(18) Sanger, M. J.; Angelici, R. J. organometallics 1994,13, 1821. 
(19) Wayda, A. L., Darensbourg, M. Y., Eds.; Experimental Orga- 

nometallic Chemistry: A Practicum in Synthesis and Characterization; 
ACS Symposium Series 357; American Chemical Society: Washingtan, 
DC, 1987. 

(20)Shriver, D. F.; Drezdzon, M. A. The Manipulation of Air 
Sensitive Compounds, 2nd ed.; Wiley: New York, 1986. 
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after distillation or were stored over 4 A molecular sieves 
under Nz. The neutral alumina (Brockman, activity I, -150 
mesh) used for chromatography was deoxygenated at  room 
temperature in high vacuum for 16 h, then deactivated with 
5% (w/w) N2-saturated water, and stored under Nz. 

NMR spectra were recorded on either a 
Nicolet NT-300 MHz or a Varian VXR-300 MHz spectrometer 
with deuteriated solvents as the internal locks and referenced 
to tetramethylsilane (TMS). The 77Se NMR spectra were 
recorded on the Varian VXR-300 spectrometer at room tem- 
perature and referenced to selenophene (6 = 605.0 ppm).21-23 
Electron-ionization mass spectra (EIMS) were performed on 
a Finnigan 4000 mass spectrometer. Fast atom bombardment 
(FAB) mass spectra were obtained using a Kratos MS-50 mass 
spectrometer. Infrared spectra were obtained on a Nicolet 710 
FTIR spectrophotometer. Elemental analyses were performed 
by either Galbraith Laboratories, Inc., Knoxville, TN, or Desert 
Analytics, Tucson, Az. 

The following compounds were prepared by literature 
methods: Cr(MeCN)s(CO)s," Mn(C0)6(0Tf) (OW = S03CF3),26 
[Cp*R~(MeCN)3]0"f,2~ [Cp*IrC121~,2~ Sel,2s*zg 2-MeSel:O Mez- 
SeL31 All other compounds were purchased from commercial 
sources and used as received. 

(q5-Sel)Cr(CO)a (1). To prepare Cr(MeCN)3(C0)3, a solu- 
tion of Cr(CO)s (1.10 g, 5.00 mmol) in freshly distilled MeCN 
(10 mL) was refluxed for 24 h under Ar. After the solution 
was cooled to room temperature, the solvent was removed 
under vacuum giving a very air-sensitive yellow solid which 
was redissolved in 5 mL of THF. Following the addition of 
selenophene (2.6 g, 20 mmol), the solution was refluxed for 10 
min. The solution changed to a deep red color. After the 
solution was cooled to room temperature and the solvent 
removed under vacuum, the residue was dissolved in CH2Cld 
hexanes (1:9) and chromatographed on a neutral alumina 
column (2.2 x 30 cm). An initial yellow band was eluted with 
etherhexanes (1 : lO) .  Then a red band was eluted with Et2O; 
it was collected, and the solvent was evaporated in vacuo to 
give the red crystalline solid product 1 (0.81 g, 61% based on 
CrfcO)~). lH NMR 6 (CDC13): 5.95 (m, J H - s ~  = 18.8 Hz, 
H(2),H(5)), 5.79 (m, H(3),H(4)). 13C NMR 6 (CDCl3): 91.82 (8 ,  
C(3), C(4)), 91.53 ( 8 ,  C(2), C(5)), 233.03 (8 ,  CO). 77Se NMR 6 
(CDCl3): 152.3 (8) .  IR v(C0) cm-l (hexanes): 1984 (s), 1918 
(s), 1897 (8). Anal. Calcd for C7&03CrSe: C, 31.48; H, 1.51. 
Found: C, 30.87; H, 1.27. 

(q5-2-MeSel)Cr(CO)s (2). This compound was prepared in 
the same manner as for 1 from Cr(C0)e (1.10 g, 5.00 mmol) 
and 2-MeSel (2.8 g, 15 mmol). 2 is an orange solid (0.91 g, 
65% based on Cr(CO)e). IH NMR 6 (CDCL): 5.79 (d, JHH = 

The IH and 

4.2 Hz, H(5)), 5.75 (t, JHH = 3.8 Hz, H(4)), 5.46 (d, JHH = 3.3 
Hz, H(3)), 2.37 (9, CH3). 13C NMR 6 (CDC13): 113.77 ( 8 ,  C(2)), 
92.64 ( 8 ,  C(4)), 92.59 (8, C(3)), 90.96 ( 8 ,  C(5)), 18.09 (8 ,  CH3), 
233.2 (8, CO). "7Se NMR 6 (CDCl3): 186.1 (8) .  IR v(C0) cm-' 
(hexanes): 1978 (8) ;  1912 (8) ;  1893 (s). Anal. Calcd for C&3- 
OsCrSe: C, 34.18; H, 2.14. Found: C, 33.99; H, 2.11. 

(21) McFarlane, H. C. E.; McFarlane, W. NMR ofNewly Accessible 
Nuclei; Academic Press: New York, 1983; Vol. 2; pp 275-299. 

(22) Baiwir, M. Proceedings of the Fourth Internationul Conference 
on the Organic Chemistry of Selenium and Tellurium; 1983; pp 406- 
467. 

(23) Christiaens, L.; Piette, J. L.; Laitem, L.; Baiwir, M.; Denoel, 
J.; Llabres, G. Org. Magn. Reson. 1976, 8, 354. 

(24) Tate, D. P.; Knipple, W. R.; Angl, J. M. Inorg. Chem. 1962,1, 
~~ 

433. 

J .  Am. Chem. SOC. 1984,106,2901. 
(25) Leach, D. A.; Richardson, J. W.; Jacobson, R. A.; Angelici, R. J. 

(26) Faaan, P. J.; Ward, M. D.; Calabrese, J. C. J .  Am. Chem. SOC. 
1989,111; 1998. 

(27) White, C.; Yates, A,; Maitlis, P. M. Znorg. Synth. 1992,29,230. 
(281 Mohamand. S.: Bareon. J.: Waltman, R. J. J. Ora. Chem. 1983, . ,  - , ,  

48,.3%44. 

erocycl. Chem. 1976,13,1319. 

SOC., Perkin Trans. 1977,2, 775. 

Geterotsikl. Soedin. (Engl. Transl.) 1982, 18, 418. 

- 
(29) Gronowitz, S.; Frejd, T.; Moberg-Ogard, A.; Trege, L. J .  Het- 

(30) Lumbroso, H.; Bertin, D. M.; Fringuelli, F.; Taticchi, A. J.  Chem. 

(31)Kharchenko, V. G.; Markushina, I. A.; Voronin, S. P. Khim. 
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(qs-2,5-Me2Sel)Cr(CO)s (3). This compound was prepared 
in the same manner as for 1 using Cr(CO)6 (1.10 g, 5.00 m o l )  
and 2,5-MezSel(l.6 g, 10 mmol). 3 (0.77 g, 52% based on Cr- 
(CO)6) was isolated as a red solid. lH NMR 6 (CDCl3): 5.39 
(s, H(3), H(4)), 2.29 (s, CH3). I3C NMR 6 (CDCL): 113.55 (s, 
C(2),C(5)), 93.31 (s, C(3),C(4)), 18.11 (s, CH31, 233.9 (8, CO). 
77Se NMR 6 (CDC13): 222.2 (8). IR v(C0) cm-l (hexanes): 1972 
(s), 1905 (s), 1887 (8). Anal. Calcd for CsHsO3CrSe: C, 36.63; 
H, 2.73. Found: C, 36.58; H, 2.74. 

[(qS-Sel)Mn(CO)s](OTf) (4). To a solution of Mn(CO)@Tf) 
(0.0880 g, 0.250 "01) in Et20 (50 mL) was added selenophene 
(0.16 g, 1.2 mmol); the solution was refluxed under Nz in the 
dark for 48 h. The solution turned brown/red and a yellow 
precipitate formed. After filtration, the yellow precipitate was 
washed with Et20 (5 mL) once and hexanes (10 mL) twice and 
vacuum dried. The product 4 (0.0726 g, 68%) is a yellow 
crystalline powder. lH NMR 6 (CD3NOz): 7.32 (m, J H - ~  = 
18.3 Hz, H(2),H(5)), 6.98 (m, H(3),H(4)). 13C NMR 6 (CD3- 

77Se NMR 6 (CD3N02): 255.9 (s). IR v(C0) cm-I (CHsN02): 
2075 (s), 2016 (s), 2014 (sh). Anal. Calcd for C8&O6- 
MnSeSF3: C, 20.57; H, 0.86. Found: C, 21.28; H, 1.13. 
[(qs-2-MeSel)Mn(CO)s1(OTf) (5). This synthesis was per- 

formed in the same manner as that for 4; Mn(CO)s(OTf) 
(0.0880 g, 0.255 mmol) and 2-MeSel (0.16 g, 1.1 mmol) were 
used. Pale yellow crystals of 5 (0.0783 g, 71%) were obtained. 

NOz): 108.10 (s, C(3),C(4)), 101.55 (s, C(2),C(5)), 231.17 (5, CO). 

'H NMR 6 (CD3NOz): 6.91 (d, H(5)), 6.87 (t, H(4)), 6.68 (d, 
H(3)), 2.58 (s, CH3). 115.4 (s, C(2)), 
106.1 (s, C(4)), 101.3 (s, C(3)), 100.6 (8, C(5)), 14.5 (8, CH3), 

(CH3N02): 2071 (SI, 2009 (8). 

13C NMR 6 (CD3NOz): 

232.1 (s, CO). 77Se NMR 6 (CDsNOz): 274.7 (8 ) .  IR 4CO) cm-' 

[(qs-2,5-Me2Sel)Mn(CO)~l(O!I'f) (6). This complex was 
prepared in the same manner as that for 4 from Mn(C0)dOM 
(0.0880 g, 0.255 mmol) and 2,5-MezSel(0.16 g, 1.0 mmol). Pale 
yellow microcrystals of 6 (O.O871g, 76%) were isolated after 
drying under vacuum. 'H NMR 6 (CDsNOz): 6.45 (8, H(3), 

C(5)), 100.1 (s, C(3), C(4)), 18.0 (s, CH3), 230.2 (s, CO). 77Se 
NMR S (CD3N02): 295.1 (s). IR v(C0) cm-I (CH3NOz): 2068 
(s), 2003 (9). Anal. Calcd for CloHsO6MnSeSF3: C, 24.25; H, 
1.63. Found: C, 24.63; H, 1.69. 

[Cp*Ru(q6-Sel)l(OTf) (7). To a solution of [Cp*Ru(MeCNM- 
(OTf) (0.100 g, 0.200 mmol) in CHzClz (10 mL) was added 
selenophene (0.16 g, 1.2 mmol); the solution was stirred at 
room temperature for 1 h. After filtration through Celite, the 
solution was concentrated to -3 mL in vacuo. The product 7 
was precipitated by slow addition of Et20 (20 mL), yielding a 
yellow crystalline powder (0.056 g, 55%). 'H NMR 6 (acetone- 
&): 6.39 (m, J H - s ~  = 17.8 Hz, H(2),H(5)), 5.94 (m, H(3),H(4)), 
2.02 (8, CH&p*). 13C NMR 6 (acetone-&): 89.82 (8, C(3),C- 

77Se NMR 6 (CD~NOZ): 211.9 (8). FAB/MS (CHzCld3-ni- 
trobenzyl alcohol matrix): mle 369 (M+). The product was 
sometimes tan but was purified by adding a CHzClz solution 
of 7 onto a short column of neutral AlzOs (1.0 x 5.0 cm). 
Elution with acetone gave a clean yellow product band that 
was collected. Removal of the solvent, under vacuum, and 
recrystallization of the residue from CHzClz layered with 
hexanes at -20 "C overnight gave yellow crystals of 7. 
[Cp*Ru(qS-2-MeSel)l(OTf) (8). This synthesis was the 

same as that for 7 but using [Cp*Ru(MeCN)sl(OM (0.16 g, 
0.31 mmol) and 2-MeSel (0.16 g, 1.1 mmol). Pale yellow 
crystals of 8 (0.097 g, 58%) were obtained. 'H NMR 6 

H(4)), 2.41 (s, CH3). I3C NMR 6 (CD3NOz): 128.9 (8, C(2), 

(4)), 87.31 (s, C(2), C(5)), 96.76 (8, C-Cp"), 11.05 (s, CHs-Cp*!. 

(CDC13): 6.51 (d, H(5)), 5.89 (t, H(4)), 5.71 (d, H(3)), 2.28 (8, 
CH3), 1.99 (s, CHs-Cp*). 13C NMR 6 (CDCl3): 103.9 (s, C(2)), 
89.8 (s, C(4)), 88.6 (5, C(3)), 86.9 (s, C(5)), 15.9 (s, CH3), 95.6 
(s, C-Cp*), 10.9 (CH3-CpY). 77Se NMR 6 (CD~NOZ): 218.2 (8). 

FABMS (CHzCld3-nitrobenzyl alcohol matrix): mle 383 (M+). 
Anal. Calcd for Cl6H21RuSeSO3F3: C, 36.23; H, 3.99. Found: 
C, 36.25; H, 3.97. 
[Cp*Ru(qS-2,S-Me~Sel)l(OTf) (9). This complex was pre- 

pared in the same manner as for 7 from [Cp*Ru(MeCN)31(0M 

White et al. 

(0.15 g, 0.29 mmol) and 2,5-MezSel (0.16 g, 1.0 mmol). Pale 
yellow microcrystals of 9 (0.096 g, 60%) were isolated after 
drying under vacuum. 'H NMR 6 (CDCl3): 5.69 (8, H(3),H- 

103.9 (8, C(2), C(5)), 89.4 (s, C(3), C(4)), 15.9 (s, CH3), 94.3 (8, 
C-Cp*), 9.89 (8, CH&p*). NMR 6 (CD~NOZ): 219.8 (8). 
FAB/'MS (CH&ld3-nitrobenzyl alcohol matrix): mle 397 (M+). 
Anal. Calcd for C ~ ~ H Z ~ R U S ~ S O ~ F ~ :  C, 37.50; H, 4.26. Found: 
C, 37.77; H, 4.32. 

[Cp*Ir(qWel)](BF4)2 (10). To a solution of [Cp*IrClzlz 
(0.44 g, 0.55 mmol) in acetone (5.0 mL) was added AgBF4 
(0.430 g, 2.21 mmol). The resulting mixture was stirred for 
15 min and then filtered through Celite; the volume of the 
filtrate was then reduced to -3 mL under vacuum. Sele- 
nophene (1.00 mL, 1.64 g, 12.2 mmol) was added, and the 
solution was gently heated at 50 "C for 5 min. After being 
cooled to room temperature, the solution was treated with Et20 
(20 mL), which produced a gray-white solid. The solid was 
filtered from the solution and then redissolved in MeNOz (5 
mL). The MeNO2 solution was filtered to remove a black 
insoluble impurity; upon addition of Et20 (40 mL), the product 
10 precipitated as a white solid. The product was separated 
by filtration and dried in vacuo, yielding 0.25 g (41%) of 10. 
'H NMR 6 (CDflOz): 7.99 (dd, J H - ~  = 16.9 Hz, H(2), H(5)), 
7.70 (dd, H(3),H(4)), 2.50 (8, CH&p*). 13C NMR 6 (CD3NOz): 
101.2 (s, C(3), C(4)), 100.3 (s, C(2), C(5)), 107.2 (8, C-Cp*), 10.7 

(4)), 2.26 (8, CH3), 1.96 (s, CHs-Cp*). 13C NMR 6 (CDCL): 

(8, CH3-Cp*). 7'Se NMR 6 (CDsN02): 371.2 ( 6 ) .  FABMS (3- 
nitrobenzyl alcohol matrix): mle 547 (parent dication + BFd-). 
[Cp*Ir(q5-2-MeSel)l(BF4)2 (11). This compound was pre- 

pared from [Cp*IrClz]z (0.44 g, 0.55 mmol) and 2-MeSel (1.5 
g, 10 mmol) using the same method as described for 10; it gives 
11 as a white solid (0.220 g, 30.8%). 'H NMR 6 (CD~NOZ): 
7.81 (d, H(5)), 7.55 (t, H(4)), 7.45 (d, H(3)), 2.76 (s, CH3), 2.45 
(s, CHs-Cp*). 13C NMR 6 (CDflOz): 120.7 (8, C(2)), 101.6 (s, 
C(4)), 100.8 (8, C(3)), 99.6 (s, C(5)), 16.2 (s, CH3), 106.8 (s, 
C-Cp*), 10.6 (s, CHs-Cp*). 77Se NMR 6 (CD~NOZ): 374.7 (s). 
Anal. Calcd for ClsHzlBzF~IrSe: C, 27.88; H, 3.28. Found: 
C, 27.54; H, 3.13. 
[Cp*Ir(q5-2,S-Me2Sel)l(BF4)2 (12). This compound was 

prepared in the same manner as 11 by use of [Cp*IrClzlz (0.44 
g, 0.55 "01) and 2,5-MezSel(1.40 g, 2.58 mmol). White solid 
12 (0.359 g, 49.2%) was obtained. lH NMR 6 (CD~NOZ): 7.31 
(s, H(3), H(4)), 2.74 (8, CH3), 2.42 (8, CH&p*). I3C NMR 6 
(CD3NOz): 119.6 (8, C(3), C(4)), 100.8 (8, C(2), C(5)), 105.9 (C- 
Cp*), 16.4 (s, CHd, 10.1 (CH3-Cp*). W e  NMR 6 (CD3NOz): 
379.8 (8). Anal. Calcd for C&z&F&3e: C, 29.11; H, 3.51. 
Found: C, 28.83; H, 3.53. 

Reaction of [(qS-Sel)Mn(CO)&OTf) (4) with Hydride 
(H-) Sources. Method A Reaction with NaBH4. A 
solution of [(qWel)Mn(CO)3l(OTf) (4; 0.050 g, 0.12 mmol) in 
10 mL of degassed deionized water was added all at once to 
an aqueous solution of 0.005 g (0.1 mmol) of NaBH4 in 10 mL 
of degassed, deionized water. Immediately upon mixing, a 
yellow precipitate formed and gas was evolved. Extraction 
with hexanes (3 x 10 mL) gave a bright yellow hexanes layer 
which was separated and dried over NazSOr. After filtering, 
the yellow solution was chromatographed on an Al2Odhexanes 
column (1 x 15 cm). Elution with 5:l hexaneslether gave a 
bright yellow band that was collected, and the solvent was 
evaporated under vacuum to give bright yellow crystals. Yield 
(4a): 0.023 g (0.80 mmol) 69%. Elemental analyses were not 
possible because the crystals slowly decompose into a yellowl 
orange oil within 24 h. 4a was characterized by the following 
spectra. lH NMR 6 (CDCld: 6.95 (m, J H - s ~  = 17.4 Hz, H(5)), 
6.02 (t, H(4)), 4.00 (dd, J H - S e  == 11.7 Hz, H(2, endo)), 3.41 (m, 
H(3)), 3.07 (d, H(2, exo)). 13C NMR 6 (CDCl3): 92.31 (s, C(4)), 
77.24 (8, C(5)), 54.99 (6 ,  C(3)), 50.17 (s, C(2)). W e  NMR 6 
(CDC13): -162.3 (8). IR d C 0 )  cm-l (hexanes): 2017 (s), 1940 
(s), 1924 (8). EIMS mlz: 272 (Mi), 244 (M' - CO), 216 (M+ - 
2CO), 188 (M+ - 3CO), 133 (HSel+). 

Method B. Reaction with Red-Al (Na[(CHsOCaH40)2- 
Al&]). A solution of 0.050 g (0.12 "01) of [(v5-Sel)Mn(C0)31- 
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e-Selenophene Complexes of Cr, Mn, Ru, and Ir 

(Om (4) in 10 mL of THF was cooled to 0 "C in an ice/water 
bath. To this stirred yellow solution was added all at once 
0.175 mL of a 0.34 M Red-AI/THF (0.059 mmol) solution. After 
the resulting solution was allowed to warm to room tempera- 
ture, the volatile components were removed under vacuum to 
give an orange/yellow oily solid. This was extracted with 2 x 
10 mL of hexanes to give a bright yellow solution. Evaporation 
of the solution under vacuum gave a yellow oily solid (4a). 
Yield: 0.028 g (0.10 mmol) 91%. The 'H, 13C, and 77Se NMR 
and IR spectra of this product were identical to those reported 
in the previous paragraph. 

Reaction of [(q6-Sel)Mn(CO)&OTf) (4) with NaCN. A 
solution of [(q6-Sel)Mn(C0)31(0TD (4; 0.200 g, 0.24 "01) in 
10 mL of degassed deionized water was added all at once to 
an aqueous solution of 0.059 g (1.2 mmol) of NaCN in 10 mL 
of degassed, deionized water. Immediately upon mixing, a 
yellow/orange precipitate formed. Extraction with hexanes (3 
x 10 mL) gave a bright yellow hexanes layer, which was 
separated and dried over Na2S04; the volatiles were removed 
from this solution under vacuum. The resulting yellow/orange 
oil was redissolved in hexanes and put onto a hexanedAl203 
column (1 cm x 5 cm) which was eluted with ether to give a 
yellow band. This band was collected and evaporated under 
vacuum to give a yellow oil (4b; 0.021 g, 0.070 m o l ,  29%). 
lH NMR 6 (acetone-&): 7.05 (t, J H - s ~  = 16.4 Hz, H(5)), 6.28 
(dd, H(4)), 4.86 (d, J H - s ~  = 11.8 Hz, H(2, endo)), 3.59 (m, H(3)). 
13C NMR 6 (acetone-&): 92.75 (s, C(4)), 78.44 (8, C(5)), 52.13 
(8, C(3)), 43.05 (5, C(2)). 77Se NMR 6 (acetone-&): 24.3 (8). IR 
v(C0) cm-' (hexanes): 2028 (s), 1954 (vs), 1941 (s). EIMS 
mlz: 297 (M+), 271 (M+ - CN), 269 (M+ - CO). 

Reaction of [(q6-Sel)RuCp*]OTf (7) with Red-Al (Na- 
[(CI&OC&O)mg]). To a suspension of 0.100 g (0.194 
mmol) of [(q6-Sel)RuCp*]OTf (7) in 20 mL of THF cooled to 0 
"C in an ice/water bath was added all at once 0.060 mL (0.20 
"01) of a 3.4 M Red-AVtoluene solution. The solid quickly 
dissolved to give a yellow/orange solution. Evaporation under 
vacuum gave an orange oily solid that was extracted with ether 
(2 x 10 mL). The extracts were chromatographed on an AbOd 
hexanes column (1 cm x 5 cm) and eluted with ether to  give 
a yellow band. The yellow band was collected and evaporated 
under vacuum to give the oily yellow solid 7a (0.055 g, 0.15 
mmol, 77%). Due to its slow decomposition at room tempera- 
ture, it was not possible to obtain elemental analyses. IH NMR 

(m, H(3)), 2.72 (d, H(2, endo)), 2.53 (d, H(2, exo)), 1.86 (9, Cp*). 

89.0 (8, C(5)), 45.2 (s, C(2)), 10.6 (8, CH&p*). 77Se NMR 6 
(CDC13): 227.3 (s). EIMS exact mass calculated for C14H20- 
*0Se102Ru: 369.97735. Found for M+: 369.97737. 

Reaction of [(;r16-2,S-Me2Sel)Ip*I(OTf)~ (12) with Red- 
A~(N~[(CI&OC&O)ZA~H& To a cooled (0 "C) suspension 
of 0.100 g (0.15 mmol) of [(q6-2,5-MezSel)IrCp*](OTf72 (12) in 
10 mL of THF was added dropwise 1.00 mL (0.17 mmol) of a 
0.17 M Red-Al (Na[(CH30CzH40)2A1Hz])~HF solution with 
stirring; an orangehed solution formed. After stirring for 1 h 
at  0 "C, the volatile components were evaporated under 
vacuum giving a red oily solid. Extraction with hexanes (3 x 
10 mL) was followed by chromatography on an AlzOdhexanes 
(1 cm x 10 cm) column using a 10% THFhexanes eluent; this 
gave a deep red band that was collected. Solvent evaporation 
under vacuum gave the product 12a (0.013 g, 0.026 mm01,17% 
yield), which was isolated as a deep red oily solid. 'H NMR 6 

6 (CDCl3): 6.38 (d, JH-% = 16.5 Hz, H(5)), 5.68 (t, H(4)), 4.37 

13C NMR 6 (CDC13): 97.9 (8, C(3)), 92.6 (9, C(4)), 90.4 (8, Cp*), 

(CDCl3): 7.59 (d, H(3)), 7.49 (d, H(4)), 3.26 (8, CH3), 2.84 (8 ,  

CH3), 1.87 (8, CHs-Cp*). I3C NMR 6 (CDC13): 134.9 (s), 132.1 
(s), 129.8 (s), 123.3 (s), 8.5 (s, CH3), 8.4 (s, CH3), 90.7 (s, Cp*), 
10.4 (8, CHs-Cp*). 77Se NMR 6 (CDCl3): 905.4 (9). 

X-ray Structure Determination of (qs-2,S-Me2Sel)Cr- 
(CO)s (3). A single crystal of 3 suitable for X-ray diffraction 
was obtained by vapor diffusion of hexanes into a saturated 
EtzO solution of 3 at  -20 "C. The single crystal was mounted 
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Table 1. Crvstal and Data Collection Parameters for 

formula CrSeCgHsO3 
fw 295.12 

a, A 6.741 (1)  
b, 8, 12.534(3) 
C, A 12.557(3) 

/% deg 102.55(2) 

v, A3 1035.6(25) 
Z 4 
Dcalc, dcm3 1.893 
crystal size, mm 

data collection instrument Enraf-Nonius CAD4 
radiation (monochromated in incident beam) 

space group n 1 / c  

a, deg 90.00 

Y I deg 90.00 

0.16 x 0.22 x 0.05 
p(Mo Ka), cm-' 45.4 

orientation reflcns, no., range (28) 
temp, "C 22.0( 10) 
scan method 8-28 

Mo K a  (1 = 0.710 73A) 
25,17.8 < 28 ~ 3 5 . 0  

data col range, 28, deg 4.0-45.0 
no data collected 3883 
no unique data, total 1988 

no. of params refined 128 
trans factors, max, min (v scans) 
P 0.024 
Rub 0.030 
quality of fit indicatof 0.81 

largest peak, e/A3 0.36(8) 

l/uz(~Fo~). Quality of fit, [Co(lF0l - IFcl)z/(N - Nparameters)]ln. 

on the end of a glass fiber. Cell constants were determined 
from a list of reflections found by an automated search routine. 
Pertinent data collection and reduction information are given 
in Table 1. Lorentz and polarization corrections were applied. 
A correction based on decay in the standard reflection of 4.8% 
was applied to the data. An absorption correction was also 
made on the basis of a series of Y scans. The positions of the 
Cr and Se atoms were determined by interpretation of the 
Patterson map. All remaining non-hydrogen atoms were found 
in one successive difference Fourier map. All non-hydrogen 
atoms were refined with anisotropic displacement parameters. 
After the least squares converged, all hydrogen atoms were 
found in a difference Fourier map. These were placed into 
the model with isotopic temperature factors set equal to 1.3 
times the isotropic equivalent of the attached atom. The 
hydrogen positions were not refined. Systematic trends in the 
FdF, suggested that an extinction correction be included in 
the final least-squares fit. Bond distances and angles are 
presented in Table 2, and an ORTEP drawing of 3 is given in 
Figure 2. The final positional and thermal parameters are 
listed in Table 3. 

with F2 > 3u(FZ) 947 

0.998, 0.620 

largest shiwesd, final cycle 0.00 

R = CllFol - I F c l l ~ C l F o l .  Rw = [ C ~ ( l F o l  - I ~ c l ) z ~ C ~ I ~ o 1 2 1 " * ;  = 

Results and Discussion 
Synthesis and Characterization of the ps-Seln 

Complexes. The complexes ( v5-Seln)Cr(C0)3 were 
prepared previously by reaction of Cr(CO)3(py)3 with 
se1enophenes.l' Using this method, the yields were low 
(0-25%) and in our hands highly dependent on the 
careful manipulation and purification of the very air 
sensitive Cr(CO)~(py)3 intermediate complex. "he reac- 
tions (eq 2) of Cr(C0)3(MeCN)3 with selenophenes are 

1,Seln-Sel 
2, Seln = 2-MeSel 
3 ,  Seln = 2.5-Me~Sel 

more straight forward and give higher yields of (v5- 
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Table 2. Bond Distances (dip and Angles (degp for 
(nS-2,5-MezSel)Cr(CO)3 (3) 

White et al. 

atoms distance atoms distance 

Cr-Se 2.488(5) Se-C(5) 1.912(7) 
Cr-C(2) 2.218(6) C(l)-C(2) 1.500(7) 
Cr-C(3) 2.199(4) c(2)-c(3) 1.364(7) 
Cr-C(4) 2.202(6) C(3)-C(4) 1.409(8) 
Cr-C(5) 2.232(4) C(4)-C(5) 1.386(8) 
Cr-C(7) 1.829(6) C(5)-C(6) 1.507(5) 
Cr-C(8) 1.822(6) c(7)-0(1) 1.15 l(8) 
Cr-C(9) 1.835(6) C(8)-0(2) 1.145(8) 
Se-C(2) 1.899(8) C(9)-0(3) 1.150(9) 

atoms angle atoms angle 

C(2)-Se-C(5) 86.9(3) C(l)-C(2)-C(3) 128.8(5) 
C(2)-C(3)-C(4) 116.2(4) C(6)-C(5)-C(4) 129.7(4) 
C(3)-C(4)-C(5) 116.0(4) Cr-C(7)-0(1) 178.2(5) 
Se-C(2)-C( 1) 120.0(4) Cr-C(8)-0(2) 178.3(6) 
Se-C(5)-C(6) 120.1(3) Cr-C(9)-0(3) 176.7(6) 
Se-C(5)-C(4) 109.6(4) C(7)-Cr-C(9) 92.7(2) 
Se-C(2)-C(3) 110.8(4) C(7)-Cr-C(8) 89.7(2) 

C(8)-Cr-C(9) 86.5(3) 

Numbers in parentheses are estimated standard deviations in the least 
significant digits. 

I 

Figure 2. ORTEP Drawing of (175-2,5-MezSel)Cr(C0)3 (3). 

(qS-2,5-MezSel)Cr(C0)3 (3) 
Table 3. Positional and Thermal Parameters for 

atom X Y Z B" (AZ) 
Cr 0.50022( 1) 0.20323(6) 0.33291(5) 2.83(1) 
Se 0.86397(7) 0.19014(4) 0.43137(4) 3.62(1) 
C(1) 0.7793(7) -0.0172(4) 0.3195(4) 4.6(1) 
C(2) 0.7586(6) 0.1017(4) 0.3093(4) 3.3(1) 
C(3) 0.6932(7) 0.1616(4) 0.2177(4) 3.7(1) 
C(4) 0.6987(7) 0.2731(4) 0.2323(4) 4.1(1) 
C(5) 0.7707(6) 0.3089(4) 0.3382(4) 3.7(1) 
C(6) 0.8083(7) 0.4211(4) 0.3809(5) 5.4(1) 
C(7) 0.3967(7) 0.3011(4) 0.4134(4) 3.8(1) 
C(8) 0.2733(7) 0.2132(4) 0.2251(4) 3.5(1) 
C(9) 0.3770(6) 0.0914(4) 0.3859(4) 3.5(1) 
O(1) 0.3321(5) 0.3648(3) 0.4626(3) 5.68(9) 
O(2) 0.1280(5) 0.2170(3) 0.1580(3) 5.12(9) 
O(3) 0.2934(5) 0.0203(3) 0.4140(3) 5.20(9) 

Anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameter defined as follows (4/3[aZB( 1.1) + 
bZE(2,2) + czB(3,3) + ab(cos y)E(1,2) + ac(cos /3)B(1,3) + bc(cos 
a)B(2,3)1. 

Seln)Cr(CO)s. The pure moderately air stable red (q5- 
Seln)Cr(CO)s complexes 1, 2, and 3 are obtained in 
yields between 50 and 70%. The advantage of using this 
method over the direct reaction of Cr(C0)c with the Seln 

ligand is that smaller amounts of the ligand are 
required to obtain the desired product in reasonable 
yield. 

The lH, 13C, and 77Se NMR spectral data for 1 are 
given in Table 4. The 'H NMR chemical shift values 
are similar to those reported previously;17J8 however, 
the fine structure is resolved better and gives coupling 
constants between protons on adjacent carbons (JH-H 
= 2.5 Hz) and protons on carbons across the ring (JH-H 
= 2.0 Hz). Coupling of protons in the 2,5-position to 
the 77Se (7.58% natural abundance) nucleus is observed 
in the satellite peaks, which give a two bond coupling 
constant of 2 J ~ - s e  = 18.8 Hz; the Se satellite peaks are 
also used to definitively assign the resonances for 
protons H(2) and H(5). The IH NMR resonances for the 
analogous thiophene complex (v5-T)Cr(C0)3 in CDCl3 [S 
5.59 (m, H(3),H(4)), 5.37 (m, H ( ~ ) , H ( G ~ ) ) I ~ ~ , ~ ~  are slightly 
upfield (0.2-0.3 ppm) of those of 1 in CDCl3 [S 5.95 (m, 
H(2), H(5)), 5.79 (m, H(31, H(4))l. 

The compounds [($-Seln)Mn(C0)310Tf (4, 5, and 6) 
are isostructural and isoelectronic with the chromium 
complexes 1-3. Due to the limited availability of the 
selenophene ligands, 4-6 were prepared (eq 3) using 

only a 4-fold excess of the Seln ligand, rather than the 
large excess of thiophenes (Th) used in the synthesis of 
the thiophene complexes [(y5-Th)Mn(CO)310Tf.25 The 
product is totally insoluble in the ether solvent and can 
be isolated directly as the pure compound. The reaction 
must be protected from direct exposure to light to 
prevent the formation of unidentified side products. 
Yields of 4-6 vary from 20 to 80%. Key factors in 
obtaining high yields are preventing exposure to light 
during the long reflux period, moderate reaction tem- 
peratures, and using high-purity starting materials and 
solvents. In the lH NMR spectrum (Table 4), the 
selenophene protons in 4 are slightly downfield (-0.2 
ppm) as compared with those in the analogous thiophene 
complex, [($-T)Mn(C0)3+1 [S 6.90 (H(21, H(5)), 6.77 
(H(31, H(4))1.25 

Syntheses of the compounds [(~5-Seln)RuCp*10Tf (7, 
8, and 9) are accomplished by the same method (eq 4) 

(4) 
CHzC12 

[(MeCN)3RuCp*lOTf + Seln - [(qS-Seln)RuCp*](OTf) 
3 M ~ O J  7. Seln - S ~ I  

8, Seln - 2-MeSel 
9, Seln = 2,5-Me2Sel 

used for the previously reported thiophene complexes 
[(~5-Th)RuCp*10Tf.33~34 As was the case for 1 and 4, 
the 'H NMR resonances of the Sel in 7 (Table 4) are 
slightly deshielded as compared with those in the 
analogous thiophene compound [(y5-T)RuCp*l+ in ace- 
tone-& [d 6.22 (m, H(3), H(4)), 6.19 (m, H(2), H(5)), 2.07 
(s, cp*)1.33 

(32) Mangini, A.; Taddei, F. h o g .  Chin. Acta 1968, 2 ,  12. 
(33) Hachgenei, J. W.; Angelici, R. J. J. Organomet. Chem. 1988, 

(34) Spies, G. H.; Angelici, R. J. Organometallics 1987, 6 ,  1897. 
355, 359. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

04
8



y5-Selenophene Complexes of Cr, Mn, Ru, and Ir Organometallics, Vol. 14, No. 1, 1995 337 

Table 4. Spectroscopic Data for tf-Coordinated Selenophene (Sel) in (q5-Sel)Cr(C0)3 (l), [(;rlS-Sel)Mn(CO)~]+ (4), 
[(gS-Sel)RuCp*]+ (7), and [(;rls-Sel)IrCp*]2+ (10) 

compd (solvent) 'H NMR (6 in ppm) 13C NMR (S in ppm) 77Se NMR (6 in ppm) IR (cm-1) 

1 (CDC13) 5.95 (m, H(2), H(5))" 
5.79 (m, H(3), H(4N 

7.32 (s, H(2), H(5))b 
6.98 (s, H(3), H(4)) 

6.39 (m, H(2), H(5))C 
5.94 (m, H(3), H(4N 

4 (CDsNOz) 

7 (acetone-&) 

2.02 (s, CH3-Cp*) 
10 (CDsNOz) 7.99 (dd, H(2), H(5))d 

7.70 (dd, H(3), H(4)) 

7.88 ( 4  H(2), H(5)) 
7.23 (d, W3), H(4)) 

2.50 (s, CHs-Cp*) 
Sel (CDC13) 

91.53 (s, C(2), C(5)) 
91.82 (s, C(3), C(4)) 
233.03 (CO) 
101.55 (s, C(2). C(5)) 
108.10 (s, C(3), C(4)) 
231.17 (CO) 
87.31 (s, C(2), C(5)) 
89.82 (s, C(3), C(4)) 
96.76 (Cp*), 11.05 (Cp*) 
100.3 (s, C(2). C(5)) 
101.2 (s, C(3), C(4)) 
107.2 (Cp*), 10.7 (Cp*) 
129.4 (s, C(2), C(5)) 
130.4 (s, C(3), C(4)) 

" JH-SC = 18.8 Hz. J H - s ~  = 18.3 Hz. J H - s ~  = 17.8 Hz. J H - s ~  = 16.9 Hz. Not applicable. 

Figure 3. lH and 13C NMR chemical shifts of selenophene 
in complexes 1, 4, 7,  and 10. 

Selenophene compounds of the type [(y5-Seln)IrCp*l- 
(BF4)2 (10,11, and 12) are prepared by the same method 
(eq 5) used for the thiophene  analog^.^^^^^ These com- 

plexes are isolated as white air-stable solids in yields 
of 41-49%. The lH NMR chemical shift values for the 
Sel ligand in 10 (Table 4) are slightly downfield of those 
of the thiophene analog [(q5-T)IrCp*12+ in CD3N02 [d 
7.60 (m, H(3),H(4)), 7.55 (m, H(2),H(5)), 2.50 (8, CP*)I.~~ 

Comparison of the lH, l3C, and W e  NMR Spec- 
tra of 1, 4, 7, and 10. In all of these complexes, the 
H(2) and H(5) protons are assigned to the lH NMR 
peaks that exhibit satellites due to lH-%e coupling. 
These coupling constants, J H - s ~ ,  are in a narrow range, 
16.9-18.8 Hz (Table 4). No coupling between W e  and 
the protons on C(3) and C(4) is observed in any of the 
complexes. Peaks in the 13C NMR spectra of the 
complexes are assigned (Table 4) to the Sel ring carbon 
atoms based on HETCOR spectra and making use of 
the proton assignments. 
AB is evident in Figure 3, lH chemical shifts of both 

the H(2), H(5) and H(3), H(4) protons move upfield as 

(35) Chen, J.; Daniels, L. M.; Angelici, R. J. J .  Am. Chem. Soc. 1990, 
112, 199. 

(36)Huckett, S. C.; Miller, L. L.; Jacobson, R. A.; Angelici, R. J. 
Organometallics 1988, 7, 686. 

152.3 

255.9 

211.9 

371.2 

605.0 

1984 (s) 
1918 (s) 
1897 (s) 
2075 (s) 
2016 (s) 
2014 (sh) 
dae 

d a  

d a  

6ppa 

Figure 4. V e  NMR chemical shift data for y5-Seln 
complexes (1-12). 

expected with decreasing positive charge on the com- 
plex: 10 e 7 e 4 e 1. Only the +2 complex (lo), has 
chemical shifts lower than those of the free Sel. The 
higher chemical shifts of the Sel in complexes 7,4, and 
1 is commonly observed when arene and t h i ~ p h e n e l ~ ? ~ ~ ? ~ ~  
ligands are n bound in complexes with 0 and +1 
charges. 

Since 13C NMR chemical shifts are more sensitive to 
factors other than complex charge, it is not surprising 
that chemical shift values (Figure 3) for both the C(2), 
C(5) and C(3), C(4) carbon atoms follow a somewhat 
different trend, 7 e 10 e 1 < 4, than was observed in 
the lH NMR spectra. Moreover, the coordinated car- 
bons of Sel in all of the complexes are upfield of those 
in the free Sel. Such upfield shifts are normally 
observed in ~ - a r e n e ~ ~  and n-thiophenel8pz5 complexes. 

We NMR Studies of q5-Seln. A goal of the studies 
described in this paper is to determine the usefulness 
of T3e "R spectroscopy for establishing the mode of 
selenophene binding in transition metal complexes and 
on catalyst surfaces. The 77Se nucleus has a natural 
abundance of 7.58% and a relative receptivity that is 
2.98 times larger than l3C, with a chemical shift range 
of more than 3000 ppma21 The %e NMR chemical shift 
values of the y5-Sel complexes are given in Table 4 and 
Figure 4. It is evident that the 77Se NMR signal moves 
downfield from the neutral complex (l), to the +1 
charged complexes (4,7) to the +2 charged complex (10). 
The chemical shift of the free selenophene ligand is 
further downfield than any of the complexes. Methyl 
substitution of the heterocyclic ring also affects the 

(37) Mann, B. E.; Taylor, B. F. I3C NMR Data for Organometallic 
Compounds; Academic Press: London, 1981. 
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Scheme 1 

White et al. 

4~ NUC = P(Bu), 

chemical shift of the coordinated selenophene ring; 
increasing the number of methyl groups in the 2- and 
5-positions causes the 77Se chemical shift t o  move 
downfield. A similar trend occurs for the free ligands 
in CDCl3: Sel(6 605) > 2-MeSel (6 612) > 2,5-MezSel 
(6 621).21v22 

Molecular Structure of (?le-2,5-MeaSel)Cr(CO)s. 
The ORTEP drawing of (q5-2,5-MezSe1)Cr(C0)3 (3) is 
given in Figure 2. The 2,5-MezSel complex was chosen 
for the structural study in order to  avoid the disorder 
previously found in the analogous thiophene complex 
(q5-T)Cr(C0)3.38 The selenophene ring in 3 binds to  the 
chromium tricarbonyl fragment through the selenium 
and the two C=C bonds each trans to a carbonyl ligand 
thereby giving pseudooctahedral coordination around 
the Cr. This is the same geometry found in both (q5- 
T)Cr(C0)338 and (q5-2,5-MezT)Cr(C0)3.18 The sele- 
nophene ring is slightly bent, with the selenium atom 
out of the plane of the four carbon atoms (C(2), C(3), 
C(4), and C(5)) by 0.162(3) A. The dihedral angle 
between the plane of the ring carbons (C(2), C(3), C(4), 
and C(5)) and the C(2)-Se-C(5) plane is 6.7(0.6)". This 
angle is larger by 2.2(8)" than the corresponding angle 
in the sulfur-containing analog (q5-2,5-MezT)Cr(CO)3. 
Other dihedral angles for thiophene rings are reported 
for the following complexes: Ru(Me4T)zZ+ (5.0(0.5>0 and 
3.7(1.5)"); {[(q5-Me4T)RuC113S}+ (11.8(1.9)", 13.4(1.9)", 
and 13.7(1.9)").39 The C-Se bond distances [1.899(8) 
and 1.912(7) AI in the 2,5-MezSel ring in 3 are slightly 
longer than that [1.855(7) AI in free selenophene.ll The 
C-Se distances in 3 are -0.15 A longer than the C-S 
distances in (q5-2,5-MezT)Cr(CO)3 due to the larger size 
of the selenium heteroatom. The ring C-C bond 
distances in the coordinated 2,5-MezSel are, within 
experimental error, the same as in (q5-2,5-Me2T)Cr- 
(co)3. The Cr-Se bond [2.488(5) AI in 3 is 0.113(5) A 
longer than the Cr-S bond [2.3757(6) A1 in (q5-2,5- 
Me2T)Cr(C0)3, again presumably due to the larger size 
of Se. The Cr-Se distances in Cr(C0)4(CN(Et)z)- 

(38) Bailey, M. F.; Dahl, L. F. Znorg. Chem. 1965,4, 1306. 
(39) Lockemeyer, J. R.; Rauchfuss, T. B.; Rheingold, A. L.; Wilson, 

S. R. J. Am. Chem. SOC. 1989,111, 8828. 

12a 

( S ~ C G H ~ F ) ~ ~  [2.562(2) AI and [CrCp(NO)(pz-SeCsH5)1~~~ 
[2.45(1) AI are longer and shorter, respectively, than 
that in 3. The carbonyl Cr-C and C-0 bond distances 
in 3 and (q5-2,5-MezT)Cr(C0)3 are the same within 
experimental error. 

Reactions of qwel Complexes. Previously, it was 
r e p ~ r t e d ~ ~ ~ ~  that the q5-thiophene ligand in (q5-T)Mn- 
(co)3+ is attacked at  the 2-position by a hydride donor 
[B&-, HFe(C0)4-] to give the product (q4-T-H)Mn(C0)3 
in which three carbons and the sulfur are coordinated 
to  the Mn. The same reaction of [(q5-Sel)Mn(CO)3]+ (4) 
with 1 equiv of NaBH4 or Red-AI as the hydride source 
gives the analogous product (q4-Sel-H)Mn(C0)3 (4a), 
which is isolated in 80-90% (Scheme 1). The lH NMR 
spectrum of 4a in CDC13 contains signals for the five 
hydrogens on the ring as follows: 6 6.95 (m, JH-Se = 

H(2, endo)), 3.41 (m, H(3)), 3.07 (d, H(2, exo)). Assign- 
ments of these resonances were made by comparison of 
the data with those previously reported for (q4-T-H)- 
Mn(C0)3 in acetone-& (not in CDCl3 as originally repor- 
tedZ5): 6 6.42 (8, H(5)), 5.89 (s, H(4)), 3.79 (d, H(2, endo)), 
3.30 (s, H(3)), 3.29 (d, H(2, exo)). Coupling of 77Se to 
H(2, endo) ('JH-Se = 11.7 Hz) and H(5) ('JH-Se = 17.4 
Hz) indicates that the ring C-Se bonds remain intact. 
Coupling is not seen between 77Se and H(2, exo) 
presumably due to the angle between the atoms. Inte- 
gration of the 2H NMR spectrum of the product resulting 
from the reaction of 4 with NaBD4 shows a of 6.4:l.O 
ratio of products resulting from exo and endo attack. 
In the corresponding reaction of [(q5-T)Mn(CO)31+ with 
NaBD4 the ratio of exo to endo attack was 3.6:1.0.42 It 
is interesting to note that the 77Se NMR signal for 4a 
occurs a t  6 -162 ppm, which is more than 400 ppm 
upfield from that of complex 4. This is the highest 
upfield resonance that we have seen for any of the 
selenophene complexes; metal organoselenides (NaSeMe 

(40) Fischer, H.; Fischer, E. 0.; Himmelreich, D.; Cai, R.; Schubert, 
U.: Ackermann. K Chem. Ber. 1981.114. 3220. 

17.4 Hz, H(5)), 6.02 (t, H(4)), 4.00 (dd, JH-Se = 11.7 Hz, 

?41) Rott, J.;'Guggolz, E.; Rettenmeier,' A.; Ziegler, M. L. 2. Nutur- 

(42) Huckett, S. C.; Sauer, N. N.; Angelici, R. J. Organometallics 
forsch., Teil B 1982, 37, 13. 

1987, 6, 591. 
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q5-Selenophene Complexes of  Cr, Mn, Ru, and Ir 

6 -332, NaSeEt 6 -150)21*22 have chemical shifts in this 
range. The electron impact mass spectrum Of 4a shows 
a parent ion peak (M+) at  mlz = 272.0. The reaction of 
4a with (Ph)3C+ in CHzClz results in the loss of H- to 
give back complex 4 in quantitative yield. 

Other nucleophiles (CN-, PR3 for R = Me, n-Bu) also 
react (Scheme 1) with 4 giving addition products that 
have spectral characteristics comparable to those of the 
known thiophene analogs.25 The reaction of 4 with 
NaCN, carried out in the same manner as described for 
the analogous reaction of (q5-T)Mn(C0)3+ with NaCN, 
gives a yellow oil (4b) after evaporation under vacuum. 
The lH NMR spectrum of 4b in acetone-de 16 7.05 (t, 
H(5)), 6.28 (dd, H(4)), 4.86 (d, H(2, endo)), 3.59 (m, 
H(3))], contains complex second-order coupling of the 
ring protons. The resonances for H(2, endo) and H(5) 
show 77Se satellites with coupling constants of 11.8 and 
16.4 Hz, respectively. The chemical shifts of these peaks 
are similar to those of the structurally characterized 
complex (v4-T-CN)Mn(C0)3 in acetone-& [6 6.67 (s, 
H(5)), 6.13 (s, H(4)), 4.88 (8, H(2)), 3.56 (9, H(3))I; the 
peaks in this spectrum were broad, probably because 
of Mn2+ impurities, such that second-order coupling was 
not observed. The 13C NMR spectrum of 4b in acetone- 

(8, C(2))l also closely resembles that of the thiophene 
analog (v4-T-CN)Mn(C0)3 in acetone-& (6 93.08,69.89, 
53.10, 50.77). An upfield shift of 231 ppm for the Sel- 
CN ligand in 4b (6 24.3) is observed in the 77Se NMR 
spectrum when compared to the chemical shift of the 
starting material 4 (6 255.9). Thus, the NMR results 
suggest that 4b is (v4-Sel-CN)Mn(C0)3 in which the 
CN- nucleophile has added to  the 2-ex0 position of Sel 
(Scheme 1). Comparison of the IR spectrum of 4b [Y- 
(CO) (hexanes): 2028 (s), 1954 (vs), 1941 (s) cm-ll with 
that of (v4-T-CN)Mn(C0)3 [v(CO) (hexanes): 2029 (s), 
1957 (vs), 1945 (vs) cm-l] also supports this assignment. 
In addition, the electron impact mass spectrum of 4b 
contains a parent ion peak ((M+) mlz = 297). 

Reactions of trialkylphosphines (PR3 for R = Me, 
n-Bu) with (arene)Mn(C0)3+ complexes have been pre- 
viously rep0rted~39~~ to give the phosphonium ring 
adducts (arene-PR3)Mn(C0)3+ that were not sufficiently 
stable to be isolated. The analogous reaction of 4 with 
P(n-Bu)s gave (v4-Sel-PBu3)Mn(CO)3+ (4c), which de- 
composed upon attempted isolation. The lH NMR 
spectrum of 4c ih acetone-& [6 6.85 (9, H(5)), 6.20 (9, 

H(4)), 4.91 (s, H(2, endo)), 3.40 (9, H(3)), 1.97 (m), 1.46 
(m), 0.965 (m)] and the IR spectrum in MeCN [v(CO): 
2019 (vs), 1938 (s), 1923 (s) cm-ll are very similar to 
those previously reported for (q4-T-PBu3)Mn(C0)3+.25 
The 77Se NMR spectrum of 4c shows a doublet at 6 -60 
(Jse-p = 5 Hz) due to the coupling of 77Se to 31P. Other 
basic phosphines such as PMe3 and PEt3 react like P(n- 
B u ) ~  to give phosphine adducts that could also not be 
isolated. 

In contrast to the simple addition reaction of hydride 
to the thiophene in [(v5-T)Mn(CO)31+, hydride addition 
at  C(2) in [(v5-T)RuCpl+ results in cleavage of a C-S 
bond.33934*44 The analogous reaction of [(v5-Sel)RuCp*l+ 
(7) with hydride (Na[(H&OCzH40)flH21) also causes 
C-Se bond cleavage to give the complex (Se- 

d6 [6 92.75 (S, c(4)), 78.44 (S, c(5)), 52.13 (S, c(3)), 43.05 

(43) Sweigart, D. A.; Kane-Maguire, L. A. P. J. Chem. SOC., Chem. 

(44) Hachgenei, J. W.; Angelici, R. J. Angew. Chem., Znt. Ed. Engl. 
Commun. 1976, 13. 

1987, 26, 909. 
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CH=CHCH=CHz)RuCp* (7a) in 30% yield (Scheme 1). 
The lH NMR spectrum of 7a in CDCl3 shows five 
resonances assignable to the protons of the coordinated 
selenidddiene ligand [6 6.38 (d, JH-Se = 17.5 Hz, H(5)), 
5.68 (t, H(4)), 4.37 (m, H(3)), 2.72 (d, H(2, endo)), 2.53 
(d, H(2, exo)) and 1.85 (s, Me-Cp*)l. This spectrum is 
very similar to that of the thiophene analog (SC- 
H=CHCH-CH~)RUC~*.~~ Cleavage of the C(2)-Se 
bond is indicated by the lack of coupling of either the 
endo or exo proton at C(2) to 77Se. However, coupling 
is observed between the proton on C(5) and 77Se, with 
JH-Se (16.5 Hz) approximately the same as that (JH-S. 
= 17.4 Hz) for the proton on C(5) in 4a. In the 13C NMR 
spectrum of 7a there are four resonances at 6 97.9 (s, 
C(3)), 92.6 (s, C(4)), 89.0 (s, C(5)) and 45.2 (s, C(2)) 
assignable to the carbons of the cleaved ring. The E1 
mass spectrum of 7a contains a peak for the parent ion 
M+ * 

The reaction of [(v5-2,5-Me2T)IrCp*12+ with Na[(CH3- 
OC2H40MlH21 or the reducing agent Cp2Co gives the 
neutral complex (v4-2,5-MezT)IrCp*, in which the q4- 
2,5-MezT ligand is coordinated to the metal only through 
the four carbon atoms.7 This v4 complex rearranges in 
the presence of base to give the ring-opened product 
(C,S-2,5-MezT)IrCp* in which the Ir is inserted into a 
C-S bond to give a planar six-membered ring.7935 The 
analogous reaction of [(1;15-2,5-Me2Sel)IrCp12+ (12) with 
2 equiv of N ~ [ ( C H ~ O C ~ H ~ ~ ) Z A ~ H ~ I  gives the ring-opened 
complex (C,Se-2,5-MezSel)IrCp* (12a) (Scheme 1) as the 
only isolable product in low yield (17%) The lH NMR 
spectrum of 12a in CDCl3 contains two deshielded 
proton resonances at 6 7.59 (d) and 7.49 (d), two methyl 
resonances at 6 3.26 (s) and 2.84 (s), and a singlet 
resonance for the Cp* ligand at 6 1.87. This spectrum 
is almost identical to that of (C,S-2,5-Me2T)IrCp*, which 
has a planar six-membered n-delocalized ring that has 
been described as an iridathiaben~ene.~~ The 13C NMR 
spectrum of 12a in CDC13 exhibits four carbon reso- 
nances at 6 134.9, 132.1, 129.8, and 123.3, which are 
characteristic of aromatic carbon atoms. Complex 12a 
has an unusual 77Se NMR chemical shift (6 9051, which 
is substantially downfield of the resonance of unbound 
selenophene (6 605) or the starting material 12 (6 371). 
This downfield chemical shift is similar to that (6 976) 
of the aromatic six-membered heterocyclic seleninium 

cation ((SeCHCHCHCHCH)+).45 This similarity in 77Se 
NMR chemical shift further supports the description of 
the six-membered ring in 12a as a delocalized n system, 
making 12a an iridaselenabenzene compound. The 'H, 
13C, and 77Se NMR data therefore suggest that 12a has 
a structure containing a planar six-membered ring 
analogous to that established for the sulfur analog (C,S- 
2,5-MezT)IrCp*. 

' 

Conclusions 

The synthesis of several new q5-Seln transition metal 
complexes (1-12) has been undertaken so that a 
comparison of the spectroscopic and chemical properties 
could be made with the known v5-Th complexes. The 
lH and 13C NMR and IR spectroscopic data for the v5- 
Seln complexes (1-12) are very similar to those of the 
analogous v5-Th complexes. Reactions of the y5-Seln 

(45) Sandor, P.; Radics, L. Org. Magn. Reson. 1981, 16, 148. 
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ligand in 4, 7, and 12 with nucleophiles give the same 
types of products that are formed in the corresponding 
reactions of the analogous v5-Th complexes. Differences 
between the structures of (v5-2,5-Me&el)Cr(CO)3 and 
(q5-2,5-MezT)Cr(CO)3 are mostly due to the larger size 
of the Se as compared to S. The 77Se chemical shifts of 
these q5-Seln complexes all fall within the region 
between 6 375 and 150, the more positive the charge 
on the complex the more downfield the 77Se signal. The 
observation that the 77Se NMR chemical shifts fall 
within a range of only 225 ppm for a series of complex- 
eswith different metals, ligands, and ionic charges 
suggests that 77Se NMR spectroscopy may be a useful 

White et al. 

probe for detecting r,F-selenophene binding on HDS 
catalytic surfaces. 
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Reactions of Rhodium Porphyrins with Lactones, 
Silanes, and Stannanes 
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(2,3,7,8,12,13,17,18-Octaethylporphyrinato)rhodium~I~ (Rh'OEP) cleaved the alkyl-oxygen 
bond of four-membered-ring and five-membered-ring lactones @?-propiolmtone (l), ,8-buty- 
rolactone (21, and y-butyrolactone (3)) a t  room temperature to regioselectively yield 
(w-carboxyalkyl)Rh1I10EP. [(RhI1OEP}2I reacted with R12R2MH (8, M = Si, R1 = R2 = Et; 9, 
M = Si, R1 = R2 = Ph; 10, M = Si, R1 = Me, R2 = Ph; 11, M = Si, R1 = Me, R2 = OEt; 16, 
M = Sn, R1 = R2 = Bu; 17, M = Sn, R1 = R2 = Ph) to yield Rh1YMR12R2)0EP. These alkyl-, 
silyl-, and stannylrhodium complexes of OEP were characterized by lH, 13C, 29Si, and l19Sn 
NMR, IR, W-vis, and mass spectroscopy. (triethylsilyl)RhlIIOEP crystallizes in the 
monoclinic space group C2/c with unit cell dimensions a = 17.14(8) A, b = 14.94(5) A, c = 
31.22(5) A, and ,8 = 103.5(2)"; the density is 1.28 g/cm3 for 2 = 8. The porphyrin plane is 
almost planar, and the rhodium metal resides on the plane. The Rh-Si distance is 2.32(1) 
A, and all the eight ethyl groups on the pyrroles are directed toward the triethylsilyl group. 
The present method has proved to be a facile way to prepare bimetallic rhodium complexes 
of porphyrin. 

Rhodium-porphyrin complexes are of interest for 
their diverse reactivities depending on the oxidation 
state of the rhodium metal.lP2 Similar reactions were 
found to take place with both Rh porphyrin and Co 
porphyrin. The Rh porphyrin has been studied as a 
model of the vitamin B12 ~oenzyme.~ Rh(1) porphyrin, 
for example, is nucleophilic and undergoes numerous 
nucleophilic substitution and addition reactions such as 
conjugated addition to the a,P-unsaturated carbonyl 
compounds2 and cleavage of three- or four-membered 
cyclic  ether^.^ A Rh(I1) porphyrin dimer undergoes 
radical reactions with olefins and  acetylene^.^ Wayland 
et aL6 reported that (tetramesity1porphyrinato)rhodium- 
(11) can cleave a C-H bond of methane. A Rh(II1) 
porphyrin is electrophilic. It reacts with organolithium 
compounds2 and acts as a Lewis acid ~ a t a l y s t . ~  These 
reactions, especially those forming a Rh-C bond, are 
useful for prediction of possible elementary reactions 
taking place in Co-C species derived from vitamin B12, 
since the similarity between the reactivity of the Rh- 
(11) porphyrin and the Co(I1) porphyrin has been no- 
ticed.8 Recently, insertion reactions of carbenes cata- 
lyzed by rhodium(II1) porphyrins have attracted much 

@ Abstract published in Advance ACS Abstracts, November 1,1994. 
(1) Guilard, R.; Kadish, K M. Chem. Rev. 1988, 88, 1121. 
(2) Ogoshi, H.; Setsune, J.; Omura, T.; Yoshida, Z. J.  Am. Chem. 

SOC. 1975, 97, 6461. 
(3) For examples of reactions of Co-porphyrins, see: (a) Ogoshi, H.; 

Kikuchi, Y.; Yamaguchi, T.; Toi, H.; Aoyama, Y. Organometallics 1987, 
6, 2175. (b) Setsune, J.4.; Ishimaru, Y.; Moriyama, T.; Kitao, T. J. 
Chem. SOC., Chem. Commun. 1991, 555. (c) Gridnev, A. A.; Ittel, S. 
D.; Fryd, M.; Wayland, B. B. J.  Chem. SOC., Chem. Commun. 1993, 
1010. (d) Gridnev, A. A.; Ittel, S. D.; Fryd, M.; Wayland, B. B. 
Organometallics 1993, 12, 4871. 
(4) Ogoshi, H.; Setsune, J.; Yoshida, Z. J. Organomet. Chem. 1980, 

185, 95. 
( 5 )  (a) Ogoshi, H.; Setsune, J.; Yoshida, Z. J.  Am. Chem. SOC. 1977, 

99,3869. (b) Paonessa, R. S.; Thomas, N. C.; Halpern, J. J.  Am. Chem. 
SOC. 1986, 107, 4333. 

(6) Sherry, A. E.; Wayland, B. B. J . h .  Chem. SOC. 1ssO,112,1259. 
(7) Aoyama, Y.; Yamagishi, A.; Tanaka, Y.; Toi, H.; Ogoshi, H. J.  

Am. Chem. SOC. 1987,109,4735. 

i n t e r e ~ t . ~  In this paper we report that a nucleophilic 
Rh(1) porphyrin reacts with a four- or five-membered 
ring lactone at  the alkoxide carbon to give (o-carboxy- 
alky1)RhIIIOEP. Also, the RhIIOEP dimer reacts with 
hydrosilane or hydrostannane to give (trialkylsi1yl)Rh'"- 
OEP or (trialkylstannyl)RhlIIOEP, respectively. 

Results and Discussion 

Reaction of Rhodium(1) Octaethylporphyrin with 
Lactones. Reactions of Rh'OEP with four-, five-, and 
six-membered ring lactones and ethyl acetate (as a 
representative of a linear ester) were performed at  room 
temperature under Ar (Scheme I). Products and yields 
of the reactions are summarized in Table 1. Four- and 
five-membered-ring lactones gave alkyl-rhodium com- 
plexes, while the six-membered-ring lactone and ethyl 
acetate did not. Therefore, the ring size of the lactone 
is one of the important factors in the limitation of this 
reaction. The strain energies are 8.8 kcaVmol for 3 and 
11.2 kcaVmol for 4 (calorimetry),loa 7.3 kcaVmo1 for 3 
and 10.0 kcaVmol for 4 (ab initio, HF/6-31G*),loa and 
8.70 kcaVmo1 for 3 and 10.36 kcaVmol for 4 (MM3).lob 
These data indicate that the six-membered-ring lactone 
(4) is more strained than the five-membered-ring lactone 
(3) by 1.7-2.7 kcdmol. The difference in strain energy 
alone, therefore, cannot account for the difference in 
reactivity. 

The second important result is the regiospecificity of 
the reaction. In the reaction, the alkyl-oxygen bond 
of lactone is cleaved in preference to the acyl-oxygen 

(8) Brown, K. L. In Biz; Dolphin, D., Ed.; Wiley: New York, 1982; 
Vol. I, p 245. 
(9) (a) Callot, H. J.; Metz, F.; Rechocki, C. Tetrahedron 1982, 38, 

2365. (b) Maxwell, J. L.; Brown, K C.; Bartley, D. W.; Kodadek, T. 
Science 1992,256, 1544. 
(10) (a) Wiberg, K. B.; Waldron, R. F. J.  Am. Chem. SOC. 1991,113, 

7697. (b) Allinger, N. L.; Zhu, Z. S.; Chen, K J.  Am. Chem. SOC. 1992, 
114, 6120. 

0276-733319512314-0341$09.00/0 0 1995 American Chemical Society 
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Scheme 1 

R. R CH-0 
t [(OEP)Rhl]- - (OEP)Rh"'~H(CH*),Co; 

5 : n = l  R = H  
6 : n = l  R=CH, 
7 : n = 2  R = H  

Table 1. Reactions of RhQEP with Lactones 

( C L " L O  

Mizutani et al. 

Substrate Product Yield (%) 

(OEP)Rh"'CH2CH,C02H 72 

1 5 

CH3 
I 68 (OEP)Rh"'CHCH&O&i 

2 6 

(OEP)Rhi"CH,CH,CH2C02H 45 
0 
3 7 

9 0 
No reaction 

4 

AcOEt No reaction 

bond. Spectroscopic data of the product obtained from 
Rh'OEP and j3-butyrolactone showed that the Rh atom 
is not bonded to the carbonyl carbon (C1) but bonded to 
the alkoxide carbon (C3). The 'H NMR signal at 6 
-6.42 ppm exhibits a coupling constant of J = 2.8 Hz 
besides the vicinal H-H coupling, which can be ascribed 
to the coupling between lH and lo3Rh. If the rhodium 
were bonded to the carbonyl carbon, the expected 
chemical shift of the signal in the highest magnetic field 
would be close to -3.77 ppm, which is the chemical shift 
of the proton j3 to the Rh atom of [Rh111(CO(CH2)&H3)- 
OEPI in CDC13.l1 Therefore, the signal appearing at 
-6.47 ppm is assignable to the proton a to the Rh atom. 
The 13C NMR signal a t  6 6.76 ppm recorded with 
complete lH decoupling exhibits a coupling constant of 
J = 27.9 Hz, which can be ascribed to the coupling 
between 13C and lo3Rh. The lH-13C HSQC spectrum 
indicated that the two signals noted above (lH and I3C) 
are correlated and that the hydrogen and the carbon 
noted above are directly bonded to each other. The IR 
spectrum showed a peak at 1706 cm-l, which is ascribed 
to the C=O stretching of the carboxyl group. All these 
data are consistent with structure 5. It is noteworthy 
that the reaction is readily completed at room tempera- 
ture. This can be ascribed to the high nucleophilicity 
of the Rh(1) porphyrin. The observed regioselectivity 
is similar to that observed for thiol,12 selenium,13 
silicon,14 and other15 nucleophiles in their reactions with 

~ ~~ ~~~~~~ 

(11) Ogoshi, H.; Setsune, J.; Nanbo, Y.; Yoshida, Z .  J. Organomet. 
Chem. 1978,159,329. 
(12) Plieninger, H. Chem. Ber. 1950, 83, 265. 
(13) (a) Miyoshi, N.; Ishii, H.; Murai, S.; Sonoda, N. Chem. Lett. 

1979, 873. (b) Scarborough, R. M., Jr.; Toder, B. H.; Smith, A. B., I11 
J. Am. Chem. Soc. 1980, 102, 3904. (c) Liotta, D.; Sunay, U.; 
Santiesteban, H.; Markiewicz, W. J. Org. Chem. 1981, 46, 2605. 

Scheme 2 
2 R'2R2SIH + (0EP)Rh"-Rh"(0EP) - 2 (OEP)Rh"'SiR'2R2 + H, 

12: R ' =  Et, R2= Et 
13: R' = Ph, R2= Ph 
14: R' = Me, R2 = Ph 
15: R' = Me, R2 = OEt 

Table 2. Reactions of [RhaOEPlz with Silanes 

Et3SiH (8) Rhm(SiEt3)OEP (12) 54 51.98 29.3 
Ph3SiH (9) Rhm(SiPh3) OEP (13) 65 11.56 35.7 
MeShSiH (10) Rhm(SiPhMez)OEP (14) 44 28.30 30.2 
(Et0)MezSiH (11) Rhm(SiMez(OEt))OEP (15) 42 37.24 30.5 

lactones.16 In these reactions, a tendency is observed 
that 'soft" nucleophiles attack the alkyl carbon to  give 
alkyl-oxygen c l e a ~ a g e . l ~ ~ J ~ ~  On the basis of these 
results, we suggest that the rhodium(1) porphyrin is a 
soft nucleophile. 
Reaction of RhOdium(1) Octaethylporphyrin with 

Lactams. Reactions of [RhIOEPI with lactams (j3- 
propiolactam, y-butyrolactam, d-valerolactam, and 
1-methyl-2-pyrrolidinone) were also investigated. In 
contrast to lactones, no formation of alkyl-rhodium 
complexes was detected using lH NMR. The nucleo- 
philic ring opening reaction is thus sensitive to the 
differences in leaving group structures (-C02- vs 
-coNH-). 

Reaction of RhnoEP Dimer with Organosilanes. 
The reaction of Rh complexes with organosilanes is 
interesting because some Rh complexes constitute an 
important group of the hydrosilylation catalyst. The 
development of versatile preparative methods of transi- 
tion-metal-silicon complexes is thus desired. By using 
the metalloradical reactivity17 of the RhnOEP dimer, the 
preparation of silylrhodium complexes was explored.18 
Hydrosilanes reacted with the RhI'OEP dimer smoothly 
to give silylrhodium complexes of OEP (Scheme 2). The 
products, yields, and 29Si NMR data (chemical shifts 6 
and coupling constants 'Jsi-m) are listed in Table 2. The 
29Si NMR chemical shifts of the starting silanes were 
0.15 ppm (81, -17.75 ppm (9), and -17.50 ppm 
Therefore, the 29Si chemical shift displacements upon 
rhodium-silicon bond formation ranged from 30 to 50 
ppm, which is characteristic of the chemical shift 
displacement of 29Si bonded to a transition metal.lg 
These NMR data indicate that triethylsilane (81, triph- 
enylsilane (9), dimethylphenylsilane (lo), and dimeth- 
ylethoxysilane reacted with [Rh110EP12 to form (tri- 
alkylsily1)rhodium complexes.20 Because the yields of 
8 and 9 exceed 50% on the basis of [Rh1*OEP]2, both Rh 

(14) Kolb, M.; Barth, J. Synth. Commun. 1981,11, 763. 
(15) (a) Ali, S. M.; Chauleo, C. B.; Finch, M. A. W.; Roberta, S. M.; 

Woolley, G. T.; Cave, R. J.; Newton, R. F. J. Chem. Soc., Perkin Trans. 
Z 1980, 2093. (b) Amold, L. D.; Kalantar, T. H.; Vederas, J. C. J.  Am. 
Chem. Soc. 1985,107,7105. 
(16) For a review on ester cleavage via S~2-type dealkylation. see: 

McMuny, J. Org. React. 1976, 24, 187. 
(17) Paonessa, R. S.; Thomas, N. C.; Halpem, J. J. Am. Chem. SOC. 

1985,107,4333. 
(18) For examples of the reaction of silanes and transition metal 

complexes, see: (a) Baay, Y. L.; MacDiarmid, A. G. Inorg. Chem. 1969, 
8,986. (b) Sisak, A.; Ungvary, F.; Marko, L. Organometallics 1986,5, 
1019. 
(19) Marsmann, H. In 29Si-NMR Spectroscopic Results; Diehl, P., 

Fluck, E., Kosfeld, R., Eds.; Springer-Verlag: Berlin, 1981; pp 66- 
235. 
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Reactions of Rhodium Porphyrins 

Scheme 3 
2 R,SnH + (OEP)Rh"-Rh"(OEP) - 2 (OEP)Rh"'SnR, + H, 

10: R = n-Bu 
19: R =  Ph 

Table 3. Reactions of [(OEP)Rhn]z with Stannanes 
yield ll9Sn NMR 

substrate product (%) 6 (ppm) J I I ~ s ~ - I O ~ ~  (Hz) 

Organometallics, Vol. 14, No. 1, 1995 343 

Table 5. Positional Parameters for Non-Hydrogen 
Atoms of 12 

n-BusSnH (16) Rhm(SnBu3)0EP (18) 49 118.3 314.2 
Ph3SnH (17) Rhm(SnPh3)0EP (19) 44 -121.6 412.9 

Table 4. Crystal Data for (OEP)RhSiEt3 (12) 
formula C42H59N4SiRh 
fw 750.95 
space group C 2 / C  

a, A 17.14(8) 
b, A 14.94(5) 
C, A 3 1.22(5) 
B, deg 103.5(2) 

2 8 
e(calcd), g/cm3 1.28 

cryst dimens, mm 
radiation graphite-monochromated Mo K a  radiation, 

linear abs coeff, cm-I 5.0 
detector aperture, mm 

scan rate, deg/min 

no. of rflns measd 
no. of rflns used 9548 
no. of variables 60 1 
R 0.063 
R W  0.078 

v, A 3  7774(43) 

temp, "C -120 
0.25 x 0.25 x 0.25 

12 kW rotating anode generator 

9.0 (horiz), 13.0 (vert) 

16.0 (in w) 

12 149 total, 11 779 unique 

scan type w-2e 

28 limits, deg 0.0 < 2e < 60.4 

atoms of [RhI'OEPIz are incorporated in the rhodium- 
silyl complexes. 

Similarly, hydrostannanes react with the Rh(I1) dimer 
to afford stannyl-rhodium complexes of OEP (Scheme 
3). The products and l19Sn NMR data are listed in 
Table 3. Coupling constants of 300-400 Hz were 
observed in the l19Sn NMR spectra of the stannyl- 
rhodium complexes, supporting the notion that a direct 
bond between Rh and Sn exists in the product.21,22 

RhI"(SiEt3)OEP crystallizes in the monoclinic space 
group C/2c with eight porphyrin molecules per unit cell. 
Crystal data, positional parameters, and intramolecular 
distances and angles are listed in Tables 4-7. The 
porphyrin is almost planar, and the rhodium atom 
resides on the plane (Figure 1). The displacement of 
the Rh atom from the least-squares plane of four 
nitrogen atoms was 0.090 A, which is comparable to 
those of similar rhodium PO hyrins ((OEPIRhMe, 0.051 
A;23 (OEP)RhCHO, 0.080 ?;24 (OEP)RhH, 0.010 A;24 

(20)For an example of a compound having a Rh-Si bond, see: 
Bennett, M. A.; Patmore, D. J. Znorg. Chem. 1971, 10, 2387. 

(21) Coupling constants 1 J 1 0 3 ~ - 1 1 @ ~ n  of 102-615 Hz were reported 
for stannyl-rhodium complexes; see: (a) Ruiz, J.; Spencer, C. M.; 
Mann, B. E.; Taylor, B. F.; Maitlis, P. M. J. Organomet. Chem. 1987, 
326,253. (b) Fridalgo, L.; Garralda, M. A.; Hernandez, R.; Ibarlucea, 
L. Inorg. Chim. Acta 1993, 207, 121. (c) Calton, L.; Weber, R. Znorg. 
Chem. 1993,32,4169. 

(22) The phenyl group on stannanes causes upfield shifts of the 
I19Sn chemical shifts. For example, chemical shifts of IlgSn are -164.5 
(PhaSnH), -91.4 (Bu"sSnH), -85.5 ((PhsSn)zO), and 82.0 ((Bun3Sn)zO), 
see: Wrackmeyer, B. In Annual Reports on NMR Spectroscopy; Webb, 
G. A. Ed.; Academic Press: London, 1985; Vol. 16, p 73. 

(23) Takenaka, A.; Syal, S. K.; Sasada, Y.; Omura, T.; Ogoshi, H.; 
Yoshida, Z. Acta Crystallogr., Sect. B: Struct. Crystallogr. Cryst. Chem. 
1976, B32, 62. 

(24) Jones, N. L.; Carroll, P. J.; Wayland, B. B. Organometallics 
1980, 5,  33. 

0.09209(2) 
0.04240(7) 

-0.0185(2) 
0.1 107(2) 
0.2068(2) 
0.0775(2) 

-0.0726(2) 
-0.1452(2) 
-0.1332(2) 
-0.0541(2) 
-0.0193(2) 

0.0573(2) 
0.0930(2) 
0.1684(2) 
0.1793(2) 
0.2488(2) 
0.261 8(2) 
0.3362(2) 
0.3246(2) 
0.2440(2) 
0.2088(2) 
0.1322(2) 
0.0977(2) 
0.0221(2) 
0.0099(2) 

-0.0592(2) 
-0.2192(2) 
-0.2755(3) 
-0.1906(2) 
-0.2373(3) 

0.0496(3) 
-0.0063(4) 

0.229 l(3) 
0.2330(4) 
0.4073(3) 
0.3948(4) 
0.3802(3) 
0.3634(6) 
0.1384(3) 
0.1325(4) 

-0.0410(3) 
-0.0986(3) 
-0.066( 1) 
-0.1074(8) 

0.0989(6) 
0.040(1) 

-0.022 l(8) 

-0.00455(2) 
-0.00308(7) 

0.015 l(2) 
0.1296(2) 

-0.0248(2) 
-0.1388(2) 
-0.0491(2) 
-0.007 l(2) 

0.0827(2) 
0.0963(2) 
0.1787(2) 
0.1948(2) 
0.2826(2) 
0.2690(3) 
0.1738(3) 
0.13 19(3) 
0.0399(3) 

-0.0015(3) 
-0.0920(3) 
-0.1053(3) 
-0.1882(3) 
-0.2040(2) 
-0.29 18(2) 
-0.2783(2) 
-0.1828(2) 
-0.1407(2) 
-0.0557(3) 
-0.08 1 O(4) 

0.1564(3) 
0.1879(4) 
0.3691(3) 
0.3951(4) 
0.3372(3) 
0.3485(4) 
0.0492(3) 
0.0810(5) 

-0.1654(3) 
-0.2000(6) 
-0.3780(3) 
-0.4005(4) 
-0.3475(3) 
-0.3621(4) 

0.0480(9) 
0.044(1) 
0.083(1) 

-0.1138(6) 
-0.165( 1) 

0.341049(9) 
0.40394(4) 
0.3010( 1) 
0.3449( 1) 
0.3760( 1) 
0.3326( 1) 
0.2822( 1) 
0.2566( 1) 
0.2605( 1) 
0.2885( 1) 
0.3002( 1) 
0.3263( 1) 
0.3368( 1) 
0.3616(1) 
0.3665( 1) 
0.3887( 1) 
0.3936( 1) 
0.4177(1) 
0.4140(1) 
0.3877( 1) 
0.3753( 1) 
0.3504( 1) 
0.3389( 1) 
0.3 136( 1) 
0.3098( 1) 
0.2863( 1) 
0.2323 1) 
0.26 17(2) 
0.2427( 1) 
0.2748(2) 
0.3228(2) 
0.3519(3) 
0.3833(2) 
0.4317(2) 
0.4437(2) 
0.4874(2) 
0.4343(2) 
0.4764(3) 
0.3555(2) 
0.4019(2) 
0.2957( 1) 
0.3248(2) 
0.3906(4) 
0.4265(7) 
0.448 l(2) 
0.4283(5) 
0.4298(8) 

1.73(1) 
2.35(2) 
1.8(1) 
1.9(1) 
2.1(1) 
2.0(1) 
1.9(1) 
2.1(1) 
2.1(1) 
1.9( 1) 
2.2(1) 
2.2(1) 
2.5(1) 
2.4(1) 
2.2(1) 
2.4(1) 
2.3(1) 
2.6(1) 
2.8(1) 
2.3(1) 
2.4(1) 
2.1(1) 
2.2(1) 
2.1(1) 
2.0(1) 
2.0(1) 
2.5(1) 
4.1(2) 
2.5(1) 
3.7(2) 
3.4(2) 
5.1(3) 
3.2(2) 
4.6(2) 
3.2(2) 
4.8(3) 
3.7(2) 
6.2(4) 
2.8(2) 
4.4(2) 
2.5(1) 
3.7(2) 

13.3( 8) 
16(1) 
31(1) 
15.9(8) 
2 7 ~  

(OEP)RhCONH(xylyl), 0.072 AZ5 ). The Rh-Si distance 
was 2.32(1) A. All the ethyl groups on the porphyrin 
periphery are directed toward the triethylsilyl group. 
The crystal packing indicates that the aromatic part of 
the molecule is in contact with the aromatic part of the 
next molecule and the aliphatic part is in contact with 
the aliphatic part of the next molecule (Figure 2). This 
intermolecular interaction mode accounts for the fact 
that all the ethyl groups are pointed in the same 
direction. 

Both the silyl and the stannyl complexes of the 
rhodium porphyrin are relatively stable. These results 
indicate that the present method provides a facile way 
to prepare bimetallic rhodium complexes of porphyrin. 

Experimental Section 

General Procedures. lH and 13C NMR spectra were 
obtained using a JEOL A-500 spectrometer, a JEOL GX-400 
spectrometer, or a JEOL JNM FX 9OQ FT NMR spectrometer, 
and chemical shifts are reported relative to internal MedSi. 

(25) Poszmik, G.; Carroll, P. J.; Wayland, B. B. Organometallics 
1993,12, 3410. 
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Table 6. Intramolecular Distances Involving the 
Non-Hydrogen Atoms of 12= 

Mizutani et al. 

Rh( 1)-Si( 1) 2.32(1) C(7)-C(25) 1.50(6) 
Rh(l)-W) 2.03(3) C(8)-C(9) 1 4 5 )  
Rh(l)-N(2) 2.03(3) C(8)-C(27) 1.50(6) 
~ h ( 1 ) - ~ ( 3 )  2.04(3) C(9)-C( 10) 1.38(5) 

1 ) - ~ ( 4 )  2.03(3) C(lO)-C(ll) 1.40(6) 
Si( 1)-C(37) 2.0(1) C(l1)-C(12) 1.46(5) 
Si( 1)-C(39) 2.0(1) C(12)-C(13) 1.37(6) 
Si( 1)-C(41) 1.82(7) C(12)-C(29) 1.50(6) 
NU)-C(l) 1.37(4) C(13)-C(14) 1.45(5) 
N( 1) -c(4) 1.37(4) C(13)-C(31) 1.49(6) 
N(2)-C(6) 1.37(5) C(14)-C(15) 1.39(5) 
~ ( 2 ) - ~ ( 9 )  1.38(5) C(15)-C(16) 1.38(5) 
N(3)-C(ll) 1.37(5) C( 16)-C( 17) 1.45(5) 
N(4)-C( 16) 1.37(5) C(17)-C(33) 1.50(5) 
N(4)-C(19) 1.38(5) C(18)-C(19) 1.44(5) 
C(l)-C(20) 1.39(5) C( 19)-C(20) 1.39(5) 
W-W) 1.36(5) C(21)-C(22) 1.52(7) 
C(2)-C(21) 1.50(5) C(23)-C(24) 1.50(7) 
C(3)-C(4) 1.44(5) C(25)-C(26) 1.52(8) 
C(3)-C(23) 1.49(5) C(27)-C(28) 1.50(7) 
C(4)-C(5) 1.38(5) C(29)-C(30) 1.51(8) 
C(5)-C(6) 1.39(5) C(31)-C(32) 1.5(1) 
C(6)-C(7) 1.45(5) C(33)-C(34) 1.5 1 (8) 
C(7)-C(8) 1.36(5) C(35)-C(36) 1.50(7) 
C(37)-C(38) 1.5(2) 
C(41)-C(42) 1.3(2) 

Distances are in angstroms. Estimated standard deviations in the least 
significant figure are given in parentheses. 

29Si NMR spectra were recorded on a JEOL A-500 spectrom- 
eter operating at 100 MHz with NOE-eliminated complete lH 
decoupling. Chemical shifts are reported relative to internal 
Me4Si. W-vis spectra were recorded on either a Hitachi 
U-3410 spectrometer or a Hewlett-Packard 8452 diode array 
spectrophotometer with a thermostated cell compartment. 
Mass spectra were obtained with a JEOL JMS DX-300 mass 
spectrometer. High-resolution mass spectra were recorded on 
a JEOL JMS SX-102A instrument. Thin-layer chromatogra- 
phy (TLC) was performed on either Merck Kieselgel 60 F254 
or DC-Alufolien aluminium oxide 60 F254 neutral (type E). 
Single-crystal X-ray diffraction was performed on a Rigaku 
AFC7R difiactometer. 

Materials. Octaethylporphyrin (OEP) was prepared ac- 
cording to the published method.26 [RhuI(OEP)I was prepared 
by treating OEP with Rhz(CO)8, followed by oxidation with 12. 

[Rh1IOEP12 was prepared according to the published method.27 
[Rhn1(CH2CH2C02H)OEPl (6). [Rh"'I(OEP)I (1 1.4 mg, 

14.9 pmol) was dissolved in dry and degassed ethanol at 50 
"C, and NaBH4 (2.6 mg, 68.7 pmol) in 0.5 M aqueous NaOH 
(2 mL) was added under Ar. The solution turned from red to 
deep orange. After it was stirred at 50 "C for 1 h under Ar, 
the solution was cooled to room temperature, and B-propiolac- 
tone (1; 0.1 mL, 1.59 mmol) was added. The color changed 
immediately to orange. After the solution was stirred for 30 
min, the ethanol was evaporated under reduced pressure. The 
residue was washed with water and dried. The product was 
recrystallized from THF-MeOH; yield 6.8 mg (72%). 'H NMR 
(MezSO-ds, 500 MHz): 6 10.05 (9, 4H, meso), 4.08 (q, J = 14 
Hz, J = 7.8 Hz, 8H, CHZCH~), 4.03 (9, J = 14 Hz, J = 7.8 Hz, 
8H, CHZCH~), 1.85 (t, J = 7.8 Hz, 24H, CHZCH~), -4.60 (t, J 
= 8.7 Hz, 2H, RhCH2CH2C02H), -6.42 (td, J = 8.7 Hz, J H - ~  
= 2.8 Hz, 2H, R~CH~CH~COZH),  IR (KBr): 3400-2500,2964, 
2931,2869,1703,1274,1021 cm-'. UV-vis (CHC13): ,Imm (log 
E) 386.4 (0.771, 392.8 (0.80), 509.9 (0.0841, 542.9 (0.27). FAB 
MS (m-nitrobenzyl alcohol matrix): mlz 708 (M+, 100). 
HRMS: calcd for C39H49N402Rh 708.291, found 708.297. 

[Rhm(CH2CH2CH2C02H)OEPl (7). Yield 45%. lH NMR 
(MezSO-ds, 500 MHz): 6 10.01 (s, 4H, meso), 4.06 (q, J = 14 
Hz, J = 7.7 Hz, 8H, CHZCH~), 4.00 (q, J = 14 Hz, J = 7.7 Hz, 

(26) Whitlock, H. W.; Hanauer, R. J .  Org. Chem. 1968, 33, 2169. 
(27) Setsune, J.; Yoshida, Z.; Ogoshi, H. J .  Chem. Soc., Perkin Trans. 

I1982,983. 

Si( 1)-Rh( 1)-N( 1) 
Si( 1)-Rh( 1)-N(2) 
Si( 1)-Rh( 1)-N(3) 
Si( 1)-Rh( 1)-N(4) 
N( 1)-Rh( 1)-N(2) 
N( 1)-Rh( 1)-N(3) 
N( 1)-Rh( 1)-N(4) 
N(2)-Rh( 1)-N(3) 
N(2)-Rh( 1)-N(4) 
N(3)-Rh(l)-N(4) 
Rh( 1)-Si( 1)-C(37) 
Rh( 1)-Si( 1)-C(39) 
Rh( 1)-Si( 1)-C(41) 
C(37)-Si( 1)-C(39) 
C(37)-Si( 1)-C(41) 
C(39)-Si( 1)-C(41) 
Rh(1)-N(1)-C(1) 
Rh( 1)-N( 1)-C(4) 
C( 1)-N( 1)-C(4) 
Rh( l)-N(2)-C(6) 
Rh( l)-N(2)-C(9) 
C(6)-N(2)-C(9) 
Rh(l)-N(3)-C(ll) 
Rh( l)-N(3)-C(14) 
C(l l)-N(3)-C(14) 
N(2)-C(9)-C(8) 
N(2)-C(9)-C( 10) 
C(S)-C(9)-C( 10) 
C(9)-C(10)-C(11) 
N(4)-C( 19)-C( 18) 
N(4)-C( 19)-C(20) 
N(3)-C(1 l)-C(lO) 
N(3)-C(ll)-C(12) 
C( lO)-C( 11)-C(12) 
C(1 l)-c(12)-c(i3) 
C(ll)-C(12)-C(29) 
C(13)-C( 12)-c(29) 
C(12)-C(13)-C(14) 
C( 121-43 13)-c(3 1) 
C( 14)-c( 13)-c(3 1) 
N(3)-C( 14)-C(13) 
N(3)-C(14)-C(15) 
C(13)-C(14)-C(15) 
C(14)-C(15)-C(16) 
N(4)-C( 16)-C( 15) 

91.4($ 

93.5(9) 
90(1) 

90(1) 
90(1) 

go( 1) 
1 lO(2) 
113(2) 
113(3) 
100(7) 
109(6) 
111(7) 
127(2) 
126(2) 
107(3) 
127(3) 
127(3) 
106(3) 
127(3) 
127(3) 
106(3) 
1 lO(3) 
124(4) 
125(4) 
127(4) 
1 lO(3) 
125(3) 
125(4) 
1 lO(3) 
125(4) 
106(3) 
124(4) 
129(4) 
107(4) 
129(4) 
125(4) 
11 l(3) 
124(3) 
125(4) 
127(4) 
125(4) 

175(1) 

175(1) 

Table 7. Intramolecular Bond Angles Involving the 
Non-Hydrogen Atoms of 12a 

Rh(l)-N(4)-C(19) 127(2) 
C( i6) -N(4) - c( 19) 
N(1)-C( 1)-C(2) 
N( 1)-C( 1)-C(20) 
C(2)-C(l)-C(20) 
C(l)-C(2)-C(3) 
C( l)-C(2)-C(21) 
C(3)-C(2)-C(21) 
C(2)-C(3)-C(4) 
C(2)-C(3)-C(23) 
C(4)-C(3)-C(23) 
N( l)-C(4)-C(3) 
N(l)-C(4)-C(5) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 
N(2)-C(6)-C(5) 
N(2)-C(6)-C(7) 
C(5)-C(6)-C(7) 
C(6)-C(7)-C(8) 
C(6)-C(7)-C(25) 
C(8)-C(7)-C(25) 
C(7)-C(8)-C(9) 
C(7)-C@)-C(27) 
C(9)-C(8)-C(27) 
Rh( 1)-N(4)-C( 16) 
C(18)-C(17)-C(33) 
C(17)-C(18)-C(19) 
C(l7)-C(18)-C(35) 
C(19)-C(18)-C(35) 
C( 18)-C( 19)-C(20) 
C(l)-C(20)-C(19) 
C(2)-C(21)-C(22) 
C(3)-C(23)-C(24) 
C(12)-C(29)-C(30) 
C(13)-C(31)-C(32) 
Si( l)-C(37)-C(38) 
C(17)-C(33)-C(34) 
C( 18)-C(35)-C(36) 
Si( l)-C(41)-C(42) 
C(16)-C(17)-C(33) 
C(7)-C(25)-C(26) 
C(8)-C(27)-C(28) 
N(4) - C( 16)-C( 17) 
C(15)-C(16)-C(17) 
C( 16)-C( 17)-C( 18) 

io6i3j 
llO(3) 
125(3) 
125(3) 
107(3) 
125(3) 
128(3) 
107(3) 
128(4) 
124(3) 
llO(3) 
125(3) 
125(3) 
127(4) 
125(3) 
llO(3) 
125(4) 
107(3) 
124(4) 
129(4) 
107(3) 
129(4) 
124(4) 
127(2) 
129(4) 
107(3) 
128(4) 
125(3) 
125(3) 
127(3) 
114(4) 
113(4) 
112(4) 
113(5) 
115(10) 
113(4) 
11 3(4) 
129( 12) 
124(4) 
113(4) 
113(4) 
llO(3) 
125(3) 
107(3) 

Angles are in degrees. Estimated standard deviations in the least 
significant figure are given in parentheses. 

8H, CHZCH~), 1.83 (t, J = 7.7 Hz, 24H, CHzCHs), -1.22 (t, J 

Hz, 2H, RhCH2CH2CH2C02H), -6.47 (td, J = 8.0 Hz, J H - ~  = 
1.8 Hz, 2H, RhCH2CH2CH2C02H). 13C NMR (125 MHz, THF- 
ds): 6 172.16 (8 ,  COOH), 142.21 (8, pyrrole a), 141.23 (s, pyrrole 
p), 99.09 ( 6 ,  meso), 31.81 ( 8 ,  a-C to carboxy), 22.10 (s, P-C to 
carboxyl, 20.42 (8, m2CH3), 18.95 ( 6 ,  CH&H3), 6.76 (d, Jc-m 
= 27.9 Hz, y-C to carboxy). IR (KI3r): 3300-2500,2962,2929, 
2868, 1706, 1274, 1019 cm-l. UV-vis (CHC13): ,I,, (log E )  

385.8 (1.067), 391.8 (1.12), 509.6 (0.12), 542.6 (0.39). FAB MS 
(m-nitrobenzyl alcohol matrix): mlz 722 (M+, 100). HRMS: 
calcd for C40H51N402Rh 722.307, found 722.306. 

[Ith111{CH(CH3)CH2C02H}OEPl (6). Yield: 68%. lH 
NMR (CDC13, 500 MHz): 6 10.05 (s,4H, meso), 3.92-4.18 (m, 

= 8.0 Hz, 2H, RhCH&H2CH2CO2H), -4.93 (quintet, J = 7.8 

16H, CH~CHS), 1.89 (t, J = 7.7 Hz, 24H, CH~CHS), -3.76 (dd, 
J = 14.7 Hz, J = 11.9 Hz, lH,  RhCH(CH3)CHzC02H), -4.55 
(dd, J =  14.7 Hz, J =  3.0 Hz, lH, RhCH(CH3)CHzC02H), -4.78 

3H, RhCH(CH3)CH2C02H). I3C NMR (125 MHz, CDC13): 6 
to -4.68 (m, lH, RhCN(CH3)CH2COzH), -4.94 (d, J = 6.1 Hz, 

170.03 (5, COOH), 141.83 (8 ,  pyrrole a), 140.39 ( 8 ,  pyrrole B), 
99.25 (9, meso), 37.48 (9, a-C to carboxyl, 19.76 (8 ,  m2CH3), 

p-C to carboxyl. IR (KBr): 2963,2930,2869,1699,1274,1020 
cm-l. UV-vis (benzene): ,Imm (log E) 386.6 (1.23),510.4 (0.12), 
542.7 (0.37). FAB MS (m-nitrobenzyl alcohol matrix): m l z  

18.45 (5, CH2CH3), 18.18 (6, CH3), 17.11 (d, Jc-Rh = 31.2 Hz, 
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Figure 1. ORTEP drawing of Rh1YSiEt3)0EP showing thermal ellipsoids at the 30% probability level. 

Figure 2. Crystal packing of RhIII(SiEt3)OEP in the 
direction of the b axis of the unit cell. 

722 (M+, 100). HRMS: calcd for C40H51N402Rh 722.307, found 
722.310. 

Reaction of [RhIIOEPIa with Triethyleilane (General 
Procedure). To 53.4 mg of [RhIIOEPIz in dry degassed 
benzene (15 mL) was added triethylsilane (8; 0.66 mL, 4.1 
mmol). The brown solution turned orange-red. The mixture 
was stirred at  room temperature under Ar for 12 h. After the 
solvent was removed under reduced pressure, the residue was 
purified by column chromatography on silica gel (benzene: 
hexane = 1:2) to yield Et3SiRh"'OEP; yield 33.8 mg (54% based 
on [RhIIOEPIz). The product was further purified by recrys- 
tallization from CHCl3-hexane. 

Rh"I(SiEt3)OEP (12). Yield: 54%. TLC: Rf 0.46 (SiOz, 
benzene:hexane = 15). 'H NMR (CDC13, 500 MHz): 6 9.93 
(9, 4H, meso), 3.99 (9, J = 7.6 Hz, 16H, CHZCH~), 1.87 (t, J = 
7.6 Hz, 24H, CHZCH~), -1.59 (t, J = 8.0 Hz, 9H, SiCHzCH31, 
-3.80 (q, J = 7.9 Hz, 6H, SiCH2CH3). I3C NMR (125 MHz, 

(s, porphyrin meso), 20.27 (8, mZCH3), 18.71 (9, CHZm3), 5.52 
(9, S~CHZCH~), 2.83 (s, SiCH2CH3). 29Si NMR (CDC13, 100 
MHz): 6 51.98 (d, J s i - ~  = 29.3 Hz). IR (KBr): 2962, 2928, 
2867,1449,1377,1273,1017,994,956,845,693 cm-l. UV- 
vis (benzene): I,, (log E) 393.4 (1.30), 509.6 (0.091), 542.2 
(0.353). FAB MS (m-nitrobenzyl alcohol matrix): m/z 750 
(M+, 100). HRMS: calcd for C42H59N4SiRh 750.356, found 
750.360. 

C6D6): 6 141.63 (9, pyrrole a-C), 141.32 (8, pyrrole p-c), 100.06 

RhIn(SiPh3)0EP (13). Yield: 65%. TLC: Rf 0.30 (SiOz, 
benzene:hexane = 1:3). lH NMR (CDCl3, 500 MHz): 6 9.73 
(s, 4H, meso), 6.69 (tt, J = 7.3 Hz, J = 1.2 Hz, 3H, 4'-H of Ph), 

= 7.9 Hz, J = 1.2 Hz, 6H, 2'-H of Ph), 3.82-3.95 (m, 16H, 
CHZCH~), 1.85 (t, J = 7.9 Hz, 24H, CHzCH3). 29Si NMR 
(CDC13, 100 MHz): 6 11.56 (d, Jsi-Rh = 35.7 Hz). IR (KBr): 
3075,3045,2961,2928,2867,1448,1274,1059,1021,962,698, 
567 cm-l. UV-vis (CHC13): I,, (log E) 544.2 (0.231, 508.8 
(0.06), 393.3 (0.38), 380.5 (0.56). FAB MS (m-nitrobenzyl 
alcohol matrix): mlz 894 (M+, 100). HRMS: calcd for 
C54HsgN4SiRh 894.356, found 894.360. 

Rhm(SiPhMez)OEP (14). Yield: 44%. TLC: Rf0.29 (SiOz, 
benzene:hexane = 1:5). IH NMR (C&, 500 MHz, chemical 
shift relative to  C6H6 7.20 ppm): 6 10.0 (s,4H, meso), 6.71 (t, 

6.34 (dd, J = 7.3 Hz, J = 7.9 Hz, 6H, 3'-H of Ph), 4.13 (dd, J 

J = 7.3 Hz, lH,  4'-H of Ph), 6.39 (dd, J = 7.3 Hz, J = 7.9 Hz, 
2H, 3'-H of Ph), 4.21 (d, J = 8.0 Hz, 2H, 2'-H of Ph), 3.6-3.96 
(m, 16H, CHZCH~), 1.90 (t, J = 7.9 Hz, 24H, CHZCH~), -3.61 
(s,6H, SiCH3). 29Si NMR (CDCl3,lOO MHz): 6 28.30 (d, JSi-Rh 
= 30.2 Hz). IR (KBr): 3046, 2961, 2927, 2866, 1458, 1379, 
1273,1233,1018,959,808 cm-l. W-vis (benzene): A,, (log 
E) 541.8 (0.42), 508.8 (O,ll), 394.2 (1.34). FAB MS (m- 
nitrobenzyl alcohol matrix): m / z  770 (M+, 100). HRMS: calcd 
for C44H55N4SiRh 770.325, found 770.329. 

RhIn(SiOEtMeZ)OEP (15). Yield: 42%. TLC: Rf 0.15 
(SiOz, benzene:hexane = 1:2). lH NMR (CDCl3, 500 MHz): 6 
9.90 (8, 4H, meso), 3.90-3.98 (m, 16H, CHZCH~), 1.81 (t, J = 
7.7 Hz, 24H, CHZCH~), -0.14 (4, J = 7.0 Hz, 2H, SiOCHzCH3), 
-0.43 (t, J = 7.0 Hz, 3H, SiOCH2CH3), -4.17 (6, 6H, SiCH3). 
29Si NMR (CDC13, 100 MHz): 6 37.24 (d, Jsi-Rh = 30.5 Hz). IR 
(KBr): 2961,2926,2865,1453,1377,1265,1234,1107,1058, 
1018, 957, 845, 811 cm-l. UV-vis (CHC13): I,, (log E) 541.4 
(0.25), 509.3 (0.07), 391.0 (1.06). FAB MS (m-nitrobenzyl 
alcohol matrix): mlz 738 (M+, 100). HRMS: calcd for 
C40H55N40SiRh 738.320, found 738.313. 

Rhm(SnBu3)0EP (18). To a solution of [RhIIOEPIz (26.4 
mg, 121 pmol) in degassed benzene (6 mL) was added tribu- 
tyltin hydride (0.12 mL, 446 pmol) under Ar. After the mixture 
was stirred for 21 h at room temperature, the benzene was 
distilled off and the residue was purified by a short column of 
silica gel (benzene:hexane = 1:2) to  give 18 (18.8 mg, 49%). 
TLC: Rf 0.60 (SiOz, benzene:hexane = 1:3). , IH NMR (CsD6, 
500 MHz, chemical shift relative to 7.20 ppm): 6 10.07 
(s,4H, meso), 3.94 (9, J = 7.7 Hz, 16H, CHzCHd, 1.93 (t, J = 
7.7 Hz, 24H, CHZCH~), 0.48-0.52 (br s, 9H, SnCHzCHZ- 
CHZCH~), 0.46 to -0.50 (m, 6H, SnCHzCHzCHzCHd, -0.76 
to -0.60 (m, 6H, S ~ C H ~ C H Z C H ~ C H ~ ) ,  -2.54 to -2.38 (m, 6H, 
SnCH2CHzCH2CH3). 13C NMR (125 MHz, C6D6 chemical shifb 
relative to  C6D6 128 ppm): 6 141.63 (s, pyrrole a-C), 141.56 
(8, pyrrole p-C), 99.92 (9, porphyrin meso), 27.14 (9, S~CHZCHZ- 
CHZCH~), 26.92 (8, S~CHZCHZCHZCH~), 20.00 ( 6 ,  CHzCHd, 
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18.66 (s, CHZCH~), 13.35 (s, SnCHzCHZCH&H3), 7.47 (8 ,  

SnCH2CH2CH2CH3). l19Sn NMR (CDC13,186 MHz): 6 118.32 
(d, Jsn-w = 314.2 Hz). IR (KBr): 2959,2926,2866,1448,1375, 
1272, 1144, 1110, 1058, 1019, 993, 958, 843 cm-'. UV-vis 
(benzene): Am= (log E)  381.4 (0.86), 298.7 (0.48), 509.1 (0.083), 
541.1 (0.28). FAB MS (m-nitrobenzyl alcohol matrix): mlz  
925 (M+, 100). HRMS: calcd for C48H71N&hSn 926.376, found 
926.378. 

RhD1(SnPh3)0EP (19). Yield: 44%. TLC Rf 0.57 (SiOz, 
benzene:hexane = 1:2). lH N M R  (C&, 500 MHz, chemical 
shift relative to C & 3  7.20 ppm): 6 9.94 (s,4H, meso), 6.77 (tt, 
J = 7.3 Hz, 1.2 Hz, 3H, 4'-H of Ph), 6.55 (dd, J = 7.3 Hz, 7.4 
Hz, 6H, 3'-H of Ph), 4.93 (dd, J = 7.4 Hz, 1.2 Hz, 6H, 2'-H of 
Ph), 3.80-3.93 (m, 16H, CHZCH~), 1.88 (t, J = 7.6 Hz, 24H, 
CH2CH3). l19Sn NMR (CDCl3, 186 MHz): 6 -121.57 (d, Jsn-w 
= 412.9 Hz). IR (KBr): 3059, 3046, 2964, 2929, 2866, 1447, 
1376, 1273, 1145, 1059, 1021, 996, 962, 845, 727, 698 cm-'. 
UV-vis (benzene): ,Im= (log E) 386.6 (1.09),510.2 (0.073),543.4 
(0.27). FAB MS (m-nitrobenzyl alcohol matrix): mlz  986 (M+, 
100). HRMS: calcd for C&S9N&hSn 986.282, found 986.290. 

X-ray Structure Determination of Elhm(SiEtg)OEP. 
Purple crystals of Rh"'(SiEt3)OEP were obtained by recrys- 
tallization from CHCl3-hexane. Details of the crystal data, 
data collection, and data refinement are listed in Table 4. The 
structure was solved by direct methods2* and expanded using 
Fourier  technique^.^^ 

Mizutani et al. 
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Dimethylsilyl and Ethylsilyl Cations: A Detailed Study 
of the SiC2H,+ Potential Energy Surface 

A. E. Ketvirtis, D. K. Bohme, and A. C .  Hopkinson" 
Department of Chemistry, York University, Downsview, Ontario, Canada M3J lP3 

Received June 17, 1994@ 

Ab initio molecular orbital calculations on stable isomers and on transition structures 
associated with the SiCzH,+ potential energy hypersurface are presented. All critical points 
below the energies of dissociation into SiH+ + ethane and into SiH3+ + ethylene have been 
obtained by gradient optimizations with the split valence-shell basis set 6-31G(d,p), both a t  
the SCF level of theory and with inclusion of electron correlation energy to second-order 
Mdler-Plesset (MP2) perturbation theory. The dimethylsilyl cation, which was found to 
be at the global minimum on the surface a t  both levels of theory, was optimized subsequently 
at MP2/6-311G(d,p). All structures at critical points on the surfaces at both levels of theory 
were characterized by harmonic frequency calculations, from which zero-point vibrational 
energies also were obtained. Vibrational frequencies of the dimethylsilyl cation and of the 
next lowest energy isomer, H&HzCSiHz+, obtained at MP2/6-31G(d,p), also are reported. 
Isomers of SiCzH7+ which contain fewer Si-H bonds tend to be lower in energy. The inclusion 
of electron correlation with the same basis set reduces the number of minima on the surface 
from 5 to 4 and reduces all of the barriers to interconversion between all stable isomers 
with the exception of that between the two lowest isomers. The latter value increases from 
26.6 to 41.9 kcal mol-l. This topological feature has permitted the proposal of detailed 
mechanisms to rationalize hydrogen-deuterium exchange reactions observed elsewhere in 
the gas phase. 

The chemistry of organosilicon compounds has been 
of considerable interest, both computationally and 
experimentally, for many years. 1,2 The circumstellar 
envelope of the carbon star IRC + 10216 has been found 
to contain molecules such as Sic, SiC2, and SiC4.3 To 
date, no organosilicon species which include hydrogen 
have been detected; however, due to the relative abun- 
dance of hydrogen in the universe, it is probable that 
such species exist. Over the last decade, a vast litera- 
ture has accumulated on the chemistry of organosilicon 
compounds. During this time, both theoretical and 
experimental techniques have improved enormously and 
both have made large contributions to our understand- 
ing of the structure and chemistry of small organosilicon 
compounds. Recent computational studies have been 
performed on cations of the formulas SiCzH,+ (n  = 2, 
44 and n = 1, 3, Ei5) in connection with previous gas- 
phase experimental research involving these ions in the 
SIFT (selected ion flow tube) apparatw6 These com- 

@ Abstract published in Advance ACS Abstracts, November 15,1994. 
(1) (a) Grev, R. S.; Schaefer, H. F., 111. J .  Chem. Phys. 1984, 80, 

3552. (b) Sadlej, A. J.; Diercksen, G. H. F.; Oddershede, J.; Sabin, J. 
R. Chem. Phys. 1988, 122, 297. (c) Martin, J. M. L.; Franqois, J. P.; 
Gijbels, R. J .  Chem. Phys. 1990, 92, 6655. (d) Langhoff, S. R.; 
Bauschlicher, C. W., Jr. J .  Chem. Phys. 1990,93,42. 

( 2 )  (a) Sanford, R. F. Astrophys. J .  1950, 111, 362. (b) Kleman, B. 
Astrophys. J .  1966, 123, 162. 
(3) (a) Cernicharo, J.; Gottlieb, C. A.; Guelin, M.; Thaddeus, P.; 

Vrtflek, J. M. Astrophys. J .  1989, 341, L25. (b) Thaddeus, P.; 
Cummins, S. E.; Linke, R. A. Astrophys. J .  1984,283, L45. (c) Ohishi, 
M.; Kaifu, N.; Kawaguchi, K.; Murakami, A.; Saito, S.; Yamamoto, S.; 
Ishikawa, S.; Fujita, Y.; Shiratori, Y.; Irvine, W. M.Astrophys. J .  1989, 
345. L83. 
(4) Ketvirtis, A. E.; Bohme, D. K.; Hopkinson, A. C. J .  Mol. Struct. 

( 5 )  Ketvirtis, A. E.; Bohme, D. K.; Hopkinson, A. C. J .  Phys. Chem., 
THEOCHEM 1994,313,l. 

in press. 

4461. 
(6) Wlodek, S.; Fox, A.; Bohme, D. K. J.Am.  Chem. SOC. 1991,113, 

putational studies have provided detailed information 
about thermodynamic stabilities of isomers of a given 
formula, about barriers to the interconversion of these 
isomers, and about the geometries of stable ions and of 
the transition structures to their interconversion. 

The SiCzH7+ energy surface is of particular interest 
as it is the smallest cation in which it is possible to study 
the effects of both a- and B-silyl substituents in satu- 
rated carbocations. It also permits comparison of the 
relative stabilities of isomeric alkyl and silyl  cation^.^ 

In early high-pressure and tandem mass spectromet- 
ric studies on the reaction of SiH3+ with ethylene, 
Lampe and co-workers noted a "persistent-sticky com- 
plex", SiCzH7+, which added a further two ethylene 
molecules.* From this reactivity they concluded that 
the initial n-adduct, la (R = H), rearranged to the 
ethylsilyl cation 2 and that addition of further ethylene 
molecules occurred by insertion into the Si-H bonds of 
2, terminating in the triethylsilyl cation, Si( CzH5)3+. 

l a  

Much of the subsequent gas-phase work has involved 
the experimentally more convenient Si(CHd3 group. The 
adduct formed from the addition of Si(CH3)3+ to  
HzC-CHz loses ethylene in bimolecular displacement 
reactions: and high-energy collisional activation experi- 

(7) Hopkinson, A. C.; Lien, M. H. J .  Org. Chem. 1981,46, 998. 
(8) (a) Mayer, T. M.; Lampe, F. W. J .  Phys. Chem. 1974, 78,2433. 

(b) Allen, W. N.; Lampe, F. W. J .  Am. Chem. SOC. 1977,99, 6816. 

0276-'733319512314-0347$09.00/0 0 1995 American Chemical Society 
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ments on the (CH3)3SiCzH4+ ion, derived from (CH3)3- 
SiCHzCHzOC&, have shown the two CH2 groups to 
be equivalent.1° Protonation of trimethylvinylsilane, 
(CH3)3SiCH=CHz, produces an ion that has behavior 
identical to that of the adduct formed from Si(CH3)3+ 
plus HzC-CHz, leading to the conclusion that protona- 
tion occurs on the carbon adjacent to silicon, formally 
generating a @-silyl substituted primary carbocation, lb 
(R = CH3).11 Protonation on the terminal carbon atom 

Ketvirtis et al. 

3 

of trimethylvinylsilane, which would produce the a-silyl 
substituted ethyl cation, 3, does not occur. The proton 
affinity of trimethylvinylsilane, (199 f 2) kcal mol-', is 
much higher than that of ethylene (162.6 kcal mol-l) 
and is similar to  those of styrene and of tetramethyl- 
ethylene, both molecules containing groups which are 
strongly stabilizing in carbocations.12 

Ab initio molecular orbital calculations on isomers of 
SiCzH7+ have shown the cyclic structure la to be 
preferred over lb, and the b-silyl group has been shown 
to  stabilize the ethyl cation by -38 kcal m01-l.'~ For R 
= H, MP2/6-31G(d)//HF/3-21G calculations have shown 
la to be only 5.5 kcal mol-l above 2 and lb to be not at 
a minimum.14* Structure 3 is considerably higher in 
energy than 2 (by 31.0 kcal mol-l) and also may not be 
at a minimum.14 
As in carbocation chemistry, secondary silyl cations 

are usually more stable than primary ions, and there- 
fore, ion 4 would be expected to be at  the global 

Y H.3 + .H 

5 
-->- 

minimum on the SiCzHY+ potential energy surface. 
Gas-phase 13C labeling studies have shown Si(CH3)3+ 
to isomerize to Si(C2H5)(CH3)Hf prior to the loss of 
ethylene, and a similar reaction is believed to occur 
between Si(CH&H+, ion 4, and Si(CzHs)Hz+, ion 2.15b9c 

This rearrangement requires either the intermediacy 
of the primary carbocation 6, formed by a 1,a-hydride 
shift from CH3 (in 4) to Si+, or the simultaneous 
(dyotropic) migration of H and CH3 through transition 
structure 6. 

(9) (a) Wojtyniak, A. C. M.; Stone, J. A. Int. J. Mass Spec. Ion Proc. 
1986, 74, 59. (b) Li, Y.; Stone, J. A. J. Am. Chem. Soc. 1989, 111, 
5586. 
(10) Ciommer, B.; Schwarz, H. J. Organomet. Chem. 1985,244,319. 
(11) Hajdasz, D.; Squires, R. J. Chem. Soc., Chem. Commun. 1988, 

1212. 
(12) Eabom, C.; Feichtmayr, F.; Hom, M.; Murrell, J. N. J. Orga- 

nomet. Chem. 1974, 77,39. 
(13) Wierschke, S. G.; Chandrasekhar, J.; Jorgensen, W. L. J. Am. 

Chem. SOC. 1986,107,1496. 
(14) (a) Apeloig, Y.; Karni, M.; Stanger, A.; Schwarz, H.; Drewello, 

T.; Czekay, G. J. Chem. Soc., Chem. Commun. 1987,989. (b) Drewello, 
T.; Burgers, P. C.; Zummack, W.; Apeloig, Y.;  Schwarz, H. Organome- 
tallics 1990, 9, 1161. 
(15) (a) Reuter, K. A; Jacobson, D. B. Organometallics 1989,8,1126. 

(b) Bakhtiar, R.; Holznagel, C. M.; Jacobson, D. B. J. Am. Chem. Soc. 
1992, 114, 3227. (c) Bakhtiar, R.; Holznagel, C. M.; Jacobson, D. B. 
Organometallics 1993, 12, 621. (d) Bakhtiar, R.; Holznagel, C. M.; 
Jacobson, D. B. Organometallics 1993,12, 880. 

4 0 

) L c H 2 c H 3  

2 

There has been no reported ab initio molecular orbital 
study of 4 or of the transition structures for the 
interconversion of ions 1-5. Here we report an ab initio 
study of the SiCzH7+ potential energy surface using 
structure optimization both at SCF and at  MP2 levels 
of theory. 

Computational Methods 
Ab initio molecular orbital calculations were performed 

using the GAUSSIAN suite of programs.16 All structures were 
optimized at both the SCF/6-31G(d,p)17 and MP2(ful1)/6-31G 
(d,p)17J6 levels of theory using gradient  technique^.^^ "he 
structure which was found to exist at the global minimum on 
the MP2 surface was optimized subsequently at the MP2(full)/ 
6-311G(d,p)17e*20 level of theory. Transition structures were 
obtained either with the eigenvector-following ( E F P  method 
or the CALCALL16 algorithm. All critical points were char- 
acterized by harmonic frequency calculations both at  SCFI6- 
31G(d,p) and at MP2(M)/6-31G(d,p), and the intrinsic reaction 
coordinate (IRC) method was used to establish which two 
minima were associated with each transition structure.22 For 
all critical points on the MP2 surface other than that at the 
global minimum, single-point calculations at the MP2(ful1)/6- 
311G(d,p) level of theory were performed. Bond lengths and 
bond angles which involve heavy (non-hydrogen) atoms, as well 
as those which involve migrating hydrogen atoms, are re- 
ported. 

(16) (a) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. 
W.; Foreeman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M. A.; 
Replogle, E. S.; Gomperts, R.; Andrea, J. L.; Raghavachari, IC; Binkley, 
J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; DeFrees, D. J.; Baker, J.; 
Stewart, J. J. P.; Pople, J. k GAUSSIAN 92, Revision (2.4, Gaussian, 
Inc. Pittsburgh, PA, 1992. (b) Frisch, M. J.; Head-Gordon, M.; Trucks, 
G. W.; Foreeman, J. B.; Schlegel, H. B.; Raghavachari, IC; Robb, M.; 
Binkley, J. S.; Gonzalez, C.; DeFrees, D. J.; Fox, D. J.; Whiteside, R. 
A.; Seeger, R.; Melius, C. F.; Baker, J.; Martin, R. L.; Kahn, L. R.; 
Stewart, J. J. P.; Topiol, 5.; Pople, J. A. GAUSSIAN 90, Revision J ,  
Gaussian, Inc., Pittsburgh, PA, 1990. (c) Frisch, M. J.; Binkley, J. 5.; 
Schlegel, H. B.; Raghavachari, IC; Melius, C. F.; Martin, R. L.; Stewart, 
J. J. P.; Bobrowicz, F. W.; Rohlfing, C. M.; Kahn, L. R.; DeFrees, D. J.; 
Seeger, R.; Whiteside, R. A,; Fox, D. J.; Fleuder, E. M.; Pople, J. A. 
GAUSSIAN 86, Carnegie-Mellon Quantum Chemistry Publishing Unit, 
Carnegie-Mellon University, Pitbburgh, PA, 1984. 
(17) (a) Hehre, W. J.; Ditchfield, R.; Pople, J. A. J. Chem. Phys. 1972, 

56, 2257. (b) Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1973, 
72,6250. (c) Gordon, M. 5. Chem. Phys. Lett. 1980,76,163. (d) Francl, 
M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. 9.; Gordon, M. S.; 
DeFrees, D. J.; Pople, J. A. J. Chem. Phys. 1982, 77,3654. (e) Frisch, 
M. J.; Pople, J. A.; Binkley, J. S. J. Chem. Phys. 1984, 80, 3265. 

(18)(a) Mgller, C.; Plesset, M. S. Phys. Reu. 1934, 46, 618. (b) 
Binkley, J. S.; Pople, J. A. Znt. J. Quant. Chem. 1976, 9, 229. 
(19) Schlegel, H. B. J. Comp. Chem. 1982,3,214. 
(20) (a) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. J. Chem. 

Phys. 1980,72,650. (b) McLean, A. D.; Chandler, G. S. J. Chem. Phys. 
1980, 72, 5639. 
(21) (a) Baker, J. J. Comp. Chem. 1986, 7, 385. (b) Baker, J. J. 

Comp. Chem. 1987,8, 563. (c) Simons, J.; Jorgensen, P.; Taylor, H.; 
Ozment, J. J. Phys. Chem. 1985, 87, 2745. (d) Cejan, C. J.; Miller, 
W. H. J. Chem. Phys. 1981, 75,2800. (e) Bannejee, A,; Adams, N.; 
Simons, J.; Shepard, R. J. Phys. Chem. 1986,89, 52. 
(22) Gonzalez, C.; Schlegel, H. B. J. Chem. Phys. 1989,90, 2154. 
(23) Krishnan, R.; Frisch, M. J.; Pople, J. A. J. Chem. Phys. 1980. 

72, 4244. 
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Table 1. Total Energies (hartrees) for SiCJI,+ Isomers and Transition Structures9 
ion RHF/6-3 lG(d,p) 

-368.439 43 (+23.2) 
-368.445 01 (+20.6) 
-368.415 30 ($36.5) 
-368.477 46 (0) 
-368.402 36 (+45.0) 

-368.399 43 (f47.2) 
-368.401 94 (+45.1) 
-368.404 47 (+43.5) 
-368.415 59 (f37.8) 
-368.372 83 (f61.8) 
-368.376 41 ($62.9) 

ZPEb 

47.0 
47.9 
45.2 
47.7 
45.6 

45.9 
45.4 
45.4 
46.7 
43.8 
47.2 

MP2(full)/6-3 lG(d,p) 

-368.828 09 (+26.5) 
-368.840 00 ($17.8) 
-368.793 76 (+45.1) 
-368.869 50 (0) 

-368.768 74 (+61.1) 

-368.784 55 ($50.3) 
-368.809 31 (+36.7) 
-368.751 37 (+69.7) 
-368.758 20 (+69.5) 

ZPE' 

49.1 
49.3 
46.2 
48.6 

46.5 

45.6 
47.5 
44.2 
48.3 

MP2(full)/6-31 lG(d,p) 
-369.020 07 (f26.5) 
-369.034 23 (+17.8) 
-368.986 77 (f44.5)e 
-369.061 52d (0) 

-368.960 30 (+61.4) 

-368.977 79 (+49.5) 
-369.003 55 (f35.3)' 
-368.947 05d (f67.4) 
-368.949 96d ($69.7) 

r? Relative energies in kcal mol-' using scaled zero-point energies from SCF level calculations, except where zero-point energy has been obtained from 
MP2 level calculations, are listed in parentheses. Zero-point energy from RHF/6-31G(d,p) in kcal mol-', scaled by a factor of 0.89?* except where specified 
otherwise. Zero-point energy from MP2(fu11)/6-31G(d,p) in kcal mol-', scaled by a factor of 0.93.29 Optimized at MP2(fu11)/6-31 lG(d,p). At Mp2(fc)/ 
6-311G(2df,2p) total energies (hartrees) are -368.886 46 for 3 and -368.877 62 for 10. 

1 

3 

k 
5. 

7. 

9 

CN 
4 

k 

6'' 

J 

8' 

L J 

10 

* 

*Srmchues 5. 7, and 8 do not exist at the MP2 level of theory 
'*Stlucturr 6  doe^ not exist at the SCF level of theory. 

Figure 1. Optimized structural parameters. Bond lengths 
are in angstroms, and bond angles are in degrees. Upper 
values are at SCF/6-31G(d,p), and lower values are at MP2- 
(full)/G-BlG(d,p). Structures 5 ,7 ,  and 8 do not exist at the 
MP2 level of theory. Structure 6 does not exist at the SCF 
level of theory. 

Results and Discussion 
Details of the SiCzH,+ Potential Energy Surface. 

Structural details for the ions 1-10 are given in Figure 

1. On the SCF potential energy surface, ions 1-5 all 
are a t  minima, although the barriers to  the rearrange- 
ments of the two highest energy isomers, 3 and 5, are 
low (see Figure 2). We were, however, unable to locate 
a stable geometric analogue for structure 5 when 
electron correlation was included in the calculation. 

Structure 4, the dimethylsilyl cation, has been found 
to be at the global minimum on both the SCF and the 
MP2 surfaces. This result is consistent with the trend 
observed for other SiC2Hn+ surfaces (Table 1) in which 
isomers which contain as many hydrogen atoms bonded 
to  carbon (rather than to silicon) as possible tend to be 
more stable than are other  isomer^.^,^ 

It should be noted that there are three different 
conformational isomers associated with the skeletal 
structure depicted by ion 2 on the SCF surface. 

P 
HI si+ 

H \ 
H yi-CH,CH3 H H \ H 

2 
2a 

H/H 
+ si 

Hp 
Si ... 

2b 

Each of these rotamers exists a t  a local minimum at 
SCF/6-31G(d,p) and, in order of increasing energy, they 
are ranked 2a < 2b < 2c. However, 2a, 2b, and 2c are 
only 2.1 kcal mol-1 apart in energy at  this level of theory 
and there are negligible barriers to  their interconver- 
sion. At MP2/6-31G(d,p), 2b collapses into 2c without 
a barrier, and the latter is 2.6 kcal mol-l more stable 
than 2a. It should be noted as well that the Si-C-C 
bond angle in 2c at MP2 is 81.0'; that of 2a is 116.5'; 
thus, the reversal of stabilities of 2a and 2c between 
the SCF and MP2 levels of theory can be justified on 
the grounds that post-SCF level calculations tend to  
favor more nonclassical structures than do SCF-level 
optimizations. While 2c cannot be considered a cyclic 
structure, there is, nevertheless, more interaction be- 
tween the silicon atom and the carbon to which it is not 
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70 

6 0  

50  

40  

30  

2 0. 

10. 

0 

Si' + c.& 

s i 3 +  + c,H, 

I I :'f 
I' 14.6 

'P H-Si 

I 
I 
I 
I I 
I 
I 
\ 
\ 
\ 

H \ 

Figure 2. Potential energy surface as optimized at SCF/6-31G(d,p). 

2a 

(formally) bonded than is the case in 2a (as is shown in 

H 
H H  

0.969 1 k.969 

+ p',..op91 

2c 

the Mayer bond order2* analyses of these two conform- 
ers). Furthermore, there is a noteworthy interaction 
between the Si atom and the eclipsing H atom of the 
neighboring methyl group (Mayer bond order = 0.091), 
an interaction which does not exist in 2a. In addition, 
there are substantial differences in the bond orders 
associated with the C-C and C-H bonds of the two 
conformers. For example, the C-C bond order in 2a is 
0.925; that of 2c is 0.849. As well, the C-H bond orders 
in the methyl group of 2c have distinctly different 
values; those associated with the out-of-plane hydrogen 
atoms are small (0.930) relative to their counterparts 
in 2a (0.966) but are large compared to the in-plane 
methyl C-H bond of 2c (0.873). Thus, it is evident that 
all bonds associated with the B-carbon of 2c are weak 
relative to their analogues in 2a. This depletion of 
electron density associated with these bonds is ac- 
companied by the existence of significant through-space 

(24) Mayer, I. Int. J. Quant. Chem. 1986,29, 477. 

Table 2. Harmonic Vibrational Frequencies (em-') and 
Intensities (Wmol) for Structures 2 and 4 on the Sic&+ 

Surface from MP2(Wl)/6-31G(d,p) Calculation@ 
4 (C2"Y 2 (CsY 

freq intensity sym freq intensity sym 

3265.3 
3264.6 
3195.7 
3194.2 
3112.9 
3111.0 
2429.7 
1474.4 
1470.7 
1462.7 
1457.9 
1361.5 
1354.1 
985.4 
924.4 
880.0 
838.4 
672.8 
659.7 
641.0 
481.2 
226.3 
50.0 
34.7 

13.7 a1 
5.9 b2 

28.0 bi 
0.0 a2 
3.7 al 

66.2 bz 
34.4 al 
24.3 bi 
15.7 ai 
0.0 a2 
3.6 bz 
5.6 al 

92.9 b2 
158.8 b2 
73.6 al 
88.2 bi 
29.5 b2 

1 .o a1 
1.7 b2 
0.0 a2 

12.0 bi 
4.3 al 
0.4 bi 
0.0 az 

3319.7 22.4 a" 
3303.5 7.2 a" 
3230.2 13.0 a' 
3206.3 10.0 a' 
2708.4 77.1 a' 
2479.0 17.0 a" 
2430.2 8.8 a' 
1612.3 14.3 a' 
1511.8 5.5 a' 
1472.9 10.9 a' 
1455.7 7.6 a" 
1211.6 13.0 a' 
1196.2 1.2 a" 
1031.6 10.6 a' 
991.8 76.8 a' 
956.5 12.5 a" 
955.1 29.2 a' 
861.9 25.4 a" 
741.0 7.8 a' 
713.3 56.4 a' 
556.6 6.6 a" 
501.4 4.4 a" 
372.8 66.1 a' 
241.4 0.7 a" 

ZPE = 48.6 kcal mol-'. ZPE = 49.3 kcal mol-'. Frequencies have 
not been scaled, but ZPE has been scaled by a factor of 0.93. 

interactions between Si and the p-C and between Si and 
H of the adjacent methyl group. Due to the differences 
in the relative energies of these rotamers at SCF and 
at MP2, we include only the most stable conformer at 
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SM3’ + c*fh 

si+ + qH, 

I 

.‘Si I I 

, I ‘  5.2 ll I 
I t I  I 

I 
I 

I 
I 

,’ 10.2 

Figure 3. Potential energy surface as optimized at MP2/6-31G(d,p). 

each level of theory in the energy level diagrams shown 
in Figures 2 and 3. Geometric parameters for only 
conformer 2c are given in Figure 1. 

One also may note the differences in bond orders 
associated with the a-carbons of the two conformers. 
The two equivalent C-H bonds of 2a (Mayer bond order 
= 0.919) are weaker than their counterparts in 2c 
(0.934). These results suggest that charge delocalization 
in 2a, from CHZ to Si+, occurs to a greater extent than 
in 2c. 

When electron correlation is included, the surface 
reduces to four minima, with ion 2 being 19.2 kcal mol-] 
above 4, with ion 1 being 25.2 kcal mol-l above 4, and 
with ion 3 being 45.1 kcal mol-] above 4. As suggested 
by the early gas-phase results of Lampe and co-work- 
ers,8 the barrier for conversion of 1 into 2 is quite low, 
14.6 kcal mol-’ at SCF/6-31G(d,p) and 10.2 kcal mol-l 
at MP2(full)/6-3lG(d,p). This trend toward a lower 
isomerization barrier, as well as a trend toward a 
greater thermodynamic stability of 2 vis-a-vis 1 on 
inclusion of electron correlation (see Figures 2 and 31, 
suggest that 2 should be considerably more abundant 
than 1 in the gas phase. 

The largest barrier is for the interconversion of the 
two lowest energy species, ions 2 and 4, and at  MP2/6- 
31Gtd,p), this value (41.9 kcal mol-]) is quite substan- 
tial, as suggested by Fourier transform mass spec- 
trometry.l5c These two ions have different gas-phase 
reactions with methanol and with ethene-dr; such 
experiments have been used to show that these ions 
isomerize slowly unless activated by collision.15c 

I 
I 
I 
I 

I 

I 

I 
I 
I 
I 
I 

9 I 
I I 
I 
t 
I 
I 
I 
I 
I 
\ 

I 
I 
I 
I 

! 

I 

H I 
I 

The interconversion of ions 2 and 4 is involved in the 
most dramatic topological difference between the SCF 
and MP2 surfaces. At the former level of theory, this 
interconversion is a two-stage process involving the 
intermediacy of ion 5, as well as two transition struc- 
tures (7 and 8). The higher barrier which must be 
surmounted, that for the conversion of 2 into 5 (through 
7), is 26.6 kcal mol-1 above 2. At the MP2 level, 6 
collapses into 4 without a barrier, and the critical points 
associated with structures 7, 5, and 8 coalesce into a 
single transition structure (6). This significant topologi- 
cal change is accompanied by a large increase in the 
barrier to interconversion of 2 and 4, to 41.9 kcal mol-l. 
This substantial barrier indicates the formation of a 
transition structure which is rather diffise in geometry, 
as may be inferred by the existence of Si-C bond 
lengths (1.871 and 1.925 A> which are longer than that 
obtained experimentally for silaethane (1.867 
Therefore, the energy lowering caused by the inclusion 
of electron correlation is greater in the case of minima 
2 and 4 than is the case for transition structure 6 at  
MP2. 

The geometry of transition structure 6 is instructive 
in the context of the proposed dyotropic isomerization 
process between 2 and 4.15c The suggested transition 
structure involves a hydrogen atom and a methyl group, 
both of which are depicted as bridging the remaining 
Si-C bond. However, it is evident from Figure 1 that 
6 is considerably different in geometry. In our computed 

(25) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J .  A. Ab Initio 
Molecular Orbital Theory; John Wiley & Sons: New York, 1986. 
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transition structure, the methyl group has completed 
its migration from C to Si, whereas the H atom, which 
must move in the opposite direction, still is firmly 
bonded to silicon. We have verified by the use of an 
IRC analysis that 6 interconverts 2 and 4, and a 
subsequent attempt a t  obtaining a transition structure 
with a geometry more reminiscent of that proposed 
previously15c has been unsuccessful. Clearly then the 
dyotropic isomerization between 2 and 4 proceeds in an 
asynchronous fashion. 

Ion 1, created formally from the addition of SiH3+ to 
ethylene, contains long Si-C distances, and the C-C 
bond distance is slightly longer than an experimental 
double bond length of ethylene (1.339 at both levels 
of theory. The weak Si-C interactions also are appar- 
ent from the Mayer bond orders (shown below). The 
long Si-C distances can be attributed to  the donation 
of a n-electron pair from ethylene to the empty p-orbital 
of the electron deficient Si of the SiH3+ group. However, 
unlike in the case of the formation of ground state 
SiC2H4+ (2B2) from the addition of Si+ (2P) to ethylene, 
there is no back-donation of electrons from SiH3+ to the 
n* LUMO of ethylene in the formation of 1. As a result, 
a three-center, two-electron bonding arrangement is 
created in 1; thus, less than full Si-C bonds are created, 
and the resulting Si-C distances are much greater than 
what would be considered "normal" for an Si-C bond. 
The inclusion of electron Correlation in the optimization 
of 1 has the effect of shortening the C-Si distances and 
of lengthening the C-C separation. These geometric 
changes are consistent with the tendency of post-SCF 
wave functions to give better descriptions of nonclassical 
structures than SCF-level wave functions. Clearly, 
there exist interactions between the Si atom and the 
carbons in 1, but as is shown by the Mayer bond order24 
analysis 

Ketvirtis et al. 

Sepnmttdreacbnts FSsompkx 

this ion should be considered more correctly to be a 
n-complex than a genuine three-membered ring. 

Despite the long C-Si distance associated with this 
mcomplex, the binding energy of 1 is 43.2 kcal mol-l 
when compared to the separated SiH3+ + ethylene. This 
binding energy is considerably greater than that of the 
trimethylated cation la (R = CH3) (23 kcal mol-' at 
"corrected" HF/6-31G(d)/7HF/3-21G).14* This difference 
in binding energies is attributed to the greater intrinsic 
stability of the trimethylsilyl cation arising from the 
delocalization of charge onto the methyl groups. 

Ion 3, an a-silyl substituted ethyl cation as optimized 
at  SCF/6-31G(d,p), lies 36.5 kcal mol-' above 4. How- 
ever, the structure of 3 undergoes substantial modifica- 
tion on reoptimization at MP2(full)/6-3lG(d,p). At this 
level, the optimized structure contains one hydrogen 
atom which bridges the two carbon atoms. In this way, 
ion 3 undergoes structural changes similar to those of 
the ethyl cation26 on proceeding from SCF to post-SCF 
levels of theory. The structure of 3, as well, is remi- 

niscent of that of a high-energy isomer of SiC2H5+, as 
has been reported el~ewhere.~ 

Ion 3 is a further illustration of the well-established 
trend in which post-SCF level optimizations tend to  
favor nonclassical structures, such as cyclic ions. How- 
ever, as can be seen in Figures 2 and 3, the barrier for 
the conversion of 3 t o  2 is 7.0 kcal mol-l at SCF/6-31G- 
(d,p), and this is reduced to 5.2 kcal mol-l at MP2/6- 
31G(d,p). Despite the large difference in the position 
of the bridging H atom in structure 3 as optimized at 
the SCF and MP2 levels, the overall barrier to  rear- 
rangement of 3 is only slightly reduced by the inclusion 
of electron correlation (from 7.0 kcal mol-l). Inclusion 
of additional polarization functions has been found to 
be necessary for a satisfactory description of some 
particularly electron-deficient hydrogen-bridged cat- 
ions,27 and we therefore examined structures 3 and 10 
at  a considerably higher level of theory, MP2 (frozen 
core)/6-311G(2df,2p). The results of this extension were 
consistent with our findings at MP2(full)/6-31G(d,p). Ion 
3 is still at a local minimum, 10 is a transition structure, 
and both structures are almost identical to those 
obtained at MP!2/6-31G(d,p). The barrier for the conver- 
sion of 3 and 2 is reduced slightly, to 4.9 kcal mol-l. 
Further extension of the basis set and recovery of more 
correlation energy may lead t o  further small reductions 
in the barrier. However, it seems probable that 3 will 
be at a local minimum at all levels of theory but the 
barrier to its rearrangement is sufficiently low to 
prevent it from being an observable species in room- 
temperature gas-phase chemistry. 

Comparison of the SCF-optimized geometries and the 
MP2-optimized geometries for transition structure 10 
(for the interconversion of 1 and 2) and for transition 
structure 9 (for the isomerization of 3 - 2) shows 
increases in Si-C bond lengths and decreases in C-C 
bond lengths on inclusion of electron correlation. As 
well, the Si-C-C angle in 10 is observed to decrease 
markedly (from 82.0 to 78.0") on inclusion of electron 
correlation. These structural differences are consistent 
with a shift in the geometry of the transition structures 
toward the higher energy isomer in each case on 
proceeding from SCF-level optimizations to  MP2-level 
optimizations. These geometric changes can be justified 
easily on considering the fact that the differences in the 
energies of 1 and 2, and of 3 and 2, in turn, are greater 
a t  the MP2 level (where 2 is the more stable isomer of 
each pair). The Hammond postulate28 predicts that the 
transition structure should be closer in geometry to the 
higher energy isomer; thus, shifts in the transition 
structure geometries of 10 and of 9 toward 1 and 3, 
respectively, are not unexpected. 

Mechanistic Consequences. The observed char- 
acteristics of the SiCzH,+ potential energy hypersurface 
have significant implications for the interpretation of 
results obtained from gas-phase experimental work. The 
existence of a large barrier to the interconversion of 2 
and 4 suggests strongly that both isomers exist as stable 
species in the gas phase at  normal temperatures. This 
result confirms the hypothesis made from the results 
of experimental observations that isomerization of these 

(26) Raghavachari, K.; Whiteside, R. A.; Pople, J. A.; Schleyer, P. 

(27) Glukhovtaev, M. N.; Schleyer, P. v. R.; Hommes, N. J. R. v. E.; 

(28) Hammond, G. S. J. Am. Chem. SOC. 1965, 77,334. 

v. R. J. Am. Chem. SOC. 1981,103,5649. 

Carneiro, J. W. de M.; Koch, W. J. Comput. Chem. 1993, 14, 285. 
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Scheme 1 

Y 

k 
4 

* 

* 

? 

two species “should have a considerable barrier”.15b 
Experiments also have been performed on these two 
SiCzH7+ isomers using FTMS in an attempt to distin- 
guish between them on the basis of their reactions with 
ethylene-d4 and with 13C2H4, studies from which one 
WD exchange for species 4 (to form H3CSiDCH3+) and 
seven H/D exchanges for structure 2 were reported.16c 

The results of our computational study of the SiCzH7+ 
potential energy hypersurface yield greater mechanistic 
insight into these reactions than are obtained from 
experimental studies alone. Scheme 1 illustrates a 
plausible mechanism for the single H/D exchange 
observed in the reaction of 4 with ethylene-d4, in a 
scheme analogous to that proposed p r e v i ~ u s l y . ~ ~ ~ , ~  The 
reaction may proceed via electrophilic attack of the 
positively-charged Si on ethylene-d4, to form a structure 
analogous to 1, but with two methyl groups replacing 
hydrogen atoms on silicon. This step may be followed 
by a 1,2-H shift, from Si to C, to form a dimethyl 
analogue to ion 2. Free rotation about the C-C single 
bond may allow the formation of a rotamer in which a 
deuterium atom, rather than a hydrogen atom, eclipses 
the silicon of the Si(CH3)2+ moiety, upon which a 1,2-D 
migration and subsequent elimination of DzC=CDH, in 
reverse order to the process described above, regener- 
ates the dimethylsilyl cation but with a deuterium atom 
bonded to silicon. 

Scheme 2 provides a more detailed rationalization of 
the mechanism for seven H/D exchanges in the reaction 

1 4 

of 2 with ethylene-d4. This process is more complicated 
than that discussed in Scheme 1 because it involves 
internal WD scrambling between Si and C of a given 
“intermediate” SiCzH,D7-, species. It must be noted, 
as well, that, as our proposed pathway involves the 
intermediacy of species 1 as well as a series of 1,2-H- 
shifts and 1,2-D- shifts, it differs in this respect from 
that proposed previously, in which the existence of a 
species with the structure of 1 in gas-phase experimen- 
tal studies was not ~0nsidered. l~~ 

Vibrational F’requencies. As  the two lowest energy 
isomers on the SiCzH7+ surface are separated by a high- 
energy barrier, it is probable that both ions 2 and 4 will 
be observable in the gas phase at room temperature. 
Here we report the harmonic vibrational frequencies as 
obtained at MP2(full)/6-31G(d,p) on each of these two 
isomers, as well as the intensities, the symmetry as- 
signments, and the scaled (by 0.93)29 zero-point vibra- 
tional energies, in the hope that this information may 
be of use to experimental chemists who wish to  study 
these ions spectroscopically. 

Conclusions 

Structural isomers associated with critical points on 
the SiCzH7+ potential energy hypersurface have been 
investigated by ab initio MO theory. Our results 

(29) Rodriquez, C. F. Ph.D. Dissertation, 1994. 
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Scheme 2 

Ketvirtis et al. 

First Replacement of Ethylene by Ethylene-d, 

H 

d k  
2 

WD Scrambling Mechanism within SiGH,D,' 

i rotation 

Second Replacement of Ethylene by Ethylene-d, 

2 

reinforce the observations made for other organosilicon 
cationic surfaces that isomers on a given surface with 
fewer H atoms bonded to Si (as opposed to being bonded 
to  C) tend to have the lowest electronic energies. The 
existence of a large energy barrier to the isomerization 
of structures 2 and 4, calculated to be 42 kcal mol-l and 
estimated experimentally to be -35 kcal m01-l.l~~ 
supports the postulate of Jacobson and coworkers15c and 
provides strong evidence for the presence of both 
isomers in the gas phase. By contrast, the existence of 
a small, but not insignificant, barrier (10 kcal mol-l, 
the same as the value estimated e~perimentallyl5~) to 
the interconversion of 1 and 2 may have important 
experimental ramifications in another sense. As Ja- 
cobson's group did not consider the possibility of the 
existence of species 1 in its gas-phase experiments but, 

as illustrated in Schemes 1 and 2, the mechanisms of 
WD exchanges may proceed through such an isomer, it 
is conceivable that what was observed may, in fact, have 
been a mixture of 1 and 2. Further experimental 
verification, however, is required before any conclusions 
can be made about the mechanism. 
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Cyclometalated Platinum(I1) Compounds with 
Fluorinated Iminic Ligands: Synthesis and Reactivity 

Tuning. Crystal Structures of the Compounds 
[P~M~(RCH=NCH~C~HE)(PP~~)] (R = 2,3,4-C~HF3 and 

%3-CeH2Fd 
Margarita Crespo" 
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Received June 13, 1994@ 

[PtzMe4@-SMez)z] (1) reacts with fluorinated imines ArCH=NCHzCsH5 (2; Ar = 2,3,4- 
CsHzF3, 2,4,5-C&F3, 2,3-CsH3Fz) to yield the C,N-cyclometalated platinum(I1) compounds 
[PtMe(RCH=NCHzC6H5)(SMe2)] (3) by ortho metalation with loss of methane. Complexes 
3 react with triphenylphosphine to give cyclometalated compounds [PtMe(RCH=N- 
CH2CsH&PPh3)] (4). For R = 2,4,5-Csm3, an excess of PPh, produces metallacycle cleavage, 
and [PtMe(RCH=NCHzCsH5)(PPh3)zI (5) is formed with the imine acting as a [C-I unidentate 
ligand. Similarly, reactions of the previously reported compounds [PtMe{RCH=NCH2(2- 
C ~ H ~ C ~ ) } ( S M ~ Z ) I  (R = 3,5-C&Fz, 2-CsH3F, 5-CsH3F) with PPh3 produce the cyclometalated 
compounds 4. When an  excess of PPh3 is used, compounds 5 are obtained only if there is a 
fluorine atom adjacent to platinum (F5). 3-5 were characterized by elemental analyses and 
NMR spectroscopy, and [PtMe(2,3,4-CsHF3CH=NCH2CsH5)(PPh3)1 (4a) and [PtMe(2,3- 
C~HZF~CH=NCHZC~H~)(PP~~)]  (4c) were characterized crystallographically. 4a crystallizes 
in the monoclinic space group P21/c, with a = 12.475(3) A, b = 21.642(5) 8, c = 10.497(2) A, 
j3 = 96.92(2)", and 2 = 4. 4c crystallizes in the triclinic space group Pi, with a = 12.031(2) 
A, b = 13.757(2) A, c = 9.768(2) A, a = 72.91(2)", j3 = 114.91(1)', y = 104.20(2)", and 2 = 2. 
Structural and NMR parameters for compounds 4 are discussed in relation to the observed 
reactivity of these compounds. 

Introduction 
Cyclometalated compounds have been extensively 

studied because of their potential utility in organic 
synthesis, and a number of synthetic approaches have 
been investigated.l Although organopalladium cyclo- 
metalated compounds have been the most studied, there 
are several classical examples of platinum complexes 
with ortho-metalated nitrogen donor ligands.2 Recent 
reports of platinum(I1) cyclometalated compounds con- 
cern their photochemical and electrochemical proper- 
 tie^.^,^ Moreover, there is an increasing interest in 
platinum(I1) and even platinum(rV1 compounds with 
either bidentate (C,NI5 or terdentate (N,C,N' or C,N,N'Y 
ligands. [F%zMe4@-SMez)zI has been shown to be a good 
substrate for the synthesis of cyclometalated platinum 

@ Abstract published in Advance ACS Abstracts, November 1,1994. 
(1) (a) Omae, I. Coord. Chem. Reu. 1988,83,137. (b) Omae, I. Chem. 

Rev. 1979, 79, 287. 
(2)(a) Cope, A. C.; Siekman, R. W. J. Am. Chem. SOC. 1966, 87, 

3272. (b) Elder, R. C.; Cruea, R. D.; Morrison, R. F. horg .  Chem. 1976, 
5. 1623. (c) Coue, A. C.: Friedrich, E. C. J. Am. Chem. SOC. 1968,90, 
90s. 

(3) (a) Maestri, M.; Sandrini, D.; von Zelewsky, A.; Deuschel- 
Cornioley, C. Inorg. Chem. 1991,30,2476. (b) Minghetti, G.; Pilo, M.; 
Sanna, G.; Seeberg, R.; Stoccoro, S.; Laschi, F. J. Organomet. Chem. 
1993,452,257. (c) Maestri, M.; Deuschel-Comioley, C.; von Zelewsky, 
A. Coord. Chem. Rev. 1991,111, 117. 

(4)von Zelewsky, A.; Suckling, A. P.; Stoeckli-Evans, H. Inorg. 
Chem. 1993, 32, 4585. 

0276-7333195123 14-0355$09.OOIO 

compounds containing bidentate (C,N) or terdentate 
(C,N,N) ligands. For instance, platinum(I1) compounds 
of the types [PtMe(C,N,N)I7 and [PtMe(C,N)(SMez)I8 
have been obtained under mild conditions by intra- 
molecular C -H bond activation, followed by reductive 
elimination of the methane. Analogous reactions for 
C-X bonds (X = Br, C1, F) have given platinumW) 
cyclometalated compounds such as [P~M~ZX(C,N,N')I~~~ 
or [PtMeZX(C ,N)(SMez)I 

In this paper we report the synthesis and reactivity 
of new cyclometalated platinum(I1) compounds contain- 
ing fluorinated iminic ligands of the type CsF,H5-,- 

(5)(a) Chattopadhyay, S.; Sinha, C.; Basu, P.; Chakravorty, A. 
Organometallics 1991, 10, 1135. (b) Newkome, G. R.; Theriot, K. J.; 
Fronczek, F. R.; Villar, B. Organometallics 1989, 8, 2523. 

(6) (a) Canty, A. J.; Honeyman, R. T. J. Organomet. Chem. 1990, 
387,247. (b) Canty, A. J.; Honeyman, R. T.; Skelton, B. W.; White, A. 
H. J. Organomet. Chem. 1990,389,277. (c )  Constable, E. C.; Henney, 
R. P. G.; Leese, T. A.; Tocher, D. A. J. Chem. Soc., Chem. Commun. 
1990, 513. (d) Wehman-Ooyevaar, I. C. M.; Kapteijn, G. M.; Grove, 
D. M.; Smeets, W. J. J.; Spek, A. L.; van Koten, G. J. Chem. Soc., Dalton 
Trans. 1994, 703. 

(7) Anderson, C. M.; Crespo, M.; Jennings, M. C.; Lough, A. J.; 
Ferguson, G.; Puddephatt, R. J. Organometallics 1991,10, 2672. 

(8) Crespo, M.; Martinez, M.; Sales, J.; Solans, X.; Font-Bardia, M. 
Organometallics 1992, 11, 1288. 

(S)Anderson, C. M.; Crespo, M.; Ferguson, G.; Lough, A. J.; 
Puddephatt, R. J. Organometallics 1992, 11, 1177. 

(10)(a) Crespo, M.; Martinez, M.; Sales, J. J. Chem. Soc., Chem. 
Commun. 1992, 822. (b) Crespo, M.; Martinez, M.; Sales, J. Organo- 
metallics 1993, 12, 4297. 

0 1995 American Chemical Society 
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Scheme 1 
0.5 [PtMez(p-SMez)]z + AI-CH=N-CH~-C~HS 

Crespo et al. 

activation of the C-H bond followed by elimination of 
methane to produce compounds 3. The reactions were 
monitored by lH NMR, and in all cases only one 
compound was formed. C-F bond activation was not 
observed, even when an electron-withdrawing fluorine 
substituent was present in a position adjacent to the 
ortho-fluorine, as in ligands 2a,c. 

Thus, when both C-F and C-H are present in the 
ortho positions of the aromatic ring, exclusive activation 
of the latter takes place. This finding may be related 
to the higher energy of the C-F bond compared to the 
C-H bond.12 C-F bond activation has been reportedlo 
to  occur in the presence of weaker C-X (X = H, C1, Br) 
bonds for systems where activation of C-X bonds would 
produce a metallacycle that does not contain the C=N 
group, such as ligands 2h-j (Chart 1). However, in the 
present system, both C-H and C-F bond activations 
would lead to five-membered metallacycles containing 
the iminic functionality. 

The results reported in this paper, together with 
others previously obtained, are summarized in Chart 1 
and show that C-F bond activation is produced only if 
the aryl ring contains at least three fluorine atoms, with 
two of them in ortho positions (2h-1); when these 
requirements are not fulfilled, either no reaction occurs 
(2m) or C-H bond activation takes place (2a-f). 

Compounds 3 were characterized by elemental analy- 
sis and lH, 13C, and 19F NMR spectra. In the lH NMR, 
the resonance of the methyl group bound to platinum 
appears as a pseudotriplet due to the coupling with lg5- 

Pt and coupling constant values (2J(HPt) = ca. 80 Hz) 
are characteristic for platinum(I1) compounds with 
methyl trans to N.13 The resonance due to the iminic 
proton is also coupled with lg5Pt (3J(HPt) = ca. 50 Hz), 
thus showing the coordination of the ligand to platinum 
through the iminic nitrogen. For 3b, both the methyl 
hydrogens and the methyl carbon are coupled with F5, 
thus revealing a through-space interaction. In the 19F 
NMR spectra, the resonances due to two (3c) or three 
(3a,b) aromatic fluorine atoms appear and the couplings 
with lg5Pt are sensitive to the position of the fluorine 
in the ring, while the values of the coupling constants 
with other fluorine or hydrogen atoms in the aryl ring 
are in good agreement with the values reported in the 
1i terat~re . l~ 

Reactions with Triphenylphosphine. The reac- 
tions of compounds 3 with triphenylphosphine were 
studied, and the results are summarized in Scheme 2. 
Compounds 3a,c reacted with PPh3 in a 1:l molar ratio 
in acetone solution to yield the cyclometalated com- 
pounds [PtMe(2,3,4-CsHF3CH=NCH2CsH5)(PPh3)1(4a) 

result from a displacement reaction of SMez for PPh3. 
These compounds are yellow solids which were charac- 
terized by elemental analysis, IR, and lH, 19F, and 31P 
NMR spectra. The presence of PPhs coordinated to 
platinum is confirmed by IR and lH and 31P NMR 
spectra, while no signals are obtained for SMez in the 
lH NMR. Both the methyl and the iminic groups are 

and [PtMe(2,3-CsHzF2CH=NCH2CsH6XPP~)l (k), which 

(12) Benson, S. W. Thermochemical Kinetics; Wiley: New York, 

(13) Crespo, M.; Puddephatt, R. J. Organometallics 1987, 6,  2548. 
(14) (a) Paudler, W. W. In Nuclear Magnetic Resonance: General 

Concepts and Applications; Wiley: New York, 1987. (b) Crocker, C.; 
Goodfellow, R. J.; Gimeno, J.; U s h ,  R. J .  Chem. SOC., Dalton Trans. 
1977, 1448. 

1976. 

1 

L C H .  

t 

7 2  

CH=NCH2CsH5. We have recently studiedlo the reac- 
tion of several fluorinated iminic ligands with [PtzMer- 
@-SMe2)2](1); C-F bond activation has been achieved 
not only for pentafluorophenyl derivatives but also for 
trifluorinated ligands containing fluorine substituents 
in the two ortho positions such as 2,4,6- and 2,3,6- 
C&$'&H=NCH2CsH5. However, no reaction has been 
observed for the ligand 2,6-CsH3F2CHENCH2CsH5. 
Thus, the presence of a t  least three fluorine atoms 
seems necessary to produce C-F bond activation. In 
order to  ascertain whether the presence of two fluorines 
in ortho positions is also a requirement for C-F bond 
activation, we tested the reaction of trifluorinated 
ligands containing just one fluorine atom in an ortho 
position such as 2,3,4- and 2,4,5-CsH2F3CH=NCHzCsH5 
(2a,b, respectively). For these ligands, both C-H and 
C-F bond activations are plausible in principle. 

Previous work with related ligands has shown that 
the presence of a fluorine atom adjacent to the position 
to be activated can be decisive in the selectivity of this 
process. For instance, it has been reportedlo that the 
ligand 3-CsH4FCH=NCH2(2-CsH4C1) (2f) reacts with 
[PtzMe4@-SMe2)21 via an ortho-metalation process in 
which the C-H bond having a vicinal fluorine atom is 
exclusively activated. For this reason, we also tested 
the difluorinated ligand ~ , ~ - C ~ H ~ F ~ C H = N C H & H H ~  (2c). 
It is interesting to  note that chelate-assisted oxidative 
addition of C-F bonds to tungsten(0) has been success- 
fully extended to monofluoro- and difluoro-substituted 
aromatic rings of suitably designed 1igands.ll 

Results 

Preparation of Platinum(I1) Cyclometalated 
Compounds. The reaction of [PtzMe4@-SMe&I (1) 
with ligands 2a-c in acetone yielded the cyclometalated 
platinum(I1) compounds [PtMe(RCH=NCH&&&&SMe2)1 
(3; R = 2,3,4-CsHF3, 2,4,5-CsHF3, 2,3-CsH2Fd by ortho 
metalation with loss of methane, as shown in Scheme 
1. The reaction is analogous to that reported for less 
fluorinated derivatives such as the ligands 2d-g de- 
picted in Chart l and consists of an intramolecular 

(11) (a) Lucht, B. L.; Poss, M. J.; King, M. A.; Richmond, T. G. J .  
Chem. Soc., Chem. Commun. 1991,400. (b) Richmond, T. G. Coord. 
Chem. Rev. 1990,195,221. 
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Chart 1 

p denotes the activated bond upon reaction with (1 )  

(i) this work; (ii) ref. 10; (iii) ref. 17 

coupled with lg5Pt and the values of the coupling 
constants are similar to those obtained for compounds 
3. The methyl group appears as a doublet due to 
coupling with the phosphorus atom. Compounds 4a,c 
were also characterized crystallographically. 

Compound 3b, however, under similar reaction condi- 
tions, gave [PtMe(2,4,5-CsHF3CH=NCH2C6H5)(PPh3)21 
(5b), together with decomposition products such as 
platinum( 0) and uncoordinated imine. Compound 5b, 
best obtained from reaction of 3b with 2 equiv of PPh3, 
is a white solid which was characterized by elemental 
analysis, IR, and lH, 19F, 31P, and lg5Pt NMR spectra. 
Spectral evidence points to  the presence of the iminic 
ligand acting in a monodentate fashion through the aryl 
carbon, as shown in Scheme 2. The presence of two 
coordinated PPh3 ligands is confirmed by the relative 
intensities of the signals in the lH NMR spectrum. The 
methyl resonance appears as a doublet of doublets; this 
pattern arises from coupling to two nonequivalent 
phosphorus atoms. The value of the coupling constant 
with platinum (smaller than for compound 3 or 4) is 
consistent with the presence of a phosphine ligand in a 
position trans t o  the methyl group. Furthermore, the 

iminic nitrogen is not coupled with lg5Pt and the 
methylene resonance appears as an A B quartet. The 
31P NMR spectra show two sets of resonances due to  
the nonequivalent phosphorus atoms, both coupled with 
platinum. 

In the I9F NMR spectrum, a dramatically large value 
(464 Hz) is obtained for 3J(F5-Pt) in comparison to the 
values for cyclometalated compounds 3b (140 Hz) and 
4b (87 Hz). Analogous values have been reported in 
the literaturel5 for the fluorine in ortho positions in 
(pentafluorophenyl)platinum(II) complexes. This large 
coupling constant in compound 5b may arise from a 
perpendicular orientation of the aryl group to the 
coordination plane. Consistently, the methyl group does 
not couple with the fluorine in position 5 of the aryl 
group, thus precluding an interaction as observed in 3b 
and 4b. 

Both 3J(F-Pt) and lJ(P-Pt) values for compound 5b 
were confirmed within experimental error by the lg5Pt 
NMR spectrum. d(lg5Pt) values are well within the 

(15)(a) FomiBs, J.; FortunB, J. C.; G6mez, M. A,; Menj6n, B.; 
Herdtweck, E. Organometallics 1993, 12, 4368. (b) Casas, J. M.; 
ForniBs, J.; Martin, A.; Menjh,  B. Organometallics 1993, 12, 4376. 
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Scheme 2 

PPhj (1 : 1) 

I - 

Crespo et al. 

1 2  

range expected for organoplatinum(I1) compounds with 
phosphine ligands.16 

When the reaction of compound 3b with PPh3 was 
carried out in acetone in the molar ratio 1:0.8, a mixture 
of 4b and 6b was formed, from which 4b was isolated 
in a pure form. NMR parameters for this compound 
are analogous to those obtained for 4a,c, except that 
the methyl group appears as a doublet of doublets due 
to coupling with both phosphorus and fluorine F5 nuclei. 

Attempts to obtain the corresponding compounds 6a,c 
were unsuccessful, since the reaction of 3a or 3c with 
an excess of PPh3 yields 4a or 4c, which do not react 
further with PPh3. That is, for compounds 3a,c, the 
metallacycle is not cleaved upon reaction with PPh3. 
This behavior is analogous to that reported for [PtMe- 

The reaction of palladacycles with phosphines has 
been widely studied,18 and depending on the nature of 
the cycle and the basicity of the nitrogen donor atom, 
cleavage of the metal-nitrogen bond may be achieved. 
However, in this system, a difference in reactivity 
toward PPh3 is observed for metallacycles of the same 
nature and it can only be attributed to the different 
substituents in the aryl ring. In particular, the presence 
of a fluorine atom in the position adjacent to  the Pt- 
C(ary1) bond (F5) seems to be decisive. 

In order to confirm this suggestion, we studied the 
reactions with PPh3 of monofluoro- and difluoro- 
substituted compounds such as 3d-f, previously ob- 
tained. The results are shown in Scheme 2. 3e, which 

{ C~H~CH=NCHZ(~-C~H~C~))(PP~~)I.~' 

(16) Benn, R.; Reinhard, R. D.; Rufinska, A. J. Organomet. Chem. 

(17) Crespo, M.; Font-Bardia, M.; Solans, X. J .  Organomet. Chem., 
1986,282,291. 

submitted for uublication. 
(18) Albert,'J.; mmez,  M.; Granell, J.; Sales, J. Organometallics 

1990, 9, 1405. 

does not contain a fluorine atom in the position adjacent 
to the Pt-C(ary1) bond, reacted with only 1 equiv of 
PPb, even when an excess of phosphine was used. 
Compounds 3d and 3f, which do contain a fluorine 
substituent in such a position, reacted with 2 equiv of 
PPh3 to yield compounds 6d,f with cleavage of the 
metallacycle. Compounds 4d,f were easily obtained 
from reaction with 1 equiv of PPh3. A lower tendency 
to cleave the metallacycle is observed for less fluorinated 
compounds, 3d and 3f, than for the trifluorinated 
compound 3b. On the other hand, the presence of a 
chlorine atom in the benzyl ring for compounds 3d-f 
does not seem to be relevant. 

NMR parameters for compounds 4d-f and 5d,f, 
reported in the Experimental Section, are similar to 
those described above for compounds 4 and 6. lg5Pt and 
19F NMR spectra of compound 6d are shown in Figure 
1. 

The WP-Pt) parameters for compounds 4 are larger 
when a fluorine atom is present in position 5 of the aryl 
ring (compounds 4b,d,Q. These values increase gradu- 
ally as the total number of fluorine atoms in the ring 
increases. A similar trend is observed for compounds 
4a,c,e, although values are smaller. As a whole, WP- 
Pt) values decrease according to the sequence Ar = 

2,3-CsHzF2 > 2-CsH3F > c6&. It is illustrative to note 
that lJ(P-Pt) for 4a, containing the trifluorinated aryl 
group 2,3,4-C6HF3, is smaller (lJ(P-Pt) = 2387 Hz) 
than for 4f, containing the monofluorinated aryl group 

The increase in lJ(P-Pt) values with increasing 
fluorination of the ring is consistent with a decrease in 
the trans influence of the aryl ring. WP-Pt) values 
can be rationalized in terms of the Fermi contact 

2,4,5-CsHFs > 3,5-CsHzFz > 5-C&F > 2,3,4-&HF3 > 

5-CsH3F ('J(P-Pt) = 2479 Hz). 
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Cyclometalated Pt(II) Compounds with Iminic Ligands 

a) 

- m e  + a  u 4  - m s  .I, u o  + I  u s  

Figure 1. (a) lg5Pt NMR spectrum of 5d. (b) 19F NMR 
spectrum of 5d (F5 region). 

expression, which relates J to the electron density a t  
the coupled nu~1ei. l~ The large inductive effect of 
fluorine substituents reduces the electron density on 
platinum, thus contracting the d orbitals and reinforcing 
the platinum-ligand bond in the trans position. The 
inductive effect must be more important for the fluorine 
F5 in a position ortho to the platinum. 

For compounds 5, values of 'J(PA-Pt) (PA trans to 
aryl) follow the expected trend with increasing fluorina- 
tion; however, no consistent trend is found for ~J(PB- 
Pt) values (PB cis to aryl). 

For compounds 5, a downfield shift of the iminic 
proton (6 9.00-9.52 ppm) related to compounds 4 is 
observed. As reported in the literature for several 
platinum compounds,20 this shift implies a close vicinity 
between platinum and hydrogen atoms and can be 
explained by the existence of the weak three-center- 
four-electron interaction C-H* *Pt2I rather than by the 
paramagnetic anisotropy of the metal. On the other 
hand, the large 3J(F5-Pt) values could be indicative of 
a Pt. *F5 interaction. These two observations suggest 
apical Pt- *H and Pt. *F5 interactions in the formally 
square-planar compounds 5. A similar situation has 
been detected crystallographically for a related pal- 
ladium compound.22 

Structures of Compounds 4a and 4c. The crystal 
structures are composed of discrete molecules separated 
by van der Waals distances. Crystallographic data are 
given in the Experimental Section, atomic coordinates 
are in Tables 1 and 2, and selected bond distances and 
angles are listed in Tables 3 and 4. The structures are 

(19) Pregosin, P. S.; Kunz, R. W. In 32P and 13C NMR of Transition 
Metal Phosphine Complexes; Diehl, P., Fluck, E., Kosfeld, R.,  Eds.; 
Springer-Verlag: Berlin, 1979; pp 42-45. 

(20) (a) Albinati, A.; Pregosin, P. S.; Wombacher, F. Znorg. Chem. 
1990,29, 1812. (b) Albinati, A.; Anklin, C. G.; Ganazzoli, F.; Riiegg, 
H.; Pregosin, P. S. Znorg. Chem. 1987,26, 503. (c) Albinati, A.; Arz, 
C.; Pregosin, P. S. Inog.  Chem. 1987,26, 508. 

(21) Brammer, L.; Charnock, J. M.; Goggin, P. L.; Goodfellow, R. 
J.; Orpen, A. G.; Koetzle, T. F. J. Chem. SOC., Dalton Trans. 1991, 
1789. 

(22) Albert, J.; Granell, J.; Moragas, R.; Sales, J.; Solans, X. J. 
Organomet. Chem., submitted for publication. 
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Table 1. Atomic Coordinates (x104) with Esd's in 
Parentheses for the Non-Hydrogen Atoms of 4a 

X V 7 

4052(1) 
2364(2) 
4467(5) 
7540(6) 
8311(6) 
7245(5) 
5473(6) 
6069(8) 
7015(7) 
7408(9) 
6853(11) 
5919(7) 
5317(7) 
3920(7) 
4000(7) 
3193(8) 
3328(12) 
4206( 16) 
5034(13) 
4926(7) 
3995(8) 
2429(6) 
184 l(9) 
2022(9) 
2697( 10) 
3279( 10) 
3175(8) 
1519(7) 
1036(11) 
346(8) 
136(8) 
638(12) 

1249(7) 
1379(7) 
329(8) 

-434(9) 
-84(9) 
925(13) 

1684(8) 

1208(1) 
914(1) 

205 l(4) 
1087(4) 
2178(4) 
2777(3) 
1430(5) 
1139(5) 
1420(7) 
1913(6) 
2256(7) 
1990(6) 
2306(5) 
2301(4) 
1869(5) 
1879(4) 
1482(8) 
1143(10) 
1103(6) 
1533(6) 
361(4) 
150(4) 

-356(5) 
-904(7) 
-871(6) 
-355(7) 

136(5) 
1377(5) 
1156(5) 
1577(7) 
2119(6) 
2351(7) 
1929(6) 
798(5) 
662(7) 
604(8) 
743(7) 
891(8) 
9435) 

2389(1) 
1454(2) 
1469(6) 
6100(7) 
5403(7) 
3317(7) 
3431(7) 
4486( 10) 
5 10 1 ( 10) 
4779(11) 
3709( 12) 
3075(9) 
1976(8) 
230(8) 

-876(8) 
-1889(7) 
-297 1( 12) 
-2993(18) 
- 1928( 13) 
-933(8) 
3389(8) 
629(7) 
868(9) 
197( 11)  

-791(11) 
-968( 14) 
-306(11) 

274(9) 
-942( 11) 
- 17 18( 12) 
- 1385( 15) 
-226( 13) 

602(9) 
2607(9) 
2254( 11)  
3090( 13) 
4349( 10) 
4783(15) 
3859(10) 

shown in Figure 2 and 3 and confirm the geometry 
predicted from spectroscopic studies. In particular, the 
C=N group is endo to the cycle and the methyl group is 
trans to the nitrogen atom. In both compounds, the 
coordination sphere of platinum is square planar with 
a tetrahedral distortion. The following displacements 
(A) are observed from the least-squares plane of the 
coordination sphere for 4a: Pt, -0.001; P, 0.077; N, 
-0.086; C(1), 0.105; C(15), -0.094. Displacements for 
4c are as follows: Pt, 0.017; P, 0.084; N, -0.111; C(l), 
0.116; C(15), -0.107. The metallacycles are approxi- 
mately planar; the largest deviation from the mean 
plane determined by the five atoms is -0.022 A for C(1) 
in 4a and 0.029 A for C(1) in 4c. The angle between 
the metallacycle and the coordination planes is 4.6" for 
4a and 5.3" for 4c. 

The angles between adjacent atoms in the coordina- 
tion sphere of platinum lie in the range 107.4(2)- 
78.4(4)" for 4a and 98.5(2)-77.5(2)' for 4c, the smallest 
angles corresponding to the metallacycle. Pt-N and 
Pt-C(ary1) bond lengths in 4a,c are well within the 
range of values obtained for cyclometalated platinum- 
(11),23924 p l a t i n ~ m ( I V ) , ~ p ~ , ~ , ~ ~  and palladium(II)26 com- 

(23)(a) Stoccoro, 6.; Cinellu, M. A.; Zucca, A.; Minghetti, G.; 
Demartin, F. Znorg. Chim. Acta 1994, 215, 17. (b) Canty, A. J.; 
Minchin, N. J.; Patrick, J. M.; White, A. H. J. Chem. SOC., Dalton Trans. 
1983, 1253. 

(24) Navarro-Ranninger, C.; L6pez-Solera, I.; Alvarez-ValdBs, A.; 
Rodrfguez-Ramos, J. H.; Massaguer, J. R.; Garcfa-Ruano, J. L.; Solans, 
X. Organometallics 1993, 12, 4104. 
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Parentheses for the Non-Hydrogen Atoms of 4c 
Table 2. Atomic Coordinates (xlp) with M ’ s  in 

Crespo et al. 

Table 3. Selected Bond Lengths (A) and Angles (deg) for 
Compound 4a 

X Y Z 

3206( 1) 
2054(1) 
6189(4) 
4432(4) 
2630(4) 
4295(6) 
5234(6) 
5908(7) 
5618(6) 
4726(6) 
4089(5) 
3156(6) 
1683(6) 
739(5) 

-276(7) 
- 1123(7) 
-920(9) 

910(7) 
3787(8) 
2488(6) 
2002(7) 
2337(9) 
3222(8) 
3762(8) 
3372(7) 
386(6) 

-415(6) 
-1649(6) 
-2122(8) 
-1348(7) 

-98(6) 
2130(6) 
3227(6) 
3395(7) 
2424(9) 
1328(10) 
1154(7) 

104(10) 

2222(1) 
343 1 (1) 

-1333(3) 
- 1463(3) 

1026(4) 
1126(4) 
1172(5) 
396(7) 

-527(6) 
-540(6) 

268(6) 
229(6) 

1014(6) 
19(5) 

-65(7) 
-976(7) 

-1713(6) 
-1628(7) 
-796(5) 
3091(6) 
3841(6) 
4691(7) 
4963(5) 
4510(6) 
3779(8) 
3390(5) 
2970(5) 
3032(6) 
2652(7) 
2207(8) 
21 17(6) 
2514(7) 
4670(6) 
5332(5) 
6196(7) 
6523(8) 
5839(8) 
4973(6) 

103(1) 

4399(5) 
1570(6) 

-1 165(6) 
1623( 10) 
3117(8) 
4025(9) 
3496(8) 
2034(8) 
1188(7) 

-384(8) 
-2746(8) 
-2800(7) 
-2466(8) 
-2564( 11) 
-2975( 10) 
-3331(9) 
-3237(8) 

-3459(7) 
-4715(9) 
-5901(10) 
-5987(9) 
-4865( 10) 
-3527(8) 
- 25 1 O(8) 
- 3994( 8) 
-4446(11) 
-3359(13) 
-1783(10) 
-1397(9) 
-1436(8) 
-1095(9) 

-1797(2) 

1722(10) 

-653(11) 
-582(13) 
-767( 13) 
- 1273( 10) 

Von Zelewsky has reported that Pt-N and 
Pt-C bond lengths are similar for platinum(I1) and 
platinum(rV) complexes due to  the similar radii of 
square-planar Pt(I1) and octahedral Pt(IVh4 Moreover, 
Navarro-Ranninger has reported similar M-C and 
M-N bond distances for palladium(I1) and platinum- 
(11) cyclometalated compounds.24 The iminic bond 
distances are within the range observed for analogous 
cyclometalated palladium(II)26 and ~ la t inum(I1)~~ com- 
pounds. 

A comparative study of structural features for the 
platinum(I1) compounds 4a,c and the previously re- 
ported platinum(I1) [PtMe{ CSH~CH=NCH~(~-C~H~CI))- 
(PPhdl (4g) and platinum(IV1 [PtMe2C1(2-C&C1- 
CH=NCH~C~H~)(PP~S)]  (6) compounds is reported in 
Table 5. An analysis of these values reveals that Pt-N 
and Pt-P bond lengths for fluorinated compounds 4a,c 
are longer and shorter, respectively, than for 4g. 
However, no significant differences in these parameters 
are found between 4a and 4c. Similarly, Pt-Me, cis to 
C(aryl), bond distances are longer for 4a,c than for 4g. 
These results suggest that the electron-withdrawing 
ability of the fluorinated rings produces stronger Pt-P 
bonds in trans, and weaker Pt-N and Pt-Me bonds in 

(25) (a) van Koten, G.; Terheiden, J.; van Beek, J. A. M.; Wehman- 
Ooyevaar, I. C. M.; Muller, F.; Stam, C. H. Orgunonetullics 1990,9, 
903. (b) van Beek, J. A. M.; van Koten, G.; Wehman-Ooyevaar, I. C. 
M.; Smeets, W. J. J.; van der Sluis, P.; Spek, A. L. J. Chem. Soc., Dalton 
Trans. 1991, 883. 

(26)Albert, J.; Ceder, R. M.; G6mez, M.; Granell, J.; Sales, J. 
Organometallics 1992, 11, 1536. 

P-Pt 
N-Pt 
C(l)-Pt 
C(15)-Pt 
C(16)-P 
C(22)-P 
C(28)-P 
~ ( 3 ) - ~ ( 1 )  
~ ( 4 ) - ~ ( 2 )  
C(5)-F(3) 

N-Pt-P 
C(l)-Pt-P 
C(1)-Pt-N 
C(15)-Pt-P 
C(15)-Pt-N 
C( 15)-Pt-C(1) 
C( 16)-P-Pt 
C(22)-P-Pt 
C(22)-P-C(16) 
C(28)-P-Pt 
C(28)-P-C(16) 
C(28)-P-C(22) 
C(7)-N-Pt 
C(8)-N-Pt 
C(8)-N-C(7) 
C(2)-C(l)-Pt 
C(6)-C( 1)-Pt 
C(6)-C( 1)-C(2) 
C(3)-C(2)-C( 1) 
C(4)-C(3)-C(2) 
C(4)-C(3)-F(l) 

Bond Lengths 
2.303(2) C(6)-C( 1) 

2.026(8) C(4)-C(3) 
2.118(9) C(5)-C(4) 
1.873(9) C(6)-C(5) 
1.826( 10) C(2)-C(1) 
1.843(9) C(7)-C(6) 
1.371(14) C(8)-N 
1.360(11) C(9)-C(8) 
1.31(2) C(7)-N 

Bond Angles 

2.156(8) c(3)-c(2) 

107.4(2) F(l)-C(3)-C(2) 
172.5(2) C(3)-C(4)-F(2) 
78.4(4) C(3)-C(4)-C(5) 
83.6(3) F(2)-C(4)-C(5) 

168.1(3) F(3)-C(5)-C(6) 
91.0(4) F(3)-C(5)-C(4) 

110.6(2) C(6)-C(5)-C(4) 
124.1(3) C(5)-C(6)-C(l) 
103.0(4) C(5)-C(6)-C(7) 
113.9(3) C(l)-C(6)-C(7) 
104.6(5) N-C(7)-C(6) 
98.3(4) C(9)-C(8)-N 

114.7(6) C(lO)-C(9)-C(8) 
125.9(5) C(14)-C(9)-C(8) 
118.9(8) C( 17)-C( 16)-P 
131.7(8) C(21)-C(16)-P 
114.2(7) C(27)-C(22)-P 
114.1(8) C(23)-C(22)-P 
120.1(11) C(33)-C(28)-P 
125.6(12) C(29)-C(28)-P 
119.5(10) 

1.40(2) 
1.412(14) 
1.24(2) 
1.45(2) 
1.396( 14) 
1.406( 13) 
1.467(14) 
1.495(10) 
1.502(14) 
1.256(11) 

114.8(12) 
124.4( 1 1) 
119.0( 10) 
116.5(10) 
121.7(13) 
1 2 1.4( 1 0) 
116.8( 12) 
124.4( 11) 
120.1(12) 
115.5(8) 
117.0(10) 
112.5(7) 
118.6(9) 
119.8(7) 
124.9(7) 
113.8(6) 
118.2(7) 
124.7(8) 
118.1(7) 
123.4(8) 

Table 4. Selected Bond Lengths (A) and Angles (deg) for 
Comwund 4c 

P-Pt 
N-R 
C(l)-Pt 
C(15)-Pt 
C(16)-P 
C(22)-P 
C(28)-P 
~(41-3  1) 
~ ( 5 ) - ~ ( 2 )  
C(7)-N 

N-Pt-P 
C( 1)-Pt-P 
C( 1)-Pt-N 
C( 15)-Pt-P 
C(15)-R-N 
C( 15)-R-C( 1) 
C(16)-P-Pt 
C(22)-P-Pt 
C(22)-P-C(16) 
C(28)-P-Pt 
C(28)-P-C( 16) 
C(28)-P-C(22) 
C(7)-N-Pt 
C(8)-N-Pt 
C(8)-N-C(7) 
C(2)-C( 1)-Pt 
C(6)-C( 1)-Pt 
C(6)-C( 1)-C(2) 
C(3)-C(2)-C(l) 
C(4)-C(3)-C(2) 

Bond Lengths 
2.299(2) C(6)-C(1) 

2.05 l(7) C(4)-C(3) 
2.046(8) C(5)-C(4) 
1.805(6) C(6)-C(5) 
1.837(6) C(2)-C( 1) 
1.814(7) CU)-C(6) 
1.330(8) C(8)-N 
1.387(9) C(9)-C(8) 
1.275(9) 

Bond Angles 

2.153(5) c(3)-c(2) 

98.5(2) C(3)-C(4)-F(l) 
173.8(2) C(5)-C(4)-F(l) 
77.5(2) C(5)-C(4)-C(3) 
92.5(2) C(4)-C(5)-F(2) 

167.3(3) C(6)-C(5)-F(2) 
92.1(3) C(6)-C(5)-C(4) 

112.2(3) C(5)-C(6)-C(l) 
113.0(2) C(7)-C(6)-C(1) 
106.6(3) C(7)-C(6)-C(5) 
120.5(2) C(6)-C(7)-N 
100.0(3) C(9)-C(8)-N 
102.9(3) C(lO)-C(9)-C(8) 
113.0(4) C(14)-C(9)-C(8) 
128.1(5) C(17)-C(16)-P 
118.8(5) C(21)-C(16)-P 
128.3(5) C(23)-C(22)-P 
116.1(5) C(27)-C(22)-P 
115.6(6) C(29)-C(28)-P 
123.3(7) C(33)-C(28)-P 
118.2(6) 

1.302(9) 
1.358(11) 
1.42 1( 12) 
1.38 1( 10) 
1.360( 10) 
1.429(10) 
1.479(8) 
1.485(8) 
1.548(9) 

120.2(6) 
122.7(6) 
117.1(7) 
115.7(6) 
122.6(6) 
12 1.3(7) 
124.4(6) 
115.9(7) 
119.5(7) 
117.3(6) 
112.2(6) 
121.0(7) 
119.7(6) 
121.9(5) 
120.5(6) 
127.9(6) 
115.6(5) 
120.5(5) 
123.8(5) 

cis. We are tentative, however, about drawing conclu- 
sions from these structural values, since the differences 
in bond lengths are small and may be attributed to 
packing effects rather than to electronic effects. For 
instance, for trans-[PtX(CsH4Y)(PEt3)21 (X = C1, Br; Y 
= p-NMe2, p-CF3, p-COzMe, H, m-CN, m-NMez) elec- 
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Table 5. Bond Distances (A) and Bond Angles (deg) for Cyclometalated Platinum(II) (4) and Platinum(1V) (6) Compounds of 
N-Benzylidenebenzylamines 

CI 

4 0 

compd" Pt-CH3 R-C,1 Pt-N R-P C=N NPtCnqI 

[PtMe(C&CH=NR)(PPh3)] (4g)b 2.010( 12) 1.973(10) 2.090(7) 2.334(3) 1.307( 14) 79.3(5) 

[PtMe(C&F,CH=NR)(PPhs)l (4a) 2.1 18(9) 2.026(8) 2.156(8) 2.303(2) 1.256(11) 78.4(4) 
[PtMe(C6HzFzCH=NR)(Pph3)1(4c) 2.046(8) 2.05 l(7) 2.153(5) 2.299(2) 1.275(9) 77.5(2) 

[PtMezCl(C6H3ClCH=NR)(PPh3)] (6)' 2.097( 2.027( 10) 2.152(7) 2.43 l(2) 1.291( 1 1) 80.4(4) 
2.048(9)' 

a 4a, 4c, and 6, R = CHzC&Is; 4g, R = CH2(2-C&Cl). Taken from ref 17. Taken from ref 8. Me,. Meb. 

t i 1 2 1  

C l l 3 )  

t i 2 0  ti261 

F i l l  

Figure 2. View of the structure of 4a. 

tronic effects of the substituents do not cause observable 
changes in the Pt-P bond lengths, although changes 
in WPt-P) were observed.27 

Discussion 
The results show that in [PtMe(RCH=NCHzCeHs)- 

(SMe2)I the metallacycle can be cleaved by an excess of 
PPh3 only if there is a fluorine atom in a position 
adjacent to the Pt-C(ary1) bond (position 51, irrespective 
of the fluorination of the ring, which is not decisive. 

Unfortunately, no crystal structures of compounds 4 
or 5 containing fluorine F5 were obtained. However, 
spectroscopic data for these compounds are informative 
of the combined effects leading to  a higher reactivity 
for ortho-platinated compounds bearing a fluorine ad- 
jacent to platinum. 

The study of lJ(P-Pt) values for compounds 4 re- 
ported in the previous section show that the electron- 
withdrawing ability of the aryl ring is more sensitive 
to the presence of a fluorine atom adjacent to  platinum 

(27)Amold, D. P.; Bennett, M. A. Znorg. Chem. 1984,23, 2117. 

Figure 3. View of the structure of 4c. 

than to the total fluorination of the ring. This suggests 
that the presence of fluorine F5 modifies the electronic 
distribution in the coordination sphere of platinum. 
Furthermore, the basicity of the iminic nitrogen de- 
creases and, as a result, cleavage of the Pt-N bond 
occurs more readily. 

On the other hand, steric repulsion between the 
methyl group and F5 may account for the easier forma- 
tion of compounds 5 when fluorine F5, adjacent to 
platinum, is present. "he chelating nature of the iminic 
ligand in compounds 4 implies that F5 should be in the 
coordination plane and, as reported above, it is coupled 
with the methyl group. Molecular models for compound 
4b, based on the crystal structure of compound 4a, give 
a C* *F distance of 2.617 A. An analogous value (C- - -F 
= 2.773 A) has been found in the molecular structure 
of C ~ R ~ ( P M ~ ~ ) ( V ~ - C ~ F ~ ) , ~ ~  and this value has been taken 
as an indication of a short contact between the methyl 
group and the fluorine, which are close enough for the 
van der Waals radii to overlap. Formation of com- 
pounds 5 with cleavage of the metallacycle would relieve 
the steric crowding in the coordination sphere of plati- 
num. 

It seems surprising that platinum(IV) metallacycles 
containing a pentafluorophenyl group such as [PtMen- 
F(CsF&H=NCH2C6H5)(SMe2)] could not be cleaved 

(28) Belt, S. T.; Helliwell, M.; Jones, W. D.; Partridge, M. G.; Perutz, 

(29) Schmulling, M.; Ryabov, A. D.; van Eldik, R. J. Chem. SOC., 
R. N. J .  Am. Chem. SOC. 1993,115, 1429. 

Chem. Commun. 1992, 1609. 
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with PPh3.8 This could be explained by the higher 
affinity of platinum(lV) for nitrogen donor ligands when 
compared to platinum(I1). It is also worth noticing that, 
in octahedral platinum(IV) compounds, apical Pt- *F 
and Pt- *H interactions, as described for compounds 5 
in the previous section, would be hindered. Although 
the main driving forces for the cleavage of the metal- 
lacycle are the stereoelectronic effects arising from the 
presence of F5, the weak apical interactions may also 
account for the easy formation of compounds 5. 

Crespo et al. 

"F NMR (CDCl3): 
-153.72 [dt, J(FF) = 18, J(FH) = 61. 

6 -145.32 [dt, J(FF) = 18, J(FH) = 61, 

Compounds 3 were prepared by reaction of 100 mg (0.17 
mmol) of [PtzMe4@-SMez)2] (1) with 0.35 mmol of the cor- 
responding imine in acetone. The mixture was stirred for 16 
h, and the solvent was removed in a rotary evaporator. The 
residue was washed in hexane and recrystallized in acetonel 
hexane to yield yellow-orange solids, which were filtered and 
washed with hexane. 

[ P ~ M ~ ( ~ , ~ , ~ - C ~ H F S C H H ~ C ~ H ~ ) ( S M ~ ~ ) I ( ~ ~ ) .  Yield 70 
mg (77%). Mp: 141 "C dec. Anal. Calcd for C I ~ H ~ S F ~ N S P ~ :  
C, 39.24; H, 3.49; N, 2.69. Found: C, 39.17; H, 3.63; N, 2.58. 
1H NMR (acetone&): 6 0.80 [s, 2J(HPt) = 82, Me], 1.97 [s, 
3J(HPt) = 30, SMez], 5.29 [s, 3J(HPt) = 13, CHd, 9.10 [s, 
V(HPt) = 56, CHN] (7.15 [m], 7.31 [ml, aromatics}. l9F NMR 
(acetone-ds): 6 -173.71 [td, 5J(F3Pt) = 10, V(F3F2) = 3J(F3F9 
= 19, 4J(F3H5) = 7, F3], -141.62 [dd, 4J(F2Pt) = 46, 3J(F2F3) = 
19, 4J(F2F4) = 7, F2], -133.86 [m, 4J(F4Pt) = 58, 3J(F4F3) = 
19, 3J(F4H) = 11, 4J(F4F2) = 7, F41. 13C NMR (acetone-&): 6 
-12.73 [s, IJ(CPt) = 791, Me], 19.69 [s, SMezI, 62.96 Is, CHz1, 
114.78 [d, 2J(CF) = 9, %T(CPt) = 97, C5 in C6HF31 (128.10 [SI, 
128.35 [SI, 129.19 [SI, aryl carbons in C6H5}, 138.33 [s, C6 in 

[ P ~ M ~ ( ~ , ~ , S - C ~ H F ~ C H H ~ C ~ H ~ ) ( S M ~ Z ) I ( ~ ~ ) .  Yield 75 
mg (83%). Mp: 145 "C dec. Anal. Calcd for C17H1sF3NSPt: 
C, 39.24; H, 3.49; N, 2.69. Found: C, 39.45; H, 3.70; N, 2.62. 
IH NMR (acetone-ds): 6 1.15 [d, WHPt) = 80, 5J(HF5) = 6, 
Me], 1.94 [s, V(HPt) = 33, SMe21,5.25 Is, WHPt) = 13, CH21, 
9.18 [s, 3J(HPt) = 55, CHN] (6.8 [ml, 7.31 [ml, aromatics}. 
19F NMR (acetone&): 6 -130.78 [M, V(F5Pt) = 140.4, 3J(F5F9 
= 5J(F5F2) = 18, 4J(F5H3) = 6, F5], -129.65 [dt, 4J(F4Pt) = 128, 
3J(F4F6) = 18, 4J(F4F2) = 3J(F4H) = 6, F4], -120.62 [dd, 4J(F2- 

CtjHF31, 169.55 [s, 'J(CPt) = 82, C m ] .  

Pt) = 67, V(F2F5) = 18, 4J(F2F4) = 6, F21. 13C NMR (acetone- 
&): 6 -22.18 [d, 4J(CF) = 17, lJ(CPt) = 715, Me], 19.82 [s, 
SMez], 63.20 [s, CHz], 101.041 [t, 2J(CF) = 24, C3 in CsHF31 
(128.75 [SI, 128.97 [SI, 129.90 [SI, aryl carbons in C6H5}, 139.13 
[s, 1J(CPt) = 1064, C6 in CsHF3],171.23 [s, zJ(CPt) = 83, CHNI. 
[PtMe(2,3-CsH2F2CHNCH2C&)(SMe2)] (3c). Yield: 70 

mg (80%), Mp: 159 "C dec. Anal. Calcd for C17H1gF2NSPt: 
C, 40.69; H, 3.81; N, 2.79. Found: C, 39.58; H, 3.97; N, 2.65. 
'H NMR (acetone-ds): 6 0.84 [s, %T(HPt) = 82, Me], 1.97 [s, 
3J(HPt) = 28, SMe21, 5.29 [s, 3J(HPt) = 13, CH21, 9.15 [s, 
3J(HPt) = 56, CHN], 7.30 [m, aromatics]. 19F NMR (acetone- 

F2], -151.29 [m, 3J(F3F2) = 18, V(F3H4) = 12, 4J(F3H5) = 6, 
F3]. 13C NMR (acetone-ds): 6 -13.30 [s, 'J(CPt) = 797, Me], 
19.56 [s, SMe2],63.01 [s, CHz], 120.28 [d, 2J(CF) = 15, zJ(CPt) 
= 87, c5 in CsHFs] (128.05 [SI, 128.36 [SI, 129.16 [SI, aryl 
carbons in C&} (131.49 [SI, 138.45 [SI, aryl carbons} 170.02 
[s, 2J(CPt) = 87, CHNI. 

4a was prepared by reaction of 50 mg (0.096 mmol) of 3a 
with an equimolar amount of PPh3 in acetone. The mixture 
was stirred at room temperature for 2 h. On addition of 
hexane, yellow crystals were formed, and they were collected 
by filtration, washed with hexane, and dried in vacuo. 4c-f 
were prepared by an analogous procedure from the cor- 
responding compounds 3. Compound 4b was best obtained 
by crystallization from the reaction mixture of 3b with less 
than the equimolar amount of P P b .  Suitable crystals for 
crystallographic analyses of 4a,c were grown by slow evapora- 
tion from an acetone-hexane solution. 

6b was prepared by reaction of 50 mg (0.096 mmol) of 3b 
with 2 equiv of PPh3 in acetone. Within 1 h, the color of the 
solution faded and a white precipitate was formed. After 
addition of hexane, the white solid was collected by filtration, 
washed with hexane, and dried in vacuo. Compounds 5d,f 
were prepared by an analogous procedure from the cor- 
responding compounds 3. 
[P~M~(~,~,~-C,JHF~CHNCH~C&)(PP~S)~ (4a). Yield 50 

mg (72%). Mp: 182 "C dec. Anal. Calcd for C33H27F3NPPt: 
C, 55.00; H, 3.78; N, 1.94. Found: C, 55.07; H, 3.77; N, 1.93. 
'H NMR (acetone-&): 6 0.61 [d, 'V(HPt) = 83, 3J(HP) = 7, 

&): 6 -145.81 [dd, 4J(F2Pt) = 49, 3J(F2F3) = 18, *J(F2H) = 6, 

Conclusions 

The reaction of [Pt~,Me4(p-SMez)zl (1) with di- or 
trifluorinated iminic ligands containing both C-F and 
C-H bonds in ortho positions produces exclusively C-H 
bond activation. 

We have reported elsewherelo that the presence of a 
fluorine atom adjacent to the C-H bond to be activated 
in the iminic ligand is decisive in the selectivity of the 
metallacycle formation. The results reported here show 
that the position adjacent to  the Pt-C(ary1) bond in 
platinum(I1) metallacycles is also strategical in the cis- 
labilization effect of the aryl group. Thus, the electronic 
and steric effects arising from the presence of a fluorine 
atom in this position have a more important effect on 
reactivity than the increase in fluorination. 

For both platinum(I1) and palladium(II), five-mem- 
bered endo metallacycles are among the most stable. 
Nevertheless, platinacycles can be cleaved under mild 
conditions, provided that a fluorine atom is present in 
position 5.  It has been shown that the reactivity of 
platinum(I1) and palladium(I1) complexes can be tuned 
by steric or electronic  effect^;^' the results reported in 
this paper are a further example of reactivity tuning in 
platinum compounds. 

Experimental Section 

'H, 31P(1H}, 19F, 13C, and l g 5 P t  NMR spectra were recorded 
by using Varian Gemini 200 (lH, 200 MHz), Bruker WP80SY 
(31P, 32.4 MHz), and Varian XI, 300FT (19F, 282.2 MHz; 13C, 
75.43 MHz; 31P, 121.4 MHz; lg5Pt, 64.19 MHz) spectrometers 
and are referenced to SiMe4 (lH, 13C), H3P04 (31P), CCLF (19F), 
and H2PtC16 in D2O (lg5Pt). 6 values are given in ppm and J 
values in Hz. Microanalyses were performed by the Institut 
de Quimica Bio-OrgBnica de Barcelona (CSIC) and by the 
Serveis Cientifico-Tecnics de la Universitat de Barcelona. 

Preparation of Compounds. The complex [PtzMerh- 
SMe2)zI (1) was prepared by the literature method.30 

Compounds 2 were prepared by reaction of 5 mmol of the 
corresponding aldehyde with an equimolecular amount of the 
benzylamine in ethanol. The mixture was refluxed for 2 h, 
and the solvent was removed in a rotary evaporator to yield 
yellow oils. 

2,3,4-C&FsCHNCHzC&~ (2a). lH NMR (CDC13): 6 4.87 
[s,CH21,8.63 [s,CHN] (7.01 [m], 7.81 [ml, 7.33 [ml, aromatics}. 
19F NMR (CDC13): 6 -137.17 [dd, 3J(F2F3) = 21, 4J(F2F4) = 9, 
F2], -149.50 [dt, 4J(F4F3) = 21, 4J(F4F2) = 3J(F4H5) = 9, F41, 
-167.42 [dt, V(F2F3) = 3J(F4F3) = 21, 4J(F3H5) = 6, F31. 

2,4,6-C&F&HNCH&J& (2b). 'H NMR (CDC13): 6 4.85 

19F NMR (CDC13): 6 -130.25 [td, 4J(F2F4) = 3J(F2H) = 15, 
5J(F2F5) = 6, F2], -135.62 [dt, 3J(F4F5) = 21, 'J(F5F2) = 

P,S-C&FzCHNCHaC&Itj ( 2 ~ ) .  'H NMR (CDC13): 6 4.87 

[s,CHd, 8.60 [s,CHN] (6.96 [m], 7.33 [ml, 7.90 [ml, aromatics}. 

4J(F5H3) = 6, F51, -148.35 [m, F41. 

[s,CH21,8.63 [s,CHN1(7.01 [ml, 7.33 [ml, 7.81 [ml, aromatics}. 

(30) Scott, J. D.; Puddephatt, R. J. Organometallics 1983,2, 1643. 
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Cyclometalated Pt(II) Compounds with Iminic Ligands 

Me], 4.38 [s, 3J(HPt) = 10, CHz], 8.80 [s, 3J(HI't) = 56, CHNI 
(6.80 [m], 7.19 [m], 7.42 [m[, 7.60 [ml, aromatics}. 19F NMR 
(acetone-&): 6 -172.67 [td, 3J(F3F2) = 3J(F3 - F2) = 19, 
4J(F3H5) = 7, F3], -141.62 [dt, 4J(F2Pt) = 51, 3J(F2F3) = 19, 
4J(F2F4) = 5J(F2H5) = 7, F2], -133.43 [m, 4J(F4Pt) = 69, PI. 
31P NMR (acetone): 6 28.66 [s, lJ(PR) = 23871. 
[PtMe(2,4,5-C&IFsCHNCH~C~)(PP~)1 (4b). Mp: 197 

"C dec. Anal. Calcd for C ~ ~ H Z ~ F ~ N P P ~ :  C, 55.00; H, 3.78; N, 
1.94. Found: C, 54.98; H, 3.76; N, 1.85. lH NMR (acetone- 
de): 6 0.99 [dd, WHPt) = 87, 3J(HP) = 9, 5J(HF5) = 6, Me], 

NMR (acetone-&): 6 -120.78 [m, 4J(F2Pt) = 63, 4J(F2F4) = 
10, 5J(F2F5) = 20, 3J(F2H) = 8, F21, -129.11 [m, 4J(F4Pt) = 
104, 3J(F4F5) = 20, 4J(F4F2) = 3J(F4H) = 10, WF4Ha) = 5, F41, 
-130.94 [m, SJ(F5Pt) = 87, 3J(F5F4) = 5J(F5F2) = 20, 4J(F5H3) 
= 5J(F5Me) = 6, F5]. 31P NMR (acetone): 6 27.16 [s, lJ(PR) 
= 26511. 
[P~M~(~,~-C~H~F&HNCHZC&IS)(PP~S)I ( 4 ~ ) .  Yield: 57 

mg (81%). Mp: 189 "C dec. Anal. Calcd for C33HzsFzNPPt: 
C, 56.41; H, 4.02; N, 1.99. Found: C, 56.42; H, 3.99; N, 1.98. 
lH NMR (acetone-de): 6 0.65 [d, V(HPt) = 83, 3J(HP) = 7, 
Me], 4.40 [s, 3J(HPt) = 10, CHz], 8.82 [s, 3J(HPt) = 56, CHNI 
(6.85 [ml, 7.19 [m], 7.41 [m], 7.61 [ml, aromatics}. 19F NMR 
(acetone-de): 6 -146.47 [dt, 4J(F2Pt) = 38, 5J(F2P) = 4J(F2H) 
= 7, 3J(F2F3) = 19, F2], -150.49 [m, 3J(F2F3) = 19, 3J(F3H4) = 
11, 4J(F3H) = 5, F3]. 31P NMR (acetone): 6 29.18 [s, lJ(PR) 
= 22941. 

[ P ~ M ~ ( ~ , ~ - C ~ ~ I ~ Z C H N C H Z ( ~ - C ~ H ~ C ~ ) ) ( P P ~ S ) ]  (4d). Yield 
46.0 mg (70%). Mp: 162 "C dec. Anal. Calcd for C33H27- 
ClFZNPPt C, 53.77; H, 3.69; N, 1.90. Found: C, 53.88; H, 
3.81; N, 1.86. lH NMR (acetone-de): 6 1.01 [dd, V(HPt) = 
83, 3J(HP) = 9, 5J(HF5) = 6, Me], 4.29 [s, 3J(Hpt) as shoulders, 
CHz], 8.57 [s, 3J(HPt) = 54, CHN] (6.75 [ml, 7.17 [ml, 7.41 
[m], 7.67 [m], aromatics}. 19F NMR (acetone-&): 6 -94.55 
[m, 3J(F5Pt) = 62, F5], -121.26 [m, F3]. 31P NMR (acetone): 
6 28.00 [s, lJ(PPt) = 25491. 
[PtMe{2-C&FCHNCHg(2-C&Cl)}(PPhs)l (4e). Yield: 

49.9 mg (72%). Mp: 167 "C dec. Anal. Calcd for C33H28- 
ClFNPR: C, 55.12; H, 3.92; N, 1.95. Found C, 55.51; H, 3.90; 
N, 2.02. lH NMR (acetone-de): 6 0.75 [d, zJ(HPt) = 83, 3J(HP) 
= 8, Me], 4.44 [s, 3J(HPt) = 10, CHz], 8.75 [s, 3J(HPt) = 55, 
CHNI (6.75 [ml, 7.25 [ml, 7.44 [ml, 7.69 [ml, aromatics}. l9F 
NMR (acetone-de): 6 -119.92 [dd, 4J(F2Pt) = 46, 3J(F2H3) = 
15, 4J(F2H4) = 9, FZ]. 31P NMR (acetone): 6 28.97 [s, 'J(PPt) 
= 22461. 
[PtMe{5-C&FCHNCHz(2-C&Cl)}(PPhs)l (40. Yield: 

45.0 mg (65%). Mp: 177 "C dec. Anal. Calcd for C33H28- 
ClFNPR: C, 55.12; H, 3.92; N, 1.95. Found: C, 54.90; H, 3.89; 
N, 1.91. lH NMR (acetone-de): 6 1.02 [dd, WHPt) = 84, 
3J(HP) = 9, V(HF) = 7, Me] 4.29 [s, WHPt) = 11, CHz1, 8.55 
[s, 3J(HPt) = 55, CHN], (7.19 [m], 7.39 [ml, 7.65 [ml, aromat- 
ics}, 19F NMR (acetone-de): 6 -98.29 [m, 3J(F6R) = 63, F51. 
31P NMR (acetone): 6 28.09 [s, 'J(PPt) = 24791. 
[PtMe(2,4,6-C&FsCHNCI&C&d(PPhs)21 (5b). Yield: 

80 mg (85%). Mp: 110-115 "C dec. Anal. Calcd for 
C ~ ~ H ~ Z F ~ N P ~ P ~ :  C, 62.32; H, 4.31; N, 1.42. Found: C, 61.80; 
H, 4.20; N, 1.38. lH NMR (acetone-&): 6 0.23 [dd, %J(HPt) = 
63, 3 J ( H P ~ )  = 8, 3J (HP~)  = 6, Me] (4.84 (d), 5.02 (d), 'J(HH) 
= 14, CH2, AB pattern}, 9.00 [s, CHNI, 6.34 [m, CeHF31 (7.06 
[m], 7.24 [ml, 7.36 [ml, aromatics}. 19F NMR (acetone-&): 6 
-120.17 [m, 3J(F5Pt) = 464, F5], -121.28 [m, 5J(F2F5) = 18, 
4J(F2F4) = 11, 3J(F2H3) = 7, no Pt satellites, F21, -137.53 [m, 
4J(F4Pt) = 114, 3J(F4F5) = 34, 4J(F4F2) = 3J(F4H3) = 10, 
6J(F4Ha) = 4, F4]. 31P NMR (acetone): 6 25.69 [m, 'J(pAPt) = 
2379, PA], 25.39 [d, 'J(PBR) = 1972, 'J(PAPB) = 16, PBI .  I g 5 P t  
NMR (acetone): 6 -4633.02 [m, 'J(Pt-PA) = 24.30, 'J(R- 
PB) = 1970, 3J(R-F5) = 444, 4J(Pt-F4) = 1111. 
[PtMe{3,5-C&F~CHNCH~(2-C~Cl)}(PPhs)zl (5d). 

Yield: 70 mg (75%). Mp: 147 "C dec. Anal. Calcd for 

H, 4.27; N, 1.35. 'H NMR (acetone-&): 6 0.25 [dd, 2J(HR) = 
64, 3 J (HP~)  = 8, 3J (HP~)  = 7, Me] (4.81 (d), 4.95 (d), 2J(HH) 

4.27 [s, 3J(HPt) = 11, CHz], 8.82 [s, 3J(HPt) = 54, CHNI. 19F 

C51H42ClFzNPzPt: C, 61.29; H, 4.23; N, 1.40. Found: C, 60.81; 
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Table 6. Crystallographic Data and Details of the 
Refinements for Compounds 4a,c 

4a 4c 
formula 
fw 
cryst syst 
space group 
a, A 
b, A 
c, A 
a, deg 
P, deg 
Y9 deg v, A3 
Dc, g cm-3 
2 
W W  
cryst size, mm3 
p(Mo Ka), cm-' 
A(Mo Ka), 8, 
T, K 
no. of rflns collected 
R 
RdP) 
no. of refined params 
max shift/esd 
max and min diff peaks, e A-3 

C33Hz7F3wPt 
720.67 
monoclinic 
P21Ic 
12.475(3) 
21.642(5) 
10.497(2) 
90 
96.92(2) 
90 
2813.4(11) 
1.703 
4 
1412.0 
0.1 x 0.1 x 0.2 
53.49 
0.710 69 
293 
5140 
0.048 
0.112 
354 
0.1 
+1.7 and -1.3 

C33H28FN'Pt 
702.66 
trislinic 
P1 
12.03 l(2) 
13.757(2) 
9.768(2) 
72.9 l(2) 
114.91(1) 
104.20( 2) 
1387.7(7) 
1.681 
2 
688.0 
0.1 x 0.1 x 0.2 
54.14 
0.710 69 
298 
5677 
0.031 
0.078 
346 
0.1 
+0.4 and -0.4 

= 15, CHZ, AB pattern}, 9.50 [s, CHNI, 6.10 [m, CeHzFzl(7.00 
[m], 7.15 [ml, 7.35 [m], aromatics}. 19F NMR (acetone-&): 6 
-88.85 [m, 3J(F5Pt) = 371, 4J(F5P) = 13, 3J(F5H4) = 4J(F5F3) 
= 7, F51, -124.72 [m, F21. 31P NMR (acetone): 6 24.16 [t, WPA- 
pt) = 2234, 'J(PAPB) = 4J(P~F5) = 14, PA], 23.07 [d, 'J(PBP~) 
= 1928, 2 J ( P ~ P ~ )  = 14, PB]. lg5Pt NMR (acetone): 6 -4630.59 
[m, 'J(Pt-PA) = 2238, 'J(Pt-PB) = 1916, 3J(Pt-F5) = 3711. 
[P~M~(S-C~H~FCHNCHZ(~-C&C~)}(PP~&I (50. Yield: 

50 mg (53%). Mp: 152 "C dec. Anal. Calcd for C51H43ClFNPz- 
Pt: C, 62.41; H, 4.42; N, 1.40. Found: C, 61.98; H, 4.20; N, 
1.41. lH NMR (acetone-&): 6 0.26 [dd, zJ(HR) = 65, 3 J (HP~)  
= 9, 3 J (HP~)  = 6, Me] (4.81 (d), 4.94 (d), %J(HH) = 15, CHZ, 
AB pattern}, 9.52 [s, 3J(HPt) = 9, CHN] (6.60 (m), 6.30 (m), 
CGH~F} (7.06 [m], 7.24 [m], 7.36 [m], aromatics}. 19F NMR 
(acetone-&): 6 -92.51 [m, 3J(F5R) = 377, 4J(F5P) = 13, 
3J(F6H4) = 6, F5]. 31P NMR (acetone): 6 24.13 [t, 'J(pApt) = 
2175, 'J(P.&) = 4J(P~F5) = 14, PA], 23.17 [d, 'J(P&) = 1930, 
'J(PAPB) = 14, PB]. 1g5Pt NMR (acetone): 6 -4627.20 [m, 
'J(Pt-PA) = 2202, 'J(P~-PB) = 1930, 3J(Pt-F5) = 3771. 

X-ray Structure Analysis. Data Collection. Prismatic 
crystals (0.1 x 0.1 x 0.2 mm) were selected and mounted on 
an Philips PW-1100 difiactometer (4a) or an Enraf-Nonius 
CAD4 difiactometer (4c). Unit cell parameters were deter- 
mined from automatic centering of 25 reflections (8" 5 0 5 
12", 4a; 12" I 0 5 21", 4c) and refined by the least-squares 
method. Intensities were collected with graphite-monochro- 
matized Mo Ka radiation, using the wI28 scan technique. For 
4a, 5271 reflections were measured in the range 2" I B 5 30"; 
5140 were independent reflections, and 5089 were assumed 
as observed by applying the condition Z 2 2dI). For 4c, 5677 
reflections were measured in the range 2" 5 0 5 30", 3925 of 
which were assumed as observed by applying the condition Z 
2 2.5dn. Three reflections were measured every 2 h as 
orientation and intensity controls; significant intensity decay 
was not observed. Lorentz-polarization and absorption cor- 
rections were made. Further details are given in Table 6. 

Structure Solution and Refinement. The structures 
were solved by Patterson synthesis, using the SHELXS 
computer program,31 and refined by the full-matrix least- 
squares method, with the SHELX9332 computer program. 

The function minimized was Cw[lFo12 - IFc1212, where w = 
(uz(Fo2) + (0.1254P)2 + 2.178U9-l for 4a and w = (oz(Fo) + 

(31) Sheldrick, G. M. Acta Crystallogr. 1990, A46, 467. 
(32) Sheldrick, G. M. SHELX93: A computer program for crystal 

structure refinement; University of Gottingen, Germany, 1993. 
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(0.253OPl2 + 17.055P)-1 for 4c and P = (Fo2 + 2F2)/3. f, f ', 
and f "  were taken from ref 33. All H atoms were computed 
and refined with an overall isotropic temperature factor, using 
a riding model. The final R factors, the number of refined 
parameters, and the maximum and minimum peaks in the 
final difference synthesis are given in Table 6. 
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Synthesis and Evaluation of the Bonding Properties 
toward Rhodium(1) of 

2,5-Bis[3-(diphenylphosphino)propyl] thiophene: A New 
Versatile Ligand with q2, q3, and q7 Modes of Bonding 

Marie Alvarez, Noel Lugan, Bruno Donnadieu, and R e d  Mathieu" 
Laboratoire de Chimie de Coordination du CNRS, UPR 8241, lit par  conventions a 

I'Universitd Paul Sabatier et a Z'htitut National Polytechnique, 205 route de Narbonne, 
31077 Toulouse Cedex, France 

Received June 14, 1994@ 

The new ligand 2,5-bis[3-(diphenylphosphino)propyllthiophene (2) has been synthesized 
in four steps from thiophene, and its bonding capabilities with Rh(1) have been evaluated. 
With (COD)Rh(acac) in the presence of perchloric acid, the complex [(COD)Rh(2)1[C104] (3) 
has been obtained but its low solubility suggests a polymeric structure. The 1,5- 
cyclooctadiene ligand is displaced by CO, leading to complexes that are in equilibrium, 
depending on the partial pressure of CO. Under a CO atmosphere, only the complex [Rh- 
(C0)3(2)1[C1041 (4) is present in solution and its spectroscopic data are consistent with a 
trigonal-bipyramidal structure in which the two phosphorus atoms are in axial positions. 
Progressive decarbonylation causes the formation of [Rh(CO)~(2)][Cl041 as a mixture of cis 
(5)  and trans (6)  isomers (ligand 2 being bidentate through the phosphorus atoms) and of 
[Rh(C0)(2)1[C1041 (71, in which 2 is tridentate binding through the two phosphorus atoms 
and the sulfur of the thiophene ring. Complete decarbonylation of 7 is achieved through 
refluxing in acetone solution and leads to [Rh(2)1[C1041 (8). The structure of [Rh(2)l+ has 
been established by an X-ray structure determination of the [Rh(2)1[BPh,J salt (8'). 
Crystallographic data for 8': monoclinic Czh5-P21/n, a = 11.261(2) 8, b = 15.886(4) 8, c = 
29.986(4) 8; B = 96.70(2)"; V = 5149 A3, Z = 4; R = 0.0527, Rw = 0.0586 for 4254 observations 
and 595 variable parameters. The cation consists of a rhodium atom n bound to the thiophene 
ring and bound to the two phosphorus atoms of ligand 2. 

Introduction 
In a recent publication we showed that the newly 

synthesized ligand, 2,5-bis[2-(diphenylphosphino)ethyl]- 
thiophene (1) was a tridentate ligand binding through 
phosphorus and the sulfur atoms, for metals like Mo(O), 
Co(I), or Rh(I), generating complexes with a variety of 
ge0metries.l Moreover, the metal-sulfur bond is not 
labile in these complexes, an unexpected result consid- 
ering that the sulfur atom in the thiophene ring is a 
weak nucleophile.2 We have proposed that the tenacity 
of this bond is the consequence of constraints imposed 
by the short ethylene chain between the phosphorus 
atom and the thiophene ring. 

In this study, our goal was to develop a new class of 
polydentate ligands with weak metal-ligand bonds 
which may be cleaved reversibly to open a coordination 
site on the metal to induce catalytic activity. This 
property is observed for some polydentate ligands that 
combine phosphorus with oxygen donor atoms.3 For 
this reason, we decided to extend the length of the chain 
between the phosphorus atom and the thiophene ring 
and turned to the synthesis of 2,5-bis[3-(diphenylphos- 
phino)propyl]thiophene (2). 

In this paper, we relate the synthesis of ligand 2 and 
the results concerning the evaluation of its bonding 

@ Abstract published in Advance ACS Abstracts, November 15,1994. 
(1) Alvarez, M.; Lugan, N.; Mathieu, R. Znorg. Chem. 1993,32,5652. 
(2) (a) Angelici, R. J. Acc. Chem. Res. 1988, 21, 387. (b) Angelici, 

R. J. Coord. Chem. Rev. 1990,105,27. (c) Rauchfuss, T. B. Prog. Znorg. 
Chem. 1991,39,259. 
(3) Bader, A.; Lindner, E. Coord. Chem. Rev. 1991, 108, 27. 

properties toward Rh(I), which show that this lengthen- 
ing induces, as expected, a weakening of the Rh-S bond 
and allows ligand 2 to use q2 to v7 modes of bonding to  
the Rh(1) center. The evaluation of the catalytic activity 
of similar complexes of Rh(1) with ligands 1 and 2 
toward hydroformylation of l-hexene is also presented. 

Results and Discussion 

(a) Synthesis of 2,5-Bis[3-(diphenylphosphino)- 
propyllthiophene. Ligand 2 is synthesized in four 
steps from 24ithiothiophene, as shown in Scheme 1. In 
the first step, the 2-lithio salt reacts with l-bromo-3- 
chloropropane, leading to  2-(3-~hloropropyl)thiophene. 
In the second step, reaction with PPhzLi allows the 
isolation of 2-13-(diphenylphosphino)propyllthiophene. 
Subsequent reactions with BuLi and l-bromo-3-chloro- 
propane lead to the formation of 2-13-(diphenylphosphi- 
no)propyll-5-(3-chloropropyl)thiophene, whose reaction 
with PPhzLi leads to  ligand 2, an air-stable white 
powder, with 49% overall yield from the starting 
thiophene. 

Evaluation of the Bonding Modes of 2 in Cat- 
ionic Rh(1) Complexes. To have a direct comparison 
with ligand 1, we have continued to  use the family of 
cationic complexes [Rh(COD)Lzl+, which are easily 
obtained and which are good starting materials for the 
synthesis of carbonyl  derivative^.^ 

(4) Schrock, R. R.; Osborn, A. J. J. Am. Chem. SOC. 1971,93,2397. 

0276-733319512314-0365$09.00/0 0 1995 American Chemical Society 
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Scheme 1 

Alvarez et al. 

When (COD)Rh(acac) is treated in THF with a slight 
excess of perchloric acid (see safety note below) and then 
with 1 equiv of 2, immediate formation of a yellow 
precipitate, 3, is observed. This complex is insoluble 
in all common solvents, suggesting a polymeric struc- 
ture. This insolubility precludes any NMR measure- 
ments, but chemical analysis is consistent with the 
formula {[Rh(COD)(2)1[C1041}. for 3. 

When a suspension of 3 in dichloromethane is satu- 
rated with carbon monoxide, the yellow solid gradually 
disappears, giving a yellow solution. Monitoring the 
reaction by infrared spectroscopy shows the presence 
of a weak band at 2072 cm-l and of two strong bands 
at 2030 and 2013 cm-l. This spectrum is very similar 
to  the spectrum of [Co(CO)3(1)1+ and is consistent with 
a trigonal-bipyramidal structure in which the asym- 
metry of the ligand induces the splitting of the E mode 
expected for a D3h symmetry group for the molecule and 
a weak activity for the infrared-inactive A 1  mode of 
v ibra t i~n .~  This hypothesis is confirmed by the 31P{1H} 
NMR spectrum of the same solution: a doublet is 
observed at 28.7 ppm (J(Rh-P) = 80.5 Hz), with a 
coupling constant characteristic of [Rh(C0)3(PR3)21+ 
complexes! Moreover, the lH NMR spectrum shows, 
besides the resonances due to  free 1,5-cyclooctadiene, a 
singlet at 6.79 ppm due to the protons of the thiophene 
ring and three multiplets due to the methylene groups. 
From these observations we propose that the action of 
carbon monoxide has induced the transformation of 3 
into [Rh(CO)~(2)1[C1041(4) in which the two phosphorus 
atoms are in the axial positions of a trigonal bipyramid. 

In order to evaluate the possible modes of bonding of 
ligand 2, the solution of 4 was decarbonylated either 
by bubbling nitrogen into the solution or by evaporating 
the solvent under vacuum. Initial results showed that 
several products were present, depending the reaction 
conditions. This decarbonylation reaction was analyzed 
by the simultaneous use of IR and NMR spectroscopies 
at different stages of decarbonylation. 

M e r  the solvent from the solution of 4 has been 
evaporated under vacuum, IR spectroscopy of the resi- 
due shows the presence of two strong absorptions at 
2035 and 2020 cm-l and one of medium intensity a t  
1993 cm-l. The 31P{1H} NMR spectrum shows the 
presence of three complexes in about a 1:l:l ratio, with 

(5) Adams, D. M. Metal-Ligand and Related Vibrations; Edward 

(6) Lindner, E.; Wang, Q.; Mayer, H. A.; Fawzi, R.; Steimann, M. 
Arnold Ltd.: London, 1967; p 105. 

Organometallics 1993, 12, 1865. 

a doublet a t  26 ppm (J(Rh-P) = 133 Hz) (5), a doublet 
a t  23 ppm (J(Rh-P) = 106 Hz) (6), and a doublet at 20 
ppm (J(Rh-P) = 110 Hz) (7). 

Renewed evaporation of the solution and its prolonged 
standing under vacuup lead to a new mixture charac- 
terized in IR spectroscopy by a strong band at 2020 
cm-1, a weak band at  2035 cm-l, and a medium 
intensity band at 1993 cm-l. The 31P{1H} NMR spec- 
trum shows that only two complexes 5 and 7 are 
present, 7 being the major product. 

To complete the decarbonylation reaction, the dichlo- 
romethane solution was refluxed for 1 h. In the IR 
spectrum only the absorption at 2020 cm-l remains, and 
in the 31P{1H} NMR spectrum 7 is still present but a 
new resonance is observed: a doublet at 33 ppm (J(Rh- 
P) = 205 Hz) (8). Prolonged heating of the solution or 
refluxing in acetone leads to the complete disappearance 
of 7 and to the unique presence of 8, which shows no 
IR absorption in the CO stretching region. Bubbling 
carbon monoxide through a solution of 8 in dichlo- 
romethane regenerates complex 4. 

These observations show that ligand 2 has a greater 
flexibility than ligand 1 in its coordination to rhodium- 
(I) and that the lengthening of the methylene chain 
between the phosphorus and the thiophene ring has 
allowed a situation where only the two phosphines are 
bound to the metal (e.g., complex 41, a situation not 
encountered with complexes of ligand 1. 

The similarity of the spectroscopic data for complex 
7 (v(C0) = 2020 cm-l, 6 31P = 20 ppm, J(Rh-P) = 110 
Hz) and that for the complex [Rh(CO)(l)ICC1041 (v(C0) 
= 2020 cm-l, 6 31P = 8.3 ppm, J(Rh-P) = 111.6 Hz)' 
indicates that these complexes have similar struc- 
tures: 7 is a square-planar complex, the ligand being 
tridentate through the two phosphines and the sulfur 
atom of the thiophene ring and the carbonyl group being 
trans to the sulfur atom. 

The identification of the complexes 5 and 6 is less 
straightforward, but information can be derived from 
the chronology of their formation and from their spec- 
troscopic data. As they appear during the first steps of 
the decarbonylation of 4 and disappear during the 
formation of 7, a monocarbonyl complex, they can be 
identified as dicarbonyl complexes. On this basis, the 
characterization of 6 is straightforward as this complex 
gives one IR absorption at 2035 cm-l and its 31P{1H} 
NMR spectrum shows a coupling constant of J(Rh-P) 
= 106 Hz. These data are similar to the data observed 
for the [Rh(CO)2(PR3)2]+ complexes with a square-planar 
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Figure 1. ORTEP drawing of the cationic part of 8' 
showing the numbering scheme. 

structure and in which the CO ligands are in trans 
position6 In this situation, the ligand 2 is v2 bound to 
rhodium by the two phosphorus atoms in trans posi- 
tions. 

Complex 5 is characterized by two IR-active bands 
at  2035 and 1993 cm-l, which is consistent with a cis 
dicarbonyl complex. However, the value of the coupling 
constant J(Rh-P) = 133 Hz in its 31P{1H} NMR 
spectrum excludes a situation in which ligand 2 is v3 
bound. Indeed, for the [Rh(CO)z(l)I+ complex J(Rh- 
P) = 90.3 Hz' and similar low J(Rh-P) values are also 
observed for other pentacoordinated [Rh(CO)z(PR&I+ 
 compound^,^ but in the case of [Rh(CO)z(diphos)l+ 
compounds J(Rh-P) values of 120 Hz are observed.8 We 
thus propose for 5 a square-planar structure in which 
the ligand 2 is v2 bound to rhodium by the two 
phosphorus atoms in cis positions. These results dem- 
onstrate further that 2 is a very flexible ligand. 

The completely decarbonylated complex has been fully 
characterized by an X-ray crystal structure determina- 
tion on crystals of 8' obtained after replacing the 
perchlorate anion by the tetraphenylborate anion. A 
perspective view of the molecule is given in Figure 1 
along the labeling scheme. Bond lengths and angles of 
interest are gathered in Table 1. 

It appears that the lengthening of the carbon chain 
between the phosphorus and the thiophene ring in 
ligand 2 has allowed the ring to participate in 7~ bonding, 
leading to a structure similar to that observed for the 
complex [Rh(115-C5H4S)(PPh3)~1[PFsI.9 Comparison of 
bond lengths between the two structures shows that the 
main effect of the presence of the propyl chain between 
thiophene and the phosphorus atoms is the shortening 
of the rhodium-sulfur bond (2.567(3) A in [Rh(v5- 
C5H4S)(PPh3)2][PFs]). This is likely to be due to  an 
electronic effect of the substituents on the ring, as in 

(7) Johnston, G. G.; Baird, M. C. Organometallics 1989, 8, 1894. 
(8) Fairlie, D. P.; Bosnich, B. Organometallics 1988, 7 ,  936. 
(9) Sanchez-Delgado, R. A.; Marquez-Silva, R. L.; Puga, J.; Tiripic- 

chio, A.; Tirripichio Camellini, M. J. Organomet. Chem. 1988,316, C35. 

Table 1. Selected Bond Lengths (A) and Angles (deg) for 
rmmirBPbi (to 

P( 1)-Rh( 1)-P(2) 
Rh( l)-P( 1)-C( 1) 
Rh(1)-P(1)-C(l1) 
C(l)-P(l)-C(ll) 
Rh(1)-P(1)-C(21) 
C(1)-P(1)-C(21) 
C(ll)-P(l)-C(21) 
C(4)-S( 1)-c(7) 
P( 1)-C( 1)-C(2) 
C( 1)-c(2)-c(3) 
C(2)-C(3)-C(4) 

S( l)-c(4)-c(3) 
S(l)-C(4)-C(5) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C(7) 
Rh( l)-P(2)-C( 10) 

Rh( l)-C(4)-C(3) 

Bond Lengths 
2.235(2) C(3)-C(4) 
2.504(3) C(4)-C(5) 
2.221(7) C(5)-C(6) 
2.275(6) C(6)-C(7) 
2.307(7) P(2)-C( 10) 

1.832(9) C(7)-C(8) 
1.826(8) C(8)-C(9) 
1.83(1) C(9)-C( 10) 
1.763(7) B(l)-C(51) 
1.724(7) B( 1)-C(61) 
1.50 (1) B(l)-C(71) 
1.49(2) B(l)-C(81) 

2.251(2) P(2)-C(3 1) 
2.261(8) P(2)-C(41) 

Bond Angles 
99.49(7) Rh( l)-P(2)-C(3 1) 

109.7(3) C(lO)-P(2)-C(31) 
121.6(3) Rh(l)-P(2)-C(41) 
102.0(4) C(lO)-P(2)-C(41) 
115.0(3) C(31)-P(2)-C(41) 
102.1(5) S(l)-C(7)-C(6) 
104.2(4) Rh(l)-C(7)-C(8) 
92.0(4) S(l)-C(7)-C(8) 

117.1(7) C(6)-C(7)-C(8) 
118.0(10) C(7)-C(8)-C(9) 
115.7(8) C(8)-C(9)-C(lO) 
125.1(6) P(2)-C(lO)-C(9) 
126.8(7) C(51)-B(l)-C(61) 
103.4(5) C(51)-B(l)-C(71) 
128.2(8) C(61)-B(l)-C(71) 
120.6(7) C(51)-B(l)-C(81) 
110.0(7) C(61)-B(l)-C(81) 
107.4(3) C(71)-B(l)-C(81) 

Estimated standard deviations in parentheses. 

1.48( 1) 
1.413(7) 
1.306(8) 
1.394( 8) 
1.832(7) 
1.836(7) 
1.818(7) 
1.47(1) 
1.5 1( 1) 
1.52(1) 
1.64(1) 
1.66(1) 
1.65( 1) 
1.66( 1) 

118.2(2) 
101.1 (3) 
119.9(2) 
102.3(3) 
105.2(3) 
11 1.3(6) 
128.0(6) 
125.6(6) 
121.6(7) 
114.5(7) 
114.4(8) 
113.9(6) 
109.6(6) 
108.5(6) 
111.9(6) 
111.2(6) 
108.3(6) 
107.3(6) 

the (~5-2,5-dimethylthiophene)(cyclooctadiene)Rhl~BF~l 
compound recently described,1° where the rhodium- 
sulfur bond length (2.467(3) A) is similar to the length 
found in our complex. 

In conclusion, this study of the reactivity of 3 toward 
carbon monoxide provides evidence for the great flex- 
ibility of ligand 2. The longer carbon chain between the 
phosphorus atoms and the thiophene ring allows, com- 
pared to ligand 1, ligand 2 to accommodate situations 
in which it can be either bidentate through the two 
phosphorus atoms in cis or trans positions on a square- 
planar complex or hexadentate through ~ t .  coordination 
of the thiophene ring and coordination of the two 
phosphorus atoms. Like ligand 1 , 2  can also be triden- 
tate through the two phosphorus and the sulfur atom 
of the thiophene ring. These observations are sum- 
marized in Scheme 2. 

To determine whether the different bonding capabili- 
ties of ligands 1 and 2 have some impact on the catalytic 
activities of their complexes, we checked the behavior 
of complexes [Rh(COD)(1)I[C1041(9) and [Rh(COD)(B)I- 
[C1041(3) as catalysts in the hydroformylation of l-hex- 
ene. Under the same reaction conditions (20 bar of a 
1:1 COB2 mixture, l-hexenehatalyst ratio of 200, 
3NEt3/Rh, CHzClz as solvent), which have not been 
optimized, after 6 h at 50 "C, 39% conversion of l-hexene 
is observed with complex 9 as catalyst and 88% with 
complex 3. The linearhranched ratio for the resulting 
aldehydes is 2.2 in the first case and 2.6 in the second 
case (mean of two experiments). From these results, it 
appears that the substitution of ligand 1 by the more 

(10) Polam, J. R.; Porter, L. C. Organometallics 1993, 12, 3504. 
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Scheme 2 

Alvarez et al. 

4 

1+ $+' 
p/Rh\p 

8 

labile ligand 2 increases the efficiency of the catalyst 
by a factor greater than 2. 

Experimental Section 
All reactions were performed under a nitrogen atmosphere 

with use of standard Schlenk techniques. Elemental analyses 
were performed in our laboratory for C, H, and S. PPhzH" 
and (COD)Rh(acac)12 have been prepared according to pub- 
lished procedures. 

Safety Note! Perchlorate salts of metal complexes with 
organic ligands are potentially explosive. Only small amounts 
of material should be prepared, and these should be handled 
with great caution. 

Synthesis of the 2,5-Bis[3-(diphenylphosphino)propyll- 
thiophene Ligand 2. This compound was synthesized in four 
steps from thiophene. 

(a) Synthesis of the 2-(3-Chloropropyl)thiophene. To 
a stirred solution of 4 mL (49.9 mmole) of thiophene in 20 mL 
of THF at -60 "C was slowly added 31.25 mL (50 mmol) of a 
solution of BuLi, 1.6 M in hexane. The solution was then 
stirred and the temperature was raised to -40 "C. Then 4.95 
mL of 1-bromo-3-chloropropane was slowly added. The tem- 
perature was increased to room temperature, and the solution 
was stirred for 15 h. The solvents were then evaporated under 
vacuum, and the residue was dissolved in 50 mL of diethyl 
ether. This solution was washed two times with 50 mL of 
water, and the ether solution was then dried over sodium 
sulfate. After filtration of the ether solution and elimination 
of ether under vacuum, 6.18 g of 2-(3-~hloropropyl)thiophene 
was recovered as a pale yellow oil (77%) which was used 
without further purification. 'H NMR (CDC13 solution, 200 
MHz): 7.18 (m, lH), 6.93 (m, lH), 6.84 (m, lH), 3.57 (t, J = 
6.4 Hz, 2H), 3.02 (t, J = 6.4 Hz, 2H), 2.13 ppm (9, J = 6.4 Hz, 
2H). 
(b) Synthesis of the 2-[3-(Diphenylphosphino)propyl]- 

thiophene. To the 6.18 g of 2-(3-~hloropropyl)thiophene (38.5 
mmol) dissolved in 50 mL of THF was slowly added at  0 "C 
PPhzLi (synthesized from 38.5 mmol of PPhzH and 38.5 mmol 
of BuLi in 37 mL of THF). The solution was stirred for 2 h 
and then evaporated to dryness under vacuum. The residue 
was dissolved in 50 mL of diethyl ether, and the solution was 
washed two times with 50 mL of water and then dried over 
sodium sulfate. After filtration of this solution and evapora- 
tion of the solvent, recrystallization of the residue from 
methanol led to 10.75 g of the product as a white powder (90%). 
'H NMR (CDC13 solution, 200 MHz): 7.43-7.29 (m, lOH), 7.10 

(11) Gee, W.; Shaw, R. A.; Smith, B. C. Inorg. Synth. 1967, 9, 19. 
(12) Sinou, D.; Kagan, H. B. J. Organomet. Chem. 1976, 114, 325. 

5 1 -co 
6 

Table 2. 

formula 
fw 
crystal system 
space group 
a, A 
b, 8, 
C, A 
B. deg v, A3  
L 

I 

Expreimental Data for the X-ray Study of 
8'eMezCO 

C6lH&OPzRhS 
1016.88 
monoclinic 
C2h5-P21/n 
1 1.26 l(2) 
15.886(4) 
28.986(4) 
96.70(2) 
5149(2) 
4 
1.312 
22 

radiation 
linear abs coeff, cm-I 4.649 
absorption correction, min-max 0.98-1.0 

Mo Ka, A(Mo Kal)  = 0.7093 8, 

scan mode w/2e 
28 l i t ,  deg 2-48 
no. of unique data used in final 
refinement, Fa2 > 3a(Fa2) 4254 
final no. of variables 594 
R (on Fo, Faz > ~ U ( F , ~ ) ) ~  
Rw (on Fa, Fa2 > ~ U ( F ~ ~ ) ) ~  

0.0527 
0.0586 

R = CllFO - lFcl~/~lFal. Rw = [h~(lF., - IFcl)z/(~wl~alz)11'2, unit 
weights. 

(m, lH), 6.89 (m, lH), 6.75 (m, lH), 2.95 (t, J = 7.2 Hz, 2H), 
2.13 (m, 2H), 1.86 ppm (m, 2H). 31P{1H) "R (CDCl3 solution, 
32.4 MHz): -17.5 ppm. 

(c) Synthesis of 2-[3-(Diphenylphosphino)propyll-5-(3- 
chloropropy1)thiophene. To the 10.75 g of 2-[3-(diphe- 
nylphosphino)propyl]thiophene (34.6 mmol) in 50 mL of THF 
cooled at  0°C was slowly added 21.6 mL (34.6 mmole) of 1.6 
M BuLi, and the solution was stirred for 1 h at  this tempera- 
ture. To this solution was slowly added 3.4 mL of l-bromo- 
3-chloropropane (34.6 mmol). The solution was stirred for 2 
h at  0 "C and then for 2 h at room temperature. The solvents 
were removed under vacuum and the residue was dissolved 
in 50 mL of diethyl ether. The solution was washed with 2 x 
50 mL of water and then dried over sodium sulfate. After 
filtration of this solution and evaporation of the solvent under 
vacuum 12.72 g of a yellow oil was obtained (95%). lH NMR 
(CDCl3 solution, 200 MHz): 7.53-7.32 (m, lOH), 6.61 (AB 
system, JAB = 3.1 Hz,# lH), 6.57 (AB system, JAB = 3.1 Hz, 
lH), 3.57 (t, J = 6.4 Hz, 2H), 2.97 (t, J = 7.1 Hz, 2H), 2.90 (t, 
J = 7.4 Hz, 2H), 2.13 (m, 4H), 1.83 ppm (m, 2H). 31P{ 'H} "R 
(CDC13 sol., 32.4 MHz): -16.7 ppm. 

(d) Synthesis of 2. To the 12.72 g of 2-[3-(diphenylphos- 
phino)propyl]-5-(3-chloropropyl)thiophene (32.9 mmol) dis- 
solved in 50 mL of THF and cooled to 0 "C was slowly added 
32.9 mmol of PPhzLi in 36 mL of THF (synthesized from 
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PPhzH and BuLi). The solution was stirred for 2 h at room 
temperature and then the THF was eliminated under vacuum. 
The residue was dissolved in 50 mL of diethyl ether, and the 
solution was washed with 2 x 50 mL of water. The solution 
was dried over magnesium sulfate. f i r  filtration of this 
solution and elimination of the solvent under vacuum, recrys- 
tallization of the residue from methanol gave 13.15 g (74.5%) 
of 2 as white crystals. lH NMR (CDC13 solution, 200 MHz): 
7.44-7.24(m,2OH),6.51(~,2H),2.85(t, J =  7.2Hz,4H),2.10 
(m, 4H), 1.79 ppm (m, 4H). 13C{lH} NMR (CDCl3 solution, 
20.1 MHz): 141.7 (C(2),C(5), C&S), 138.1 (d, J(P-C) = 13.2 
Hz, Ph), 132.1 (d, J(P-C) = 18.5 Hz, Ph), 128 (Ph), 127.7 (C(3), 
C(4), C4H2S), 123.3 (Ph), 30.8 (d, J(P-C) = 13.5 Hz, CH2- 
C H Z C H ~ P P ~ ~ ) ,  27.3 (d, J(P-C) = 17 Hz, C H ~ C H Z C H ~ P P ~ ~ ) ,  
26.8 ppm (d, J(P-C) = 11.8 Hz, C H Z C H ~ C H ~ P P ~ ~ ) .  31P{1H} 
NMR (CDCls solution, 32.4 MHz): -16.9 ppm. Anal. Calcd 
for C~J-IMP~S: C, 76.10; H, 6.39; S, 5.97. Found: C, 75.82; H, 
6.18; S, 5.85. 

Synthesis of { [(COD)Rh(2)][C104]}, (3). See safety note 
above. To 0.3 g (1 mmol) of (COD)Rh(acac) dissolved in 3.5 
mL of THF was added 0.99 mmol of HC104. This solution was 
stirred for 15 min and then 0.505 g (0.94 mmol) of 2 dissolved 
in 6 mL of THF was added, and the solution was stirred for 2 
h. A yellow precipitate appeared, and the solution was then 
filtered. The precipitate was washed with acetone and dried 
under vacuum; 0.637 g of 3 as a yellow powder was isolated 
(80%). Anal. Calcd for C42H&104P2RhS: C, 59.57; H, 5.48; 
S, 3.79. Found: C, 59.60; H, 5.52; S, 3.91. 

Synthesis of [(CO)aRh(2)] [C1041 (4). See safety note 
above. Carbon monoxide was bubbled for 30 min through a 
suspension of 0.25 g of 3 in 10 mL of dichloromethane. The 
solid rapidly dissolved giving a yellow solution. 4 was unstable 
in the absence of CO and was characterized by IR + NMR 
spectroscopy. IR v (CO) (CH2C12 solution): 2072 (w), 2030 (s), 
2013 (s) cm-'. 'H NMR (CDZC12 solution, 200 MHz): 7.90- 
7.30 (m, 20H), 6.79 (s, 2H), 3.57 (m, 4H), 2.72 (m, 4H), 1.88 

ppm (m, 4H). 31P{1H} NMR (CD2C12 solution, 32.4 MHz): 28.7 
ppm, (J(Rh-P) = 80.5 Hz. 

Synthesis of [Rh(2)1[C1041 (8). See safety note above. 
This reaction was conducted in the same way as for 4 except 
than at the end of the reaction the solution was evaporated to 
dryness. The residue was dissolved in 15 mL of acetone, and 
the solution was refluxed for 45 min. The product was 
recrystallized from an acetonekexane mixture giving 0.18 g 
of 8 as orange crystals (80%). lH NMR (CD2C12 solution, 200 
MHz): 7.27-7.24 (m, 20H), 6.53 (s,2H), 2.72 (m, 4H), 2.0 (m, 
4H), 1.69 ppm (m, 4H). 13C{'H} NMR (CDCls solution, 20.1 
MHz): 136.2, 135.2 (m), 133.5 (m), 130.7 (m), 128.4 (m), 125.8 
(m), 122(Ph), 100.5 (d, J(Rh-C) = 4.7 Hz, C(2), C(5), C~HZS), 
99.1 (d, J(Rh-C) = 3.5 Hz, C(3), C(4), C4H2S), 27.7 (t, J(P-C) 
= 14.6 Hz, C H ~ C H ~ C H ~ P P ~ Z ) ,  27.3 (9, CH~CHZCHZPP~~),  24.3 
ppm (t, J(P-C) = 2.7 Hz, CH2CHzCH2PPh2). 13C NMR (CDCl3 
solution, 20.1 MHz): 99.1 (dd, J(Rh-C) = 3.5 Hz, J(C-H) = 
180 Hz; C(3), C(4), C4H2S). 31P{ lH} NMR (CDC13 solution, 32.4 
MHz): 33.8 ppm, J(Rh-P) = 205 Hz. Anal. Calcd for 

H, 4.85; S, 4.12. 
Synthesis of [Rh(2)l[BP4] (8'). See safety note above. To 

a solution of 0.17 g of 8 in 3 mL of dichloromethane was added 
0.118 g of NaBPk dissolved in 3 mL of methanol. The solution 
was stirred for 30 min at  room temperature and then evapo- 
rated to dryness. Recrystallization from an acetonekexane 
mixture gave 0.17 g of 8' as orange crystals. Anal. Calcd for 

Found: C, 71.96; H, 5.97; S, 3.35. 
Catalytic Experiments. All catalytic runs were performed 

in a home-built stainless steel autoclave equipped with gas 
and liquid inlets, a heating device, and magnetic stirring. Gas 
chromatography analyses were performed on an Intersmat 
IGC 120 FL gas chromatograph, with flame ionization detector, 
fitted with a 3 m x l/g in. column (10% Carbowax 20M in 
Chromosorb W 80/100 mesh), and using N2 as carrier gas. 

C&34ClO&RhS: C, 55.26; H, 4.64; S, 4.34. Found: C, 55.32; 

8'.(CH&CO: CsiHsoBOPzRhS: C, 72.05; H, 5.95; S, 3.15. 

Table 3. Fractional Atomic Coordinates and Isotropic or Equivalent Temperature Factors (A2 x lOOyl 

atom xla Ylb dc UCqb atom xla Ylb dc Ucqb 

0.12981(5) 
0.2338(2) 
0.1719(2) 
0.3302(9) 
0.277( 1) 
0.2562(9) 
0.1635(6) 
0.0409(5) 

-0.0295(7) 
0.0883( 1) 
0.0320(6) 

-0.0294(9) 
0.0053(9) 

-0.0261(7) 
0.4526(8) 
0.5288(9) 
0.493( 1) 
0.380( 1) 
0.303 l(9) 
0.3386(7) 
0.196(1) 
0.129(1) 
0.007( 1) 

-0.047( 1) 
, 0.022(1) 

0.1442(9) 
0.1827(7) 
0.2706(8) 
0.3829(8) 
0.4085 (8) 
0.3198(7) 
0.2057(6) 
0.066 l(8) 
0.008(1) 

0.7405( 1) 
0.9963(2) 
0.7413(7) 
0.7737(8) 
0.8659(8) 
0.9014(5) 
0.8801(5) 
0.9170(5) 
0.8629( 1) 
0.9810(5) 
1.0390(6) 
1.0287(5) 
0.9437(5) 
0.7414(8) 
0.7206(9) 
0.6695(8) 
0.6404(7) 
0.6596(5) 
0.7107(5) 
0.5679(6) 
0.4971(7) 
0.5032(7) 
0.5807(6) 
0.6507(6) 
0.6460(6) 
0.9130(5) 
0.941 l(5) 
0.9548(6) 
0.9410(7) 
0.9119(6) 
0.8985(4) 
0.732 l(5) 
0.6637(6) 

0.09712(7 j 
0.0569( 1) 
0.0504(3) 
0.0038(4) 

-0.0013(3) 
0.0252(2) 
0.0220(2) 
0.0485(3) 
0.16990(6) 
0.074 l(3) 
0.1032(3) 
0.1548(3) 
0.1739(3) 
0.1535(3) 
0.1922(4) 
0.2248(4) 
0.2205(3) 
0.1814(3) 
0.1473(3) 
0.0829(4) 
0.0720(4) 
0.0637(5) 
0.0629(4) 
0.0738(4) 
0.0838(3) 
0.2600(3) 
0.2932(3) 
0.2815(3) 
0.2372(3) 
0.2045(3) 
0.2150(2) 
0.2348(3) 
0.2520(3) 

0.0407 
0.0491 
0.0780 
0.0728 
0.0868 
0.0800 
0.0536 
0.0392 
0.0564 
0.0372 
0.0607 
0.0725 
0.0639 
0.0525 
0.0765 
0.0935 
0.0886 
0.0782 
0.0659 
0.0514 
0.0784 
0.0892 
0.0955 
0.0920 
0.0809 
0.0694 
0.0509 
0.0601 
0.0694 
0.0725 
0.0616 
0.0436 
0.0560 
0.0710 

-0.0954(9) 
-0.1392(8) 
-0.0820(7) 

0.0221(6) 
0.4001(8) 
0.6149(7) 
0.6952(7) 
0.6619(8) 
0.5455(9) 
0.4638(8) 
0.4957(7) 
0.4017(7) 
0.3788(8) 
0.3354(7) 
0.3 128(7) 
0.3355(7) 
0.3795(6) 
0.5194(8) 
0.5653(9) 
0.5474(9) 
0.4828(8) 
0.4368(7) 
0.4519(6) 
0.2597(8) 
0.1533(9) 
0.05 lO(8) 
0.0546(7) 
0.1613(7) 
0.2690(7) 
0.793( 1) 
0.739( 1) 
0.701(2) 
0.718(1) 

0.6338(6) 
0.6709(6) 
0.7387(5) 
0.77 12(4) 
0.2440(6) 
0.2005(5) 
0.1453(6) 
0.0672(5) 
0.0445(5) 
0.1007(5) 
0.1808(4) 
0.1322(5) 
0.1053(6) 
0.1610(6) 
0.2416(6) 
0.2672(5) 
0.2138(5) 
0.3801(5) 
0.4606(6) 
0.5058(6) 
0.4702(6) 
0.3900(5) 
0.34 12(4) 
0.2304(6) 
0.23 80(6) 
0.2564(6) 
0.2680(6) 
0.2606( 5 )  
0.2426(5) 
0.4186(9) 
0.4095(8) 
0.327( 1) 
0.4656(8) 

0.2286(3) 
0.1874(3) 
0.1705(3) 
0.1944(2) 
0.07 1 l(3) 
0.1 118(3) 
0.1353(3) 
0.1483(3) 
0.1376(3) 
0.1 147(3) 
0.1007(2) 
0.0013(2) 

-0.0440(3) 
-0.0782(3) 
-0.0661(3) 
-0.0198(3) 

0.0160(3) 
0.0451(3) 
0.0524(4) 
0.0906(4) 
0.1225(4) 
0.1144(3) 
0.0768(3) 
0.1387(3) 
0.1584(3) 
0.1301(4) 
0.0836(4) 
0.0636(3) 
0.0917(3) 
0.1656(5) 
0.2100(5) 
0.2 19 l(7) 
0.2345(5) 

0.0685 
0.0647 
0.0537 
0.0408 
0.0476 
0.0503 
0.0654 
0.0603 
0.0634 
0.0595 
0.0414 
0.05 14 
0.0657 
0.0589 
0.0618 
0.0539 
0.0473 
0.0628 
0.0787 
0.0722 
0.0683 
0.0582 
0.0448 
0.067 1 
0.0711 
0.0706 
0.0693 
0.0553 
0.0494 
0.1046 
0.0971 
0.1727 
0.1604 

(I Estimated standard deviations in parentheses. Uc, = '1s trace U.  

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

05
2



370 Organometallics, Vol. 14, No. 1, 1995 

Mesitylene was used as internal standard. The experimental 
conditions were as follows: 1-hexene (20 mmol), the complex 
(0.1 mmol), CHzClz (16 mL), mesitylene (1.5 mL), NEts (0.04 
mL), Hz (10 atm), and CO (10 atm), 50 "C. 

X-ray Diffraction Studies. Crystals of 8' suitable for 
X-ray diffraction were obtained through recrystallization from 
hexane/acetone solutions at  0 "C. Data were collected on an 
Enraf-Nonius CAD4 diffractometer at  22 "C. Cell constants 
were obtained by the least-squares refinement of the setting 
angles of 25 reflections in the range 24" < 20(Mo Kal) 28". 
The space group was determined by careful examination of 
systematic extinctions in the listing of the measured reflec- 
tions. Data reductions were carried out using the CRYSTALS 
crystallographic computing package.13 The intensities were 
corrected from absorption by using DIFABS program.l* Table 
2 presents further crystallographic information. 

The structures were solved by using SHEIXS-86 program,15 
which revealed the position of Rh, S, and P atoms. All 
remaining non-hydrogen atoms were located by the usual 
combination of full-matrix least-squares refinement and dif- 
ference electron density syntheses by using the CRYSTALS 
program.13 A molecule of acetone for each molecule of 8' was 

Alvarez et al. 

(13) Watkin, D. J.; Carruthers, J. R.; Betteridge, P. W. CRYSTALS, 
An Advanced Crystallographic Program System; Oxford, U.K, 1988. 

(14) Walker, N.; Stuart, D. Acta Crystallogr. 1983, 39, 158. 

found in the crystal lattice. Atomic scattering factors were 
taken from the usual tabulations.16 Anomalous dispersion 
terms for Rh, S, and P atoms were included in F,.l7 All non- 
hydrogen atoms were allowed to vibrate anisotropically. All 
the hydrogen atoms were set in idealized position (C-H = 0.98 
A). Scattering factors for the hydrogen atoms were taken from 
Stewart et al.lS Final atomic coordinates for non-hydrogen 
atoms are given in Table 3. 

Supplementary Material Available: Table S1, aniso- 
tropic thermal parameters for 8 ,  and Table ,632, hydrogen 
positions for 8' (4 pages). Ordering information is given on 
any current masthead page. 

OM940456N 

(15) Sheldrick, G. M. SHELXS-86, Programm for Crystal Structure 
Solution; University of Gattingen: Gattingen, Federal Republic of 
Germany, 1986. 
(16) Cromer, D. T.; Waber, J. T. International Tables for X-ray 

Crystallography; Kynoch Press: Birmingham, England, 1974; Vol. 4, 
Table 22B. 
(17) Cromer, D. T.; Waber, J. T. In International Tables for X-ray 

Crystallography; Kynoch Press: Birmingham, England, 1975; Vol. 4, 
Table 2.3.1. 
(18) Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J. Chem. Phys. 

1966,42,3175. 
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Synthesis, Structures, and Reactivity of (&-acen)ZrR'2 
and (&-acen)Zr(R)+ Complexes (R = H, F; R = C H 2 C M e 3 ,  

C H 2 P h )  

Erik B. Tjaden, Dale C. Swenson, and Richard F. Jordan* 
Department of Chemistry, University of Iowa, Iowa City, Iowa 52242 

Jeffrey L. Petersen 
Department of Chemistry, West Virginia University, Morgantown, West Virginia 26506 

Received July 12, 1994@ 

The synthesis, structures, and reactivity of neutral and cationic Zr(W alkyl complexes 
incorporating acen and hexafluoroacen ligands are described. Alkane elimination reactions 
of Hz(&-acen) (6a, R = F; 6b, R = H) and ZrR4 afford (&-acen)ZrRZ ( l l a ,  R = F, R = 
CHzCMe3; l lb ,  R = H, R = CHzCMe3; 12, R = F, R = CHzPh) in hi h yield. l la  has been 
characterized by X-ray diffraction: space group Pi, a = 12.280(3) 1, b = 12.731(3) A, c = 
8.8283) A, a = 96.66(2)", ,8 = 97.21(2)", y = 76.68(2)", V = 1327(1) A3, 2 = 2, R = 0.042, R, 
= 0.049. l la  adopts a trigonal prismatic structure with a twisted Fs-acen ligand and a 
large angle (129.9(2)") between the neopentyl groups. Solution NMR data for l la ,b and 12 
are in accord with similar structures. The reaction of l la,b with [HNM~ZP~][B(C,$~)~I yields 
cationic amine adducts [(RG-acen)Zr(CHzCMe3)(NMe~Ph)l[B(C6F5)41 (13a, R = F; 13b, R = 
HI. Similarly, the reaction of 1 la with [HNEtzPhl[B(CsF5)41 yields [(F6-acen)Zr(CH~- 
CMe3)(NEt~Ph)l[B(CsFs)41(14). However, the reaction of l la  with [HNMePhzl[B(CsF5)4] in 
benzene yields the base-free complex [(Fs-acen)Zr(CHzCMe3)][B(c6F5)4] (15). Complex 14 
decomposes in CHzClz to  [NEtzPh(CHzCl)l[B(CsF5)41 (181, an unusual chloride-bridged 
dinuclear cation [{ ( F ~ - ~ C ~ ~ ) Z ~ ( C H Z C M ~ ~ ) } Z ~ - C ~ ) I [ B ( C ~ F ~ ) ~ I  (191, and free NEtzPh in 1:l: 1.3 
ratio. It is proposed that this reaction proceeds via nucleophilic attack of NEtzPh on the 
CHzClz ligand of an intermediate (Fs-acen)Zr(CHzCMe3)(CH&lz)+ solvent adduct (formed 
by NEtzPh dissociation from 141, followed by trapping of the resulting (Fs-acen)Zr(CH~CMe3)- 
Cl(17) by a second equivalent of 14. 13a is stable toward this process because the amine 
does not dissociate extensively. Direct chloride abstraction from CHzClz is not observed; 
base-free 15 is very stable in CHzClZ. 13a has been characterized by X-ray diffraction: space 
group = CUc, a = 39.707(4) A, b = 11.226(1) A, c = 30.045(3) A, ,8 = 126.667(9)", V =  10742.6- 
(22) A3, 2 = 8, R = 0.0608, R, = 0.0880. The (Fs-acen)Zr(CHzCMe3)(NMezPh)+ cation of 
13a adopts a distorted octahedral structure with a more planar Fs-acen ligand (vs that in 
lla) and a large angle (144.7(2)") between the neopentyl and amine ligands. 13a and 15 
react with Lewis bases to  yield [(F~-~c~~)Z~(CHZCM~~)(L),~[B(C~F~)~] adducts (n = 1, PMe2- 
Ph (22); n = 2, L = PMe3 (21), CH3CN (24)). 13a inserts CO, yielding a v2-acyl cation [(Fs- 
acen)Zr{ v2-C(=O)CH~CMe3}(NME~Ph)][B(CsF5)41 (25, two isomers). 13a also reacts with 2 
equiv of benzophenone to  yield an alkoxide ketone complex [(Fs-acen)Zr(OCPhzCHzCMe3)- 
(0=CPh~)l[B(CsF5)41 (26). Neither 13a nor 15 reacts with ethylene or 2-butyne in the absence 
of Al cocatalysts. 

Introduction 

Cationic do CpzM(R)+ (M = Ti, Zr, Hf) complexes have 
been utilized in a variety of catalytic processes, includ- 
ing Ziegler-Natta olefin po1ymerization.l These species 
are highly reactive because (i) the cationic do metal 
center is very electrophilic, (ii) the polarized M-C bonds 
are inherently reactive, and (iii) the bent metallocene 
structure restricts coordination of substratedigands to 
sites which are cis to the M-R group. These properties 
lead to a rich insertion and o-bond metathesis chemis- 

@ Abstract published in Advance ACS Abstracts, December 1,1994. 
( l ) (a )  Jordan, R. F. Adv. Organomet. Chem. 1991, 32, 325. (b) 

Jordan, R. F.; Bradley, P. K; LaF'ointe, R. E.; Tayler, D. F. New J. 
Chem. 1990,14,505. (c) Jordan, R. F. J.  Chem. Educ. 1988,65,285. 
(d) Guram, A. 5.; Jordan, R. F. In Comprehensive Organometallic 
Chemistry, 2nd ed.; in press. 

0276-733319512314-0371$09.00/0 

try. Additionally, (iv) the steric, electronic and chirality 
properties of the metal center may be tailored by 
modifying the Cp ligands with substituents and linking 
groups. To probe the generality of these catalyst design 
concepts, and to develop new families of tunable cata- 
lysts, we are exploring the chemistry of new do metal 
alkyl species which incorporate properties i-iv in non- 
CpzM ligand  environment^.^-^ In an initial approach, 
we demonstrated that (N4-macrocycle)M(R)+ (N~mac-  
rocycle = Me8-taa, Mer-taen; M = Zr, Hf) species display 

(2) For (N4-macrocycle)MR'z and (N4-macrocycle)M(R)+ (M = group 
4) complexes, see: (a) Uhrhammer, R.; Black, D. G.; Gardner, T. G.; 
Olsen, J. D.; Jordan, R. F. J .  Am. Chem. SOC. 1993, 115, 8493. (b) 
Yang, C. H.; Ladd, J. A.; Goedken, V. L. J. Coord. Chem. 1988, 18, 
317. (c) Floriani, C.; Ciurli, S.; Chiesi-Villa, A.; Guastini, C. Angew. 
Chem., Int. Ed. Engl. 1987,26,70. (d) DeAngelis, S.; Solari, E.; Gallo, 
E.; Chiesi-Villa, A.; Floriani, C.; Rizzoli, C. Imrg. Chem. 1992,31,2520. 
(e) Cotton, F. A.; Czuchajowska, J. Polyhedron 1990,21, 2553. 

0 1995 American Chemical Society 
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electrophilic behavior, including alkyne insertion, eth- 
ylene polymerization, and ligand C-H activation.2a 
Here we describe related cationic species based on acen 
ligands. 

Acen, salen and other tetradentate Schiff base ligands 
have been used throughout the transition metal series.6 
An important recent advance in this area is Jacobsen's 
development of enantioselective olefin epoxidation cata- 
lysts based on chiral Mn(II1) salen c~mplexes.~ Schiff 
base complexes of early metals have also been pre- 
~ a r e d . ~ , ~  Floriani has described the syntheses and 
structures of (acen)TiClz (1) and (sa1en)TiClz ( 2 P e  and 
(N202-~helate)MC12(THF), (N202-chelate = salen, salo- 
phen, acen; M = Zr, Hf; n = 0, 1Iab complexes (Chart 
1). The six coordinate Ti complexes 1 and 2 exhibit 
planar NzOz-chelate cores and trans chloride ligands 
(e.g. C1-Ti-C1 angle = 174.0(3)' for 1). The stereo- 
chemistry of the Zr and Hf complexes depends on the 
flexibility of the Schiff base ligand and the coordination 
number of the metal. The seven coordinate complex 
(acen)ZrCln(THF) (3) adopts a pentagonal bipyramidal 
structure in which the trans chloride ligands (Cl-Zr- 
C1, 169.1(1)") occupy apical sites, and the THF is cis t o  

Tjaden et al. 

(3) For (N4-porphryn)MX~ (M = group 4) complexes, see: (a) Brand, 
H.; Arnold, J. Organometallics 1993,12, 3655. (b) Brand, H.; Arnold, 
J. J .  Am. Chem. SOC. 1992, 114, 2266. (c) Arnold, J.; Hoffian, C. G. 
J .  Am. Chem. SOC. 1990,112, 8620. (d) Kim, H.J.; Whang, D.; Kim, 
IC; Do, Y. Inorg. Chem. 1993,32, 360. (e) Ryu, S.; Whang, D.; Kim, 
J.; Yeo, W.; Kim, K. J.  Chem. SOC., Dalton Trans. 1993, 205. (0 
Shibata, K.; Aida, T.; Inoue, S. Chem. Lett. 1992, 1173. (g) Shibata, 
IC; Aida, T.; Inoue, S. Tetrahedron Lett. 1992,33,1077. (h) Schaverien, 
C. J.; Orpen, A. G. Inorg. Chem. 1991,30, 4968. 
(4) For (R0)zMXz (M = group 4) complexes, see: (a) Lubben, T. V.; 

Wolczanski, P. T.; Van Duyne, G. G. Organometallics 1984,3,977. (b) 
Latesky, S. L.; McMullen, A. K.; Niccolai, G. P.; Rothwell, I. P. 
Organometallics 1985, 4, 902. (c) Chesnut, R. W.; Durfee, L. D.; 
Fanwick, P. E.; Rothwell, I. P. Polyhedron 1987, 6, 2019. (d) Schav- 
erien, C. J.; van der Linden, A. J. Polym. Prepr. (Am. Chem. Soc., Diu. 
Polym. Chem.) 1994, 35, 672. 

(5) For (NRz)zMXZ (M = group 4) complexes, see: (a) Lappert, M. 
F.; Power, P. P.; Sanger, A. R.; Srivastava, R. C. Metal and Metalloid 
Amides; Ellis Honvood Limited: Chichester, England, 1980; Chapter 
8. (b) Andersen, R. A. Inorg. Chem. 1979, 18, 2928. (c) Bruger, H.; 
Kluess, C. J .  Organomet. Chem. 1976, 108, 69. (d) Cowdell, R. T.; 
Fowles, G. W. A.; Walton, R. A. J.  Less-Common Met. 1963, 5, 386. 
(6) (a) Garnovskii, A. D.; Nivorozhkin, A. L.; Minkin, V. I. Coord. 

Chem. Rev. 1993,126, 1. (b) Calligaris, M.; Randaccio, L. In Compre- 
hensive Coordination Chemisty; Wilkinson, G., Gillard, R. D., Mc- 
Cleverty, J. A., Eds.; Pergamon: Oxford, 1987; Vol. 2, Chapter 20.1, p 
715. (c )  Calligaris, M.; Nardin, G.; Randaccio, L. Coord. Chem. Rev. 
1972, 7,385. (d) Hennig, H. 2. Chem. 1971,11, 81. (e) Holm, R. H.; 
Everett, G. W.; Chakravorty, A. Prog. Inorg. Chem. 1966, 7, 83. 
(7) (a) Zhang, W.; Loebach, J. L.; Wilson, S. R.; Jacobsen, E. N. J .  

Am. Chem. SOC. 1990,112,2801. (b) Jacobsen, E. N.; Zhang, W.; Guler, 
M. L. J .  Am.  Chem. SOC. 1991,113, 6703. (c) Zhang, W.; Jacobsen, E. 
N. J .  Org. Chem. 1991,56,2296. 
(8) For group 4 metal Schiff base complexes, see: (a) Solari, E.; 

Floriani, C.; Chiesi-Villa, A.; Rizzoli, C. J .  Chem. SOC., Dalton Trans. 
1992, 367. (b) Cobrazza, F.; Solan, E.; Floriani, C.; Chiesi-Villa, A.; 
Guastini, C. J .  Chem. SOC., Dalton Trans. 1990, 1335. (c)  Dell'Amico, 
G.; Marchetti, F.; Floriani, C. J .  Chem. SOC., Dalton Trans. 1982,2197. 
(d) Mazzanti, M.; Rosset, J. M.; Floriani, C.; Chiesi-Villa, A,; Guastini, 
C. J .  Chem. SOC., Dalton Trans. 1989,953. (e) Floriani, C. Polyhedron 
1989,8,1717. (0 Gilli, G.; Cruickshank, D. W. J.; Beddocs, R. C.; Mills, 
0. S. Acta Cystallogr., Sect. B 1972,28, 1889. 
(9) For group 5 metal Schiff base complexes, see: (a) Rosset, J. M.; 

Floriani, C.; Mazzanti, M.; Chiesi-Villa, A.; Guastini, C. Inorg. Chem. 
1990,29,3991. (b) Floriani, C.; Mazzanti, M.; Ciurli, S.; Chiesi-Villa, 
A.; Guastini, C. J. Chem. SOC., Dalton Trans. 1988, 1361. (c) Gam- 
barotta, s.; Mazzanti, M.; Floriani, C.; Chiesi-Villa, A.; Guastini, C. 
Inorg. Chem. 1986, 25, 2308. (d) Gambarotta, S.; Mazzanti, M.; 
Floriani, C. ;  Chiesi-Villa, A.; Guastini, C. J .  Chem. SOC., Chem. 
Commun. 1985, 829. (e) Teleb, S. M.; Sadeek, S. A.; Nour, E. M. 
Spectrosc. Lett. 1993, 26, 169. (0 Khuhawar, M. Y.; Soomro, A. I. J .  
Chem. SOC. Pak. 1992,14,206. (g) Pandeya, K. B.; Khare, D. J .  Indian 
Chem. SOC. 1992, 69, 522. (h) Bencini, A.; Benelli, C.; Dei, A,; 
Gatteschi, D. Inorg. Chem. 1985,24, 695. (i) Kuska, H. A.; Yang, P.- 
H. Inorg. Chem. 1977, 16, 1938. (j) Tandon, J. P.; Gupta, S. R.; 
Prassad, R. N. Acta Chim. Acad. Sci. Hung. 1976,86,33. (k) Murray, 
K. S.; Simm, G. R.; West, B. 0. Aust. J .  Chem. 1973,26, 991. 

1 
CI-Ti-CI, 174.0(3) O 

3 
CI-Zr-CI, 169.1(1) O 

Chart 1 

2, x = CI 
5, X = Me; C-Ti-C, 154.9(6)' 

4 
CI-Zr-CI, 87.2(1) O 

both chlorides (average Cl-Zr-OTHF, 95.5(1)") in the 
open sector of the equatorial plane. In contrast, the six 
coordinate complex (acen)ZrClz (4) adopts a distorted 
octahedral structure with a nonplanar acen ligand and 
cis chlorides (Cl-Zr-C1, 87.2(1)"). 

Despite the availability of these (NzO2-chelate)MClz- 
(THF), complexes, alkyl derivatives are rare. Floriani 
found that the alkylation chemistry of (sa1en)TiClz (2) 
is highly dependent on the nature of the alkylating 
agent and The reaction of 2 with MeLi in 
nonpolar aromatic solvents yields the thermally un- 
stable dimethyl derivative truns-(salen)TiMez (51, which 
is structurally analogous to 2 (C-Ti-C, 154.9(6)', Chart 
I). However, the use of the Grignard reagents leads to 
alkylation at a salen imine carbon or formation of 
reduced Ti(II1) products, depending on the polarity of 
the solvent. 

The objectives of the present study were to develop 
efficient syntheses of (NzOz-chelate)MR2 and (N202- 
chelate)M(R)+ (M = group 4 metal) complexes, and to 
compare the reactivity of the (NzOz-chelate)M(R)+ cat- 
ions with that of CpzM(R)+ and (N4-macrocycle)M(R)+ 
species. Tetradentate Schiff base ligands provide a 
promising alternative to cyclopentadienyl and N4-mac- 
rocycle ligands because they are easily synthesized (eq 
1),l0 their steric and electronic properties are readily 

n 
+ HPN NH2 

EtOH 
A 

80-90% 

- 
\N OH 

-C R3 

68: R = F  
6b: R = H  

(10) (a) Liu, H. Y.; Scharbert, B.; Holm, R. H. J .  Am.  Chem. SOC. 
1991,113,9530. (b) McCarthy, P. J.; Hovey, R. J.; Ueno, K.; Martell, 
A. E. J .  Am. Chem. SOC. 1955, 77, 5820. 
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(R6-acen)ZrR'z and (Rs-acen)Zr(R')+ Complexes 

modified, and chiral versions are a~ailable.~J Replace- 
ment of two nitrogen functions of an N4-macrocycle 
ligand with two oxygen functions should decrease the 
electron donor ability and increase the metal electro- 
philicity in the resulting complexes. Our initial studies 
have focused on (acen)Zr(R)+ cations. We anticipated 
that the flexibility of the acen ligand (Chart 1) would 
allow such species to coordinate one or two additional 
liganddsubstrates cis to the potentially reactive Zr-R 
group. For (acen)MXz systems, a nonplanar NzOz- 
chelate core forces the X substituents into a cis configu- 
ration (e.g. 4). Conversely, a more planar NzOz-chelate 
core forces the X substituents into a trans configuration, 
but allows coordination of an additional ligand in the 
open sector of the NzOz-chelate core cis to both X groups 
(e.g. 3). We have utilized both acen (referred to  here 
as H6-acen) and the more electron-withdrawing analog 
F6-acen, in which the alkoxide methyl groups are 
fluorinated (eq 1). 
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coordinate complexes related to  10 have been reported 
p r e v i o ~ s l y . ~ ' ~ J ~ J ~  Dichloride 9 is soluble and stable in 
CHzClz and benzene, and is structurally analogous to 
(acen)ZrClz(THF) (3).8b The lH NMR spectrum exhibits 
a sharp singlet (6 3.98) for the NCHzCHzN backbone 
and two multiplets (6 4.29, 1.99) for the coordinated 
THF, consistent with a pentagonal bipyramidal struc- 
ture containing apical chloride ligands and an equatorial 
THF ligand. 

The reaction of 7 with MeLi in toluene afforded a 
mixture of products which could not be separated or 
characterized. Presumably, this mixture contains cis 
and trans (F6-acen)TiMez isomers, as well as an alkyl 
migration product. Dichloride 7 does not react with 
MgMez or ZnMez. Attempted alkylations of (sa1en)- 
Z ~ C ~ Z ( T H F ) , ~ ~  3 and 9 with alkyllithium reagents (MeLi, 
MeaSiCHzLi and Me3CCHzLi) in benzeneholuene were 
also unsuccessful. The dichlorides were consumed in 
these reactions, but the NMR spectra of the isolated 
materials indicated that complex product mixtures were 
formed. Attempted alkylation of 3 and 9 with MgMez 
yielded only unreacted dichlorides. 

Synthesis of (&-acen)ZrR'2 (R = F, H; R' = CH2- 
CMes, CH2Ph) Complexes by Alkane Elimination. 
Because the (&-acen)ZrRz complexes were not available 
via alkylation of the corresponding dichloride complexes, 
we pursued alternative synthetic approaches. Alkane 
elimination reactions between MRb (M = Ti, Zr, Hf) 
species and protic reagents have been exploited in the 
syntheses of a variety of do alkyl c o m p l e ~ e s . ~ ~ * ~ J ~  We 
explored this route despite the limitation that R is 
usually restricted to bulky alkyls (e.g., -CHzSiMe3, 
-CHzPh, -CHzCMe3).14J5 

The addition of solid Hz(h-acen) (6a,b) to ZrR4 ( R  
= CH2CMe3, CHzPh) in pentanehexane results in 
alkane elimination and precipitation of the desired (h- 
acen)ZrRz complexes lla,b and 12 in high yield (eq 4). 

Results and Discussion 

Synthesis and Attempted Alkylation of (&- 
acen)MClz(THF), (R = H, F; M = Ti, Zr; n = 0, 1) 
Complexes. We first attempted to generate (&-aced- 
MRz complexes via alkylation of the corresponding 
dihalides. The dichloride (Hs-acen)ZrClz(THF) (3) was 
prepared previously by Floriani,8b and the (F6-acen)Ti 
and (F6-acen)Zr analogues were prepared by similar 
routes. 

The addition of Hz(F6-acen) (6a) to Tic4 in toluene 
results in the liberation of HC1 and the formation Of (F6- 
acen)TiClz (7) ,  which is isolated as red crystals by 
recrystallization from cold CHzCldpentane (eq 2). Dichlo- 

WCF3 

- 1  

6a 

ride 7 is assigned a trans structure based on the solid 
state structures of 1, 2, and 5 (Chart 1 ) . 8 d p e  The 
NCHzCH2N resonance (6 3.96) in the lH NMR spectrum 
appears as a sharp singlet which is consistent with a 
trans structure. Slow addition of a THF solution of Nap 
(Fs-acenPHF' (8) to ZrCWTHF)z affords (F6-acen)ZrClz- 
(THF) (9) as an off-white powder in good yield (eq 3). 

ACF3 

\=( 
9 CF3 

These conditions are required to  inhibit the formation 
of the bis(1igand) complex (F6-acen)~Zr (10). Eight- 

(11) (a) Illingsworth, M. L.; Cleary, B. P.; Jensen, A. J.; Schwartz, 
L. J.; Rheingold, A. L. Inorg. Chim. Acta 1993,207, 147. (b) Khuhawar, 
M. Y. J. Chem. SOC. Pak. 1985, 7,239. (c) Black, D. G.; Douglas, M.; 
Jordan, R. F., unpublished results. 

H2( Rs-acen) 
R' 

(4) 
hexane 6 e : R = F  

6b: R = H  23 "C 

+ ZrR4 
91 -96% 
-2R'H 

CR3 

l l a :  R = F; R'= CH2CMe3 
I l b :  R = H; R'= CH2CMe3 
12: R = F; R' = CH2Ph 

These compounds are obtained as yellow to  orange-red 
solids, and are soluble and stable in benzene, CHzClz 
and THF. These dialkyls appear to be more resistant 
to metal to ligand alkyl migrations than (salen)TiRz8* 

(12) For (NzOz-chelate)zZr complexes, see: (a) Archer, R. D.; Day, 
R. 0.; Illingsworth, M. L. Znorg. Chem. 1979,18, 2908. (b) Biradar, 
N. S.; Locker, A. L. J. Karnatak Univ. 1972, 17, 1. 
(13) For (N4-porphym)zM complexes, see: Kim, IC; Lee, W. S.; Kim, 

H.4.; Cho, S.-H.; Girolami, G. S.; Gorlin, P. A.; Suslick, K. S. Znorg. 
Chem. 1991,30,2652. 
(14) Collier, M. R.; Lappert, M. F.; Pearce, R. J. Chem. SOC., Dalton - -  

Trans. 1973, 445. 
(15) (a) Zucchini, U.; Albizzati, E.; Giannini, U. J. Organomet. Chem. 

1971, 26. 357. (b) Davidson, P. J.: Lamert, M. F.: Pearce. R. J. . - -  
Organomet. Chem. 1973,57,269. 
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A), Cp2Zr(pyrrolyl)~ (average 2.17 A) suggests that N-Zr 
n-d interactions are not important.18 The Zr-0 dis- 
tances (average 2.13(3) A) are longer and the Zr-0-C 
angles (average 132.0(2Y) are smaller than those in both 
3 (average 2.05(3) A; average 137.9(1)") and 4 (average 
2.01(3) A; average 134.2(2)"). These data are consistent 
with the expected weaker donor ability of the alkoxide 
function of F6-acen2- vs H6-acen2-. The small Zr-0-C 
angles indicate that the oxygen atoms are nearly sp2 
hybridized and function as formal 4 electron (a,n) donors 
in these systems. For comparison, shorter Zr-0 dis- 
tances and larger Zr-0-C angles are observed in 
alkoxidela loxide complexes such as (Ar'O)Zr(CHzPh)s 
(1.942(9) 165.7(9)")4b and (tritox)2ZrC13*Li(OEt2)2 
(average 1.89(7) A; average 169.0(7)").4a The nearly 
linear alkoxide/aryloxide ligands are viewed as formal 
6-electron (u,n,d donors, or Cp equivalents in these 
cases.4 Complex 1 la  and analogous (&-acen)ZrRz 
complexes are thus best described as 16-electron species. 

Solution Structures of (Rs-acen)ZrRz Com- 
plexes. The lH NMR spectra of lla,b and 12 exhibit 
singlets for the NCH2CH2N and ZrCH2 hydrogens (l la,  
6 2.76, 0.59; l lb,  6 3.02, 0.49; 12, 6 2.57, 2.25). It is 
likely that the solution structures of these compounds 
are analogous to the solid state structure of l l a  but that 
rapid inversion of the 5-membered chelate ring results 
in effective CZ, symmetry on the NMR time scale. Static 
structures with cis alkyl ligands (c.f. 4, Chart I) would 
exhibit AB patterns for the diastereotopic ZrCHz groups 
and multiplets for the inequivalent NCHzCHzN hydro- 
gens. The ZrCH2 JCH values for neopentyl complexes 
l l a  (109.8 Hz) and l l b  (112.5 Hz) are in the low end 
of the range observed for normal sp3 carbons bonded to 
electrophilic metal centers. Neopentyl ligands distorted 
by a-agostic interactions commonly exhibit lower JCH 
(ZrCH2) values ( 5  100 H z ) . ~ ~ , ~ ~ ~ ~ ~  The ZrCH2 JCH value 
for dibenzyl complex 12 (125.3 Hz) is consistent with a 
normal benzyl structure; v2-benzyl ligands typically 
exhibit larger JCH (ZrCH2) values ('130 H z ) . ~ ~  

Synthesis of [(Rs-acen)Zr(CH~CMes)tNMe~Ph)l- 
[B(CsFa)r)l (R = F, H) Complexes. Neutral Cp2MR2 
(M = Ti, Zr, Hf) complexes have been converted to 
CpzM(R)(L),+ (L = Lewis base, n = 0-2) cations1 by 
M-R protonolysis with HNR3+  reagent^,^^^^^^ M-R 

CIS 

c19 

Figure 1. Structure of (Fs-acen)Zr(CHZCMe& (lla). 

and (N4-macrocycle)ZrRa complexes.16 This process may 
be disfavored in (b-acen)ZrRz complexes by the less 
electrophilic and more crowded imine carbons and the 
stronger M-C bonds. 

Solid State Structure of (Fe-acen)Zr(CHzCMes)s 
(1 la). An X-ray diffraction study was performed on 1 la 
to determine the solid state structures of the dialkyls. 
Single crystals of l l a  suitable for X-ray diffraction were 
grown from toluene layered with pentane at -35 "C. 
An ORTEP view is shown in Figure 1. Crystallographic 
details, atom coordinates, and key bond distances and 
angles are listed in Tables 1-3. 

Complex l l a  adopts a monomeric elongated trigonal 
prismatic structure. The F6-acen ligand is moderately 
twisted such that the molecule has approximate C2 
symmetry. The dihedral angle between the two six 
membered chelate rings of l l a  (41.8(2)") is considerably 
smaller than that in cis-(acen)ZrClz (4, 60.1(2)"), and, 
accordingly, the C-Zr-C angle (129.9(2)") in l l a  is 
much larger than the Cl-Zr-C1 angle (87.2(1)") in 4. 
The C-Zr-C angle in l l a  is smaller than the C1-Zr- 
C1 angle (169.1(1)") in the seven-coordinate complex 3. 
However, the C-Zr-C angle in l l a  is substantially 
larger than those in (Na-macrocycle)ZrR2 and CpzZrRz 
complexes (85-95") in which the alkyl ligands are 

The Zr-N distances in l l a  (average 2.33(4) 
A) are in the ran e for 3 (average 2.32(3) A) and 4 

ZrIv-N distances in other complexes (e.g. CpzZr(v2- 
pyridyl)(PMed+ (2.21 A), (CpzZr(v2-CHzCH2py)+ (2.30 

(average 2.25(4) i 1. Comparison of these data to 

(16) (a) Thermally induced benzyl migration from Zr to a ligand 
imine carbon occurs in (sa1en)ZdCHzPh)z and (N4-macrocycle)ZdR)z 
species benzene or toluene solution. These reactions are promoted by 
donor solvents. Gardner, T. G.; Black, D. G.; Douglas, M.; Jordan, R. 
F., unpublished results. (b) Floriani observed Me- attack at a ligand 
imine carbon upon addition of MeMgBr to (Mer-taa)ZrClz at low 
temperature in THF.2c 
(17) (a) Cardin, D. J.; Lappert, M. F.; Raston, C. L. Chemistry of 

Organo-Zirconium and -Hafnium Compounds; Ellis Horwood, Ltd.: 
West Sussex, U.K., 1986; Chapter 4, pp 68-75. (b) Erker, G.; Kruger, 
C.; Muller, G. Adu. Organomet. Chem. 1988,24, 1. (c) Hunter, W. E.; 
Hmcir, D. C.; Bynum, R. V.; Penttila, R. A.; Atwood, J. L. Organome- 
tallics 1983,2, 750. (d) Erker, G.; Dorf, U.; Czisch, P.; Petersen, J. L. 
Organometallics 1986,5,668. (e) Gambarotta, S.; Strologo, S.; Floriani, 
C.; Chiesa-Villa, A,; Guastini, C. Inorg. Chem. 1985,24, 654. 

(18) (a) Jordan, R. F.; Taylor, D. F.; Baenziger, N. C. Organometallics 
1990,9,1546. (b) Bynum, R. V.; Hunter, W. E.; Rogers, R. D.; Atwood, 
J. L. Inorg. Chem. 1980, 19, 2368. (c) Moore, E. J.; Straus, D. A.; 
Armantrout, J.; Santarsiero, B. D.; Grubbs, R. H.; Bercaw, J. E. J. 
Am.  Chem. SOC. 1983,105,2068. 

(19) Reviews: (a) Brookhart, M.; Green, M. L. H.; Wong, L. Prog. 
Inorg. Chem. 1988, 36, 1. (b) Crabtree, R. H.; Hamilton, D. G. Adu. 
Organomet. Chem. 1988,28,299. (c) Ginzburg, A. S. Rws.  Chem. Rev. 
1988, 57, 1175. (d) See also: Cotton, F. A.; Luck, R. L. Inorg. Chem. 
1989,28, 3210. 
(20) For a-agostic M-CHs complexes, see: (a) Dawoodi, Z.; Green, 

M. L. H.; Mtetwa, V. S. B.; Prout, K.; Schultz, A. J.; Williams, J. M.; 
Koetzle, T. F. J .  Chem. SOC., Dalton Trans. 1986,1629. (b) den Haan, 
K. H.; de Boer, J. L.; Teuben, J. H.; Smeets, W. J. J.; Spek, A. L. J. 
Organomet. Chem. 1987,327, 31. (c) Green, M. L. H.; Hughes, A. K.; 
Popham, N. A.; Stephens, A. H. H.; Wong, L. J. Chem. Soc., Dalton 
Trans. 1992,12, 3077. 
(21) (a) Guo, Z.; Swenson, D. C.; Jordan, R. F. Organometallics 1994, 

13, 1424. (b) Poole, A. D.; Williams, D. N.; Kenwright, A. M.; Gibson, 
V. C.; Clegg, W.; Hockless, C. R.; ONeil, P. A. Organometallics 1993, 
12, 2549. (c) Mena, M.; Pellignhelli, M. A.; Royo, P.; Serrano, R.; 
Tiripicchio, A. J. Chem. Soc., Dalton Trans. 1986,1118. (d) Bruno, J. 
W.; Smith, G. M.; Marks, T. J.; Fair, C. K.; Schultz, A. J.; Williams, J. 
M. J. Am. Chem. SOC. 1986,108,40. (e) den Haan, K H.; de Boer, J. 
L.; Teuben, J. H. Organometallics 1986,5,1726. (0 Jeske, G.; Schock, 
L. E.; Swepston, P. N.; Schumann, H.; Marks, T. J. J. Am. Chem. SOC. 
1986, 107, 8103. (g) Cayias, J. Z.; Babaian, E. A.; Hmcir, D. C. J. 
Chem. Soc., Dalton Trans. 1986,2743. (h) van der Heijden, H.; Gal, 
A. W.; Pasman, P.; Orpen, A. G. Organometallics 1986, 4, 1847. 
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lla 13a 

empirical formula C22H34F6N202a C ~ ~ H & F Z $ J ~ O ~ Z ~ ~ . ~ C ~ H J C ~  
fw 563.74 1349.10 
cryst size (mm) 
cryst color orange orange 
T (K) 120 295(2) 

0.44 x 0.28 x 0.17 0.20 x 0.36 x 0.54 

P1 C 2 l C  
12.280(3) 39.707(4) 
12.73 l(3) 11.226( 1) b (A) 

c (A) 8.825(3) 30.045(3) 
a (de@ 96.66(2) 90 
B (W 97.21(2) 126.667(9) 
Y (deg) 76.68(2) 90 

1327(1) 10742.6(22) 
2 8 2 

dcalcd (dcm3) 1.41 1.668 
cell dimen determ 40 reflns; 23" < 28 < 28" 
A (Mo K a  radiation, A) 0.7107 0.7107 

:pE 

v ('43) 

24 reflns; 20" < 28 < 28" 

scan type Ute = 1 w 
scan limit (deg) 40 < 2e 500 3.50 < 2e < 50.00 

2.00-5.00 

-37,47; 0, 13; -35,O 

scan speed (deg/min) 1.43-6.67 
w scan range (deg) 0.90 + tan(e) variable 
data collected h; k; I -14,3; -15, 15; -10, 10 
no. of total r e h  5244 9604 
no. of unique reflns 4486 9396 
Rint 0.033 0.0426 
obsd data criteria I ' 3u(I) I ' 2 0 0  
no. of reflns used 3242 4584 
max decay cor factor 1.026 1.07 
p ,  cm-' 4.66 3.65 
max empirical abs cor 1.17 1.26 
structure soln method direct methods PattersoniFouier 
refinemenr 

neopentyl methylene H isotropic, 
all non-H anisotropic, disordered Lbutyl C isotropic, all non-H anisotropic, 

all H at calcd positions 
all other H set at calcd positions 

tot. no. of params 311 
R 0.042 
R W  0.049 
weighting coefficients: P, Q" 
SDOWUb 1.60 
max resid density (e/A3) 0.83 

0.02, 1.0 

a w =  [a2 + (POz + e]-'. Standard deviation of unit weight. 

Table 2. Selected Bond Distances and Angles for 
(F~acen)Zr(CH~CMe3)z (lla) 

Zr-O(1) 
Zr-O(12) 
Zr-N(5) 
Zr-N(I) 
Zr-C(17) 
Zr-C(22) 
F( 13A)-C( 13) 
F( 13B)-C( 13) 
F( 13C)-Cd13) 
F( 16A)-C( 16) 
F(16B)-C(16) 
F( 16C)-C( 16) 
cW-C(7) 
C(ll)-C(16) 

O( l)-Zr-O( 12) 
O( l)-Zr-N(5) 
O( l)-Zr-N@) 
O( 1)-Zr-C( 17) 
O( l)-Zr-C(22) 
O( 12)-Zr-N(5) 
O( 12)-Zr-N(8) 
O( 12)-Zr-C( 17) 
O( 12) -zr- C(22) 
N(5)-Zr-N(8) 
Zr-C(22)-C(23) 

2.124(3) 
2.139(3) 
2.347(4) 
2.320(4) 
2.283(4) 
2.323(5) 
1.343(5) 
1.361(6) 
1.350(6) 
1.336(6) 
1.362(6) 
1.331(6) 
1.526(8) 
1.533(6) 

139.8( 1) 
77.3( 1) 

139.0( 1) 
81.6( 1) 
80.6(1) 

140.4( 1) 
78.3(1) 
84.2(1) 
80.2(1) 
73.2(1) 

124.7(3) 

0(1)-C(2) 
0(12)-C(11) 
N(5)-C(4) 
NC9-W) 
C(2)-C(3) 
C(3)-C(4) 
C(9)-C(lO) 
C(lO)-C(ll) 
C(17)-C(18) 
C(22)-C(23) 
C(2)-C(13) 

N(5)-Zr-C( 17) 
N(5)-Zr-C(22) 
N(8)-Zr-C( 17) 
N(8)-Zr-C(22) 
C( 17)-Zr-C(22) 
zr-O( 1)-C(2) 
zr-O(12)-C(ll) 
Zr-N(5)-C(4) 
Zr-N(8)-C(9) 
Zr-C( 17)-C( 18) 

1.313(6) 
1.3OO(6) 
1.321(6) 
1.33 l(6) 
1.373(6) 
1.447(7) 
1.435(6) 
1.375(7) 
1.548(6) 
1.542(6) 
1.527(7) 

122.7(1) 
98.2(1) 
91.0(2) 

130.9( 1) 
129.9(2) 
130.5(2) 
133.5(3) 
128.2(3) 
127.9(3) 
128.1(3) 

oxidative cleavage with CpzFe+ or Ag+  reagent^,^^^^^^^^ 
and alkyl abstraction with Ph&+ or B(CsFs)3.230~25 
Among these methods, the protonolysis approach gave 
the best results with (F&-acen)ZrRz compounds. To 

793 
0.0608 
0.0880 
0.03,O 
0.995 
0.295 

minimize reactions and interactions of the anion with 
the electrophilic metal cations and to increase solubility, 
B(C6F5)4- was used as the c o ~ n t e r i o n . ~ ~ ~  

Protonolysis of (F&-acen)Zr(CHzCMe& (lla, R = F; 
l lb,  R = H) with [HNMezPhI[B(C6F5)41 in CHzClz 
affords the cationic amine adducts [(F&-acen)Zr(CHz- 

(22) (a) Hughes, A. K.; Meetsma, A.; Teuben, J. H. Organometallics 
1993,12,1936. (b) Dryden, N. H.; Legzdins, P.; Trotter, J.; Yee, V. C. 
Organometallics 1991, 10, 2857. (c) Crowther, D. J.; Jordan, R. F.; 
Baenziger, N. C. Organometallics 1990, 9, 2574. (d) Jordan, R. F.; 
LaPointe, R. E.; Baenziger, N.; Hinch, G. D. Organometallics 1990,9, 
1539. (e )  Jordan, R. F.; LaPointe, R. E.; Bajgur, C. S.; Echols, S. F.; 
Willet, R. J. Am. Chem. SOC. 1987, 109, 4111. (0 Latesky, S. L.; 
McMullen, A. K.; Niccolai, G. P.; Rothwell, I. P.; Huffman, J. C. 
Organometallics 1985,4, 902. 
(23) (a) Bochmann, M.; Wilson, L. M. J. Chem. SOC., Chem. Commun. 

1986, 1610. (b) Lin, Z.; Le Marechal, J.; Sabat, M.; Marks, T. J. J. 
Am. Chem. SOC. 1987,109,4127. (c) Tumer, H. W.; Hlatky, G. G. Eur. 
Pat. Appl. 0 277 003,1988. (d) Hlatky, G. G.; Turner, H. W.; Eckman, 
R. R. J. Am. Chem. Soc. 1989,111,2728. (e) Turner, H. W. Eur. Pat. 
Appl. 0 277 004, 1988. (0 Hlatky, G. G.; Eckman, R. R.; Turner, H. 
W. Organometallics 1992, 11, 1413. (g) Eshius, J. J. W.; Tan, Y. Y.; 
Meetsma, A.; Teuben, J. H.; Renkema, J.; Evens, G. G. Organometallics 
1992,11, 362. (h) Eshius, J. J. W.; Tan, Y. Y.; Renkema, J.; Teuben, 
J. H. J .  Mol. Catal. 1990, 62, 277. (i) Amorose, D. M.; Lee, R. P.; 
Petersen, J. L. Organometallics 1991, 10, 2191. (j) Horton, A. D.; 
Orpen, A. G. Organometallics 1991, 10, 3910. (k) Bochmann, M.; 
Jagger, A. J.; Nicholls, J. C. Angew. Chem., Znt. Ed. Engl. 1990,29, 
780. (1) Horton, A. D.; Frijins, J. H. G. Angew. Chem., Znt. Ed. Engl. 
1991, 30, 1152. (m) Grossman, R. B.; Doyle, R. A.; Buchwald, S. L. 
Organometallics 1991, 10, 1501. (n) Bochmann, M.; Lancaster, S. J. 
J. Organomet. Chem. 1992, 434, C1. (0) Ewen, J. A.; Edler, M. J.; 
Jones, R. L.; Haspeslagh, L.; Atwood, J. L.; Bott, S. G.; Robinson, K. 
Makromol. Chem., Macromol. Symp. 1991, 48/49, 253. 
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Parameters (Az) for (F6-acen)Zr(CHzCMe3)~ (lla) 
Table 3. Atomic Coordinates and Isotropic Thermal 

Tjaden et al. 

atom X Y Z (A? 
0.73092(4) 0.26191(3) 
0.6327(3) 
0.7576(3) 
0.8059(3) 
0.6379(2) 
0.6079(3) 
0.7768(3) 
0.7026(2) 
0.7282(2) 
0.8 168(3) 
0.7205(3) 
0.765 l(4) 
0.8441(4) 
0.8638(4) 
0.8349(4) 
0.7365(4) 
0.6786(3) 
0.6627(4) 
0.6904(3) 
0.7407(4) 
0.9388(4) 
0.645 l(4) 
0.6790(4) 
0.5404(3) 
0.4705(3) 
0.3607(4) 
0.5395(4) 
0.4359(4) 
0.8720(4) 
0.9874(4) 
0.9747(9) 
1.0827(9) 
1.025( 1) 
0.9842(8) 
1.0590(8) 
1.042(1) 
0.9874 

0.6382(2) 
0.5397(3) 
0.6574(2) 

-0.1434(2) 
-0.0149(2) 
-0.1018(3) 

0.4256(2) 
0.1047(2) 
0.3443(3) 
0.165 l(3) 
0.4975(3) 
0.5009(3) 
0.4286(4) 
0.2825(4) 
0.2275(4) 
0.0771(4) 
0.0091 (3) 
0.0234(3) 
0.5842(4) 
0.4590(4) 
0.0435(4) 

- 0.0603 (4) 
0.2934(4) 
0.3326(3) 
0.2871(4) 
0.2943(4) 
0.4569(4) 
0.2453(4) 
0.1658(4) 
0.0574(9) 
0.2038(9) 
0.145(1) 
1.0472(7) 
1.1924(8) 
1.193( 1) 
1.1657 

0.42514(5) 
0.2926(4) 
0.1535(4) 
0.3329(4) 
0.2355(4) 
0.0882(4) 
0.1490(5) 
0.3742(4) 
0.31 13(4) 
0.6453(4) 
0.6280(4) 
0.4118(5) 
0.5358(6) 
0.6562(6) 
0.7827(6) 
0.7798(6) 
0.6234(5) 
0.4846(6) 
0.3434(5) 
0.2988(6) 
0.7986(6) 
0.7672(6) 
0.2060(6) 
0.3676(5) 
0.2181(6) 
0.1864(7) 
0.0810(6) 
0.2309(6) 
0.2658(6) 
0.2830(6) 
0.184( 1) 
0.22% 1) 
0.456(2) 
0.258(1) 
0.158( 1) 
0.442( 1) 
0.2830 

1.660(7) 
4.44(8) 
4.84(8) 
4.55(7) 
3.54(6) 
4.33(7) 
5.77(8) 
2.04(6) 
2.12(6) 
2.03(7) 
2.08(7) 
2.20(9) 
2.38(9) 
2.35(9) 
2.8(1) 
2.8(1) 
2.23(9) 
2.36(9) 
2.04(9) 
3.1(1) 
3.4(1) 
3.0(1) 
2.6(1) 
2.15(9) 
2.21(9) 
3.5(1) 
3.3(1) 
3.0(1) 
2.59(9) 
2.7(1) 
3.7(2)* 
3.5(2)* 
4.8(3)* 
2.4(2)* 
3.0(2)* 
4.1(2)* 
4* 

Starred values denote atoms that were refined isotropically. B values 
for anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameter defined as (4/3)[a2B( 1,l) + b2B(2,2) + 
cZB(3,3) + ab(cos y)B(1,2) + ac(cos P)B(1 ,3)  + bc(cos a)B(2,3)]. 

Scheme 1 

c R3 A 
HNR"2Ph* 

CH&I2,23 "C 
10-45 min 

\ CsHs,23"C 
1 h, 90% 
- CMe, 

0 
counterion = B(CsF5)., 

\ 
c R3 

1%: R=F;R"=Me 
13b: R = H; R" = Me 
14: R = F ;  R =  Et 

FF3 

\ 
15 CF, 

CMe3)(NMe2Ph)l[B(CsF&I (13a, R = F; 13b, R = H) in 
high yields (Scheme 1). Complexes 13a,b are deposited 
as sparingly soluble oils when generated in benzene/ 
toluene. The fluorinated complex 13a retains coordi- 
nated NMe2Ph upon crystallization and is stable in 
CH2C12 ('24 h). In contrast, the nonfluorinated analog 

Figure 2. Structure of the (Fc-acen)Zr(CH&Me3)(NMez- 
Ph)+ cation of 13a. 

13b decomposes upon attempted isolation and exhibits 
limited stability in CH2C12 ( ~ 2 4  h). 

Solid State Structure of [(Fe-acen)Zr(CHzCMes)- 
(NMezPh)l[B(CsFs)4](13a). An X-ray diffraction study 
was performed on 13a to determine the solid state 
structures of the alkyl cations. Single crystals of 13a 
suitable for X-ray diffraction were grown at  23 "C from 
CH2C12 layered with chlorobenzene. An ORTEP view 
of the (Fs-acen)Zr(CHsCMe3)(NMezPh)+ cation is shown 
in Figure 2. Crystallographic details, key bond dis- 
tances and angles, and atomic coordinates are listed in 
Tables 1, 4 and 5. 

Complex 13a crystallizes as discrete cations and 
anions. The (Fs-acen)Zr(CHzCMe3)(NMe2Ph)+ cation 
adopts a distorted octahedral structure. The F6-acen 
ligand in 13a adopts a more planar conformation than 
in (Fs-acen)Zr(CH~CMe& (l la) as assessed by the 
dihedral angles between the 6-membered chelate rings 
(7.8 vs 41.8" for 13a). The C-Zr-Namine angle (144.7- 
(2)") is significantly larger than the C-Zr-C angle in 
l l a  (129.9(2)'). The Zr-NFGvacen distances (average 
2.28(4) A) are similar to  those in l l a  (average 2.33(4) 
A). The Zr-Namine distance (2.441(4) A) is somewhat 
elongated compared to the Z ~ - N F G - ~ ~ ~ ~  distances as 
expected on electronic grounds and is comparable to 
Zr-N distances in related Zr(W compounds containing 
neutral N-donor ligands (e.g. Cp*2Zr(y2-OCCH2)(py) 
2.403 A);1sc (Me44aen)ZrCl2(NHMez) 2.497 &.llC The 
Zr-0 distances (average 2.05(3) A) are slightly shorter 
and the Zr-0-C angles (average 135.0(3)") are slightly 

(24) For [Cp,Fel+, see: (a) Jordan, R. F.; Bajgur, C. S.; Willet, R.; 
Scott, B. J .  Am.  Chem. SOC. 1986, 108, 7410. (b) Alelyunas, Y. W.; 
Jordan, R. F.; Echols, S. F.; Borkowsky, S. L.; Bradley, P. K. Organo- 
metallics 1991, 10, 1406. (c) Borkowsky, S. L.; Jordan, R. F.; Hinch, 
G. D. Organometallics 1991,10, 1268. (d) Tjaden, E. B.; Casty, G. L.; 
Stryker, J. M. J .  Am. Chem. SOC. 1993,115,9814. For [Agl+, see: (e) 
Jordan, R. F.; Dasher, W. E.; Echols, S. F. J .  Am.  Chem. SOC. 1986, 
108, 1718. (0 Jordan, R. F.; Bajgur, C. S.; Dasher, W. E.; Rheingold, 
A. L. Organometallics 1987,6,1041. (9) Beverwijk, C. D. M.; van der 
Kerk, G.  J. M.; Leusink, A. J.; Noltes, J. G. Organomet. Chem. Rev. A 
1970, 5, 215. (h) Crowther, D. J.; Borkowsky, S. L.; Swenson, D.; 
Meyer, T. Y.; Jordan, R. F. Organometallics 1993,12,215. (i) Roddick, 
D. M.; Heyn, R. H.; Tilley, T. D. Organometallics 1989, 8, 324. (i) 
Borkowsky, S. L.; Baenziger, N. C.; Jordan, R. F. Organometallics 1993, 
12, 486. For other 1 electron oxidants, see: (k) Burk, M. J.; Tumas, 
W.; Ward, M. D.; Wheeler, D. R. J .Am.  Chem. SOC. 1990,112, 6133. 

(25) For Ph3C+, see: (a) Straus, D. A.; Zhang, C.; Tilley, T. D. J .  
Organomet. Chem. 1989, 369, C13. (b) Chien, J. C. W.; Tsai, W.; 
Rausch, M. D. J .  Am.  Chem. SOC. 1991, 113, 8570. (c) Ewen, J. A.; 
Elder, M. J. Makromol. Chem., Mucromol. Symp. 1993, 66, 179. (d) 
Bochmann, M.; lancaster, S. J. Organometallics 1993, 12, 633. (e) 
Razavi, A.; Thewalt, U. J .  Organomet. Chem. 1993, 45, 111. For 
B(CeF& see: (0 Yang, X.; Stern, C. L.; Marks, T. J. J .  Am.  Chem. 
SOC. 1991,113, 3623. (g) Rodewald, S. R.; Jordan, R. F. J .  Am. Chem. 
SOC. 1994, 116, 4491. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

05
3



(Rsacen)ZrR'2 and (Rs-acen)Zr(R')+ Complexes 

Table 4. Selected Bond Distances (A) and Angles (de)  for 

Organometallics, Vol. 14, No. 1, 1995 377 

spectrum of a solution of 13a containing ca. 0.2 equiv 
of excess NMezPh was examined in a separate experi- [(F~-~~~~)Z~(CHZCM~~)(NM~S~)][B(C~F~)~I (1W 

zr-O(1) 
Zr-N(l) 
Zr-N(3) 
O( 1 )-C( 1) 

C(l)-C(9) 
C(l)-C(2) 
C(2)-C(3) 
C(3)-C(10) 
C(4)-C(5) 
N(3)-C( 19) 
F(l)-C(9) 
F(2)-W) 
F(3)-C(9) 

~ ( 1 ) - ~ ( 3 )  
~ ( 1 ) - ~ ( 4 )  

C(13)-C(14) 
C( 14)-C( 17) 

O( l)-Zr-O(2) 
O( 1)-Zr-N( 1) 
O( 1)-Zr-N(2) 
O(1)-Zr-C( 13) 
O( 1)-Zr-N(3) 
0(2)-Zr-N( 1) 
0(2)-Zr-N(2) 
0(2)-Zr-C(13) 
0(2)-Zr-N(3) 
N( l)-Zr-N(2) 
N( lkZr-C(l3) 
N( 1)-Zr-N(3) 
N(2)-Zr-C( 13) 
N(2)-Zr-N(3) 
C(13)-Zr-N(3) 
C( 14)-C(13)-Zr 
C( 1)-0( 1)-Zr 
C(8)-0(2)-Zr 
C(3)-N( 1)-C(4) 
C(6)-N(2)-C(5) 
C(3)-N( 1)-Zr 
C(6)-N(2)-Zr 
C(4)-N( 1)-Zr 
C(5)-N(2)-Zr 
C( 18)-N(3)-Zr 
C(19)-N(3)-Zr 
C(20)-N(3)-Zr 
C( 18)-N(3)-C( 19) 
C(18)-N(3)-C(20) 
C( 19)-N(3)-C(20) 
O( 1)-C( 1)-C(2) 
0(2)-C(8)-C(7) 

2.059(4) 
2.277(4) 
2.44 1 (4) 
1.293(6) 
1.307(6) 
1.484(6) 
1.5 19(7) 
1.336(7) 
1.435(7) 
1.503(7) 
1.476(7) 
1.495(6) 
1.340(6) 
1.306(7) 
1.307(7) 
1.515(7) 
1.480(8) 

125.50( 14) 
79.7 1( 14) 

154.70(14) 
86.1(2) 
76.43( 14) 

154.48( 14) 
79.72( 14) 
89.2(2) 
77.0(2) 
75.0(2) 
97.3(2) 

109.2(2) 
97.4(2) 

11 1.52(14) 
144.7(2) 
135.2(4) 
133.7(3) 
136.3(4) 
117.7(4) 
116.4(4) 
129.3(4) 
129.2(4) 
113.0(3) 
113.4(3) 
112.7(3) 
110.7(3) 
103.2(3) 
106.9(4) 
109.5(4) 
114.1(4) 
126.3(5) 
126.5(6) 

zr-0(2) 2.047(3) 
Zr-N(2) 2.279(4) 
Zr-C(13) 2.175(5) 
0(2)-C(8) 1.295(6) 
N(2)-C(6) 1.307(6) 
N(21-W) 1.478(6) 
C(8)-C( 12) 1.528(8) 
C(7)-C(8) 1.332(7) 
C(6)-C(7) 1.437(7) 
C(6)-C(ll) 1.511(7) 
N(3)-C(20) 1.462(6) 
N(3)-C( 18) 1.505(6) 
F(4)-C(12) 1.271(8) 
F(5)-C(12) 1.306(7) 
F(6)-C(12) 1.344(8) 
C( 14)-C( 15) 1.47 l(9) 
C( 14)-C( 16) 1.493(9) 

O( 1)-C( 1)-C(9) 112.0(5) 
0(2)-C(8)-C(12) 113.2(6) 
C(2)-C( 1)-c(9) 121.7(5) 
C(7)-C(8)-C(12) 120.3(6) 
C( l)-c(2)-c(3) 125.4(5) 
C(8)-C(7)-C(6) 124.6(5) 
N(l)-C(3)-C(2) 121.9(5) 
N(2)-C(6)-C(7) 123.2(5) 
N(l)-C(3)-C(10) 123.1(5) 
N(2)-C(6)-C(ll) 122.5(5) 
C(2)-C(3)-C(lO) 114.9(5) 
C(7)-C(6)-C(11) 114.4(5) 
C(5)-C(4)-N(l) 111.0(4) 
C(4)-C(5)-N(2) 112.5(4) 
F( 1)-C(9)-C( 1) 112.8(5) 
F(4)-C(12)-C(8) 114.4(6) 
F(2)-C(9)-C( 1) 112.9(5) 
F(5)-C(12)-C(8) 114.0(6) 
F(3)-C(9)-C( 1) 111.4(5) 
F(6)-C( 12)-C(8) 109.8(6) 
F( 1) - C(9) -F(2) 106.4(5) 
F(4)-C(12)-F(5) 109.6(7) 
F(l)-C(9)-F(3) 105.9(5) 
F(4)-C( 12)-F(6) 105.6(7) 
F(2)-C(9)-F(3) 107.0(6) 
F(5)-C(12)-F(6) 102.6(6) 
C(13)-C(14)-C(15) 111.1(6) 
C(13)-C(14)-C(16) 110.1(6) 
C(13)-C(14)-C(17) 11 1.3(6) 
C(15)-C(14)-C(16) 108.6(7) 
C(15)-C(14)-C(17) 108.9(7) 
C(16)-C(14)-C(17) 106.7(6) 

larger than those in l l a  (average 2.13(3) A; average 
132.0(2)"), indicating a stronger Zr-0 interaction in the 
cation. 

Solution Behavior of 13a,b. The ambient tempera- 
ture 1H NMR spectrum of 13a exhibits singlets for the 
ZrCH2 (6 1.12) and F6-acen ligand CH3 (6 2.37) and 
methine (6 6.20) groups, and a multiplet for the 
NCHzCHzN backbone (6 3.85). The amine p-phenyl 
resonance ( 6 ~  7.20) is strongly deshielded and the NCH3 
resonance (BH 2.86) is slightly shifted versus the cor- 
responding free amine resonances (6 6.71, 2.95hz6 The 
F6-acen and ZrCH2CMe3 resonances do not shift or 
broaden significantly when the temperature is lowered 
to -80 "C. However, the amine resonances broaden at 
-40 "C and then sharpen at  -80 "C, but do not shift 
significantly over this temperature range. To probe the 
origin of these effects, the variable temperature IH NMR 

(26) lH NMR (CDzClz) for NMezPh. At 23 "C: 6 7.23 (t, J = 7.5 

p-Ph), 2.95 (8 ,  6H, NMe). At -80 "C: 6 7.19 (t, J = 7.5 Hz, 2H, m-Ph), 

6H, NMe). 

Hz, 2H, m-Ph), 6.75 (d, J =  7.6 Hz, 2H, 0-Ph), 6.71 (t, J =  7.2 Hz, lH,  

6.67 (d, J = 7.3 Hz, 2H, 0-Ph), 6.64 (t, J = 7.4 Hz, lH,  p-Ph), 2.88 (8 ,  

ment. At -80 "C, separate resonances for free and 
coordinated amine are observed; these resonances 
broaden and coalesce (Tcoal(NCH3) ca. -40 "C) as the 
temperature is raised. At ambient temperature a single 
set of amine resonances is observed. Collectively, these 
results establish that (i) in solution, 13a adopts a 
structure similar to that in the solid state in which the 
sides of the F6-acen ligand are equivalent and the 
neopentyl and NMezPh ligands are nearly trans as 
indicated in Scheme 1, and (ii) 13a undergoes rapid 
amine exchange above ca. -40 "C. However, the extent 
of amine dissociation must be small as the F6-acen 
ligand and neopentyl resonances do not shift with 
temperature or added N M e ~ p h . ~ ~  

The ZrCHz JCH value (107.9 Hz) of 13a is slightly 
smaller than that of neutral analog l la,  but is not small 
enough to indicate substantial distortion of the neopen- 
tyl ligand. There is no evidence from the I9F NMR 
spectrum for significant catiodanion interactions in 
13a. 

The lH and 13C NMR properties of 13b are similar to 
those of 13a. However, the amine p-phenyl resonance 
(BH 6.99) is less shifted from the corresponding free 
amine resonance (6 6.71) than that for 13a (BH 7.20). 
As the temperature is lowered, the amine resonances 
broaden and shift further from those of free amine (to 
dP-ph = 7.05; ~ N M ~  = 2.67 at -80 "C). Therefore, the 
structure of 13b is analogous to that of 13a (i.e., the 
neopentyl and NMezPh ligands are trans), the amine 
is more labile than in 13a (slow NMezPh exchange limit 
is not observed at -80 "C), and the extent of NMezPh 
dissociation increases significantly between -80 and 
+23 0C.28 

The stability of amine adduct 13a suggests that the 
(F6-acen)Zr(CH2CMe3)+ cation is more electrophilic than 
(N4-macrocycle)Zr(R)+ and CpZZr(R)+ species. The (N4- 
macrocycle)Zr(R)+ species do not coordinate NMezPh.2a 
Sterically open (C&)2Zr(Me)+ species generated through 
protonolysis of (CsR5)zZrMez with HNMezPh+ weakly 
coordinate Attempted isolation of these 
amine adducts yielded complex mixtures containing < 1 
equiv of NMezPh per Zr. The greater lability of the 
amine in 13b vs 13a suggests that the nonfluorinated 
cation (Hs-acen)Zr(CHzCMes)+ is less electrophilic than 
(Fs-acenMr(CHzCMe3)'. 

Synthesis and Characterization of [(Fs-aCen)Zr- 
(CH2CMes)(amine),l[B(CaFs)c)l (n = 0, 1) Com- 
plexes. To prepare the base-free cation (F,j-acen)Zr(CHz- 
CMe#, we investigated the reactions of l l a  with 
bulkier and more acidic ammonium reagents (versus 
HNMeZPh+), anticipating that bulky, weakly basic 
amines would be less likely to bind to Zr. 

Protonolysis of l l a  with the bulky ammonium re- 
agent [HNEtzPh][B(C6F5)41 in CH2C12 affords NEtzPh 
adduct 14 (loo%, NMR, Scheme 1). As anticipated on 
the basis of steric effects, this reaction is qualitatively 
slower than the reaction of l l a  with HNMe2Ph+ (45 min 
vs 10 min, respectively). Complex 14 is less stable in 

(27) Amine exchange of 13a may proceed via a dissociative mecha- 
nism involving a (Fe-acen)Zr(CHzCMe&CH2C12),+ intermediate, or via 
an associative mechanism catalyzed by traces of free amine present 
in solution (e.g. from decomposition of 13a). 

(28) The concentrations of 13a and 13b in the variable temperature 
experiments were similar, ranging from 0.08 to 0.12 M. 
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Table 5. Atomic Coordinates (x  104) and Isotropic Thermal Parameters (A2 x 103) for 
[(F~-~c~~)Z~(CHZCM~~)~~~~)I[BC~~)~I (13aY 

X Y Z X Y Z Ueq) 

1281(1) 
1886(1) 
799(1) 

1593(1) 
760(1) 

1525(1) 
2859(1) 
2707( 1) 
2395(1) 

199(2) 
-203( 1) 

370(1) 
2200(2) 
2243(2) 
1959(2) 
1336(2) 
884(2) 
362(2) 
187(2) 
404(2) 

2541(2) 
2 124(2) 

4 4 m  
184(2) 

1147(2) 
1067(2) 
1204(4) 
1301 (2) 
617(2) 

1194(2) 
1649(2) 
1872(2) 
2291(2) 
2600(2) 
2508(3) 
2096(3) 
1776(2) 
3662(2) 
3756(2) 
3687(2) 
3797(2) 
3987(2) 
4058(2) 
3949(2) 
3675(2) 

2277(1) 
1938(3) 
2825(4) 
1885(4) 
2489(4) 
4205(4) 
477(3) 

2073(4) 
482(4) 

2559(5) 
3733(4) 
4327(5) 
1377(5) 
1086(5) 
1411(5) 
2277(6) 
2102(6) 
2711(6) 
3027(5) 
306 l(5) 
11 ll(6) 
1210(6) 
2649(7) 
3374(7) 
4440) 

-208(6) 
- 1457(8) 

379(9) 
-177(9) 
5157(5) 
4123(6) 
4493(4) 
4507(5) 
4721(6) 
4922(7) 
4935(6) 
4727(5) 

-1521(6) 
- 1702(5) 
-2806(6) 
- 3093(5) 
-2244(6) 
-1152(6) 
-904(5) 
-124(5) 

581(1) 
1265(1) 
602(1) 
161(2) 

-344(2) 
1047(2) 
2026(1) 
2247(2) 
2 163(2) 

808(2) 
148(2) 
836(2) 

1337(2) 
943(2) 
368(2) 

-427(2) 
-697(2) 
-597(2) 
-309(3) 

240(3) 
1946(3) 

35(2) 
- 122 l(2) 

503(3) 
660(2) 

1030(3) 
1109(5) 
1585(3) 
797(4) 
754(2) 

1624(2) 
1020(2) 
1484(3) 
1419(4) 
909(4) 
454(4) 
500(3) 

1744(3) 
1273(2) 
1023(2) 
678(2) 
565(2) 
793(2) 

1142(2) 
1924(2) 

U(eq) is defined as one-third of the trace of the Uij tensor. 

chlorinated solvents than 13a; e.g., 14 undergoes sig- 
nificant decomposition in CHzClz within 3 h at 23 "C. 
The lH and 13C NMR data (CDzC12) for 14 are similar 
to those for 13a,b, suggesting that 14 adopts a similar 
structure. The NEtzPh p-phenyl resonance (BH 7.05) is 
deshielded from that of free NEtzPh (BH 6.63) indicating 
that the amine is at least partially coordinated in CD2- 
Clz. 

Protonolysis of l l a  with [HNMePh21[B(CsF&I in 
benzene yields the base-free complex 15 (90% NMR, 
80% isolated, Scheme 1). Complex 15 precipitates as 
an oily yellow solid which does not retain the bulky 
NMePh2. Complex 15 is soluble in CcH6 at high dilution 
(ca. MI. Protonolysis of l la  with HNMePh2+ also 
occurs cleanly in CD2C12 at a rate which is qualitatively 
comparable to the rate of protonolysis of l l a  by HNMe2- 
Ph+ ('10 min, 23 "C). Thus the increased acidity of 
HNMePhz+ (pK, 0.86, H20) vs HNMe2Ph+ CpK, 5.16) 
compensates for the increased Base-free 15 is 
surprisingly stable in CH2C12 showing little or no 

(29) Hoefnagel, A. J.; Hoefnagel, M. A.; Wepster, B. M. J .  Org. Chem. 
1981,46,4209. 

3856(2) 
3814(2) 
3588(2) 
3401 (2) 
3451(2) 
3182(2) 
3075(2) 
2679(2) 
2350(2) 
2423(2) 
2832(2) 
4039(2) 
4008(2) 
4342(2) 
4736(2) 
4795(2) 
4454(2) 
3503( 1) 
3723( 1) 
4098(1) 
4257(1) 
4049( 1) 
4083( 1) 
3995(1) 
3543(1) 
3174(1) 
3238(1) 
3383(1) 
2605(1) 
1949(1) 
2103(1) 
2875(1) 
3628(1) 
4290(1) 
5071(1) 
5183(1) 
4530(1) 
5403(9) 
5338(8) 
4933(9) 
4594(8) 
4660(9) 

5070(11) 
5835(1) 

269(6) 
1408(6) 
2228(6) 
1905(6) 
745(5) 

- 1903(4) 
-2079(5) 
-2244(6) 
-2208(6) 
-2033(5) 
-1897(5) 
-2346(5) 
-3479(6) 
-4139(6) 
-3673(6) 
-2579(6) 
- 1960(5) 
-3676(3) 
-4195(3) 
-25 17(3) 
-319(3) 

209(3) 
-480(3) 
1695(3) 
3339(3) 
2702(3) 
494(3) 

-2030(3) 
-2398(3) 
-2365(4) 
-1988(4) 
- 17 17(3) 
-4026(3) 
-5246(3) 
-4299(4) 
-21 19(4) 
-874(3) 

3383( 14) 
2 166( 16) 

1716(7) 
2482( 15) 
3699( 17) 
4148(8) 
4 144(4) 

2456(2) 
2587(3) 
2176(3) 
1635(3) 
1535(2) 
1507(2) 
1863(2) 
1713(3) 
1162(3) 
777(3) 
954(2) 

2255(2) 
2408(2) 
2829(2) 
3 114(2) 
2974(2) 
2549(2) 
111591) 

459(1) 
232(1) 
701(1) 

1356(1) 
2898(1) 
3 12 l(2) 
2304(2) 
1228(2) 
984(1) 

2421( 1) 
2090(2) 
991(2) 
235(1) 
547(1) 

2144(1) 
2954(1) 
3530(1) 
3241(2) 
243 1 (1) 

2812(11) 
2734(9) 

2422( 1 1) 
2188(9) 

2266( 10) 
2578( 14) 
3 190(2) 

decomposition after 2 days in solution at room tempera- 
ture, and retains <1 equiv of CH2C12 upon isolation. 

Complex 15 has been characterized by lH, 13C, and 
19F NMR studies and elemental analysis. The lH NMR 
spectrum (ambient temperature, CD2C12) contains a 
strongly deshielded singlet (6 1.88) for the ZrCH2 group, 
singlets for the F6-acen CH3 (6 2.47) and methine (6 
6.39) groups, and a multiplet for the NCHzCHzN (6 4.06) 
backbone, indicating that the sides of the F6-acen ligand 
are equivalent but the faces are not. This is confirmed 
by the 13C and 19F NMR spectra. The NMR spectra of 
15 do not change significantly over the range +23 to 
-60 "C. These results suggest that, in solution, 15 
adopts either a trans-(Fs-acen)Zr(R)(L)+ (L = solvent30 
or counterion) structure analogous to those of amine 
adducts 13a,b and 14 or a square pyramidal, five- 
coordinate structure analogous to that of (acen)Ti- 
(mesityl).8e Low temperature NMR experiments de- 

(30) The CHzCl2 ligand of CpFte(NO)(PPh&ClCH&l)+ was detected 
by 13C{1H} NMR spectroscopy a t  -85 "C (6c 78.3). See: Fernandez, 
J. M.; Gladysz, J. A. Organometallics 1989, 9, 207 and references 
therein for other metal-CHzClz complexes. 
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(Rs-acen)ZrRz and (Rs-acen)Zr(RY Complexes 

signed to probe this issue further were inconclusive and 
hindered by the poor solubility of 15 in CDzClz below 

The ambient temperature lH NMR spectrum of 15 
generated in situ (and thus containing 1 equiv of 
NMePhz) is the superposition of spectra of isolated 15 
and free NMePhz, indicating that NMePhz does not 
coordinate. However, low temperature lH NMR spec- 
troscopy establishes that the NMePh2 does coordinate 
below ca. -20 "C, forming (Fs-acen)Zr(CHzCMe3)- 
(NMePhz)+ (16). For example, a t  -60 "C, the ZrCHz 
resonance (BH 1.39) is strongly shielded relative to that 
of 15 (BH 1.88) and the NCHzCHzN resonance appears 
as two multiplets ( B H  3.80, 3.52) rather than one (BH 
4.06). Furthermore, the amine p-phenyl resonance is 
deshielded by ca. 0.2 ppm, and the slightly broadened 
NMePhz signal is shielded by ca. 0.2 ppm vs the 
corresponding free NMePhz  resonance^.^^ 

Stability and Fate of [(Fs-acen)Zr(CHaCMes)- 
(amine),l[B(C6Fddl (n = 0, 1) Complexes in CH2- 
C4. As noted above, the stability order of (Fs-acen)Zr- 
(CHzCMea)(L)+ complexes in CHzClz is 16 (L = NMePhz; 
exists as base-free 15 at  23 "C) =- 13a (L = NMezPh) > 
14 (L = NEtzPh). This order was surprising because 
we had anticipated that (Fs-acen)Zr(CHzCMe3)(L),+ 
species would decompose to  (F,~acen)Zr(CHzCMe3)Cl 
(17) by halide abstraction from CH2C12, a process which 
we expected to be promoted by increased amine lability. 
Furthermore, attempts to generate 17 by alternate 
routes were unsuccessful and indicated that this species 
is unstable toward ligand exchangeldisproportionation 
reactions.32 To probe these phenomena further, the 
decomposition of 14 was investigated in detail. 

The decomposition of 14 in CHzClz (5  d, 23 "C) yields 
NEt2Ph(CH2Cl)+ (18) and an unusual chloride-bridged 
dinuclear cation { (Fs-acen)Zr(CHzCMe3)}2(u-C1)+ (19) 
(as the B(CsF5)4- salts), and free NEtzPh in 1:1:1.3 ratio 
(Scheme 2). Chloromethylammonium salt 18 was iso- 
lated by exposure of the reaction mixture to air to 
decompose the organometallic species, followed by ex- 
traction with toluene and recrystallization from cold 
CHzCldpentane. The lH NMR spectrum of 18 exhibits 
a lowfield NCHzCl resonance (6 5.28; compare to 
[ C ~ C H Z N E ~ ~ I C ~ B  5.68),33 a complex multiplet (BH 3.91) 
for the diastereotopic NCHzCH3 hydrogens, and two 
multiplets for the phenyl hydrogens a 3:2 ratio ( 8 ~  7.71, 
7.43). The 13C NMR spectrum of 18 confirms the 
presence of the B(C$5)4- counterion. Additionally, the 
NCHzCl 13C resonance appears as a triplet (6c 64.0) 
with an unusually large JCH value (169.41, as expected 
for an sp3 carbon bonded to electron-withdrawing chlo- 
ride and quaternary nitrogen substituents. 

The identity of 19 was confirmed by independent 
generation via addition of 0.5 equiv [PPNICl to base- 

(31) lH NMR (CD2Clz) for NMePhz. At 23 "C: 6 7.27 (t, J = 7.5 

p-Ph), 3.30 (8 ,  3H NMe). 
(32) The reaction of (FB-acen)Zr(CHzCMe)+ (15) with [NMe&l in 

CDzClz yields a mixture of (F,j-acen)Zr(CHzCMes)z (lla), (F6-acen)zZr 
(lo), and other soluble and insoluble Zr compounds. Similar product 
mixtures were obtained from reactions of lla with 1 equiv of rHNEt31- 
C1 or 1 equiv of HCl (g). The reaction of lla with [HNEt&l in THF 
yields a mixture of lla, (Fe-acen)ZrClz(THF) (9),10 and other soluble 
Zr compounds. 
(33) (a) Wright, D. A.; Wulfe, C. A. J. Org. Chem. 1970, 35, 4252. 

For other [CICH&T~II]CI species, see: (b) Willey, G. R.; Ravindran, M.; 
Drew, M. G. B. Inorg. Chim. Acta 1991,188, 159. (c) Bohme, H.; Hilp, 
M.; Koch, L.; Ritter, E. Chem. Ber. 1971,104, 2018. 

-60 "C. 

Hz, 4H, m-Ph), 7.02 (d, J =  7.2 Hz, 4H, 0-Ph), 6.95 (t, J =  7.3 Hz, 2H, 
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Scheme 2 

l a  
CH2CMe3 

_ I _  

'CF3 
14 

19 

23 OC, 1 h 
- PPN* 

\=( 
CF3 

15 
0 

counterion = B(C6F5)h 

free 15 (loo%, NMR, Scheme 2). Complex 19 could not 
be isolated completely free of 18 or [PPNI[B(CsF5)41 and 
was therefore characterized spectrocopically. The lH 
NMR spectrum of 19 exhibits broad singlets for the 
ZrCHz (6 1.40) and NCH2CH2N (6 3.87) groups and 
sharp singlets for the F6-acen methyl and methine 
groups. The ZrCHz resonance appears a t  6 119.0 (JCH 
105.0 Hz) in the 13C NMR spectrum. Integration of the 
19F NMR spectrum (with correction for the presence of 
[PPNI[B(C6F5)4] quantified by the lH NMR spectrum) 
establishes that the (Fs-aCen)Zr/B(C~F5)4- ratio is 2:1, 
consistent with the proposed structure. Complex 19 is 
related to the pox0 species {(H6-acen)TiCl)~(u-O) char- 
acterized by Floriani.8d 

Although NEt3 is converted to [ClCHzNEt31Cl after 
standing in CHzClz solution for 3 days (23 "C), NEt2Ph 
does not with CDzClz after 9 days (23 "C). Furthermore 
as noted above, base-free 15 is stable in CHzClZ for 
extended periods of time. Therefore, the formation of 
18 and 19 by reaction of 14 in CHzClz likely involves 
nucleophilic attack of NEtzPh on a Zr-CH2C12 adduct, 
as indicated in the generalized Scheme 3. In this 
scheme, the labile amine adduct (F6-acen)Zr(R)(NR'3)+ 
(e.g. 14) formed by protonolysis is in equilibrium with 
the (Fs-acen)Zr(R)(CH2Cl~)~+ solvent adduct (20). Co- 
ordination of CHzClZ to  the electrophilic metal cation 
activates it for nucleophilic attack. sN2 displacement 
of (Fs-acen)Zr(R)C1(17) by amine yields NR'3(CHzC1)+. 
Complex 17 reacts with a second (Fs-acen)Zr(R)+ cation 
to afford 19 and free amine. This process should yield 
a 1:l:l ratio of 18, 19, and amine (observed (1:1:1.3). 

The stability of [(F~-acen)Zr(CH2CMe3)(amine)I+ spe- 
cies in CH2Cl2 thus depends on the Lewis basicity and 
nucleophilicity of the amine. The relatively basic NMez- 
Ph does not dissociate significantly from 13a in CHz- 
C12; as a result, the concentration of the CHzC12 adduct 
is small and decomposition is slow. In contrast, the 
bulky, weakly basic NMePhz is completely dissociated 
from 16 in CHzClZ at  23 "C. However, NMePhz is also 
a very weak nucleophile so decomposition is slow. The 
Lewis basicity and nucleophilicity of NEtzPh are inter- 
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Scheme 3 

Tjaden et al. 

@/R -NR'JCH~CI@ 1 
(F6-acen)Zr, r\ - (Fe-acen)Zr 

'Cl 

mediate versus NMezPh and NMePhz, and only in the 
case of 14 is the proper combination of amine lability 
and nucleophilicity required by Scheme 3 obtained.34 
Base-free cation 15 (which likely exists as (F6-acen)Zr- 
<CH~CM~~)(CH~C~Z) ,+  (20) in CH2C12) is stable in CHz- 
Clz due to the absence of nucleophilic species. 

Processes related to that proposed in Scheme 3 have 
been observed in other systems. Crabtree reported that 
the methyl iodide adduct IrHz(IMe)2(PPh&,+ rapidly 
methylates tertiary amines, and Gladysz found that 
CpRe(NO)(PPh3)(IR)+ species react rapidly with PPh3 
to d o r d  Ph3PR+ salts, demonstrating that alkyl halides 
are activated for nucleophilic attack by coordination to 
electrophilic metal  cation^.^^>^^ More recently, Crabtree 
and Faller have found that cationic Fe(I1) and Ru(I1) 
halocarbon complexes alkylate a wide range of nucleo- 
philes, and Powell has reported that CpRu(CO)(PPh& 
(IR)+ cations react rapidly with fluoride sources to yield 
f l u o r ~ a l k a n e s . ~ ~ ~ ~ ~  The formation of dinuclear halide 
bridged species (L,M)z@-X)+ via reaction of LnMx with 
LzM(L')+ (L' = halocarbon or labile ligand) has been 
observed in several of these systems. 

Ligand Exchange Reactions of (Fs-acen)Zr(CHz- 
CMe&mine)n+ Complexes. Addition of excess PMe3 
to in situ generated (F6-acen)Zr(CHzCMe3)(NMezPh)+ 
(13) results in amine displacement and the formation 
of bidphosphine) adduct 21 (Scheme 4).39 Complex 21 
is isolated as a thermally unstable yellow powder which 
decomposes when exposed to high vacuum Torr, 
ca. 12 h), presumably via loss of PMe3. 

The low temperature (-80 "C) 31P{1H} NMR spec- 
trum of 21 displays two mutually coupled doublets (6 
-24.1, -35.5; J p p  = 12.0 Hz), indicative of two in- 
equivalent PMe3 ligands. The low temperature (-80 "C) 

(34) It is also possible that the steric properties of the amine 
influence the regioselectivity of amine attack on (Fe-acen)Zr(CHz- 
CMe3)(CH&lz)+. The smaller NMezPh may attack at  Zr to  re-form 
amine adduct 13a, while the larger NEkPh may be restricted to more 
remote attack at  coordinated CHZC12, leading to decomposition. 
However, the observation that NMezPh complex 13b is unstable in 
CH2Clz argues against this analysis. While the decomposition of 13b 
was not studied in detail, it is likely that the greater lability of the 
coordinated amine (vs fluorinated analogue 13b) promotes decomposi- 
tion via Scheme 3. 

(35) Burk, M. J.; Segmuller, B.; Crabtree, R. H. Organometallics 
1987, 6, 2241. 

(36) (a) Winter, C. H.; Arif, A. M.; Gladysz, J. A. J. Am. Chem. Soc. 
1987, 109, 7560. (b) Winter, C. H.; Veal, W. R.; Garner, C. M.; Arif, 
A. M.; Gladysz, J. A. J. Am. Chem. SOC. 1989, 111, 4766. (c) Winter, 
C. H.; Arif, A. M.; Gladysz, J. A. Organometallics 1989, 8, 219. (d) 
Igau, A.; Gladysz, J. A. Polyhedron l991,10, 1903. 

(37) Kulawiec, R. J.; Faller, J. W.; Crabtree, R. H. Organometallics 
1990, 9, 745 and references therein. 

(38) Powell, J.; Horvath, M. J. Organometallics 1993, 12, 4067. 
(39) Similarly, addition of excess THF to 13a affords [(Fe-acen)zliCHr 

CMe3)(THF)zl[B(CsF6)4)1. 'H NMR (CDzClZ): 6 6.20 (8 ,  2H, CH), 4.18 
(br m, 2H, NCHz), 3.78 (m, 8H, THF), 3.77 (br m, 2H, NCHz), 2.39 (8 ,  
6H, CH3), 1.90 (m, 8H, THF), 1.17 ( 8 ,  2H, ZrCHz), 0.78 ( 8 ,  9H, CMe3). 

- @,R 
( F6-acen)Zr 

'CICH2CI 

@,R 
( Fb-acen)Zr 

\ 
0 $1 

(FcacenZr 

-/ - NR'a (Fb-acen)Zr 
\R 

'H NMR spectrum contains singlets for the F6-acen CH3 
(6 2.32) and methine (6 6.12) groups, a broad doublet 
for the ZrCHz (6 1.08, JPH = 5.0 Hz) group, and two 
multiplets (6 4.18, 3.53) for the NCHzCHzN backbone. 
Additionally, two doublets ( 6 ~  1.24, JPH = 6.8 Hz; 6~ 
0.70, JPH = 7.0 Hz) are observed for the inequivalent 
PMe3 ligands. These data are consistent with a pen- 
tagonal bipyramidal structure in which the PMe3 ligands 
occupy axial and equatorial sites as indicated in Scheme 
4. This structure is closely related to that of (H6-acen)- 
ZrCMTHF) (3, Chart 1) and related complexes charac- 
terized by Floriani. 

Complex 21 undergoes rapid (NMR time scale) PMe3 
exchange above -10 "C. At this temperature the 31P- 
{'H} NMR spectrum coalesces to a broad singlet (-29.0). 
In the 'H NMR spectrum, the PMe3 resonances collapse 
to a broad singlet (6 1.05) and the ZrCH2 doublet 
collapses to a singlet (6 1.22). Interestingly, the 
NCHzCHzN resonances do not change with tempera- 
ture; even under conditions of fast PMe3 exchange (5" > 
-10 "C), two multiplets (6 4.26, 3.64) are observed for 
the backbone. This indicates that the PMe3 ligands 
undergo site exchange between one axial and an equa- 
torial site only; i.e., exchange of the neopentyl group 
between the two axial sites does not accompany the 
PMe3 exchange (eq 5). 

L = PMe3, PMe,Ph, CH3CN 

A more stable mono-phosphine complex (F6-acen)Zr- 
(CHzCMed(PMezPh)+ (22) was prepared by reaction of 
13a or 15 with 1 equiv of PMezPh (Scheme 5). The low 
temperature (-80 "C) lH and 31P{1H} NMR spectra for 
22 are consistent with a trans structure, analogous to 
the structures of amine adducts 13a,b and 14. Singlets 
are observed for the ZrCH2 ( 8 ~  1.091, F6-acen ligand CH3 
(BH 2.281, and methine ( 6 ~  6.23) groups, and two 
multiplets (BH 3.87,3.41) are observed for the NCHzCHD 
hydrogens. The 31P{1H} NMR spectrum contains a 
sharp singlet at 6 -11.6. These spectra do not change 
significantly when the temperature is increased to  23 
"C. 

Addition of excess PMe2Ph to 22 yields (F6-aCen)Zr- 
(CHzCMe3)(PMezPh)z+ (23) which is structurally analo- 
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Scheme 4 

excess PMe3 
/ CH&12,23'C kN- 
/ 30 min 4;' w- - NMezPh 

21 CF3 

\ 
CF3 

25 

0 15 min 
- NMezPh counterion = B(CsF& 

\ 

26 cF3 

Scheme 5 

/cF3 

22 CF3 

0 
counterion = B(CBF& 

gous to bis(PMe3) adduct 21. This species undergoes 
rapid, reversible PMe2Ph dissociation above ca. -40 "C 
by a mechanism analogous to that for PMe3 exchange 

Treatment of 16 with excess CH3CN affords (F6- 
acen)Zr(CHzCMe3)(CH3CN)z+, 24, in high yield (Scheme 
5). The low temperature (-90 "C) lH NMR spectrum 
of 24 contains singlets for the ZrCHz (6 0.94), F6-acen 
CH3 (2.26), and methine (6.01) groups, and two multi- 
plets (6 4.07, 3.65) for the NCHzCHzN backbone. Ad- 
ditionally, two singlets (6 2.34, 2.04) are observed for 
the inequivalent CH3CN ligands. These data establish 
a pentagonal bipyramidal structure for 24, analogous 

(40) Under conditions of slow exchange between the bis(PMe2Ph) 
adduct 23 and mono(PMe&'h) adduct 22, the ZrCH2 lH NMR resonance 
of 22 appears as a singlet. This suggests that the lack of observable 
JPH coupling of the ZrCHz resonance of solutions of pure 22 a t  -80 "C 
results from a small J ~ H  value rather than rapid PMe2Ph exchange. 

of 21.40 

\ 
CF3 

to that of bis phosphine adducts 21 and 23. Above -60 
"C, the CH3CN resonances collapse to one singlet (BH 
2.20); however, the other resonances do not change 
significantly as the temperature is raised to 23 "C. 
These results indicate that CH3CN dissociation is rapid 
and reversible above ca. -60 "C (eq 5) but that the 
extent of dissociation is small. These is no evidence for 
CH3CN insertion into the Zr-CH2CMe3 bond in this 
system . 

Insertion Reactions of 13a and 16. The reaction 
of in situ generated 13a with CO (1 atm, CD2C12) yields 
a bright red acyl complex 26 as a mixture of two isomers 
(Scheme 4). The isomers are initially formed in a 3.51 
ratio, but after several hours, the isomeric ratio ap- 
proaches unity and decomposition begins, resulting in 
the formation of [ClCD2NMeZphl[B(C8~)41.~~ Attempted 
isolation of 25 was unsuccessful. Key lH NMR data for 
the major isomer include a deshielded singlet (BH 2.69) 
for the acyl CH2 group, singlets for the F6-acen CH3 (6 
2.27) and methine (6 5.92) groups, and two multiplets 
(6 4.22, 4.00) for the NCHzCHzN hydrogens. The 13C 
NMR (-50 "C) spectrum displays a lowfield acyl carbon 
resonance (6 312.0) characteristic of an v2-acyl bonding 
mode.42 'H and I3C NMR data for the minor isomer are 
similar, although the acyl carbon resonance was not 
observed. These data are consistent with the pentago- 
nal bipyramidal structures shown in Scheme 4, which 
differ in orientation of the v2-acyl ligand. This isomer- 
ism is analogous to the "O-inside"/"O-outside" isomerism 
observed in Cp2M(v2-acyl)X species.43 The YCO bands 
could not be conclusively identified in the IR spectrum 

(41) Slow formation of [ N M ~ ~ P ~ ( C D ~ C ~ ) ~ [ B C ( G F ~ ) ~ ~  is also observed 
when l-pentyne, 2-butyne, and vinyltrimethylsilane are added to amine 
adduct 1% 'H NMR (CD2C12): 6 7.69 (m, 3H, Ph), 7.52 (m, 2H, Ph), 
3.65 (8 ,  6H, NMe), NCDzCl not observed. 
(42) Durfee, L. D.; Rothwell, I. P. Chem. Rev. 1988, 88, 1059. 
(43) Erker, G. Acc. Chem. Res. 1984,17, 103. 
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due to interference from the F6-acen absorbances. The 
insertion of CO is not reversible in this system. 

The addition of CO to a CDzCl2 solution of base-free 
15 results in a complex mixture which has not been 
characterized. It is possible that (Fs-acen)Zr(acyl)(CO)+ 
species, analogous to  the CpzZr(acyl)(CO)+ complexes 
formed by carbonylation of CpzZr(R)+, are generatede4 

The reaction of in situ generated 13a with 2 equiva- 
lents of benzophenone yields the alkoxide ketone com- 
plex (F~-~c~~)Z~(OCP~~CH~CM~~)(O=CP~~)+ (26, ca. 
95%, NMR, Scheme 4). The NMe2Ph coproduct is 
removed upon workup (benzene washes). Interestingly, 
the reaction of 13a with 1 equiv of benzophenone yields 
a 1:l mixture of 26 and unreacted 13a. This suggests 
that NMesPh is the preferred ligand for (F6-acen)ZdCHz- 
CMe3)+, while benzophenone is the preferred ligand for 
(F6-acen)Zr(OCPhzCH2CMe3)+. This phenomenon can 
be rationalized in terms of the relative hardness of the 
metal centers and ligands; i.e., replacement of the alkyl 
ligand of (Fs-acen)Zr(CH2CMe3)+ by the hard alkoxide 
in (F6-acen)Zr(OCPh&!H&Me3)+ increases the hardness 
of the metal center and results in a preference for 
binding the hard ketone ligand rather than the softer 
amine. The formation of a 1:l mixture of 26 and 13a 
may also be rationalized by postulating that 26 is 
formed by insertion of a bis ketone complex intermedi- 
ate. Treatment of 26 with 1 equiv of THF does not 
result in benzophenone displacement. 

The lH NMR spectrum of 26 displays singlets for the 
alkoxide CH2 (6 2.501, F6-acen CH3 (6 2.02) and methine 
(6 5.78) groups, and two multiplets (6 3.40,3.20) for the 
NCH2CH2N backbone. The aromatic region of the 
spectrum is complex, but integration establishes that 
two equivalents of benzophenone are incorporated in 26. 
The 13C NMR spectrum contains resonances for the 
coordinated Ph2C=O (6 206.3, vs 6 195 for free Ph2CO) 
and the ZrOC (6 93.1) carbons. These data establish 
that the alkoxide and ketone ligands are trans, as 
indicated in Scheme 4. The vco band for the coordinated 
benzophenone could not be identified due to interference 
by the F6-acen ligand bands. 

Neither NMenPh adduct 13a nor base-free cation 15 
reacts with 2-butyne in CD2C12 at 23 "C. The reaction 
of 15 with l-pentyne yields an orange solution which 
contains neopentane (100%). This presumably results 
from o-bond metathesis; however, the expected organo- 
metallic product ( F ~ - ~ C ~ ~ ) Z ~ ( C E C C H ~ C H ~ C H ~ ) +  could 
not be identified.41 Similarly, 13 and 15 are unreactive 
with ethylene. However, in the presence of small 
amounts of AlR3 co-catalysts (2 and 1 equiv, respec- 
tively), both species are moderately active ethylene 
polymerization catalysts. These reactions will be dis- 
cussed in more detail in a separate c~nt r ibu t ion .~~ 
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(&-acen)Zr(R')+ species depending on Lewis basicity of 
the amine. In particular, the reaction of (F6-acen)ZdCHz- 
CMe& (lla) with HNMenPh+ yields (F6-acen)Zr(CHz- 
CMe3)(NMezPh)+ (13a) while reaction with the more 
acidic and bulkier HNMePh2+ yields base-free (F6- 
acen)Zr(CHzCMe3)+ (15). Ligand substitution reactions 
of 13a provide access to a variety of (F6-acen)Zr(CHz- 
CMes)(L),+ cations (n = 2, L = PMe3, CH3CN, THF; n 
= 1 or 2, L = PMe2Ph). 

The structures of these (&-acen)Zr alkyls are variable 
due to  the flexibility of the acen ligands. The dialkyl 
complex (Fs-acen)Zr(CHzCMe3)2 (1 la) adopts a trigonal 
prismatic structure with a twisted F6-acen conforma- 
tion; the C-Zr-C angle (129.9(2)") is intermediate 
between cis and trans angles in octahedral complexes. 
The structure of the cationic amine complex 13a fea- 
tures a more planar F6-acen ligand and a large C-Zr- 
Namine angle (144.7(3)"). Spectroscopic data for seven- 
coordinate (Fs-acen)Zr(CHzCMe3)(L)z+ species (L = 
PMe3, PMenPh, CH3CN, THF) are consistent with 
pentagonal bipyramidal structures in which the neo- 
pentyl group occupies an apical site and the near-planar 
F6-acen ligand occupies equatorial sites. 

Neutral (&-acen)Zr(R)z and cationic (&-acen)Zr(R)- 
(L)+ complexes are best described as 16-electron species. 
The metrical parameters for 1 la and 13a indicate that 
the F6-acen oxygens are sp2 hybridized and function as 
4-electron donors, and the F6-acen nitrogens function 
as 2-electron donors. Accordingly, the base-free cation 
(Fs-acen)Zr(CHzCMe3)+ (15) is a 14-electron complex 
and exhibits electrophilic behavior as expected for such 
an unsaturated species. Cation 15 coordinates one or 
two Lewis bases (amines, phosphines, and nitriles) 
forming isolable 16- or 18-electron species, and also 
activates CH2C12 for nucleophilic attack by NEtnPh via 
formation of a transient (Fs-acen)Zr(CHzCMe3)(CH2- 

species (20). The s N 2  displacement of (R6- 
acen)Zr(R)Cl from CHzClz adducts of type 20 is the 
principal decomposition pathway for (&-acen)Zr(R')(L),+ 
cations in CHzClz solvent, rather than direct chloride 
abstraction. Thus base-free 15 is stable in CH2C12 in 
the absence of nucleophilic species.46 

Cationic (Fs-acen)Zr(CHzCMe3)(amine),+ species (n = 
0,l) react with CO and benzophenone to afford the 
expected insertion products, but do not insert ethylene 
or alkynes in the absence of aluminum alkyl cocatalysts. 
Thus these systems are less reactive than Cp2Zr(R)+ and 
(N4-macrocycle)Zr(R)+ cations which polymerize olefins 
and insertloligomerize alkynes. The reactivity proper- 
ties of 13a and 15 may reflect structural effects. 
Coordination of bulky substrates such as ethylene or 
alkynes to 15 may yield (Fs-acen)Zr(CHnCMe3)- 
(substrate)' adducts (substrate = ethylene, alkyne) with 
large substrate-Zr-R angles similar to that observed 
for 13a (R-Zr-NMenPh angle 144.7'); in such cases, 
migratory insertion is not expected to  be favored. The 
higher insertion reactivity of CO and benzophenone may 
reflect the higher inherent reactivity of these smaller, 
polar substrates, or the formation of seven-coordinate 
(F6-acen)ZdCH2CMe3)(L)(substrate)+ intermediates with 
acute R-Zr-substrate angles. Of course, it is also 
possible that 13a and 15 do not insert ethylene or 
alkynes simply because they do not coordinate these 

Conclusions 
Alkane elimination reactions of Hz(&-acen) (R = H, 

F) and ZrR'4 compounds (R' = CH2CMe3, CH2Ph) afford 
(&-acen)ZrRz complexes cleanly in high yield. This 
approach circumvents the problems associated with 
alkylation of (R6-acen)ZrClz complexes. Protonolysis of 
(&-acen)ZrR'z with HNR3+ reagents (anion = B(C6F5)4-) 
yields (&-acen)Zr(R)(NR3)+ amine adducts or base-free 

(44) Guo, 2.; Swenson, D. C.; Guram, A. S.; Jordan, R. F. Orguno- 

(45) Tjaden, E.; Jordan, R. F. Manuscript in preparation. 
metallics 1994, 13, 766. (46) The low nucluophilicity of B(CeFd4- probably contributes 

significantly t o  the stability of 16. 
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(Rs-acen)ZrR'z a n d  (Rs-acen)Zr(RY Complexes 

substrates. However, the strong amine binding in these 
systems suggests that their Lewis acidity is comparable 
to that of CpzM(R)+ and (N4-macrocycle)M(R)+ cations. 
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NMR (CDzClz): 6 148.4 (d, JCF = 239.4 Hz, B(C&'5)4-), 
140.9 (s, i-Ph), 138.6 (d, JCF = 243.9 Hz, B(CsF&-), 136.7 (d, 
JCF = 243.3 Hz, B(CsFs)r-), 132.4 (dt, J =  164.7,6.3 Hz,p-Ph), 

J = 163.8 Hz, m-Ph), 48.0 (9, J = 146.6 Hz, CH3). 
132.0 (d, J = 162.9 Hz, o-Ph), 124.0 (br, B(CeF&-), 121.0 (d, 

(Fe-acen)Ticl2 (7). A toluene (15 mL) solution of Tic4 
(0.340 g, 1.79 mmol) was added via cannula transfer to  a 
toluene (7 mL) suspension of Hz(F,j-acen), 6a (0.500 g, 1.50 
mmol). The orange slurry was heated to reflux for 3 h to afford 
a dark red suspension. The volatiles were removed in uacuo. 
The resulting red solid was dissolved in CHzClz (30 mL) and 
filtered. The volatiles removed in uacuo to afford an orange- 
red powder. Yield 0.548 g, 1.22 mmol, 81%. Recrystallization 
from cold CHzClz/pentane yielded analytically pure red crys- 
tal~. 'H NMR (CDZClz): 6 6.10 ( s , ~ H ,  CH), 3.96 ( s , ~ H ,  NCHz), 
2.31 (9, 6H, CH3). 13C NMR (CDzClz): 6 169.8 (8, CN), 156.8 
(q, JCF = 33.3 Hz, CO), 118.9 (qd, JCF = 276.3 Hz, J =  2.7 Hz, 
CF3), 109.4 (d, J =  166.5 Hz, CHI, 53.3 (t, J =  140.8Hz, NCHz), 
23.1 (qd, J = 129.2, 2.7 Hz, CH3); "F NMR (CDzClz) 6 -73.8 
(8, CF3). Anal. Calcd for ClzHlzClzFsNzOzZr: C, 32.10; H, 
2.69; N, 6.24. Found: C, 32.33; H, 2.69; N, 6.20. 

NaS(Fracen)*THF (8). Solid NaH (0.110 g, 4.58 "01) was 
added slowly to a THF (50 mL) solution of 6a (0.500 g, 1.50 
mmol) at 23 "C resulting in the evolution of Hz. The reaction 
mixture was diluted with THF (25 mL) and stirred for 7 h. 
The slurry was heated to reflux for 1 h, cooled, and filtered. 
The volatiles were removed in uacuo from the pale yellow 
filtrate to afford an off-white solid, which was dried under 
vacuum for 3 h. Yield: 0.647 g, 1.44 mmol, 96%. IH NMR 
(CDzClZ): 6 5.03 (8, 2H, CH), 3.57 (m, 4H, THF), 3.47 (s, 4H, 
NCHz), 1.83 (8, 6H, CH3), 1.75 (m, 4H, THF). l3C(lH} NMR 
(CDzClZ): 6 166.5 (8, CN), 156.4 (9, JCF = 28.0 Hz, CO), 122.5 
(9, JCF = 281.7 Hz, CF3), 96.1 (8, CH), 68.0 (s, THF), 52.5 (9, 
NCHz), 25.8 (s, THF), 20.0 (9, CH3). 

(F6-acen)Z&l2(THF) (9). A THF solution (35 mL) of Naz- 
(Fs-acen).THF (8, 0.350 g, 0.781 mmol) was added dropwise 
(15 min) to a THF suspension (5 mL) of ZrC4(THF)z (0.303 g, 
0.803 mmol) at 23 "C, affording a pale yellow slurry which 
was stirred for 3.5 h. Dilution with dichloromethane (25 mL) 
and filtration yielded a pale yellow filtrate. Hexane (10 mL) 
was added and the resulting pale yellow, cloudy mixture was 
cooled to -35 "C and filtered. The volatiles were removed in 
uacuo to afford a pale yellow solid. Yield: 0.300 g, 0.531 "01, 
68%. Recrystallization from toluene at -35 "C yielded ana- 
lytically pure white crystals containing 0.41 equiv of toluene 
(determined by NMR). lH NMR (CDzClz): 6 5.96 (s,2H, CHI, 
4.29 (m, 4H, THF), 3.98 (s, 4H, NCHz), 2.25 (9, 6H, CH3), 1.99 
(m, 4H, THF). 13C NMR (CDZClz): 6 172.1 (8, CN), 156.5 (4, 
JCF = 33.3 Hz, CO), 120.0 (qd, JCF = 278.1 Hz, J = 1.8 Hz, 
CF3), 103.7 (d, J =  165.6 Hz, CHI, 72.8 (t, J = 150.7 Hz, THF), 
52.7 (t, J = 139.1 Hz, NCHz), 25.8 (t, J = 133.4 Hz, THF), 
23.9 (qd, J = 128.3,2.9 Hz, CH3). "F NMR (CDzClz): 6 -72.9 
(s, CF3). Anal. Calcd for ClsH~oClzFsNz03Zr0.41toluene: c ,  
37.63; H, 3.90; N, 4.65. Found: C, 37.37; H, 3.73; N, 4.82. 

(F6-acen)Sr (10). Solid 8 (0.120 g, 0.268 "01) and ZrC4- 
(THF)z (0.050 g, 0.130 mmol) were combined in an NMR tube. 
Dichloromethanedz (ca. 0.6 mL) was added to the solids via 
vacuum transfer at -78 "C. The tube was frozen at -196 "C 
and flame-sealed under vacuum and then allowed to thaw to 
ambient temperature to afford an off-white solution with a 
white precipitate. Following NMR analysis, the suspension 
was filtered to afford a pale yellow filtrate. The volatiles were 
in uacuo yielding an off-white powder. Yield: 0.0902 g, 0.120 
mmol, 92%. lH NMR (CDzC12): 6 5.47 (s, 2H, CHI, 3.93 (9, 

4H, NCHz), 3.71 (m, 6H, free THF), 2.12 (9, 6H, CH3), 1.84 
(m, 6H, free THF). 13C NMR (CDZClZ): 6 165.6 (8, CN), 154.5 
(q, JCF = 33.3 Hz, CO), 120.4 (4, JCF = 278.1 Hz, CF3), 100.7 
(d, J = 163.8 Hz, CH), 51.4 (t, J = 137.8 Hz, NCHz), 22.9 (4, 
J = 128.5 Hz, CH3). Anal. Calcd for C ~ ~ H Z ~ F ~ Z N ~ O ~ Z ~ :  C, 
38.35; H, 3.22; N, 7.45. Found: C, 38.30; H, 3.21; N, 7.32. 

(Fs-acen)Zr(CH2CMe& (lla). Solid 6a (0.705 g, 2.12 
mmol) was added (5 min) to a pentane solution (20 mL) of Zr- 

Experimental Section 
General Data. All manipulations were performed using 

standard Schlenk or high vacuum techniques, or directly in a 
Vacuum Atmospheres drybox. Benzene, benzene-&, toluene, 
tetrahydrofuran, tetrahydrofuranda, hexane, and pentane 
were distilled from Nahenzophenone ketyl. Chlorobenzene 
and dichloromethane were distilled from CaHz, and dichlo- 
romethanedz was distilled h m  PzO~. PMe3 and PMezPh were 
distilled from Na or 4 A molecular sieves. NMezPh and NE&- 
Ph were distilled from CaHz. Benzophenone was recrystallized 
from hexane and dried under high vacuum Torr) for 12 
h. Ethylene (Matheson, Polymer grade) and carbon monoxide 
(Air Products, CP grade) were used as received. lH (360 MHz), 
13C (gated decoupled, 90 MHz), 31P (146 MHz) and llB (115 
MHz) NMR spectra were recorded on a Bruker AMX-360 
spectrometer, and the 19F (282 MHz) NMR spectra were 
recorded on a Bruker AM-300 spectrometer. NMR spectra 
were recorded at 23 "C unless noted otherwise. X-ray struc- 
tural analyses were performed on Enraf-Nonius CAD-4 (lla) 
and Siemens P4 (13a) difiactometers. Elemental analyses 
were performed by E + R Microanalytical Laboratory, Inc. 

The following compounds were prepared by literature meth- 
ods: ZrR4 (R = benzyl, neopentyl) complexes,15 6a,b,1° Li- 
[B(CsF5)4],47 (salen)ZrClz(THF), and (acen)ZrClz(THF).8b 

[HNMe&'hl[B(CsF&l. An aqueous (100 mL) solution of 
LHNMe2PhICl (1.90 g, 12.1 mmol) was added to an aqueous 
(100 mL) suspension of Li[B(c&'5)4] (7.85 g, 11.4 mmol) at 0 
"C via cannula transfer (20 min). The resulting white slurry 
was stirred for 15 min. The solid was allowed to  settle and 
the liquid phase removed by cannula filtration. The solid was 
washed with water (3 x 50 mL) and dried under vacuum at 
60 "C for 9 h. The solid was dissolved in THF (40 mL) and 
filtered and the pale yellow filtrate concentrated in uacuo. 
Pentane (50 mL) and Et20 (25 mL) were added to afford an 
oily white suspension which was concentrated in uacuo. This 
process was repeated until a flocculent white solid was 
obtained. The solid was collected by vacuum filtration and 
dried under vacuum at 60 "C for 48 h. Yield: 5.85 g, 7.30 
mmol, 64%. lH NMR (THF-ds): 6 10.6 (br s, lH, NH), 7.60 
(m, 5H, Ph), 3.38 (8, 6H, CH3). 

[HNEt&'hl[B(C$5)41. Preparation is similar to that for 
[HNMezPh][B(C6F&]. Yield: 55%. IH NMR (THF-ds): 6 
10.40 (br, lH,  NH), 7.62 (m, 5H, Ph), 3.72 (br dq, J =  15.5, 7.2 
Hz, 4H, NCHz), 1.18 (t, J = 7.2 Hz, 6H, CH3). 13C NMR (CDz- 
Clz): 6 148.5 (d, JCF = 239.4 Hz, B(CsF5)4-), 138.6 (dt, JCF = 
243.9,13.5 Hz, B(CsF5)4-), 136.7 (d, JCF = 243.0 Hz, B(C&'&-), 
132.5 (dt, J = 164.7, 6.3 Hz, p-Ph), 132.0 (dd, J = 165.6, 8.1 
Hz, o-Ph), 131.1 (9, i-Ph), 124.5 (br, B(C,$'&-), 121.4 (dt, J = 
160.2, 7.2 Hz, m-Ph), 56.5 (t, J = 145.4 Hz, NCHz), 11.1 (qt, J 

[HNMePh21[B(CsF5)41. Solid [HNMePhzICl (1.71 g, 7.78 
mmol) was added to a dichloromethane (60 mL) suspension of 
Li[B(CsF5)4] (7.75 g, 11.3 mmol) at 23 "C and the resulting 
white slurry stirred for 2.5 h. The slurry was filtered and the 
insolubles washed with dichloromethane (15 mL). The pale 
yellow filtrate was concentrated in uacuo. Pentane (50 mL) 
was added to  afford a white oily suspension and the volatiles 
were removed in uacuo. The off-white solid was dissolved in 
toluene (200 mL) and filtered and the filtrate concentrated in 
uacuo. Dichloromethane (15 mL) and hexane (55 mL) were 
added to afford a white suspension which was concentrated 
in uucuo and cooled to -35 "C. The solid was collected by 
vacuum filtration and dried under vacuum at 110 "C for 7 d. 
Yield: 5.29 g, 6.12 mmol, 79%. IH NMR (CDzC12): 6 8.61 (s, 
lH, NH), 7.65 (m, 6H, Ph), 7.41 (m, 4H, Ph), 3.84 (s, 3H, CH3). 

= 129.0, 3.2 Hz, CH3). 

(47) Massey, A. G.; Park, A. J. J .  Organomet. Chem. 1964,2, 245. 
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(CH&Me& (0.800 g, 2.12 mmol) at 23 "C, affording a yellow- 
orange sluny which was stirred for 1.5 h. The slurry was 
concentrated in uacuo and cooled to  -35 "C. The yellow- 
orange powder was collected by vacuum filtration and washed 
with cold pentane (15 mL). Yield: 1.13 g, 2.00 mmol, 95%. 
Recrystallization from toluene layered with pentane at -35 
"C yielded analytically pure, orange-red cube shaped crystals, 
one of which was selected for an X-ray diffraction study. lH 

6H, CH3), 1.17 (8 ,  18H, CMe& 0.59 (s,4H, ZrCHd. 13C NMR 
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NMR (C&): 6 5.85 (s, 2H, CH), 2.76 (8, 4H, NCHz), 1.32 (s, 

(C&): 6 174.9 (8 ,  CN), 161.9 (qd, JCF = 33.3 Hz, J =  1.8 Hz, 
CO), 120.7 (qd, JCF = 278.1 Hz, J = 1.8 Hz, CF3), 99.6 (d, J = 
163.8 Hz, CH), 88.6 (t, J =  109.8 Hz, ZrCHz), 53.0 ( t , J =  137.3 
Hz,NCH2),35.7 (s,CMe3),34.3(qm,J= 122.9 Hz, CMe3), 23.3 
(qd, J = 127.8, 3.1 Hz, CH3). 19F NMR (CsDe): 6 -72.1 (8). 
Anal. Calcd for C ~ ~ H ~ ~ F & O Z Z ~ :  C, 46.87; H, 6.08; N, 4.97. 
Found: C, 46.68; H, 5.97; N, 5.01. 

(&-acen)Zr(CH&Mes)a (llb). Solid Hz(Hs-acen) (6b, 1.16 
g, 5.17 mmol) was added (5  min) to a pentane solution (40 mL) 
of Zr(CH2CMe3)4 (1.94 g, 5.16 mmol) at 23 "C, affording a 
yellow slurry which was stirred for 40 min. The slurry was 
concentrated in uacuo and cooled to  -35 "C. The yellow 
powder was collected by vacuum filtration and washed with 
cold pentane (15 mL). Yield: 2.15 g, 4.71 mmol, 91%. 
Recrystallization from toluene layered with pentane at -35 
"C yielded an analytically pure, yellow crystalline solid. lH 

6H, CH3), 1.54 (8, 6H, CH3), 1.25 (8, 18H, CMed, 0.49 (8, 4H, 
ZrCHZ). 13C NMR (CsDe): 6 180.3 (br s, CN), 171.0 (9, co), 
102.0 (d, J = 158.4 Hz, CHI, 82.8 (t, J = 112.5 Hz, ZrCHd, 
52.7 (t, J = 135.5 Hz, NCHz), 35.4 (8, CMe3), 35.0 (qm, J = 
122.7 Hz, CMe3), 25.4 (qd, J = 126.2, 1.3 Hz, CHd, 23.1 (qd, J 
= 126.6, 4.0 Hz). Anal. Calcd for CzzH40N202Zr: C, 57.97; 
H, 8.85; N, 6.15. Found: C, 58.09; H, 8.70; N, 6.34. 

(F~-acen)Zr(CHaPh)a (12). Hexane (15 mL) was added to  
solid 6a (0.728 g, 2.19 mmol) and Zr(CH2Ph)r (1.00 g, 2.19 
mmol) at 23 "C, affording an orange slurry which was stirred 
for 12 h with the exclusion of light. The orange solid was 
collected by vacuum filtration, washed with hexane (2 x 5 mL) 
and dried under vacuum (6 h). Yield: 1.27 g, 1.10 mmol,96%. 
Recrystallization from toluene layered with hexanes at -35 
"C yielded an analytically pure, orange-red crystalline solid. 
IH NMR (C&): 6 6.72 (t, J = 7.6 Hz, 4H, m-Ph), 6.54 (t, J = 
7.3 Hz, 2H, p-Ph), 6.33 (d, J = 7.3 Hz, 4H, 0-Ph), 5.76 (s, 2H, 
CH), 2.57 (s,4H, NCHz), 2.25 (s,4H, ZrCHz), 1.21 (s,6H, CH3). 
13C NMR (THF-ds): 6 170.0 (9, CN), 155.6 (qd, JCF = 32.4 Hz, 
J =  2.7 Hz, CO), 147.6 ( 8 ,  i-Ph), 128.1 (ddd,J= 153.4,8.1, 1.8 
Hz, m-Ph), 127.5 (dm, J = 153.9 Hz, o-Ph), 121.3 (qd, JCF = 
278.1Hz,J=1.8Hz,CF3), 121.0(dt,J=155.7,7.2Hz,p-Ph), 
102.7 (d, J = 162.9 Hz, CH), 64.6 (t, J = 125.3 Hz, ZrCHd, 
52.3 (t, J = 137.4 Hz, NCHz), 23.8 (qd, J = 127.8,3.2 Hz, CH3). 
19F NMR (C&): 6 -72.8 (s). Anal. Calcd for C Z ~ H Z ~ F & O ~ -  
Zr: C, 51.73; H, 4.34; N, 4.64. Found: C, 51.85; H, 4.34; N, 
4.88. 

[(F~-acen)Zr(CHzCMes)(NMeSh)l [B(CsFa)rl (13a). Di- 
chloromethane (10 mL) was added to solid (Fs-acen)Zr(CHz- 
CMe& (11, 0.208 g, 0.369 mmol) and [HNMezPhI[B(CsFd41 
(0.295 g, 0.368 mmol) at 23 "C, affording an orange-yellow 
solution which was stirred for 25 min. The volatiles were 
removed in uucuo to afford an orange crystalline solid. Yield: 
0.463 g, 0.358 mmol, 97%. Recrystallization from dichlo- 
romethane layered with chlorobenzene and toluene at -35 "C 
yielded an analytically pure, orange-yellow crystalline solid. 
Yield: 0.300 g, 0.232 mmol, 65%. Single crystals suitable for 
X-ray diffraction were obtained by slow crystallization at 23 
"C from dichloromethane layered with chlorobenzene. 'H 
NMR (CDzC12): 6 7.32 (t, J = 7.6 Hz, 2H, m-Ph), 7.20 (t, J = 

CH), 3.85 (m, 4H, NCHz), 2.86 (8 ,  6H, NMezPh), 2.37 (8, 6H, 
CH3), 1.12 (8, 2H, ZrCHz), 0.82 (9, 9H, CMe3). 13C NMR (CDz- 
Clz): 6 179.9 (s, CN), 154.4 (9, JCF = 35.1 Hz, CO), 148.5 (dm, 
JCF = 243.9 Hz, B(CsFs)4-), 146.2 (br s, i-Ph), 138.6 (dm, JCF 

NMR (C6D6): 6 5.32 (8 ,  2H, CH), 3.02 (8, 4H, NCHd, 2.19 (8, 

7.4 Hz, lH, p-Ph), 6.79 (d, J = 8.0 Hz, 2H, 0-Ph), 6.20 (s,2H, 

Tjaden et al. 

= 242.1 Hz, B(CeF&-), 136.7 (dm, JCF = 238.5 Hz, B(CsFs)r-), 

p-Ph), 124.1 (br, B(C6F&), 119.5 (q, JCF = 279.0 Hz, J = 1.8 
Hz, CF3), 119.2 (dm, J = 156.6 Hz, o-Ph), 119.1 (t, J = 107.9 
Hz, ZrCHz), 105.2 (d, J = 168.3 Hz, CH), 53.3 (t, J = 140.3 
Hz, NCH2), 46.5 (qm,J  = 144.3 Hz, NMezPh), 39.3 (s, CMe3), 
31.5 (qm, J = 123.1 Hz, CMe3), 25.2 (qd, J = 129.5, 2.9 Hz, 
CHa). ISF NMR (CDzC12): 6 -75.1 (9, 6F, CF3), -135.8 (br s, 
8F, B(CsF&-), -166.3 (t, JFF = 20.3 Hz, 4F, B(CBF~- ) ,  -170.2 
(m, 8F, B(C6F&-). And. Calcd for C ~ ~ H ~ ~ B F Z ~ N ~ O Z Z ~ :  C, 
45.52; H, 2.65; N, 3.25. Found C, 45.35; H, 2.49; N, 3.17. 
~(Hs-acen)Zr(CHaCMes)(NMezPh)l[B(CsFa)tl(13b). Di- 

chloromethane-& (0.5 mL) was vacuum transferred at -78 "C 
into an NMR tube containing solid l l b  (0.0565 g, 0.124 mmol) 
and [HNMezPh][B(C&'&] (0.0993 g, 0.124 "01). The tube 
was frozen at  -196 "C and flame sealed under vacuum. The 
tube was warmed to  23 "C and shaken to afford a yellow 
homogeneous solution. IH and l3C NMR spectra were ob- 
tained. Following NMR analysis, the tube was cracked open 
and the contents transferred to a vial. The volatiles were 
removed in uacuo t o  afford a yellow powder. Yield: 0.120 g, 
0,101 mmol, 81%. Attempted recrystallization from cold CH2- 
Cldtoluene resulted in decomposition. 'H NMR (CDzC12): 6 

6.83 (d, J = 8.1 Hz, 2H, o-Ph), 5.80 (br s, 2H, CHI, 3.78 (br s, 
4H, NCH2), 2.80 (8 ,  6H, NMezPh), 2.20 (br s, 6H, CH3), 2.15 
(br s, 6H, CH3), 1.09 (8, 2H, ZrCHZ), 0.86 ( 8 ,  9H, CMe3). 'H 

130.7 (dd, J = 162.0, 8.1 Hz, m-Ph), 127.6 (d, J = 163.8 Hz, 

7.29 (t, J = 7.8 Hz, 2H, m-Ph), 6.99 (t, J = 7.2 Hz, la, p-Ph), 

NMR (-40 "C, CDzC12): 6 7.25 (t, J = 7.5 Hz, 2H, m-Ph), 6.96 
(t, J = 7.3 Hz, lH,p-Ph), 6.79 (d, J = 8.3 Hz, 2H, 0-Ph), 5.58 
(8, 2H, CH), 3.65 (m, 4H, NCHz), 2.71 (8, 6H, NMezPh), 2.12 
(s,6H, CH3), 2.10 (s, 6H, CHd, 0.74 (s,9H, CMed, 0.70 (s, 2H, 
ZrCHz). 13C NMR (CD2Clz): 6 179.1 (8, CN), 176.6 (8, CO), 
149.0 (8, i-Ph), 148.6 (d, JCF = 240.3 Hz, B(C~FS)~-), 138.6 (d, 
JCF = 243.9 Hz, B(C&&), 136.7 (d, JCF = 243.9 Hz, B(Cd?&-), 
129.7 (dd, J = 157.5,8.1 Hz, m-Ph), 124.4 (br, B(Cd?5)4-), 120.1 

(d, J = 161.1 Hz, CHI, 104.6 (t, J = 106.2 Hz, ZrCHz), 52.4 (t, 
J = 138.1 Hz, NCHz), 42.7 (9, J = 133.6 Hz, NMezPh), 37.7 (8 ,  

CMe3), 33.4 (9, J = 123.6 Hz, CMe3), 24.3 (9, J = 127.5 Hz, 

[(F~acen)Zr(CHzCMes)RJEtSh)l[B(CeFa)tl(14). Dichlo- 
romethanedz (0.5 mL) was vacuum transferred at -78 "C into 
an NMR tube containing solid l l a  (0.0618 g, 0.110 mmol) and 
[H"Et2Ph][B(C35)4] (0.0910 g, 0.110 "01). The mixture was 
frozen at -196 "C and the tube flame-sealed under vacuum. 
The tube was warmed to  23 "C affording an orange solution 
which became green within 45 min. Analysis by NMR 
spectroscopy showed quantitative formation of 14 with no 
visible decomposition. 'H NMR (CD2C12): 6 7.31 (t, J = 7.5 
Hz, 2H, m-Ph), 7.05 (t, J = 6.3 Hz, lH,  p-Ph), 6.74 (d, J = 8.0 
Hz, 2H, o-Ph), 6.28 (8 ,  2H, CHI, 3.79 (m, 4H, NCHz), 3.34 (9, 
J = 7.1 Hz, 4H, NCH~CHB), 2.36 (8, 6H, CH3), 1.21 (br s, 2H, 
ZrCHz), 1.12 (t, J = 7.1 Hz, 6H, NCHZCH~), 0.92 (8 ,  12H, 
CMe4), 0.81 (br s, 9H, CMed NMR (CD2Clz): 6 179.5 (s, 
CN), 158.7 (4, JCF = 36.0 Hz, CO), 148.6 (dm, JCF = 239.4 Hz, 
B(CeF&-), 143.8 (s, i-Ph), 138.6 (dt, JCF = 243.9 Hz, J = 13.5 
Hz, B(C$&-), 136.7 (d, JCF = 244.8 Hz, (B(C6F&-), 131.1 (dd, 
J = 159.3,8.1 Hz, m-Ph), 124.5 (d, J = 161.1 Hz,p-Ph), 124.1 
(br, B(CeF&-), 119.5 (9, JCF = 279.0 Hz, CF3), 118.1 (d, J = 
160.2 Hz, o-Ph), 117.1 (t, J = 107.1 Hz, ZrCHZ), 105.7 (d, J = 
167.4 Hz, CHI, 52.9 (t, J = 140.1 Hz, NCHz), 45.7 (tq, J = 
137.9, 4.0 Hz, NCHZCHB), 39.5 (8, CMe31, 32.8 (4, J = 121.0 
Hz, CMe3), 25.2 (q, J = 129.3 Hz, CH3), 10.5 (q, J = 126.3 Hz, 

[(F~-acen)Zr(CH~CMes)I[B(CsF~)rl(lS). Benzene (20 mL) 
was added to  solid l l a  (1.02 g, 1.81 mmol) and [HNMePhzI- 
[B(CeF&] (1.56 g, 1.81 mmol) at 23 "C, affording an orange- 
yellow oily solution from which a yellow solid precipitated after 
1 h. The filtrate was decanted and the solid was washed with 
benzene (2 x 5 mL) and pentane (5  x 10 mL) and dried in 
uucuo (5 h) to afford a yellow powder. Yield: 1.68 g, 1.44 
mmol, 80%. 'H NMR (CD2C12): 6 6.39 (8, 2H, CHI, 4.06 (m, 

(d, J = 164.7 Hz, p-Ph), 115.2 (d, J = 155.7 Hz, 0-Ph), 107.1 

CH3), 24.0 (q, J = 128.3 Hz, CH3). 

NCH2CH3). 
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(Rcacen)ZrRe and (Rs-acen)ZdR)+ Complexes 

4H, NCHz), 2.47 ( s , ~ H ,  CH3), 1.88 ( s , ~ H ,  ZrCHz), 1.01 ( s , ~ H ,  
CMe3). 13C NMR (CDzC12): 6 181.5 (8, CN), 157.5 (q, JCF = 
37.8 Hz, CO), 148.5 (d, JCF = 239.4 Hz, B(CsF&-), 138.6 (dm, 
JCF = 243.9 Hz, B(C$5)4-), 136.7 (d, JCF = 244.8 Hz, B(C$5)4-), 
124.2 (br, B(CsF&-), 118.8 (q, JCF = 276.3 Hz, CFd, 113.1 (tm, 
J = 109.8 Hz, ZrCHZ), 108.1 (d, J = 169.2 Hz, CHI, 52.1 (t, J 
= 142.0 Hz, NCHz), 38.3 (8, CMe3), 32.9 (qm, J = 124.2 Hz, 
CMe3), 24.3 (q, J = 129.8 Hz, CH3). 19F NMR (CDzClz): 6 
-76.5 (8, 6F, CF3), -135.9 (9, 8F, B(CeF5)4-), -166.2 (t, JFF = 
19.7 Hz, 4F, B(C$5)4-), -170.2 ( s , ~ F ,  B(CsF&). Anal. Calcd 
for C41H23BF&zOzZr: C, 42.03; H, 1.98; N, 2.39. Found: C, 
41.89; H, 1.98; N, 2.17. 

[NEtzPh(CHaCl)][B(CsF5)4] (18). Dichloromethane (8 mL) 
was added to  solid lla (0.419 g, 0.743 mmol) and [HNEt~phl- 
[B(C6F5)4] (0.617 g, 0.744 "01). The solution was allowed to 
stand at ambient temperature for 10 days, with the color 
changing from yellow to green. The volatiles were removed 
in vacuo to afford a green oily residue. In the air, the material 
was dissolved in CHzClz and filtered through a plug of wet 
Celite. The volatiles were removed in vacuo and the greenish 
residue repeatedly triturated with toluene (200 mL). The 
toluene fractions were recrystallized from cold CHzCldpentane 
to afford off-white needles of 18. 'H NMR (CDzClz): 6 7.71 
(m, 3H, Ph), 7.43 (m, 2H, Ph), 5.28 (s, 2H, NCHZCl), 3.91 (m, 
4H, NCHZCH~), 1.21 (t, J = 7.2 Hz, 6H, CH3). 13C NMR (CDz- 
Clz): 6 148.5 (d, JCF = 238.5 Hz, B(CsF5)4-), 139.2 (br s, i-Ph), 
138.6 (d, JCF = 244.8 Hz, B(C6F5)4-), 136.6 (d, JCF = 245.7 Hz, 
B(C&'5)4-), 132.4 (dt, J = 165.6, 7.2 Hz, p-Ph), 132.1 (dd, J = 

Hz, m-Ph), 64.0 (t, J = 169.4 Hz, NCHzCl), 58.9 (t, J = 145.5 
162.0, 7.2 Hz, o-Ph), 124.2 (br, B(CsF5)4-), 121.0 (d, J = 159.3 

Hz, NCHZCH~), 8.1 (q, J = 129.2 Hz, CH3). Anal. Calcd for 
C35H17BClFzoN: C, 47.89; H, 1.95; N, 1.60. Found: C, 47.74; 
H, 1.88; N, 1.74. 

[ { (F~-acen)Zr(CHzCMes))a(lr-Cl)] [B(Cd?&l (19). Solid 
[PPNICl (0.0614 g, 0.107 mmol) was added (2 min) to  a 
dichloromethane (7 mL) solution of 15 (0.251 g, 0.214 mmol) 
at 25 "C. The resulting yellow solution was stirred for 15 min. 
The volatiles were removed in vacuo to afford a yellow oily 
residue which foamed into a solid. 'H, W, and 19F NMR were 
obtained showing complex 19 (loo%, NMR) and [PPNI- 
[B(C6F5)4]. Attempted separation of the two components via 
crystallization was unsuccessful; in the best case a sample of 
19 containing 20% [PPN][B(CsF5)4] was obtained. 'H NMR 
(CDZClZ): 6 6.40 (s, 4H, CHI, 3.86 (br s, 8H, NCHZ), 2.36 (s, 
12H, CH3), 1.48 (br s, 4H, ZrCHZ), 0.67 (s, 18H, CMe3). 13C 
NMR (CDZC12): 6 174.2 (9, CN), 154.1 (9, JCF = 35.1 Hz, CO), 
148.5 (d, JCF = 237.6 Hz, B(CsF6)4-), 138.6 (dt, JCF = 243.9, 
13.5 Hz, B(CsF5)4-), 136.6 (d, JCF = 243.9 Hz, B(CsF5)4-), 124.3 
(br, B(C&'&-), 119.7 (qd, JCF = 277.2 Hz, J = 2.7 Hz, CF3), 
119.0 (t, J = 105.3 Hz, ZrCHZ), 109.0 (d, J = 167.4 Hz, CH), 
52.6 (t, J = 140.0 Hz, NCHz), 40.0 (8, CMe3), 32.9 (q, J = 123.8 
Hz, CMe3), 24.3 (q, J = 129.1 Hz, CH3); 19F NMR (CDzClz) 6 
-75.2 (s, 12F, CF3), -136.0 (s, 8F, B(CeF&-), -166.5 (t, JFF = 
19.7 Hz, 4F, B(C6F5)4-), -170.4 (br s, 8F, B(CsF5)c). 
[(F~-acen)Zr(CH2CMes)(PMes)~I[B(C~~)41 (21). Dichlo- 

romethane (10 mL) was added via vacuum transfer at -196 
"C to solid lla (0.117 g, 0.207 mmol) and [HNMezPhl[B(CsFdsl 
(0.166 g, 0.207 mmol). The flask was warmed to 23 "C and 
the resulting yellow homogeneous solution stirred for 10 min. 
The solution was frozen at -196 "C, and PMe3 (0.600 mmol) 
was added via vacuum transfer. The flask was warmed to 23 
"C and the resulting yellow homogeneous solution stirred for 
1 h. The volatiles were removed in Vacuo to afford an oily 
yellow solid. The solid was washed with benzene (5 x 10 mL) 
and dried under vacuum for 3 h to afford a thermally unstable 
yellow powder. Yield: 0.240 g, 0.181 mmol, 88%. Attempted 
recrystallization from cold CHzClz/toluene resulted in decom- 
position. lH NMR (CDzClZ): 6 6.18 (8 ,  2H, CHI, 4.27 (m, 2H, 
NCHz), 3.65 (m, 2H, NCHz), 2.40 (s, 6H, CH3), 1.27 (s, 2H, 
ZrCHz), 1.08 (br d, JPH = 5.5 Hz, 18H, PMe3), 0.83 (9, 9H, 
CMe3). lH NMR (-80 "C, CDzClZ): 6 6.12 (8, 2H, CHI, 4.18 
(m, 2H, NCHz), 3.53 (m, 2H, NCHz), 2.32 (s, 6H, CHd, 1.24 
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(d, JPH = 6.8 Hz, 9H, PMe3), 1.08 (br d, JPH = 5.0 Hz, 2H, 
ZrCHz), 0.70 (d, J ~ H  = 7.0 Hz, 9H, PMe3), 0.69 (8, 9H, CMe3). 
13C NMR (CDzC12): 6 174.2 (8, CN), 155.6 (9, JCF = 34.2 Hz, 
CO), 148.5 (d, JCF = 239.4 Hz, B(C$5)4-), 138.6 (dm, JCF = 
243.9 Hz, B(C&'5)4-), 136.7 (dm, JCF = 242.1 Hz, B(CsF5)4-), 
124.5 (br, B(CsF&), 119.8 (q, JCF = 279.0 Hz, CF3), 104.4 (d, 
J = 166.5 Hz, CH), 101.9 (t, J = 108.0 Hz, ZrCHz), 52.9 (t, J 
= 138.6 Hz, NCHz), 37.8 (8, CMes), 33.6 (q, J = 123.4 Hz, 
CMe3), 24.8 (qd, J = 128.9,2.6 Hz, CH3), 12.0 (br q, J = 128.7, 
PMes); 31P{1H} NMR (-80 "C, CDzClZ) 6 -24.1 (d, J = 12.8 
Hz), -35.5 (d, J = 11.2 Hz). 
[(Fs-acen)Zr(CHzCMes)(PMezPh)l[B(CsF~)41 (22). A 

dichloromethane (3 mL) solution of PMezPh (0.0218 g, 0.158 
mmol) was added to a dichloromethane (6 mL) solution of 15 
(0.171 g, 0.146 mmol) at 23 "C. The yellow-orange solution 
was stirred for 30 min. Pentane (10 mL) was added resulting 
in the formation of a red-orange oil. The mixture was stored 
at -35 "C for 12 h. The oil was separated by decantation, 
washed with pentane (2 x 10 mL), and dried under vacuum 
for 5 h to  afford an orange solid. Yield 0.179 g, 0.137 mmol, 
93%. lH NMR (CDzClZ): 6 7.42 (m, 3H, Ph), 7.17 (t, J = 8.0 
Hz, 2H, Ph), 6.16 (8, 2H, CHI, 3.99 (m, 2H, NCHZ), 3.51 (m, 
2H, NCHz), 2.28 (s, 6H, CH3), 1.42 (d, J = 6.4 Hz, 6H, PMez- 
Ph), 1.26 (9, 2H, ZrCHz), 0.78 (s, 9H, CMe3). 'H NMR (-80 
"C, CDzClZ): 6 7.34 (m, 3H, Ph), 7.02 (m, 2H, Ph), 6.23 (s, 2H, 
CHI, 3.87 (m, 2H, NCHz), 3.40 (m, 2H, NCHZ), 2.28 ( 6 ,  6H, 
CH3), 1.49 (d, J = 7.9 Hz, 6H, PMezPh), 1.09 (8, 2H, ZrCHz), 
0.60 (s, 9H, CMe3). 13C NMR (CDzC12): 6 175.3 (s, CN), 156.2 
(9, JCF = 35.1 Hz, CO), 148.5 (d, JCF = 242.1 Hz, B(CsFd-), 
138.6 (d, JCF = 244.8 Hz, B(CsF&-), 136.7 (d, JCF = 243.0 Hz, 
B(C&'5)4-), 134.1 (br s, i-Ph), 130.5 (br d, p-Ph), 130.2 (d, J = 
157.5 Hz, o-Ph), 129.4 (d, J = 162.0 Hz, m-Ph), 128.7 (br, 

Hz, ZrCHZ), 104.8 (d, J = 166.5 Hz, CH), 53.0 (t, J = 138.8 
Hz,NCHz), 38.2 (9, CMes), 3 3 . l ( q , J  = 123.5 Hz, CMe3), 24.8 
(q, J = 128.8 Hz, CH3), 10.9 (q, J = 135.1 Hz, PMezPh). 19F 
NMR (CDZClz): 6 -75.2 (8, 6F, CF3), -135.9 (br s, 8F, 

(m, 8F, B(CsF5)4-). 31P{1H} NMR (-80 "C, CDzClZ): 6 -11.6 
(s). Anal. Calcd for C ~ ~ H ~ ~ B F Z ~ N Z P O Z Z ~ :  C, 44.93; H, 2.62; 
N, 2.14. Found: C, 44.74; H, 2.33; N, 2.33. 

[ (F8-acen)Zr(CH2CMes)(PMe2Ph)21 [B(CsF5)41 (23). 'H 
NMR (-80 "C, CDzCl2): 6 7.54 (m, 6H, Ph), 6.78 (m, 4H, Ph), 
5.83 (s, 2H, CH), 3.99 (m, 2H, NCHZ), 3.40 (m, 2H, NCHz), 
2.06 (s, 6H, CH3), 1.60 (d, JPH = 5.7 Hz, 6H, PMezPh), 1.18 (s, 
2H, ZrCHz), 0.78 (d, JPH = 5.5 Hz, 6H, PMezPh), 0.64 (s, 9H, 
CMe3). 31P{1H) NMR (-80 "C, CDzClZ): 6 -18.5 (d, Jpp = 8.8 
Hz), -23.5 (d, Jpp = 9.0 Hz). 
[(F~-~C~~)Z~(CH~CM~~)(NCM~)~I[B(C~F~)~I (24). Aceto- 

nitrile (0.3 mL) was added to  a dichloromethane solution (6 
mL) of 15 (0.203 g, 0.173 mmol) at 23 "C and the bright yellow 
solution stirred for 45 min. Hexane (10 mL) was added to  
precipitate a yellow solid, and the slurry was cooled to  -35 
"C. The solid was collected by vacuum filtration, washed with 
hexane (2 x 5 mL), and dried under vacuum (5 h) to afford a 
yellow powder. Yield: 0.185 g, 0.148 m o l ,  85%. 'H NMR 
(CDZClz): 6 6.12 (s, 2H, CH), 4.17 (m, 2H, NCHZ), 3.80 (m, 

2H, ZrCHz), 0.82 (9, 9H, CMe3); 'H NMR (-90 "C, CDZC12) 6 
6.01 (5, 2H, CH), 4.07 (m, 2H, NCHZ), 3.65 (m, 2H, NCHZ), 
2.34 (8, 3H, CHsCN), 2.26 (8 ,  6H, CH3), 2.04 (s, 3H, CH3CN), 
0.94 (s, 2H, ZrCHZ), 0.64 (s,9H, CMe3). 13C NMR (CD2Clz): 6 
174.1 (s, CN), 156.3 (9, JCF = 35.1 Hz, CO), 148.5 (d, JCF = 
237.6 Hz, B(C$5)4-), 138.5 (d, JCF = 244.8 Hz, B(CsF&-), 136.7 
(d, JCF = 243.8 Hz, B(C#5)4-),124.2 (br, B(CsF5)4-), 119.9 (q, J 
= 9.9 Hz, CH3CN), 119.7 (q, JCF = 279.0 Hz, CF3), 104.1 (d, J 
= 166.5 Hz, CH), 98.7 (t, J = 108.2 Hz, ZrCHd, 52.8 (t, J = 
138.5 Hz, NCHz), 37.1 (8, CMe3), 33.6 (q, J = 123.4 Hz, CMe3), 

B(CeF5)4-), 119.7 (9, JCF = 277.2 Hz, CF3), 107.4 (t, J = 107.6 

B(C&'&-), -166.4 (t, 4F, J m  = 20.3 Hz, B(CsF5)4-), -170.2 

2H, NCHz), 2.35 (s, 6H, CH3), 2.19 (s, 6H, CH&N), 1.25 (9, 

24.3 (qd, J = 129.0, 2.9 Hz, CH3), 2.0 (9, J = 137.1, CH3CN). 
"F NMR (CDZClz): 6 -77.0 (8, 6F, CF3), -135.8 (8, 4F, 
B(C,$'.&-), -166.4 (t, JFF = 19.7 Hz, 4F, B(CsF&-), -170.3 (s, 
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8F, B(CeF&-). Anal. Calcd for C4sHzsBFd40zZr: c ,  43.11; 
H, 2.33; N, 4.47. Found C, 43.25; H, 2.33; N, 4.24. 
[(F~-acen)Zr{~a-C(=O)CH~CMe~}(NMe~Ph)l~B(CsF~)~l 

(25). Dichloromethane-d2 (0.5 mL) was vacuum transferred 
at -78 "C into an NMR tube containing solid l l a  (0.0454 g, 
0.0805 mmol) and [HNMe2Ph][B(Cd?&l (0.0645 g, 0.0805 
mmol). The tube was warmed to 23 "C and shaken (10 min) 
to afford an orange-yellow homogeneous solution. The tube 
was frozen at -196 "C, exposed to CO (1 atm), and carefully 
allowed to warm to 23 "C, affording a bright red solution. lH 
NMR (CDzClz, major isomer only): 6 7.32 (t, J = 7.3 Hz, 2H, 

0-Ph), 5.92 (s, 2H, CH), 4.22 (m, 2H, NCHz), 4.00 (m, 2H, 
NCHz), 2.80 ( 8 ,  6H, NMezPh), 2.69 ( 8 ,  2H, C(O)CHd, 2.27 ( 8 ,  
6H, CH3), 1.09 (8, 9H, CMe3). 13C NMR (-50 "C, CDzClz): 6 
312.0 (s, ZrC(O)), 175.5 (s, CN), 153.9 (q, JCF = 35.1 Hz, CO), 
147.7 (d, JCF = 238.5 Hz, B(CG&), 147.4 ( 8 ,  i-Ph), 137.9 (d, 
JCF = 243.0 Hz, B(CeF&-), 136.0 (d, JCF = 244.8 Hz, B(CsFs)r-), 
129.0 (dd, J = 161.1, 7.2 Hz, Ph), 126.0 (d, J = 162.9 Hz, Ph), 
123.1 (br, B(CeF&), 119.3 (d, J = 156.6 Hz, Ph), 118.8 (9, JCF 

m-Ph), 7.16 (t, J = 7.3 Hz, lH, p-Ph), 6.94 (d, J = 7.5 Hz, 2H, 

= 277.2 Hz, CF3), 104.0 (d, J = 166.5 Hz, CHI, 57.0 (t, J = 
129.2 Hz, CH2), 52.5 (t, J = 140.4 Hz, NCHd, 45.0 (4, J = 
138.0 Hz, NMezPh), 30.7 (s, CMe3), 29.4 (q, J = 125.5 Hz, 
CMe3), 24.6 (q, J = 129.2 Hz, CH3). 

[ (Fe-acen)Zr(OCPhzCH~CMes)(O=CPhzl [B(CsF&l (26). 
Dichloromethane (15 mL) was added to  solid l l a  (0.209 g, 
0.370 mmol) and [HNMezPh][B(C6F&I (0.296 g, 0.370 mmol) 
at 23 "C, affording an orange solution which was stirred for 
10 min. Solid benzophenone (0.135 g, 0.740 mmol) was added, 
resulting in a bright red solution which was stirred for 35 min. 

Tjaden et al. 

The volatiles were removed in vacuo to afford a red-brown oily 
residue, which was washed with benzene (10 mL) and pentane 
(10 mL). The resulting red oil foamed into an orange solid 
when dried under vacuum (4 h). Attempted recrystallization 
from cold CHzC12/toluene resulted in decomposition. 'H NMR 

4H, Ph), 7.53 (t, J = 7.5 Hz, 4H, Ph), 7.28 (m, 4H, Ph), 7.22 
(m, 6H, Ph), 5.78 (8 ,  2H, CHI, 3.43 (m, 2H, NCHd, 3.27 (m, 
2H, NCHz), 2.50 (8 ,  2H, CHz), 2.02 (8, 6H, CH3), 0.76 ( 8 ,  9H, 
CMe3). 13C NMR (CDzC12): 6 206.3 (8 ,  Ph2C=O), 176.3 (8 ,  CN), 
157.1 (9, JCF = 33.3 Hz, CO), 148.5 (d, JCF = 238.5 Hz, 
B(&F&-), 146.6 (s, i-PhzC=O), 138.6 (d, JCF = 243.0 Hz, 
B(CeF&-), 136.8 (d, JCF = 244.8 Hz, B(CeF&-), 136.7 d, J = 
159.3 Hz, Ph), 134.8 (t, J =  7.2 Hz, i-Ph), 132.6 (dt, J =  163.8, 
7.2 Hz, Ph), 129.4 (dd, J = 164.2, 7.2 Hz, Ph), 128.3 (d, J = 
158.4 Hz, Ph), 127.8 (d, J = 160.2 Hz, Ph), 172.1 (d, J = 156.6 
Hz, Ph), 124.5 (br, B(C6F&-), 119.3 (q, JCF = 277.2 Hz, CFd, 
104.3 (d, J = 165.6 Hz, CH), 93.1 (8, ZrOC), 53.4 (t, J = 122.0 
Hz, OC(Ph)2CH~), 51.8 (t, J = 141.7 Hz, NCHd, 31.8 ( 8 ,  CMed, 
31.2 (9, J = 120.3 Hz, CMe3), 23.6 (q, J = 128.9 Hz, CH3). 

(CDZClz): 6 7.80 (t, J = 7.3 Hz, 2H, Ph), 7.64 (d, J = 7.3 Hz, 

Supplementary Material Available: Tables of complete 
bond distances and angles, anisotropic thermal parameters 
and hydrogen atom coordinates for l l a  and 13a and hydrogen 
atom bond distances and angles, least-squares planes, and 
torsional angles for l l a  (21 pages). Ordering information is 
given on any current masthead page. 
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Radical Processes in the Reduction of Nitrobenzene 
Promoted by Iron Carbonyl Clusters. X-ray Crystal 

Structures of [Fe3(CO)&3-NPh)12-, [HFe3(CO)g@3-NPh)l-, 
and the Radical Anion [Fe3(CO)111-* 

Fabio Ragaini,? Jeong-Sup Song, David L. Ramage, and Gregory L. Geoffrey" 

Department of Chemistry, The Pennsylvania State University, 
University Park, Pennsylvania 16802 

Glenn A. P. Yap and Arnold L. Rheingold 

Department of Chemistry, University of Delaware, Newark, Delaware 19716 

Received July 20, 1994@ 

The halides C1-, Br-, and I- and the pseudo-halide NCO- react with Fe3(C0)12 (1) in aprotic 
solvents to induce a disproportionation reaction yielding the radical anion [Fe3(C0)11]-' (3). 
This species has been h l ly  characterized by single-crystal X-ray diffraction studies of its 
PPL+ and PPN+ salts, although the latter was disordered. Crystal data for PPh4.3: C35H20- 
Fe3011P, monoclinic, P21/n, a = 11.313(2), b = 12.966(3), and c = 23.6826) A, B = 91.380(9)", 
V = 3472.8(9) A3, 2 = 4, RQ = 6.73%. In contrast to other related Fe3 carbonyl clusters, 
the structures show that the anion has one semibridging CO and ten terminal CO ligands. 
Cluster 3 also forms upon reaction of [Fe3(C0)11I2- with ArN02, and it disproportionates 
under a CO atmosphere to yield Fe(C0)5 and [Fe3(C0)11I2-. The mixed-metal cluster Fez- 
Ru(C0)lp also reacts with [PPNICl to yield [PPN][Fe2Ru(Cl)(c0)10], a reaction which is similar 
to that  previously observed for RUB(CO)~P. Reaction of [Fe3(CO)111-* with PhNO and PhN02 
yields a mixture of clusters which, after workup, gives azo- and azoxybenzene. When c15c6- 
NO2 was used in place of PhN02, the cluster [Fe3(C0)9013-NC6C15)]2- (5) was obtained together 
with other products. Cluster 5 can be protonated by HBF4 to yield [HFe3(CO)gOc3-NC6Cl5)]- 
(6). The non-chlorinated analogue of 5, [PPL12[Fe3(C0)&3-NPh)3'2CH2C12 (PPh4*8*2CH2- 
Clz), has been characterized by an X-ray diffraction study. Crystal data for PPh&2CHz- 
Clz: P21, a = 13.065(3), b = 18.114(4), and c = 13.618(3) A, /3 = 98.93(2)", 2 = 2, R(F) = 
6.94%, R(wF') = 7.30%. The cluster [HFe3(CO)111- (2) has been found to react with PhNO 
and ArN02 by an  initial electron-transfer process to  form [HFe3(CO)g@3-NPh)l- (71, with 
PhNO giving higher yields. This species has been crystallographically characterized as its 
PPN+ salt: Crystal data for PPN-7: P21/c, a = 15.03(3), b = 21.22(3), and c = 16.12(3) A, p 
= 106.71(2)", 2 = 4, R(F) = 10.05%, R(wF) = 11.34%. Cluster 7 reacts with PhNO in the 
presence of radical activators to  yield azo- and azoxybenzene. The use of 2-Me-C6H4NO in 
this reaction gave only symmetrical azo- and azoxyarenes, implying that these products do 
not derive from a coupling of the imido fragment in 7 with free ArNO. Cluster 7 reacts 
with water to  yield aniline in the presence of [Cp2Fe][PF,j] but not in its absence. Competition 
experiments show that 7 is not a kinetically significant intermediate in the phase-transfer- 
catalyzed reduction of ArN02 by Fe3(C0)12 and imply that radical intermediates are also 
involved in this reaction. 

Introduction 

Reduction and carbonylation of organic nitro com- 
pounds are reactions of significant potential synthetic 
and industrial interest, since many products can be 
obtained from nitro compounds and CO in a single step, 
including amines, amides, oximes, ureas, carbamates, 
isocyanates, and indo1es.l Many different complexes 

have been reported to promote or to catalyze reduction 
and carbonylation of nitro compounds, with the most 
efficient metals being palladium, rhodium, and ruthen- 
ium. Only limited attention has been given to the study 
of iron complexes as promoters for these  reaction^.^-^ 
Several iron compounds are known t o  promote the 
stoichiometric reduction of nitro compo~nds ,~-~  but few 

~~ 

+ On leave from the Dipartimento di Chimica Inorganica, Metallor- 
ganica e Analitica and CNFt Center, Milano, Italy. 

e Abstract published in Advance ACS Abstracts, December 1,1994. 
(1) Cenini, S.; Pizzotti, M.; Crotti, C. Metal Catalyzed Deoxygenation 

Reactions by Carbon Monoxide of Nitroso and Nitro Compounds. In 
Aspects ofHomgeneous Catalysis; Ugo, R., Ed.; D. Reidel: Dordrecht, 
The Netherlands, 1988 Vol. 6; pp 97-198. 

0276-7333195123 14-0387$09.OOIO 

(2) (a) des Abbayes, H.; Alper, H. J. Am. Chem. SOC. 1977, 99, 98. 
(b) Alper, H.; Gopal, M. J. Chem. SOC., Chem. Commun. 1980,821. (c) 
Alper, H.; Paik, H.-N. NOULJ. J. Chim. 1978,2,245. (d) Alper, H.; Des 
Roches, D.; des Abbayes, H. Angew. Chem., Znt. Ed. Engl. 1977, 16, 
41. 

(3) NGuini Effa, J.-B.; Djebailli, B.; Lieto, J.; Aune, J.-P. J. Chem. 
SOC., Chem. Commun. 1983,408. 

0 1995 American Chemical Society 
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catalytic processes have been r e p ~ r t e d . ~  Despite the 
apparent lower efficiency of iron-based catalysts, their 
use is of interest due to the comparative cost advantage 
of iron compared to the other metals commonly em- 
ployed as catalysts for these reactions. Since little is 
known about the mechanism by which nitro and nitroso 
compounds react with iron carbonyls, we have initiated 
an investigation in this area, using Fe3(C0)12 (1) and 
[HFe3(CO)111- (2) as starting compounds. As alkylam- 
monium halides have been shown to be efficient cocata- 
lysts in the related Ru3(CO)12-catalyzed carbonylation 
of nitrobenzene,6 we have also investigated the reactiv- 
ity of Fe3(C0)12 with [PPNIX salts (X = C1-, Br-, I-, 
NCO-; PPN+ = (PPh&N+). As described herein, this 
has led to the isolation of the radical anion cluster 
[Fe3(CO)111-* (3) as PPN+ or PPh4+ salts, both of which 
have been crystallographically characterized. 

The full characterization of [Fe3(CO)111-' is of signifi- 
cance in itself, since numerous studies in recent years 
have demonstrated the importance of free-radical pro- 
cesses in organometallic chemistry, including a number 
of catalytic reactions known or proposed to involve 
radical  intermediate^.^ However, few of these interme- 
diates have been definitively characterized, and because 
of their elusive nature it has seldom proven possible to 
conduct detailed investigations of their chemical behav- 
ior. One of the radical anions that has been invoked in 
a number of reactions is [Fe3(CO)111-'. This cluster 
radical anion has been observed during the reaction of 
Fe3(C0)12 with nitro- and nitrosoparaffins under condi- 
tions similar to those used for Fe3(CO)l~-catalyzed 
carbonylation of these reagenk8 The anion [Fe3(CO)111-' 
has also been invoked as a key intermediate in the 
electron-transfer-catalyzed substitution reactions of Fe3- 
(CO)12.9J0 This anion has been claimed to form in a 
number of ways, including reduction of Fe(C015 and Fe3- 
( C O ) I ~ , ~ ~ J ~  oxidation of the anion [Fe3(C0)11I2- (4),11 
electron transfer between Fe3(C0)12 and [Fe3(C0)111~-,~~ 
disproportionation of Fe3(C0)12 induced by strong bases 

Ragaini et al. 

and basic solvents such as DMF,l4-I6 and 6oCo radiolysis 
of Fe3(C0)12 and [HFes(CO)111-.11cJ7 Although it ap- 
pears to have been isolated on two occa~ions ,~~ it has 
only been characterized by its EPR datal1 and even that 
has been disputed.12 The isolation and characterization 
of [Fes(CO)111-' should now make possible detailed 
explorations of the mechanistic and reaction chemistry 
of this important species. In this paper, we also report 
the results of an investigation of the reactivity of 
[Fe3(CO)111-* with nitro and nitroso organic compounds. 
Part of the results reported herein have been previously 
communicated in a preliminary form.18 

~~~~~ ~~ ~~ 

(4) (a) Landesberg, J. M.; Katz, L.; Olsen, C. J .  Org. Chem. 1972, 
37, 930. (b) Boldrini, G. P.; Umani-Ronchi, A,; Panunzio, M. J. 
Organomet. Chem. 1979, 171, 85. 

(5)(a) Knifton, J. F. J .  Org. Chem. 1976, 41, 1200. (b) C a m ,  K.; 
Cole, T.; Slegeir, W.; Pettit, R. J .  Am. Chem. SOC. 1978,100, 3969. (c) 
Alper, H.; Hashem, K. E. J .  Am. Chem. SOC. 1981, 103, 6514. (d) 
Kmiecik, J. E. J .  Org. Chem. 1966, 30, 2014. 

(6) (a) Cenini, S.; Crotti, C.; Pizzotti, M.; Porta, F. J. Org. Chem. 
1988,53,1243. (b) Han, S.-H.; Song, J.-S.; Macklin, P. D.; Nguyen, S. 
T.; Geoffroy, G. L.; Rheingold, A. L. Organometallics 1989, 8, 2127. 

(7) (a) Chanon, M., Julliard, M., Poite, J .  C., Eds. Paramagnetic 
Organometallic Species in ActiuationlSelectiuity, Catalysis; NATO AS1 
Series C257; Kluwer Academic Publishers: Dordrecht, The Nether- 
lands, 1989. (b) Trogler, W. C., Ed. Organometallic Radical Processes; 
Journal of Organometallic Chemistry Library 22; Elsevier: Amster- 
dam, 1990. (c) Chanon, M. ACC. Chem. Res. 1987,20,214. (d) Julliard, 
M.; Chanon, M. Chem. Reu. 1983,83,425. (e) Tyler, D. F. Prog. Inorg. 
Chem. 1988,36, 125. 

(8) Belousov, Yu. A.; Kolosova, T. A. Polyhedron 1987, 6, 1959. 
(9) Bruce, M. I.; Hambley, T. W.; Nicholson, B. K. J .  Chem. SOC., 

Dalton Trans. 1983, 2385. 
(10) Luo, F.-H.; Yang, S.-R.; Li, C.-S.; Duan, J.-P.; Cheng, C.-H. J. 

Chem. SOC., Dalton Trans. 1991, 2435. 
(11) (a) Krusic, P. J. Int. Conf. EPR Spectrosc. 1978. (b) Krusic, P. 

J.; San Filippo, J., Jr.; Hutchinson, B.; Hance, R. L.; Daniels, L. M. J. 
Am. Chem. SOC. 1981, 103, 2129. (c) Morton, J. R.; Preston, K. F.; 
Charland, J.-P.; Krusic, P. J. J .  Mol. Struct. 1990,223, 115. 

(12) Dawson, P. A.; Peake, B. M.; Robinson, B. H.; Simpson, J. Inorg. 
Chem. 1980,19, 465. 

F. R.; Gladfelter, W. L. J .  Chem. SOC., Chem. Commun. 1986, 129. 
(13) (a) Chini, P. J .  Organomet. Chem. 1980,200, 37. (b) Furuya, 

Results and Discussion 

Synthesis of [Fes(CO)111-' (3). Alkylammonium 
halides are known to strongly enhance the activity of 
Ru3(C0)12 as catalyst for the carbonylation of nitro 
organic compounds to the corresponding carbamates.6a 
Although the reactions of halides with Ru3(C0)12 are 
now well u n d e r s t o ~ d , ' ~ ~ ~ ~  the corresponding reactivity 
of Fe3(C0)12 (1) with halides has not been well devel- 
oped.21 We have found that [Ph4PlC1 and the [PPNl+ 
salts of C1-, Br-, I-, and NCO- react with 1 to induce a 
disproportionation reaction to form the radical anion 
[Fe3(CO)111-* (31, Fe(C0)5, and FeX, salts as principal 
products, eg., eq 1. Trace amounts of other anionic 

0 1 PPN+ 

C. . . */,Fe(CO)r 

(C0)3Fe - "Fe(C0)3 + Fe(CO)5 + FeCI2 (1) 

clusters have also been observed, among which the most 

(14) Babain, V. N.; Belousov, Yu. A.; Gumenyuk, V. V.; Salimov, R. 
M.; Materikova, R. B.; Kochetkova, N. S. J .  Organomet. Chem. 1983, 
241, C41. 

(15)Yang, S. L.; Li, C. S.; Cheng, C. H. J .  Chem. SOC., Chem. 
Commun. 1987,1872. 

(16) Other studies in these laboratories have shown that phosphin- 
imines, RsP-NR', efficiently induce disproportionation of Fe3(C0)12 to 
form [Fe3(CO)111-' as the [R3P-NHRl+ salt: Nguyen, S. T.; Mirkin, 
C. A.; Ragaini, F.; Geofioy, G. L. Unpublished results. 

(17)Peake, B. M.; Symons, M. C. R.; Wyatt, J. L. J .  Chem. SOC., 
Dalton Trans. 1983, 1171. 

(18) Ragaini, F.; Ramage, D. L.; Song, J.-S.; Geoffroy, G. L.; 
Rheingold, A. L. J .  Am. Chem. SOC. 1993, 115, 12183. 

(19) (a) Han, S.-H.; Geoffroy, G. L.; Dombeck, B. D.; Rheingold, A. 
L. Inorg. Chem. 1988,27,4355. (b) Lavigne, G.; Kaesz, H. D. J .  Am. 
Chem. SOC. 1984, 106,4647. (c) Lavigne, G.; Lugan, N.; Bonnet, J.-J. 
Inorg. Chem. 1987,26,2345. (d) Rivomanana, S.; Lavigne, G.; Lugan, 
N.; Bonnet, J.-J. Organometallics 1991, 10, 2285. (e) Lavigne, G.; 
Lugan, N.; Kalck, P.; Soulib, J. M.; Lerouge, 0.; Saillard, J. Y.; Halet, 
J. F. J .  Am. Chem. SOC. 1992, 114, 10669. (0 Cenini, S.; Pizzotti, M.; 
Crotti, C.; Ragaini, F.; Porta, F. J .  Mol. Catal. 1988,49, 59. (9) Chin- 
Choy, T.; Harrison, W. T. A,; Stucky, G. D.; Keder, N.; Ford, P. C. Inorg. 
Chem. 1989,28, 2028. (h) Lillis, J.; Rokicki, A.; Chin, T.; Ford, P. C. 
Inorg. Chem. 1993,32, 5040. 

(20) For recent reviews, see: (a) Ford, P. C.; Rokicki, A. Adu. 
Organomet. Chem. 1988, 28, 139. (b) Lavigne, G.; Kaesz, H. D. In 
Metal Clusters in Catalysis; Gates, B., Guczi, L., KnBzinger, H., Eds.; 
Elsevier: Amsterdam, 1986; Chapter 4, pp 43-88. (c) Lavigne, G. In 
The Chemistry ofMetal Cluster Complexes; Shriver, D., Adams, R. D., 
Kaesz, H. D., Eds.; VCH: New York, 1990; Chapter 5, pp 201-303. 

(21) In ref 19a, it  was noted that Fes(C0)12 reacted with [PPNII in 
refluxing THF to form [PPNI[HFe3(CO)111 and [PPNI[Fe(C0)4Il! but 
the presence of 5-10% MeOH in commercial Fe3(C0)12 is likely 
responsible for those results which differ from those reported herein. 
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Reduction of Nitrobenzene Promoted by Clusters 

abundant was [PPN]~[Fe4(C0)131.~~ These dispropor- 
tionation reactions occur in thoroughly dried THF, CHz- 
Clz, and Et20 solvents, with the latter found to  be best 
for isolation of the product, since all other byproducts 
are insoluble in this solvent except for Fe(C0)5, which 
is easily removed by evaporation. The reaction with 
[PPNICl is much faster in THF (-10 min) than in Et20 
(-1.5 h), which is likely due to the limited solubility of 
[PPNICl in the latter solvent. The reactions with 
[PPNlBr and [PPNII were slower than the correspond- 
ing reaction with [PPNICl when run in THF (-30 and 
75 min, respectively) but proceeded at comparable rates 
in EtzO. The lower nucleophilicity of Br- and I- in 
nonprotic solvents like THF or ether, with respect to 
C1-, it most likely compensated in this case by the 
higher solubility of the corresponding PPN salts. The 
yie2ds for the reactions in Et20 were comparable for all 
the anions and were near 50% in each case (see 
Experimental Section). 

The residue from the reaction of Fe3(C0)1~ with [PPNI- 
NCO, after extraction with THF, was shown to contain 
the [PPNl+ salt of the knownz3 anion [Fe(NC0)4]- by 
comparison of its IR spectra (Nujol mull, VNCO = 2189 
cm-l; MeNOz, y ~ c o  = 2195 cm-l) to those reportedz3 and 
by the presence of a molecular ion for the anion at  M- 
= 224 in its negative ionization FAB mass spectrum. 
The identification of FeClz in the residue from the 
reaction of Fe3(C0)12 with [PPNICl was less certain, but 
the presence of a shoulder at 494 cm-l on the 499 cm-l 
[PPNl+ peak in the KBr IR spectrum of the tan residue 
compares to the 493.2 cm-l band reported for F e c l ~ . ~ ~  
This shoulder is not observed in the KBr IR spectrum 
of pure [PPNICl. 

By running the disproportionation reaction under 
various solvent and concentration conditions, we ob- 
served an inhibiting effect by small amounts of CO, such 
as those which are formed during the reaction itself. 
This effect was only observed when the reaction was 
run in Et20 with a high concentration of the reagents 
(1 g of Fe3(C0)12 in 100 mL of EtzO) and was particu- 
larly evident when [PPhdCl was used. Under these 
conditions, the reaction stopped completely after con- 
sumption of about half of the reagents, but it could be 
started again by bubbling nitrogen through the solution. 
Under the same conditions, but using [PPNICl instead 
of [PPh41C1, the reaction only slowed, taking several 
hours to reach completion, but it did not completely stop. 
Even in this case, however, it was possible to ap- 
preciably increase the rate of the reaction by bubbling 
nitrogen through the solution at regular intervals of 
time.25 This effect was not noted when the reaction was 
conducted in THF or CH2C12, which is likely due to the 
higher solubility of the alkylammonium salts in these 
solvents. Although our data are not sufficient to 
indicate a specific mechanism for the formation of 
[Fe3(CO)11]-*, it is clear from the CO inhibiting effect 
that one of the earliest stages of the reaction must be 
~~ 

(22) Whitmire, K.; Ross, J.; Cooper, C. B., III; Schriver, D. F. Inorg. 

(23) Forster, D.; Goodgame, D. M. L. J .  Chem. SOC. 1965, 262. 
(24) Jacox, M. E.; Milligan, D. E. J .  Chem. Phys. 1969,51,4143. 
(25) Continuous bubbling of Nz through the solution during the 

entire reaction led to irreproducible results, since much of the Et20 
solvent evaporated under these conditions and had to be readded 
periodically. Also, evaporation of the solvent caused a marked decrease 
in the temperature of the solution. This inhibiting effect by CO was 
also clearly observed when the weak base R 3 P - m '  was used to induce 
the disproportionation of Fe3(COhz (see ref 16). 

Synth. 1982,21, 66. 
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the formation of a complex from which the halide ligand 
can be displaced by CO to re-form Fe3(C0)12. From the 
reactivity data and by analogy with the corresponding 
reactions of R U ~ ( C O ) ~ Z , ~ ~ ~ ~ ~  this complex is likely to be 
[Fe3(X)(C0)11]- (X = C1, Br, I, NCO). The presence of a 
larger amount of CO (1 atm) induced different reactivity, 
as described below. 

The [PPNl+ and [PPh4]+ salts of the radical anion 
[Fe3(CO)111-' (3) are stable in the crystalline state under 
Nz for several days, but THF solutions decompose over 
the course of 1-2 days to yield [PPNI[HFe3(C0)113 
( P P N O ~ ) , ~ ~  Fe(C0)5, and [PPNl~[Fe~(C0)~~1.22~27 The 
anion 2 likely forms via hydrogen atom abstraction from 
THF, a conclusion supported by the observation that its 
formation was completely suppressed when [Fe3(CO)111-' 
was allowed to  decompose in benzene solution, whereas 
the two other products were still formed. 

Addition of CO (1 atm) to solutions of [Fe3(CO)111-' 
induced its immediate disproportionation to form mainly 
Fe(C0)5 and [Fe3(C0)11lZ- (4Xz8 The same two products 
were also obtained when Fe3(C0)12 was allowed to react 
with halides under a CO atm, although the intermediate 
formation of [Fe3(CO)111-' was not directly observed in 
this latter reaction. The disappearance of Fe3(C0)12 was 
-3 times faster when the halide reactions were per- 
formed under a CO atm. This rate acceleration con- 
trasts with the inhibition of the reaction by low amounts 
of CO and suggests the involvement of an autocatalytic 
reaction in which the initially formed radical anion 3 
reacts with CO to yield radical species of lower nucle- 
arity which readily transfer an electron either to Fe3- 
(CO)lz, regenerating 3, or to  another molecule of 3, 
generating [Fe3(C0)11]2-.29 The first possibility should 
be most favored until almost all of the starting FedC0)lz 
has been consumed, and under a CO atm only a small 
amount of halide is needed to initiate an autocatalytic 
reaction which eventually consumes all of the starting 
cluster. 

The EPR signal obtained from [PPNI[Fe3(CO)111, 
(PPN-3) (g(THF, -78 "C) = 2.0489) compares well with 
data previously reported for radical anion [Fe3(C0)111-'.~~ 
In its IR spectrum, 3 shows only terminal carbonyl 
bands [vco(THF) = 2057 (vw), 2017 (w), 1984 (vs), 1966 
(ms), 1933 (mw), 1922 (w, sh) cm-ll, and the spectrum 
is identical to the spectra produced upon reacting 
together equimolar amounts of CPPNIdFe3(CO)111 and 
Fe3(C0)12 and upon oxidation of [Fe3(C0)11lZ-, routes 
which have been used previously to prepare 3.11J3 The 
absence of an IR band in the region characteristic of 
bridging CO's is in accord with the solid state structure 
described below which shows 10 terminal carbonyls and 
1 weakly semibridging CO (see Figure 1). 

(26) (a) Dahl, L. F.; Blount, J. F. Inorg. Chem. 1966, 4, 1373. (b) 
Hodali, H. A.; Arcus, C.; Shriver, D. F. Inorg. Synth. 1980,20, 218. 

(27)Although no other product was observed by IR, some non- 
carbonyl compound is probably formed, since additional CO is neces- 
s a r y  to complete the disproportionation of [Fe3(CO)111-' into Fe(C0)6 
and [Fe4(CO)ls12-. 

(28) (a) Lo, F. Y.-K; Longoni, G.; Chini, P.; Lower, L. D.; Dahl, L. 
F. J .  Am. Chem. SOC. 1980,102, 7691. (b) Hodali, H. A,; Shriver, D. 
F. Inorg. Synth. 1980,20, 222. 

(29)(a) For related reactions see refs 9, 10, and 15. In ref 15, 
reaction of Fe3(C0)12 with CO to yield Fe(C0h was reported to be 
catalyzed by an electron-transfer path and [Fe3(CO)111-* was detected 
by EPR, along with [Fe3(CO)lzl-* and [Fez(CO)&*. (b) [Fe3(CO);iI-' 
can be uroduced uuon reductlon of Fes(C0)lz in the absence o f C 0  since 
under hese condi6ons insufficient CO is released in the transformation 
of [Fe3(C0)1&* into [Fe3(CO)d-' to induce further fragmentation of 
the latter species. 
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Figure 1. ORTEP drawing of [PPhJFe3(C0)113 (PPh4.3) 
with thermal ellipsoids drawn at the 30% probability level. 

X-ray Crystal Structure of [PPh41[Fes(CO)111. 
Despite the high reactivity of [Fe3(CO)111-’, X-ray- 
quality crystals of its [PPNI+ and [PPh41+ salts were 
obtained by slow diffusion of pentane into -70 “C Et20 
solutions of the salts. Both salts were characterized by 
X-ray diffraction studies, although the [PPNl+ salt was 
disordered and produced a lower quality structure (see 
supplementary material). An ORTEP drawing of the 
[Fe3(CO)111-* anion in the [Ph4Pl+ salt is shown in 
Figure 1, and the relevant crystallographic data are set 
out in Tables 1 and 2. Unlike the related Fe3 carbonyl 
clusters Fe3(C0)12,~O [Fe3(C0)1112-,28 and [HFe3(C0)111- 26 

which display 2-fold symmetry and have bridging CO’s, 
[Fe3(CO)111-* is without symmetry and possesses only 
a very weakly semibridging CO. The semibridged Fe- 
(1)-Fe(3) bond distance of 2.503(2) A is significantly 
shorter than the Fe(l)-Fe(2) and Fe(2)-Fe(3) distances, 
which are more typical of Fe-Fe single bond values.30 
The CO groups at Fe(2) are arranged in the expected 
axial (5 ,  6) and equatorial (7, 8) arrangements. How- 
ever, the presence of the unsymmetrical bridge has 
caused a tilting of CO(1) away from an axial position 
toward Fe(3), while the nearly equatorial plane for CO- 
(2) and CO(3) is twisted so as to  bring CO(1) closer and 
CO(4) further from Fe(3). The geometry at Fe(3) is 
roughly trigonal bipyramidal. The absence of a full 
bridging CO ligand was unexpected. It is generally 
considered that an increase in the negative charge on a 
cluster leads to an increased tendency for carbonyl 
ligands to display a bridging coordination mode. How- 
ever, in the structure of [Fe3(CO)111-’ the opposite trend 
is observed with respect to Fe3(C0)12, which, a t  least 
in the solid state, has two bridging carbonyl ligands. It 
is to be noted that the “normal” tendency is again 
observed with the dianion [Fe3(C0)11I2-, which has two 
bridging and one semibridging CO ligands. 

Overall, the determined structure is in excellent 
agreement with that proposed on the basis of a single- 
crystal EPR study of PPN.3 doped into crystals of [PPNI- 
[ H F ~ ~ ( C O ) I I I , ~ ~ ~  which, along with EPR studies of 57Fe- 
enriched 3, led to the conclusion that the unpaired 
electron was localized on a single iron atom.ll This is 
a remarkable feature since unpaired spin density is 
usually considered to be quite delocalized over several 

~ ~ ~~~~~ 

(30) (a) Cotton, F. A.; b u p ,  J. M. J. Am. Chem. SOC. 1974,96,4155. 
(b) Braga, D.; Fanugia, L:; Grepioni, F.; Johnson, B. F. G. J. 
Organomet. Chem. 1994,464, C39. 

PPh4.3 PPN.7 PPh4.8.2CHzC12 

(a) Crystal Parameters 
formula C~sH2oFe3011P C S I H ~ ~ F ~ ~ N Z O ~ P Z  C6dbC@e3N09Pz 
fw 815.0 1050.3 1247.64 
cryst sys monoclinic monoclinic monoclinic 

a, A 11.313(2) 15.03(3) 13.065(3) 
b, A 12.966(3) 21.22(3) 18.1 14(4) 
C, A 23.682(5) 16.12(3) 13.618(3) 
B. deg 9 1.380(9) 106.71(2) 98.93(2) 
v, A3 3472.8(9) 4922( 15) 3184(1) 
Z 4 4 2 
D(calcd) 1.559 1.417 1.301 
p(Mo Ka), cm-l 13.42 9.94 5.10 
temp, K 213 296 295 
size, mm 
color burgundy red deep red 
T(max)/T(min) 1.21 1.10 1.16 

diffractometer Siemens R3mN Siemens R3mN Nicolet P3 
monochromator graphite 
wavelength, A 0.710 73 
radiation Mo Ka 
scan method w 

data collected &14,+16,+30 f16,+22,+17 f15,+20,+15 

rflnscollcd 8537 6687 4865 
indpdt rflns 7974 6419 4298 
obs r f lns  3410 (n  = 5 )  2791 (n  = 4) 3133 (n = 4) 

std rtlns 3 stdl97 rflns 
var in stds, % 1-2 1-2 < I  

R(F), % 6.73 10.05 6.94 
R(wF), % 8.05 11.34 7.30 
GOF 1.37 2.07 1.84 
hlu(max) 0.41 0.004 0.02 
A@), 1.96 1.32 0.76 
NJNv 8.5 9.1 6.5 

space group P2l/n P2,k p21 

0.12 x 0.32 x 0.58 0.10 x 0.20 x 0.40 0.30 x 0.34 x 0.36 

(b) Data Collection 

scan limits, deg 4-55 4-45 4-45 

(h,k,D 

(F.  2 nu(FJ) 

(c) Refinement 

’ W9 = D I F o l  - IFcl/CIFol; WwF) = X(~”~( lFo l  - I F c l ) 4 ~ ” * l F o I ) ;  
GOF = [CwllF0l - ~Fc~~/No - NVlLn. 

Table 2. Selected Bond Lengths and Angles for 
[PPh41[Fe~(CO)11I(PPh4.3) 

Bond Lengths (A) 
Fe( 1)-Fe(2) 2.685(2) Fe( 1)-Fe(3) 2.503(2) 
Fe(2) -Fe(3) 2.630(2) Fe( 1)-C( 1) 1.885(12) 
Fe(3)-C( 1) 2.488( 11) C(1)-0(1) 1.34( 13) 

Bond Angles (deg) 
Fe(2)-Fe(l)-Fe(3) 60.8(1) Fe(l)-Fe(2)-Fe(3) 56.2(1) 
Fe(l)-Fe(3)-Fe(2) 63.0(1) Fe(3)-Fe(l)-C(l) 67.4(4) 
Fe(2)-Fe(l)-C(l) 88.1(3) Fe(1)-C(1)-O(1) 168.1(10) 
Fe(3)-C(l)-O(l) 122.8(9) 

atoms in a metal cluster. By comparison, the related, 
but likely more symmetrical, radical anion cluster 
[Fe3(C0)121-* showed no indication of charge 
localization.llb The crystallographic results presented 
here combined with these EPR datal1 suggest that in 
[Fe3(CO)111-* the unpaired electron is likely localized on 
the unique trigonal bipyramidal Fe(C0)3 center (Fe(3) 
in Figure l}. 

Comparison of the Reactivity of Fes(CO)12, 
Rus(CO)lz, and Fe&u(CO)lz with [PPNICI. Now 
that the separate reactions of [PPNICI with Ru3- 
(CO)1219120 and Fe3(C0)12 are well understood, it is of 
interest to  compare the relative reactivity of these two 
clusters with each other and with the mixed-metal 
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Reduction of Nitrobenzene Promoted by Clusters 

cluster FezRu(C0)1~.~~ When a mixture of Fe3(C0)12 
and Ru3(CO)1p was allowed to react with [PPNlCl in 
THF, the results shown in eq 2 were obtained, which 

[PPNlCl [PPNI[Fe3(CO),ll + Fe(CO), + Ru3(CO),, ~h- 
3 

[PPNI[Fe3(CO)lll + Fe(CO), + ~PPN1~Ru3(C1)(C0),,1 

(2) 

show that at room temperature mixtures of these two 
clusters react independently with chloride and that Fe3- 
(C0)lz reacts faster than does Ru~(C0)1p. After 10 min, 
IR analysis indicated that all of the Fe3(C0)12 had been 
consumed with the formation of [Fe3(CO)111-* and Fe- 
(CO)a but the Ru~(CO)~Z was largely unchanged. How- 
ever, upon continued stirring, Ru~(CO)~Z reacted with 
chloride to produce [Ru3(Cl)(CO)111- which then slowly 
converted to [Ru~@-Cl)(CO)lol-, in accord with the 
literature. 19a9g 

Reaction of FezRu(C0)lz with [PPNICl in THF yielded 
a new cluster believed to  be [PPNI[F~ZRU(C~)(CO)~OI on 
the basis of its IR and negative ionization FAB mass 
spectra and of its elemental analysis (eq 3). This 

3 

-co 
Fe,Ru(CO),, + [PPNICl 22 oc mi; 

?'HF 

reaction closely parallels the known reactivity of Ru3- 
(C0)lz with [PPNlC119~20 but differs significantly from 
the above-described reaction of Fe3(C0)12 with chloride. 
No evidence was obtained for the formation of radical 
species in the combination.of FezRu(C0)lz with [PPNI- 
Cl,32 indicating that the formation of a radical anion 
cluster is peculiar to Fe3(C0)12 within this general 
cluster family. 

Reactivity of [Fe3(CO)111-* with Nitro and Ni- 
troso Organic Compounds. It is known that the 
dianion [Fe3(C0)11I2- readily forms upon reduction of 
Fe3(C0)12 (1) by OH- or by disproportionation of 1 
induced by strong bases14128 under conditions similar to 
those employed during the catalytic carbonylation of 
PhNOz to  methyl phenylcarbamate by Fe3(C0)12/ 
CH30-.5c The dianion [Fe3(C0)11lZ- has also been 
suggested to  form during the phase-transfer-catalyzed 
reduction of nitro aromatic compounds to the cor- 
responding anilines by Fe3(C0)12/OH-.2a~c~d An EPR 
study of the reaction of the dianion [Fe3(C0)11I2- with 
PhNO and PhNOz has previously indicated the forma- 
tion of the radical anion [Fe3(CO)111-' and other prod- 
ucts.8 However, since EPR is such a sensitive technique 
for detecting minute quantities of radical species, it 
could be argued that [Fe3(CO)d' is formed only in very 
small amounts during the aforementioned reaction. To 
test if [Fe3(CO)111-* is formed in significant quantities 
under these conditions, we performed the reaction of 
[ M ~ ~ N C H ~ P ~ I Z [ F ~ ~ ( C O ) ~ ~ I  (Me3NCHzPh-4) with excess 

(31) Yawney, D. B. W.; Stone, F. G. A. J. Chem. SOC. A 1969, 502. 
(32)During the first minutes of the reaction, formation of an 

intermediate product was observed by IR, which then disappeared 
yielding [Fe2Ru(ClKCO)lol-. This cluster is suggested to be [FezRu(Cl)- 
(C0)lll- by analogy with the corresponding reactions of R~3(C0)12.~~g 
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PhNOz in THF.33 Although the reaction was complex, 
IR analysis indicated that the radical anion [Fe3(CO)111-* 
was clearly the dominant product during the first few 
reaction minutes. 

Having thus shown that [Fe3(C0)113-' (3) is formed 
in relevant amounts under conditions similar to those 
used in different reducing systems, it is now important 
to understand the nature of its reactions with nitro and 
nitroso organic compounds. It was observed that reac- 
tion of PhNO or PhNOz in THF with pure PPN-3 or with 
the solution obtained by mixing Fe3(C0)12 with [PPNI- 
C1, led to the formation of a mixture of clusters and Fe- 
(CO),. Chromatography of this mixture on silica gel led 
to the isolation of azo- and azoxybenzene in low yields. 
However, these two organic compounds are not direct 
products of the reaction, since they were not found in 
the hexane extract of the reaction residue before chro- 
matography. Also isolated after chromatography were 
Fe3(C0)1~ and [PPNI[HFe3(CO)111 as the major iron- 
containing products. 

In order to obtain more stable products from the above 
described reactions, we turned to the use of pentachlo- 
ronitrobenzene in place of unsubstituted nitrobenzene. 
This approach was partly successful, although the 
reaction was still found to be extremely sensitive to even 
minor variations in the experimental conditions (THF 
or Et20 solvent; rate of reagent addition and concentra- 
tions; PPN+ or PPh4+ cations). Apart from Fe(C0)5, 
which always formed in large amounts, one product 
which formed under nearly all conditions was a new 
carbonyl cluster (5), which is proposed on the basis of 
evidenced described below to be the dianion [Fe3(C0)9@3- 
NC&15)I2- with a ppimido ligand (eq 4). This species 

was insoluble in Et20 but was soluble in THF in which 
it showed IR bands at 1995 (w), 1929 (vs), 1898 (m), 
and 1871 (w). The pattern of this spectrum is very 
similar to that of F ~ ~ ( C O ) ~ O @ ~ - N P ~ ) , ~ ~  but the most 
intense band is shifted by more than 100 cm-l to lower 
frequencies in 5 and the absorption at 1736 cm-' in the 
spectrum of Fe3(CO)l&a-NPh) which is attributed to a 
triply-bridging CO is missing in the spectrum of 5. The 
IR band pattern was also nearly superimposable on the 
spectrum of an independently synthesized sample of 
[M~~NCHZP~IZ[F~~(CO)~@~-O)~,~~ although all of the IR 
bands of 5 were shifted to lower frequencies by about 5 
cm-'. An even better agreement exists between the IR 

(33) The trimethylbenzylammonium salt of 4 was used instead of 
the corresponding PPN+ or PPL+ salts because the last two are nearly 
insoluble in THF. 

(34)Andrews, M. A.; Kaesz, H. D. J. Am. Chem. SOC. 1979, 101, 
7255. 

(35) Ceriotti, A.; Resconi, L.; Demartin, F.; hngoni ,  G.; Manassero, 
M.; Sansoni, M. J. Orgunomet. Chem. 1983,249, C35. 
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of the reaction mixture resulting from addition of 
methoxide ion to F ~ ~ ( C O ) ~ O Q Q - N P ~ ) . ~ ~  The formation 
of dianionic p3-imido Fe3 clusters such as 5 or 8 is 
unprecedented, although many neutral or monoanionic 
trinuclear iron,34p38 r u t h e n i ~ m , ~ ~ ~ ~ ~  and osmium40 clus- 
ters having one or two capping imido groups have been 
reported. 

As previously mentioned, the reaction of [Fe3(CO)111-* 
with C15C6N02 is extremely sensitive to the experimen- 
tal conditions. In addition to [Fe3(C0)9~3-NCsC15)12- 
(5), several other carbonyl clusters formed in irrepro- 
ducible yields and were not characterized. The position 
of the IR bands of these compounds indicates that at 
least some are dianionic, and one compound which could 
be identified is [Fe3(C0)11I2- (4). This cluster was 
obtained in the highest yields by slowly adding dropwise 
an Et20 solution of C15CsN02 to  an Et20 solution of 
[PPhdFe3(CO)111 (PPh4*3), with only about a third of 
the stoichiometric amount of C15CsN02 required to 
consume all of 3. However, only a very small amount 
of 4 was produced when PPN.3 was used instead of 
PPh4.3, all other conditions being similar. The observa- 
tion of 4 in these reactions raised the possibility that 
[Fe3(CO)gCU3-NCsC15)12- (5) could derive from the reac- 
tion of C15CsN02 with 4, rather than directly from 3. 
However, it was observed that the direct reaction of 
Cl5C6NO2 with Me3NCH2Ph.4 gave in the initial stages 
essentially only formation of 3. Only after most of the 
starting 4 was consumed, did the concentration of 3 
decrease. Thus, 5 does not derive directly from 4 but 
must be obtained through a more complex pathway. 

Reactions of [HFes(CO)11]- (2) with PhNO and 
PhNO2. In addition to Fe3(C0)12, another iron complex 
that has been often used as a reducing agent for organic 
nitro compounds is [HFe3(CO)111- (2). This cluster is 
known to promote the reduction of nitrobenzene to 
aniline both directlfb and when supported on organic 
 polymer^.^ It has also been suggested to be formed and 
to be the active reductant in several systems in which 
Fe3(C0)12 was used as the iron ~ o u r c e . ~ ’ ~ ~  The anion 
[HFedCO)111- has also been reported to react with 
nitrobenzene to afford [HFe3(C0)9@3-NPh)l- in poor 
yields,34 but this product was not well characterized in 
that study. 

Since reactions of nitro and nitroso organic com- 
pounds have been shown in several cases to proceed 
through an intermediate electron-transfer p r o ~ e s s , ~ , ~ ~  
we decided to investigate if this was the case for the 
reactions of [HFe3(CO)111-. To avoid any uncertainty 
connected with the use of EPR spectroscopy to detect 

R 

Figure 2. ORTEP drawing of [PPh412[Fe3(CO)d&-NPh)l’ 
2CHzC12 (PPh&2CHzC12) with thermal ellipsoids drawn 
at the 30% probability level. 

frequencies of 5 (in THF) and those reported for [Et4Nl2- 
[Fe3(CO)&3-S)] in acetone.36 In the 13C NMR spectrum 
of 5, signals for the -NC&15 group were observed at 6 
143.5, 131.5, and 116.9 (THF-ds), with the fourth 
expected resonance probably obscured by the more 
intense signals of,the PPN+ cation. These resonances 
compare to  the 6 147.9, 136.5, 133.7, and 124.9 (CD2- 
Clp) resonances of C15CsN02. These various spectro- 
scopic data strongly suggest for 5 the formulation 
[Fe3(C0)9CU3-NC6C15)]2-. Despite an intense effort, 5 
could not be obtained in an analytically pure form as 
either PPN+ or PPh4+ salts. An impurity was always 
present, apparently [Fe4(C0)13I2- (see also later), which 
was indicated in the IR spectrum of 5 by a variable 
intensity shoulder at 1945 cm-l on the 1929 cm-l band. 

Further support for the proposed formulation of 5 as 
[Fe3(CO)gCU3-NCsC15)]2- comes from its protonation 
reactions. Treatment of 5 with HBF4 in THF, followed 
by evaporation of the solvent and extraction with Et20, 
afforded a new cluster 6, whose IR band pattern (YCO 
(THF) = 2048 (w), 2010 (s), 1981 (vs), 1963 (ms), 1645 
(m), 1914 (w) cm-l) was nearly superimposable on the 
spectrum of [HFes(CO)&3-NPh)]- (7; see later), al- 
though the bands were shifted -5 cm-l to higher energy 
in 6. The negative ionization FAl3 mass spectrum of 
PPN.6 showed a parent peak at M- = 684 with an 
isotopic intensity pattern in excellent agreement with 
that calculated for [HFe3(C0)9013-NCsC15)1-. THF ex- 
traction of the residue obtained after the initial Et20 
extraction showed the presence of a mixture of clusters, 
among which [Fe4(C0)13I2- was identified as the pre- 
dominant species by comparison of its IR spectrum with 
that of an independently synthesized sample.22 

Although X-ray-quality crystals of 5 could not be 
obtained, its structure is likely similar to that of the 
corresponding non-chlorinated analogue [PPh&[Fe3- 
(CO)ghs-NPh)l (PPh4.81, which was serendipidously 
obtained in these laboratories and was structurally 
characterized (see Figure 2 and below). A few crystals 
of this latter compound formed during recrystallization 

(36) Mark6, L.; Takdcs, J.; Papp, S.; Mark6-Monostory, B. Inorg. 
Chim. Acta 1980,45, L189. (b) The corresponding Se and Te analogues 
have been recently reported and their crystal structures solved: 
Bachman, R. E.; Whitmire, K. H. Inorg. Chem. 1994,33, 2527. 

(37) Song, J.-S.; Geoffroy, G. L. Unpublished results. 
(38) (a) Clegg, W.; Sheldrick, G. M.; Stake,  D.; Bhaduri, S.; Khwaja, 

H. K. Acta Crystallogr. 1984, C40, 2045. (b) Aime, S.; Gervasio, G.; 
Milone, L.; Rossetti, R.; Stanghellini, P. L. J .  Chem. Soc., Dalton Trans. 
1978, 534. (c) Williams, G. D.; Whittle, R. R.; Geoffroy, G. L.; 
Rheingold, A. L. J .Am. Chem. SOC. 1987,109,3936. (d) Bockman, T. 
M.; Wang, Y.; Kochi, J. K. New J .  Chem. 1988,12, 387. (e) Song, J.- 
S.; Han, S.-H.; Nguyen, S. T.; GeofEoy, G. L.; Rheingold, A. L. 
Organometallics 1990, 9, 2386. 
(39) Bruce, I. M.; Cifuentes, M. P.; Humphrey, M. G. Polyhedron 

1991, 10, 277 and references therein. 
(40) (a) Smeieja, J. A.; Gladfelter, W. L. Inorg. Chem. 1986,25,2667. 

(b) Ramage, D. L.; GeofEoy, G. L.; Rheingold, A. L.; Haggerty, B. S. 
Organometallics 1992, 11, 1242. 
(41) (a) Sherlock, S. J.; Boyd, D. C.; Moasser, B.; Gladfelter, W. L. 

Inorg. Chem. 1991, 30, 3626. (b) Kunin, A. G.; Noirot, M. D.; 
Gladfelter, W. L. J .  Am. Chem. SOC. 1989,111, 2739. (c) Ragaini, F.; 
Cenini, S.; Demartin, F. J .  Chem. SOC., Chem. Commun. 1992, 1467. 
(d) Ragaini, F.; Cenini, S.; Demartin, F. Organometallics 1994, 13, 
1178. (e) Berman, R. S.; Kochi, J. K. Inorg. Chem. 1980, 19, 248. 
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Reduction of Nitrobenzene Promoted by Clusters 

the formation of radicals, due to its high sensitivity and 
the problem of paramagnetic impurities in iron com- 
pounds, we decided to apply the test for an electron- 
transfer process developed by Christensen and Ivers- 
en.42 These workers showed that reduction of PhNOz 
and PhNO by electrochemical means in the presence of 
acetic anhydride gives formation of N,O-diacetylphe- 
nylhydroxylamine. We observed that this product 
formed in modest yields, along with acetanilide, when 
[HFe3(CO)111- was allowed to react with PhNO in the 
presence of excess acetic anhydride (eq 5). Similar 

OAc 
THF I 

[HFe3(CO)11]- + PhNO + AcPO - PhNHAc + N(Ph)Ac (5) 22 C, 1 h 
2 57% 31 % 

THF 

22%, 12 h 
[HFe3(CO),1]- + p-MeO-C6H4N02 + AcpO - 

2 
OAc 
I 

p-MeOC6H4NHAc + N(p-MeOCeH4)Ac (6) 

27% 9% 

products formed when p-MeO-CcH4NOz was used in 
place of PhNO (eq 6). The acetanilide and p-methoxy- 
acetanilide products observed in these reactions appar- 
ently derive from a reaction of aniline and p-anisidine 
with acetic anhydride. Control experiments showed 
that no reaction occurred between acetic anhydride and 
either [HFe3(CO)111- or [HFes(CO)g(p3-NPh)]- (see be- 
low) under conditions similar to those of eqs 5 and 6. 
Thus these reactions imply that [HFe3(CO)111- reacts 
with ArNOz and PhNO at least in part by an electron- 
transfer path. 
As noted above, earlier work had indicated that [HFe3- 

(CO)g@3-NPh)l- (7) formed during the reaction of 
[HFe3(CO)111- with PhNOz. In the course of these 
studies we discovered that a much higher yield of 7 
results from the use of nitrosobenzene. The highest 
yield (75%) was obtained by adding slowly over several 
hours a THF solution of PhNO to a THF solution of 
[HFe3(CO)111- under a CO atm. A fivefold molar excess 
of PhNO was necessary to consume all of the starting 
[HFe3(CO)111-, and azo- and azoxybenzene were also 
obtained in 22% and 47% yields, respectively, based on 
the amount of reacted PhNO (eq 7). Essentially all of 

[HFe3(CO),(u3-NPh)1- + PhN=NPh + 
7 

PhN(O)=NPh (7) 

the azobenzene was formed in the early stages (-30 
min) of the reaction, and then it remained constant for 
the rest of the reaction. The yield of 7 was somewhat 
lower (60%) when the reaction was performed under 
similar conditions but under Nz, rather than CO, and 
further decreased if the nitrosobenzene was added all 
at once at  the beginning of the reaction instead of 
dropwise. Under these latter conditions, a larger amount 
of PhNO (-8 mol of PhNO/mol of 2) was necessary to 

(42) Christensen, L.; Iversen, P. E. Acta Chem. Scand. 1979, B33, 
352. 
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Figure 3. ORTEP drawing of [PPNI[HFe3(C0)9@3-NPh)l 
(PPN-7) with thermal ellipsoids drawn at the 30% prob- 
ability level. 

consume all of 2. These observations will be discussed 
in more detail in a later section. 

Cluster 7 was isolated as its PPh4+ and PPN+ salts 
by evaporation of solvent from the reaction of PhNO 
with PPh4+ and PPN+ salts of [HFe3(CO)1J, followed 
by trituration of the resulting oil with hexane. The 
product thus obtained is sufficiently pure for most 
applications, although the presence of a minor impurity 
was evidenced by a shoulder at 1983 cm-l on the 1974 
cm-l band (in THF) of 7. No trace was found of 
HFe(C0)4-, which had been reported to form when 
PhNOz was used in place of PhNO in a similar reac- 
t i ~ n . ~ ~  Some solvent also remains entrapped in the 
solid, as evidenced by the lH NMR spectrum of the 
redissolved compound. Both aforementioned salts of 7 
could be purified by crystallization from 2-propanol, but 
about one-third of the material was lost. Cluster 7 was 
characterized by comparison of its IR spectrum with 
that reported for the related complex with an ethyl 
substituent in place of the phenyl and by its 
protonation with phosphoric acid to afford the known 
complex H z F ~ ~ ( C O ) ~ @ ~ - N P ~ ) . ~ ~  The IR spectrum of 7 
shows no absorption attributable to a bridging CO 
ligand, but a weak broad band at  1900 cm-l (THF) may 
be taken as an indication of the presence of one or more 
semibridging COS. The crystal structure of the PPN+ 
salt of 7 (see Figure 3 and below) shows some inclination 
of C(21) toward Fe(3), but the use of rigid bond con- 
straints on the Fe-C and C-0  distances makes it 
difficult to confirm the presence of semibridging p-CO 
in the solid state. In the lH NMR spectrum of PPh4-7 
(in CDCl3) a hydride resonance was apparent at 6 -20.5. 
The negative ionization FAB mass spectrum of PPN-7 
showed a parent peak at M- = 512, with an isotopic 
intensity pattern in close agreement with that calcu- 
lated for [HFe3(CO)&q,-NPh)l-. When pure, 7 is quite 
stable and is recovered unaltered after prolonged heat- 
ing at 80 "C in 2-propanol, even in the presence of water. 
However, its stability is decreased in the presence of 
impurities or dioxygen. 

X-ray Crystal Structures of [PPNI[HFes(CO)e- 
@s-NPh)l and [PP~~]~[F~~(CO)O@S-NP~)I-~CH~C~~ 
(PPb82CHzC12). ORTEP drawings of the anions [Fes- 
(CO)g@3-NPh)12- (8) and [HFe3(CO)g@3-NPh)l- (7) are 
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Table 3. Selected Bond Lengths and Angles for 
[PPN][HFe3(C0)90I3-NPh)] (PPN.7) 

Bond Lengths (A) 
Fe( 1)-Fe(2) 2.559(7) Fe( 1)-N( 1) 1.918(15) 
Fe( 1)-Fe(3) 2.498(7) Fe(2)-N( 1) 1.914( 18) 
Fe(2) -Fe(3) 2.487(7) Fe(3)-N( 1) 1.908( 15) 

Bond Angles (deg) 
Fe(l)-Fe(2)-Fe(3) 59.3(2) Fe(1)-N(1)-Fe(3) 81.5(6) 
Fe(l)-Fe(3)-Fe(2) 61.8(2) Fe(l)-N(l)-Fe(2) 83.8(7) 
Fe(2)-Fe(l)-Fe(3) 58.9(2) Fe(2)-N(l)-Fe(3) 81.2(7) 
N(l)-Fe(l)-Fe(2) 48.0(5) N(l)-Fe(2)-Fe(3) 49.3(5) 
N(l)-Fe(l)-Fe(3) 49.1(5) N(l)-Fe(2)-Fe(l) 48.2(4) 
N(l)-Fe(3)-Fe(l) 49.4(4) N(l)-Fe(3)-Fe(2) 49.5(6) 

[PP~~]z[F~J(CO)~~I~-NP~)~.~CHZC~Z (F‘Ph4.8.2CHzCl~) 
Bond Lengths (A) 

Fe( 1)-Fe(2) 2.515(2) Fe(1)-N 1.923( 10) 
Fe( 1) -Fe(3) 2.5 17(3) Fe(2) - N 1.91 l(11) 
Fe( 2) - Fe( 3) 2.508(3) Fe(3)-N 1.909( 1 1) 

Bond Angles (deg) 
Fe(l)-Fe(2)-Fe(3) 60.1(1) Fe(l)-N-Fe(3) 82.1(4) 
Fe(l)-Fe(3)-Fe(2) 60.1(1) Fe(l)-N-Fe(2) 82.0(4) 
Fe(2)-Fe(l)-Fe(3) 59.8( 1) Fe(2)-N-Fe(3) 82.1(4) 
N-Fe( 1)-Fe(2) 48.8(3) N-Fe(2)-Fe(3) 48.9(3) 
N-Fe( 1)-Fe(3) 48.7(3) N-Fe(2)-Fe(1) 49.2(3) 
N-Fe(3)-Fe(l) 49.2(3) N-Fe(3)-Fe(2) 49.0(3) 

shown in Figures 2 and 3, respectively, and the relevant 
crystallographic data are set out in Tables 1-4. Each 
of the anions consists of a triangle of Fe atoms capped 
by a p3-NPh ligand and with each iron atom additionally 
coordinated with three CO ligands. In 7, the Fe(1)- 
Fe(2) vector is bridged by a hydride ligand which was 
located by difference Fourier anal sis and fxed. The 

2.492 A average of the Fe(lFFe(3) and Fe(2)-Fe(3) 
distances, consistent with the hydride ligand bridging 
this bond. In 8, the Fe-Fe distances average 2.513 A. 
Excluding the hydride-bridged Fe-Fe bond in 7, all of 
the Fe-Fe distances in both anions are significantly 
shorter than the average Fe-Fe distance in Fe3(C0)12 
(2.639 A)30 but are similar to  the 2.484 A average Fe- 
Fe distance in [Fe3(C0)9+3-0)I2- 35 and the 2.453 aver- 
age Fe-Fe bonding distances in Fe3(C0)9+3-NPh)2.38a 
The Fe-N distances in 7 and 8 each average 1.914 A 
which are shorter than the 1.946 A average Fe-N 
distance in doubly-bridged Fe3(C0)9+3-NPh)2.38a The 
similarity of the Fe-N distances in the these two 
compounds indicates that the presence of the hydride 
ligand in 7 does not significantly weaken the adjacent 
Fe-N bonds. 

Reactivity of [HFes(CO)&s-NPh)l- (7) with ArNO 
and Water. It was noted above that azo- and azoxy- 
benzene were observed as byproducts during the reac- 
tion of [HFe3(CO)111- (2) with PhNO. Since the major 
organometallic product of this reaction is [HFe3(CO)9- 
+3-NPh)l- (7), we considered the possibility that the 
azo- and azoxybenzene could be produced via reaction 
of the excess PhNO present with this species. The 
reaction of 7 with PhNO was thus investigated under a 
variety of conditions with monitoring by IR and gas 
chromatography. First it was observed that addition 
of a 1.1:l molar amount of PhNO (either as a solid or 
dissolved in THF) to a solution of 7 in THF gave an 
immediate reaction which was complete in less than 20 
min and which consumed only a part of the added 
PhNO. Approximately equimolar amounts of azo- and 
azoxybenzene were formed in this reaction. However, 

Table 4. Selected Bond Lengths and Angles for 

Fe(l)-Fe(2) distance of 2.559(7) i is longer than the 

Ragaini et al. 

only a very small decrease in the intensity of the IR 
bands of 7 was observed, and a small amount of an 
insoluble dark material was formed. The reaction 
stopped completely after the first -20 min, and no 
variation in the concentration of the reagents was 
observed over the further course of several hours, 
despite the fact that most of the starting 7 and PhNO 
were still present. Addition of further aliquots of PhNO 
gave the same effect. Part of the newly added PhNO 
was immediately consumed, but the reaction then 
stopped again. As more PhNO was added, the percent- 
age of azobenzene in the product decreased in favor of 
azoxybenzene, which eventually became the only ob- 
servable product (by GC) at later stages of the process. 

It was further observed that after the reaction had 
stopped in one of the intermediate stages described 
above, it could be started again by adding small 
amounts of a one-electron oxidant such as AgBF4 or 
[CpzFel[PF6]. The latter was found to be more efficient, 
and about 9 equiv of PhNO was consumed per 1 equiv 
of [Cpd?el[PF6]. Some 7 also decomposed to yield an 
insoluble dark product, but the amount of 7 which 
reacted was much lower than the amount of PhNO 
consumed and appeared similar to the equivalents of 
added [CpzFel[PF6]. The fact that [CpzFel[PFsl is acting 
as an oxidant was confirmed by the detection of fer- 
rocene in the gas chromatogram of the reaction mixture. 
However, An exact ratio of the amount of 7 consumed 
to the amount of [CpzFel[PF6] added could not be 
determined due to the uncertainty in the measurement 
of the absorbance of the IR bands of 7 compared to the 
higher precision of the gas chromatographic analysis. 
In separate experiments, it was shown that no reaction 
at all occurred between [CpzFeI[PF61 and PhNO under 
similar reaction conditions except with no 7 present. As 
long as carefully dried solvents and glassware were used 
in the above reactions, no aniline was detected, although 
this species did form in small amounts if trace water 
was present. In the presence of a large amount of water 
in a two-phase system, [CpzFel[PFsl was ineffective as 
an oxidant. 

We interpret the above observations as indicating that 
7 and PhNO do not react with each other, a t  least at 
room temperature, in the absence of some “activator”. 
The [CpzFel[PFel experiments indicate that this activa- 
tor is an oxidizing agent which presumably abstracts 
an electron from [ H F ~ ~ ( C O ) ~ ( D ~ - N P ~ ) ~ -  (7) to form 
highly reactive organometallic products which react 
with several equivalents of PhNO to form azo- and 
azoxybenzene. The reactivity observed after each ad- 
dition of PhNO in the absence of an intentionally added 
oxidizing agent may be attributed to  the presence of 
oxidizing impurities in the PhNO reactant or the 
admission of adventitious oxidizing agent during the 
addition step. The reaction stops once these impurities 
have been consumed and the organometallic compounds 
derived from the oxidation of 7 have decomposed to 
unreactive insoluble products. 

We have considered the possibility that some or all 
of the azo- and azoxybenzene formed in the above 
reactions could derive from coupling of the phenylimido 
fragment in [HFez(C0)9+3-NPh)l- (7) with free PhNO. 
As a test for this possibility, we reacted 7 with 2-Me- 
C6H4NO to  see if the mixed derivatives 2-Me- 
C6H4N=NPh and 2-Me-CsHaN(O)=NPh would form. 
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Reduction of Nitrobenzene Promoted by Clusters 

Scheme 1 
F"=N(O)Ph + PhN=NPh 

ArN=N(O)Ar + ArN=NAr 

(Ar 2-Mc-GHJ + PhN=N(O)Ph + PhN=NPh 

ArNO 

The reaction proceeded as in the case of PhNO, with 
several additions of small amounts of [Cp2Fe][PFsl being 
necessary to drive the reaction to completion. GC-MS 
analysis of the organic products showed the formation 
of all of the symmetrical azo- and azoxy derivatives 
(PhN=NPh, PhN(O)=NPh, 2-Me-CsH4N=NCsH4-2-Me, 
and 2-Me-CsH4N(O)=NCsH4-2-Me) but only a trace of 
2-Me-C6H4N=NPh (-0.3% with respect to PhN(O)=N- 
Ph), and no mixed azoxybenzene was produced. This 
result clearly implies that the azo- and azoxyarene 
products do not derive from coupling of the imido 
fragment with free nitrosoarene. The reaction is clearly 
more complex, but our data are insuffkient to assess 
the details, except to imply that radical intermediates 
are involved.43 The results described in this section are 
summarized in Scheme 1. 

Having described the reactivity of [HFe3(C0)&3- 
NPh)l- (7) with nitrosobenzenes, we can now analyze 
in more detail the reaction of [HFe3(CO)1$ (2) with 
PhNO. As noted above, the evidence indicates that 
reaction of 2 with PhNO proceeds through an interme- 
diate electron-transfer process, and some radical clus- 
ters must be formed initially. We have also shown that 
radical clusters are also implicated in the formation of 
azo- and azoxybenzene from 7 and PhNO and that azo- 
and azoxybenzene are formed even in the reaction of 2 
with PhNO. The effect of slowly adding PhNO versus 
adding it all at once for 2 is opposite that for 7. For 2, 
addition of PhNO all at once causes an increase in its 
consumed amount and a decrease in the yield of 7, 
whereas for preformed 7 the reaction rapidly stops after 
consumption of only a small amount of PhNO. A larger 
amount reacts when the addition is slow. This suggests 
that the formation of azo- and azoxybenzene from 2 does 
not derive from a following reaction of 7 but that it is 
promoted by some radical complexes before the final 
formation of the stable diamagnetic product (Scheme 
2). In this reaction scenario, trapping of a radical 
cluster by free PhNO to generate azo- or azoxybenzene 
would be in competition with radical pair cage collapse 
to yield 7, thus explaining the selectivity effect observed. 
It should be noted that the reactions on the right side 
of the scheme consume more PhNO and do not produce 
7. A decrease in the concentration of PhNO in solution 
is also proposed to favor reduction by CO with respect 
to  oxidation of an iron center. Dissolution of CO into 
solution is in fact much too slow to be relevant for a 
reaction that is complete in a few minutes. This effect 
of the rate of addition of PhNO closely parallels that 
reported by Pettit et al.,5b who noted that the Fe(C015- 

(43) Formation of mixed azoxybenzenes has been previously ob- 
served by one of us in related reactions of several mononuclear 
systems.41d 
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Scheme 2 
[HFe,(CO),,]- + PhNO 

1"" 
No reaction 

3 PhNO 

Further nactions 

promoted reduction of nitrobenzene by CO/H20 (Pco = 
1700 psi) to aniline can be run in a catalytic way with 
respect to the iron compound provided PhNO2 is added 
slowly (10-12 h) to the reaction vessel. An explanation 
similar to that discussed herein was given for that effect. 
Our observation of a low efficiency of an atmospheric 
pressure of CO in preventing iron oxidation is also in 
agreement with the previously reported fact that the 
yield of aniline in the phase-transfer-catalyzed reduction 
of PhN02 by Fe3(C0)12 was even lower when the 
reaction was run under CO rather than under a 
nitrogen atmosphere.2c 

Examination of the Role of [HFes(CO)&s-NPh)l- 
(7) in the Reduction of PhNOa to PhN& Promoted 
by Iron Clusters. The cluster anion [HFe3(C0)&3- 
NPh)]- (7) (although originally represented with a 
terminal rather than a triply bridging imido group) has 
been proposed to be an intermediate in the phase- 
transfer-catalyzed reduction of substituted nitroben- 
zenes to the corresponding anilines by Fe3(C0)12 (eq 
8).2apc This cluster was also directly observed by IR 

aqueyEJaOH 

during the reaction when [HFe3(CO)111- (2) supported 
over a poly(styrene-divinylbenzene) membrane func- 
tionalized with -NR3+ groups was used as a reducing 
agent for nitr~benzene.~ However, the experimental 
conditions of this latter procedure are very different 
from those of the previous one, since the reaction was 
performed by passing a gas stream of PhN02 over the 
solid support containing 2. 

Isolation of 7 in a pure form allowed us to test its 
involvement in these reactions. The surprising finding 
was that 7 was completely unreactive under the same 
experimental conditions in which the phase-transfer- 
catalyzed reduction of ArN02 by Fe3(C0)12 was per- 
formed. This is in accord with the fact that protonation 
of 7 would be necessary to induce further reaction, but 
7 is an extremely weak base. It had been previously 
reported that 7 can be protonated by phosphoric acid 
to yield H ~ F ~ ~ ( C O ) & A ~ - N P ~ ) . ~ ~  In the course of this 
study, we have verified that such a strong acid is 
required to effect this reaction, and even a medium- 
strength acid such as CF3COOH is completely ineffec- 
tive in protonating 7. Thus it is extremely unlikely that 
protonation of 7 occurs under the basic conditions used 
in the reduction of ArN02. 

Since we have shown that 7 can be activated by 
radical species and that radicals are formed during the 
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reactions of [HFe3(CO)d- (2) and [Fe3(C0)11I2- (4) with 
ArN02, it may be argued that 7 is indeed an intermedi- 
ate in the reduction of ArNO2 and that it is then 
activated by radicals formed at other stages of the 
reaction. To test this hypothesis, we reacted 7 and 
Fe3(C0)12 together with p-Me-C&N& under phase- 
transfer-catalyzed conditions similar to those previously 
reported.2a Whereas p-Me-C6H&JO2 was completely 
converted to p-Me-CsHflH2, cluster 7 was recovered 
almost quantitatively, and only a very small amount of 
aniline was found among the products (eq 9). 

Ragaini et al. 

with Fe3(C0)12 and the corresponding ruthenium and 
osmium clusters, including the effect of halide promot- 
ers. Despite the fact that many similarities exist 
between the behavior of ruthenium6b and osmium40b 
compounds, the reactivity of Fe3(C0)12 has often been 
found to  be very different. This is immediately evident 
from the reaction of Fe3(C0)12 with halides which gives 
the radical anion cluster 3, which has no parallel in 
ruthenium or osmium chemistry where instead halide- 
substituted diamagnetic clusters are f ~ r m e d . ~ ~ ? ~ ~ ~ ~  Even 
the mixed-metal cluster FezRu(C0)lz reacts in a way 
similar to its homometallic ruthenium and osmium 
analogues. 

As previously noted, [Fe3(CO)111-* (3) has been shown 
to be involved in a number of reactions, and its isolation 
and full characterization in this study now makes it 
possible to explore more extensively its reactivity. In 
this paper we have only studied the reactions of 3 with 
nitro and nitroso aromatic compounds. These reactions 
have been shown to be extremely complex and to depend 
significantly on slight variations of the experimental 
conditions. Although some of the products could be 
isolated and characterized, the reactions appear to be 
too complex and not readily amenable to a complete 
mechanistic study. Many different competing pathways 
are surely operating, and their predominance seems to 
be linked to slight differences in the concentrations and 
solubilities of the relevant complexes. Given these 
problems, extrapolation of these data to the actual 
experimental conditions in which catalytic and stoichio- 
metric carbonylation and reduction of nitrobenzene are 
performed should be carried out only with extreme 
caution, since the actual concentrations of 3 and other 
species during these reactions are not known. 

A similar, although somewhat less pronounced, prob- 
lem was encountered in the study of the reactivity of 
[HFe3(CO)111- (2). The formation of radicals and their 
relevance at  several stages of the reaction appears to 
be extremely important in this system also. In a 
previous paper,38c some of us had shown that oxidation 
by air or by [CpzFeI+ of several iron clusters of the types 
[F~~@~-NP~)~(CO)E(C(O)R)I- or F ~ ~ @ ~ - N P ~ ) ~ ( C O ) E ( = C -  
(0Et)Ph) greatly enhanced their reactivity. In the 
course of the present work, we have extended the 
examination of the effects of radical formation on 
complexes such as [HFe3@3-NPh)(C0)91- (7) that are 
related to those formed or proposed to form under the 
experimental conditions commonly employed for the 
reduction and carbonylation of aromatic nitro com- 
pounds, and we have also conducted competition experi- 
ments to test the kinetic relevance of the radical 
processes in these reactions. The data obtained quite 
strongly support the proposal that, although different 
paths may be operating in competition with each other, 
many of the intermediates in the reactions are radical 
species and the corresponding diamagnetic compounds 
are completely inert under the same conditions. Some 
diamagnetic species may eventually be formed and then 
activated by oxidation, but at least in the case of the 
phase-transfer-catalyzed reduction of aromatic nitro 
compounds by Fe3(C0)12, this does not appear to be a 
kinetically relevant pathway. 

The reactions between nitro or nitroso organic com- 

[HFe,(CO),(NPh)l- + Fe3(CO),, + 
aqueo_usNaOH 

%% 

p-c H3 6H4N02 [PhCH2N(C2H&]C; 
1 h, RT 

unreacted [HFe,(CO),(NPh)l- + 
p-CH3C6H4NH2 + PhNH, (trace) (9) 

We thus conclude that 7 is not a kinetically relevant 
intermediate in the phase-transfer-catalyzed reduction 
of &NO2 by Fe3(C0)12, although it is possible that it is 
involved in a secondary pathway. Concerning the role 
of [HFe3(CO)111- (21, our data do not allow a definitive 
conclusion. The observed reactivity for 2 implies that 
it could be an intermediate in the reduction of nitroben- 
zene. However, it has been proposed that [Fe3(C0)11I2- 
(4) is an intermediate in the formation of 2 from Fe3- 
(C0)12,2ajc,d944 and since 4 reacts quickly with ArN02 to  
generate [Fe3(C0)11]-' (3), it is possible that 2 is not 
formed in the presence of &NO2 and that the reaction 
proceeds through 4 and 3. Protonation of one reaction 
intermediate (likely a nitrogen-containing cluster) by 
water could then occur a t  a later stage in the process. 
It should be noted that formation of the N-H bond does 
not need to occur by a direct protonation. Since some 
of the radical cluster involved are surely neutral species, 
they should be easily attacked by OH- present in the 
reaction medium, ultimately yielding C02 and a hydride 
ligand, which may later transfer to  nitrogen. The 
reaction pathways involving 2 or 3 and 4 are not 
mutually exclusive, and both may operate under the 
usual reaction conditions. 

We now turn to the possible involvement of [HFe3- 
(C0)9@~-NPh)l- (7) in the gas-solid phase reduction of 
PhN02 by [HFe3(CO)111- (2) supported over an organic 
p01ymer.~ In this case, formation of 7 during the 
reduction was observed by IR. As the reported data on 
this reaction are limited, only a few comments are 
possible. Formation of 7 would probably be favored by 
the gas-solid reaction conditions which prevent the 
separation of the initially formed radical pair. The 
proton source for further reaction was proposed to  be 
some unknown impurities in the p~lymer .~  As the 
acidity of these impurities is not known, no pathway 
can be ruled out, but the earlier noted low basicity of 7 
suggests that radical intermediates may be involved 
even in this case. 

Concluding Remarks 
One aim of this work was to draw a comparison of 

the reactivity of nitro and nitroso aromatic compounds 
~ 

(44) Hieber, W.; Brendel, G. 2. Anorg. Allg. Chem. 1967,289,338. 
(45) ZufYa, J. L.; Kivi, S. J.; Gladfelter, W. L. Inorg. Chem. 1989, 

28, 1888. 
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Reduction of Nitrobenzene Promoted by Clusters 

pounds and several complexes have been previously 
shown to proceed initially through electron transfer 
from the complex to the organic m o l e ~ u l e . ~ , ~ ~  However, 
the products of these reactions, a t  least in the cases in 
which it has been possible to characterize them, are 
diamagnetic complexes, and the importance of radical 
processes during the further steps of the reduction have 
not been explored. This is the first time that such 
radical processes have been shown to be relevant to the 
reduction of n i t r~benzene .~~ Although the fact that 
radical processes are important in the reactions of iron 
complexes does not imply that this is the case also for 
the compounds of other metals, it does suggest that their 
importance even in other cases may have been under- 
estimated. For example, preliminary work in these 
laboratories have shown that the ruthenium imido 
cluster Rus(CO)l&-NPh) can be oxidized to its cor- 
responding radical cation and that this latter species 
displays strongly enhanced r e a ~ t i v i t y . ~ ~  

Experimental Section 

Unless otherwise specified, all reactions and manipulations 
were performed under a prepurified Nz atmosphere using 
standard Schlenk apparatus, cannula techniques, and mag- 
netic stirring. All glassware was kept in an oven for at least 
2 h and then evacuated on a vacuum line immediately before 
use. Solvents were dried by standard procedures. Compounds 
1,48 PPN-2,26b PPh42,26b P P N S ~ , ~ * ~  [PPNl[Fe4(C0)131,~~ 
Fe~Ru(C0)12,~~ and [ C ~ Z F ~ ] [ P F ~ ] ~ ~  were synthesized by meth- 
ods reported in the literature or by slight modifications thereof. 
The salts [PPNlBr, [PPNII, and [PPNINCO were prepared 
from [PPNICl by metathesis according to literature methods60 
and were dried at  140 "C overnight prior to use. All other 
organic compounds were commercial products and were used 
as received. [PPhdCl was stored and weighed in a glovebox. 
Gas chromatographic analyses were performed on a Perkin- 
Elmer 8420 capillary gas chromatograph equipped with a PSS 
255 column. Whenever possible, Ri values (Ri = response 
factor, relative to hexamethylbenzene as an internal standard) 
were determined by the use of solutions of known concentra- 
tions of the compounds. For the few cases in which the 
compound was not available in large amount (substituted azo 
and azoxy compounds), an approximate Ri was estimated by 
comparison of the measured Ri values for the unsubstituted 
azo- and azoxybenzene, nitrobenzene, nitrosobenzene, and 
aniline with those of the corresponding available substituted 
compounds. GC-MS analyses were conducted on a Hewlett 
Packard 5890 gas chromatograph, equipped with a 5971 A 
mass selective detector. NMR spectra were recorded on a 
Bruker AM-300 spectrometer. EPR spectra were recorded on 
a Varian EPR spectrometer. Elemental analyses were per- 
formed by Schwartzkop Microanalytical Laboratories, Wood- 
side, NY. 

Synthesis of [PPNJ[F~~(CO)II I  (PPN.3). FedC0)12 (1) 
(200 mg, 0.4 mmol) and [PPNICl (230 mg, 0.4 mmol) were 
placed in a 50 mL Schlenk flask, and Et20 (20 mL) was added. 
The reaction was followed by IR until complete disappearance 
of the 2049 cm-l band of 1 (-1.5 h). The solution was then 

(46) In ref 8, several radical species were observed by EPR and were 
suggested as intermediates in the reduction of aliphatic nitro com- 
pounds. However, since the reactions were analyzed only by EPR, all 
diamagnetic species, including the final organic products, could not 
be obsellred and the kinetic relevance of the observed processes to the 
total reaction is not obvious. 
(47) Song, J.-S. Ph.D. Thesis, The Pennsylvania State University, 

1990. 
(48) McFarlane, W.; Wilkinson, G. Znorg. Synth. 1966, 8, 181. 
(49) Yang, E. S.; Chan, M.-S.; Wahl, A. C. J. Phys. Chem. 1975, 79, 

(50) Martinsen, A,; Songstad, J. Acta Chem. Scand. 1977, A31,645. 
2049. 
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filtered through a pad of Celite and evaporated to  dryness 
under vacuum, affording analytically pure PPN.3 as a purple 
microcrystalline material (216 mg, 50% yield with respect to 
1). IR analysis of the distillate from the reaction mixture, 
condensed in a Schlenk flask immersed in liquid nitrogen, 
showed the presence of Fe(C0)6 in -20% yield, as estimated 
from the intensity of the 2017 cm-' band of F e ( c 0 ) ~  measured 
in the absorbance mode and compared to a calibration obtained 
by measuring the absorbance of this band in several solutions 
containing known amounts of Fe(C0)6. The reaction was also 
performed on larger amounts (1 g of Fe3(C0)12) with similar 
results, but the yield was somewhat lower unless N2 was 
bubbled periodically through the solution. Similar procedures 
were used for the reactions of 1 with [PPNlBr, [PPNII, and 
[PPh41Cl. 

(ms), 1933 (mw), 1922 (w, sh) cm-l. EPR (THF, -78 "C): g = 
2.0489. Anal. Calcd for C ~ ~ H ~ O F ~ ~ N O I I P Z :  C, 55.66; H, 2.98; 
N, 1.38. Found: C, 55.06; H, 3.14; N, 1.45. 

Reaction of F e d C O h  with [PPNJNCO. Identification 
of [PPNI[Fe(NCO)d. Solid [PPNINCO (61 mg, 0.11 mmol) 
was added to a THF (50 mL) solution of Fe3(C0)12 (1) (50.0 
mg, 0.099 mmol) after which the solution changed from dark 
green to dark purple in less than 5 min. An IR band at 2197 
cm-l for coordinated NCO was observed in the IR spectrum 
of the reaction mixture. The solvent was removed under 
vacuum, leaving a purple residue which was extracted with 
Et20 (100 mL) affording a purple solution and a golden brown 
residue. The solvent was evaporated from the purple solution 
under vacuum leaving PPN.3 (28 mg, 0.028 mmol, 28%) after 
freezing pentane over the oily residue and thawing three times. 
The golden brown residue was extracted with THF (50 mL) 
giving a brown solution and a tan powder. IR analysis of the 
solution indicated the presence of at least two anionic carbonyl 
compounds and at least one compound with a coordinated NCO 
ligand (YNCO = 2190 cm-l). The tan powder was determined 
to be [PPNl[Fe(NC0)4Iz3 by the sharp YNCO peak in its IR 
spectrum and the absence of other bands assignable to  iron 
carbonyl ligands or to free NCO- and by its mass spectrum. 
[IR (KBr): YNCO = 2189 cm-'. IR (MeN02): YNCO = 2195 cm-l. 
MS (FAB, 18-crown-6/tetraglyme matrix), M- = 224 (calcd 
224)l. 

Reaction of [PPNJ[F~~(CO)II ]  (PPN.3) with CO. The 
purple salt [PPNI[Fe3(CO)111 (100 mg, 0.1 mmol) was placed 
in a 50 mL Schlenk flask under a CO atmosphere, and THF 
(10 mL) was added. An  orange-brown precipitate immediately 
started to  form as [PPN][Fe3(CO)11] dissolved. After 5 min the 
solution was almost colorless, and its IR spectrum indicated 
only the presence of Fe(C0)E. The suspension was evaporated 
under vacuum, and the orange solid was washed with THF 
(20 mL). Only a very small amount of the solid dissolved in 
THF, giving a very pale orange solution with IR bands at 2020 
(vw), 1996 (vw), 1964 (w), and 1936 (w). The solid remaining 
after the THF washing (73 mg) was dissolved in CH3CN, and 
the IR spectrum of this solution showed the predominant 
presence of [Fe3(C0)11I2-, which was confirmed by protonation 
with CF3COOH to afford [HFe3(CO)111-. 

Reaction of a Fes(CO)dR~(C0)12  Mixture with [PPNI- 
C1. To a solution of Fe3(C0)12 (33 mg, 0.066 mmol) and RUB- 
(C0)lz (21 mg, 0.033 mmol) in THF (30 mL) was added 
[PPNICl (57 mg, 0.1 mmol). The solution was stirred for 10 
min, during which time it changed color from dark green to  
purple. The IR spectrum at this point showed carbonyl bands 
attributed to a mixture of [Fe3(CO)111-', Fe(C0)5, and RUB- 
(C0)lz. After stirring for 1 h, all the Ru3(CO)12 had disap- 
peared and IR bands attributable to [Ru3(Cl)(CO)111- 19g were 
observed. 

Reaction of Fe&u(CO)tz with [PPNICl. To a solution 
of FezRu(C0)lz (55 mg, 0.1 mmol) in THF (50 mL) was added 
[PPNICl (57 mg, 0.1 mmol) in CHzClz (1 mL), followed by 
stirring for 10 min. During this time the purple solution 
became dark brown. The resulting solution was filtered 

PPN.3. IR (THF: YCO = 2057 (vw), 2017 (w), 1984 (vs), 1966 
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through a pad of Celite, and the solvent was evaporated under 
vacuum to  leave a dark brown solid. This solid was washed 
with Et20 (50 mL) and recrystallized from hexane/CHzClz at 
-20 "C to yield [PPN][Fe2RuOl-C1)(CO)l~] as a brown micro- 
crystalline solid (58 mg, 54% yield). IR (THF): YCO = 2073 
(w), 2023 (sh), 2014 (vs), 1987 (s), 1970 (m), 1963 (m), 1953 
(m), 1796 (w) cm-l. MS (FAB-): m/e 528.6. Anal. Calcd for 
C ~ ~ H ~ ~ C ~ F ~ ~ N O ~ O P ~ R U :  C, 51.78; H, 2.83; N, 1.31. Found: C, 
51.89; H, 3.09; N, 1.31. 

Reaction of [MesNCHaPhlz[Fe~(C0)111 with C4CSNOz. 
The salt [ M ~ ~ N C H ~ P ~ I Z [ F ~ ~ ( C O ) ~ ~ ~  (380 mg, 0.49 mmol) was 
placed in a 50 mL Schlenk flask and dissolved in THF (15 mL). 
In a separate Schlenk tube, Cl&N02 (173 mg, 0.59 mmol) 
was dissolved in THF (12 mL, affording a 0.049 M solution), 
and 3 mL of this solution was added to the [Fe3(C0)11I2- 
solution. A gradual decrease of the intensity of the IR bands 
due to [Fe3(C0)11I2- was observed during the first 20 min, with 
a corresponding increase of the bands of [Fe3(CO)11]-'. A small 
band attributed to Fe(CO)5 also appeared at  2018 cm-l. After 
20 min the reaction stopped, and an additional 3 mL of the 
C15CsN02 solution was added. A further increase in the 
intensity of the IR bands due to  [Fe3(CO)111-' occurred, but 
several overlapping absorptions also appeared and an insoluble 
residue formed. Further additions of the nitro compound led 
to  a decrease in the absorptions of [Fe3(CO)111-', accompanied 
by the formation of a complex mixture of products among 
which only Fe(CO)5 could be identified with certainty. The 
reaction between [M~~NCHZP~IZ[F~~(CO)I I I  and PhNO2 was 
performed in a similar way, except that a %fold molar excess 
of PhNO2 was immediately added at  the beginning of the 
reaction. 

Reaction of [PPNI[Fes(CO)111 with PhNO and PhNOz. 
The salt [PPNI[Fe3(CO)11] (418 mg, 0.412 mmol) was dissolved 
in THF (200 mL), PhNO (48.5 mg, 0.453 mmol) was added, 
and the solution was stirred for 20 min during which time the 
solution turned from a dark purple to a dark brown. The THF 
solvent and Fe(C0)6 were removed under vacuum, and the 
reaction mixture was chromatographed on a silica gel column 
using CHzClz as eluent to give green and red bands, both of 
which contained azo- and azoxybenzene (by TLC us authentic 
samples). The green band contained mainly Fe3(C0)12 (by IR), 
and the red band contained [PPNI[HFe3(CO)111 (by IR, lH 
NMR, and FAB mass spectra). Further chromatography on 
silica gel preparative TLC plates led to the isolation of 
azobenzene (4.3 mg, 0.024 mmol, 11% yield) and azoxybenzene 
(3.8 mg, 0.019 mmol, 8% yield), which were identified by their 
Rf values on silica gel TLC strips as well as by their lH NMR 
spectra. The reaction between [PPNI[Fe3(CO)111 and PhNO2 
was performed similarly, but 2 h was necessary to complete 
the reaction. Azo- and azoxybenzene were again identified by 
TLC analysis of the reaction mixture, although no attempt was 
made to quantitatively recover them. 

Synthesis of [PPNJz[Fes(CO)eOl3-NCeCla)l (PPN.5). The 
salt [PPNI[Fe3(CO)111 (800 mg, 0.79 mmol) was placed in a 
three necked 100 mL flask equipped with a gas inlet, an 
equilibrated dropping funnel, and a septum. The upper neck 
of the funnel was also closed with a septum. THF (50 mL) 
was added to the flask, and to the funnel was added a solution 
of C15CsN02 (233 mg, 0.79 mmol) in THF (10 mL). This 
solution was slowly added to  the flask over 3 h, after which 
time the pale red solution, containing Fe(C0)5 as the predomi- 
nant product (by IR), was filtered through a frit and the 
residue was washed with Et20 (2 x 20 mL). THF extraction 
of the residue (3 x 20 mL) gave a brown solution which was 
evaporated under vacuum to give a brown solid (376 mg) which 
contained mainly [PPNl~[Fe3(C0)9~3-NCsC15)1 (PPNsS), al- 
though an  impurity showing an IR band at 1945 cm-l was 
present. Attempts to eliminate this impurity were only 
partially successful. Further extraction with CH3CN of the 
residue remaining after the THF extraction afforded an 
orange-brown solution showing in the IR spectrum bands at 
1997 (w), 1931 (vs), 1900 (m), and 1874 (w) cm-l, which were 

Ragaini et al. 

similar, but not coincident, with those of [ F ~ ~ ( C O ) ~ ( J L ~ - N C ~ -  
Cl5)]2- (5) in the same solvent. This product was not obtained 
reproducibly and was not further investigated. 

PPN.6. IR (THF): YCO = 1995 (w), 1929 (vs), 1898 (ms), 
1871 (w) cm-l. 13C NMR (THF-da): 143.5, 131.5, 116.9 ppm 
(signals are also present due to the PPN cation). 

Protonation of [ P P N ~ z [ F ~ ~ ( C O ) ~ O ~ S - N C ~ C ~ ) ~  (PPN.5) 
with HBF4. An impure sample of PPN-5 (see preceding 
reaction; 280 mg) was placed in a 50 mL Schlenk flask, and 
THF (8 mL) was added. To a separate Schlenk tube containing 
THF (3 mL) was added HBFc2Et20 (50 pL). A few drops of 
this solution were added immediately to the PPN.5 solution, 
and an  IR spectrum showed the disappearance of 5 and the 
formation of a new compound. The solution was dried under 
vacuum, and the residue was extracted with EtzO (8 mL). The 
ether extract contained a cluster identified as [PPNl[HFe3- 
(CO)&&NC&15)] (PPN-6) on the basis of the similarity of its 
IR spectrum with that of [PPNI[HFe3(CO)gOl3-N)] (PPN.7) 
and by the isotopic pattern of the parent peak in its mass 
spectrum. The residue after extraction with Et20 was redis- 
solved in THF. An IR spectrum of this solution showed largely 
[Fe4(C0)1312- (vco(max) = 1945 cm-l) as evidenced by com- 
parison with the IR spectrum of an  authentic sample, but a 
weak absorption at 1970 cm-l was also present. 

(ms), 1945 (m), 1914 (w) cm-l. MS (FAB-, calculated intensi- 
ties for the isotopic peaks of [HFe3(C0)4Ol3-NCsCls)]- and 
experimental intensities relative to the parent peak in 
parentheses): M- = 280 (0.11, OX), 282 (0.70,0.69), 283 (0.17, 
0.16), 284 (1, l) ,  285 (0.24, 0.241, 286 (0.64, 0.66), 287 (0.15, 
0.18), 288 (0.22, 0.19). 

Reaction of [Et4NJ[HFes(C0)11] (EtN.2) with PhNO in 
the Presence of AczO. To a solution of E ta .2  (130 mg, 0.21 
mmol) and PhNO (21 mg, 0.20 mmol) in THF (50 mL) was 
added acetic anhydride (1 mL). The solution was stirred for 
1 h, during which time the purple solution turned to dark 
brown. The solvent was removed under vacuum, and the 
residue was chromatographed on Florisil using 1:l pentane/ 
CH2Cl2 as eluent to yield PhN(0Ac)Ac (12 mg, 0.062 mmol, 
31% yield) and PhNHAc (15 mg, 0.11 mmol, 57% yield). 

Reaction of [Et&l[HFe&O)111 (EtN.2) withp-MeOCe- 
&.NO2 in the Presence of AczO. To a solution of EtdN.2 
(130 mg, 0.21 mmol) andp-MeOCsHDOz (31 mg, 0.20 mmol) 
in THF (50 mL) was added 5 mL of acetic anhydride. The 
solution was stirred for 12 h, and the solvent was removed 
under vacuum. The residue was chromatographed on Florisil 
using 1:l pentane/CHzClz as eluent to  yield p-MeOC6U- 
(0Ac)Ac (4 mg, 0.018 mmol, 9% yield; IR (KBr) 1765 (s), 1715 
(s), 1602 (m) cm-'; MS (EI) m/e 223; 'H NMR (CDC13) 6 7.17 

CH3), 2.04 ( 8 ,  3H, NC(O)CH3)) and p-MeOCsH4NHAc (9 mg, 
0.055 mmol, 27% yield). 

Synthesis of [PPNI[HFes(CO)&3-NPh)l (PPN.7) by 
Reaction of [PPNI[HFe3(CO)111 (PPN.2) with PhNO. To 
a three necked 250 mL flask equipped with a gas inlet, a 
graduated equilibrated addition funnel, and a septum were 
added PPN.2 (624 mg, 0.61 mmol) and hexamethylbenzene 
(250 mg) as a GC internal standard. "he latter is not 
necessary if the reaction is performed only to synthesize PPN.7. 
The upper neck of the addition funnel was also closed with a 
septum. The whole apparatus was evacuated and filled with 
CO three times, and then THF (100 mL) was added to the 
flask. To the addition funnel was added a solution of PhNO 
(525 mg, 4.9 mmol) in THF (25 mL). This solution was added 
dropwise over the course of several hours, and the reaction 
course was monitored by IR and GC analysis. The reaction 
was complete after 6 h and after the addition of 19.1 mL of 
the PhNO solution. This volume corresponds to  the addition 
of 402 mg of PhNO, but GC analysis of the solution after the 
end of the reaction evidenced the presence of 70 mg of 
unreacted PhNO. Thus the amount of PhNO effectively 
reacted is 332 mg, corresponding to 5.0 mmoymmol of 

PPN-6. IR (THF): YCO = 2048 (w), 2019 (s), 1981 (vs), 1963 

(d, 2H), 6.99 (d, 2H), 3.83 (8, 3H), CH30), 2.21 (8, 3H, OC(0)- 
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Reduction of Nitrobenzene Promoted by Clusters 

[HFe3(CO)111- (2). GC analysis also showed the presence of 
azobenzene (54.8 mg) and azoxybenzene (144.6 mg) in 22% and 
47% yields, respectively, with respect to  the reacted PhNO. 
GC analysis during the reaction showed that all of the 
azobenzene was formed during the first 1 h of reaction. GC 
analysis of the starting PhNO showed that neither azo- nor 
azobenzene were present as impurities in this compound. 
During the reaction a dark precipitate was also formed. The 
solution, containing PPN.7, was filtered through a pad of 
Celite, eliminating the dark precipitate, and dried under 
vacuum, affording an oil which was triturated with hexane (3 
x 100 mL) until it became a brown powder (390 mg, 75% crude 
yield). This material is sufficiently pure for most purposes, 
although it can be recrystallized from 2-propanol (80/0 "C) to  
afford a brown microcrystalline solid. 

PPN.7. IR (THF): vco = 2046 (w), 2005 (s), 1974 (vs), 1959 
(ms), 1941 (mw), 1900 (w, br) cm-l. lH NMR (CDC13): -20.5 
ppm. MS (FA€-, calculated intensities for the isotopic peaks 
of [HFe3(C0)&3-NPh)]- and experimental intensities relative 
to the parent peak in parentheses): M- = 508 (0.01, 0.02), 
510 (0.19, 0.191, 511 (0.04, 0.05), 512 (1, l ) ,  513 (0.25, 0.251, 
514 (0.06, 0.06). Anal. Calcd for C S ~ H ~ ~ N Z P Z O ~ F ~ ~ :  C, 58.3; 
H, 3.4; N, 2.7. Found: C, 57.9; H, 3.1; N, 2.7. 

Reaction of [PPNI [HFes(CO)9@3-NPh)l (PPN-7) with 
ArNO. (a) Ar = Ph. To a 100 mL Schlenk flask was added 
PPN.7 (300 mg, 0.29 mmol), PhNO (34.3 mg, 0.31 mmol), and 
hexamethylbenzene (50 mg, GC internal standard). The flask 
was evacuated and filled with CO three times, after which THF 
(30 mL) was added. Samples were periodically withdrawn for 
GC analysis, and additional PhNO was added after 130 min 
(182 mg, 1.7 mmol). The time profile for the formation of 
azobenzene and azoxybenzene is as follows: 20 min reaction, 
azobenzene (8.5 mg), azoxybenzene (9.8 mg); 80 min reaction, 
azobenzene (8.7 mg), azoxybenzene (10.4 mg); 133 min reac- 
tion, azobenzene (11.3 mg), azoxybenzene (32.7 mg); 250 min, 
azobenzene (12.5 mg), azoxybenzene (39.4 mg); 16.2 h, azoben- 
zene (12.7 mg), azoxybenzene (40.2 mg). At this point [CpzFeI- 
[PFs] (0.024 mmol) was added and GC monitoring continued 
[after 5 min, azobenzene (12.4 mg), azoxybenzene (60.3 mg); 
after 3 h, azobenzene (13.0 mg), azoxybenzene (61.6 mg); this 
amount of azoxybenzene corresponded to  4.5 moUmol of added 
[CpzFel[PF~ll. Similar behavior was observed upon further 
additions of [CpzFe][PF6], but bubbling oxygen through the 
solution was ineffective in promoting the reaction. During the 
reaction, a decrease of the intensity of the IR bands of 7 
occurred, but no new IR bands were observed and a dark 
precipitate formed. 
(b) Ar = 2-Me-CA. The salt PPN.7 (50 mg, 0.048 mmol) 

and hexamethylbenzene (18 mg, GC internal standard) were 
placed in a Schlenk tube under a CO atmosphere, and THF 
(10 mL) was added. The solution was left to stir for 10 min to 
allow for saturation with CO, after which time 2-Me-C6HflO 
(20.6 mg, 0.19 mmol) was added. The reaction was followed 
analogous to that in the preceding section upon adding 10,20, 
and 40 mg of [CpzFe][PF6] after 1, 4, and 9 h, respectively. 
After the second addition of [CpzFe][PF6], the IR spectrum of 
the solution showed complete disappearance of the original 
absorptions and new absorptions at higher frequencies. After 
the third addition, only very weak bands were present in the 
IR spectrum of the solution. GC analysis of the solution at  
the end of the reaction showed the presence of 2-Me-C&NO 
(2.34 mg), 2-Me-C6HflHz (0.12 mg), 2-Me-C6H4N=NC&I4-2- 
Me (0.52 mg), 2-Me-CsH4N(O)=NCsH4-2-Me (10.8 mg), PhNH2 
(0.08 mg), PhN=NPh (0.93 mg), and PhN(O)=NPh (1.57 mg). 
Only a trace amount of 2-Me-CsHsN=NPh (-0.005 mg, at the 
limits of detectability by GC-MS) was detected, but no mixed 
azoxy compounds were formed. 

Attempted Reaction of [PPNI[HFes(CO)s@s-NPh)] 
(PPN-7) under Phase-Transfer Conditions. To a 50 mL 
Schlenk flask was added PPN.7 (155 mg, 0.15 mmol), [Et3- 
NCHzPhICl (22 mg, 0.097 mmol), and THF (5 mL). After 
dissolution of the cluster, 5 mL of a 1 M aqueous solution of 
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NaOH was added, and the mixture was vigorously stirred. The 
conditions are as close as possible to those reported in ref 2c, 
except that THF was used as a solvent in place of benzene, 
given the very low solubility of PPN.7 in benzene. The use of 
THF as the solvent does not appreciably alter the reaction 
course, as evidenced by the experiment described in the 
following paragraph. No reaction was observed over the course 
of 12 h by IR and GC analysis, even after addition of [CpzFeI- 
[PFd (10 mg, 0.03 mmol). 

Reaction of FedC0)12, [PPN][HFes(CO)9@s-NPh)l 
(PPNJ7), and 4-Me-CJWOa under Phase-Transfer Con- 
ditions. To a Schlenk tube was added Fe3(C0)1~ (48.0 mg, 
0.095 mmol), PPN.7 (50.0 mg, 0.047 mmol), 4-Me-CsH4NOz 
(13.1 mg, 0.095 mmol), [Et3NCHzPh]C1(22.0 mg, 0.097 mmol), 
hexamethylbenzene (9.5 mg, GC internal standard), THF (5 
mL), and 1 M NaOH (in HzO, 5 mL). After 1 h, GC analysis 
of the organic layer showed complete consumption of 4-Me- 
C6H4N02 and the formation of 4-toluidine (8.7 mg, 8.1 x 
mmol) and aniline (0.23 mg, 2.5 x low3 mmol). No azo or azoxy 
compounds were detected. The IR spectrum of the solution 
showed that the intensity of the bands of 7 was virtually 
unchanged, but Fe3(C0)12 had completely disappeared and new 
bands at 1940 ( 8 ,  br) and 1878 (m, br) were present. 

Reaction of [PPNl[HFes(CO)9@3-NPh)l (PPN.7) with 
[CpzFel[PF~l and H20. The salt PPN.7 (20 mg, 0.019 mmol) 
was placed in a Schlenk tube and dissolved in THF (2 mL), 
and water (10 pL) and [Cp,Fel[PF6] (20 mg, 0.06 mmol) were 
added. After 1 h, GC and GC-MS analysis of the reaction 
solution showed the formation of aniline. 

X-ray Crystallographic Analysis of [PPLI[F~~(CO)III 
(PPh4.31, [PPNl[HFe3(CO)9@3-NPh)l (PPN.7), and [PPLIz- 
[Fe~(CO)e(lrs-NPh)l.cH~Cl2 (PPh4.&2CHzC12). Crystal, data 
collection, and refinement parameters are collected in Table 
1. All crystals were mounted on fine glass fibers with epoxy 
cement. In all cases, but especially so for PPN-7, the specimens 
diffracted weakly and broadly. Learned-profile routines were 
used to improve the measurement of weak reflections. Crys- 
tals of PPN.7 displayed a thin tabular habit which in most 
instances occurred in stacks. A microscalpel constructed from 
a flake of glass was used to  separate the tablets. 

The unit-cell parameters were each obtained from the 
angular settings of the least squares fit of 25 reflections (20" 
5 28 5 25"). Photographic evidence and the observed diMac- 
tion symmetry indicated 2/m Laue symmetry for all three. For 
PPh4.3 and PPN.7 systematic absences allowed the unambigu- 
ous assignment of the space groups P2dn and P2&, respec- 
tively. For PPh4.&2CHzClz, either P 2 1  or P21/m were indicated. 
The noncentrosymmetric alternative was chosen due to the 
absence of molecular mirror-plane symmetry and the chemi- 
cally well-behaved results of refinement. The enantiomorph 
was tested by the Rogers method; r,~ refined to  1.10(9), 
indicating that the hand reported is correct. Despite some 
specimens with irregular shapes, no corrections for absorption 
were deemed necessary on the basis of the maximum/ 
minimum transmission ratios near unity. 

All structures were solved by direct methods. For PPh.3, 
all non-hydrogen atoms were anisotropically refined. Phenyl 
rings were constrained to rigid, planar hexagons, and hydrogen 
atoms were treated as idealized contributions. For PPN.7, only 
the Fe, 0, and N atoms were anisotropically refined. Ligand 
hydrogen atoms were ignored. Despite the low-quality data 
for this compound, difference maps consistently indicated the 
presence of a H-atom bridging the longest Fe-Fe bond. It was 
included as a fixed contribution but not refined. To conserve 
data, common C-0 and Fe-C bond distance parameters were 
refined to  1.165(9) and 1.730(9) A, respectively. For PPh4. 
8.2CHzC12, all non-hydrogen atoms except for those associated 
with the cation were anisotropically refined. The phenyl rings 
were constrained to rigid, planar hexagons. 

The structure of PPNB was also determined. The anion is 
structurally identical to that found for PPh4.3, but the iron 
triangle shows a minor contribution (11%) of a "star of David" 
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disorder pattern. PPNB: C ~ ~ H ~ O F ~ ~ N O I I P Z ,  monoclinic, I2/a, 
a = 17.686(4) A, b = 14.066(3) .k, c = 36.610(7) A, B = 93.82(3Y, 
V = 9087(5) A3, Z = 8, R(F) = 10.33%. Additional data on 
PPN.3 are included in the supplementary material. 

All computations used various releases of SHELXTL soft- 
ware (G. Sheldrick) as distributed by Nicolet and Siemens XRD 
(Madison, WI). 
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Platinum(I1) Aminophosphine- and 
Amidophosphine-Phosphinite Complexes: Synthesis, 

Structure, and Use in Catalytic Asymmetric 

[ ( S )  - l-(Diphenylphosphino)-2-( (( dipheny1phosphino)oxy)- 
methy1)pyrrolidinel dichloroplatinum( 11) 

Hydroformylation of Styrene. Crystal Structure of 
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Received July 19, 1994@ 

The optically active complexes [P~C~Z(AMPP)I (2a-g; AMPP = aminophosphine- and 
amidophosphine-phosphinite chelates derived from (S)-2-(hydroxymethyl)pyrrolidine and 
(S)-2-(hydroxymethyl)-5-pyrrolidinone) have been prepared in high yields from the cor- 
responding ligands (la-g) and Pt(C0D)Clz (COD = 1,5-cyclooctadiene). The structure of 
[PtCl2((S>-Ph,Ph-ProNOP)l ([(S~-1-(diphenylphosphino)-2-(((diphenylphosphino)o~)methyl)- 
pyrrolidineldichloroplatinum(II), (2a)) has been determined. The compound crystallizes in 
the orthorhombic space group P212121 with a = 10.933(6) A, b = 15.646(10) A, c = 16.512(4) 
A, and 2 = 4. The platinum atom has a cis square-planar coordination, with angular 
distortions due to  steric factors. lH, l3C(lH}, and 31P{1H} NMR spectra of the complexes 
are also reported. Complexes 2a-g in combination with SnC12-2H20 catalyze the asymmetric 
hydroformylation of styrene into (S)-2-phenylpropanal with quite slow catalytic rates (100 
turnovers in 15-200 h). Various branchedlnormal ( b  l n )  ratios (0.4-0.8) and enantiomeric 
excess (ee) values (40-56%) were obtained. The results suggest that the catalytic activity 
of the [PtClz(AMPP)I complexes is mainly affected by the aminophosphine moiety of the 
ligand (highest catalytic activities observed with N-diphenylphosphino substituents), whereas 
the enantioselectivity depends on the nature of the phosphinite part (best optical yields 
observed with (dicyclohexy1phosphino)oxy substituents). 

Introduction 

Catalytic asymmetric hydroformylation of olefins is 
a process of great interest for the preparation of enan- 
tiomerically pure aldehydes, useful as building blocks 
for the synthesis of many biologically active c0mpounds.l 
Platinum- tin and rhodium catalysts modified by chiral 
phosphines and diphosphines have been'mostly used as 
the catalysts.lS2 In spite of relatively high enantiose- 
lectivities, platinum-tin based catalysts exhibit several 
disadvantages, mainly low reaction rates and poor 

@ Abstract published in Advance ACS Abstracts, December 15,1994. 
(1) For recent reviews, see: (a) Botteghi, C.; Paganelli, S.; Schionato, 

A.; Marchetti, M. Chirality 1991,355. (b) Stille, J. K. In Comprehensive 
Organic Synthesis; Trost, B. M., Fleming, I., Semmelhack, M. F., Eds.; 
Pergamon Press: Oxford, England, 1991; p 927. (c )  Consiglio, G. In 
Catalytic Asymmetric Synthesis; Ojima, I., Ed.; VCH: New York, 1993; 
p 273. (d) Noyori, R. In Asymmetric Catalysis in Organic Synthesis; 
Wiley: New York, 1994; p 162. 

(2) (a) Consiglio, G.; Pino, P. Top. Curr. Chem. 1982, 105, 77. (b) 
Parrinello, G.; Stille, J. K. J. Am. Chem. SOC. 1987, 109, 7122. (c )  
Gladiali, S.; Pinna, L. Tetrahedron: Asymmetry 1990,1,693. (d) Stille, 
J. K.; Su, H.; Brechot, P.; Paninello, G.; Hegedus, L. S. Organometallics 
1991, 10, 1183. (e) Consiglio, G.; Nefkens, S. C. A.; Borer, A. 
Organometallics 1991, 10, 2046. (0 Toth, I.; Guo, I.; Hanson, B. E. 
Organometallics 1993, 12, 848. (g) Kollar, L.; Kegl, T.; Bakos, J. J. 
Organomet. Chem. 1993,453, 155. 

0276-733319512314-0401$09.00/0 

branched to  normal regioselectivities for the desired 
chiral products. In contrast, until recently, rhodium 
based systems showed good catalytic activities and 
regioselectivities but suffered from relatively poor enan- 
tioselectivities. This last point has been greatly im- 
proved by the use of new chiral phosphine-phosphite3 
and binucleating tetraphosphine  ligand^.^ 

We have extensively studied the synthesis and the 
catalytic applications of easily accessible ligands, the 
aminophosphine-phosphinites (abbreviated AMPP). 
Their high efficiency in transition metal complex cata- 
lyzed asymmetric processes such as hydrogenation of 
dehydroamino acids5 and activated keto compounds6 
over rhodium- and ruthenium-based catalysts, and the 

(3) (a) Sakai, N.; Mano, S.; Nozaki, K.; Takaya, H. J. Am. Chem. 
SOC. 1993,115, 1993. (b) Sakai, N.; Nozaki, K.; Takaya, H. J. Chem. 
Soc., Chem. Commun. 1994,395. (c) Higashizima, T.; Sakai, N.; Nozaki, 
K.; Takaya, H. Tetrahedron Lett. 1994,35, 2023. 

(4)Stanley, G. G. Abstracts of Papers Presented at the 15th 
Conference on Catalysis of Organic Reactions, Phoenix, AZ, May 2-5, 
1994. 

( 5 )  (a) Cesarotti, E.; Chiesa, A.; Ciani, G.; Sironi, A. J. Organomet. 
Chem. 1983,251,79. (b) Pracejus, G.; Pracejus, H. J. Mol. Catal. 1984, 
24, 227. ( c )  Karim, A.; Mortreux, A.; Petit, F. J. Organomet. Chem. 
1986,312,375. (d) Pavlov, V. A.; Klabunovskii, E. I.; Struchkov, Y. T.; 
Voloboev, A. A,; Yanovsky, A. I. J. Mol. Catal. 1988, 44, 217. 
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Scheme 1 

Pt(C0D)CIz + W 0 . R :  

IJRi l a - d  

Pt(mD)aZ + 0 -0PR: N H 

;R: l e - g  

1,1995 

(PtC12(AMPP)] 
R.T. 

2a-d 

[PtClz(AMPP)] 
R.T. 

2e-g 

Phenyl 
Cyclohexyl 

Phenyl 
Cyclohexyl 

Phenyl 
Cyclohexyl 

R2 

Phenyl 
Phenyl 

Cyclohexyl 
Cyclohexy 1 

Phenyl 
Cyclohexyl 
Cyclopentyl 

formation of carbon-carbon bonds during n i ~ k e l - ~  and 
palladium-catalyzed6 coupling reactions has been re- 
ported. These ligands have also proven their ability for 
the asymmetric hydroformylation of styrene on rhodium 
and platinum-tin catalytic  system^.^ Thus, we sought 
to extend our studies to other AMPP ligands. Here, we 
wish to report the synthesis and the characterization 
of platinum(I1) complexes chelated by aminophosphine- 
and amidophosphine-phosphinite ligands derived from 
(SI-proline and (SI-pyroglutamic acid. The catalytic 
properties of these compounds have been evaluated in 
the asymmetric hydroformylation of styrene. 

Results and Discussion 
Synthesis and Characterization. The complexes 

[PtC12(AMPP)I (2a-g; AMPP = aminophosphine- and 
amidophosphine-phosphinites derived from (S)-2-(hy- 
droxymethy1)pyrrolidine and (S)-2-(hydroxymethyl)-5- 
pyrrolidinone) were prepared through reaction of Pt- 
(C0D)CIz and the corresponding ligand (la-g) (Scheme 
1). 

All the reactions proceeded very readily at room 
temperature and were almost quantitative. When 
acetone was used as solvent, a white precipitate of 
complexes 2a-g was gradually formed, whereas in 
dichloromethane, the solution usually remained homo- 
geneous. In both solvents, no side products were 
detected by 31P{1H} NMR spectroscopy of the crude 
reaction mixture (see below). In contrast to the free 
ligands, which are quite air sensitive,1° complexes 2a-g 
are stable off-white solids and can be stored in air over 
long periods of time. Moreover, in solution, with care- 

(6) (a) Hatat, C.; Kokel, N.; Mortreux, A.; Petit, F. Tetrahedron Lett. 
1990,31,4139. (b) Roucoux, A.; Agbossou, F.; Mortreux, A.; Petit, F. 
Tetrahedron: Asymmetry 1993, 4 ,  2279. (c )  Hapiot, F.; Agbossou, F.; 
Mortreux, A. Tetrahedron: Asymmetry 1994,5, 515. 
(7) (a) Buono, G.; Siv, C.; Peiffer, G.; Triantaphylides, C.; Denis, P.; 

Mortreux, A.; Petit, F. J. Org. Chem. 1986, 50, 1782. (b) Suisse, I.; 
Bricout, H.; Mortreux, A. Tetrahedron Lett. 1994,35, 413. 

( 8 )  Cesarotti, E.; Grassi, M.; Prati, L.; Demartin, F. J. Chem. SOC., 
Dalton Trans. 1991, 2073. 

(9) (a) Mutez, S.; Mortreux, A.; Petit, F. Tetrahedron Lett. 1988,29, 
1911. (b) Pottier, Y.; Mortreux, A.; Petit, F. J. Organomet. Chem. 1989, 
370, 333. 
(10) All the ligands described are air-sensitive. Nevertheless, com- 

pounds la and le degrade slower than fully or partially alkylated 
ligands. 

Nai'li et al. 

fully degassed mixtures, we observed only a slow 
decomposition of the complexes due to the formation of 
phosphine oxides, thus indicating a strong coordination 
of the ligands to the platinum moiety. 

The new complexes 2a-g have been characterized by 
3lP{lH} NMR spectroscopy (Table 1). A typical spec- 
trum of [PtC12((S)-Ph,Ph-ProNOP)1(2a) is illustrated in 
Figure 1. The 31P{ lH) NMFt spectrum of the free ligand 
(S)-Ph,Ph-ProNOP (la) consists of two singlets at 6 46.1 
and 113.7 ppm, assigned to the diphenylphosphino 
groups coordinated to nitrogen and oxygen, respec- 
tive1y.l' In the platinum complex 2a (Figure 11, the 
-NPPhz and -0PPhz resonances consist of two sets of 
doublets of similar intensity due to coupling between 
the two phosphorus atoms C2J(P,P) = 13.8 Hz) and two 
doublets of doublets constituting the lg5Pt satellites 
(J(Pt,P(N)) = 4026 Hz, J(Pt,P(O)) = 3956 Hz). The 
-NPPhZ resonance is only 5.8 ppm upfield (6 51.9 ppm) 
from that of the free ligand, whereas the -0PPh2 signal 
shifted 32.2 ppm downfield (Q 81.5 ppm). Such chemical 
shift trends are observed for all the complexes. Nev- 
ertheless, this behavior is more pronounced with basic 
ligands, especially those where the phosphorus atom of 
the P(N) residue is substituted by cyclohexyl groups and, 
to a lesser extent, by cyclopentyl groups (compare 
ligands and complexes b, d, f, and 8). 

The 400 MHz 'H NMR spectrum of 2a (see Experi- 
mental Section) is complex due to  the presence of 
enantiotopic protons and of strongly coupled spin sys- 
tems (lH, 31P, lg5Pt). Nevertheless, the absence of 
overlapping multiplets allows an assignment of indi- 
vidual proton resonances on the basis of the literature,ll 
and this reveals significant shifts of 2-H and 3-H of the 
coordinated ligand relative to free (S)-Ph,Ph-ProNOP.'l 

Crystal Structure of 2a. Slow recrystallization 
from dichloromethane of the crude complex 2a afforded 
colorless crystals which proved to  be suitable for X-ray 
investigation. Data were collected on a crystal of 2a, 
as summarized in Table 4. A view of the molecule is 
depicted in Figure 2, tagether with the numbering 
scheme adopted. Table 2 lists fractional atomic coor- 
dinates and Table 3 selected bond lengths, bond angles, 
and deviations from the mean plane Pt-Cl-Cl-P(N)- 
P(0). The coordination geometry of the platinum atom 
is close to square planar. The metal-phosphorus bonds 
(Pt-P(0) = 2.214(2) A; Pt-P(N) = 2.238(2) A) are 
similar to those found in the previously reported com- 
plexes containing the (S)-Ph,Ph-ProNOP m ~ i e t y , ~ ~ , ~ ~ ~ J ~  
except that the Pt-P(0) bond is somewhat shortened 
(2.214 A in this complex us. 2.242-2.303 A in the 
literature). Both chlorine atoms are located at the same 
distances from Pt (Pt-C1 = 2.342(2) and 2.343(2) A) 
with similar C1-Pt-P angles (Cl-Pt-P(0) = 86.0(2)"; 
Cl-Pt-P(N) = 90.0(1)'), thus indicating that the two 
diphenylphosphino moieties induce almost the same 
hindrance on the square plane. Nevertheless, the 
orientation of the phenyl rings are different. Those 
bonded to P(0) are almost symmetrically disposed from 
each side of the mean square plane (out-of-plane dis- 

(11) Cesarotti, E.; Grassi, M.; Prati, L. J. Chem. Soc., Dalton Trans. 
1989,161. 
(12) (a) Cesarotti, E.; Prati, L.; Sironi, A.; Ciani, G.; White, C. J. 

Chem. Soc., Dalton Trans. 1987, 1149. (b) Cesarotti, E.; Grassi, M.; 
Prati, L.; Demartin, F. J. Organomet. Chem. 1989, 370, 407. (c )  
Baldovino, C.; Cesarotti, E.; Prati, L.; Demartin, F. Gazz. Chim. Ital. 
1992,122,475. 
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l a  46.1 113.7 2a 51.9 
l b  53.9 113.4 2b 77.6 
IC 46.6 147.7 2c 50.9 
Id 53.9 146.5 2d 77.1 
l e  37.7 117.6 2e 50.5 
If 58.8 151.0 2f 83.9 
1g 59.7 146.1 2g 72.3 

- 
c 1 2 e  

Figure 2. ORTEP drawing for complex 2a (50% prob- 
ability ellipsoids). 

placements - 1.275 and 1.620 A, respectively), whereas 
the phenyl rings bound to P(N) are unsymmetrically 
displaced (out-of-plane displacements -0.374 and 1.673 
A, respectively). An important widening of the P(N)- 
Pt-P(0) bond angle (95.3(1)") is observed, inducing by 
a common ((reverse scissoring effect" the decrease of the 
trans C1-Pt-C1 bond angle (88.4(1)"). The increased 
P(N)-Pt-P(0) bond angle is ascribed to the rigidity of 
the seven-membered metallacycle fused with the proline 
cycle. This metallacycle is in a boat-type conformation, 
with the oxygen atom in the mean plane as usually 
observed in (SI-Ph,Ph-ProNOP c ~ m p l e x e s . ~ ~ ~ ~ ~ ~ J ~  

Enantioselective Hydroformylation of Styrene. 
The aminophosphine-phosphinite complexes of plati- 
num(I1) 2a-g were used along with SnC12-2H20 as a 
cocatalyst in the asymmetric hydroformylation of sty- 
rene. Reactions were carried out under classical reac- 
tion conditions (Table 5 )  to give a mixture of the 
branched (2-phenylpropanal) and the normal (3-phen- 
ylpropanal) regioisomers (Scheme 2). The branched to  
normal ratios ( b  l n )  were generally low, the best result 
being obtained with complex 2e (0.8). As usually 
observed, ethylbenzene was formed along with the 
hydroformylation products during the course of the 
reaction. Nevertheless, this side reaction remained 
marginal, except with [PtC1~((S)-Cp,Cp-oxoProNOP)1 
(2g), which gave 30% of ethy1ben~ene.l~ 

81.5 13.8 4026 3956 
74.2 7.9 4140 3989 

124.9 7.9 4137 3931 
125.5 7.0 4060 3928 
80.8 13.8 4108 3814 

112.4 6.9 4104 3785 
121.0 4.1 4030 3943 

atom 

Wl) 
C1(2) 

P(4) 
P(5) 
O(6) 
C(7) 
C(8) 
N(9) 
C(10) 
C(11) 
C(12) 
C(411) 
C(412) 
C(413) 
C(414) 
C(415) 
C(416) 
C(421) 
C(422) 
C(423) 
C(424) 
C(425) 
C(426) 
C(511) 
C(512) 
C(513) 
C(514) 
C(515) 
C(516) 
C(521) 
C(522) 
C(523) 
C(524) 
C(525) 
C(526) 

cu3) 

Table 2. Atomic Coordinates for 
[PtCl2((S)-Ph,Ph-ProNOP)] (2a) 

xla Ylb dC 
0.21195(2) 0.06481(2) 0.09579(2) 
0.0252(2) 0.1062(2) 0.1534(2) 
0.3109(2) 0.1570( 1) 0.1864( 1) 
0.3935(2) 0.0223(1) 0.0477(1) 
0.1034(2) -0.0276(1) 0.0241(1) 
0.1783(6) -0.0897(3) -0.0357(4) 
0.2241(9) -0.0592(6) -0.1137(5) 
0.2945(8) 0.0224(5) -0.1065(4) 
0.3999(5) 0.0147(5) -0.0514(4) 
0.5139(9) 0.0039(8) -0.988(7) 
0.4871(9) 0.0571(9) -0.1750(7) 
0.3511(9) 0.0493(8) -0.1909(5) 
0.5261(8) 0.0896(5) 0.0712(5) 
0.5408(9) 0.1613(7) 0.0225(7) 
0.647( 1) 0.2138(7) 0.0366(7) 
0.729( 1) 0.1921(8) 0.0963(8) 
0.71 l(1) 0.1208(8) 0.1432(8) 
0.6076(9) 0.0681(7) 0.1308(7) 
0.4312(7) -0.0797(4) 0.0925(5) 
0.479(1) -0.1460(7) 0.0502(7) 
0.509(1) -0.2225(8) 0.0871(8) 
0.491(1) -0.2350(8) 0.1680(7) 
0.44 1 (1) 0.1668(8) 0.2136(8) 
0.4115(9) 0.0900(6) 0.1761(6) 

-0.0158(8) 0.0414(5) -0.0412(5) 
-0.0366(9) 0.1012(7) -0.0470(7) 
-0.122( 1) 0.1335(8) -0.1002(8) 
-0.185( 1) 0.0781(9) 0.1511(9) 
-0.167(1) 0.0077(9) -0.1448(8) 
-0.0812(9) 0.0398(6) -0.0874(7) 

0.0350(8) -0.1083(5) 0.0878(6) 
-0.092(1) -0.1050(7) 0.1016(8) 
-0.145(1) -0.1688(8) 0.1541(8) 
-0.074(1) -0.2330(9) 0.1845(9) 

0.055( 1) 0.2355(8) 0.1700(8) 
0.106(1) -0.1737(7) 0.1191(7) 

ues, A 2  

0.0278( 1) 
0.0541(7) 
0.0449(5) 
0.0313(5) 
0.0336(5) 
0.043(2) 
0.045(2) 
0.037(2) 
0.041(1) 
0.056(3) 
0.068(3) 
0.051(3) 
0.038(2) 
0.055( 3) 
0.062(3) 
0.070(4) 
0.077(4) 
0.059(2) 
0.037(2) 
0.062(3) 
0.07 l(4) 
0.060(3) 
0.070(3) 
0.050(3) 
0.042(2) 
0.056(3) 
0.068(3) 
0.091(5) 
0.075(4) 
0.054(3) 
0.044(2) 
0.064(3) 
0.073(4) 
0.073(4) 
0.071(4) 
0.06 l(3) 

The activity of the catalytic system involving these 
aminophosphine-phosphinite ligands was unusually 
low (0.05-6.7 h-l). Nevertheless, the catalytic rate was 
strongly dependent on the nature of the ligand. Thus, 
in the case of (S)-2-(hydroxymethyl)pyrrolidine-derived 
complexes (2a-d), higher reaction rates were obtained 
from complexes bearing N-diphenylphosphino-susbti- 
tuted ligands, i.e. 2a (2.8 h-l) and 2c (2.6 h-l). These 

~ 

(13) Similar hydroformylation catalyzed by 2g a t  80 "C for 12 h 
resulted in 96% conversion of styrene with a decrease of the selectivity 
into ethylbenzene down to 24%; normal and branched aldehydes were 
obtained in 52% and 24% selectivity (56% eel, respectively. 
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Table 3. Selected Bond Distances (A), Bond Angles (deg), 
and Deviations from the Pt(l)-C1(2)-Cl(S)-P(4)-P(5) 

Mean Plane (A). 

Nazli et al. 

(a) Bond Distances 
Pt(l)-C1(2) 2.342(2) Pt(1)-Cl(3) 2.343(2) 
Pt( 1)-P(4) 2.238(2) Pt( 1)-P(5) 2.214(2) 
P(4)-N(9) 1.643(7) P(5)-0(6) 1.609(6) 
P(4)-C(411) 1.832(9) P(5)-C(511) 1.8 13(9) 
P(4)-C(421) 1.807(7) P(5)-C(521) 1.807(9) 
N(9)-C(10) 1.482(12) 0(6)-C(7) 1.462( 10) 
C(lO)-C(ll) 1.537(17) C(7)-C(8) 1.495( 12) 
C( 1 1)-C( 12) 1.5 15(14) C(8)-N(9) 1.473(10) 
C(12)-C(8) 1.582(12) 

(b) Bond Angles 
C1(2)-Pt(l)-C1(3) 88.4(1) P(4)-Pt(l)-P(5) 95.3(1) 
C1(3)-Pt-P(4) 90.0(1) P(5)-Pt(l)-C1(2) 86.0(2) 
Pt(l)-P(4)-N(9) 114.4(5) Pt(1)-P(5)-0(6) 116.8(5) 
Pt(l)-P(4)-C(411) 117.1(6) Pt(l)-P(5)-C(5 11) 117.9(6) 
Pt(l)-P(4)-C(421) 108.6(5) Pt(l)-P(5)-C(521) 111.5(6) 
C(411)-P(4)-C(421) 103.9(7) C(5 1 l)-P(5)-C(521) 107.5(9) 
C(411)-P(4)-N(9) 102.6(8) C(511)-P(5)-0(6) 102.6(7) 
C(421)-P(4)-N(9) 109.5(8) C(521)-P(5)-0(6) 98.4(7) 
P(4)-N(9)-C(10) 124.8(1.3) C(l 1)-C(12)-C(8) 104.7(1.2) 
P(4) -N(9) - C( 8) 125.2( 1.1) C( 12)-C(8)-C(7) 1 11 .O( 1.3) 
C(lO)-N(9)-C(8) 1 lO.O(l.2) C(12)-C(8)-N(9) 105.0(1 .O) 
N(9)-C(lO)-C(ll) 102.1(1.3) C(8)-C(7)-0(6) 112.7(1.2) 
C(lO)-C(ll)-C(l2) 106.6(1.4) C(7)-0(6)-P(5) 12 1.1 ( 1 .O) 

(c) Deviations from the Mean Plane 
W l )  -0.067 C(8) - 1.874(8) 
C W  -0.008(3) C(7) - 1.1 lO(9) 
C W  0.041(2) C(411) -0.374(9) 
P(4) -0.007(2) C(421) 1.673(8) 
P(5) 0.040(2) C(511) -1.275(9) 
O(6) 0.096(6) C(521) 1.620(9) 
N(9) - 1.066(8) -1.066(8) 

0.07355~ - 0.70831~ + 0.70206~ - 0.62881 = 0. 

Table 4. Crystallographic Data for 
[PtClz((S)-Ph,Ph-ProNOP)] (2a) 

Crystal Data 
formula C29H29ClzNOPzPt 
mol wt 735.49 
color and habit colorless prism 
space group n12121 
cryst syst orthorhombic 
a, A 10.933(6) 
b, A 15.646(10) 
c, A 16.512(4) 
v, A3 2824 
8 range for acc cell, deg 6-20 
Z 4 
dcalcd, g Cm-3 1.730 
F(000) 1439 

Data Collection and Refinement 
temp, K 298 
0 range, deg 2-30 
scan type w128 
cryst size, mm 
no. of data collected 6752 
no. of unique data 5726 
hkl range 

p(Mo Ka), cm-' 53.00 

0.120 x 0.180 x 0.240 

-14, 14; 0, 20; 0, 21 
0.0255 

std reflns (205); (332); (1%) 

no. of data in refinement 5452 
no. of refined params 205 
final R 0.037 
R W  0.041 

observability criterion n, I no(4 3 

complexes led to almost identical activities, indicating 
a rather low influence of the phosphinite moiety as long 
as the nitrogen is substituted by a diphenylphosphino 
group. The introduction of cyclohexyl susbtituents at 
P(N) resulted in a considerable decrease of the catalytic 
activity (runs 2 and 4): thus, the lowest activity was 

observed in the case of complex 2d (0.05 h-l), in which 
both phosphorus atoms are susbtituted by cyclohexyl 
groups. A similar trend was observed for the complexes 
chelated by ligands derived from (S)-2-(hydroxymethyl)- 
5-pyrrolidinone, i.e. 2e (6.7 h-l) and 2f (0.44 h-l). 
Furthermore, the introduction of a 5-oxo function in the 
pyrrolidine cycle has a beneficial effect on the catalytic 
activity of the platinum complexes, since, for instance, 
the time required for total conversion of styrene is 
halved between [PtCl2((S)-Ph,Ph-ProNOP)] (2a) and 
[PtCl2((S)-Ph,Pli-oxoProNOP)] (2e) (run 1 us run 5 and 
run 4 us run 6). It is noteworthy that some black 
platinum deposit was usually observed at the end of the 
reaction with ProNOP-derived complexes (2a-d). This 
deposit was not observed for 5-oxoProNOP-derived 
complexes (2e-g). Moreover, in the case of 2e, 31P NMR 
spectra of the catalytic system (2e + SnC12) recorded 
before and after catalysis were unchanged. These 
results show that the catalytic activity of [PtC12(MPP)I 
complexes is mainly controlled by the aminophosphine 
moiety of the ligand and suggest that the reaction rate 
increases with the reduction of the electron density on 
the P(N) atom. This detrimental effect of basic ligands 
on both rhodium- and platinum-catalyzed hydroformyl- 
ation has already been reported.'* 

The regioselectivity of hydroformylation was only 
slightly affected by the nature of the ligand. Although 
all the (S)-2-(hydroxymethyl)pyrrolidine-derived ligands 
gave almost similar selectivities into the branched 
aldehyde (37-40%), these are only slightly higher than 
those obtained from oxo derivatives (29-33%). In each 
case, the prevailing enantiomer had the S configuration. 
Complexes 2a and 2b, both bearing -0PPh2 functions, 
afforded 2-phenylpropanal in 40-42% ee, whereas the 
presence of cyclohexyl susbtituents at the phosphinite 
function (complex 2c) resulted in an increased enantio- 
meric excess of up to 55%. This indicates that the 
phosphinite moiety of the ligand has a stronger influ- 
ence than the aminophosphine residue toward enanti- 
oselectivity of [PtC12(AMPP)I complexes. This possibil- 
ity is supported by the fact that both [PtClz((S)-Ph,Ph- 
ProN0P)I (2a) and [PtC12((S)-Ph,Ph-oxoProNOP)I (2e) 
gave nearly the same enantiomeric excesses (42 and 
40%, respectively). Similarly, complexes 2c and 2f, in 
which both P(0) moieties are substituted by cyclohexyl 
groups, led to almost identical enantiomeric excesses (55 
and 56%, respectively). The results obtained with 
cyclopentyl substituents are intermediate between those 
with phenyl and cyclohexyl groups (runs 5-7). 

Conclusion 

The formation of the platinum(I1) aminophosphine- 
phosphinite complexes described in this study can be 
readily and cleanly achieved. These compounds, which 
are very stable under ordinary conditions, catalyze the 
asymmetric hydroformylation of styrene. Unfortu- 
nately, the catalytic activities are very low and the 
enantioselectivities are only moderate compared to the 
latest results Nevertheless, our results 
confirm that the aminophosphine and the phosphinite 
moieties may have different influences on the catalytic 
properties of the complexes, as already observed during 
asymmetric hydrogenation processes.6 Future develop- 

(14) Consiglio, G.; Rama, F. J. Mol. Cutul. 1991, 66, 1. 
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Table 5. Asymmetric Hydroformylation of Styrene Catalyzed by Complexes 2a-$ 
run no. complex timeb (h) conversnC (mol %) aldehyde n/bd (mol %) hydrognatnL (mol %) eef(%) (confign) 

1 2a 36 100 59/39 2 42 (s) 
2 2b 70 100 52/40 8 40 (s) 

5 2e 15 100 68/29 3 40 (s) 

3 2c 38 100 62/37 1 55 (S) 
4 2d 200 10 54/38 8 ndg 

6 2f 160 70 62/33 4 56 (S) 
7 2g 70 90 47/22 30 47 (9 

Conditions: Temperature, 50 "C; P, 130 atm; HdCO, 1.5; WSnfstyrene, l/l/lOO; solvent, toluene. Optimized reaction times in the case of total 
conversion of styrene. Styrene conversion. Selectivities into 3- and 2-phenylpropanal determined by GLC analysis. e Selectivities into ethylbenzene determined 
by GLC analysis. f See Experimental Section. g Not determined. 

Scheme 2 

T ' + C O + H l  -* [RCI,(AMPP)], SnCI, 

\ 130 bar, SOT, toluene 
CHO & + TCH0 

branched normal 

ments include the design of new ligands and extension 
of this study to  different olefins. 

Experimental Section 
General Considerations. All reactions were carried out 

under a dry dinitrogen atmosphere using standard Schlenk 
techniques. Toluene and diethyl ether were distilled from 
sodiumhenzophenone ketyl. Acetone and dichloromethane 
were distilled from potassium carbonate and calcium hydride, 
respectively. Dried solvents were degassed prior to use. The 
starting compounds Pt(COD)C1215 and aminophosphine-phos- 
phinite ligands la-P6 were prepared according to literature 
methods. Styrene was freshly distilled under dinitrogen before 
use. 

Elemental analyses were performed by Laboratoires Wolff, 
Clichy, France. NMR spectra were recorded at room tempera- 
ture in CDzClz on Bruker AM-400 (lH, 400.1 MHz; 13C{'H}, 
100.6 MHz) and WP-80 spectrometers (31P{1H}, 32.4 MHz). 
Proton and carbon chemical shifts were referenced internally 
using the residual solvent resonances relative to tetrameth- 
ylsilane (6 0 ppm). Phosphorus chemical shifts were refer- 
enced to  external 85% H3P04 (6 0 ppm). MS (FAB+) mass 
spectra of platinum complexes were obtained in 3-nitrobenzyl 
alcohol/l,3,5-trichlorobenzene (80/20) v/v matrices by using a 
CONCEPT I1 H-H spectrometer (Kratos Analytical Ltd.). The 
compositions of the catalytic reaction mixtures were deter- 
mined by GLC analysis with a Delsi 30 gas instrument 
equipped with a flame ionization detector using a 25 m x 0.25 
mm CPSil 5-CB fused silica capillary column. Optical rota- 
tions were measured on a Perkin-Elmer 241 polarimeter. 

[ (S)- 1-(Diphenylphosphino)-2-(((diphenylphosphino)- 
oxy)methyl)pyrrolidine]dichloroplatinum(II) (2a). Pt- 
(COD)C12 (0.374 g, 1 mmol) was dissolved in acetone (15 mL), 
and a solution of (S)-Ph,Ph-ProNOP (la; 0.469 g, 1 mmol) in 
acetone (5 mL) was added dropwise over 5 min. A white 
precipitate was gradually formed. M e r  1 h of stirring at room 
temperature, the solvent was evaporated under vacuum and 
the residue was washed with Et20 (10 mL) and high-vacuum- 
dried to give 0.70 g (95%) of complex 2a as a white powder. 
Anal. Calcd for C29H29ClzNOP~Pt: C, 47.35; H, 3.97; N, 1.90. 
Found: C, 47.48; H, 4.00; N, 1.91. IH NMR: 6 1.31 (m, 1 H, 
3-H), 1.66 (m, 1 H, 4-H), 1.81 (m, 1 H, 4-H), 1.97 (m, 1 H, 3-H), 
2.57 (m, 1 H, 5-H), 2.97 (m, 1 H, 5-H), 3.32 (m, 1 H, 1-HI, 3.63 
(m, 1 H, 1-H), 4.75 (m, 1 H, 2-H), 7.10-7.83 (m, 20 H, PPhd. 

(15)Drew, D.; Doyle, J. R.; Shaver, A. G. Inorg. Synth. 1972, 13, 
47. 

l3C{'H} NMR: 6 27.0 ((2-41, 28.6 ((2-31, 50.4 ((3-51, 60.3 (C-2), 
70.8 (C-l), 128.3-135.5 (PPh2). 31P{1H} NMR: see Table 1. 
[(S)-l-(Dicyclohexylphosphino)-2-(~(diphenylphosphi- 

no)oxy)methyl)pyrrolidine]-dichloroplatinum(I1) (2b). 
Pt(C0D)ClZ (0.374 g, 1 mmol) and (S)-Cy,Ph-ProNOP (lb; 
0.482 g, 1 mmol) were reacted in a procedure analogous to  that 
given for 2a. A similar workup gave 0.72 g (96%) of complex 
2b as a white solid. Anal. Calcd for CZgH41ClzNOPzPt: C, 
46.59; H, 5.53; N, 1.88. Found: C, 46.38; H, 5.56; N, 1.98. 
MS (FAB+; m / z  (isotopic mass)): 712 [PtCl((S)-Cy,Ph-ProNOP), 
M - Cl]. IH NMR: 6 0.98-2.08 (m, 24 H, Cy H + 3-H + 4-H), 
2.60 (m, 1 H, 5-H), 3.11 (m, 3 H, Cy H + 5-H), 3.45 (m, 1 H, 
1-H), 3.54 (m, 1 H, 1-HI, 4.44 (m, 1 H, 2-H), 7.12-8.02 (m, 10 

(CH Cy, J(C,P) = 45 Hz), 41.2 (CH Cy, J(C,P) = 37 Hz), 46.6 

NMR: see Table 1. 
The other complexes (2c-g) were prepared in the same way 

in almost quantitative yields from the corresponding ligands. 
All these compounds showed similar characteristics and were 
essentially characterized by 31P{1H} NMR spectroscopy, which 
gave evidence of their purity (see Table 1). Their IH and I3C- 
{'H} NMR spectra are complex due to the presence of overlap- 
ping multiplets and highly coupled systems. The lH and 
13C{IH) NMR data of [PtClz((S)-Cp,Cp-oxoProNOP)] (2g) are 
reported below. 

[ (S)-l-(Dicyclopentylphosphino)-2(((dicycs- 
phino)oxy)methyl)-6-pyrrolidinone] dichloroplatinum- 
(11) (2g). IH NMR: 6 1.51-2.45 (m, 36 H), 2.69 (m, 1 H), 2.88 
(m, 1 H, J = 2.3 and 9.5 Hz), 3.02 (dd, 1 H, J = 4.9 and 7.3 
Hz), 3.33 (sext (virt), 1 H, J = 8.9 Hz), 3.72 (m, 1 H), 4.18 (m, 
1 H), 4.36 (m, 1 H). 13C{IH} NMR: 6 25.5-32.7 (CH2 Cp, (3-3, 

Crystal Structure of 2a. Suitable crystals were obtained 
as colorless prisms by slow recrystallization from dichlo- 
romethane. The crystal selected was mounted for data col- 
lection on an Enraf-Nonius CAD4 diffractometer, as summa- 
rized in Table 4. The intensities of 3 representative reflections 
which were measured after every 2 h remained constant 
throughout data collection, indicating crystal and electronic 
stability. Data were corrected for Lorentz and polarization 
effects but not (since the crystal was small and approximately 
equidimensioned) for absorption. The atomic coordinates of 
the platinum atom were deduced from the Patterson function, 
and the positions of chlorine, phosphorus, oxygen, nitrogen, 
and carbon atoms were identified from successive difference- 
Fourier syntheses. All positional and thermal parameters 
were refined with SHEIX-76.16 The atomic scattering factors 
for neutral atoms, as well as the anomalous dispersion 
correction coefflcients, were taken from ref 17. The hydrogen 
atoms could have been identified but were not included in the 
refinement process. The phenyl carbon atoms were kept 
isotropic, and the anisotropic refinement of the non-phenyl 
atoms yielded a final R = 0.037 and R, = 0.041, with w = 
1Ju2(F) + 0.00369Pl in the final stages. 

H, PPh2). 13C{'H} NMR: 6 25.2-31.2 (CH2 Cy, C-3, C-4),36.7 

(C-5), 58.8 (C-2), 67.2 (C-l), 128.1-134.9 (PPh2). 31P{1H) 

C-4), 39.7-42.9 (CH Cp), 59.1 (C-2), 69.4 (C-1), 179.3 (C=O). 

(16) Sheldrick, G. SHEIX-76, System of Crystallographic Computer 

(17) Cromer, D. T. International Tables for X-ray Crystallography; 
Programs, University of Cambridge, Cambridge, England, 1976. 

Kynoch Press: Birmingham, England, 1974; Vol. IV. 
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Catalytic Asymmetric Hydrofomylations. All catalytic 
reactions were conducted in a magnetically stirred and double- 
walled 50 mL stainless steel reactor. In a typical experiment, 
a solution of the cocatalyst SnCl2.2HzO (0.1 mmol) and of the 
platinum complex (0.1 mmol) in toluene (10 mL) was intro- 
duced in the reactor under dinitrogen. Then, styrene (10 
mmol) and the internal standard (n-decane) were introduced. 
The reactor was sealed, pressurized to  130 atm with COM2 
(2/3), and heated to 50 "C. The reaction was monitored by 
GLC analysis of aliquots of the reaction mixture. After total 
consumption of styrene, the reactor was cooled to room 
temperature and depressurized. The pale yellow solution was 
analyzed by GLC to determine the selectivities of hydroformyl- 
ated (branched and normal) products and ethylbenzene. Pen- 
tane was added to the crude reaction mixture to precipitate 
the catalyst. The resulting solid was filtered off, and the 
remaining solution was then fractionally distilled under 
vacuum. The optical purity of 2-phenylpropanal was deter- 
mined by polarimetry on the basis of [ahz1 = +315.8" (c 1.5, 
benzene) for (S)-2-phenylpropanal.18 The enantiomeric excess 

Nazli et al. 

values reported in Table 5 are based on at least three 
reproducible runs. The estimated accuracy of the enantiomeric 
excess values is 4~3%. 
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phenyl carbon atom anisotropic thermal parameters, phenyl 
carbon atom isotropic thermal parameters, and all bond 
distances and angles for 2a (35 pages). Ordering information 
is given on any current masthead page. 

OM9405706 
(18) Consiglio, G.; Pino, P.; Flowers, L. I. J. Chem. Soc., Chem. 

Commun. 1985,93. 
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Addition Reactions of CpMo(NO)(=CXCMea) (X = H, D) 
Complexes with Heteroatom-Hydrogen Bonds 

Peter Legzdins," John E. Veltheer, and Michelle A. Young 
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Vancouver, British Columbia, Canada V6T 1Zl  

Raymond J. Batchelor and Frederick W. B. Einstein* 
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Burnaby, British Columbia, Canada V5A 1S6 

Received July 20, 1994@ 

A mechanistic study of the thermal decomposition of CpMo(NO)(CD2CMe3)2 in solution 
provides clear evidence for the formation of CpMo(NO)(=CDCMes). This transient 16- 
electron neopentylidene complex, either a-protio or a-deuterio, reacts with the heteroatom- 
hydrogen bonds of amines and alcohols (EHR; R = alkyl, aryl; E = NH, 0) to form neopentyl 
amide and alkoxide complexes of the general form CpMo(NO)(CH2CMe3)(ER). The solid- 
state molecular structure of CpMo(NO)(CH2CMe3)(NH-p-tolyl) (4) has been determined as 
a representative three-legged piano-stool molecule in this class. Crystals of 4 are monoclinic, 
space group P21/c, with a = 11.243(2) A, b = 9.632(2) A, c = 16.845(3) A, ,!? = 99.74(1)", and 
2 = 4; RF = 0.031 for 2213 data with 1, z 2.541,). The pyridine-trapped complexes CpMo- 
(NO)(=CXCMe3)(py) (X = H, 2; X = D, 2-d) function as stable synthetic precursors to CpMo- 
(NO)(=CXCMe3) and can thus be derivatized to CpMo(NO)(CXHCMe3)(ER) complexes (ER 
= NHR, OR, SCMe3, OC(0)Me) when reacted with amines, alcohols, thiols, or carboxylic 
acids, respectively. Reactions with bifunctional reagents produce bimetallic complexes. Thus, 
treatment of CpMo(NO)(=CHCMes) with neopentyl glycol, hydroquinone, and water provides 
[CpMo(NO)(CHzCMe3)12@-X) complexes (X = OCH2CMe2CH20, OCsHdO, 0, respectively). 
Labeling studies demonstrate that  these conversions involve the addition of the heteroatom- 
hydrogen bonds to the Mo-C linkage of CpMo(NO)(=CHCMe3) in a stereoselective manner 
rather than protonolysis of the initial dialkyl reagent. The most plausible mechanism for 
these addition reactions involves initial formation of the EHR adducts CpMo(NO)(=CHCMe3)- 
(EHR), followed by subsequent syn  E-H addition across the Mo=C linkage. 

Introduction 

In our laboratories we have recently been investigat- 
ing the synthesis and characterization of Cp'M(NO)R2 
complexes (Cp' = Cp, Cp"; M = Mo, W, R = alkyl, aryl1.l 
In general, these bis(hydrocarby1) 16-valence-electron 
complexes are reasonably thermally stable a t  room 
temperature either as solids or in s ~ l u t i o n . ~ ? ~  This 
stability reflects both the nonbonding nature of the 
metal-centered LUM04 of these complexes and their 
kinetic inertness toward decomposition. An exception 
to this generalization is CpMo(NO)(CH2CMe3)2, which 
is thermally sensitive and decomposes to CpMo(N0)- 
(=CHCMe3), at 16-electron neopentylidene complex, and 
ne~pentane .~  The neopentylidene complex may be 
trapped by a variety of Lewis bases, and we have 
characterized several 18-electron adduct complexes of 
the type CpMo(NO)(=CHCMe3)L (L = Lewis base).6 In 

this paper, we present full details of our mechanistic 
investigations into the formation of CpMo(N0)- 
(=CHCMe3) by the first-order thermal decomposition 
of CpMo(NO)(CHzCMe&, a process that involves in- 
tramolecular a-hydrogen elimination of neopentane. 
This behavior is typical of Schrock-type alkylidene 
complexes which are usually derived via alkane loss 
from precursors containing cis-dialkyl  ligand^.^ Even 
though the 16-electron neopentylidene complex CpMo- 
(NO)(=CHCMe3) exists only transiently, its character- 
istic chemical reactivity can be investigated. In this 
report we specifically address the characteristic reactiv- 
ity of CpMo(NO)(=CHCMes) and demonstrate that the 
complex behaves like a Schrock alkylidene in terms of 
polarization of its M=C bond but is less reactive toward 
nonpolar substrates. We also show that the alkylidene 
complex adds heteroatom-hydrogen bonds, E-H (E = 
N, 0, SI, across its Mo=C linkage in a stereoselective 
manner. 

@ Ahtract published in Advance ACS Abstracts, November 15,1994. 
(1) Legzdins, P.; Veltheer, J. E. ACC. Chem. Res. 1993,26, 41. 
(2) Legzdins, P.; Rettig, S. J.; SBnchez, L. Organometallics 1988, 7 ,  

2394. 
(3) Dryden, N. H.; Legzdins, P.; Rettig, S. J.; Veltheer, J. E. 

Organometallics 1992, 11, 2583. 
(4) (a) For Mo see: Legzdins, P.; Rettig, S. J.; SBnchez, L.; Bursten, 

B. E.; Gatter, M. G. J. Am. Chem. Soc. 1986, 107, 1411. (b) For W 
see: Bursten, B. E.; Cayton, R. H. Organometallics 1987, 6, 2004. 

(5 )  Legzdins, P.; Rettig, S. J.; Veltheer, J. E. J. Am. Chem. SOC. 1992, 
114, 6922. 

0276-7333/95/2314-0407$09.00/0 

Experimental Section 

All reactions and subsequent manipulations were performed 
under anaerobic and anhydrous conditions using an atmo- 

(6) Legzdins, P.; Rettig, S. J.; Veltheer, J. E.; Batchelor, R. J.; 

(7) Schrock, R. R. Acc. Chem. Res. 1979,12, 98. 
Einstein, F. W. B. Organometallics 1993, 12, 3575. 

0 1995 American Chemical Society 
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sphere of prepurified argon. Unless specified otherwise, 
reactions were effected in cylindrical, thick-walled glass reac- 
tors equipped with greaseless stopcocks. General procedures 
routinely employed in our laboratories have been described 
in detail previ~usly.~ 

The organometallic precursors used in this work, CpMo- 
(NO)(CXzCMe3)2 (X = H, 1; X = D, l-dd) and CpMo(N0)- 
(=CHCMea)(py) (2), were prepared according to their published 
procedures.6 (Me&CHz)zMgx(dioxane) was also prepared by 
its published procedure.* Me3CNHz (Aldrich) was vacuum- 
transferred from CaHz. Mesitylene (MCB) was dried over 
CaClz and degassed in V ~ C U O . ~  All other reagents, i.e. (p-to1)- 
N H z  (Aldrich; p-to1 = p-tolyl), neopentyl glycol (2,a-dimethyl- 
1,3-propanediol, Eastman Kodak), hydroquinone (1,Cdihy- 
droxybenzene, Mallinckrodt), acetic acid (glacial, Fisher), 
succinimide (Aldrich), p-cresol (Aldrich), t-BUSH (Aldrich), 
phenol (Mallinckrodt), Ph3SiOH (Aldrich), PhzSiHz (Aldrich), 
MezCO (BDH), PhCHO (Aldrich), and PhCCH (Aldrich), were 
used as received. 

The column chromatography material used during this work 
was alumina (80-200 mesh, Fisher neutral, Brockman activity 
I). Filtrations were performed through Celite 545 diatoma- 
ceous earth (Fisher) that had been oven-dried and cooled in 
vacuo. 

Generation of CpMo(NO)(CH&Mes)% (1) for Prepara- 
tive Purposes. In a typical experiment (0.5-5 mmol scale), 
THF (10 mUmmo1) was vacuum-transferred onto an equimolar 
mixture of CpMo(N0)Clz and (Me&CHz)&Igx(dioxane) a t  -78 
"C. The stirred reaction mixture was warmed to -40 "C over 
1 h to ensure complete reaction. The final red solution of the 
bis(neopenty1) complex (YNO 1608 cm-') was taken almost to 
dryness in vacuo at  0 "C. The oily red residue was suspended 
in EtzO (25 mummol), and the red suspension was filtered 
through a column of chilled (0 "C) alumina. The filtrate was 
immediately used in further reactions. The yield of CpMo- 
(NO)(CHzCMe3)2 (1) based on CpMo(N0)Clz was found to be 
approximately 55%.6 

Preparation of CpMo(NO)(=CDCMes)(py) ( 2 4 .  CpMo- 
(NO)(CDZCMe& (144; 100 mg, 0.294 mmol) and pyridine (45 
mg, 0.569 mmol) were combined in the reaction vessel, EbO 
(20 mL) was added, and the mixture was stirred for 45 "C for 
4 h. The final amber reaction mixture was taken to a brown 
oil in vacuo. Pentane (20 mL) was added to the oil, and the 
mixture was stirred at  ambient temperature for 30 min. The 
solvent was removed in vacuo, the remaining yellow-brown 
powder was dissolved in Et20 (20 mL), and the solution was 
filtered through Celite (2 x 2 cm). The filtrate was concen- 
trated under reduced pressure and was then cooled at  -30 "C 
overnight to induce the deposition of yellow-brown crystals of 
2-d (48 mg, 48% yield). Drying of these crystals in vacuo 
resulted in their becoming slightly discolored, probably due 
to  their losing some of the coordinated pyridine. 

Anal. Calcd for C16HzoNzOMo: C, 52.95; H, 5.92; N, 8.23. 
Found: C, 52.02; H, 5.96; N, 8.09. IR (Nujol): VNO 1532 (vs), 
1545 (br, vs) cm-'. 'H NMR (C&): 6 8.27 (d, 2H, pyridine 
protons, JHH = 1.5 Hz), 6.65 (t, lH, pyridine proton, JHH = 7.9 
Hz), 6.23 (t, 2H, pyridine protons, J w  = 5.8 Hz), 5.50 (8, 5H, 

Low-resolution mass spectrum (probe temperature 120 "C): 
mlz 343 (P+). 

Preparation of CpMo(NO)(CH2CMe&NHR) (R = CMes 
(3), p-to1 (4)). The reactions leading to 3 and 4 were 
conducted in a similar manner. A sample of CpMo(NO)(CHz- 
CMe& (from 2 mmol of CpMo(N0)Clz) in Et20 (50 mL) was 
prepared in the usual manner. The red solution was treated 
with an excess of amine introduced either as a solid ((p-toll- 
NHz, 600 mg) or by vacuum transfer (Me3CNH2, -1 mL), and 
the mixture was stirred for 8 h in the dark at 15 "C. The final 

C a s ) ,  1.50 (s,9H, C(CH3)3). 'H NMR (cas, 40 MHz): 6 13.61. 

Legzdins et al. 

reaction mixture (brown for 3, orange for 4) was taken to 
dryness, and the excess amine was removed in vacuo. Expo- 
sure to dynamic vacuum (5 x mmHg) for several hours 
at ambient temperature was necessary to sublime all excess 
(p-tol)NHz from 4. CpMo(NO)(CH&Me3)(NHCMe3) (3) was 
recrystallized from pentane as amber needles in 56% yield. 
Complex 4, CpMo(NOXCHzCMe3)(NHptol), was recrystallized 
from Et20 as orange blocks (33% yield). 

Complex 3. Anal. Calcd for C1&&0Mo: C, 50.30; H, 
7.84; N, 8.38. Found: C, 50.60; H, 7.79; N, 8.10. IR (Nujol): 
VNO 1554 (br, vs) cm-'. 'H NMR (C6D6): 6 8.92 (br s, 1H, NH), 
5.22 (8, 5H, C a s ) ,  2.16 (d, lH, CHz, JHH = 11.8 Hz), 1.61 (d, 
lH, CHz, Jm = 11.8 Hz), 1.30 (8, 18H, 2 x C(CH313). 13C{'H} 
I'fhfR (cas): 6 102.55 (CsHs), 68.00 (NHC(CH&), 46.16 (mz), 
36.20 (CHzC(CH3)3), 34.24, 32.75 (2 x C(CH3)3). Low-resolu- 
tion mass spectrum (probe temperature 180 "C): mlz 335 (P+ 
- H). 

Complex 4. Anal. Calcd for C1,H&ZOMo: C, 55.44; H, 
6.57; N, 7.61. Found: C, 55.25; H, 6.49; N, 7.70. IR (Nujol): 
VNO 1548 (s), 1563 (sh) cm-l. Ratio of isomers 1:l. 'H NMR 
(C&): 6 10.49, 9.84 (br s, 2H, 2 x NH), 7.37, 6.96,6.81,6.38 
(d, 8H, 2 x and 2 x Hmeta, JHH = 7.4 or 9.3 Hz), 5.14, 
5.12 (9, 10H, 2 x c a s ) ,  2.26 (2 superimposed doublets, 1H 
each, CHmti, JHH = 12.9 Hz), 2.08, 2.05 (8, 6H, 2 x p-CHs), 
1.82 (d, lH,  CHEF, JHH = 10.8 Hz), 1.67 (d, lH, CHEF, JHH = 
11.1 Hz), 1.32, 1.28 (8, 18H, 2 X c(cH3)3). ''C NMR (ceD13): 
6 153.56,153.15 (2 x Cipw), 133.59, 133.29 (2 x Cpara), 130.08, 
129.42 (2 x Cob), 119.80, 119.65 (2 x Cmeb), 103.25, 103.07 
(2 x cas), 57.42, 55.18 (2 x C H z ) ,  37.52, 36.89 (2 x CMes), 
34.05,33.99 (2 x C(CH3)3), 20.85 (2 x p-CH3). Low-resolution 
mass spectrum (probe temperature 200 "C): mlz 370 (P+). 

Alternative Preparation of Complexes 3 and 4. A 30 
mg sample of CpMo(NO)(=CHCMes)(py) (2) in C& (0.8 mL) 
in an NMR tube was treated either with solid @-tol)NHz (9.5 
mg, 1.0 equiv) or with vacuum-transferred Me3CNHz (excess). 
The contents of the tube were shaken and then left to stand 
for 24 h at  room temperature, whereupon the once amber 
solutions appeared red. The excess Me3CNHz was removed 
in vacuo. The lH NMR spectra of the final reaction mixtures 
revealed the quantitative conversion of the pyridine complex 
into 3 or 4. Signals due to  free pyridine (6 8.55 (2H), 7.31 
(2H), 6.95 (1H) ppm) were also evident in the spectra. 

Generation of CpMo(NO)(CHDCMes)(NHCMes) ( 3 4 .  
An excess of NHzCMe3 was vacuum-transferred onto CpMo- 
(NO)(=CDCMes)(py) (24) (10 mg) dissolved in C6D6 (0.8 mL) 
in an NMR tube. The reaction mixture became red while being 
heated at  45 "C for 1 h. The excess NHzCMe3 was removed 
in vacuo. The lH NMR spectrum of the residue dissolved in 
C6D6 confirmed the quantitative conversion of the pyridine 
complex to 3 4 ,  signals due to free pyridine also being evident. 
3-d was also obtained by the vacuum transfer of NHzCMe3 
onto CpMo(NO)(CDzCMea)z (144; 20 mg) dissolved in C6D6 (0.8 
mL) in an NMR tube and then heating as described above. 
Both methods afforded the same product complex (lH NMR 
(C&) 6 8.92 (br s, 1H, NH), 5.21 (s, 5H, c a s ) ,  1.59 (s, 1H, 

2.12). Prolonged heating or leaving the reaction mixture in 
C6D6 overnight resulted in further reaction of the product 
complex. 

Preparation of CpMo(NO)(CHDCMes)(NH-p-tolyl) (4- 
d). In a drybox, solid CpMo(NO)(CDzCMe& ( 1 4 )  (100 mg, 
0.296 mmol) and solid @-tol)NHz (100 mg, 0.935 mmol, 3.16 
equiv) were weighed into the reaction vessel. Et20 (10 mL) 
was vacuum-transferred onto the solids to obtain a red solution 
which over the course of 24 h turned dark orange while being 
stirred. The orange solution was taken to dryness, and excess 
amine was removed by sublimation at room temperature. The 
remaining orange solid was extracted with Et20 (15 mL); the 
extracts were filtered through Celite (1 x 2 cm), concentrated 
in vacuo, and crystallized over 1 week at -30 "C. Orange 
crystals of 4-d (74 mg, 68% yield) were isolated by removing 
the mother liquor with a pipet. 

CKD), 1.30 (8, 18H, 2 x C(CH313); 'H NMR (C& 40 MHz) 6 

~ ~~~~~~~~~~ ~ 

(8) Dryden, N. H.; Legzdins, P.; Trotter, J.; Yee, Y. C. Organome- 
tallics 1991, 10, 2857. 

(9) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. R. Purification of 
Laboratory Chemicals, 3rd ed.; Pergamon Press: Oxford, U.K., 1988. 
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Addition Reactions of CpMo(NO)(=CXCMe3 

Ratio of isomers 1:l. 'H NMR (CsDs): 6 10.48, 9.83 (br s, 
2H, 2 x NH), 7.36, 6.97, 6.81, 6.38 (d, 8H, 2 x Hodo and 2 x 
Hmeb, JIM = 8.1 Hz), 5.14, 5.12 (5, 10H, 2 x C5H5), 2.08, 2.05 
(s, 6H, 2 x p-CH3), 1.78, 1.63 (br s, 2H, 2 x CHD), 1.32, 1.28 
(8, 18H, 2 x C(CH3)3). 'H NMR (CsHs, 40 MHz): 6 2.32 (br S, 
CHDCMe3). Low-resolution mass spectrum (probe tempera- 
ture 200 "C): mlz 371 (P+). 

Alternative Preparation of Complex 4-d. CpMo(N0)- 
(=CDCMes)(py) (2 -d  5 mg) and @-tol)NHz (1.5 mg, 1.0 equiv) 
were reacted in a manner similar to that described above for 
the generation of CpMo(NO)(CHDCMe3)(NHCMe3) (3-d) t o  
obtain a CsDs solution of the desired complex. 

Generation of CpMo(NO)(CHgCMes)(NH-o-tol) (5). 
Samples of CpMo(NO)(=CHCMes)(py) (2; 30 mg) and (0401)- 
NH2 (9.5 mg, 1.0 equiv) were weighed into an "MR tube. CsDs 
(0.8 mL) was added to  the tube, and the contents were shaken. 
After 1 week at  ambient temperature, the once amber solution 
appeared red, and a 'H NMR spectrum of the reaction mixture 
revealed the quantitative conversion of the pyridine complex 
to 5. 

Ratio of isomers 1.7:l. '€3 NMR (C&): 6 10.58 (br s, IH, 
NHmajor), 9.90 (br s, lH, NHminor), 7.20,6.91,6.72 (m, aryl 
protons ofboth isomers), 5.21 (s,5H, C5H5 minor), 5.17 (s, 5H, 
C&H5 major), 2.41 (two superimposed d, one methylene of each 
CHZ major and minor, J m  = 9.5 Hz), 1.75 (d, lH, CH2 major), 
second minor CH is obscured, 1.71 (s, 3H, O-C& major), 1.60 
(8, 3H, O-C& minor), 1.38 (8 ,  9H, C(CH3)3 major), 1.31 (5, 9H, 
C(CH3)3 minor). 

Organometallics, Vol. 14, No. 1,  1995 409 

cm), concentrated in vacuo, and then maintained at -30 "C 
overnight in a freezer. In total, three fractions of red crystals 
(96 mg, 88% yield) were isolated by cannulation after repeated 
concentrations and crystallizations. 

Anal. Calcd for C17H23NOzMo: C, 55.28; H, 6.29; N, 3.79. 
Found: C, 55.32; H, 6.29; N, 3.85. IR (Nujol): YNO 1612 (vs) 
cm-'. 'H NMR (C6Ds): 6 7.25 (m, 2H, Hortho), 7.03 (m, 2H, 
Hme+J, 5.21 (8, 5H, C a s ) ,  3.43 (d, lH,  CH2, JHH = 10.8 Hz), 
2.12 (8, 3H,p-CH3), 1.47 (d, lH, CH2, JIM = 10.8 Hz), 1.18 (8, 

9H, C(cH3)3). l3C('H} NMR (CsDs): 6 131.90, 130.13, 117.42 
(Cwi), 104.61 (C5H5), 75.07 (CH2), 39.10 (C(CH3)3), 33.36 
(C(CH3)3), 20.72 (p-CH3). Low-resolution mass spectrum 
(probe temperature 100 "C): mlz 371 (P+), 314 (P+ - CMe3). 

Generation of CpMo(NO)(CHDCMes)(OCd&-p-Me) (8- 
d). Samples of CpMo(NO)(=CDCMe3)(py) ( 2 4 ,  10 mg) and 
p-cresol(3 mg, 1.0 equiv) were reacted in a manner similar to 
that described above for the generation of CpMo(N0)- 
(CHDCMe&NHCMea) ( 3 4  Alternatively, p-cresol(6 mg, 1.0 
equiv) could be added to  a sample of CpMo(NO)(CDzCMe& 
(1-d4; 20 mg) dissolved in CeDs (0.8 mL) in an NMR tube and 
heated. Both methods afforded the same product complex. 'H 
NMR (CsDs): 6 7.25 (m, 2H, Hodo), 7.04 (m, 2H, Hmeta), 5.21 

(s, 9H, C(CH3)3). 2H NMR (CsHs, 40 MHz): 6 3.43 (br s, 
CHDCMe3). 

Preparation of CpMo(NO)(CHzCMes)(OSiPb) (9). In 
a glovebox CpMo(NO)(=CHCMe3)(py) (102 mg, 0.300 mmol) 
and Ph3SiOH (83 mg, 1.0 equiv) were weighed into a reaction 
vessel. Benzene (20 mL) was vacuum-transferred onto the 
solids. The reaction mixture was then warmed to room 
temperature and stirred for 1.5 h. Over the course of the 
reaction a color change from amber to dark red-brown oc- 
curred. The solvent was removed from the final mixture in 
vacuo, and the residue was extracted with Et20 (2 x 25 mL). 
The extracts were filtered through Celite (1 x 4 cm), and the 
filtrate was concentrated under reduced pressure to incipient 
precipitation. Well-defined red blocks of 9 (121 mg, 75% yield) 
formed overnight and were isolated by cannulation. 

Anal. Calcd for C2sH31N02SiMo: C, 62.55; H, 5.82; N, 2.61. 
Found: C, 62.63; H, 5.76; N, 2.47. IR (Nujol): YNO 1607 (v br) 
cm-'. 'H NMR (CsDs): 6 7.78 (m, 6H, Ph), 7.15 (m, 9H, Ph), 

(8, 5H, C5H5), 2.08 (8, 3H, p-CH31, 1.45 (8, lH, CHD), 1.19 

5.07 (8, 5H, C ~ E ) ,  3.79 (d, lH, CH2, J m  = 9.9 Hz), 1.01 (s, 
9H, C(CH3)3), 0.99 (d, lH, CH2, JHH = 9.9 Hz). l3C{'H) NMR 
(C&): 6 137.51, 135.74, 129.96, 128.15 (cql), 104.29 (C5H5), 
83.29 (CHz), 39.57 (C(CH3)3), 33.13 (C(CH3)3). Low-resolution 
mass spectrum (probe temperature 150 "C): mlz 539 (P+), 482 
(P+ - CMe3). 

Preparation of [CpMo(NO)(CHzCMes)Iz@-~d&O) (10). 
A solution of CpMo(NO)(CHzCMe& (from 1 mmol of CpMo- 
(NO)C12) in Et20 (25 mL) was generated in the usual manner. 
The red solution was cannulated into a reaction vessel 
containing hydroquinone (165 mg, 1.5 mmol, -3 equiv). The 
solution was stirred in the dark for 6 h until the reaction 
mixture consisted of a deep red solution over a black precipi- 
tate. The final mixture was taken to dryness, and the residue 
was extracted with Et20 (3 x 30 mL). The combined extracts 
were filtered through Celite (2 x 5 cm). The red filtrate was 
concentrated in vacuo and tlien maintained at -30 "C for 1 
week in a freezer. The red crystals (105 mg, 33% yield based 
on CpMo(NO)C12) that had formed were isolated by cannula- 
tion and dried in vacuo. 

Anal. Calcd for C2&&20&f02: c, 49.38; H, 5.74; N, 4.43. 
Found: C, 49.49; H, 5.73; N, 4.28. IR (Nujol): YNO 1595 (vs) 
cm-'; 845, 825, 805 ( 8 )  cm-l. 'H NMR (CsD6): 6 7.34 (br s, 
4H, Cad) ,  5.21 (8, 10H, C5H5), 3.40 (d, 2H, CH2, J m  = 10.2 
Hz), 1.50 (d, 2H, CH2, J m  = 10.2 Hz), 1.18 (9, 18H, C(CH313). 
13C{'H} NMR (CsDs): 6 118.05 (cortho), 104.66 (C5H51, 74.57 
(CHz), 38.98 (C(CH3)3), 33.36 (C(CH3)3); Clpeo not observed. 

Preparation of [C~MO(NO)(CH~CM~~IZ@-OCHZCM~Z- 
CHgO) (11). In a glovebox CpMo(NO)(CHCMe3)(py) (320 mg, 
0.941 mmol) and neopentyl glycol (49 mg, 0.50 equiv) were 
weighed into a reaction vessel. The vessel was removed from 

Generation of CpMo(NO)(CHzCMed(NC(O)CHzCHgC- 
(0)) (6). In a drybox, CpMo(NO)(=CHCMe3)(py) (10 mg, 0.029 
mmol) and succinimide (3 mg, 1 equiv) were weighed into an 
NMR tube. C& (0.8 mL) was added to  the tube, and the 
contents were shaken for 5 min. After that time a lH NMR 
spectrum of the reaction mixture revealed the quantitative 
conversion of the pyridine complex of 6. Signals due to free 
pyridine were also evident in the spectrum. Over the course 
of several days at room temperature the neopentyl succinimate 
complex 6 decomposed completely to a variety of Cp-containing 
products. Hence, no effort was made to isolate complex 6. 

= 9.6 Hz), 1.90 (s, 4H, succinimide CHz), 1.27 (s,9H, C(CH3)3), 
0.41 (d, lH,  CHz, JHH = 9.6 Hz). 

Preparation of CpMo(NO)(CHzCMed(OPh) (7). A solu- 
tion of CpMo(NO)(CHzCMe3)2 (from 1 mmol of CpMo(NO)C12) 
in Et20 (25 mL) was prepared as described above. The red 
solution was cannulated into a reaction vessel containing 
PhOH (250 mg, 2.5 equiv). The resulting solution was stirred 
in the dark for 12 h, after which time the solvent and excess 
phenol were removed in vacuo (8 h at room temperature). The 
residual red oil was dissolved in hexanes (20 mL) and filtered 
through Celite (1 x 2 cm). The filtrate was concentrated 
slightly and then maintained at -30 "C for 1 week in a freezer. 
The red oil which settled was separated from the hexanes 
mother liquor via cannulation. The oil (-90 mg, -25% yield) 
was dried overnight in vacuo. 

Anal. Calcd for C ~ ~ H ~ I N O ~ M O :  C, 54.09; H, 5.96; N, 3.94. 
Found: C, 54.32; H, 6.08; N, 4.00. IR (Nujol): %O 1608-1588 
(v br, vs) cm-'. 'H NMR (CsDs): 6 7.65-6.59 (3 br m, 5H, 

'H NMR (CsD.5): 6 5.25 ( s , ~ H ,  C5H5), 4.56 (d, lH, CH2, J m  

Ph), 5.19 (s, 5H, C5H5), 3.51 (d, lH,  CHz, JHH = 10.2 Hz), 1.41 
(d, lH,  CH2, JHH = 10.2 Hz), 1.15 (8, 9H, C(CH313). 13C{'H} 
NMR (C&): 6 129.69, 122.39, 117.74, 108.93 (Csw1), 104.58 
(C5H5), 77.08 (CHz), 39.16 (C(CH&), 33.28 (C(CH3)3). 

Preparation of CpMo(NO)(CHzCMes)(OCd&-p-Me) (8). 
In a glovebox CpMo(NO)(=CHCMe3)(py) (100 mg, 0.294 mmol) 
andp-cresol(32 mg, 1.0 equiv) were weighed into the reaction 
vessel. The vessel was removed from the box, and benzene 
(10 mL) was vacuum-transferred onto the solids. Over the 
course of 1 h at room temperature a color change of the stirred 
mixture from orange to  red occurred. The final reaction 
mixture was taken to dryness in vacuo and was extracted with 
Et20 (10 mL). The extract was filtered through Celite (2 x 2 
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the box, benzene (20 mL) was vacuum-transferred onto the 
solids, and the mixture was stirred. Over the course of 3 days 
at room temperature a color change from orange to maroon 
occurred. The final reaction mixture was taken to dryness in 
vacuo, and the residue was extracted with pentane (25 mL). 
The extract was filtered through Celite (2 x 2 cm), concen- 
trated in vacuo, and then maintained at -30 "C for several 
hours. After this time a brown precipitate was separated from 
the solution by cannulation, and the red solution was returned 
to the freezer. The desired complex precipitated overnight as 
a red powder. The red powder was recrystallized from pentane 
to obtain 11 (149 mg, 50% yield) as an analytically pure red 
solid. 

Anal. Calcd for C ~ ~ H ~ ~ , N Z O & I O ~ :  C, 47.92; H, 6.77; N, 4.47. 
Found: C, 47.94; H, 6.86; N, 4.44. IR (Nujol): VNO 1598 (br, 
s) cm-l; 811, 799 ( 8 )  cm-l. NMR (CsDs): 6 5.40 (s, 5H, 
Ca5) ,  5.37 (s, 5H, C a s ) ,  4.99 (m, 2H), 4.75 (m, 2H),2.86 (m, 
2H), 1.63 (m, 2H), 1.28 (s,9H, C(CH3)3), 1.27 (s, 9H, C(CH3)3), 
0.94 (s, 3H, C(CH&), 0.91 (9, 3H, C(CH3)z). 13C(lH} NMR 
(C&): 6 104.86 (C5H5), 104.82 (C5H5), 90.66 (Omz), 90.30 
(OCHZ), 63.80 (MoCHz), 63.13 (MoCHz), 40.93 (CMe3), 40.60 
( a e 3 ) ,  37.99 (CMez), 33.61 (2 x C(m3)3), 21.58 (C(m3)2), 
21.51 (C(CH3)2). Low-resolution mass spectrum (probe tem- 
perature 100 "C): mlz 555 (P+ - CHCMe3). 

Preparation of [CpMo(NO)(CH2CMe3)1&-0) (12). 
CpMo(NO)(=CHCMe3)(py) (180 mg, 0.529 mmol) was treated 
with water (0.5 mL, excess) in benzene (20 mL). Over the 
course of 2 h at room temperature the stirred reaction mixture 
became red-brown. The final mixture was then taken to  
dryness in vacuo, and Et20 (20 mL) was used to extract the 
brown residue. The red-brown extract was filtered through 
Celite (2 x 5 cm), concentrated in vacuo, and then maintained 
at  -30 "C for several days. Black-red, air-stable crystals of 
12 (100 mg, 70% yie€d) were isolated by removing the mother 
liquor via cannula and were dried in vacuo for several hours. 

Anal. Calcd for CzoH32Nz03Moz: C, 44.46; H, 5.97; N, 5.18. 
Found: C, 44.46; H, 5.99; N, 5.20. IR (Nujol): VNO 1599, 1575 
(vs) cm-l; 839, 804 (m) cm-l. lH NMR (CsDs): 6 5.37, 5.30 
(two s, 10H, C5H5), 3.01,2.72, 1.98, 1.65 (four d, 8H, CHZ, JHH 
= 11.4 Hz), 1.29, 1.25 (two S, 18H, C(CH313). 13C(lH} NMR 
(CsDe): 6 104.98, 104.75 (2 x C5H51, 65.83, 64.97 (2 X mz), 
33.98 (2 x C(CH3)3), C(CH3)3 not observed. Low-resolution 
mass spectrum (probe temperature 120 "C): mlz 540 (PI, 262 
(CpMo(NO)(CHzCMe3)+). 

Preparation of CpMo(NO)(CH2CMes)(SCMed (13). 
CpMo(NO)(=CHCMe3)(py) (273 mg, 0.803 mmol) in benzene 
(20 mL) was treated with an excess of 2-methyl-2-propanethiol 
introduced by vacuum transfer. The reaction mixture was 
stirred for 1 h until it was deep red, and the solvent and excess 
thiol were then removed in vacuo. The red residue was 
extracted with pentane (2 x 10 mL). The extracts were filtered 
through Celite (1 x 3 cm), concentrated in vacuo, and then 
maintained at -30 "C overnight. Deep red crystals of 13 were 
isolated by filtration, and the remaining mother liquor was 
concentrated and cooled to obtain a second crop of CpMo(N0)- 
(CH2CMe3)(SCMe3) (total 205 mg, 73% yield). 

Anal. Calcd for C14H26NOSMo: C, 47.85; H, 7.19; N, 3.99. 
Found: C, 47.98; H, 7.12; N, 3.96. IR (Nujol): YNO 1631 (s), 
1608 (sh) cm-l. lH NMR (C6Ds): 6 5.15 (s,5H, C&), 3.05 (d, 
lH, CH2, JHH = 10.2 Hz), 1.78 (s, 9H, CHzC(CH3)3), 1.24 (s, 
9H, SC(CH3)3), 0.79 (d, lH, CHz, JHH = 10.2 Hz). 13C(lH} 
NMR (CsDs): 6 101.81 (9, C5H51, 70.94 (8 ,  mz), 39.21 (S, 
CHzC(CH&), 35.14, 33.72 ( 8 ,  2 x C(CH3)3). Low-resolution 
mass spectrum (probe temperature 120 "C): mlz 353 (PI, 295 
(P+ - CMe3). 

Generation of CpMo(NO)(CHDCMes)(SCMes) (13-4. 
A n  excess of HSCMe3 was vacuum-transferred onto CpMo- 
(NO)(=CDCMe3)(py) (2-4 10 mg) in an NMR tube, and the 
reaction was effected in a manner identical with that described 
above for the generation of CpMo(NO)(CHDCMe3)(NHCMe3) 
(3-4 t o  obtain 13-d. 'H NMR (COD& 6 5.15 (s, 5H, Ca5) ,  

Legzdins et al. 

Table 1. Crystallographic Data for the Structure 
Determination of CpMo(NO)(p-NHCaHYe)(CH~CMe~) 

formula M o O N Z C I ~ H ~ ~  cryst syst monoclinic 

a (Ay 11.243(2) ec (g cm-? 1.361 
b (A) 9.632 (2) 1(Mo Kal )  (A) 0.709 30 
c (A) 16.845 (3) p(Mo Ka) (cm-I) 7.1 
B (deg) 99.74 (1) min-max 28 (deg) 4-50 
V(A3) 1797.9 transmissnb 0.816-0.903 
Z 4 cryst dimens (mm) 0.17 x 0.32 x 0.35 
RFC 0.031 RWP 0.036 

Cell dimensions were determined from 25 reflections (36" 5 28 5 
40'). The data were corrected for the effects of absorption. RF = x:l(lFol 
- IFcI)I/CIFol, for 2213 data (Z, 2 2.5a(Z0)). d R , ~  = [x(w(lFol - lFcl)z)/ 
~ ( W F , , ~ ) ] ~ ~  for 2213 data (1, t 2.5a(10)); w = [a(F$ + 0.0001F02]-1. 

fw 368.33 space group F21Ic 

1.77 (9, 9H, CHzC(CH3)3), 1.22 (s, 9H, SC(CH3)3), 0.79 (br s, 
lH, CHD). 2H NMR (c6&, 40 MHz): 6 3.05 (br s, CHDCMe3). 

Preparation of CpMo(NO)(CHaCMes)(g2-OC(0)Me) (14). 
CpMo(NO)(=CHCMe3)(py) (150 mg, 0.441 mmol) in benzene 
(20 mL) was treated with glacial acetic acid (290 pL, 0.5 mmol) 
dropwise via a microsyringe. The color of the reaction mixture 
faded from dark orange to yellow as the acetic acid was added. 
The reaction mixture was stirred for 30 min to ensure complete 
reaction. The solvent and excess acid were then removed in 
vacuo. The residue was extracted with pentane (2 x 10 mL). 
The extracts were filtered through Celite (1 x 3 cm), concen- 
trated in vacuo, and then maintained at  -30 "C overnight. 
Pale orange crystals of 14 (114 mg, 81% yield) were isolated 
by removing the mother liquor with a pipet. 

Anal. Calcd for C ~ Z H ~ ~ N O ~ M O :  C, 44.86; H, 5.97; N, 4.36. 
Found: C, 45.06; H, 6.13; N, 4.37. IR (Nujol): Y N O  1612 ( 8  
br), 1530, 1426 (YCO) cm-l. 'H NMR (CsDs): 6 5.14 (s, 5H, 
C5H5), 2.73 (d, lH,  CHz, J m  = 12.0 Hz), 1.80 (d, lH, CHz, J m  
= 12.0 Hz), 1.56 ( 8 ,  3H, CH3), 1.33 (s, 9H, C(CH313). 13C(lH} 
NMR (C&.): 6 188.21 (CO), 104.21 (C5H5), 66.98 (CHz),  38.87 
(C(CH&), 33.92 (C(CH3)3), 23.01 ((333). Low-resolution mass 
spectrum (probe temperature 120 "C): mlz 323 (P+). 

Other Reactions. PhzSiHz, MeZCO, PhCHO, and PhCCH 
all failed to react with CpMo(NO)(CHCMe3)(py) at room 
temperature, as judged by lH NMR spectroscopy of appropriate 
reaction mixtures in CsDs. Over the course of several days at 
room temperature the formation of [CpMo(NO)(CHCMez)lz 
could be observed, but it has been previously established that 
this bimetallic complex forms directly from the pyridine adduct 
in the absence of any added ligand.6 

X-ray Crystallographic Analysis of CpMo(NO)(CH2- 
CMes)(NH-p-tol) (4). A crystal of 4 was mounted in a 
capillary tube under an argon atmosphere. Data were re- 
corded at  ambient temperature on an Enraf-Nonius CAD4F 
difiactometer using graphite-monochromatized Mo Ka  radia- 
tion. Unit-cell dimensions were determined from 25 well- 
centered reflections (36" s 20 s 40"). Two intensity standards 
were measured for every 1 h of exposure time and declined 
systematically by 3% during the course of the measurements. 
The data were corrected for absorption by the Gaussian 
integration method, and corrections were carefully checked 
against measured scans. Data reduction included correc- 
tions for intensity scale variation and for Lorentz and polar- 
ization effects. 

Crystallographic details are summarized in Table 1. Final 
fractional atomic coordinates for the non-hydrogen atoms and 
for H(20) are listed in Table 2. The structure was solved from 
the Patterson map by the heavy-atom method. After the non- 
hydrogen atoms had been located and refined, an electron- 
density difference map showed evidence for anisotropic ther- 
mal motion for the non-hydrogen atoms and revealed the 
locations of some of the hydrogen atoms, in particular the 
anilide hydrogen, H(20). 

Anisotropic thermal parameters for all non-hydrogen atoms 
were included in the refinement. Extreme anisotropy of the 
refined thermal motion for the methyl carbon atoms of the 
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Addition Reactions of CpMo(NO)(=CXCMed 

Table 2. Atomic Coordinates and Isotropic or Equivalent 
Isotropic Temperature Factors (Az) for the Non-Hydrogen 

Atoms (plus H(20)) of CpMo(NO)(p-NHCd-bMe)(CHzCMe3) 

Organometallics, Vol. 14, No. 1, 1995 411 

Table 3. Selected Metrical Parameters for Complex 4 
Bond Lengths, A (Esd) 

N(2) -H(20) 0.76(4) Mo-N(2) 1.955(3) 
Mo-C(6) 2.190" N(1)-0 1.221(3) 
Mo-N(l) 1.751(3) 

Bond Angles, deg (Esd) 
C(6)-Mo-N(1) 95.3(5) Mo-N(2)-H(20) 113.3(32) 
N(l)-Mo-N(2) 100.6(1) Mo-N(2)-C(ll) 137.1(3) 
N(2)-Mo-C(6) 96.0(5) C(ll)-N(2)-H(20) 109.5(32) 
Mo-C(6)-C(7) 130.4" Mo-N(l)-O 170.2(3) 

Parameter restrained during refinement. 

C(4) 

0.053 
0.065 
0.054 
0.059 
0.087 
0.080 
0.077 
0.071 
0.085 
0.073 
0.070 
0.106 
0.080 
0.115 
0.073 
0.070 
0.106 
0.080 
0.115 
0.053 
0.067 
0.076 
0.064 
0.059 
0.057 
0.086 
0.07( 1) 

atom xla Ylb z/c vis, 

0.39333(3) 0.20762(31 0.22677(21 
0.3369(2) 
0.3630(3) 
0.5612(3) 
0.2473(5) 
0.3535(6) 
0.4413(5) 
0.3903(4) 
0.2714(5) 
0.3 14( 1) 
0.1982(8) 
0.0861(7) 
0.1911(8) 
0.190( 1) 
0.296(3) 
0.188(2) 
0.096(2) 
0.235(2) 
0.121(2) 
0.6430(3) 
0.7661(4) 
0.8449(4) 
0.8066(4) 
0.6841(3) 
0.6030(3) 
0.8942(4) 
0.593(4) 

-0.0273(3) 
0.0762(3) 
0.2502(4) 
0.1515(7) 
0.0814(5) 
0.178 10 )  
0.3067(5) 
0.2922(6) 
0.375( 1) 
0.3782(9) 
0.367( 1) 
0.260(2) 
0.5 14( 1) 
0.376(2) 
0.353(2) 
0.252(2) 
0.276(4) 
0.488(2) 
0.2187(3) 
0.2298(4) 
0.2030(5) 
0.1625(4) 
0.1532(4) 
0.1801(3) 
0.1336(5) 
0.294(4) 

0.3276(i)' 
0.2923(2) 
0.2719(2) 
0.1136(3) 
0.1082(2) 
0.0963(2) 
0.0949(2) 
0.1058(3) 
0.289( 1) 
0.3249(6) 
0.2599(5) 
0.3844(8) 
0.3691(7) 
0.275(3) 
0.3 18( 1) 
0.269( 1) 
0.396(2) 
0.328(2) 
0.3425(2) 
0.3437(3) 
0.4139(3) 
0.4838(2) 
0.4817(2) 
0.4 128(2) 
0.5596(3) 
0.244(2) 

Site occupancy 0.675(9). Site occupancy 1.0 - 0.675(9) = 0.325. 

neopentyl group, as well as evidence from further difference 
maps, led to this entire group (C(6)-C(10), H(61)-H(103) and 
C(26)-C(30), H(261)-H(303)) being modeled as unequally 
disordered between two orientations which differ principally 
in the rotation about the bond between the quaternary and 
secondary carbon atoms. This model was developed with the 
use of geometric restraints. It finally included one set of 
anisotropic thermal parameters for each pair of carbon atoms 
and a constrained relative occupancy parameter for the groups. 
Some soft restraints were retained to stabilize the final cycles 
of refinement with respect to  the unresolved atom pairs. 

Hydrogen atoms for the neopentyl, cyclopentadienyl, and 
aryl groups were included at  calculated positions (C-H = 0.95 
A). In subsequent cycles of refinement the coordinate shifts 
for these hydrogen atoms were linked with those of their 
respectively bound carbon atoms. Two sets of three half- 
occupancy hydrogen atoms, calculated at fully staggered 
relative orientations for methyl group C(17), were included as 
well. The entire ensemble was refined as a rigid group. This 
treatment accounted for the electron density in the region 
better than an ordered arrangement. No nonbonded contacts 
less than the appropriate sums of van der Waals radii were 
observed between methyl group C(17) and the disordered 
neopentyl groups. Soft restraints maintaining axial symmetry 
of this methyl group about the C(14)-C(17) bond were retained 
in the final cycles of refinement. A single parameter was 
refined for the net isotropic thermal motion for each of the 
following groups: H(l)-H(5); H(12)-H(16); H(61), H(62), 
H(261), and H(262); H(71)-H(103) and H(271)-H(303); H(171)- 
H( 176). Independent coordinates and an isotropic thermal 
parameter were refined for H(20). 

The final full-matrix least-squares refinement involved 218 
parameters, 2213 data (I, z 2.5u(IO)), and 32 restraints. An 
empirical weighting scheme based on counting statistics was 
applied such that w(lFol - lFc1)2 was nearly constant as a 
function of both lFol and (sin @)/A. The refinement converged 
at R = 0.031 and R, = 0.036. The programs used for 
absorption corrections, data reduction, structure solution, 
refinement, and plot generation were from the NRCV' 
Crystal Structure System.lo Final refinement was made using 

Figure 1. ORTEP diagram of CpMo(NO)(CH&Med(NH- 
p-tol) (4). Ellipsoids of 50% probability are shown for the 
non-hydrogen atoms. Hydrogen atoms other than H(20) 
have been omitted for clarity. 

CRYSTALS.11 Complex scattering factors for neutral atom@ 
were used in the calculation of structure factors. Selected bond 
lengths and angles are provided in Table 3. A view of the solid- 
state molecular structure of complex 4 is shown in Figure 1. 
Anisotropic thermal parameters, complete tables of bond 
lengths and bond angles (including those involving hydrogen 
atoms), torsion angles, intermolecular contacts, and least- 
squares planes are included as supplementary material. 

Kinetic Measurements of the Conversion of CpMO- 
(NO)(CDaCMe& (144) to CpMo(NO)(=CDCMes). Solid 
CpMo(NO)(CDzCMe& and the appropriate quantity of trap- 
ping ligand were weighed into a volumetric flask in a drybox. 
Dissolution into the appropriate solvent was quickly effected. 
The volumetric flask was shaken, and an aliquot was trans- 
ferred to a 1.00-cm W-vis spectrophotometer cell equipped 
with a 4-mm Teflon stopcock. The concentration of the 
trapping ligand was sufficiently high so that all runs were 
effectively conducted under pseudo-first-order conditions. The 
cell was quickly removed from the drybox and placed in a cell 
holder in a Hewlett-Packard 8542A diode array spectrometer. 
The temperature of the cell holder was maintained constant 
( f0 .1  "C) by a Haake W19 temperature bath equipped with a 
Haake D8 temperature controller. The solution was left 
unstirred and allowed to equilibrate with the spectrometer 
temperature for 300 s. Spectra were then recorded at regular 
intervals, and data were collected for at least 3 half-lives. The 
absorbance values at infinity were determined experimentally 

(10) Gabe, E. J.; LePage, Y.; Charland, J.-P.; Lee, F. L.; White, P. 
S. J. Appl. Chem. 1989,22, 384. 

(11) Watkin, D. J.; Carruthers, J. R.; Betteridge, P. W. CRYSTALS; 
Chemical Crystallography Laboratory, University of Oxford: Oxford, - _ _  
England, 1984. 

Birmingham, England, 1975; Vol. IV, p 99. 
(12) International Tables for X-ray Crystallography; Kynoch Press: 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

05
6



412 Organometallics, Vol. 14, No. 1, 1995 

by allowing certain runs to proceed for at least 10 half-lives. 
The measured infinity values were always within 0.1 of 
computer-optimized infinity values. For example, the infinity 
value for run 4 was measured to be 0.130, whereas the 
calculated value f o r A  was optimized to 0.1299. The observed 
rate constants (k&) were then calculated from plots of ln(At 
- A,) versus time (in seconds). Values of ATP and AS* were 
determined from Eyring plots of ln(k,bJT) versus 1/T, where 
ATP = -R(slope) and AS* = R[intercept - ln(k$h)] and R, kg, 
and h are the gas constant, Boltzmann's constant, and Planck's 
constant, respectively. 

hgzdins et al. 

Results and Discussion 

In general, 16-electron Cp'M(NO)R2 complexes are 
thermally stable at 20 "C when isolated in analytically 
pure f ~ r m . l - ~  However, as the electron deficiency of 
these complexes increases, so too does their thermal 
sensitivity. Since we have been unable to isolate the 
most thermally sensitive and most Lewis acidic com- 
pounds in this class, namely the CpMo(NO)(aryl)z 
species, we have not been able to effect a systematic 
study of their thermal decomposition. The next most 
thermally sensitive class of these nitrosyl complexes 
involves the related molybdenum dialkyl complexes 
CpMo(NO)(alkyl)~.~ As it turns out, the most thermally 
sensitive, yet isolable, Cp'M(NO)R2 complex, namely 
CpMo(NO)(CHzCMe3)2, is also the one that decomposes 
the most cleanly. 

Sources of CpMo(NO)(=CHCMes) and CpMo- 
(NO)(=CDCMe& We have recently reported the 
synthesis and characterization of the CpMo(NO)(CX2- 
CMe& (X = H (11, D (1-d4)) complexes and their 
reactions with Lewis bases.6 Complex 1 can be pre- 
pared, but due to its propensity to decompose thermally 
to CpMo(NO)(=CHCMes), it must be used immediately 
in further derivatization reactions. On the other hand, 
l-dr can be crystallized and stored at -30 "C without 
decomposition. It thus serves as a reasonably stable 
source of the a-deuteriocarbene complex CpMo(N0)- 
(=CDCMe3). Of the Lewis-base carbene adducts that 
we prepared previously, only the pyridine adduct CpMo- 
(NO)(=CHCMes)(py) (2) shows any degree of substitu- 
tional lability. Consequently, we now use this adduct 
as a stable, storable source of the a-protiocarbene 
complex CpMo(NO)(=CHCMed. 

Kinetic Studies. With a reasonable amount of 
chemical evidence for the transient existence of CpMo- 
(NO)(=CHCMe3) now being a ~ a i l a b l e , ~ , ~  a kinetic in- 
vestigation of the trapping reactions forming CpMo- 
(NO)(-CHCMe3)L species seemed in order. However, 
the thermal instability of CpMo(NO)(CH&Me& makes 
a kinetic analysis of its thermal decomposition rather 
difficult. For example, the air-sensitive complex de- 
composes thermally quite substantially in the time 
required to get a sample into a drybox. It thus seemed 
to us that the logical next step was to use its tetra-a- 
deuterio analogue (l-dr), since it should show a sub- 
stantial kinetic isotope effect if a-H abstraction is a 
mechanistic path to the transient carbene species.13 As 
it turns out, l-d4 is indeed markedly more thermally 

(13) Three attempts were made to determine the kinetic isotope 
effect for this system, but difficulty in handling samples of the non- 
deuterated dialkyl complex gave unreliable and nonreproducible 
measurements. The three values of K H I k D  that were determined were 
4, 7, and 11. It is worth pointing o'ut that isotope effects of ap- 
proximately 6 are typically observed in do  system^.'^ 

Table 4. Monitored Peak UV-Vis Data for 
CpMo(NO)(CDzCMe& in Various Solvents 

CHzCl2 472 
Et20 484 
hexanes 490 
THF 482 
mesitylene 486 

390 
39 1 
39 1 
393 
380 

Table 5. Thermal Decomposition Reactions of 1 4 4  in the 
Presence of Phosphines in CH2Clf 

run no. ligand [ligand] (M) ligand (equiv) 10% 6 - l )  

1 PPhzMe 5.994 x 3.56 2.785 
2 PPhzMe 8.831 x lod3 5.24 2.514 
3 PPhzMe 1.712 x lo-' 10.17 2.891 
4 PPhzMe 2.298 x lod2 13.64 2.898 
5 PPh3 1.093 x loJ2 6.49 2.930 
6 P@-tO1)3 1.456 x lo-' 9.00 2.935 

[CpMo(NO)(CDzCMe3)2] = 1.684 x M. 

trapping amt of 

stable than its perhydro congener, and it was thus used 
in all kinetic investigations. The increased thermal 
stability of 1-dr is consistent with the view that its 
primary pathway for thermal decomposition involves 
a-H(D) elimination as the rate-determining step. Since 
the dialkyl complex CpMo(NO)(CDzCMe& is red and 
its phosphine adducts are yellow, this kinetic study was 
conducted using W-vis spectroscopy to monitor the 
progress of various conversions. CpMo(NO)(CD&Me3)2 
exhibits a band at -470-490 nm in its W-vis spectra 
(Table 4), whereas CpMo(NO)(=CDCMes)L complexes 
show no features in their UV-vis spectra above 400 nm. 

Variation of Ligand and Ligand Concentration. 
The formation of CpMo(NO)(=CDCMe3) from 1-dr is 
rate-determining. Thus, thermolysis of CpMo(NO)(CD2- 
CMe& in the presence of trapping ligands, L, is cleanly 
first-order in the complex and zero-order in L. The 
decomposition of 1.684 x M solutions of 1 4 4  in 
CH2C12 at 40 "C in the presence of 3.56, 5.24, 10.17, or 
13.64 equiv of PPhzMe, 6.49 equiv of PPh3, or 9.00 equiv 
of P(p-to1)~ affords hobs values of (2.83 f 0.16) x 
s-l (all six experiments are tabulated in Table 5). A 
typical set of spectra and a typical plot are shown in 
Figure 2. 

Since the reaction to form adducts of CpMo(N0)- 
(=CHCMe3) is independent of the nature or concentra- 
tion of the trapping ligand, an intramolecular elimina- 
tion of neopentane via an a-H abstraction reaction as 
the rate-determining step is strongly indicated as the 
mechanistic path to the key neopentylidene nitrosyl 
intermediate (eq 1). The transient neopentylidene 

complex has a very short lifetime and in solution is 
quickly trapped by available phosphine. This conclusion 
is substantiated by the observation of an isosbestic point 
in both IR and W-vis spectral monitoring of these 
thermolysis rea~ti0ns.l~ 

(14) Ebsworth, E. A. V.; Rankin, D. W. H.; Cradock, S. Structural 
Methods in Inorganic Chemistry; Blackwell Scientific: Oxford, U.K., 
1987; p 276. 
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4 T  

reraiOn time - 5.1 z 
dope = -2.930 x 104 C1 

-5 I 

0 3000 6Ooo 9Ooo l2OOo 

time (s) 

1 

O S  

0 
250 300 350 400 450 500 5so 600 650 

navckngth (nm) 

Figure 2. Absorption spectral changes for the thermolysis of CpMo(NO)(CD2CMe& in CH2C12 in the presence of 6.49 
equiv of PPh3 (run 5) .  Inset: First-order log plot of data (at 472 nm). 

Table 6. Selected Rate Constants as a Function of 
Temperature in Various Solvents 

solvent temp ("C) 

CHzClz 25.0 
40.0 

Et20 25.0 
40.0 

hexanes 25.0 
40.0 

THF 25.0 
40.0 

40.0 
mesitylene 25.0 

kobs (S-l) 

5.856 x 10-5 

1.515 x 10-4 

2.912 x loT4 
2.920 x 

3.010 x 
1.610 x 
2.491 x 
1.409 x 
2.757 x 
1.619 x 

h ( k o b d r )  

-15.44 
-13.89 
- 16.14 
- 14.54 
-16.11 
- 14.48 
-16.30 
- 14.61 
- 16.20 
- 14.48 

Variation of Temperature. To gain some insight 
into the nature of the transition state during the 
generation of CpMo(NO)(-CDCMes), a kinetic analysis 
at various temperaturs was conducted. Measurements 
were carried out in five solvents under identical chemi- 
cal conditions. In all 27 runs (summarized in Table 6) 
the concentration of 1-d4 was maintained a t  3.558 x 

M (30.0 mg in 25 mL). The trapping ligand used 
was PPhzMe (concentration 2.490 x M: 124.7 mg 
in 25 mL, 7.0 equiv). 

When rates at one temperature (25 "C) are compared, 
the reaction is clearly fastest in dichloromethane. The 
other four solvents show very similar rate constants. 
Thus, if k,b,(THF) is arbitrarily set at 100, then the rate 
increases as THF (100) < mesitylene (111) < Et20 (117) 
< hexanes (121) < CHzCl.2 (235) at 25 "C. At 40 "C, the 
order changes slightly to THF (100) < Et20 (108) < 
hexanes (114) < mesitylene (115) < CH2C12 (207). Thus, 
within the experimental errors of the measurements, 
dichloromethane doubles the rates for reaction 1, but 
the rates are nearly independent of all other solvents 
used in this study. These results may be compared to 
those observed by Schrock in related studies of some 
Ta systems for which he found rate constants a t  room 
temperature to increase as Et20 (100) < pentane (200) 
< benzene (400) < CHCl3 and CH2C12 (1500).15 In both 
systems halogenated solvents seem to be promoters of 
a-H abstraction reactions, but the exact role the solvent 

(15) Wood, C. D.; McLain, S. J.; Schrock, R. R. J. Am. Chem. SOC. 
1979, 101,3210. 

I 

0.0030 0.0031 0.0032 0.0033 0.0034 0.0031 

UT 
Figure 3. Representative Eyring plots for the conversion 
of CpMo(NO)(CD2CMe& to CpMo(NO)(=CDCMea) in hex- 
anes and CH2Cl2. 

Table 7. Activation Parameters Derived from Eyring Plots 
run nos. solvent (kJ/mol) A 9  (J/(mol K))" AG298 (kJ/mol) 

7-13 CH2C12 79.2 -60.1 [-14.41 97.1 
14-18 Et20 81.4 -58.9 [-14.11 99.0 
19-23 hexanes 78.5 -68.1 [-16.31 98.8 
24-28 THF 78.9 -68.1 [-16.31 99.2 
29-33 mesitylene 73.7 -84.0 [-20.11 98.7 

a A 9  value in brackets is in eu. 

plays remains to be ascertained. Conversion of selected 
data in Table 6 to Eyring plots is shown in Figure 3, 
and the respective activation parameters for all solvents 
are compiled in Table 7. It may be noted at this point 
that kinetic measurements were also attempted in 
CHCl3, benzene, and toluene, but these three solvents 
are reactive toward CpMo(NO)(=CDCMes) once it is 
formed. 

Consideration of the thermolysis data leads to two 
conclusions. First, in all cases the entropy of activation 
is negative, thereby implying a highly ordered transition 
state.15 Second, since both and A S  do not vary 
appreciably with solvent, it appears that the intramo- 
lecular expulsion of neopentane in this reaction is not 
particularly affected by the solvent and that there is a 
negligible difference in charge separation between the 
ground state and the transition state for the reaction. 

Nature of CpMo(NO)(=CHCMes). The exceptional 
reactivity of the transient carbene complex CpMo(N0)- 
(=CHCMe3) can be viewed as being reflective of both 
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Scheme 1 

l 

3; R' = CMB 
4; R' =ptolyl 6 
5; R' = o-tolyl 

7;R'=Ph 
8; R' =ptolyl 
9; R' = SiPb, 

14 

13 

its coordinative and electronic unsaturation. 

N N  
0 0  

12 

R CH~CMQ 

The for- 
mation of adducts of this compound converts the 5-co- 
ordinate, 16-electron complex to a more stable 6-coor- 
dinate, 18-electron species. On the basis of steric 
grounds it is not unreasonable to expect that free CpMo- 
(NO)(=CHCMe3) is a potent Lewis acid, given that its 
dialkyl precursor, CpMo(NO)(CHzCMe3)2, is Lewis 
acidic.lS6 

Reaction Chemistry of CpMo(NO)(=CHCMes). 
Addition Reactions with Molecules Containing 
E-H Bonds (E = N, 0, S). In order to learn more 
about the chemical nature of the M=C linkage in the 
transient CpMo(NO)(=CHCMea) complex, we exposed 
this compound to a variety of organic reagents. Unlike 
Fischer carbene or Schrock alkylidene complexes, CpMo- 
(NO)(=CHCMe3) shows little or no reactivity with 
olefins, acetylenes, and ketones but is very reactive 
toward substrates with accessible heteroatom-hydro- 
gen bonds capable of functioning simultaneously as a 
Lewis base and a Bransted acid. Substrates (EHR) 
containing E-H bonds add stereoselectively across the 
Mo=C double bond of CpMo(NO)(=CHCMes) to produce 
complexes of the general type CpMo(NO)(CHzCMes)- 
(ER), most likely via adducts of the type CpMo(N0)- 
(=CHCMes>(EHR) (vide infra). These chemical trans- 
formations are collected in Scheme 1, and identical 
products result from the reactions of either CpMo(N0)- 
(CH&Me& or CpMo(NO)(=CHCMe3)(py) with EHR. In 
the next paragraphs we consider specific EHR reactants 
in turn. 

Amines. As indicated in Scheme 1, the reactions of 
CpMo(NO)(CH&Me& with primary alkyl- or aryl- 
amines, R"H2, produce alkyl- or arylamido complexes 
of the type CpMo(NO)(CH&Me3)(NHR') (R' = CMe3 (3), 
p-tol(41, o-to1 (5)).16 Complex 3 is produced as a single 

N 
N O  0 

10; x = qH4 
11; x = cH$MqcH2 

geometrical isomer, but complexes 4 and 5 form as 1: l  
and 1.7:l mixtures of geometrical isomers, respectively 
(see Experimental Section), probably resulting from 
hindered rotation about the multiple Mo-amide linkage 
(vide infra1.l' In order to determine whether these 
products arise from protonolysis of the dialkyl complex 
or NH addition across the Mo-C bond in CpMo(N0)- 
(=CHCMe3), control experiments using the deuterated 
starting material were conducted. The reaction of 
CpMo(NO)(CD&Me3)2 with (p-tol)NHz affords CpMo- 
(NO)(CHDCMes)(NH-p-tol) ( 4 4  thereby confirming 
that the mechanism of the reaction proceeds via the 
carbene complex (route A, Mo = CpMo(N0)) and not 
via direct protonolysis of an alkyl ligand (route B), which 
would lead to CpMo(NO)(CD&Me3)(NH-p-tol) ( 4 4 ) .  

route A 
-Me&-d, +RNH, 

Mo(CD,CMe,), *Mo(CDCMe,) - 
Mo(CDHCMe,)(NHR) 

route B: 

+-2 Mo(CD2CMe3), - 
-Me&&, 

Mo(CD,CMe,),(NH,R) - 
Mo(CD,CMe,)(NHR) 

The other interesting aspect of the reactions of amines 
with CpMo(NO)(=CDCMes) is that they are stereose- 

(16) Related Cp*-containing alkyl amide complexes have been 
prepared by metathesis reactions of amines and Cp*M(NO)(R)Cl: 
Legzdins, P.; Rettig, S. J.; Ross, K. J. Organometallics 1993,12,2103. 
(17) We have also observed the existence of such geometrical isomers 

in related CpW(NO)(amido)(aryl) complexes: Legzdins, P.; Ross, K. J. 
Unpublished observations. 
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Addition Reactions of CpMo(NO)(=CXCMea) 

lective. Consequently, treatment of CpMo(NO)(CDz- 
CMe& or CpMo(NO)(CDCMes)(py) with Me3CNHz pro- 
duces a single product complex, 3-d. This complex, 
CpMo(NO)(CDHCMe3)(NHCMe3), has chiral centers a t  
Mo and the alkyl carbon. Hence, in principle, it may 
be formed in two diastereomeric pairs of enantiomers 
(R,SIS,R and R,RlS,S), but experimentally we find that 
it is formed as only one pair of enantiomers which 
probably exists as a racemic mixture. 

Treatment of a C6D6 solution of CpMo(N0)- 
(=CHCMes)(py) (2) with a secondary amine such as 
succinimide results in the rapid formation of CpMo(N0)- 

(CHZCM~~)(NC(O)CHZCHZC(O)) (6) in quantitative yield. 
This complex, however, decomposes over the course of 
hours at room temperature and converts to numerous 
products, as judged by 'H NMR spectroscopy. 

X-ray Crystallographic Analysis of Complex 4. 
Due to the complicated nature of the NMR spectra of 
complexes 4 and 5, an X-ray crystallographic analysis 
of one of these compounds was performed. Complex 4, 
CpMo(NO)(CHzCMe3)(NH-p-tol), was chosen since it 
readily forms X-ray-quality crystals from EtzO. The 
complex is monomeric, its solid-state molecular struc- 
ture being shown in Figure 1. The internal metrical 
parameters for the CpMo(NO)(CHzCMes) fragment 
(Table 3) resemble those found in CpMo(NO)(CDzCMe3)2 
( 1 - ~ Z 4 ) . ~  The anilide hydrogen atom, H(20), lies in the 
plane defined by Mo-N(2)-C(11) (deviation from the 
plane 0.03(4) A), as expected18 for a planar amide ligand 
which is providing three electrons to the 15-valence- 
electron CpMo(NO)(CHzCMes) fragment. The Mo-N(2) 
bond length of 1.955(3) A appears to be typical for a Mo- 
NHR linkage.lg The large Mo-N(2)-C(11) bond angle 
of 137.1(3)" is also consistent with Mo-N multiple 
bonding being present in this molecule. These struc- 
tural aspects of amide ligands are often encountered 
with coordinatively unsaturated metal complexes in 
which the amide lone pair is delocalized into an ap- 
propriate metal-centered acceptor 0 r b i t a l . ~ ~ 2 ~ ~  

The most obvious difference between this structure 
and that possessed by its parent bis(neopenty1) complex 
( 1 4 4 )  occurs within the bond angles in the legs of the 
piano stool. As we have recently discussed in some 
detai1,l the bond angles about the metal centers in 16- 
electron alkyl and aryl complexes, Cp'M(NO)Rz, are 
substantially different. For the complex l d 4  these 
angles are 97.5(1), 98.3(3), and 111.5(2)".6 In the 
structure of complex 4 the analogous angles are more 
similar to  each other (i.e. 95.3(5), 100.6(1), and 96.0- 
(5)"). Evidently, the ability of the amide ligand to 
donate extra electron density to the Mo center satisfies 
some of the electron deficiency inherent in CpMo(N0)- 
(CDzCMe3)z and effectively negates any open coordina- 
tion position between the alkyl and amide linkages. 
Consequently, the angle between the two neopentyl 
groups in l-d4 is 111.5(1)", whereas the angle between 
the neopentyl and anilide groups in 4 is only 96.0(5)". 

- 
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The Nujol-mull IR spectra of both 1 4 4  and 4 are also 
consistent with these structural observations, since the 
observed values of VNO for these materials are 1623 and 
1548 cm-l, respectively, the spatially constricted com- 
plex 4 being the weaker Lewis acid by a substantial 
margin. The above evidence thus indicates that the 
amide ligand can donate significant amounts of n-elec- 
tron density to the Mo atom. Multiple-bond character 
in the Mo-N linkage probably accounts for the two 
rotational isomers of the complex observed in the room- 
temperature NMR spectra of complex 4 (vide supra). 
Furthermore, the planarity of the amide ligand in this 
complex rules out slow inversion at N as a cause for 
the existence of two isomers. A variable-temperature 
NMR study of 4 reveals only line broadening (80 "C in 
CsDd and then decomposition of the compound before 
any coalescence of signals is observed. 

Alcohols. Formal addition of the O-H bond of 
PhOH, p-MeCsH4OH, or PhaSiOH across the Mo-C 
double bond of CpMo(NO)(=CHCMes) affords the &oxo 
alkyl complexes CpMo(NO)(CHzCMe3)(OPh) (7), CpMo- 
( N O ) ( C H Z C M ~ ~ ) ( O C ~ H ~ - ~ - M ~ )  (81, and CpMo(NO)(CHz- 
CMes)(OSiPhs) (9), respectively. Since p-cresol reacts 
with CpMo(NO)(=CDCMes) to afford just one pair of 
enantiomers of 8-d, these additions also apparently 
occur stereoselectively. The phenoxy complex is a red 
oil a t  room temperature, but it may be purified by 
deposition from hexanes at low temperatures. The 
cresolate complex is a solid which can be easily crystal- 
lized from diethyl ether. Complex 7 was synthesized 
by allowing 1 to thermally decompose in the presence 
of phenol, whereas complexes 8 and 9 were synthesized 
by direct addition of cresol or triphenylsilanol to the 
neopentylidene pyridine adduct 2. These last two 
reactions are quantitative in CsD6, as judged by the 
NMR spectra of appropriate reaction mixtures, and are 
complete in less than 1 h at room temperature. The 
fact that complexes 7-9 are thermally stable indicates 
that our previously unsuccessful attemptsz1 to synthe- 
size CpMo(NO)(R)(OR) complexes were more reflective 
of the metathesis methodology employed rather than the 
inherent instability of the product complexes. It may 
also be noted here that Schrock has shown previously 
that Cp*WMe3(=CHz) reacts with C6F50H to give 
Cp*WMe4(OCsF5).zz Osborn has also demonstrated that 
Mo(NR)(=CHCMe3)(CHzCMe3)2 reacts with C6F@H to 

(18) Buhro, W. E.; Zwick, B. D.; Georgiou, S.; Hutchinson, J. P.; 
Gladysz, J. A. J. Am. Chem. SOC. 1988,110, 2427. 

(19) (a) For example, the average Mo-amide bond length in Moz- 
(OCMes)a(PhNH)z(PhNHz)2 is 1.97 A; see: Chisholm, M. H.; Parkin, 
I. P.; Streib, W. E.; Folting, K. S. Polyhedron 1991, 10,2309. (b) This 
length in [HB(Mezpz)31Mo(NH-n-Bu)z is 1.94 A; see: Obaidi, N. A.; 
Hamor, T. A.; Jones, C. J.; McCleverty, J. A.; Paxton, K. J. Chem. SOC., 
Dalton Trans. 1986, 1525. 

(20) Lappert, M. F.; Power, P. P.; Sanger, A. R.; Srivastava, R. C. 
Metal and Metalloid Amides; Wiley: New York, 1980. 

produce MO(NR)(CHZCM~~)~(OC~F~).~~ Similarly, w(c6- 

H~CH~NM~Z)(=CHS~M~~)(CHZS~M~~)(=NP~) reads with 

tert-butyl alcohol to yield W(C~H~CH~NM~~)(CHZS~M~~)Z- 
(=NPh)(OCMe3) but reacts with HOSiPh3 to produce the 

new alkylidene complex W ( C ~ H ~ C H Z N M ~ Z ) ( = C H S ~ ~ ~ ) -  
(=NPh)(osiPh~J.~~ This replacement of an alkyl group 
by the weakly n-donating triphenylsiloxy group has also 
been observed by Osborn et alaz3 

Addition of one O-H bond of hydroquinone (1,4- 
dihydroxybenzene) across the Mo-C bond of CpMo(N0)- 
(=CHCMe3) generated in situ results in the production 

I 

m - 
(21) Lundmark, P. J. Ph.D. Dissertation, The University of British 

(22)Liu, A. H.; Murray, R. C.; Dewan, J. C.; Santarsiero, B. D.; 

(23) Ehrefeld, D.; Kress, J.; Moore, B. M.; Osbom, J. A.; Schoettel, 

(24) Van der Schaaf, P. A.; Grove, D. M.; Smeets, W. J. J.; Spek, A. 

Columbia, 1993. 

Schrock, R. R. J. Am. Chem. SOC. 1987,109,4282. 

G. J. Chem. SOC., Chem. Commun. 1987, 129. 

L.; van Koten, G. Organometallics 1993, 12, 3955. 
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of the bimetallic complex [CpMo(NO)(CHzCMe3)12h- 
OCsH40) (10). NMR spectroscopy indicates that both 
ends of this molecule are magnetically equivalent. The 
reaction leading to 10 occurs in the presence of excess 
hydroquinone, but no monomeric CpMo(NO)(CHzCMed- 
(OC6H40H) species can be isolated from the final 
reaction mixture. Evidently, the OH bond in this 
putative intermediate complex is considerably more 
reactive than are the OH bonds of the diol reagent. In 
a similar manner, the addition of neopentyl glycol to 2 
results in the formation of the analogous bimetallic 
complex 11 (Scheme 1). Interestingly, work by Stephan= 
has shown that treatment of CpnZrMez with neopentyl 
glycol does not afford the cyclic bis(a1koxide) complex 
but rather a bimetallic complex with two bridging 
dialkoxy ligands (eq 2). 

Legzdins et al. 

to pale yellow. The acetate complex formed (14) is 
stable to the presence of excess acetic acid, a fact which 
again shows the resistance of the Mo-CH2CMe3 bond 
to protonolysis (vide supra).28 Complex 14 is formulated 
as containing an q2-OC(0)Me group (Scheme 1) because 
of the difference between the symmetric and asymmetric 
stretching modes of the CO moieties in its Nujol-mull 
IR spectrum. These two bands at 1426 and 1530 cm-l 
are separated by 104 cm-l, which is well within the 
range normally associated with bidentate carboxylate 
ligands. 29 

Carbon and Silicon Acids and Related Com- 
pounds. The carbene complex 2 is unreactive toward 
PhCHO, MezCO, or PhCCH. Like their carbon ana- 
logues, Si-H bonds also fail to react with 2. Since the 
pKa of phenylacetylene (-29, is much lower 
than that of amines which do react with 2 (vide supra), 
it clearly indicates that formation of a Lewis-base- 
Lewis-acid adduct is paramount to the eventual forma- 
tion of addition products. This point is discussed further 
in the next section. 

Mechanistic Considerations. In the light of the 
results discussed in the preceding sections, the most 
plausible mechanistic pathway for the reactions outlined 
in Scheme 1 is shown in eq 3. Previous work has shown 

Our experimental results are consistent with the 
existence of Mo-CH2CMe3 bonds in the alkoxo alkyl 
complexes that are stable to alcohols. For instance, 
treatment of a CpMo(NO)(CHzCMe3)(OR) complex with 
an excess .of ROH does not lead to the formation of 
CpMo(NO)(OR)2 under ambient conditions. 

Water. Treatment of the pyridine adduct 2 with 
water leads to the bridging oxo complex [CpMo(NO)- 
(CH2CMe3)12@-0) (12) (Scheme 1). Crystals of 12 are 
air-stable, red, and diamagnetic. NMR spectra of 
complex 12 indicate that it exists as a mixture of 
isomers (1:l ratio), a feature that we have found for 
other complexes of the general type [Cp'Mo(NO)Rlz@- 
01, which are formed by direct hydrolysis of Cp'Mo(N0)- 
R2 complexes.26 

Thiol. Treatment of the pyridine adduct 2 with 
2-methyl-2-propanethiol results in the rapid formation 
of the neopentyl thiolate complex CpMo(NO)(CHzCMes)- 
(SCMe3) (13; 100% by 'H NMR; 72% isolated yield) in 
a manner completely analogous to that of the neopentyl 
alkoxide complexes considered above. Again, this ad- 
dition proceeds stereoselectively since the analogous 
reaction of CpMo(NO)(=CDCMes) with an excess of 
HSCMe3 affords a single pair of enantiomers of the 
product complex 13-d. Complex 13 probably has a 
molecular structure similar to  that possessed by CpW- 
(NO)(CH2SiMe3)(SCH2SiMe3), which we have previously 
prepared by the insertion of elemental sulfur into CpW- 
(NO)(CH2SiMe3)2.27 

Acetic Acid. The reaction of complex 2 with acetic 
acid is instantaneous and quantitative, and the trans- 
formation is accompanied by a color change from amber 

~~~~~ 

(25) Stephan, D. W. Organometallics 1990, 9, 2718. 
(26) Legzdins, P.; Lundmark, P. J.; Phillips, E. C.; Rettig, S. J.; 

(27) Evans, S. V.; Legzdins, P.; Rettig, S. J.; SBnchez, L.; Trotter, J. 
Veltheer, J. E. Organometallics 1992, 11, 2991. 

Organometallics 1987, 6, 7. 

,E-H 
R k E - E  J 

R 7 
Mo = CpMo(N0); R' - CMQ; E = 0, S, NE; R - alkyl, aryl 

that the pyridine ligand of complex 2 is readily substi- 
tuted by Lewis bases such as PMe3.'j Since E-H (E = 
C, Si) bonds fail to react with 2, it appears that initial 
formation of a Lewis-base-Lewis-acid adduct (on the 
left in eq 3) either by trapping of CpMo(NO)(=CHCMes) 
or by displacement of pyridine from 2 is essential for 
the formation of the addition products CpMo(NO)(CH2- 
CMedER). Monitoring of the reaction of CpMo- 
(NO)(=CHCMes)(py) with PhsSiOH by low-temperature 
NMR spectroscopy fails to  reveal the presence of any 
intermediate species such as the putative alcohol com- 
plex CpMo(NO)(=CHCMe3)(0(H)SiPh3). Nevertheless, 
we favor the base exchange followed by proton transfer 
(possibly via a four-center transition state) on the basis 
of our prior studies. 

Related Research Efforts. Addition reactions of 
nucleophilic carbene complexes with acids such as HC1 
have been reported.31 However, similar transformations 
with covalent heteroatom-hydrogen bonds are rela- 
tively rare. In addition to the chemistry presented in 

(28) Legzdins, P.; Rettig, S. J.; Ross, K. J. Submitted for publication. 
(29) (a) Darensbourg, D. J.; Grotsch, G.; Wiegreffe, P.; Rheingold, 

A. Inorg. Chem. 1987,26,3827. (b) Coutts, R. S. P.; Wailes, P. C. Aust. 
J. Chem. 1967,20, 1579. 
(30) Lowry, K. S.; Richardson, T. H. Mechanism and Theory in 

Organic Chemistry; Harper and Row: New York, 1987. 
(31) Hill, A. F.; Roper, W. R.; Waters, J. M.; Wright, A. H. J. Am. 

Chem. SOC. lSSS, 105, 5939. 
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Addition Reactions of CpMo(NO)(=CXCMeJ 

this paper, the best studied other example comes from 
the Bergman group, who showed that Cp*Ir(PMea)- 
(=CH2) reacts with phenols, primary alcohols, succin- 
imide, and 2-methyl-2-propanethiol to f io rd  alkoxide, 
hydride, amide, and thiolate methyl complexes, respec- 
t i ~ e l y . ~ ~  Interestingly, CO2 also reacts with Cp*Ir- 

(PMed(=CH2) to form an addition product, Cp*Ir(PMe& 

(CH2C(O)O), but olefins and acetylenes fail to give 
addition products. Thus, both Cp*Ir(PMes)(-CHz) and 
CpMo(NO)(=CHCMe3)(py) have a very polar M=C bond 
and are very nucleophilic at C,. 

An interesting reaction which is the reverse of that 
observed in our chemistry occurs with Fischer carbene 
complexes. Thus, (CO)sCr(=C(Ph)OMe) reacts with 
R3M-H (M = Si, Ge, Sn) to produce (CO)&r(C(H)(Ph)- 
OMe)(MR3) complexes which upon treatment with Lewis 
bases (L) convert to (CO)&rL and RsM-C(H)(Ph)- 
OMe.33 The mechanistic path for these conversions is 
believed to be dominated by associative nucleophilic 
attack of hydride a t  the carbene carbon. 

I 

I 
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analogous potential of the Cp* derivative is -350 mV.s5 
Consequently, the above-mentioned salts are less likely 
to reduce Cp* starting materials, and so the syntheses 
of Cp*Mo(NO)(ER)2 (E = 0, NH) are much easier than 
the syntheses of CpM(NO)(ER)2 complexes. 16936 Fur- 
thermore, the preparations of alkyl amide and alkoxide 
complexes, CpMo(NO)(CHzCMe3)(ER), are limited by 
the considerable difficulty in generating pure CpMo- 
(NO)(CH&Me3)Cl.l Thus, the extension of this meth- 
odology is probably most important for reactants of very 
high pKa (such as amines), since the alkali-metal salts 
of these compounds are extremely potent nucleophiles 
and/or reducing agents. 

Conclusion 

The synthetic methods presented in this paper are 
potentially of considerable utility. For instance, we have 
previously been unable to prepare perhydrocyclopenta- 
dienyl amide and alkoxide complexes via metathesis 
reactions from the CpMo(NO)C12 precursor because of 
its propensity to  be reduced by MOR and MNHR salts 
(M = Li, Na, K).21p34 The reduction potential of Cp- 
Mo(NO)C12 in CH2C12 is -100 mV vs SCE, whereas the 

(32) Klein, D. P.; Bergman, R. G. J. Am. Chem. Soc. 1989,111,3079. 
(33) DWz, K. H. Angew. Chem., Znt. Ed. Engl. 1984, 23, 587. 
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(36) Legzdins, P.; Lundmark, P. J.; Rettig, S. J. Organometallics 
F. W. B. Organometallics 1993,12, 1029. 
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Polysilylation of Naphthalene Revisited: Synthesis and 
Structural Study of 1,2,3,5,6,7-Hexakis(trimethylsilyl)- 

1,2,3,5,6,7-hexahydronaphthalenef 
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Michel Laguerre and Michel Saux 
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Received July 26, 1994@ 

Revisiting the reductive polysilylation of naphthalene using Me3SiCUMgElMPT reagent, 
we have shown tha t  the reaction was not correctly interpreted. The hexasilylated product 
2 previously described has  been reformulated as 6 on the basis of NMR data  and X-ray 
study. In addition, a molecular mechanics study of both 2 and 6 allowed understanding of 
the polysilylation process. 

Introduction 

Reductive silylation of naphthalene 1 with an excess 
of Me3SiCVMg/HMPT reagent has been previously 
reported to give a hexasilylated derivative in 20-30% 
yie1d.l The s-cis dienic structure 2 (Figure 1) has been 
ascribed to this compound on the basis of the W spectra 
and mechanistic considerations. We have recently 
shown that silylation of quinoline2 and isoquinoline3 also 
lead to hexasilylated derivatives, but in these cases we 
obtained the s-trans dienic structures 3-6 (Figure 1) 
as demonstrated by NMR and X-ray studies. These 
results and the fact that the physical chemistry data 
reported for 2 seemed to us more in accordance with a 
s-trans dienic skeleton prompted us to reinvestigate this 
reaction. We now present evidence for the reformula- 
tion of 2 and a rationale for the silylation process based 
on structural parameters and molecular mechanics 
calculations (MM3).4 

Results and Discussion 

The silylation has been conducted as reported in ref 
1, excepting in the MesSiCl quantity used (7 equiv 
versus naphthalene instead of 6 equiv), and the tem- 
perature and reaction time (85 "C for 24 h instead of 
100 "C during 72-96 h). These modifications allowed 
us to increase the yield from 20-30% to 42%. Our 
sample shows the same spectroscopic and physicochem- 
ical data as previously reported1 (see Experimental 

* To whom correspondence should be addressed (tel. 56846286; fax 

+ Dedicated to Norbert DufTaut, a pioneer in organosilicon chemistry, 

@ Abstract published in Advance ACS Abstracts, December 1,1994. 
(1) (a) Dunogues, J.; Calas, R.; Biran, C.; Duffaut, N. J .  Orgunomet. 

Chem. 1966, 30, 943. (b) Laguerre, M.; Dunogues, J.; Calas, R. 
Tetrahedron Lett. 1981,22, 1227. 

(2) Grignon-Dubois, M.; Fialeix, M.; Rezzonico, B. Can. J .  Chem. 
1990, 68, 2153. 

(3)Grignon-Dubois, M.; Fialeix, M.; Leger, J.-M. Can. J .  Chem. 
1993, 71, 754. 

(4) Allinger, N. L.; Yuh, Y. H.; Lii, J. H. J .  Am. Chem. SOC. 1989, 
111, 8551. 

0276-733319512314-0418$09.00/0 

56846646). 

who initiated French research in this field. 

Section). In particular, it exhibits the same 116 "C 
melting point (EtOH) and a 273 nm Amax in W. We 
assigned it the s-trans dienic structure 6 (Figure 11, 
which is in better agreement with the NMR data and 
the W spectra. These conclusions were supported by 
a single-crystal X-ray analysis. An ORTEP drawing of 
6 is shown in Figure 2. Bond lengths, valence and 
dihedral angles, and Si..*Si distances are given in 
Tables 11-IV (supplementary material) and Figure 3. 
In the solid state, 6 exhibits a nonplanar dienic linkage 
with a dihedral angle of 156.3' leading to a curved shape 
of the carbon frame. The molecule is symmetric about 
a CZ axis orthogonal to the plane of the skeleton and 
passing through the middle of the C4a-C8a bond. This 
symmetry is well demonstrated by the superimposition 
of the two cyclohexene moieties, which leads to a rms 
of 0.02 A (methyl groups excluded). Four silicons are 
positioned on the ex0 side (Si1 and Si5 in the axial 
position and Si3 and Si7 in the equatorial) and two on 
the endo side (Si2 and Si6 in axial). They can be 
classified in two equivalent groups of three, which are 
positioned alternatively up and down on each six- 
membered ring (Figure 3). Their location determined 
an almost equilateral triangle, due to the similarity of 
the Si- .Si distance values (average 4.426 A). The 5.19 
A distance between Si1 and Si5 shows that they are only 
slightly interacting despite their cis-diaxial relationship, 
which is certainly responsible for the curved shape of 
the skeleton. Indeed, only one H.--H and one C-.*C 
nonbonding distance for these silyl groups are shorter 
than the sum of the van der Waals radii5" (respectively 
1.92 and 3.77 A long). This is the same for the vicinal 
silicon groups Si6 and Si7, for which the shortest 3.98 
A Cam 42 distance is very close to the 4 A normal minimal 
value.6a Only Si2 and Si3 led to a noticeable steric 
hindrance with a 3.76 A measured C* - *C distance. An 

(5) (a) Bock, H.; Ruppert, K.; Nather, C.; Havlas, 2.; Herrmann, H.- 
F.; h a d ,  C.; Gtjbel, I.; John, A.; Meuret, J.; Nick, S.; Rauschenbach, 
A,; Seitz, W.; Vaupel, T.; Solouki, B.Angew. Chem., Int. Ed. Engl. 1992, 
31,550 and references therein. (b) Allen, F. H.; Kennard, 0.; Watson, 
D. G.; Brammer, L.; Orpeen, A. G.; Taylor, R. J .  Chem. Soc., Perkin 
Trans. 2 1987, 51. 

0 1995 American Chemical Society 
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Si* 

Si* 

Si* Si* 
Si* Si* Si* 

Si* Si* 
I 

3 4 5 Si* 

Si* 

6 Si* I 8 

Si* = SiMe3 

Figure 1. s-cis and s-trans dienic linkages obtained (or postulated for 2) from naphthalene, quinoline, and isoquinoline. 

C23 

Figure 2. ORTEP drawing of compound 6 showing the 
atom-numbering scheme. (Hydrogen atoms have been 
omitted for clarity.) 

additional packing analysis of the crystal lattice reveals 
very weak van der Waals contacts, which is in ac- 
cordance with the observed low stability of the crystal 
under X-ray (see Experimental Section). Steric hin- 
drance leads to opening of the C-C-Si valence angles 
and lengthening of all the Si-Cdg bonds (average 1.902 
A), as  depicted in Figure 3. As a consequence, some 
important closings of the Si-C-H angles are observed. 
The C-C bonds in allylic positions only slightly deviate 
from the 1.506 A normal value, whereas those in 
homoallylic positions are considerably longer (1.560 
It is worth noting that these last values are related to 
the shorter Si- .Si distances as  we previously observed 
with gem-disilyl derivatives,6 which also shows the 
influence of steric hindrance on bond lengths. 

Spectroscopic data of 6 lead to the following com- 
ments. lH NMR data and UV spectra had been previ- 
ously reported for 1,2,3,5,6,7- (7) and 1,2,3,4,6,7- 
hexahydronaphthalene (8),7 which respectively present 

(6) Laguerre, M.; Grignon-Dubois, M. J. Mol. Struct. 1994,319, 167. 
(7)Marvel, E. N.; Kaple, G.; Delphey, J.; Platt, N.; Polston, N.; 

Tashiro, J. Tetrahedron 1973,29, 3797. 

a s-cis and s-trans structure as in 2 and 6 (Figure 1). In 
particular, comparison of the W Am, values, 237 nm 
(14 600) for 7,263 nm (4830) for 8, and 273 nm (13 500) 
for the hexasilylated compound, had led the previous 
authors1 to assign it the s-cis structure as in 8. In fact, 
the important magnitude difference of the E values 
seems more in accordance with a s-trans structure, and 
the silicon group, are not without influence on the Am, 
value. In order to demonstrate the effect of a trimeth- 
ylsilyl group in allylic position, we have measured the 
Amax in 3-(trimethylsilyl)cyclopentene, for which we 
found 208 nm. Comparison of this value to the 173 nm 
calculated value in cyclopentene (see Experimental 
Section) clearly shows the bathochromic effect of an 
allylic trimethylsilyl group linked to a cyclene. It has 
not been possible to calculate the Am, values in 2 and 
6, the silicon atom not being parametrized. In order to 
obtain a better evaluation of the contribution of the 
silicon groups in 6, we have calculated the A,, of its 
twisted carbon framework. The 236 nm calculated 
value, which can be compared to the measured values 
reported in l i t e r a t ~ r e ~ 9 ~  for 7 (242 nm, e = 17 400, or 
237 nm, E = 14 600), shows that the slight torsion of 
the dienic linkage (156.3") has only a weak effect on the 
Am,. From these results, absorption could be estimated 
around 390 nm for 2 and 360 nm for 6 (four allylic silyl 
groups in each molecule). In fact, the X-ray structure 
of 6 shows that only the two C1-Si and C5-Si bonds 
are in a perfect perpendicular orientation versus the 
double bond, which leads to a maximum stabilizing n 
in te ra~t ion .~  Considering this structural feature, the 
273 nm Am, value appears in good accordance with both 
the dienic twisting and a double bathochromic effect of 
the silicon. Concerning the 'H NMR data, it is worth 
noting that both relative chemical shifts and 3J coupling 

(8) Hiickel, W.; Krausa, W. J .  Liebigs Ann. 1962, 654, 49. 
(9) (a) Weidner, U.; Schweig, A. Angew. Chem., Znt. Ed. Engl. 1972, 

11, 146. (b) Unwalla, R. J.; Profeta, S., Jr.; Cartledge, F. K. J .  Org. 
Chem. 1988,53, 5658. 
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4 
' I  2 6 

SI SI 

l1 
SI 

SI 

SI 

Figure 3. Shortest Si-.*Si nonbonding distances (A) and important valence bond angles (deg) and bond distances (A). 
constants for 6 are in good agreement with those 
reported for 4 and 7 but not 8.2,1 

In order to have a better idea of the conformational 
behavior of 6 without the crystal packing effect, we 
performed a molecular mechanics study. In particular, 
it appears interesting to  examine angle valence defor- 
mations and conformational preferences due to steric 
hindrance among the six silyl groups. The MM3 force 
field4 was chosen as giving the best results after 
comparison between crystallographic and computational 
structures built ex nihilo for several polysilylated com- 
pounds. Indeed, to check the accuracy of this force field 
toward highly distorted polysilylated derivatives, we 
have calculated the 1,2,3,4,5,6-hexakis(trimethylsilyl)- 
benzene molecule, whose X-ray structure has been 
described by Sakurai et al.1° It is worth noting that 
even in this extreme case, we found a rms of 0.2 A if 
one considers the superimposition of all the silicons and 
aromatic carbons. The optimized structure obtained for 
6 has been compared to its X-ray structure. Superim- 
position of all the heavy atoms led to a rms value of 
0.066 A, showing that the conformation in the crystal 
is very close to the lowest energy one. This is well 
demonstrated by the dienic twisting angles, which are 
respectively 23.7 and 22.8". In order to systematically 
explore the conformational space of 2 and 6, we per- 
formed both a stochastic dynamics simulationll and a 
Monte Carlo conformational search12 starting from the 
X-ray structure for 6 and a local minimum for 2. The 
comparison of the calculated energy values shows that 
6 (97.6 kJ/mol) is more stable than 2 (121.5 kJ/mol). 
This difference is essentially due to the greater van der 
Waals contribution in 2. Monte Carlo calculations 

(10) Sakurai, H.; Ebata, K.; Kabuto, C.; Sekiguchi, A. J .Am.  Chem. 
SOC. 1990, 112,1799. 
(11) van Gunsteren, W. F.; Berendsen, H. J. C. Mol. Simul. 1988, 

1, 173. 
(12) (a) Chang, G.; Guida, W. C.; Still, W. C. J .  Am. Chem. Soc. 1989, 

111, 4379. (b) Saunders, M.; Houk, K. N.; Wu, Y.-D.; Still, W. C.; 
Lipton, M.; Chang, G.; Guida, W. C. J .  Am. Chem. SOC. 1990,112 1419. 

performed on 7 and 8 have confirmed that the s-trans 
structure (10.43 kJ/mol) is more stable than the s-cis 
isomer (42.11 kJ/mol). Both 2 and 6 present four silyl 
groups in allylic positions. Comparison of the lowest- 
energy conformers of 6 showed that two C1-Si and C5- 
Si bonds are in a perfect perpendicular orientation 
versus the double bond, which leads to a maximum 
stabilizing ?G intera~t ion.~ In contrast, this arrangement 
is no longer possible for 2, due to the presence of four 
successive silicon groups on the same cycle. In this case, 
only the C1-Si bond can adopt a similar, but less 
favorable (84"), orientation. 

From a mechanistic point of view, this conformational 
study of hexasilylated regioisomers shows that the 
double-1,2,3-substituted arrangement, which avoids 
severe spatial hindrance, is thermodynamically more 
favorable than the 1,2,3,4,6,7-one. Indeed, the former 
geometry allows arrangement of all the bulky silyl 
groups alternatively above and below the ring plane 
with only trans axial-axial or axial-equatorial interac- 
tion. This is not possible when four silyl groups are 
borne by the same ring, which leads to overcrowding 
due to a vicinal trans-diequatorial relationship. This 
conclusion is exemplified by the results we previously 
obtained with quinoline2 and i~oquinoline,~ demonstrat- 
ing that reductive silylation of two-fused six-membered 
aromatic rings follows the same general route described 
in Figure 4. Actually, the 1,2,6,7-tetrasilyl intermediate 
had been isolated in the case of naphthalene.lb Con- 
cerning the stereochemistry of the three disilylation 
steps, examination of the X-ray structure of 6 shows 
that the two 1,2-additions are trans, whereas the last 
1,6addition is cis. In the case of quinoline, we came to 
the same conclusion on the basis of lH NMR analysis.2 
To fully rationalize these results, a study associating 
MM3 calculations and X-ray and NMR data is now in 
progress for a series of polysilylated derivatives. 
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SiMe, ~ i ~ e ~  M~~S~&SW Me3Si 

SiMe3 

Me$ 

X = H Y  X = Y = H  = N  Me3% T' '%SiMe3 Me3Si rrY**y, , SiMe3 

SiMe3 X = N Y = H  

Figure 4. General pathway of the reductive hexasilylation of naphthalene and its heterocyclic analogues. 

Experimental Section 
Melting points were determined on a Metler capillary 

apparatus and are uncorrected. IR spectra were obtained on 
a Perkin-Elmer 457 spectrophotometer. UV spectra were 
recorded on a Varian DMS 90 (double beam) apparatus. A 
base line correction program was performed before each run. 
The lH and 13C NMR spectra were recorded on a Bruker AM 
250 spectrometer (CDCl3 solutions, TMS as internal standard), 
and 29Si N M R  spectra, on a Bruker AC 200. Mass spectra were 
measured on an AEI MS 12 spectrometer. Elemental analyses 
were performed by service central d'analyse du CNRS (F-69390 
Vernaison, France). 

Materials. Unless specified otherwise, reagent-grade chemi- 
cals were used as received. HMF'A (Aldrich) was degassed 
before use by an ultrasonic cleaning bath. Trimethylchlorosi- 
lane was distilled from magnesium powder prior to use. 
Reductive silylation was carried out under an argon atmo- 
sphere by employing vacuum line techniques. 

Silylation of Naphthalene. To a vigorously stirred sus- 
pension of magnesium (1.59 g; 6.6 x mol) in HMPA (65 
mL) and freshly distilled trimethylchlorosilane (21.4 g; 198 
mmol), a solution of naphthalene (3.84 g; 30 mmol) dissolved 
in HMF'A (10 mL) was added dropwise within 0.5 h. During 
addition, the temperature was kept at 85 "C. The mixture 
was then stirred for 24 h at this temperature and then cooled 
to room temperature. Addition of 50 mL of cyclohexane led 
to precipitation of the MgCld2HMPT complex, which was 
filtered off. f i r  evaporation of the solvent, the crude product 
was distilled under reduced pressure, providing 1,4-bis(tri- 
methylsilyl)-1,4-dihydronaphthalene as a colorless liquid (bp 
82 "C (0.2 mmHg), 2.3 g, 28%). The remaining yellow viscous 
oil (10.4 g) was crystallized from ethanol to give 6 as yellowish 
crystals (7.2 g; 42%). 
NMR Data for l,l-Bis(trimethylsilyl)-l,4-dihydronaph- 

thalene. IH (CDC13, 250 MHZ): 0.0 (s, 18 H), 3.0 (d, 2 H, J 
1.6 Hz), 5.6 (d, 2 H, J 1.6 Hz), 6.9-7.0 (m, 4 H). (CDCl3, 
62.9 MHz): SiMe3, -2.04; CH, 34.04, 123.6, 124.8, 128.0; C, 
135.3. 29Si (CDC13, 39.73 MHz): 3.54. 

Structural Data for Compound 6. Mp 116 "C (capillary), 
1it.l mp 116 "C. U V  (C6H12): 1,273 nm (13 500). lH (CDCl3, 

1 H, J 0.8 Hz), 1.85 (broad s, 2 H), 5.24 (d, 1 H, 2.7 Hz). I3C 
(CDCl3, 62.9 MHz): SiMe3, -2.4, -0.6, -0.4; CH, 15.7, 25.7, 
30.1,121.15; C, 129.2. 29Si (CDC13,39.73 MHz): 3.4; 4.15; 4.9. 
Anal. Calcd for CzsH,jzSi,j: C, 59.28; H, 11.02; Si, 29.70. 
Found: C, 59.02; H, 11.23; Si, 29.21. 

X-ray Crystallography of Compound 6. A prismatic 
single crystal of C2sH6zSie (fk = 567.32) having approximate 
dimensions of 0.25 x 0.25 x 0.30 mm was obtained at room 
temperature from ethanol solution and mounted on a glass 
fiber in a random orientation. The intensity data collection 
was performed at 25 "C on an Enraf-Nonius CAD-4 diffracto- 
meter. The data were measured with the d 2 8  scan technique 
and a variable scanning rate, using graphite-monochromated 
Cu Ka radiation. A total of 3967 reflections were collected, of 

250 MHz): -0.03 ( 8 ,  9 H), 0.06 (s, 9 H), 0.12 (8 ,  9 H), 1.27 (d, 

Table 1. Positional and Thermal Parameters and Their 
Estimated Standard Deviations 

atom X Y Z B (AZ)" 
Si1 
Si2 
Si3 
Si4 
Si5 
Si6 
c1 
c 2  
c 3  
c 4  
c5 
C6 
c 7  
C8 
c 9  
c10 
c11 
c12 
C13 
C14 
C15 
C16 
C17 
C18 
C19 
c20 
c 2  1 
c22 
C23 
C24 
C25 
C26 
C27 
C28 

0.2425(2) 
0.4839(2) 
0.3496(3) 
0.0725(2) 
0.2541(2) 
0.1485(2) 
0.2706(5) 
0.2564(5) 
0.2198(6) 
0.1905(5) 
0.1834(5) 
0.2467(5) 
0.2860(6) 
0.3575(6) 
0.3758(6) 
0.3 127(5) 
0.3006(9) 
0.1951(8) 
0.1602(8) 
0.247( 1) 
0.371 l(8) 
0.425(2) 
0.0301(7) 
0.0104(8) 
0.0687(8) 
0.3604(7) 
0.2585(9) 
0.21 19(8) 
0.08 l(2) 
0.0859(9) 
0.210(1) 
0.5127(7) 
0.4836(7) 
0.5618(8) 

0.0683(5) 
-0.0064(5) 
-0.3565(6) 
-0.1299(5) 
-0.361(5) 

0.3012(5) 
0.033( 1) 
0.147( 1) 
0.154( 1) 
0.017(1) 

-0.098( 1) 
-0.088( 1) 
-0.196(1) 
-0.208( 1) 
-0.074( 1) 

0.038( 1) 
0.062(2) 
0.230(2) 

-0.048(2) 
-0.382(2) 
-0.499(2) 
-0.354(2) 

0.002(2) 
-0.155(3) 
-0.280(2) 
-0.07 l(2) 

0.088(2) 
-0.186(2) 

0.292(2) 
0.339(2) 
0.453(2) 
0.1 16(2) 
0.071(2) 

-0.140(2) 

0.8714(1) 
0.8549(2) 
0.8598(2) 
0.667 l(1) 
0.58OO( 1) 
0.6343(2) 
0.7579(4) 
0.7263(4) 
0.6588(4) 
0.6284(4) 
0.6690(4) 
0.7296(4) 
0.7561(4) 
0.8 138(4) 
0.8474(4) 
0.8247(4) 
0.9485(6) 
0.8536(6) 
0.8606(6) 
0.8667(6) 
0.8231(6) 
0.9335(7) 
0.7003(6) 
0.5929(6) 
0.7061(8) 
0.6274(5) 
0.5274(5) 
0.5380(5) 
0.5623(9) 
0.6790(9) 
0.6402(7) 
0.9 140(6) 
0.7860(6) 
0.876 l(7) 

9.7(1) 
9.6(1) 

10.4(2) 
9.6(1) 
8.4( 1) 

10.0(2) 
6.4(4) 
6.2(4) 
6.4(4) 
6.7(4) 
6.8(4) 
6.2(4) 
6.5(4) 
7.7(4) 
7.3(4) 
7.0(4) 

19.3(7) 
12.6(6) 
14.4(6) 
19.1(8) 
11.3(5) 
22(1) 
13.4(6) 
2% 1 ) 
15.1(6) 
12.0(5) 
12.3(6) 
12.2(5) 
34U) 
18.2(8) 
16.7(7) 
11.8(6) 
15.5(7) 
15.9(7) 

LI B values for anisotropically refined atoms are given in the form of the 
isotropic equivalent displacement parameter defined as (4/3)[a2B(1, 1) f 
b2B(2,2) + czB(3,3) + ab(cos y)B(1,2) + ac(cos ,8)B(1,3) f bc(cos 
a)B(2,3)1. 

which 3922 were unique and not systematically absent; 2123 
were used for calculation (F L 3a(F)). The intensities were 
corrected for Lorentz and polarization effects but not for 
absorption. As for many polysilylated derivatives, the crystals 
proved to be unstable under X-ray radiation. In the first 
experiment, after a total exposure time of 75 h, the total loss 
in intensity was 41.1%. A second crystal was chosen and 
measured but did not result in improved data. This fact 
explains the large B factors for some methyl groups ((211, C14, 
C16, C18, C23). 

The structure was solved by direct methods using the 
MULTAN 80 program13 for electron density synthesis. Block- 
diagonal matrix least-squares refinements were performed for 
a scale factor and positional and anisotropic thermal param- 
eters of the non-hydrogen atoms. The hydrogen atoms were 
included in the calculations and refined with isotropic thermal 
parameters. The function minimized was Xw(lFoI - IFc1)2, and 
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the weight w is defined as 4F3/u2(FJ2. The scattering factors 
used for non-hydrogen atoms were taken from ref 14, and those 
for hydrogen atoms, from Stewart et al.16 All calculations were 
performed on a MicroVax computer using the MolEN pro- 
gram.16 Atomic parameters are given in Table 1. The 
molecule and its atom numbering scheme are shown in Figure 
2. 

X-ray Crystal Structure Data for 6: Monoclinic, space 
oup P21/c, a = 17.077(4) A, b = 10.102(3) A, c = 23.832(7) 
B = 109.05(2)", V = 3886(1) A3, 2 = 4, D, = 0.970 g ~ m - ~ ,  

p = 21.3 cm-I, no. of variables = 555, R = 0.081, R, = 0.072, 
and S = 1.17. 

Electronic Spectral Calculations. The UV spectra were 
calculated according the ZINDO/S method of M. Zerner, as 
implemented in HyperChem Version 3 for Windows (Autodesk, 
Inc.). Configuration interaction was first calculated with the 
Hamiltonian AM1, RHF spin pairing, total charge = 0, and 
spin multiplicity = 1 for lowest state. Then the UV spectral 
calculations were performed using the following overlap 
weighting factors: 1.267 for u-d7 and 0.585 for J C - J C . ~ ~  The 
accuracy of the calculations was checked versus A,, of 
cyclohexene (found, 182 nm; calc, 174.4 nm) and 1,2-dimeth- 
ylcyclohexene (found, 194 nm; calc, 186.8 nm). Under these 
conditions the following results were obtained cyclopentene, 
172.99 nm; 7, 269.15, oscillator strength 0.36 (measured 263 
nm, 4830);6 8,239.46, oscillator strength 1.048 (measured 237 
nm, 14 600,8 or 242 nm, 17 400;7 s-trans dienic framework in 
the crystalline conformation of 6,235.87 nm, oscillator strength 
0.888. 

Molecular Modeling. Calculations were performed on a 
SGI Indigo platform running Macromodel version 3.5 (Colum- 
bia University, New York).l9 Conformational minima were 
found using the modified MM3* (91) force field as implemented 

Grignon-Dubois et al. 

in the program: X-ray structures were minimized to a final 
rms gradient 50.005 kJl(mo1.A) via the truncated Newton 
conjugate gradient (TNCG) method (1000 cycles). 

Stochastic Dynamics Simulation. This variant of mo- 
lecular dynamic (forces from the force field are increased by 
frictional and random forces, which simulate some of the 
properties of a solvent medium) is implemented in Macro- 
Model.ll The MM3* (91) force field was chosen. The kinetic 
energy was increased from 300 t o  900 K with a bath constant 
of 0.2 ps. A total time of run of 50 ps (time step 1 fs) was 
chosen, one conformer was sampled each 1 ps and minimized 
with the truncated Newton conju ate gradient method (TNCG, 

atoms only) conformers within a 50 kJ energy range were 
reported and classed by ascending energy. The run used the 
minimized X-ray conformation as starting geometry for 6 and 
a local minimum for 2. 

Monte Carlo-Style Conformational Search. This pro- 
gram has been used as implemented in MacroModel.12 The 
automatic setup has been selected, Le., single bonds variable, 
chiral center set, flexible ring opened, and 1000 steps made 
per input structure in a 50 kJ energy range. Each conformer 
was fully minimized (TNCG, 1000 cycles, rms, ~ 0 . 0 0 5  kJ/ 
(mol&). The least-used structures were used as starting 
geometries only if their energies were within the energetic 
window (50 kJ/mol of the lowest energy structure yet found). 

For 6, 47 conformers were found, but due to equivalencies 
of the methyl groups borne by silicon atoms, only 11 truly 
different classes of conformers were reported from 97.58 to 
118.3 kJ/mol, the first one being the X-ray structure. 

For 2,44 conformers were found, but as above, only 9 truly 
different classes were reported from 121.5 to 139.9 kJ/mol. 

The s-cis and s-trans nonsilylated dienes 7 and 8 were 
treated as above, resulting in two conformers (10.43-11.04 kJ/ 
mol) with 7 and four conformers (42.11-55.62 kJ/mol) with 8. 

1000 cycles, rms ~0.005 kJ/(moE 1 I), and all the unique (heavy 

(13) Main, P.; Hull, S. E.; Lessigner, L.; Germain, G.; Declercq, J.- 
P.; Woolfson, M. M. MULTAN 80: A System of Computer Programs 
for the Automatic Solution of Crystal Structures from X-Ray Diffraction 
Data. Univs of York, England, and Louvain, Belgium, 1978. 
(14) International Tables for X-ray Crystallography; Kynoch Press: 

Birmingham, England, 1974; Vol. IV. (Present distributor: D. Reidel, 
Dordrecht, The Netherlands.) 

(15) Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J. Chem. Phys. 
1965,42, 3175. 

(16) MolEN is an interactive structure solution procedure (Enraf- 
Nonius, Delft, The Netherlands, 1990). 

(17) Ridley, J. E.; Zerner, M. C. Theor. Chim. Acta 1976, 42, 223. 
(18) Del Bene, J.; Jaffe, H. H. J .  Chem. Phys. 1968, 48, 1807. 

Supplementary Material Available: Tables of bond 
distances, bond angles, torsion angles, hydrogen positional and 
thermal parameters, anisotropic thermal parameters, and 
least-squares planes (17 pages). Ordering information is given 
on any current masthead page. 

OM9405955 

(19) Macromodel (Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; 
Liskamp, R.; Lipton, M.; Caufield, C.; Chang, G.; Hendrickson, T.; Still, 
W. C. J. Comput. Chem. 1990,11, 441). 
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Structures and Bond Energies of the Transition-Metal 
Carbonyls M(CO)s (M = Fe, Ru, Os) and M(C0)4 (M = Ni, 

Pd, Pt)l 
Andreas W. Ehlers and Gernot Frenking" 

Fachbereich Chemie, Philipps- Universitat Marburg, Hans-Meerwein-Strasse, 
0-35032 Marburg, Germany 

Received July 26, 1994@ 

The equilibrium geometries of the transition-metal carbonyls M(C0)n (M = Fe, Ru, Os; n 
= 4,5)  and M(CO), (M = Ni, Pd, Pt; n = 3,4)  are calculated at the MP2 level using effective 
core potentials for the metals and 6-31Wd) basis sets for C and 0. The first ligand 
dissociation energies of the saturated metal carbonyls are theoretically predicted using the 
coupled cluster theory (CCSD(T)) approach. The calculated dissociation energies AlPg8 (Fe- 
(C0)5, 46.5 kcdmol;  Ru(CO)&, 30.9 kcaYmol; Os(CO)5, 42.4 kcaYmol; Ni(CO)d, 24.4 kcall 
mol; Pd(C0)4, 9.6 kcdmol;  Pt(co)4, 13.0 kcdmol) indicate that the second-row transition 
elements have the weakest carbonyl bond. 

1. Introduction 

The accurate determination of thermochemical data 
for transition-metal complexes is a difficult problem for 
experimental and theoretical methods.2 In a recent 
publication we have shown that the metal-ligand bond 
lengths and first dissociation energies of MO(CO)~ and 
W(CO)6 are predicted with excellent accuracy at  the 
CCSD(T)//MP2 level of theory using effective core 
potentials for the metals and moderate basis sets for C 
and Oa3 The calculated Cr-CO bond length of Cr(CO)6 
was slightly too short and the bond energy too high.3 
Here we report our results for the pentacarbonyls of the 
group 8 elements M(CO)5 (M = Fe, Ru, Os) and the 
tetracarbonyls of the group 10 elements M(C0)4 (M = 
Ni, Pd, Pt) using the same theoretical method as in our 
previous s t ~ d y . ~  

2. Methods 
The geometries are optimized at  the MP24 level using an 

effective core potential (ECP) and a (44112111lN - 11) split- 
valence basis set for the metals, which is derived from the (551 
51N) minimal basis set optimized by Hay and Wadt5 (N = 5,  
4, 3 for the first-, second-, and third-row transition metals, 
respectively). The ECPs are derived from nonrelativistic atom 
calculations of the first-row transition elements (Cr, Fe, Ni) 
and relativistic calculations of the second- and third-row 
transition elements (Mo, W, Ru, Os, Pd, Pt). A 6-31G(d) all- 
electron basis set is used for C and 0.6 This basis set 
combination is denoted BS 11. The dissociation energies are 
calculated using coupled-cluster theory with singles and 

@ Abstract published in Advance ACS Abstracts, December 1,1994. 
(1) Theoretical Studies of Organometallic Compounds. 10. Part 9: 

Blihme, M.; Frenking, G.; Reetz, M. T. Organometallics 1994,13,4237. 
(2) (a) Salahub, D. R., Zemer, M. C.,Eds. The Challenge of d and f 

Electrons: Theory and Computation; ACS Symposium Series 349; 
American Chemical Society, Washington, DC, 1989. (b) Marks, T. J., 
Ed. Bonding Energetics in Organometallic Compounds; ACS Sympo- 
sium Series 428; American Chemical Society: Washington, DC, 1990. 
(3) (a) Ehlers, A. W.; Frenking, G. J. Am. Chem. SOC. 1994, 116, 

1514. (b) Ehlers, A. W.; Frenking, G. J. Chem. Soc., Chem. Commun. 
1993, 1710. 
(4) (a) M~ller ,  C.; Plesset, M. S. Phys. Rev. 1934,46,618. (b) Binkley, 

J. S.; Pople, J. A. Znt. J. Quantum Chem. 1975, 9, 229. 
(5) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1986,82,299. 
(6) Hehre, W. J.; Ditchfield, R.; Pople, J. A. J. Chem. Phys. 1972, 

56, 2257. 

Q276-7333/95/2314-Q423$Q9.QQlQ 

doubles and a noniterative estimate of triple substitutions 
(CCSD(T)).' Zero-point vibrational energies (ZPEs) are cal- 
culated at  the Hartree-Fock level. The geometries have been 
calculated using the program TURBOMOLE.* For the CCSD- 
(T) calculations the program ACES 119 was employed. 
As in our previous study of M(CO)e compounds,3 we did not 

correct the calculated dissociation energies for the basis set 
superposition error (BSSE). There are two types of errors in 
calculations using a truncated basis set, i.e. the BSSE and the 
basis set incompletion error (BSIE). These two errors have 
opposite sign. Both errors can, in principle, be corrected by 
saturating the basis set. Correcting for the BSSE would leave 
the BSIE uncorrected. We think that for a comparison with 
experimental values directly calculated results should be used 
rather than estimated data. 

3. Results and Discussion 

Table 1 shows the theoretically predicted and experi- 
mentally observed equilibrium geometries of the metal 
carbonyls. The theoretical and experimental first dis- 
sociation energies are shown in Table 2. The calculated 
and experimental bond energies for the hexacarbonyls 
M(CO)s are given for comparison. 

The theoretically predicted geometry of Fe(C0)5 at the 
MP2/II level has Fe-CO bonds which are clearly too 
short. In particular, the axial Fe-CO bond is calculated 
to be significantly shorter (1.688 A) than is experimen- 
tally observed (Table 1). This is because the Hartree- 
Fock wave function is a very poor approximation for the 
electronic structure of Fe(C0)5.1° The calculations 
predict that the axial Fe-C bonds are shorter than the 

(7)(a) Cizek, J. J. Chem. Phys. 1966, 45, 4256. (b) Pople, J. A.; 
Krishnan, R.; Schlegel, H. B.; Binkley, J. S. Znt. J. Quantum Chem. 
1978,14,545. (c) Bartlett, R. J.; Purvis, G. D. Znt. J. Quantum Chem. 
1978, 14, 561. (d) Purvis, G. D.; Bartlett, R. J. J. Chem. Phys. 1982, 
76, 1910. (e) Purvis, G. D.; Bartlett, R. J. J. Chem. Phys. 1987, 86, 
7041. 
(8) (a) Hgser, M.; Ahlrichs, R. J.  Comput. Chem. 1989,10, 104. (b) 

Ahlrichs, R.; Blir, M.; Htiser, M.; Horn, H.; KiSlmel, C. Chem. Phys. 
Lett. 1989, 162, 165. (c) Horn, H.; Weiss, H.; Htiser, M.; Ehrig, M.; 
Ahlrichs, R. J. Comput. Chem. 1991,12, 1058. (d) Htiser, M.; Almlaf, 
J.; Feyereisen, M. W. Theor. Chim. Acta 1991, 79, 115. 
(9)An ab initio program written by: Stanton, J. F.: Gauss, J.; 

Watts, J. D.; Lauderdale, W. J.; Bartlett, R. J. ACES 11; Univerity of 
Florida, Gainesville, FL, 1991. 

0 1995 American Chemical Society 
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Table 1. Calculated and Experimental Bond Lengths (A) of the Metal Carbonyls 
sYm state m-c1 m-c2 rcl-ol rc2-02 method ref 

Fe(C0)p D3h 'Ai' 1.688 1.766 1.176 1.166 MP2 this work 
1.877 1.847 MCPF 10b 
1.798 1.836 CCI 10a 
1.77 1.79 DFT 16 
1.807 1.827 1.152 1.152 exptl 11 
1.811(2) 1.803(2) 1.1 17(2) 1.133(3) exptl 12 

Ru(C0)5" D3h 'Ai' 1.943 1.952 1.162 1.165 MP2 this work 
1.95 1.96 DFT 16 
1.941( 13) 1.961(13) 1.126(9) 1.127(10) exptl 14 

'Ai' 1.963 
1.98 
1.982(20) 

'AI 1.726 
'Ai 1.95 1 
'Ai 1.942 
'AI 1.801 

1.831 
1.873 
1.817(2) 
1.825(2) 

'AI 2.013 
2.032 

'Ai 1.966 
2.100 

'Ai' 1.796 
'Ai' 1.981 
'Ai' 1.935 

1.945 
1.99 

1.163 

1.937( 19) 1.130(52) 
1.713 1.170 
1.904 1.161 
1.909 1.165 

1.162 

1.127(3) 
1.122(2) 
1.157 

1.160 

1.163 
1.158 
1.161 

1.168 MP2 
DFT 

1.13 l(35) exptl 
1.178 MP2 
1.171 MP2 
1.172 MP2 

MP2 
CCSD(T) 
MP2 
exptl 
exptl 
MP2 
MP2 
MP2 
MP2 
MP2 
MP2 
MP2 

this work 
16 
15 
this work 
this work 
this work 
this work 
26 
27 
12 
25 
this work 
27 
this work 
27 
this work 
this work 
this work 

(I The first bond length refers to the axial bond and the second to the equatorial bond. Calculated bond angle a(C1-Fe-Cl') = 170.0", a(C2-Fe-C2') 
= 135.9". Calculated bond angle a(Ct-Ru-C<) = 179.4", a(C2-Ru-C;) = 137.4". Calculated bond angle a(C1-Os-C1') = 157.0", a(Cz-Os-C2') 
= 138.9'. 

Table 2. Calculated and Experimental First Dissociation 
Energies (kcaVmol) 

this work other 

AE- AE- 
AE W H98 (MCPF) (CCSD(T)) 

AE- 
(DFT)" 

exptl 
AH298 

Cr(C0)6 45.8 43.2 45.3 32.71 42.7, 35.1 (46.2) 36.8 f 2b 
Mo(CO)~ 40.4 38.2 40.3 28.4 (39.7) 40.5 f 2b 
W(COj6 48.0 45.7 47.8 33.9 (43.7) 46.0 & 2b 
Fe(C0)s 46.9 44.4 46.5 39 f 5h  44.2 41 f 2* 
Ru(CO)S 30.9 28.8 30.9 22.1 27.6 f 0.4c 
OS(C0js 42.9 40.3 42.4 23.5 30.6 f 0.3' 
Ni(C0)4 23.6 22.3 24.4 24' 29.89 25.3 25 f 2dl 

22-24' 
Pd(C0)4 7.8 7.5 9.6 6.5 
Pt(CO)4 12.1 10.9 13.0 9.1 

(I Reference 16. Values in parentheses are from ref 34. Reference 20. 
Reference 21. Reference 31. e Reference 32. f Reference 33. 8 Reference 

26. Reference lob. Reference 22, activation barrier for associative- 
dissociative mechanism (see text). j Reference 1Oc. 

equatorial Fe-C bonds. The question about the relative 
bond lengths of the axial and equatorial Fe-CO bonds 
has not definitely been answered as yet. In a gas-phase 
electron diffraction study" the average Fe-CO,, dis- 
tance (1.827 A) was reported to be longer than the axial 
value Fe-CO, (1.807 A). However, the refinement 
model used to interpret the electron diffraction results 
constrained the axial and equatorial C-0  distances to 
be equal.ll A very recent X-ray diffraction analysis of 
the low-temperature crystals showed that the equatorial 
Fe-CO bonds are slightly shorter (1.803 A) than the 
axial Fe-CO bonds (1.811 A) and that the axial and 
equatorial C-0 distances are different (ra(C-O) = 
1.117 A, req(C-O) = 1.133 A).1z From the vibrational 
spectra and force constants of Fe(C0)5 it was concluded 

(10) (a) Luthi, H. P.; Siegbahn, P. E. M.; Almlaf, J .  J .  Phys. Chem. 
1986,89,2156. (b) Barnes, L. A.; Rosi, M.; Bauschlicher, C. W. J. Chem. 
Phys. 1991, 94, 2031. (c) Barnes, L. A.; Liu, B.; Lindh, R. J. Chem. 
Phys. 1993, 98, 3978. 

(11) Beagley, B.; Schmidling, D. G. J.  Mol. Struct. 1974,22, 466. 
(12) Braga, D.; Grepioni, F.; Orpen, A. G. Organometallics 1993, 

12, 1481. 

that the equatorial Fe-CO bonds should be shorter than 
the axial Fe-CO bonds.I3 Previous calculations at the 
MCPF level of theorylob predict that the axial Fe-CO 
bonds should be longer than the equatorial bonds. The 
opposite result was obtained at the CCI level using 
natural orbitals as reference functions.loa However, the 
C-0 bond lengths were constrained to  be the same in 
these calculations.loa The conflicting results of theory 
and experiment1°-13 indicate that the relative bond 
lengths of the axial and equatorial Fe-CO bonds are 
uncertain. 

The situation is different for Ru(C0)5 and Os(CO)5. 
Table 1 shows that the theoretically predicted M-CO 
bond lengths are in excellent agreement with the results 
obtained from gas-phase electron diffraction. Theory 
and experiment agree that the axial Ru-CO bonds are 
slightly shorter than the equatorial Ru-CO bonds, while 
the axial Os-CO bonds are longer than the equatorial 
Os-CO bonds. The differences between the absolute 
values of the theoretical and experimental M-CO 
distances are within the experimental error range. 
Since the experimental results from the electron dif- 
fraction measurements were derived using different 
refinement models considering different axial and equa- 
torial C-0 bond lengths, we think that the results are 
reliable.14J5 It is remarkable that the calculations at 
the MPmI level give the correct (opposite) order of the 
relative M-CO bond lengths of Ru(CO)5 and Os(CO)a. 
Previous calculations using density functional theory 
predict that the equatorial M-CO bonds of Ru(C0)s and 
os(co)5 should be longer than the axial M-CO bonds.16 

Table 1 shows the optimized geometries for the lowest 

(13) Jones, L. H.; McDowell, R. S.; Goldblatt, M.; Swanson, B. I. J. 

(14) Huang, J.; Hedberg, IC; Davis, H. B.; Pomeroy, R. K. Inorg. 

(151 Huang, J.; Hedberg, K.; Pomeroy, R. K. Organometallics 1988, 

Chem. Phys. 1972,57,2050. 

Chem. 1990,29, 3923. 

7, 2049. 
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The Transition-Metal Carbonyls M(C0)s and M(CO)4 

lying PA11 singlet state of the tetracarbonyls of Fe, Ru, 
and Os. Experimental studies have indicated that Fe- 
(CO)4 has a triplet ground state,17 while Ru(C0)4 and 
Os(cO)4 probably have a singlet ground state.18Jg 
Because we are mainly interested in the spin-allowed 
dissociation mechanism, we calculated only the singlet 
states of the carbonyls. The optimized structures have 
CzU symmetry with two long M-CO bonds, which form 
a rather wide angle of nearly 180” (Table 1). The 
shorter M-CO bonds have angles between 135 and 
140”. A similar structure has been calculated for the 
‘A1 excited state of Fe(C0)4 by Barnes et al.lob 

The calculated first dissociation energy of Fe(C0)5 
relative to the ‘A1 singlet state of Fe(C0)4 (Hg8 = 46.5 
kcal/mol) is higher than the experimental value of 41 
f 2 kcal/mol.20 This is not surprising, because the 
optimized geometry of Fe(C0)5 has Fe-CO bonds that 
are too short. The calculated first dissociation energy 
of Ru(C014 (ag8 = 30.9 kcal/mol) is in reasonable 
agreement with the experimentally determined activa- 
tion enthalpy AIP = 27.6 f 0.4 kcaumol for the 
substitution reaction of Ru(CO)5 with triphenylphos- 
phine in cyclohexane as a solvent, which proceeds via a 
dissociative mechanism.21 The activation enthalpy for 
CO substitution of Os(CO)5 has been determined as AlP 
= 30.6 f 0.3 kcal/mo1.22 The calculations predict Hg8 
= 42.4 kcal/mol, which is significantly higher than the 
observed activation enthalpy. However, the measured 
activation entropy for the CO substitution reaction of 
os (C0)~  is more than 10 times lower (AS* = 1.33 f 0.03 
cal/(mol K)) than for Ru(C0)5 (AS* = 15.2 f 1.3 cal/(mol 
K)) and Fe(C0)5 (AS* = 18 cal/(mol K)), “indicating 
perhaps the Os-CO bond is not completely broken in 
the transition state for the reaction”.22 This is a strong 
indication that the observed CO substitution reaction 
of OS(CO)~ follows an S~2-type associative/dissociative 
mechanism, rather than an SN1-type dissociative mecha- 
nism. A similar change in the reaction mechanism has 
been observed for carbonyl complexes of group 6 ele- 
ments. Mechanistic studies of substitution reactions 
show that chromium carbonyl complexes follow a dis- 
sociativdassociative mechanism, while the CO substitu- 
tion of carbonyl complexes of molybdenum and tungsten 
takes place via associationldissociation.23 The activation 
barrier for CO substitution Of W(CO)6 was measured as 
39.7 kcal/m01,~~ while gas-phase laser pyrolysis studies 
show that the first dissociation energy is 46.0 f 2 kcal/ 

We believe that the experimental value AlP = 
30.6 & 0.3 kcal/moP for OS(CO)~ is the activation 
barrier for an associative/dissociative substitution reac- 
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tion. The calculations predict that the first dissociation 
energy of Os(CO)5 is significantly higher (Mg8 = 42.4 
kcaymol). 

The calculated Ni-CO bond length of Ni(C0)4 (1.801 
A) is slightly shorter than the experimentally observed 
values (gas phase,25 1.825 A; solid state,12 1.817 A). A 
good agreement is also found between the calculated 
Ni-CO bond length at  the CCSD(T)26 level and the 
experimental values (Table 1). There are no experi- 
mental values for the M-CO distances of Pd(C0)4 and 
Pt(C0)4 known to us. Because of the excellent agree- 
ment between the calculated and experimental M-CO 
bond length values for Mo(COI6, W(CO)S,~ Ru(CO)5, and 
Os(CO)5 (Table l), we think that the predicted M-CO 
bond lengths for Pd(C0)4 (2.013 A) and Pt(C0k (1.966 
A) should be correct within f0 .02  A. Previous calcula- 
t i o n ~ ~ ~  at the MP2 level using ECPs for the metals gave 
significantly longer bonds for the tetracarbonyls of the 
group 10 elements (Table 1). However, these calcula- 
tions employed the large-core ECP, which has only the 
[nls and [n - 1]d electrons in the valence spherez8 and 
a 4-31G basis set for C and 0.27 It has been shown that 
better results are obtained when the [ n  - lls2 and [ n  - 
l lp6 electrons are included in the valence sphere.29 

The tricarbonyls M(CO)3 of the group 10 transition 
metals are calculated with a D3h equilibrium geometry. 
This is in agreement with the analysis of matrix IR 
spectra of Ni(C0)S and Pd(C0)3, which indicate that the 
tricarbonyls possess probably a trigonal-planar D3h 
geometry.30 

The theoretically predicted first dissociation energy 
of Ni(C0)4 (ag8 = 24.4 kcal/mol) is in good agreement 
with the experimental values of 25 f 2 kcal/moP1 and 
22-24 kcal/m01.~~ A similar value (24 kcal/mol) has 
been calculated at the MCPF while the CCSD- 
(T) result26 (29.8 kcal/mol) is too high. The calculated 
bond energies for Pd(C0)4 (AEPg8 = 9.6 kcal/mol) and 
Pt(C0)4 (ag8 = 13.0 kcallmoll are much lower. The 
relative weakness of the M-CO bonds of the higher 
homologues of the M(CO)d series is in agreement with 
the low stability of these compounds. While Ni(C0)4 is 
stable at ambient temperatures, Pd(C0)4 and Pt(C0)4 
have only been isolated in a low-temperature matrix.30 
The analysis of the vibrational spectra of the tetra- 
carbonyls30b gave force constants for the M-CO bond 
stretching mode of 1.80, 0.82, and 1.28 mdynlA for Ni- 
(COI4, Pd(C0)4, and Pt(C014, which is in qualitative 
agreement with the calculated bond strength. 

Table 2 allows a comparison between the theoretically 
predicted and experimentally observed first dissociation 

(16) Ziegler, T.; Tschinke, V.; Ursenbach, C. J. Am. Chem. SOC. 1987, 

(17) Poliakoff, M.; Turner, J. J. J. Chem. SOC., Dalton Trans. 1974, 

(18) (a) Bogdan, P.; Weitz, E. J. Am. Chem. SOC. 1989, 111, 3136. 

(19) Ziegler, T. Inorg. Chem. 1986,25, 2721. 
(20) Lewis. K. E.: Golden, D. M.: Smith, G. P. J.  Am. Chem. SOC. 

109,4825. 

70, 93. 

(b) Bogdan, P.; Weitz, E. J. Am. Chem. SOC. 1990,112, 639. 

1984,106,3905. 
(21) Huq, R.; Poe, A. J.; Chawla, S. Inorg. Chim. Acta 1980,38,121. 
(22) Shen. J.-K.: Gao, Y.-C.: Shi, 9.Z: Basolo, F. Inorp. Chem. 1989, . .  . - 

28, 4304. 
(23) Wieland, S.; van Eldik, R. Organometallics 1991, 10, 3110. 
(24) (a) Angelici, R. J. Organomet. Chem. Rev. A 1968, 3, 173. (b) 

Covey, W. D.; Brown, T. L. Inorg. Chem. 1973, 12, 2820. (c) Centini, 
G.; Gambino, 0. Atti. Accad. Sci. Torino, Cl. Sci. Fis., Mat. Nat. 1963, 
97, 1197. (d) Werner, H. Angew. Chem., Int. Ed.  Engl. 1968, 7, 930. 
(e) Graham, J. R.; hgelici, R. J. Inog. Chem. 1967,6,2082. (0 Werner, 
H.; Prinz, R. Chem. Ber. 1960,99, 3582. (g) Werner, H.; Prinz, R. J.  
Organomet. Chem. 1966,5, 79. 

(25) Hedbrg, L.; Ijima, T.; Hedberg, K. J.  Chem. Phys. 1979, 70, 

(26) Blomberg, M. R. A.; Siegbahn, P. E. M.; Lee, T. J.: Rendell. A. 
3224. 

P.: Rice. J. E. J.  Chem. Phvs. 1991. 95. 5898. 
? - - - - ? -  ~ ~ I- ~-~~ , - - I  

(27) Rohlfing, C. M.; Hay, P. J. J .  Chem. Phys. 1985, 83, 4641. 
(28)Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1986,82, 270. 
(29) Jonas, V.; Frenking, G.; Reetz, M. T. J .  Comput. Chem. 1992, 

l.? Q1Q - 1, 1 --. 
(30) (a) Kiindig, P.; Moskovits, M.; Ozin, G. A. Can. J. Chem. 1972, 

50, 3587. (b) Kiindig, E. P.; McIntosh, D.; Moskovits, M.; Ozin, G. A. 
J.  Am. Chem. SOC. 1973,95, 7234. 

(31) Stevens, A. E.; Feigerle, C. S.; Lineberger, W. C. J. Am. Chem. 
SOC. 1982,104, 5026. 

(32) (a) Basolo, F. Chem. Br. 1969,5, 505. (b) Day, J. P.; Basolo, F.; 
Pearson, R. G. J.  Am. Chem. SOC. 1968, 90, 6927. (c) Turner, J. J.; 
Simpson, M. B.; Poliakoff, M.; Maier, W. B., 111. J.  Am. Chem. SOC. 
1983,105,3898. 

(33)Blomberg, M. R. A.; Brandemark, U. B.; Siegbahn, P. E. M.; 
Wennerberg, J.; Bauschlicher, C. W. J. Am. Chem. SOC. 1988, 110, 
6650. 
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energies of the saturated carbonyls of the transition 
elements of groups 6,  8, and 10. The only other 
complete set of theoretical bond energies are the DFT 
results by Ziegler et al.,16 which are also shown in Table 
2. The calculated dissociation energies for the carbonyls 
of the second- and third-row transition metals by 
Ziegler16 are significantly lower than our ECP results. 
The bond energies of the hexacarbonyls M(CO)6 (M = 
Cr, Mo, W) have recently been recalculated by Ziegler34 
using newly developed DFT methods, which include 
nonlocal corrections and relativistic effects. The new 
values are in much better agreement with our values 
(see the DFT values in Table 2, given in parentheses). 
We think that a recalculation of the pentacarbonyls and 

(34) Li, J.; Schreckenbach, G.; Ziegler, T. J. Phys. Chem., in press. 

Ehlers and Frenking 

tetracarbonyls might also lead to a better agreement 
with the ECP results. The theoretically predicted first 
CO disociation energies for the transition metals of the 
second and third rows reported here should be correct 
within f 3  kcaymol. 
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Synthetic, Structural, Mechanistic, and Theoretical MO 
Studies of the Alkali-Metal Chemistry of Dibenzylamine 

and Its Transformation to 1,3-Diphenyl-2-azaallyl 
Derivatives 

Philip C. Andrews,? David R. Armstrong,? Daniel R. Baker,? Robert E. Mulvey,*yt 
William Clegg,$ Lynne Horsburgh,* Paul A. O’Neil,$ and David Reed$ 

Department of Pure and Applied Chemistry, University of Strathclyde, Glasgow, G l  1XL U.K., 
and Departments of Chemistry, University of Newcastle, Newcastle upon Tyne, NE1 7RU U.K., 

and University of Edinburgh, Edinburgh, EH9 355 U.K. 

Received July 26, 1994@ 

Dibenzylamido anions ((PhCH2)2N-) can be transformed into 1,3-diphenyl-2-azadyl anions 
({PhC(H*N-C(H)Ph}-) by the assistance of PMDETA- ((Me2NCH2CH2)2NMe) complexed 
Li+, Na+, or K+ cations. The heavier alkali-metal cations give only the trans,trans 
conformation of the azaallyl anion, in contrast to the lighter Li+ cation, which yields two 
crystalline conformers, the trans,trans and an unknown species. Ab initio MO geometry 
optimizations on model Li and Na complexes intimate that it is the relative tightness of the 
contact ion pair structures which dictates this distinction with Li+ having more influence 
on the conformation and stability of the anion than Na+, which forms a much looser contact 
ion pair more akin to  the “free” anion. On the basis of kinetic lH NMR studies, combined 
with X-ray crystallographic data, the amido - azaallyl conversion can be explained in terms 
of a two-step process involving B-elimination of a metal hydride followed by hydride 
metalation of the produced imine PhCH2N=C(H)Ph. This process appears to be initiated 
by deaggregation of the metallodibenzylamine to an intermediate monomeric structure, 
accomplished by solvation. The nature and degree of solvation required depend on the 
particular M+ cation involved. Three new crystal structures are revealed in the course of 
this study. All are based on familiar four-membered (N-M)2 rings, but whereas the sodium 
complex [{(PhCH2)2NNa*TMEDA}21 and the lithium complex C{(PhCH2)2NLi*THF}21 are both 
discrete dimers, unique [{ [(PhCH2)2NLil2.(dioxane)},l, isolated as its toluene hemisolvate, 
is a polymer composed of linked dimeric units and so is the first dibenzylamido alkali-metal 
species to have an  infinitely extended structure. 

Introduction 

Over the past decade, dibenzylamine ((PhCH2)2NH), 
a nitrogen acid, has played a significant part in the 
rational development of lithium amide chemistry. Com- 
pounds belonging to  this class constitute one of the 
major tools of contemporary organic synthesis, primarily 
as strong selective deprotonating agents.l (Dibenzyla- 
midollithim, [{(PhCH2)W},I, has contrastingly found 
use as a nitrogen nucleophile in the aminolysis of esters, 
producing high yields of the resulting organic amidesq2 
However, the most instructive findings to date involving 
this ligand have been structural rather than synthetic. 
To begin with, the crystal structure of the unsolvated 
lithio derivative provided direct evidence of the cyclic, 
low-oligomeric (in this case, trimeric) constitution of 
certain lithium amides, while comparison with the 
dimeric, solvated structures of [{(PhCH2)2NLi*OEt2}21 
and [{(PhCH2)2NLi-HMPA}21 illustrated the competing 

+ University of Strathclyde. * University of Newcastle. 
5 University of Edinburgh. 
a Abstract published in Advance ACS Abstracts, December 1,1994. 
(1) (a) Wakefield, B. J. Organolithium Methods; Academic Press: 

London, 1987. (b) Brandsma, L.; Verkruijsse, H. Preparative Polar 
Organometallic Chemistry; Springer-Verlag: Berlin, 1987; Vol. 1. 
(2) Yang, IC-W.; Cannon, J. G.; Rose, J. G. Tetrahedron Lett. 1970, 

21, 1791. 

effects of aggregation and c~mplexation.~ From struc- 
tural characterization of the lithium amidomagnesiates 
[ { ( P ~ C H ~ ~ N I ~ I J ~ ~ M ~ I  and [{(PhCH2)2N}sLiMgpyI, we 
learned that the stoichiometries and coordination ge- 
ometries are largely dictated by the state (solvated or 
unsolvated) of the Li+ cations for both steric and 
electronic  reason^.^ Another intermetallic dibenzyla- 
mide, this time combining Li+ and Na+, established for 
the first time that the ladder motif is a structural option 
for a mixed-alkali-metal comp~sition.~ Collectively 
these structures testify to the coordinative versatility 
of the dibenzylamido ligand, as they show that its 
anionic N center can bond terminally, or bridge in p2 or 
p3 styles, to  metal centers. 

Besides these simple coordinative distinctions, there 
exists another facet of alkali-metal dibenzylamide chem- 
istry. Under the mediation of a Na+ counterion com- 
plexed by tridentate PMDETA ((Me2NCHzCH2)2NMe) 
the amido anion ((PhCH&N-) is observed to convert to 
the 2-azaallyl formulation [PhC(HFN<(H)Phl-.6,7 
Resonance-stabilized anions of this type are valuable 

(3)Barr, D.; Clegg, W.; Mulvey, R. E.; Snaith, R. J. Chem. SOC., 

(4) Clegg, W.; Henderson, K. W.; Mulvey, R. E.; O’Neil, P. A. J. 

(5) Baker, D. R.; Mulvey, R. E.; Clegg, W.; O’Neil, P. A. J.Am. Chem. 

(6)Andrews, P. C . ;  Armstrong, D. R.; Mulvey, R. E.; Reed, D. J. 

Chem. Commun. 1984,285. 

Chem. SOC., Chem. Commun. 1994, 769. 

Soc. 1993,115,6472. 

Am. Chem. SOC. 1988,110, 5235. 

0276-733319512314-0427$09.0010 0 1995 American Chemical Society 
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components for assembling nitrogen heterocycles, made 
via cycloaddition reactions with assorted anionophiles 
(e.g., olefins, allenes).8 Often marked by high stereo- 
selectivity, the cycloadditions can be achieved either 
inter- or intramolecular1y.g 

What prompts this amido - azaallyl transformation, 
and how is it effected? These previously unanswered 
questions fueled the detailed NMR spectroscopic and 
X-ray crystallographic investigation reported herein, 
from which it has emerged that the transformation can 
now be rationalized in terms of a two-step mechanism 
involving p-elimination of a metal hydride, followed by 
hydride metalation. Also, it has been established that 
the Li+ and K+ congeners can undergo the same 
transformation, though, as in the Na+ case, the process 
is delicate, being critically dependent on the nature and 
degree of solvation of the M+ cation. However, the 
identity of the M+ cation is important, as the Li+ system 
yields two distinct crystalline azaallyl conformers, 
whereas the other systems yield only one. To attempt 
to understand this distinction, an ab initio MO theoreti- 
cal study was carried out on different model azaallyl 
conformations. 

Organometallics, Vol. 14, No. 1, 1995 Andrews et al. 

Results and Discussion 

Syntheses and NMR Spectroscopic Data. 1. 
Sodium Compounds. Previously it was known that 
the dibenzylamido anion ((PhCH2)zN-) could either 
remain intact or be converted to the azaallyl anion 
(PhC(HPN-C(H)Ph-), in the presence of a Na+ coun- 
t e r i ~ n . ~ , ~  The former situation occurs on reacting the 
precursor amine with an equimolar amount of BunNa 
in hexane solution, the product being the red powdery 
solid (dibenzylamido)sodium, [{(P~CHZ)ZNN~),I (1). Its 
benzylic protons give rise to a singlet a t  6 3.67 in the 
lH NMR spectrum (in C6D6 solution). Resonances in 
this region provide a marker with which to  distinguish 
amido species from azaallyl modifications. Conversion 
to the azaallyl form takes place on adding the trinitro- 
gen base PMDETA (1 equiv) to  this reaction mixture. 
Characteristically dichroic (green by reflected light, red 
by transmitted), the product has the molecular formula 
[[PhC(H)-N-C(H)Ph-lNa+.PMDETAl (21, the crystal 
structure of which has been r e p ~ r t e d . ~  

With the aim of growing crystals suitable for X-ray 
diffraction study, we further examined toluene solutions 
of 1, exploiting its moderate arene solubility. Though 
unsuccessful, these attempts did uncover that repeat- 
edly heating and then cooling such toluene solutions 
induces the formation and precipitation of some 2-azaal- 
lyl product, which can be identified by its ‘H NMR 
fingerprint. This consists of four signals located at the 
low-frequency end of the aromatic region, a broad 
singlet, a triplet, a sharper singlet, and a triplet, in order 
of decreasing chemical shift, associated with the ortho 
H, meta H, PhC(H), and para H, respectively (an 
example is shown in Figure 1). This pattern, cor- 
responding to the trans,trans conformation (dynamic on 
the NMR time scale), appears to be independent of the 
particular M+ cation to which it is attached. Further 
proof of the thermal induction of the conversion process 

(7) Andrews, P. C.; Mulvey, R. E.; Clegg, W.; Reed, D. J .  Orgunomet. 

(8) For a review, see: Kauffmann, T. Angew. Chem. 1974,86, 715; 

(9) Pearson. W. H.: Walters, M. A.: Oswell, K. D. J. Am. Chem. SOC. 

Chem. 1990,386,287. 

Angew. Chem., Int. Ed. Engl. 1974,13, 627. 

1986,108, 2769. 

Figure 1. lH NMR “fingerprint” associated with the 1,3- 
diphenyl-2-azaallyl anion. 

was obtained by a melting point determination: the red 
solid 1 is observed to change to a dichroic melt at 89- 
91 “C. 

The influence of solvation of the Na+ cation was 
studied in greater detail by monitoring the effects of 
adding different Lewis bases to solutions of 1. TMEDA 
( M ~ ~ ~ C H ~ C H Z N M ~ Z ) ,  in contrast to PMDETA, can only 
offer (at most) a bidentate chelating bridge to a metal 
ion, as demonstrated in the recent crystal structure 
report of the monobenzyl-substituted sodium amide 
[{P~CH~(M~)NN~-TMEDA}Z]’~ and in various other 
alkali-metal complexes.ll The crystalline product grown 
from an equimolar l/TMEDA mixture, [{(PhCHz)z- 
NNa*TMEDA}2] (3), also exhibits this mode of chelation, 
but more significantly, it retains the amido functional 
group originally present in 1; i.e., no conversion to  the 
azaallyl form occurs. The benzylic units are visible in 
the lH NMR spectrum of a C6D6 solution of 3, appearing 
at  6 4.48, which represents a shift to higher frequency 
of 0.81 ppm compared to that in unsolvated 1. Thus, 
overall, TMEDA ligation of the Na+ center causes a 
substantial deshielding of the benzylic protons. No 
definite structural information is available on the un- 
solvated compound, but the crystal structure of complex 
3 (discussed below and shown in Figure 6) was deter- 
mined. Significantly, the intact dibenzylamido units are 
found in a dimeric arrangement, as opposed to the 
monomeric arrangement which accommodates the azaal- 
lyl group in 2. Where these structures do coincide is in 
having tetracoordinated Na+ centers. Hence, the loss 
of denticity in switching from PMDETA to  TMEDA is 
balanced by a gain in association (from monomer to 
dimer). This prompts the following question: “Is de- 
aggregation to a monomeric state a prerequisite to  the 
formation of the azaallyl entity?”. Rerunning the lH 
NMR spectrum of 3 in the coordinating solvent C4DsO 
(THF-ds) showed that the complex had been quantita- 

(10) Andrews, P. C.; Armstrong, D. R.; Clegg, W.; MacGregor, M.; 
Mulvey, R. E. J. Chem. SOC., Chem. Commun. 1991,497. 
(11) Reviews of alkali-metal organic structures: (a) Setzer, W.; 

Schleyer, P. v. R. Adu. Orgunomet. Chem. 1986,24, 353. (b) Schade, 
C.; Schleyer, P. v. R. Adu. Organomet. Chem. 1987, 27, 169. (c) 
Seebach, D. Angew. Chem. 1988,100, 1685; Angew. Chem., Int. Ed. 
Engl. 1988, 27, 1624. (d) Boche, G. Angew. Chem. 1989, 101, 286; 
Angew. Chem., Int. Ed. Engl. 1989,28,277. (e) Mulvey, R. E. Chem. 
SOC. Reu. 1991,20, 167. (0 Gregory, K.; Schleyer, P. v. R.; Snaith, R. 
Adu. Inorg. Chem. 1991,37, 47. (g) Williard, P. G. In Comprehensive 
Organic Synthesis; Pergamon Press: Oxford, U.K., 1991; Vol. 1,l. (h) 
Weiss, E. Angew. Chem. 1993,105,1565; Angew. Chem., Int. Ed. Engl. 
1993,32, 1501. 
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that after 1 week a plot of the percentage conversion 
against time showed the maximum conversion to be 
about 60%. Higher concentrations of THF (e.g., 4 mL/ 
10 mmol of 1) in the reaction mixture pushed the 
process past the amido complex stage to ultimately yield 
dichroic crystals of the tris(THF1-solvated azaallyl 
[[P~C(HPN.-IC(H)P~I-N~+*~THFI (6). Thus, as be- 
fore, a 3-fold donor atom coordination of the Na+ cation 
accompanies, or directs, the conversion to the delocal- 
ized N-centered anion. 

Having established the importance of a tris-solvated 
Na+ center to the conversion process, the next consid- 
eration is the identity of the intermediate observed in 
the kinetic NMR study of 5. The singlet located at  d 
4.17 (Figure 2) provides a pointer, belonging as it does 
to the benzylic CH2 region. All the remaining reso- 
nances are grouped together in the aromatic region, 
close to and partly overlapping the amido (Ph) signals, 
though significantly they appear at slightly higher 
frequencies than the azaallyl resonances. The imine 
N-benzylidenebenzylamine, PhCHfi-C(H)Ph, was con- 
sidered but dismissed on the grounds of markedly 
different chemical shifts (e.g., its benzylic CH2 occurs 
at 6 4.75) and of the lack of a N=CH signal (which in 
the imine occurs a t  6 8.37, whereas the highest signal 
found here occurs at d 7.35). It is more likely, given 
the similarity between this set of signals and that 
belonging to the (dibenzy1amido)sodium-associated com- 
plex 5, that the unknown is another (dibenzy1amido)- 
sodium species, of a different aggregation, though its 
precise nature cannot be stated with any certainty. 

Whatever the active species (monomer or not), it must 
itself go through an intermediate (the imine, PhCHfi=C- 
(H)Ph), but in a process too fast to detect by NMR 
spectroscopic means, prior to forming the azaallyl 
product. Moreover, to balance the reaction stoichiom- 
etry, formation of this imine from sodium dibenzylamide 
would require the concomitant formation of NaH (which 
may or may not be solvated by THF). This event, in 
turn, might explain why a monomeric setup may be 
pivotal to the conversion process, as it is well docu- 
mented that #?-hydride eliminations from alkali-metal 
organyls are stereospecific processes which, by defini- 
tion, require transition states with fured stereochem- 
istries.12 Kinetic studies of the decomposition of alkyl- 
lithiums (e.g., BunLi, OctnLi) into LiH and the appropri- 
ate olefin13 point toward four-center cyclic transition 
states, which in this case would correspond to 

- - - ,  . , . , . ,  

PDm 7 0 6.0  5 .0  4 . 0  

Figure 2. lH NMR (THF-de, 25 "C) kinetic study of 
[{(PhCH&NNa."F},] (5): (Bottom) time = 0; (middle) 
time = 24 h; (top) time = 1 week. 

tively transformed to the azaallyl form, as evidenced by 
the appearance of its fingerprint signals and by the total 
lack of a benzylic CH2 signal. Given the small quantity 
of solid needed for this measurement, the sodium amide 
is effectively swamped by THF molecules. To establish 
whether this conversion could be stoichiometrically 
controlled, a solution of the TMEDA complex 3 (10 
mmol) was treated with a limited amount of THF (3 
mL). Slow cooling of this solution produced a large crop 
of dichroic crystals identified as the mixed, dual-donor 
species [[PhC(HPNW(H)Phl-Na+*TMEDA-THFl (4). 
Clearly, therefore, the TMEDAPTHF combination mim- 
ics the role of PMDETA in 2, confirming that fulfillment 
of the coordinative requirements of a monomeric struc- 
ture is a prerequisite to the occurrence of the amido - 
azaallyl conversion. More information was gleaned 
from hexane solutions of 1 containing THF exclusively. 
Low concentrations of THF (e.g., 1.6 mu10 mmol of 1) 
afforded red crystalline blocks of the 1/1 amidoPTHF 
complex [{(PhCH2)2NNaJI'HF},I (5). A simple kinetic 
study (Figure 2) revealed that dissolving freshly pre- 
pared 5 in a donor medium (THF-de) and immediately 
recording its lH NMR spectrum at first encouraged the 
retention of the amido character, as witnessed by the 
PhCH2 singlet and Ph multiplets a t  6 3.96 and 7.20/ 
7.04, respectively. However, afier 24 h these signals 
had diminished, while the azaallyl fingerprint had 
appeared, as had another set of signals belonging to 
neither the amido nor the azaallyl entities. From 
relative integrals it can be estimated that at this stage 
44% of the amide has been filly converted to the 
azaallyl product, and another 44% has been partially 
converted to an intermediate species, leaving 12% 
unchanged. When this spectrum is rerun repeatedly, 
the amido - azaallyl conversion is found to level off so 

, I  

Na---H 
The irreversible, unimolecular B-hydride eliminations 
involved in such decompositions are thermally induced, 
and moreover, the rate-determining step appears to 
concern fully aggregated (hexameric) alkyllithiums. The 
amido - azaallyl conversion (and by implication the 
elimination of NaH) can also be thermally driven, but 
more importantly, associated (dimeric) sodium diben- 
zylamide structures (e.g., as shown in Figure 6) can be 
compelled to undergo this transformation at  much lower 

(12) Davidson, P. J.; Lappert, M. F.; Pearce, R. Chem. Rev. 1976, 
76, 219. (b) Glaze, W. H.; Lin, J.; Felton, E. G. J. Org. Chem. 1966, 
31,2643. (c) H o d ,  K N.; Rondan, N. G.; Schleyer, P. v. R.; Kaufmann, 
E.; Clark, T. J . h .  Chem. Soc. 1985,107,2821. 

(13)Finnegan, R. A.; Kutta, H. W. J .  Org. Chem. 1966, 30, 4138. 
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Scheme 1 
hexane 

Step I BunM + (PhCH,),NH - F [ {(PhCH,),NM], 1 1 + Bu'H t 

Andrews et al. 

p-ellml".3t,O" 
Step 3 [ {(PhCH,)2NM.(L),},] -* { PhCH,N=CHPh MH.(L), ) 

- H2 
Step 4 { PhCH,N=CHPh MH.(L), } -* [ ([PhC(H)'-'NIC(H)PhlM.(L),] ] 

temperatures (e.g., ambient) by placing a third donor 
atom on the Na+ centers to promote cleavage of the 
(NNa)2 ring. 

Logically, the final step in the conversion process 
involves hydride metalation of the intermediate imine 
to form both the azaallyl product and dihydrogen. 
Scheme 1 lists all four stages in the mechanism for the 
conversion of dibenzylamine to the metal azaallyl 
complex. The final step is a known chemical reaction, 
recently exploited by Floriani et al., who generated the 
potassium analogue [[PhC(H>-N-C(H)Phl-K+.(18- 
crown-6)I from an imineWcrown ether mixture.14 
Significantly, this preparation required 12 h at reflux 
temperature. Clearly, therefore, dibenzylamine is su- 
perior as a source of the 2-azaallyl anion, as it produces 
this anion almost immediately at ambient temperature. 
Though the potassium complex was merely used for this 
purpose (specifically to transfer the anion to a zirconium 
center), it was isolated and the resulting X-ray crystal- 
lographic study revealed a monomeric contact ion pair 
arrangement akin to  that of 2. For completeness, to 
confirm that NaH could similarly deprotonate the imine 
to generate the azaallyl species, we reacted such mix- 
tures in the presence of PMDETA and of TMEDmHF. 
Both preparations were successful, giving the expected 
dichroic products 2 and 4, respectively, though only in 
very modest yields, reflecting the comparative inertness 
of and, linked to this, the poor solubility of the ionic 
hydride. This conflicts with the facile production of the 
azaallyl entities via the dibenzylamine route, which is 
seemingly quantitative. The key difference is that the 
hydride metalation step occurs in situ in the latter case, 
and so solubility problems are circumvented. Further- 
more, the in situ NaH may be activated either by Lewis 
base solvation or by remaining attached to the imine 
produced simultaneously. 

2. Lithium Compounds. Mixtures of (dibenzyla- 
midollithium and the donor solvent HMPA or Et20 had 
previously been examined in some detail, but these only 
produced simple Lewis acid-Lewis base complexes with 
intact amido groups3 and gave no hint of possible 
azaallyl products. In light of the new developments, we 
subjected the lithium amide to a selection of donor 
solvents similar to that used in the sodium work. We 
also studied the lithiation of the imine PhCH2N=C(H)- 
Ph. 

THF had the same effect as Et20, deaggregating the 
trimeric lithium amide to a dimeric complex, [{(PhCH2)2- 
NLi*THF)21 (71, whose crystal structure is shown in 
Figure 7. The amount of excess THF present in the 

(14) Veya, P.; Floriani, C.; Chiesi-Villa, A.; Guastini, C. J .  Chem. 
SOC., Chem. Commun. 1991,991. 

reaction mixture did not appear to have any bearing on 
the nature of the product, but 10 molar equiv was 
necessary to completely dissolve the pink (dibenzyla- 
mido)lithium suspension in hexane. Retention of the 
(PhCH&N group was confirmed by the benzylic CH2 
resonance at 6 3.71 in the 'H NMR spectrum of a C4D80 
(THF-d8) solution. When the temperature was raised, 
the pink crystals of 7 melted at 135-137 "C to  a red 
liquid, with no sign of a dichroic hue, suggesting that 
the amido character is retained (i.e. it does not convert 
to an azaallyl form). 

Switching from THF to polydentate 1,4-dioxane pro- 
motes the joining up of the discrete O-complexed (NLi)2 
rings into a polymeric chain structure of formula 
[{[(PhCH~)~NLi]~.(dioxane)),l, isolated as its toluene 
hemisolvate 8. Characterization was achieved by means 
of a crystal structure determination (Figures 8 and 9) 
and NMR spectroscopic studies. The bridging role 
played by the donor results in a 2/1 lithium amide/donor 
ratio overall in the structure, corresponding to the initial 
stoichiometry used in the reaction mixture (i.e., 0.5 
molar equiv of dioxane/equiv of lithium amide, though 
dilute solutions (1 mmol of amide in 30 mL of toluene) 
were necessary to  obtain crystals of 8 and to  avoid the 
rapid precipitation of a powdery form). However, this 
reaction proved to be sensitive to a change in stoichi- 
ometry with an excess of dioxane (10 molar equiv) 
producing the donor-rich, crystalline variant [{(PhCH2)2- 
NLi.2(dioxane)},l (9). Distinguishable from 8 by the 
relative integrals of the benzylic and dioxane resonances 
on the IH NMR spectrum and by its lower melting point 
(86-88 "C; cf. dec from 260 "C), these crystals are 
notably less stable, degrading to an oil after 1 day of 
storage in an argon-filled glovebox, whereas 8 is stable 
indefinitely. For this reason the crystal structure of 9 
could not be ascertained, though the above character- 
istics point toward an oligomeric structure, in which 
case the instability could be connected to dioxane 
molecules having one ligating end (terminally attached 
to Li+) and one unligating end. Whatever the precise 
structure, it is certain that amido character is main- 
tained and that there is no azaallyl formation. 

Treating the lithium amide with excess TMEDA gave 
[{ [(PhCH2)2NLi12TMEDA},J (lo), a red crystalline com- 
plex with the same 2/1 acceptor/donor stoichiometry 
displayed by 8. Therefore, as was the case with THF 
and dioxane, solvation by TMEDA fails to disrupt the 
amido character of the anionic ligand. If we draw 
comparisons to the sodium work, this failure is not 
unexpected given the empirical formula of 10, which, 
to have an integral number of donor molecules, requires 
dimeric (or higher associated) amido units and not 
monomeric units which appear essential to azaallyl 
formation. Though the structure of 10 has not yet been 
determined, it may be relevant that its 2/1 Li+/TMEDA 
stoichiometry fits another structural type referred to as 
an open dimer (see Figure 31, recently established for 
the lithio (TMEDA) derivative of 2,2,6,6-tetramethylpi- 
peridine.l5 

The complexed lithium amide structures proved more 
resilient than sodium congeners to variations in the 
quantity of donor solvent present, presumably as a 
consequence of the greater strength of NLi ring bonds 
versus NNa ones. This is particularly apparent when 
a mixed TMEDMHF medium is considered. Whereas 

~ ~~ 

(15) Williard, P. G.; Liu, &.-Y. J .  Am. Chem. SOC. 1993, 115, 3380. 
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\ /  N 
I 

Li \ /  I /  
\ 

/ \  
Figure 3. Idealized general structure of the open dimer 
adopted by TMEDA solvates of some lithium amides. 

this combination causes the sodium amide to convert 
to the tris(so1vated) azaallyl derivative 4 containing both 
TMEDA and THF ligands, in contrast, the lithium 
amide remains as such due to the smaller Li+ center 
being merely monosolvated (by a THF molecule); Le., 
the mixture produces the same dimeric complex (7) as 
produced in THF alone, with TMEDA playing no part 
in complex formation. This preference for THF over 
TMEDA, which is also observed in solution when the 
solid TMEDA complex 10 is dissolved in C4DsO (THF- 
ds), could be indicative of an energetic preference for 
the closed-ring dimer over an open-ring alternative.16 
Moreover, it is clear that aggregation (dimerization) is 
more important than solvation in this lithium system, 
as monosolvated dimers dominate in donor-rich media, 
with no evidence of bis-solvated (whether by two THF 
molecules or one TMEDA) monomers. THF being less 
sterically demanding obviously fits the exocyclic coor- 
dination site at Li+ in this dimeric (NLi)2 ring structure 
better than does TMEDA. AnaIogous TMEDA-solvated 
dimers, which would formally contain four-coordinate 
Li+ centers, are rare, though they can occur with small 
and/or flat amido substituents as typified by [{Ph(Me)- 
NLi*TMEDA}2I.l7 Bulkier ligands, on the other hand, 
force the adoption of monomeric arrangements with 
formally three-coordinate Lii centers, as demonstrated 
in [But&H2(H)NLi.TMEDAl. l8 

It was decided to investigate the effect of the triamine 
PMDETA, in the expectation that dimerization (of any 
type) could no longer be sustained due to the increased 
steric requirement involved. Accordingly, 1 molar equiv 
of PMDETA was added to a hexane solution of (diben- 
zylamido)lithium, which was then heated gently. Slow 
cooling of the resulting deep red solution to ambient 
temperature afforded a large crop of purple-red crystals 
speckled with dichroic flakes. This crop was clearly a 
mixture; the dichroism suggested azaallyl formation, 
confirmed by a IH NMR spectrum (Figure 4), which 
showed no benzylic CH2 resonance and from which the 
crystals were formulated as [[PhC(HPN-C(H)PhI-- 
Li+-PMDETA] (111, though the two distinct isomers 1L4 
and 11B could be distinguished. More specifically, the 
clutch of four signals characteristic of the (trans,trans) 
2-azaallyl ligand is clearly visible between 6 6.95 and 
6.08 (assigned to 11A) as are the four lower frequency 
signals between 6 2.37 and 2.10 due to complexed 
PMDETA. In addition, a clutter of multiplets lies 
toward the high-frequency end of the aromatic region 

(16) For a discussion on effects of TMEDA vs those of THF in alkali- 

(17) Barr, D.; Clegg, W.; Mulvey, R. E.; Snaith, R.; Wright, D. S. J. 

(18) Fjeldberg, T.; Hitchcock, P. B.; Lappert, M. F.; “home, A. J. J. 

metal systems see: Collum, D. B. Acc. Chem. Res. 1992,25, 448. 

Chem. Soc., Chem. Commun. 1987,716. 

Chem. SOC., Chem. Commun. 1984,822. 

-7 

PP9 7 0  5 3  

Figure 4. lH NMR (THF-de, 40 “C) of [{[PhC(H)-N=C- 
(H)Phl-Li+*PMDETA},I (11) showing clearly the presence 
of the two isomeric forms 11A and 11B. 

(in the range CS 7.7-7.1), assigned to 11B. Significantly, 
combining the relative integrals of 11A and 11B and 
comparing this total to the relative integral of the 
PMDETA signals give a 111 PhC(H)NC(H)Ph/PMDETA 
stoichiometric ratio. Repeating this preparation several 
times always gave the same mixed product, though the 
relative proportions of 11A and 11B varied slightly. 
However, the overall PhC(H)NC(H)Ph/PMDETA stoi- 
chiometry remained constant at 111. Clearly, irrespec- 
tive of the identity of 11B, which as yet remains to be 
established, the amido - azaallyl conversion had taken 
place, initiated by PMDETA completely deaggregating 
the lithium amide to a monomeric form primed for 
@-hydride e1iminati0n.l~ In this respect the lithium and 
sodium systems are in parity. Of course, where they 
differ is in the fact that only one azaallyl conformer 
(trans,trans) crystallizes in the latter case, as estab- 
lished by an X-ray analysis of 2, whereas the former 
system yields two distinct crystalline conformers (11A 
and 11B). Bracketing the alkali metals together as 
mere counterions “M+” is clearly erroneous in this case. 
Hence, this example illustrates why it is important to 
consider each alkali metal individually in synthetic 
applications seemingly concerning “anions”.20 

To establish whether or not this cocrystallization 
phenomenon was specific to the dibenzylamido pathway, 
a 1/1/1 mixture of BunLi, the imine PhCHzN=C(H)Ph, 
and PMDETA was examined. The deeply colored 
complex produced by this lithiation reaction (though not 
involving PMDETA) has incidentally been proposed as 
an indicator for the standardization of organolithium 
reagents in ether or hydrocarbon media.21 Performing 
our lithiation at low temperature (-78 “C) in hexane 
and warming the solution to ambient temperature 
before introducing PMDETA also produced a mixture 
of 11A and 11B (as well as BunH), which, as in the 
previous case, could not be separated to allow them to 
be characterized by X-ray diffraction. The overall yield 
of 11 was high, but more importantly, the relative 
percentage of 1 lA to 11B was found to be approximately 
50/50 based on the integration in the lH NMR spectrum. 
Significantly, however, when PMDETA is present at the 
outset of the reaction (i.e., added directly to the cold Bun- 

(19) For related LiH eliminations see: Richey, H. G., Jr.; Erickson, 
W. F. J. Org. Chem. 1963,48, 4349. 

(20) For a review of the effect of the gegenion on the structures and 
stabilities of alkali-metal compounds, see: Lambert, C.; Schleyer, P. 
v. R. Angew. Chem., Znt. Ed. Engl. 1994,33, 1129. 

(21) Duhamel, L.; Plaquevent, J.4. J .  Org. Chem. 1979,44, 3404. 
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),-A ..___-‘ 
H N H 

cis,trarzs cis,& 

trar is, (ratis 
Figure 5. Idealized conformations of the 1,3-dipheny1-2- 
azaallyl anion. 

Lihmine mixture), the ratio changes to approximately 
90/10. Metalation in this case is presumably via “Bun- 
Li-PMDETA, suggesting that sterically and/or elec- 
tronically a complexed Li+*PMDETA cation acts more 
like a Na+ cation than a “free” Li+ cation, since it gives 
the trans,trans conformer (1 1A) predominately. T w o  
distinct types of PMDETA are not evident from variable- 
temperature IH NMR studies of 11, which is perhaps 
understandable given that 11A and 11B differ in 
conformation (of the anion) only and that in both 
isomers PMDETA will probably be found in its normal 
tridentate manner to a Li+ center attached to the 
azaallyl C-N-C unit via the central N atom. Idealized 
conformations of the anion are shown in Figure 5.  

3. Potassium Compounds. Having established 
that both Li and Na can facilitate the amido - azaallyl 
conversion and having found significant differences 
between these systems, we decided to extend and 
complete our experimental survey by examining the 
effect of the larger K+ cation. 

Reaction of a 1/1 molar mixture of dibenzylamine and 
BunK with 2 molar equiv of PMDETA afforded a large 
crop of needlelike crystals. Their dichroic (greedred) 
appearance suggested an azaallyl formulation, and this 
was definitely confirmed by lH NMR spectroscopic 
studies, which revealed them to be [[PhC(H)-N-C- 
(H)Phl-Kf*2PMDETA1 (12). Note that in agreement 
with the reaction stoichiometry the complex contains 
two solvent molecules per metal center. This “excess” 
donor solvent was necessary to completely solubilize an 
apolar (hexane) solvent suspension of the intermediate 
amide [{(PhCH2)2NK},I (13). The stoichiometric sol- 
vation present in 12 proved insufficient to render the 
compound arene-soluble, in contrast to what is often the 
case with organic derivatives of the smaller alkali 
metals; therefore, its solution lH NMR spectrum had 
to be run in polar C4DsO (THF-ds). 

All three alkali-metal cations (Li+, Na+, K+) can thus 
bring about the dibenzylamido - azaallyl transforma- 
tion. What does differ, of course, and why each alkali- 
metal system should be individually assessed, is the 
number of ligating centers required to enforce a mon- 
omeric state, given that we are dealing with homoleptic 
systems. This general point is exemplified here by the 
fact that one PMDETA ligand is adequate for Na+, 
whereas K+ needs two such ligands, in keeping with 
their relative sizes. Complex 12 was examined by X-ray 

C181 
Figure 6. Molecular structure of [{(PhCH2)2”a.TMEDA}21 
(3) with atomic labeling scheme. Hydrogen atoms have 
been omitted. 

Figure 7. Molecular structure of [{(PhCH2)2NLi*THF)21 
(7) with atomic labeling scheme. Hydrogen atoms have 
been omitted. 

diffraction, but an accurate structure could not be 
obtained due to poor crystal quality. However, it was 
possible to  make out its monomer (contact ion pair) 
arrangement and bis(PMDETA1 solvation. Aggregation 
would not have been expected in any event, given the 
precedent set by monomeric [[PhC(HPNnC(H)- 
Phl-K+.(18-crown-6)1, discussed earlier.14 The only 
structural aspect open to debate is whether the K+ 
center in 12 binds to both types of atoms in the C-N-C 
linkage, as found in the crown analogue, or whether it 
binds to the central N alone. Given the multiple nature 
of the C-N-C bonds and the close proximity of the C 
and N atoms therein, the former option is preferred. 

X-ray Crystallographic Studies. Three new crys- 
tal structures have been determined during the course 
of this work. Two of them, the sodium complex 
[{ (PhCH2)2NNa-TMEDA}21(3) and the lithium complex 
[{(PhCH2)2NLi*THF}2] (7), are discretely dimeric (Fig- 
ures 6 and 7, respectively), while the third, [{[(PhCH2)2- 
NLil~.(dioxane)},l, isolated as its toluene hemisolvate 
8, exists as a polymer made up of two distinct dimeric 
units (Figures 8 and 9). Here the difference in aggrega- 
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A) THF = dioxane ether (2.009 A). Clearly this 
trend is in keeping with the stereochemistries about the 
ligating 0 atoms, as HMPA is the least restricted, 
having an essentially linear P=O-Li linkage, and the 
cyclic ethers THF and dioxane are similar to each other 
in this regard, whereas the branched, acyclic nature of 
ether makes it the most sterically crowded. Benzyl- 
amido substituents are inherently flexible ligands, as 
regards the direction and tilt of their phenyl rings, but 
are relatively inflexible in the way they bridge to the 
metal centers in these dimeric rings. An exception is 
the endocycli,c MNM angle, which is mainly dictated 
by the relative size of the alkali metal M: the larger 
Na+ cation widens this by about 5-10' compared to that 
in the (NLi)2 rings (i.e., 82.56' for 3; cf. 76.96' for 7 and 
74.6 and 73.8' for 8). However, irrespective of the 
particular alkali metal attached, the anionic N atoms 
adopt four-coordinate, distorted-tetrahedral (mean bond 
angles 109.3, 108.9, and 107.8' in 3, 7, and 8, respec- 
tively) geometries, and the C-N-C bond angles are all 
similar (108.4, 109.5, and 109.8 (mean), respectively). 

The unique feature of 8 is its polymeric association. 
To link up the dimeric (NLi)2 units into infinite chains, 
the dioxane molecule adopts a chair conformation. Its 
four carbon atoms reside in a plane, while the two 
ligating oxygen atoms lie above and below this plane. 
The oxygen atoms have a three-coordinated distorted- 
triangular geometry. The 0(1), Li(l), C(l), and C(4) 
atoms are approximately coplanar, as are the 0(2), Li- 
(21, C(21, and C(3) atoms. Within these units the 
smallest bond angles occur inside the ether ring (C(4)O- 
(l)C(l), 110.3'; C(3)0(2)C(2), 110.4'; cf. 129.6, 119.1, 
128.7, and 119.2 for C(4)0(1)Li(l), C(l)O(l)Li(l), C(3)O- 
(2)Li(2), and C(2)0(2)Li(2), respectively). A similar 
pattern was recently observed in the alkylaluminum 
amide [(Me~Al[N(SiMe3)2l}~.(dioxane)l with an endocy- 
clic C-0-C angle of 111.4'.22 

Theoretical Calculations. Ab initio MO geometry 
opt iml~at ions~~ were performed at the SCF level using 
the 6-31G basis set.24 

Figure 5 shows the idealized conformations (trans,- 
trans; cis,trans; cis,cis) of the free 1,3-diphenyl-2- 
azaallyl anion. Simply by inspection, one would antici- 
pate the first- and third-named isomers to be the most 
and least stable, respectively, as a consequence of the 
relative proximities of their phenyl substituents. Cal- 
culations confirm this is the case. Being considerably 
distorted from the idealized geometry and having a 
relative energy over 18 kcal mol-' less favorable than 
that of the trans,trans isomer, the cis,cis isomer is 
clearly unrealistic and does not warrant further discus- 
sion. Intermediate in stability with a relative energy 
of 6.4 kcal mol-', the cis,trans optimized (C,) structure 
is planar, like its trans,trans (C2J counterpart. Both 
therefore closely resemble their idealized representa- 
tions in appearance. Delocalization is marginally more 

C1281 

Figure 8. Molecular structure of [([(PhCH&NLi]y- 
(dioxane)},l (8) in its toluene hemisolvate with atomic 
labeling scheme. 

tion state is due to the bifunctionality of l,Cdioxane, 
which facilitates its monodentate, bridging role. TME- 
DA can also assume this role, but it is more commonly 
found in a bidentate, terminal role as in 3. Table 1 
compares selected dimensions of the complexed (NM)2 
four-membered rings of 3,7, and 8. As is usual for aza- 
alkali-metal rings, they are rhomboidal with acute 
angles at N and obtuse angles at M, with the latter 
being greater for Li+ (103.04(12)' in 7; 105.8' (mean) 
in 8 )  than for Na+ (97.44(6)'). Due to crystallographic 
symmetry impositions, all these rings are strictly pla- 
nar. Buckling the ring as in the related monobenzyl 
amide [{PhCH2(Me)NNa*TMEDA}2110 causes only slight 
changes in its dimensions (i.e., N-Na bond length 
(mean) 2.37 A, cf. 2.40 A in 3; bond angle a t  N 80.8', 
cf. 82.4'; bond angle at Na 96.7', cf. 97.4'). Of greater 
significance is the closer, more symmetrical approach 
of TMEDA (N-Na bond lengths 2.496 and 2.511 A 
(mean 2.504 A), cf. 2.489 and 2.678 8, (mean 2.584 A) 
in 3) which signifies that the dibenzyl units sterically 
shield the Na+ cation more so than the benzyl methyl 
units. Four-coordinate overall, the Na+ cation occupies 
an extremely distorted tetrahedral site (range of 
NNaN angles 71-139', mean 110.2'). Not surprisingly, 
the smaller Li+ centers can only attain coordination 
numbers of 3 in their dimeric setups, bonding to a single 
monodentate 0 donor ligand. The Li+ geometries are 
pyramidal, but only marginally so, as evidenced by the 
sums of their bond angles (i.e., 356.7' in 7; 352.6 and 
358.9' in 8). There are no significant differences in the 
bond lengths involvin the Li+ centers (i.e., (mean) 
N-Li 2.043 and 1.983 1,O-Li 1.915 and 1.924 A, for 7 
and 8, respectively), and when these are compared with 
corresponding bond lengths in the previously reported 
ether and HMPA complexes of (dibenzylamido)lithium, 
the 0-Li bond lengths follow the order HMPA (1.850 

Figure 9. Polymeric chain structure of 8. 
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Table 1. Selected Dimensions of the Complexed ( N M ) 2  Four-Membered Rings of Compounds[{ (PhCH2)~dl'MEDA}21 (31, 
[((PhCHz)zNLi.THF>21 (7), and [EI(PhCH~)2NLilz~(dioxane)),l (8) 

3 7 8 

Li-N(l) 2.028(3) Li(1)-N(1) 1.939(7) 
Li-N(la) 2.058(3) Li(1)-N(1a) 2.037(7) 

Na-N(1) 2.397(2) 
Na-N(1a) 2.412(2) 

N-M (A) 

N-M-N(deg) N(1)-Na-N(1a) 97.44(6) 

M-N-M(deg) Na-N(1)-Na(a) 82.56(6) 

1 
1 s  

Figure 10. Ab initio structures of unsolvated (1,3-diphe- 
nyl-2-azaally1)sodium models. Here, and in Figures 11- 
14, short metal-carbon contacts are represented by broken 
lines. 

efficient in the trans,trans arrangement, as evidenced 
by the lower charge on the central N atom (-0.48 e, cf. 
-0.54 e). There are also differences, mostly minor, in 
bond lengths and bond angles, a significant example 
being the azaallyl C-N-C bond angle, which is wider 
(135.3", cf. 126.5") in the cis,trans structure to offset 
increased steric crowding. 

Calculations on the contact (anion-cation) pair struc- 
tures (cation = Na+ or Li+) are now discussed for each 
cation in turn. 
1. Sodium Models. The relative stabilities of the 

trans,trans and cis,trans conformations remain the 
same (energy difference 5.3 kcal mol-l) in the presence 
of the larger, more polarizable Na+ cation. Disruption 
of the pn-pn orbital overlap dominates here, a t  the 
expense of metal-anion bonding, for the preferred 
structure (14A) has (overall) longer and weaker, though 
more, Na+-anion interactions than 14B (Figure 10). In 
the former case, the anion hapticity is v7 (bond 
lengths: N-Na 2.248 A; C,-Na (x2), 2.964 A; Cipso- 
Na (x2),3.083 A; Cortho-Na (x2), 2.819 A), whereas in 
the latter case this decreases to v4 (N-Na, 2.271 A; Ca- 
Na, 2.595 A; Cipso-Na, 2.626 A; Codho-Na, 2.590 A) or 
r5 if the long Ca-Na contact (3.205 A) is included. Note 
that short metal.*.H(C) contacts present in these cal- 
culated structures are disregarded, as it is taken that 
the bonding is primarily metal-C based and that these 
short contacts arise because of the close attachment of 
the H atoms (which carry a positive charge!) to the C 
atoms. Other notable features of 14A are the small 
metal-anion incline (37.1") (i.e., the dihedral angle 
between the N-Na slope and the CNC plane), compared 
to 50.1" in the crystal structure of 2, and the perceptible 
tilt (19") of the phenyl rings out of the CNC plane 

(22)Her, T.-Y.; Chang, C.-C.; Lee, G.-H.; Peng, S.-M.; Wang, Y. 
Inorg. Chem. 1994, 33, 99. 

Li(2)-N(2) 1.978(7) 
Li(2)-N(2b) 1.978(7) 

N(1)-Li-N(la) 103.04(12) N(1)-Li(1)-N(1a) 105.4(3) 
N(2)-Li(2)-N(2b) 106.2(3) 

Li-N(1)-Li(1a) 76.96(12) Li( 1)-N(1)-Li( la) 74.6(3) 
Li(2)-N(2)-Li(2b) 73.8(3) 

.' 
A 

158 - 
Figure 11. Ab initio structures of monosolvated (1,3- 
diphenyl-2-azaally1)sodium models. 

toward the centrally disposed Na+ cation. Forcing the 
metal to lie in the same plane as the trans,trans anion 
(between Ph rings) results in a loss in stability of 13.3 
kcal mol-', advertising the N atom's preference for a 
pyramidal geometry over a planar one, in its interaction 
with the metal. 

Solvation is taken into consideration in models 15A 
and 15B (Figure 11) with each Naf cation solvated by 
a single ammonia molecule. Again, the trans,trans 
conformer is energetically preferred, by a similar margin 
(5.4 kcal mol-l). The energy gain on solvation is 21.0 
kcal mol-l, due to the formation of the N-Na dative 
bond (length 2.399 A; NNaN bond angle 155.9"). Cor- 
responding values for the cis,trans conformer are 20.8 
kcal mol-l, 2.404 A, and 132.8", respectively. The 
asymmetric anion in this structure (15B) binds to the 
solvated cation in a v4 arrangement (N-Na, 2.311 A; 
C,-Na, 2.628 A; Cipso-Na, 2.684 A; Cortho-Na, 2.675 A) 
or in a v5 arrangement if the long C,,-Na contact (3.203 
b) is included. In contrast, 15A displays a looser r7 
interaction (N-Na, 2.279 A; Ca-Na (~2),2.980 A; Cipso- 
Na ( ~ 2 1 ,  3.149 A; Cortho-Na (x2), 2.936 A), if the long 
ipso carbon-metal separations are included. Compari- 
son with 14A reveals that, as expected, solvation 
weakens and loosens the polyhapto anion-cation con- 
~~ ~~~~~ 

(23) Dupuis, M.; Spangler, D.; Wendolowski, J. NRCC Software 
Catalog; Vol. 1, Program No. QGOl (GAMESS), Daresbury, U.K. (b) 
Guest, M. F.; Fantucci, P.; Harrison, R. J.; Kendrick, J.; van Lenthe, 
J. H.; Schoeffel, K.; Sherwood, P. GAMESS-UK; CFS Ltd., 1993. 
(24) Hehre, W. J.; Ditchiield, R.; Pople, J. A. J .  C h e m  Phys. 1972, 

56, 2257. (b) Hariharan, P. C., Pople, J. A. Theor. Chim. Acta 1973, 
28, 213. 
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* T 

T 

2 
Figure 12. Ab initio structures of trisolvated sodium and 
lithium 1,3-diphenyl-2-azaallyl derivatives. 

tact pair, steepens the metal-anion incline (to 41.0'1, 
and reduces the tilt of the phenyl rings (to 16"). 

Model 16 (Figure 12), the tris(ammonia)-solvated 
trans,trans sodium complex, provides the closest anal- 
ogy to the crystal structure of the PMDETA solvate 2. 
However, the three model monodentate ligands are 
clearly more efficient at solvating, and are more com- 
pactly organized about, the metal center than the sole 
tridentate ligand. This is reflected in a substantial 
elongation of the (anion) N-Na bond (length 2.501 A; 
cf. 2.384 A in Zl7> and an exaggerated metal-anion 
incline (77.8"; cf. 50.1" in 2). Rarely can the actual 
solvating ligands used in the synthetic experiments be 
considered theoretically, as the number of atomic orbit- 
als usually has to be restricted in a calculated structure 
(since NH3 or H2O molecules have fewer, they are often 
used to simulate the solvent molecules); therefore, such 
difTerences between real and theoretical solvates are to 
be expected. On account of the extra solvation in 16, 
the tilt of the phenyl rings (8.2") becomes less significant 
compared to that in 15A. 

2. Lithium Models. The experimental survey im- 
plied that there is an approximately equal chance of the 
2-azaallyl anion adopting either the trans,trans or 
unknown form when it is in contact with the smaller, 
less polarizable Li+ cation in the absence of solvation. 
On the other hand, the trans,trans conformer forms 
exclusively with Na+. At the simplest level, this sug- 
gests that in the latter case the contact ion pair is loose, 
effectively approaching the "free" anion, whereas in the 
former case, the contact ion pair is much tighter to the 
extent that the metal ion now exerts a much greater 
influence on the stability of the anion. Hence, in effect, 
the close attachment of the Li+ cation reduces the 
energetic preference for the trans,trans conformation 
over other possible conformations. The relative energies 
of the calculated structures strongly support this idea. 
Model 17A, the trans,trans Li (C,) structure, is more 
stable than 17B, the cis,trans ((21) counterpart, but by 
a mere 1.7 kcal (Figure 13). This is in contrast with 
the much larger differentials of 6.4 and 5.3 kcal found 
for the free anion and Na+ complex analogs, respec- 
tively. Interestingly, however, model 17A is not the 
most stable arrangement. Model 17C (Figure 131, 
another trans,trans structure but an asymmetrical one 

17c 
Figure 13. Ab initio structures of unsolvated (1,3-diphe- 
nyl-2-azaally1)lithium models. 

with the Li+ cation oriented toward, and thus strongly 
interacting with, one side of the anion, has the lowest 
energy of all, 1.9 kcal more favorable than 17A. This 
Li+ cation makes four short contacts (to N, 1.944 A; to 

the shortest contact to the remote side of the anion being 
considerably longer (C,, 3.048 A). In relation to the 
CNC plane, the metal is inclined at an angle of 31.9". 

On monosolvation, the energy gap between the C, 
trans,trans structure (la) and cis,trans (18B) minima 
(Figure 14) increases (to 2.9 kcal), but not significantly 
so. In the favored structure (MA) the anion assumes a 

mode toward the metal (bond lengths: to N, 1.955 d to C,, Cat, 2.738 A; to Codo, Codo,, 2.693 A; to Cipso, 
Cipso', 2.932 A), which is inclined at  an angle of 29.1" 
toward the CNC plane. As in the analogous Na model 
(15A), the phenyl rings tilt out of this plane in the 
direction of the metal center, a t  an angle of 20". 
Solvation in 18A provides an additional stability of 27.5 
kcal mol-l when compared against the unsolvated 
analog 17A, due to the formation of the (ammonia) N-Li 
bond (length 2.031 A). Significantly, however, as in the 
unsolvated series 17A-C, again the lowest minimum 
of all (by 1.4 kcal mol-l; cf. 18A) is an asymmetric 
variant of the trans,trans structure (18C, Figure 14) in 
which the lithium coordination is biased toward one side 
of the anion. The Li+ cation interacts strongly with the 
(anionic) N (1.985 A), Ca (2.269 A), Cipso (2.354 A), and 
Codo (2.357 A) as well as with NH3 (N-Li, 2.036 A), 
while the nearest C (C,,) of the remote side of the anion 
lies 3.035 A away from the metal. As a result, the C-N 
bonds of the central CNC unit (bond angle 127.3") are 
inequivalent, being 1.361 and 1.290 k The longer bond 
involves the C, atom strongly attached to the Li+ center. 
Lying 36.6" out of the CNC plane, the Li+ center's 
attraction for one side of the anion can be gauged by a 
comparison of the CaNLi and Ca*NLi bond angles, which 
are 83.2 and 134.7", respectively. It is significant that 

Ca, 2.163 A; to Cipso, 2.250 A; to Coda, 2.265 A) with 
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. 
1 4  

4 

i 

.L i 

Figure 14. Ab initio structures of monosolvated (1,3- 
diphenyl-2-azaally1)lithium models. 

this asymmetrical bridging is exclusive to Li; cor- 
responding Na models when freely optimized always 
reverted to the C, trans,trans arrangements (e.g., 14A 
and 15A). To convert a trans,trans structure to a cis,- 
trans alternative requires rotation of one of the PhC- 
(H) units about the N-C axis. With Li having two 
inequivalent N-C "axes" in 18C, the implication is that 
there will be two distinct energy barriers, depending on 
which PhC(H) unit (metal coordinated or metal nonco- 
ordinated) is rotated, i.e., a lower and a higher one. 
Irrespective of which half of the anion is involved, 
rotation should be distinctly easier than in the Na 
structure, where both PhC(H) units would have the 
same energy barrier to rotation because of the sym- 
metrical nature of the CNC metal bridge. Hence, it 
should be easier to form the two conformers (the trans,- 
trans and cis,trans) in the Li case, though whether the 
cis,trans species is produced in the synthetic experi- 
ments is still open to debate. 

The tris(ammonia1 solvate 19 (Figure 12) provides 
some indication of the likely structure of the crystalline 
trans,trans Li PMDETA solvate 11A, for which no 
crystal structure is available. It also enables a com- 
parison to be made with 16, from which the influence 
of the identity of the metal cation (Li+ or Na+) in the 
structure can be ascertained. In both cases, the am- 
monia ligands form shorter bonds to the metal cation 
(2.11912.129 A in 19; 2.45912.470 A in 16) than do the 
central nitrogen atoms of the CNC linkages (2.327 A in 
19; 2.501 A in 16). Solvation by PMDETA would not 
be as efficient as that achieved by the less sterically 
inhibited ammonia molecules. Therefore, the cation- 
anion separations are overestimated in the calculated 
structures (by approximately 5%, when the (anion) 
N-Na bond length in 16 is compared with that in 
crystalline 2 (2.384 A)). Size dictates that Li+ cations 
are more strongly solvated than Na+ cations. Here, the 

respective total enthalpies of solvation are 57.7 and 50.6 
kcal mol-', which corresponds to 19.2 and 16.9 kcal 
mol-l, respectively, per ammonia molecule. Geometri- 
cally, the complexes are very similar in the vicinity of 
the cation-anion attachment. For 19, the cation-anion 
inclination angle is 77.9", the CNC bond angle is 127.2", 
and the tilt of the phenyl rings toward the cation is 9.0". 
Corresponding dimensions in 16 are 77.8, 127.7, and 
8.2", respectively. This finding is consistent with the 
experimental NMR data of the lithium (11A) and 
sodium (2) complexes, which give essentially identical 
lH spectra. The similarity extends to the anion hap- 
ticity (q3) ,  as aside from the central N, the cations 
interact with the pair of equivalent C, atoms (bond 
lengths: for Li+, 2.780 A; for Na+, 2.934 A) but not with 
the Cortho atoms, which lie 3.758 and 3.783 A away, 
respectively. However, in reality, these latter atoms lie 
significantly closer to the metal center (e.g., 3.133 A in 
the crystalline Na+ complex 21, due to the poorer 
solvating power of the sterically bulkier PMDETA 
ligand. 

The conclusion of this theoretical part of the study is 
that it is the tightness of the metal-anion contact pair 
(greater for Li+ than Na+) and, linked to this, the ability 
of the stronger interacting metal center to lean toward 
one particular side of the anion, which offers the 
possibility of a second stable anion conformation in 
addition to the symmetrical trans,trans one-the pre- 
ferred choice in the absence of a metal cation. 

Experimental Section 
All manipulations were carried out under an argon atmo- 

sphere using standard Schlenk techniques. Solvents were 
distilled from an appropriate drying agent prior to  use. All 
chemicals were obtained from Aldrich with the exception of 
BunNaZ5 and Bu"K,~~ which were synthesized according to 
reported methods. lH and 13C NMR spectra were recorded on 
a Bruker AMX400 spectrometer operating at 400 and 100.6 
MHz, respectively. Products 1-13 were all shown to  be air- 
and moisture-sensitive but were stable (with the exception of 
9) indefinitely when stored under argon. Notably, the product 
yields reported are first-batch figures (based upon consumption 
of the starting metalating reagent) with a view to  obtaining 
single crystals suitable for X-ray diffraction and are not 
optimized. 

Preparation of [{ (PhCH&NNa),l (1). Dibenzylamine 
(1.92 mL, 10 mmol) was added dropwise to  a chilled, stirred 
suspension of BunNa (0.80 g, 10 mmol) in hexane (-8 mL). 
Warming to room temperature deposited a red solid, which 
was washed with chilled hexane and dried in vacuo. Yield: 
1.71 g, 78%. Mp: 89-91 "C to a dichroic melt. Anal. Calcd 
for C14HIdNNa: C, 76.7; H, 6.4; N, 6.5; Na, 10.5. Found: C, 
75.8; H, 6.3; N, 6.8; Na, 10.9. lH NMR (benzene-&, 25 "C) in 
ppm: 6 7.29-7.07 (m, 0-, m - ,  p -H,  lOH), 3.67 (s, PhCHz, 4H). 

Preparation of t{tPhC(H)~N.-.C(H)Phl-Na+.PMDE- 
TA)] (2). Freshly prepared 1 (2.19 g, 10 mmol) was stirred 
in hexane (-8 mL). Dropwise addition of PMDETA (2.08 mL, 
10 mmol) and toluene (-5 mL) completely dissolved the red 
precipitate with gentle heating. Cooling the deep purple 
solution to room temperature afforded a large crop of red-green 
dichroic needles which were washed with chilled toluene and 
dried in vacuo. Yield: 1.76 g, 45%. Mp: 169 "C to a dichroic 
melt. Anal. Calcd for C&3&": C, 70.8; H, 9.0; N, 14.4; 
Na, 5.9. Found: C, 71.1; H, 8.6; N, 13.9; Na, 5.9. lH NMR 
(THF-ds, 25 "C) in ppm: 6 7.04 (br s, 0-H,  4H), 6.95 (t, m - H ,  
4H), 6.79 (s, PhCH, 2H), 6.34 (t, p-H, 2H); PMDETA signals 
2.53 and 2.45 (t, NCH2, 4H), 2.31 (s, NCH3, 12H), 2.24 (s, 

(25) Lochmann, L.; Pospisil, J.; Lim, D. Tetrahedron Lett. 1966,2, 

(26) Lochmann, L.; Lim, D. J. Organomet. Chem. 1971, 28, 153. 
257. 
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Alkali-Metal Chemistry of Di benzylamine 

NCH3,3H). 13C NMR (THF-ds, 25 "C) in ppm: 6 144.27 (ipso- 
C), 127.91 (m-C), 117.50 (0-0, 114.35 (PhCH), 110.06 @-C); 
PMDETA signals 57.42 and 55.48 (CHd, 44.76 (CH3, terminal), 
41.94 (CH3, central). 

Preparation of [{ (PhCH2)2NNaTMEDA}al(3). Freshly 
prepared 1 (2.19 g, 10 mmol) was stirred in hexane (-8 mL). 
Dropwise addition of TMEDA (1.51 mL, 10 mmol) and toluene 
(-1 mL) with gentle heating completely dissolved the red 
precipitate. Cooling the red solution to  room temperature 
afforded a large crop of red crystals which were washed with 
chilled toluene and dried in vacuo. Yield 1.41 g, 42%. Mp: 
83-84 "C to a red liquid. Anal. Calcd for C~oH30N3Na: C, 
71.6; H, 9.0; N, 12.5; Na, 6.9. Found: C, 74.3; H, 8.4; N, 11.9; 
Na, 7.5. lH NMR (benzene-&, 25 "C) in ppm: 6 7.44 (d, 0-H, 
4H), 7.31 (t, m-H, 4H), 7.15 (t, p-H,  2H), 4.48 (br s, PhCH2, 
4H); TMEDA signals 1.93 (s, CHZN, 4H), 1.83 (5, NCH3, 12H). 
13C NMR (benzene-&, 25 "c) in ppm: 6 149.50 (ipso-c), 128.39 
(0-C), 128.03 (m-C), 125.46 (p-C), 62.77 (PhCHz); TMEDA 
signals 57.48 (CHz) ,  45.45 (CH3) .  

Preparation of [ [{ PhC (H)nNW (H)Phl-Na+*TMEDA. 
THF}] (4). Freshly prepared 1 (2.19 g, 10 "01) was stirred 
in hexane (-8 mL). Dropwise addition of TMEDA (1.51 mL, 
10 mmol) and THF (0.8 mL, 10 mmol) completely dissolved 
the red precipitate with gentle warming. Cooling the deep 
purple solution to room temperature afforded a large crop of 
red-green dichroic crystals which were washed with chilled 
toluene and dried in vacuo. Yield: 1.86 g, 46%. Mp: 120- 
122 "C to a dichroic melt. Anal. Calcd for C~H36N30Na: C, 
71.1; H, 8.9; N, 10.4; Na, 5.7. Found: C, 71.0; H, 7.8; N, 4.3; 
Na, 6.1. IH NMR (THF-ds, 25 "C) in ppm: 6 6.81 (br s, 0-H, 
4H), 6.78 (t, m-H, 4H), 6.64 (s, PhCH, 2H), 6.18 (t, p-H,  2H); 
TMEDA signals 2.29 (8, CHzN, 4H), 2.12 (8, NCH3,12H); THF 
signals 3.60 (m, a-CH2, 4H), 1.75 (m, B-CHz, 4H). 13C NMR 
(THF-ds, 25 "C) in ppm: 6 145.47 (ipso-C), 129.16 (m-C), 
118.76 (0-C), 115.54 (PhCH), 111.43 (p-C); TMEDA signals 
58.84 (CHz), 46.24 (CH3); THF signals 68.38 (a-CHd, 26.50 

Preparation of [{ (P~CH~)~WWTHF'}~I (5). Freshly 
prepared 1 (2.19 g, 10 mmol) was stirred in hexane (-8 mL). 
Dropwise addition of THF (1.60 mL, 20 mmol) completely 
dissolved the red precipitate with gentle heating. Cooling the 
dark red solution to room temperature afforded a large crop 
of red crystals which were washed with chilled toluene and 
dried in vacuo. Yield: 1.19 g, 41%. Mp: 78-80 "C to a 
dichroic melt. Anal. Calcd for ClsH22NONa: C, 74.2; H, 7.6; 
N, 4.8; Na, 7.9. Found: C, 73.9; H, 7.3; N, 4.9; Na, 8.2. lH 
NMR (THF-&,25 "C) in ppm: 6 7.23-7.16 (m, 0-, m-H, 8H), 
7.04 (t, p-H,  2H), 3.96 (9, PhCH2, 4H); THF signals 3.63 (m, 
a-CH2, 4H), 1.77 (m, B-CH2, 4H). 13C NMR (THF-de, 25 "C) 
in ppm: 6 149.93 (ipso-C), 128.78 (0-C), 128.41 (m-C), 125.42 @- 
C), 63.51 (PhCH2); THF signals 63.38 (a-CHz), 26.49 (B-CHz). 

Preparation of [ { [PhC (H)nN-C (H)Phl-Na+*3THF} 1 
(6). Freshly prepared 1 (2.19 g, 10 mmol) was stirred in hexane 
(-8 mL). Dropwise addition of excess THF (2.4 mL, 30 mmol) 
completely dissolved the red precipitate with gentle heating. 
Cooling the deep purple solution to  3 "C for 24 h afforded a 
large crop of red-green dichroic crystals which were washed 
with chilled toluene and dried in vacuo. Yield: 2.13 g, 49%. 
Mp: 62-64 "C to a dichroic melt. Anal. Calcd for C26H3803- 
Na: C, 72.1; H, 8.3; N, 3.2; Na, 5.3. Found C, 71.0; H, 6.4; 
N, 3.3; Na, 5.0. IH NMR (THF-de, 25 "C) in ppm: 6 6.88 (br 
s, 0-H, 4H), 6.79 (t, m-H, 4H), 6.34 (s, PhCH, 2H), 6.18 (t,p-H, 
2H); THF signals 3.60 (m, a-CH2, 4H), 1.77 (m, P-CHZ, 4H). 
13C NMR (THF-ds, 25 "C) in ppm: 6 145.49 (ipso-C), 129.12 
(m-C), 121.66 (0-C), 115.50 (PhCH), 111.40 (p-C); THF signals 
63.38 (a-CHd, 26.49 (P-CHZ). 

Preparation of [{ (PhCH&NLi*THF)al (7). Dibenzyl- 
amine (1.92 mL, 10 mmol) was added dropwise to a chilled, 
stirred solution of BunLi (10 mmol in hexane, 6.9 mL of a 1.45 
M solution), which resulted in the formation of a pink solid. 
Addition of THF (8 mL, 100 mmol) completely dissolved the 
pink precipitate with gentle heating. Cooling the red soluti- 
on to ambient temperature afforded a large crop of pink crystals 

(B-CHd. 
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which were washed with chilled THF and dried in vacuo. 
Yield: 1.84 g, 67%. Mp: 135-137 "C to a red liquid. Anal. 
Calcd for ClsH22NOLi: C, 78.6; H, 8.0; N, 5.1; Li, 2.6. Found: 
C, 78.6; H, 7.8; N, 6.1; Li, 2.3. IH NMR (THF-de, 25 "C) in 
ppm: 6 7.31-6.97 (m, 0-, m-, p-H, lOH), 3.71 (6 ,  PhCH2,4H); 
THF signals 3.63 (m, a-CH2, 4H), 1.77 (m, B-CHz, 4H). 13C 
NMR (THF-ds, 25 "C) in ppm: 6 148.50 (ipso-C), 129.22 (0-0, 
128.47 (m-C), 125.80 (p-C), 61.88 (PhCH2); THF signals 68.29 
(a-CHZ), 26.43 (P-CHz). 

Preparation of [{ [(PhCH2)2NLil2*(dioxane)}J (8). Di- 
benzylamine (1.92 mL, 10 mmol) was added dropwise to a 
chilled, stirred solution of BunLi (10 mmol in hexane, 6.9 mL 
of a 1.45 M solution), which resulted in the formation of a pink 
solid. Dropwise addition of 1,Cdioxane (0.43 mL, 5 mmol) 
resulted in the formation of a red solid. Single crystals (red) 
were obtained by preparing 8 (in its toluene hemisolvate form) 
on a 1 mmol scale in 30 mL of toluene, heating to 100 "C, and 
cooling to room temperature over several hours. Both crystals 
and solid gave identical analyses. Yield: 0.26 g, 52% (crystals). 
Mp: >360 "C. Crystals do not melt below this temperature 
but turn from red to white above 250 "C. Anal. Calcd for 
C32H&202Li: C, 77.7; H, 7.3; N, 5.7; Li, 2.8. Found: C, 79.0; 
H, 6.2; N, 5.8; Li, 2.9. 'H NMR (THF-&, 25 "C) in ppm: 6 
7.19-7.04 (m, 0-, m-,p-H, 20H), 3.62 (6, PhCH2,8H); dioxane 
signal 3.56 (s,OCH2, 8H); toluene signals 7.13 (m, 0-, m-,p-H, 
5H), 2.31 (5, PhCH3, 3H). Integration indicates variable 
amounts of toluene in crystals, as this is easily lost when the 
product is dried in vacuo. 13C NMR (THF-de, 25 "C) in ppm: 
6 148.51 (ipso-C), 129.22 (0-C), 128.47 (m-C), 125.79 (p-C), 
61.67 (PhCH2); dioxane signal 67.87 (OCH2); toluene signals 
138.27 (ipso-C), 129.62 (0-C), 128.90 (m-C), 126.03 (p-C), 21.51 
(PhCH3). 

Preparation of [{ (PhCHdzNLi*2dioxane),1 (9). Diben- 
zylamine (1.92 mL, 10 mmol) was added dropwise to a chilled, 
stirred solution of BunLi (10 mmol in hexane, 6.9 mL of a 1.45 
M solution). Dropwise addition of excess 1,4-dioxane (8.5 mL, 
100 mmol) and toluene (-10 mL) completely dissolved the 
precipitate with gentle warming. Cooling the purple solution 
to  room temperature afforded a large crop of pink crystalline 
flakes which were washed with chilled toluene and dried in 
vacuo. Yield: 2.16 g, 57%. Mp: 86-88 "C to a red liquid. 
Anal. Calcd for C22H30N04Li: C, 69.7; H, 7.9; N, 3.7; Li, 1.9. 
Found C, 70.0; H, 7.6; N, 4.3; Li, 1.7. 'H NMR (THF-ds, 25 
"C) in ppm: 6 7.16-7.09 (m, 0-, m-,p-H, lOH), 3.58 (8, PhCH2, 
4H); dioxane signal 3.56 (8, OCH2, 16H). 13C NMR (THF-de, 
25 "C) in ppm: 6 148.49 (ipso-C), 129.22 (0-C), 128.48 (m-C), 
125.81 (p-C), 61.68 (PhCHZ); dioxane signal 67.88 (OCH2). 
Notably, 9 was stable only for a few days under argon before 
converting into a pink oil, although the oil retains the 
analytical makeup. 

Preparation of [{ [(PhCH2)aNLilz.TMEDA},,l (10). Diben- 
zylamine (1.92 mL, 10 mmol) was added dropwise to a chilled, 
stirred solution of BunLi (10 mmol in hexane, 6.9 mL of a 1.45 
M solution), which resulted in the formation of a pink 
precipitate. Dropwise addition of TMEDA (1.51 mL, 10 "01) 
and toluene (-15 mL) completely dissolved the pink solid on 
gentle heating. Cooling the red solution to room temperature 
afforded a large crop of red crystals which were washed with 
chilled toluene and dried in vacuo. Yield: 2.56 g, 49%. Mp: 
117-119 "C to a red liquid. Anal. Calcd for C34Hd4Li~: C, 
78.2; H, 8.4; N, 10.7; Li, 2.7. Found: C, 78.9; H, 8.6; N, 7.3; 
Li, 2.9. lH NMR (THF-ds, 25 "C) in ppm: 6 7.18-7.03 (m, 0-,  

m-, p-H,  20H), 3.59 (8, PhCH2, 8H); TMEDA signals 2.32 (br 
s, CH2N, 4H), 2.17 (br s, NCH3, 12H). I3C NMR (THF-ds, 25 
"C) in ppm: 6 148.50 (ipso-C), 129.22 (0-C), 128.47 (m-C), 
125.80 (p-C), 61.78 (PhCH2); TMEDA signals 59.10 (CHZ), 

Preparation of [{ [PhC(H)-NmC (H)Phl-Li+.PMDET- 
A},,] (11). Dibenzylamine (1.92 mL, 10 "01) was added drop- 
wise to a chilled, stirred solution of BunLi (10 mmol in hexane, 
6.9 mL of a 1.45 M solution), which resulted in the precipita- 
tion of a pink solid. Dropwise addition of PMDETA (2.08 mL, 
10 mmol) completely dissolved the pink solid. Cooling the deep 

46.36 (CH3). 
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Table 2. Structure Determination Summary 
3 I 8 

formula CaoHnaN$rlaz CdUizNzOz  C~ZH~~L~ZNZOZQSC~HB 
color, habit 
cryst size (mm) 
cryst syst 
space group 
a (A) 
b (A) 
c (A) 
a (de& 
B (deg) 
Y (deg) 
v (A3) 
Z 
fw 
density (calcd) (g/cm3) 
abs coeff (mm-') 
WW 
temp (K) 
28 range (deg) 
max indices hkl 
no. of rflns collected 
no. of indep rflns 
weighting parameters a, b 
no. of params refined 
R, (all data) 
R (obsd data) 
goodness of fit 
max, min electron dens (&A3) 

redprism 
0.58 x 0.54 x 0.52 
trislinic 
P1 
9.674(3) 
11.183(3) 
11.373(3) 
114.02(2) 
111.952(8) 
91.339(14) 
1019.7(5) 
1 
670.92 
1.093 
0.083 
364 
240 
4-50 
11,13,13 
7103 
3604 
0.0811, 0.1390 
222 
0.1668 
0.0546 (2162) 
1.059 
+0.20, -0.23 

purple solution to room temperature afforded a large crop of 
microcrystalline product (purple-red crystals speckled with 
dichroic flakes) which was washed with chilled toluene and 
dried in vacuo. Yield: 1.23 g, 33%. Mp: 112-114 "C to a 
dichroic melt. Anal. Calcd for CZ~HWN~L~: C, 73.8; H, 9.4; 
N, 15.0; Li, 1.9. Found: C, 69.5; H, 9.9; N, 15.9; Li, 1.9. 'H 
NMR (THF-de, 40 "C) in ppm: 6 7.80-7.06 (m, 0-, m-, p-H 
and PhCH, 12H), 6.93-6.84 (br s, 0-H, 4H), 6.68 (t, m-H, 4H), 
6.50 (s, PhCH, 2H), 6.03 (t, p-H, 2H); PMDETA signals 2.35 

24H). 
Preparation of [{ [PhC(H)nN<(H)Phl-Kf.2PMDET- 

A}.] (12). Dibenzylamine (1.92 mL, 10 mmol) was added 
dropwise to  a chilled, stirred suspension of Bu"K (0.96 g, 10 
mmol) in hexane (-8 mL), which resulted in the precipitation 
of a purple solid. Dropwise addition of PMDETA (4.16 mL, 
20 mmol) and toluene (-5 mL) completely dissolved the purple 
solid with gentle heating. Cooling the purple solution to room 
temperature afforded a large crop of red-green dichroic needles 
which were washed with chilled toluene and dried in vacuo. 
Yield: 1.62 g, 40%. Mp: 132-133 "C to a dichroic melt. Anal. 
Calcd for C ~ ~ H ~ E N ~ K :  C, 66.3; H, 10.0; N, 16.9; K, 6.7. 
Found: C, 66.0; H, 9.3; N, 12.8; K, 5.3. 'H N M B  (THF-de, 25 
"C) in ppm: 6 7.06 (br s, 0-H, 4H), 6.94 (t, m-H, 4H), 6.73 (s, 
PhCH, 2H), 6.31 (t,p-H, 2H); PMDETA signals 2.58 and 2.47 

NMR (THF-de, 25 "C) in ppm: 6 144.32 (ipso-C), 127.77 (m- 

signals 57.61 and 56.10 (CHZ), 44.95 (CH3 terminal), 42.01 
( C H 3  central). 

Preparation of [{ (PhCHa)&K)nl (13). Dibenzylamine 
(1.92 mL, 10 mmol) was added dropwise to a chilled stirred 
suspension of BunK (0.96 g, 10 mmol) in hexane (-8 mL), 
which resulted in the formation of a purple solid. This  was 
washed with chilled toluene and dried in vacuo. Yield: 2.02 
g, 86%. Mp: 266-268 "C to a dichroic melt. Anal. Calcd for 

H, 6.8; N, 6.0; K, 15.5. 'H NMR (benzene-&, 25 "C) in ppm: 
6 7.27-7.00 (m, 0-, m-, p-H, lOH), 3.57 (s, PhCHz, 4H). 

X-ray Crystallography. All measurements were made at  
reduced temperatures on a Stoe-Siemens difiactometer with 

and 2.27 (dm, CHzCHz, 8H), 2.13 (8 ,  NCH3,6H), 2.10 (9, NCH3, 

(t, NCH2, SH), 2.36 (9, NCH3, 6H), 2.31 (8 ,  NCH3, 24H). 

C), 117.56 (0-C), 113.82 @-C), 109.61 (PhCH); PMDETA 

I3C 

C14HiSK. C, 71.5; H, 6.0; N, 6.0; K, 16.6. Found: C, 72.0; 

red prism 
0.69 x 0.69 x 0.65 
monoclinic 
P211c 
10.454(2) 
17.534(3) 
8.930(2) 
90 
102.01(3) 
90 
1601.1(5) 
2 
550.61 
1.142 
0.069 
592 
160 
5-50 
12,20,10 
4399 
2820 
0.0419,0.5645 
209 
0.1392 
0.0477 (2335) 
1.062 
+0.25, -0.21 

red prism 
0.30 x 0.20 x 0 
tr&linic 
P1 
8.910(6) 
13.677(9) 
14.888(10) 
65.69(4) 
78.31(4) 
80.27(3) 
1612(2) 
2 
540.58 
1.114 
0.067 
578 
200 
5-50 
10,16,17 
6703 
5703 
0.0759, 1.6585 
391 
0.2501 
0.0604 (2809) 
1.039 
+0.24, -0.20 

.20 

Table 3. Atomic Coordinates (x 104) and Equivalent 
Isotropic Displacement Parametee (Az x loJ) for 3 

X Y Z We9) 

&75.2( 10) 
3738(2) 
2996(2) 
4440(3) 
3882(3) 
546 l(3) 
5854(3) 
7264(4) 
834 l(4) 
7994(3) 
6566(3) 
2 126(3) 
1375(3) 
236(3) 

-382(4) 
114(4) 

12 16(4) 
1844( 3) 
4045(4) 
1640(4) 
2562(4) 
3799(4) 
3341(4) 
5755(4) 

6216.2(9) 
5129(2) 
7018(2) 
8796(2) 
5636(2) 
6360(2) 
6533(3) 
7202(3) 
7743(3) 
7590(3) 
6904(3) 
46 13(2) 
3409(2) 
3452(3) 
2357(4) 
1195(4) 
1116(3) 
22 16(3) 
7231(3) 
6051(4) 
8266(3) 
9267(3) 
8564(3) 
9810(3) 

5947.3(9) 
3437(2) 
7398(2) 
6587(2) 
2503(2) 
2950(2) 
1960(3) 
23 15(4) 
3700(4) 
4701(3) 
4328(3) 
2946(3) 
1497(3) 
358(3) 

-969(3) 
-1 176(4) 

-46(4) 
1269(3) 
8796( 3) 
69 12(4) 
7403(4) 
7637(3) 
5184(3) 
7054(4) 

48.1(3) 
45.2(5) 
54.7(6) 
61.8(6) 
50.5(6) 
48.2(6) 
63.9(7) 
78.3(9) 
80.5(9) 
73.0(8) 
60.6(7) 
51.8(6) 
48.5(6) 
69.3(8) 
89.2( 10) 
84.4( 10) 
89.1(11) 
7 4 3 9 )  
85.8( 10) 
97.4( 12) 
82.8( 10) 
80.2( 10) 
86.6( 10) 
92.2( 11) 

a U ( q )  is defined as one-third of the trace of the orthogonalized Uo 
tensor. 

graphite-monochromated Mo Ka radiation (1 = 0.710 73 A) 
and a Cryostream c00ler.2~ Crystallographic data are in Table 
2. Cell parameters were refined in each case from 28 values 
(20-25") of 32 reflections measured at  fw to minimize 
systematic errors. Intensities were measured with o/8 scans 
and an on-line profile fitting procedure.2e No significant 
variation was observed for selected standard reflections moni- 
tored at  regular intervals. No corrections were applied for 
absorption; extinction effects were also found to be negligible. 

The structures were solved by automatic direct methods and 
refined by least-squares on F values, all measured data being 
used. Disorder was successfully modeled for the THF ligands 
of7 and the toluene solvent in 8. Hydrogen atoms were included 

(27) Cosier, J.; Glazer, A. M. J. Appl. Crystallogr. 1986, 19, 105. 
(28) Clegg, W. Acta Crystallogr., Sect. A 1981, 37, 22. 
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Alkali-Metal Chemistry of Dibenzylamine 

Table 4. Selected Bond Lengths (A) and Angles (deg) for 3” 
Na-N(l) 2.397(2) Na-N(1a) 2.412(2) 
Na-N(2) 2.489(2) Na-N(3) 2.678(2) 

N(1)-Na-N(1a) 97.44(6) N(l)-Na-N(2) 132.53(8) 
N(la)-Na-N(2) 116.65(7) N(l)-Na-N(3) 104.82(7) 
N(la)-Na-N(3) 138.64(9) N(2)-Na-N(3) 7 1.26(7) 
C(l)-N(l)-C(2) 107.8(2) C(1)-N(1)-Na 130.9(2) 
C(2)-N( 1)-Na 99.82(13) C(1)-N(1)-Na(a) 116.27(14) 
C(2)-N(l)-Na(a) 118.2(2) Na-N(1)-Na(a) 82.56(6) 
C(3)-N(2)-C(4) 109.3(3) C(3)-N(2)-C(5) 11 1.4(2) 
C(4)-N(2)-C(5) 109.2(2) C(3)-N(2)-Na 103.8(2) 
C(4)-N(2)-Na 113.3(2) C(5)-N(2)-Na 109.9(2) 
C(S)-N(3)-C(7) 109.1(3) C(8)-N(3)-C(6) 108.2(2) 
C(7)-N(3)-C(6) 112.1(3) C(8)-N(3)-Na 124.9(2) 
C(7) - N( 3) - Na 96.2(2) C(6)-N(3)-Na 105.9(2) 

Symmetry transformation used to generate equivalent atoms: (a) -x  

Table 5. Atomic Coordinates (x  104) and Equivalent 
Isotropic Displacement Parametersa (A2 x 103) for 7 

+ 1, -y + 1, -z + 1. 
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Table 7. Atomic Coordinates (x  lo4) and Equivalent 
Isotropic Displacement ParameteH (A2 x 1oJ) for 8 

X Y z Wes) 

X Y Z U(es) 

Li 4026(3) 10296.7(13) 430(3) 31.4(5) 
NU) 4733.5(13) 9221.8(7) 818(2) 35.9(3) 
C(11) 3894(2) 8585.9(9) 179(2) 3934)  
C(111) 2683(2) 8472.1(8) 841(2) 33.8(4) 
C(112) 1596(2) 8940.7(9) 403(2) 41.5(4) 
C(113) 494(2) 8851.2(10) 1009(2) 46.8(5) 
C(114) 449(2) 8284.5(11) 2080(2) 46.3(5) 
C(115) 1518(2) 7814.8(10) 2530(2) 44.9(4) 
C(116) 2621(2) 7906.3(9) 1922(2) 38.9(4) 
C(12) 5296(2) 9071.3(9) 2416(2) 37.6(4) 
C(121) 6331(2) 9658.5(9) 3026(2) 34.4(4) 
C(122) 6031(2) 10330.1(9) 3716(2) 39.2(4) 
C(123) 6983(2) 10871.1( 10) 4254(2) 46.6(5) 
C(124) 8262(2) 10751.1(11) 4106(2) 49.2(5) 
C(125) 8576(2) 10093.9(12) 3416(2) 48.7(5) 
C(126) 7619(2) 9556.0(10) 2872(2) 41.4(4) 
0 2949.1(13) 10910.6(7) 1442(2) 50.3(4) 
C(1) 2186(2) 10717.1(11) 2549(3) 49.9(5) 
C(2) 1911(3) 11443(2) 3290(4) 85.7(9) 
C(3) 2879(7) 11944(3) 3076( 11) 73(2) 
C(4) 2995( 19) 11760(13) 1491(28) 77(5) 
C(3A) 2237(7) 12070(2) 2144(9) 57(2) 
C(4A) 3308(19) 11688( 12) 1476(29) 68(3) 

U(eq) is defined as one-third of the trace of the orthogonalized Uij 
tensor. 

Table 6. Selected Bond Lengths (A) and Angles (deg) for 7“ 
Li-0 1.915(3) Li - N( 1) 2.028(3) 
Li-N( la) 2.058(3) 

0-Li-N( 1) 132.13(14) 0-Li-N(1a) 121.56( 13) 
N(1)-Li-N(1a) 103.04(12) C(l2)-N(l)-C(ll) 109.49(13) 
C(12)-N(l)-Li 113.35(13) C(l1)-N(1)-Li 118.36(13) 
C(l2)-N(l)-Li(a) 115.80(13) C(11)-N(1)-Li(a) 119.79( 13) 

C( 1)-0-C(4) 103.6(9) C(4A) - 0 -Li 11 1.9(9) 
C( 1)-0-Li 13 1.18( 13) C(4)-O-Li 123.9(8) 

L2 Symmetry transformation used to generate equivalent atoms: (a) -x + 1, -y + 2, -z. 

in calculated positions and refined isotropically with a riding 
model, except for the disordered solvent. Other atoms were 
refined anisotropically. The weighting scheme was of the form 
w- l=  u 2 (F2) + + bP, where P = (W,2 + FO2)/3. Residuals 
are defined as R,  = Z[w(Fa2 - F c 2 ~ 2 ~ [ w ( F o z ) z l } u z  for all data 
and conventional R = XI IFo/ - lFel IEIF,, for reflections having 
Fa2 > 2a(Fa2), the latter for comparison with conventional 
refinements based on F values. Programs were standard Stoe 
control software, members of the SHEW family,29 and locally 
written routines, running on personal computers and UNM 
workstations. 

Li-N( 1)-Li(a) 76.96(12) C(4A)-O-C(1) 113.4(10) 

(29) Sheldrick, G. M. SHELXTLIPC Manual; Siemens Analytical 
X-Ray Instruments, Inc.: Madison, WI, 1990; SHE=-93, Program 
for Crystal Structure Refinement; University of mttingen, mttingen, 
Germany, 1993. 

O(1) 2947(3) 
O(2) 1829(3) 
C(1) 1693(5) 
C(2) 1807(5) 
C(3) 3073(5) 
C(4) 2962(5) 
Li(1) 4079(7) 
NU) 3720(3) 
C(5) 3808(5) 
C(6) 4813(4) 
C(7) 423 l(5) 
C(8) 5175(5) 
C(9) 6731(6) 
C(10) 7331(5) 
C( 11) 6380(5) 
C(12) 2711(5) 
C(13) 2261(5) 
~ ( 1 4 )  967(5) 
~ ( 1 5 )  512(7) 
C( 16) 1398(9) 
C(17) 2713(8) 
C(18) 3135(6) 
Li(2) 618(8) 
N(2) 531(3) 
C(19) 2022(5) 
C(20) 2804(5) 
C(21) 3724(5) 
C(22) 4427(5) 
C(23) 4207(7) 
C(24) 3284(7) 
C(25) 2592(5) 
C(26) -313(5) 
~ ( 2 7 )  359(4) 
C(28) 1165(5) 
C(29) 1798(5) 
C(30) 1631(6) 
~ ( 3 1 )  836(6) 
~ ( 3 2 )  214(5) 

U(eq) is defined as 
tensor. 

3754(2) 1930(2) 53.0(7) 
1876(2) 3448(2) 54.2(7) 
3303(4) 1832(3) 61.5( 12) 
2111(4) 2412(3) 63.4(12) 
2351(3) 3547(3) 53.9(11) 
3527(3) 2955(3) 56.9(11) 
4740(5) 752(4) 48(2) 
4896(2) -544(2) 42.6(7) 
3915(3) -732(3) 50.9(10) 
3953(3) -1692(3) 44.5(9) 
4321(3) -2582(3) 52.8(10) 
4395(3) -3463(3) 60.1(11) 
4080(4) -3464(4) 65.4( 12) 
3702(4) -2586(4) 64.5(12) 
3650(3) -1711(3) 55.8(11) 
5733(3) -1161(3) 53.2(10) 
6650(3) -825(3) 50.5(10) 
6640(4) -139(4) 69.2(13) 
7478(6) 185(5) 94(2) 

8330( 15) -187(5) 99(2) 
8357(4) -859(4) 89(2) 
7514(4) -1185(3) 64.5(12) 
784(5) 4457(4) 48(2) 
7 W )  5921(2) 42.6(7) 

-411(3) 6239(3) 58.1(11) 
- 1106(3) 5699(3) 50.0(10) 
-687(4) 4787(3) 58.2(11) 

-1339(5) 4281(4) 82(2) 
-24 1 O ( 5 )  4694(6) 94(2) 
- 2824(4) 5585(6) 92(2) 
-2183(4) 6079(4) 67.8(13) 

616(3) 6560(3) 51.8(10) 
1613(3) 64433) 48.4(10) 
1637(4) 7138(3) 61.9(11) 
2564(4) 6991(4) 73.2(14) 
3478(4) 6161(4) 71.9(13) 
3481(4) 5463(4) 67.1(13) 
2558(3) 5603(3) 58.8(11) 

one-third of the trace of the orthogonalized Uij 

Table 8. Selected Bond Lengths (A) and Angles (deg) for 8a 
O( 1)-Li( 1) 1.926(6) 0(2)-Li(2) 1.922(6) 
Li(1)-N( 1) 1.939(7) Li( 1)-N( la) 2.037(7) 
Li(2) -N(2) 1.978(7) Li(2)-N(2b) 1.978(7) 

C( l)-O(l)-C(4) 110.3(3) C(1)-O(1)-Li(1) 119.1(3) 
C(4)-O(l)-Li(l) 129.6(3) C(3)-0(2)-C(2) 110.4(3) 
C(3)-0(2)-Li(2) 128.7(3) C(2)-0(2)-Li(2) 119.2(3) 
O(1)-Li(1)-N(1) 118.9(3) O(l)-Li(l)-N(la) 128.3(3) 
N(1)-Li(1)-N(1a) 105.4(3) C(12)-N(l)-C(5) 109.9(3) 
C(l2)-N(l)-Li(l) 125.6(3) C(5)-N(l)-Li(l) 118.0(3) 
C(l2)-N(l)-Li(la) 115.1(3) C(5)-N(l)-Li(la) 106.9(3) 
Li(1)-N(1)-Li(1a) 74.6(3) 0(2)-Li(2)-N(2) 132.5(3) 
0(2)-Li(2)-N(2b) 120.2(3) N(2)-Li(2)-N(2b) 106.2(3) 
C(19)-N(2)-C(26) 109.7(3) C(19)-N(2)-Li(2) 113.7(3) 
C(26)-N(2)-Li(2) 120.4(3) C(19)-N(2)-Li(2b) 117.5(3) 
C(26) -N( 2)-Li(2b) 1 18.1 (3) Li( 2)-N(2)-Li( 2b) 73.q 3) 

Symmetry transformations used to generate equivalent atoms: (a) -x 

Refined coordinates are given in Tables 3, 5, and 7 and 

+ 1, -y + 1, -z; (b) -x,  - y ,  - Z  + 1. 

selected bond lengths and angles in Tables 4, 6, and 8. 
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Cyclopentadienyldicarbonyliron Halides as 
Electrophiles: Reactions of (q5-C5H5)Fe(C0)21 with MeLi 
in the Presence of Monophosphines and Diphosphines 

Lung-Shiang Luh,la,b Uche B. Eke,lafc and Ling-Kang Liu*Japb 
Institute of Chemistry, Academia Sinica, Taipei, Taiwan 11529, Republic of China, 

Department of Chemistry, National Taiwan University, Taipei, Taiwan 10767, Republic of 
China, and Department of Chemistry, University of Ilorin, Ilorin, Nigeria 

Received August 26, 1994@ 

Treatment of equimolar amounts of (q5-C5H5)Fe(CO)21 and PR3 in THF at -78 "C with 
slightly more than 1 molar equiv of MeLi produces mainly (q4-MeC5H5)Fe(C0)2(PR3) (1-4) 
for PR3 = PPh3, PMePh2, PMezPh, PMe3, the yields increasing in the order PMe3 < PMePh2 
< PMezPh < PPh3, parallel to the decreasing order of the a-donating tendency and increasing 
cone angle. In the presence of PhzPCHzPPhz (=dppm) the reaction yields the unidentate 
complex (q4-MeC5H5)Fe(C0)2(q1-dppm) (5). In the presence of Ph2P(CH2),PPh2 ( n  = 2 (dppe), 
3 (dppp), 4 (dppb)) the reaction yields the respective bridging [(q4-MeC5H5)Fe(C0)21Cu,lll:171- 
P~zP(CH~),PP~~)[(~~-M~C~H~)F~(CO)~I complexes 6-8. Both complexes 2 and 6 have been 
investigated by X-ray structure analysis. The results indicate that the Me group is ex0 to 
the cyclopentadiene ring. The coordination geometry of Fe may be described as that of a 
distorted square pyramid with one CO placed at the apical position, phosphine in the basal 
plane trans to one of  the double bonds, and the second CO ligand trans to the second double 
bond. A similar reaction of (q5-C5H5)Fe(CO)21 with n-BuLi at -78 "C in the presence of 
dppe results in (q4-BuC5H5)Fe(C0)20,q1:q1-dppe)(q4-BuC5H5)Fe(CO)~ (91, (q4-BuC5H5)Fe(C0)2- 
(p,q1:q1-dppe)(q5-C5H5)Fe(CO)C(0)Bu (lo), and (q5-C5H~)Fe(CO)C(0)Bu(p,q1:q1-dppe)(q5- 
C5H5)Fe(CO)C(O)Bu (11) in 55%, 18%, and 1% yields, respectively. 

Introduction 

The reactions of (q5-C5H5)Fe(C0)& (X = C1, Br, I) 
with RLi (R = Me, n-Bu, s-Bu, Ph) in the presence of 
PPh3 at low temperature have been studied earlier.2 The 
reaction pattern found is that of a facile three-compo- 
nent reaction which effectively changes the v5-C5H5 
bonding mode in (v5-C5H5)Fe(CO)& to  q4-RC5H5 bond- 
ing in (v4-RC5H5)Fe(CO)2(PPh3). The in situ generated 
[(q5-C5H5)Fe(CO)zlz is believed to be the catalyst that 
assists conversion of the neutral complex (q5-C5H5)Fe- 
( C 0 ) S  and PPh3 to the cation I(v5-C5H5)Fe(C0)2PPh31+, 
which in turn is immediately attacked by RLi from an 
exo position at the C5H5 ring (Scheme 1, eq 1),2 instead 
of sequential metal-halide exchange (eq 213 and phos- 
phine-assisted migratory insertion (eq 3Iu4 In this 
report, the effects of the variation of the phosphine 
reactant in the three-component reaction are sum- 
marized. 

@ Abstract published in Advance ACS Abstracts, November 15,1994. 
(1) (a) Academia Sinica. (b) National Taiwan University. (c) 

University of Ilorin. 
(2) (a) Liu, L.-K.; Luh, L.-S. Organometallics 1994, 13, 2816. (b) 

Luh, L.-S.; Liu, L.-K. Bull. Inst. Chem., Acad. Sin. 1994,41, 39. 
(3) (a) Koerner von Gustorf, E. A,, Grevels, F.-W., Fischler, I., Eds. 

The Organic Chemistry oflron; Academic Press: New York, 1978; Vol. 
1, p 352. (b) Davies, S. G. Organotransition Metal Chemistry: Ap- 
plications to Organic Synthesis; Pergamon Press: Oxford, U.K., 1982; 
pp 24-25. (c) Pearson, A. J. Metallo-organic Chemistry; Wiley: 
Chichester, U.K., 1985; p 333. (d) Piper, T. S.; Wilkinson, G. J .  Inorg. 
Nucl. Chem. 1966,3,104. (e) Li, H.-J.; Turnbull, M. M. J .  Organomet. 
Chem. 1991,419,245, (0 Chukwu, R.; Hunter, A. D.; Santarsiero, B. 
D.; Bott, S. G.; Atwood, J. L.; Chassaignac, J. Organometallics 1992, 
11,589. (9) Akita, M.; Terada, M.; Moro-Oka, Y. Organometallics 1992, 
11, 1825. 

(4)(a) Bibler, J. P.; Wojcicki, A. Inorg. Chem. 1966, 5 ,  889. (b) 
Butler, I. S.; Basolo, F.; Pearson, R. G. Inorg. Chem. 1967,6,  2074. (c) 
Green, M.; Westlake, D. J. J .  Chem. Soc. A 1971, 367. 

0276-7333195123 14-Q44Q$Q9.OQlQ 

Scheme 1 

oc'\'"l/ ' 
Oc' Oc' 

(2) 

Results and Discussion 
Treatment of equimolar amounts of (v5-C5H5)Fe(C0)21 

and PR3 in THF at -78 "C dropwise with slightly more 
than 1 molar equiv of MeLi produces (v4-MeC5H5)Fe- 
(C0)2(PR3) (1-4) for PR3 = PPh3, PMePhz, PMezPh, and 
PMe3, o h n  also with trace amounts of (v5-CsH5)Fe(CO)2- 

0 1995 American Chemical Society 
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Cyclopentadienyldicarbonyliron Halides 

Me,5 (r5-C5H5)Fe(CO)(PR3)C(0)Me,4,6~E111 [(r5-C5H5)Fe- 
(CO)212,7 and ( v ~ - C ~ H ~ ) F ~ ( C O ) ( P R ~ ) I . ~  The yields of 
products of (r4-MeC5H5)Fe(C0)2(PR3) are in the range 
34-78%, increasing in the order PMe3 < PMePh2 < 
PMe2Ph PPh3, parallel to the order of decreasing 
a-donating capabilityg and to the order of increasing 
cone anglelo of the phosphine. The tendency is ex- 
pected in terms of the reactive cation intermediate [(175- 
C5H5)Fe(C0)2PR31+ reacting with the nucleophile RLi.2 
While steric effects may be more important than elec- 
tronic effects in common PR3 reactions, PR3 is only 
involved in the three-component reaction during the 
conversion of (q5-CsH5)Fe(CO)zX to [(r5-C5H5)Fe(C0)2- 
PR#, the reactive cation intermediate, which then 
proceeds with ring alkylation on the side opposite to PR3 
and two bonds away. Hence, the electronic effects are 
favored. Replacing PPh3 with PMe3, for example, 
decreases the electrophilicity of the cation toward RLi. 
Thus, the ex0 MeLi addition at the C5H5 ring of [(r5- 
C5H5)Fe(CO)zPMe# is less favored than at [(r5- 
C5H5)Fe(CO)2PPh3lf. However, since PMe3 is a better 
ligand than PPh3 in phosphine substitution reactions, 
the reactive intermediate [(~~-CsHs)Fe(C0)2PMe3]+ would 
be expected to accumulate, which is not observed 
experimentally. In the PMe3 reaction, (r5-Cd&)Fe(C0)- 
PMe3)C(O)Me is isolated in 14.6% yield and [(s5-C5H5)- 
Fe(C0)(PMe3)~1+1- l1 is obtained as well in 15% yield, 
apparently at the expense of 4 as the CO alkylation and 
the PMe3 substitution of CO in [(r5-C5H5)Fe(C0)zPMe31+ 
become competing reactions us ring alkylation. As a 
general trend, going from PMe3 to PMezPh to PMePh2 
to PPh3, the three-component reaction becomes progres- 
sively cleaner. 

The difference in the back-donation from Fe core to  
CO ligands is reflected in the IR YCO stretching frequen- 
cies. Two IR absorption bands are recorded for each 
(r4-MeC5H5)Fe(C0,2(PR3) complex. The symmetric vco 
frequencies are 1958, 1962, 1962, and 1964 cm-l and 
the asymmetric ones are 1893, 1898, 1901, and 1904 
cm-l for 4, 3, 2, and 1, respectively. Among the 
phosphines employed, PMe3 and PPh3 are respectively 
the most and least a-donating, leading to the most and 
least electron-rich Fe cores for the corresponding com- 
plexes, and these are found to exhibit the lowest and 
highest IR stretching frequencies, respectively. 

The 31P NMR chemical shifts of free PMe3, PMePh2, 
PMezPh, and PPh3 have been reported as 6 -62, -45, 
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Table 1. Observed and Calculated 31P Chemical Shifts of 
Complexes 1-4 

( 5 )  (a) Piper, T. S. Naturwissenschaften 1967,43, 15. (b) Clifford, 
A. F. J. Znorg. Nucl. Chem. 1963,25, 1065. (c)  King, R. B.; Bisnette, 
M. B. J. Organomet. Chem. 1964,2, 15. (d) Jordan, R. F.; Norton, J. 
R. J. Am. Chem. SOC. 1979,101, 4853. 

(6) (a) Miholova, D.; Vlcek, A. A. J. Organomet. Chem. 1982,240, 
413. (b) Folkes, C. R.; Rest, A. J. J. Organomet. Chem. 1977, 136, 
355. (c) Gingell, A. C.; Rest, A. J. J. Organomet. Chem. 1975,99, C27. 
(d) Brunner, H.; Schmidt, E. J. Organomet. Chem. 1972,36, C18. (e) 
Stepowska, H.; Zamojski, A. J. Organomet. Chem. 1993,456,221. (0 
Davies, S. G.; Smallridge, A. J. J. Organomet. Chem. 1990,397, C13. 
(g) Herndon, J. W.; Wu, C.; Ammon, H. L. J. Org. Chem. 1988, 53, 
2873. (h) Brookhart, M.; Liu, Y. Organometallics 1989, 8, 1572. (i) 
Groetsch, G.; Malisch, W. J. Organomet. Chem. 1983,246, C42. 

(7) (a) Adams, R. D.; Cotton, F. A. J. Am. Chem. SOC. 1973,95,6589. 
(b) Manning, A. R. J. Chem. SOC. A 1968, 1319. 

(8)Treichel, P. M.; Shubkin, R. L.; Barnett, K. W.; Reichard, D. 
Znorg. Chem. 1966,5, 1177. 

(9) (a) Atwood, J. D. Inorganic and Organometallic Reaction Mecha- 
nism; Wadsworth: Belmont, 1985; Chapter 4. (b) Lukehart, C. M. 
Fundamental Transition Metal Organometallic Chemistry; Wads- 
worth: Belmont, 1985; Chapter 3. 

(lO)Tolman, C. A. Chem. Reu. 1977, 77, 313. 
(11) Treichel, P. M.; Komar, D. A. J. Organomet. Chem. 1981,206, 

77. 

complex &bsdr 6 Acatcd, 6 diff, 6 
~ ~~ 

1 28.0 26.3 1.7 
2 39.2 41.6 -2.4 
3 56.8 56.9 -0.1 
4 73.2 72.2 1 .o 

-26, and -8, respectively.12 The 31P NMR signals for 
the corresponding complexes 1-4 are 6 28.0,39.2,56.8, 
and 73.2, respectively. The coordination shifts are from 
90 to 81 6 units downfield when the free PR3 becomes 
coordinated in the (r4-MeC5H5)Fe(C0)2(PR3) complexes. 
A regular variation in the chemical shift of the tertiary 
phosphine has been noted on stepwise substitution of 
the alkyl groups by other alkyvaryl groups. The 31P 
NMR chemical shift A of a tertiary phosphine is given 
by the equation 

3 

A = - 6 2 + C O j l  

where a p  is the group contribution; e.g., aPMe = 0, OPph 
= 18.13 The calculated chemical shifts are within 2 6 
units from the observed chemical shifts. For the 
complexes (r4-MeCsH5)Fe(CO)2(PR3), the 31P NMFt chemi- 
cal shift A also can be fit by least-squares methods into 
the following similar equation (deviations ~ 2 . 4  6): 

n = l  

3 

A = 26.3 + 0.85Cai 

employing the same op for Me and Ph. Table 1 lists the 
observed and calculated 31P shifts for complexes 1-4. 
A multiplier of 0.85 is found necessary, indicating a 
smaller variation step for the complexes, different from 
that for the free phosphines. Apparently, the back- 
bonding of Fe to diene and CO ligands regulates Fe-P 
bonding electron density and accordingly the shielding 
of the P nucleus. 

The results of the X-ray structure analysis of 2, as 
shown in Figure 1, suggest that the nucleophilic addi- 
tion of Me- is direct, without the Fe mediation, and 
the Me group is ex0 to the cyclopentadiene ring. The 
coordination geometry of Fe may be described as that 
of a distorted square pyramid with one CO placed at  
the apical position, PMePhz in the basal plane trans to 
one of the double bonds, and the second CO ligand trans 
to the second double bond. The diene atoms C3, C4, 
C5, and C6 are coplanar within 0.002(7) A. The plane 
of C7, C8, Fe, C2, and 0 2  (deviations within 0.059(7) 
A) is perpendicular to the plane of C3-C6, the inter- 
planar angle being 85.2(2)'. That is, the planar diene 
skeleton is orthogonal to the plane made up of the 
unique C atom of the cyclopentadiene ring, the neigh- 
boring exo-C atom, Fe, and the apical CO group. A 
similar orthogonality has been evidenced in PPh3 ana- 
logs: 86.4(1)' in (v~-P~C~H~)F~(CO)~(PP~~),~~ 93.1 and 
89.8" in the two independent molecules of (r4- 
PhCH2Cfi)Fe(C0)2(PPh3),14 and 90.6(2)0 in (r4-BuC&)- 
Fe(co)~(PPh3).~" The distance between C7 and the 
plane of C3-C6 is 0.570(9) A. The three-atom plane of 

n= l  

(12) Gorenstein, D. G., Ed. Phosphorus-31 NMR: Principles and 
Applications; Academic Press: New York, 1984; p 24. 

(13) (a) Grim, S. 0.; McFarlane, W. Nature (London) 1965,208,995. 
(b) Grim, S. 0.; McFairlane, W.; Davidoff, E. F. J. Org. Chem. 1967, 
32, 781. 

(14) Sim, G. A.; Woodhouse, D. I.; f i o x ,  G. R. J. Chem. Soc., Dalton 
Trans. 1979, 629. 
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c2 3 

Figure 1. Molecular plot of complex 2 with atomic numbering sequences. The thermal ellipsoids are plotted at the 50% 
level, The H atoms are omitted for clarity. Selected bond lengths (A): Fe-P, 2.202(2); Fe-C1, 1.749(6); Fe-C2, 1.768(6); 
Fe-C3, 2.111(5); Fe-C4, 2.050(5); Fe-C5, 2.051(4); Fe-C6, 2.113(5); 01-C1, 1.158(7); 02-C2, 1.147(7). Selected bond 
angles (deg): P-Fe-C1, 90.3(2); P-Fe-C2, 96.5(2); Cl-Fe-C2, 102.9(2). 

C3, C6, and C7 is tilted by 34.2(4)' away from Fe to the 
other side of the diene plane. In (g4-PhC5H5)Fe(C0)2- 
(PPh3) the tilt is 34.1", in (v4-PhCH2C&)Fe(CO)2(PPh3) 
the tilts are 34.7 and 32.9", and in (v4-BuC5HdFe(C0)2- 
(PPh3) the tilt is 34.9'. 

The Fe-P(PMePh2) length is 2.202(2) A, seemingly 
shortened if compared with those of PPh3 analogs; for 
example, Fe-P(PPh3) = 2.211(1) A in (v4-BuCsH5)Fe- 
(C0)2(PPh3). Considering the Fe-P bond, the Me group 
of PMePh2 is seen to be virtually trans t o  the centroid 
of the diene (torsion angle 169.2(2)"). The average Fe- 
C(diene) lengths are 2.116(6) A for the outer C atoms 
and 2.052(6) A for the inner C atoms-the outer C atoms 
of the diene are slightly farther away. The Fe-C(CO) 
lengths are 1.745(7) A for the basal CO and 1.773(7) A 
for the apical CO-the basal CO is slightly less distant. 

The extension from monophosphines to diphosphines 
gives interesting results. Considering the chelation 
effect, the a,w-bis(diphenylphosphine)alkane, e.g., dppe, 
would be expected to prefer chelating at one metal atom 
to  bridging between two metal atoms in the commonly 
studied ligand substitution rea~ti0ns.l~ Nonetheless, in 
the three-component reactions of (v5-C&15)Fe(C0)21 with 
MeLi in the presence of a,w-bis(diphenylphosphine1- 
alkanes at  low temperature, all diphosphines except 
dppm give a bridged complex, linking two [(v4-MeC5H5)- 

(15) Cotton, F. A., Wilkinson, G., Eds. Advanced Inorganic Chem- 
istry, 5th ed.; Wiley: New York, 1988; Section 2.4. 

Fe(C0)21 units as the major product (Scheme 2). For 
dppm, there seems to be a high barrier to bring two [(v4- 
MeC5H5)Fe(C0)21 units into close proximity, presumably 
steric in origin. The reaction of (v5-C5H5)Fe(C0)21 with 
MeLi in the presence of dppm yields the unidentate 
complex (v4-MeC5Hs)Fe(C0)2(v1-dppm) (5) in 69% yield 
as the only ring-alkylation product. Complex 5 has one 
dangling PPh2 group ready for further phosphine sub- 
stitution reactions or phosphine-induced processes, 
which are presently under investigation. For dppe, 
dppp, and dppb, the isolated yields of [(v4-MeC5H5)Fe- 
(C0)2l~,~1:~1-Ph2P(CHz)nPPh2l[(7;14-MeC5H5)Fe(CO)2l 
(6-8 for n = 2-4) are very good (53, 62, and 68%, 
respectively). The rate for the ring alkylation must 
therefore be orders of magnitude greater than any 
possible CO substitution. Since the compounds are very 
similar in the local bonding environment around Fe, the 
results of spectroscopic measurements of 5-8 are very 
similar and consistent with those of 2. 

Complex 6 has been investigated by a single-crystal 
X-ray diffraction study. Figure 2 shows the molecular 
plot of 6, in which a bridging dppe links two [(v4- 
MeC5H5)Fe(C0)21 units. Given four molecules in the 
unit cell of C2/c that has eight equivalent positions, only 
half of the molecule is crystallographically independent, 
the molecule being required to possess a C2 crystallo- 
graphic symmetry. The Me group is on exo position on 
the cyclopentadiene ring. The coordination geometry 
around Fe is that of a distorted square pyramid with 
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Cyclopentadienyldicarbonyliron Halides 

Scheme 2 
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BUC~H~)F~(CO)Z~,~~:~~-~~~~)(~~-C~H~)F~(CO)C(O)B~ (10 
18%), (r5-C5H5)Fe(CO)C(0)Bub,q1:q-dppe)(r5-C5H5)Fe- 
(CO)C(O)Bu (11; 1%). 

Complex 9 shows IR vco bands of 1962 and 1899 cm-l, 
a 31P NMR chemical shift of 6 69.9, and lH NMR shifts 
of 6 4.90,2.53, and 2.34 (integration 2:1:2) for cyclopen- 
tadiene, indicative of the presence of two equivalent (q4- 
RC~HS)F~(CO)~(PR~) fragments bridged by dppe. The 
spectroscopic data of complex 11 are typical of (r5-C5H5)- 
Fe(CO)C(O)R linked to a phosphine: the IR vco bands 
of 1907 and 1595 cm-l, a lH NMR chemical shift of 6 
4.34 for (r5-C5H5) ring, and a 31P NMR chemical shift 
of 6 76.4. The molecular connectivity of complex 10 is 
readily derived from the spectroscopic data: the IR vco 
bands of 1903 and 1596 cm-l, the lH NMR peak of 6 
4.28, and the 31P NMR chemical shift of 6 76.0 are 
typical of a (r5-C5H5)Fe(CO)C(0)R linked to  a phos- 
phine. In addition, the IR vco bands of 1962 and 1903 
(overlapped) cm-l, the 31P NMR chemical shift of 6 69.8, 
and the lH NMR shifts of 6 4.90, 2.51, and 2.42 
(integration 2:1:2) are indicative of the presence of a (q4- 
RC~H~)F~(CO)Z(PR~) fragment as well. Thus, for com- 
plex 10, a dppe group linking two isomeric, butylated 
[(CsHs)Fe(CO)z] units has been established, one end in 
the form of (r5-C5H5)Fe(CO)C(0)Bu and the other end 
in the form of (r4-BuC5H5)Fe(C0)z. 

The two PPhz groups of dppe in the reaction of (r5- 
C5H5)Fe(CO)zI with BuLi at low temperature hardly 
exhibit any neighboring effects, each proceeding inde- 
pendently with ring alkylation or CO alkylation, such 
that the three dppe-containing species being produced 
are in a statistical ratio. A simple calculation results 
in a ratio of (49-64):(14-16):l for 9:10:11, assuming 
each PPhz group with the ring alkylation to be 7-8 
times more favorable than the CO alkylation. 

Me- + PR3 - 
- i- 

1-4, PR, = PPh3, PMePh,, PMe,Ph, PMe3 

.... H 

.Fe- nPPh2 - 
P 

I 
Fe + Ph.P 

Phz 
C 

5 

Oc' OC 
6-0 

one CO placed at the apical position, PPh2(CH2-) in the 
basal plane trans to one of the double bonds, and the 
second CO ligand trans to the second double band. The 
diene of C2, C3, C4, and C5 is planar within 0.005(4) 
A, making a dihedral angle of 89.0(1)" with the plane 
made up of C1, C6, Fe, C8, and 08 (deviations less than 
0.006(4) A). The distance between C1  and the diene 
plane is 0.586(5) A. The three-atom plane of C1, C2, 
and C5 tilted by 34.9(3)" away from Fe. Considering 
the Fe-P bond, the -CHz- group is seen to approach 
a trans position to the centroid of diene, the torsion 
angle of centroid-Fe-P-CHz being 163.4(1)". The 
Fe-P length of 2.208(1) A, the average Fe-C(diene) 
lengths of 2.106(5) and 2.051(5) A for the outer and 
inner C atoms of diene, and the Fe-C(C0) lengths of 
1.755(3) 8, for basal CO and 1.768(3) A for apical CO 
are seen to conform to the structural parameters of 
compound 2. The PCH2CHzP fragment is trans in 
conformation. 

The reaction of (q5-C5H5)Fe(CO)21 with BuLi in the 
presence of dppe yields products of both ring alkylation 
(major) and CO alkylation (Scheme 3). Much fewer 
substitutioddeprotonation reactions take place when 
MeLi is replaced by n-BuLi in the three-component 
reaction. The product distribution of the three dppe- 
containing products isolated is as follows: (r4-BuCsH5)- 
Fe(C0)2b,q1:y1-dppe)(y4-BuC5H5)Fe(C0)2 (9; 55%), (q4- 

Experimental Section 

General Considerations. All manipulations were per- 
formed under an atmosphere of prepurified nitrogen with 
standard Schlenk techniques. All solvents were distilled from 
an appropriate drying agent.16 Infrared spectra were recorded 
in CHzClz using CaF2 optics on a Perkin-Elmer 882 spectro- 
photometer. The lH NMR and 13C NMR spectra were obtained 
on Bruker AC200/AC300 spectrometers, with chemical shifts 
reported in 6 values relative to the residual solvent resonance 
of CDCl3 (lH 7.24 ppm, 13C 77.0 ppm). The 31P{1H} NMR 
spectra were obtained on Bruker AC200/AC300 spectrometers 
using 85% HsP04 as an external standard (31P 0.00 ppm). The 
melting points (uncorrected) were determined on a Yanaco 
MPL melting-point apparatus. (v5-CsH5)Fe(CO)zI was pre- 
pared according to the literature procedure.17 Other reagents 
were obtained from commercial sources, e.g. Aldrich and 
Merck, and used without further purification. 

Since essentially the same procedure was used in all 
experiments, the first reaction is given in detail to serve as a 
general one. For later experiments only the salient data, 
deviations from the general procedure, and product charac- 
terization data will be reported. 

Reaction of 1:l (qW&)Fe(CO)zI and PPh.3 with MeLi. 
(v5-CsH5)Fe(CO)zI (1.520 g, 5 mmol) and PPh3 (1.312 g, 5 
mmol) were dissolved in THF (150 mL) and maintained at  -78 

(16) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. R. Purification of 
Laboratory Chemicals; Pergamon Press: Oxford, U.K., 1981. 

(17) (a) Dombek, B. D.; Angelici, R. J. Inorg. Chim. Acta 1973, 7 ,  
345. (b) Meyer, T. J.; Johnson, E. C.; Winterton, N. Inorg. Chem. 1971, 
10, 1673. (c) Znorg. Synth. 1971, 12, 36. (d) Znorg. Synth. 1963, 7 ,  
110. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

06
0



444 Organometallics, Vol. 14, No. 1, 1995 Luh et al. 

Figure 2. Molecular plot of complex 6 with atomic numbering sequences. The thermal ellipsoids are plotted at the 50% 
level. The H atoms are omitted for clarity. Selected bond lengths (A): Fe-P, 2.208(1); Fe-C2,2.092(3); Fe-C3, 2.046(3); 
Fe-C4, 2.056(3); Fe-C5, 2.120(3); Fe-C7, 1.755(3); Fe-C8, 1.768(3); 07-C7, 1.151(4); 08-C8, 1.145(4). Selected bond 
angles (deg): P-Fe-C7, 93.4(1); P-Fe-C8, 99.0(1); C7-Fe-C8, 101.4(2). 

Scheme 3 
Bu 

ph2p\ PPhp 
+ 

e 
n-BuLi - 

THF, -78% 

Bu 

G a  
I 
BU 

I 

"C. MeLi (1.6 M in ether, 3.75 mL, 6 mmol) in 30 mL of Et20 
a t  -78 "C was added dropwise to the solution. The mixture 
was stirred for an additional 1 h before being warmed to room 
temperature and stirred overnight (3-4 h should be enough 
generally). "he solution was quenched with water. The 
organic layer was combined with the benzene extracts of the 
water layer, dried over MgS04, and then evaporated to dryness 

under vacuum. The resulting oil-like concentrates were mixed 
well with 5 g of silica gel and 10 mL of CH2C12 and then 
pumped dry before packing at  the top of a Si02 column. 
Purification by column chromatography, with 1:lO-1:7 EtOAd 
n-hexane as eluent, gave, according to the order of appearance, 
four producta: the yellow (q4-MeC&,)Fe(COMPPh3)2 (1; 77.8%), 
the orange (q5-C5H5)Fe(CO)(PPh&(0)Mee (1.2%), a trace 
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Cyclopentadienyldicarbonyliron Halides 

amount of purple [(q5-C5H5)Fe(CO)212,7 and a trace amount of 
greenish (q5-C5H5)Fe(CO)~(PPh3)I.8 

1: mp 131-133 "C; IR (CH2Clz) YCO 1964 (s), 1904 (s) cm-l; 
'H NMR (CDC13) 6 0.33 (d, 5 J p ~  = 6 Hz, 3H, Me), 2.41 (b, 2H, 
-CH=CHCHMe-) 2.72 (b, lH,  -CH=CHCHMe-1, 5.03 (b, 
2H, -CH=CHCHMe-), 7.32-7.42 (m, 15H, Ph); 13C NMR 
(CDC13) 6 28.2 (s, Me), 50.8 (s, -CH=CHCHMe-1, 57.6 (8, 
-CH=CHCHMe-), 82.0 (s, -CH=CHCHMe-), 128.0-136.7 
(m, Ph), 219.8 (d, Vpc = 10.1 Hz, CO); 31P NMR (CDCl3) 6 
73.2 (s); MS (mlz) M+ 454 (parent ion). Anal. Calcd for 
C26H23FeOzP: C, 68.74; H, 5.10. Found: C, 69.04; H, 5.19. 

Reaction of 1:l (qs-CsHs)Fe(CO)J and PMePhz with 
MeLi. (q5-C5H5)Fe(C0)21 (0.608 g, 2 mmol), PMePhz (0.400 
g, 2 mmol), THF (50 mL), MeLi (1.6 M in EtzO, 2.0 mL, 3.2 
mmol diluted in 10 mL of EtzO). The final mixture was filtered 
and the solvent removed on a rotary evaporator. The residue 
was partitioned in CHzClz and cold HzO (5.0 mL). The CH2- 
Cl2 layer was collected and dried with MgS04, and the solvent 
was removed, resulting in a residue. The latter was chro- 
matographed using a silica gel column (dry packing, with 10% 
ethyl acetate in n-hexane as eluent). The first band yielded 
the yellow (q4-MeC5Hs)Fe(CO)zPMePhz (2; 0.255 g, 65%). The 
product was recrystallized from a mixture of CHzClz and 
n-hexane to  give crystals suitable for X-ray crystallography. 
The second band (brown) was only very minor and presumably 
was the CO-alkylated product as judged from spectroscopic 
data. 

2: mp 96-97 "C; IR (CHzC12) YCO 1962 (vs), 1901 (vs) 
cm-'; 31P NMR (CDCl3) 6 56.8; 'H NMR (CDC13) 6 7.36 (b, 
10H, Ph), 5.02 (b, 2H, -CH=CHCHMe-), 2.66 (b, lH, 
-CH=CHCHMe-), 2.42 (b, 2H, -CH=CHCHMe-), 1.78 (d, 
z J p ~  = 9 Hz, 3H, PMe), 0.33 (d, 'JPH = 6 Hz, 3H, Me); 13C NMR 
(CDC13) 6 19.5 (d, lJpc = 28.0 Hz, PMe), 28.3 (8, Me), 51.1 (s, 
-CH=CHCHMe-), 56.9 (s, -CH=CHCHMe), 81.4 (9, 
-CH=CHCHMe-), 128.1-138.5 (m, Ph), 219.3 (d, 2 J ~  = 14.0 
Hz, CO); MS (mlz) M+ 392 (parent ion). Anal. Calcd for 
Cz1HZ1FeOzP: C, 64.27; H, 5.41. Found: C, 64.32; H, 5.40. 

Reaction of 1:l (fS-CsH.dFe(CO)zI and PMesPh with 
MeLi: (q5-C5H5)Fe(CO)zI (1.216 g, 4 mmol), PMezPh (0.553 
g, 4 mmol), THF (100 mL), MeLi (1.6 M in EtzO, 3.0 mL, 4.8 
mmol, diluted in 30 mL of EtzO). The final dark brown 
solution was cannulated and filtered through a short plug of 
alumina to remove the salts. The filtrate, a clear reddish 
brown solution, was evaporated to dryness under vacuum. The 
residue was extracted with n-hexane and passed through a 
bed of Celite before collection. The solvent was removed under 
vacuum to  obtain an oil, which was redissolved in CHZClz, 
mixed with 3 g of nonactivated alumina, dry packed on top of 
a column of alumina, and chromatographed, with 10% ethyl 
acetate in n-hexane as eluent. One band separated on the 
column to give (q4-MeC5H5)Fe(C0)2PMezPh (3; 0.767 g, 58.0%) 
as a yellow oil after solvent removal. The n-hexane residue 
(a greenish oil) rapidly decomposed on the column during 
attempted purification. 
3: viscous oil; IR (CHzClZ) YCO 1962 (vs), 1898 (vs) cm-'; 

31P NMR (CDC13) 6 39.2; 'H NMR (CDC13) 6 7.48-7.31 (m, 
5H, Ph), 4.92 (b, 2H, -CH=CHCHMe-), 2.65 (b, lH,  
-CH=CHCHMe-), 2.54-2.53 (m, 2H, -CH=CHCHMe-), 
1.53 (d, 2 J p ~  = 9 Hz, 6H, PMe), 0.34 (d, 'JPH = 6 Hz, 3H, Me); 
13C NMR (CDCls) 6 19.9 (d, lJpc = 27.3 Hz, PMe), 28.4 (s, Me), 
51.2(s, -CH=CHCHMe-),56.l(s, -CH=CHCHMe),81.2 (s, 
-CH=CHCHMe-), 128.2-139.2 (m, Ph), 219.1 (d, 2 J p ~  = 13.9 
Hz, CO); MS (mlz) M+ 330 (parent ion). Anal. Calcd for 
C&&eO2P: C, 58.16; H, 5.80. Found: C, 58.28; H, 5.78. 

Reaction of 1:l (qWsHs)Fe(C0)21 and PMes with 
MeLi: (v5-C5Hs)Fe(CO)zI (1.216 g, 4 mmol), PMe3 (0.304 g, 4 
mmol), THF (100 mL), MeLi (1.6 M in EtzO, 3.0 mL, 4.8 mmol, 
diluted in 30.0 mL of EtzO). The final dark brown solution 
was worked up according to  the same procedure as in the 
PMezPh reaction, except for elution with 20% ethyl acetate in 
n-hexane. Two bands separated on the column. After solvent 
removal, the first band (yellow) was purified by vacuum 
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distillation to a liquid-nitrogen trap to give (y4-MeCdIs)Fe(CO)z- 
PMe3 (4; 0.35 g, 34%) as a yellow solid. The second band 
(orange) yielded, after solvent removal and purification by 
sublimation, (q5-C5H5)Fe(CO)C(0)Me(PMe3)11 (0.15 g, 14.6%) 
as an orange waxy compound. The n-hexane residue was 
purified by washing repeatedly with small portions of n-hexane 
to give brown solids of (q5-C5H5)Fe(CO)(PMe3)zI1l (0.16 g, 15%). 

4: mp 51-52 "C; IR (CH2Clz) YCO 1958 (vs), 1893 (vs) cm-'; 

-CH=CHCHMe-), 2.61 (b, 3H, -CH=CHCHMe-), 1.22 (d, 
z J ~  = 9 Hz, 9H, PMe), 0.38 (d, 'JPH = 6 Hz, 3H, Me); 13C NMR 
(CDC13) 6 20.4 (d, lJpc = 26.5 Hz, PMe), 28.4 (9, Me), 51.2 (5, 

-CH=CHCHMe-), 55.2 (8, -CH=CHCHMe-), 80.6 (8, 
-CH=CHCHMe-), 218.8 (b, CO); MS (mlz) M + 1268 (parent 
ion). Anal. Calcd for C11H17Fe02P: C, 49.27; H, 6.40. 
Found: C, 49.33; H, 6.43. 

(qW5H5)Fe(CO)C(O)Me(PMe3): mp 80-81 "C (lit.'' mp 71- 
73 "C); IR (CH2Clz) YCO 1907 (vs), 1588 (s) cm-'; 31P NMR 

3H, Me), 1.34 (d, 2 J p ~  = 9 Hz, 9H, PMe). Anal. Calcd for 
CllH17FeO2P.H20: C, 46.18; H, 6.69. Found: C, 46.73; H, 6.42. 

(q5-C5H5)Fe(CO)(PMe3)sI: mp '300 "C (lit.'' mp 302-340 
"C); IR (CHzC12) YCO 1963 (vs) cm-I; 31P NMR (CDC13) 6 27.3; 
'H NMR (CDC13) 6 5.02 (s, 5H, Cp), 1.67 (b, 18H, PMe); MS 

Reaction of (qs-C&,)Fe(CO)aI and Diphosphine 
(=dppm, dppp, or dppb) with MeLi: (q5-C5H5)Fe(CO)zI 
(1.216 g, 4 mmol), diphosphine (dppm, 1.538 g, 4 mmol; dppp, 
0.825 g, 2 mmol; dppb, 0.853 g, 2 mmol), THF (70 mL), MeLi 
(1.6 M in Et20, 3.0 mL, 4.8 mmol, diluted in 30 mL of EtzO). 
The final yellow solution was worked up in the same way as 
that in the PMeZh reaction to yield three bands, the first band 
being yellow solids, after solvent removal, identified as (q4- 
MeC5H5)Fe(C0)2(q1-dppm) (5; 1.60 g, 69.0%), (q4-MeC5H5)Fe- 
(CO)z@,q1:q1-dppp)(v4-MeC5H5)Fe(CO)z (7; 0.99 g, 62.1%), and 
(q4-MeC5H5)Fe(CO)z@,q1:q1-dppb)(q4-MeC5H5)Fe(CO)2 (8; 0.90 
g, 67.5%) for dppm, dppp, and dppb, respectively. The second 
band was brown and was obtained in only trace amounts. For 
dppm and dppb, the second band could not be eluted from the 
column and the third band was hardly noticed. In the case of 
dppp, the second band yielded a trace amount of brown solid, 
conforming likely to (q4-MeC5H5)Fe(CO)2C,q1:q1-dppp)(q5- 
C5H5)Fe(CO)C(O)Me from spectroscopic characteristics. The 
third band was green and was obtained in too little quantity 
to be characterized unambiguously. 

5: mp 91-92 "C; IR (CHzCl2) YCO 1963 (vs), 1902 (vs) cm-'; 

81.7 Hz); 1H NMR (CDC13) 6 7.19-7.42 (m, 20H, Ph), 4.87 (b, 
2H, -CH=CHCHMe-), 3.0 (dd, 'JPH = 7.7 Hz, 'JPH = 2.1 Hz, 
2H, PCHzP), 2.63 (b, lH, -CH=CHCHMe-), 2.28 (b, 2H, 
CH=CHCHMe-), 0.27 (d, 'JpH = 6 Hz, 3H, Me); 13C NMR 
(CDCl3) 6 28.1 (s, Me), 34.3 (dd, Vpc = 32.4 Hz, 'JPC = 19.9 
Hz, PCHzP), 51.0 (s, -CH=CHCHMe-), 57.4 (s, 
-CH=CHCHMe-), 81.9 (8, -CH=CHCHMe-), 127.9-138.8 
(m, Ph), 219.8 (dd, = 14.2 Hz, 4Jpc = 1.8 Hz, CO); MS 
(mlz) M + 1 577. Anal. Calcd for C33H30FeOzPz: C, 68.75; H, 
5.25. Found: C, 68.86; H, 5.21. 

7: mp 61-62 "C; IR (CHzC12) YCO 1964 (vs), 1902 (vs) cm-l; 
31P NMR (CDCl3) 6 65.7; 'H NMR (CDC13) 6 7.30-7.26 (m, 
20H, Ph), 4.81 (b, 4H, -CH=CHCHMe-1, 2.58 (b, 2H, 
-CH=CHCHMe-), 2.25 (b, 4H, -CH=CHCHMe-), 2.12-2.04 
(m, 4H, -PCH2-), 1.49 (b, 2H, -PCH2CH2CHzP), 0.27 (d, 5 J ~ ~  
= 6 Hz, 6H, Me); 13C NMR (CDC13) 6 20.2 (9, CHzCHzCHz), 
28.6 (8, Me), 35.2 (d, 'Jpc = 36.3 Hz, PCH2-), 51.4 (8 ,  
-CH==CHCHMe-), 57.5 (s, -CH=CHCHMe-), 82.1 (s, 
-CH=CHCHMe-), 128.6-137.2 (m, Ph), 219.9 (d, z J ~  = 13.9 
Hz, CO); MS (mlz) M+ 796 (parent ion). Anal. Calcd for 
C43H42Fe2O4P2: C, 64.80; H, 5.32. Found: C, 65.33; H, 5.34. 

8: mp 129-131 "C; IR (CH2Clz) YCO 1961 (vs), 1900 (vs) 
cm-l; 31P NMR (CDCl3) 6 66.2; 'H NMR (CDCl3) 6 7.33- 
7.29 (m, 20H, Ph), 4.89 (b, 4H, -CH=CHCHMe-), 2.64 (d, 
4JpH = 6 Hz, 2H, -CH=CHCHMe-), 2.30 (b, 4H, 

31P NMR (CDCl3) 6 28.0; 'H NMR (CDC13) 6 4.99 (b, 2H, 

(CDC13) 6 43.0; 'H NMR (CDC13) 6 4.45 (8, 5H, Cp), 2.52 (8, 

(mlz) M - 1301. 

3'P NMR (CDC13) 6 66.4 (d, 'Jpp = 81.7 Hz), -25.6 (d, 'Jpp = 
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-CH=CHCHMe-), 2.10-2.07 (m, 4H, -PCHz-), 1.50-1.26 
(m, 4H, -PCHzCHz-), 0.29 (d, 5 J p ~  = 6 Hz, 6H, CH3); 13C NMR 

(s, Me), 32.5 (d, Vpc = 25.7 Hz, PCHzCHz-), 51.0 ( 8 ,  

-CH=CHCHMe-), 57.1 (s -CH=CHCHMe-), 81.9 (s, 
-CH=CHCHMe-), 128.1-137.1 (m, Ph), 219.8 (d, Vpc = 14.1 
Hz, CO); MS (mlz) M + 1 811. Anal. Calcd for CuHu- 
Fez04Pz: C, 65.20; H, 5.48. Found C, 64.95; H, 5.80. 

Reaction of 1:1 (q5-CsH5)Fe(CO)21 and dppe with 
MeLi: (v6-C5H6)Fe(CO)zI (1.520 g, 5 mmol), dppe (0.995 g, 2.5 
mmol), THF (100 mL), MeLi (1.6 M, 3.75 mL, 6 mmol, diluted 
in 30 mL of EtzO). The column chromatography gave five 
compounds: the yellow (v5-C5H5)Fe(CO)zMe (3.7%)3 and [(v4- 
MeCsH5)Fe(CO)~]01,v1:v1-dppe)[(ll4-MeCsH6)Fe(cO~] (6 52.5%), 
the green (v4-MeC5H5)Fe(C0)~01,rl"-dppe)(l15-C5H5)Fe(CO)I 
(2.3%), the orange (v4-MeCsH5)Fe(CO)z(,v1:l11-dppe)(v5-C5H6)- 
Fe(CO)C(O)Me (6.7%), and the purple [(v5-C5HdFe(CO)zlz 
(2.2%).' For complex 6, crystals suitable for X-ray diffraction 
were grown from CHzCldn-hexane by a slow evaporation 
method. 
6: mp 187-188 "C; IR (CHzClZ) YCO 1962 (s), 1901 (9) cm-'; 

3lP NMR (CDCl3) 6 70.2 (9); lH NMR (CDCl3) 6 7.25-7.31 (m, 
10H, Ph), 4.90 (b, 2H, -CH=CHCHMe-), 2.66 (d, *JPH = 6 
Hz, lH,  -CH=CHCHMe-), 2.29 (b, 2H, -CH=CHCHMe-), 
2.09 (s, 2H, -PCHz-), 0.30 (d, 5 J p ~  = 6 Hz, 3H, Me); 13C NMR 
(CDCl3): 6 27.1 (vt, lJpc = 13.3 Hz, - C H 2 - ) ,  28.2 (8 ,  Me), 51.0 
(e., -CH=CHCHMe-), 57.4 (s, -CH=CHCHMe-), 82.1 (s, 
-CH=CHCHMe-), 128.6-136.9 (m, Ph), 219.9 (vt, zJpc = 6.8 
Hz, CO); MS (mlz) M+ 782 (parent ion). Anal. Calcd for 
C42H40Fe204Pz: C, 64.48; H, 5.15. Found: C, 64.68; H, 5.25. 
(~4-MeC5Hs)Fe(CO)z0,v1:~1-dppe)(y6-C5H5)Fe(CO)I: IR 

(CHzClZ) vco 1962 (s), 1948 (sh), 1903 (s) em-'; 31P NMR 

(CDC13) 6 25.6 (d, 'Jpc = 14.2 Hz, PCHzCHz-1, 28.2 

(CDC13) 6 70.4 (d, 3Jpp = 39 Hz), 66.4 (d, 3Jpp = 39 Hz); 'H 
NMR (CDC13) 6 7.23-7.33 (b, 20H, Ph), 5.01, 4.85 (8 ,  2H, 
-CH=CHCHMe-), 4.34 (s, 5H, Cp), 2.69 (b, lH,  
-CH=CHCHMe-), 2.60,2.30 (b, 4H, -PCHz-), 2.46, 2.03 ( 8 ,  

2H, -CH=CHCHMe), 0.28 (b, 3H, Me); MS (mlz) M+ 881 
(parent ion). Anal. Calcd for C ~ ~ H ~ O F ~ Z I O ~ P Z :  C, 66.53; H, 
6.05. Found: C, 66.70; H, 5.83. 

( l l4 -MeC5H5)Fe(C0)z(Cl ,r1"-dppe)(v5-C5H5)Fe-  
(CO)C(O)Me: mp 159-160 "C; IR (CHZClz) vco 1963 (SI, 1905 
(s), 1595 (w) cm-1; 31P NMR (CDCl3) 6 75.9 (d, V p p  = 39.4 Hz), 
70.3 (d, 3Jpp = 39.4 Hz); lH NMR (CDCl3) 6 7.18-7.37 (m, 20H, 
Ph), 4.95, 4.83 (b, 2H, -CH=CHCHMe-1, 4.31 (8 ,  5H, Cp), 
2.63 (b, lH, -CH=CHCHMe-), 2.51 (s, 3H, COMe), 2.16,2.04 
(b, 2H, -CH=CHCHMe), 0.28 (d, = 15.0 Hz, 3H, Me); 
13C NMR (CDC4) 6 25.3 (d, ~JPC = 24.7 Hz, -CpFePCHzCHzP), 
27.2 (d, 1Jpc = 22.0 Hz, -CpFePCHzCHzP), 28.2 (d, 5 J ~ ~  = 
5.5 Hz, Me), 51.0 (s, COMe), 51.6 (d, 3 J p ~  = 4.8 Hz, 
-CH=CHCHMe-), 57.8 (s, -CH=CHCHMe-), 82.0 (d, z J p ~  

= 4.9 Hz, -CH=CHCHMe-), 84.7 (s, Cp), 128.0-138.4 (m, 

CO), 220.7 (s, CO), 275.3 (d, 2 J p ~  = 21.9 Hz, COMe); MS (mlz) 
M+ 782 (parent ion). Anal. Calcd for C ~ Z H ~ O F ~ Z O ~ P Z :  C, 64.48; 
H, 5.15. Found: C, 64.30; H, 5.01. 

Reaction of 1:l (q5-C5H5)Fe(CO)21 and dppe with n- 
BuLi: (y5-C5H5)Fe(CO)zI (1.520 g, 5 mmol), dppe (0.995 g, 2.5 
mmol), THF (120 mL), n-BuLi (1.6 M, 3.75 mL, 6 "01, diluted 
in 30 mL of n-hexane). The purification gave four com- 
pounds: the yellow (l14-BuC5H5)Fe(C0)2(~,v1:~l-dppe)(v4- 
BuC5H5)Fe(CO)z (9; 55%), the orange (y4-BuC5Hs)Fe(CO)z01,v1: 
+dppe)(v5-C5H5)Fe(CO)C(0)Bu (10; 18.0%), the purple [(v5- 
C~H~)F~(CO)Z]Z (2.3%), and a trace amount of orange (v6- 
C5H5)Fe(CO)C(O)Bu~,~1:~1-dppe)(~5-C5H~)Fe(CO)C(O)Bu (11; 
1%). 

9: mp 140-141 "C, IR (CHzClZ) vco 1962 (s), 1899 ( 8 )  em-'; 
31P NMR (CDCl3) 6 69.9 (e.); lH NMR (CDCl3) 6 7.28-7.31 (m, 

Ph), 219.5 (d, 'Jpc = 14.0 Hz, CO), 220.0 (d, 'Jpc = 10.1 Hz, 

10H, Ph), 4.90 (b, 2H, -CH=CHCHBu-), 2.53 (b, lH,  
-CH=CHCHBu-), 2.34 (b, 2H, -CH-CHCHBu-), 2.08 (b, 

(s, -CHzCH2CHzCH3), 22.7 (s, -CH~CHZCHZCH~, 26.5 (d, JPC 
= 30 Hz, -PCH2-), 28.3 (s, -CH2CHzCHzCH3), 43.0 (s, 

2H, -PCHz-), 0.47-1.08 (m, 9H, Bu); NMR (CDCl3) 6 14.0 

Luh et al. 

Table 2. Crystal Data and Refinement Details of 
ComDlexes 2 and 6 

2 6 

space group 
a, A 
b, A 
c. A 
A deg v, A3 
empirical formula 
fw 

Dcdc, dcm3 

20(max), deg 
diffractometer 
no. of unique reflns 
no. of observns 
transmission factors 
no. of atoms 
no. of params 
weights 
weight modifier 
R" 
RWb 
GOFc 
A h  
D map, e/A3 

p, "-I 
2, A 

Pbca 
7.764(2) 
16.704(3) 
29.758(4) 

3859.2(11) 

392.21 
8 
1.350 
0.90 
0.710 69 
45 
Nonius CAD-4 
2520 
1634 (met > 2.OWnet)) 
0.892-0.994 
46 
226 
counting statistics 
0.0001 
0.032 
0.039 
1.54 
0.002 
-0.230 to f0.210 

CzIHzlFeOzP 

C 2 / C  
10.659(2) 
21.105(2) 
16.972(2) 
99.54( 1) 
3765.1(8) 
C4zH4OFezO4P2 
782.41 
4 
1.380 
0.89 
0.710 69 
50 

3306 
2447 Unet > 2.5uUnet)) 
0.946-0.998 
45 
226 
counting statistics 
o.Ooo1 
0.03 1 
0.036 
1.54 
0.001 
-0.200 to +0.330 

N O ~ ~ U S  CAD-4 

R = C(Fo - Fc)/C(Fo). R,  = [C(w(F0 - Fc)Z)/C(wFo2)]'n. GOF = 
[C(w(F, - Fc)Z)/((no. of &s) - (no. of par am^))]'^. 

Table 3. Final Atomic Fractional Coordinates for Non-H 
Atoms of 2 

Fe 
P 
0 1  
0 2  
c 1  
c 2  
c 3  
c 4  
c 5  
C6 
C7 
C8 
c 9  
c11 
c12 
C13 
C14 
C15 
C16 
c 2  1 
c22 
C23 
C24 
C25 
C26 

atom X Y Z &so, 

0.13266(8) 0.37791(41 0.14468(2) 2.8331 
0.1805 l(l5) 
0.1949(6) 
0.4621(5) 
0.1703(6) 
0.3338(7) 

-0.0060(6) 
-0.1 150(6) 
-0.0984(6) 

0.0193(6) 
0.0213(7) 

-0.1 178(8) 
0.3977(6) 
0.1695(6) 
0.0469(7) 
0.0445(7) 
0.1630(8) 
0.2842(8) 
0.2871(7) 
0.0434(6) 
0.0785(6) 

-0.0247(7) 
-0.1656(7) 
-0.2023(6) 
-0.0972(6) 

0.24830i7j 
0.3734(2) 
0.4284(2) 
0.3742(3) 
0.4089(3) 
0.4865(3) 
0.4197(3) 
0.3685(3) 
0.4056(3) 
0.4945(3) 
0.5419(4) 
0.2199(3) 
0.2058(3) 
0.1510(3) 
0.1210(3) 
0.1469(3) - 
0.2022(3) 
0.2323(3) 
0.1806(3) 
0.0993(3) 
0.0488(3) 
0.0790(3) 
0.1593(3) 
0.2103(3) 

o.i3950(4j 2.78(5j 
0.2410(1) 7.1(3) 
0.1073(1) 5.9(2) 
0.2026(2) 4.1(2) 
0.1229(2) 3.7(2) 
0.1411(2) 3.9(2) 
0.1490(2) 3.8(2) 
0.1117(2) 3.5(2) 
0.0820(2) 3.8(2) 
0.0914(2) 4.3(3) 
0.0668(2) 6.5(3) 
0.1573(2) 4.2(3) 
0.0827(1) 3.0(2) 
0.0695(2) 3.9(2) 
0.0258(2) 4.6(3) 

-0.0046(2) 4.7(3) 
0.0078(2) 5.4(3) 
0.0509(2) 4.5(3) 
0.1722(1) 2.7(2) 
0.1749(2) 3.3(2) 
0.1998(2) 4.0(3) 
0.2222(2) 4.1(2) 
0.2199(2) 3.9(2) 
0.1951(2) 3.4(2) 

-CHzCH2CHzCH3), 56.0 (9, -CH=CHCHBu-), 56.8 ( 8 ,  

-CH=CHCHBu-), 82.5 (8, -CH=CHCHBu-), 128.3-131.9 
(m, Ph), 219.9 (b, CO); MS (mlz) M+ 866 (parent ion). Anal. 
Calcd for C&6zFez04Pz: C, 66.53; H, 6.05. Found: C, 66.49; 
H, 6.33. 
10: mp 60-61 "C; IR (CHzClZ) vco 1962 (s), 1903 (e.), 1596 

(w) cm-1; 31P NMR (CDC13) 6 76.0 (d, 3Jpp = 36.3 Hz), 69.8 (d, 
3Jpp = 36.3 Hz); 1H NMR (CDC13) 6 7.19-7.38 (m, 20H, Ph), 
4.82, 4.90 (s, 2H, -CH=CHCHBu-), 4.29 (d, 5H, JPH = 1.2 
Hz, Cp), 2.51 (b, lH,  -CH=CHCHBu-), 2.26, 2.42 (8 ,  2H, 
-CH=CHCHBu-), 0.50-3.00 (m, 22H, -PCHzCHzP-, -c(o)- 
Bu, -Bu); MS (mlz) M+ 866 (parent ion). Anal. Calcd for 
C48H52Fe~0&: C, 66.53; H, 6.05. Found: C, 66.70; H, 5.83. 

11: IR (CHzC12) vco 1907 (s), 1595 (w) cm-l; 31P NMR 
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Cyclopentadienyldicarbonyliron Halides 

Table 4. Final Atomic Fractional Coordinates for Non-H 
Atoms of 6 

atom X Y Z Biso, A2 

Organometallics, Vol. 14, No. 1, 1995 447 

were used for solution and structure refinement. Data were 
corrected for Lorentz-polarization factors. An empirical 
absorption correction based on a series of scans was applied 
to the data. The structure was solved by direct methods1s and 
refined by a full-matrix least-squares routinelg with anisotropic 
thermal parameters for all non-hydrogen atoms (weight = Mu- 
(FJZ + 0.0001(F0)21, dF0)  from counting statistics). All of the 
hydrogen atoms were laced isotropically at  their calculated 

scattering factor curves fa, Af’ ,  and Af” of Fe, P, 0, C, and fa 

of H were taken from ref 20. For a summary of crystal data 
and refinement details, see Table 2. Selected bond distances 
and angles are given in the captions of Figures 1 and 2, 
respectively, with respective final atomic fractional coordinates 
given in Tables 3 and 4. 

positions (C-H = 1.00 x ) and fixed in the calculations. Atomic 

Fe 
P 
07 
08 
c1 
c2 
c3 
c4 
c5 
C6 
c7 
C8 
c9 
c10 
c11 
c12 
C13 
C14 
C15 
C16 
C17 
C18 
C19 
c20 
c2 1 

0.07509(4) 
0.5 8 109(7) 
0.8451(2) 
0.5288(3) 
0.7430(3) 
0.8352(3) 
0.867 l(3) 
0.7655(3) 
0.6759(3) 
0.8068(3) 
0.7878(3) 
0.5970(3) 
0.6552(3) 
0.5848(3) 
0.6434(4) 
0.7737(4) 
0.8432(3) 
0.7863(3) 
0.4724(2) 
0.4866(3) 
0.4055(4) 
0.3111(3) 
0.2956(3) 
0.3754(3) 
0.4677(2) 

0.09562(2) 
0.1791 l(3) 
0.1161(1) 

-0.0040( 1) 
0.01 3 1 (1) 
0.0341(2) 
0.0978(2) 
0.1249( 1) 
0.0760( 1) 

-0.0087(2) 
0.1092(2) 
0.0358(2) 
0.2567( 1) 
0.3103(2) 
0.3681(2) 
0.3737(2) 
0.3218(2) 
0.2634(2) 
0.1939( 1) 
0.2434(2) 
0.2503(2) 
0.2076(2) 
0.1588(2) 
0.1515(2) 
0.1747(1) 

0.13244(2) 
0.13517(4) 
0.2924( 1) 
0.1606(2) 
0.0201(2) 
0.0927(2) 
0.0726(2) 
0.0294(2) 
0.0082(2) 

-0.0504(2) 
0.2293(2) 
0.1503(2) 
0.1581(2) 
0.1696(2) 
0.1880(2) 
0.1925(2) 
0.1799(2) 
0.1636(2) 
0.0413(2) 

-0.0084(2) 
-0.0809(2) 
-0.104 l(2) 
-0.0548(2) 
0.0178(2) 
0.2066( 1) 

2.83(2) 
2.60(3) 
6.4(1) 
6.4(1) 
3.9(1) 
4.2(2) 
4.0(1) 
3.5(1) 
3.3(1) 
5.2(2) 
4.0(1) 
3.9(1) 
3.0(1) 
4.2(1) 
5.4(2) 
5.5(2) 
4.8(2) 
3.8(1) 
2.7(1) 
4.8(2) 
5.7(2) 
4.2(1) 
5.2(2) 
4.6(2) 
2.8(1) 

(CDC13) 6 76.4 (s); ‘H NMR (CDC13) 6 7.29 (b, 10H, Ph), 4.34 
(b, 10H, Cp), 2.19 (b, 2H, -PCHz-), 0.80-1.24 (m, 9H, Bu). 

X-ray Structure Analysis. The single-crystal X-ray dif- 
fraction measurements were performed on a Nonius CAD-4 
automated difiactometer using graphite-monochromated Mo 
Ka  radiation. A total of 25 high-angle reflections were used 
in a least-squares fit to obtain accurate cell constants. Dif- 
fraction intensities were collected up to  26 < 45” using the 
6/26 scan technique, with background counts made for half 
the total scan time on each side of the peak. Three standard 
reflections, remeasured every 1 h, showed no significant 
decrease in intensity during data collection. The reflections 
with Z, > 2.OdZJ or 2.5dZJ were judged as observations and 
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anisotropic thermal parameters, bond distances and angles, 
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information is given on any current masthead page. 
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Mixed-Valence Dirhenium Alkylidyne Complexes of the 
Type [Re2@-Cl)@-CO) (=CCH2R)C12(L) @-dppm)21n+ (R = 

n-Pr, n-Bu; L = CO, xylNC; n = 0 , l )  Possessing Very 
Unsymmetrical Structures 

David A. Kort, Keng-Yu Shih, Wengan Wu, Phillip E. Fanwick, and 
Richard A. Walton" 

Department of Chemistry, Purdue University, 1393 Brown Building, 
West Lafayette, Indiana 47907-1393 

Received August 22, 1994@ 

A series of mixed-valence, unsymmetrical, dirhenium alkylidyne complexes of the type 
[(L)C!lRe(p-Cl)(p-CO)(p-dppm)2Re(cCCH2R)Cl]X (dppm = Ph2PCH2PPh2; L = CO, xylNC; R 
= n-Pr, n-Bu; X = PFs, S03CF3) have been formed via the ring-opening reactions of the 
3-metallafuran complexes [Re2OL-Cl)(p-COC(R)CH)C12(L)~-dppm)21X. These paramagnetic 
complexes (one unpaired electron) can be reduced to their diamagnetic congeners (L)ClRe- 
&-Cl)(p-CO)(p-dppm)2Re(=CCH2R)Cl, which show well-defined lH and 31P NMR spectra. 
X-ray crystallographic structure determinations have been carried out on representative 
members of the ionic and neutral sets of complexes, uzz., [Re2(p-Cl)(p-CO)(=CCHz-n- 
Bu)Cl2(CNxyl)(p-dppm)2lSO&F3~.5CH2C12 (7d) and Re2Cu-Cl)(p-COX=CCH2-n-~)Cl2(CNxyl)(p- 
dppm)2*2CHzCl2 (8a). The structures of the dirhenium units in these two compounds are 
essential1 the same; the principal difference is the Re-Re distance, which increases from 

are typical for this type of unit (1.74(3) A in 7d; 1.70(1) A in 8a). Both complexes have a 
semibridgin CO ligand, the Re-C distances being 1.93(3) and 2.57(4) A in 7d and 1.87(1) 

b = 15.377(3) A, c = 17.904(4) A, V = 6740(4) A3, and 2 = 4. The structure was refined to 
R = 0.056 (R, = 0.069) for 2650 data with I > 3.OdI). Crystal data for 8a: space group 
Pnma (No. 62) with a = 24.383(4) A, b = 15.420(3) A, c = 17.614(3) A, V = 6622(4) A3, and 
2 = 4. The structure was refined to R = 0.034 (R, = 0.042) for 3569 data with 1 > 3.0 40. 

2.817(2) f l  in 7d to 3.039(1) 8, in 8a. The Re=C distances involving the alkylidyne ligands 

and 2.62(1) 1 in 8a. Crystal data for 7d: space group Pnma (No. 62) with a = 24.482(5) A, 

Introduction 

We have recently described1s2 novel cases of CO- 
alkyne coupling in which the edge-sharing bioctahedral 
dicarbonyl complex Re2(D-Cl)(D-CO)Cl3(CO)(D-dppm)2 (1) 
and the analogous mixed carbonyl-isocyanide complex 
Re2(Li-Cl)(D-CO)Cl3(CNxyl)Ol-dppm)2 (2) react with ter- 
minal alkynes RCWH to  generate 3-metallafuran 
complexes (Scheme 1, step A). These reductively coupled 
products (L = CO (3); L = xylNC (4)) can be reduced to 
their paramagnetic, neutral congeners Re2(D-Cl)(D-COC- 
(R)CH)C12(L)(Li-dppm)2 by cobaltocene. Studies of the 
reactivities of these interesting 3-metallafuran com- 
plexes are currently being pursued, and we now describe 
in full detail their conversion to a new class of mixed- 
valence dirhenium alkylidyne c~mplexes.~ 

Experimental Section 

Starting Materials. The compounds Re2(p-Cl)(p-C0)- 
CldCO&-dppm)z (l), Re2Cu-C1)Cu-13CO)C13(13CO)(p-dppm)z, R e 2 -  
Cu-Cl)(p-CO)C4(CN~l)(p-dppm)z (21, [Re&-Cl)Cu-COC(R)CH)- 

@ Abstract published in Advance ACS Abstracts, December 1,1994. 
(1) Shih, K.-Y.; Fanwick, P. E.; Walton, R. A. J.  Am. Chem. SOC. 

1993,115,9319. 
(2) Shih, IC-Y.; Fanwick, P. E.; Walton, R. A. Organometallics 1994, 

13, 1235. 
(3) For a preliminary report of some of these results, see: Shih, K.- 

Y.; Fanwick, P. E.; Walton, R. A. J.  Chem. Soc., Chem. Commun. 1994, 
861. 

Q276-7333/95/2314-Q448$09.QQ/Q 

Scheme 1. Formation of 3-Metallafuran 
Complexes and Their Conversion to Dirhenium 

Alkylidyne Complexes (Anions X = PF6 or 
OSSCF~)~ 

reflux (L 24 h), 

polar solvent 

r t 1 

L = CO (6) or MNC (8)  L = CO(5) or MNC (7) 

The p-dppm ligands are omitted for clarity. 

Cl2(CO)(p-dppm)#F6 (R = n-Pr, sa; R = n-Bu, 3b), [Re&- 
Cl)(p-COC(R)CH)Cl2(CNxyl)(p-dppm)z]PF6 (R = n-Pr, 4a; R = 
n-Bu, 4b) and Tl(S03CF3) were prepared according to  litera- 
ture procedures.2-6 Alkynes were purchased from Aldrich 
Chemical Co. and were used without further purification. 
Solvents were obtained from commercial sources and deoxy- 
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Mixed-Valence Dirhenium Alkylidyne Complexes 

genated prior to use. Syntheses were performed using stan- 
dard Schlenk techniques under an atmosphere of dry nitrogen. 

A. Synthesis of [R~~~-CI)~-CO)(ICCH~R)C~~(CO)~- 
dppm)zlX (i) R = n-Pr, X = PF6 (Sa). Procedure a. A 
mixture of 1 (0.050 g, 0.037 mmol) and TlPF6 (0.02 g, 0.057 
mmol) in acetone (10 mL) was treated with 1-pentyne (0.07 
mL) and heated at reflux for 24 h. The white precipitate of 
TlCl was filtered off and the green filtrate evaporated to 
dryness. The gray-green solid was extracted into ca. 2 mL of 
CHzClz, and the extract treated with diethyl ether (100 mL) 
to  induce precipitation. The green product was filtered off, 
washed with diethyl ether (3 x 5 mL), and dried in vacuo; yield 
0.021 g (37%). 

Procedure b. A quantity of [Rez@-Cl)@-COC(n-Pr)CH)- 
Clz(CO)@-dppm)~]PF6 (3a; 0.040 g, 0.026 mmol) in acetone (4 
mL) was heated at reflux for 12 h. The green solution was 
then evaporated to  dryness. The addition of ca. 1 mL of CH2- 
Clz to this green residue, followed by 40 mL of diethyl ether, 
precipitated the title compound Sa. The solid was filtered off 
and washed with diethyl ether (3 x 5 mL); yield 0.020 g (50%). 
This same reaction may also be carried out with either 
acetonitrile or methanol as the reaction solvent. 

(ii) R = n-Pr, X = SOsCFs (Sb). A mixture of 1 (0.112 g, 
0.084 mmol) and Tl(S03CF3) (0.033 g, 0.093 mmol) in dichlo- 
romethane (10 mL) was treated with 1-pentyne (0.1 mL) and 
then with concentrated HC1 (0.1 mL) and finally heated at 
reflux for 24 h. The white precipitate (TlC1) was filtered off 
and the dark green filtrate evaporated to dryness. The green 
residue was extracted into ca. 2 mL of CHzClz and the extract 
then layered with 40 mL of diethyl ether to  induce precipita- 
tion of the title compound. The dark green solid was filtered 
off, washed with diethyl ether (3 x 5 mL), and dried in vacuo; 
yield 0.059 g (46%). Anal. Calcd for C5gH&l5F3O~P&zS (i.e., 
[ R ~ z C ~ ~ ( ~ C H Z - ~ - P ~ ) ( C O ) ~ @ - ~ ~ ~ ~ ) ~ ~ S O ~ C F ~ C H Z C ~ Z ) :  C, 44.10; 
H, 3.45. Found: C, 43.48; H, 3.36. The presence of lattice 
CHzClz was confirmed by 'H NMR spectroscopy. 

(iii) R = n-Bu, X = PF6 (Sc). Procedure a. The use of 
1-hexyne (0.07 mL) and a procedure and workup similar to 
that described in section A(i), procedure a, produced the title 
compound; yield 0.018 g (30%). 

Procedure b. The use of [Rez@-Cl)@-COC(n-Bu)CH)ClZ- 
(CO)@-dppm)z]PF6 (3b; 0.040 g, 0.026 mmol) and a procedure 
similar to that described in section A(i), procedure b, gave the 
title complex; yield 0.018 g (45%). 

(iv) R = n-Bu, X = SOsCF3 (Sd). A mixture of 1 (0.128 g, 
0.095 mmol) and Tl(S03CF3) (0.035 g, 0.099 mmol) in dichlo- 
romethane (10 mL) was treated with 1-hexyne (0.1 mL), 
followed by concentrated HC1 (0.1 mL), and then heated at 
reflux for 24 h. The title complex was isolated from the 
reaction mixture with the use of a procedure similar to that 
described in section A(ii); yield 0.106 g (73%). Anal. Calcd 
for C59 &&14F305P4Re~S (Le., [R~ZC~~(ICCHZ-~-BU)(CO)~-  
@-dppm)zlS03CF3.0.5CHzC12): C, 45.28; H, 3.58. Found: C, 
45.54; H, 3.56. The presence of a small amount of lattice CHz- 
Clz was confirmed by 'H NMR spectroscopy. 

B. Synthesis of Re201-C1)01-CO)(~CCH2R)C12(CO)01- 
dppm)~. (i) R = n-Pr (6a). Procedure a. A mixture of [Rez- 
@ - ~ ~ ) @ - C O ) ( ~ C C H Z - ~ - P ~ ) C ~ Z ( C O ) O ~ - ~ ~ ~ ~ ) Z ] P F ~  (Sa) and (v5- 
C5H5)zCo (0.007 g, 0.037 mmol) in acetone (5 mL) was stirred 
at room temperature for 2 h. The resulting green precipitate 
was filtered off and washed with diethyl ether (3 x 5 mL). 
The crude product was extracted into CHzClz (ca. 5 mL) and 
filtered through a glass frit. An  excess of n-pentane (30 mL) 
was added to the filtrate, which was then chilled to 0 "C for 1 
h to yield the green title compound (ea); yield 0.025 g (70%). 

(4) Cotton, F. A.; Daniels, L. M.; Dunbar, K. R.; Falvello, L. R.; 

(5) Cotton, F. A.; Dunbar, K. R.; Price, A. C.; Schwotzer, W.; Walton, 

(6) Woodhouse, M. E.; Lewis, F. D.; Marks, T. J. J .  Am. Chem. SOC. 

Tetrick, S. M.; Walton, R. A. J. Am. Chem. SOC. 1985,107, 3524. 

R. A. J .  Am. Chem. SOC. 1988,108,4843. 

1982,104, 5586. 
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Procedure b. A mixture of 1 (0.100 g, 0.075 mmol) and 
TlPF6 (0.040 g, 0.057 mmol) in acetone (15 mL) and CHzClz (5 
mL) was treated with 1-pentyne (0.08 mL) and heated at reflux 
for 24 h. The white precipitate (TlC1) was filtered off and the 
green filtrate treated with (v5-C5H&Co (0.015 g, 0.079 mmol). 
This mixture was then stirred at room temperature for 2 h 
and the green solid filtered off and washed with diethyl ether 
(3 x 5 mL). This crude product was extracted into a minimum 
volume of CHzClz (ca. 10 mL), and an excess of n-pentane (ca. 
50 mL) was added. This mixture was chilled to 0 "C to induce 
crystallization; yield 0.049 g (48%). Anal. Calcd for C57H53- 
C1308fiez: C, 49.87; H, 3.90. Found: C, 49.23; H, 3.82. 

(ii) R = n-Bu (6b). Procedure a. The use of [Rez@-Cl)- 
@-CO)(=CCHZ-~-B~)C~~(CO)@-~~~~)Z]PF~ (5c; 0.04 g, 0.026 
mmol) and a procedure analogous to that described in section 
B(i), procedure a, produced the title complex; yield 0.027 g 
(75%). 

Procedure b. The use of 1-hexyne (0.08 mL) and a 
procedure and workup similar to that described in section B(i), 
procedure b, gave the title complex; yield 0.05 g (49%). Anal. 
Calcd for C6oHsgC170zP4Rez (Le., RezC13(iCCHz-n-Bu)(C0)2- 
@-dppm)2*2CHzC12): C, 46.29; H, 3.82. Found: C, 46.83; H, 
3.75. The presence of lattice CHzClz was confirmed by lH 
NMR spectroscopy. 

C. Synthesis of the W-Labeled Complex Re&-Cl)(lr- 
13CO)(~CCH2-n-Pr)C12(13CO)~-dppm)2. This labeled com- 
plex was obtained starting from R~z@-CI )@-~~CO)C~~(~~CO)@-  
dppm)~ (0.050 g, 0.037 mmol) by the use of the method in 
section B(i), procedure a, via the intermediacy of [Rez@-Cl)@- 
13COX~CH~-n-Pr)C1~(13CO)Cu-dppm)~]PF6; yield 0.018 g (35%). 

D. Synthesis of CRe201-Cl)(lr-CO)(~CCHaR)Cl2(CNxyl)- 
@-dppm)2lX (i) R = n-Pr, X = PF6 (7a). Procedure a. A 
mixture of 2 (0.100 g, 0.069 mmol) and TlPF6 (0.04 g, 0.114 
mmol) in acetone (20 mL) was treated with 1-pentyne (0.08 
mL) and heated at reflux for 24 h. The white precipitate (TlCl) 
was filtered off and the green filtrate evaporated to dryness. 
The residue was extracted into CHzClz (ca. 2 mL) and excess 
diethyl ether (40 mL) added to induce precipitation. The green 
solid was filtered off, washed with diethyl ether (10 mL), and 
dried in vacuo; yield 0.050 g (45%). Anal. Calcd for C66H64- 
CW&OP& (i.e., [RezC~(~CHz-n-PrXCO)(CNxylXu-dppm)zl- 
PF&H2C12: C, 46.47; H, 3.79. Found: C, 46.89; H, 3.83. The 
presence of a small amount of lattice CHzClz was confirmed 
by lH NMR spectroscopy. 

Procedure b. A solution of [Re&-Cl)@-COC(n-Pr)CH)ClZ- 
(CNxyl)@-dppm)z]PF6 (4a; 0.040 g, 0.025 mmol) in CH3CN (5 
mL) was heated at reflux for 24 h. The resulting green 
solution was reduced to ca. 2 mL by evaporation and diethyl 
ether (40 mL) added to induce precipitation of the product. 
The green precipitate was filtered off, washed with diethyl 
ether (10 mL), and dried in vacuo; yield 0.012 g (30%). 

(ii) R = n-Pr, X = SOsCFs (7b). A mixture of 2 (0.177 g, 
0.123 mmol) and Tl(S03CF3) (0.045 g, 0.127 mmol) in dichlo- 
romethane (10 mL) was treated with 1-pentyne (0.10 mL), 
followed by concentrated HCl (0.1 mL), and then heated at 
reflux for 24 h. The white precipitate (TlCl) was filtered off 
and the dark green filtrate evaporated to dryness. The green 
solid was extracted into ca. 2 mL of CHzClz and the extract 
then layered with 40 mL of diethyl ether to induce precipita- 
tion of the title compound. The dark green solid was then 
filtered off, washed with diethyl ether (3 x 5 mL), and dried 
in vacuo; yield 0.141 g (70%). Anal. Calcd for C66.5H63C14F3- 
N04P4RezS (i.e., [RezC13(1CCHz-n-Pr)(CO)(CNxyl)@-dppm)~l- 
S03CF3.0.5CHzCl~): C, 47.90; H, 3.81. Found: C, 47.74; H, 
3.94. The presence of lattice CHzClz was confirmed by lH 
NMR spectroscopy. 

(iii) R = n-Bu, X = PF6 (7c). Procedure a. The use of 
1-hexyne (0.08 mL) and a procedure similar to that described 
in section D(i), procedure a, gave the title complex; yield 0.052 
g (46%). And. Calcd for C ~ & & ~ ~ F ~ N O P & ~ Z  (i.e., [RezCls- 
( I C C H Z - ~ - B ~ X C O ) ( C N ~ ~ ) @ - ~ ~ ~ ~ ) Z ~ P F ~ H Z C ~ Z ) :  C, 46.79; H, 
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3.88. Found: C, 46.85; H, 3.90. The presence of a small 
amount of lattice CHzClz was confirmed by 'H NMR spectros- 
COPY. 

Procedure b. A quantity of [Rez@-Cl)@-COC(n-Bu)CH)- 
Clz(CNxyl)@-dppm)z]PF6 (4b 0.040 g, 0.025 mmol) in metha- 
nol (5 mL) was heated at reflux for 24 h. The resulting green 
solution was reduced to ca. 2 mL by evaporation and diethyl 
ether added (40 mL) to induce precipitation of the title 
compound. The green precipitate was filtered off, washed with 
diethyl ether (10 mL), and dried in vacuo; yield 0.018 g (45%). 

Procedure c. A solution of [Rez@-Cl)@-COC(n-Bu)CH)- 
(CNxyl)@-dppm)z]PF6 (4b; 0.030 g, 0.019 mmol) in acetone (4 
mL) was treated with 60% aqueous HPF6 (0.10 mL) and heated 
at  reflux for 24 h. The resulting solution was reduced to ca. 2 
mL by evaporation and diethyl ether added (50 mL) to induce 
precipitation. Mer a period of ca. 20 min, the gray-green solid 
was filtered off, washed with diethyl ether (10 mL), and dried 
in vacuo; yield 0.013 g (43%). 

The analogous [BF4]- salt [Rez@-Cl)@-CO)(~CCHz-n-Bu)- 
Clz(CNxyl)@-dppm)z]BF4 can be prepared by the use of a 
procedure similar to that described above, except that the 60% 
aqueous HPF6 is replaced by 0.10 mL of 85% HBF4.EtzO. 

(iv) R = n-Bu, X = SOsCFs (7d). A mixture of 2 (0.093 g, 
0.064 mmol) and Tl(S03CF3) (0.025 g, 0.071 mmol) in dichlo- 
romethane (10 mL) was treated with 1-hexyne (0.05 mL) and 
concentrated HCl(O.1 mL) and then heated at  reflux for 24 h. 
The title complex was isolated from this reaction mixture 
through the use of a procedure analogous to that given in 
section D(ii); yield 0.071 g (67%). Anal. Calcd for C67.5H65' 
C14F3N04PaezS (i.e., [ R ~ ~ C ~ ~ ( ~ C C H Z - ~ - B U ) ( C O ) ( C N ~ ~ ~ ) -  
@-dppm)zlS03CFsG,5CHzCl~): C, 48.22; H, 3.90. Found: C, 
48.22; H, 4.01. The presence of lattice CHzClz was confirmed 
by 'H NMR spectroscopy. 

E. Synthesis of RenCu-Cl)(lr-CO)('CCHnR)Clz(CNxyl)- 
@-dppm)a. (i) R = n-Pr (8a). Procedure a. A mixture of 
[Re~@-Cl)@-CO)(rCCH~-n-Pr)Cl2(CNxyl)Cu-dppm)~lPF6 (0.04 
g, 0.025 mmol) and (q5-C5H&Co (0.006 g, 0.032 mmol) in 
acetone (6 mL) was stirred at room temperature for 2 h. The 
resulting green precipitate was filtered off and washed with 
diethyl ether (3 x 5 mL). This crude product was extracted 
into ca. 4 mL of CHzClz, and then filtered through a glass frit. 
Addition of diethyl ether (25 mL) to the solution and cooling 
it to 0 "C for 1 h yielded the green title compound; yield 0.026 

(rCCHz-n-PrXCO)(CNxyl)@-dppm)zCHzClz): C, 49.80; H, 4.06. 
Found: C ,  49.46; H, 4.16. The presence of a small amount of 
lattice CHzClz was confirmed by 'H NMR spectroscopy. 

Procedure b. A mixture of 2 (0.100 g, 0.069 mmol) and 
T1PF6 (0.040 g, 0.057 mmol) in acetone (20 mL) was treated 
with 1-pentyne (0.08 mL) and heated at  reflux for 24 h. The 
white precipitate (TlCl) was filtered off and the green filtrate 
treated with (q5-C&15)zCo (0.014 g, 0.074 mmol). This solution 
was stirred at  room temperature for 2 h. The green title 
compound was filtered off and washed with diethyl ether (3 x 
5 mL). This crude product was recrystallized from CHzClz and 
diethyl ether; yield 0.041 g (40%). 

(ii) R = n-Bu (8b). Procedure a. This complex was 
prepared from [Re2@-Cl)@-CO)(rCCHz-n-Bu)Clz(CNxyl)@- 
dppm)zlPFs (7c; 0.04 g, 0.025 mmol) following a procedure 
analogous to that described in section E(i), procedure a; yield 
0.025 g (67%). Anal. Calcd for C66H&13NOP&z: c ,  53.27; 
H, 4.21. Found C, 53.02; H, 4.38. 

Procedure b. The use of 1-hexyne (0.08 mL) and a 
procedure analogous to that described in section E(i), proce- 
dure b, produced the title complex; yield 0.047 g (46%). 

Preparation of Single Crystals. Crystals of [ReZ@-Cl)- 
@-CO)(=CCH~-n-Bu)Clz(CNxyl)@-dppm)zlSO~CF~G.5 CHzClz 
(7d) were obtained as dark brown plates by the diffusion of 
diisopropyl ether into a solution of 7d in dichloromethane 
while suitable dark cubic crystals of composition ReZ@-Cl)@- 
C0)(~CCH~-n-Pr)Cl~(CNxyl&-dppmh.2CH~Clz (8a) were grown 

g (71%). Anal. Calcd for C66H64ClsNOP.&ez (i.e., Re&- 

Kort et al. 

Table 1. Crystallographic Data for [Re&-Cl)@-C0)- 
(=CCH2-n-Bu)Clz(CNxyl)~-dppmh]SO~CF~.0.5CH~Cl~ (7d) 

and Re201-Cl)@-CO)(~CCH2-n-h.)Cl2(CNxyl)- 
@-dppm)z*2CHzCb (8a) 

7d 8a 

chem formula RezCbSP830flC67.5H6s 
fw 1681.44 
space group Pnma (No. 62) 
a, A 24.482(5) 
b, 8, 15.377(3) 
C, A 17.904(4) 
v, A 3  6740(4) 
Z 4 
T, K 293 
A, 8, (Mo Ka) 
ecnlcd, g c w 3  1.657 
~ ( M o  Ka), cm-' 39.61 
transmissn coeff 1.00-0.87 
Ra 0.056 
RWb 0.069 
GOF 1.649 

0.710 73 

a R = CIIFoI - lFcllEl~ol. Rw = {Cw(lF0l - 
l/~Z(IFol). 

RezCbP40NC67H66 
1645.75 
Pnma (No. 62) 
24.383(4) 
15.420(3) 
17.614(3) 
6622(4) 
4 
293 
0.710 73 
1.650 
41.24 
1.00-0.74 
0.034 
0.042 
1.228 

IFol)~EwlFo12}'~; w = 

by the diffusion of n-heptane into a dichloromethane solution 
of this complex. 

X-ray Crystallography. The structures of 7d and 8a were 
determined at mom temperature by the application of standard 
procedures. Each crystal used for data collection was mounted 
on a glass fiber in a random orientation. The basic crystal- 
lographic parameters for these two crystals are listed in Table 
1. The cell constants were based on 25 reflections in the range 
9 < f3 c 19" for 7d and 20 c 0 < 23" for 8a, measured by the 
computer-controlled diagonal slip method of centering. Three 
standard reflections were measured after every 5000 s of beam 
time during data collection, and there were no systematic 
variations in intensity. The data processing was performed 
on a microVAX I1 computer using the Enraf-Nonius MolEN 
structure determination package. Lorentz and polarization 
corrections were applied to both data sets, and an empirical 
absorption correction was applied in each case; for 7d the 
method based on a series of scans was used, while for 8a 
the method used was that of Walker and Stuart.' 

7d crystallized in the orthorhombic crystal system. The 
systematic absences in the data set were consistent with both 
the Pna21 and the &ma space groups. Efforts to solve the 
structure in the space group Pna21 were unsuccessful. The 
centric space group was therefore assumed and subsequently 
confirmed by the successful solution and refinement of the 
structure. The structure was solved by a combination of direct 
methods (SHELX-86) and difference Fourier syntheses. The 
lattice was found to  contain four formula units of the complex 
in the unit cell, and the cation and anion are thus required to 
contain crystallographic planes of symmetry. Due to an 
obscure disorder at  the end of the six-member alkylidyne 
carbon chain, C(l)-C(6), the last carbon atom in this chain, 
C(6), could not be refined to convergence. It was thus refined 
with fixed parameters, and as a result, one of the carbon- 
carbon bond distances in this chain was extremely long (C(4)- 
C(5) = 1.74(9)&. The carbon atoms in this alkylidyne chain 
and in the isocyanide ligand were refined isotropically, while 
the remaining non-hydrogen atoms were refined with aniso- 
tropic thermal parameters. For the triflate anion, atoms 
F(101), C(lOO), S, and O(1) were located on a mirror plane; 
the uniformly large anisotropic thermal parameters associated 
with the atoms of this anion reflect its rather high thermal 
motion, which may be a consequence of its relatively loose 
packing in the crystal. In the final stage of the structure 
analysis, half a dichloromethane molecule from the crystal- 
lization solvent was located; the solvent molecule was posi- 

(7) Walker, N.; Stuart, D. Acta Crystallogr., Sect. A: Found Crys- 
tallogr. 1983, A39, 158. 
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Mixed-Valence Dirhenium Alkylidyne Complexes 

tioned about a crystallographic mirror plane. It was included 
in the analysis and was satisfactorily refined anisotropically 
for its chlorine atoms (Cl(501) and Cl(502)) and isotropically 
for its carbon atom (C(500)). Corrections for anomalous 
scattering were applied to all anisotropically refined atomsea 
Hydrogen atoms were not included in the calculations. The 
structure was refined in full-matrix least squares where the 
function minimized was Cw = (IFol - IFc/)2, where w is the 
weighting factor defined as w = 1/& lFol). The final residuals 
for 7d were R = 0.056 (R, = 0.069) and GOF = 1.649. The 
highest peak in the final difference Fourier was 1.55 e/A3. 

The structure of a crystal of 8a was determined as described 
for 7d. The structure was again solved satisfactorily in the 
centric space group Pnma with Z = 4; the neutral dirhenium 
unit was required to possess a crystallographic plane of 
symmetry. All carbon atoms of the alkylidyne ligand refined 
satisfactorily with anisotropic thermal parameters. Two 
independent CHzClz solvent molecules were found to be 
present in the crystal lattice. Both are located about mirror 
planes, one having its CClz unit in the plane while the other 
has the CClz angle bisected by the plane. These molecules 
were refined with full occupancy factors, and all six non- 
hydrogen atoms were refined with anisotropic thermal pa- 
rameters. Corrections for anomalous scattering were applied 
to all anisotropically refined atomsSa All hydrogen atoms, 
except those of the CHzClz molecules, were introduced at  
calculated positions (C-H = 0.95 A, B = 1.3BC), not refined 
but constrained to ride on their C atoms. The structure was 
refined in full-matrix least squares where the function mini- 
mized was Cw = (IF,I - IF#, where w is the weighting factor 
defined as w = l/uz(~Fo~). The final residuals for 8a were R = 
0.034 (R, = 0.042) and GOF = 1.228. The highest peak in 
the final difference Fourier was 0.83 e/A3. 

Physical Measurements. A Perkin-Elmer 1800 FTIR 
spectrometer was used to record the IR spectra of the com- 
pounds as mineral oil (Nujol) mulls. Electrochemical mea- 
surements were carried out on dichloromethane solutions that 
contained 0.1 M tetra-n-butylammonium hexafluorophosphate 
(TBAH) as supporting electrolyte. Eli2 values, determined as 
(Ep+ + EPJ2, were referenced to  the silvedsilver chloride (Ag/ 
AgC1) electrode at  room temperature and are uncorrected for 
junction potentials. Under our experimental conditions El12 
= +0.47 vs Ag/AgCl for the ferroceniudferrocene couple. 
Voltammetric experiments were performed with a BAS Inc. 
Model CV-27 instrument in conjunction with a BAS Model 
RXY recorder. The 31P{1H} NMR spectra were obtained with 
use of a Varian XL-2OOA spectrometer operated at 80.98 MHz 
or a GE QE-300 spectrometer equipped with a multinuclear 
Quad probe operated at 121.5 MHz with 85% as an 
external standard. lH and l3C{lH) NMR spectra were ob- 
tained on a GE QE-300 spectrometer operated at 300 and 75.61 
MHz, respectively. Proton resonances were referenced inter- 
nally to  the residual protons in the incompletely deuteriated 
solvent. The 2H{1H} NMR spectra were recorded (in CHZClz) 
with the use of a Varian XL-2OOA spectrometer. Magnetic 
susceptibility measurements were carried out by the Evans 
m e t h ~ d . ~  X-Band ESR spectra were recorded at  ca. -160 “C 
with the use of a Varian E-109 spectrometer. 

Elemental microanalyses were performed by Dr. H. D. Lee 
of the Purdue University Microanalytical Laboratory. Mi- 
croanalyses of representative samples of the dirhenium alkyl- 
idyne complexes of types 5-8 were obtained. 

Results 

When solutions of the 3-metallafuran complexes 3 and 
4 (R = n-Pr or n-Bu) a re  refluxed in  polar solvents 

(8) (a) Cromer, D. T. International Tables for X-ray Crystallography; 
Kynoch Birmingham, England, 1974; Vol. N, Table 2.3.1. (b) For the 
scattering factors used in the structure solution, see: Cromer, D. T.; 
Waber, J. T. in ref 8a, Table 2.2B. 

(9) Evans, D. F. J.  Chem. SOC. 1969, 2003. 
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Table 2. Positional Parameters and Equivalent Isotropic 
Displacement Parameters (A2) for the Non-Phenyl Group 

Atoms of the Dirhenium Cation of 7d and Their Estimated 
Standard Deviation9 

0.15790(5) 
0.26294(5) 
0.0632(3) 
0.3119(3) 
0.1777(3) 
0.1530(2) 
0.2667(2) 
0.2716(8) 
0.3841(8) 
0.157( 1) 
0.162(2) 
0.1 15(2) 
0.129(3) 
0.060(3) 
0.06443 
0.258( 1) 
0.2216(7) 
0.343(1) 
0.443(1) 
0.453(2) 
0.514(2) 
0.54 l(2) 
0.534(2) 
0.474(2) 
0.414(2) 
0.460(2) 

114 
114 
114 
114 
114 
0.088 l(3) 
0.0907(3) 
114 
1 I4 
114 
114 
114 
114 
1 I4 
1 I4 
114 
0.043( 1) 
114 
114 
1 I4 
114 
114 
1 I4 
114 
114 
114 

0.91397(6) 
0.84973(6) 
0.8877(5) 
0.73 lO(4) 
0.7760(4) 
0.9141(3) 
0.8478(2) 
1.018(1) 
0.905( 1) 
1.011(2) 
1.090(2) 
1.143(3) 
1.233(4) 
1.257(4) 
1.34728 
0.957( 1) 
0.921( 1) 
0.888(2) 
0.921(2) 
l.Ooo(2) 
1.018(3) 
0.945(3) 
0.876(3) 
0.854(3) 
1.055(2) 
0.775(2) 

3.40(2) 
3.02(2) 
5.4(2) 
5.1(2) 
4.4(2) 
3.6(1) 
3.10(9) 
5.2(5) 
3.6(5) 
4.7(6)* 
7.8(9)* 

14(2)* 
19(2)* 
16(2)* 
20* 
4.2(6) 
4.0(4) 
4.9(7) 
5.8(7)* 

12(1)* 
12(1)* 
12(1)* 
11(1)* 
9(1)* 
8(1)* 

9(u* 

Anisotropically refined atoms are given in the form of the isotropic 
equivalent thermal parameter defined as (41~)[a2~(l , l)  + bzp(2,2) + $B(3,3) + &(cos y)B(1,2) + ac(cos B)p(1,3) + bc(cos a)B(2,3)]. Data for the 
phenyl group atoms of the dppm ligands, the atoms of the triflate anion, 
and the atoms of the lattice dichloromethane molecule are available as 
supplementary material. An asterisk denotes a value for an isotropically 
refined atom. 

(acetone, methanol, and acetonitrile were used) for 
periods of up  to 24 h, the  dirhenium alkylidyne com- 
plexes of types 5 and 7 can be isolated in yields of 30- 
50% upon the  addition of diethyl ether to the green 
reaction solutions (Scheme 1, step B). An alternative 
and more convenient procedure is to heat the  reaction 
mixtures that a re  known to produce2 the  3-metallafuran 
complexes 3 and 4 from the precursors 1 and 2 for 
periods in excess of 24 h (Scheme 1, step C). This 
strategy avoids the necessity of isolating the “intermedi- 
ate” complexes 3 and 4 and gives 5 and 7 in isolated 
yields of 30-70%. 

The complexes 5 and 7 display terminal v(CN)t or 
v(C0)t modes in their IR spectra at ca. 2150 and ca. 2035 
cm-l, respectively, as well as a bridging Y(C0)b mode 
close to 1800 cm-l (Table 6). The v(P-F) mode of the  
[PF& anion is found at ca. 840 cm-l in the  spectra of 
5a, 5c, 7a, and 7c, while for the  [SO&FJ- salts 5b, 
5d, 7b, and 7d, there is a characteristic anion mode at 
ca. 1260 cm-l. 

The cyclic voltammetric properties of solutions of all 
six complexes of types 5 and 7 in  0.1 M TBAH/CH&12 
are  very similar to one another (see Table 6). Each 
shows a reversible one-electron oxidation and a revers- 
ible one-electron reduction with ip,a = iP+ and AE (i.e., 
Ep,a - Ep,J = 60-70 mV at a sweep rate of 200 mVfs. 
The carbonyl-containing complexes 5a-5d also show an 
irreversible reduction at of ca. -1.8 V. The two 
reversible processes are sh f t ed  to more negative po- 
tentials by between 360 and 240 mV on changing from 
L = CO (5) to L = xylNC (7) ;  this reflects t he  greater 
n-acceptor properties of CO (compared to xylNC), which 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

06
1



452 Organometallics, Vol. 14, No. 1, 1995 

Table 3. Positional Parameters and Equivalent Isotropic 
Displacement Parameters (Az) for the Non-Phenyl Group 

Atoms of the Dirhenium Molecule of 8a and Their Estimated 
Standard Deviatiow 

Kort et al. 

Table 5. Selected Bond Distances (A) and Bond Angles 
(deg) for 8@ 

Distances 
Re(1)-Re(2) 3.0391(6) Re(2)-C(21) 1.70(1) 
Re( 1) - Cl( 1) 2.475(3) Re(2)-C(ll) 2.62(1) 
Re(1)-Cl(B) 2.485(3) 0(12)-C(ll) 1.22(1) 
Re( 1)-P(l) 2.409(2) N(30)-C(30) 1.15(1) 
Re(1)-C(11) 1.87(1) N(30)-C(31) 1.39(2) 
Re(l)-C(30) 1.95(1) C(21)-C(22) 1.48(2) 
Re(2)-C1(2) 2.417(3) C(22)-C(23) 1.46(2) 
Re(2)-Cl(B) 2.542(3) C(23)-C(24) 1.45(2) 
Re(2)-P(2) 2.417(2) C(24)-C(25) 1.37(3) 

0.34833(2) 
0.1938(1) 
0.4457( 1) 
0.3249( 1) 
0.23353(8) 
0.34841(8) 
0.2291(3) 
0.1128(4) 
0.2789(3) 
0.2433(5) 
0.3485(5) 
0.3427(6) 
0.3930(7) 
0.3921(9) 
0.439( 1) 
0.1582(4) 
0.0569(5) 
0.0412(6) 

-0.0165(8) 
-0.0514(7) 
-0.0353(6) 

0.0215(6) 
0.0810(8) 
0.0398(7) 

114 
114 
114 
114 
0.0938( 1) 
0.0933( 1) 
114 
114 
0.0490(5) 
114 
114 
114 
114 
114 
114 
114 
114 
114 
114 
114 
114 
114 
114 
114 

atom X Y Z B 
2.162(8) 0.23541(2) 114 

0.2785(2) 
0.1030(2) 
0.2179( 1) 
0.1466(1) 
0.0766( 1) 

-0.0215(4) 
0.1030(5) 
0.0729(4) 
0.0449(6) 

-0.0195(6) 
-0.1033(7) 
-0.1478(8) 
-0.230( 1) 
-0.273( 1) 

0.1205(6) 
0.0868(8) 
O.Oll(1) 

-0.002( 1) 
0.058(2) 
0.130( 1) 
0.149( 1) 

-0.0527(9) 
0.227(1) 

2.322(8j 
3.66(6) 
3.74(6) 
2.99(5) 
2.56(4) 
2.6 1 (4) 
4.1(2) 
3.9(2) 
2.7(2) 
3.2(2) 
3 3 3 )  
5.4(4) 
7.1(4) 

12.9(9) 
16(1) 
2.8(2) 
5.0(3) 
7.2(4) 

11.3(7) 
14.9(9) 
10.2(7) 
6.5(4) 
8.4(5) 
8.4(5) 

Anisotropically refined atoms are given in the form of the isotropic 
equivalent thermal parameter defined as (413)[a2,!?(l,l) + b2/?(2,2) + &?(3,3) + &(cos y)/3(1,2) + ac(cos ,!?),!?(1,3) + bc(cos a),8(2,3)]. Data for the 
phenyl group atoms of the dppm ligands and the atoms of the lattice 
dichloromethane molecules are available as supplementary material. 

Table 4. Selected Bond Distances (A) and Bond Angles 
(dee) for the Dirhenium Cation of 7da 

Distances 
Re( 1)-Re(2) 2.8 17(2) Re(2)-C(20) 2.08(4) 
Re( 1)-C1( 1) 2.366(8) O( 10)-C( 10) 1.13(3) 
Re( l)-Cl(B) 2.518(7) N-C(20) 1.04(3) 
Re( l)-P(l) 2.492(5) N-C(601) 1.47(4) 
Re( 1)-C( 1) 1.74(3) C(l)-C(2) 1.41(5) 
Re(1)-C(10) 2.57(4) C(WC(3) 1.49(6) 
Re(2)-C1(2) 2.439(7) C(3)-C(4) 1.64(8) 
Re(2)-Cl(B) 2.469(8) C(4)-C(5) 1.74(9) 
Re(2) - P(2) 2.451(5) C(5)-C(6) 1.60(7) 
Re(2)-C( 10) 1.93(3) 

Angles 
Re(2)-Re(l)-C1(1) 144.4(2) C1(2)-Re(2)-C(10) 154(1) 
Re(2)-Re(l)-Cl(B) 54.8(2) C1(2)-Re(2)-C(20) 79.7(9) 
Re(2)-Re(l)-P(1) 92.5(1) Cl(B)-Re(2)-P(2) 91.4( 1) 
Re(2)-Re(l)-C(l) 115(1) Cl(B)-Re(2)-C(lO) 119(1) 
Cl(1)-Re(1)-Cl(B) 89.6(3) Cl(B)-Re(2)-C(20) 166.8(9) 
Cl(1)-Re(1)-P(1) 87.3(1) P(2)-Re(2)-C(10) 90.9(1) 
Cl(1)-Re(1)-C(1) lOl(1) P(2)-Re(2)-C(20) 88.2(1) 
Cl(B)-Re(1)-P(1) 90.6(1) C(lO)-Re(2)-C(20) 74(1) 
Cl(B)-Re(1)-C(1) 170(1) Re(1)-Cl(B)-Re(2) 68.8(2) 
P( 1)-Re( 1)-C(l) 89.9(1) C(20)-N-C(601) 175(3) 
Re(l)-Re(2)-C1(2) 143.5(2) Re(l)-C(l)-C(2) 174(3) 
Re( 1)-Re(2)-Cl(B) 56.4(2) C( l)-C(2)-C(3) 125(4) 
Re(l)-Re(2)-P(2) 92.3(1) C(2)-C(3)-C(4) 117(6) 
Re(l)-Re(Z)-C(lO) 62(1) C(3)-C(4)-C(5) 9 3 w  
Re(l)-Re(2)-C(20) 136.8(9) C(4)-C(5)-C(6) lOl(5) 
C1(2)-Re(2)-Cl(B) 87.1(3) Re(2)-C(10)-0(10) 160(3) 
C1(2)-Re(2)-P(2) 88.2(1) Re(2)-C(20)-N 178(3) 

Numbers in parentheses are estimated standard deviations in the least 
significant digits. 

results in a higher positive charge at  the dirhenium core 
in the case of L = CO. The accessibility of the reduction 
(E1dred) in Table 6) has been shown by the reduction 
of 5 and 7 to their neutral congeners 6 and 8 through 
the use of cobaltocene as the reducing agent (Scheme 

Re(2)-Re(l)-Cl( 1) 
Re(2)-Re(l)-Cl(B) 
Re(2)-Re(l)-P( 1) 
Re(2)-Re(l)-C(ll) 
Re(2)-Re(l)-C(30) 
Cl(l)-Re( 1)-Cl(B) 
Cl( 1)-Re( 1)-P(l) 
Cl(1)-Re(1)-C(l1) 
Cl(1)-Re( 1)-C(30) 
Cl(B)-Re( 1)-P( 1) 
Cl(B)-Re(1)-C(l1) 
Cl(B)-Re( 1)-C(30) 
P( 1)-Re(1)-P(1) 
P(1)-Re(1)-C(l1) 
P( 1)-Re( 1)-C(30) 
C( 11)-Re( 1)-C(30) 
Re( l)-Re(2)-C1(2) 

Angles 
139.23(7) Re(l)-Re(2)-Cl(B) 
53.67(6) Re(l)-Re(2)-P(2) 
90.34(5) Re(l)-Re(2)-C(21) 
59.0(4) C1(2)-Re(2)-Cl(B) 

139.4( 3) C1(2)-Re(2)-P(2) 
85.6(1) C1(2)-Re(2)-C(21) 
90.95(5) Cl(B)-Re(2)-P(2) 

161.7(4) Cl(B)-Re(2)-C(21) 
8 1.4(3) P(2)-Re(2)-P(2) 
91.69(5) P(2)-Re(2)-C(21) 

112.7(4) Re(1)-Cl(B)-Re(2) 
166.9(3) Re(l)-C(ll)-O(l2) 
176.2(1) Re(2)-C(21)-C(22) 
88.59(5) C(21)-C(22)-C(23) 
88.54(5) C(22)-C(23)-C(24) 
80.3(5) C(23)-C(24)-C(25) 

144.12(8) Re(l)-C(30)-N(30) 

5 1.94(6) 
90.16(5) 

115.2(4) 
92.2(1) 
90.0 1 (5) 

100.7(4) 
90.29(5) 

167.1(4) 
179.4( 1) 
89.7 l(5) 
74.39(7) 

158(1) 
174(1) 
117(1) 
122(2) 
122(2) 
180.0(9) 

a Numbers in parentheses are estimated standard deviations in the least 
significant digits. 

1, step D). This can be accomplished either by the 
treatment of samples of 5 and 7 with an acetone solution 
of (g5-C5H&Co or by the addition of cobaltocene to 
solutions of 5 and 7 that had been generated directly 
from 1 and 2, respectively, via 3 and 4. 

The complexes of types 6 and 8, Rez@-Cl)@-CO)- 
(WCHzR)Clz(L)@-dppm)z (L = CO or xylNC), have 
v(C0) and Y(CN) bands in their IR spectra (recorded as 
Nujol mulls) that are a t  frequencies lower than the 
corresponding modes in the spectra of 5 and 7 (Table 
6). This reflects the increase in the extent of Re - 
CO(n*) and Re - CNxyl(n*) back-bonding in the more 
electron-rich neutral complexes 6 and 8. The 13C- 
labeled complex R~z@-C~)@-~~CO)(=CCHZ-~-P~)C~Z- 
(13C0)@-dppm)~ shows the expected shift of the two 
v ( C 0 )  bands to lower frequencies (1944 (8) and 1762 (m) 
cm-l) compared to what is observed with the 12C-labeled 
derivative 6a (1987 (s) and 1804 (m) cm-l). The very 
close relationship between the pairs of 5, 6 and 7, 8 is 
further demonstrated by the cyclic voltammetric proper- 
ties of these sets of complexes (Table 6). The only 
difference within each pair is that the reduced com- 
plexes (6 and 8)  have processes at +0.29 and f0.03 V, 
respectively, that correspond to  oxidations of the bulk 
complexes, whereas they are reductions in the case of 5 
and 7 (Table 6). 

The ionic species 5 and 7 are paramagneticlOJl and 
display only very broad peaks in their IH NMR spectra. 
In contrast, their neutral congeners of types 6 and 8 
are diamagnetic and exhibit well-defined IH and 31P- 
PH} NMR spectra, the latter having the appearance of 
AA'BB' patterns (Table 7). The room-temperature 

~ ~~~~~~ 

(10) A magnetic moment determination on a chloroform solution of 
7d a t  room temperature by the Evans methode gave a value of per  = 

(11) A dichloromethane solution of 7c (at -160 "C) gave a broad 
anisotropic signal centered at g = 2.17 showing Re hyperfine. 

1.8(+0.1) p ~ .  
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Table 6. Electrochemical and Infrared Spectral Data for Alkylidyne Complexes of the Types 
[Re2@-Cl)@-CO)(sCCH2R)C12(L)@-dppm)2]X and Rez0r-Cl)@-CO)(~CCH2R)Cl,(L)@-dppm)z (R = n-Pr, n-Bu; L = CO, 

VlNC; X = PFa, SO3CF3) 
CV half-wave potentials,' V IR spectra: cm-' 

complex R L X E I ~ O X )  Eldred) E w  v(CN)t v(CO)r V ( c 0 ) b  

5a n-Pr CO PFs +1.17(70) +0.27(60) -1.80 2036 (s) 1816 (m) 
5b n-Pr CO SO3CF3 +1.18(60) +0.27(60) -1.85 2038 (s) 1820 (m) 
5 C  n-Bu CO pF6 + 1.18(70) +0.28(70) - 1.85 2032 (s) 1831 (m, br) 
5d n-Bu CO S03CF3 +1.19(60) +0.26(70) -1.80 2036 (s) 1814 (m) 
6a n-Pr CO +1.19(70) +0.29(60)c - 1.84 1987 (s), 1963 (m, sh) 1804 (m) 
6b n-Bu CO +1.19(60) +0.29(60)c -1.85 1990 (s) 1804 (m) 
7a n-Pr xylNC PF6 +0.86(60) +0.03(60) 2152 (s) 1826 (m, sh), 1802 (m) 
7b n-Pr xylNC SO3CF3 +0.86(60) +0.01(60) 2150 (s) 1794 (m) 
7c n-Bu xylNC PF6 +0.82(60) +0.02(60) 2155 (s) - 1820 (m, br) 
7d n-Bu xylNC SO3CF3 +0.85(70) +0.00(70) 2150 (s) 1798 (m) 
8a n-Pr xylNC +0.86(60) +0.03(60)c 2078 (s) 1785 (m) 
8b n-Bu xylNC +0.86(60) +0.03(60)c 2078 (s) 1785 (m) 

a Measured on 0.1 M TBAWCHCL solutions and referenced to the Ag/AgCl electrode with a scan rate (Y) of 200 mV/s at a Pt-bead electrode. Under 
our experimental conditions, E112 = +0.47 V vs Ag/AgCl for the ferroceniudferrocene couple. In all cases, ip.8 % ip,c. The Ep,% - Ep,c values (in mV) are 
given in parentheses. IR spectra recorded as Nujol mulls. 

Table 7. 'H and 31P{1H} NMR Spectral Data for the Diamagnetic Alkylidyne Complexes of the Type 
Re2gl-Cl)gl-CO)(=CCH2R)C12(L)glIdppm)2 (R = n-Pr, n-Bu; L = CO, xylNC) 

E~/~(ox)  value. 

complex R L 'H NMR," 6 3 1 ~ ~ ~ 1  NMR: 6 
6a n-Pr co -6.6, -12.8 

6b n-Bu co 0.05 (m,2H),0.42(p,2H),0.64(t,3H),C0.77(m,4H),'3.40(m,2H),d4.20 -6.6, -13.0 

8a -6.7; -13.0 

8b -4.6; -13.2 

0.03 (m, 2 H), 0.40 (t. 3 HLC 0.47 (m, 4 HhC 3.39 (m, 2 H),d 4.19 (m, 2 H).d 
6.90-7.90 (m, 40 H)' 

(m, 2 Hhd 6.90-7.90 (m, 40 H)' 

4.19 (m, 2 H),d 6.50-8.00 (m, 43 H)e 

1.79 (s, 6 H), 3.43 (m, 2 H),d4.22 (m, 2 H)$6.50-7.90 (m, 43 H)' 

n-Pr xylNC 

n-Bu xylNC 

0.07 (m, 2 H), 0.35 (t, 3 H), 0.42 (m, 4 H), -2.15 (vbr, 6 H), 3.40 (m, 2 H)$ 

-0.02 (m, 2 H), 0.43 (m, 2 H), 0.64 (t, 3 H),C -0.69 (vbr, 2 H),C 0.77 (m, 2 H), 

' Spectra were recorded in CD2C12. The appearance of the spectra and the relative intensities are indicated in parentheses: s, singlet; d, doublet; t, triplet; 
p, pentet; m, multiplet; vbr, very broad. Spectra were recorded in CDzClz and have the appearance of AA'BB' patterns; the chemical shifts quoted are those 
of the center components of the two multiplets. Overlapping multiplets. Resonances of the CH2 units of the dppm ligands. e Resonances of the phenyl 
ring protons. 

13C{ IH} spectrum of Re2@-C1)@-13CO)(=CCH2-n-Pr)C12- 
(13CO)@-dppm)2 (recorded in CD2C12) shows broad reso- 
nances at d = +183 and d = +193 that are assiened12 
to the terminal and bridging CO ligands, respectively, 
which are bound to a dirhenium unit. However, we did 
not observe the natural-abundance carbyne-carbon 
resonance even with the use of very long data acquisi- 
tion times. 

The structural identities of representative members 
of the two sets of complexes of types 5 , 7  and 6 ,s  were 
established by single-crystal X-ray structure analyses. 
An ORTEP representation of the structure of the 
dirhenium cation [R~~@-C~)@-CO)(ECCH~-~-BU)C~~- 
(CNxyl)@-dppm)21+, present in the triflate salt 7d, is 
shown in Figure 1. The structure is that of a distorted 
edge-shared bioctahedron. Although two different 
batches of good-quality single crystals of the neutral 
dicarbonyl complex 6a were obtained from CHClJn- 
pentane and CHzCIdn-heptane, and two data sets were 
collected at  +20 "C, a complete and satisfactory refine- 
ment of this complex was thwarted by a twofold disorder 
problem involving the terminal CO and alkylidyne 
ligands that is of a type we have encountered previously 
with other edge-shared bioctahedral dirhenium species 
that contain the trans Rez@-dppm)z unitS2J3 However, 
a trans disposition of dppm ligands and the all-cis 
arrangement of chloride ligands within the [Re2@-Cl)- 
Clz@-dppm)~I unit were shown to be present and the 

(12) Cotton, F. A.; Daniels, L. M.; Dunbar, K. R.; Falvello, L. R.; 

(13) Esjornson, D.; Derringer, D. R.; Fanwick, P. E.; Walton, R. A. 
Tetrick, S. M.; Walton, R. A. J.  Am. Chem. SOC. 1985,107, 3524. 

Inorg. Chem. 1989,28,2821. 

Figure 1. ORTEP representation of the structure of the 
[Re~(u-Cl)@-CO)(~CCH~-n-Bu)C12(CNxyl)(u-dppm)~l+ cat- 
ion as present in complex 7d with the phenyl group atoms 
of the dppm ligands omitted. The thermal ellipsoids are 
drawn at the 50% probability level. 

Re-Re distance found to  be ca. 3.0 A. After a number 
of attempts, a suitable crystal of composition Rea@-Cl)- 
(p-CO)(=CCH2-n-Pr)C12(CNxyl)@-dppm)2*2CH2Cl2 (Sa) 
was obtained and the structure was successfully solved. 
The ORTEP drawing of the structure of this dirhenium 
complex is shown in Figure 2. The important structural 
parameters for 7d and 8a are given in Tables 2-5. Full 
details of these structures are available as supplemen- 
tary material. 

Discussion 
The conversion of the 3-metallafuran complexes of 

types 3 and 4 to the dirhenium alkylidyne complexes 5 
and 7 as outlined in the reaction scheme (step B) 
represents a novel entry into rhenium alkylidyne chem- 
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structural ~ n i t . ~ ~ J ~ J ~ ~  The Re-CUbridging) bond that 
is trans to the R e W  unit is, as expected, the longest of 
the two Re-Clb distances (2.518(7) vs 2.46903) 8, in 7d; 
2.542(3) vs 2.485(3) A in 8a); this accords with the 
presence of a structural trans effect. 

The most significant difference between the structures 
of 7d and 8a is the difference in the Re-Re distances 
(2.817(2) 8, in 7d; 3.039(1) 8, in 8a). While the shorter 
of the two Re-Re distances clearly signals the presence 
of a significant %-Re interaction, the distance of 3.039- 
(1) 8, in 8a is at the limit of what is normally considered 
the Re-Re bonding range. A comparison of the changes 
in the Re-CUB) and Re-CO distances between 7d and 
8a is not profitable because of the relatively low preci- 
sion of these parameters in the structure of 7d. 

In the case of the cationic dirhenium species that are 
present in complexes of types 5 and 7, we can consider 
them to represent formally mixed-valence Re(II1)-Re- 
(N) species. Their one-electron reduction to the neutral 
complexes 6 and 8 then gives rise to formally Re(I1)- 
Re(ZV) species. While the unsymmetrical nature of 
these complexes, in which the two Re centers are in such 
disparate ligand environments, complicates any detailed 
appraisal of the Re-Re bonding in these complexes, it 
is clear that the bonding scheme that has been derived 
for a more symmetrical edge-sharing bioctahedral spe- 
cies, in which there is no metal-ligand multiple bond- 
ing,18 will not apply here. Specifically, in the present 
cases, two of the three d orbitals that would normally 
be available for Re-Re bonding are involved in forming 
the ReSC bond at the more highly "oxidized" Re center. 
This will leave two essentially nonbonding filled d 
orbitals at the "reduced" Re center for n-back-bonding 
to the cis xylNC and CO ligands. Accordingly, it seems 
reasonable to conclude, based on these arguments and 
the Re-Re bond distance data, that the 5, 6 and 7, 8 
sets correspond to species in which the metal-metal 
bond orders are 0.510, rather than 1.511 and that the 
reductions 5 - 6 and 7 - 8 involve the addition of an 
electron to an antibonding metal-based orbital that is 
already partially filled in the dirhenium cations of 5 and 
7. 

The decoupling reactions of the 2-metalated-3-met- 
allafuran units Re@-COC(R)CH)Re of 3 and 4 involve 
the net addition of a single hydrogen atom and are 
accompanied by a formal redox change from a Re2(8+) 
core in 3 and 4 to a Re2(7+) core in 5 and 7 (see Scheme 
1). Since the products of types 5 and 7 are paramag- 
netic, we have not been able to follow the course of these 
reactions by NMR spectroscopy. However we did moni- 
tor these reactions using IR spectroscopy but found no 
evidence for the formation of intermediates. 

A plausible mechanism could involve attack of H+ at 
the 5-position of the metallafuran ring (the carbon atom 
that has the R substituent) or a t  the oxygen atom, with 
concomitant ring opening and the formation of the 
dirhenium alkylidyne dicationic species [Re2@-Cl)@- 
CO)(~CCH2R)C12(L)@-dppm)212f. Such dicationic spe- 
cies are potent one-electron oxidants (Table 6) and will 
therefore easily be reduced to the monocationic species 
5 and 7 in the reaction medium. The involvement of 
H+ is supported by the observation that the addition of 

Figure 2. ORTEP representation of the Re&-Cl)@-CO)- 
(=CCHz-n-Pr)C12(CNxyl)@-dppm)z molecule (8a) with the 
phenyl group atoms of the dppm ligands omitted. The 
thermal ellipsoids are drawn at the 50% probability level. 

istry. This route contrasts, for example, with strategies 
used in the synthesis of the important mononuclear Re- 
(VII) alkylidyne Schrock complexes, in which ancillary 
imido, alkoxide, andor alkylidene ligands are also 
present,14 the mononuclear hydrido-alkylidyne com- 
plexes of Re(VI1) we have recently reported,15 and the 
formally Re(V) alkylidyne complexes described by 
Pombeiro and co-workers.16 While dirhenium alkyli- 
dyne complexes of other types are this is the 
first alkylidyne chemistry to be developed using the 
electron-rich triple bond ( ~ ~ ~ ~ 4 3 ~ 6 " ~  configuration). 

Although the paramagnetism of the complexes of 
types 5 and 7 precluded their characterization by NMR 
spectroscopy, the accessibility of their neutral, diamag- 
netic congeners 6 and 8 (Scheme 1, step D) enabled the 
IH and 31P NMR spectra of this set of complexes to be 
obtained (Table 7). In all cases, the integrity of the alkyl 
chain of the alkylidyne ligands was confirmed, thereby 
establishing that the carbon chain of the parent alkyne 
(l-pentyne or l-hexyne) was intact. The 31P{1H) spec- 
tra, which have the appearance of M B B '  patterns, are 
in accord with unsymmetrical dirhenium structures, as 
confirmed by X-ray structure determinations on crystals 
of the representative complexes 7d and 8a (Figures 1 
and 2). The structures of the dirhenium units in these 
two complexes are very similar to one another; this is 
to be expected based upon the reversibility of the [53/[61 
and [71/[81 redox couples as seen in the cyclic voltam- 
mograms of these complexes (Table 6). Both are edge- 
sharing bioctahedra in which one of the bridging ligands 
is an unsymmetrically bound CO ligand displaying quite 
disparate Re-C distances (1.93(3) and 2.57(4) A for 7d; 
1.87(1) and 2.62(1) A for 8a). In each case, the longer 
of the two distances involves the formally higher valent 
Re center, i.e., the one bound to the alkylidyne ligand. 
The R e W  distances (1.74(3) A for 7d; 1.70(1) A for 8a) 
are a t  the short end of the range encountered for this 

(14) (a) Edwards, D. S.; Biondi, L. V.; Ziller, J. W.; Churchill, M. 
R.; Schrock, R. R. Organometallics 1983, 2, 1505. (b) Toreki, R.; 
Schrock, R. R. J .  Am. Chem. SOC. 1990,112,2448. (c) Weinstock, I. A,; 
Schrock, R. R.; Davis, W. M. J .  Am. Chem. SOC. 1991, 113, 135. (d) 
Toreki, R.; Schrock, R. R.; Vale, M. G. J .  Am. Chem. SOC. 1991, 113, 
3650. (e) Toreki, R.; Schrock, R. R.; Davis, W. M. J .  Am. Chem. SOC. 
1992, 114, 3367. (0 Toreki, R.; Vaughn, G.  A.; Schrock, R. R.; Davis, 
W. M. J.  Am. Chem. SOC. 1993,115, 127. 

(15) Leeaphon, M.; Fanwick, P. E.; Walton, R. A. J .  Am. Chem. SOC. 
1992,114, 1890. 

(16) (a) Almeido, S. S. P. R.; Frau'sto Da Silva, J. J. R.; Pombeiro, 
A. J. L. J. Organomet. Chem. 1993,450, C7. (b) Carvalho, M. F. N. N.; 
Henderson, R. A.; Pombeiro, A. J. L.; Richards, R. L. J .  Chem. Soc., 
Chem. Commun. 1989, 1796. (c) Pombeiro, A. J. L.; Hills, A,; Hughes, 
D. L.; Richards, R. L. J .  Organomet. Chem. 1988, 352, C5. 

(17) For example, see: Casey, C. P.; Ha, Y.; Powell, D. R. J. Am. 
Chem. SOC. 1994,116,3424. This chemistry is accessed via the doubly 
bonded dirhenium complex [Cp*Re(CO)& and the enyne HCrCC- 
(CH3)=CH2. 

(18) Cotton, F. A.; Walton, R. A. Multiple Bonds Between Metal 
Atoms, 2nd ed.; Oxford University Press; Oxford, U.K., 1993; pp 593- 
600. 
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Mixed-Valence Dirhenium Alkylidyne Complexes 

bases such as DBU and NEts to methanol or dichlo- 
romethane solutions of [ReZ(p-Cl)(u-COC(n-Pr)CH)Clz- 
(CNxyl)(p-dppm)zl+ prevented the formation of [Re&- 
C~)(M-CO)(~CCHZ-~-P~)C~Z(CN~~~)(~-~~~~)ZI+. 

The source of the additional hydrogen atom that is 
incorporated into the alkylidyne product can be the 
solvent, as shown by the reaction of [ReZ(u-Cl)(p-COC- 
(n-Bu)CH)Cl2(CNxyl)@-dppm)2lPF6 (4b) with CD30D or 
CH30D, which leads to the incorporation of deuterium 
to  give [Re~(M-Cl)(~CCHD-n-Bu)C12(CNxyl)(u-dppm)21- 
PF6 (7c). The 2H{ 'H} NMR spectrum (recorded in CHz- 
Cl2) of its analogous NMR-active reduced congener 8b 
shows a single resonance at  6 +0.69. A comparison of 
the 'H NMR (Table 7) and 2H{1H} NMR spectra of this 
productlg shows that the deuterium label is incorporated 
exclusively at the 0-carbon of the alkylidyne unit. 
However, integration of this signal in the lH NMR 
spectrum shows that additional D incorporation has 

(19) Decoupling experiments show conclusively that the assignmenta 
of the 'H NMR spectrum of the =CCHzCHzCH&HzCHs unit in the 
diamagnetic, reduced complex 8b (see Table 7) are 88 follows (6 values 
are given in the same order as the atoms are in the alkyl chain): 6 
+0.69, -0.02, +0.43, +0.77, and +0.64. 
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occurred to give significant levels of SCCDZ-n-Bu; this 
D for H exchange must presumably occur during the 
formation of an unstable (and undetected) intermediate. 
We note that small amounts of water might be impli- 
cated as the source of hydrogen in the other solvent 
systems in which the 3-metallafuran to alkylidyne 
transformations can occur. 
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SS), bond distances (Tables 54 and SlO), and bond angles 
(Tables S5 and S11) for 7d and 8a (26 pages). Ordering 
information is given on any current masthead page. 
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Oxygen-Atom Transfer from Nitrous Oxide to an 
Organonickel(I1) Phosphine Complex. Syntheses and 

Reactions of New Nickel(I1) Aryloxides and the Crystal 

Structure of ( M ~ ~ P C H ~ C H ~ P M ~ ~ ) N ~ ( ~ = O - C & C & M ~ ~ C H ~ )  
- 

Kwangmo Koo,la Gregory L. H i l l h o u s e , * J a  and Arnold L. Rheingold*Jb 
Searle Chemistry Laboratory, Department of Chemistry, The University of Chicago, 
Chicago, Illinois 60637, and the Department of Chemistry, University of Delaware, 

Newark, Delaware 19716 

Received August 17, 1994@ - I 
Reaction of (PMe3)2Ni(CH2CMe2+,-CsH4) (1) with N2O gives the oxametallacycle [(PMea)Ni(O- 
I I 
o-C6&CMe2CH2)]2 (2) and 0-PMe3. Dimeric 2 reacts with CO to give the benzopyran CH2- 
I 
CMe2-o-C&OC(O) (3) and with HCl to give 2-tert-butylphenol. The chelating ligands 2,2'- 
bipyridine (bipy), 1,lO-phenanthroline (phen), and 1,2-bis(dimethylphosphino)ethane (dmpe) 

react with 2 to  afford the monomeric aryloxide complexes (bipy)Ni(O-o-CsH4CMe2CH2) (41, 

(phen)Ni(O-o-C6H4CMe2CH2) (5), and (dmpe)Ni(O-o-CsH4CMe2CH2) (61, respectively. Reac- 
tion of 4 or 5 with CO affords good yields of the lactone 3. Treatment of 5 with I2 induces 

- - - 
formal 0,C-reductive elimination, giving 4,4-dimethyl-3,4-dihydrocoumarin, d+,-Cs&CMez- 

CH2 (9), in good yield. 6 has been characterized by single-crystal X-ray diffraction. 6 
crystallizes from pentane solution in the monoclinic space group P2dn with a = 9.206(2) A, 
b = 12.685(3) A, c = 15.998(3) A, /3 = 90.33(3)", and 2 = 4. The least-squares refinement 
converged to R(F) = 4.04% and R(wF) = 4.89% for the 1989 unique data with F, > 4.5dFO). 

1 

Introduction 
We have been exploring the use of nitrous oxide as 

an 0-atom transfer reagent to organic ligands in transi- 
tion-metal complexes. Our earlier studies concentrated 
on reactions of N20 with group 4 metallocene deriva- 
tives,2 especially alkyne complexes of Ti and Zr,3 but 
recently we have extended the scope of our research to 
include late-metal complexes, particularly those of 
square-planar nickel(I1) containing the n-acid coligands 
2,2'-bipyridine (bipy) and 1,lO-phenanthroline  hen).^ 
In these latter studies, interesting transformations were 
effected, notably the oxidation of simple alkyl groups 
attached to Ni to  give stable Ni alkoxides (eq 1). 

(L,)Ni-R + N,O - (LJNi-OR + N2 (1) 

Is a z-acid bipyridine (or phenanthroline) an essential 
component in activating the (bipy)NiRa complexes to- 
ward reactivity with NzO? In addressing this question, 

we have examined the reactivity of (PMe&k(CH2CMez- 

@ Abstract published in Advance ACS Abstracts, December 1,1994. 
(1) (a) The University of Chicago. (b) University of Delaware. 
(2) Vaughan, G. A.; Rupert, P. B.; Hillhouse, G. L J. Am. Chem. 

SOC. 1987,109, 5538. 
(3) (a) Vaughan, G. A.; Hillhouse, G. L.; Lum, R. T.; Buchwald, S. 

L.; Rheingold, A. L. J.  Am. Chem. SOC. 1988,110, 7215. (b) Vaughan, 
G. A.; Sofield, C. D.; Hillhouse, G. L.; Rheingold, A. L. J.  Am. Chem. 
SOC. 1989,111, 5491. (c) Vaughan, G. A.; Hillhouse, G. L.; Rheingold, 
A. L. J.  Am. Chem. SOC. 1990, 112, 7994. 

(4) (a) Matsunaga, P. T.; Hillhouse, G. L.; Rheingold, A. L. J. Am. 
Chem. SOC. 1993,115,2075. (b) Matsunaga, P. T.; Mavropoulos, J. C.; 
Hillhouse, G. L. Polyhedron 1994,13, in press. 

1 
o - C ~ H ~ )  ( l I 5  with N2O and report herein the results of 
our study of this system. 

Experimental Section 
General Considerations. Reactions were carried out 

using standard high-vacuum and Schlenk techniques using 
dry, air-free solvents. NMR spectra were recorded in CsDe or 
CD&lz solutions at  ambient temperature. lH NMR spectra 
were recorded at  500 MHz using a General Electric Q-500 
spectrometer; 13C{ 'H} NMR spectra were recorded using a GE 
52-500 or 52-300 spectrometer operating at 125.00 or 75.5 MHz, 
respectively. 31P(1H} NMFt spectra were recorded using a GE 
52-500 operating at  202.5 MHz. Infrared spectra were recorded 
on a Nicolet 20SXB spectrometer in a Nujol mull with KBr 
plates. Electron impact mass spectra were recorded on a VG 
Analytical, LTD 70-70 EQ double focusing (EB) mass spec- 
trometer. Elemental analyses were performed by Desert 
Analytics (Tucson, AZ). 2,2'-bipyridine (bipy) and 1 , l O -  
phenanthroline (phen) were purchased from Aldrich Chemical 
Co., and 1,2-bis(dimethylphosphino)ethane (dmpe) was pur- 

chased from Strem Chemical Co. (PMes)zNi(CHzCMe29-CsH4) 
(1) was prepared according to literature method.6 

- 
Preparation of [(PMes)Ni(O-o-C~CMeaCH2)12 (2). A 

solution of 1 (0.22 g, 0.64 "01) in benzene (10 mL) was stirred 
under an NzO atmosphere at  55 "C for 3 d, the solution was 
filtered, and the filtrate was evaporated to dryness. The 
residue was extracted with 35 mL of n-hexane. The hexane 
solution was concentrated and cooled to -78 "C, to give 2 (0.10 

(5) Carmona, E.; Palma, P.; Paneque, M.; Poveda, M. L.; Gu t ihez -  
Puebla, E.; Monge, A. J .  Am. Chem. SOC. 1986,108, 6424. 

0276-733319512314-0456$09.00/0 0 1995 American Chemical Society 
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Syntheses and Reactions of New Nickel(II) Aryloxides 

g, 55%) as a yellow powder. lH NMR (C&): 6 7.56 (d, 2H, 
aryl), 7.26 (d, 2H, aryl), 7.11 (t, 2H, aryl), 6.85 (t, 2H, aryl), 
1.58 (s,12H, CH3), 0.57 (m, 4H, CHZ), 0.53 (d, 18H, PCH3, 
= 9 Hz). 31P{1H} NMR (CsD6): 6 -7.45. 13C{lH} NMR (c6D13, 
125.7 MHz): 6 161.0, 140.2, 126.7, 125.3, 119.6, 117.7, 35.7, 
31.0, 29.9 (d, 'Jpc = 29 Hz), 13.7 (d, 'Jpc = 29 Hz). An 
analytical sample recrystallized from C&&exane was sol- 
vated with '/&H6. Anal. Calcd for CZgH45P202Niz: C, 57.6; 
H, 7.50. Found: C, 57.9; H, 7.62. 

Reaction of 2 with HCl. To a solution of 2 (0.37 g, 0.65 
mmol) in benzene (10 mL) was introduced an excess of 
anhydrous HCl. The solution was stirred at ambient tem- 
perature for 10 min, the solution was filtered, and the filtrate 
was evaporated to  dryness using a rotary evaporator. The 
residue was dissolved in hexane and chromatographed on silica 
gel (eluent: hexane/ethyl acetate, 1:l) to give 2-tert-butylphe- 
no1 (0.16 g, 81%). The product was identified by spectral 
comparison with an authentic sample. 

Preparation of 4,4-Dimethyl-2-oxo-Wll-benzopyran 
(3). A solution of 2 (0.20 g, 0.36 mmol) in benzene (10 mL) 
was stirred under a CO atmosphere at ambient temperature 
for 15 min, the solution was filtered, and the filtrate was 
evaporated to  dryness using a rotary evaporator. The residue 
was dissolved in hexane and chromatographed on silica gel 
(eluent: hexane/ethyl acetate, 1:l) to give 3 (0.04 g, 67%). IH 
NMR (CDZClz): 6 7.33 (d, lH, aryl), 7.25 (t, IH, aryl), 7.15 (t, 
lH,  aryl), 7.03 (d, lH, aryl), 2.63 (s, 2H, CHz), 1.37 (9, 6H, 

151.1 (aryl), 132.3 (aryl), 128.5 (aryl), 125.0 (aryl), 124.9 (aryl), 
117.2 (aryl), 43.8 (CHz), 33.5 (CMeZ), 27.7 (CH3). IR: v(C=O) 
1775 (s) cm-l. EIMS m / z  176 (M+). - Preparation of (bipy)Ni(O-o-C&CMe&Hd (4). To a 
cold solution of 2 (0.36 g, 0.66 mmol) in benzene (10 mL) was 
added 0.30 g of 2,Y-bipyridine (0.64 mmol). The reaction 
mixture was warmed to room temperature and stirred for 30 
min, at which time the blue solution was filtered. The filtrate 
was dried in vacuo and washed with n-hexane (15 mL) to give 
crude 4 which was recrystallized from toluenehexane as blue 
needles (0.20 g, 43%). lH NMR (CsD6): 6 9.45-6.18 (m, 12H, 

75.5 MHz): 6 148.2, 147.6, 136.4, 134.3, 126.5, 125.1, 120.6, 
118.8, 114.8, 40.9, 35.1, 31.4 (due to the low solubility of 4 in 
C&, two of its arylhipy resonances were not observed). Anal. 
Calcd for CzoHzoNzNiO: C, 66.2; H, 5.55; N, 7.71. Found: C, 
66.0; H, 5.45; N, 7.51. 

Preparation of (phen)Ni(O-o-CsH4CMe2CH2) (5). Using 
a procedure analogous to that described above for 4, except 
that 1,lO-phenanthroline was used instead of 2,2'-bipyridine, 
reaction of 2 (0.15 g, 0.26 mmol) with phen (0.1 g, 0.52 mmol) 
yielded 5 (0.18 g, 88%) as dark purple-blue powder. lH NMR 
(CDC13): 6 9.42-6.4 (m, 12H, aryl), 2.00 (s,2H, CHd, 1.46 (s, 
6H, CH3). Anal. Calcd for C2zH2oNzNiO: C, 68.3; H, 5.21; N, 
7.24. Found: C, 68.8; H, 5.22; N, 6.70. The 13C NMR spectrum 
of 6 was not obtained due to  its low solubility in solvents with 
which it does not react over the time period needed to acquire 
carbon data. 

Preparation of (dmpe)Ni(O-o-CsH4CMe2CHa) (6). Using 
a procedure analogous to that described above for 4, except 
that 1,2-bis(dimethylphosphino)ethane was used instead of 
2,2'-bipyridine, reaction of 2 (0.12 g, 0.21 mmol) with dmpe 
(70 pL, 0.42 mmol) yielded 6 (0.09 g, 60%) as yellow powder. 
lH NMR (C&): 6 7.57 (d, lH, aryl), 7.37 (t, lH,  aryl), 7.29 
(d, lH, aryl), 6.93 (t, lH,  aryl), 1.82 (s,6H, CHd, 1.22 (m, 2H, 
CHz), 0.96 (d, 6H, PCH3, 2 J p ~  = 8 Hz), 0.75 (m, 2H, CHd, 0.71 
(d, 6H, PCH3, 'JPH = 8 Hz), 0.60 (m, 2H, CH2). 13C{lH} NMR 
(C&, 125 MHz): 6 163.6, 138.2, 127.1, 125.2, 120.1, 114.2, 
40.1 (dd, 'Jpc = 70 Hz, 'Jpc = 24 Hz), 35.1, 33.1 (d, 4 J ~ c  = 7 

= 25 Hz, 'Jpc (cis) = 11 Hz), 11.9 (d, 'Jpc = 29 Hz), 10.3 (d, 
'Jpc = 15 Hz). 31P(1H} NMR (CsDs): 6 35.1 (d, 'Jpp = 4 Hz), 

CH3). 31C{1H} NMR (CD2C12, 125.7 MHz): 6 168.3 (C=O), 

aryl), 2.11 (s, 2H, CHd, 1 .92 (~ ,  6H, CH3). l3C(lH} NMR(CdI6, 

- 
- 

Hz), 30.1 (dd, = 25 Hz, l J p c  = 70 Hz), 23.5 (dd, 2 J p ~  (trans) 
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Table 1. Crystallographic Data for 6 

formula 
formula weight 
crystal system 
space group 
a, A 
b, 8, 
C, A 
t J 3  deg 

diffractometer 
monochromator 
radiation 

20 scan range, 

data collected 
deg 

(h.k,O 

R(F), % 
R(wF), % 
Nu(") 

Crystal Parameters 
C16H28NiOP2 V, A3 1868.1(6) 
357.0 2 4 
monoclinic cryst dimens, mm 0.42 x 0.42 x 0.56 
F%/n cryst color orange 
9.206(2) D(calc), g cm3 1.269 
12.685(3) p(Mo Ka), cm-' 12.04 
15.998(3) temp, K 297 
90.33(3) 

Siemens PI f i s  collected 3047 
graphite indpt fflns 2935 
Mo K a  indpt obsvd rflns 1989 

4.0-48.0 std. rflns std./ffln 3 stdl97 

f10 ,  +14, +I8 varin stds, % '1 

Data Collection 

(A = 0.71073 A) Fo 2 no(F,) (n  = 4.5) 

mns 

Refinemento 
4.04 A(@), e A-3 0.33 
4.89 NdnS 10.9 
0.001 GOF 1.02 

23.7 (d, V p p  = 4 Hz). Anal. Calcd for C~~HzsNioPz: C, 53.8; 
H, 7.09. Found: C, 54.0; H, 7.39. 

Reaction of 4 with CO. Using a procedure analogous to 
that described above for 3, a solution of 4 (0.32 g, 0.88 mmol) 
in benzene (20 mL) was stirred for 12 h under CO (1 atm). 
Workup and chromatography gave 3 (0.04 g, 58%). 

Reaction of 5 with CO. Using a procedure analogous to 
that described above for 3, a solution of 5 (0.08 g, 0.21 mmol) 
in benzene (20 mL) was stirred for 12 h under CO (1 atm). 
Workup and chromatography gave 3 (0.03 g, 82%). 

Preparation of 4,4-Dimethyl-3,4-&hydrocoumarin (9). 
To a solution of 5 (0.11 g, 0.27 mmol) in THF (20 mL) was 
added 1 2  (0.07 g, 0.27 mmol) under an Ar counterflow, causing 
an immediate color change from purple to dark yellow. The 
solution was stirred for 1 h at room temperature and then 
filtered. The filtrate was evaporated to dryness by using a 
rotary evaporator. The residue was extracted with ethyl 
acetate (30 mL), the extracts were concentrated, and chroma- 
tography on silica gel (eluent: n-hexandethyl acetate, 5:l) gave 
4,4-dimethyl-3,4-dihydrocoumarin (9) (0.02 g, 55%). 'H NMR 
(CsDs): 6 6.99 (t, lH, aryl), 6.87 (d, 2H, aryl), 6.79 (t, lH, aryl), 

MHz): 6 159.9 (aryl), 136.7 (aryl), 127.8 (aryl), 122.4 (aryl), 
120.8 (aryl), 110.1 (aryl), 84.2 (CHZ), 41.7 (CMed, 27.3 (CH3). 
EIMS m / z  148 (M+). 

Crystallographic Studies on 6. Crystal, data collection, 
and refinement parameters are given in Table 1. Suitable 
crystals of 6 were selected and mounted with epoxy cement to 
glass fibers. The unit-cell parameters were obtained by the 
least-squares refinement of the angular settings of 24 reflec- 
tions (20"s 20 5 25"). The systematic absences in the 
diffraction data for 6 are uniquely consistent for the space 
group P21/n. The structure was solved using direct methods, 
completed by subsequent difference Fourier syntheses and 
refined by full-matrix least-squares procedures. All non- 
hydrogen atoms were refined with anisotropic displacement 
coefficients. Hydrogen atoms were treated as idealized con- 
tributions. All software and sources of the scattering factors 
are contained in either the SHEIXTL (5.1) or the SHEIXTL 
PLUS (4.2) program libraries (G. Sheldrick, Siemens XRD, 
Madison, WI). 

3.93 (9, 2H, CHz), 1.04 (8, 6H, CH3). l3C NMR (C6D6, 125.7 

Results and Discussion 

Nitrous oxide reacts slowly, over a period of 3 days - 
at 55 "C, with benzene solutions of (PMe&Ni(CHzCMez- 
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Scheme 1 

Q 
"'- y.,. 

1 

Ni - 

Scheme 2 
QPMe, 

! 

N -  

1 - O-CsH4) (U5 to give [(PM~~)NI(O-~-C~H~CM~~CH~)~~ (21, 
a product resulting from insertion of an oxygen atom 
from N2O into a Ni-C bond of 1 (see Scheme 1) and 
loss of PMe3 (as O=PMe3). The insertion reaction is 
regiospecific, as judged by multinuclear NMR spectros- 
copy, and the site of insertion was determined to be at 
the Ni-aryl bond (not the Ni-alkyl linkage) by chemical 
methods: (i) reaction of 2 with anhydrous HC1 gives 
2-tert-butylphenol exclusively, and (ii) reaction of 2 with 
carbon monoxide gives only 4,4-dimethyl-2-oxo-W-l- 
benzopyran (3). Moreover, a derivative of 2 has been 
characterized by crystallographic methods, and the 
structure confirms the atomic connectivity as depicted 
in Scheme 1 (vide infra). Formulation of 2 as a dimer 
follows from the 1:l stoichiometric ratio of the CloH12.0 
ligand to the PMe3 ligand and by analogy to other 
O-bridging dimeric products observed in reactions of l.5 

The regiochemistry of O-insertion in the reaction of 
1 with N2O is consistent with observations of Carmona 
et al., concerning the regiochemistry in addition reac- 
tions of heterocumulenes ((202, CS2, COS, PhNCS, 
PhNCO, TolNCNTol) with l . 5 8 6  This is in contrast to 
molecules without cumulated multiple bonds, like CO 
and H2C0, which react by inserting into the Ni-CH2 
b ~ n d . ~ , ~  The observed regiochemistry in the N2O reac- 
tion might therefore have mechanistic significance since 
it suggests (at least indirectly) that nitrous oxide reacts 
by inserting into the Ni-C bond as a heterocumulene 
(i.e., NPN=O) and not by simply delivering its oxygen 
atom in a stepwise atom-transfer process. A possible 

(6) Campora, J.; Gutibrrez, E.; Monge, A.; Palma, P.; Poveda, M. 
L.; Ruiz, C.; Carmona, E. Organometallics 1994, 13, 1728. 

Koo et al. 

reaction sequence for N2O consistent with mechanistic 
proposals made for the other heterocumulene insertions 
is outlined in Scheme 2; the regiochemistry of the 
insertion is controlled by the greater lability of the 
phosphine ligand trans to CHZ.~ It is noteworthy that 
the N20 oxidation of (C&e&Zr(PhC=CPh) to (C&e&- 

Zr(OCPh=CPh) was shown to proceed via an isolable 
NzO-inserted intermediate similar to the one proposed 

in Scheme 2, (C5Me&Zr(N(0)NCPh=CPh),3b although 
the relevance of this electron-poor early-metal system 
to the electron-rich nickel complex 1 is debatable. 

In the reaction of 1 with N20, it is somewhat surpris- 
ing that not all of the PMe3 is oxidized to O=PMe3 (1 
equiv of PMe3 remains in the product, 2). In a control 
experiment it was found that free PMe3 is oxidized to 
O=PMe3 under the reaction conditions required for 
formation of 2 (3 d, 55 "C). This result suggests that 
the remaining PMe3 ligand in 2 is one that does not 
dissociate from Ni, and that N2O preferentially oxidizes 
the Ni-C(ary1) bond over both the Ni-C(alky1) bond as 
well as the coordinated PMe3 ligand. 

Dimeric 2 reacts under mild conditions (20 "C, 30 min) 
with the chelating bidentate ligands 2,2'-bipyridine, 1,- 
10-phenanthroline, and 1,2-bis(dimethylphosphino)eth- 
ane to afford the monomeric aryloxide complexes (bipy)- 

Ni(0-o0-Cd&CMe2CH2) (41, (phen)Ni(O-o-C&CMe&H2) 

(51, and (dmpe)Ni(O-o-C6H4CMe2CH2) (6), respectively 
(see Scheme 3). It is interesting that neither (bipy)Ni- 
I - ( C H ~ C M ~ ~ - O - C ~ H ~ ) ~  nor (dmpe)Ni(CH2CMez-o-C&# 
reacts with nitrous oxide to give 4 or 6, respectively, 
findings consistent with reported observations that 

- 

I - 
, 

r 
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Syntheses and Reactions of New Nickel(II.1 Aryloxides 

Scheme 3 

Organometallics, Vol. 14, No. 1, 1995 459 

2 -  

v (dmpe)Ni(CHzCMez+CsH4) reacts much slower (and 
with differing reactivity) with heterocumulenes than 
does 1.6 We have previously noted that the metalla- 

cycles (bipy)Ni{CHzC(CHz)C(CHz)CHz} and (bipy)Ni- 
{(CHz)zCsH4}, both possessing sp2-hybridized ring car- 
bons in the p-positions, show no reactivity toward N20, 
whereas similar (bipy)Ni-metallacycles having sp3- 
hybridized ring carbons in the @-positions uniformly 
react with NzO to give 0-transfer products.4b The fact 
that we can prepare 4 by an alternative route &e., from 
2 + bipy) lends support to our earlier speculation that 
the lack of reactivity of NzO with (bipy)nickelacycles 
having sp2$ carbons might be a consequence of prohibi- 
tive rigidity in these systems, and flexibility in the 
metallacycle could be important in allowing distortions 
required to accommodate the incoming N20 substrate.4b 

The structure of (dmpe)Ni(O-o-CsH4CMezCHz) (6) has 
been determined by single-crystal X-ray diffraction 
methods on crystals grown from pentane solution. 
Pertinent crystallographic data are given in Table 1, and 
bond lengths and selected bond angles are given in 
Table 2. A perspective view of 6 along with the atom- 
labeling scheme is shown in Figure 1. Monomeric 6 
adopts a square-planar geometry about Ni. The most 
significant feature of the structure is that it allows for 
the unambiguous identification of the site of 0-atom 
insertion, i.e., a t  the Ni-C(ary1) bond and not at the 
Ni-C(a1iphatic) bond. The salient metrical parameters 
found in 6 are very similar to the corresponding angles 
and distances found in the structure of the oxanickela- 
cyclohexane complex (bipy)Ni{ O(CH2)4} (7h4” The Ni- 
(1)-0(1) bond in 6 (1.872(3) A) is somewhat longer than 
the Ni-0 bond in 7 (1.815(6) A), whereas the Ni-C 
bond lengths in 6 and 7 are, within experimental error, 
the same (Ni(1)-C(1) = 1.936(5) A in 6). In both 
structures, the CHZ group exerts a more pronounced 
trans lengthening influence than does the OR group: 
in 6, Ni(1)-P(1) = 2.103(1) A (trans to  0) and Ni(1)- 
P(2) = 2.207(2) A (trans to CH2), a difference (A) of 0.10 
A (in 7, A = 0.05 A). These trends are also manifested 

’ 

in the structure of (PM~~)zN~{OC(O)-~-C~H~CM~ZCH~} 
(8), the product of the reaction of 1 with COZ, where 
Ni-0 = 1.877(9), Ni-C = 1.96(1), and A = 0.15 

c1131 Y c191 a , 

CI 

CI I  

Figure 1. The molecular structure and atom-numbering - scheme for (dmpe)Ni(O-o-CsH4CMezCHz) (6). The hydrogen 
atoms have been omitted for clarity. 

Table 2. Bond Lengths and Selected Bond Angles for 6 

P( 1)-Ni( 1)-P(2) 
P(2)-Ni( 1)-O( 1) 
P(2)-Ni( 1)-C( 1) 
Ni( 1)-0( 1)-C(8) 
C( l)-c(2)-c(3) 
C(3)-C(2)-C(9) 
C(3)-C(2)-C( 10) 
C(2)-C(3)-C(4) 
C(4)-C(3)-C(8) 
C(4)-C(5)-C(6) 
C(6)-C(7)-C(8) 
O( 1)-C(8)-C(7) 

Bond Lengths (A) 
2.103( 1) Ni( 1)-P(2) 
1.872(3) Ni( 1)-C( 1) 
1.830(5) P( I)-C( 13) 
1.802(6) P(2) -C( 12) 
1 .SO1 (6) P(2)-C(16) 
1.316(6) C( 1 )-C(2) 
1.524(6) C ( 2 ) - W  
1.536(7) C(3)-C(4) 
1.422(6) C(4)-C(6) 
1.370(10) W)-C(7) 
1.396(7) C(ll)-C(12) 

Selected Bond Angles (deg) 
87.6(1) P(1)-Ni(1)-O(1) 
88.6(1) P(1)-Ni(1)-C(1) 

173.9(1) O(1)-Ni(1)-C(1) 
127.2(3) Ni(1)-C(1)-C(2) 
110.5(4) C(l)-C(2)-C(9) 
111.5(4) C(l)-C(2)-C(IO) 
109.4(4) C(9)-C(2)-C(lO) 
122.2(4) C(2)-C(3)-C(8) 
118.2(4) C(3)-C(4)-C(5) 
119.5(6) C(5)-C(6)-C(7) 
121.4(4) O(I)-C(S)-C(3) 
117.7(4) C(3)-C(S)-C(7) 

2.207(2) 
1.9360) 
1.812(5) 
1.836(6) 
1.805(6) 
1.548(6) 
1.530(7) 
1.373(7) 
1.377(8) 
1.376(9) 
1.528(8) 

173.3 1) 
89.9(1) 
94.4(2) 

115.8(3) 
108.2(4) 
109.3(4) 
107.9(4) 
119.6(4) 
122.5(5) 
120.0(5) 
123.9(4) 
118.4(4) 

Like 2, both 4 and 5 react with excess CO to give 3 
(Scheme 4h7 It is noteworthy that the transformations 
of Schemes 1 and 4, sequential addition of “0 and “ C O  
to give 3 from 1, formally represent addition of the 
elements of COz. However, the sense of addition is 
reversed from that of direct addition of COS to  1, where 
it is the C-atom of COZ that is attached to the aryl ring 
in 8, not an 0-atom as is the case in our work. This is 
an intriguing observation that highlights the opportuni- 
ties for obtaining unique transformations by utilizing 
an atom-transfer reaction coupled with a secondary 
reaction. For example, reactions involving 0-transfer 
from NzO coupled to addition of HZ could give products 
significantly different from those obtained by reaction 
of the same systems with Hz0. 

Reaction of 12 with 5 results in formal reductive 
elimination with formation of a new 0-C bond to give 
4,4-dimethyl-3,4-dihydrocoumarin (9) in 55% yield 
(Scheme 4). Reductive elimination reactions that form 

(7) For other examples of CO-insertion, reductive elimination reac- 
tions in related systems, see: (a) Kim, Y.-J.; Osakada, K.; Sugita, K.; 
Yamamoto, T.; Yamamoto, A. Organometallics 1988, 7 ,  2182. (b) 
Komiya, S.; Akai, Y.; Tanaka, K; Yamamoto, T.; Yamamoto, A. 
Organometallics 1986, 4 ,  1130. (c) References 4 and 6. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

06
2



460 Organometallics, Vol. 14, No. I, 1995 

Scheme 4 

(bipy)Ni 

7 

0 - E t  
(bipy)Ni’ 

\ 
Et 

(ref. 4 )  

Scheme 6 

To I, 

j (bipy)Ni 
16 % 

C-X bonds, where X is a heteroatom, are exceedingly 
rare.8 We have reported a few examples of such 0,C- 
reductive eliminations in Ni(I1) systems, but the yields 
are uniformly low (-15-20 %) and limited to cyclic 
derivatives (see Scheme 5).4 The higher yield realized 
in the formation of 9 from 5 is an encouraging result 
that merits mechanistic investigation. It is noteworthy 
that similar reductive eliminations forming N-C bonds 
have been observed for related Ni(I1) compounds (Scheme 
5),9 and these unusual elimination reactions might be 
a consequence of weak Ni-NR2 and Ni-OR bonds in 
these electron-rich, late-metal complexes. 

Conclusions. Nitrous oxide has been found to  react - slowly, in a regioselective way with (PMe&Ni(CH2- 

CMea-o-CsH4) (l), a square-planar Ni(I1) complex con- 
taining (i) two Ni-PMea bonds, (ii) a Ni-C(ary1) bond, 
and (iii) a Ni-C(aliphatic1 bond. The organometallic - product, [(PM~~)N~(O-O-C~H~CM~~CH~)I~ (21, incorpo- 
rates only one 0-atom per Ni, and this appears as an 
0-insertion into the Ni-aryl bond. One equivalent of 
PMe3 is oxidized to O=PMe3, and this probably occurs 
to a phosphine that has dissociated from the metal, i.e., 
the oxidation occurs outside of the Ni coordination 

I 

(8) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. 
Principles and Applications of Organotransition Metal Chemistry; 
University Science Books: Mill Valley, CA, 1987. 

(9) Koo, K.; Hillhouse, G. L., unpublished results. 

Koo et al. 

sphere. The observed regiochemistry of the 0-insertion 
suggests, by analogy to literature precedent,6 that N20 
reacts by inserting into 1 as a heterocumulene, and not 
by simple direct 0-transfer. Several monomeric deriva- 
tives of 2 have been prepared by reacting the dimer with 
chelating bidentate ligands, and the molecular structure - of one such derivative, (dmpe)Ni(O-o-CsH4CMe2CHz) (61, 
has been determined by X-ray crystallography. - The 1,lO-phenanthroline derivative (phen)Ni(O-o- 

C6H4CMe2CH2) (5) reacts with I2 to effect formal 0,C- 
reductive elimination to give the dihydrocoumarin 9 in 
good yield. Because of the unique nature of the reduc- 
tive elimination to form a C-X bond in this and closely 
related we are actively investigating mecha- 
nistic details of this reaction. 
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Significance of Carbenoid Character during the 
Protonation of Four- and Five-Membered 

Diruthenacycles Formed *om the Reaction of 
Ru2( Me2PCH2PMe2)2( CO)5 with Dime thy1 

Acetylenedicarboxylate 
Kimberly A. Johnson, Michael D. Vashon, Bahram Moasser, 

Bridget K. Warmka, and Wayne L. Gladfelter" 
Department of Chemistry, University of Minnesota, Minneapolis, Minnesota 55455 

Received August 23, 1994@ 

Protonation of the diruthenacyclobutene Ru2(dmpm)2(C0)4~-y1:y1-C2(CO2Me)21 (dmpm = 
bis(dimethy1phosphino)methane) resulted in stereoselective formation of the chelated (2)- 
alkenyl complex (RU~(~~~~)~(CO)~[C~(H)(CO~M~)~I}[BF~], as determined by single-crystal 
X-ray crystallography (P21212 (No. 18) space group, a = 15.61(2) A, b = 22.67(2) A, c = 
9.34(1) A, V = 3308(5) Hi3, 2 = 4). Protonation of the diruthenacyclopentenone 
Ru2(dmpm)2(CO)4~-C(O)C2(CO2Me)21 occurs reversibly at the carbonyl oxygen of the bridging 
group, giving the corresponding diruthenacyclopentenol. The X-ray crystal structure of the 
solvated molecule [P21 (No. 4) space group, a = 16.010(7) Hi, b = 11.833(6) A, c = 19.450(8) 
A, /3 = 103.44(3)", V = 3584(5) Hi3, 2 = 4) and its unusual blue color suggest a highly 
delocalized n-system between the two metals. Reaction of the metal hydride [HRu~(dmpm)z- 
(C0)51[BF41 with dimethyl acetylenedicarboxylate (DMAD) results in formation of a new 
C-H bond and a a-bound (E)-alkenyl ligand. This same (E)-alkenyl product can also be 
formed by addition of CO to and alkene isomerization of the chelated (2)-alkenyl complex 
(RUZ(~~~~)~(CO)~[C~(H)(CO~M~)~I} [BFII. 

Introduction 

The formation of new C-C bonds by coupling CO and 
alkynes has been reported for several dinuclear metal 
c~mplexes. l -~~ During studies of the reactivity of the 
electron-rich dinuclear ruthenium diphosphine complex 
Ruz(dmpm)z(CO)a (11, we recently described the isola- 
tion and characterization of four- and five-membered 
dimetallacycles and an a-ketoacyl complex that resulted 
from reaction of 1 with dimethyl acetylenedicarboxylate 
(DMADh7 Although these C-C bond-forming reactions 
proved facile, removal of the new organic moiety from 
the dimer was not observed. Reactions of these com- 
plexes with H+ appeared as a potential route to cleave 
the Ru-C bonds. In this paper we describe the results 
of protonating the complexes Ru2(dmpm)2(C0)4[p- 
C(O)C2(C02Me)21 and Ruz(dmpm)2(CO)4CU-C2(CO2Me)21 

@ Abstract published in Advance ACS Abstracts, December 1,1994. 
(1) Dyke, A. F.; Knox, S. A. R.; Morris, M. J.; Naish, P. J. J. Chem. 

SOC., Dalton Trans. 1983, 1417. 
(2) Knox, S. A. R. Pure Appl. Chem. 1984,56, 81. 
(3) Gracey, B. P.; Knox, S. A. R.; Macpherson, K. A.; Orpen, A. G.; 

Stobart, S. R. J. Chem. Soc., Dalton Trans. 1985, 1935. 
(4) Hogarth, G.; Kayser, F.; Knox, S. A. R.; Morton, D. A. V.; Orpen, 

A. G.; Turner, M. L. J. Chem. Soc., Chem. Commun. 1988, 358. 
(5) Shore, N. E. Chem. Rev. 1988,88, 1081. 
(6) Dickson, R. S. Polyhedron 1991, 10, 1995. 
(7) Johnson, K. A.; Gladfelter, W. L. Organometallics 1992,11,2534. 
(8)Garcia Alonso, F. J.; Riera, V.; Ruiz, M. A.; Tiripicchio, A.; 

Camellini, M. T. Organometallics 1992, 11, 370. 
(9) Takats, J. J. Cluster Sci. 1992,3, 479. 
(10) Adams, R. D.; Chen, G.; Chen, L.; Wu, W.; Yin, J .  Organome- - 

tallies 1993, 12, 3431. 
(11) Adams, R. D.; Chen, L.; Wu, W. Organometallics 1993,12,4112. 
(12) Adams. R. D.; Chen. G.: Chen, L.; Yin, Y. Oreanometallics 1993. . .  . - 

12, 2644. 

2696. 
(13) Adams, R. D.; Chen, L.; Huang, M. Organometallics 1994, 13, 

0276-733319512314-0461$09.00/0 

1 

2 3 

4 

and reacting dimethyl acetylenedicarboxylate with [HRu2- 
(dmpm>2(CO)d+. 

(14) Burn, M. J.; Kiel, G.-Y.; Seils, F.; Takats, J.; Washington, J. J. 
Am. Chem. SOC. 1989,111, 6850. 

0 1995 American Chemical Society 
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Table 1. Summary of Spectroscopic Data 
compd YCO (cm-'; CHzClZ) IH NMR (ppm; CDzClZ) 31P(1H} NMR (ppm; CDzC12) 

5 2023 m, 1997 s, 1971 w, 
1949 w, 1700 w, 1646 w 

6 2017 m, 1996 s, 1960 m, 
1933 w, 1705 w, 1594 w, 
1545 w ( Y C , ~ )  

8 2064 w, 2025 m, 1988 s, 
1953 w, 1704 w, 
1561 w (VC-C) 

1.6 (s, 12H, Me), 1.73 (s, 12H, Me), -3.0 (s, br) 
2.84 (m, 2H, CHZ), 2.97 (m, 2H, CHz), 
3.82 (s, 3H, OMe), 3.84 (s, 3H, OMe) 

2.96 (m, 2H, CHz), 3.67 (s, 3H, OMe), 
3.77 (s, 3H, OMe), 6.4 (s, lH, vinyl) 

1.72 (m, 24H, Me), 2.71 (m, 2H, CHz), dbb':  6, 1.7, 6b -2.6 

1.61 (s, 12H, Me), 1.77 (s, 12H, Me), a'bb': 6~0 .82 ,  6 b  1.65 (Jd = 168, Jab' = 49, J a b  = 21, 
2.4 (m, br, 2H, CHz), 3.0 (m, br, 2H, CHz), Jaw = 19, Ja'b = 51, Jbb' = 178 HZ)" 
3.63 (s, 3H, OMe), 3.78 (s, 3H, OMe), 6.1 (s, lH, vinyl) 

Values for the 6's and Ss were obtained by simulating the spectrum. The large (trans) P-P coupling constants represent the minimum values necessary 
to fit the spectrum. 

Table 2. Summary of Crystallographic Data 
{R~~(~~~~)z(CO)~~-C(OH)CZ(CO~M~)Z]} [BF~ICHZCIZ (5) {Ru~(dmpm)z(C0)4[C(H)C~(C0~Me)~l} [BF41'1/~Et~0 (6) 

cryst syst 
space group 
formula 
fw 
a, A 
b, A 
c. A 

deg v, A3 

p(calcd), g cm-3 
temp, "C 
abs coeff, cm-l 
cryst dimens, mm 
max-min abs cor factors, % 
abs cor applied 

diffractometer 
radiation 
monochromator 
programs used 
method of structure soln 
scan type 
scan range, deg 
rflns measd 
no. of unique f ins  
no. of r f l n s  used 
cutoff 
e 
R 
R W  

error in observn of unit wt 

Crystal Parameters 
monoclinic 

R u z C Z Z H ~ ~ O ~ P ~ B F ~ C ~ Z  
929.27 
16.010(7) 
11.833(6) 
19.450(8) 
103.44(3) 
3584(5) 
4 
1.722 
-80 
12.1 
0.500 x 0.150 x 0.100 
133-85 
empirical (DIFABS) 

P21 (NO. 4) 

Measurement of Intensity Data 
Enraf-Nonius CAD-4 

Mo K a  (1 = 0.710 73 A) 
graphite cryst 

Texsan 
Patterson 

0-50 
h,k , f l  
6511 
4517 
3a 
0.05 
0.072 
0.087 
2.10 

w-2e 

orthorhombic 

R ~ Z C Z Z & J I O ~ . ~ ' ~ B F ~  
853.39 
15.61(2) 
22.67(2) 
9.34(1) 
90 
3308(5) 
4 
1.713 
-116 
11.49 
0.350 x 0.250 x 0.250 
125-64 
empirical (DIFABS) 

E1212 (NO. 18) 

direct 

0-56 
hkl 
4466 
2387 
3a  
0.05 
0.086 
0.105 
2.79 

w-2e 

Emerimental Section Table 1 contains a summary of the infrared and lH and 31P- - 
General Considerations. Rus(CO)IZ (Strem), bis(dimeth- 

y1phosphino)methane (dmpm, Strem), tetrafluoroboric acid- 
diethyl ether complex (HBF4.Eh0, Aldrich), dimethyl acety- 
lenedicarboxylate (DMAD, Aldrich), carbon monoxide (Air 
Products, CP grade, 99.3%), and 13C0 (Aldrich, 99%) were used 
without further purification. Ruz(dmpm)2(CO)~,,'~ Ru2(dmpm)z- 
(13CO)5, Ruz~dmpm~z~CO~~[C1-C~O~Cz~COzMe~~l,~ Ruz(dmpm)z- 
(C0)4[u-C2(C02Me)21,15 and [HRuz(dmpm)~(CO)sl[BF4116 were 
prepared as previously reported. All W-enriched materials 
were prepared using Ru2(dmpm)2(l3C0)5 (-60% enriched). 
Toluene, diethyl ether (EtzO), and hexane were dried by 
distillation from sodium benzophenone ketyl under nitrogen. 
Methylene chloride (CHzC12) was dried over calcium hydride 
and distilled under N2 prior to use. All reactions were 
conducted under a nitrogen atmosphere using standard Schlenk 
techniques. Infrared spectra were obtained on a Mattson 
Polaris J?TIR spectrometer. lH, 13C, and 31P NMR spectra were 
recorded on a Varian VXR-300 spectrometer. The 31P NMR 
spectra were referenced to 85% H3P04 (external sample). 
Mass spectra were collected on a VG 7070E-HF instrument. 
Elemental analyses were performed by M-H-W Laboratories. 

~ ~ ~ ~~~~~~ 

(15) Johnson, IC A.; Gladfelter, W. L. Organometallics 1989,8,2866. 

{ lH) NMR spectroscopic data. 
Preparation of Ru~(dmpm)z(C0)4[lr-C(OH)C~(COzMe)al- 

[BCI (6). RU~(~~~~)Z(CO)~[C~-C(O)CZ(COZM~)ZI (3; 0.056 g, 
0.074 mmol) was charged to a 50 mL, three-neck flask 
equipped with a stirbar, gas adapter, and pressure-equalizing 
addition funnel then dissolved in CHzClz (10 mL). A CHzClz 
( 5  mL) solution of HBFcEtzO (25 pL, 0.15 mmol) was added 
dropwise over 5 min. An immediate color change from orange 
to blue/green occurred, and after 10 min at room temperature 
the solution was blue. The solution was condensed to -5 mL, 
and Et20 (8 mL) was added. When the mixture was cooled, 
air-stable blue-green needle-shaped crystals formed (yield 51 
mg, 82%). I3C{lH) NMR (CD2C12): 6 17.8 (m, CH3), 19.3 (m, 
CHs), 20.5 (m, CH31,  45.0 (quint, JCP = 12.8 Hz, CHZ), 51.25 
(s, O m 3 ) ,  149.7 (s, vinyl), 166.0 (8, C(O)OCHd, 179.2 (8, C(0)- 

CO), 207.4 (t, JCP = 6.4 Hz, 2 CO), 247.5 (t, JCP = 8.6 Hz, vinyl), 
296.2 (t, Jcp = 4.2 Hz, COH). Anal. Calcd for {HRuz- 
(dmpm)2(CO)5[Cz(CO2Me)21)[BF41: C, 29.86; H, 4.15; P, 14.69. 
Found: C, 29.74; H, 4.41; P, 14.46. FAB mass spectrum: 
(lolRu) m l e  758, int. 99%, [PI+; fragments observed, [P - 
nCO]+, where n = 1-4. 

OCH3), 189.9 (t, Jcp = 6.4 Hz, CO), 191.2 (t, Jcp = 6.4 Hz, 
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Table 3. Positional Parameters for (R~Z(~~~~)Z(C~)~[C~-C(OH)CZ(C~~M~)Z~}[BF~~.CHZC~~ 
atom X Y Z atom X Y Z 

RulA 
Ru2A 
P11A 
P12A 
P21A 
P22A 
Cl lA  
Ol lA 
C12A 
012A 
C21A 
021A 
C22A 
022A 
C 1A 
C2A 
C3A 
C4A 
C5A 
C6A 
C7A 
C8A 
C9A 
ClOA 
C13A 
C14A 
C15A 
C16A 
C17A 
C18A 
C19A 
01A 
02A 
03A 
04A 
05A 
RulB 
Ru2B 
P11B 
P12B 
P21B 
P22B 
C11B 
0 1  1B 

0.1617( 1) 
0.3353( 1) 
0.1153(4) 
0.2144(4) 
0.2885(4) 
0.3867(4) 
0.048(1) 

-0.020( 1) 
0.150( 1) 
0.140(1) 
0.448(2) 
0.520( 1) 
0.341(1) 
0.341(1) 
0.174(1) 
0.3 12(1) 
0.115(2) 
0.003(2) 
0.144(1) 
0.245(1) 
0.329(2) 
0.314(2) 
0.45 l(2) 
0.465(2) 
0.255(2) 
0.263(2) 
0.2 16(2) 
0.191(1) 
0.131(1) 
O.Ooo(2) 
0.3 14( 1) 
0.3 15( 1) 
0.209( 1) 
0.148( 1) 
0.060( 1) 
0.368( 1) 
0.6651( 1) 
0.8392( 1) 
0.6165(4) 
0.7171 (4) 
0.7866(4) 
0.8912(4) 
0.552( 1) 
0.485( 1) 

0.2306( 1) 
0.2268(2) 
0.1784(5) 
0.2906(5) 
0.2348(7) 
0.2 109(7) 
0.222(2) 
0.226(2) 
0.392(2) 
0.477(2) 
0.209(2) 
0.195(2) 
0.392(2) 
0.485(2) 
0.253(2) 
0.214(2) 
0.027(2) 
0.219(2) 
0.279(2) 
0.439(2) 
0.357(3) 
0.115(2) 
0.082(2) 
0.3 18(2) 
0.001(2) 

-0.126(2) 
-0.290(3) 

0.064(2) 
0.009(2) 

-0.068(3) 
O.OSS(2) 

-0.183(2) 
-0.169(2) 

O.Oll(1) 
-0.024( 1) 
-0.009(2) 

0.2726(2) 
0.2862(2) 
0.2079(5) 
0.3373(6) 
0.2840(6) 
0.2726(8) 
0.256(2) 
0.254(2) 

-0.06282(9) 
0.0235( 1) 
0.0386(3) 

-0.1600(3) 
0.1299(3) 

-0.0802(3) 
-0.123(1) 
-0.155( 1) 
-0.038( 1) 
-0.0205(9) 

0.076( 1) 
0.107( 1) 
0.022( 1) 
0.0184(9) 
0.117(1) 

-0.165( 1) 
0.062( 1) 
0.034( 1) 

-0.248( 1) 
-0.163( 1) 

0.184(2) 
0.188( 1) 

-0.083( 1) 
-0.088( 1) 
-0.040( 1) 
-O.O45( 1) 
-0.109(2) 
-0.079( 1) 
-0.142( 1) 
-0.189(2) 

0.015(1) 
-0.003( 1) 
-0.098( 1) 
-0.2009(8) 
-0.1279(9) 

0.064(1) 
0.4266( 1) 
0.5125(1) 
0.5253(3) 
0.3303(3) 
0.6148(3) 
0.4094(3) 
0.369( 1) 
0.333 1) 

Preparation of Ry(dmpm)z(C0)4[Cz(H)(CO~e)21 [BFd 
(6). Ruz(dmpm)z(C0)4[Cz(CO~Me)~l(2; 0.03 g, 0.04 mmol) was 
charged to a 50 mL, three-neck flask equipped with a stirbar, 
gas adapter, and pressure-equalizing addition funnel and 
dissolved in CHzClz (10 mL). A CHzClz (5 mL) solution of 
HBF4.EtzO (7.6 pL of an 85% solution, 0.04 mol) was added 
dropwise over 5 min. The color of the solution changed slightly 
from pale yellow to  yellow. The reaction mixture was stirred 
at room temperature for 30 min. Air-stable, solvated, yellow 
crystals were isolated (yield 26 mg, 80%) by condensing the 
solution to approximately half of the original volume and then 
adding EbO (10 mL). l3C(lH} NMR (CDZC12): 6 18.0 (m, CHd, 
18.8 (m, CH3), 20.4 (m, CH3),39.1 (quint, JCP = 12.8 Hz, CHd, 
52.0 (s, o m s ) ,  55.2 (8, oCH3), 136.2 (t, Jcp = 5.5 Hz, RuC=C), 
164.6 (8, R u C ~ ) ,  170.9 (t, Jcp = 14 Hz, C(O)OCH3), 185.9 (t, 
Jcp = 8 Hz, CO), 191.8 (9, C(O)OCH3), 192.7 (t, Jcp = 9 Hz, 
CO), 206.1 (t, Jcp = 13 Hz, CO), 207.1 (t, Jcp = 13 Hz, CO). 
FAB mass spectrum: (lolRu) m l e  730, int. 30%, [PI'; frag- 
ments observed, [P - nCOl+, where n = 1-4. 

Reaction of [HRu~(dmpm)~(CO)d [BFJ (7 )  with CZ- 
(C0me)z. 7 (0.06 g, 0.085 mmol) was charged to a 50 mL, 
three-neck flask equipped with a stirbar, gas adapter, and 
pressure-equalizing addition funnel and then dissolved in CHz- 
Clz (10 mL). A CHzClz (10 mL) solution of DMAD (10.5 pL, 
0.085 mmol) was added dropwise over 5 min. No color change 
was observed. An infrared spectrum of the solution after 1 h 
at room temperature showed complete reaction of the starting 
materials. A yellow powder was isolated (yield 52 mg, 73%) 
by slowly adding small portions of hexane until the solid 

C12B 
012B 
C21B 
021B 
C22B 
022B 
C1B 
C2B 
C3B 
C4B 
C5B 
C6B 
C7B 
C8B 
C9B 
ClOB 
C13B 
C14B 
C15B 
C16B 
C17B 
C18B 
C19B 
01B 
02B 
03B 
04B 
05B 
B1Z 
F1Z 
F2Z 
F3Z 
F4Z 
B1Y 
F1Y 
F2Y 
F3Y 
F4Y 
c 1 x  
CllX 
c12x 
ClW 
CllW 
c12w 

precipitated. 

0.654( 1) 
0.643(1) 
0.954( 1) 
1.024( 1) 
0.841(2) 
0.838( 1) 
0.698( 1) 
0.8 13( 1) 
0.535(2) 
0.560(2) 
0.650(2) 
0.740( 1) 
0.752( 1) 
0.863(2) 
0.959(2) 
0.954(2) 
0.767(2) 
0.777( 1) 
0.736(3) 
0.699( 1) 
0.651(1) 
0.525(2) 
0.823( 1) 
0.825(1) 
0.726( 1) 
0.673 1) 
0.574( 1) 
0.873 1) 
0.0172(6) 

-0.026( 1) 
0.0967 (8) 

-0.026( 1) 
0.023 1) 
0.500( 1) 
0.447( 1) 
0.570( 1) 
0.458(2) 
0.526( 1) 
0.199(2) 
0.3084(5) 
0.1744(6) 
0.703(3) 
0.8050(8) 
0.708( 1) 

0.431(2) 
0.5 17( 1) 
0.276(2) 
0.262(2) 
0.456(3) 
0.55 l(2) 
0.190(2) 
0.264(2) 
0.298(2) 
0.070(2) 
0.314(2) 
0.489(2) 
0.417(2) 
0.238(3) 
0.386(3) 
0.144(3) 
0.053(2) 

-0.073(2) 
-0.249(4) 

0.106(2) 
0.050(2) 

-0.040(3) 
0.120(2) 

-0.128(2) 
-0.125(2) 

0.048(2) 
O.Oll(1) 
0.058(2) 
0.0608(9) 
0.156( 1) 
0.089( 1) 
0.005(1) 

-O.O07( 1) 
O.lOl(1) 
0.183(2) 
0.149(2) 
0.037(2) 
0.035(2) 
0.239(2) 
0.223 l(8) 
0.3733(8) 
0.175(4) 
0.1 17(2) 
0.3150(9) 

0.456( 1) 
0.4734(9) 
0.567( 1) 
0.594( 1) 
0.506(2) 
0.511(1) 
0.606( 1) 
0.323( 1) 
0.549( 1) 
0.5 12( 1) 
0.243( 1) 
0.328( 1) 
0.648(1) 
0.695( 1) 
0.397(2) 
0.4 1 O(2) 
0.457( 1) 
0.458( 1) 
0.402(2) 
0.411(1) 
0.348( 1) 
0.293(2) 
0.5 10( 1) 
0.503( 1) 
0.403( 1) 
0.293( 1) 
0.3523(8) 
0.561( 1) 
0.2336(5) 
0.243( 1) 
0.2254(8) 
0.175 l(6) 
0.2912(6) 
0.7242( 8) 
0.738( 1) 
0.708( 1) 
0.669( 1) 
0.782( 1) 
0.361(1) 
0.3902(5) 
0.3205(4) 
0.856(3) 
0.871( 1) 
0.8299(7) 

13C NMR (CDqCL. 75 MHz): 6 16.5 (br m. 'Jrn 
= 13445z, 4 CH3), 19.6 (br m, ~ > C H  = 125 Hz, 2 CH3), 20.7 (bi 
m, 'Jcd = 130 Hz, 2 CH3), 48.5 (tt, 'JCH = 130, lJcp = 14.8 Hz, 
CHz), 50.8 (9, 'JCH = 146 Hz, oCH3), 51.2 (q, 'JCH = 146 Hz, 
OCHs), 124.6 (d, 'JCH = 164 Hz, RuC=CH), 163.1 (m, = 
3.5 Hz, RuC=CH), 176.0 (tdd, 4 J c ~  = 9.4, 'JCH = 1.9, 3 J c ~  = 

OCH3),&38.6 (t, Jcp  = 8.7 Hz, CO), 209.6 (m, 2 CO), 210.9 (t, 
Jcp = 13.3 Hz, 2 CO). Anal. Calcd for (HRuz(dmpm)z(CO)s- 
[Cz(COzMe)z]}[BF41 (8): C, 29.82; H, 4.14. Found: C, 29.65; 
H, 4.37. FAB mass spectrum: (lolRu) mle  759, int. 40%, [PI+; 
fragments observed, [P - nCO]+, where n = 1-4. 

Carbonylation of 6. An NMR tube was charged with 35 
mg (0.04 mmol) of 6 and subsequently connected to a modified 
calibrated gas volume assembly. When the NMR tube was 
cooled to -78 "C, 0.74 mL of CDzClz was condensed into the 
tube from a vacuum still. A valve on the apparatus was 
opened to  a source of CO (1 atm) and then closed again. The 
lower portion of the NMR tube was immersed in liquid Nz, 
and after 15 min the tube was flame-sealed. The amount of 
dissolved CO was approximated (0.04 mmol) from integration 
of the 13C NMR signal at 184 ppm relative to C9 in the 
spectrum of the final product. The initial total pressure inside 
the tube at 25 "C was estimated to be 5 atm. When the sample 
was thawed and efficient mixing of the head space gas with 
the solution was ensured (54 mM), the tube was placed into 
the probe of the spectrometer and the first spectrum collected 
approximately 5 min after the sample was warmed to room 
temperature. 

1.9 Hz, C(O)OCH3), 178.1 (dq, 3JcH = 14.8, 3 J ~ p  = 4.0 Hz, c(0)- 
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Table 4. Bond Distances (A) in Table 5. Bond Angles (deg) for 
{R~z(~~P~)z(CO~[C~-C(OH)CZ(C~~M~)Z~} [BF~PCHZC~Z ~ R ~ z ~ ~ ~ ~ ~ ~ z ~ C O ~ ~ ~ - C ~ O H ~ C Z ~ C ~ ~ M ~ ~ Z ~ ~ ~ ~ ~ ~ ~ . C ~ Z C ~ Z  

A. Metal-Metal and Metal-Lieand Distances A. Lieand-Metal-Lieand Andes 
Ru 1 A-Ru2A 
RulA-P1lA 
Rul A-P12A 
Rul A-C 1 1A 
RulA-C12A 
Rul A-C16A 
Ru2A-P2 1A 
Ru2A-P22A 
Ru2A-C2 1A 
Ru2A-C22A 
Ru2A-Cl9A 

P11A-C1A 
P2 1A-C 1A 
P12A-C2A 
P22A-C2A 
C11A-O11A 
C21A-02 1A 
C 12A-0 12A 
C22A-022A 
C19A-Cl3A 
C13A-Cl6A 
C 16A-C17A 
C13A-Cl4A 
C19A-05A 
C14A-O1A 
C17A-03A 
C14A-02A 
C 15A-02A 
C17A-04A 
C18A-04A 

2.894(3) Rulg-Ru2B 
2.347(7) RulB-P11B 
2.351(6) RulB-P12B 
1.93(2) RulB-C11B 
1.99(2) RulB-Cl2B 
2.07(2) Ru 1B -C 16B 
2.360(7) Ru2B -P2 1B 
2.358(7) Ru2B-P22B 
1.87(3) Ru2B-C21B 
1.96(2) Ru2B-C22B 
2.03(2) Ru2B-Cl9B 
B. Intraligand Distances 
1.83(2) PllB-C1B 
1.8 l(2) P21B-C1B 
1.83(2) P12B-C2B 
1.80(2) P22B-C2B 
1.12(3) C11B-O11B 
1.18(3) C21 B -02 1 B 
1.09(3) C12B-012B 
1.09(3) C22B-022B 
1.42(3) C19B -C 13B 
1.35(3) C13B-Cl6B 
1.52(3) C 16B -C 17B 
1.51(4) C 13B -C 14B 
1.39(3) C 19B -05B 
1.22(3) C14B-O1B 
1.23(3) C 17B -03B 
1.29(3) C 14B -02B 
1.45(4) C 15B -02B 
1.30(3) C17B-04B 
1.44(3) C 18B -04B 

2.902(3) 
2.362(7) 
2.348(7) 
1.90(2) 
1.98(2) 
2.08(2) 
2.333(7) 
2.349(8) 
1.90(2) 
2.01(3) 
1.98(2) 

1.8 1 (2) 
1.78(2) 
1.80(2) 
1.84(2) 
1.13(3) 
1.13(3) 
1.1 O(3) 
1.14(4) 
1.43(3) 
1.38(3) 
1.45(3) 
1.50(3) 
1.36(2) 
1.21(3) 
1.22(3) 
1.33(3) 
1.47(5) 
1.34(3) 
1.38(3) 

X-ray Crystallographic Studies. Neither compound 
yielded high-quality crystals during any of the several at- 
tempts to obtain a sample for the single-crystal structural 
analysis. Thick blue crystals of 5 and yellow crystals of 6 were 
grown as described in the previous sections. Suitable crystals 
were removed directly from the supernatant and coated with 
a high-viscosity hydrocarbon, mounted on a fiber, and cooled 
to -80 "C for 5 and -116 "C for 6. Several crystals of 6 were 
twinned; the final, irregularly shaped crystal chosen for 
complete data collection was slightly cracked, and the intensi- 
ties were weak. A preliminary peak search of 25 centered 
reflections indicated that the crystal of 5 was monoclinic and 
that 6 was orthorhombic. The space group P21 (No. 4) was 
chosen for 5 on the basis of the systematic absences (OK0 = 
2n + l), packing considerations, and statistical analysis of 
intensity distribution. Following successful refinement of 5, 
an examination of the structure revealed a pronounced pseu- 
dosymmetry. If the coordinates of molecule A were x ,  y, and 
z,  the coordinates of molecule B were approximately 5 + 0.5, 
y + 0.05, and z + 0.5. That is, they were related by an 
approximate translation of 0.5, 0.05, 0.5. If the y translation 
were 0, rather than 0.05, the true unit cell would be half as 
large with a' = a, b' = b,  and c' = (a + c)/2. In this case the 
reflections h + I odd would have zero intensity. In fact, the 
reflections with h + I odd were much less intense than those 
with h + 1 even, but they were present. The unique space 
group P21212 (No. 18) was chosen for 6 on the basis of the 
systematic absences (hOO, h = 2n + 1; OKO, K = 2n + 1). During 
data collection, no decay of intensity was observed in three 
check reflections for either crystal. Table 2 includes the details 
of the structural analyses. 

Because the structure of 5 was acentric, there were not 
enough data to give all atoms anisotropic displacement 
parameters. Only the heavy atoms (Ru, P, and C1) were 
refined anisotropically. For 6, anisotropic temperature factors 
were used for all non-hydrogen atoms except C3, C5, C11, C13, 
C16, C21, and the solvent atoms (OlZ, C2Z, and C3Z). 
Attempts to model these atoms with anisotropic temperature 
factors were unsuccessful. Hydrogen atoms were included in 
the structure factor calculations for both structures in idealized 

CllA-RulA-Cl2A 
CllA-RulA-Cl6A 
CllA-RulA-PI 1A 
CllA-RulA-Pl2A 
CllA-RulA-Ru2A 
C12A-RulA-Cl6A 
C12A-RulA-P11A 
C12A-RulA-Pl2A 
Cl2A-RulA-Ru2A 
C16A-RulA-Pl2A 
C16A-RulA-P11A 
C16A-RulA-Ru2A 
P12A-RulA-PllA 
P12A-RulA-Ru2A 
P11A-RulA-Ru2A 
C2 1A-Ru2A-C 19A 
C21A-Ru2A-C22A 
C21A-Ru2A-P22A 
C21A-Ru2A-P21A 
C21A-Ru2A-RulA 
C19A-Ru2A-C22A 
C ~ ~ A - R U ~ A - P ~ ~ A  
C19A-Ru2A-P21A 
C19A-Ru2A-RulA 
C22A-Ru2A-P22A 
C ~ ~ A - R U ~ A - P ~ ~ A  
C22A-Ru2A-RulA 
P22A-Ru2A-P21A 
P22A-Ru2A-Ru 1A 
P21A-Ru2A-RulA 

RulA-P11A-C1A 
RU 1 A- P 12A- C2A 
R u ~ A - P ~ ~ A - C ~ A  
R u ~ A - P ~ ~ A - C ~ A  
P1 lA-ClA-P21A 
P12A-C2A-P22A 
RulA-Cl6A-Cl3A 
Ru2A-C 19A-C 13A 
C19A-Cl3A-Cl6A 
RulA-CllA-011A 
Rul A-C 12A-0 12A 
Ru2A-C21A-O21A 
Ru2A-C22A-O22A 

Y 

93.8(9) 
94.3(8) 
93.0(7) 
89.8(6) 

175.7(7) 
17 1.9(8) 
89.1(7) 
88.6(7) 
90.5(6) 
91.7(6) 
90.2(8) 
81.4(5) 

176.5(2) 
89.8( 1) 
87.6(2) 
93U) 
95(1) 
88.2( 1) 
89.6(9) 

173.8(9) 
171.9(7) 
86.1(6) 
9 1.9(6) 
81.1(5) 
92.2(6) 
90.0(6) 
91.0(5) 

177.0(3) 
89.0(2) 
92.9(2) 

B. Intraliga 
112.1(8) 
11 1.2(7) 
113.9(8) 
119.5(8) 
111(1) 
111(1) 
128(2) 
127(1) 
116(2) 
174(2) 
173(2) 
178(3) 
177(2) 

Cl~B-Ru~B-Cl2B 
CllB-RulB-Cl6B 
C11B-RulB-P11B 
CllB-RulB-Pl2B 
CllB-RulB-Ru2B 
C12B-RulB-Cl6B 
C12B-RulB-Pl2B 
C12B-RulB-P11B 
C 12B -RulB-Ru2B 
C16B-RulB-Pl2B 
C16B-RulB-P11B 
C16B-RulB-Ru2B 
P12B-RulB-PllB 
P12B-RulB -Ru2B 
P1 lB-RulB-Ru2B 
C2 1B -Ru2B-C19B 
C2 1B -Ru2B-C22B 
C2 lB-Ru2B -P22B 
C21B-Ru2B-ElB 
C2lB-Ru2B-RulB 
C 19B-Ru2B-C22B 
C19B-Ru2B-P22B 
C19B-Ru2B-P21B 
C 19B -Ru2B -RulB 
C22B-Ru2B-P22B 
C22B-Ru2B-P2lB 
C22B-Ru2B-RulB 
P22B-Ru2B-P21B 
P22B-Ru2B -Ru 1B 
P21B -Ru2B -Rul B 

nd Angles 
RulB-P11B-C1B 
R u ~ B - P ~ ~ B - C ~ B  
Ru2B -P2 1 B -C 1B 
Ru2B -P22B -C2B 
P1 lB-ClB-P21B 
P12B-C2B-P22B 
RulB-Cl6B-Cl3B 
Ru2B -C 19B-C 1 3B 
C 19B -C13B -C 16B 
RulB-C11B-011B 
RulB-Cl2B-012B 
Ru2B -C2 1B -02 1B 
Ru2B-C22B-O22B 

97.2(9) 
93.7(8) 
90.0(8) 
91.6(8) 

177.2(7) 
168.8(7) 
89.7(7) 
90.1(7) 
85.6(6) 
92.5(6) 
87.4(6) 
83.5(5) 

178.5(2) 
88.3(2) 
90.2(1) 
93.2(9) 
9 4  1) 
88.6(7) 
91.4(7) 

172.9(8) 
172.5(9) 
88.7(6) 
86.7(6) 
80.0(5) 

94.4(9) 
92.6(8) 

175.5(3) 
89.3(2) 
90.1(2) 

115.9(8) 
111.8(7) 
1 11.4(8) 
118.7(8) 
114( 1) 
108(1) 
122(1) 
i28ii j  
118(2) 
176(2) 
176(2) 
174(2) 
170(3) 

positions using dc-H = 0.95 A and an isotropic temperature 
factor 20% greater than the Be, value of the carbon to which 
they were bonded. The values of the atomic scattering factors 
used in the calculations were taken from the usual tab- 
ulations,16-ls and the effects for anomalous dispersion were 
included for the non-hydrogen atoms. The positional para- 
meters, bond distances, and bond angles are listed in Tables 
3-5 for 5 and Tables 6-8 for 6. 

Results 

Isolation and Spectroscopic Characterization of 
5. The protonation of 3 with HBFcEtzO was conducted 
at room temperature in CH2C12. The rapid color change 
from orange to blue indicated the reaction occurred upon 
addition of the acid. Isolation of the product was 
accomplished by crystallization from a 1/1 CHzClz/Et20 
solution. The mass spectrum and elemental analysis 
of the material were consistent with the molecular 

(16) Cromer, D. T.; Waber, J. T. In International Tables for X-Ray 
Crystallography; Kynoch Press: Birmingham, England, 1974; Vol. Tv, 
Table 2. 

(17)Cromer, D. T. In International Tables for X-Ray Crystal- 
lography; Kynoch Press: Birmingham, England, 1974; Vol. IV, Table 
2. 

(18) Cromer, D. T.; Ibers, J. A. In International Tables for X-Ray 
Crystallography; Kynoch Press: Birmingham, England, 1974; Vol. Tv, 
Table 2. 
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Four- and Fiue-Membered Diruthenacycles 

Table 6. Positional Parameters for 

Organometallics, Vol. 14, No. 1, 1995 465 

Table 8. Bond Angles (deg) for 
{RU~(~~P~)Z(CO)~[C~(H)(CO~~)~I} [BF4P1/&t2O 

A. Ligand-Metal-Ligand Angles 
C11 -Rul -C12 100(1) C21-Ru2-Cl4 92(1) 
C11-Rul-C13 158(1) C21-Ru2-03 168(1) 
C11-Rul-P12 91.9(9) C21-Ru2-P22 89U) 
C11-Rul-P11 88.3(8) C21-Ru2-P21 9 ~ 1 )  
C11-Rul-Ru2 77.7(8) C21-Ru2-Rul lOl(1) 
C12-Rul-Cl3 lOl(1) C14-Ru2-03 75(1) 
C12-Rul-Pl2 94( 1) C14-Ru2-P22 89.8(7) 
C 12-Rul -P11 92(1) C14-Ru2-P21 89.4(7) 
C12-Rul-Ru2 177.5(8) C14-Ru2-Rul 167.0(9) 
C13-Rul-Pl2 90.3(8) 03-Ru2-P22 89.5(4) 
C 13 -Ru 1 -P11 87.3(8) 03-Ru2-P21 90.7(4) 
C13-R~l -Ru2 80.6(7) 03-Ru2-Rul 91.6(4) 
P12-Rul-P11 174.0(3) P22-Ru2-P21 179.1(3) 
P12-Rul-Ru2 87.8(2) P22-Ru2-Rul 89.9(2) 
P11-Rul-Rd 86.4(2) P21-Ru2-Rul 90.9(2) 

B. Intraligand Angles 
Rul-P11 -C1 111(1) Ru2-P21 -C 1 113.8(7) 
Rul-P12-C2 111(1) Ru2-P22 -C2 117(1) 
Rul-Cll-011 178(3) Ru2-C21-021 177(3) 
Rul-C12-012 179(3) Ru2-Cl4-Cl7 119(2) 
Rul-C13-013 179(3) Ru2-03-Cl8 113(2) 
P1 l-Cl-P21 116(1) P12-C2-P22 llO(1) 
C14-Cl7-Cl8 112(2) 03-Cl8-Cl7 120(3) 

atom X Y Z 

Ru 1 
Ru2 
P11 
P12 
P2 1 
P22 
c11 
0 1  1 
c12 
012 
C13 
013 
c 2  1 
0 2  1 
c 1  
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
C8 
c 9  
c10 
C14 
C15 
C16 
C17 
C18 
C19 
0 1  
0 2  
0 3  
04 
B1 
F1 
F2 
F3 
F4 
0 1 2  
c 2 z  
c 3 z  

0.2182( 1) 
0.3107(1) 
0.2945(5) 
0.1519(5) 
0.3272(4) 
0.295 l(6) 
0.144(2) 
0.099( 1) 
0.157(2) 
0.118(1) 
0.321(2) 
0.378( 1) 
0.224(2) 
0.162( 1) 
0.295(2) 
0.231(2) 
0.403(2) 
0.25 l(2) 
0.433(2) 
0.266(2) 
0.108(4) 
0.068(2) 
0.252(3) 
0.389(3) 
0.399(2) 
0.377(2) 
0.372(2) 
0.478(2) 
0.492(2) 
0.581(2) 
0.351(2) 
0.387(2) 
0.433( 1) 
0.571(1) 
0.838(3) 
0.753(2) 
0.862(2) 
0.866(2) 
0.875(2) 
0 

-0.049(2) 
-0.05 l(2) 

0.2056( 1) 
0.1356( 1) 
0.2876(4) 
0.1 174(4) 
0.2204(3) 
0.0506(3) 
0.212( 1) 
0.214( 1) 
0.253(2) 
0.28 1( 1) 
0.185(1) 
0.173(1) 
0.11 l(1) 
0.097( 1) 
0.289( 1) 
0.058( 1) 
0.295( 1) 
0.359(2) 
0.232( 1) 
0.220(2) 
0.114(2) 
0.089(3) 

-0.012( 1) 
0.021(2) 
0.092(1) 
0.06 1 (1) 

-0.028(2) 
0.092( 1) 
0.127(1) 
0.158(1) 
0.0857(9) 
0.0041(8) 
0.1527(6) 
0.127(1) 
0.104(3) 
0.100(1) 
0.1 1 l(1) 
0.155( 1) 
0.062( 1) 
0 
0.040(1) 
0.045(1) 

0.2664(2) 
0.4861(2) 
0.3530(6) 
0.1932(7) 
0.6314(6) 
0.3446(6) 
0.430(2) 
0.524(2) 
0.132(3) 
0.050(2) 
0.157(2) 
0.094( 1) 
0.592(3) 
0.666(2) 
0.544(2) 
0.175(2) 
0.300(2) 
0.308(3) 
0.697(3) 
0.795(2) 
0.016(3) 
0.306(4) 
0.440(3) 
0.266(4) 
0.6 1 l(3) 
0.745(3) 
0.875(3) 
0.571(2) 
0.439(2) 
0.247(3) 
0.853(2) 
0.747(2) 
0.384( 1) 
0.387(2) 
0.104(5) 
0.092(3) 
0.230(2) 
0.035(3) 
0.027(3) 
0.769(9) 
0.717(3) 
0.576(2) 

Table 7. Bond Distances (A) in 
{Ru2(dm~m)2(Co)4[C2(H)(CO~e)21} [BF4P1hEt20 

A. Metal-Metal and Metal-Ligand Distances 
Ru 1 -Ru2 2.970(4) Ru2-P21 2.367(8) 
Rul-P11 2.352(8) Ru2-p2.2 2.35 l(8) 
Rul-P12 2.35(1) Ru2-C21 1.78(3) 
Rul-Cl1 1.92(2) Ru2-Cl4 2.05(3) 
Rul-C12 1.91(4) Ru2-03 2.17(2) 
Rul-C13 1.95(3) 

B. Intraligand Distances 
P11-c1 1.78(2) P21-c1 1.83(3) 
P12-C2 1.82(3) P22-c2 1.89(2) 
Cll-011 1.12(3) c21-021 1.22(3) 
c12-012 1.17(4) C13-013 1.1 l(3) 
C14-Cl7 1.29(4) C17-Cl8 1.48(3) 
C18-03 1.21(3) C14-Cl5 1.48(4) 
C15-01 1.23(3) 

formula { R u ~ ~ d m p m ~ ~ ~ C 0 ~ ~ ~ C ~ O H ~ C ~ ~ C O ~ e ~ ~ l } ~ B F ~ l ( 5 ) .  
The infrared spectrum of 5 exhibited terminal metal 
carbonyl stretching energies from 2023 to 1949 cm-l, a 
shiR of 30 cm-l to higher energy from the corresponding 
stretches in 3, consistent with the change from a neutral 
to a cationic metal species. Also observed were stretches 
due to the ester carbonyls a t  1700 and 1646 cm-l and a 
vc-c band at 1530 cm-l. The singlet at 149.7 ppm in 
the 13C NMR spectrum was assigned to C13 (see Figure 
l), and the two singlets a t  166.0 and 179.24 ppm were 
assigned to two ester carbonyls. The multiplets at 
189.9, 191.1, and 207.4 ppm were due to the metal 
carbonyls. The two downfield signals at 247.5 and 296.2 

@ 
021A 

Figure 1. ORTEP drawing of the cation portion of 5 
showing the atom labels. Thermal ellipsoids are drawn at 
the 50% probability level. 

ppm were assigned to the remaining vinyl carbon, C16, 
and the carbonyl carbon, C19, respectively. The down- 
field shift of these resonances suggested there was 
delocalization of the n-electron density resulting from 
metal-to-carbon multiple-bond character. These spec- 
troscopic data were consistent with protonation at the 
carbonyl oxygen, 05. The 31P NMR spectrum exhibited 
a broad singlet at -3.0 ppm. We propose that the minor 
chemical differences between the two rutheniums re- 
duce the chemical shiRs between the phosphorus ligands 
to the point where they are nearly identical. The 
electronic absorption spectrum of 5 revealed absorption 
maxima at 600 (3201,400 (21001, and 321 nm (16 700 
M-' cm-l). 

Structure of 5. Single-crystal X-ray crystallography 
of 5 established that the structure consisted of well- 
separated cation, anion, and solvent units with two of 
each per asymmetric unit. As shown in Figure 1, the 
axial positions were occupied by the dmpm ligands. The 
equatorial plane contained four terminal carbonyl ligands 
and a three-carbon bridge in the same diruthenacyclo- 
pentenone arrangement found in 3. The RulA-Ru2A 
distance of 2.894(3) A (RulB-Ru2B = 2.902(3) A) was 
shortened significantly from that of 3 (Rul-Ru2 = 
2.936(1) A). The angle between the planes defined by 
Pll-Rul-Pl2-Ru2 and P21-R~2-P22-R~l of 19.87' 
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C16 

Figure 2. ORTEP drawing of the cation portion of 6 
showing the atom labels. Thermal ellipsoids are drawn at 
the 50% probability level. 

indicated the ruthenium-phosphine framework was 
twisted in comparison to that in Ruz(dmpm)z(CO)a (twist 
angle 3.75");15 however, it was identical with the cor- 
responding twist angle in 3 of 19.82OU7 The lengthening 
of the C19A-05A distance from 1.23(3) A in 3 t o  1.39- 
(3) A (C19B-05B = 1.36(2) A) in 5 was consistent with 
the assignment of 05  as the site of protonation. The 
short RulA-C16A and Ru2A-Cl9A distances of 2.07- 
(2) (RulB-C16B = 2.08(2) 8,) and 2.03(2) A (Ru2B- 
C19B = 1.98(2) A), respectively, and the similarity 
between C19A-Cl3A and C13A-Cl6A distances of 
1.42(3) A (C19B-Cl3B = 1.43(3) A) and 1.35(3) 8, 
(C13B-Cl6B = 1.38(3) A), respectively, suggested a 
delocalized n-system across these four bonds. 

Isolation and Spectroscopic Characterization of 
6. Protonation of 2 with HBFsEt20 resulted in a subtle 
color change from pale yellow to  yellow over a period of 
approximately 20 min. The mass spectrum and elemen- 
tal analysis of the yellow, crystalline product were 
consistent with the molecular formula {RUT 
(~~~~)Z(CO)~[CPH(COZM~)~~}[BFII (6). The infrared 
spectrum of 6 displayed four terminal CO bands from 
2018 t o  1934 cm-l, ester stretches at 1704 and 1594 
cm-l, and the YC=C band at 1545 cm-l. The lH NMR 
spectrum exhibited a singlet due to the vinyl proton at 
6.4 ppm. In the 13CC1H} NMR spectrum, the resonances 
at 185.9, 192.7, 206.1, and 207.1 ppm were assigned to 
the metal carbonyls by 13C{1H} NMR of the 13CO- 
enriched material. By virtue of the chemical shifts, the 
multiplet at 136.2 ppm and the singlet at 164.6 ppm 
were assigned to the vinyl carbons C17 and C14, 
respectively (see Figure 2 for numbering). The metal- 
bound carbons of most o-alkenyl complexes are usually 
located well downfield from the uncomplexed carbon.lg 
The singlet at 191.8 ppm was assigned to the ester 
carbonyl carbon C15, which was deshielded slightly 
compared to C18 (170.9 ppm) due to complexation of 
the oxygen to the ruthenium. 

Structure of 6. The structure of 6 (Figure 2) 
consisted of well-separated cation, anion, and solvent 
molecules. The connectivity of the cation portion of the 
molecule was found to be quite different from that of 2. 
The equatorial ligands included four terminal CO's and 
a chelating five-membered metallacycle comprised of 
one Ru, the two vinyl carbons, and the carbonyl carbon 
and oxygen of one of the ester groups of the DMAD 

(19) Mann, B. E.; Taylor, B. F. 13C NMR Data for Organometallic 
Compounds; Academic Press: London, 1981; pp 326. 

ligand. The axial positions were occupied by the 
diphosphine ligands. The Rul-Ru2 bond distance of 
2.970(4) A was elongated in comparison to  other struc- 
tures reported for this system. The angle between the 
planes defined by Pll-Rul-Pl2-Ru2 and P21-Ru2- 
P22-Rul of 35.2" illustrated the severe twisting of the 
ruthenium-phosphine framework. The freedom to 
twist in 6 was due to the lack of a third bridging ligand 
across the metal-metal bond. The dmpm bridges were 
flexible enough such that, in the absence of a more rigid 
bridge, the molecule was free to  adopt a nearly stag- 
gered conformation, minimizing electronic repulsion 
between the dn orbitals of adjacent metal centers as well 
as steric congestion due to 1,2-diaxial ligand interac- 
tions.20 

The Ru2-C21 distance of 1.78(3) A was somewhat 
shorter than that of the other carbonyl ligands (1.91- 
(4)-1.95(3) A), consistent with the weak trans influence 
of the ester ligand. The Ru2-Cl4 distance of 2.05(3) A 
is typical for a Ru-C single bond. The C14-Cl7 and 
C17-Cl8 distances of 1.29(4) and 1.48(3) A, respec- 
tively, indicated the n bond is localized between C14 
and C17. The long Ru2-03 distance of 2.17(2) A and 
the C18-03 distance of 1.21(3) A suggested only a weak 
interaction exists between Ru2 and 03. 

Isolation and Solution Spectroscopic Charac- 
terization of 8. The reaction of 7 with DMAD resulted 
in a color change from yellow to very pale yellow over a 
period of about 15 min. The product was isolated as a 
pale yellow powder, and the elemental analysis and 
mass spectral data established it as {RUZ- 
( ~ ~ ~ ~ ) ~ ( C O ) ~ [ C Z H ( C O Z M ~ ) ~ ~ ) [ B F ~ I  (8). The infrared 
spectrum of 8 displayed three CO terminal bands from 
2024 to 1953 cm-l, an ester band at 1704 cm-l, and the 
YC=C signal at 1561 cm-l. The lH NMR spectrum 
contained a resonance located at 6.1 ppm assigned to 
the vinyl hydrogen. The methyl and methylene signals 
from the dmpm ligands were broadened, rendering the 
31P coupling unresolvable. This broadening was also 
reflected in the 13C(lH} NMR spectrum of the phosphine 
methyl multiplets. On the basis of the observed cou- 
pling to the vinyl hydrogen (JCH = 164 Hz), the singlet 
a t  124.8 ppm in the 13C NMR spectrum was assigned 
to the carbon C8 (see below). As with compound 6, the 
carbon bound to the ruthenium was shifted downfield 
to 163.1 ppm. The signals at 175.7 and 178.0 ppm both 
displayed C-H coupling to the three hydrogens of the 
methyl esters and were assigned t o  the ester carbonyl 
carbons. The 178.0 ppm resonance also displayed a 14.8 
Hz coupling constant to  the vinylic hydrogen, whereas 
the peak at 175.7 ppm exhibited a small, approximately 
2 Hz, coupling to this hydrogen. This pattern of 
coupling constants defined the stereochemistryZ1 

l+ 

8 

The resonance at 175.7 was a triplet due to  long-range 
"W" carbon-phosphorus coupling. The location of the 
vinyl ligand in the position trans to  the Ru-Ru bond 
was consistent with the spectroscopy and was similar 
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temperature range. The fluxional process causing these 
spectral changes was proposed to be the rotation of the 
vinyl group about the Ru-C bond, which was hindered 
by the phosphine methyl groups. 

Between 233 and 181 K a second set of spectral 
changes were observed. The lH NMR spectrum showed 
all four peaks broadening at 220 K. The 'H NMR 
resonance located at  1.62 ppm significantly broadened 
by 194 K but then sharpened into a doublet by 181 K. 
The 13C{lH} NMR spectrum showed the coalescence of 
the triplet at 210 ppm while additional changes occurred 
in the multiplet at 209 ppm. By 194 K the multiplet at 
210 ppm began to be resolved while the multiplet at 209 
ppm completely lost its center peak. 

We have no convincing explanation for the lower 
energy process. With the absence of a third bridging 
ligand, however, we would predict that the Ru2P4 
framework of 8 would be twisted into a staggered 
conformation as was observed in the structure of 6. The 
low-temperature process may represent rotation about 
the Ru-Ru bond that would interconvert the conformers 
present as a result of the twisting of the Ru2P4 back- 
bone. 

Finally, we were also able to isolate 8 by the reaction 
of 6 with CO. When this reaction was conducted in a 
sealed NMR tube at approximately 5 atm of CO pres- 
sure, 6 smoothly transformed into 8 with no observable 
intermediates. A plot of ln[61 vs time was linear for 6 
half-lives and yielded an observed rate constant of 5.58 
x s-l. The effect of CO pressure was not studied. 1 . 1  ,.a 1 . R  1.65 1 5 5  OP. 

'H 

2II 0 210.0 209 0 PO. 

1% (In, 

I!mLK 
295 

2?6 

271 

260 

249 

233 

220 

194 

181 

Figure 3. Variable-temperature lH and l3C(lH} NMR 
spectra for 8. 

to the location of the methyl and acetyl ligands in 
[Ruddmpmh(CO)5MeI+ and {Ru2(dmpm)2(CO)~[C(O)- 
Me]}+. 22 

Compound 8 was found to be fluxional on the NMR 
time scale. Figure 3 shows the phosphine-methyl 
region of the IH NMR spectrum and the I3C{ lH} NMR 
signals from four of the five carbonyl ligands. The 
methyl signals at 295 K were each integrated to 12 
protons. Cooling the sample to 233 K resulted in 
gradual separation of these two broad bands into four 
signals. At 233 K, the four resonances represented the 
sets [l, 31, [2, 41, [5, 71, and [6, 81. The corresponding 
l3C(lH} NMR spectrum exhibited resolution of the 
broad multiplet at 295 K into overlapping multiplets for 
the (now different) carbonyls 4 and 5. Because the 
sample was only partly enriched (60%) with 13C0, the 
complex pattern that appeared by 233 K at 209 ppm 
resulted from the superposition of two spin systems. The 
species exhibiting the trans 13C-13C coupling accounted 
for 43% of the total intensity. This coupling was absent 
in the two 13CP2C isotopomers, which accounted for 57% 
of the intensity. A complete modeling of the spectrum 
was not undertaken. The triplet at 210.5 ppm exhibited 
a slight broadening by 233 K, and the triplet at 188.6 
(assigned to  C1) was unchanged throughout the entire 

(20) Kullberg, M. L.; Lemke, F. R.; Powell, D. R.; Kubiak, C. P. Inorg. 

(21) Marshall, J. L. Carbon-Carbon and Carbon-Proton NMR Cou- 

(22) Johnson, K. A.; Gladfelter, W. L. Organometallics 1990,9,2101. 

Chem. 1986,24, 3589. 

plings; Verlag Chemie: Deerfield Beach, FL, 1983; Vol. 2, p 241. 

Discussion 

A summary of the protonations described in this 
paper, in addition to the synthetic reactions for prepar- 
ing the starting materials, is shown in Scheme 1. The 
starting zerovalent diruthenium complex is the only 
species to yield an isolable metal hydride. At least 
formally, the oxidation state of each ruthenium in- 
creased in both 2 and 3 to +1, a fact that may contribute 
to the reduced basicity of the M-M bond. 

The most notable physical change observed during 
any of the reactions is the blue color formed upon 
protonation of orange solutions of 3. The electronic 
absorption spectrum indicates transitions at  600 (3201, 
400 (21001, and 321 nm (16700 M-l cm-l). The 
dinuclear ruthenium complex [(r5-C5H5)Ru(CO)z12 exists 
in both the CO-bridged and nonbridged structures. The 
electronic absorption features in the spectrum of the 
unbridged isomer of [(~5-C5H5)Ru(CO)212 appear at 330 
(13 900) and 435 nm (1280 M-' cm-l) and are assigned 
to the u t o  u* and dn to  u* transitions, re~pectively.~~ 
The intensity and wavelength of the absorption of 5 at 
321 nm suggest its assignment to a u to 8 transition 
of the Ru-Ru bond. In addition, we assign the shoulder 
a t  400 nm to the dn to u* transition. The blue color of 
the complex, however, is due to the 600 nm absorption 
and is unusual. 

(23) Abrahamson, H. B.; Palazzotto, M. C.; Reichel, C. L.; Wrighton, 
M. S. J.  Am. Chem. SOC. 1979,101,4123. 
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Scheme 1. Summary of Reactions 

I I 
e :  

OC-Ru-Ru -CO 

Johnson et al. 

I 

H'4 

0C-4u-R~ I -CO 
I 

o+ 6 \ c & l E  

-co, 70°C / I \ DMAD, rt 
!2 

3 \ $  7 
riu-dll ' 'c' 'co 

* I  O 

"1+ 
(t co + 

oc 0 

ku&ZU/ ' 'c' Lo 
7 

The two resonance hybrids of 5 that highlight the 
extended n system connecting the two metals are 

0 0 
C C 

I +  
Ru-CO 

I 1 
Ru-CO e OC-Ru- OC-Ru- + I  
I I II 

d k! 

These resonance hybrids are not degenerate due to the 
electronic differences between the -OH and -COOMe 
substituents located on carbons C19 and C16 (the metal- 
bound carbons). It is noteworthy that formal oxidation 
states of the two metals differ. One possible explanation 
of the electronic absorption feature at 600 nm is that it 
results from an intervalence charge-transfer transition 
that would have the effect of interconverting the reso- 
nance structures shown above. Alternatively, this 
absorption could be assigned to a n to n* or an n(dn) to 
n* transition involving a fully delocalized pentadienyl 
(Ru-C-C-C-Ru)+ chromophore. The structural fea- 
tures discussed below favor the delocalized bonding 
model. 

The reversible nature of the protonation was discov- 
ered when 5 was dissolved in THF. An infrared 
spectrum of the solution indicates that 3 forms, presum- 
ably by deprotonation by the anion. When this solution 
is concentrated to dryness, 5 is regenerated. This 
behavior is notably different from that observed during 
the protonation of related dimetalla~yclopentenones.~,~~9 
The final products usually involve cleavage of the 
carbonyl carbon to alkyne carbon bond and produce a 
bridging alkenyl ligand. In one case an intermediate 
is isolated in which the proton is bound to the carbonyl 
carb0n.l The protonation of 3 at the carbonyl oxygen 
is similar to  the 0-alkylation of a related mononuclear 

rhenacyclobutenone, an observation explained by invok- 
ing substantial carbenoid character of the Re-C bond.24 

Single-crystal X-ray crystallographic studies of both 
the neutral and protonated forms of the molecule allow 
an opportunity to observe the structural changes that 
occur upon protonation of 3. Figure 4 shows the 
equatorial planes of compounds 3 and 5 (dmpm ligands 
omitted). The RulA-Ru2A distance of 2.894(3) A 
(RulB-Ru2B = 2.902(3) A) in 5 is shortened compared 
to the Rul-Ru2 distance in 3 (2.936(1) A). The dis- 
tances between the metals and the carbons of the bridge 
also contracted upon protonation, suggesting an in- 
crease in the Ru-C multiple-bond character of this 
interaction. This is consistent with the downfield shift 
of the signals due to these carbons in the 13C NMR 
spectrum. The contraction of the C19-Cl3 distance and 
the slight lengthening of the C13-Cl6 distance in 5 are 
consistent with the delocalization of the n-electrons 
described above. The lengthening of the C19A-05A 
bond to 1.39(2) A (C19B-05B = 1.36(2) A) is the 
primary evidence indicating that 05 is the site of 
protonation. It is interesting to  note how the adjacent 
ester group has oriented itself to be coplanar with C19- 
0 5  (angle between planes 05A-Cl9A-Cl3A and C13A- 
C14A-O1A 7.17'). Although the proton is not crystal- 
lographically located, we suggest that it lies somewhere 
between 0 5  and 01 and that hydrogen bonding may be 
responsible for the twist of the ester group. This may 
also contribute to the difficulty in locating the resonance 
for 0-H in the lH NMR spectrum. 

The two reactions that yield a new C-H bond are 
related to each other by switching the order of addition 
of the substrates (alkyne and H+) t o  Ruz(dmpm)z(CO)a. 
Formation of the metal hydride followed by alkyne 
addition results in stereoselective cis addition, whereas 
protonation of the preformed alkyne complex leads 
exclusively to the 2 product. Although no intermediates 
were observed, alkyne coordination prior to  migratory 
insertion is the most likely sequence for the formation 
of the (E)-alkenyl complex 8. 

While cis stereochemistry is the more common result 
of insertion of alkynes into mononuclear metal hydrides, 
similar reactions with di- and polynuclear metal com- 
plexes can lead to either cis or trans stereochemistry. 
With complexes containing the p-q2-alkyne bonding 
mode, e.g. Fe2@-q2-RCCR)(CO)6 and Rh2@-H)2@-q2- 
RCCR)[P(O-i-Pr)&, trans addition  predominate^.^^ Di- 
nuclear A-frame complexes, however, produce cis addi- 
tion products.26-28 Protonation of a cis-dimetalated 
complex of DMAD, Fe2(SMe)2(CO)s(DMAD), by Mathieu 
and co-workers also resulted in formation of a cis-alkene 
product via a mechanism involving initial attack of H+ 
at one of the metal centers, forming the metal hydride.29 

One of the two explanations of the trans stereochem- 
istry resulting from the protonation of 2 is summarized 
in Scheme 2. Protonation on one of the ester carbonyls 
of 2 is aided by the electron-rich nature of the metals. 

(24) Padolik, L. L.; Gallucci, J. C.; Wojcicki, A. J.  Am. Chem. SOC. 

(25) Burch, R. R.; Shusterman, A. J.; Muetterties, E. L.; Teller, R. 

(26) Hommeltoft, S. I.; Berry, D. H.; Eisenberg, R. J. Am. Chem. 

(27) Vaartstra, B. A.; Cowie, M. Organometallics 1990, 9, 1594. 
(281 Berry, D. H.; Eisenberg, R. Organometallics 1987, 6, 1796. 
(29) Bonnet, J. J.; Mathieu, R.; Ibers, J. A. Inorg. Chem. 1980, 19, 

1999,115,9986. 

G.; Williams, J. M. J.  Am. Chem. SOC. 1983, 105, 3546. 

SOC. 1986, 108, 5345. 

2448. 
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Figure 4. ORTEP drawings of 3 (left) and the cation portion of 5 (right) showing the structural differences in the ligands 
of the equatorial plane (dmpm ligands omitted for clarity). 

Scheme 2. Trans Ru-H Addition via Ligand 
Protonation 

H+ 

E ZH E 
0 - 2  

MeO-‘F=c/ MeOO k-6 
oCNR~-~4 - oc~Ru-uH 

/ \ \ +  co / y7 co protonation 

2 

tautomerization 

Me0 Me0 H 
E 

I I 
0 c- Ru-Ru-C 0 

rearrangement 1 A b 6 

ligand migration 
around the 

equatorial plane ZMe + 8 o4 \c-H 
I OC-Ru-D!.--6// 
I I ‘r 

C “  6 0 6  

Tautomerization of this intermediate provides a path 
for the formation of the new C-H bond. Rearrangement 
of the complex could occur by substitution of the Ru-C 
with the Ru-0 linkage. The stereochemistry would be 
established when rotation about the C-C bond occurs, 
allowing favorable x-overlap between the C orbital 
initially bound to Ru and the p orbital on the carbene 
carbon. The most favorable direction of rotation would 
bring the ester carbonyl oxygen toward (rather than 
away from) the ruthenium to form the Ru-0 bond. This 
motion locks in the trans stereochemistry. The final 
migration of the ligands around the equatorial plane is 
likely to have a low energy barrier. 

Compounds 6 and 8 differ by one CO ligand and the 
alkenyl stereochemistry. Anticipating the weakness of 

Scheme 3. Trans Ru-H Addition via 
Isomerization 

2 

reductive 
elimination 

MeO, /O‘ 
C 

isomerization and J ring closure 

r +  Me0 H 
i 

oG ‘c-H 

Ru-C, Ru-CO OC-Ru- OC-Ru- I 4  

around the 6 o c  

o.t-Ck,E + 2 
I I I 

ligand migration I E 
v 

equatorial plane 

the Ru-0 bond in 6, we observed its reaction with CO. 
Surprisingly, the alkenyl stereochemistry changed from 
2 to E,  an isomerization that can be explained by the 
significance of the carbenoid resonance hybrid 

0 
C 
I OC-Ru- 

0 
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The driving force controlling the stereochemistry in 8 
is the reduced steric repulsion between the alkenyl 
ligand of the E isomer and the remaining ligands 
attached to the same ruthenium. 

This facile isomerization allows us to propose (Scheme 
3) an alternative mechanism for the formation of 6. 
Protonation of the Ru-Ru bond followed by reductive 
elimination of the C-H bond would form an (E)+ 
alkenyl complex which could isomerize to the 2 isomer, 
a process that would be driven in the forward direction 
by chelation. 

In all of the reactions described in this paper, the 
combination of the electron-rich nature of the Ruz- 
(dmpmlz unit and the electron-poor alkyne enhances the 

Johnson et al. 

importance of carbenoid resonance forms which appear 
to dominate the reactivity of these metallacyles. 
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positions, thermal parameters, and bond distances and angles 
for 5 and 6 (30 pages). Ordering information is given on any 
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Borabenzene Derivatives. 22.l Synthesis of 
Boratabenzene Salts from 2,4=Pentadienylboranes. 

Structure of [NMesPh] [ C ~ H E B M ~ ]  
Gerhard E. Herberich," Bernd Schmidt, and Ulli Englert 

Institut fir Anorganische Chemie, Technische Hochschule Aachen, 0-52056 Aachen, Germany 

Received August 12, 1994@ 

Borylation of potassium pentadienide with BCl(NR2)z and subsequent alcoholysis produce 
2,4-pentadienylboranes CsH7B(NR2)2 (4a-c: R = Me, Et, Pri), CsH7B(OR)z (4e,f: R = Et, 
But), and CsH7B(OCR2)2 with 1,3,2-dioxaborolane rings (4g,h: R = H, Me) as mixtures of E 
and 2 isomers. Metahtion of 4a,b in THF by lithium dialkylamides LiNR2 ( R  = Me, Et, 
P i )  in the presence of TMEDA results (i) in a nonproductive deborylation via primary attack 
at the boron center, (ii) in ring closure to produce boratabenzene salts [Li(TMEDA)][C5H5- 
BNR21(10a,b: R = Me, Et), and (iii) in substitution of B-dialkylamino groups when NR2 is 
bulkier than "2. 10a is obtained in 26.5% yield. Metalation of 4h in THF by the sterically 
demanding lithium dialkylamides LDA and LiTMP affords a precipitate of the spiroborate 
[Li(THF)][C5H~B(OCMe2)21 (13) in 63% yield in equilibrium with the presumed isomer Li- 
[C5HsBO(CMe2)20HI (Li(3g)) in the THF solution. 13 can be transformed into borataben- 
zenes by several methods. (i) Treatment with Me3SiCl produces a 1:l mixture of isomeric 
boracyclohexadienes C E , H ~ B O C M ~ & M ~ ~ O S ~ M ~ ~  ( E a ,  2,4-isomer; 15b, 2,5-isomer) which, 
on subsequent low-temperature metalation, give Li[C5H5BO(CMez)OSiMe~] (Li(3h)). (ii) 
Metalation of 13 a t  -78 "C affords Li2[C5H5BO(CMe2)0] (Liz(3i)) and, after treatment with 
MesSiCl, the bora-2,4-cyclohexadiene (5-Me3Si)C5H5BOCMezCMe2OSiMe3 ( 16). (iii) Treat- 
ment of 13 with Al2Me6 in toluene at -78 "C affords Li[C5H5BMel (Li(3b)) in 79% yield as 
a white solid. This salt is also obtained from Li(3h) and Al2Me6. (iv) Addition of 15 to LiBut 
in pentanehexane produces Li[C5H5BButl (Li(3c)) in 53% yield. Combining strongly alkaline 
aqueous solutions of [NMesPhII and Li(3b) affords [NMesPhl[C5H5BMe] (18). 18 crystallizes 
in the monoclinic space group P21h with a = 935.4(1) pm, b = 1557.4(4) pm, c = 988.8(1) 
pm, = 95.47(1)", and 2 = 4. The 1-methylboratabenzene ion of 18 displays nearly perfect 
C2, symmetry with intra-ring bond distances of 150.1, 138.8, and 139.2 pm (average) for 
B-C1 (B-C5), Cl-C2 (C4-C5), and C2-C3 (C3-C4), respectively. 

Introduction 

Borabenzene (b~rinine)~ 1 is a highly reactive ~pecies.~ 

L k 
1 2 3 

2: a, L = py; b, L = Nz 
3: a, R = Ph; b, R = Me; c, R = But; d ,  R = NMe2; 

e, R = NEt2; f, R = OMe; g, R = O(CMe2)20H 

h, R = O(CMe2)zOSiMes; i, R = O(CMe2)O- 

According to quantum-chemical calculations5 (MND0,5a 
ab initio STO-3G and 4-31G,5b HF/6-31G* and MP2/6- 
31G*5C) 1 is a planar aromatic ring with a low-lying in- 

@ Abstract published in Advance ACS Abstracts, November 15,1994. 
(I) Part 21: See ref 2. 
(2) Herberich, G. E.; Schmidt, B.; Englert, U.; Wagner, T. Organo- 

metallics 1993, 12, 2891. 
(3) Nomenclature: Pure Appl. Chem. 1983, 55, 409. 
(4) Maier, G.; Reisenauer, H. P.; Henkelmann, J.; Kliche, C. Angew. 

Chem., Int. Ed. Engl. 1988,27, 295. 
(5)(a) Raabe, G.; Heyne, E.; Schleker, W.; Fleischhauer, J. 2. 

Naturforsch. lSS4,39A, 678. (b) Raabe, G.; Schleker, W.; Heyne, E.; 
Fleischhauer, J. 2. Nuturforsch. 1987, 42A, 352. (c) Cioslowski, J.; 
Hay, P. J. J. Am. Chem. SOC. 1990,112, 1707. 

plane u* orbital which is largely localized at the boron 
atom. 1 can be stabilized by uncharged Lewis bases, 
as in the borabenzene-pyridine adduct 28: and an 
adduct with N2 (2b) has been observed in matrix 
isolation  experiment^.^ The stabilizing Lewis base may 
also be anionic, as in the 1-phenylboratabenzene ion 
(3a-Y and its methyl analog (3b-L8 Other borataben- 
zene ions (3q9 3f 6, have been mentioned in the litera- 
ture but have remained uncharacterized. Furthermore, 
borabenzene rings 2 and boratabenzene ions 3- may act 
as ligands to transition metals, both in sandwich-type 
complexeslOJ1 and in triple-decker complexes.12 Perti- 
nent work up to 1985 has been reviewed.1° 

We set out recently to develop a new synthetic entry 
into borabenzene chemistry.2 With piperylene (1,3- 
pentadiene) as the starting C5 component, a metalation/ 

(6) Boese, R.; Finke, N.; Henkelmann, J.; Maier, G.; Paetzold, P.; 

(7)Ashe, A. J., 111; Shu, P. J. Am. Chem. SOC. 1971, 93, 1804. 
(8) Herberich, G. E.; Becker, H. J. Angew. Chem., Znt. Ed. Engl. 

1975, 14, 184. 
(9) Ashe, A. J., 111; Meyers, E.; Shu, P.; von Lehmann, T.; Bastide, 

J .  J. Am. Chem. SOC. 1975,97,6865. 
(10) Herberich, G. E.; Ohst, H. Adv. Organomet. Chem. 1986,25, 

199. 
(11)For more recent work see: (a) Herberich, G. E.; Klein, W.; 

Spaniol, T. P. Organometallics 1993, 12, 2660. (b) Maier, G.; Wolf, 
H.-J.; Boese, R. Chem. Ber. 1990, 123, 505. 
(12) Herberich, G. E.; Englert, U.; Vbanz ,  D. J. Organomet. Chem. 

1993, 459, 1. 

Reisenauer, H. P.; Schmid, G. Chem. Ber. 1985,118, 1644. 

0276-733319512314-0471$09.00/0 0 1995 American Chemical Society 
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borylation sequence can be used to synthesize bis- 
(dialkylamino)-2,4-pentadienylboranes 4a-c and, by a 
subsequent alcoholysis step, dialkoxy-2,4-pentadienyl- 
boranes 4e-h. The metalation of some of these com- 
pounds 4 leads to ring closure reactions with formation 
of borata-2,4-cyclohexadiene species 5, which after 
further transformation afford a variety of boratabenzene 
species. 

1- 

4 5 

4: a, X = NMe2; b, X = NEt2; c, X = NPri2; d, X = OMe; 
e, X = OEt; f, X = OBut; g, 2 X = OCHzCH20; 

h, 2 X = OCMe2CMe20; i, X = Ph j, X = Pr 
5: a, X, Y = NMe2; b, X + Y = OCMezCMezO 

The earlier synthetic methods, the tin route7 and the 
cobaltocene r ~ u t e , ~ J ~  are difficult and laborious and 
have always remained the bottleneck in the further 
development of borabenzene chemistry. Our new syn- 
thetic approach is more efficient. As a consequence, 
many only slightly examined or unexplored aspects of 
borabenzene chemistry will become amenable to study 
in the future. In this paper we describe the new 2,4- 
pentadienylboranes 4, their metalation chemistry, and 
new boracyclohexadienes and boratabenzene species. 

Results and Discussion 

2,4-Pentadienylboranes. A few 2,Cpentadienylbo- 
ranes 4 have been described previously (4d,I4 4h,15 4i,16 
4j17). These compounds are best prepared from alkali- 
metal pentadienides18 and a B1 component, but more 
complicated (and less useful) methods have been used 
for the preparation of 4h.15 

Lithium pentadienide can be generated from 1,4- 
pentadiene with butyllithium in THFlg but unfortu- 
nately not from the more readily available 1,3-penta- 
diene because of predominating ether cleavage20a and 
p01ymerization.l~~~~~ The potassium compound can be 
obtained by kaliation of 1,Cpentadiene with KNH2 in 
NH321 or, more conveniently, from 1,3-pentadiene with 
Lochmann-Schlosser base22 or by treatment of the 
diene with elemental potassium in T H F / N E ~ S . ~ ~  

(13) (a) Herberich, G. E.; Greiss, G.; Heil, H. F. Angew. Chem., Int. 
Ed.  Engl. 1970, 9 ,  805. (b) Herberich, G. E.; Greiss, G. Chem. Ber. 
1972, 105, 3413. 

(14) (a) Schlosser, M.; Rauchschwalbe, G. J .  Am. Chem. SOC. 1978, 
100, 3258. (b) Bosshardt, H.; Schlosser, M. Helu. Chim. Acta 1980, 
63,2393. (c) Fujita, R; Schlosser, M. Helu. Chim.Acta 1982,65, 1258. 

(15) Hoffmann, R. W.; Landmann, B. Chem. Ber. 1986,119, 1039. 
(16) Hutchings, M. G.; Paget, W. E.; Smith, K. J .  Chem. Res., Synop. 

(17) Gurskii, M. E.; Gridnev, I. D.; Geiderikh, A. V.; Ignatenko, A. 

(18) Yasuda, H.; Nakamura, A. J .  Organomet. Chem. 1985,285,15. 
(19) Bates, R. B.; Gosselink, D. W.; Kaczynski, J .  A. Tetrahedron 

(20) (a) Maercker, A.; Theysohn, W .  Liebigs Ann. Chem. 1971, 746, 

(21) Heiszwolf, G. J.; Kloosterziel, H. Red .  Trau. Chim. Pays-Bas 

(22) Bahl, J .  J.; Bates, R. B.; Gordon, B., 111. J .  Org. Chem. 1979, 

(23) Yasuda, H.; Ohnuma, Y.; Yamauchi, M.; Tani, H.; Nakamura, 

1983, 31; J .  Chem. Res., Miniprint 1983, 342. 

V . ;  Bubnov, Yu. N. Organometallics 1992, 11, 4056. 

Lett. 1967, 199. 

70. (b) Hsieh, H.; Tobolsky, A. V .  J .  PoZym. Sci. 1957, 25, 245. 

1967, 88, 807. 

44, 2290. 

A. Bull. Chem. Soc. Jpn.  1979, 52, 2036. 
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Scheme 1 

KINEt3 L BCI(NMe2)2 
KC5H7 * 

THF, 0°C THF,-78"C 
B(NMe2h 

4J 
Z-4a 

Scheme 2 

LiBulKOBu' BCI(NMe2I2 

hexane, 20°C 
KC5H7 c 

hexane, O°C 

B(NMe2)Z - 
E-4s 

Scheme 3 
+ KCsH7 * (C5H712BNMe2 + B(NMe2h 
pentane, 2OoC 

Since for the preparation of the boranes 4 high purity 
of the pentadienide is required, the direct reaction of 
1,3-pentadiene with elemental potassium23 and the 
kaliation with Lochmann-Schlosser base22 turned out 
to be the most useful for our purposes. Borylation with 
bis(dialky1amino)chloroboranes BCl(NR2)2 (R = Me, Et, 
Pr9 produces the corresponding bis(dialkylamino)-2,4- 
pentadienylboranes 4a-c as mixtures of E and 2 
isomers. The composition of these mixtures strongly 
depends on the reaction conditions. Although we have 
not investigated this aspect in detail, a few comments 
seem warranted. 

When KC5H7 is prepared by the Nakamura methodz3 
and when BCl(NMed2 is added to a suspension of KCsH7 
in THF at -78 "C, the reaction predominantly produces 
the 2 isomer (2)-4a (Scheme 1). When, however, the 
KC5H7 species is prepared with Lochmann-Schlosser 
base22 and when the suspension of KC5H7 in hexane is 
added to BCl(NMe2)2 at 0 "C, the reaction affords mainly 
the E isomer (E)-4a (Scheme 2). Likewise, the closely 
related reaction of KC5H7 with MesSiCl produces the E 
isomeric product when hexane is used as reaction 
medium, while in THF the 2 isomer is formed.24 
Rather surprisingly, when KC5H7 is prepared by the 
Nakamura method and when a suspension of this 
compound in pentane is added to BCl(NMe212 in pentane 
at 20 "C, an undesired dismutation comes into play and 
mainly produces B(NMe2)3 and a mixture of stereoiso- 
meric (dimethylamino)di-2,4-pentadienylboranes (Scheme 
3). 

The dialkoq8,4-pentadienylboranes 4e-h can readily 
be obtained via alcoholysis of 4a or 4b. This method25 
is general and simple and gives excellent yields of 4e-h 
as mixtures of E and 2 isomers (Scheme 4). In the cases 
of the diols glycol and pinacol high dilution is necessary 
to avoid extensive formation of polymeric product. We 
note that 4d has been obtained from KC5H7 and BF- 
(OMe)2.14a 

(24) Yasuda, H.; Yamauchi, M.; Ohnuma, Y.; Nakamura, A. Bull. 
Chem. SOC. Jpn. 1981, 54, 1481. 

(25) (a) Mikhailov, B. M.; Shchegoleva, T. A. Izu. h a d .  Nauk SSSR, 
Ser. Khim. 1958, 777; Bull. Acad. Sci. USSR, Diu. Chem. Sci. (Engl. 
Transl.) 1958, 753. (b) For the use of pinacol see also: Hoffmann, R. 
W.;  Zeiss, H.-J. Angew. Chem., Int. Ed.  Engl. 1979, 18, 306. 
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Borabenzene Derivatives 

4a.b -.- 
B(OR')2 2 NHRz + A- 

4e-h 
a Legend for 4: e, R = Et; f, R = But; g, 2 R = CHeCHz; h, 

2 R = CMe2CMeZ. 

The new 2,4-pentadienylboranes 4a-c,e-g are all 
distillable liquids which are sensitive to air and water. 
They were mainly characterized by their NMR spectra. 
In the lH NMR spectra the coupling constant 5 2 3  
amounts to 15 Hz for the E isomers and 11 Hz for the 
2 isomers. The signal for 4-H is always the lowest field 
signal; in addition, it shows a low-field shift of ca. Ad = 
0.45 for the E isomer relative to the 2 isomer. The 
dPB)  shifts reflect the borane substitution pattern, as 
expected.26 In the 13C NMR spectra the chemical shifts 
are very similar to those of the stereoisomeric 1,3- 
pentadiene~.~' The signal for C-4 appears at d(13C) 138 
for the E isomers and at  W3C) 132 for the 2 isomers; 
this characteristic difference provides the most conve- 
nient distinction between the stereoisomers. 

Metalation of Bis(dialkylamino)-2,4-pentadi- 
enylboranes. Simple organoboranes undergo quater- 
nization at boron when treated with bases. In most 
structural situations quaternization is the low-energy- 
pathway reaction and deprotonation, mostly a t  the 
position a to the boron, cannot compete. Occasionally 
some other reactions may also interfere, such as hydride 
transferz8 from LiBut and electron transfer29 from the 
base. 

The central theme of all metalation chemistry here 
is the suppression of the quaternization reaction. In 
principle, this can be achieved by means of steric and 
electronic substituent effects. In practice, the factors 
which govern the outcome of attempted metalation 
reactions furn out to be fairly complex. Rathke and Kow 
demonstrated the importance of steric protection of the 
boron center when they successfully metalated 9-bora- 
bicyclo[3.3.llnonane derivatives with the bulky base 
lithium 2,2,6,6-tetramethylpiperidide (LiTMPh30 The 
importance of electronic factors is evidenced by the 
smooth metalation of l-phenylbora-2,5-cyclohexadiene 
with LiBut in the very first report of an organoborane 
metalation by Ashe and S ~ U . ~  Extensive work by 
Matteson and his group on the metalation of dialkoxy- 
organoboranes for the first time demonstrated in detail 
the intricacies of the interplay of steric and electronic 
effects in these  reaction^.^^ 

(26) (a) Noth, H.; Wrackmeyer, B. In NMR Basic Principles and 
Progress; Diehl, P. ,  Fluck, E., Kosfeld, R., Eds.; Springer-Verlag: 
Berlin, 1978; Vol. 14. (b) Wrackmeyer, B. Annu. Rep. NMR Spectrosc. 
1988,20,61. 

(27) Kalinowski, H.-0.; Berger, S.; Braun, S. W-NMR-Spektrosko- 
pie; Georg Thieme Verlag: Stuttgart, Germany, 1984; p 117. 

(28) (a) Corey, E. J.; Albonico, S. M.; Koelliker, U.; Schaaf, T. K.; 
Varma, R. K. J. Am. Chem. SOC. 1971, 93, 1491. (b) Brown, H. C.; 
Kramer, G. W.; Hubbard, J. C.; Krishnamurthy, S. J. Organomet. C h m .  
1980,188, 1. 

(29) Pelter, A.; Singaram, B.; Williams, L.; Wilson, J. W. Tetrahedron 
Lett. 1983,24, 623. 

(30) (a) Rathke, M. W.; Kow, R. J .  Am. Chem. SOC. 1972,94, 6854. 
(b) Kow, R.; Rathke, M. W. J.  Am. Chem. SOC. 1973,95,2715. 

(31) (a) Matteson, D. S.; Moody, R. J. Organometallics 1982,1,20. 
(b) Matteson, D. S.; Arne, K. Organometallics 1982, 1, 280. (c) 
Matteson, D. S.; Majumdar, D. Organometallics 1983, 2, 230. 
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Scheme 6 
A MeB(NMe2)z + LiNMe, 7 

6 

Scheme 6 
KCHzSiMe3 4%- WR212 

4b.c 

MelSiCl 

No. 1,1995 473 

R = Me, Et 1 Oe 

Metalation of bis(dialky1amino)organoboranes has not 
been reported prior to this work. Electronic stabiliza- 
tion at the boron center by dialkylamino substituents 
is particularly efficient, rendering quaternization less 
favorable. Thus, B(NMed3 and LiNMe2 do coexist in 
THF solution without reaction.32 The more Lewis acidic 
MeB(NMe2)z (6) and LiNMe2 are in equilibrium with 
the borate Li[MeB(NMe&l(7) (Scheme 51, as observed 
by lH and llB NMR spectroscopy; the resulting borate 
7 may be isolated as a white powder.32 

4b,c react with KCH2SiMe3 in cy~lohexane~~ to give 
insoluble potassium pentadienides K(8b,c) (of unspeci- 
fied stereochemistry). These were characterized as 
distillable trimethylsilyl derivatives 9b,c (Scheme 6).2 
More common carbon bases such as LiBut and Loch- 
mann-Schlosser base mainly effected fast polymeriza- 
tion. 

We have also studied the metalation of 4a-c with 
lithium amides LiNRz (R = Me, Et, Pri) in THF and in 
the presence of tetramethylethylenediamine (TMEDA). 
When the dimethylamino compound 4a is treated with 
LiNMez or LiNEtz, two parallel reactions take place: 
formation of the 1-(dimethy1amino)boratabenzene salt 
10a (dLi(TMEDAIl(3d); 30%) and a nonproductive 
deborylation reaction with formation of B(NMe2)3 (70%) 
or B(NMe&(NEt2), respectively (Scheme 7). 

The combinations 4a,b/LiNEtz and 4a,b/excess LDA 
(LiNPr'z) give analogous results. The rate of product 
formation decreases with increasing bulk of the B- 
dialkylamino group and of the attacking lithium amide, 
and no reaction takes place with the combinations 4cf 
LiNEtz and 4c/LDA. In the case of the combinations 
4b,c/LiNMea, where the B-dialkylamino group is more 
voluminous than the amide LiNRz, an exchange of the 
dialkylamino group takes place prior to ring closure and 
10a is formed subsequently. Similar observations were 

(32) Herberich, G. E.; Fischer, A. Unpublished work. 
(33) (a) Hartmann, J.; Schlosser, M. Helu. Chim. Acta 1976,59,453. 

(b) Zaidlewicz, M. J.  Organomet. Chem. 1986,293, 139. 
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Scheme 8 

/ / ~ B I N M e l 1 2  + LiNR'l 

4a 

i 
(Li[CsH,BlNMellll) 

Lb8a 

L 2 

Lis58 

I 

rAi  

Li.3d 

made for the metalation of l-(diakylamino)-2,5-dihydro- 
Ill-boroles with lithium amides.34 

In practice the isolation of the salts 10 requires 
separation from residual lithium amide. This separa- 
tion works best when 4a is metalated with LiNEt2. Both 
LiNMe2 and LDA (which has to be used in large excess) 
cocrystallize with the product loa. For similar reasons 
the more soluble 10b (r[Li(TMEDA)](Se)) has not been 
obtained in pure form. 

Our results may be interpreted along the lines of 
Scheme 8. When 4a is treated with the lithium amide 
LiNR2, a reversible quaternization is established, pro- 
ducing borates lla,b. The reversibility of this quater- 
nization is in close analogy to Scheme 5 and allows for 
the exchange of amido groups: e.g., in the combination 
4cfLiNMez. Deprotonation of 4a produces the penta- 
dienide Li(8a). This pentadienide is thought to undergo 
a spontaneous cyclization to give the borata-2,4-cyclo- 
hexadiene salt Li(Sa), which in turn is transformed into 
the boratabenzene salt Li(3d), probably via a dequa- 
ternization with subsequent deprotonation. In NMR- 
tube experiments none of the postulated intermediates 
Li(8a) and Li(5a) can be seen; that is, the deprotonation 
of 4a is rate-determining. The borates lla,b are less 
stable with respect to B-C bond heterolysis than the 
borate 7.  They decompose and produce lithium pen- 
tadienide and the observed boranes B(NMe2)3 and 
B(NMe2)2(NEb), respectively. The lithium pentadienide 
is not found and will presumably be protonated by the 
amines present in the reaction mixture and by ether 
cleavage of THF; when the reaction mixture is quenched 
with Me3SiC1, the volatiles contain Me&iOCH=CH2. 

(34) Herberich, G. E.; Hostalek, M.; Laven, R.; Boese, R. Angew. 
Chem., Int. Ed.  Engl. lSw),29, 317. 

Herberich et al. 

Metalation of the 2-(2,4-Pentadienyl)dioxaboro- 
lane 4h. Attempted metalation of the dialkoxy-2,4- 
pentadienylboranes 4e-h met with no success in most 
experiments. The Lewis acidity of the boron in 4d-h 
is higher than in the bis(dialkylamino1 compounds 4a- 
c. As a consequence, addition of the base at the boron 
center is more favorable and is the first step in a variety 
of undesired reactions. Carefully tuned steric effects 
can be used to remedy the situation. 

When the bulky dioxaborolane 4h is treated with 
LiNMez in THF, addition at the boron center still takes 
place, and after the reaction mixture is quenched with 
MesSiCl, the borane 12 was obtained as the main 
product (Scheme 9). This product gives evidence for two 
detrimental reactions: loss of the C g  substituent and 
opening of the dioxaborolane ring. 

Scheme 9 

1. LiNMe2 

2. Me,SiCI 
- 

4h 

Scheme 10 
LDA or LiTMP 

4h c 
THF, - 7 8 T  4 20% 

[Li(THFII 

When 4h is 

1 

13 

I 
, N y C '  

Li 

I 

O x  OSiMea 

12 

- - 

@ I 

- O X O H  - 

14 

treated with the more voluminous base 
LDA or LiTMP in THF (but not in ether), metalation 
and subsequent ring closure are effected (Scheme 10). 
Two products are formed in high total yield ('80%): a 
boratacyclohexadiene salt which precipitates as a white 
solid (13, SLi(THF)(Sb)) and a tautomeric borataben- 
zene salt (14, ~ L i ( 3 g ) )  in the THF solution. 

Both products are prone to decomposition. The 
spiroborate 13 can be isolated by filtration of the 
reaction mixture. It is soluble in acetone, and these 
solutions are sufKciently stable to allow a full identifica- 
tion of 13 by NMR spectroscopy. The filtrate shows only 
one llB NMR signal at WIB) 35 which indicates the 
presence of a boratabenzene species; on attempted 
isolation of 14 more of the solid 13 is obtained, though 
of lower purity. This observation supports the assump- 
tion that the boratabenzene ion in question is indeed 
3g-. 

The metalation of 4h takes place in THF but not in 
the more poorly solvating diethyl ether. It is also 
essential to keep the temperature as low as possible 
during the metalation process to assure optimal chemose- 
lectivity. Auxiliary bases such as TMEDA are of no 
influence. Finally we note that many details of our 
metalation experiments have close parallels in Matte- 
son's work on the metalation of other dioxab~rolanes.~~ 
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Borabenzene Derivatives 

Scheme 11 
Me3SiCl 

1 3  c 

0Y 
AOSiMe3 

15a 

I 

O x  OSiMe3 

15b 

Lb3h 

Scheme 12 

J 
Li2-3i 1 6  

Boratabenzene Salts via the Spiroborane 13. 
Various attempts were made to transform the spirobo- 
rate 13 into boratabenzene species. Treatment of 13 
with MesSiCl in pentane or in THF at -78 "C induces 
ring opening; the bora-2,4-cyclohexadiene 15a and, 
surprisingly, the tautomeric bora-2,5-cyclohexadiene 
1Sb are formed in approximately equal amounts (Scheme 
11). The mixture of the boracyclohexadienes 15 can be 
metalated with LiBut in pentane at -78 "C or with LDA 
in THF to produce Li(3h) in near-quantitative yield 
(Scheme 11). 

When the spiroborate 13 is metalated by LDA in THF, 
the doubly charged boratabenzene species 3i2- is ob- 
tained in solution. As the acidity of piperylene is too 
low for deprotonation by lithium amides, we may safely 
assume that the spiroborate 13 is also inert to LDA; in 
other words, spontaneous opening of the dioxaborolane 
ring of the boratacyclohexadiene 5b- will precede the 
metalation step. The salt Lip(3i) can be isolated and 
characterized by NMR spectroscopy, while treatment 
with MesSiCl in situ affords the bora-2,4-cyclohexadiene 
16 (Scheme 12). We note in passing that the two 
metalation steps 4h - 13 - 3i2- could not be combined, 
in our hands, into a one-pot preparation. 

The preparation of lithium 1-methylboratabenzene Li- 
(3b) is of particular interest. The reaction of the 
spiroborate 13 with methyllithium results mainly in 

Organometallics, Vol. 14, No. 

Scheme 13 
AI2Mee 

/ slow \ 
LiBu' f -0, fast 

AI2Me6 
13 

I 
M e  

17 

Scheme 14 
r 

I, 1995 475 

Li p] 
Lid3b 

1 
15a.b 

hexane, > 20°C 
2 LiBu' 

L But J 
Lb3c 

total degradation, producing (inter alia) trimethylbo- 
rane; Li(3b) is only a minor product and can be identi- 
fied by N M R  spectroscopy. However, when 13 is treated 
with trimethylaluminum in EtsO/toluene solution at 
-78 "C, a highly selective ring-opening reaction takes 
place and lithium 1-methylboratabenzene (Li(3b)) is 
obtained as a white powder in high yield. Monitoring 
the reaction by llB NMR spectroscopy reveals the fast 
appearance of a signal at W B )  70 which is slowly 
replaced with a new signal at W B )  36. The first signal 
is assigned to l-methylbora-2,4-cyclohexadiene (17) (cf. 
W B )  73.8 for l-propylbora-2-cyclohexene35), while the 
second signal belongs to  Li(3b) (Scheme 13). When 
LiBut is added to the solution after the appearance of 
the first signal, the salt Li(3b) is formed within minutes 
because the metalation of 17 is very much faster with 
LiBut than with AlzMe6. Li(3b) can also be made from 
Li(3h) and AlzMe6, but this alternative is not recom- 
mended because it is less efficient synthetically. 

Lithium 1-tert-butylboratabenzene (Li(3c)) is obtained 
when the boracyclohexadiene mixture 15 is added to 
tert-butyllithium in pentanehexane without cooling 
(Scheme 14). Two steps are involved, a substitution at 
boron and a deprotonation reaction. The product of a 
primary deprotonation of 15 would be Li(3h) (cf. Scheme 
11). We find that the alkoxy group of Li(3h) cannot be 
substituted by treatment with methyllithium or with 
tert-butyllithium at room temperature. This signifies 
that Li(3h) cannot be an intermediate here and that the 
substitution of the alkoxy group of 15 occurs as the first 
reaction step. 

Salt Metathesis in Aqueous Solution. Attempts 
to crystallize the 1-methylboratabenzene species Li(3b) 
or to obtain a crystalline solvate of it with the help of 
chelating amines and ethers were largely unsuccessful. 
With 12-crown-4 crystals of a 1:l solvate were obtained 
which afterwards were found to be disordered. 

Since it is known that 1-phenylboratabenzene is a 
considerably weaker base in THF solutions than cyclo- 
~ e n t a d i e n i d e , ~ ~  we turned to strongly alkaline aqueous 
(!) solutions. Combining alkaline solutions of trimeth- 
ylphenylammonium iodide and of Li(3b) at 0 "C instan- 
taneously produced a precipitate of [NMe3Phl[C5Hs- 
BMe] (18) in high yield (Scheme 15). 

(35) Gurskii, M. E.; Gridnev, I. D.; Geiderikh, A. V.; Ignatenko, A. 

(36) Sandford, H. F. Ph.D. Thesis, University of Michigan, 1979. 
V.; Bubnov, Y. N. Organometallics 1992,11,4056. 
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Scheme 15 

Herberich et al. 

c 

KOH(aq), 0°C 

Lb3b 

18 

Table 1. Selected lH NMR Data for Boratabenzenes Li(3) 
compd 

Li(3b) 
Li(3c) 
Li(3d) 
Li(3e) 
Li(3h) 
Li(3i) 

d(H2) d(H3) d(H4) J23, HZ J34, HZ R at boron 
6.47 7.28 6.18 9.8 7.0 Me 
6.36 7.05 5.92 10.2 6.9 But 
5.65 7.04 5.50 10.7 6.7 NMe2 
5.63 7.05 5.50 11.0 6.7 NEt2 
5.67 6.99 5.66 10.2 6.8 OCMezCMezOSiMe3 
5.66 7.00 5.61 10.3 7.1 OCMe2CMe20- 

Table 2. Selected 13C and IIB Chemical Shift Data for 
Boratabenzenes Li(3) 

compd d(C2) d(C3) d(C4) d("B) R at boron 

Li(3b) 127 132.8 107.9 36 Me 
Li(3c) 123 133.2 108.4 39 But 
Li(3d) 110 134.4 99.7 28 NMez 
Li(3e) 110 134.4 99.1 31 NEtz 
Li(3h) 115 134.7 105.8 34 OCMezCMezOSiMes 
Li(3i) 115 134.6 104 34 OCMe2CMe20- 

NMR Spectra of Boratabenzenes. Known NMR 
data for boratabenzene ions are extremely limited (Li- 
(3a), lH and llB N M R  Li(3b), lH NMR).l0 Tables 1 and 
2 give an overview of the data obtained in this work. 

The proton chemical shifts WH) are found between 
those of benzene and LiCp (WH) 5.59 in THF37) and 
show high charge densities in the positions para and 
ortho to the boron. The presence of the electropositive 
boron atom gives rise to a characteristic large 3J23 
coupling constant. n interactions with the lone pair of 
the amino groups and, to a lesser extent, with the alkoxy 
groups cause a general high-field shift which indicates 
a reduced ring current effect. This effect is most 
pronounced for the ortho and para positions and may 
be interpreted in terms of resonance formulas A (pre- 
dominating for 3b-) and B (predominating for 3d-; cf. 
the structure of loa2) or in terms of the orbital coef- 
ficients of the boratabenzene HOMO. 

01- 
4 I: 
NMe2 

I 
NMe2 

A B 

The carbon chemical shifts 8(13C) show little variation 
for the meta position as in monosubstituted benzenes. 
For the ortho and even more so for the para position 
they reflect high charge densities (cf. 8(13C) 103.6 for 

(37) Ford, W. T. J. Organomet. Chem. 1971,32, 27. 

Table 3. Atomic Coordinates of Non-Hydrogen Atoms for 
18 

atom X Y Z UM" 

N1 0.2334(2) 0.41 lO(1) 0.4659(2) 0.0363(4) 
c 1  0.1277(3) 0.2279(2) 1.1585(2) 0.0516(7) 
c 2  0.0913(3) 0.1633(2) 1.2455(2) 0.0553(7) 
c 3  0.1935(3) 0.1184(2) 1.3285(2) 0.0572(7) 
c 4  0.3390(3) 0.1387(2) 1.3287(2) 0.0572(7) 
c 5  0.3864(3) 0.2024(2) 1.2457(2) 0.0527(7) 
C6 0.3290(4) 0.3266(2) 1.0530(3) 0.0787(9) 
C10 0.2335(2) 0.4757(1) 0.5788(2) 0.0365(5) 
C11 0.2551(2) 0.5610(1) 0.5472(2) 0.0420(6) 
C12 0.2626(2) 0.6216(2) 0.6505(2) 0.0474(6) 
C13 0.2466(3) 0.5973(2) 0.7823(2) 0.0530(7) 
C14 0.2227(3) 0.5125(2) 0.8119(2) 0.0532(7) 
C15 0.2152(3) 0.4504(2) 0.7098(2) 0.0455(6) 
C16 0.2018(3) 0.3212(2) 0.5108(2) 0.0486(6) 
C17 0.3789(2) 0.4108(2) 0.4137(2) 0.0431(6) 
C18 0.1218(2) 0.4342(2) 0.3517(2) 0.0478(6) 
B 0.2824(3) 0.2522(2) 1.1513(2) 0.0502(7) 

"Equivalent isotropic Ucs defined as one-third of the trace of the 
orthogonalized Ut, tensor; in 10" pm2. 

Table 4. Selected Bond Distances and Bond Angles for 18 
(a) Bond Distances (pm) 

Nl-C10 150.3(2) N1-C16 150.5(2) 
N1-C17 150.1(2) N1-C18 150.8(2) 

138.1(2) ClO-c11 138.4(2) 
Cll-c12 138.8(2) C14-Cl5 139.5(2) 
C12-Cl3 138.0(2) C13-Cl4 137.5(3) 
Cl-C2 138.8(2) c4-c5 138.7(3) 
C2-C3 138.8(3) c3-c4 139.7(3) 
C1-B 150.3(3) C5-B 149.8(3) 
C6-B 159.9(3) 

C10-C15 

(b) Bond Angles (deg) 
C2-Cl-B 120.4( 1) C4-C5-B 120.9(1) 
c 1  -c2-c3 122.4( 1) c3-c4-c5 121.9(2) 
c2-c3-c4 120.2( 1) C1-B-C5 114.3(2) 
Cl-B-C6 122.0(2) C5-B-C6 123.7(2) 

LiCp3*) and a strong influence of the substituent at 
boron. With increasing n interaction between the pz 
orbital at boron and the substituent lone pair, formula 
B gains favor, as seen from the high-field shifts for Li- 
(3d-i). Coupling constants are reported for Li(3b,c) 
(see Experimental Section). 

The only boron resonance documented so far for a 
boratabenzene species was that of the phenyl derivative 
Li(3a) (6(11B) 287). This chemical shift value is evidence 
for the delocalization of negative charge onto the boron.7 
Our data demonstrate again the importance of n inter- 
actions with the substituent at boron. Alkoxy substitu- 
ents and (more strongly) dialkylamino groups effect 
marked high-field shifts. On this basis, especially in 
comparison to the methyl compound Li(3b), the phenyl 
group in Li(3a) is by no means an innocent substituent. 
The boron chemical shift data also indicate the impor- 
tance of steric effects. Thus, Li(Sc,e) show small but 
significant low-field shifts relative to  Li(3b,d), respec- 
tively; this steric effect is also known for a number of 
other boron compounds.26 

Crystal Structure of [PhNMe8l[c~HaBMe] (18). 
The ammonium salt 18 could easily be crystallized from 
THF to give crystals suitable for a diffraction study. 
Atomic coordinates and selected bond lengths and bond 
angles for 18 are listed in Tables 3 and 4. 

Crystalline 18 possesses the structure of an ionic 
solid. Cations and anions are arranged in alternating 

~~ 

(38) Fischer, P.; Stadelhofer, J.; Weidlein, J. J .  Organomet. Chem. 
1976, 116, 65. 
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more widely available. Starting from 1 mol of elemental 
potassium, we obtain 100 mmol of 10a in two steps or 
more than 150 mmol of Li(3b) in four steps. Thus, 
boratabenzenes should now be amenable to further 
study, especially in the fields of physical organic chem- 
istry and organic reaction chemistry. 

The B-dimethylamino derivative 19 was t h e  first 
boratabenzene derivative to  be characterized structur- 
ally.2 The structure of the  B-methyl compound 18 is 
now the  second example and, quite importantly, the first 
structure of a boratabenzene with an innocent substitu- 
en t  at boron. 

Figure 1. Crystal packing of [NMeaPh][CsHsBMe] 
a projection onto the bc plane. 

,: c 4 
\- 

(18) as 

Figure 2. Thermal ellipsoid (30% probability) plot of the 
1-methylboratabenzene ion in 18. The alternative orienta- 
tion of the methyl hydrogen atoms is omitted for clarity. 

layers parallel to the ac  plane and perpendicular to  the  
long lattice constant b. The boratabenzene ions lie at 
approximate heights of y = l/4 and 3/4, while the  
trimethylphenylammonium ions a r e  at y = 0 and l/2. 
Figure 1 illustrates the packing. The shortest van  der 
Waals interactions between anions and cations a re  due 
to  hydrogen-hydrogen contacts of the  usual distance, 
close to  240 pm. 

The 1-methylboratabenzene ion (Figure 2) displays 
near-Cz, symmetry. The boratabenzene ring is almost 
perfectly planar (with a maximum deviation for atom 
C3 of 0.9(2) p m  from t h e  least-squares plane), and the  
averaged intra-ring distances amount to  150.1, 138.8, 
and 139.2 pm for B-C1 (B-C5), Cl-C2 (C4-C5), and 
C2-C3 (C3-C4), respectively. These values reflect a 
high degree of delocalization within the ring. When the 
structure of 18 is compared to the  known structures of 
borabenzene-pyridine 2a6 and of the  &(dimethylami- 
n0)boratabenzene salt [Li(TMPDA)1(3d) (~19; TMPDA 
= N,NJV'JV'-tetramethyIpropylenediamine),2 small but  
significant variations in the  B-C ring distances a re  
seen. These B-C distances a r e  longer t h a n  in 2a 
(148.2(4) and 146.5(4) pmI6 and shorter than in 19 
(150.6(1) and 152.5(2) pmh2 These small differences 
reflect the different perturbations of t h e  borabenzene 
ring which are exerted by the substi tuents at the B 
atom. 
Concluding Remarks. The synthetic work pre- 

sented in this paper should make boratabenzene salts 

Experimental Section 

General Procedures. Reactions were carried out under 
an atmosphere of dinitrogen by means of conventional Schlenk 
techniques. Pentane and hexane were distilled from Na/K 
alloy, and THF was distilled from sodium benzophenone ketyl. 
Silica and alumina were heated under high vacuum at 300 "C 
prior to use. Alumina was deactivated (7% HzO, deoxygen- 
ated) after cooling. Melting points were measured in sealed 
capillaries and are uncorrected. Elemental analyses were 
performed at  the Analytische Laboratorien, D-51647 Gum- 
mersbach, Germany. 

NMR spectra were recorded on Bruker WP 80 PFT (lH, 80 
MHz), Bruker WH 270 PFT (13C, 67.9 MHz; llB, 86.6 MHz), 
JEOL NM-PS-100 P B ,  32.08 MHz), and Varian Unity 500 
spectrometers (lH, 500 MHz; 13C, 125.7 MHz; IlB, 160.4 MHz). 
Mass spectra were recorded on Varian MAT CH-5 and Finni- 
gan MAT-95 spectrometers. 
Bis(dimethy1amino) [(E)-2,4-pentadienyllborane ( (E)-  

4a). Piperylene (32 mL, 0.32 mol) was added dropwise to a 
mixture of KOBut (35.9 g, 0.32 mol) and LiBu (1.6 M solution 
in hexane, 200 mL, 0.32 mol) in hexane (300 mL). After the 
mixture was stirred for 12 h at room temperature, the brown 
precipitate of KC5H7 was filtered off and washed thoroughly 
with hexane (3 x 50 mL). The KCsH7 was suspended in 
hexane (200 mL) and added in small portions to a solution of 
BCl(NMe& (36 mL, 0.22 mol) in hexane (500 mL) and THF 
(20 mL) at  0 "C. KC1 was removed by filtration, and all 
volatiles were pumped off under vacuum. Distillation of the 
residue gave 4a (22.8 g, 62%) as a colorless liquid: E isomer 
with (10% 2 isomer; bp 72-75 "C/9 mbar. 

(E)-4a: lH NMR (500 MHz, CDCl3) 6 6.30 (ddd, J = 16.78, 
10.38, 10.07 Hz, lH, 4-H), 5.98 (ddm, J = 14.95, 10.38 Hz, 
lH, 3-H), 5.77 (dt, J = 14.95, 7.63, lH,  2-H), 4.99 (dm, J = 
16.8 Hz, lH,  5-H-trans), 4.84 (dm, J = 10.07 Hz, lH, 5-H-cis), 
2.66 (s, 12H, NMez), 1.74 (d, J = 7.63 Hz, 2H, 1-H); NMR 

(CH2=), 39.4 (NMez), 21 (br, CH2B); llB NMR (32 MHz, CDCl3, 
BF3-Et20 external) 6 33; MS (70 eV) m/z (IFd 166 (15, M+), 
100 (100, M+ - C&). 
Bis(dimethylamino)[(Z)-2,4-pentadienyllborane ((2)- 

4a). Piperylene (220 mL, 2.2 mol) in THF (250 mL) was added 
to a mixture of elemental potassium (small pieces, 39.1 g, 1.0 
mol), NEt3 (210 mL, 1.5 mol), and THF (800 mL) at  -10 "C 
within 1.5 h. The mixture was stirred at 0 "C for 4 h and then 
at reflux temperature for 1.5 h to assure complete (!) consump- 
tion of the potassium. Caution! A runaway reaction may occur 
when the temperature i s  not carefully controlled in the early 
stages of the reaction. After the mixture was cooled to -78 
"C, BCl(NMe2)z (135 mL, 0.83 mol) in THF (150 mL) was added 
dropwise with stirring. Workup as described for (E)-4a gave 
(Z)-4a (103.5 g, 75%) with varying admixtures (10-40%) of 
the E isomer. 

(Z)-4a: lH NMR (500 MHz, CDC13) 6 6.76 (ddd, J = 16.78, 
11.0, 10.08 Hz, lH, 4-H), 5.92 (ddm, J = 11.0, 11.0 Hz, lH, 

Hz, 2.13 Hz, lH, 5-H-trans), 5.02 (dm, J = 10.08 Hz, lH, 5-H- 
cis), 2.66 (s, 12H, NMeZ), 1.84 (d, J = 7.1 Hz, 2H, 1-HI; 13C 

(126 MHz, CDC13) 6 138.1, 134.7, and 129.8 (CH), 112.5 

3-H), 5.51 (dt, J =  11.0, 7.1 Hz, lH,  2-H), 5.13 (dd, J =  16.78 
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NMR (126 MHz, CDCl3) 6 132.8, 131.8, and 127.1 (CH), 115.2 
(CH2=), 40.3 (NMez), 17.5 (br, CHzB); IIB NMR (32 MHz, 
CDC13, BF3.Et20 external) 6 33; MS (70 eV) m/z (Ired 166 (12, 

Dismutation in the System BCl(NMe2)2/KCaH,. A sus- 
pension of KC5H7, prepared from potassium (32.0 g, 0.82 mol) 
and piperylene (180.2 mL, 1.80 mol) as described above, was 
added to BCl(NMe2)z (90.3 g, 0.67 mol) in pentane (800 mL). 
Workup as for 4a gave B(NMe2)3 (34.2 g, 0.24 mol; bp 50 "C/ 
25 mbar) and (C5H7)zB(NMez) (44.0 g, 0.23 mol; bp 96-100 
"C/8 mbar) with a total yield of 0.47 mol (70%). 

(CsH7)zBNMez: 'H NMR (500 MHz, CDC13) 6 6.30 (ddd, J 
= 17.09, 10.37,10.07 Hz, 2H, 4-H), 5.98 (ddm, J =  14.96, 10.38 

(dm, J = 17.09 Hz, 2H, 5-H-trans), 4.86 (dm, J = 10.07 Hz, 
2H, 5-Hcis), 2.77 (s, 6H, NMez), 1.82 (d, J = 7.93 Hz, 4H, 1-H); 

112.9 (CHz=), 39.5 (NMeZ), 25.1 (br, CHzB); 'lB NMR(32 MHz, 
CDC13, BF3.OEtz external) 6 43; MS (70 eV) m/z (Ire11 189 (5, 
M+), 122 (38, M+ - C5H7), 55 (100, BNMezH+). 

Synthesis of (E)-4b. The procedure described for (E)-4a 
gave (E)-4b (57%): bp 83 "ClO.8 mbar. 

M+), 100 (100, M+ - C5Hs). 

Hz, 2H, 3-H), 5.74 (dtd, 14.96, 7.90, 0.61 Hz, 2H, 2-H), 5.00 

13C NMR (126 MHz, CDC13) 6 137.8, 133.6, and 130.5 (CHI, 

(E)-4b: 'H NMR (500 MHz, CDC13) 6 6.29 (ddd, J = 17.09, 
10.38, 10.38 Hz, lH, 4-H), 5.98 (dd, J = 14.96, 10.38 Hz, lH, 
3-H), 5.78 (dt, J =  14.96, 7.50 Hz, lH, 2-H), 4.97 (dd, J =  17.09, 
1.83 Hz, 1H, 5-H-truns), 4.83 (dd, J = 10.38,1.83 Hz, lH, 5-H- 
cis), 1.71 (d, J = 7.63 Hz, 2H, CHZB), NEtz signals 2.97 (4, J 
= 7.02 Hz, 8H, NCHz) and 1.02 (t, J = 7.02 Hz, 12H, Me); 13C 

(CH), 112.2 (CHz=), 21.6 (CHZB), NEtz signals 42.0 (NCHZ) 
and 15.6 (Me); llB NMR (32 MHz, CDCl3, BF3.OEh external) 
6 34; MS (70 eV) m/z (Ire]) 222 (3, M+), 155 (100, M+ - C5H7). 

Synthesis of (E)-4c. The procedure described for (E)-4a 
gave (E)-4c (29%): bp 95 "C/O5 mbar. 

NMR (67.9 MHz, CDC13, -50 "C) 6 138.2, 135.5, and 130.1 

(E)-4c: 'H NMR (500 MHz, CDC13) 6 6.33 (ddd, J = 16.79, 
10.37, 10.07 Hz, lH, 4-H), 5.95 (dd, J =  15.26, 10.07 Hz, lH, 
3-H), 5.85 (dt, J =  15.26, 7.02 Hz, lH,  2-H), 4.97 (d, J =  16.78 
Hz, lH, 5-H-truns), 4.81 (d, J = 10.38 Hz, lH, 5-H-ck), 1.96 
(d, J = 7.02 Hz, 2H, CHZB), NPr'z signals 3.51 (sept, J = 7.02 
Hz, 4H, NCH) and 1.06 (d, J = 7.02 Hz, 24H, Me); NMR 

112.1 (CHz=), 26.4 (CHzB), NPr$ signals 46.3 (NCH) and 24.4 
(Me); IlB NMR (32 MHz, CDC13, BFyOEt2 external) 6 37; MS 
(70 eV) m/z (Zrel) 279 (15, M+ + 11, 211 (100, M+ - C5Hs). 

Alcoholysis of 4a with Primary Alcohols. 4a (10.0 g, 
0.060 mol) was added to the primary alcohol (0.120 mol). The 
mixture was heated to 50 "C for 6 h to complete the reaction 
and then distilled to  give 4e (8.6 g, 85%; bp 71 "Cl15 mbar) 
and 4f (10.5 g, 78%; bp 74 "C/7 mbar), respectively. 

(E)-4e: lH NMR (500 MHz, CDC13) 6 6.31 (ddd, J = 17.09, 

3-H), 5.79 (dt, J = 14.96, 7.63 Hz, lH,  2-H), 5.02 (dm, J = 
17.09 Hz, lH,  5-H-truns), 4.89 (dm, J = 10.40 Hz, lH, 5-H- 
cis), 1.74 (d, J = 7.63 Hz, 2H, 1-H), OEt signals 3.88 (4, J = 
7.02 Hz, 4H, OCH2) and 1.19 (t, J = 7.02 Hz, 6H, Me); 13C 
NMR (126 MHz, CDC13) 6 137.6, 131.9, and 131.1 (CH), 113.5 
(CHz=), 19 (br, CHzB), OEt signals 59.3 (OCHZ) and 17.3 (Me); 
llB NMR (32 MHz, CDC13, BF3.OEtz external) 6 30; MS (70 
eV) mlz (Ired 168 (25, M+), 101 (80, M+ - C5H7), 45 (100, EtO+). 

10.69, 10.10 Hz, lH, 4-H), 5.96 (ddm, J = 15.26, 10.07 Hz, 
lH,  3-H), 5.82 (dt, J = 15.26, 7.63, lH, 2-H), 4.99 (dm, J = 
17.09 Hz, lH, 5-H-truns), 4.85 (dm, J = 10.10 Hz, lH, 5-H- 

(126 MHz, CDC13) 6 138.0, 134.2, and 129.9 (CHI, 112.7 
(CHz=), But signals 72.9 (CMe3) and 30.6 (CMe3); llB NMR 
(32 MHz, CDC13, BF3.OEtz external) 6 30; MS (70 eV) mlz (Irel) 

Synthesis of 4g. A solution of 4a (15.0 g, 0.090 mol) in 
THF (140 mL) was added dropwise to ethylene glycol (5.6 g, 
0.090 mol) in THF (260 mL) at room temperature. After the 
mixture was stirred for 12 h, the volatiles were removed under 

(67.9 MHz, CDC13, -50 "C) 6 138.1, 137.8, and 129.5 (CH), 

10.38, 10.38 Hz, lH, 4-H), 6.00 (dd, J = 14.95, 10.38 Hz, lH,  

(E)-4f: 'H NMR (500 MHz, CDCl3) 6 6.32 (ddd, J = 17.09, 

cis), 1.73 (d, J = 7.63 Hz, 2H, 1-H), 1.31 ( 8 ,  18H, But); 13C NMR 

224 (5, M+), 157 (5, M' - C5H7), 57 (100, But +). 

Herberich et al. 

reduced pressure. Distillation of the residue yielded (ElZ)-4g 
(8.8 g, 71%): bp 80 "C/14 mbar. 

10.70, 10.50 Hz, lH, 4-H), 6.06 (ddm, J = 15.30, 10.50 Hz, 
lH,  3-H), 5.77 (dt, J = 15.30, 7.60 Hz, lH, 2-H), 5.18 (dm, J = 
16.50 Hz, lH,  5-H-truns), 5.08 (dm, J = 10.00 Hz, lH, 5-H- 

NMR (126 MHz, CDC13) 6 137.3, 130.3, and 127.4 (CH), 114.1 
(CHz=), 65.6 (OCHz), 15.8 (br, CHzB); llB NMR (32 MHz, 
CDC13, BFgOEtz external) 6 34; MS (70 eV) m/z (Irel) 138 (95, 

(E)-4g: 'H NMR (500 MHz, CDC13) 6 6.30 (ddd, J = 16.70, 

cis), 4.19 (8 ,  4H, OCHz), 1.81 (d, J = 7.60 Hz, 2H, 1-HI; 

M+), 67 (100, M+ - C5H7). 
(Z)-4g: 'H NMR (500 MHz, CDCl3) 6 6.63 (dddd, J = 17.10, 

11.00, 10.30, 1.1 Hz, lH, 4-H), 6.03 (ddm, J = 10.50, 10.30 
Hz, lH, 3-H), 5.58 (dtm, J = 10.40, 8.10 Hz, lH, 2-H), 5.04 
(dm, J = 17.10 Hz, lH, 5-H-trans), 4.91 (dm, J = 10.00 Hz, 

CHzB); 13C NMR (126 MHz, CDC13) 6 132.0, 131.8, and 129.2 
(CH), 116.7 (CHz=), 65.6 (OCHz), 11.5 (br, CHzB); IlB NMR 
and MS see (E)-4g. 

Synthesis of 4h. A solution of 4a (19.9 g, 0.12 mol) in THF 
(100 mL) was added dropwise to  pinacol(14.0 g, 0.12 mol) in 
THF (150 mL) at  room temperature. After the mixture was 
stirred for 12 h, the volatiles were removed in vacuo. Distil- 
lation of the residue gave (E/Z)-4h (18.8 g, 82%): bp 80 "C/lO 
mbar. 

(E/Z)-4h: lH NMR (500 MHz, CDC13) for E isomer 6 6.30 
(ddd, J = 16.80, 10.0,lO.O Hz, lH,  4-H), 6.04 (ddm, J = 15.1, 
10.0 Hz, lH, 3-H), 5.76 (dtm, J =  15.1,7.5, lH, 2-H), 5.03 (dm, 
J = 16.8 Hz, lH,  5-H-trans), 4.89 (dm, J = 10.0 Hz, lH, 5-H- 
cis), 1.75 (d, J = 7.5 Hz, 2H, 1-H), and 1.24 ( 8 ,  12H, OCMez), 
for Z isomer 6 6.63 (dddd, J = 17.0, 11.0, 10.1, 1.1 Hz, lH, 
4-H), 6.01 (ddm, J = 11.0, 9.5 Hz, lH, 3-H), 5.58 (dt, J = 9.5, 
8.0 Hz, lH, 2-H), 5.15 (dm, J = 17.0 Hz, lH, 5-H-trans), 5.06 
(dm, J = 10.0 Hz, lH, 5-H-cis), 1.84 (d, J = 8.0 Hz, 2H, 1-HI, 
1.24 ( 8 ,  12H, OCMeZ); 13C NMR (126 MHz, CDC13) 6 137.5, 
132.2, 131.7, 130.5, 129.1, and 127.6 (CHI, 116.3 and 113.8 
(CHz=), 83.4 (CMeZ), 24.8 (CMeZ), 16.5 (br, CHZB), 12.0 (br, 
CHzB); llB NMR (32 MHz, CDC13, BF3.Et20 external) 6 33; 
MS (70 eV) mlz (Zrel) 194 (100, M+), 67 (80, M+ - C5Hs). 

Synthesis of [Li(TMEDA)][C&BNMe21 (loa). LiNEtz 
(73.9 g, 0.93 mol) was dissolved in THF (500 mL) and TMEDA 
(139 mL, 0.93 mol). A solution of 4a (103.5 g, 0.623 mol) in 
THF (150 mL) was added dropwise with stirring at -78 "C. 
The mixture was then warmed to room temperature within 3 
h, and stirring was continued for 12 h. After removal of the 
volatiles in vacuo hexane (400 mL) was added to precipitate a 
white powder consisting of LiNEtz and loa, which was 
collected by filtration. Cooling of the filtrate to -30 "C for 12 
h gave colorless crystals of loa. Extraction of the LiNEtdlOa 
mixture with pentane gave a second crop of pure 10a with a 
total yield of 40.1 g (26.5%): mp 82 "C. 

loa: lH NMR (500 MHz, [DsITHF) 6 7.04 (dd, J = 10.68, 

H), 5.50 (tt, J = 6.70, 0.91 Hz, lH, 4-H), 2.69 (s, 6H, NMez), 
TMEDA signals 2.26 (s, 4H, NCHZ) and 2.11 (s, 12H, NMez); 

NMR (67.9 MHz, [DsITHF) 6 134.4 (C-3,5), ca. 110 (br, 
C-2,6),  99.7 (C-4),39.6 (BNMeZ), TMEDA signals 58.7 (NCH2) 
and 46.0 (NMez); llB NMR (32 MHz, THF, BFpEt20 external) 
6 28. 

Synthesis of [Li(TMEDA)I[C&BNEt2] (lob). 4b was 
treated with 2 equiv of LiNEtz (or LDA) by the procedure 
described for loa. Removal of the volatiles yielded an oily 
residue consisting of lob, excess LiNEtz, and some B(NEt& 
Attempts to isolate pure lob by crystallization were not 
successful. 

lob: 'H NMR (500 MHz, [D8ITHF) 6 7.05 (dd, J = 10.99, 

lH, B-Hcis), 4.19 (5, 4H, OCHz), 1.91 (d, J = 8.00 Hz, 2H, 

6.71 Hz, 2H, 3-/5-H), 5.65 (dd, J = 10.70, 0.92 Hz, 2H, 246- 

6.72, 1.0 Hz, 2H, 3-/5-H), 5.63 (d, J = 10.99 Hz, 2H, 2-/6-H), 
5.50 (tt, J =  6.72, 1.22 Hz, lH, 4-H), NEtz signals 3.09 (q,4H, 
NCHz) and 1.01 (t, 6H, Me), TMEDA signals 2.24 (s, 4H, 
NCHz) and 2.11 (s,12H, NMez); 13C NMR (126 MHz, [DBITHF) 
6 134.4 ((2-331, -110 (br, C-2,6), 99.1 (C-4), NEtz signals 43.9 
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Borabenzene Derivatives 

(NCHz) and 16.3 (Me), TMEDA signals 58.0 (NCHz) and 46.0 
(NMez); IlB NMR (32 MHz, THF, BF3.OEtz external) 6 31. 

Attempted Metalation of 4h with LiNMe2. A solution 
of 4h (1.94 g, 10 mmol) in THF (5 mL) was added dropwise 
with stirring to  LiNMez (0.51 g, 10 mmol) in THF (10 mL) and 
TMEDA (1.5 mL, 10 mmol) at -78 "C. The mixture was then 
warmed to ambient temperature within 3 h, and stirring was 
continued for 12 h. After the temperature was lowered to -50 
"C, Me3SiCl (2.5 mL, 20 mmol) was added. Then, after the 
mixture was warmed to room temperature, all volatiles were 
removed under reduced pressure. Hexane (20 mL) was added 
and a precipitate of LiCl was filtered off. After removal of the 
solvent the residue was heated in vacuo (24 mbar) to 120 "C, 
and 12 (1.9 g, 68%) was collected by condensation as a colorless 
liquid. 

12: lH NMR (80 MHz, CDC13) 6 2.54 (s, 3H, NMeZ), 2.48 (8, 
3H, NMeZ), 1.16 (s,6H, CMeZ), 1.15 (s,6H, CMeZ), 0.05 (s, 9H, 
SiMes); 13C NMR (67.9 MHz, CDC13) 6 81.7 and 78.2 (8, CMeZ), 
39.1 and 36.1 (NMeZ), 24.8 and 24.4 (CMeZ), 2.2 (SiMed; llB 
NMR (32 MHz, CDC13, BFyOEtz external) 6 25. 

Metalation of 4h with LDA and Synthesis of 13. LiBu 
(1.6 M solution, 62.5 mL, 0.10 mol) was added to diisopropyl- 
amine (14.0 mL, 0.10 mol) in THF (50 mL) at 0 "C. After the 
mixture was stirred for 0.5 h at ambient temperature, the 
solution was cooled to -78 "C and 4h (19.4 g, 0.10 mol) in THF 
(40 mL) was added dropwise within 30 min. While the deep 
red reaction mixture was slowly warmed to ambient tempera- 
ture, a white precipitate formed. Stirring was continued for 
12 h. Then the precipitate was collected by filtration, washed 
with pentane (3 x 10 mL), and dried under vacuum to yield 
pure 13 (17.0 g, 63%): mp 142 "C. 

13: lH NMR (500 MHz, [Dslacetone) 6 6.13 (dd, J = 12.20, 

9.5, 4.60 Hz, lH, 5-H), 5.62 (ddm, J = 9.5, 5.0, 2.1 Hz, lH,  
4-H), 1.19 (dd, J = 4.60,2.14 Hz, 2H, 6-H), 1.09 (s,6H, CMe2), 
1.06 (s, 6H, CMez), THF signals 3.63 (m, 4H, OCHz), 1.79 (m, 
4H, CHz); NMR (126 MHz, [Dslacetone) 6 149.0 (br, CHB), 
134.5, 131.4, and 125.4 (CH), 78.3 (CMeZ), 26.3 and 26.1 
(CMeZ), signal for CHzB not found; IlB NMR (32 MHz, [&I- 
acetone, BF3-OEtz external) 6 5.7. 

Reaction of 13 with Me3SiC1. MeaSiCl (7.8 mL, 62.5 
mmol) was added with stirring to a suspension of 13 (17.0 g, 
62.5 mmol) in pentane (200 mL) at -78 "C. The reaction 
mixture was warmed to ambient temperature, and stirring was 
continued for 12 h. The white precipitate of LiCl was filtered 
off. After removal of the solvent the residue was heated under 
vacuum (low3 mbar) to 100 "C, and 15 (8.3 g, 50%) was 
collected by condensation as a colorless liquid. 

15a: IH NMR (500 MHz, CDC13) 6 7.13 (ddd, J = 12.20, 

5.00 Hz, lH,  3-H), 5.92 (d, J = 12.20 Hz, lH, 2-H), 5.85 (dt, 

5.49, 0.91 Hz, lH, 3-H), 6.26 (dt, J =  9.5, 4.3 Hz, lH, 5-H), 
6.14 (dd, 9.46, 5.50 Hz, lH, 4-H), 6.10 (d, J = 12.20 Hz, lH, 
2-H), 1.87 (dd, J = 4.28, 1.84 Hz, lH,  6-H), 1.35 (s,6H, CMez), 
1.25 (8, 6H, CMeZ), 0.09 (s, 9H, SiMes); NMR (126 MHz, 
CDC13) 6 148.6, 136.4, and 125.0 (CH), 129 (CHB), 81.0 and 
78.4 (CMeZ), 41 (br, CHzB), 25.0 and 24.0 (CMeZ), 2.5 (SiMed; 
IlB NMR (87 MHz, CDC13, BFyOEtz external) 6 46; MS (70 
eV) m/z (Irel) 266 (5, M+), 173 (15, CMezCMezOSiMe3+), 131 
(60, CMezOSiMe3+), 93 (90, CbH,jBO+), 73 (100, SiMe3+). 

15b: 'H NMR (500 MHz, CDC13) 6 7.07 (dt, J = 12.51, 3.05 
Hz, lH,  3-H), 6.23 (dt, J = 12.51, 1.84 Hz, IH, 2-H), 3.00 (tt, 
3.05, 1.84 Hz, 2H, 4-H), 1.39 (s, 6H, CMeZ), 1.28 (s, 6H, CMed, 
0.10 (s, SH, SiMe3); 13C NMR (126 MHz, CDCl3) 6 151.2 ((3-31, 
132 (br, C-2), 80.5 and 78.4 (CMez), 25.0 and 23.7 (CMed, 2.5 
(SiMe3); IlB NMR (87 MHz, CDC13, BFyOEtz external) 6 37; 
MS, see data for 15a. 

Synthesis of Li[Cd&BO(CMe&OSiMe3] (Li(3h)). LiBut 
(1.7 M solution in hexane, 10.3 mL, 17.5 mmol) was added 
dropwise with stirring to 15 (4.65 g, 17.5 mmol) in pentane 
(20 mL) at -78 "C. While the solution was warmed to ambient 
temperature, a white precipitate formed. The solid was 
isolated to give Li(3h) (4.28 g, 90 %): mp 153 "C. 
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Li(3h): 'H NMR (500 MHz, [DslTHF) 6 6.99 (dd, J = 10.2, 

(tm, J = 6.6 Hz, lH,  4-H), 1.40 (5, 6H, CMez), 1.39 (8, 6H, 
CMeZ), 0.24 (9, 9H, SiMe3); I3C NMR (126 MHz, [DslTHF) 6 
134.7 (C-3,5), 115.3 (br, C-2,6), 105.8 (C-4), 84.1 and 78.4 
(CMeZ), 25.5 and 23.2 (CMeZ), 2.9 (SiMe3); llB NMR (32 MHz, 
[DslTHF, BF3.OEtz external) 6 34. 

Metalation of 13 with LDA and Synthesis of Lis(3i). 
A solution of LDA (0.79 g, 7.4 mmol) in THF (20 mL) was 
added dropwise to a suspension of the borate 13 (2.0 g, 7.4 
mmol) in THF (20 mL) at -78 "C. The solution was warmed 
to room temperature, and stirring was continued for 2 h. 
Removal of all volatiles under reduced pressure yielded Liz- 
(3i) (1.7 g, 82%), no melting point or decomposition 5250 "C. 

Liz(3i): lH NMR (80 MHz, [DslTHF) 6 7.00 (dd, J = 10.3, 

J = 7.1 Hz, lH, 4-H), 1.39 (s, 6H, CMeZ), 1.11 (8, 6H, CMeZ), 
several lines are broadened when measured at 500 MHz but 
not when measured at 80 MHz, presumably due to  dynamic 
association equilibria; 13C NMR (126 MHz, [DslTHF) 6 134.6 
(C-3,5), 115.5 (br, C-2,6), 104.5 (br, C-4), 81.7 (br) and 75.4 
(CMeZ), 29.5 (br) and 29.0 (br) (CMez); IlB NMR (160 MHz, 
[DsITHF, BF3.OEtz external) 6 34.1. 

Reaction of Liz(3i) with Me3SiC1. Preparation of 16. 
MesSiCl(2.5 mL, 20 mmol) was added to a solution of Li~(3i)  
at -78 "C, prepared from LDA (0.79 g, 7.4 mmol) and borate 
13 (2.0 g, 7.4 mmol) as described above. The solution was 
warmed to  room temperature, and the solvent was removed 
in vacuo. Pentane (20 mL) was added to the residue to 
precipitate LiCl, which was filtered off. Distillative workup 
of the filtrate gave 16 (2.0 g, 80%) as a colorless liquid: bp 96 
"C/lO+ mbar. 

6.8 Hz, 2H, 3-/5-H), 5.67 (d, J = 10.2 Hz, 2H, 2-/6-H), 5.66 

7.1 Hz, 2H, 3-/5-H), 5.66 (d, J =  10.3 Hz, 2H, 2-/6-H), 5.61 (t, 

16 'H NMR (500 MHz, CDCl3) 6 7.16 (ddd, J = 12.20,5.80, 
1.1 Hz, lH, 3-H), 6.46 (dd, J = 9.2, 5.2 Hz, lH, 5-H), 6.20 (d, 
J = 12.2 Hz, lH, 2-H), 6.12 (dd, J = 9.2, 5.8 Hz, lH, 4-H), 
2.40 (d, J = 5.2 Hz, lH, 6-H), 1.36 (s, 6H, CMeZ), 1.25 (8, 6H, 
CMez), 0.09 (8 ,  9H, SiMes), 0.01 (s, 9H, SiMea); 13C NMR (126 
MHz, CDC13) 6 148.0, 140.9, and 121.3 (C-3,4,5), 127.8 (br, 
C-2), 80.9 and 78.5 (CMeZ), 41.5 (br, C-6), 25.5 and 25.0 (CMez), 
2.5 and -0.1 (SiMej); IlB NMR (32 MHz, CDCl3, BF3.OEtz 
external) 6 47; MS (70 eV) m/z (Zrel) 338 (<5,  M+), 207 (70, M+ 
- CMezOSiMea), 131 (70, CMezOSiMe3+), 73 (100, SiMe3+). 

Reaction of 13 with Al&Iee and Synthesis of Li[C&- 
BMe] (Li(3b)). AlzMee (2.0 M AlMe3 in toluene, 54 mL, 108 
mmol of AlMe3) was added dropwise with stirring to a 
suspension of 13 (14.6 g, 54 mmol) in Et20 (70 mL) at -78 "C. 
The mixture was warmed to room temperature within 3 h, and 
stirring was continued for 24 h while the solid dissolved and 
a yellow solution formed. Upon removal of the Et20 under 
somewhat reduced pressure a precipitate forms, which is 
filtered off, washed with toluene (3 x 20 mL), and dried in 
vacuo for 12 h to remove the toluene, giving Li(3b) (4.15 g, 
79%) as a white solid: no melting observed up to 250 "C. 

Li(3b): lH NMR (500 MHz, [DsITHF) 6 7.28 (dd, J = 9.8, 
7.0 Hz, lH, 3-/5-H), 6.47 (d, J = 9.8 Hz, lH,  2-/6-H), 6.18 (tm, 
J = 7.0 Hz, lH, 4-H), 0.67 (s, 3H, BMe); 13C NMR (67.9 MHz, 

br, C-2,6), 107.9 (dt, J = 153.5, 3J = 7.0 Hz, C-41, 4.4 (9, br, 
BMe); IlB NMR (32 MHz, [DslTHF, BFyOEtz external) 6 36. 

Synthesis of Li[C&BBut] (Li(3c)). A two-necked 50 mL 
flask, equipped with a reflux condenser and a dropping funnel, 
was charged with LiBut (1.7 M in pentane, 8.0 mL, 13.6 mmol). 
Boracyclohexadiene 15 (1.80 g, 6.8 mmol) in hexane (10 mL) 
was added rapidly. The reaction mixture began to reflux and 
turned yellow, and a yellowish, partly solid precipitate formed. 
After the mixture was stirred for 2 h at ambient temperature 
and evaporated to  dryness, the residue was washed with 
toluene (3 x 5 mL) to  leave behind pure Li(3c) (0.50 g, 53%) 
as a white powder, no melting observed up to  250 "C. 

Li(3c): lH NMR (80 MHz, [DBITHF) 6 7.05 (dd, J = 10.2, 

J = 6.9 Hz, lH,  4-H), 1.00 (s, 9H, BBut); I3C NMR (67.9 MHz, 

[DslTHF) 6 132.8 (dd, J = 138.7, 3J = 7.0 Hz, C-3,5), 127 (d, 

6.9 Hz, lH, 3-/5-H), 6.36 (d, J = 10.0 Hz, lH, 2-/6-H), 5.92 (t, 
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Table 5. Crystallographic Data, Data Collection 
Parameters, and Refinement Parameters for 18 

formula CisHzzBN 
fw 227.16 
space group P2lln (No. 14) 
a, pm 935.4(1) 
b, pm 1557.4(4) 
c, pm 988.8( 1) 
t% deg 95.47( 1) 
V ,  nm3 1.4340(4) 
2 4 
density (calc), g cm-3 1.052 
cryst size, mm3 
~ ( C U  Ka), cm-' a 4.13 
radiation (A, pm) 
temp, K 208 
scan mode (20 range, deg) w (10- 148) 
no. of unique rflns 2763 
No, no. of obsd rflnsb 2178 
Np,  no. of params refined 255 
RC 0.064 
RWd 0.068" 
residual electron density, e pm-3 0.15 

a No absorption correction was applied. I 2 0.5u(Z). R = cllFol - 

0.3 x 0.3 x 0.3 

Cu K a  (154.18) 

IFcll/CIFoI. dRw = [Cw(lF0I - IFc1)2EwIFo12]"2. e w-' = uz(F0). 

Herberich et al. 

[DslTHF) 6 133.2 (dd, ' J  = 146.3, 3J = 7.8 Hz, C-3,5), 123 (d, 
br, lJ = 120 Hz, C-2,6), 108.4 (dt, 'J = 154.3, 3J = 8.9 Hz, 
C-4), 32.7 (qsept, lJ = 122.6, 3J = 5.5 Hz, CMe3), CMes not 
found; llB NMR (32 MHz, [DalTHF, BF3-OEt2 external) 6 39. 

Synthesis of [NMe3Ph][CflaBMe] (18). Li(3b) (300 mg, 
3.1 "01) was quickly dissolved in an aqueous solution of KOH 
(20%, 10 mL) at 0 "C. A cold solution of [NMe3Ph]I (0.82 g, 
3.1 mmol) in EtOH (5  mL) and aqueous KOH (5  mL) was kept 
ready and was poured into the solution of Li(Sb). A white 
precipitate formed instantaneously. The solid was filtered off, 
sucked dry, and dried briefly under vacuum; it was then 
dissolved in THF (10 mL). Keeping the solution a t  -30 "C 
for 12 h afforded 18 (550 mg, 79%) as orange-yellow crystals; 
mp 116 "C. Keeping the temperature of all solutions and 
reaction vessels at SO "C is essential! 

18: lH NMR (500 MHz, [DslTHF) 6 7.01 (ddm, J = 10.0, 
6.9 Hz, 2H, 3-/5-H), 6.26 (dm, J = 10.0 Hz, 2H, 2-/6-H), 5.95 
(t, J = 6.9 Hz, lH,  4-H), 0.52 (s, 3H, BMe), NMesPh signals 
7.50 (dm, J = 8.85 Hz, 2H, H,), 7.45 (dd, J = 8.85, 7.02 Hz, 
2H, H,,,), 7.40 (tm, J = 7.02 Hz, lH,  Hp), and 3.04 (8, 9H, 
NMe3); 13C NMR (126 MHz, [DslTHF) 6 133.3 (C-3,5), 128 (br, 
C-2,6), 109.5 (C-4), NMesPh signals 130.6 (Cm), 130.2 (C,), 
121.1, (Co), and 56.6 (NMea), BMe and Ci not found; llB NMR 
(160 MHz, [DslTHF, BF3.OEh external) 6 35.1. Anal. Calcd 
for C16HzzBN: C, 79.31; H, 9.76. Found: C, 79.45; H, 9.87. 

Crystal Structure Determination of 18. The data col- 
lection was performed on an ENRAF-Nonius CAD4 difiacto- 
meter with Cu Ka radiation (graphite monochromator). Crys- 
tal data, data collection parameters, and refinement parameters 
are given in Table 5. The structure was solved by direct 
methods39 and refined on structure factors with the SDP 
program system.40 The hydrogen atoms of the methyl group 
C6 show rotational disorder around the B-C axis, and split 
positions with equal multiplicity were refined. In the final 
refinement, a correction for secondary extinction was applied 
to the calculated structure fact01-s.~~ 

Acknowledgment. This work was generously sup- 
ported by the Deutsche Forschungsgemeinschaft, the 
Volkswagen-Stiftung, and the Fonds der Chemischen 
Industrie. 

Supplementary Material Available: Tables of bond 
distances, anisotropic thermal parameters, and hydrogen atom 
coordinates for 18 (6 pages). Ordering information is given 
on any current masthead page. 

0 M 9 4 0 6 4 8 I 
(39) Sheldrick, G. M. S H E W - 8 6 ,  Program for Crystal Structure 

Solution; University of Gattingen, Gattingen, Germany, 1986. 
(40)Frenz, B. A. The E M - N o n i u s  CAD4 SDP - a real-time 

system for concurrent X-ray data collection and crystal structure 
determination. In Computing in Crystallography; Schenk, H., Olthof- 
Hazekamp, R., van Koningsveld, H., Bassi, G. C., Eds.; Delft University 
Press: Delft, The Netherlands, 1978. SDP-PLUS, Version 1.1 (19841, 
and VAXSDP, Version 2.2 (1985), were also used. 

(41) Zachariasen, W. H. Acta Crystallogr. 1963, 16, 1139. 
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X-ray Structure, EXAFS Studies, and Fluxional Behavior 
of Ru3Pt @-H) @&OMe)( CO)IO(PR~) 
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John G. Crossley, A. Guy Orpen,* and Peter N. Waller 
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Reaction of Pt(PRs)(nb)z (R = Cy or iPr; nb = bicyclo[2.2.llhept-2-ene) with 1 mole equiv 
of Ru3@-H)@-COMe)(CO)lo (1) affords the title cluster R~~P~@-H)@~-COM~)(CO)~O(PR~) (2a, 
R = Cy; 2b, R = iPr) in -50% yield. Crystal data for (2a): monoclinic, space group P21/c, 
a = 19.1198(8) A, b = 10.0226(7) A, c = 19.8234(12) A, ,6 = 107.978(4)”, V = 3613.3(4) A3, 
R(R,) = 0.028 (0.032) for 4897 independent, observed [I > 2.54I)I absorption corrected data. 
The metal framework consists of an  essentially regular tetrahedron, with Pt-Ru = 2.760(1)- 
2.903(1) A, and Ru-Ru = 2.754(1)-2.972(1) 8. The methoxymethylidyne ligand asym- 
metrically bridges the Ru3 face, with Ru-C = 1.973(6)-2.597(6) A. Pt(LI&edge and Ru 
K-edge E M S  spectra on 2a indicate that a similar structure is maintained in tetrahydro- 
furan solution. Two fluxional processes involving CO exchange are observed for 2b by 
variable-temperature NMR spectroscopy. The lowest energy process results in complete 
equilibration of all Ru-bound CO ligands, and it is rapid a t  all accessible temperatures. A 
second, higher energy process results in complete CO scrambling. 

Introduction 

Electron-counting procedures such as the polyhedral 
skeletal electron pair theory can adequately account for 
the structures of most carbonyl clusters of the transition 
metals in the periodic groups 14-18.l In the case of 
both homo2 and hetero3 platinum (and palladium) 
clusters, however, these rules are not always obeyed. 
In certain cases the Pt atom behaves as a “normal” 
transition metal, with a formal 18 electron count, while 
in other cases the clusters appear to be electron defi- 
cient, and the Pt atom formally has a 16 electron count.3 
A corollary is that in clusters that have the same 
electron count, differing metal core geometries may 
result. For instance, we have observed that the 60 
cluster valence electron (CVE) species Os3Pt@-H)z- 
(CO)lo(PR3)(L) may have a tetrahedral4 or nonplanar 
but terf le5 metal skeleton, depending on the nature of 
the two-electron donor ligand L. Braunstein et aL6 have 
also reported that the 58 CVE clusters MzPtz(CO)s(PR&- 
Cp2 (M = Mo, W) adopt either planar-butterfly or 
tetrahedral geometries depending on the phosphine 
ligand, and in certain instances, both isomers coexist 
in solution. Recently we have shown by 31P EXSY 

@ Abstract published in Advance ACS Abstracts, December 1,1994. 
(1) (a) Mingos, D. M. P. ACC. Chem. Res. 1984,17,311. (b) Wade, K. 

Adv. Znorg. Chem. Radwchem. 1976,18,1. (c)  Owen, S. M. Polyhedron 
1988, 7,253. 
(2) Mingos, D. M. P.; Wardle, R. W. M. Transition Met. Chem. (N.Y.) 

1986,10,441. 
(3) Farrugia, L. J. Adv. Organomet. Chem. 1990, 31, 301. 
(4) (a) Farrugia, L. J.; Green, M.; Hankey, D. R.; Murray, M.; Orpen, 

A. G.; Stone, F. G. A. J. Chem. Soc., Dalton Trans, 1986,177. (b) Ewing, 
P.; Farrugia, L. J. Organometallics l989,8, 1665. 
(5) (a) Farrugia, L. J.; Howard, J. A. K.; Mitrprachachon, P.; Stone, 

F. G. A.; Woodward, P. J. Chem. Soc., Dalton Trans. 1981, 162. (b) 
Farrugia, L. J. Acta Crystallogr. Sect. C 1991, (747, 1310. 
(6) Braunstein, P.; de Meric de Bellefon, C.; Bouaoud, S.-E.; Grand- 

jean, D.; Halet, J.-F.; Saillard, J.-Y. J. Am. Chem. Soc. 1991,113,5282. 

studies7 that these isomers of M O Z P ~ Z ( C O ) ~ ( P C ~ ~ ) C ~ Z  
exchange on the NMR time scale, with an activation 
barrier of -78 kJ mol-’. Thus, for platinum-containing 
clusters, the energy difference between various skeletal 
geometries appears finely balanced. Indeed, in the case 
of Pt&-PPhz)(Ph)(PPh&, merely the presence of dif- 
ferent solvents of crystallization in the lattice is enough 
to induce substantial changes to the Pt-Pt distances.8 

In order to examine the range of structures available 
in small hetero-platinum clusters, we have embarked 
on a program of synthesis and structural determination 
of a number of 60 CVE Ru3Pt clusters. Stone et aL9 
had reported the synthesis of Fe3Pt@3-H)@&OMe)- 
(CO)lo(PPhs) from the reaction of Pt(PPh3)(CzH& with 
Fe3Cu-H)@-COMe)(CO)lo. The analogous reaction of Pt- 
(PC~~)(CZH& with OS~@-H)@-COM~)(CO)IO did not give 
the corresponding OssPt cluster, but instead afforded 
the pentanuclear carbido species 0~3Ptz@-H)@g-C)@- 
OMe)(CO)lo(PCy3)z as the sole isolable product.1° In 
these studies, it was also statedg-ll that treatment of 
RU~@-H)@-COM~)(CO)IO (1) with Pt(PPhd(CzH4)z did 
not afford any Ru-Pt clusters. We now report that 
reaction of Pt(PR&nb)z (R = Cy or iPr) with 1 does 
indeed result in the high-yield formation of the desired 
product Ru~P~@-H)@~-COM~)(CO)~O(PR~). 

(7) Braunstein, P.; Farrugia, L. J.; Wiegeleben, P., unpublished 
results. 
(8) (a) Bender, R.; Braunstein, P.; Tiripicchio, A.; Tiripicchio- 

Camellini, M. Angew. Chem., Znt. Ed. Engl. 1986,24, 861. (b) Taylor, 
N. J.; Chieh, P. C.; Carty, A. J. J. Chem. Soc., Chem. Commun. 1975, 
448. 
(9) Green, M.; Mead, K A.; Mills, R. M.; Salter, I. D.; Stone, F. G. 

A.; Woodward, P. J.  Chem. Soc., Chem. Commun. 1982,51. 
(10) Farrugia, L. J.; Miles, A. D.; Stone, F. G. A. J. Chem. Soc., 

Dalton Trans. 1986, 2437. 
(11) Salter, I. D. Ph.D. Thesis, University of Bristol, Bristol, U.K., 

1983. 
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c125 

C c clll 

I c112 u 

0 c12 

Figure 1. Molecular structure and atomic labeling scheme 
for cluster 2a. 

Results and Discussion 
There are now well-established strategies for hetero- 

metallic cluster synthesis.12 One conceptually simple 
method of obtaining 60 CVE RusPt clusters is to add a 
12-electron Pt fragment such as ‘‘Pt(PR3Y to preformed 
48-electron triruthenium clusters. The reagent that has 
been used successfully for the production of “Pt(PR3)” 
fragments in cluster synthesis is the bis(ethene) complex 
Pt(PR3)(CzH4)z.13 The preparation of this complex from 
Pt(C0D)Clz involves several stages, including the isola- 
tion of Pt(C0D)Z. We now report that the complex Pt- 
(PR,)(nb)z (nb = bicyclo[2.2.llhept-2-ene), prepared in 
situ by treatment of Pt(nb)314 with 1 mole equiv of 
phosphine, behaves in the same way as the ethene 
complex as a source of “Pt(PR3)”. This is advantageous, 
since Pt(nb)3 may be prepared in a single step in 
consistently high yield from P ~ ( C O D ) C ~ Z . ~ ~  No attempt 
was made to isolate the monophosphine complex, al- 
though 31P NMR showed the reaction mixture consisted 
primarily of a single platinudphosphorus-containing 
species.15 The reaction of Ru3@-H)@-COMe)(CO)lo (1) 
with Pt(PRs)(nb)z (R = Cy or iPr) affords the deep red 
clusters Ru~P~@-H)@~-COM~)(CO)~O(PR~) (2a, R = Cy; 
2b, R = “r) as the sole isolable heteronuclear products 
in -50-60% yield. Both 2a and 2b were obtained as 
crystalline materials from hexane. The new complexes 

(12) (a) Roberts, D. A,; Geoffroy, G. L. In Comprehensive Organo- 
metallic Chemistry; Wilkinson, G., Stone, F. G. A., Abel, E., Eds.; 
Pergamon: Oxford, U.K., 1982; Vol. 6, Chapter 40. (b) GeofTroy, G. L. 
In Metal Clusters in Catalysis; Gates, B. C . ,  Guczi, L., Knozinger, H., 
Eds.; Elsevier: New York, 1986; Chapter 1. (c) Adams, R. D. In The 
Chemistry of Metal Cluster Complexes; Shriver, D. F., Kaesz, H. D., 
Adams, R. D., Eds.; VCH: New York, 1990; Chapter 3. (d) Vahren- 
kamp, H. Adu. Organomet. Chem. 1983,22, 169. (e) Stone, F. G. A. 
Angew. Chem., Int. Ed. Engl. 1984,23, 89. 

(13) (a) Stone, F. G. A. Inorg. Chim. Acta 1981,50,33. (b) Stone, F. 
G. A.Acc. Chem. Res. 1981,14, 318. 
(14) (a) Green, M.; Howard, J. A. K.; Spencer, J. L.; Stone, F. G. A. 

J. Chem. Soc., Dalton Trans. 1977, 271. (b) Crascall, L. E.; Spencer, 
J. L. Inorg. Synth. 1990,28, 126. 
(15) For the reaction of Pt(nb)s with PiPr3 there are 31P NMR signals 

at 6 56.8 (J(Pt-P) = 3449 Hz) -80% of total intensity and also signals 
at 6 47.5, 45.9 (J(Pt-P) = 3266, 3182 Hz) -20%. 

Ellis et al. 

Table 1. Final Positional Parameters (Fractional 
Coordinates)” and Isotropic Thermal Parameted for 

Complex 2a 
xla Ylb dC U 

0.7783 1( 1) 
0.83217(3) 
0.92646(2) 
0.831 1 l(3) 
0.67198(7) 
0.8187(3) 
0.6674(3) 
0.8962(3) 
0.8050(4) 
0.9962(3) 
1.0744(3) 
0.8911(3) 
0.6992(3) 
0.9365(3) 
0.84 16(3) 
0.9884(2) 
0.8045(3) 
0.7275(4) 
0.8688(4) 
0.8 184(4) 
0.9702(3) 
1 .O 182(3) 
0.9003(3) 
0.7484(4) 
0.8971(4) 
0.839 l(4) 
0.9293(3) 
0.9890(5) 
0.6219(3) 
0.5922(3) 
0.5536(4) 
0.6014(5) 
0.6277(5) 
0.6683(4) 
0.6949( 3) 
0.6337(4) 
0.6620(6) 
0.7138(6) 
0.7745(5) 
0.7456(5) 
0.6003(3) 
0.5248(3) 
0.4685(4) 
0.4940(4) 
0.5672(4) 
0.6238(4) 
0.767(3) 

0.06013(2) 
0.15534(5) 
0.11964(5) 
0.33141(5) 
0.01399(14) 

-0.2156(5) 
0.0815(7) 

-0.0520(6) 
0.3634(7) 

-0.1418(5) 
0.2388(6) 
0.0682(6) 
0.4841(6) 
0.5469(5) 
0.4233(6) 
0.2708(4) 

-0.11 lO(6) 
0.107 l(8) 
0.0209(7) 
0.2824(8) 

-0.0460(7) 
0.1948(6) 
0.0815(7) 
0.4257(7) 
0.4649(7) 
0.3885(7) 
0.2144(6) 
0.3137(8) 
0.1614(6) 
0.2476(6) 
0.3737(8) 
0.4519(7) 
0.3675(8) 
0.2450(7) 

-0.0792(7) 
-0.1044(8) 
-0.1628(12) 
-0.2693(9) 
-0.2474(9) 
-0.1926( 10) 
-0.0733(6) 
-0.0903(7) 
-0.1433(9) 
-0.2661(8) 
-0.2513(9) 
-0.2005(8) 

0.208(5) 

0.74306(1) 
0.88354(2) 
0.79047(2) 
0.77574(2) 
0.64734(7) 
0.7990(3) 
0.8508(3) 
0.9967(3) 
0.9801(3) 
0.8543(3) 
0.8023(3) 
0.6296(2) 
0.7905(3) 
0.8517(3) 
0.6334(3) 
0.9232(2) 
0.7771(3) 
0.8566(3) 
0.9533(3) 
0.9459(4) 
0.8284(3) 
0.7958(3) 
0.6881(3) 
0.7856(4) 
0.8237(4) 
0.6874(4) 
0.8795(3) 
0.9918(4) 
0.5999(3) 
0.6480(3) 
0.6 109(4) 
0.5786(5) 
0.5277(4) 
0.5646(3) 
0.5769(3) 
0.5080(3) 
0.4525(4) 
0.4719(5) 
0.5405(4) 
0.5985(4) 
0.6759(3) 
0.62 1 l(3) 
0.6552(4) 
0.6947(4) 
0.7499(4) 
0.7153(4) 
0.724(3) 

0.033 
0.044 
0.036 
0.042 
0.035 
0.078 
0.111 
0.110 
0.137 
0.073 
0.086 
0.095 
0.110 
0.089 
0.098 
0.061 
0.052 
0.070 
0.064 
0.080 
0.050 
0.054 
0.056 
0.065 
0.061 
0.063 
0.047 
0.089 
0.043 
0.061 
0.084 
0.089 
0.090 
0.061 
0.059 
0.070 
0.130 
0.107 
0.095 
0.116 
0.049 
0.060 
0.085 
0.084 
0.086 
0.087 
0.06(2) 

a ESDS in parentheses. b A*, equivalent isotropic parameters U, for 
anisotropic atoms. Equivalent isotropic U, defied as one-third of the trace 
of the orthogonalized Uij tensor. 

were characterized by spectroscopic methods, and a 
single crystal X-ray structural determination was car- 
ried out on 2a. 

Crystal Structure Analysis of 2a. The molecular 
structure and atomic labeling scheme is shown in Figure 
1, and the atomic coordinates and important metrical 
parameters are given in Tables 1 and 2, respectively. 
The metal skeleton of 2a approximates to a regular 
tetrahedron. The three Pt-Ru distances range from 
2.760(1) to 2.903(1) A, the longest being associated with 
the Pt@-H)Ru vector, Pt-Ru(3). Two of the Ru-Ru 
vectors, Ru(l)-Ru(3) = 2.767(1) h; and Ru(2)-Ru(3) = 
2.754(1) A are very similar in length, while the third 
distance Ru(lI-Ru(2) = 2.972(1) A is significantly 
longer. To our knowledge the only other crystallo- 
graphically characterized tetrahedral Ru3Pt clusters are 
the 60 CVE cluster Ru&@-H)z(CO)dCOD) (3)16 and 

(16) Adams, R. D.; Li, Z.; Lii, J.-C.; Wu, W. Inorg. Chem. 1992,31, 
3445. 
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Ru3Pt(p- HXy3- COMe)(CO)IdPRd 

Table 2. Important Bond Lengths (A) and Bond Angles 
(deg) for Complex 2a 

Bond Lengths (A) 
R-Ru(1) 2.82 1 (1) Pt-Ru(2) 2.760(1) 
R-Ru(3) 2.903( 1) R-P 2.359(2) 
R-C(l) 1.854(7) Pt-H(1) 1.53(6) 
Ru( 1)-Ru(2) 2.972( 1) Ru( l)-Ru(3) 2.767( 1) 
Ru( 1)-C(2) 1.965(8) Ru( 1)-C(3) 1.903(7) 
Ru( 1)-C(4) 1.850(8) Ru(l)-C(ll) 1.973(6) 
Ru(2) - Ru(3) 2.754( 1) Ru(2)-C(5) 1.906(7) 
Ru(2)-C(6) 1.882(7) Ru(2)-C(7) 1.972(7) 
Ru(2)-C(11) 1.990(6) Ru(3)-C(8) 1.904(8) 
Ru(3) - C(9) 1.883(7) Ru(3)-C(lO) 1.893(8) 
Ru(3)-C(I 1) 2.597(6) Ru(3)-H(I) 1.82(6) 
P-C(111) 1.852(6) P-C(121) 1.842(7) 
P-C( 13 1) 1.856(6) O(1 l)-C(ll) 1.321(8) 
0(11)-C(12) 1.423(8) 

Bond Angle (deg) 
Ru( l)-Pt-R~(2) 64.4(1) Ru(l)-Pt-Ru(3) 57.8( 1) 
Ru( 1)-R-P 145.3(1) Ru(1)-Pt-C(l) 88.8(2) 
Ru( 1)-Pt-H(1) 84.2(20) Ru(2)-Pt-R~(3) 58.1(1) 
Ru(2)-Pt-P 148.8(1) Ru(2)-R-C(1) 86.7(2) 

Ru(3)-Pt-C( 1) 138.5(2) Ru(3)-Pt-H(1) 32.9(20) 
P-Pt-C( 1) 100.4(2) P-Pt-H(l) 88.2(20) 
C( 1)-R-H( 1) 171.4(20) C(ll)-O(ll)-C(12) 120.6(6) 
Ru(l)-C(ll)-Ru(Z) 97.2(3) Ru(l)-C(ll)-Ru(3) 73.1(2) 
Ru(1)-C(l1)-O(l1) 136.6(5) Ru(2)-C(ll)-R~(3) 72.4(2) 
Ru(2)-C(ll)-O(ll) 124.7(5) Ru(3)-C(ll)-O(ll) 126.1(4) 

Ru(2)-Pt-H( 1) 85.8(20) Ru(3)-Pt-P 121.1(1) 
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the 58 CVE species Ru3Pt@-H)@-PPhz)(CO)g(PCy3) (4Y7 
and RU~P~@-H)OL-C~H~~)(CO)~(PC~~) (5).18 All of these 
clusters have essentially regular tetrahedral metal 
skeletons, with the Pt-Ru bonds in the range 2.718(1)- 
2.895(2) 8 and the Ru-Ru separations in the range 
2.662(1)-2.950(1) 8. The differing nature of the bridg- 
ing ligands, and the inherent unsaturation in the 58 
CVE clusters 417 and 5,18 adequately accounts for the 
spread in the metal-metal distances. 

The asymmetry in the Ru-Ru distances in 2a is 
presumably due to the effect of the bridging methoxy- 
methylidyne ligand. This moiety is best described as 
asymmetrically p3-bonded, with the strongest interac- 
tions between C(l1) and Ru(1) and Ru(2). The Ru(3)- 
C(l1) distance of 2.597(6) hi is significantly longer than 
the other Ru-C(11) distances of 1.973(6) and 1.990(6) 
8. The structure of the parent cluster 1 has been 
independently determined by Johnson et al. l9 and 
Churchill et aZ.20 The methoxymethylidyne ligand in 1 
is essentially a p2-ligand, and both studies find that the 
three Ru-Ru distances are very similar, ranging from 
2.803(2) to 2.821(2) hi in the Johnson et aZ. studylg and 
from 2.816(1) to 2.838(1) 8 in the work of Churchill et 
alS2O As both ourselves2’ and Keister22 have previously 
noted, the methoxymethylidyne ligand can exhibit a 
spectrum of interactions with a trimetallic cluster, 
ranging from p2, through semi y3 to symmetric y3- 
bonding. 

The other point of interest in the structure of 2a 
concerns the orientation of the “T-shaped” Pt@-H)(CO)- 

(17) Powell, J.; Brewer, J. C.; Gulia, G.; Sawyer, J. F. Inorg. Chem., 
1989,28, 4470. 

(18) Farrugia, L. J.; MacDonald, N.; Peacock, R. D. Acta Crystallogr. 
Sect. C lBBl;C47, 2561. 
(19) Johnson, B. F. G.; Lewis, J.; Orpen, A. G.; Raithby, P. R.; Siiss, 

G. J. Organomet. Chem. 1979,173, 187. 
(20) Churchill, M. R.; Beanan, L. R.; Wasserman, H. J.; Bueno, C.; 

Rahman, Z. A.; Keister, J. B. Organometallics 1983,2, 1179. 
(21) (a) Aitchison, A. A,; Farmgia, L. J. Organometallics 1986, 5, 

1103. (b) Aitchison, A. A.; Farrugia, L. J. Organometallics 1987,6,819. 
(c) Farmgia, L. J. J.  Organomet. Chem. 1986, 310, 67. 
(22) Keister, J. B. Polyhedron 1988, 7 ,  847. 

W 

Figure 2. Molecular structure of Fe3f&-H)@3-COMe)- 
(C0)dPPhs) (6), drawn from coordinates obtained from the 
Cambridge Crystallographic Data Base. 

(PR3) unit relative to the Ru3 triangle. The atoms Pt, 
P, C(1), 0(1), and H(1) are virtually coplanar (see Table 
5 of the supplementary material), and lie in the mo- 
lecular pseudomirror plane, such that the hydride ligand 
bridges the Pt-Ru(3) vector. The hydride appears to 
be more closely associated with the Pt center than with 
the Ru center, as judged by the Pt-H(l) distance of 
1.53(6) hi compared with the Ru(3)-H(1) separation of 
1.82(6) A. The hydride position was obtained directly 
from a Fourier map, and this atom was refined without 
constraint, but it should be noted that the both the 
precision and accuracy are necessarily limited (the 
associated ESDs are quite high). Nevertheless, poten- 
tial energy minimization  calculation^^^ indicate that the 
lowest energy site along this vector is at a position which 
is in very close agreement24 with that obtained from the 
X-ray refinement. In addition, the asymmetry in the 
Pth-H)Ru bridge is consistent with the fluxional be- 
havior described below, in that the integrity of the Pt- 
@-H)(CO)(PR3) unit is retained in the lowest energy 
process. 

Most interestingly, the orientation of the Pt$-H)(CO)- 
(PR3) unit in the analogous cluster Fe3Pt@3-H)@3- 
COMe)(CO)lo(PPhs) (6),g shown in Figure 2, differs from 
that observed in 2a. It is related by a rotation of -60” 
about the pseudo-C3 axis of the Fe3 triangle, and this 
results in the hydride ligand bridging a PtFe2 face 
rather than a Pt-Fe edge. In cluster 6, the methoxy- 
methylidyne ligand is closer to a symmetric prligand, 
although the C-Fe distance of 2.024(10) A to the unique 
Fe atom is marginally longer than the other two Fe-C 
distances, 1.919(11) and 1.892(12) A.g The relationship 

(23) Orpen, A. G. J. Chem. SOC., Dalton Trans. 1980, 2509. 
(24) The hydride position determined by -EXz3 is (0.7614, 

0.2103, 0.7225) with Pt-H = 1.57 A and Ru-H = 1.87 A, while that 
obtained from the difference Fourier was (0.7663,0.2146,0.7174) with 
Pt-H = 1.62 A and Ru-H = 1.83 A. These positions are probably more 
realistic than that given in Table 1, which was obtained from the least- 
squares refinement. 
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‘i I\ t 

I ‘ f  - 
I 

-0 + 1 

Figure 3. (a) Calculated (- - -1 versus experimental (-1 k3- 
weighted EXAFS spectra of 2a (Pt LIII-edge) in THF 
solution at room temperature. (b) Experimental k3-weighted 
Ru K-edge E W S  spectra of 2a as solid (-1 and in THF 
solution (- - -). 
between the structures of 2a and 6 provides an insight 
into the fluxional behavior of 2 discussed below. 
EXAFS Studies on 2a In order to ascertain whether 

there were any differences between the metal skeleton 
of cluster 2 in the solid and solution phases, arising from 
the known “flexibility” of platinum c1usters,2-8 we 
resorted to  the EXAFS technique which can provide 
such information. Platinum LIII-edge spectra were 
collected for THF solution (at room temperature, see 
Figure 3a) and solid samples (at both room temperature 
and low temperature, nominally 78 K) of 2a. There are 
no significant differences between molecular dimensions 
determined from the models for these spectra (see Table 
3). All distances agree reasonably with the crystallo- 
graphically determined data, the largest deviation being 
for the Pt. - *O contact, which is -0.06 A longer in the 
EXAFS models. This latter effect is perhaps due to the 
multiply scattered oxygen shell overlapping the metal- 
metal peaks, making accurate fitting difficult. However, 
inclusion of the oxygen, with multiple scattering cor- 
rections, does effect a large improvement of the model; 
the fit index is typically halved. A relatively large 
number of correlations between parameters of >0.5 are 
observed (see Table 31, due to the overlapping shells at 
distances 2.7-3.1 A. 

These analyses therefore imply that there is little 
difference in the platinum environment between the 
solid and solution states. The different Pt-Ru distances 
(two short and one long) can be reliably differentiated. 
A model with only a single Pt-Ru contact had a fit index 
of 4.4, compared with a fit of 1.3 for a model having two 

different Pt-Ru contacts. Attempts to include all three 
Pt-Ru contacts at different distances resulted in even 
more large correlations and a rather unstable refine- 
ment, although all three distances were in reasonable 
agreement with the crystallographic data. 

Ruthenium K-edge spectra were collected for THF 
solution and solid samples (at room temperature) of 2a 
and are shown in Figure 3b. The EXAFS spectra are 
somewhat different, as is reflected by the final models 
obtained; that for the solid has rather longer Ru-Ru 
distances, although the (average) Ru-Pt distance is 
similar for both. The Ru-Ru contacts however are 
apparently markedly reduced in the model for the 
solution data compared with that for the solid. The fact 
that there are two different Ru environments, and that 
the Ru* * 0, Rue *Ru, and RUB Pt distances are all in 
the range 2.7-3.1 A, is likely to make accurate fitting 
more difficult. Again there are high correlations be- 
tween parameters, a problem that is increased if the 
model is made any more complex, e.g., splitting the 
average Ru-Pt shell into two shells leads to a model 
with 24 correlations of ’0.5 and an even more unstable 
refinement. Nevertheless, the different scattering char- 
acteristics of Pt and Ru do allow the separate metal 
contacts (Ru and Pt) to be refined. The difference 
between the EXAFS data for solution and solid phase 
data is surprising and should be treated with some 
scepticism. If real, this effect may be related to a more 
symmetrical structure being present in solution in the 
absence of packing effects which distort metal-metal 
distances in the solid state. 

Fluxional Behavior of 2b. Figure 4 shows the 
variable-temperature 13C NMR spectra in the carbonyl 
region between 208 and 333 K of a 13CO-enriched 
sample of 2b (R = iPr) in CD2C12 . The behavior of the 
signal due to the Pt-bound carbonyl ligand is shown in 
detail in Figure 5, while Figure 6 shows the lH NMR 
spectra of the same sample in the hydride region. At 
the lowest temperature measured, all Ru-bound carbo- 
nyls are equivalent and give rise to  a sharp singlet at 6 
199.1. The line width does not increase significantly 
on cooling to  190 K, indicating that the process respon- 
sible for the scrambling of all nine Ru-bound CO ligands 
must have a very low activation barrier. The R-bound 
CO ligand appears as a doublet centered at 6 182.3 
M31P-C) = 4.9 Hzl which is flanked by lg5Pt satellites 
with a coupling of J(lg5Pt-C) = 1534 Hz (see Figure 
5b). The high-frequency satellite appears as a shoulder 
on the resonance at 6 199.1 The Pt-bound carbonyl is 
also strongly coupled to the hydride ligand (Figure 5a), 
with JPH-C) = 33.2 Hz. As the temperature is raised, 
the two signals at 6 199.1 and 182.2 broaden and 
coalesce, indicating intermetallic CO scrambling. 

At 208 K, the hydride resonance (Figure 6a) appears 
as a doublet centered at 6 -14.71 with J(31P-H) = 9.3 
Hz. The resonance is flanked by 195Pt satellites [J(195- 
Pt-H) = 558, not shown in Figure 61 and also by 13C 
satellites, with J(13C-H) = 33.1 Hz. At this tempera- 
ture, there is only one resolved coupling to 13C, uiz. t o  
the CO ligand on the Pt atom, which is trans to the 
hydride. Couplings of a similar magnitude within Pt- 
@H)(CO)(PR3) groups have been observed in related 
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Table 3. Details of EXAFS Data Analysis for 2a Q 

Pt environment Ru K-edge EXAFS eL 
Ru environment 9 

Pt LEI-edge EXAFS 

room temp solid low temp solid thf solution m room temp solid thf solution contact contact XRDn 
contact RIA N(atom) RIA UlA2 RIA alA2 RIA ulA2 contact RIA N(atom) RIA alA2 RIA a1a2 

1 Pt-C 
1 Pt-P 
1 Pt-RU 
1 Pt-RU 
1 Pt-RU 
1FT-O 

correlations between 
R and u > 0.50 

1.854 1 C 1.872(4y 0.0048(6) 
2.359 1 P 2.338(3) 0.0085(5) 
2.760 2 Ru 2.786(3) 0.0117(4) 
2.821 
2.903 1 Ru 2.927(4) 0.0073(5) 
2.989 1 0  3.058(9) 0.011(2) 

04-175 = 0.57 
~ 4 - ~ 3  = 0.67 

u4-R5 = -0.60 
~4-R3  = -0.66 
R5-R3 = 0.77 
W-R4 = 0.75 
~ 3 - a 5  = 0.63 
R3-R4 = 0.75 

16.6 
13.1 
8.7 

1.882(4) 0.0043(7) 
2.336(3) 0.0046(4) 
2.781(2) 0.0072(2) 

2.910(3) 0.0040(3) 
3.051(7) 0.0041(3) 

R3-R4 = 0.72 
R4-R5 = 0.67 
R3-R5 = 0.58 
=-a4 = -0.56 
R3-~4  = -0.64 
u4-a5 = 0.50 

18.7 
12.6 
8.4 

1.874(4) 0.0052(7) 11 Ru-C 1.920* 3.67 C 
2.345(3) 0.0068(6) 1 Ru-C 2.597 
2.786(3) 0.0115(4) 3 Ru-Pt 2.828* 1 Pt 

2.919(4) 0.0068(4) 2 Ru-RU 2.761* 0.67 RU 
3.065(9) O.OlO(2) 1 Ru-Ru 2.972 0.33 RU 

11 Ru-0 3.033* 3.670 
~4-03  = 0.74 
04-a5 = 0.67 

R 3 - ~ 4  = -0.55 
R4-R3 = 0.83 
R4-R5 = 0.76 

16.9 
13.8 
9.9 

1.931(3) 0.0092(4) 
not fitted 
2.871(28) 0.022(6) 

2.803(3) 0.0048(3) 
3.028(5) 0.0028(7) 
3.074(11) 0.033(2) 

R5-R3 = 0.62 
R5-d2 = -0.53 
R3-a4 = 0.55 

W-d2 = -0.63 
R4-R2 = -0.65 
R2-a5 = 0.67 

~ 4 - d 2  -0.71 

17.6 
8.0 
7.7 

1.917(3) 0.0080(4) 
not fitted 
2.882(3) 0.0058(5) 

2.719(2) 0.0036(5) 
2.924( 11) 0.0030(4) 
3.037(8) 0.027(2) 

d2-03 = 0.70 
d - R 4  = 0.67 
a4-1~3 = 0.92 

04-R2 = -0.84 
~ 4 - R 3  = -0.90 
03-R2 = -0.75 
a3-R3 = -0.71 
~ 5 - R 4  = 0.53 
d - R 3  = 0.55 
R2-R3 = 0.81 

17.6 
7.8 

0 

5 
5 
3 

7.4 2 
XRD values are distances derived from the crystal structure determination; asterisk indicates averaged values. The estimated standard deviation in the least significant digit as calculated by EXCURV90 model fitting 

is given in parentheses. We note that such estimates of precision are likely to be underestimates of accuracy and particularly so in cases of high correlation between parameters. Residual indexes R and R' were calculated 
as follows: R = &i(k3(CPi - f d c i ) } 2 1 C i { k 3 ~ i } 2 .  R' was calculated as for R, with final model parameters, but with data Fourier filtered with r,, = 5.0 A to remove noise. 
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257K 

233K 
i A 

I 

208K 
-.--JL A 

1 
200 0 190 0 180 0 

PDM 

Figure 4. Variable-temperature l3C{ ‘H} NMR spectrum 
in the carbonyl region of cluster 2b. Impurities due to  
decomposition are marked with an asterisk. 

OssPt c1uste1-s.~~ The intensity of the 13C satellites 
indicates that the level of enrichment is -50%. On 
warming to 293 K, there is no change in the resonance 
position, but the coupling pattern becomes much more 
complicated. This is due to  a further exchange process, 
which results in the complete carbonyl scrambling 
between Ru and Pt centers and which is also observed 
in the broadening and collapse of the 13C resonances 
shown in Figures 4 and 5. The complexity of the 
hydride signal at 293 K arises because this hydrogen 
now experiences an averaged coupling to all the 13C 
nuclei in individual molecules. Due to the relatively 
high level of 13C enrichment, the most abundant isoto- 
pomer is the one containing five 13C0 ligands per 
molecule, and those isotopomers with four and six 13C0 
ligands have very similar abundances. The observed 
lH signal thus consists of a doublet of sextets, super- 
imposed on a doublet of quintets and a doublet of 
septets. Due to this complexity, we have not analyzed 
this multiplet in full, though it is clear that the averaged 
l3C coupling is -3 Hz. 

Since we were unable to “freeze” out the fluxional 
motion, it is not possible to ascertain with certainty the 
CO exchange mechanisms. One possibility is a “merry- 
go-round” exchange, coupled with Ru(C0)3 tripodal 
rotations. On the other hand, in view of our previous 

(25) (a) Ewing, P.; Farrugia, L. J.; Rycroft, D. S .  Organometallics 
1988, 7, 859. (b) Ewing, P.; Farrugia, L. J. Organometallics 1988, 7, 
871. 

L 

‘H coupled 208 K 

, , , ‘ , , , ‘ I ’  
190 0 185 0 i90 0 175 0 170 3 

PPM 

Figure 5. Detail of the variable-temperature 13C{lH} 
NMR spectrum of 2b showing the signal for the Pt-bound 
carbonyl ligand. Impurities are marked with an asterisk. 
The high-frequency 195Pt satellite is obscured by the intense 
resonance at 6 199.1 from the Ru-bound carbonyls. 

- 1 4  5 -15.0 
PP* 

Figure 6. Variable-temperature lH NMR spectrum in 1 
hydride region. The lgSPt satellites are not shown. 

study26 on OS~P~~~-H)~(CO)~(CNC~)(PC~~), it seems 
likely that a rapid rotation of the R@-H)(CO)(PRs) unit 
about the pseudo43 axis of the Ru3 triangle occurs, 
which renders each Ru center chemically equivalent. 
This motion retains the stereochemical integrity of the 
Pt@-H)(CO)(PR3) unit, and it means that the hydride 
ligand alternately bridges an Ru-Pt edge and an Ru2- 
Pt face. If such a motion is coupled with a rapid tripodal 
rotation of one or both of the chemically distinct Ru- 
(co)~ groups, and a rapid rotation about the C - 0  bond 
of the COMe ligand,21 then the complete scrambling of 
the Ru-bound CO ligands will result. 

(26) Farrugia, L. J. Organometallics 1989, 8, 2410. 
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R@t(p-H)(p3- COMe)(CO)dPRd 

EHMO calculations by Schilling and H O ~ € ~ ~ E U I I I ~ ~  have 
suggested that the rotation of the PtL3 unit about the 
C3 axis of an M3 triangle (in this case a Ru3 triangle) 
would have a low activation barrier. A comparison of 
the structures of 2a and 6 (Figures 1 and 2) also 
suggests that such a rotation is possible, since they 
differ merely by a 60" rotation of the Pt@-H)(CO)(PR3) 
unit. Indeed cluster 6 may be viewed as a model for 
the transition state in the fluxional rotation in 2a. 
Intriguingly, such a model would also suggest there is 
a "compensatory" motion of the methoxymethylidyne 
ligand, which is coupled to the Pt@-H)(CO)(PR3) rota- 
tion. This is of course required if the Pt@-H)(CO)(PR3) 
rotation is to be a degenerate process, since the meth- 
oxymethylidyne ligand is asymmetrically bonded to the 
Ru3 face. 

The exchange of the Pt-bound CO ligand with the 
other carbonyls, which occurs a t  temperatures at and 
above 293 K, may involve CO-bridging intermediates. 
A similar process has been previously observed for 083- 
P~C~-H)Z(CO)~(P~-PC~~)(O~-PM~ZP~).~~ The spectrum 
at 333 K (Figure 4) shows a broad signal for the 
averaged environment of all 10 carbonyls at d 196.5. 
This resonance is flanked on the high-frequency side by 
a sharp lg5Pt satellite, while the corresponding low- 
frequency satellite is only visible as a broad shoulder 
a t  333 K. Unfortunately, the fast exchange spectrum 
could not be obtained due to sample decomposition. This 
behavior is due to the different effective chemical shifts 
for the averaging of the high- and low-frequency lgSPt 
satellites and is commonly ~ b s e r v e d . ~ ~ ~ ~ ~ ~  The averaged 
lg5Pt coupling is 151 Hz. 
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Table 4. Experimental Details of Crystallographic Study 

Experimental Section 

General experimental techniques were as previouslyz6 de- 
scribed. NMR spectra were measured on a Bruker AM200. 
'H (201.3 MHz) and 13C (50.32 MHz) spectra were referenced 
to internal solvent signals and are reported relative to SiMe4. 
31P (81.02 MHz) spectra are referenced to 85% H3P04. The 
complexes RU~@-H)@-COM~)(CO)~O'~ and Pt(nb)3I4 were pre- 
pared by literature methods. The former complex was en- 
riched with I3CO by stirring at 90 "C under 1 atm of I3CO for 
12 h. 

Preparation of RusPt(lr-H)(lrs-COMe)(CO)~o(PCy~) (2a). 
To a stirred solution of Pt(nb)3 (0.394 g, 0.828 "01) in hexane 
(30 mL) was added PCy3 (0.826 "01). This solution was 
cooled to 0 "C, a solution of Ru~(U-H)@-COM~)(CO)IO (0.501 g, 
0.803 mmol) was added, and the reaction mixture was allowed 
to warm to room temperature. Stirring was continued over 2 
h, during which the solution changed from orange to deep red. 
Volatiles were removed under vacuum, and the residue was 
chromatographed on Florisil. The first band to elute with 
hexane was unreacted RU~(U-H)@-COM~XCO)IO as a yellow 
band (0.01 g, 2%). A second red band eluted with hexandCHz- 
Clz (4:1), which on removal of solvent and crystallization from 
hexane afforded Ru~P~@-H)@~-COM~)(CO)~O(PC~~) (2a; 0.42 
g, 0.42 mmol, 51%) as red crystals. 

A similar reaction of 1 with Pt(nb)z(PiPr3) afforded after 
workup complex 2b. 

Characterizational Data for 2a. IR (hexane): v(C0) 
2070 (w), 2046 (m), 2032 (s), 2022 (m), 1985 (m, sh), 1980 (8, 
br) 1968 cm-I (w). 'H NMR (CDCl3, 298 K): 6 4.41 (8, 3H, 
Me), 2.40-1.10 (m, 33H, Cy), -14.43 (d, lH, Pt@-H)Ru, J(P- 
H) = 9.4 Hz, J(Ig6Pt-H) = 559 Hz). 13C{1H} NMR (CDC13, 

(27) Schilling, B. E. R.; Hohann ,  R. J.  Am. Chem. Soc. 1979,101, 

(28) Farrugia, L. J.; Rae, S. E. Organometallics 1991, 10, 3919. 
3456. 

compound formula 
Mr 
space group 
crystal system 
d A  
blA 
C I A  

Bldeg 
VIA-3 
I3 range for cell 
Z 
DcalJg cm-3 
F(000) 
p(MoK~)lcm-~ 
TK 
scan mode 
I3 rangeldeg 
crystal sizelmm 
range of transmission coeff cor.  
no. of data collected 
no. of unique data 
hkl range 

standard reflections 
observability criterion II I > nu(4 
no. of data in refinement 
no. of refined parameters 
final R 
R W  

goodness of fit S 
largest remaining feature in 

shift/ESD in last cycle 

Rmerge 

electron density maple A-3 

C3oH370iiPPtR~3 
1102.88 
P 2 l l C  
monoclinic 
19.1198(8) 
10.0226(7) 
19.8234(12) 
107.978(4) 
3613.3(4) 
17.5-20.8 
4 
2.207 
2120 
52.04 
298 
13/28 
2.1-25.0 
0.1 x 0.2 x 0.33 
0.84- 1.17 
6986 
6368 
-22--0;0-11;-23-23 
0.030 
(-3,1,-7) (8,1,-7) (2,-4,-5) 
2.5 
4897 
213 
0.028 
0.032 
1.2 
+0.75 (max) -0.61 (min) 

0.011 (mean) 0.091 (max) 

298 K): 6 25.9 (5, 3C, Cy), 27.2 (d, 6C, Cy, J(P-C) = 11 Hz), 
30.2 (6C, S, Cy), 36.7 (d, 3C, Cy, J(P-C) = 21 Hz), 71.3 (8, lC, 
COCH3), 197 (br, lOC, averaged Pt-CO and Ru-CO signals), 
197.2 (high-eequency 1g6Pt satellite), 349.7 (d, lC, COMe, J(P- 

P) = 2679 Hz). Anal. Calcd for C30H37011PPtRu3; C, 34.10; 
H, 3.12. Found: C, 33.74, H, 3.23%. 

Characterizational Data for 2b. IR (hexane): v(C0) 
2072 (w), 2046 (m), 2034 (s), 2024 (m), 1982 (8, br) 1965 cm-l 
(w, sh). 1H NMR (CDC13, 298 K): 6 4.42 (s,3H , COMe), 2.55 
(spt, 3H, CH, J(H-H) = 7.1 Hz), 1.30 (dd, 18H, CHMez, J(P- 

C) = 2Hz). 31P{1H} NMR (CDC13, 298 K): 6 71.7 (8, J('g6Pt- 

H) = 15.1 Hz, J(H-H) = 7.1 Hz), -14.44 (d, lH, Pt@-H)Ru, 
J(P-H) = 9.7 Hz, J('"Pt-H) = 558 Hz). I3C{'H} (CDCl3,298 
K), 6 19.9 (8, 6C, CHMe2, J(Pt-C) = 15 Hz), 26.6 (d, 3C, 
CHMez, J(P-C) = 22 Hz, J(Pt-C) = 26 Hz), 71.3 (8, lC, 
COMe), 196-197 (br, CO), 349.6 (8, lC, COMe,). 13C{1H} (CDZ- 
Clz, 208 K, WO-enriched sample): 6 199.1 (8, 9C, Ru-CO), 
182.3 (d, lC, Pt-CO, J(P-C) = 4.9 Hz, J('96Pt-C) = 1534 Hz). 
31P{1H} (CDzClz, 208 K): 6 80.3 (8, Pt-P, J(lg6Pt-P) = 2664 
Hz). Anal. Calcd for C~1H25011PPtRu3; C, 25.67; H, 2.55. 
Found: C, 26.10, H, 2.27%. 

Crystal Structure Determination. Details of data col- 
lection procedures and structure refinement are given in the 
Table 4 Crystals of 2a were obtained as dark red prisms from 
hexane solution. A single crystal of suitable size was attached 
to a glass fiber using acrylic resin and mounted on a goniom- 
eter head in a general position. Data were collected on an  
Enraf-Nonius Turbo CAD4 difiactometer, running under 
0 4 - E x p r e s s  software and using graphite monochromated 
X-radiation (1 = 0.710 69 A). Accurate unit cell dimensions 
were determined by refinement of the setting angles of 25 
optimal high-angle reflections, which were flagged during data 
collection. Standard reflections were measured every 2 h 
during data collection, and no significant variations in inten- 
sity were noted. Lorentz polarization and absorption (DI- 
FAJ3SzB ) corrections were applied. The structure was solved 

(29) Walker, N.; Stuart, D. Acta Crystallogr., Sect. A: Found. 

(30) International Tables for X-Ray Crystallography; Kynoch Bir- 
Crystallogr. 1983, A39, 158. 

mingham, U.K. 1974; Vol. 4. 
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for the metal atoms by Patterson methods . Subsequent 
difference syntheses gave all the other non-H atomic positions. 
All non-H atoms were allowed anisotropic thermal motion. 
Aliphatic hydrogen atoms were included at  calculated positions 
(C-H = 0.96 A) and were allowed to  ride on their attached 
carbon atom. A common refined isotropic thermal parameter 
was used for all aliphatic hydrogen atoms. The hydridic 
hydrogen H(1) was observed in a difference Fourier map 
(height 0.72 e k3) and was subjected to unrestrained refine- 
ment, with isotropic thermal motion. Refinement was by full- 
matrix least squares, minimizing the function Zw(lFol - IFleI2 
and using the weighting scheme w = [ U ~ ( F , ) ] - ~ ,  which was 
judged to  be satisfactory from analysis of the variances as 
functions of F, and sin (@/A. The standard deviations of 
observations dF,) were estimated from counting statistics. 
Neutral atom scattering factors were taken from ref 30, with 
corrections for anomalous dispersion. All calculations were 
carried out on a DEC alpha-3000 workstation, using the 
Glasgow GX suite of programs.31 
EXAFS Measurements. All EXAFS data were collected 

at the Daresbury synchrotron radiation source (SRS) on 
stations 7.1 and 9.2 in transmission mode, at the Ru K- and 
Pt LIII-edges to 20 8-l in k-space. The solid samples were 
diluted with boron nitride in order to achieve changes in log 
(Ida in the range 1-1.5 at the absorption edge. Solution 
samples were collected in cells of path length -3 mm. Raw 
data were corrected for dark currents and converted to k-space 
(with EXCALIB32), and the background absorption was sub- 
tracted (with EXBACK32) to yield E M S  functions ~ ( k ) .  These 
spectra were truncated (at k,,, see Table 3) to  remove the 
noisy high-k data and Fourier filtered to  remove features at  
distances below -1.1 A, but not to  remove long-distance 

(31) Mallinson, P.; Muir, K. W. J .  Appl. Crystullogr. 1985, 18, 51. 
(32) Binstead, N.; Guman, S. J.; Campbell, J. W., EXCALIB, 

EXBACK, and EXCURV 90, SERC Daresbury Laboratory Programs, 
1990. 

Ellis et al. 

features of the quasi-radial distribution function ke . ,  no 
further noise removal was attempted). Model fitting was 
carried out with EXCURV90,32 using curved wave theory and 
allowing for multiple scattering to  third order for linear and 
near-linear (M-C-0) atom arrangements. Only shells sig- 
nificant at the 95% level were included in the final models; 
Le., shells added to the model were only retained if they caused 
a reduction in the fit index of more than 4% of the previous 
value.33 The number of independent parameters was held 
below 2 A k A r / ~ . ~  Details of the final models are listed in Table 
3, which gives interatomic distances (R),  Debye-Waller factors 
(s), and the coordination numbers, Le., the number of atoms 
in a given shell. Ab initio phase shifts and back-scattering 
factors using spherical wave theory were used throughout. The 
values used throughout for the proportion of adsorption leading 
to EXAFS (MAC = 0.08) and the magnitude of inelastic effects 
modeled by an imaginary potential (VPI = -4.0 eV) were 
confirmed by fits to data previously reported.35 

Acknowledgment. We thank the SERC for finan- 
cial support, and PDRA funding (for D.E. and J.G.C.). 

Supplementary Material Available: Tables of atomic 
parameters, anisotropic thermal parameters, bond lengths and 
bond angles, and least-squares plane deviations for 2a (9 
pages). Ordering information is given on any current mast- 
head page. Tables of observed and calculated structure factors 
are available on request (from L.J.F.). 

OM940657R 

(33) Joyner, R. W.; Martin, K. J.; Meehan, P. J. Phys. C 1987,20, 
4005. 

(34)X-ray Absorption Fine Structure; Hasnain, S. S., Ed.; Wiley: 

(35) Dent, A. J.; Farrugia, L. J.; Orpen, A. G.; Stratford, S. E. J.  
New York, 1992; Chapter 15. 

Chem. Soc., Chem. Commun. 1992, 1456. 
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Unusual Chloropalladation of 
1,2,3-Tri-tert-butyl-3-vinyl-l-cyclopropene To Give an 
q3-(Chloromethyl)cyclobutenyl Ligand. Crystal and 

Molecular Structures of 
Di-y -chlorobis[ (1 -3q)-4-endo-(chloromethyl)- 

1,2,3-tri-tert-butylcyclobutenyl] dipalladium and 
Tetra-p-chlorobis[ ( 1 -3q)-4-endo-( chloromethy1)- 
1,2,3-tri-tert-butylcyclobutenyl] tripalladium 

Bernadette T. Donovan,la Russell P. Hughes,*Ja Paul P. Spara,la and 
Arnold L. Rheingoldlb 

Departments of Chemistry, Burke Chemistry Laboratory, Dartmouth College, 
Hanover, New Hampshire 03755-3564, and University of Delaware, Newark, Delaware 1971 6 

Received August 18, 1994@ 

Treatment of [ PdC12( PhCN)2] with 1.5 equiv of 1,2,3-tri-tert-butyl-3-vinyl- 1 -cyclopropene 
(1) afforded the dimeric v3-cyclobutenyl compound 2. Although the reaction required only 
a 1:l ratio of 1 to [PdC12(PhCN)21, use of only a slight excess of vinylcyclopropene in the 
initial reaction solution resulted in a mixture of 2 and the tripalladium compound 3. 
Compound 2 converts to 3 in the presence of added [PdC12(PhCN)21. Solid state structures 
of 2 and 3 were determined by X-ray crystallography. 2: monoclinic, P21/c, a = 14.113(4) 
A, b = 11.032(3) A, c = 13.752(4) A; ,8 = 118.90(2)", V = 1874.89) A3, and 2 = 2. 3: 
monoclinic, P21/c, a = 14.923(3) A, b = 10.189(3) A, c = 17.559(5) A; ,8 = 111.24(2)", V = 
2488(1) Hi3, and 2 = 2. Both complexes contain the same cyclobutenyl ligand y3-bound to 
palladium, with a pendant chloromethyl group on its endo face. The mechanism of formation 
of the endo-(chloromethy1)cyclobutenyl ligand is discussed. 

Introduction 

The thermal ring expansion of vinylcyclopropanes to 
give cyclopentenes is well-known.2 Since the original 
observation of this rearrangement3 several mechanistic 
investigations have been carried out, providing evidence 
that diradical pathways4 and concerted ones5 are pos- 
sible. Transition metal complexes, including those of 
Fe(O), Ir(I), Ni(O), Ni(II), and Pd(O), are also known to 
promote this rearrangemente2 The most likely mecha- 
nistic sequence involves binding of the transition metal 
to the vinyl group, cleavage of the C-C bond in the 
cyclopropane ring, and subsequent C-C bond formation 
to give the cyclopentene. A particularly illustrative 
example comes from the work of Brown on rhodium- 
promoted reactions of divinylcyclopropanes in which the 
stepwise nature of the ring expansion mechanism has 
been revealed.6 

@Abstract published in Advance ACS Abstracts, December 1, 1994. 
(1) (a) Dartmouth College. (b) University of Delaware. 
(2) Hudlickf, T.; Kutchan, T. M.; Navqui, S. M. Org. React. 1985, 

33, 247-335. Goldschmidt, Z.; Crammer, R. Chem. SOC. Rev. 1988, 
17, 229-267. Salaiin, J. In The Chemistry of the Cyclopropyl Group; 
Rappoport, Z., Ed.; John Wiley and Sons: New York, 1987; pp 809- 
878. Sarel, S. Acc. Chem. Res. 1978,11, 204-211. Khusnutdinov, R. 
I.; Dzhemilev, U. M. J .  Organomet. Chem. 1994,471, 1-18. 
(3) Neureiter. N. P. J .  O m .  Chem. 1969.24. 2044-2046. 
(4) See, for example: ReGrence 2. Willcott, M. R., 111; Cargle, V. 

H. J .  Am. Chem. SOC. 1969,91,4310-4311. 
(5) See, for example: Reference 2. Gajewski, J. J.; Olson, L. P. J. 

Am. Chem. SOC. 1991,113, 7432-7433. Gajewski, J. J.; Squicciarini, 
M. P. J . A m .  Chem. SOC. 1989,111,6717-6728. 

The ring expansions of the more highly unsaturated 
3-vinyl-1-cyclopropene molecules to give five-membered 
ring cyclopentadienes or indenes are also well-known7 
and can be achieved thermallyn or phot~chemically.~ 
The photochemical transformations have been most 
thoroughly studied and appear to occur via diradical 
pathways.8 

It has been demonstrated that ring expansion of the 
more highly unsaturated 3-vinyl-1-cyclopropenes to 1,3- 
cyclopentadienes can also be promoted by transition 
metal c ~ m p o u n d s . ~ ~ ~ ~  In contrast, six-membered ring 
2,4-cyclohexadienonesga or their tautomeric phenol 
 derivative^^^^^ were isolated when certain vinylcyclo- 
propenes were treated with CO-containing transition 
metal compounds. More recently, reactions between 

(6) h i s ,  V.; Brown, J. M.; Conneely, J. A.; Golding, B. T.; William- 
son, D. H. J. Chem. SOC., Perkin Trans. 2 1976,4-10. Alcock, N. W.; 
Brown, J. M.; Conneely, J. A.; Williamson, D. H. J. Chem. Soc., Perkin 
Trans. 2 1979, 962-971. 
(7) (a) Padwa, A. Org. Photochem. 1979,4,261-326, and references 

therein. (b) Breslow, R. In Molecular Rearrangements; de Mayo, Ed.; 
Wiley: New York, 1963; Part 1, p 236. (c) Zimmerman, H. E.; Hovey, 
M. C. J. Org. Chem. 1979, 44, 2331-2345. (d) Zimmerman, H. E.; 
Kreil, K. J. J .  Org. Chem. 1982,47, 2060-2075. (e) Zimmerman, H. 
E.; Fleming, S. A. J .  Org. Chem. 1986, 50, 2539-2551. 
(8) (a) Padwa. A,: Blacklock. T. J.: Getman, D.: Hatanaka, N.; Lorza, 

R. J .  O g .  Chem. 1978,43,1481-1492. (b) Zimmerman, H. E.; Aasen, 
S. M. J .  Org. Chem. 1978,43,1493-1506. 
(9) (a) Grabowski, N. A.; Hughes, R. P.; Jaynes, B. 5.; Rheingold, 

A. L. J .  Chem. SOC., Chem. Commun. 1986, 1694. (b) Cho, S. H.; 
Liebeskind, L. S. J .  Org. Chem. 1987,52, 2631. (c) Semmelhack, M. 
F.; Ho, S.; Steigenvald, M.; Lee, M. C. J .  Am. Chem. SOC. 1987,109, 
4397. 

0 1995 American Chemical Society 
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substituted vinylcyclopropenes and certain rhodium,1° 
iridium,1° and ruthenium1’ compounds have provided 
routes to organometallic complexes containing q5-cyclo- 
pentadienyl ligands. The stepwise nature of the ring 
expansion reaction was established by the isolation of 
ring-opened 1,2,3,5-q-pentadienediyl intermediates and 
subsequent stereochemical studies on their ring-closure 
reactions to give initially q4-cyclopentadiene and, sub- 
sequently, y5-cyclopentadienyl, ligands.12-14 This chem- 
istry has provided a novel route to a sterically congested 
cyclopentadienyl ligand containing three adjacent tert- 
butyl groups.15 

While the chloropalladation and concomitant ring 
opening of vinylcyclopropane and its substituted deriva- 
tives was discovered many years ago, early reports 
contained some erroneous structures and conclusions 
and only more recently has the detailed nature of this 
intriguing reaction been clarified.16 For comparative 
purposes, we wished to investigate the corresponding 
chloropalladation of a vinylcyclopropene, and the sur- 
prising results are described herein. 

Donovan et al. 

Results and Discussion 

Reaction of [PdC12(PhCN)21 with 1.5 equiv of 1,2,3- 
tri-tert-butyl-3-vinyl-1-cyclopropene (1) in CHzClz solu- 

‘BA 

1 

CI 
2 

tion at room temperature resulted in the initially orange 
solution becoming yellow. Removal of solvent under 
reduced pressure provided an oily yellow solid. lH NMR 
analysis of the crude material showed the presence of 
only a single reaction product 2, in addition to reso- 
nances for free benzonitrile and unreacted 1. The 
presence of unreacted vinylcyclopropene in the crude 
reaction residue indicates the absence of any process 

(10) Egan, J. W.; Hughes, R. P.; Rheingold, A. L. Organometallics 

(11) Hughes, R. P.; Robinson, D. J. Organometallics 1989,8, 1015. 
(12) Donovan, B. T.; Egan, J. W.; Hughes, R. P.; Spara, P. P.; 

(13) Donovan, B. T.; Hughes, R. P.; Trujillo, H. A. J .  Am. Chem. 

(14) Donovan, B. T.; Hughes, R. P.; Kowalski, A. S.; Trujillo, H. A.; 

(15) Donovan, B. T.; Hughes, R. P.; Trujillo, H. A,; Rheingold, A. L. 

(16) Parra-Hake, M.; Rettig, M. F.; Williams, J. L.; Wing, R. M. 

1987, 6, 1578. 

Trujillo, H. A,; Rheingold, A. L. Isr. J .  Chem. 1990,30, 351. 

SOC. 1990, 112, 7076. 

Rheingold, A. L. Organometallics 1993, 12, 1038. 

Organometallics 1992, 11, 64. 

Organometallics 1986, 5, 1032, and references cited therein. 

Figure 1. Molecular structure and atom numbering 
scheme for 2. Thermal ellipsoids are drawn at the 40% 
probability level. 

Table 1. Atomic Coordinates (x  104) and Isotropic Thermal 
Parameters (A* x I@) for 2 

X Y Z lJa 

Pd 1170.4(2) 4981.4(2) 6342.5(2) 33.5(1) 
CK1) 770.4(8) 5106(1) 4410.9(8) 58.8(5) 
Cla 2619(31) 1271(17) 7916(22) 71(6) 
Clb 3024(22) 1272(7) 8020(7) 93(4) 
C(1) 1916(3) 4748(3) 8091(3) W 1 )  
C( 11) 1403(3) 4651(4) 8835(3) 45(2) 
C(12) 2311(4) 4837(4) 10040(4) 60(2) 
~ ( 1 3 )  951(4) 3370(5) 8747(4) 690) 
~ ( 1 4 )  472(4) 5530(5) 8571(4) 66(2) 
C(2) 2498(3) 5653(3) 7805(3) 33(1) 
C(21) 2718(3) 7026(4) 7998(3) 45(2) 
C(22) 2376(4) 7679(4) 6897(4) 75(3) 
C(23) 3914(4) 7192(5) 8814(4) 76(3) 
C(24) 2084(4) 7619(4) 8503(4) 73(3) 
(33) 2884(3) 4728(3) 7349(3) 35(1) 
C(31) 3708(3) 4584(4) 6946(3) 50(2) 
C(32) 4818(4) 4345(6) 7985(4) 79(3) 
C(33) 3803(4) 5658(5) 6309(5) 7x31 
C(34) 3443(4) 3458(5) 6202(4) 74(3) 

C(41) 2070(4) 2546(3) 736 l(4) 62(3) 

aEquivalent isotropic U defined as one-third of the trace of the 
orthogonalized Uij tensor. 

(34) 2616(8) 3748(8) 7968(8) 4 i(2) 

Table 2. Selected Bond Distances and Angles for 2 

Pd-C1( 1) 
Pd-C1( la) 
Pd-C( 1) 
Pd-C(2) 
Pd-C(3) 
Pd. C(4) 

Pd-C1( 1)-Pd(a) 
C1( 1)-Pd-Cl(1a) 
C( l)-C(2)-c(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C( 1) 
C(4)-C( 1)-C(2) 
C(2)-C( 1)-C( 14) 
C(2)-C( 1)-c(14) 

~~~~~~ 

(a) Bond Distances ( A )  
2.438( 1) C(l)-C(2) 
2.417(1) W9-W 
2.123(4) C(3)-C(4) 

2.146(3) C(4)-C(41) 
2.570(3) C(41)-Cl(b) 

2.112(3) c(1)-c(4) 

(b) Bond Angles (deg) 
94.7(1) C(l)-C(2)-C(21) 
85.3(1) C(3)-C(2)-C(21) 
90.8(3) C(2)-C(3)-C(31) 
90.7(4) C(4)-C(3)-C(31) 
84.2(3) C(l)-C(4)-C(41) 
89.1(3) C(3)-C(4)-C(41) 

138.0(3) C(4)-C(41)-Cl(b) 
124.3(3) 

1.462(6) 
1.435(6) 
1.531(6) 
1.546(6) 
1.558(5) 
1.852(17) 

135.7(4) 
133.2(4) 
138.9(4) 
124.4(3) 
119.2(4) 
119.7(4) 
109.2(5) 

whereby 1 undergoes any catalytic transformations by 

After recrystallization of the reaction mixture from 
CHCl3, yellow crystals of 2 were subjected to an X-ray 
diffraction study which revealed the solid state structure 
of the complex. A n  ORTEP of 2 is displayed in Figure 
1. Table 1 lists atomic coordinates and isotropic thermal 
parameters for the structure determination, and Table 
2 gives some selected bond distances and angles. The 
ORTEP reveals that 2 is a chloride-bridged dimeric Pd 
complex containing an y3-cyclobutenyl ring bound to 

[PdClz(PhCN)2]. 
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Pd-r/3-(Chloromethyl)cyclobutenyl Complexes 

each metal. The terminal vinylic methylene carbon 
atom of the original five-carbon vinylcyclopropene skel- 
eton appears as a chloromethyl group bound to the 
cyclobutenyl ring on the same face as the palladium (i.e., 
the endo face of the ring). The cyclobutenyl ring 
skeleton has an y3-allylic coordination of C(l)-C(2)- 
C(3) with an average Pd-C bond length of 2.13 A. The 
PdzClz rectangle is planar, and the plane of the allyl 
fragment is tilted 85.1" with respect to this plane. The 
sp3 carbon of the ring, C(4), is bent out of the allyl ligand 
plane by 24.1" away from the metal, with a Pd-C(4) 
distance of 2.571 A. A number of compounds similar 
to 2 may be found in the literature. Dahl and Ober- 
hansli characterized di~-chloro)bis(l,2,3-y3-exo-ethoxy- 
cyclobutenyl)dipalladium(II),17a its endo and 
a related Ni(I1) compound.17b The structural features 
of 2 are in good agreement with these compounds. 

NMR data of CDCl3 solutions of 2 are consistent with 
the solution structure being identical to that observed 
in the solid state. The plane of symmetry in the 
molecule is clear from the 2:l ratio of the tBu resonances 
at  6 1.31 (6, 36 H) and 1.49 (s, 18 H), and the triplet at 
3.00 ppm (2 H, J = 3.0 Hz) and doublet at 4.20 ppm (4 
H, J = 3.0 Hz) support the presence of the H and CH2- 
C1 fragments bound to the sp3 carbon of the cyclobutenyl 
ring. The endo disposition of the chloromethyl substitu- 
ent cannot be determined from solution NMR data, and 
we assume that the solid state structure is maintained. 

Although 2 was the exclusive product from the reac- 
tion of [PdC12(PhCN)21 with an excess of 1, use of less 
than 1.5 equiv of 1 per equivalent of [PdC12(PhCN)21 in 
the initial reaction solution resulted in a more compli- 
cated product mixture. When [PdC12(PhCN)21 was 
allowed to react with 1.1 equiv of 1 in CHzClz solution 
at room temperature, only a subtle change in solution 
color from orange to lighter orange was noted after a 
12 h reaction period. lH NMR analysis of the crude 
reaction mixture showed the presence of peaks for a 
second product, 3, in addition to those for 2, 1, and free 
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H' 'H 

3 

PhCN. The ratio of 2 t o  3 was 4:l. The spectrum of 3 
displayed singlets at 1.22 (36 H) and 1.54 ppm (18 HI, 
a triplet at 3.08 ppm (2 H, J = 3.0 Hz), and a doublet 
a t  4.08 ppm (4 H, J = 3.0 Hz). The similarity of this 
pattern to that of the lH NMR spectrum of 2 suggested 
that the structure of 3 was closely related, although it 
was not possible to deduce the exact structure of 3 from 
this information alone. 

Fortunately, good-quality crystals of 3 could be ob- 
tained separately from 2, since this compound is con- 
siderably less soluble than 2. An X-ray crystallographic 
study revealed the solid state structure of 3. Figure 2 

(17) (a) Dahl, L. F.; Oberhansli, W. E. Inorg. Chem. 1966, 4 ,  629. 
(b) Dahl, L. F.; Oberhansli, W. E. Znorg. Chem. 1966, 4 ,  343. 

I 

C1161 

Figure 2. Molecular structure and atom numbering 
scheme for 3, omitting two molecules of CHCIa. Pd(2) 
resides at a crystallographic inversion center. Thermal 
ellipsoids are drawn at the 40% probability level. 

Table 3. Atomic Coordinates (x  lo4) and Isotropic Thermal 

X Y Z U" 
Parameters (A x 103) for 3 

3376.8(4) 
5000 
4162(2) 
3789(2) 
5070(2) 
2951(5) 
2143(5) 
2634(5) 
3253(5) 
4284(6) 
3215(6) 
4295(7) 
2689(9) 
302 l(7) 
1154(6) 
960(10) 
421(8) 
978(9) 

2404(5) 
1846(8) 
3335(7) 
1861(8) 
1887(10) 
2790(3) 
1176(4) 
1142(4) 

6748.0(6) 
5000 
6905(2) 
4400(2) 
7194(3) 
8627(7) 
7703(7) 
6981(7) 
8203(8) 
8 142( 10) 
9937(8) 

10194(11) 
10992(9) 
10029(9) 
7643(9) 
6362(15) 
7726(20) 
8608(18) 
5862(8) 
6448(10) 
5288(9) 
47 15( 10) 
3949(13) 
3257(4) 
4989(4) 
2775(7) 

5539.4(4) 
5000 
4511(2) 
5455(2) 
6982(2) 
5824(4) 
5592(4) 
6358(4) 
6736(4) 
7332(5) 
5525(5) 
5934(7) 
5798(7) 
461 l(5) 
4932(5) 
4506( 10) 
5294(8) 
4282( 10) 
6835(5) 
7339(6) 
7428(6) 
6324(6) 
3331(8) 
3112(3) 
2523(3) 
3453(5) 

aEquivalent isotropic U defined as one-third of the trace of the 
orthogonalized Ujj tensor. 

displays an ORTEP of 3; two molecules of CHCl3 in the 
lattice are omitted for clarity. Atomic coordinates and 
isotropic thermal parameters are given in Table 3, and 
selected bond distances and angles are provided in Table 
4. The ORTEP shows that 3 contains three Pd atoms 
linked by bridging chloride ligands. The compound 
contains y3-cyclobutenyl rings identical to those ob- 
served in 2. Once again the chloromethyl substituent 
is on the endo face of the four-membered ring, which 
shows y3-allylic coordination of C(l)-C(2)-C(3) to  Pd 
with an average bond distance of 2.12 A. The Pd(1)- 
Cl(l)-Pd(2)-C1(2) fragment is bent and has a dihedral 
angle [C1(1), Pd(l), Cl(2)]-[Cl(l), Pd(2), Cl(2)I of 145.7- 
(1)". With the exception of this bent fragment, the 
principal difference between the solid state structures 
of 2 and 3 is the extra PdClz fragment found in the 
latter. Incorporation of additional PdCl2 units into such 
bridged species is not uncommon.18 Whether or not the 
resultant Pd3C14 bridge is planar or bent has been 
attributed to crystal packing forces.18 Curiously, the 

(18) (a) Parra-Hake, M.; Rettig, M. F.; Wing, R. M. Organometallics 
1983,2, 1013, and references cited therein. (b) Bailey, P. M.; KelIey, 
E. A.; Maitlis, P. M. J .  Organomet. Chem. 1978, 144, C52.  
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Table 4. 

Pd(1)-C(l) 
Pd(1)-C(2) 
Pd( 1)-C(3) 
Pd( 1)-C1( 1) 
Pd( 1)-C1(2) 
Pd(1). * Cl(3) 
Pd(2)-Cl( 1) 

Selected Bond Distances and Angles for 3 
(a) Bond Distances (A) 

2.132(8) Pd(2)-C1(2) 2.308(2) 
2.1 14(8) C(l)-C(2) 1.467( 10) 
2.122(9) C(2)-C(3) 1.473(9) 
2.488(3) C(3)-C(4) 1.550(10) 
2.487(2) c(4)-c(1) 1.560(10) 
2.893(2) C(4)-C(5) 1.5 16( 10) 
2.300(2) C(5)-C1(3) 1.791(11) 

Cl( l)-Pd(2)-Cl( 1’) 
C1(2)-Pd(2)-C1(2’) 
C1( l)-Pd(2)-C1(2) 
Cl( l)-Pd(2)-C1(2’) 
Cl( l)-Pd( 1)-C1(2) 
C1( l)-Pd( 1)-C( 1) 
C1( l)-Pd( 1)-C(2) 
C1( 1 )-Pd( 1 )-C( 3) 
Cl(2)-Pd(l)-C(l) 
C1(2)-Pd( 1)-C(2) 
C1(2)-Pd( 1)-C(3) 

(b) Bond Angles (deg) 
180 C(l)-Pd(l)-C(2) 
180 C( 1)-Pd( 1)-C(3) 
88.0(1) C(2)-Pd(l)-C(3) 
92.0(1) C(l)-C(2)-C(3) 
80.0(1) C(2)-C(3)-C(4) 

111.7(2) C(3)-C(4)-C(l) 
130.5(2) C(4)-C(l)-C(2) 
169.4(2) C(l)-C(4)-C(5) 
168.0(2) C(3)-C(4)-C(5) 
133.1(2) C(4)-C(5)-C1(3) 
110.4(2) 

40.4(3) 
57.9(3) 
40.7(3) 
88.9(5) 
90.7(5) 
82.9(5) 
90.5(6) 

124.3(8) 
124.1(7) 
114.3(6) 

chloromethyl substituent in 2 is oriented with the 
chlorine directed away from the palladium, whereas 
that in 3 has the chlorine located over the metal. We 
ascribe these differences in conformation to crystal 
packing forces. This interpretation is consistent with 
the observation of disorder in the CH2C1 group in 2, with 
a 75%/25% occupancy. The major occupancy site is 
shown in Figure 1. 

Treatment of solutions of pure 2 with additional 
[PdC12(PhCN)z] resulted in rapid formation of 3. Thus, 
unless an excess of vinylcyclopropene is used in the 
original reaction, the initially formed 2 presumably 
competes with free vinylcyclopropene for the additional 
“PdC12” resulting in a mixture of products. 

The overall reaction differs from other known transi- 
tion metal promoted reactions of vinylcyclopropenes in 
that it affords a four-membered ring, rather than a six- 
membered metallacyclohexadiene, or a five-membered 
cyclopentadiene ring.9aJ0-14 The mechanism of this 
particular ring expansion reaction is rather intriguing 
in that the observed endo disposition of the chloromethyl 
substituent is difficult to explain on the basis of past 
precedent.1°-14 Based on these previous results, the 
mechanistic options outlined in Scheme 1 seem reason- 
able. 

Binding of palladium to the vinyl group rather than 
the endocyclic olefin is assumed to give intermediate 4, 
followed by insertion of palladium into the cyclopropene 
a-bond to  afford the pentadienediyl intermediate 5. 
Rhodium analogues of 5 have been isolated and crys- 
tallographically characterized.12 Isotopic labeling stud- 
ies have illustrated unambiguously that a planar me- 
tallacyclohexadiene ring like 6 (Scheme 1) cannot be 
formed from this particular vinylcyclopropene 1, due to 
the requirement that three tert-butyl groups would have 
to occupy contiguous carbon atoms in such a ring 
system.12J3 Consequently, by analogy to previously 
characterized rhodium chemistry,l3 the subsequent 
chemistry of pentadienediyl ligands like that in 5 is 
expected to involve a stereospecific ring closure by cis 
addition of the Pd-C(-C) bond to the coordinated olefin 
to give a cyclopentadiene ligand. Clearly this does not 
occur. However, chloropalladation of coordinated olefins 
is well-known;lsa addition of Pd-C1 to the coordinated 
olefin in 5 would afford the butadienyl-Pd intermediate 

Scheme 1 
H H  

‘Bu’ 7 5 ‘BU 4 

‘Bu 

‘BU A\. .H 

I 
‘BU 6 

...-- 1 

‘BU 

7c I 

7, which can be drawn as either canonical form 7a or 
7b. Notably, by virtue of the required conformation of 
the coordinated olefin in 6, the resultant chloromethyl 
substituent in 7 must be trans to the tert-butyl group, 
as shown in 7b. The stereochemistry (and reversibility) 
of ring closure of butadienyl-palladium complexes to 
give cyclobutenyl complexes is well established in light 
of its significance in the palladium-promoted cyclooli- 
gomerization of alkynes.19 Closure is known to be 
stereospecific and is usually discussed as a thermally 
allowed conrotatory electrocyclic closure, as predicted 
by the Woodward-Hoffman  rule^.^^^,^ As an aside, 
because the structures of butadienyl-Pd species are 
helical, with nonconjugated double bonds,lgc as shown 
for 7c (Scheme l), and consequently a concerted elec- 
trocyclic reaction seems unlikely, we prefer to  think of 
this reaction as a cis addition of the Pd-C o-bond to 
the coordinated olefin as shown for 7c and as demon- 
strated for pentadienediyl ~omp1exes.l~ Consequently, 
all such closure reactions must appear to be “conrota- 
tory”, regardless of ring size, as the olefin terminus must 
rotate as shown in 7c. Such closure of 7 must afford 
the cyclobutenyl ligand with the chloromethyl group in 
the ex0 position. Consequently we discount the mecha- 
nism shown in Scheme 1. 

The only way that an endo-chloromethyl group could 
be generated by this kind of pathway would be by a 
stereomutation of 7, in the manner proposed by Maitlis 
for certain other butadienyl complexes,lgb and as shown 
in Scheme 2. The metallacyclic flip, via intermediate 
9, can afford the required precursor 10 for generation 

(19) (a) Jack, T. R.; May, C. J.; Powell, J. J. Am. Chem. SOC. 1978, 
100, 5057. (b) Taylor, S. H.; Maitlis, P. M. J. Am. Chem. SOC. 1978, 
100,4700. (c )  Bailey, P. M.; Taylor, S. H.; Maitlis, P. M. J. Am. Chem. 
Soc. 1978, 100, 4711. 
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Pd-9-(Chloromethy1)cyclobutenyl Complexes 

Scheme 2 

Organometallics, VoE. 14, No. 1, 1995 493 

Scheme 3 
U 

‘BU CICHD 

2 

of the observed product 2. This pathway requires 
formation of a high-energy metallacycle 9 in which three 
tert-butyl groups occupy positions on contiguous carbon 
atoms, and the required intermediate 10 requires forc- 
ing the chloromethyl group cis to a tert-butyl group prior 
to ring closure to give 2. Alternatively, a direct alkyl- 
to-carbene migration in intermediate 9 would afford 2 
directly.20 In a planar metallacycle like 9, this seems 
unlikely since overlap of the migrating alkyl carbon 
orbital with the n-orbital of the carbene ligand is zero; 
were 9 puckered, with the chloromethyl substituent 
exclusively in an equatorial position, such a mechanism 
would account for formation of 2.20 We feel that while 
these high-energy pathways might generate some of the 
observed endo product 2, neither seems highly likely to 
be the exclusive pathway for cyclobutenyl ligand forma- 
tion, given the optional lower energy route to isomer 8 
shown in Scheme 1. We discount these mechanisms 
accordingly. 

Abandonment of the mechanisms shown in Schemes 
1 and 2, albeit for good reasons, requires us to propose 
a pathway based on another precedent, one that may 
challenge some of our previous assumptions of how the 
initial metal-promoted vinylcyclopropene ring opening 
occurs. Breslow has shown that solvolysis reactions of 
the cyclopropenylcarbinyl tosylate 11 (Scheme 3) do not 
proceed via trapping of the carbenium ion 12a.21 In- 
stead, the barrier to loss of tosylate is lowered consider- 
ably by delocalization of developing positive charge at 
the CH2 carbon atom into the Walsh C-C a-orbitals of 
the cyclopropene ring as shown in 12b. There is no 
stabilization available by conjugation with the endocy- 
clic olefin. Furthermore, the activation barrier to rear- 

(20) We are grateful to a reviewer for suggesting this pathway as 

(21) Breslow, R.; Lockhart, J.; Small, A. J. Am. Chem. SOC. 1962, 
an  alternative mechanism. 

84, 2793. 

I 

11 12a 
Ph 

H 

Scheme 4 
‘Bu 

‘Bu H \ 

4 4a 

‘BU H 
\ 

‘B U 

‘BU 

H 2  

rangement of 12b t o  the far more stable cyclobutenyl 
cation 13 is very low, with the result that the only 
products obtained in this reaction are those resulting 
from trapping of the cyclobutenyl cation 13.21 These 
observations suggest another way of thinking about the 
first formed olefin complex intermediate 4 as shown in 
Scheme 4. One resonance form for 4 is shown as 4a. 
This is a cyclopropenylcarbinyl cation completely analo- 
gous to that shown in Scheme 3 as 12a. Analogous 
delocalization of positive charge at the olefinic carbon 
atom into the a-framework of the cyclopropenyl ring 
must be possible as shown in 4b, and the barrier to 
rearrangement of 4b to 14 should also be very small. 
Intramolecular trapping of 14 would afford 15 as shown, 
and reductive elimination of a C-C1 bond from 15, or 
perhaps from its v3 form 16, would yield the observed 
product 2 with the correct stereochemical disposition of 
the chloromethyl substituent. 
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This mechanism, with its organic precedent, provides 
an intriguing alternative, and certainly a more satisfy- 
ing outcome, than those in Schemes 1 and 2. Experi- 
ments designed to probe for the intermediacy of inter- 
mediates analogous to  15 in other transition metal 
promoted reactions of vinylcyclopropenes are possible 
and are currently underway in our laboratory. 

Donovan et al. 

Experimental Section 
General Procedures. All manipulations were carried out 

using standard Schlenk techniques unless otherwise indicated, 
although the starting materials and products all appear to  be 
air stable. Synthetic, crystallization, and NMR solvents were 
dried and then distilled under dinitrogen prior to use. CHZ- 
Clz was dried over P4010, CaHz, or Na-Pb. Benzene was dried 
over K, and CDCl3 over Linde 4 A molecular sieves or P4010. 
Petroleum ether (35-50 "C fraction) was purified by stirring 
over concentrated HzS04 for several days (in order to remove 
olefins), followed by washing successively with distilled water, 
10% aqueous sodium carbonate solution, and again with 
distilled water. The solvent was dried with MgS04, then Na 
metal, and finally with Na/K alloy. 

Palladium(I1) chloride was obtained from Johnson Matthey 
Esar-Alfa. The preparation of 1,2,3-tri-tert-butyl-3-vinyl-l- 
cyclopropene (1) has already been reported.l2 [PdClz(PhCN)z] 
was prepared by the literature method.22 

IH (300 MHz) and I3Cf1H} (75 MHz) NMR data were 
obtained using a Varian Associates XL-300 spectrometer at 
23 "C. All IH and 13C chemical shifts are reported as parts 
per million downfield from tetramethylsilane. Infrared spectra 
were recorded on a Bio-Rad Digilab FTS-40 spectrophotometer. 
Melting points were determined using an  Electrothermal 
capillary melting point apparatus and are uncorrected. Mi- 
croanalyses were performed at Spang Microanalytical Labora- 
tory, Eagle Harbor, MI. 

Preparation and Characterization of 2 and 3. (a) 
Isolation of Crystals of Tetrakis@-chloro)bistl,2,3-q3-4- 
endo-( chloromethyl)-1,2,3-tri-tert-butylcyclobutenyll tri- 
palladium(I1) (3). PdClZ(PhCN)z (0.337 g, 0.881 mmol) was 
dissolved in CHzClz (5 mL) in a Schlenk tube. A solution of 1 
(0.207 g, 0.883 "01) in (3 mL) was then layered on top 
of the orange CHzClz solution. This bilayered array was 
maintained while the Schlenk tube was allowed to stand at 
room temperature. Red-brown crystals formed at  the interface 
of the two layers after 2.5 h, at  which time the mixture was 
cannula filtered. These isolated crystals of 3 had the following 
spectral features: IH NMR (CDC13): 6 1.22 (s,36 H, tBu), 1.54 
(s, 18 H, tBu), 3.08 (t, 2 H, J = 3.0 Hz, CH), 4.08 (d, 4 H, J = 

(C3), 35.4 (C5), 44.9 (C8), 53.3 (C4), 101.9 (Cl), 136.1 (C2). IR 
(KBr pellet): 2999 (sh), 2961, 2918, 2870, 1482, 1471, 1396, 
1362, 1228, 738 (cm-'1. Mp 180-182 "C (dec). The crystals 
were recrystallized from CHC13 and were then subjected to  
an X-ray diffraction study. 

(b) Isolation of Crystals of Bis@-chloro)bis[l,2,3-qs-4- 
endo-(chloromethy1)- 1,2,3-tri-tert-butylcyclobutenyl]di- 
palladium(I1) (2). Refrigeration of the mother liquor from 
part a (above) at -20 "C for 5 days afforded a mixture of yellow 
crystals of 2 and orange crystals which were apparently 
composed of a 1:l mixture of 3 and 2. The yellow and orange 
crystals were separated manually with the aid of a microscope. 
The yellow crystals (2) had the following spectral features: IH 
NMR (CDC13): 6 1.31 (s, 36 H, t B ~ ) ,  1.49 (s, 18 H, t B ~ ) ,  3.01 
(t, 2 H, J = 3.0 HZ CH), 4.21 (d, 4 H, J = 3.0 Hz, CHZCl). 13C 
{IH} NMR 6 29.9 (C341, 32.5 (C24), 32.6 (C21), 35.5 (C31), 
44.3 (C41), 53.9 (C4), 101.7 (Cl), 133.8 (C2). IR (KBr pellet): 
2982 (sh), 2962, 2929, 2866, 2336, 2326, 1485, 1397, 1365, 
1228, 751 (cm-'). Mp 170-174 "C (dec). Anal. Calcd for 
C34HsoC14Pdz: C, 49.60; H, 7.27. Found: C, 49.51; H, 7.33. 

3.0 Hz, CHZC1). 13C NMR (CDCl3): 6 29.9 (C6), 32.5 (C7),32.6 

(22) Kharasch, M. S.; Seyler, R. C.; Mayo, F. R. J. Am. Chem. SOC. 
1938, 60, 882-884. 

The orange crystals presumably resulted from cocrystalli- 
zation of 3 and 2 in a 1:l ratio, as evidenced by their solution 
'H NMR data (CDC131, which was indistinguishable from that 
of a solution prepared from pure 3 and 2: 6 1.22 (s, 36 H, tBu), 
1.31 (s, 36 H, tBu), 1.49 (s, 18 H, tBu), 1.54 (s, 18 H, tBu), 3.00 
(br s, 1 H, CH), 3.08 (br s, 1 H, CH), 4.08 (br s, 2 H, CHZCl), 

(c) Details of X-ray Diffraction Study of 2. [C17H30C12- 
PdIz, yellow, monoclinic, P21/c, a = 14.113(4), b = 11.032(3), c 
= 13.752(4) A; B = 118.90(2Y, V =  1874.5(9) A3, 2 = 2, Dcalc = 
1.46 g ~ m - ~ ,  p (Mo Ka) = 12.44 cm-l, and T = 293 K. Of 4079 
absorption-corrected reflections collected (Nicolet R3/p difFrac- 
tometer, 4" 5 28 5 52'1,3708 were independent (Rkt = 3.65%) 
and 2583 were observed (F, 2 5uF0). The Pd atom was located 
by a Patterson map. Very large thermal parameters for the 
C-bound C1 atom were interpreted as disorder over two sites, 
Cl(a), 25% and Cl(b), 75% occupancy. The sites are separated 
by -0.5 A. Hydrogen atoms were idealized and isotropic, non- 
hydrogen atoms anisotropic: R(F~  = 3.45%, R(wF) = 3.98%, 
GOF = 1.248, Ah max = 0.127, = 1.01 eA-3 (Pd noise), 
datdparameter = 13.5. All computations used SHEIXTL (5.1) 
software, G. Sheldrick, Nicolet XRD, Madison, WI. 

(d) Details of X-ray Diffraction Study of 3. [c34&&16- 
Pd31.2CHC13, red-brown monoclinic, P21/c, a = 14.923(3), b = 

= 1.655 g ~ m - ~ ,  p (Mo Ka) = 17.2 cm-l, and T = 293 K. Of 
4307 reflections collected (Nicolet R 3 d p  diffractometer, 4" 5 
28 5 48"), 3906 were independent and 2670 were observed (F, 
2 3uF0). Systematic absences in the diffraction data uniquely 
determined the space group. Corrections for absorption 
(empirical, six reflections, 10" steps) and decay were applied 
to the data. The structure was solved from a sharpened 
Patterson map. Two molecules of recrystallization solvent, 
CHC13, accompany each Pd3 complex in the lattice. All non- 
hydrogen atoms were refined with anisotropic thermal pa- 
rameters, and all hydrogen atoms were treated as idealized 
isotropic contributions ( ~ C H  = 0.96 A). All computations used 
SHELXTL (5.1) sofiware (G. Sheldrick, Nicolet XRD, Madison, 
WI). 

Reaction of PdC12(PhCN)2 with 1.5 Equiv of 1. 1 (0.185 
g, 0.79 mmol) was added to  a solution of freshly prepared 
PdClZ(PhCN)z (0.200 g, 0.52 mmol) in CHzClz (10 mL) at room 
temperature. The solution was allowed to stir for 12 h, during 
which time a color change from orange to yellow-amber was 
noted. Solvent was removed by reduced pressure, leaving a 
wet yellow solid. IH NMR analysis of a CDC13 solution of the 
crude residue showed the presence of 1, PhCN (6 7.65-7.43 
(m, PhCN)), and the dipalladium product 2. Resonances for 
the tripalladium complex were absent from the spectrum. 

Reaction of PdCla(PhCN)z with 1.1 Equiv of 1. 1 (0.101 
g, 0.431 mmol) was added to a solution of freshly prepared 
PdClZ(PhCN)z (0.150 g, 0.391 mmol) in CHzClz (10 mL) at  room 
temperature. During the 12 h reaction, the color of the 
initially orange solution lightened but did not become yellow. 
Solvent was removed by reduced pressure, leaving an oily 
orange solid. In addition to showing resonances for free PhCN 
and 1, IH NMR analysis of a CDCls solution of the crude 
residue revealed the presence of 2 and 3 in a ratio of 4:l. 

4.21 (d, 2 H, J = 2 Hz, CHZC1). 

10.189(3), c = 17.559(5) A; B = 111.24(2)", V =  2488(1) A3, DCdc 
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Four mesitylaluminum derivatives, Mes&(4-picoline)(C,H&5 (11, E t M e s a T H F  (21, Mesz- 
CM-THF (31, and [Mes~Al(p-Cl)lz (4) (Mes = 2,4,64rimethylphenyl), have been prepared 
and their structures determined by single crystal X-ray diffraction methods. Compound 1 
crystallizes in the monoclinic space group C2/c (No. 15): a = 43.784(15) A, b = 8.901(1) A, 
c = 16.760(2) A, p = 104.02(2)", 2 = 8, R = 10, and R, = 9.9. Compound 2 crystallizes in 
the orthorhombic space group P212121 (No. 19): a = 12.057(9) A, b = 13.490(3) A, c = 14.037- 
(2) A, 2 = 4, R = 5.4, and R, = 3.9. The halide derivative 3 crystallizes in the primitive 
monoclinic space group P21h (No. 14): a = 17.18(1) A, b = 14.754(2) A, c = 17.316(2) A, ,8 
= 92.74(3)", 2 = 8, R = 6.5, and R, = 2.4. The base-free compound 4 exists as a dimer and 
crystallizes in the space group P21h (No. 14): a = 12.288(2) A, b = 15.824(3) A, c = 9.095(2) 
A, /3 = 108.43(2)", 2 = 4, R = 5.4, and R, = 5.9. The distortion associated with 1, 2, and 3 
relative to the parent monomeric molecule, M e s a ,  is discussed with respect to substitution 
of the mesityl group for the C1 and E t  ligands. 

Introduction 

Bulky substituents have been widely used in main 
group chemistry to stabilize highly reactive compounds 
or species with unique structures.1-6 The synthesis of 
such compounds is of current interest due to their novel 
chemistry and structural features. For example, the 
halide complexes have been demonstrated to be valuable 
precursors to divalent Group 3 compo~nds.~-l~ We have 
established that M e s d  is a three-coordinate, mono- 
meric molecule in which the mesityl group affords a very 
bulky unit with the ortho methyl groups providing 
significant steric hindrance/protection of the metal 
center and preventing formation of the commonly 
observed carbon-bridged aluminum dimer.3 The mol- 
ecule was shown to have an open pocket on either side 
of the aluminum atom which might accommodate a 
basic moiety. Seidel established that the THF adduct, 
Mes&THF,ll can be formed, and our examination of 
its structure shows that the THF molecule binds directly 
to the aluminum.12 The geometry of the resulting 
addition compound is distorted from that of other simple 
adducts. To further explore the effects of the base size 
and substitution on the geometry around the aluminum 
atom, we have prepared and structurally characterized 

@ Abstract published in Advance ACS Abstracts, December 1, 1994. 
(1) Leman, J. T.; Barron, A. R. Organometallics 1989, 8, 2214. 
(2) Petrie, M. A.; Olmstead, M. M.; Hope, H.; Bartlett, R. A.; Power, 

(3) Jerius, J. T.; Hahn, J. M.; Rahman, A. F. M. M.; Mols, 0.; Ilsley, 

(4) Ranaivonjatovo, H.; Escudi6, J.; Couret, C.; Declercq, J.-P.; 

( 5 )  Beachley, 0. T., Jr.; Churchill, M. R.; Pazik, J. C.; Ziller, J. W. 

(6) Baines, K. M.; Cooke, J .  A. Organometallics 1992,11, 3487. 
(7) Uhl, W. 2. Naturforsch. 1988,43b, 1113. 
(8) Pluta, C.; Pbrschke, K.-R.; Kruger, C.; Hildenbrand, K. Angew. 

Chem., Int. Ed. Engl. 1993,32, 388. 
(9) Uhl, W.; Vester, A.; Kaim, W.; Poppe, J .  J. Organomet. Chem. 

1993,454, 9. 
(10) Wehmschulte, R. J.; Ruhlandt-Senge, K.; Olmstead, M. M.; 

Hope, H.; Sturgeon, B. E.; Power, P. P. Inorg. Chem. 1993,32, 2983. 
(11) Seidel, W. 2. Anorg. Allg. Chem. 1985, 524, 101. 
(12) De Mel, V. S. J.; Oliver, J. P. Organometallics 1989, 8, 827. 

P. P. J. Am. Chem. SOC. 1993,115, 3221. 

W. H.; Oliver, J. P. Orgunometallics 1986, 5, 1812. 

Duburg, A,; Satg6, J. Organometallics 1993, 12, 1674. 

Organometallics 1986, 5, 1814. 

Mes&l.(4-picoline)(C7H&5 (l), EtMesfiTHF (2), Mesz- 
ClAl-THF (3), and [Mes~Al&-Cl)lz (4). The structural 
observations resulting from this work are discussed with 
respect to related Group 13 organometallic complexes 
containing sterically-demanding ligands. 

Experimental Section 
(A) General Procedures and Information. The com- 

pounds under investigation are both air and water sensitive, 
so all reactions and manipulations were carried out using 
standard Schlenk line and glovebox techniques. Argon was 
purified by passing it through a series of columns containing 
Deox catalyst (Alfa), sodium hydroxide, and calcium chloride. 
All solvents used were dried using standard techniques,13 and 
all glassware was oven dried. The alkylaluminum halides, 
EtAlClz (1.8 M solution in toluene), MeAlClz (1.0 M solution 
in hexane), 4-picoline, and 2-bromomesitylene were purchased 
from Aldrich and used as received. Mes& Mes&THF, and 
MesMgBr were prepared according to the literature meth- 
o d ~ . ~ , ' ~  Aluminum trichloride was purchased from EM Science 
and sublimed using a high-vacuum system prior to use. lH 
and 13C NMR spectra were recorded on a General Electric QE 
300 NMR or a Varian Gemini-300 spectrometer at  ambient 
temperature. The proton chemical shifts were referenced to 
C6DsH (6 = 7.15 ppm), and the carbon resonances were 
referenced to  C6De (6 = 128.0 ppm). Elemental analyses on 
selected compounds were performed by Galbraith Laboratories, 
Knoxville, TN. Melting points were recorded on a Haake- 
Buchler apparatus in sealed capillaries and are reported 
uncorrected. Mass spectrometry data were obtained on a 
Kratos MS80 RFA mass spectrometer with electron impact 
ionization at  70 eV, and IR spectra were recorded as Nujol 
mulls on a Nicolet DX20 FTIR spectrometer. 

Synthesis of MessAl.(Cpicoline)(C,He)o.a (1). The THF 
adduct of M e s a  (0.500 g, 1.09 mmol) was dissolved in 50 mL 
of toluene. A 0.11 mL (1.1 mmol) portion of 4-picoline was 
added at room temperature, and the mixture was stirred 
overnight. The resulting solution was concentrated, yielding 
a white product which was recrystallized from hot toluene: mp 
169 "C dec; lH NMR (CsDs, 6, ppm) 1.37 (s, 3H, 4-cH3- 

(13) Shriver, D. F.; Drezdzon, M. A. The Manipulation of Air- 
Sensitive Compounds; John Wiley & Sons: New York, 1986. 

0276-733319512314-0495$09.00/0 0 1995 American Chemical Society 
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pyridine), 2.10 (s, 1.5H, PhCH3), 2.26 (s, 9H, p-Me of Mes), 
2.44 (s, 18H, o-Me of Mes), 5.96 (d, 2H, JH-H = 5 Hz, m-H of 
4-picoline), 6.89 (s, 6H, m-H of Mes), 6.99-7.13 (m, 2.5H, 
toluene), 8.41 (d, 2H, JH-H = 5 Hz, o-H of 4-picoline); 13C(lH} 
NMR (CsD6,6, ppm) 21.26 @-Me of Mes), 25.94 (0-Me of Mes), 
21.36 (Me-pyridine), 20.55 (PhMe), 125.06, 125.64, 128.32, 
128.50, 129.27, 136.29, 146.18, 149.41, 150.24 (aryl). 

Synthesis of EtMesaTHF (2). A solution of EtAlClz in 
toluene (1.8 M, 58.2 mL, 103 mmol) was added dropwise to  2 
equiv of the mesityl Grignard reagent a t  0 "C. The reaction 
mixture was refluxed for 2 h and stirred overnight. The 
solvent was removed under vacuum and the crude product 
extracted twice with hot toluene (-300 mL). The volume of 
the toluene extract was reduced by 50%, resulting in the 
precipitation of a crude product identified primarily as mag- 
nesium salts. The supernatant was decanted and the toluene 
removed under vacuum, yielding a white solid which was 
washed with pentane. The solid was recrystallized from 
benzene at approximately 5 "C, collected, and identified as 
EtMes&THF: yield, 75%; mp 166-169 "c;  'H NMR (C&, 
6, ppm) 0.50 (9, 2H, -CHzCHd, 1.07 (m, 4H, 3,4-H of THF), 
1.21 (t, 3H, -CHzCH3), 2.25 (s, 6H,p-Me), 2.43 (s,12H, o-Me), 
3.57 (m, 4H, 2,5-H of THF), 6.85 (s, 4H, m-H); 13C NMR (CsD6, 
6, ppm) 7.02 (-mzCH3), 10.65 (-CH2CH3), 21.28 @-Me), 24.84 
(THF), 25.50 (0-Me), 71.40 (THF), 127.69 (m-Ar), 136.22 @- 
Ar), 145.39 (0-Ar), 147.06 (ipso-C). Anal. Calcd (found) for 

Synthesis of Mes2ClAl*THF (3). A solution of Ac13 in 
THF was prepared by placing THF (-150 mL) in a flask which 
was then cooled to -78 "C. The Mc13 (13.30 g, 100 mmol) 
was added slowly with stirring. The solution was brought to 
room temperature and added dropwise to 2 equiv of the mesityl 
Grignard solution at  0 "C. After addition of the aluminum 
halide, the mixture was allowed to  warm to  room temperature 
and then was refluxed for 2 h and allowed to stir overnight. 
The solvent was removed under reduced pressure, and the 
remaining solid was extracted with warm toluene (-60 "C, 
-800 mL). Concentration of this solution followed by addition 
of pentane yielded a white solid which was recrystallized from 
toluene at  -20 "C and identified as Mes2ClAl.THF: yield, 70%; 
mp 155-159 "c; 'H NMR (C&, 6, ppm) 1.01 (m, 4H, 3,4-H of 
THF), 2.22 (s, 6H, p-Me), 2.56 (s, 12H, o-Me), 3.67 (m, 4H, 2, 
5-H of THF), 6.85 (s, 4H, m-H); 13C NMR (CsDs, 6, ppm) 20.90 
@-Me), 24.41 (THF), 25.37 (0-Me), 72.39 (THF), 127.88 (m- 
Ar), 137.18 @-AI-), 142.90 (ipso-C), 145.41 (0-Ar). Anal. Calcd 
(found) for CzzH3&lC10: C, 70.86 (69.751, H, 8.11 (8.11). 

Preparation of [Mes2AICu-C1)12 (4). Trimesitylaluminum 
(0.500 g, 1.30 mmol) was added to 0.5 equiv ofAlCl3 in benzene. 
The mixture was stirred overnight, during which time the 
trihalide disappeared. The solvent was removed under re- 
duced pressure, and the residue was recrystallized from 
hexane at -20 "C: yield, 0.670 g, 57%; mp 160-161 "C; 'H 
NMR (C6D6, 6, ppm) 2.10 (s, 6H, p-Me of Mes), 2.44 (s, 12H, 
o-Me of Mes), 6.67 (s, 4H, aryl of Mes); l3C(lH} NMR (C&, 
6, ppm) 21.19 (p-Me of Mes), 25.15 (0-Me of Mes), 127.38, 
128.32,139,30, 145.34 (aryl); IR (Nujol, v, cm-l) 1603 (s), 1057 
(m), 1027 (m), 951 (w), 845 (s), 614 (s), 541 (m); MS (EI, mle ,  
relative intensity) 549 (M+ - C1 - Me - H, 0.11, 446 (M+ - 
Mes - C1,0.5), 300 (Mes&lC1,14.5), 285 (MesACl- Me, 3.4), 
265 ( M e s a ,  36.71, 181 (MesAlCl, 6.8). 

Synthesis of Mes&leAlTHF (5). A 1.0 M hexane solution 
of MeAlClz (51.5 mL, 52 mmol) was added dropwise to 2 equiv 
of MesMgBr in THF at 0 "C. The reaction mixture was 
refluxed for 2 h and stirred overnight. The product was 
isolated using the procedure described for 3: yield, 75%; mp 

0.96 (m, 4H, THF), 2.27 (s, 6H, p-Me), 2.48 (s, 12H, o-Me), 
3.50 (br, 4H, THF), 6.89 (s,4H, m-HI; I3C NMR (CsDs, 6, ppm) 
-4.46 (AlCH3), 21.26 @-Me), 24.75 (THF), 25.61 (0-Me), 71.52 
(THF), 127.79 ( m - k ) ,  136.35 (p-Ar), 145.46 ( o - A ~ ) ,  147.37 (ipso- 
C). 

Organometallics, Vol. 14, No. 1, 1995 

C&3&0: C, 78.65 (76.42); H, 9.63 (9.28). 

136-140 "C; 'H NMR (C&, 6, ppm) -0.06 (s, 3H, AlCH3), 

Lalama et al. 

(B) X-ray Data Collection and Structure Refinement. 
Crystals of suitable quality were prepared using the proce- 
dures described above. Crystals of 1-4 were sealed in thin- 
walled glass capillaries under an argon atmosphere. Diffrac- 
tion data for 1 and 4 were collected on a Nicolet P21 
diffractometer using Mo Ka radiation. Data for 2 were 
collected on a Nicolet P3N diffractometer using Cu radiation 
while data for 3 were obtained from a Nicolet R3 difiactometer 
using Mo Ka  radiation. The initial orientation matrices were 
obtained from machine-centered reflections selected from 
rotation photographs. These data were used to determine the 
crystal systems. Rotation photographs around each axis were 
consistent with monoclinic (1, 3, 4) and orthorhombic (2) 
crystal systems. Ultimately, 25 high-angle reflections were 
used to  determine the final cell constants and orientation 
matrices. Systematic absences indicated that 1 could belong 
to the space group C2/c or Cc. Wilson statistics suggested a 
centrosymmetric structure, and therefore the space group C2/c 
was chosen. The assignment of this space group was con- 
firmed by successful refinement of the structure. The space 
groups P212121, P2da and P21/c were unambiguously deter- 
mined from systematic absences for 2,3, and 4, respectively. 
No absorption corrections were applied to the data since in 
all cases the absorption coeficients are small (1-8 cm-'). 
Three standard reflections were collected every 97 reflections, 
revealing that 1, 2, 3, and 4 decayed 1, 3, 7, and 6%, 
respectively. Selected X-ray data and structural parameters 
are listed in Table 1. 

For 2 and 3, the data reduction was carried out using 
SHEIXTL programs,14 and the data refinement was performed 
with SHELX-76.15 Structures 1 and 4 were refined using 
SHEIXTL PC.I6 Scattering factors17 for neutral non-hydrogen 
atoms were used and the data were corrected for Lorentz and 
polarization effects. Direct methods were used to determine 
the heavy atom positions for all four compounds. The remain- 
ing non-hydrogen atoms were located from successive differ- 
ence Fourier map calculations. Full-matrix, least-squares 
refinement of positional and thermal parameters for non- 
hydrogen atoms was carried out by minimizing the function 
UwlF0l - lFc1)2. The methyl groups were treated as rigid 
rotors, with a C-H bond distance of 0.96 A and H-C-H angles 
of 109.4'. Their isotropic thermal parameters were fixed either 
at  1.2 times the isotropic thermal parameter of the contiguous 
carbon atom (2 and 3) or at 0.08 Az (1 and 4). All hydrogen 
atom positional parameters were allowed to ride with their 
parent carbon atoms during subsequent refinement. 

In the final cycles of refinement in 1, the Al and N atoms 
were refined anisotropically. All other atoms were refined 
isotropically because of the limited size of the data set. In 2, 
3, and 4, all non-hydrogen atoms were refined anisotropically. 
The asymmetric unit of 1 contains one independent molecule 
and one-half of a molecule of toluene in the asymmetric unit, 
the atoms of which occupy general positions. The toluene 
molecule was disordered and was located near the center of 
inversion. Its position was located from a difference Fourier 
map. It occupied two positions with interchange of the toluene 
methyl group. It was refined as a rigid group, with dfing = 
1.395 h 0.05 h; and dmethyl = 0.96 A, with a 50% occupancy 
factor for the two orientations of the toluene. One and two 
independent molecules occur in the asymmetric units of 2 and 
3, respectively, and one-half of the dimer in the asymmetric 
unit of 4. All observed reflections were used for the refinement 
of 1, but three, six, and two reflections were excluded during 
the refinement of 2, 3, and 4, respectively. The residual 

(14) Sheldrick, G. M. SHELXTL; University of Gottingen: Gottin- 
gen, Federal Republic of Germany, 1978. 

(15) Sheldrick, G. M. SHELX-76; University Chemical Laboratory: 
Cambridge, England, 1976. 

(16) SHELXTL PC, Siemens Analytical X-Ray Instruments, Inc.: 
Madison, WI, 1990. 

(17) International Tables for X-ray Crystallography; Kynoch: Bir- 
mingham, England, 1974; Vol. IV (present distributor, D. Reidel: 
Dordrecht). 
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Table 1. Selected Experimental Parameters for the X-ray Diffraction Study of Mes3Al.(4-picoline)(C7Ha)os (l), EtMesAbTHF 
(2). Mes2ClAl-THF (3), and IMesAl(~-Cl) l~ (4) 

1 2 3 4 

formula c 3 6 . 5 w M  C ~ s s O M  CzzHsoOCL41 CigHzzAlC1 
mol wt 519.71 366.52 372.91 300.81 

C2/c (No. IS) E12121 (NO. 19) P21/a (No. 14) E ~ / c  (NO. 14) 
43.784(15) 12.057(9) 17.18( 1) 12.288(2) 
8.901( 1) 13.490(3) 14.754(2) 15.824(3) b (A) 

c (A) 16.760(2) 14.027(2) 17.316(2) 9.095(2) 
B (deg) 104.02(2) 90.00 92.74(3) 108.43(2) 
v (A3) 6337(2) 228 l(2) 4384(3) 1678.2(5) 
2 8 4 8 4 
DCdc (g/cm3) 1.089 1.067 1.130 1.191 
radiation (A) Mo Ka Cu Ka Mo Ka Mo Ka 
20 range (deg) 4.5-45.0 0-110 5-50 5-50 
F(O00) (electrons) 2232 800 1600 640 
no. of data collected 4310 3297 7935 3201 
no. of unique reflns 4172 2882 7074 2945 
no. of obsd reflns 1875 (Fo 2 4uF0) 2465 (Fo z 4uF0) 3396 (Fo z 3uF0) 1450 (Fo z 4uF0) 
P (cm-9 0.88 8.04 2.18 2.69 
refined variables 326 236 452 175 
R" 0.10 0.0542 (0.0561)e 0.065 0.054 

max shiftksd O.Oo0 0.003 0.002 O.Oo0 

SP% 

R W b  0.099 0.0391 (0.0405)e 0.024 0.059 

R = c(IFol - IFcl)/cIFol. R, = [Ew(lFo/ - IFc l )2~wlFo~z]1n .  Bracketed values are for the opposite enantiomer. 

electron densities of 1-4 are of no chemical significance. 
Positional and thermal parameters of the non-hydrogen atoms 
are presented in Tables 2-5. Selected bond distances and 
angles are given in Table 6. Complete listings of crystal and 
X-ray data collection parameters, bond distances and angles, 
hydrogen atom parameters, and anisotropic thermal param- 
eters are deposited as supplementary material. 

Results and Discussion 

The monomeric aluminum compounds EtMes&THF 
(2), Mes2ClAlaTHF (3), and MeszMeAl-THF (5) were 
prepared by reaction of the Grignard reagent, MesMgBr, 
in THF with EtAlClz, and MeAlC12, respectively. 
The chloro-bridged dimer [MesA(~-Cl)lz (4) was ob- 
tained through the exchange reaction of M e s d  and 
AlC13 in benzene. The halide adduct 3 was prepared 
previously from MgMesz and AlC13.11 The picoline 
derivative Mesfl.(4-picoline)(C7H&,~ (1) was obtained 
by the displacement of the THF in Mes@THF by 
addition of 4-picoline. These five products are obtained 
in good yields and in pure form as colorless crystalline 
materials by recrystallization from hydrocarbon sol- 
vents. The adducts are readily characterized by their 
lH and 13C NMR spectra. Integration of the lH NMR 
spectra reveal that 1:l adducts are formed with THF 
and 4-picoline. The proton and carbon chemical shifts 
of the mesityl, ethyl, and methyl ligands occur in the 
expected regions. Coordination of THF is indicated by 
the large upfield shift of the 3,4-protons from 1.73 ppm 
in free THF to 0.96-1.07 ppm for 2, 3, and 5. This 
observation has been noted for several aluminum com- 
pounds containing halide, silyl, and organic ligands.18 
Large upfield shifts are also noted for the proton 
resonances of 1. The methyl group and ortho protons 
of 4-picoline move upfield by approximately 1.0 ppm to 
1.37 and 5.96 ppm, respectively. 

All of these compounds are sensitive to moisture and 
oxygen. They possess greater kinetic stability than the 
base-free compounds, and the mixed ligand derivatives 
2, 3, and 5 can be isolated in reasonably pure form, 

(18) Sierra, M. L.; de Mel, V. S. J.; Oliver, J. P. Organometallics 
1989, 8, 2312. 

Table 2. Atomic Coordinates (x  104) and Isotropic Thermal 
Parameters (x  l@) for the Non-Hydrogen Atoms of 

MesJAl.(4-picoline) (1) 
Atom X Y Z 

3841( 1) 
3675(2) 
4021(2) 
4223(2) 
4421(3) 
4424(3) 
4222(3) 
4022(2) 
4240(3) 
465 l(3) 
3801(3) 
3422(2) 
3254(2) 
2945(3) 
2803(3) 
2963(3) 
3266(3) 
3385(3) 
2469(3) 
3406(3) 
4 196(2) 
4452(2) 
4664(3) 
465 l(2) 
4433(3) 
421 l(2) 
4505(3) 
4881(3) 
3990(2) 
3817(2) 
3698(2) 
3423(3) 
3266(2) 
3398(3) 
3293(3) 
2482(3) 
2747(3) 
2729(3) 
2457(4) 
2210(3) 
2228(4) 
2483(4) 

1731(4) 
O(9) 

3360( 11) 
4360(12) 
5372( 12) 
5378( 12) 
4473( 12) 
3494( 12) 
4460(14) 
6425( 14) 
2593( 13) 
2090( 12) 
3447(13) 
3586( 14) 
2370( 14) 
1022( 14) 
867( 12) 

4862(13) 
2504( IS) 
-693(12) 

736( 1 1) 
45(12) 

-880( 13) 
- 1247(12) 
-488( 12) 

445(12) 
424( 13) 

-2348( 13) 
1285(12) 

- 1336(13) 
-25 13( 12) 
-23 18( 12) 
-972( 12) 

130(12) 
-3555( 14) 

25 85 (24) 
2892(25) 
28 1 l(25) 
2245(27) 
17 12(23) 
1826(25) 
2864(26) 

7931(2) 
7143(4) 
7356(5) 
7865(6) 
7588(6) 
6750(6) 
6230(6) 
6502(6) 
8788(6) 
6458(7) 
5847(7) 
8221(6) 
8104(6) 
8208(7) 
8478(7) 
8611(7) 
8486(6) 
7799(7) 
8590(9) 
8667(7) 
8720(6) 
8470(6) 
8956(6) 
9754(7) 

10060(6) 
9572(6) 
7605(6) 

10278(7) 
9993(6) 
7 18 l(6) 
6654(6) 
6079(6) 
6043(6) 
6593(6) 
5484(8) 
4405(5) 
5031(7) 
5853(6) 
6039(6) 
5414(8) 
4590(7) 
3497(6) 

showing their stability toward redistribution of the 
organic groups. The compounds have slight solubility 
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Table 3. Atomic Coordinates and Isotropic Thermal 
Parameters for the Non-Hydrogen Atoms of EtMesvQkTHF 

(2) 

Lalama et al. 

A1 1 
c1 
c2 
c3 
c4 
c5 
C6 
c7 
C8 
c9 
c10 
c11 
c12 
C13 
C14 
C15 
C16 
C17 
C18 
C19 
c20 
01 
c2 1 
c22 
C23 
C24 

0.5047( 1) 
0.5094(5) 
0.4154(4) 
0.4090(5) 
0.4923(6) 
0.5850(5) 
0.5941(4) 
0.3180(4) 
0.4862(5) 
0.7006(4) 
0.5183(4) 
0.4819(5) 
0.4923(5) 
0.5382(5) 
0.5772(5) 
0.5659(4) 
0.4298(5) 
0.5484(6) 
0.6133(4) 
0.3900(4) 
0.3683(5) 
0.6369(3) 
0.7317(4) 
0.7881(5) 
0.7561(6) 
0.647 8( 5 )  

0.36047(9) 
0.5036(3) 
0.5385(4) 
0.6346(4) 
0.7006(4) 
0.6719(4) 
0.5743(4) 
0.4703(4) 
0.8064(3) 
0,547 3(4) 
0.2646(3) 
0.1654(4) 
0.0971 (4) 
0.1217(5) 
0.2165(4) 
0.2867(4) 
0.1313(4) 
0.0462(4) 
0.3885(4) 
0.3413(4) 
0.425 l(5) 
0.3202(3) 
0.2670(4) 
0.2 192(5) 
0.2772(7) 
0.3203(5) 

0.11641(9) 
0.0784(3) 
0.0281(3) 
-0.0068(4) 
0.0047(4) 
0.0541(3) 
0.0919(3) 
0.009 l(4) 
-0.0348(3) 
0.1449(4) 
0.0064(3) 
0.0145(4) 

-0.0589(4) 
-0.1426(4) 
-0.1554(4) 
-0.0803(4) 
0.1089(4) 
-0.2234(4) 
-0.0987(3) 
0.2163(3) 
0.2768(4) 
0.1842(2) 
0.1442(4) 
0.2265(5) 
0.3080(4) 
0.2881(4) 

&&#CIl, 

0.0635(5) 
0.064(2) 
0.070(2) 
0.084(2) 
0.085(2) 
0.08 l(2) 
0.071(2) 
0.109(3) 
0.121(3) 
0.101(3) 
0.062(2) 
0.08 l(2) 
0.096(3) 
0.099(3) 
0.089(2) 
0.072(2) 
0.138(3) 
0.17 l(4) 
0.102(3) 
0.083(2) 
0.140(4) 
0.073 1) 
0.097(3) 
0.130(3) 
0.192(5) 
0.121(3) 

Figure 1. ORTEP diagram of Mes&l.(4-picoline)(C,Hd0.5 
(1) with 30% thermal ellipsoids. The hydrogen atoms have 
been omitted for clarity. The lattice solvent molecule is not 
shown. 

in hexane, moderate solubilty in aromatic solvents, and 
high solubility in polar solvents. 

The results of the crystallographic study show that 
the three addition compounds Mes&(4-picoline)- 
(C7H8)0.5 (11, EtMeszAbTHF (2), and MeszClAl.THF (3) 
have structures comparable to those of other amine and 
ether trialkyl- and triarylaluminum adducts.lg A more 
detailed analysis of each of these structures follows. In 
1, a single molecular unit of Mes&(4-picoline) along 
with one-half of a molecule of toluene constitutes the 
asymmetric unit. The presence of the toluene has been 
confirmed by lH and l3C NMR spectroscopy, but the 
coordinates for this molecule did not refine well. An 
ORTEP drawing of 1 is shown in Figure 1. The ORTEP 
diagrams €or 2 and 3 are shown in Figures 2 and 3, 
respectively. The geometry around the AI atom in each 

(19) Oliver, J. P. In The Chemistry of the Metal-Carbon Bond; 
Hartley, F. R., Patai, S., Eds.; John Wiley: New York, 1985; Vol. 2, pp 
789-826. 

Table 4. Atomic Coordinates and Isotropic Thermal 
Parameters for the Non-Hydrogen Atoms of Mes2CLAkTHF 

Atom X Y Z &,a 

(3) 

A1 1 
c11 
c1 
c2 
c3 
c4 
c5 
C6 
c7 
C8 
c9 
c10 
c11 
c12 
C13 
C14 
C15 
C16 
C17 
C18 
01 
C19 
c20 
c2 1 
c22 
A12 
c12 
C23 
C24 
C25 
C26 
C27 
C28 
C29 
C30 
C3 1 
C32 
c33 
c34 
c35 
C36 
c37 
C38 
c39 
C40 
02 
C4 1 
C42 
c43 
C44 

0.8566( 1) 
0.9733( 1) 
0.8673(4) 
0.8588(4) 
0.8841(4) 
0.9157(4) 
0.9196(4) 
0.8970(4) 
0.8206(4) 
0.9461(4) 
0.9010(4) 
0.7689(4) 
0.7702(5) 
0.7064(6) 
0.6385(6) 
0.6341(5) 
0.6977(5) 
0.8404(4) 
0.5694(5) 
0.6855(4) 
0.8520(3) 
0.9183(4) 
0.8814(6) 
0.8030(6) 
0.7805(4) 
0.8834( 1) 
1.0076(1) 
0.8827(4) 
0.8604(4) 
0.8718(4) 
0.9027(4) 
0.9219(4) 
0.9120(4) 
0.8222(4) 
0.9163(4) 
0.9331(4) 
0.809 l(4) 
0.8193(4) 
0.7644(5) 
0.6961(5) 
0.6840(5) 
0.7390(5) 
0.8912(4) 
0.6352(4) 
0.7166(4) 
0.8646(3) 
0.9205(4) 
0.8749(6) 
0.8055(7) 
0.7927(4) 

0.0287(1) 
0.0696(1) 
-0,102014) 
-0.1418(5) 
-0.2298(5) 
-0.2836(5) 
-0.249 l(5) 
-0.1607(5) 
-0.09 1814) 
-0.378114) 
-0.1295(4) 
0.0814(5) 
0.170015) 
0.2050(5) 
0.1587(6) 
0.072516) 
0.0351(5) 
0.2305(5) 
0.2027(5) 
-0.0612(5) 
0.1007(3) 
0.1216(5) 
0.1692(7) 
0.1891(7) 
0.1464(5) 
0.1869( 1) 
0.15 16( 1) 
0.3193(4) 
0.3653(5) 
0.4587(5) 
0.5107(5) 
0.4674(6) 
0.3743(5) 
0.3 154(4) 
0.6115(4) 
0.3327(4) 
0.1303(5) 
0.0443(5) 
0.0061(5) 
0.0498(6) 
0.1333(5) 
0.1738(5) 
-0.0134(4) 
0.0060(5) 
0.2659(4) 
0.1 191(3) 
0.1023( 5) 
0.0625(8) 
0.0243(7) 
0.0677(5) 

0.5943( 1) 
0.64062(9) 
0.5678(4) 
0.4932(4) 
0.4803(4) 
0.5385(5) 
0.61 29(4) 
0.6273(4) 
0.4257(3) 
0.5212(4) 
0.7109(4) 
0.6506(4) 
0.6821(4) 
0.7179(4) 
0.7243(5) 
0.6939(5) 
0.6585(4) 
0.675 l(4) 
0.7600(4) 
0.6276(4) 
0.5039(3) 
0.4552(4) 
0.3866(5) 
0.3999(6) 
0.4708(5) 
0.0690(1) 
0.0863( 1) 
0.0502(4) 

-0.0185(4) 
-0.0257(4) 
0.0329(5) 
0.1011(4) 
0.1 11 l(4) 

-0.0877(4) 
0.0232(4) 
0.1899(4) 
0.1389(4) 
0.1729(4) 
0.2195(4) 
0.2338(4) 
0.2000(4) 
0.1544(4) 
0.1599(4) 
0.2823(4) 
0.1202(4) 
-0.0232(3) 
-0.0822(4) 
-0.1474(5) 
-0.1177(6) 
-0.0441(5) 

0.0632(9) 
0.0639(7) 
0.055(3) 
0.056(3) 
0.064(3) 
0.066(3) 
0.069(3) 
0.066(3) 
0.089(4) 
0.105(4) 
0.104(4) 
0.064(3) 
0.068(4) 
0.07 5 (4) 
0.086(4) 
0.090(4) 
0.075(4) 
0.104(4) 
0.129(5) 
0.1 13(4) 
0.065(2) 
0.084(4) 
0.157(6) 
0.143(6) 
0.103(4) 
0.0593(9) 
0.0724(8) 
0.055(3) 
0.066(3) 
0.072(4) 
0.072(4) 
0.07 8(4) 
0.063(3) 
0.121(4) 
0.105(4) 
0.099(4) 
0.054(3) 
0.062(3) 
0.070(4) 
0.070(4) 
O.OSO(4) 
0.065(3) 
0.102(4) 
0.115(4) 
0.098(4) 
0.063(2) 
0.094(4) 
0.136(6) 
0.161(7) 
0.106(4) 

of these can be described as a distorted tetrahedron. The 
six angles at the AI atom fall in the range of 94.2(4)- 
121.4(3Y for 1 and are similar to those observed in Mess- 
AI*THF,12 which fall between 91.4 and 120.3'. In 2 and 
3, where one of the Mes moieties has been replaced by 
an ethyl group or chlorine atom, the angles fall in the 
range of 97.4(2)-120.8(2)' for 2 and 98.6(2)-124.8(3)' 
for 3. This wide distribution of angles can be attributed 
to  steric interactions between the mesityl groups or the 
other substituents bound to the aluminum. The C-AI- 
N, C-4-0,  and C1-AI-0 angles for 1, 2, and 3 are 
listed in Table 6. The average C-AI-N angle is 102'. 
In 2 the average of the C-AI-0 angles is 103.5', and 
in 3 the average value of the C-AI-0 angles is 106.4", 
but if the C1-AI-0 angles are included, the average 
ligand to oxygen angle becomes 103.4'. The correspond- 
ing C-AI-C and C-AI-0 angles in Mes&THF aver- 
age 116.2 and 101.5",12 and those in (Me&)z*C4Hs02, 
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provides a measure of the planarity of the L a  unit. In 
1, 2, and 3, the sum is 347.8, 344.6, and 343.7" (av). 
These values are typical for aluminum addition com- 
pounds, with the small decrease indicating a small 
decrease in the steric interaction with substitution of 
Et or C1 for a Mes group. 

The Al-C distances of 1-4 (Table 6) are in the range 
of 2.004-2.033 A for the organic derivatives and 1.966 
to 1.993 A for those containing a chlorine atom and are 
typical of A-C single bond lengths for a variety of 
organoaluminum compounds as noted earlier.3!21 The 
average Al-Cl bond length in 3, 2.206 A, 
-0.05 A than that of MesAlC12.THFZ1 and -0.05 
longer than the bond in Alc13~2THF~~ but is within the 
range expected for single Al-C1 bonds. The Al-N 
distance in 1 (2.045(8) A) is similar to the Al-N distance 
in Me&quinuclidine (2.06(1) but longer than the 
distances found in MezIAl-NMe3 (2.02 A),24 Cs+- 
[Me&N$ (1.97(1) A)25 and Me3Al.NCCH3 (2.02(1) 

The A-0 distances in 2 and 3 are 1.934(4) and 1.894- 
(5) A (av) and are listed, along with Al-0 distances for 
other adducts, in Table 7. The Al-0 bond distances 
listed fall into three groups: those associated with 
trialkyl addition compounds with Al-0 bond distances 
greater than 2.0 A, those with aryl groups bound to  
aluminum which fall in the broad range of 1.9-1.97 A 
and those with a halogen atom bound to aluminum with 
Al-0 distances less than 1.9 A. The Lewis acidity of 
the compounds follows this same pattern, with increas- 
ing acidity corresponding to decreasing Al-0 bond 
length. On this basis, the increased Lewis acidity of 3 
accounts for the shorter Al-0 distance observed in this 
compound. The Al-0 distance in MesAlClz*THF, at 
1.852(1) A, is the shortest in the mesityl derivatives 
while (Tri )AlBrz.OEtz shows an AI-0 distance of 
1.865(11) The C - 4 - 0  angle also appears to be 
correlated with the Lewis acidity of the aluminum 
derivative. As the acidity of the metal increases, the 
Al-0 length decreases, and a corresponding increase 
in the C-Al-0 angle is observed. Steric repulsion 
between the base and the mesityl groups does not affect 
the A-0 distance of ether adducts. In the adducts Me3- 
Al.0Me227 and ( M e a ) 2 p d i o ~ a n e , ~ ~  the Al-0 bond 
distances are 2.014(14) and 2.02(2) A, respectively, while 
shorter distances are found for B Z & O E ~ ~ ~ *  (1.901(4) 
A) and (o-To1)3Al.OEt~~~ (1.928(3) A). In the mesityl 
derivatives Mes&THF,12 2, and 3, the Al-0 bond 
distances are 1.969(5), 1.934(4), and 1.898(5) A, respec- 
tively. 

The structural determination of 4 completes the series 
MeszMCl (M = Al, Ga, In). A n  ORTEP diagram is 

is longer bi 

A1.26 

Figure 2. ORTEP diagram of EtMes&THF (2) with 50% 
thermal ellipsoids. The hydrogen atoms have been omitted 
for clarity. 

Table 5. Atomic Coordinates ( x  104) and Isotropic Thermal 
Parameters (x  103) for the Non-Hydrogen Atoms of 

[ M e s d l W X h  (4) 
Atom X Y Z 

A(1) -1197(1) 
CK1) 539(1) 
C(1) -2354(3) 
(32) -2369(4) 
C(3) -3158(4) 
C(4) -3952(4) 
C(5) -3960(3) 
C(6) -3195(3) 
C(7) -1566(4) 
C(8) -4796(4) 
C(9) -33 1 l(4) 
C(11) -1389(3) 
C(12) -480(3) 
~ ( 1 3 )  -697(4) 
C(14) -1795(4) 
C(15) -2682(4) 
C(16) -2511(3) 
~ ( 1 7 )  756(3) 
C(18) -2017(5) 
C(19) -3574(4) 
",yes = lI3z.z.u.. a.*a *z E. 

I I 8 I I ' I '  

119(1) 
830(1) 
921(3) 

1720(3) 
2330(3) 
2 184(3) 
140 l(3) 
774(3) 

1920(3) 
2878(4) 
-77(3) 

-525(3) 
-932(3) 
- 1481(3) 
- 1635(3) 
- 1223(3) 
-680(3) 
-773(3) 
- 2247( 3) 
-298(4) 

567(2) 
898(1) 

-672(5) 

-735(6) 
-2 166(6) 
-2832(5) 
-2 126(5) 

1607(5) 
-2946(7) 
-2928(6) 

2317(5) 
3456(5) 
4527(5) 
4571(5) 
3498(5) 
2386(5) 
3577(5) 
5712(6) 
1253(7) 

~ 5 )  

Figure 3. ORTEP diagram of Mes2ClAl*THF (3) with 50% 
thermal ellipsoids. The hydrogen atoms have been omitted 
for clarity. 

116.8 and 100.4".20 The deviations between the smallest 
L-Al-L (94") and the largest (125") angles in 1,2, and 
3 are nearly the same (Table 6) and are similar to that 
in Mes&THF.I2 Further, there is no pattern discern- 
ible in the distribution. These findings lead to the 
conclusion that the structures of addition compounds 
with two or three mesityl groups bound to the aluminum 
are determined by the steric requirements of the mesityl 
group. The sum of the L-Al-L angles (L = C, C1) 

(20) Atwood, J. L.; Stucky, G. D. J. Am. Chem. SOC. 1967,89,5362. 

(21) Petrie, M. A.; Power, P. P.; Dias, H. V. R.; Ruhlandt-Senge, K.; 
Waggoner, K M.; Wehmschulte, R. J. Organometallics 1993,12,1086. 

(22) Cowley, A. H.; Cushner, M. C.; Davis, R. E.; Riley, P. E. Znorg. 
Chem. 1981,20, 1179. 

(23) Whitt, C. D.; Parker, L. M.; Atwood, J. L. J. Organomet. Chem. 
1971,32, 291. 

(24) Atwood, J. L.; Milton, P. A. J.  Orgummet. Chem. 1973,52,275. 
(25)Atwood, J. L.; Newberry, W. R. J., 111. J.  Orgunomet. Chem. 

(26) Atwood, J. L.; Seale, S. K.; Roberts, D. H. J.  Organomet. Chem. 
1975, 87, 1. 

i ~ m . 5 1 .  105. 
I - - 7  -_ ._ 

(27)Haaland, A.; Samdal, S.; Stokkeland, 0.; Weidlein, J. J. 

(28) Rahman, A. F. M. M.; Siddiqui, K F.; Oliver, J. P. J.  Orgummet. 

(29) Barber, M.; Liptak, D.; Oliver, J. P. Organometallics 1982, I, 

Orgunomet. Chem. 1977,134, 165. 

Chem. 1987,319,161. 
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(3), and [MestAl@-Cl)l~ (4) 
Table 6. Selected Bond Distances (A) and Angles (deg) for Mes3Al.(4-picoline)(C,H*)~.~ (l), EtMeszAlOTHF (2), MesClAkTHF 

Mes2ClAl-THF (3) 

Mes3Al(4-picoline)(C~H&,~ (1) EtMeszAbTHF (2) molecule 1 molecule 2 [Mes2Al@-Cl)lz (4) 

AI-C1 
AI-C 11 
A1-C19 
AI-N 

Cl-A1-C11 
Cl-Al-C21 
C1 l-Al-C21 
C1-AI-N 
Cll-A1-N 
C21-A1-N 

2.005(11) 
2.033( 12) 
1.990( 10) 
2.045(8) 

118.9(4) 
107.8(4) 
12 1.1(4) 
110.7(4) 
94.2(4) 
101.1(4) 

A1-C1 
AI-C10 
Al-C19 
A1-0 

c1-Al-c10 
C1-A1-C19 
C10-AI-C19 
C1-A1-0 
C10-A1-0 
C19-A1-0 

2.004(4) 
2.020(5) 
1.986(5) 
1.934(4) 

114.3(2) 
109.5(2) 
120.8(2) 
112.2(2) 
97.4(2) 
101.0(2) 

Figure 4. ORTEP diagram of [Mes&$-Cl)l2 (4) with 30% 
thermal ellipsoids. The hydrogen atoms have been omitted 
for clarity. 

Table 7. Structural Parameters of Aluminum Adducts as a 
Function of Lewis Acidity 

All-C1 
All-c10 
All -C11 
All-01 

C1 -All -C10 
ClO-Al1-Cll 
C1-All-Cl1 
C1-All-01 
C 10- A1 1 - 01 
C11 -All -01 

1.993(7) 
1.992(8) 
2.207(3) 
1.890(5) 

124.8(3) 
114.3(2) 
104.8(2) 
110.7(3) 
100.5(3) 
98.6(2) 

Al2-C23 
Al2-C32 
A12-Cl2 
A12-02 

C23-A12-C32 
C32-Al2-Cl2 
C23-Al2-Cl2 
C23-A12-02 
C32-A12-02 
C12-A12-02 

1.980(7) All-C1 1.972(4) 
1.985(7) All-C11 1.966(5) 
2.204(3) All-Cl1 2.346(2) 
1.898(5) All-C11A 2.315(2) 

121.1(3) C1-All-C11 123.1(2) 
117.7(2) C11-All-CllA 85.2(1) 
104.7(2) All-Cll-Al1A 94.8(1) 
11233)  
101.7(2) 
96.6(2) 

Compound 

Me3Al.OMef 
(Me3Al)2-p-dioxaneb 
Mes3Al-T" 
PhzAISi( SiMe3)3*THFd 
EtMes2A1THFe 
(o-Tol)sAl.OEtf 
B~3Al.OEtzz 
Mes2ClMTHF' 
T1ipAlBrzOEt2~ 
MesA1C1yTHFh 

C-A1-0 (deg) 

98.7 
100.4 
101.3 
103.2 
103.5 
103.8 
105.6 
106.4 
107.6 
115.2 

A1-0 (A) 
2.014 
2.02 
1.969 
1.927 
1.934 
1.928 
1.901 
1.894 
1.865 
1.852 

A1-C (A) 
1.973 
1.97 
2.017 
1.985 
2.012, 1.986 (Et) 
1.990 
1.986 
1.988 
1.976 
1.969 

Reference 27. Reference 20. Reference 12. Reference 18. e This 
work. f Reference 29. g Reference 28. Reference 21. 

shown in Figure 4. Like the Ga and In analogues, 4 
exists in the solid state as a dimer containing a planar 
AlzClz core. It is isomorphous with the gallium ana- 
logue.21 The Al-C1 distances are 2.346(2) and 2.315(2) 
A, and, like the Ga compound, the core is asymmetric. 
This feature has also been noted for [Tri~&l@-Br)12.~~ 
[MessIn@-Cl)la displays equivalent In-Cl b0nds.l The 
average Al-C1 distance of 4 (2.329) is longer than the 
single Al-C1 bond in compounds such as 3 (2.206(4) A), 
EtCl&P(SiMe& (2.114(4) and 2.156(4) A), and i-Bu2- 
ClAkP(SiMe3)s (2.179(4) Also but comparable to the 
distances observed for the bridging halides such as those 
in [Me2Al@-Cl)l2 (2.303 The endocyclic AI-C1- 
Al and Cl-Al-C1 angles are 90.6 and 89.4" and the 

(30) Wells, R. L.; McPhail, A. T.; Self, M. F.; Laske, J. A. Organo- 

(31) Brendhaugen, K.; Haaland, A.; Novak, D. P. Acta Chem. Scand. 
metallics 1993, 12, 3333. 

1974, A28, 45. 

exocyclic C-Al-C angle is 126.9". The comparable 
endocyclic angles in the three compounds, [Mes,M@- 
CUI2 (M = Al, Ga, and In), are 94.8,95.9, and 96.5" (M- 
C1-M) and 85.2, 84.1, and 83.5" (Cl-M-Cl), and the 
C-M-C angles are 122.7(2), 126.6(2), and 131.0", 
respectively. In [Trip&l@-Br)12, the exocyclic angle is 
130.0(4)".21 These observations indicate that the in- 
tramolecular interactions between the Ar groups in 
[Ar2M@-X)lz have very little effect on either the endo- 
or the exocyclic angles in these compounds. 

There are four major factors which determine the 
stability of Group 13 addition compounds: the Lewis 
acidity of the metal, which follows the order Al > Ga > 
In; the modification of the Lewis acidity by the sub- 
stituents bound to the metal, which decreases from X 
> Ar > R (X = halogen; Ar = aryl, R = alkyl); the 
basicity of the ligand; and the steric interactions, which 
include those on the metal and that between the 
incoming base and the substituents bound to the metal. 
In the present system, the adducts MesflOEtz, Mess- 
AlaTHF, and Mesfl4-picoline increase in stability as 
a function of the basicity of the ligand. Diethyl ether 
and THF can be removed readily, while 4-picoline 
cannot be removed without additional decomposition of 
the compound. This order follows that expected for the 
bases. The heavier homologues Mes3Ga5 and MessIn' 
do not form stable adducts with Et20 or THF. Simi- 
larly, in the neopentyl series, N p d  binds Et20,32 Np3- 
Ga does not form a stable adduct with Et20 but does 
with THF,33 and NpsIn forms addition compounds only 
with very strong bases such as NMe3.34 The latter 
sequence follows the order of acidity expected for the 
metals. 

Study of the organoaluminum derivatives in the 
absence of a coordinating ligand provides additional 
insight into the steric interactions. The ability of these 
compounds to form dimeric or trimeric aggregates is 
well established. The stability of the dimer in the series 
[Phfl@-Ph)l2 L [(2-MeCsH4)&l@-2MeCsH4)12 > Mess- 
Al decreases in the order shown, with M e s d  observed 
only as a monomer. The observation that [Mes&l@- 
Cl)la and [MeszGa@-Cl)ls are dimeric with chlorine 
bridges supports the earlier suggestion that the steric 
interference that prevents dimerization occurs a t  the 
bridging site. With more sterically demanding ligands, 

(32) Beachley, 0. T., Jr.; Victoriano, L. Organometallics 1988, 7,63. 
(33) Beachley, 0. T., Jr.; Pazik, J .  C. Organometallics 1988,7, 1516. 
(34) Beachley, 0. T., Jr.; Spiegel, E. F.; Kopasz, J. P.; Rogers, R. D. 

Organometallics 1989, 8, 1915. 
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Structure of Mesitylaluminum Addition Compounds 

such as those found in Trip2GaC121 and M e s * ~ I n B r , ~ ~  
the halide derivatives are monomeric, indicating that 
the bulky substituents interact, preventing bridge for- 
mation. 

Study of the ArnR3-nAI systems such as MeszMeAl 
and MeszEtAl is complicated by the exchange of groups 
and the possible formation of dimeric species with alkyl 
andfor aryl bridges. It is clear from the formation of 
the mixed species 2 and 5 stabilized by THF that mixed 
derivatives can be prepared. 

In other compounds with bulky substituents, such as 
N p A  and (Me3SiCH2)3Al, which are isostructural, the 
neopentyl derivative is monomeric,32 while the (trim- 
ethylsily1)methyl derivative is involved in a monomer- 
dimer equilibrium in solution.36 Substitution of a 
hydride for one of the bulky substituents permits the 

(35) Rahbarnoohi, H.; Heeg, M. J.; Oliver, J. P. Organometallics 
1994, 13, 2123. 

Organometallics, Vol. 14, No. 1, 1995 501 

formation of an equilibrium between dimers and trimers 
for [Npfl(p-H)1,32 and the formation of trimers for (Me3- 
S~CH~)ZA.~H.~' 

The mixed mesityl-alkyl derivatives remain to be 
studied, but with the reduced steric requirements of the 
methyl group, one may find associated species in solu- 
tion. 

Supplementary Material Available: Complete listings 
of crystal and X-ray data collection parameters, bond distances 
and angles, anisotropic thermal parameters for the non- 
hydrogen atoms, and atomic coordinates and isotropic thermal 
parameters for the hydrogen atoms (22 pages). Ordering 
information is given on any current masthead page. 

OM940350S 

(36) Nyathi, J. 2.; Ressner, J. M.; Smith, J. D. J. Urganomet. Chem. 

(37) Beachley, 0. T., Jr.; Tessier-Youngs, C. Organometallics 1983, 
1974, 70, 35. 

2, 796. 
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Synthesis and Molecular Structures of the First Example 
of Tellurolate Dimers, [Mes2In(p-Te-n-Pr)l2 and 

[Mes2In@=TePh)]2: Potential Precursors to Indium 
Chalcogenides 

Hamid Rahbarnoohi, Rajesh Kumar, Mary Jane Heeg, and John P. Oliver" 
Department of Chemistry, Wayne State University, Detroit, Michigan 48202 

Received September 7, 1994@ 

The reaction of trimesitylindium, MessIn, (Mes = 2,4,6-trimethylphenyl) with the 
ditellurides, (n-Pr)zTe:, and PhzTez, yields the related organotellurolates, [MeszIn@-Te-n- 
Pr)12 (1) and [MeszIn@-TePh)lz, (2). 1 and 2 have been characterized by lH, I3C, and lz5Te 
NMR spectroscopy, and their structures have been determined by single crystal X-ray 
diffraction techni ues. The crystal structure parameters are: for 1, space group, Pi (No. 
2), a = 9.176(1) 2, b = 10.687(1) A, c = 11.771(2) A, a = 91.79(1)", p = 109.97(1)", y = 
99.68(1)", V = 1064.5(2) Hi3, 2 = 2, R (R,) = 3.1 (3.0)% based on 2776 (1 > 2.041)) observed 
reflections; and for 2, space group, P21/c (No. 14), a = 8.778(1) A, b = 23.283(9) A, c = 11.278- 
(2) A, /3 = 101.74(1)", V = 2261(1) Hi3, 2 = 4, R (R,) = 3.1 (3.1)% based on 2919 (1 =- 3.041)) 
observed reflections. The central (1nTe)z core of 1 and 2 is planar with trans orientation of 
the TeR groups. 

Introduction 
Recent literature in the chemistry of heavier Group 

13- 15/16 organometallic compounds has been directed 
toward synthesis of their materials as precursors for 
MOCVD preparation of thin films. These studies 
include preparation of thin films of InS and GaS1p2 and 
R3 - ,In(SeR'), used to produce In,Se, films.3 Almost all 
of the published work on these organometallic precur- 
sors describes thiolate and selenolate complexes of 
Group 134-10 with very little work on the tellurium 
d e r i v a t i ~ e s . ~ , ~ J ~ - l ~  In this paper we begin to address 
the preparation of the tellurium derivatives with a 
description of the synthesis and characterization of 
tellurolato complexes, [MeszIn(u-TeR)lz, formed by the 
interaction of the dichalcogenide, (RTe)2, with trimesi- 
tylindium. Structural data obtained using single crystal 
X-ray diffraction is presented, and the nature of the 
compounds in solution has been studied with NMR 
spectroscopy. 

@ Abstract published in Advance ACS Abstracts, December 1,1994. 
(1) MacInnes, A. N.; Power, M. B.; Barron, A. R. Chem. Muter. 1992, 

4 ,  11. 
(2) MacInnes, A. N.; Cleaver, W. M.; Barron, A. R.; Power, M. B.; 

Hepp, A. F. Adv. Mater. Opt. Electron. 1992, 1 ,  229. 
(3) Gysling, H. J.; Wernberg, A. A.; Blanton, T. N. Chem. Mater. 

1992, 4 ,  900. 
(4) Oliver, J. P.; Kumar, R.; Taghiof, M. In Coordination Chemistry 

ofAluminum; Robinson, G.  H., Ed.; VCH: New York, 1993; pp 167- 
195. 

(5) Oliver, J. P.; Kumar, R. Polyhedron 1990, 9, 409. 
(6) Cowley, A. H.; Jones, R. A,; Harris, P. R.; Atwood, D. A.; 

Contreras, L.; Burek, C. J .  Aagew. Chem., Znt. Ed. Engl. 1991,30,1143. 
(7) Power, M. B.; Ziller, J. W.; Barron, A. R. Organometallics 1992, 

11, 2783. 
(8) Power, M. B.; Ziller, J. W.; Tyler, A. N.; Barron, A. R. Organo- 

metallics 1992, 11,  1055. 
(9) Beachley, 0. T., Jr.; Lee, J. C., Jr.; Gysling, H. J.; Chao, S.-H. 

L.; Churchill, M. R.; Lake, C. H. Organometallics 1992, 11 ,  3144. 
(10) Beachley, 0. T., Jr.; Chao, S.-H. L.; Churchill, M. R.; Lake, C .  

H. Organometallics 1993, 12, 5025. 
(11) Banks, M. A.; Beachley, 0. T., Jr.; Gysling, H. J.; Luss, H. R. 

Oreanometallics 1990. 9. 1979. 
712) Uhl, W.; Layh,'M.; Becker, G.; Klinkhammer, K. W.; Hilden- 

(13) Merzweiler, K; Rudolph, F.; Brands, L. 2. Nuturforsch. 1992, 
brand, T. Chem. Ber. 1992, 125, 1547. 

49b, 470. 

Experimental Section 

General Experimental Procedures. All solvents were 
purified and dried by standard techniques.14 Argon gas was 
purified by passing it through a series of columns containing 
Deox catalyst (Alfa), phosphorus pentoxide, and sodium hy- 
droxide. The (n-Pr)zTez (Strem) and the PhzTez (Aldrich) were 
used as received. Trimesitylindium, MesaIn, was prepared 
according to  the published pr0~edure.l~ The compounds are 
both oxygen and water sensitive so standard Schlenk line and 
glove box techniques were employed. All of the glassware used 
in the synthetic work was oven and/or flame dried. 'H and 

NMR spectra were recorded on either a QE-300 or a GN- 
300 NMR General Electric spectrometer. The lZ5Te NMR 
spectra were recorded on a Bruker AC200 spectrometer. The 
'H and 13C chemical shifts were referenced to  benzene (6 = 
7.15 for lH and 6 = 128.00 for 13C) while lz5Te chemical shifts 
were referenced to  external MezTe in CDCl3. Elemental 
analyses were performed by Galbraith Laboratories, Knoxville, 
TN. Melting points were recorded on a Haake-Buchler 
apparatus in sealed capillaries and are uncorrected. Mass 
spectra were run with a MS-80 AUTOCONSOLE (JSratos 
Analytical Instruments) mass spectrometer in the E1 mode at  
70 eV. 

Preparation of [MeszIn(p-Te-n-Pr)12 (1). (n-Pr)zTez (0.51 
g, 1.50 mmol) was added to  a solution of MessIn (0.71 g, 1.50 
mmol) in hexane (ca. 100 mL). The solution was stirred for 
four days at room temperature. The yellow precipitate result- 
ing from the reaction was separated from the filtrate and 
recrystallized from 40 mL of a hot solution of toluene and 
hexane in 3:l ratio, giving colorless crystals. Yield 80%. mp: 
234 "C. Anal. for CzlHzsInTe calcd (found): C, 48.15 (48.16); 
H, 5.58 (5.68). 'H-NMR (CsDs, 6, ppm): 2.14 (s, 6H,pCH3 of 
InMes), 2.69 (5, 12H, O-C& of InMes), 6.77 (s, 4H, MesIn); 
0.39 (t, 3H), 1.06 (m, 2H), 2.44 (t, 2H, Te-nPr). l3C{IH}-NMR 
(CsDs, 6, ppm): 21.1@-C& of Mes), 27.1 (O-CH3 of Mes), 127.7, 
137.7, 138.7, 144.3, 145.5 (MesIn); 25.9, 15.7, 10.1 (n-PrTe). 
Mass spectral data (E1 mode): peaks at  353, 342, 299, 213, 
171, 119, 105, 91 m l e  corresponding to fragments MeszIn'+, 
n-PrzTez'+ and other rearrangement products or fragments. 

(14) Shriver, D. F.; Drezdzon, M. A. The Manipulation of Air- 

(15) Leman, J .  T.; Barron, A. R. Organometallics 1989, 8, 2214. 
Sensitive Compounds; John Wiley & Sons: New York, 1986. 

0276-733319512314-0502$09.00/0 0 1995 American Chemical Society 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

06
8



Novel Organotellurolate Dimers 

Table 1. Selected Experimental Parameters for the X-ray 
Diffraction Study of [MeszIn@-Te-n-Pr)lz (1) and 

[Mes&Ol-TePh)l2 (2) 

Organometallics, Vol. 14, No. 1, 1995 503 

Table 2. Atomic Coordinates (x  104) and Isotropic Thermal 
Parameters (x  103) for the Non-Hydrogen Atoms of 

[Mes2Inb-Te-n-Pr)l2 (1) 
~~~~ 

compound [Mes~In@-Te-n-F'r)]~ (1) [MeszIn@-TePh)lz (2) 
empirical formula CzIHzgTeIn C24Hz7TeIn 
formula wt (amu) 523.88 557.90 

a (A) 9.176(1) 8.778( 1) 
b (A) 10.687( 1) 23.283(9) 
c (A) 1 1.77 1 (2) 11.278(2) 
a (deg) 91.79(1) 
B (deg) 109.97( 1) 101.74(1) 

99.68( 1) 
1064.4(2) 2261(1) 
2 4 

Mo Ka (1 = 0.71073 A) Mo Ka (1 = 0.71073 A) 
graphite monochromator graphite monochromator 

space group P1 (No. 2) P21/~  (NO. 14) 

::i% 
Z 

radiation type 
dens. (calcd) (g cm-') 1.642 1.642 

temp ("C) 20 22 
linear absn 24.52 23.07 

R = Z ( l F o l  - 3.1 3.1 
coefficient @) (cm-I) 

Preparation of [Mes2In(p-TePh)]2, (2). In a procedure 
similar to  that for 1, hexane was added to a mixture of Mesa- 
In (0.75 g, 1.58 mmol) and PhzTez (0.65 g, 1.58 mmol). The 
solution was stirred for three days at room temperature. The 
yellow precipitate resulting from the reaction was separated 
from the filtrate and recrystallized from a hot solution of 
toluene and hexane (3:1), giving yellow crystals. Yield: 80%. 
mp: 153 "C dec. Anal. for CzJI2,InTe calcd (found): C, 51.67 

pCH3 of InMes), 2.54 (9, 12H, O-C& of InMes), 6.45-7.2 (m, 
5H, phenyl group) 6.64 (8, 4H, Mes); l3C(lH} NMR (C&,,  6, 
ppm): 21.1@-C& of Mes), 27.1 (O-CHs of Mes), 127.1, 127.8, 
128.7, 137.7, 138.7, 144.3, 145.9 (PhTe + MesIn). 125Te NMR 
(CsD6,6, ppm): 106. Mass spectral data (E1 mode): peaks at 
353,326,311,284,246,204,154,119,105,91 mle dominated 
by MeszIn'+ and fragments of lower mass resulting from 
decomposition of the molecule under the conditions used. 

Attempted Synthesis of [Mes2In(p-TeMes)l2. The reac- 
tion of MesaIn (1.00 g, 2.12 mmol) with elemental tellurium 
(0.27 g, 2.12 mmol) was attempted in refluxing toluene under 
conditions used to prepare [Mes~In&-SeMes)l~~~ and under 
more forcing conditions of refluxing mesitylene (bp 164 "C), 
but no reaction was observed after two days. 

X-ray Structure Determination of [MesJn(p-Te-n-Pr)l2 
(1) and [Mes2In@-TePh)l2 (2). X-ray quality crystals of 1 
and 2 were grown using the procedures described in the 
Experimental Section. Suitable crystals were mounted in thin- 
walled capillary tubes in the dry box, plugged with grease, 
removed from the dry box, flame-sealed, mounted on a goni- 
ometer head and placed on a P21(1) or P3N (2) difiactometer 
for data gollection. 1 was triclinic and assigned to the space 
group P1 (No. 2) based on successful refinement of the 
structure. 2 was monoclinic and assigned to P21lc (No. 14) on 
the basis of systematic absences. Lattice constants were 
verified by axial photographs. Data reduction, structure 
solution, and full matrix least-squares refinement for 1 were 
carried out using SHEIXTL PC.17 Data reduction for 2 was 
carried out using the SHELXTL Full-matrix least- 
squares refinement was carried out using SHELX-76.1g Direct 
method routines produced acceptable solutions for the struc- 

(51.45); H, 4.88 (4.96). 'H NMR (C&, 6, ppm): 2.11 (8, 6H, 

(16) Rahbarnoohi, H.; Kumar, R.; Heeg, M. J.; Oliver, J. P. Unpub- 

(17) SHELXTL PC; Siemens Analytical X-Ray Instruments, Inc.: 

(18) Sheldrick, G. M. SHELXTL; University of  Gattingen: a t t i n -  

(19) Sheldrick, G. M. SHELX-7B; University Chemical Laboratory: 

lished. 

Madison, WI, 1990. 

gen, Federal Republic of Germany, 1978. 

Cambridge, England, 1976. 

3314(6) 
4258(7) 
5109(7) 
5071(8) 
4205(8) 
3322(7) 
4390(8) 
6027( 10) 
2406(9) 
1572(7) 
278(7) 
349(8) 

1686(9) 
2947(8) 
2930(7) 

- 1225(8) 
1724(11) 
4378(8) 

113(7) 
-914(8) 

6 ( W  

2295(5) 
2628(5) 
3872(6) 
4794(6) 
4466(6) 
3218(5) 
1668(6) 
6134(7) 
2932(6) 
-650(5) 
-990(5) 
- 1821(6) 
-2338(6) 
- 1975(6) 
-1 152(5) 
-493(6) 

-3235(8) 
-835(6) 
287 l(5) 
3701(5) 
4612(6) 

1969(5) 
1272(5) 
1406(6) 
2220(7) 
2959(6) 
2843(5) 
374(6) 

2357(8) 
3674(6) 
3134(5) 
3517(5) 
4410(5) 
4956(5) 
4583(6) 
3702(5) 
2977(6) 
5916(7) 
3344(6) 
-529(5) 

-1318(6) 
- 1901 (7) 

a u al = '/3cicjuijai*aj*iiiiij. 

Table 3. Atomic Coordinates and Isotropic Thermal 
Parameters for the Non-Hydrogen Atoms of 

tMeszInOl-TePh)lz (2) 
atom X Y Z U," 
Te 1 
In1 
c 1  
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
C8 
c 9  
c10 
c11 
c12 
C13 
C14 
C15 
C16 
C17 
C18 
C19 
c20 
c21 
c22 
C23 
C24 

0.31383(4) 0.45872(2) 
0.35329(4) 0.52856(2) 
0.2759161 0.6174(2) 
0.1934i7j 
0.1503(8) 
0.1869(9) 
0.2662(8) 
0.31 13(7) 
0.1464(8) 
0.137(1) 
0.3982(9) 
0.2774(6) 
0.1196(6) 
0.06 lO(7) 
0.1559(8) 
0.3128(7) 
0.3756(7) 
0.0067(7) 
0.0905 (9) 
0.5500(7) 
0.3285(7) 
0.2736(9) 
0.291( 1) 
0.357( 1) 
0.409( 1) 
0.3971(9) 

0.6403i2j 
0.6980(3) 
0.7331(3) 
0.7104(3) 
0.6529(3) 
0.6047(3) 
0.7954(3) 
0.6301(3) 
0.4731(2) 
0.4621(2) 
0.4276(3) 
0.4039(3) 
0.4145(3) 
0.4489(3) 
0.4851(3) 
0.3659(3) 
0.4591(3) 
0.3738(2) 
0.3303(3) 
0.2742(4) 
0.2615(4) 
0.3050(4) 
0.3610(3) 

0.55696(3) 
0.35073(3) 
0.3534(5) 
0.4348(5) 
0.4262(6) 
0.3398(7) 
0.2575(6) 
0.2632(5) 
0.5328(6) 
0.3308(8) 
0.1702(6) 
0.1945(4) 
0.1634(5) 
0.0633(6) 

0.0257(5) 
0.1232(5) 
0.2361(6) 

0.15 13(6) 
0.4936(6) 
0.5553(7) 
0.520( 1) 
0.424(1) 
0.3628(9) 
0.3985(7) 

-0.0059(5) 

-0.113 l(6) 

0.048 l(1) 
0.0464(1) 
0.048(2) 
0.056(2) 
0.072(3) 
0.079(3) 
0.074(3) 
0.059(2) 
0.077(3) 
0.131(5) 
0.084(3) 
0.047(2) 
0.053(2) 
0.063(2) 
0.064(2) 
0.062(2) 
0.058(2) 
0.07 l(3) 
0.096(3) 
0.075(3) 
0.061(2) 
0.098(4) 
0.138(6) 
0.135(6) 
0.121 (5) 
0.084(3) 

a U, = ' /~~,~lU, ,a ,*al*i i~i i l i i , .  

tures, yielding positions for some of the non-hydrogen atoms 
while other atoms were located during subsequent refinement. 
In each case the absorption corrections were semiempirical 
from v-scans, and no correction for secondary extinction was 
made. The hydrogen atom positions in all compounds were 
calculated and riding on the carbon atoms to which they were 
bound. Selected parameters from the crystal structure deter- 
minations are presented in Table 1. The atomic coordinates 
and isotropic thermal parameters for 1 and 2 are listed in 
Tables 2 and 3. 

Results and Discussion 
Syntheses. The n-propyl and phenyl tellurolates of 

sterically-hindered mesitylindium, 1 and 2, can be 
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Figure 1. A diagram (50% thermal ellipsoids) of [Mesz- 
Inf&Te-n-Pr)]z (1) showing the atom labeling scheme. 
Hydrogen atoms have been omitted for clarity. 

prepared at room temperature by reduction of the Te- 
Te bond of the dichalcogenides, RzTez (R = n-Pr, Ph) 
with MessIn in hexane. The reaction likely proceeds 
through formation of a weakly associated addition 
complex followed by a migration of groups, but the 
mechanism for this process has not been established. 
We made no attempt to isolate and identify the telluro 
ethers from these reactions due to their inherent toxicity 
and foul smell. An alternate path for the formation of 
these compounds by direct reaction of MessIn with 
elemental Te was explored, but no reaction was ob- 
served between MessIn and tellurium. 

Under similar conditions the reaction of Me3In with 
PhzTez resulted in mixtures of products which were 
insoluble in aromatic solvents (benzene, toluene) and 
the donor solvent THF and were not characterized 
further. 

The tellurolato complexes, [MeszIn@-TeR)lz, are iso- 
lated as creamy-yellow solids which decompose slowly 
on contact with air and moisture. They show poor 
solubility in pentane and hexane but are fairly soluble 
in aromatic solvents such as benzene and toluene. They 
are thermally unstable in solution, decomposing in hot 
toluene to give an insoluble creamy-yellow solid. The 
chemical analyses are excellent, Mass spectral data 
obtained by direct insertion of the solid into a heated 
inlet were dominated by the MeszIn*+ fragment but 
showed other species derived from the parent molecule. 
No peak for the dimeric species was observed for either 
compound under the conditions used. 

Structure and Bonding in [Mes2In(lu-Te-n-Pr)l2 
(1) and [Mes&dp-TePh)]2 (2). The structures of 1 
and 2 represent the first organoindium tellurolates to 
be reported. Diagrams of the molecular units for 1 and 
2 are shown in Figures 1 and 2. Selected bond distances 
and bond angles are presented in Table 4. The asym- 
metric unit in 1 is a MeszInTe-n-Pr moiety which 
generates the dimeric molecule through the inversion 
center. The asymmentric unit for 2 is a MeszInTePh 
unit with a 2 of 4 in the unit cell. Overall structural 
features such as aggregation, the planarity of the (1nTe)z 
ring, and the anti orientation of the RTe ligands are very 
similar to  those observed in other Group 13 derivatives. 
Two views of 1 are shown in diagram I (Figure 3); I-A 

Figure 2. A diagram (50% thermal ellipsoids) of [Mesz- 
In@-TePh)lz (2) showing the atom labeling scheme. Hy- 
drogen atoms have been omitted for clarity. 

Table 4. Selected Bond Distances (A) and Bond Angles 
(de& for [MeszInOl-TeR)]~ 

hl-hl' (separation) 
Inl-Tel 
In1 -Tel' 
Inl-c1 
Inl-ClO 
Tel -In1 -Tel' 
In1 -Te 1 -1nl' 
c1-Inl-c10 
Inl-Tel-C 
In1 '-Te 1 -C 
C LTe 

[Mes2In@-Te-n-Pr)]z, 1 

4.033(1) 
2.906( 1) 
2.911(1) 
2.170(5) 
2.163(6) 

92.2(1) 
87.8(1) 

122.1(2) 
93.8(2) 
92.8(2) 

274.4 

[MeszIn@-TePh)]z, 2 

4.030( 1) 
2.919(1) 
2.911(1) 
2.179(5) 
2.179(4) 

92.5( 1) 
87.5( 1) 

121.9(2) 
103.0(2) 
95.2(2) 

285.7 

is a view along the Te-Te vector, and I-B is perpen- 
dicular to the Te-Te vector. They show the relative 
orientations of the organic groups to the (1nTe)z ring in 
the solid state. The shortest nonbinding interactions 
(3.2 to 3.4 A) are between the o-methyl groups on the 
mesitylene rings and the indium atoms. All other 
distances are nearly 4 A or greater, indicating no 
significant steric effects within the molecule. The 
organic groups on the Te atoms are twisted so that the 
plane described by the three carbon atoms is nearly 
parallel to the plane of the closest mesitylene group 
(1-0. The two mesitylene groups are rotated so that 
their planes are nearly perpendicular. The organic 
groups in 2 are oriented in a similar way. The geometry 
around Te is pyramidal (CLTe = 274.4') in 1 and ( U T e  
= 285.7') in 2. The Inl-Tel and Inl-Tel' bond 
distances are 2.906(1) and 2.911(1) A for 1 and 2.919- 
(1) and 2.911(1) A for 2. A slightly longer In-Te bond 
distance of 3.01 A can be estimated from a sum of the 
ionic radii of In3+ and Te2-. A shorter range of 2.839- 
2.898 A for In-Te has been reported in cubane {[Cp- 
(C0)3Mol4ImTe4}.13 The C-Te bond distances of 2.115- 
(6) and 2.178(6) A are similar to those found in two- or 
three-coordinate bridging tellurium atoms in organotel- 
1urolates.ll The In-C bond distances range from 2.163- 
(6) to 2.179(5) A and are comparable to those found in 
related organoindium  compound^.^^^^^ The C-In-C 

(20) Leman, J. T.; Ziller, J. W.; Barron, A. R. Organometallics 1991, 
10, 1766. 
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A 
Figure 3. 

b 
B 

angles are 122.1(2)" in 1 and 121.9" in 2 and, again, 
are comparable to those observed in other Mes2In 
derivatives. A planar core is found in [Me~2In@-C1)]2,~~ 
but folded conformations are reported for [Np2In@- 
SePh)l2,9 Np2In(M-SePh)@-P-t-B~2)11iNp2 (Np = neopen- 
ty1),lo and [Me~2In(M-I)12.~~ 

forces in the crystals may be partially responsible in 
determining the core geometry. Such dimers may serve 
as molecular precursors to their materials under 
OMCVD studies. In this context, our preliminary 
studies on the pyrolysis of [Mes2In@-TePh)]2 (2) are very 
encouraging. Heating 2 at 600 "C under dynamic 
vacuum yields a metallic film. Powder X-ray diffraction 
pattern on this material shows a mixture of various Conclusion 

The dimesitylindium tellurolates have been prepared 
by the reaction of Mes3In with dichalcogenides, R2Te2, 
under mild conditions. This synthetic route provides 
an alternative method to obtain these complexes, espe- 
cially in those cases where the protic substrates, REH, 
are unstable. These derivatives are dimeric in the solid 
state. The bridging hetero atom of the central (1nTe)a 
core is generally pyramidal with angles between the 
substituent groups approaching 90" as expected for 
systems using pure p orbitals. In comparison with the 
earlier chalcogens, we see decreasing angles between 
the substituents and increasing p-character in the order 
S < Se < Te. This structural feature is in contrast to 
those of the oxygen-bridged derivatives which generally 
adopt a planar configuration. The central ring is strictly 
planar with trans orientation of the bridging ligands. 
With the structural data available, it is very difficult 
to make any prediction about the conformation of the 
core. It seems reasonable to state that the packing 

forms of indium telluride. The predominant product 
formed was In2Te3(JCPD, No. 33-1488). Other uniden- 
tified species were also present. Further studies on the 
suitabilty of these precursors to give binary materials 
are in progress. 

Acknowledgment is made to the donors of the 
Petroleum Research Fund, administered by the Ameri- 
can Chemical Society, for support of this research. Mike 
Fuerth, Department of Chemistry, University of Wind- 
sor, is acknowledged for providing the 125Te NMR 
spectrum. 

Supplementary Material Available: Complete listings 
of bond distances and bond angles, anisotropic thermal 
parameters for the heavy atoms and hydrogen atom positional 
parameters (9 pages). See any current masthead page for 
ordering information. 
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Reactions of Isocyanide-Substituted Dimanganese 
Carbonyl Complexes with Alkynes. Alkyne-Isocyanide 
Coupling and the Synthesis of Metalated N-Substituted 

Pyridines 
Richard D. Adams* and Mingsheng Huang 

Department of Chemistry and Biochemistry, University of South Carolina, 
Columbia, South Carolina 29208 

Received September 7, 1994@ 

When activated by Me3NO in the presence of MeCN, the compounds Mn2(CO)g(CNR) (la,b; 
R = Me, Ph) react with Me02CCWC02Me to yield the new compounds Mnz(CO)&- 
(Me02C)C-C(CO2Me)C=NR] (2a,b; R = Me, Ph) in yields of 40% and 32%, respectively. 
Minor products, Mn2(C0)7(CNR)~-(Me02C)C=C(C02Me)C=Ol (3a,b; R = Me, Ph) were also 
formed. Compound 2a was characterized crystallographically. The structure shows that 
the isocyanide ligand was coupled to the alkyne, and the nitrogen atom is coordinated to 
one of the manganese atoms to form a five-membered cyclo-mangana enimine ring. One of 
the carboxylate groups is coordinated to the other manganese atom. The compounds 

Mn2(C0)7b-q4-CN(Me)CHCHC(C02Me)C(C02Me)l (4a), Mn2(C0)7[u-q4-dN(Ph)CHCHC(C02- 
Me)C(C02Me)] (4b), and Mn2(C0)71&q4-CN(Me)CHC(C02Me)C(C02Me)h(C02Me)l (4c) were 
prepared in yields of 27%, 32%, and 31%, respectively, by treatment of 2a,b with C2H2 and 
of 2a with HC2(C02Me) in the presence of W irradiation. Compound 4a was characterized 
crystallographically. This compound contains a metalated N-methylpyridine ring formed 
by a 1,4-cycloaddition of the alkyne to the enimine grouping in compound 2a. One of the 
metal atoms was shifted to a n-bonding coordination involving four of the carbon atoms of 
the pyridine ring, Crystal data: for 2a space group P21/n, a = 10.981(4) A, b = 11.425(2) A, 
c = 16.780(5) A, p = 92.00(3)", 2 = 4, 1526 reflections, R = 0.041; for 4a space group P21/n, 
a = 9.6532) A, b = 17.538(5) A, c = 12.599(1) A, p = 107.03(1)", 2 = 4, 1950 reflections, R 
= 0.033. 

1 

Introduction 
Metal-assisted coupling reactions between alkynes 

and CO have provided routes for the synthesis of a wide 
variety of new organic ligands1 and new organic mol- 
ecules.2 Recent studies have shown that ligands formed 
by the coupling of alkynes to CO in the presence of 
dinuclear manganese carbonyl complexes frequently 
results in the formation of groupings in which the 
oxygen atom of the CO group is coordinated to  one or 
both of the metal  atom^.^-^ This coordination can have 
a significant effect upon the subsequent reactivity of the 

@ Abstract published in Advance ACS Abstracts, December 1,1994. 
(1) (a) Dyke, A. F.; Knox, S. A. R.; Naish, P. J.; Taylor, G. E. J .  Chem. 

SOC., Dalton Trans. 1982, 1297. (b) Finnimore, S. R.; Knox, S. A. R.; 
Taylor, G. E. J .  Chem. SOC., Dalton Trans. 1982, 1783. (c) Hogarth, 
G.; Kayser, F.; Knox, S. A. R.; Morton, D. A. V.; Orpen, A. G.; Turner, 
M. L. J .  Chem. SOC., Chem. Commun. 1988, 358. (d) Gracey, B. P.; 
Knox, S. A. R.; Macpherson, K A,; Orpen, A. G.; Stobart, S. R. J.  Chem. 
SOC., Dalton Trans. 1985, 1935. (e) Dickson, R. S. Polyhedron 1991, 
10, 1995. (fl Johnson, K. A.; Gladfelter, W. L. Organometallics 1992, 
11, 2534. (g) Takats, J. J .  Cluster Sci. 1992, 3, 479. 
(2) (a) Shore, N. E. Chem. Reu. 1988, 88, 1081. (b) Colquhoun, H. 

M.; Thompson, D. J.; Twigg, M. V. Carbonylation: Direct Synthesis of 
Carbonyl Compounds; Plenum Press: New York, 1991. (c) Pino, P.; 
Braca, G. In Organic Synthesis via Metal Carbonyls; Wender, I., Pino, 
P., Eds.; Wiley: New York, 1977; Vol. 2, pp 420-516. 
(3) (a) Adams, R. D.; Chen, G.; Chen, L.; Wu, W.; Yin, J. Organo- 

metallics 1993, 12, 3431. (b) Adams, R. D.; Chen, G.; Chen, L.; Wu, 
W.; Yin, J. J .  Am.  Chem. SOC. 1991, 113, 9406. 
(4) Adams, R. D.; Chen, L.; Wu, W. Organometallics 1993,12,4112. 
(5) Garcia Alonso, F. J.; Riera, V.; Ruiz, M. A,; Tiripicchio, A,; 

Camellini, M. T. Organometallics 1992, 11, 370. 
(6) Derunov, V. V.; Shilova, 0. S.; Batsanov, A. S.; Yannovskii, A. 

I.; Struchkov, Yu. T.; Kolobova, N. E. Metalloorg. Khim. 1991,4, 1166. 

complex and the ligand grouping i t ~ e l f . ~  For example, 
we have recently shown that the metalated enone 
complex Mn~(CO)~i$-(EtO2C>C=C(CO2Et)C=Ol (A) will 
decarbonylate and add an alkyne in the presence of W 
irradiation to  yield complexes containing metalated 

pyran rings (e.g. Mn2(C0)7i$-q4-COCR2CR1C(C02Et)C- 
(C02Et)l (B)) by a 1,4-cycloaddition of alkynes to the 
enone grouping in A (eq 1). 

I I 

C0,Et 
I 

A B 

Studies of the coupling of alkynes to isocyanides have 
been far fewer.8 We have now found that the com- 
pounds Mn2(CO)g(CNR) (la,b; R = Me, Ph) can be 
activated by treatment with Me3NO in the presence of 
NCMe toward reaction with MeO2CC=CC02Me. The 
principal products 2 obtained from these reactions 
contain cyclometalated enimine groupings formed by the 

(7) (a) Adams, R. D.; Chen, L.; Huang, M. Organometallics 1994, 
13, 2696. (b) Adams, R. D.; Chen, L. J .  Am.  Chem. SOC. 1994, 116, 
4467. 
(8) (a) Singleton, E.; Oosthuizen, H. E. Adv. Organomet. Chem. 1983, 

22,209. (b) Otsuka, S.; Nakamura, A. Adu. Organomet. Chem. 1976, 
14, 245. (c) Jautelat, M.; Ley, K. Synthesis 1970, 593. 

0276-733319512314-0506$09.00/0 0 1995 American Chemical Society 
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Metalated N-Substituted Pyridines 

coupling of the alkyne to the isocyanide ligand and the 
coordination of the nitrogen atom to one of the manga- 
nese atoms. 

Organometallics, Vol. 14, No. 1, 1995 507 

product was isolated by chromatography over a silica gel 
column. This yielded 16.2 mg of unreacted la (eluted with a 
hexane/CHzClz (U1) solvent mixture) 155.1 mg of yellow 
MndCO)&-(MeOzC)C=C(CO2Me)C=NMel(2a; 40% yield (elut- 
ed with a hexane/CHzClz (2A) solvent mixture)) and 45.8 mg 
of orange M~(CO)~[CI-(M~~~C)C=C(COZM~)C=O)IM~(CO)~- 
(CNMe) (3a; 12% yield (eluted by a hexane/CHzClz (1/1) solvent 
mixture)). Spectral data for 2a: IR (YCO in hexane, cm-l) 2095 
(w), 2080 (m), 2015 (vs), 1999 (81,1960 (s), 1951 (m), 1724 (w, 
br), 1600 (w, br), 1548 (w, br); lH NMR (6 in CDC13, ppm) 3.87 
(8, 3H, OCH3), 3.83 (s, 3H, OCH3), 3.78 (s, 3H, NCH3). Anal. 
Calcd (found): C, 37.20 (37.05); H, 1.75 (1.41); N, 2.70 (2.69). 
Spectral data for 3a: IR (VCO,CN in hexane, cm-l) 2191 (w, br), 
2090 (m), 2035 (vs), 2025 (s), 2014 (s), 2004 (s), 1976 (s), 1959 
(s), 1918 (s), 1947 (s), 1724 (w, br), 1609 (m, br), 1542 (w, br); 
lH NMR (6 in CDC13, ppm) 3.89 (s, 3H, Oc&), 3.84 (s, 3H, 
OCH3), 3.35 (s, 3H, NCH3). Anal. Calcd (found): C, 37.20 
(36.19); H, 1.75 (1.77); N, 2.70 (2.78). 

Reaction of lb with MeOzCC=CCO&Ie. Using a pro- 
cedure similar to that described above, a reaction of 370.0 mg 
(0.796 mmol) of lb with 1.5 equiv of MeOzCCmCCOzMe 
yielded two new compounds: Mnz(CO)s[(MeOzC)C=C(COz- 
Me)C=NPh] (2b; 32% yield) and Mn(C0)4[(MeOZC)C=C(COz- 
MeC=O)]Mn(C0)3(CNPh) (3b; 2% yield). Spectral data for 
2b: IR (VCO in hexane, cm-l) 2003 (s), 2079 (m), 2011 (vs), 2005 
(vs), 1996 (m), 1968 (s), 1723 (w, br), 1600 (w, br), 1541 (w, 
br); lH NMR (6 in CDCl3, ppm) 7.39-7.03 (m, 5H, Ph), 3.90 
(s, 3H, OCH3), 3.86 (5, 3H, OCH3). Spectral data for 3b: IR 
(YCO,CN in hexane, cm-l) 2143 (w, br), 2090 (m), 2031 (vs), 2015 
(s), 2006 (s), 1981 (s), 1960 (4, 1952 (SI, 1724 (w, br), 1608 (m, 
br), 1524 (w, br); 'H NMR (6 in CDC13, ppm) 7.38 (m, 5H, Ph), 

Reaction of the Compounds 2 with Alkynes. (a) 2a 
with HC=CH. A 50.0-mg (0.097-"01) amount of 2a was 
dissolved in 300 mL of hexane in a 500-mL Pyrex flask. The 
solution waa purged with HC=CH for 15 min and then exposed 
to W light a t  25 "C for 5 min. The solvent was then removed 
under vacuum, and the residue was separated by TLC using 
a hexane/CHzClz (1/1) solvent mixture. This yielded 2.2 mg 
of starting material and 13.6 mg of Mnz(C0)7b-v4- 

3.90 (s, 3H, ocH3), 3.87 (s, 3H, ocH3). 

k 

Like compound A, these compounds also add a second 
alkyne in the presence of U V  irradiation. These prod- 
ucts contain metalated N-substituted pyridine ligands 
formed by a 1,4-cycloaddition of the alkyne to the 
enimine grouping in the compounds 2. The results of 
this study are reported here. 

Experimental Section 
Unless otherwise indicated, all reactions were carried out 

under an atmosphere of nitrogen. Hexane was freshly distilled 
over Na prior to  use. MeCN and CHzClz solvents were dried 
over CaHz. HCECH was purchased from Union Carbide Inc.; 
HCWCOzMe (99%) and MeOzCC=CCOzMe (99%) were pur- 
chased from Aldrich Co. and were used without further 
purification. Trimethylamine N-oxide dihydrate was dehy- 
drated by using a Dean-Stark apparatus with benzene as the 
solvent prior to  use. CNMe,S CNPh,g and MnZ(C0)9(NCMe)lo 
were prepared by the reported procedures. W irradiations 
were performed on solutions in Pyrex glassware by using an 
externally positioned 1000-W high-pressure mercury lamp 
purchased from Cooper Lighting, Vicksburg, MS. TLC separa- 
tions were performed in air using silica gel (60 A, F254) on 
plates (Whatman, 0.25 mm). IR spectra were recorded on a 
Nicolet 5DXB FT-IR spectrophotometer. 'H NMR spectra 
were taken at 400 MHz on a Bruker Am-400 spectrometer. 
Elemental analyses were performed by Oneida Research 
Serivces Inc., Whitesboro, NY. 

Preparation of MnZ(C0)dCNMe) (la) and Mnz(C0)~- 
(CNPh) (lb). (a) Mnz(CO)s(CNMe). A solution of a 250.0- 
mg amount (0.62 mmol) of MnZ(CO)g(NCMe) and 38.9 pL (0.74 
mmol) of CNMe in 200 mL of CHzClz was heated to  reflux for 
2 h. After the mixture was cooled to room temperature, the 
solvent was removed in vacuo, and the residue was isolated 
by column chromatography. Elution with a hexandCHzClz (51 
1) solvent mixture yielded 218.0 mg of yellow Mnz(C0MCNMe) 
(la; 87%). It was spectroscopically identical in the IR to  the 
compound with the same formula reportedly obtained from the 
reaction of Mnz(CO)lo with CNMe.ll 

(b) Mnz(CO)e(CNPh). By a procedure similar to that 
described above, MnZ(CO)g(CNPh) was prepared in 88% yield 
from the reaction of MnZ(CO)g(NCMe) and CNPh. It was 
spectroscopically identical to  the material with the same 
formula reportedly obtained from the reaction of MeMn(C0)a 
with CNPh.12 

Reaction of la with MeOzCCrCCOzMe. A 300.0-mg 
amount (0.74 mmol) of l a  and a 67.3-mg amount (0.90 mmol) 
of Me3NO in 50 mL of MeCN was stirred at 25 "C for 30 min. 
The solvent was removed under vacuum, and the orange solid 
was redissolved in 50 mL of CHzClz. To this solution was 
added a 138.5-pL amount (1.12 mmol) of MeOzCCWCOzMe 
via a syringe. This solution was then stirred at 25 "C for 20 
h. The solvent was removed by rotary evaporation, and the 

(9) William, P. W.; George, W. G.; Ivar, K. U. Angew. Chem., Znt. 

(10) Koelle, U. J. Orgunomet. Chem. 1978, 155, 53. 
(11) Grant, S.; Newman, J.; Manning, A. R. J. Orgunomet. Chem. 

(12) Joshi, K. K.; Pauson, P. L.; Stubbs, W. H. J. Orgunomet. Chem. 

Ed. Engl. 1972, 11,  530. 

1976, 96, C11. 

1963, 1, 51. 

dN(Me)CHCHC(COzMe)b(COzMe)l(4a) in 27% yield. Spectra 
data for 4a: IR (YCO in hexane, cm-') 2100 (w), 2021 (s), 2008 
(m), 1953 (m), 1935 (m), 1921 (m), 1730 (w, br), 1577 (w, br); 
lH NMR (6 in CDCl3, ppm) 6.05 (d, 3 J ~ - ~  = 4.7 Hz, 1H, CHI, 
4.16 (d, 3 J ~ - ~  = 4.7 Hz, lH, CH), 3.88 (9, 3H, OCH3), 3.73 (s, 
3H, OCHs), 3.32 (s, 3H, NCH3). Anal. Calcd (found): C, 39.64 
(39.34); H, 2.15 (2.15); N, 2.72 (2.76). 

(b) 2b with HC=CH. Using a procedure similar to that 
described above, irradiation of a solution of 50.0 mg of 2b in 
hexane with HCmCH (slow purge) gave the compound 

Mnz(C0)7b-v4-dN(Ph)CHCHC(CO~Me)C(CO~Me)l (4b) in 32% 
yield. Spectral data for 4b: IR (YCO in hexane, cm-')2097 (w), 
2016 (s), 2006 (m), 1968 (m), 1934 (m), 1921 (m), 1730 (w, br), 
1577 (w, br); lH NMR (6 in CDC13, ppm) 7.51-6.93 (m, 5H, 
Ph), 6.13 (d, 3 J ~ - ~  = 4.5 Hz, lH,  CHI, 4.43 (d, 'JH-H = 4.5 Hz, 
lH,  CH), 3.93 (8, 3H, OCH3), 3.76 (9, 3H, OCH3). 

(c )  2a with HC=CCO@e. A 20.0-mg amount (0.039 
mmol) of 2a and a 17.4-pL amount of HC=CCOzMe were 
dissolved in 80 mL of hexane, The solution was exposed to  
UV light at 25 "C for 5 min. The solvent was then re- 
moved under vacuum, and the residue was separated by TLC 
using a bexane/CHzClz (1/1) solvent mixture to give 0.8 mg of 
unreacted starting material and 6.9 mg of orange Mnz- 

(C0),b-v4-CN(Me)CHC(CO~Me)C(CO~Me)hCO~Me)1 (4c) in 
31% yield. Spectral data for 4c: IR (vco in hexane, cm-l) 2101 
(w), 2015 (SI, 1958 (m), 1950 (m), 1934 (m), 1733 (w, br), 1716 
(w, br), 1585 (w, br); lH NMR (6 in CDC4, ppm) 6.58 (s, 1H, 
CH), 3.89 (8, 3H, OCHd, 3.76 (s, 6H, OCHd, 3.44 (9, 3H, 
NCH3). 
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Table 1. Crystallographic Data for Compounds 2a and 4a 
2a 4a 

empirical formula Mn2012NC16H9 M ~ z O I I N C ~ ~ H I I  
fw 517.12 515.15 
cryst syst monoclinic monoclinic 
lattice params 

a (A) 10.981 (4) 9.655(2) 
b (A) 11.425(2) 17.538(5) 
c (A) 16.780(5) 12.599( 1) 
P (+g) 92.00(3) 107.03(1) 
V (A3) 2 103.9(9) 2039.9(6) 

space group P21/n (No. 14) P21/n (No. 14) 
Z 4 4 
Dcdc, g/cm3 1.63 1.68 
p(Mo Ka) (cm-’) 12.62 12.98 

28,, (deg) 42.0 42.0 
no. of obs rflns: total; I >3a(O 
no. of variables 280 276 
residuals:“ R; R, 0.041; 0.036 0.033; 0.040 
goodness-of-fit indicator (GOF) 2.33 2.73 
max shift in final cycle 0.00 0.06 
largest peak in final diff map (e/A3) 0.26 0.33 
abs cor: madmin empirical, 1.0/0.92 

temp (“C) 20 20 

2409; 1526 2291; 1950 

‘R = Chkl(llFa1 - IFc/l/ChkllFol; Rw = [ChklW(/Fol - I F C ~ ~ ) / ~ ~ ~ ~ F O * ] ” * ,  W 
= l/o*(Fo); GOF = [Zhkl(lFa/ - Fcl/o(Fo)l/(ndata - nvan). 

Crystallographic Analysis. Crystals of compounds 2a 
and 4a suitable for X-ray diffraction analysis were grown by 
slow evaporation of solvent from a solution in a hexane/CHz- 
Clz (1/1) solvent mixture a t  25 “C. All crystals that were used 
in diffraction intensity measurements were mounted in thin- 
walled glass capillaries. Diffraction measurements were made 
on a Rigaku AFC6S fully automated four-circle diffractometer 
by using graphite-monochromated Mo Ka radiation. The unit 
cells were determined and refined from 15 randomly selected 
reflections obtained by using the AFC6 automatic search, 
center, index, and least-squares routines. All data processing 
was performed on a Digital Equipment Corp. VAXstation 3520 
computer by using the TEXSAN motif structure solving 
program library obtained from Molecular Structure Corp., The 
Woodlands, TX. Neutral atom scattering factors were calcu- 
lated by the standard procedures.13a Anomalous dispersion 
corrections were applied to all non-hydrogen a t ~ m s . ’ ~ ~  Lorentd 
polarization (Lp) corrections were applied to the data for each 
structure. Full-matrix least-squares refinements minimized 
the function zhklw(lFol - iFci)2, where w = l/a(Fo)2, d F 0 )  = 0- 
(Fo2)/2FO, and u(F,2) = [u(I,,)~ + (0.021n,t)231’2/Lp. Both struc- 
tures were solved by a combination of direct methods (MITH- 
RIL) and difference Fourier syntheses. Crystal data and 
results of the analyses are listed in Table 1. 

Both compounds crystallized in the monoclinic crystal 
system in the space group P21ln which was identified uniquely 
from the patterns of systematic absences observed in the data. 
For both structures least-squares refinements were completed 
using anisotropic thermal parameters for all non-hydrogen 
atoms. The positions of all hydrogen atoms were calculated 
by assuming idealized geometries with C-H = 0.95 A. The 
scattering contributions of calculated hydrogen atoms were 
added to the structure factor calculations, but their positions 
were not refined. 

Results 

When they are  treated with Me3NO in t h e  presence 
of NCMe, t h e  compounds Mnz(CO)Q(CNR) ( la ,b ;  R = 
Me, Ph)  can be activated toward a subsequent reaction 
with the  alkyne MeO&C=CCOZMe. The principal 
products obtained from this sequence of reactions are  

(13) (a) International Tables for X-ray Crystallography; Kynoch 
Press: Birmingham, England, 1975; Vol. IV, Table 2.2B, pp 99-101. 
(b) Ibzd., Table 2.3.1, pp 149-150. 

0 2 1  (1> 
Figure 1. ORTEP diagram of Mnz(CO)sk-(MeOzC)C=C- 
(COzMe)C=NMe] (2a) showing 50% probability thermal 
ellipsoids. 

Table 2. Positional Parameters and B(eq) Values for 2a 
atom X Y Z B(eq), A2 

Mn(1) 0.26983(12) 0.15771(11) 0.88986(08) 3.87(6) 
Mn(2) -0.16542(11) 0.25184(11) 0.83054(07) 3.65(6) 
0(1) 0.2869(05) 0.4446(06) 1.0021(04) 6.4(4) 
O(2) 0.3240(05) 0.4790(05) 0.8725(03) 4.7(3) 
O(3) 0.0486(04) 0.5321(05) 0.8968(03) 4.3(3) 
O(4) -0.1049(05) 0.4201(04) 0.8553(03) 4.2(3) 
O(11) 0.5134(06) 0.2155(06) 0.9604(04) 8.0(5) 
O(12) 0.3601(06) -0.0834(06) 0.8573(05) 9.4(5) 
O(13) 0.1750(06) 0.1094(06) 1.0502(04) 7.8(4) 
O(14) 0.3313(06) 0.2353(06) 0.7267(04) 7.1(4) 
O(21) -0.2755(06) 0.0222(05) 0.7988(04) 7.2(4) 
O(22) -0.1854(06) 0.1944(06) 1.0020(04) 7.3(4) 
O(23) -0.1 107(06) 0.2701(06) 0.6576(04) 6.7(4) 
O(24) -0.4166(05) 0.3505(6) 0.8088(04) 8.0(4) 
N(1) 0.0918(05) 0.1321(05) 0.8493(04) 3.8(4) 
(71) 0.001 l(08) 0.4308(07) 0.8760(05) 3.8(5) 
C(2) 0.0802(07) 0.3279(07) 0.8782(04) 3.1(4) 
C(3) 0.1972(07) 0.3208(06) 0.9013(04) 3.2(4) 
C(4) 0.2708(07) 0.4228(07) 0.9342(06) 4.1(5) 
C(5) 0.0166(07) 0.2190(07) 0.8515(04) 3.3(4) 
C(6) 0.0504(07) 0.0146(07) 0.8251(05) 5.1(5) 
C(7) -0.0350(07) 0.6306(07) 0.8945(05) 4.9(5) 
C(8) 0.4024(08) 0.5766(08) 0.8980(06) 7.3(6) 
C(11) 0.4201(09) 0.1944(08) 0.9333(05) 5.5(5)  
C(12) 0.3229(08) 0.0059(08) 0.8706(06) 6.0(6) 
C(13) 0.2135(08) 0.1250(07) 0.9896(06) 4.9(5) 
C( 14) 0.3 lOO(07) 0.2046(07) 0.7891(06) 4.6(5) 
C(21) -0.2296(07) 0.1098(08) 0.8094(06) 5.2(5) 
C(22) -0.1810(07) 0.2199(07) 0.9368(06) 4.5(5) 
C(23) -0.1303(08) 0.2673(07) 0.7237(06) 4.4(5) 
C(24) -0.3207(08) 0.3143(07) 0.8177(06) 5.1(5) 

t h e  new compounds Mn2(CO)&-(Me02C)C=C(COz- 
Me)C=NRl(2a,b; R = Me, Ph) obtained in  the yields of 
40% and 32%, respectively. A n  accompanying minor 
product formulated as Mnz(CO),(CNR)b-(MeOzC)- 
C=C(COzMe)C=O] (3a,b; R = Me, Ph) was also ob- 
tained in each respective reaction. Compound 2a was 
characterized structurally by a single-crystal X-ray 
diffraction analysis, and a n  ORTEP drawing of its 
molecular structure is shown in  Figure 1. Final atomic 
positional parameters a re  listed in  Table 2. Selected 
interatomic distances and angles are given in  Tables 3 
and 4, respectively. The molecule contains a enimine 
grouping that was formed by the  coupling of the  
isocyanide ligand to  the  alkyne. Formally, this group 
has been inserted into the metal-metal bond that exists 
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Metalated N-Substituted Pyridines 

Table 3. Intramolecular Distances for 2a" 
Mn(1)-N(l) 2.069(6) 0(2)-c(4) 1.367(9) 
Mn( 1)-C(3) 2.039(7) 0(2) -W) 1.463(9) 
Mn(l)-C(ll) 1.83(1) 0(3)-c(1) 1.3 1 l(8) 
Mn(1)-C(12) 1.86(1) 0(3)-C(7) 1.452(8) 
Mn(l)-C(13) 1.84(1) 0(4)-c(1) 1.209(8) 
Mn( 1)-C(14) 1.84(1) 0-C (av) 1.130(9) 
Mn(2)-0(4) 2.07 l(5) ~ ( 1 ) - ~ ( 5 )  1.293(8) 
Mn(2)-C(5) 2.052(8) N( 1)-C(6) 1.470(8) 
Mn(2)-C(21) 1.799(9) C(l)-C(2) 1.46(1) 
Mn(2)-C(22) 1.83(1) c w c ( 3 )  1.331(9) 
Mn(2)-C(23) 1.86(1) C(2)-C(5) 1.49(1) 
Mn(2) -C(24) 1.85(1) C(3)-C(4) 1.5 I( 1) 
0(1)-c(4) 1.173(9) 

a Distances are in angstroms. Estimated standard deviations in the least 
significant figure are given in parentheses. 

in the dimanganese species la,b. The nitrogen atom 
N(1) is coordinated to the manganese atom Mn(l), and 
the carbon C(5) is coordinated to the metal atom Mn- 
(2). The Mn(l)-N(l) = 2.069(6) A distance is slight1 

found for the Mn-0 distance in the metalated enone 
complex A shown in eq 1,7 while the Mn(2)-C(5) 
distance (2.052(8) A) is slightly longer than that found 
in compound A (1.954(7) A). Formally, there is a double 
bond between the atoms C(2) and C(3) and C(5) and 
N(1), and this is reflected in the short bond distances 
(1.331(9) and 1.293(8) A). The C(2)-C(5) distance is 
formally single a t  1.49(1) A. One of the carboxylate 
groups is coordinated to the manganese atom Mn(2) 
(Mn(2)-0(4) = 2.071(5) A), and this results in the 
formation of a second five-membered ring which is 
similar to that found in A. The IR spectrum of 2a shows 
two low-energy absorptions at  1600 and 1548 cm-', 
which can be attributed to the stretching frequencies 
of the C-0 of the coordinated carboxylate and C=N of 
the imine groups, respectively. Compound 2b is be- 
lieved to  be structurally analogous to that of 2a. 

The minor products 3a,b exhibit high-frequency 
absorptions at 2191 and 2143 cm-l, respectively, that 
are characteristic of coordinated isocyanide ligands, 
which indicates that the isocyanide has not been coupled 
to the alkyne in the formation of these products. 
However, the presence of two low-energy absorptions 
(1609, 1542 cm-l for 3a and 1600, 1541 cm-l for 3b) 
indicates the formation of a molecule with a structure 
similar to that of A and 2a. Thus, these molecules are 
formulated as isocyanide-substituted derivatives of A. 
A variety of different isomers may exist depending upon 
which metal atom contains the isocyanide ligand 

shorter than the corresponding distance of 2.078(3) 1 

Me? Me0 

Organometallics, Vol. 14, No. 1, 1995 509 

Table 4. Intramolecular Bond Angles for 2aa 
N(l)-Mn(l)-C(3) 78.0(3) C(3)-C(2)-C(5) 118.4(7) 
0(4)-Mn(2)-C(5) 80.3(3) Mn( l)-C(3)-C(2) 113.9(6) 
Mn(2)-0(4)-C(1) 116.8(5) Mn(l)-C(3)-C(4) 122.2(6) 
Mn(l)-N(l)-C(S) 118.6(5) C(2)-C(3)-C(4) 123.9(7) 
Mn(l)-N(l)-C(6) 120.0(5) O(l)-C(4)-0(2) 125.5(8) 
C(5)-N(l)-C(6) 121.2(6) 0(1)-C(4)-C(3) 125.4(8) 
0(3)-C(1)-0(4) 122.4(8) 0(2)-C(4)-C(3) 108.9(7) 
0(3)-C(l)-C(2) 118.2(7) Mn(2)-C(5)-N(l) 139.0(6) 
0(4)-C(l)-C(2) 119.4(8) Mn(2)-C(5)-C(2) 110.1(5) 

C(l)-C(2)-C(5) 113.1(7) Mn-C-0 (av) 177.0(9) 
C(l)-C(2)-C(3) 128.5(7) N(l)-C(5)-C(2) 110.9(6) 

a Angles are in degrees. Estimated standard deviations in the least 
significant figure are given in parentheses. 

Possible isomers of 3a-b 

and also at which site on a given metal atom the 
isocyanide ligand resides. 

When the cyclometalated enimine complexes 2a,b 
were irradiated in the presence of a slow purge with 

HCWH, the new compounds Mnz(C0)7b-q4-CN(Me)- 
7 

CHCHC(COzMe)C(COzMe)l (4a) and Mn2(C0)7ljq4- 

~N(P~)CHCHC(COZM~)C(CO~M~)I(~~) were obtained 
I 

Figure 2. ORTEP diagram of Mnz(C0)&q4-&N(Me)- 
CHCHC(C02Me)C(COzMe)1(4a) showing 50% probability 
thermal ellipsoids. 

I 

in yields of 27% and 32%, respectively. Compound 4a 
was characterized structurally by a single-crystal X-ray 
diffraction analysis, and an ORTEP diagram of its 
molecular structure is shown in Figure 2. Final atomic 
positional parameters are listed in Table 5. Selected 
bond distances and angles are listed in Tables 6 and 7, 
respectively. This compound contains a six-atom nitro- 
gen-containing heterocycle that has a manganese atom 
at the 2-position, methoxycarbonyl groups at  the 3- and 
4-positions, and a methyl group on the nitrogen atom. 
It could be viewed as a substituted N-methylpyridine, 
but the ring is decidedly nonplanar. Four carbon atoms 
((321, C(31, C(31) and C(32)) coordinated to the manga- 
nese atom Mn(1) form one plane, while a second plane 
is formed by the atoms C(21, C(5), N, and C(32). The 
dihedral angle between the two planes is 42.6". Carbon 
C(5) is formally a carbene center (Mn(2)-C(5) = 2.016- 
(4) A), and there is significant multiple bonding between 
the atoms C(5) and N (C(5)-N = 1.311(4) A). Two 
distances (C(3)-C(31) and C(31)-C(32)) are signifi- 
cantly shorter than the others: 1.409(5) and 1.420(6) A 
vs 1.462(5), 1.470(5), and 1.469(5) A for C(2)-C(3), 
C(2)-C(5), and C(32)-N, respectively. One carboxylate 
group is coordinated to  the manganese atom Mn(2) to 
form a five-membered ring (Mn(2)-0(4) = 2.087(3) A). 
Structurally, compound 4a is very similar to the com- 
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Table 5. Positional Parameters and B(eq) Values for 4a 

Adams and Huang 

Table 7. Intramolecular Bond Angles for 4aa 
atom X V Z B(ea), A2 

~~~~ ~ ~~ ~ ~ 

Mn(1) 0.59719(6) 
Mn(2) 0.17295(6) 
O(1) 0.7674(3) 
O(2) 0.6028(3) 
00) 0.6066(3) 
o(4) 0.366 1 (3) 
O( 11) 0.8540(4) 
O(12) 0.4547(4) 
O(13) 0.7787(4) 
O(21) 0.2433(4) 
O(22) 0.0269(4) 
O(23) -0.0924(3) 
O(24) 0.1093(4) 
N 0.2948(3) 
(31) 0.4740(4) 
C(2) 0.4610(4) 
C(3) 0.5603(4) 
C(4) 0.6575(4) 
C(5) 0.3083(4) 
C(6) 0.1590(4) 
C(7) 0.6215(5) 
C(8) 0.6891(6) 
C(11) 0.7522(5) 
C(12) 0.5116(5) 
C(13) 0.7075(5) 
C(21) 0.2176(4) 
C(22) 0.0814(5) 
C(23) 0.0104(5) 
C(24) 0.1346(5) 
C(31) 0.5368(4) 
C(32) 0.4291(4) 

~~ 

0.18526(3) 
0.09019(4) 

-0.0099(2) 
-0.0314(2) 

0.1094(2) 
0.1025( 1) 
0.2021(2) 
0.3312(2) 
0.2447(2) 

-0.0730(2) 
0.0504(2) 
0.0667(2) 
0.2568(2) 
0.1367(2) 
0.1067(2) 
0.1 109(2) 
0.0708(2) 
0.0069(2) 
0.1165(2) 
0.1500(2) 
0.1025(3) 

-0.0946(3) 
0.1946(2) 
0.2750(3) 
0.2210(2) 

0.0662(3) 
0.0768(2) 
0.1940(3) 
0.0890(2) 
0.1459(2) 

-0.0120(3) 

064411(5) 
0.73 137(5) 
0.6942(3) 
0.78 14(3) 
0.8954(2) 
0.8590(2) 
0.8400(3) 
0.6600(3) 
0.5117(3) 
0.7032(2) 
0.9036(3) 
0.5472(2) 
0.7313(3) 
0.5388(2) 
0.8252(3) 
0.7078(2) 
0.6589(3) 
0.7118(3) 
0.64 16(3) 
0.4523(3) 
1.01 19(3) 
0.8396(4) 
0.7656(4) 
0.6540(3) 
0.5634(4) 
0.7156(3) 
0.8374(4) 
0.6197(4) 
0.7353(4) 
0.5461(3) 
0.5077(3) 

Table 6. Intramolecular Distances for 4aa 

2.94(3) 
3.07(3) 
5.5(2) 
4.8(1) 
4.1(1) 
3.4(1) 
5.5(2) 
6.8(2) 
6.9(2) 
6.2(2) 
6.9(2) 
5.4(2) 
6.8(2) 
2.9(1) 
3.0(2) 
2.6(2) 
2.6(2) 
3.1(2) 
2.8(2) 
3.9(2) 
5.9(3) 
6.1(3) 
3.7(2) 
4.1(2) 
4.2(2) 
3.74(9) 
4.3(2) 
3.75(9) 
4.2(2) 
3.0(2) 
3.1(2) 

Mn( 1)-C(2) 2.167(4) 0(2)-C(8) 1.449(5) 
Mn( 1)-C(3) 2.056(4) 0(3)-c(1) 1.327(5) 
Mn(1)-C(11) 1.808(5) 0(3)-C(7) 1.438(5) 
Mn( 1)-C( 12) 1.798(5) 0(4)-c(1) 1.237(5) 
Mn( 1 )-C( 13) 1.788(5) 0-C (av) 1.140(5) 
Mn( 1)-C(31) 2.073(4) N-C(5) 1.3 1 l(4) 
Mn( 1)-C(32) 2.105(4) N-C(6) 1.458(5) 
Mn(2)-O(4) 2.087(3) N-C(32) 1.469(5) 
Mn(2)-C(5) 2.016(4) C(l)-C(2) 1.450(5) 
Mn(2)-C(21) 1.867(5) c m - c ( 3 )  1.462(5) 
Mn(2) - C(22) 1.853(5) ~ ( 2 ~ 5 )  1.470(5) 
Mn(2)-C(23) 1.790(5) C(3)-C(4) 1.488(5) 
Mn(2) - C(24) 1.861(5) C(3)-C(31) 1.409(5) 
0(1)-c(4) 1.183(4) C(31)-C(32) 1.420(6) 
0(2)-c(4) 1.332(5) 

Distances are in angstroms. Estimated standard deviations in the least 
significant figure are given in parentheses. 

pound 5 formed by the addition of HCWC02Me to the 
enone complex A (eq 1). 

5 

On the basis of simple electron-counting procedures, 
complex 4a is formally zwitterionic with a positive 
charge on Mn(2) and a negative charge on Mn(1). 
Compound 4b is believed to be structurally analogous 
to 4a with a phenyl group bonded to the nitrogen atom 
in the place of the methyl group in 4a. 

When 2a was allowed to  react with HCsCC02Me in 
the presence of W irradiation, the compound 

Mn2(C0)dp-q4-CN(Me)CHC(C02Me)C(COzMe)C(C02- 
Me)] (4c) was obtained in 31% yield. Compound 4c is 

C(2)-Mn( 1)-C(3) 
C(2)-Mn( 1)-C(31) 
C(2)-Mn(l)-C(32) 
C(3)-Mn(l)-C(3 1) 
C(3)-Mn( 1)-C(32) 
C(3 1)-Mn( 1)-C(32) 
0(4)-Mn(2)-C(5) 
C(4)-0(2)-C(8) 
C( 1)-0(3)-C(7) 
Mn(2)-0(4)-C( 1) 
C(5)-N-C(6) 
C(5)-N-C(32) 
C(6)-N-C(32) 
O(3)-C( 1)-0(4) 
0(3)-C( 1)-C(2) 
0(4)-C( 1)-C(2) 
Mn( 1)-C(2)-C( 1) 
Mn( l)-C(2)-C(3) 
Mn( 1)-C(2)-C(5) 
C( l)-c(2)-C(3) 
C( l)-c(2)-c(5) 

40.4(1) 
68.6( 1) 
72.4(1) 
39.9( 1) 
69.0(2) 
39.7(2) 
80.1(1) 

116.0(3) 
117.7(3) 
113.2(2) 
126.0(3) 
117.0(3) 
117.0(3) 
121.3(3) 
117.1(3) 
12 1.6(4) 
121.9(3) 
65.7(2) 

11 1.5(2) 
122.4(3) 
110.8(3) 

C(3)-C(2)-C(5) 
Mn( l)-C(3)-C(2) 
Mn( l)-C(3)-C(4) 
Mn( l)-C(3)-C(31) 
C(2)-C(3)-C(4) 
C(2)-C(3)-C(31) 
C(4)-C(3)-C(31) 
O( l)-C(4)-0(2) 
O( l)-C(4)-C(3) 
0(2)-C(4)-C(3) 
Mn(2)-C(5)-N 
Mn(2)-C(5)-C(2) 

Mn( 1)-C(3 1)-C(3) 
Mn(l)-C(3 1)-C(32) 
C(3)-C(31)-C(32) 
Mn( 1)-C(32)-N 
Mn(l)-C(32)-C(31) 

Mn-C-0 (av) 

N-C(5)-C(2) 

N-C(32)-C(31) 

117.8(3) 
73.9(2) 

132.2(3) 
70.7(2) 

125.3(3) 
112.7(3) 
121.1( 3) 
123.3(4) 
125.9(4) 
110.8(3) 
136.3(3) 
111.9(2) 
111.8(3) 
69.4(2) 
7 1.4(2) 

112.8(4) 
110.3(2) 
68.9(2) 

116.6(3) 
178.2(3) 

48-0 

believed to be analogous to 4a,b, but on the basis of its 
IR and lH NMR spectra alone, one is not able to  
distinguish between the two possible isomers 4c and 4c'. 

4 c  4 c '  

However, in comparison with 5, we prefer the structure 
4c, where the carboxylate substituent is located next 
to the heteroatom. 

Discussion 
In our previous studies we showed that 

Mn2(CO)g(NCMe) reacts with Et02CCWC02Et by in- 
sertion of the alkyne into the metal-metal bond and 
coupling of one of the CO ligands to  yield the metalated 
enone complex A.' Similarly, treatment of the isocya- 
nide complexes Mn2(CO)g(CNR) (la,b) with Me3NO in 
NCMe followed by addition of Me02CCWC02Me has 
yielded the metalated enimine complexes 2a,b by the 
insertion of the alkyne into the metal-metal bond and 
coupling to the CNR ligand (see Scheme 1). The 
presumed intermediate Mn2(CO)g(NCMe)(CNR) is un- 
stable, and we thus used it without isolation. We have 
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Metalated N-Substituted Pyridines 

shown previously that the enone complexes are formed 
by the insertion of a CO ligand into a metal-carbon 
bond of a dimetalated olefin precursor ~omplex.~ Simi- 
larly, we propose that the coupling of the isocyanides 
to the alkyne occurs by the insertion of the isocyanide 
into the metal-carbon bond of an unobserved dimeta- 
lated olefin intermediate. Small amounts of the iso- 
cyanide-containing metalated enone complexes 3a,b 
were also obtained in these reactions. The higher yields 
of the complexes 2a,b relative to complexes 3a,b is 
believed to be due to the greater ability of isocyanides 
to insert into the metal-carbon bond than is the case 
for CO. This tendency has been observed previously for 
isocyanide insertion into other types of metal-carbon 
bonds.14 

In the metalated enone complexes the oxygen atom 
of the C=O group is coordinated to one of the metal 
atoms. We found the nitrogen atom of the C-NR group 
is coordinated to one of the metal atoms in a similar 
fashion. The coordination of the oxygen atom in the 
enone complexes provided a condition that facilitated a 
novel 4 + 2 cycloaddition of alkynes to these complexes 
to produce metalated pyrans (eq 1) that could subse- 
quently be freed from the metal atoms by treatment 
with a mixture of CO and HCl gases. 

Likewise, we have found that the addition of alkynes 
to the compounds 2a,b in the presence of W irradiation 
produces a similar 4 + 2 cycloaddition of the alkyne to 
the complexes to produce nitrogen-containing hetero- 
cycles in the form of the metalated N-substituted 

Organometallics, Vol. 14, No. 1, 1995 511 

pyridine complexes 4a,b (eq 2). Solutions of 2a and 

(14) (a) Adams, R. D.; Chodosh, D. F. J. Am. Chem. Soc. 1977,99, 
6544. (b) Yamamoto, Y.; Yamazaki, H. Znorg. Chem. 1974,13, 2145. 

2a + C,H, 4a  
(2) 

HC=CH showed no evidence of reaction at  room tem- 
perature over periods of up to 3.5 h. However, on 
exposure to W irradiation the reactions were complete 
within 5 min. The irradiation almost certainly promotes 
the decarbonylation step, which may facilitate the 
alkyne coupling to the enimine grouping through an 
initial interaction of the alkyne with the metal atom. 

We have attempted to remove and isolate the hetero- 
cycle by treatment with CO/HCl mixtures, but due to 
the very small quantities involved we have been unable 
to obtain complete characterizations of these com- 
pounds. 

Acknowledgment. This research was supported by 
the Office of Basic Energy Science of the U.S. Depart- 
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Supplementary Material Available: Tables of hydrogen 
atom positional parameters and anisotropic thermal param- 
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OM940703N 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

06
9



512 Organometallics 1995, 14, 512-523 

Ligand Substitution at 19-Electron Centers and the 
Indenyl Effect in Organometallic Radicals. 

Electrocatalytic CO Substitution in 
(Cyclopentadienyl)Fe(C0)3+ and (Indenyl)Fe(C0)3+ 

K. A. Pevear, M. M. Banaszak Holl, G. B. Carpenter, A. L. Rieger, 
P. H. Rieger, and D. A. Sweigart" 

Department of Chemistry, Brown University, Providence, Rhode Island 02912 

Received September 19, 1994@ 

Electrochemical reduction of (q5-Cp)Fe(C0)3+ (1+) and (q5-indenyl)Fe(C0)3+ (29  in the 
presence of P- and As-donor nucleophiles (L) leads to rapid and efficient CO substitution by 
an  electron-transfer-catalyzed (ETC) pathway to afford (q5-Cp)Fe(C0)2L+ and (q5-indenyl)- 
Fe(CO)ZL+. The CO substitution may also be effected quantitatively and rapidly by using 
trace amounts of chemical reducing agents such as NEt3 and N O b .  A detailed variable- 
temperature electrochemical study showed that the 19-electron radical 1 dissociates CO with 
a rate constant greater than lo3 s-l at -112 "C in butyronitrile. In contrast, 2 is relatively 
stable, with Iz-co being at least lo6 times less than that for 1. Voltammetry with conventional 
electrodes and with microelectrodes under steady-state conditions allowed the mechanism 
of CO substitution in the 19-electron radicals 1 and 2 to be established as strictly dissociative. 
This fact, as well as the determination (from microelectrode steady-state experiments) that  
the rate of heterogeneous charge transfer for the process 2+ - 2 is fast while that  for 2 - 
2- is slow, argues strongly that the indenyl ligand in 2 is q5-bonded and not q3-bonded as 
previously proposed. The results of extended Huckel MO calculations provide a simple 
explanation of the reduced reactivity of 2 in comparison to 1, without the necessity of invoking 
ring slippage. The LUMO's of 1+ and 2+ contain a large amount of metal character, as was 
confirmed by an examination of the ESR spectrum of 2. The LUMO's of I+ and 2+ are both 
Fe-CO antibonding and have a similar amount of metal character but differ in that the 
LUMO of 2+ has a significant localization on the benzene ring of the indenyl ligand, with 
proportionately less localization on the CO ligands. Accordingly, the rate of dissociation of 
CO is much greater for 1 than for 2. The origin of this effect can be traced to  the presence 
of a low-lying n* orbital in the indenyl anion that is predominantly localized on the benzene 
ring and which has the proper symmetry to interact with one of the two LUMO's on the 
Fe(C0)32+ fragment. In effect, the indenyl ligand acts like an electron sink when 2+ is 
reduced, but this involves neither ring slippage to  q3 bonding nor a diminution of electron 
density on the metal in comparison to  that  in 1. The principal conclusion is that changing 
from cyclopentadienyl to  indenyl ligands should greatly retard dissociative substitutions at 
19e- centers (inverse "indenyl effect"), while, for similar reasons, substitutions should be 
accelerated at 18e- centers (A or D mechanism) and 17e- centers (A mechanism), in 
accordance with the well-known indenyl effect. Also reported in this study is the X-ray 

-indenyl)Fe(C0)31PFs: orthorhombic, space group Pnma,  a = 9.7911(8) A, b 
c = 19.909(2) A, 2 = 4, 1405 unique reflections, R1  = 0.075, wR2 = 0.204. 

Introduction 
Organometallic radicals with 17 or 19 electrons about 

the metal generally show greatly enhanced reactivity 
in comparison to  their 18-electron ana1ogues.'s2 A 
variety of stoichiometric and catalytic transformations 
of 18-electron complexes can be initiated by the in situ 
conversion to odd-electron ~pecies.l-~ Seventeen-elec- 
tron radicals may be generated by oxidation or, in the 

@ Abstract published in Advance ACS Abstracts, November 15,1994. 
(1) OrganometaZZic Radical Processes; Trogler, W. C., Ed.; Elsevier: 

Amsterdam, 1990. 
(2) (a) Tyler, D. R. Prog. Znorg. Chem. 1988,36,125. (b) Astruc, D. 

Chem. Rev. 1988,88,1189. (c) Baird, M. C. Chem. Rev. 1988,88,1217. 
(d) Tvler. D. R.: Mao. F. Coord. Chem. Rev. 1990.97. 119. (e) Tvler. 
D. R.-AcC. Chem. Res: l991,24, 325. (0 Kaim, W: Coord. Chem. Rev: 
1987, 76, 187. 

0276-733319512314-0512$09.0010 

case of polynuclear complexes, by photodissociation of 
a metal-metal b ~ n d . ~ - ~  However generated, 17-elec- 
tron complexes often have sufficient stability to allow 
spectroscopic characterization. In the presence of ap- 
propriate nucleophiles they typically undergo rapid 
ligand substitution by an associative p a t h ~ a y . ~  

Perhaps the most obvious way to form a 19-electron 
complex is via reduction of an 18-electron precursor. 

(3) (a) Bezems, G. J.; Rieger, P. H.; Visco, S. J. Chem. SOC., Chem. 
Commun. 1981,265. (b) Arewgoda, C. M.; Robinson, B. H.; Simpson, 
J. J. Chem. SOC., Chem. Commun. 1982, 284. (c) Darchen, A,; Mahe, 
C.; Patin, H. J. Chem. SOC., Chem. Commun. 1982,243. (d) Arewgoda, 
M.; Rieger, P. H.; Robinson, B. H.; Simpson, J.; Visco, S. J. Am. Chem. 
SOC. 1982, 104, 5633. (e) Miholova, D.; Vlcek, A. A. J. Organomet. 
Chem. 1985,279, 317. (0 Hinkelmann, R; Mahlendorf, F.; Heinze, 
J.; Schacht, H.-T.; Field, J. S.; Vahrenkamp, H. Angew. Chem., Int. 
Ed. Engl. 1987,26, 352. 

0 1995 American Chemical Society 
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Ligand Substitution at 19-Electron Centers 

Scheme 1 
Ee!A!dGm m!iaiiQinn 

M-L & M-L' (EO) M-L+ L M-L 
18e 198 17e 18e 
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lated as intermediates or transition-state species, but 
due to their great reactivity, authentic examples are 
rare. For obvious reasons, it is usually assumed that 
ligand substitution at  19-electron centers is dissocia- 
t i ~ e . ~ , ~ J  While this qualitative assumption is almost 
certainly correct, there is very little quantitative infor- 
mation available describing how reactivity depends on 
the nature of the metal and the nonreacting ligands. 
For example, the reactivity dependence on the metal 
within a given triad is unknown, although it seems 
probable that large rate differences exist with 19- 
electron complexes (vide infra). In this context, it has 
recently been found4' that the reactivity pattern for CO 
substitution at  17-electron centers within the chromium 
triad differs greatly from that found with analogous 18- 
electron complexes. Information of this sort should be 
relevant to the study of processes that have organome- 
tallic radicals as intermediates. 

There have been three detailed mechanistic studies 
of ligand substitution in 19-electron complexes reported 
to date. In one study, it was shownlO that the arene in 
CpFe(arene) is replaced by phosphines via an associative 
pathway; it is likely that successive arene ring slippage 
occurs to avoid the formation of 21-electron intermedi- 
ates. Another study concernedll dissociative CO sub- 
stitution in Co(CO)3L2 (Lz is 2,3-bis(diphenylphosphino)- 
maleic anhydride). In this case, however, recent ESR 
work showed12 that only a few percent of the unpaired 
spin density is located on the metal, indicating that the 
molecule is in reality an 18-electron complex with a 
radical ligand. A third study dealt with CO substitution 
in (MeCp)Mn(CO)zNO and (indenyl)Mn(CO)zNO, which 
were found13 to react by a strictly dissociative pathway. 
These 19-electron radicals14 were generated as inter- 
mediates in the electron-transfer-catalyzed (ETC) CO 
substitution of the 18-electron cations according to eq 
1 (L is a P-donor). 

M-L- - M- + L ( K , ~ )  M-L+ + L' - L'-M-L+ 
19e 17e 17e 19e 

However, as shown in Scheme 1, ligand dissociation may 
accompany reduction and in order to  "see" the 19- 
electron complex, the equilibrium constant (Keq) for the 
19e - 17e interconversion must be small. This is more 
likely to occur as E" becomes more positive; i.e., an 
easily reduced (electron poor) M-L complex is less likely 
to dissociate ligand L after reduction. It is also possible 
to generate 19-electron radicals by oxidation in the 
presence of a potential ligand (E). Again, the key step 
is the 17e - 19e interconversion, and one anticipates 
that the larger the E", the better, because a difficult to 
oxidize M-L will be more prone to  bind another ligand 
(large Keq) after oxidation to M-L+. However, there is 
a difficulty here in that ligand addition to M-L+ is often 
followed by a second spontaneous oxidation of L'-M- 
L', so that the only observed species is the 18-electron 
L'-M-L2+. In other words, the disproportionation of 
L'-M-L+ to L'-M-L2+ and M-L (plus L') is exoergic. 
For this reason, it is normally preferable to utilize 
reduction chemistry in order to generate and study 19- 
electron complexes. 

However formed, 19-electron complexes seem to be 
very reactive with respect to oxidation, ligand loss, and/ 
or ligand substitution. For example, it is reported that 
Mn(CO)s, Mn(C0)2(g2-dppe)2, (mesitylene)W(C0)3(Me- 
CN)+, and CpFe(C0)2(g1-dppe) all dissociate a ligand 
with a half-life a t  room temperature of less than 1 
,us.5d,5f3b Nineteen-electron complexes are often postu- 

(4) (a) Fawcett, J .  P.; Jackson, R. A.; Poe, A. J .  Chem. SOC., Dalton 
Trans. 1978, 789. (b) Hershberger, J. W.; Klinger, R. J.; Kochi, J. K. 
J .  Am. Chem. SOC. 1983, 105, 61. (e) Shi, Q.-Z.; Richmond, T. G.; 
Trogler, W. C.; Basolo, F. J .  Am. Chem. SOC. 1984, 106, 71. (d) 
Heninton, T. R.; Brown, T. L. J .  Am. Chem. SOC. 1985,107,5700. (e) 
Turaki, N. N.; Huggins, J. M. Organometallics 1986, 5, 1703. (0 
Basolo, F. Polyhedron 1990, 9, 1535. (g) Watkins, W. C.; Jaeger, T.; 
Kidd, C. E.; Fortier, S.; Baird, M. C.; Kiss, G.; Roper, G. C.; Hoff, C. D. 
J .  Am. Chem. SOC. 1992,114,907. (h) Song, L.; Trogler, W. C. J .  Am. 
Chem. SOC. 1992, 114, 3355. (i) Meng, Q.; Huang, Y.; Ryan, W. J.; 
Sweigart, D. A. Inorg. Chem. 1992,31, 4051. (j) Poli, R.; Owens, B. 
E.; Linck, R. G. Znorg. Chem. 1992,31,662. 

( 5 )  (a) Magnuson, R. H.; Meirowitz, R.; Zulu, S. J.; Giering, W. P. 
Organometallics 1983,2,460. (b) Kuchynka, D. J.; Amatore, C.; Kochi, 
J .  K. Inorg. Chem. 1986,25, 4087. (c )  Donovan, B. T.; Geiger, W. E. 
J .  Am. Chem. SOC. 1988,110,2335. (d) Kuchynka, D. J.; Kochi, J. K. 
Inorg. Chem. 1989,28,855. (e) Ryan, 0. B.; Tilset, M.; Parker, V. D. 
J .  Am. Chem. Soc. 1990,112,2618. (0 Zhang, Y.; Gosser, D. K.; Rieger, 
P. H.; Sweigart, D. A. J .  Am. Chem. SOC. 1991,113, 4062. 
(6) (a) Caspar, J. V.; Meyer, T. J. J .  Am. Chem. SOC. 1980,102,7795. 

(b) Moore, B. D.; Simpson, M. B.; Poliakoff, M.; Turner, J. J. J .  Chen. 
SOC., Chem. Commun. 1984, 972. (c) Dixon, A. J.; Healy, M. A.; 
Poliakoff, M.; Turner, J. J. J .  Chem. Soc., Chem. Commun. 1986,994. 
(7) (a) Dixon, A. J.; Gravelle, S. J.; van de Burgt, L. J.; Poliakoff, 

M.; Turner, J. J.; Weitz, E. J .  Chem. SOC., Chem. Commun. 1987,1023. 
(b) Dixon, A. J.; George, M. W.; Hughes, C.; Poliakoff, M.; Turner, J. 
J. J .  Am. Chem. SOC. 1992, 114, 1719. 
(8) (a) Goldman, A. S.; Tyler, D. R. Inorg. Chem. 1987,26, 253. (b) 

Castellani, M. P.; Tyler, D. R. Organometallics 1989, 8, 2113. 
(9) (a) Wrighton, M. S.; Ginley, D. S. J .  Am. Chem. SOC. 1975, 97, 

4246. (b) Goldman, A. S.; Tyler, D. R. Inorg. Chim. Acta 1985, 98, 
L47. (c) Abrahamson, H. B.; Palazzotto, M. C.; Reichel, C. L.; 
Wrighton, M. S. J. Am. Chem. SOC. 1979,101,4123. (d) Stiegman, A. 
E.; Stieglitz, M.; Tyler, D. R. J .  Am. Chem. SOC. 1983, 105, 6032. (e) 
Stiegman, A. E.; Tyler, D. R. Inorg. Chem. 1984,23,527. (0 Avey, A.; 
Tenhaeff, S. C.; Weakley, J. R.; Tyler, D. R. Organometallics 1991, 
10, 3607. (g) Avey, A.; Tyler, D. R. Organometallics 1992, 11, 3856. 
(h) Scott, S. L.; Espenson, J. H.; Ahu, Z. J .  Am. Chem. SOC. 1993,115, 
1789. 

(dienyl)Mn(CO)2NOf + L e- 
(dienyl)Mn(CO)(L)NO' + CO (1) 

The rate of eq 1 was found to  be greatly increased by 
adding a trace of reducing agent, in which case rapid 
and clean conversion to product occurred within a 
fraction of a second. Scheme 2 illustrates the mecha- 
nism for this ETC process, which was studied in detail 
by electrochemical techniques.13 Reduction of M-CO+ 
yields the 19-electron M-CO, which rapidly substitutes 
a ligand to give M-L. In general, M-L is more easily 
oxidized than is M-CO, from which it follows that M-L 
formed during the reaction will react with M-CO+ in a 
disproportionation step to give M-L+ and regenerate 
M-CO. Alternatively, heterogeneous electron transfer 
from an electrode to M-CO+ leads to M-L, which then 

(10) Ruiz, J.; Lacoste, M.; Astruc, D. J .  Am. Chem. SOC. 1990,112, 
5471. 

(11) Mao, F.; Tyler, D. R.; Keszler, D. J.Am. Chem. SOC. 1989,111, 
130. 
(12) (a) Mao, F.; Tyler, D. R.; Rieger, A. L.; Rieger, P. H. J .  Chem. 

SOC., Faraday Trans. 1991,87, 3113. (b) Mao, F.; Tyler, D. R.; Bruce, 
M. R. M.; Bruce, A. E.; Rieger, A. L.; Rieger, P. H. J .  Am. Chem. SOC. 
1992,114,6418. 
(13) (a) Neto, C. C.; Kim, S.; Meng, Q.; Sweigart, D. A.; Chung, Y. 

K. J.  Am. Chem. SOC. 1993, 115, 2077. (b) Huang, Y.; Neto, C. C.; 
Pevear, K. A.; Banaszak Holl, M. M.; Sweigart, D. A.; Chung, Y. K. 
Inorg. Chim. Acta 1994,226, 53. 
(14) The 19-electron radical CpRe(C0)zNO was also generated but 

was found to be unreactive toward CO substitute on the CV time scale. 
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p+ @)+ 
Fe(CO),L Fe(CO),L 

3+ 4+ 

Figure 1. Numbering scheme for complexes studied. 

Scheme 2 

18e €7 19e 
M-CO + + e -  

M-CO 

M-L - e- 
18e E; 19e 

returns an electron to the electrode, provided El” > E2” 
(Scheme 2). Thus, the overall substitution reaction in 
eq 1 is catalytic in electrons whether the electron 
transfer is homogeneous or heterogeneous. The neces- 
sary conditions for efficient ETC catalysis are that the 
reduction potentials be in the order E”(M-CO+) > Eo- 
(M-L+) and that the 19-electron radicals M-CO and 
M-L be sufficiently stable with respect to decomposition 
so that there can be many turnovers. The former 
requirement applies to most reductions, because depart- 
ing ligands are usually replaced by ones that increase 
the electron density on the metal. It follows that 
catalytic reductive activation of organometallics to 
ligand substitution should be common, whereas catalytic 
oxidative activation should be uncommon. It is possible 
that many substitution reactions of 18-electron com- 
plexes thought to occur by conventional associative or 
dissociative pathways in fact take place by an electron- 
transfer-catalyzed mechanism initiated by the presence 
of trace amounts of adventitious reductants or oxidants 
in solution.3~8J5J6 

The (dienyl)Mn(C0)2NO+ system nicely fulfilled the 
conditions for ETC substitution initiated by reduction 
and, furthermore, was particularly well suited for an 
examination by variable-temperature electrochemical 
techniques, with the result that the mechanistic details 
of CO substitution in the 19-electron intermediates 
could be quantitatively established. In the present 
paper, we describe an electrochemical investigation of 
reductively activated CO substitution in (y5-Cp)Fe- 
(co)3+ (I+) and (y5-indenyl)Fe(C0)3+ (2+). It is shown 
that, upon reduction, 1+ very rapidly dissociates CO and 
dimerizes to [CpFe(CO)&. In the presence of P-donor 
nucleophiles, the dimerization reaction is quenched and 

(15) James, T. A.; McCleverty, J. A. J .  Chem. SOC. A 1970, 850. 
(16)Butts, S. B.; Shriver, D. F. J .  Organomet. Chem. 1979, 169, 

M-L+ - 

191. 

an efficient ETC substitution occurs to afford (y5-Cp)- 
Fe(C0)2L+ ( 3 9  by the mechanism shown in Scheme 2. 
The indenyl complex 2+ was chosen for study in order 
to determine if an “indenyl effect” operates in CO 
substitutions in 19-electron radicals. This effect is one 
example of the general idea that accessibility of a 
transition state through ring slippage in an associative 
process gets easier as the ligand conjugation increases. 
In comparison to a C5H5 group, the benzene ring in C9H7 
allows for easier delocalization of electrons “freed” as 
the bonding to the metal slips from y5 to y3. This results 
in a lower energy for y3 intermediates or activated 
complexes, with the result that the rate of associative 
ligand substitution increases.17 This rate increase can 
be large; for example, (indenyl)Rh(CO):! undergoes as- 
sociative CO substitution about lo8 times faster than 
does (Cp)Rh(CO)z. The idea of ring slippage is well 
documented with the indenyl ligand. There exist a 
number of structural studies showing the indenyl group 
bonded in an y3 fashion with the benzene ring bent away 
from the y3-allyl portion of the molecule by ca. 20°.18J9 

Thus, it is clearly established that the indenyl group 
can slip and thereby facilitate associative ligand sub- 
stitution at 18-electron centers. Interestingly, early 
studies of CO substitution reactions of (dienyl)Fe(CO)zI 
and (dienyl)Mo(C0)3X complexes suggest20 that dis- 
sociative pathways also are faster when the dienyl 
ligand is C9H7 as compared to C5H5. In these cases the 
rate acceleration is several orders of magnitude and was 
ascribed to an interaction between the metal and the 
benzene ring of the indenyl ligand that occurs in concert 
with CO dissociation; the necessity to  form a high- 
energy 16-electron intermediate is alleviated to what- 
ever extent this intramolecular nucleophilic assistance 
actually occurs. With the 19-electron complexes (dieny1)- 
Mn(C0)2NO, it was found13 that the rate of CO dis- 
sociation is very similar when the dienyl group is C5H5 
or C9H7; Le., there is no “indenyl effect”. In dramatic 
contrast to this behavior, it is shown herein that the 
radicals 1 and 2, although apparently undergoing CO 
substitution by the same dissociative mechanism, differ 
in reactivity by more than a factor of lo6. Furthermore, 
the indenyl complex 2 is slower to react than is the 
cyclohexadienyl analogue 1, so that there is an inverse 
indenyl effect in this case. It is suggested that this 
obtains because the indenyl group allows for a (relative) 
stabilization of the ground state of the 19-electron 
radical without the necessity of ring slippage, thereby 
increasing the activation energy of CO dissociation. 

The present study describes the ETC process shown 

(17) (a) Rerek, M. E.; Basolo, F. Organometallics 1983,2, 372. (b) 
Ji, L.-N.; Rerek, M. E.; Basolo, F. Organometallics 1984, 3, 740. (c) 
Rerek, M. E.; Basolo, F. J. Am. Chem. SOC. 1984,106,5908. (d) Bang, 
H.; Lynch, T. J.; Basolo, F. Organometallics 1992, 11, 40. (e) Monti, 
D.; Bassetti, M. J. Am. Chem. SOC. 1993, 115, 4658. 

(18)(a) Nesmeyanov, A. N.; Ustynyuk, N. A,; Makarova, L. G.; 
Andianov, V. G.; Struchkov, Y. T.; Andrae, S. J.  Organomet. Chem. 
1978, 159, 189. (b) Allen, S. R.; Baker, P. IC; Barnes, S. G.; Bottrill, 
M.; Green, M.; Orpen, A. G.; Williams, I. D.; Welch, A. J. J .  Chem. 
Soc., Dalton Trans. 1983,927. (c) Faller, J. W.; Crabtree, R. H.; Habib, 
A. Organometallics 1986,4, 929. (d) Merola, J. S.; Kacmarcik, R. T.; 
Van Engen, D. J.  Am. Chem. SOC. 1986, 108, 329. (e) Kowaleski, R. 
M.; Rheingold, A. L.; Trogler, W. C.; Basolo, F. J .  Am. Chem. Soc. 1986, 
108,2460. 

(19) Forschner, T. C.; Cutler, A. R.; Kullnig, R. K. Organometallics 
1987, 6, 889. 
(20) (a) White, C.; Mawby, R. J. Inorg. Chim. Acta 1970,4,261. (b) 

Hart-Davis, A. J.; White, C.; Mawby, R. J. Inorg. Chim. Acta 1970,4, 
441. (c) Jones, D. J.; Mawby, R. J. Inorg. Chim. Acta 1972, 6, 157. 
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derivatives (CgH7)Fe(C0)3+ (4+, L = P-donor) occurs 
thermally.z7 As with I+, however, we found that the 
NEt3-catalyzed transformation of 2+ to 4+ is a clean and 
rapid reaction that is especially convenient for the 
preparation of 4+ in situ. 

Electrochemical Studies. Voltammetric experi- 
ments were done under a blanket of nitrogen or carbon 
monoxide that was saturated with solvent. The elec- 
trolyte was 0.10 M BuDPF6, which was synthesized by 
metathesis of B d B r  and HPF6, recrystallized from 
CHzCldhexanes, and dried under vacuum. The solvents 
used were CHzClz and MeCN, both of which were 
purchased in HPLC grade from Fisher Scientific (catalog 
numbers D143-1, D150-1, and A998-1). These solvents 
were found to be entirely suitable for use without 
additional “purification”; indeed, distillation gave no 
improvement in electrochemical behavior, as judged 
from the solvent potential window and, in the case of 
CHzClz, the chemical reversibility of the oxidation of 
(benzene)Cr(CO)s, a complex knownz8 to be very sensi- 
tive to trace nucleophilic impurities. Voltammetry at 
low temperatures utilized a simple slush bath, with a 
thermocouple probe inserted into the electrochemical 
cell to monitor the temperature. 

Cyclic voltammetry was done with EG&G 173/175/ 
179 potentiostatic instrumentation. The working elec- 
trode was a 1 mm diameter platinum, gold, or glassy- 
carbon disk, and the counter electrode was a platinum 
wire. The reference was a Metrohm AgIAgC1 electrode 
filled with CHzCldO.10 M B a C 1 0 4  and saturated with 
LiC1; this was separated from the test solution by a salt 
bridge containing 0.10 M B d P F 6  in the solvent in use. 
Inlaid-disk microelectrodes were fabricated with plati- 
num and gold wire of diameter 1-100 pm as previously 
described.29 Steady-state voltammetry with microelec- 
trodes of diameter 10 pm was performed in a Faraday 
cage using a two-electrode configuration in conjunction 
with a Keithley Model 427 current amplifier. Variable- 
temperature IR spectroelectrochemistry was done with 
an optically transparent thin-layer electrode (OTTLE), 
the construction and use of which has been reportedO3O 
Bulk electrolyses were done with a platinum-basket 
working electrode and a platinum-mesh counter elec- 
trode, which was separated from the test solution by a 
salt bridge. Digital simulation of proposed mechanisms 
utilized the program DigiSim.31 This program utilizes 
an efficient fast implicit finite difference algorithm and 
is able to simulate moderately complex mechanisms 
within a few minutes on a PC with a 486 chip. Data 
input includes an E” value for each heterogeneous 
electron transfer step and an estimate of the rate 
constants for any homogeneous reactions. In agreement 
with experimental data, the relevant heterogeneous 
electron transfers were taken as Nernstian. The simu- 
lation results were found to be quite sensitive to the 
input values of the homogeneous CO dissociation rate 
constants, which were altered in a systematic manner 

in eq 2, with major emphasis on the mechanistic aspects 
of the CO substitution reactions of the neutral 19- 
electron intermediates, 1 and 2. Variable-temperature 

voltammetric techniques were utilized, including steady- 
state voltammetry with microelectrodes (diameter 5 10 
pm) at  low scan rates (e.g., 20 mV/s). The steady-state 
method is attractive because it is relatively free of 
capacitive charging current and ohmic polarization 
effects that plague time-dependent voltammetric mea- 
surements in organic solvents.21 Steady-state voltam- 
metry with microelectrodes can be used to determine 
heterogeneous charge transfer rate constants that would 
be difficult or impossible to obtain with conventionally 
sized electrodes;zz this procedure has been used to study 
electron transfer to 2+ and 2 (vide infra). The steady- 
state technique can also be used to  study homogeneous 
reactions, although applications to organometallics are 
so far very few in number.z3 Herein it is demonstrated 
that microelectrodes can be successfully and conve- 
niently applied in a quantitative manner to determine 
the rate of CO substitution in the radical 2. 

Experimental Section 

Materials. The complex [CpFe(CO)3lPF6 ( 1 9  was 
synthesized according to a published procedure.z4 The 
substituted complex [CpFe(CO)2PPh3lPF6 was made 
from CpFe(C0)ZI as described in the l i t e r a t ~ r e . ~ ~  Dur- 
ing the course of this work we found, however, that this 
and other complexes of formula [CpFe(CO)zL]PF6 (3+; 
L = PPh3, P(OPh)3, P(OEt)3, PBu3, P(CzH4CN)s) are 
more easily synthesized in high yield by the following 
procedure: to a solution of [CpFe(CO)3]PF6 in aceto- 
nitrile is added l equiv of phosphine or phosphite (L). 
A trace of NEt3 (1 mol % is sufficient) is added to the 
reaction mixture, and there is immediate and quantita- 
tive conversion to product 3+, as may be conveniently 
verified by recording an IR s p e ~ t r u m . ~ ~ ~ ~ ~ ~ ~ ~ ~  After 
evaporation, the residue is dissolved in THF and the 
product precipitated by slow addition of hexanes. The 
indenyl complex [(CgH7)Fe(C0)3]PF6 (2+) was made 
from the dimer [(CgH7)Fe(C0)21~ by a reportedz7 method 
that was slightly modified by using an atmosphere of 
CO instead of Nz. The conversion of 2+ to substituted 

(21) (a) Wightman, R. M.; Wipf, D. 0. Electroanal. Chem. 1989,15, 
267. (b) Baer, C. D.; Camaioni-Neto, C. A.; Sweigart, D. A,; Bond, A. 
M.; Mann, T. F.; Tondreau, G. A. Coord. Chem. Reu. 1989,93, 1. (c) 
Bond, A. M.; Oldham, K. B.; Zoski, C. G. Anal. Chim. Acta 1989,216, 
177. 

(22)Zhang, Y.; Baer, C. D.; Camaioni-Neto, C. A.; O’Brien, P.; 
Sweigart, D. A. h o g .  Chem. 1991,30, 1682. 

(23) (a) Zoski, C. G.; Sweigart, D. A.; Stone, N. J.; Rieger, P. H.; 
Mocellin, E.; Mann, T. F.; Mann, D. R.; Gosser, D. K; Doeff, M. M.; 
Bond, A. M. J.  Am. Chem. SOC. 1988, 110, 2109. (b) Amatore, C.; 
Wiiger, F. Organometallics 1990, 9, 2276. 

(24) Gill, U. S.; Lee, C. C.; Sutherland, R. G. Synth. React. Inorg. 
Met.-Org. Chem. 1984, 14, 953. 

(25) (a) Treichel, P. M.; Shubkin, R. L.; Barnett, K. W.; Reichard, 
D. Znorg. Chem. 1966, 5, 1177. (b) Reger, D. L.; Coleman, C. J .  
Organomet. Chem. 1977,131, 153. 

(26) (a) Davison, A.; Green, M. L. H.; Wilkinson, G. J .  Chem. SOC. 
1961, 3172. (b) Grant, M. E.; Alexander, J. J. J. Coord. Chem. 1979, 
9, 205. 

(27) (a) Hammud, H. H.; Moran, G. M. J .  Orgunomet. Chem. 1986, 
307, 255. (b) Brown, D. A.; Fitzpatrick, N. J.; Glass, W. K.; Ahmed, 
H. A.; Cunningham, D.; McArdle, P. J .  Orgunomet. Chem. 1993,455, 
157. 

(28) Stone, N. J.; Sweigart, D. A.; Bond, A. M. Organometallics 1986, 
5, 2553. 

(29) Baer, C. D.; Stone, N. J.; Sweigart, D. A. Anal. Chem. 1988, 
60, 188. 

(30) (a) Bullock, J. P.; Boyd, D. C.; Mann, K. R. Znorg. Chem. 1987, 
26, 3086. (b) Pike, R. D.; Alavosus, T. J.; Camaioni-Neto, C. A.; 
Williams, J. C.; Sweigart, D. A. Organometallics 1989, 8, 2631. 

(31) (a) DigiSim 1.0 program, Bioanalytical Systems, Inc., West 
Lafayette, IN. (b) Rudolph, M.; Reddy, D. P.; Feldberg, S.  W. Anal. 
Chem., submitted for publication. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

07
0



516 Organometallics, Vol. 14, No. 1, 1995 

until the voltammetric shapes and current ratios closely 
matched the experimental ones. A reasonable estimate 
of the precision with which the CO dissociation rate 
constants were determined is &20%. 

Molecular Orbital Calculations. Extended Huckel 
calculations were carried out on 1+ and 2+ using the 
CAChe set of computation programs developed by 
Tektronix. Molecules were constructed using the mo- 
lecular editor, and bond distances and angles were 
adjusted to be in agreement with the known X-ray 
structure of [CpFe(C0)3]PF632a and [(indenyl)Fe(CO)sl- 
PF6 (vide infra). The Wolfberg-Helmholz proportiond- 
ity constant was set to 2.0 in order to be consistent with 
Hoffmann's calculations on transition metal carbonyl 
fragments.32b Calculations were also performed on the 
fragment Fe(C0)32+, with results that agreed with the 
literature.32b 

Crystal Structure of [(Indenyl)Fe(CO)slPFe. A 
crystal of [2]PF6 was grown by diethyl ether diffusion 
into a MeCN solution. X-ray analysis was carried out 
using a Siemens P4 single-crystal diffractometer con- 
trolled by XSCANS software. w scans were used for 
data collection. Data reduction included profile fitting 
and an empirical absorption correction based on sepa- 
rate azimuthal scans for five reflections (maximum and 
minimum transmission 0.403 and 0.369). The structure 
was determined by Patterson methods and refined 
initially by use of programs in the SHELXTL 5.1 
package. Final refinement on F was carried out using 
SHEIXL 93 by G. M. Sheldrick. Non-hydrogen atoms 
were refined anisotropically, and hydrogen atoms were 
placed in theoretical positions. As a consequence of the 
relatively weak diffraction pattern and unresolved 
disorder in the PF6- anion, the accuracy of the analysis 
is less than is typical for small molecules. 

Electron Spin Resonance Studies. ESR spectra 
were obtained with a Bruker ER-220D X-band spec- 
trometer, equipped with a Bruker variable-temperature 
accessory, a Bruker gauss meter, a Systron-Donner 
microwave frequency counter, and an ASPECT-2000 
computer. 

Peuear et al. 

Results and Discussion 

Reduction of CpFe(CO)s+ (1% An investigation 
of 1+ by cyclic voltammetry showed its reduction (see 
Figure 2A) to be chemically irreversible under all 
conditions tried. These included scan rates up to 100 
V/s at low temperatures in various solvents: MeCN 
(-43 "C), CH2C12 (-45 "C), BuCN (-112 "C). Changing 
the atmosphere from N2 to CO, even at -112 "C, had 
no effect on the CV. It was previously reported33 that 
1+ forms [CpFe(CO)zlz (Fpz) when reduced. We con- 
firmed that reduction either by bulk electrolysis at a 
platinum electrode or by chemical reduction with NEt3 
consumes one electron and cleanly converts 1+ into Fp2. 
The CVs of 1+ gave a second reduction wave with a peak 
potential that exactly matched that found by us and 
others3* for Fp2, which implies that the dimer is formed 

(32) (a) Gress, M. E.; Jacobson, R. A. Inorg. Chem. 1973,12, 1746. 
(b) Elian, M.; Hoffmann, R. Inorg. Chem. 19'76,14, 1058. 

(33) Dessy, R. E.; King, R. B.; Waldrop, M. J. Am. Chem. SOC. 1966, 
88, 5112. 

(34) (a) Davies, S. G.; Simpson, S. J.; Parker, V. D. J. Chem. SOC., 
Chem. Commun. 1984,352. (b) Bullock, J. P.; Palazotto, M. C.; Mann, 
K R. Inorg. Chem. 1991,30,1284. (c) Dalton, E. F.; Ching, S.; Murray, 
R. W. Inorg. Chem. 1991,30, 2642. 

23OC 

c 

P 
0 c. 0 

4- 0.2 - 1.5 

EN vs. AgIAgC1 
Figure 2. Cyclic voltammograms of 1.0 mM [CpFe(CO)J- 
PF6 in MeCN/O.10 M BuaPF6 under NQ at 23 "C in the 
presence of the indicated nucleophiles: (A) none; (B) 10 
mM AsPh3; (C) 3.0 mM P(OPh)3; (D) 2.0 mM PPh3; (E) 2.0 
mM P(C2H&N)3; (F) 2.0 mM P(OEt)3. The working 
electrode was a 1 mm diameter platinum disk, and the scan 
rate was 0.50 VIS. All potentials are relative to ferrocene 
(E112 = 0.50 V). 

on the CV time scale, most likely after dissociation of 
CO from 1 as summarized in eqs 3-5. The dimerization 

CpFe(CO),+ =S CpFe(CO), (3) 

(4) 

(5) 

k-co CpFe(CO), - CpFe(CO), + CO 

kD 
BCpFe(CO), - [CpFe(C0),I2 

in eq 5 is k n ~ w n ~ ~ , ~  from photodissociation experiments 
with Fp2 to be extremely rapid, with kD reported as 3 x 
lo9 M-l s-l a t  room temperature. Using eqs 3-5 as a 
model, digital simulations show that k-co must be 
greater than lo3 s-l at -112 "C in order for the 
calculated CV to match the observed chemically ir- 
reversible CV obtained at that temperature in BuCN. 
The conclusion is that 1 very rapidly dissociates CO, 
even at -112 "C. It is interesting t o  note that a room- 
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Ligand Substitution at 19-Electron Centers 

Table 1. Reduction Potentials of (qs-Cp)Fe(CO)&+ (39 
and (qS-indenyl)Fe(CO)&+ ( 4 9  Complexes at 23 "Ca 

complex L Epb complex L EmC 
1+ co -0.60 2' CO -0.26 
3' AsPhs -0.70 4+ AsPhs -0.5d 
3' P(OPh)3 -0.90 4+ P(C2&CN)3 -0.53 
3' PPh3 -0.94 4' P(OPh)3 -0.54 
3' P(C2&CN)3 -0.95 4+ PPh3 -0.69 
3' P(OEt)3 -1.11 4+ P(OMe)3 -0.69 

4' diphos -0.71 

All solutions contained Bu$rlP& at 0.10 M and electroactive complex 
as the PF6- salt at 1.0 mM. All potentials are relative to ferrocene (Ell2 = 
+0.50 V). These are peak potentials recorded in MeCN solvent at 0.50 
V/s. The solvent was CH2Cl2. The reduction is chemically irreversible; 
El0 was estimated from the value of Ep at 0.5 V/s. 
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temperature value as great as 10' s-1 for k-co only 
requires a small activation energy for CO dissociation 
(e.g., 25 kJ). 

Upon addition of a phosphine, phosphite, or arsine 
nucleophile, the CV of 1+ changed as indicated in Figure 
2. The wave due to  the reduction of 1+ almost com- 
pletely vanished (except with AsPh3), and a new wave 
appeared at a more negative potential. IR spectra 
recorded after the electrochemical experiments verified 
that no reaction had occurred in the bulk solution. This 
behavior suggested that CO substitution by nucleophile 
(L) had occurred by an ETC pathway to produce CpFe- 
(C0)2L+ (3+), which was responsible for the new reduc- 
tion wave. In accordance with this interpretation, 
genuine samples of 3+ were found to be reduced at 
potentials identical with those in Figure 2. Further- 
more, adding a trace of reducing agent (NEt3, N e b ,  
BH4-) to a solution of 1+ and L led to the immediate 
and quantitative formation of 3+, as judged from IR 
spectra. Bulk electrolysis of 1+ in the presence of 
P-donors led to total conversion to  3+ after passage of 
less than 1 mol 9% of electrons; in most experiments ca. 
0.1 mol 9% was sufficient. It is clear, therefore, that I+ 
is converted to 3+ by an efficient ETC process. Indeed, 
we chose to use this chemistry for the simple and 
convenient synthesis of 3+ complexes (see Experimental 
Section). In this regard, it is pertinent to note a report8 
that CO substitution in CpFe(C0)2P(OEt)3+ by excess 
P(OEt)3 is catalyzed by a chemical reducing agent (Cpz- 
Co), which suggests that an ETC pathway may be useful 
for multiple CO substitutions. 

Table 1 lists the relevant reduction potential data for 
I+ and 3+. Some of these potentials were reported 
previously.26b As can be seen in Figure 2,3+ is reduced 
in a chemically irreversible manner. Scanning to more 
negative potentials gave a wave corresponding to Fp2. 
Earlier work ~ u g g e s t e d ~ > ~ ~  that 3+ (L = PPh3, P(0Et)d 
forms Fp2 upon reduction, and we verified via bulk 
electrolysis that this is the case for CpFe(CO)zPPh3+. 

Figure 3 gives the voltammograms of I+ in the 
presence of P(OPh)3 as a function of scan rate, nucleo- 
phile concentration, and temperature. Curves B-E 
show that at fured [P(oPh)~l the ratio of the current due 
to 1+ to that due to 3+, i(l+)/i(3+), increases markedly 
with scan rate. Curves E-G indicate that i(l+)/i(3+) 
decreases with increasing [P(OPh)31. Finally, curves E 
and H show that the current ratio decreases as the 
temperature is lowered. In these and all other experi- 
ments with 1+ in the presence of a nucleophile, including 
AsPh3, it was found that switching from N2 to an 
atmosphere of CO had no effect on the voltammograms. 

F) /i 'G) /c/ 
(D) -(H) f l  

I I I 
0.0 - 1.2 - 0.5 - 1.2 

Figure 3. Voltammograms of 1.0 mM [CpFe(CO)JPF6 in 
MeCN/O.10 M B m F 6  as a function of varying concentra- 
tions of P(OPh13 and scan rate. All experiments were at 
23 "C except (HI, which was at -45 "C. The values of 
[P(OPh)31 (in mM units) were as follows: (A) 0; (B-E) 2.0; 
(F) 6.0; (G) 10; (H) 2.0. The working electrode was a 
platinum disk of diameter 1 mm for A-C and 100 pm for 
D-H. All potentials are relative to ferrocene (Ell2 = 0.50 
V). Currents are normalized for display purposes. 

The ETC substitution of CO by L in 1+ can be 
analyzed by reference to Scheme 2 or, more explicitly, 
by considering eqs 3-5 in conjunction with eqs 6-8. The 

(6) CpFe(CO), + L - CpFe(CO),L 

E/V vs. AgIAgCI E/v vs. Ag/AgCl 

kL 

CpFe(CO),L+ e- CpFe(CO),L (7) 

CpFe(CO),L + CpFe(CO1,' - 
CpFe(CO),L+ + CpFe(CO), (8) 

most striking experimental observation is the diminu- 
tion or complete disappearance of the reduction wave 
due to 1+ when a nucleophile is present (Figure 2). This 
occurs because the reduction to CpFe(C0)s is followed 
by rapid substitution to give CpFe(C0)2L, which is 
oxidized at  potentials near the reduction wave of l+. In 
addition, the disproportionation reaction given in eq 8 
is highly favored and serves to remove 1+ from the 
vicinity of the electrode and thereby decrease the 
current. Of course, in order for i(l+) to vanish, it is 
necessary for k-co to be sufficiently large. If k-co is 
large enough, then competition between eqs 5 and 6 
determines the relative magnitude of i(l+), which will 
be nonzero to the extent that CpFe(C0)n ends up as the 
dimer Fpz. As noted above, the experimental results 
without nucleophile present showed that k-co is greater 
than lo3 at -112 "C. In the presence of nucleophile, 
digital simulations of the mechanism defined by eqs 3-8 
indicate that it is possible for i ( l+)  to vanish, provided 
k~ is sufficiently large, only if k-co is a t  least lo4 times 
the experimental scan rate. Precisely this behavior was 
observed with the nucleophile P(OEt13 at 100 Vis and 
23 "C, from which we infer that k-co > lo6 s-l. Indeed, 
similar results from experiments at -45 "C imply that 
k-co > 3 x lo5 s-l a t  this temperature. The conclusion 
is that dissociation of CO from CpFe(C0)s is extremely 
rapid, probably being greater than lo7 s-l at room 
temperature. Furthermore, the observed lack of any 
effect of excess CO on the CV's with or without nucleo- 
phile present means that even under conditions in 
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which the reverse of eq 4 could be expected to contribute, 
the net rate of CO dissociation remains large enough 
so that only "limiting" behavior is observed. 

This establishes that k-co is large enough so that any 
nonzero value for i ( l + )  cannot be attributed to "slow" 
CO dissociation from 1. Rather, nonzero i ( l+) / i (3+)  
ratios, as in Figure 3, indicate that dimerization ( k ~ )  
and nucleophile addition ( k ~ )  compete. This competition 
is illustrated by curves E-G in Figure 3, which show 
i ( l+) / i (3+)  decreasing as the nucleophile concentration, 
and hence the rate of eq 6 ,  increases. It may also be 
noted from curves B-E that i ( l+) / i (3+)  increases with 
scan rate. This is a consequence of the dimerization 
being second order in complex. Curves E and H show 
further that i ( l+) / i (3+)  decreases as the temperature is 
lowered at fured scan rate and nucleophile concentra- 
tion. From this observation, it may be inferred that k~ 
is more sensitive to temperature than is k ~ ,  i.e., A E -  

The ratio i( l+)/i(3+) was found to be nearly zero under 
many experimental conditions, from which it may be 
concluded that the rate of nucleophile addition to  the 
17-electron CpFe(C0)z (eq 6 )  must be very large and 
can easily dominate the dimerization rate. Since it is 
k n ~ w n ~ ~ , ~  that k~ is ca. lo9 M-l s-l, it is possible to 
determine k~ from an analysis of data typified by that 
in Figure 3. By matching of the experimental data to 
digital simulations of eqs 3-8 and using the assumption 
that k~ = lo9 M-l s-l, the following reactivity order was 
obtained ( k ~  at  23 "C in units of M-l s-l given in 
parentheses): P(OEt)3 (> lo9), PPh3 (2 x los), P(OPh)3 
(5 x lo7), P(C2H&N)3 (3 x lo7), AsPh3 (8 x lo5). This 
reactivity order is typical for nucleophilic attack on an 
organometallic complex.35 There are several values of 
k~ for eq 6 reported in the literature with which our 
results may be compared. Fast time-resolved IR spec- 
troscopy following photolysis of Fp2 in the presence of 
P(OMe13 was used7 to measure k~ as 9 x lo8 M-l ssl 
for this nucleophile. Disproportionation of Fp2 with 
diphos present was interpreteds as occurring by a 
radical chain mechanism in which k~ for diphos addition 
to  CpFe(C0)z to  give CpFe(C0)2(y1-diphos) was esti- 
mated as 3 x lo7 M-' s-l. Thus, reported values of K L  
are comparable to those found in the present study and 
this lends credence to the proposed mechanistic scheme 
in which ligand substitution at the 19-electron CpFe- 
(CO)3 occurs by CO dissociation to give the 17-electron 
intermediate CpFe(CO)a, which is then trapped by 
nucleophile. 

An alternative interpretation of the electrochemical 
data in terms of an associative mechanism for CO 
substitution in 1 (perhaps with a v3-Cp ligand) is 
inconsistent with the observed rapid formation of Fp2, 
with the results obtained with the indenyl analogue of 
1+, and with the results of MO calculations (vide infra). 

Reduction of (Indenyl)Fe(CO)s+ (29. The behav- 
ior of the indenyl complex 2+ contrasts sharply with that 
of the Cp analogue l+.  Figure 4A shows that reduction 
at 23 "C under N2 is characterized by two partially 
reversible couples (E112 = -0.26, -0.94 V) and a third 
irreversible one at E ,  RZ -1.45 V. Changing to  an 
atmosphere of CO and/or lowering the temperature to 
0 "C resulted in the virtual disappearance of the third 
reduction wave, while the first two became reversible 

(KD) ' m ( k L ) .  

Pevear et al. 

(35) Howell, J. A. S.; Burkinshaw, P. M. Chem. Rev. 1983,83,557. 

23' C 

N2,O"C 

co, 0°C 

10.7 nA 

(D) 

+ 0.2 , /  E D  vs. Ag/AgCl - 1.6 , 
Figure 4. Cyclic voltammograms of 0.90 mM [(indenyll- 
Fe(c0)3]PF~ in CH2Cld0.10 M B-Fe under Nz or CO 
at the indicated temperatures. Experiments A-C were at 
0.50 V/s with a 1 mm diameter glassy-carbon-disk working 
electrode. Experiment D was at 20 mV/s with a 10 pm 
diameter gold electrode. All potentials are relative to 
ferrocene (Eu2 = 0.50 V). 

one-electron couples (curves B and C). Experiments 
with the indenyl dimer [(indenyl)Fe(CO)& (5) showed 
that it is irreversibly reduced with E,  -1.45 V. We, 
therefore, ascribe the third wave in Figure 4A to the 
reduction of 5, apparently formed as a decomposition 
product upon electron transfer to 2+. Most likely, 5 is 
formed in much the same manner as Fp2 is formed from 
1, namely CO dissociation followed by dimerization (eqs 
9-11). However, in contrast to the behavior of 1, the 

(y'-indenyl)Fe(CO),+ 2L (y'-indenyl)Fe(CO), (9) 

k-co (y5-indenyl)Fe(CO), - (y'-indenyl)Fe(CO), + CO 
(10) 

kD 2(y5-indenyl)Fe(CO), - [($-indenyl)Fe(CO),I2 (1 1) 

CO dissociation is readily inhibited and dimer formation 
quenched by the presence of an CO atmosphere or by a 
modest lowering of the temperature (or increase in scan 
rate). Under these conditions, 2 is relatively stable and 
undergoes reversible reduction to  2- (vide infra) at  E1/2 
= -0.94 V. 
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Ligand Substitution ut 19-Electron Centers 

Chemical reduction of 2+ in CHzClz at 23 "C by Na/ 
Pb alloy gave the dimer 5 cleanly, as did reduction with 
an IR-OTTLE cell under the same conditions. However, 
an IR-OTTLE experiment at -20 "C showed that 2+ is 
converted initially into a tricarbonyl species having IR 
bands at 2035 and 1957 (br) cm-l. These IR bands 
match those previously assigned to the neutral (inden- 
yl)Fe(CO)a radical (21, which was detected36 during 
photolysis of the dimer 5 in the presence of CO. Bulk 
electrolysis of 2+ or 5 at  -2 V under CO at 0 "C led to  
formation of 2- (VCO 1952,1890,1869 cm-l in CH2C12); 
this is knownlg complex that can be synthesized by the 
irreversible addition of CO to (indenyl)Fe(CO)z-. A 
structural studylg showed that 2- is an 18-electron 
complex with a slipped ring, i.e., (y3-indenyl)Fe(C0)3-. 

The electrochemical and IR experiments under CO 
or below 0 "C show that 2+ is reduced in two reversible 
l-electron steps corresponding to the couples 2+/2 and 
2/2-. Since 2+ is known to have an 18-electron 175- 
indenyl structure and 2- is known to  be an 18-electron 
y3-indenyl complex, the obvious point of interest is the 
bonding mode in 2. The much greater stability of 2 in 
comparison to 1 with respect to  loss of CO suggests that 
2 may contain a slipped q3-indenyl ligand; i.e., it is a 
17-electron complex. There is precedence for such a 
structure, namely, (~~-indenyl)($-indenyl)V(C0)2.~~~ In- 
deed, an y3-indenyl structure has already been sug- 
gested for 2 by Wrighton et al.;36 the basis of this 
assignment was the similarity of the IR vco bands of 2 
and the 17-electron complex (v3-C3H5)Fe(C0)3. As these 
authors noted, however, the similarity of the IR bands 
does not unambiguously prove that 2 has a slipped 
indenyl ring. In fact, a close examination of the IR 
frequencies indicates to us that the 19-electron structure 
is the more likely. The vco frequencies are slightly 
lower for 2 than for (v3-C3H5)Fe(C0)3, which would not 
be expected if 2 were a 17-electron complex due to an 
anticipated "substituent" effect. Another observation 
relates to the change in vco for the 2- - 2 transforma- 
tion. The average vco value increases by 80 cm-l. This 
is less by about 30 cm-l than the change observed4's7 
for the oxidation of (arene)Cr(CO)s to the monocation, 
an 18e- to 17e- transformation. Accordingly, if 2- - 2 
were an 18e- to 17e- process, it seems likely that Avco 
would be greater than 80 cm-l. In any case we conclude 
that a reliable distinction between an v3- and q5- 
structure for 2 cannot be made from vco frequencies 
alone. 

There are, however, two very good reasons to believe 
that 2 is a 19-electron complex and does not contain an 
q3-indenyl group. The first reason relates to the mecha- 
nism of CO substitution in 2, which will be shown below 
to be strictly dissociative. If 2 were a 17-electron 
complex, it would be expected to react by an associative 
me~hanism.~ The second argument in favor of 2 being 
a 19-electron complex is to be found in Figure 4D. This 
is a steady-state voltammogram obtained with a 10 pm 
diameter gold microelectrode operating at  20 mV/s. The 
two chemically reversible waves can be analyzed as 
previously described22 to obtain an estimate of the rate 
of heterogeneous charge transfer. The first wave is 
characterized by E112 = -0.25 V and E114 - E314 = 55 & 

(36) Wuu, Y.-M.; Zou, C.; Wrighton, M. S. J. Am. Chem. SOC. 1987, 

(37) Meng, Q.; Huang, Y.; Ryan, W. J.; Sweigart, D. A., to be 
109,5861. 

submitted for publication. 
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4 mV. The value of E114 - E314 indicates a Nernstian or 
electrochemically reversible charge transfer; i.e., the 
electron transfer is fast. The second wave is clearly 
broadened relative to the first and has E112 = -1.02 V 
and Eu4 - E314 = 115 & 10 mV. The E112 value for this 
2/2- couple is shifked negative relative to the average 
of the cathodic and anodic peak potentials in the 
transient CV (curve C), and the E114 - E314 parameter 
is far from Nernstian. In fact, this parameter is near 
the anticipated22 value for totally irreversible charge 
transfer; i.e., the electron transfer is slow. It is well 
d o ~ u m e n t e d ~ ~  that ring slippage accompanying a redox 
process is often evidenced by a slow rate of electron 
transfer. The obvious interpretation in the present case 
is that the q5 - q3 slippage occurs upon the reduction 
of 2 to 2-; i.e., 2 does not contain an y3-indenyl ligand. 
It would be difficult indeed to explain the observed 
microelectrode results in terms of substantial molecular 
rearrangement in the Nernstian 2+ - 2 step while the 
2 - 2- step, which would then involve little rearrange- 
ment, is decidedly non-Nernstian. It may be added at  
this point that the voltammogram in Figure 4D nicely 
illustrates the advantages of microelectrodes over con- 
ventionally sized ones for the measurement of rates of 
charge transfer. It would be most difficult to eliminate 
ohmic polarization distortions from curve C to the extent 
necessary, and even then the 2/2- couple would probably 
be quasi-reversible electrochemically. Microelectrodes 
in the steady state domain are more sensitive to charge 
transfer effects and lead to much less distortion; indeed, 
the very fact that the 2+/2 couple in Figure 4D is 
Nernstian is proof of the absence of ohmic distortion. 

In the presence of P-donor nucleophiles (also AsPh3) 
it was found that 2+ undergoes facile CO substitution 
by an ETC mechanism, in analogy to the behavior of 
1+ (vide supra). For example, a solution of 2+ and 
P(OPh)3 in CH2C12 in the dark gave no reaction over- 
night but reacted immediately upon the addition of a 
trace of a dilute solution of NEt3 to give (indeny1)Fe- 
(C0)2P(OPh)3+. Other nucleophiles behaved similarly, 
except that thermal CO substitution would occasionally 
occur within 30 min without the intentional addition of 
a reducing agent. Such behavior was not reproducible 
and is probably due to adventitious reductants that 
initiate an ETC process. The considerably more positive 
E112 of 2+ compared to that of 1+ (Table 1) means that 
2+ should be more susceptible to trace reducing impuri- 
ties, and this may account for the apparent27b greater 
ease of thermal substitution in 2+. 

The electrochemical behavior of 2+ in the presence of 
nucleophiles is typified by Figures 5 and 6 .  If we look 
first at Figure 5A,B, it can be seen that the reduction 
wave for 2+ was completely suppressed by the addition 
of 5 mM P(OPh)3. A new reversible couple appeared at 
a more negative potential, and this is assigned to 4+/4, 
which was verified by comparison to a genuine sample 
of 4+. (Table 1 provides a data summary for all 
nucleophiles studied.) Lowering the temperature below 
15 "C caused the reappearance of a wave due to 2+; 
Figure 5C shows that at -32 "C the current ratio i(2+)/ 
i(4+) is about 0.7. Significantly, increasing the nucleo- 

(38) (a) Nielson, R. M.; Weaver, M. J. Organometallics 1989,8,1636. 
(b) Merkert, J.; Nielson, R. M.; Weaver, M. J.; Geiger, W. E. J .  Am. 
Chem. Soc. 1989,111,7084. (c) Pierce, D. T.; Geiger, W. . J. Am. Chem. 
SOC. 1989, 111, 7636. (d) Pierce, D. T.; Geiger, W. E. J. Am. Chem. 
SOC. 1992, 114, 6063. 
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10.2 nA 

I I 
+ 0.1 - 0.8 

E/V vs. Ag/AgCl 
Figure 6. Cyclic voltammograms of 0.90 mM [(indenyl)- 
Fe(C0)31PF6 in CH2Cld0.10 M BwNPF6 under N2 at the 
indicated temperatures. Experiments B-D contained 5.0 
mM P(0Ph)B. For A-C the scan rate was 0.50 V/s with a 
1 mm diameter glassy-carbon-disk working electrode. 
Experiment D was at 20 mV/s with a 10 pm diameter gold 
electrode. All potentials are relative to ferrocene ( E ~ z  = 
0.50 V). 

phile concentration had no effect on the CV in curve C. 
The current ratio i(2+)/i(4+) was also found to increase 
as the scan rate increased at a fured temperature. For 
example, the C P s  for three nucleophiles at 5 V/s are 
shown in Figure 6. Note that the three CVs have very 
similar values of i(2+)/i(4+). The electrochemical results 
obtained for the reduction of 2+ in the presence of a 
variety of nucleophiles and under various conditions can 
be summarized as follows. (1) Switching from an 
atmosphere of N2 to CO retarded the CO substitution 
(i(2+)/i(4+) increased), but only at low concentrations of 
nucleophile. (2) Under an N2 atmosphere, the nucleo- 
phile concentration did not affect i(2+)/i(4+) for [Nu] z 
4 mM. (3) All nucleophiles gave nearly the same 
limiting value of i(2+)li(4+) (e.g., see Figure 6). 

These observations constitute strong evidence that 
(indenylIFe(C0)s ( 2 )  undergoes CO substitution by a 
dissociative pathway. The ETC mechanism proposed 
consists of eqs 9-14. This is identical with that 

($-indenyl)Fe(CO), + L -% ($'-indenyl)Fe(CO),L 

($-indenyl)Fe(CO),L+ (y5-indenyl)Fe(CO),L 

(12) 

(13) 

0°C 

I I 

+ 0.1 - 0.8 
EN vs. AgJAgCl 

Figure 6. Cyclic voltammograms of 0.80 mM [(indenyl)- 
Fe(C0)3]PF6 in CH2C12/0.10 M BQNPF~ under Nz at 0 "C 
and a scan rate of 5.0 V/s. Experiments B-D contained 
the indicated nucleophiles at a concentration of 4.0 mM. 
The working electrode was 1 mM diameter glassy carbon 
disk. All potentials are relative to ferrocene ( E I , ~  = 0.50 
VI. 

(q'-indenyl)Fe(CO),L + (y5-indenyl)Fe(CO),+ - 
(q5-indenyl)Fe(CO),L+ + ($-indenyl)Fe(CO), (14) 

assigned to CpFe(C0)3+, but with the important differ- 
ence that the dimerization reaction (eq 11) can be 
ignored because no dimer (5) formed in any reductions 
of 2+ with a nucleophile present.39 According to this 
mechanism, the rate-determining step in the ETC 
substitution reaction 2+ + L - 4+ is CO dissociation 
from the 19-electron 2 to give the 17-electron intermedi- 
ate (v5-indenyl)Fe(C0)2, which is rapidly trapped by L. 
Quite unlike the case with 1+, the C P s  only show a 
nonzero current for i(2+) when k-co is too small with 
respect to the experimental time scale to allow complete 
dissociation (e.g., Figure 5C). The dimerization step ( k ~ )  
is not important and does not compete with nucleophile 
addition to the 17-electron intermediate after CO loss, 
again unlike the situation with the Cp system. The 
reason that all nucleophiles give essentially the same 
value of i(2+)/i(4+) and that the CV's are insensitive to 
nucleophile concentration is simply because the extent 

(39)Alternatively, it is sufficient to note that the 2+/2 couple is 
chemically reversible under the experimental conditions of temperature 
and scan rate that were utilized in comparisons to digital simulations. 
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Table 2. Summary of Crystal Structure Data for 
[(tf-indenyl)Fe( C0)3]PFs 

fw 400.00 
space group Pnma, orthorhombic 
cryst dimens, mm 
scan type w 
temp, K 298(2) 
a, A 9.791 l(8) 
b, 8, 7.5975(11) 
C, A 19.909(2) 
v, A3  1481.0(3) 
Z 4 

formula C12H7FeO3PF6 

0.31 x 0.26 x 0.25 

to which the substitution reaction occurs is controlled 
by the rate-determining CO dissociation. 

In spite of the apparent differences exhibited by the 
voltammograms for the Cp and indenyl systems, the 
mechanism of CO substitution in the two 19-electron 
species, (dienyl)Fe(C0)3, is qualitatively the same, 
namely, dissociation of CO followed by nucleophile 
addition. Digital simulation of the mechanism defined 
by eqs 9-14 (omitting eq 11) accurately reproduced the 
CVs. The disproportionation reaction (eq 14) plays a 
dominant role in the chemistry observed. This can be 
inferred from the magnitude of i(2+) on the second cycle 
of multiple-scan CVs. For example, Figure 5C and 
Figure 6B,C show that i(2+) is zero on the second cycle. 
This occurs because eq 14 removes 2+ from the electrode 
vicinity. Simulations indicate that the rate constant for 
eq 14 must be at least lo4 M-' s-l. Happily, however, 
it is not necessary to more accurately define this 
constant because the first CV cycle, from which the rate 
data were extracted, is predicted to be relatively little 
influenced by eq 14. An analysis of the data with 
P(OPh)3 as the nucleophile over the temperature range 
-45 to -3 "C gave the following activation parameters 
for k-co from 2: = 52 & 5 kJ, AS' = 0 & 20 J K-l. 

The rate constant for CO dissociation from 2 was also 
determined over the temperature range -42 to -26 "C 
via steady-state voltammetry with a 10 pm diameter 
gold microelectrode. Figure 5D shows the voltammo- 
gram obtained at  -32 "C, which may be compared to 
its companion voltammogram in Figure 5C obtained 
under transient conditions with a 1 mm diameter 
electrode. The steady-state curve has two current 
plateaus for the same reason the transient one has two 
reduction waves. Both steady-state waves are electro- 
chemically reversible, suggesting, as noted above, that 
the one-electron reduction of 2+ and 4+ occurs without 
ring slippage. The rate of the substitution reaction 2 
+ L - 4 is reflected in the relative currents of the 
steady-state waves. Digital simulations, when com- 
pared to experiment, gave activation parameters for 
k-co essentially identical with those obtained from 
conventional CVs (vide supra). Thus, it may be con- 
cluded that microelectrodes in the steady-state mode 
can be usefully applied to yield simultaneous informa- 
tion about the rate of electron transfer and the rate of 
coupled homogeneous reactions. 

In conclusion, the electrochemical studies have es- 
tablished that CO substitution is strictly dissociative 
and much more rapid in the 19-electron radicals 1 and 
2 than in the respective 18-electron cations. In addition, 
it has been shown that 1 is at least lo6 times more 
reactive than 2 with respect to CO dissociation (k-co(l) 
> 106k-co(2)) and, as a consequence, CO substitution 
occurs much more slowly in the indenyl complex 2. In 
other words, there is an inverse indenyl effect for CO 
substitution in 1 and 2. This is perhaps surprising in 
view of the similar rates for CO dissociation from the 
19-electron complexes (MeCp)Mn(CO)aNO and (indeny1)- 
Mn(CO)2N0.l3 It may be noted that most of the studies 
of 1+ were conducted in MeCN solvent, whereas reac- 
tions of 2+ were done in CH2C12. Different solvents were 
used for solubility and incidental reasons. However, 
cross checks showed that the reaction rates reported in 
this study are very similar (in fact, identical within 
error) in both solvents. 

@cdcd. g 1.794 
F(O00) 792 
radiation Mo K a  (0.710 73 A) 
p, cm-1 12.02 
28 limits, deg 2.05-25.00 
no. of reflns collected 1923 
no. of indep reflns 1405 
no. of variables 118 
R1" 0.075 ( I  > 2u(Z)) 

GOF 0.935' 
wRzb 0.204 

nR1=xIIFol - lFcllE,lFol. bwR2=[C~(Fo2-FFc2)2/CwF,4]1n.  CBased 
on P. 

It seems likely that the inverse indenyl effect is a 
reflection of the more extensively conjugated n-system 
in 2+ as compared to 1+, thus allowing for greater 
charge delocalization upon reduction to the 19-electron 
radical. In this manner 2 would be stabilized relative 
to 1. This is somewhat analogous to the greater 
stability (with respect to decomposition) of (y4-naphth- 
alene)Cr(C0)32- in comparison to (y4-benzene)Cr(C0)32-, 
in which the arene ring is to slip to y4-bonding 
when the neutral precursors are reduced by two elec- 
trons, thus maintaining an 18-electron count. The 
inverse indenyl effect described herein, however, refers 
to 19-electron species and does not involve ring slippage. 
The next section presents a simple molecular orbital 
interpretation of this phenomenon, together with an 
explanation for its absence in the manganese radical 
(indenyl)Mn(CO)zNO. 

Molecular Orbital Comparison of Complexes 1 
and 2. In order to better understand the reactivity 
order 1 >> 2, extended Huckel calculations were per- 
formed on 1+ and 2+. The geometry of 1+ was obtained 
from a published X-ray The bond lengths 
and angles for 2+ were taken from the X-ray structure 
of [2lPF6, which was determined in the present study. 
Tables 2 and 3 and Figure 7 provide relevant crystal- 
lographic and structural data for 2+. The rotational 
position of the Fe(C013 fragment is such that one of the 
highly linear Fe-C-0 linkages eclipses the indenyl C(1) 
carbon. This results in a highly symmetrical structure 
with a mirror plane perpendicular to the indenyl ligand. 
The bond distances and angles in 2+ are analogous to  
those found in studies of other indenyl c o m p l e x e ~ . ~ ~ J ~ , ~ ~  
The principal structural features for 2+ are a highly 

(40) (a) Rieke, R. D.; Henry, W. P.; h e y ,  J. S. Znorg. Chem. 1987, 
26,420. (b) Wey, H. G.; Butenschon, H. Angew. Chem., Int. Ed. Engl. 
1990,29, 1444. 

(41)(a) Nesmeyanov, A. N.; Ustynyuk, N. A.; Makarova, L. G.; 
Andrianov, V. G.; Struchkov; Y. T.; Andrae, S.; Ustynyuk, Y. A.; 
Malyugina, S. G. J. Organomet. Chem. 1978,159,189. (b) Honan, M. 
B.; Atwood, J. L.; Bernal, I.; Herrmann, W. A. J. Organomet. Chem. 
1979, 179, 403. (c) Allen, S. R.; Baker, P. R; Barnes, S. G.; Bottrill, 
M.; Green, M.; Orpen, A. G.; Williams, I. D.; Welch, A. J. J. Chem. 
Soc., Dalton Trans. 1983,927. (d) Faller, J. W.; Crabtree, R. H.; Habib, 
A. Organometallics 1985, 4 ,  929. 
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Table 3. Selected Bond Lengths (A) and Bond Angles (deg) 
for [(q5-indenyl)Fe(CO)~]PFg 

Pevear et al. 

Fe-C( 1) 
Fe-C(2) 
Fe-C(2a) 
Fe-C(3) 
Fe-C(3a) 
Fe-C(6) 
Fe-C(7) 
Fe-C(7a) 
O( 1)-C(6) 

C(7)-Fe-C(7a) 
C(7)-Fe-C(6) 
C(6)-Fe-C( 1) 
C(7)-Fe-C(2) 
C(7a)-Fe-C(2) 
C( 1)-Fe-C(2) 
C(6)-Fe-C(2a) 
C(2)-Fe-C(2a) 
C(6)-Fe-C(3) 
C( 1)-Fe-C(3) 
C(2)-Fe-C(3) 

Bond Lengths 
2.037( 11) 0(2)-C(7) 
2.086(8) 0(2a)-C(7a) 
2.086(8) C(l)-C(2) 
2.166(7) C( 1)-C(2a) 
2.166(7) C(2)-C(3) 
1.780(12) C( 3)-C(3a) 
1.787( 1 1) C(3)-C(4) 
1.787( 11) C(4)-C(5) 
1.130( 13) C(5)-C(5a) 

Bond Angles 
97.3(7) C(7)-Fe-C(3a) 
93.6(4) C(2)-C( 1)-C(2a) 

155.3(4) C(3a)-C(3)-C(4) 
94.7(4) C(3a)-C(3)-C(2) 
39.3(3) C(4)-C(3)-C(2) 

107.2(4) C(4)-C(3)-Fe 
66.9(6) C(5)-C(4)-C(3) 

146.8(4) C(4)-C(5)-C(5a) 
64.8(4) O( l)-C(6)-Fe 
39.6(3) 0(2)-C(7)-Fe 

88.7(5) C( l)-C(2)-C(3) 

1.121(11) 
1.121(11) 
1.387(12) 
1.387(12) 
1.442( 1 1) 
1.393( 14) 
1.435( 11) 
1.332( 12) 
1.340(20) 

89.9(3) 
1 1 1.8( 1 2) 
105.8(9) 
119.4(5) 
108.3 (5) 
132.3(8) 
127.5(5) 
117.1(9) 
123.4(6) 
177.0( 11) 
177.1(9) 

Symmetry transformation used to generate equivalent atoms labeled 
(6 9,. a . x, -y + ‘12, z .  

W 

Figure 7. Structural drawing and atomic numbering 
scheme for (v5-indenyl)Fe(C0)3+. 

planar indenyl ligand (RMS deviation 0.009 Bi> and an 
average Fe-C(ring) bond length of 2.11 A. 

The results of the MO calculations provide a simple 
explanation for the much reduced reactivity of 2 in 
comparison to 1, without the necessity of invoking ring 
slippage. Figure 8 shows the LUMO’s for 1+ and 2+. 
In 1+, the LUMO (Figure 8A,B) is localized approxi- 
mately equally on the metal and the CO ligands, with 
only a small contribution from the cyclopentadienyl 
atomic orbitals. Furthermore, the Fe-CO interaction 
in the LUMO is antibonding, thus accounting for the 
ready dissociation of CO upon reduction of l+. In 2+, 
the LUMO (Figure 8C) is calculated to contain about 
the same amount of metal character as in l+. However, 
there is a marked difference in that this LUMO is 
significantly localized on the benzene ring of the indenyl 
ligand, with a concomitant reduction in the contribution 
from the CO’s. Thus, the LUMO on 2+ is less Fe-CO 
antibonding than the LUMO on 1+, which is in accord 
with the observed reactivity order k-co(l) >> k-co(2). 
In effect, the indenyl complex, when reduced, is able to 
accommodate some of the electron density in the unco- 
ordinated but conjugated benzene ring. This is electron 
density that would otherwise reside in the CO ligands 

. - .  . . .  . . .  

(C) 
Figure 8. (A, B) Two views of the calculated LUMO for 
CpFe(CO)S+. (C) The LUMO for (indenyl)Fe(C0)3+. 

in an Fe-CO n*-derived orbital. It is important to note 
that the MO calculations and the ESR spectrum of 2 
(vide inpa) indicate that 1 and 2 have a large fraction 
of the unpaired spin density on the metal and are best 
formulated as 19-electron complexes and not as (18 + 
&-electron species. 

The reason the LUMO’s for 1+ and 2+ differ as they 
do can be traced to the presence of a low-lying n* orbital 
in the indenyl anion that is mostly localized on the 
benzene ring and which has the proper symmetry to 
interact strongly with one of the two LUMO’s on the 
Fe(C0)32+ fragment. This interaction gives rise to the 
MO shown in Figure 8C. Note that this mechanism 
whereby the uncoordinated part of the indenyl ligand 
assumes “extra” electron density when 2+ is reduced, 
and so in a sense acts as an “electron sink”, does not 
entail slippage to q3 bonding. Obviously, the type of 
interaction just described for the indenyl system is 
unavailable to the cyclopentadienyl complex l+. In a 
similar vein, it was noted above that CO dissociation 
from the 19-electron complexes (MeCp)Mn(CO)2NO and 
(indenyl)Mn(CO)aO occurs at about the same rate. The 
lack of an inverse “indenyl effect” in this case can be 
easily understood on the basis of MO calculations,13b 
which indicate that the electron sink nature of the 
indenyl benzene ring is largely overshadowed by the 
accepting power of the NO ligand. As a result, the 
LUMO’s of the two manganese complexes are virtually 
identical and have only minor localization on the dienyl 
ligands. 
ESR Spectrum of (Indenyl)Fe(CO)s (2). In agree- 

ment with Wrighton et al.,36 we found that the ESR 
spectrum of 2 in CH2C12/C2H&12 solution at  230 K 
consists of a single line (g = 2.007). Although no 
hyperfine structure was resolved, the peak-to-peak line 
width (3.9 G) could mask lH couplings as large as 1 G 
i.e., as much as one-fourth to half of the spin density 
could reside on the indenyl ligand without resolved 
hyperfine structure. The frozen solution at  110 K 
showed three features corresponding to a rhombic g 
matrix with components 1.986,2.009, and 2.024; again, 
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Ligand Substitution at 19-Electron Centers 

no hyperfine structure was resolved. The departure of 
the g components from the free-electron value (ge = 
2.0023) suggests a significant contribution of iron atomic 
orbitals to the singly occupied molecular orbital. The 
ESR results are thus entirely consistent with the 
conclusions of the extended Hiickel calculations de- 
scribed above. 
Conclusions. The present studies indicate that 

extending the conjugation of a dienyl ligand from 
cyclopentadienyl to indenyl can markedly influence the 
stability and reactivity of 19-electron complexes. The 
indenyl ligand exerts this effect due to the electron- 
accepting power of the uncoordinated benzene ring, 
which reduces metal-CO antibonding interactions. The 
result is increased stability and a reduced rate of CO 
dissociation. Thus, dissociative CO substitution reac- 
tions of the 19-electron complexes CpFe(C0)s and (in- 
denyl)Fe(CO)s differ greatly in rate, with the latter at 
least lo6 times less reactive. Ironically, this inverse 
indenyl effect has the same origin as the positive effect 
seen with 18-electron systems, and probably also 17- 
electron ones. In the 17- and 18-electron systems, 
associative nucleophilic attack is facilitated by the 
electron sink nature of the indenyl ligand, which may 
in the extreme case slip to q3 bonding. In this way the 
energy of the activated complex is lowered and the rate 
increases. With 19-electron complexes, such as 2, the 
indenyl ligand is performing its electron sink role in the 
ground state (without ring slippage), thereby stabilizing 
it with respect to  CO dissociation. For this reason the 
activation energy for CO substitution is increased at 19- 
electron centers. The generalized conclusion is that 

Organometallics, Vol. 14, No. 1,  1995 523 

indenyl ligands will accelerate substitutions at 18e- 
centers (A or DZo mechanism) and 17e- centers (A 
mechanism) but inhibit substitutions at 19e- centers 
(D mechanism). 

One may anticipate an effect analogous to that 
described herein whenever the conjugation in a z-hy- 
drocarbon ligand is increased, e.g., replacing benzene 
by naphthalene or pyrrole by indole, etc. The 19- 
electron radical produced by reduction of the more 
highly conjugated complex should be relatively more 
stable with respect to CO dissociation and, therefore, 
less prone to rapid unproductive decomposition. This, 
in turn, suggests an increased potential for utilization 
in productive reactions, both catalytic and stoichiomet- 
ric. 
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Facile Syntheses, Isomeric Structures, and Chemical 
Reactivity of Diruthenium(1) Complexes 

[ R U S ( C O ) ~ ( M ~ C N ) ~ L ~ ] X ~  (L = MeCN, PPh3, PPhz(allyl), 
PMe3; X- = PFe-, BF43 A Convenient Route to 
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Alkylating agents such as Et30+X- (X- = PF6- or BF4-) readily remove the bridging acetate 
groups of [Ruz(C0)4(02CMe)2L2] at ambient temperature to give the versatile complexes 
[ R U Z ( C O ) ~ ( N C M ~ ) ~ L ~ ] X ~  (L = MeCN (l), PPh3 (21, PPha(ally1) (3), and PMe3 (4)). The crystal 
structures of 3 and 4 were determined by X-ray crystallography: [31[BF412, a = 20.292(6), b 
= 17.223(7), c = 15.186(3), p = 113.324(18)", V =  4873(3) A3, monoclinic C2/c, Z = 4, refined 
to R = 0.045, R, = 0.048, and GOF = 2.27. [41[BF412, a = 12.570(4), b = 14.251(5), c = 
18.773(6) A, p = 104.96(3)", V = 3251(9) A3, monoclinic P21/n, 2 = 4, refined to R = 0.044, 
R, = 0.044, and GOF = 1.53. Although 3 adopts a trans-staggered structure, 4 is in a cis- 
staggered geometry. The high reactivity of 1-4 is demonstrated via the cation-anion 
annihilation between 22+ and the doubly deprotonated anion, (E-EY,  to give [Ru~(C0)4- 

Cl2C&@ (9); 1,2-(NH)2-4,5-MezCsHz (10); 9,10-(NH)zC14Hs (11); and 1,2-S2C6H42- (12)). The 
structures of 7-12 were also confirmed by a n  X-ray single-crystal structure of 12: a = 
11.155(1), b = 21.302(2), c = 10.183(2) A, a = 93.65(1), p = 113.43(1), y = 101.19(1)", V = 
2151.2(6) A3, triclinic Pi, 2 = 2, refined to R = 0.038, R, = 0.046, and GOF = 2.81. The 
Ru-Ru distances are 2.8647(11) A in 3, 2.861(1) 8, in 4, and 2.6767(5) 8, in 12. 

{~-r2,r2-(E-E)}(PPh3)2] ((E-E)2- 1,2-(NH)2C6H42- (7); 2,3-(NH)2C1oHs2- (8); 1,2-(NH)z-4,5- 

Introduction 

Multinuclear metal carbonyl complexes of doubly 
anionic difunctional ligands, ( E - E F ,  prepared from 
heterocylic compounds such as 1,2-diaminobenzene,l 
1,2-bis(phenylphosphino)benzene,2 1,8-diaminonaphtha- 
lene,3 or catechol4 have recently been active areas of 
research, probably due to  the related rich coordination 
chemistry, especially that involving controlled aggrega- 
tion andlor fragmentation pathways5 of the metal- 

@ Abstract published in Advance ACS Abstracts, December 1, 1994. 
(1) (a) Anillo, A.; Riera, V.; Obeso-Rosete, R.; Font-Altaba, F.; Solans, 

X. J. Organomet. Chem. 1987,327, C43. (b) Cabeza, J. A.; Riera, V.; 
Pellinghelli, M. A.; Tiripicchio, A. J. Organomet. Chem. 1989,376, C23. 
(c) Garcia-Granda, S.; Obeso-Rosete, R.; Gonzalez, J. M. R.; Anillo, A. 
Acta Crystallogr. 1990, C46,2043. (d) Anillo, A.; Cabeza, J. A,; Obeso- 
Rosete, R.; Riera, V. J. Organomet. Chem. 1990,393, 423. (e) Anillo, 
A.; Obeso-Rosete, R.; Pellinghelli, M. A.; Tiripicchio, A. J. Chem. SOC.; 
Dalton Trans. 1991, 2019. 

(2) Soucek, M. D.; Clubb, C. C.; Kyba, E. P.; Price, D. S.; Scheuler, 
V. G.; Aldaz-Palacios, H. 0.; Davis, R. E. Organometallics 1994, 13, 
1120. 

Q276-7333/95/2314-Q524$09.oo/O 

metal bonds. Recognition of the fact that dinuclear 
compounds can be either fragmented into mononuclear 
products or aggregated into tri- or higher-nuclear cluster 
compounds, mediated by the ligands, prompted us to 
find a facile approach, as shown below, to ligated 
dinuclear compounds. It involves acetate removal from 
[ R u ~ ( C O ) ~ ( M ~ C O ~ ~ L Z I  to  form [Ru2(CO)4(MeCN)4L2l2+ 
and then cation-anion annihilation with (E-E)2- to 
readily give [Ru2(C0)4CU-r2,r2-(E-E)}Lz1 (Scheme 1). 

(3) (a) h d r e u ,  P. L.; Cabeza, J. A.; Riera, V.; Robert, F.; Jeannin, 
Y. J. Organomet. Chem. 1989,372, C15. (b) Cabeza, J. A.; Fernandez- 
Colinas, J. M.; Riera, V.; Pellinghelli, M. A.; Tiripicchio, A. J. Chem. 
SOC., Dalton Trans. 1991, 371. (c) Cabeza, J. A,; Fernandez-Colinas, 
J. M.; Garcia-Granda, S.; Riera, V.; Maelen, J. F. V., Imrg. Chem. 1992, 
31, 1233. 

(4) (a) Connelly, N. G.; Manners, I.; Protheroe, J. R. C.; Whiteley, 
M. W. J. Chem. SOC., Dalton Trans. 1984, 2713. (b) Bohle, D. S.; 
Christense, A. N.; Goodson, P. A. Inorg. Chem. 1995, 32, 4173. (c) 
Churchill, M. R.; Lake, C. H.; Paw, W.; Keister, J. B. Organometallics 
1994,13,8. (d) Bohle, D. S.; Carron, K T.; Christense, A. N.; Goodson, 
P. A.; Powell, A. K. Organometallics 1994, 13, 1355. 

( 5 )  Shriver, D. F.; Kaesz, H. D.; Adams, R. D. The Chemistry ofMetal 
Cluster Complexes, VCH: New York, 1990; Chapters 3, 6. 

0 1995 American Chemical Society 
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Scheme 1 

0 0 

Me 

t 
r o  0 

C C 
Me Me 

Me 
0 C 

0 C i Me 
(L = PPh, (2); PPh2(allyl) (3)) 

(trans-Staggered Conformation) 

/ 

,2+ 
0 0 

F co 
IS i z  

OC c a r  

J ( &E2' = 1 ,2-(NH)2CsH42'; 

(Perfectly Eclipsed Conformation) 

Results and Discussion 

Partial or total removal of the acetate groups in 
dinuclear complexes such as [M2(02CMe)41 (M = Mo or 
Rh) by treatment of the complexes with strong acids or 
alkylating reagents is well-known in the literature.'j We 
now report that the acetate-removal approach using 
alkylating reagents works equally well in metal 
carbonyl complexes of acetates such as rRu~(C0)~-  
(MeCOd2L21 in the presence of a weakly coordinating 
solvent such as MeCN, giving [ R u ~ ( C O ) ~ ( M ~ C N ) ~ L ~ I X ~  
(L = MeCN (11, PPh3 (21, PPhz(ally1) (31, and PMe3 (4)) 
nearly quantitatively. 

Following addition of an alkylating reagent to a 
solution of [Ruz(C0)4(MeC02)2L21 in CH2Cl2 and MeCN, 
three new carbonyl stretching bands and one shoulder 
having strong intensities (for 1-4) and two other new 
bands with medium intensities at 1758 and 1728 cm-1 
(probably due to ethyl acetate and related derivatives) 
were soon observed in the solution IR spectrum. The 
reaction is usually complete within 30 min. Longer or 
shorter time needed for a complete conversion appears 
dependent on the specific L used. The two acetate 
groups of [Ruz(C0)4(MeCOd2L~l were first probably 
converted into ethyl acetate and then replaced quickly 
by the MeCN to give 1-4. Compounds [ll[PF& and 
[2I[PF& were reported in 1993 but prepared by a 
somewhat tedious procedure from [R~z(C0)6C121.~ 

(6) (a) Pimblett, G.; Garner, C. D.; Clegg, W. J .  Coord. Chem. 1974, 
3,255. (b) Mayer, J. M.; Abbot, E. H. Inorg. Chem. 1983,22,2774. (c) 
Telser, J.; Drago, R. S. Inorg. Chem. 1984,23,1798. (d) Baranovskii, 
I. B.; Golubnichaya, M. A.; Dikareva, L. M.; Shchelokov, R. N. Russ. 
J.  Inog .  Chem. 1984,29,872. (e) Cotton, F. A.; Reid, A. H.; Schwotzer, 
W. Inorg. Chem. 1986,24,3965. (0 Pimblett, G.; Garner, C. D.; Clegg, 
W. J .  Chem. Soc., Dalton Trans. 1986, 1257. (g) Baranovskii, I. B.; 
Golubnichaya, M. A.; Zhilyaev, A. N.; Shchelokov, R. N. Sou. J .  Coord. 
Chem. 1988, 369. (h) Dunbar, K. R. J .  Am. Chem. SOC. 1988, 110, 
8247. 
(7) Klemper, W. G.; Bianxia, Z. Znog. Chem. 1993,32, 5821. 

(L = PMe3 (4)) 
(cis-Staggered Conformation) 

Figure 1. ORTEP representation with 50% probability 
ellipsoids of [Ru2(C0)4(MeCN)4{PPhz(allyl)}212+ (32+). 

Intrigued by the unexpected steric effect of propeller 
configurations of a PPh3 ligand to induce isomerism,8 
we determined the structures of [3IBF412 (Figure 1) and 
[41[BF412 (Figure 3) even though that of [2][PF& was 
reported previously.' Selected bond distances and 
angles are listed in Table 1. From Figures 1 and 3, it 
is quite obvious that the two phosphine ligands occupy 
positions trans to the Ru-Ru bond in 32+ and 42+ with 
the torsional angles P-Ru'-Ru-P = 143.6(1)' in 32+ 
and P(l)-Ru(l)-Ru(2)-P(2) = 178.7(1)' in 42+, al- 
though like 22+, only 32+ contains a crystallographically 
imposed C2 axis. To our surprise, and in contrast to 
cations 22+ and 32+, which are similar to each other in 
having a trans-staggered conformation (Figure 21, cation 
42+ has a cis-staggered conformation (Figure 4), similar 
to the related triazolylborate complexes [Ru2{ HB(pz)3}2- 
(C0)d (5) and [Ru(HB(tz)3}2(C0)4) (6) (pz = 1-pyrazolyl; 
tz = 1,2,4-tria~olyl).~ The conformations observed in 3 
and 4 can be achieved by rotating the two cis-Ru(CO)z 

(8) Brunner, H.; Oeschey, R.; Nuber, B. Angew. Chem., Znt. Ed. Engl. 
1994, 33, 866. 
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Figure 2. Projection of cation Q2+ down the Ru-Ru bond 
(two PPhz(ally1) groups have been omitted for clarity). 

C6 

01 b &04 

Figure 3. ORTEP representation with 50% probability 
ellipsoids of [Ruz(C0)4(MeCN)4(PMe3)212+ (42+). 

groups of a perfectly eclipsed conformation away from 
each other to form a twist angle of 130.9" in 32+ and 
43.8" in 42f (Scheme 1). The Ru-Ru distance of 
2.861( 1) A in 4 is the shortest one among all the reported 
values (2.8647(11) A in 3, 2.8731(8) A in 2,7 2.8688(7) 
A in 6, and 2.882(1) A in ti9). If the significantly shorter 
Ru-Ru bond length in 3 relative to that in 2' is 
attributed to the smaller PPh~(ally1) (Tolman cone angle 
140")10 relative to PPh3 (Tolman cone angle 145"),11 the 
nearly identical Ru-Ru bond lengths in 3 and 4 should 
be explained by considering both the steric (Tolman cone 
angle 118")11 and electronic12 effects of PMe3. However, 
it is not presently known for sure whether the steric or 
the electronic effect is more important, determining the 
preferred conformation of the phosphine ligands in 2-4. 

Reaction of 2 with various heterocyclic compounds, 
HE-EH, in the presence of excess Et3N, afforded the 
yellow crystalline dinuclear products [Ru2(C0)4(E-E)- 

(9) (a) S t e p ,  M. M. d. V.; Singleton, E.; Hietkamp, S.; Liles, D. C. 
J. Chem. Soc., Dalton Trans. 1990,2991. (b) Shiu, IC-B.; Guo, W.-N.; 
Peng, S.-M.; Cheng, M.-C. Znorg. Chem. 1994,33, 3010. 

(10) Since the size of PPhzEt is similar to that of PPhg(allyl), the 
Tolman cone angle of 140' for PPhgEt is used for that  of PPhZ(allyl).ll 

(11) Tolman, C. A. Chem. Reu. 1977, 77, 313. 
(12) In  the related [Rug(C0)4(MeCOz)gLgl system, it was found that 

a better electron donor may lengthen the Ru-Ru bond.l3 

c6T c10 

6 0 4  

Figure 4. Projection of cation 42+ down the Ru-Ru bond 
(two PMe3 groups have been omitted for clarity). 

Table 1. Selected Bond Lengths (A) and Angles (deg) for 3, 
4, and 12 

Bond Lengths for 3 
Ru-Ru' 2.8647(11) Ru-P 2.3843(18) Ru-C(l) 1.855(8) 
Ru-C(2) 1.848(8) Ru-N(l) 2.102(6) Ru-N(2) 2.100(5) 
C( 1)-O( 1) 1.140( 10) C(2)-O(2) 1.142(9) 

Bond Angles for 3 
P-Ru-C( 1) 93.60(20) P-Ru-C(2) 95.66(21) 
P-Ru-N(l) 91.31(16) P-Ru-N(2) 89.50(15) 
P-Ru-Ru' 176.45(5) 

Bond Lengths for 4 
Ru(l)-R~(2) 2.861(1) RU(l)-P(l) 2.383(2) Ru(l)-C(l) 1.855(7) 
Ru(l)-C(2) 1.848(8) Ru(l)-N(l) 2.105(6) Ru(l)-N(2) 2.107(6) 
C(1)-0(1) 1.148(10) C(2)-0(2) 1.153(10) Ru(2)-P(2) 2.381(2) 
Ru(2)-C(3) 1.867(8) Ru(2)-C(4) 1.854(8) Ru(2)-N(3) 2.097(6) 
Ru(2)-N(4) 2.104(7) C(3)-0(3) 1.136(11) C(4)-0(4) 1.146(10) 

Bond Angles for 4 
P(1)-Ru(l)-C(l) 93.8(3) P(l)-Ru(l)-C(2) 97.1(3) 
P(1)-RU(l)-N(l) 91.5(2) P(l)-Ru(l)-N(2) 86.5(2) 
P(2)-Ru(2)-C(3) 97.0(3) P(2)-Ru(2)-C(4) 92.6(3) 
P(2)-Ru(2)-N(3) 89.4(2) P ( ~ ) - R u ( ~ ) - N ( ~ )  89.2(2) 
P(l)-Ru(l)-Ru(2) 172.1(1) P(2)-Ru(2)-Ru(l) 174.8(1) 

Bond Lengths for 12 
Ru(l)-Ru(2) 2.6767(5) Ru(1)-S(1) 2.433(1) Ru(l)-S(2) 2.415(1) 
Ru(l)-P(l) 2.362(1) R~(l)-C(43) 1.869(5) Ru(l)-C(44) 1.866(5) 
Ru(2)-S(l) 2.415(1) Ru(2)-S(2) 2.430(1) Ru(2)-P(2) 2.365(1) 
Ru(2)-C(45) 1.864(5) Ru(2)-C(46) 1.827(5) C(43)-0(1) 1.144(5) 
C(44)-0(2) 1.148(5) C(45)-0(3) 1.152(6) C(46)-0(4) 1.162(7) 

Bond Angles for 12 
Ru( l)-S(l)-R~(2) 67.02(3) Ru(l)-S(2)-Ru(2) 67.08(3) 
P( l)-Ru( l)-Ru(2) 15 1.70(3) P(2)-Ru(2)-Ru( 1) 15 1.51(3) 

(PPh&1 ((E-E12- = 1,2-(NH)2C6H42- (7) ;  2,3-(NH)z- 
C10Hs2- (8); 1,2-(NH)2-4,5-Cl2C6Hz2- (9); 1,2-(NH)2-4,5- 
Me&& (10); 9,10-(NH)zC14H8 (ll), and 1,2-S~CsH4~- 
(12)) in 85-95% yield. The synthesis of 7 was reported 
earlier, but with a lower yield, from carbonylation of 
[Ru{ 1,2-(NH)2CsH4)(PPh3)31, from a reaction between 
this compound and Cr(CO)s, or from that between 
[Ru(C0)3(PPh3)21 and 1,2-(NH2)2C6H4.1 Since the spec- 
tral data of 8-12 are quite similar to those of 7, the 
structures of 8-12 are believed to be, like that of 7, to 
have an almost perpendicular (E-E) plane. Indeed, 
confirmation was also provided by an X-ray diffraction 
study of 12 (Figure 51, which revealed a longer Ru-Ru 
bond length (2.6767(5) A in 12 versus 2.560(1) A in 7l). 
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Table 3. Atomic Coordinates (x 104) and Equivalent 
IsotroDic Dimlacement Coefficients (A2 x 103) for 4 

Figure 5. ORTEP representation with 50% probability 
ellipsoids of 12. 

Table 2. Fractional Atomic Coordinates and B ,  for 3 
X Y Z Beq,' A2 

Ru 0.00037(3) 0.28703(3) 0.15587(4) 2.99(3) 
P 0.00851(9) 0.28435(11) 0.00353(12) 3.39(8) 
c 1  0.0340(4) 0.3882(4) 0.18 17(5) 4.1(4) 
0 1  0.0558(4) 0.4500(3) 0.1964(4) 6.8(4) 
c 2  0.0916(4) 0.2488(4) 0.2242(5) 3.9(4) 
0 2  0.1481(3) 0.2255(4) 0.2664(4) 5.9(3) 
N1 -0.1065(3) 0.3257(3) 0.0933(4) 3.8(3) 
C3 -0.1648(5) 0.3433(4) 0.0572(6) 4.7(4) 
C4 -0.2402(5) 0.3647(6) 0.01 1 l(8) 7.9(6) 
N2 -0.0392(3) 0.1728(3) 0.1332(4) 3.8(3) 
C5 -0.0544(4) 0.1089(5) 0.1243(5) 4.2(4) 
C6 -0.0716(5) 0.0264(5) 0.1149(6) 6.3(5) 
c 7  0.0341(4) 0.1877(4) -0.0249(6) 4.9(4) 
C8 0.0495(6) 0.1806(6) -0.1092(7) 7.5(7) 
c 9  0.1167(8) 0.1730(8) -0.1029(13) 13.7(14) 
C11 0.0756(4) 0.3468(4) -0.0120(5) 3.8(4) 
C12 0.1403(4) 0.3594(5) 0.0625(6) 5.5(5) 
C13 0.1946(5) 0.3984(6) 0.0482(7) 6.9(6) 
C14 0.1842(6) 0.4253(6) -0.0406(9) 6.9(6) 
C15 0.1195(6) 0.4149(6) -0.1153(7) 6.8(6) 
C16 0.0644(4) 0.3755(5) -0.1023(6) 5.4(4) 
C21 -0.0756(4) 0.3102(4) -0.0935(5) 3.8(4) 
C22 -0.1218(4) 0.2539(5) -0.1502(6) 5.5(5) 
C23 -0.1882(5) 0.2760(6) -0.2186(7) 6.8(5) 
C24 -0.2086(4) 0.3518(7) -0.2289(7) 6.6(5) 
C25 -0.1643(5) 0.4081(5) -0.1725(7) 5.7(5) 
C26 -0.0973(4) 0.3876(5) -0.1035(5) 4.7(4) 
B 0.6466(10) 0.4791(10) 0.1675(13) 8.6(10) 
F1 0.5942(6) 0.4420(5) 0.1208(9) 19.7(8) 
F2 0.6871(6) 0.5007(10) 0.1283(9) 24.0(13) 
F3 0.6306(9) 0.5444(8) 0.1885(16) 26.4(20) 
F4 0.6822(8) 0.4540(13) 0.2422( 10) 30.1( 16) 

a B ,  = (8/3)n*(Ull(~n*)~ + U~2(bb*)~ + U~~(CC*)* + 2Unaa*bb* cos 
y + 2ul3U*C* cos 

If planes 1-3 are defined to include C(l)-C(6), C(7)- 
C(12), and C(25)-C(30) atoms, respectively, the angles 
formed by any two planes are 8.6" between planes 1 and 
2,2.4" between planes 1 and 3, and 6.3" between planes 
2 and 3. In other words, the three phenyl planes are 
almost parallel to each other. Apparently, the specific 
propeller configuration of PPh2R (R = Ph or allyl) 
influences not only the structures of 2 and 3 but that of 
12. As with structure 7,l structure 12 has the low Ru- 
S-Ru angles (67.02(3) and 67.08(3)") and similar Ru-S 
distances (2.415(1), 2.415(1), 2.430(1), and 2.433(1) A). 

+ 2U23bb*cc* cos a). 

Conclusions 
Our investigation into the controlled aggregation and 

or fragmentation pathways of metal-metal bonds has 
resulted in the synthesis of a variety of 1,2-diamides 
and -dithiolates and several novel molecular structures. 

X Y Z 

RN 1 ) 1688(1) 
Ru(2) 3392( 1) 
P(1) 285(2) 
P(2) 4802(2) 
F(1) 972( 10) 
F(2) 1885(14) 
F(3) 27 19( 15) 
F(4) 188 l(30) 
F(5) 6124(11) 
F(6) 6626( 11) 

7808( 12) 
F(7) F(8) 7178(23) 
O(1) 3498(6) 
O(2) 2146(7) 
o(3) 2543(6) 
o(4) 4921(6) 
NU) 514(6) 
N(2) 1395(5) 
N(3) 2306(5) 
N(4) 3830(5) 
B(1) 1930(11) 
B(2) 6937( 11) 
C(1) 2817(7) 
C(2) 1981(7) 
C(3) 2852(7) 
(34) 43 18(7) 
(35) -130(8) 
C(6) -969( 12) 
C(7) 12 15(7) 
C(8) 10 lO(9) 

1776(7) 
c(9) C(10) 1130(9) 
C(11) 3988(6) 
C(12) 4107(9) 
C(13) -1041(7) 

-31(9) 
~ ( 1 5 )  616(8) 
(316) 4587(8) 
~ ( 1 7 )  5062(9) 
C(18) 6126(8) 

orthogonalized Ui, tensor. 
Equivalent isotropic U 

1850(1) 
1910( 1) 
2030(1) 
2111(2) 
6236( 13) 
5339(17) 
6362(22) 
5340( 18) 
3674(12) 
3955(16) 
3362( 18) 
4722( 16) 
2355(6) 

7 W )  
861(5) 

1548(4) 
3265(5) 
2660(5) 
3210(5) 
5844(11) 
3836(12) 
2163(6) 
597(6) 
768(6) 

1259(6) 
1453(6) 
1359( 10) 
401 9(6) 
4976(7) 
3061(6) 
3582(9) 
3894(6) 
4766(7) 
2383(8) 
1017(7) 
2916(6) 
3079(7) 
11 17(7) 
2377(9) 

defined as 

- 179(4) 

153(1) 
-605(1) 

788(1) 
-1228(1) 

1708(11) 
1226( 12) 
2008( 13) 
2344(18) 
1890( 10) 
871(7) 

1775(11) 
1665( 17) 
1486(4) 
538(5) 

-1305(4) 
629(4) 

-842(3) 
-162(4) 
- 1448(4) 

-79(4) 
1819(9) 
1572(8) 
970(5) 
371(5) 

- 1039(5) 
165(5) 

- 1378(5) 
-2069(7) 
-351(5) 
-612(9) 
- 1947(4) 
-2565(6) 

234(5) 
647(6) 
212(7) 

1274(6) 
1507(6) 

-1879(5) 
-1756(6) 
-596(7) 

one-third of the 

The techniques that we have developed provide conve- 
nient routes to the synthesis of these materials and may 
be potentially applicable to a wide variety of other 
systems. Synthesis and reactivity of other diruthenium- 
(I) complexes analogous to  1-4 and pyrolysis experi- 
ments of 7-12 in the presence or absence or other metal 
carbonyl complexes are in progress. 

Experimental Section 

General Comments. All solvents were dried and purified 
by standard methods (ethers, paraffins, and arenes from 
potassium with benzophenone as indicator; halocarbons and 
acetonitrile from CaHz and alcohols from the corresponding 
alkoxide) and were freshly distilled under nitrogen immedi- 
ately before use. All reactions and manipulations were carried 
out in standard Schlenk ware, connected to a switchable double 
method providing vacuum and nitrogen. Reagents were used 
as supplied by Aldrich. lH and 31P NMR spectra were 
measured on on a Bruker AMC-400 or a Varian Unity Plus- 
400 (lH, 400 MHz; 31P, 162 MHz) NMR spectrometer. 'H 
Chemical shifts (6 in ppm, J in Hz) are defined as positive 
downfield relative to internal MeSi4 (TMS) or the deuterated 
solvent, while 31P chemical shifts are defined as positive 
downfield relative to  external 85% HsP04. The IR spectra, 
calibrated with polystyrene, were recorded on a Hitachi Model 
270-30 instrument. The following abbrevations were used: s, 
strong; m, medium; w, weak. Microanalyses were carried out 
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Table 4. Atomic Coordinates and B ,  for 12 
atom X Y Z B,,a A2 

Shiu et  al. 

then added, and the suspension was stirred for 10 min to 
destroy excess Et30+BF4-. Filtration gave an yellow solid, 
which was then washed with Et20 (2 mL) and dried under 
vacuum to  give the pure product of [31[BF& (0.63 g, 93%). 
Anal. Calcd for C ~ Z H ~ Z B Z  FEN~O~PZRUZ: C, 45.67; H, 3.83; N, 

CN, 400 MHz): 6 2.11 (8 ,  12 H), 3.45 (m, 4 H), 4.97 (m, 2 H), 
5.06 (m, 2 H), 5.58 (m, 2 H), 7.56 (m, 2 H). 31P{1H} NMR (25 

2260 w; YCO, 2048 s, 2024 s, 1990 s, 1980 sh cm-I. For [41- 
[BF& Anal. Calcd for C ~ ~ H ~ O B Z F E N ~ O ~ P ~ R U Z :  C, 26.89; H, 
3.76; N, 6.97. Found: C, 26.70; H, 3.81; N, 6.85. 'H NMR 
(25 "C, CD3CN, 400 MHz): 6 1.65 (t, JP,H = 4.8 Hz, 18 H), 
1.96 (8, 12 H). 31P(1H} NMR (25 "C, CDaCN, 162 MHz): 6 
-9.99. IR (CHzC12): Y C N ,  2296 W, 2252 W; YCO, 2044 S, 2016 S, 

5.07. Found: C, 45.45; H, 3.80; N, 5.16. 'HNMR (25 "C, CD3- 

"C, CDsCN, 162 MHz): 6 17.34. IR (CHzC12): YCN, 2296 W, 

1974 s, 1954 sh cm-'. 
Synthesis of [Ruz(CO)r)(E-E)(PPhs)z] ((E-E)2- = 1,2- 

CsH22- (9); 1,24NH)2-4,6-Me~CsH2 (10); 9,10-(NH)2C14€b 
( l l ) ,  and 1,2-S&€€42- (12)). The preparations of 7-12 are 
similar to  each other. A typical procedure for 10 is described 
below. In a 100-mL Schlenk flask was dissolved [21[BF& 
(0.168 g, 0.143 mmol) in 15 mL of MeCN at room temperature. 
4,5-Dimethyl-l,2-phenylenediamine (0.039 g, 0.29 mmol) and 
0.2 mL of Et3N were added to the Ru solution. The mixture 
was then heated at 82 "C for 1 h and cooled to room 
temperature. After the volatiles were pumped off, the residue 
was dissolved in 15 mL of CHzC12, filtered through a bed of 
Celite 2 cm deep, added to 10 mL of MeOH, and concentrated 
to 10 mL, producing yellow microcrystals. Filtration through 
a medium frit gave the product 10 (0.16 g, 85%). Anal. Calcd 
for C4~H4oN2O4PzRuz: C, 59.26; H, 4.14; N, 2.88. Found: C, 

1.37 (s,6 H), 2.12 (s, 2 H), 4.64 (s,2 H), 7.29 (m, 30 H). 31P{1H} 

1966 m, 1926 s cm-'. For 6. Anal. Calcd for C~oH36N204P2- 
Ruz: C, 60.48; H, 3.65; N, 2.82. Found: C, 60.46; H, 3.63; N, 
2.74. 'H NMR (25 "C, acetone-ds, 400 MHz): 6 4.16 (s, 2 H), 
5.31 (s, 2 H), 6.44 (m, 2 H), 6.58 (m, 2 H), 7.27 (m, 30 H). 
31P{1H} (25 "C, acetone-&, 162 MHz): 6 34.15. IR (CHzClZ): 
Y C O ,  2004 s, 1972 m, 1932 s cm-'. For 7. Anal. Calcd for 
C4&4ClzNz04PzRuz: C, 54.50; H, 3.38; N, 2.76. Found: C, 
54.13; H, 3.35; N, 2.69. lH NMR (25 "C, acetone-&, 400 
MHz): 6 3.96 (8 ,  2 H), 5.09 (5, 2 H), 7.37 (m, 30 H). 31P{1H} 
(25 "C, acetone-ds, 162 MHz): 6 29.91. IR (CHzClz): YCO, 2012 
s, 1974 m, 1936 s cm-'. For 9. Anal. Calcd for CS~H~ONZO~PZ-  
Ruz: C, 62.07; H, 3.86; N, 2.68. Found: C, 62.10; H, 3.84; N, 
2.58. 'H NMR (25 "C, acetone-ds, 400 MHz): 6 4.12 ( 8 ,  2 H), 
7.53(d,J=8.4Hz,2H),8.02(d,J=8.4H~,2H),7.00-7.17 
(m, 34 H). 31P{1H} (25 "C, CDCL, 162 MHz): 6 29.73. IR (CH2- 
Clz): Y C O ,  2004 s, 1970 m, 1928 s cm-l. For 10. Anal. Calcd 
for C46H3404P2R~&: C, 56.44; H, 3.50. Found: C, 56.05; H, 
3.53. lH NMR (25 "C, acetone-ds, 400 MHz): 6 5.83 (m, 2 H), 
6.03 (m, 2 H), 7.28 (m, 18 H), 7.40 (m, 12 H). 31P{1H} (25 "C, 
acetone-cls, 162 MHz): 6 37.56. IR (CHzC12): YCO,  2016 s, 1982 
m, 1950 s cm-l. 

Single-Crystal X-ray Diffraction Studies of 3, 4, and 
12. Suitable single crystals were grown from CHzC12/hexane 
or CH&l&tZO at room temperature and chosen for the single- 
crystal structure determination. Atomic coordinates and 
equivalent isotropic displacement coefficients for 3 ,4 ,  and 12 
are listed in Tables 2-4, respectively. The X-ray diffraction 
data were measured on a four-circle diffractometer. Intensities 
of three standard reflections were monitored every hour or 
every 50 reflection throughout the data measurement. The 
variation was less than 2%. For 3, the structure was solved 
by heavy-atom method and refined by a full-matrix least- 
square procedure using NRCVAX.15 For 4, the structure was 
solved by direct methods and refined by a full-matrix least- 

(NH)zC&'- (7); 2,3-(NH)ac1&~- (8); 1,2-(NH)z-4,5-Clz- 

58.55; H, 4.12; N, 2.82. 'H NMR (25 "C, CDC13, 400 MHz): 6 

(25 "C, CDC13, 162 MHz): 6 28.15. IR (CHzClz): Y C O ,  2000 S, 

1 0.41265(4) 0.19004(2) 0.53736(4) 2.619(8) 
1 0.60012(4) 0.30205(2) 0.63735(4) 2.923(9) 

0.3882(1) 0.28796(5) 0.4289(1) 3.01(3) 
0.6038(1) 0.21353(6) 0.4773(1) 3.41(3) 
0.2568(1) 0.10739(5) 0.3469(1) 2.73(3) 
0.7451(1) 0.39017(6) 0.6042(1) 2.98(3) 
0.2293(4) 0.2005(2) 0.6852(4) 5.6(1) 
0.5430i4j 
0.4961(4) 
0.8024(6) 
0.4315(5) 
0.3678(6) 
0.4078(8) 
0.51 14(8) 
0.5755(6) 
0.5338(5) 
0.3 1 1 l(5) 
0.2466(6) 
0.2986( 8) 
0.4140(8) 
0.4788(7) 
0.4299(6) 
0.0872(4) 

-0.0179(5) 
-0.1441(5) 
-0.1682(5) 
-0.0668(6) 

0.0610(5) 
0.2200(5) 
0.1909(6) 
0.1586(7) 
0.1571(7) 
0.1847(8) 
0.2167(7) 
0.6762(5) 
0.5666(5) 
0.5075(6) 
0.5531(7) 
0.6568(7) 
0.7204(5) 
0.9259(9) 
1.048( 1) 
1.1493(9) 
1.1344(6) 
1.0134(5) 
0.9088(5) 
0.7932(5) 
0.8 172(6) 
0.8584(7) 
0.8729(6) 
0.8500(6) 
0.8099(5) 
0.2980(5) 
0.49 13(5) 
0.5383(5) 
0.7259(6) 

0.1020i2j 
0.3789(2) 
0.2724(3) 
0.2715(2) 
0.2900(2) 
0.2767(3) 
0.2469(3) 
0.2275(2) 
0.2395(2) 
0.0912(2) 
0.1045(2) 
0.0948(3) 
0.0728(3) 
0.0599(3) 
0.0697(2) 
0.1195(2) 
0.0688(2) 
0.0793(3) 
0.1393(3) 
0.1890(3) 
0.1793(2) 
0.0282(2) 
0.0247(3) 

-0.0344(3) 
-0.0904(3) 
-0.0882(3) 
-0.0292(3) 

0.4144(2) 
0.4425(2) 
0.4590(3) 
0.4457(3) 
0.4169(3) 
0.4013(2) 
0.3 180(4) 
0.3063(5) 
0.3576(4) 
0.4167(3) 
0.4280(2) 
0.3783(2) 
0.4662(2) 
0.5267(3) 
0.5834(3) 
0.5787(3) 
0.5203(3) 
0.4639(2) 
0.1968(2) 
0.1350(2) 
0.3503(2) 
0.2837(3) 

0.7409i4j 
0.8096(4) 
0.9085(6) 
0.2817(5) 
0.1484(6) 
0.0386(6) 
0.0642(7) 
0.1970(6) 
0.3054(5) 
0.2029(5) 
0.0662(6) 

-0.0366(7) 
0.0002(8) 
0.1372(8) 
0.2399(6) 
0.2485(5) 
0.1549(5) 
0.0782(6) 
0.0943(7) 
0.1873(7) 
0.2636(6) 
0.4003(5) 
0.5205(6) 
0.5631(7) 
0.4898(9) 
0.3708(9) 
0.3258(7) 
0.4267(5) 
0.3899(6) 
0.2543(7) 
0.1525(7) 
0.1836(7) 
0.3201(6) 
0.6165(9) 
0.620( 1) 
0.6301(9) 
0.6462(7) 
0.6363(6) 
0.6215(6) 
0.7272(5) 
0.6870(6) 
0.7868(8) 
0.9249(8) 
0.9676(6) 
0.8704(6) 
0.6278(5) 
0.6632(5) 
0.7452(5) 
0.8012(6) 

5.8iij 
6.1(1) 
9.1(1) 
3.3(1) 
4.6(1) 
6.0(2) 
6.2(2) 
4.8(1) 
3.5(1) 
3.3(1) 
4.3(1) 
6.1(2) 
6.6(2) 
5.7(2) 
4.5(1) 
3.0(1) 
4.0(1) 
4.7(1) 
5.6(2) 
6.2(2) 
4.6(1) 
3.3(1) 
4.8(1) 
6.3(2) 
6.7(2) 
8.2(2) 
6.0(2) 
3.3(1) 
4.2(1) 
5.5(2) 
6.2(2) 
5.8(2) 
4.3(1) 
8.9(2) 

13.6(3) 
9.0(2) 
5.9(2) 
4.1(1) 
4.0( 1) 
3.6(1) 
5.0(1) 
6.7(2) 
6.3(2) 
5.4(2) 
4.3(1) 
3.5(1) 
3.7(1) 
3.8(1) 
6.0(2) 

' B ,  = (8/&2(Uil(~*)2 + Uz~(bb*)~ -t U~~(CC*)* -t 2Uizw*bb* COS 
y + 2Ul@*C* cos ,8 + 2U23bb*cc* cos a). 

by the staff of the Microanalytical Service of the Department 
of Chemistry, National Cheng Kung University. 

Synthesis of [Rua(C0)4(MeCN)&zlXz (L = MeCN (l) ,  
P P b  (2), PPhAallyl) (S), and PMes (4); X- = PFe-, BFa-). 
The preparations of 1-4 are similar to each other. A typical 
procedure for 3 is described below. A mixture of [Ruz(C0)4- 
(MeCO~)~{PPhz(ally1)}~1~~ (0.41 g, 0.46 mmol), MeCN (1 mL), 
and CHzClz (25 mL) was added dropwise to Et30+BF4- (2 mL, 
1.0 M solution in CH2Cl2). The solution was stirred for 30 min 
at ambient temperature (ca. 28 "C), and volatiles were removed 
under vacuum to give an oily solid. MeOH (ca. 5 mL) was 

(13) Shiu, K.-B.; Peng, S.-M.; Cheng, M . 4 .  J .  Orgunomet. Chem. 

(14) Crooks, G. R.; Johnson, B. F. G.; Lewis, J.; Williams, I. G. J .  
1993,452, 143. 

Chem. SOC. A 1969,2761. 
(15) Gabe, E. J.; Le Page, Y.; Charland, J.-P.; Lee, F. L.; White, P. 

S. J .  Appl. Crystallogr. 1989,22, 384. 
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Table 5. Crystal Data for 3,4, and 12 
compound 3 4 12 
formula C ~ ~ H ~ Z B ~ F B N ~ O ~ Z R U Z  C ~ ~ H ~ o B z F ~ N ~ O ~ P Z R U Z  Cd34092R~zSz 
fw 1104.50 804.2 978.98 
color, habit orange rhomboid yellow column yellow needle 
diffractometer used Nonius CAD4 Siemens R3mN Rigaku AF_c7s 
space group monoclinic, P21k monoclinic, P21/n triclinic, P1 
a, A 20.292(6) 12.570(4) 11.151(1) 
b, 8, 17.223(7) 14.251(5) 21.302(2) 
c, A 15.186(3) 18.773(6) 10.183(2) 
a, deg 90 90 93.6% 1) 
/% deg 1 13.324( 18) 104.96(3) 113.43(1) 

101.19(1) Y? deg 90 90 
v, A3 4873(3) 3251(9) 2151.2(6) 
Z 4 4 2 
Dcalcd. g 1.505 1.643 1.511 
1(Mo Ka), 8, 0.709 30 0.710 73 0.710 69 
F ( W )  2216 1592 984 
unit cell detn 
no. 28 range, deg 25, 18-24 16, 13-23 

28 range, deg 2-45 2.5-50 6-50 
h,k,l range *21,18,16 
~ ( M o  Ka), cm-' 7.43 11.02 9.2 
cryst size, mm 
transm factor 0.944- 1.000 0.888-0.939 0.933- 1 .ooO 
temp, K 298 296 297 
no. of measd reflns 3177 6280 7990 
no. of unique reflns 3176 5729 7562 
no. of obsd reflns (No) 2764 (> 2a) 3912 ('3~) 6344 (> 3a) 
R," R," 0.045, 0.048 0.044, 0.044 0.038,0.046 
GOF" 2.27 1.53 2.81 
no. of ref params (N,) 290 362 485 

25,36-40 
scan type e-213 8-28 w-2e 

f 14,16,21 13,&25,f11 

0.60 x 0.28 x 0.16 0.40 x 0.45 x 0.45 0.16 x 0.16 x 0.58 

weighting scheme unit weights [u2(Fo) + 0.0003F02]-1 [a2(Fo)1-' 
g(second ext coeff) x lo4 0.65(9) 0 0 
(A@),-, e A-3 0.97 1.06 1.38 

e -0.62 -0.71 -1.04 

O R  = [ I l l F o l  - lFclI/~lFol. R, = [Cw(lFol - IFcI)2/~wl~~Izl '~2.  GOF = [%(lFol - IFcl)z/(No - 4Jl'/z. 

square procedure using SHELXTL-PLUS.16 For 12, the 
structure was solved by direct methods and refined by a full- 
matrix least-square procedure using TEXSAN.17 The other 
essential details of single-crystal data measurement and 
refinement are givin in Table 5. 

(16) Sheldrick, G. M. SHEWITL-Plus Crystallographic System, 
release 4.21; Siemens Analytical X-ray Instruments: Madison, WI, 
1991. 
(17) Crystal Structure Analysis Package, Molecular Structure Corp., 

!IT, 1985,1992. 

Acknowledgment is made to the National Science 
Council of Republic of China for financial support of this 
research (Contract NSC84-2113-M006-010). 

Supplementary Material Available: Tables of complete 
bond lengths and angles, anisotropic displacement coefficients, 
and hydrogen coordinates for 3,4, and 12 (17 pages). Ordering 
information is given on any current masthead page. 
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D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

07
1



530 Organometallics 1995, 14, 530-541 

Unexpected Formation of 1,4-Disilacyclohexa-2,5-dienes 
in the Palladium-Catalyzed Reactions of Cl(SiMez)&l 

with Acetylenes and Its Application to Polymer 
Synthesis 

Yoshifumi Tanaka,? Hiroshi Yamashita,+ and Masato Tanaka*ltlS 
National Institute of Materials and Chemical Research, Tsukuba, Ibaraki 305, Japan, and 

Department of Chemistry, University of Tsukuba, Tsukuba, Ibaraki 305, Japan 

Received September 12, 1994@ 

Cl(SiMe2)&1 ( la)  reacts with 2 equiv of acetylenes RCICR for (R, R) = (Ph, H), (Hex, 
H), (Ph(CH2)2, H), (NC(CH2)3, H), (Ph, Me), and (Ph, Ph) in the presence of palladium catalysts 
at 120-140 "C to give 1,4-disilacyclohexa-2,5-dienes in 82-20% yields along with the 
coproduct MenSiClz. Terminal acetylenes exhibit higher reactivities than internal acetylenes. 
PdC12L2 catalysts with L = P(ary1)s or AsPh3 are efficient, while those with L = P(a1kyl)a or 
PhCN are not effective. Use of X(SiMe2)a (X = F, OMe) in place of l a  produces very little 
1,4-disilacyclohexa-2,5-diene. Possible involvement of silylene species in the catalysis is 
suggested by the reaction of l a  with Pt(PEt&, which gives cis-(ClMezSi)(Me3SiCZMeSi)Pt- 
(PEt3)z (9), presumably via silyleneplatinum intermediates, and by the generation of 
dimethylsilylene in the thermolysis of 9. Complex 9 is alternatively obtained in the reaction 
of ClMezSiSiClMeSiMea with Pt(PEt3)a. Reaction of l a  with m-diprop-1-yn-1-ylbenzene gives 
a regular silicon polymer of low molecular weight consisting of alternating 1,4-disilacyclohexa- 
2,5-dien-2,5- or -2,6-ylene and m-phenylene units, most of the termini being 1,2-bis- 
(chlorodimethylsily1)ethenyl groups. Similar reactions with p -  and m-diethpylbenzene also 
give silicon polymers that contain 1,4-disilacyclohexa-2,5-dienylene and phenylene rings in 
the backbone. 

Introduction 

Development of new catalysis for organosilane chem- 
istry is a subject of current interest.l Addition of Si- 
Si bonds to organic unsaturated compounds in particu- 
lar is an intriguing reaction in view of potential 
applications to polymer synthesis and to organic syn- 
thesis.2 Previously we reported that Si-Si bonds of 

t University of Tsukuba. * National Institute of Materials and Chemical Research. 
Abstract published in Advance ACS Abstracts, November 1,1994. 

(1) For some catalytic reactions involving silicon-metal intermedi- 
ates, see: Tilley, T. D. In The Chemistry of Organic Silicon Compounds; 
Patai, S., Rappoport, Z., Eds.; Wiley: Chichester, U.K., 1989; Chapter 
24. 
(2) For addition to acetylenes, see: (a) Sakurai, H.; Kamiyama, Y.; 

Nakadaira, Y. J .  Am. Chem. SOC. 1975,97, 931. (b) Okinoshima, H.; 
Yamamoto, K.; Kumada, M. J .  Organomet. Chem. 1975,86, C27. (c) 
Tamao, K.; Hayashi, T.; Kumada, M. J .  Organomet. Chem. 1976,114, 
C19. (d) Watanabe, H.; Kobayashi, M.; Higuchi, K.; Nagai, Y. J .  
Organomet. Chem. 1980, 186, 51. (e) Matsumoto, H.; Matsubara, I.; 
Kato, T.; Shono, K.; Watanabe, H.; Nagai, Y. J .  Organomet. Chem. 
1980, 199, 43. (0 Watanabe, H.; Kobayashi, M.; Saito, M.; Nagai, Y. 
J .  Organomet. Chem. 1981, 216, 149. (g) Yamashita, H.; Catellani, 
M.; Tanaka, M. Chem. Lett. 1991, 241. (h) Ito, Y.; Suginome, M.; 
Murakami, M. J .  Org. Chem. 1991, 56, 1948. (i) Yamashita, H.; 
Tanaka, M. Chem. Lett. 1992,1547. (i) Finckh, W.; Tang, B.-Z.; Lough, 
A.; Manners, I. Organometallics 1992, 11, 2904. (k) Murakami, M.; 
Oike, H.; Sugawara, M.; Suginome, M.; Ito, Y. Tetrahedron 1993,49, 
3933. (1) Murakami, M.; Suginome, M.; Fujimoto, K.; Ito, Y. Angew. 
Chem., Int. Ed. Engl. 1993, 32, 1473. For some recent papers on 
addition to other unsaturated compounds, see: (m) Ishikawa, M.; 
Nishimura, Y.; Sakamoto, H.; Ono, T.; Ohshita, J. Organometallics 
1992, 11,  483. (n) Tsuji, Y.; Lago, R. M.; Tomohiro, S.; Tsuneishi, H. 
Organometallics 1992, 11, 2353. (0) Hayashi, T.; Kobayashi, T.-a.; 
Kawamoto, A. M.; Yamashita, H.; Tanaka, M. Organometallics 1990, 
9, 280. (p) Murakami, M.; Suginome, M.; Fujimoto, K.; Nakamura, 
H.; Andersson, E'. G.; Ito, Y. J .  Am. Chem. SOC. 1993, 115, 6487. (9) 
Ito, Y.; Suginome, M.; Matsuura, T.; Murakami, M. J .  Am. Chem. SOC. 
1991,113,8899. (r) Yamashita, H.; Reddy, N. P.; Tanaka, M. Chem. 
Lett. 1993, 315. (s) Yamashita, H.; Reddy, N. P.; Tanaka, M. 
Macromolecules 1993, 26, 2143. 

0276-7333/95/2314-0530$09.QQ/0 

fully organic di-, tri-, and polysilanes that usually were 
reluctant to react with acetylenes could undergo addi- 
tion reactions cleanly when the Pd-P(OCH2)3CEt cata- 
lyst system was applied.2gpi As an alternative way to 
promote the reaction, introduction of electronegative 
groups onto silicon atoms appeared promising on the 
basis of our previous work.3 The outcome of this 
approach with Cl(SiMe2)3Cl, however, was totally un- 
expected. The reaction of the trisilane with acetylenes 
readily took place as anticipated, but the major products 
were 1,4-disilacyclohexa-2,5-diene  derivative^.^ In this 
paper are reported the new catalysis, possible elemental 
reactions behind the catalysis, and its application to 
polymer synthesis. 

Results and Discussion 

Reaction of X(SiMe2)a (X = C1, F, OMe) with 
Phenylacetylene. A 1,3-dichlorotrisilane, Cl(SiMe2)s- 
C1 (la), reacted with 2 equiv of phenylacetylene (2a) in 
the presence of a palladium catalyst to give a 1,4- 
disilacyclohexa-2,5-diene (3a) and its coproduct, Men- 
SiClz (41, as the major products (eq 1). Thus, heating a 
mixture of la, phenylacetylene (2a, 3 equiv), PdCl2- 
(PPh3)2 (1 mol % based on la), and benzene at 120 "C 
for 1 h gave 3a in a high yield (80% GC yield based on 

(3) Yamashita, H.; Kobayashi, T.-a.; Hayashi, T.; Tanaka, M. Chem. 
Lett. 1990, 1447. 
(4) 1,4-Disilacyclohexa-2,5-dienes are known to be formed in the 

reactions of thermally generated silylene species with acetylenes. For 
instance, see: (a) Atwell, W. H.; Weyenberg, D. R. J .  Am. Chem. SOC. 
1968,90,3438 and references cited therein. (b) Barton, T. J.; Kilgour, 
J. A. J .  Am. Chem. Soc. 1976, 98, 7746 and references cited therein. 
(c) Halevi, E. A.; West, R. J .  Organomet. Chem. 1982,240, 129 and 
references cited therein. 

0 1995 American Chemical Society 
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Pd-Catalyzed Reactions of Cl(SiMed3Cl with Acetylenes 

Pd cat CI(SiMe2)&I + 2 RCzCR' - 
l a  2 (3 equiv) 

3 

a: R = Ph, R' = H d: R = NC(CH2),, R' = H 
b: R Hex, R' = H e: R = Ph, R' = Me 
C: R = Ph(CH2),, R' = H f : R = R' = Ph 

la) along with 4 (70%) (Table 1, run 1). Concentration 
of the reaction mixture followed by preparative TLC 
gave pure 3a in 70% yield. The isolated 3a showed 
satisfactory NMR, IR, and (HR)MS data. Compound 3a 
was a mixture of two regioisomers with respect to the 
phenyl groups (the ratio of 2,5-/2,6-diphenyl(= 3,6-/3,5- 
dihydro) isomers = 20:80). In this reaction, the nor- 
mally expected acetylene-insertion compound, a bis(2- 
silyletheny1)silane Ga), was formed only in low yield 
(8%), as were other byproducts such as a l-silacyclo- 
penta-2,4-diene (6a, 8%) and a 1,2-disilylethene, (ClMe2- 
Si)PhC=CH(SiMezCl) (7a, 18%) (Chart 1). Compound 
5a was a regioisomeric mixture comprising 1,7-dichloro- 
2,5-, -2,6-, and -3,5-diphenyl-1,4,7-trisilahepta-2,5-diene 
in about a 1:l:l ratio. The yield and regioisomeric ratio 
of 5a were estimated by GC analysis of the correspond- 
ing methylated compound (Pl) after the reaction mix- 
ture had been treated with MeMgI. On the other hand, 
6a was nearly all one regioisomer, 3,4-diphenyl-1- 
silacyclopenta-2,4-diene. Compounds P1, 6a, and 7a 
were identified by comparison with authentic samples 
prepared separately. 

Besides PdC12(PPh&, other PdClzL2 complexes with 
L = triarylphosphines or AsPh3 also catalyzed the 
foregoing reaction to give 3a in good to moderate yields 
(Table 1, runs 2-7). The yields of 3a were similar when 
PdC12L2 (L = PPh3, P(p-tolyl)3, or P(p-FCsH&) catalysts 
were used, although the yield of the byproduct 5a was 
higher for L = P(p-tolyl)s (runs 1-3). Substitution of 
phenyl groups in PdC12(PPh& by bulkier o-tolyl groups 
resulted in a decrease in the conversion of la  and the 
yield of 3a, although it almost completely suppressed 
the formation of the byproducts 5a, 6a, and 7a (runs 1 
and 4-6). A similar result was obtained upon replace- 
ment of PPh3 by AsPhs (runs 1 and 7). In contrast with 
triarylphosphines, trialkylphosphines and bidentate 
phosphines such as PMe3, PEt3, PiBu3, dppb (1,4-bis- 
(diphenylphosphino)butane), and dppf (1,l'-biddiphe- 
ny1phosphino)ferrocene) were ineffective in the present 
reaction (runs 8-12). The results indicate that phos- 
phorus ligands with strong coordination ability are not 
favorable for promoting the reaction. A palladium 
catalyst without phosphine or arsine ligands, PdC12- 
(PhCN)2, also was not effective (run 13). In addition to 
the PdC12L2 catalysts, the Pd(dba)2-2P(OCH&CEt (dba 
= dibenzylideneacetone) system that was highly ef- 
ficient in the simple insertion of 2a into the Si-Si bonds 
of octamethyltrisilane2g also gave 3a and 4 as the major 
products, albeit with a lower conversion of la (run 14). 
Other group 10 metal complexes such as PtC12(PPh& 
and NiC12(PPh& were inactive under the present condi- 
tions (runs 15 and 16). Although the reaction rate 

Organometallics, Vol. 14, No. 1, 1995 531 

Chart 1 
Ph Ph Ph Ph 

H /=7f7 L -L 
XMezSi Si SiMe,X 

Me2 Si 
Me2 

5a: X = CI; 5a': X = F 
5a": X = OMe 6a 

phh /I; 
XMe,Si SiMezX XMe2Si SiMe,SiMe2X 

7a: X = CI; ?a': X = F 
78": X OMe 

Ea: X = Ci; Ea': X = F 
8a": X = OMe 

Table 1. Effect of Catalyst on the Reaction of CI(SiMe*)&l 
(la) with Phenslacetvlene (2aP 

conversion yieldb (%) 3a(A)/ 
run catalyst of la(%) 3a 4 Sa 6a 7a 3a(B)' 

1 PdClz(PPh3)~ -100 80 70 8 8 18 20180 
2 PdClz[P@-tolyl)slz 93 64 49 18 7 20 22/78 
3 PdCh[P@-FC6&)31z 97 78 62 9 4 16 22/78 
4 PdC12[PPhz(0-t0lyl)]z 93 80 68 6 0 10 23/77 
5 PdC12[PPh(0-tolyl)& 84 79 61 4 1 I 26/74 
6 PdClz[P(0-t0lyl)3]~ 52 25 23 0 0 1 28/72 
7 PdClz(AsPh3)z 58 42 35 1 1 3 28/72 
8 PdClz(PMe3)~ 1 1 1  0 0  O n c d  
9 PdClz(PEt3)z 1 -0 1 0 0  0 

10 PdClz(P'Bu3)z 3 2 2 0 0  O n c d  
11 PdClz(dppb)' 1 1 1  0 0  O n c d  
12 PdClz(dppf)f 5 4 4 0 0  O n &  
13 PdClZ(PhCN)z 16 4 14 1 0 0 ncd 
14 Pd(dba)2--2P(OCH2)3CEtg 42 36 28 2 2 9 22/78 
15 PtClz(PPh3)~ 0 0 0 0 0 0  
16 NiClz(PPh3)~ 0 0 0 0 0 0  

la, 0.40 m o l ;  2a, 1.2 m o l ;  catalyst, 0.004 m o l ;  benzene, 0.1 mL; 
120 "C; 1 h. GC yield based on la. A, 3,6-dihydro isomer; B, 3,5-dihydro 
isomer. The ratios were estimated by GC. Not checked. e dppb = 1.4- 
bis(dipheny1phosphino)butane. f dppf = 1, 1'-bis(dipheny1phosphino)fer- 
rocene. g dba = dibenzylideneacetone. 

varied widely depending on the catalyst, the ratios of 
the regioisomers of 3a (A/B) were always in the range 
of 2:8 to 3:7. 

The effects of other reaction conditions were examined 
using the PdC12(PPh3)2 catalyst (Table 2). Lowering the 
temperature from 120 to 100 "C markedly slowed the 
reaction, while raising the temperature to 140 "C 
scarcely affected the product distribution (runs 1-3). 
Decreasing the ratio of 2dla from 3 to 2 gave lower 
yields of 3a and 4 with 16% recovery of la (runs 2 and 
4), although acetylene 2a was consumed almost com- 
pletely (-99% con~ersion).~ Increasing the palladium 
concentration resulted in lower yields of 3a and 4 with 
a tendency to increase 5a (runs 4-8). Use of DME 
solvent in place of benzene caused little change of the 
product distribution (runs 4 and 9). In contrast, the 
more polar CH3CN significantly facilitated the forma- 
tion of 5a by suppressing the formation of other products 
(runs 4 and 10). The ratio of the regioisomers Of 3a (A/ 
B) was not influenced so much by the reaction condi- 
tions, ranging from 2:8 to 3:7. 

Different from la, the corresponding fluoro- or meth- 
oxy-substituted trisilane, F(SiMed3F (lb) or MeO- 
(SiMe2)sOMe (IC), gave hardly any 1,4-disilacyclohexa- 
2,5-diene 3a under the same conditions as those used 
for la. Thus, GC and GC-MS analyses of the reaction 
mixture obtained in the reaction of lb with 2a showed 
formation of a bis(2-silyletheny1)silane (5a', -50% yield), 
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Table 2. Effects of Reaction Conditions on the Reaction of Cl(SiMe2)~Cl (la) with Phenylacetylene (2a)n 
yieldC (%) 

run 2a/la Pdcat(mol%b) solvent temp('C) conversionofla(%) 3a 4 5a 6a 7a 3a(A)/3a(B)d 
1 1  nce 1 3 1 benzene 100 4 3 2 -0 

2 3 1 benzene 120 -100 80 70 8 8 18 20180 
3 3 1 benzene 140 -100 80 66 7 8 21 22/78 
4 2 1 benzene 120 84 61 42 6 7 17 19/81 
5 2 0.5 benzene 120 75 6 4 4 4  6 4 15 19/81 
6 2 2 benzene 120 99 56 41 10 4 13 18/82 
7 2 4 benzene 120 96 45 35 7 8 19 22/78 
8 2 8 benzene 120 98 46 32 20 7 17 2917 1 
9 2 1 D M a  120 92 66 47 8 7 18 18/82 

10 2 1 CH3CN 120 -100 38 38 41 -0 9 17/83 

la ,  0.40 "01; 2a, 0.80-1.2 "01; PdClz(PPh&, 0.004-0.032 "01; solvent, 0.1 mL; 100-140 "C; 1 h. Based on l a .  GC yield based on la .  A, 
3,6-dihydro isomer; B, 35dihydro isomer. The ratios were estimated by GC. e Not checked. f 1,2-Dimethoxyethane. 

a l,2-disilylethene (7a', -40%), a (2-silyletheny1)disilane 
@a', -lo%), and 6a (3%) along with much lower yields 
of 3a (0.8%) and difluorodimethylsilane (4a', I 1%) 
(Chart 1; eq 2). Similarly, the reaction of IC gave only 

Pd cat F(SiMe2)3F + 2a - 
(2) I b  (3 equiv) 

3a + Me2SiF2 + 5a' + 6a + 7a' + Ea' 
(O.80/,) 4a' (-50%) (3%) (-40%) (-1O0h) 

small quantities of 3a (0.8%) and dimethoxydimethyl- 
silane (4a", -2%) and formed much larger amounts of 
6a (36%), a 1,2-disilylethene (7a", 45%), and by simple 
insertion compounds Sa" (7%) and 8a" (10%) (Chart 1; 
eq 3). The present reaction of IC strikingly contrasted 

Pd cat 
MeO(SiMe2)30Me + 2a - 

(3) I C  (3 equiv) 

3a + Me2Si(OMe), + Sa" + 6a + 7a" + 8a" 

(O.e0/o) 4a" (-2%) (7%) (36%) (45%) (10%) 

(5 )  In every PdClz(PPh3)z-catalyzed reaction of l a  with 2a, trimers 
of 2a (mainly two isomers (Tl, T2), TVP2 2 101, trace-10% total yield) 
were observed by GC and/or GC-MS; GC-MS (EI, 70 eV): mlz 
(relative intensity) for T1, 306 (100, M+), 305 (18), 291 (21), 289 (25), 
145 (17); for T2,306 (100, M+), 289 ( l l ) ,  228 (lo), 226 (9). In addition, 
2a underwent oligo- and polymerization under similar reaction condi- 
tions (2a, 1.2 mmol; PdClz(PPhs)z, 0.004 mmol; benzene, 0.1 mL; 120 
"C; 1 h) to form dimers (two isomers (Dl, D2), DUD2 = l:-l), trimers 
(Tl,  T2 and other three isomers (T3-5), Tl/T2R3/T4/"r5 = 100:14:10: 
6:4 by GC), and higher oligomers (M, 5 lo3 by GPC using polystyrene 
standards) in 50.5, -10, and -35% yields, respectively (45% conversion 
of 2a). GC-MS (EI, 70 eV): m/z (relative intensity) for D1, 204 (100, 
M+), 203 (96), 202 (63), 101 (35); for D2, 204 (100, M+), 203 (79), 202 
(82), 101 (19); for T3, 306 (100, M+), 305 (30), 229 (37), 228 (28), 215 
(25), 144 (28); for T4, 306 (100, M+), 305 (28), 229 (56), 228 (32); for 
T5,306 (100, M+), 305 (25), 229 (31), 228<31), 215 (341,145 (24). Major 
isomers T1 and T2 were respectively assigned as 1,2,4- and 1,3,5- 
triphenylbenzene; GC retention times and GC-MS fragmentation 
patterns of T1 and T2 were in good agreement with those of authentic 
samples prepared by the &(CO)lz-catalyzed reaction of 2a,Bd although 
the GC-MS data for 1,2,4-triphenylbenzene were not consistent with 
those reported for it that were obtained with a U catalyst." The other 
minor isomers, T3-5, seem to be linear trimers, although their 
structures have not been confirmed. These results indicate that oligo- 
and polymerization of 2a  proceeds as a side reaction in the reaction of 
l a  with 2a.6 

( 6 )  For examples of palladium-catalyzed oligo- and/or polymerization 
of terminal acetylenes, see: (a) Odaira, Y.; Hara, M.; Tsutsumi, S. 
Technol. Rep. Osaka Uniu. 1965,15,325. (b) Simionescu, C. I.; Percec, 
V.; Dumitrescu, S. J .  Polym. Sci. Polym. Chem. Ed. 1977,15,2497. (c) 
Ishikawa, M.; Oshita, J.; Ito, Y.; Minato, A. J .  Organomet. Chem. 1988, 
346, C58. For examples of other transition metal-catalyzed oligo- and/ 
or polymerizations of 2a, see: (d) Iwashita, Y.; Tamura, F. Bull. Chem. 
SOC. Jpn. 1970,43, 1517. (e) Wen, T. C.; Chang, C. C.; Chuang, Y. D.; 
Chiu, J. P.; Chang, C. T. J .  Am. Chem. SOC. 1981, 103, 4576. (0 
Matsuda, T.; Mouri, T.; Higashimura, T. Bull. Chem. SOC. Jpn. 1980, 
53, 1152. 

Table 3. Reactions of Cl(SiMe2)~Cl (la) with Acetylenes (2)" 

run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

- 2 

2a 
2b 
2c 
2d 
2e 
2e 
2e 
2e 
2f 
2f 

- 
Pd cat 

(mol O/ob)  

1 
1 
1 
1 
1 
1 
8 
8 
1 

10 

temp time 
("C) (h) 
120 1 
120 1 
120 1 
120 1 
120 1 
120 16 
120 1 
120 16 
120 1 
140 18 

conversion 
of l a  (%) 

-100 
99 
93 

-100 
20 
37 
64 
92 
2 

70 

yieldC (a) 
3 4  

SO(70) 70 
50 41 
65 (57) 61 
63 46 
18 12 
30 26 
42 47 
69 60 
nce 2 

(20) 58 

XA)/ 
3(Wd 
20/80 
27/73 
30/70 
30/70 
ncp 

50/50 
nce 

50/50 

la ,  0.40 "01; 2, 1.2 "01; PdClz(PPh&, 0.004-0.040 "01; 
benzene, 0.1 mL; 120-140 "C; 1-18 h. bBased on la. 'GC yield based 
on la. Figures in parentheses are isolated yields. For 3a-d A, 3,ddihydro 
isomer B, 3,S-dihydro isomer. For 3e: A, 2,Sdimethyl isomer; B, 2,6- 
dimethyl isomer. The ratios were estimated by GC and/or 'H NMR. e Not 
checked. 

withthe previously reported result that IC reacted with 
diphenylacetylene at 275 "C without palladium catalysts 
to give the corresponding 1,4-disilacyclohexa-2,5-diene, 
presumably via dimethylsilylene generated thermally 
from l ~ . ~ a  

Reactions of la  with Other Acetylenes. Other 
terminal acetylenes, 1-octyne (2b), 4-phenyl-1-butyne 
(2c), and 5-hexynenitrile (2d), also reacted with la 
under the same conditions as those for %a to give the 
corresponding 1,4-disilacyclohexa-2,5-dienes (3b-d) in 
65-50% yields along with comparable amounts of 4 (eq 
1; Table 3, runs 2-4). Likewise, an internal acetylene, 
1-phenyl-1-propyne (2e), gave a 1,4-disilacyclohexa-2,5- 
diene (3e) in 69% yield, although a larger amount of 
the catalyst and a longer reaction time were required 
to obtain a better yield (runs 5-81. Products 3b-e were 
isolated by preparative TLC and/or preparative GC and 
were identified by NMR, IR, (HR)MS, and/or elemental 
analysis. Each compound of 3b-e was obtained as a 
mixture of two regioisomers with respect to the place- 
ment of substituents. For terminal acetylenes 3a-d, 
2,6-disubstituted (= 3,5-dihydro) isomers were favorably 
formed, the ratios of 2,5-/2,6-disubstituted (= 3,6-/3,5- 
dihydro) isomers ranging from 2:8 to 3:7. On the other 
hand, the internal acetylene 2e gave 3e with a 1:l 
isomer ratio. GC-MS of each reaction mixture indi- 
cated formation of byproducts such as a bis(2-silylethe- 
nyl)silane, a l-silacyclopenta-2,4-diene, and/or a 1,2- 
disilylethene, which corresponded to 5a, 6a, and 7a, 
respectively, although their structures have not been 
unambiguously confirmed as yet (see Experimental 
Section). The reaction with sterically much bulkier 2f 
gave the corresponding 1,4-disilacyclohexa-2,5-diene 3f 
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Pd-Catalyzed Reactions of  Cl(SiMe2)&1 with Acetylenes 

only in a low yield (20%) even at  a higher temperature 
of 140 "C (runs 9 and 10). Reactions of other acetylenes 
such as trimethylsilylacetylene, 3-(trimethylsiloxy)-l- 
propyne, ethyl propiolate, and dimethyl acetylenedicar- 
boxylate resulted in complex mixtures; GC and GC- 
MS indicated that the yields of 1,4-disilacyclohexa-2,5- 
dienes were 1-10%. 

Although terminal acetylenes 2a-d generally gave 
higher yields of 3 than internal acetylenes 2e and 2f, it 
usually was necessary to use them in excess (the ratio 
of W l a  = 3:l) because acetylene oligo- and polymeriza- 
tion take place as side  reaction^.^ On the other hand, 
the reaction of an internal acetylene did not require use 
of an excess since the oligo- and polymerization pro- 
ceeded hardly at  all under the present conditions. In 
fact, in the reaction of 2e under the conditions of run 8 
in Table 3, lowering the ratio of 2e/la from 3:l to 2:l 
resulted in an even higher yield (90%) of 3e based on 
the consumption of the acetylene (66%). 

The 1,4-disilacyclohexa-2,5-dienes formed in the 
present reactions usually did not have chlorine atoms 
substituted at the silicon atoms. However, the reaction 
of 2e gave a product whose GC-MS parent ion cor- 
responded to that of l-chloro-1,4-disilacyclohexa-2,5- 
diene (3e'), although its yield was less than 1%. Phe- 
nylation of 3e' with PhLi resulted in better GC separation 
to  reveal formation of mainly two isomeric phenylated 
compounds, 3e"(A) and 3e''(B), corresponding to 3e' in 
about a 1:l GC ratio. 

Reaction of la or CMep!3iSiClMeSiMes with Pt- 
(PEts)s. A possible intermediate for the formation of 3 
is a silylenepalladium species. Silyleneplatinum species 
were previously proposed as intermediates in the for- 
mation of 3f in the platinum-catalyzed reaction of Me3- 
SiSiMezH with 2f.7-9 To gain supportive observations 
for silylenemetal species, la  (2 equiv) was treated with 
Pt(PEt& in benzene-& at 60 "C for 2 h. lH, 13C, 29Si, 
31P, and lg5Pt NMR of the reaction mixture revealed 
formation of cis-(ClMezSi)(Me3SiCIMeSi)Pt(PEt3)2 (9) in 
290% yield along with free PEt3. Addition of dcpe (1,2- 
bis(dicyclohexy1phosphino)ethane) to the benzene-d6 
solution of 9 caused ligand exchange to give (C1MezSi)- 
(Me3SiClMeSi)Pt(dcpe) (9', -80% NMR yield) and liber- 
ated PEt3. Complex 9 was alternatively obtained by the 
reaction of a 1,2-dichlorotrisilane, ClMezSiSiClMeSiMes 
(Id, 2 equiv), with Pt(PEt313 in a nearly quantitative 
NMR yield. These results and NMR spectral data (vide 
infra) proved the identities of 9 and 9 ,  although their 
isolation in pure form has been unsuccessful to date. 

Complex 9 shows two 29Si NMR signals arising from 
the ClSi groups adjacent to the platinum at similar 
positions, 43.0 (4Jpsi = 70 Hz, lJptsi = 1220 Hz) and 46.4 
ppm ('Jpsi = 76 Hz, 'Jptsi = 1361 Hz). On the other 
hand, the terminal Me& 29Si signal appears at -11.6 
ppm with 3 J p ~ i  = 9 Hz and Vptsi = 131 Hz, which are 
much smaller than 'JpSi and 'JptSi. In 31P NMR, the 
phosphorus signal is observed at  14.3 ppm with rela- 
tively small Vptp value (1763 Hz), which is consistent 

(7) Yamamoto, IL; Okinoshima, H.; Kumada, M. J .  Organomet. 
Chem. 1971,27, C31. 

( 8 )  Formation of 1,4-disilacyclohexa-2,5-dienes, presumably via si- 
lylene species, was observed in the palladium-catalyzed reactions of 
cyclooligosilanes with acetylenes as well: (a) Carlson, C. W.; West, R. 
Organometallics 1983, 2, 1801. (b) Ishikawa M.; Fukui, T. Chem. 
Express 1987,2, 623. 

(9) See also: Yamashita, H.; Tanaka, M.; Goto, M. Organometallics 
1992, 11, 3227. 
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Scheme 1 
SiMe,Cl 
I 

CIMe,Si-Pt-L + (:SiMeP] 

L 

F2SiMe2CI + PtL, 
I C I Me$ i .- (L = PEt3) f a  

t [ r2SiMezCl] - [ - CIMe,Si-Pt-SiMe,CI I CIMe,Si-Pt-L 

L 
10 11 

L-6t-SiMe2CI CI Si-SiMe, Me [ CIMeSi=Pt-SiMe2CI y ]  I 
L 

12 r 9, CI Si-SiMe, Me 

Me i 

I + PtLl 
SiMe,CI 

CIS-SiMe, L'-Pt-SiMe2CI 

I d  9' 

with cis geometry of disilylbis(phosphino)platinum com- 
p l e ~ e s . ~ J ~  In NMR the ligand phosphorus atoms are 
equivalent a t  room temperature, indicating that rapid 
ligand exchange is taking place. In agreement with 
this, 31P NMR of the bidentate phosphine complex 9, 
in which the ligand exchange does not proceed so easily, 
displays two phosphorus signals a t  69.2 and 72.9 ppm 
with 2Jpp = 17 Hz. 

The formation of 9 is best rationalized by the reaction 
sequence outlined in Scheme 1 that involves oxidative 
addition of the Si-Si bond of la  to give (ClMeZSi)(ClMez- 
SiMezSi)Pt(PEt& (10),3J1 1,a-migration of the ClMez- 
Si group of the disilanyl ligand leading to a silylene- 
platinum species (C1MezSi)~(MezSi=)Pt(PEt3) (11),12 1,3- 
migration of the methyl group in the ClMezSi ligand 
providing (ClMezSi)(Me3Si)(ClMeSi=)Pt(PEt3) (12), and 
1,2-migration of the Me3Si group resulting in 9. The 
formation of 9 rather than 10 as the major product 
seems to be associated with thermodynamical stability 
of the SiSi-Pt bond; the MesSiClMeSi-Pt bond is likely 
to be stronger than the ClMezSiMezSi-Pt bond in view 
of the electronegativity of the substituents at the silicon 
atoms adjacent to the ~1at inum.l~ 

In the absence of the extra phosphine, 9 was found 
to be readily transformed into cZs-(ClMe2Si)~Pt(PEt& 

(10) Kobayashi, T.-a.; Hayashi, T.; Yamashita, H.; Tanaka, M. Chem. 
Lett. 1988, 1411 and references cited therein. 

(11) For other examples of oxidative addition of the Si-Si bonds of 
halogen-substituted noncyclic disilanes to platinum(0) or palladium- 
(0) complexes, see: (a) Schmid, G.; Balk, H.-J. Chem. Ber. 1970, 103, 
2240. (b) Glockling, F.; Houston, R. E. J .  Organomet. Chem. 1973, 
50, C31. (c) Eabom, C.; Griffiths, R. W.; F'idcock, A. J .  Organomet. 
Chem. 1982, 225, 331. (d) Murakami, M.; Yoshida, T.; Ito, Y. 
Organometallics 1994, 13, 2900. 

(12) Generation of silylene species from oligosilanylmetal complexes 
has been increasingly documented. For examples, see: (a) Tobita, H.; 
Wada, H.; Ueno, K.; Ogino, H. Organometallics 1994, 13, 2545 and 
references cited therein. (b) Pannell, K. H.; Brun, M.-C.; Sharma, H.; 
Jones, K.; Sharma, S. Organometallics 1994,13, 1075 and references 
cited therein. (c) Tamao, K.; Tarao, Y.; Nakagawa, Y.; Nagata, K.; 
Ito, Y. Organometallics 1993, 12, 1113. 
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(13) with release of a silylene species, presumably via 
the silyleneplatinum species 12 and 11.12 Thus, the 
solution of 9 obtained from l a  and Pt(PEtd3 was 
concentrated in vacuo at room temperature to remove 
the liberated PEt3, and benzene-de was added to  the 
residue. NMR of the resulting mixture (-0.2 M Pt 
solution) showed formation of 13 in -20% NMR yield 
with -30% conversion of 9. When the mixture was 
heated at 60 "C for 3 h, the yield of 13 was increased to  
-75% with concomitant consumption of 9 (-90% con- 
version). The fate of the extruded :SiMe2 unit is 
uncertain at  the moment. However, several new lH 
NMR signals, the total intensity of which was in 
agreement with the 9 to 13 conversion, were observed 
in the 0.1-0.8 ppm region, indicative of the formation 
of polysilane and/or polysiloxane fragments. On the 
other hand, extrusion of the silylene species was sig- 
nificantly inhibited by free phosphine, as evidenced by 
the high-yield formation of 9 from l a  and Pt(PEt& and 
by the stability of 9 in the resulting solution, Le., in the 
presence of extruded PEt3. Furthermore, addition of 
PEt3 was found to suppress the conversion of 9 to 13. 
Thus, after removal of volatiles from a reaction mixture 
of l a  and Pt(PEt3)3, benzene-& was added (-0.1 M Pt). 
NMR measurement at this stage showed that ca. 40% 
of complex 9 had already been converted to 13. PEt3 (1 
equiv) was added to a portion of the benzene& solution, 
and the mixture was left standing at room temperature 
for 8 h, to  result in only 10% additional conversion; i.e., 
ca. 50% of 9 still remained unconverted. On the other 
hand, a control experiment without addition of PEt3, 
using the remainder of the benzene46 solution, revealed 
40% additional conversion to leave only 20% uncon- 
verted 9.14 This indicates that generation of dimethyl- 
silylene requires dissociation of the phosphine ligand 
prior to  the 1,2-migration of the silyl group leading to 
the formation of silyleneplatinum species. 

Mechanism. The results obtained in the reaction of 
l a  with Pt(PEt& suggest that some silylene species are 
likely to  be involved in the catalysis (Scheme 2). Thus, 
oxidative addition of l a  to a palladium species followed 
by 1,2-migration of the disilanyl ClMezSi group in the 
resulting (disilanyl)(silyl)palladium 14 would lead to the 
formation of a (dimethylsily1ene)palladium species, 
which is able to generate dimethylsilylene along with a 
disilylpalladium, 15. Reaction of the released dimeth- 
ylsilylene with an acetylene would give a l-silacyclo- 
prop-2-ene, 16,4J5 which could react with a palladium 
species to form a l-pallada-2-silacyclobut-3-ene, 17.16J7 
Reaction of 17 with 16 is likely to give the 1,4- 
disilacyclohexa-2,5-diene 3,17a,bJ8 while reaction of 17 
with a second acetylene molecule appears to afford the 
l-silacyclopenta-2,4-diene byproduct 6.2b,9J7a,c Com- 
pounds 3 and 6 may be formed partly by thermal 

Tanaka et al. 

(13) Electronegative substituents a t  the silicon atoms are known 
to stabilize the Si-M (M = transition metal) bonds. For instance, 
see: Aylett, B. J. Adv. Inorg. Chem. Radiochem. 1982,25, 1. 

(14) The rate of decomposition seemed to be higher in more dilute 
solution. 

(15) For instance, see: (a) Conlin, R. T.; Gaspar, P. P. J . A m .  Chem. 
SOC. 1976,98, 3715. (b) Seyferth, D.; Annarelli, D. C.; Vick, S. C. J .  
Am. Chem. SOC. 1976, 98, 6382. (c) Seyferth, D.; Vick, S. C. J. 
Organomet. Chem. 1977, 125, C11. (d) Ishikawa, M.; Nakagawa, K.; 
Kumada, M. J .  Organomet. Chem. 1977, 131, C15. 

(16) We are unable to  conclude whether the extruded silylene species 
is free or coordinated to a catalyst species. When a Si=Pd species is 
generated, it may react with an acetylene to form 17 directly without 
intervention of 16. 

Scheme 2 
l a  t PdL, 

/7 i CIMe2Si SiMe2CI 

1 CIMe2SiMe2Si, 1 c 7  
I 

14 I 

I L J 

I t 
Me2SiC12 + PdL, 

d 

Me2 PdL, Me,Si-PdL, [A]-[ u ]  
17 

/ 
16 

reactions of 16.19 The formation of the 1-chloro-1,4- 
disilacyclohexa-2,5-diene 3e' is also explained by incor- 
poration of chloromethylsilylene, which is possibly 
generated from a (chlorosily1ene)palladium species analo- 
gous to 12. On the other hand, the disilylpalladium 15 
is likely to give the 1,2-disilylethene byproduct 7 on the 
basis of the previous results that disilyl species of group 
10 metals undergo equimolar reactions with acetylenes 
to give 1,2-disilylethene c o m p o u n d ~ . ~ J ~ ~ > ~ ~  However, 15 
is envisioned to be able to extrude another dimethylsi- 
lylene, since la serves as a source of formally two 
silylene units in the catalysis. Indeed, we have found 
that the disilanyl(sily1)platinum 9 released two di- 

(17) Species 17 is proposed as an intermediate in the dimerization 
of 1W7* and in the addition reaction of 16 to  acetylene^^^^^^ in the 
presence of palladium catalysts. For examples of group 10 metal- 
catalyzed reactions, see: (a) Sakurai, H.; Kamiyama, Y.; Nakadaira, 
Y. J .  Am. Chem. SOC. 1977,99,3879. (b) Ishikawa, M.; Sugisawa, H.; 
Kumada, M.; Higuchi, T.; Matsui, K.; Hirotsu, K. Organometallics 
1982, I ,  1473 and references cited therein. (c) Seyferth, D.; Shannon, 
M. L.; Vick, S. C.; Lim, T. F. 0. Organometallics 1985, 4 ,  57 and 
references cited therein. 

(18) C a t a l y t i ~ l ~ ~ ? ~  or thermall9a,b dimerization of 16 that has a rather 
bulky substituent at each of the C=C carbon atoms seems to result in 
placing the bulky substituents a t  the 2- and 5-position rather than 2- 
and 6-position in the 1,4-disilacyclohexa-2,5-diene ring system. The 
regioselectivity is different from that observed in the present catalysts 
(Table 3). This might suggest a possibility of different routes for the 
formation of 3. 
(19) Thermal dimerization of 164J9a,b and addition of 16 to 

 acetylene^^^^^^ are known, although thermal reactions seem to require 
severe conditions, as compared with catalytic reactions,1gc and oc- 
casionally form considerable amounts of other products: (a) Ishikawa, 
M.; Fuchikami, T.; Kumada, M. J. Organomet. Chem. 1977,142, C45. 
(b) Ishikawa, M.; Sugisawa, H.; Kumada, M.; Kawakami, H.; Yamabe, 
T. Organometallics 1983,2,974. (c) Seyferth, D.; Vick, S. C.; Shannon, 
M. L.; Lim, T. F. 0.; Duncan, D. P. J .  Organomet. Chem. 1977, 135, 
C37 and references cited therein. 

(20) (a) Kiso, Y.; Tamao, IC; Kumada, M. J. Organomet. Chem. 1974, 
76, 105. (b) Kobayashi, T.-a.; Hayashi, T.; Yamashita, H.; Tanaka, 
M. Chem. Lett. 1989, 467. (c) Pan, Y.; Mague, J. T.; Fink, M. J. 
Organometallics 1992, 1 1 ,  3495. 
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Pd-Catalyzed Reactions of CI(SiMe&Cl with Acetylenes 

Scheme 3 
l a  + PdL, 

[ Me,Si m SiMe,CI] #'' 

ClMe2Si 

8 

1 4  18 

I 

20 4 19 
I 
I -  ;,/- = 
1 2  

0) + PdL, 

Si CIMe,Si Si M e,C I 
Mez 3 5 

methylsilylene units successively upon treatment with 
a silylene trapping agent (benzil) to give trans-(ClMez- 
Si)PtCl(PEt& in a high yield (280%) (eq 4).21p22 

REI. 
benzil benzii I - =  

9 - 13 - CIMezSi-Pt-CI (4) - [:SIMez) - [:SiMez] I 
PEt, 

On the other hand, one can conceive an alternative 
route, which may explain the predominant formation 
of 3 and 4 more reasonably (Scheme 3). This reaction 
sequence is also initiated by the oxidative addition of 
l a  to give the (disilanyl)(silyl)palladium 14. Insertion 
of an acetylenez3 into the ClSiSi-Pd bond rather than 
the ClSi-Pd bond13 forms a (2-disilanyletheny1)- 
(silyl)palladium, 18. Reductive elimination of the 

(21) The details will be reported separately. 
(22) However, an attempt to obtain a 1,4-disilacyclohexa-2,5-diene 

by a palladium-catalyzed reaction of a 1,2-dichlorodisilane with an 
acetylene has not been so successful; the PdClz(PPh&-catalyzed 
reaction of Cl(SiMe2)zCl with 2e (1 equiv) a t  120 "C for 19 h gave 3e 
only in 3% yield, which was much lower than that of l,2-disilylethene 
7e (42%), although 4 was also formed as a major product (30%) (89% 
conversion of the disilane). 

CI(SiMe2),CI + 28 - 
Ph MMe 

3e + 4 + CIMe2Si SiMe2CI 

(3%) (30%) 78 (42%) 

This indicates that some acetylenes may not effectively trap the 
dimethylsilylene that might be extruded from disilylpalladium species 
like 16. Formation of small amounts of 1,4-disilacyclohexa-2,5-diene 
byproducts was observed in the palladium-catalyzed double silylation 
of 1,4-bis(trimethylsilyl)buta-l,3-diyne with ClXMeSiSiMeClz (X = C1, 
Me) as well: Kusumoto, T.; Hiyama, T. Tetrahedron Lett. 1987, 28, 
1807. 
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Si-C=C-Si-Si linkagez4 followed (or assisted) by 
oxidative addition of the Si-Si bond to the palladium 
center provides a [(2-silylethenyl)silyll(silyl)palladium, 
19. Metathesis that extrudes 4 gives a l-pallada-2,5- 
disilacyclopent-3-ene species, 20, which finally under- 
goes insertion of a second acetylene molecule to end up 
with 3.25 Although there has been no direct evidence 
for Scheme 3, the formation of bis(2-silyletheny1)silane 
byproducts such as 5a suggests that an intermediate 
species such as 19 is involved in the catalysis. In 
addition, a (2-silyletheny1)disilane compound, 8a (Chart 
11, which was possibly formed from 18 by reductive 
elimination, was observed only in the early stage of the 
reaction of la  with 2a.26 Furthermore, the difference 
in the yield of 3a from la-c might be rationalized by 
the postulated mechanism; lb and IC have much 
stronger and probably much less reactive Si-X (X = F, 
OMe) bonds than la.27 Therefore, metathesis cor- 
responding to the conversion of species 19 to 20 is likely 
to be difficult for lb and IC, resulting in very low yields 
of 3a (vide supra). Instead, lb  and IC may prefer 
formation of 5a' and 5a", respectively, from a species 
analogous to 19; the ratio of the yield for 3d5a' in the 
reaction of lb was 0.8:-50, and that for 3d5a" in the 
reaction of IC was 0.8:7. 

Reactions of la  with Diynes. Diethynylbenzene 
was subjected to reaction, aiming at the synthesis of new 
silicon polymers consisting of 1,4-disilacyclohexa-2,5- 
dienylene and phenylene units.28 When a mixture of 
la, p-diethynylbenzene (21,l equiv), and PdClz(PPh3)~ 
(1 mol %) was heated in benzene at  120 "C for 6.5 h, a 
polymeric product was obtained as an insoluble brown 
solid (mp > 300 "C) (eq 5). Another reaction using a 
mixture of 21 (0.9 equiv) and 2a (0.2 equiv), a stoichi- 
ometry which was expected to decrease the molecular 
weight and improve the solubility of the polymeric 
product, again gave an insoluble yellow-brown polymer 
(22, mp > 300 "C). The IR spectrum of 22 resembled 
that of 3a, and elemental analysis of 22 nearly was in 
agreement with that calculated for the expected struc- 
ture. In addition, the solid-state CP/MAS NMR spec- 
trum of 22 clearly displayed the 13C and 29Si resonances 

(23) Formation of Si-C-C-Pt species by acetylene insertion into 
the Si-Pt bond was demonstrated in the reactions of (halogeno)(silyl)- 
platinum complexes: (a) Yamashita, H.; Tanaka, M.; Goto, M. Orga- 
nometallics 1993,12,988. See also: (b) Chatt, J.; Eaborn, C.; Kapoor, 
P. N. J. Organomet. Chem. 1970,23, 109. 

(24) Reductive elimination of the Si-C bond from an (alkyl)(silyl)- 
bis(ph0sphine)platinum was reported: Ozawa, F.; Hikida, T.; Hayashi, 
T. J. Am. Chem. SOC. 1994,116,2844. 

(25) l-Nickela-, -platina-, and -ferra-2,5-disilacyclopent-3-ene com- 
plexes are known to react with acetylenes to give 1,4-disilacyclohexa- 
2,5-diene compounds: (a) Liu, C.-s.; Cheng, C.-w. J. Am. Chem. SOC. 
1976, 97, 6746. (b) Tanaka, M.; Uchimaru, Y. BulZ. SOC. Chim. Fr. 
1992, 129, 667. (c) Sakurai, H.; Kobayashi, T.; Nakadaira, Y. J. 
Organomet. Chem. 1978,162, C43. 

(26) When the reaction of la with 2a under the conditions of run 1 
in Table 1 was discontinued at  10 min, GC and GC-MS indicated 
formation of ClMezSiRC=CR'SiMezSiMe&l ((R, R) = (Ph, H), (H, Ph), 
Sa, 5% yield), along with Sa (60%), 4 (46%), Sa (5%), 6a (4%), 7a 
(8%), and recovered la (29%). Compound Sa was identified after the 
Si-C1 bonds were converted to Si-Me or Si-OMe bonds (see Experi- 
mental Section). On the other hand, Ea was not found in the reaction 
for 1 h, indicating that Sa had been converted into other products, 
possibly via 19. 

(27) The dissociation energy of the X-SiMe, bond increases in the 
order of X = C1 (-410 kJ/mol) < Me0 (530) F (590): Armitage, D. 
A. In Comprehensive Organometallic Chemistry; Wilkinson, G., Stone, 
F. G. A., Abel, E. W., Eds.; Pergamon: Oxford, U.K., 1982; Vol. 2, p 6. 

(28) Thermally stable siloxane polymers containing 1,4-disilacyclo- 
hexa-2,5-diene rings were reported. See: Rhein, R. A. In Silicon-Based 
Polymer Science; Zeigler, J. M., Fearon, F. W. G., Eds.; Advances in 
Chemistry Series 224; American Chemical Society: Washington, DC, 
1990; Chapter 19. 
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Pd cat 
l a  + p(HC=C)2CGH4 + 2a - 

21 
(5) 

Tanaka et al. 

21/2a polymer 
-- 100/0 insoluble 

Si 90/20 insoluble (22) 
\ 

ascribable to the MeSi and aromatic CH moieties at 
positions similar to those for 3a. These results strongly 
suggest the existence of 1,4-disilacyclohexa-2,5-die- 
nylene and phenylene rings in the backbone, although 
22 may possess other unidentified  structure^.^^ Ther- 
mogravimetric analysis (TGA) of 22 showed high ther- 
mal stability as anticipated from the structure; the 10% 
weight loss temperature under He (heating rate = 10 
"C/min) was 473 "C. 

The reaction of m-diethynylbenzene (23) in the ab- 
sence or presence of 2a (23/2a = 95:lO) formed insoluble 
polymers as well (eq 6). However, use of an increased 

Pd cat 
l a  + m-(HC=C),C6H4 + 2a 

23 

Me, / 90/20 soluble (24) 

amount of 2a (23/2a = 90:20) gave a soluble pale brown 
polymer (24) after the reaction mixture was treated with 
MeMgI, to convert the Si-Cl bonds of the products into 
Si-Me bonds, and reprecipitated with benzene-2-pro- 
panol. GPC measurement of 24 showed the M ,  t o  be 
2.8 x lo4 (Mw/Mn = 5.2) with reference to the polysty- 
rene standards. The lH, 13C, and 29Si NMR and IR 
spectra of 24 unambiguously showed the existence of 
1,4-disilacyclohexa-2,5-dienylene and m-phenylene rings. 
In addition, the elemental analysis was also almost 
satisfactory for the expected structure, although 24 also 
may contain structurally unknown moieties as in the 
case of 22.29 

Internal acetylenes usually are more reluctant to 
undergo oligo- and/or polymerization than terminal 
acetylenes (vide supra). Therefore, diynes with internal 
acetylenic moieties seem to be better monomers for the 
above reaction. In fact, m-diprop-1-yn-1-ylbenzene (251, 
which did not polymerize to an appreciable extent under 
the present reaction  condition^,^^ was found to react 
with la to provide a polymer of the expected structure 
(eq 7). Thus, a mixture of 25 and la (1 equiv) was 
heated in the presence of PdC12(PPh& (8 mol %) at 120 
"C for 16 h. Treatment of the reaction mixture with 
MeMgI for capping the Si-C1 bonds of the resulting 

~~ ~~ 

(29) In the reactions forming 22 and 24, la remained partly 
unreacted, while the acetylenes were nearly completely consumed (la 
2 13%, 21 - 0%, 2a - 0%; la = 26%, 23 - 0%, 2a - O%), indicating 
that some unidentified aromatic and/or vinylic structures arising from 
side reactions such as oligo- and polymerization of the ethynyl group 
itself5 are also incorporated in the backbone of the produced polymers 
22 and 24. In fact, even without la the diynes 21 and 23 gave 
insoluble polymeric black solids under similar reaction conditions. The 
quantities of the unidentified moieties in 22 and 24, however, seem to 
be respectably small, judging from satisfactory elemental analysis and 
very high similarity of IR spectra between the polymers in question 
and 3a, as compared with the diyne polymerization products. 

(30) Diyne 25 could be recovered in 295% yield even after heating 
it with PdClZ(PPh& (8 mol %) in benzene at  120 "C for 16 h. 

1) Pd cat 
2) RMgX l a  + m-(MeC=C),CeH4 

25 

/ Me2 \ 

Z = -(YMe,Si)C=CMe(SiMe,Y) (= Z l )  or 
-CrCMe (= 22) ( Z l Z 2  z 9/1), n r; 4 

26: Y = Ci; 26': Y = Me; 26": Y = p-MeOC6Hp 

polymer 26 followed by reprecipitation with THF/ 
MeOH gave a pale brown solid, oligomeric m-phe- 
nylene(l,4-disilacyclohexa-2,5-dien-2,5- or -2,6-ylene) 
(26; the ratio of 1,4-disilacyclohexa-2,5-dien-2,5/2,6- 
ylene units x 9:lO; the degree of polymerization n = 41, 
in about 50% yield based on 25. The 'H, 13C, and 29Si 
NMR and IR spectra, the analytical data, and the GPC 
molecular weight of 26' are well consistent with the 
proposed structure. On the basis of a comparison of its 
NMR with that of an authentic sample of (Me3Si)- 
PhC=CMe(SiMes) (27a), the structures of the termini 
were mostly assigned to be 1,2-bis(trimethylsilyl)ethenyl 
( Z l )  groups with a small portion of 1-propynyl (Z2) 
groups; the ratio of 21/22 groups was estimated at more 
than 9:l.  

Likewise, treatment of 26 withp-MeOC6H4MgBr gave 
a polymer, 26, with (p-MeOCsHdMeaSi groups substi- 
tuted at the termini, although 2 6  has not been obtained 
in pure form. Identification of the terminal structure 
of 2 6  was again based on a comparison with an 
authentic sample of (RMezSi)PhC=CMe(SiMezR) (27b, 
R = p-MeOC6H4). The formation of 26 and 2 6  clearly 
indicates that 26 has reactive Si-C1 bonds at  the 
termini. This suggests a possibility of silicon polymer 
synthesis starting with 26 as a new building block, as 
such or after its reduction into the Si-H compound. 

In conclusion, 1,4-disilacyclohexa-2,5-dienes are ob- 
tained in the palladium-catalyzed reactions of C1- 
(SiMe2)sCl with acetylenes. An investigation relevant 
to the mechanism has disclosed that skeletal rearrange- 
ment takes place in the reaction of the trisilane with 
Pt(PEt313 t o  give cis-(ClMe2Si)(Me3SiClMeSi)Pt(PEt3)2, 
which then generates dimethylsilylene in the absence 
of the extra phosphine to provide cis-(ClMe~Si)aPt- 
(PEt3)2. The novel catalysis is applicable to the syn- 
thesis of new silicon polymers containing 1 ,Cdisilacy- 
clohexa-2,5-dienylene rings in the backbone. 

Experimental Section 

'H, 13C, 29Si, 31P, and/or Ig5Pt NMR spectra in solution and 
solid state were measured on a Bruker ARX-300 instrument 
(300 MHz for 'H, 75.5 MHz for I3C, 59.6 MHz for 29Si, 121.5 
MHz for 31P, and 64.5 MHz for lg5Pt). CDC13 was used as 
solvent unless otherwise noted. Chemical shifts in solution 
are referenced to MedSi (0 ppm), CHC13 (7.25 ppm), or C&H 
(7.16 ppm) for 'H NMR; CDC13 (77.0 ppm) or CsDs (128.0 ppm) 
for 13C NMR, Me4Si (0 ppm) for 29Si NMR (85% solution 
in D20, 0 ppm) for 31P NMR; Na2PtzCls (saturated solution 
in DzO, 0 ppm) for lg5Pt NMR. Those in solid state are 
referenced to glycine (C=O, 176.46 ppm) for 13C NMR and sod- 
ium 4,4-dimethyl-4-silapentanesulfonate (1.534 ppm) for 29Si 
NMR. 29Si NMR measurements in solution were performed 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

07
2



Pd-Catalyzed Reactions of Cl(SiMed&I with Acetylenes 

with an INEPT pulse sequence (t = 37 ms, A = 12 m ~ ) . ~ '  13C 
and 29Si NMR spectra in solid state were measured using a 
pulse program of cpse1tics.x (CP/MAS with total sideband 
suppression). IR spectra were recorded on a JASCO FT/IR- 
5000 spectrometer. GC-MS spectra (EI, 70 eV) were mea- 
sured on a Shimadzu QP-1000 or QP-5000 spectrometer. GC- 
HRMS measurements (EI, 70 eV) were performed on a JEOL 
DX-303 spectrometer. GC analyses were carried out with 
packed columns of OV-101 on Chromosorb WHP (1 or 3 m) 
andor capillary CBPl-M25 (25 m) using internal standards. 
The column for preparative GC was OV-101 on Chromosorb 
WHP (1 m). Molecular weights of polymers were measured 
using polystyrene standards with a GPC system equipped with 
a Shimadzu LC-6A high-pressure pump, Shodex KF-801, KF- 
802, and KF-80M columns, and a GL Sciences Model 504R RI 
detector. TGA was carried out with a Shimadzu TG-30 
system. 

Every liquid starting material or solvent was dried with an 
appropriate drying agent such as sodium, CaHz or 4A molecu- 
lar sieves and distilled under nitrogen or in vacuo. Cl(SiMe&- 
C P  and C1PhMeSiSiMe333 were prepared according to  the 
literature. ZnFzm4Hz0, Pd(OAc)z, and CUI were purchased and 
were used as received. mc13 and p-diethynylbenzene were 
sublimed in vacuo before use. PdClz(PPhs)~,~~ PdClZ[P@- 
toly1)3]~,3~ P~CIZ[P@-FC~&)~]Z,~~ PdClz[PPhz(~-t~lyl)lz,~~ PdCIz- 
[ P P ~ ( O - ~ O ~ ~ ~ ) Z I Z , ~ ~  PdClz[P(0-t0lyl)31~,~~ PdClz(A~Ph&,3~ PdC12- 
( P M ~ ~ ) z , ~ ~  PdCl~(dppb) ,~~  PdCl~(dppf ) ,~~  PdClz(PhCN)2,4' 
P d ( d b a ) ~ , ~ ~  PtClz(PPh3)~,4~ and NiC12(PPh&u were synthesized 
by the reported procedures. PdClz(PEt3)~~~ and PdCl~(FBu3)2~ 
were prepared by the reactions of PdClZ(PhCN)z with the 
corresponding phosphines (2 eq~ iv ) .~ '  P(OCH&CEt was 
distilled in vacuo and recrystallized from hexane. PPh3 and 
dcpe were recrystallized from ethanol. Pt(pEt~)3~~* was pre- 
pared by heating Pt(PEt3)448b in vacuo at around 60 "C for 
about 5 min. 

Preparation of F(SiMe2)sF (lb). A mixture of la  (24 
mmol) and ZnFy4HzO (96 mmol) was stirred under nitrogen 
at 60 "C for 2 h.49 Filtration (washing with pentane) followed 
by distillation gave lb  (9.6 mmol, 40% yield) as a colorless 
oil. lb: bp 75-78 W 4 8  mmHg (lit.50 82-83 "C/55 mmHg); 
'H NMR (CsD6) 6 0.11 (s, 6 H, FSiSiCHz), 0.27 (d, 3 J ~ ~  = 8.6 

(31) Blinka, T. A.; Helmer, B. J.; West, R. Adu. Organomet. Chem. 
1984,23,193. 

(32) Kobayashi, T.; Pannell, K. H. Organometallics 1991,10, 1960. 
(33) Ishikawa. M.: Fuchikami. T.: Kumada. M. J.  Ormnomet. Chem. , ,  , ,  I 

1978.162. 223. 
(34) King, A. 0.; Negishi, E.-i.; Villani, F. J., Jr.; Silveira, A., Jr. J .  

(35) Sakakura, T.; Yamashita, H.; Kobayashi, T.-a,; Hayashi, T.; 

(36)Neilan, J. P.: Laine, R. M.: Cortese, N.: Heck, R. F. J.  Ora. 

Org. Chem. 1978,43, 358. 

Tanaka, M. J .  Org. Chem. 1987,52,5733. 
- 

Chem. 1976,41, 3455. 

147. 
(37) Itatani, H.; Bailar, J. C., Jr. J .  Am.  Oil Chem. SOC. 1967, 44, 

(38) Evans, J. G.; Goggin, P. L.; Goodfellow, R. J.; Smith, J. G. J. 

(39) Tanaka, M.; Kobayashi, T.-a.; Sakakura, T. Nippon Kagaku 
Chem. SOC. A 1968,464. 

Kaishi 1986. 537. 
(40) Hayashi, T.; Konishi, M.; Kumada, M. Tetrahedron Lett. 1979, 

(41) Doyle, J. R.; Slade, P. E.; Jonassen, H. B. Znorg. Synth. 1960, 

(42) Ukai, T.; Kawazura, H.; Ishii, Y. J .  Organomet. Chem. 1974, 

(43) Hsu, C.-Y.; Leshner, B. T.; Orchin, M. Znorg. Synth. 1979,19, 

(44) Cotton, F. A.; Faut, 0. D.; Goodgame, D. M. L. J. Am. Chem. 

(45) Mann, F. G.; Purdie, D. J.  Chem. SOC. 1936, 1549. 
(46) mp 150.2-151.5 "C. Anal. Calcd for C24H54ClzPzPd: C, 49.53; 

(47) Jenkins, J .  M.; Verkade, J. G. Znorg. Synth. 1968, 11, 108. 
(48) (a) Yoshida, T.; Matsuda, T.; Otsuka, 5. Znorg. Synth. 1979, 

19, 107. (b) Yoshida, T.; Matsuda, T.; Otsuka, S. Zno.Org. Synth. 1979, 

1871. 

6, 216. 

65, 253. 

114. 

SOC. 1961, 83, 344. 

H, 9.35. Found: C, 49.54; H, 9.35. 

19, 110. 
(49)Tamao, K.; Okazaki, S.; Kumada, M. J .  Organomet. Chem. 

(50) Pitt, C. G. J .  Am.  Chem. SOC. 1969,91, 6613. 
1978, 146, 87. 
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Hz, 12 H, FSiCH3); 13C NMR (C&) 6 -8.0 (t, 3&c = 1.6 Hz, 
FSiSiC), 1.1 (d, 2Jm = 12.2 Hz, FSiC); 29Si NMR (C&) 6 -53.5 
(t, z J ~ ~ i  = 26 Hz, SiSiF), 37.1 (dd, ' J ~ s i  = 309 Hz, 3JFsi = -3 
Hz, SiF). 

Preparation of MeO(SiM&OMe (IC). MeOH (80 mmol) 
was added dropwise to a stirred mixture of la  (35 mmol), 
triethylamine (80 mmol), and benzene (30 mL) under nitrogen 
at 0 "C over 2 h, and the resulting mixture was stirred at room 
temperature for 1 h. Filtration followed by distillation (twice) 
gave IC (7.5 mmol, 22% yield) as a colorless oil. IC: bp 98 
"C/34 mmHg (lit5' 79 "C/10 mmHg); 'H NMR (C,&) 6 0.21 
(s,6 H, OSiSiCHa), 0.27 (s, 12 H, OSiCHs), 3.30 (s, 6H, CH3O); 
13C NMR (CsD6) 6 -6.3 (OSiC), -0.4 (OSiSiC), 50.8 (OC); 29Si 

Reactions of X(SiMe&S (la, X = C1; lb, X = F; IC, X = 
OMe) with Acetylenes. Each reaction was carried out under 
nitrogen in a sealed glass tube (8 "4). Typical examples of 
the reactions are shown below. As for the regioisomers of 
compound 3, A and B, respectively, stand for the 3,6- and 3,5- 
dihydro isomers for 3a-d and the 2,5- and 2,6-dimethyl 
isomers for 3e. In the reactions of 2b-d and lb,c, the ratios 
(quantities) of unidentified products were estimated by GC 
with a TCD detector. 

(a) Reaction of l a  with Phenylacetylene (2a). A 
mixture of la  (0.40 mmol), phenylacetylene (2a, 1.2 mmol), 
PdC12(PPh& (0.004 mmol), and benzene (0.1 mL) was heated 
at 120 "C for 1 h. GC and GC-MS analyses of the reaction 
mixture showed -100% conversion of la with formation of 
1,1,4,4-tetramethyl-2,5- and -2,6-diphenyl-l,4-disilacyclohexa- 
2,6-diene (3a, two GC peaks, A/B = 20:80, 0.32 mmol, 80% 
yield based on la), MezSiClz (4,0.28 mmol, 70%), l,7-dichloro- 
1,1,4,4,7,7-hexamethyl-2,5-, 2,6-, and -3,5-diphenyl-1,4,7-trisi- 
lahepta-2,5-diene (5a, one GC peak, 0.033 mmol, 8%), 1,l- 
dimethyl-3,4-diphenyl-l-silacyclopenta-2,4-diene (6a, 0.031 
mmol, 8%), and 1,2-bis(chlorodimethylsilyl)-l-phenylethene 
(7a, 0.073 mmol, 18%). Concentration of the reaction mixture 
followed by preparative TLC (silica gel, hexane) gave 3a (A/B 
= 20:80, 0.28 mmol, 70% yield) as a white solid. Recrystalli- 
zation from hexane gave nearly pure 3a (B). 

In a separate reaction under the same conditions, the 
reaction mixture was poured into an ether (-2.5 mL) solution 
ofMeMgI (-2.5 mmol), and the resulting mixture was refluxed 
overnight. Usual workup followed by GC analysis revealed 
almost complete consumption of 5a and 7a with formation of 
1,1,1,4,4,7,7,7-octamethyl-2,5-, -2,6-, and -3,5-diphenyl-1,4,7- 
trisilahepta-2,5-diene (Pl,  three GC peaks A/B/C = 1:-1:-1, 
0.033 mmol) and 1,2-bis(trimethylsilyl)-l-phenylethene (P2). 

Another reaction under the same conditions was discontin- 
ued at 10 min. GC analysis showed recovery of la  (29%) and 
formation of 3a (60%), 4 (46%), 5a (5%), 6a (4%), 7a (8%), and 
1,5-dichloro-1,1,4,4,5,5-hexamethyl-2- and -3-phenyl-1,4,5- 
trisilapent-2-ene (8a, one GC peak, 0.02 mmol, 5%). The 
reaction mixture was divided into two portions, which were 
treated with MeMgI (-4 mmol)/ether and MeOH (1 mmol)/ 
Et3N (1 mmol), respectively. GC analyses showed conversion 
of Sa, 7a, and 8a into the corresponding methyl and methoxy 
derivatives. In the methylation reaction, the products were 
P1 (vide supra, three GC peaks, A/B/C = 1:-1:-11, P2, and 
1,1,1,4,4,5,5,5-octamethyl-2- and -3-phenyl-1,4,5-trisilapent- 
2-ene (P3, two GC peaks, AA3 = -2:1), while the methoxylation 
gave 1,7-dimethoxy-l,l,4,4,7,7-hexamethy1-2,5-, -2,6-, and - 3 5  
diphenyl-1,4,7-trisilahepta-2,5-diene (5a", one GC peak), 1,2- 
bis(methoxydimethylsily1)-1-phenylethene (7a"), and 1,5- 
dimethoxy-1,1,4,4,5,5-hexamethyl-2- and -3-phenyl-1,4,5-tri- 
silapent-2-ene (8a", one GC peak). 

NMR (C&) 6 -53.4 (ossi), 19.0 (osi). 

(51) Atwell, W. H.; Weyenberg, D. R. J. Organomet. Chem. 1967, 7, 
71. 
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The GC retention times andor GC-MS fragmentation 
patterns of 6a,9 7a,52 P1,2g P2,2g and P32g were in good 
agreement with those of authentic samples prepared by 
literature reactions. 

3a? mp (B) 95-96 “C; lH NMR (A) 6 0.27 (s, 12 H, SiCH3), 
6.78 (s,2 H, =CH), 7.13-7.39 (m, 10 H, C6H5); IH NMR (B) 6 
0.23 and 0.24 (each s, each 6 H, SiCHd, 6.71 (s, 2 H, =CH), 
7.17-7.39 (m, 10 H, C6H5); NMR (A) 6 1.6 (SiCHd, 126.2 
(p-C), 126.6 and 128.3 (0- and m-C), 145.5 (=CHI, 146.3 (ipso- 
C), 160.6 (=CC); 13C NMR (B) 6 -1.2 and -0.6 (SiCHd, 126.3 
(p-C), 126.5 and 128.1 (0- and m-C), 145.4 (=CHI, 147.3 (ipso- 
C), 162.1 (=CC); 29Si NMR (A) 6 -21.8; 29Si NMR (B) 6 -24.0, 
-22.8; IR (KBr, A43 = 20:80) 1597 (m), 1485 (m), 1439 (m), 
1267 (m), 1245 (s, SiMe), 882 (SI, 864 (s), 832 (SI, 779 (s), 762 
(SI, 723 (SI, 700 (SI, 545 (m), 518 (m), 480 (m) cm-l; GC-MS 
(A43 = 20:80) mlz (relative intensity) 320 (76, M+), 305 (1001, 
245 (111, 227 (14), 203 (321, 159 (181, 145 (20), 135 (22), 105 
(14), 73 (53), 59 (ll), 43 (29); GC-HRMS (A and B): calcd for 
CzoH24Siz, 320.1416; found, 320.1414. 

5a: GC-MS mlz (relative intensity) 355 (19, M+ for 35Cl- 
SiMe&l), 255 (411, 253 (loo), 159 (231, 145 (171, 135 (971, 93 
(16), 73 (141, 43 (12). 

Sa”: GC-MS mlz (relative intensity) 425 (2, M+ - Me), 249 
(loo), 135 (17), 89 (44), 73 (111, 59 (33). 

7a”54: GC-MS mlz (relative intensity) 280 (2, M+), 265 (53), 
250 (19), 233 (111, 219 (371, 163 (221, 151 (111, 145 (321, 135 
(111, 133 (111, 105 (121, 89 (loo), 73 (14), 59 (7U, 43 (12). 

Sa: GC-MS mlz (relative intensity) 346 (0.2, M+ for 35Cl), 
253 (381, 159 (18), 135 (1001, 93 (13), 73 (22). 

Sa”: GC-MS mlz (relative intensity) 323 (2, M+ - Me), 249 
(loo), 219 (111, 135 (20), 89 (381, 73 (20), 59 (40). 

(b) Reaction of lb  with 2a. A mixture of lb  (0.40 mmol), 
2a (1.2 mmol), PdClz(PPhd2 (0.004 mmol), and benzene (0.1 
mL) was heated at 120 “C for 1 h. GC and GC-MS analyses 
showed -100% conversion of lb and formation of 3a (0.003 
mmol, OB%), difluorodimethylsilane (4a’, 50.004 mmol, 5 1%), 
1,7-difluoro-1,1,4,4,7,7-hexamethyl-2,5-, -2,6-, and -3,5-diphe- 
nyl-1,4,7-trisilahepta-2,5-diene (5a’, three GC peaks, ABIC = 
9:17:16, -0.2 mmol, -50%), 6a (0.011 mmol, 3%), 6a’ (an 
isomer of 6a, -0.06 mmol, -15%), 1,2-bis(fluorodimethylsilyl)- 
1-phenylethene (7a’, -0.16 mmol, -40%), and 1,5-difluoro- 
1,1,4,4,5,5-hexamethyl-2- and -3-phenyl-l,4,5-trisilapent-2-ene 
(Sa’, two GC peaks, A43 = 1:9, -0.04 mmol, -10%). In a 
separate reaction under identical conditions, a half portion of 
the reaction mixture was treated with MeOH (5 mmol)/EtsN 
(1 mmol) at room temperature for 10 min. GC showed partial 
conversion of 5a’, 7a‘, and Sa‘ (each -30%) into the cor- 
responding methoxy derivatives, 5a”, 7a“, and 8a”. 

5a’: GC-MS mlz (relative intensity) (A) 401 (0.6, M+ - Me), 
237 (841, 159 (23), 135 (loo), 77 (21); (B) 416 (0.1, M+), 237 
(100),159 (18), 145 (lo), 135 (97), 77 (17),43 (10); (C) 401 (0.9, 
M+ - Me), 339 (28), 321 (10)) 320 (331,305 (111,247 (201,237 
(21), 159 (201, 145 (171, 135 (1001, 77 (241, 73 (141, 43 (12). 

6a’: GC-MS mlz (relative intensity) 262 (100, M+), 247 (591, 
145 (26), 121 (32), 105 (381, 43 (42). 

7a‘+ GC-MS mlz (relative intensity) 256 (24, M’), 241 (301, 
179 (211, 178 (181, 163 (261, 160 (33), 159 (IO) ,  145 (41), 139 
(13), 135 (40), 83 (131, 77 (loo), 49 (17), 47 (22). 
Sa’: GC-MS mlz (relative intensity) (A) 314 (0.2, M+), 237 

(561, 159 (221, 135 (loo), 77 (181, 73 (27); (B) 314 (2, M+), 237 
(49), 159 (191, 135 (1001, 77 (131, 73 (221, 43 (15). 

(c) Reaction of IC with 2a. A mixture of IC (0.40 mmol), 
2a (1.2 mmol), PdClz(PPh3)~ (0.004 mmol), and benzene (0.1 
mL) was heated at 120 “C for 1 h. GC and GC-MS analyses 
showed -100% conversion of IC and formation of 3a (0.003 

(52) Nagai, Y.; Watanabe, H.; Yoshibayashi, M. (Toshiba Silicone 
Co. Ltd). Jpn. Kokai Tokkyo Koho JP 79-88224 and 79-88225,1979; 
Chem. Abstr. 1979,91, P175513a, P175514b. 

(53) Appler, H.; Neumann, W. P. J .  Orgunomet. Chem. 1986, 324, 
261. 

(54) Watanabe, H.; Kobayashi, M.; Higuchi, K.; Nagai, Y .  J .  Orga- 
nomet. Chem. 1980,186, 51. 

Tanaka et al. 

mmol, OB%), dimethoxydimethylsilane (4a”, -0.008 mmol, 
-2%), 5a” (one GC peak, 0.026 mmol, 7%), 6a (0.14 mmol, 
36%), 7a” (0.18 mmol, 45%), Sa” (one GC peak, 0.040 mmol, 
lo%), and P4, whose GC-MS suggested an M+ of 498 (Sa” + 
SiMez) (GC area ratio of 5a”P4 = 1:-1). 

P4: GC-MS mlz (relative intensity) 483 (2, M+ - Me), 409 
(100, M+ - SiMezOMe), 394 (49), 147 (29), 117 (18), 89 (67), 
73 (54), 59 (59). 

(d) Reaction of l a  with 1-Octyne (2b). A mixture of l a  
(0.40 mmol), 1-octyne (2b, 1.2 mmol), PdClz(PPhd2 (0.004 
mmol), and benzene (0.1 mL) was heated at 120 “C for 1 h. 
GC and GC-MS analyses showed recovery of l a  (1%) and 
formation of 1,1,4,4-tetramethyl-2,5- and -2,6-dihexyl-1,4- 
disilacyclohexa-2,5-diene (3b, 0.20 mmol, 50% yield) and 4 
(0.16 mmol, 41%) along with other byproducts, 6b (one GC 
peak) and 7b (GC area ratio of 3b16bl7b = 5:3:4). GC-MS 
parent ions of the latter two compounds respectively cor- 
responded to l,l-dimethyl-l-sila-2,4-, -2,5-, andor -3,4-dihexy- 
lcyclopenta-2,4-diene and 1,2-bis(chlorodimethylsilyl)oct-l-ene. 
Preparative GC of the reaction mixture gave 3b (A/B = 27: 
73) as a colorless oil. 

3b: lH NMR (A) 6 0.09 (s, 12 H, SiCHs), 0.88 (t, J = 6.4 
Hz, 6 H, CHzCH3), 1.20-1.35 (m, 12 H, (CHzhCHd, 1.35-1.47 
(m, 4 H, =CCCHz), 2.17 (t, J = 7.6 Hz, 4 H, =CCHz), 6.35 (s, 
2 H, =CH); lH NMR (B) 6 0.06 and 0.13 (each s, each 6 H, 
SiCH3)) 0.88 (t, J = 6.4 Hz, 6H, CHZCH~), 1.20-1.35 (m, 12 
H, (CH2)3CH3), 1.35-1.47 (m, 4 H, =CCCH2), 2.17 (t, J = 7.6 
Hz, 4 H, =CCHz), 6.39 (s, 2 H, =CH); 13C NMR (A) 6 -1.2 
(SiCH3), 14.1 (CHZaS), 22.7, 28.5, 29.2, and 31.8 ((CH2)4CH3), 
39.5 (=CCHz), 140.33 (=CH), 162.2 ( 4 C ) ;  13C NMR (B) 6 -1.9 
and -0.9 (SiCHs), 14.1 (CH2CH3), 22.7, 28.6, 29.2, and 31.8 
((CHz)&Hs), 39.3 (=CCH2), 140.27 (=CH), 161.9 (=CC); 29Si 
NMR (A) 6 -23.4; 29Si NMR (B) 6 -24.3, -24.1; IR (neat, A43 
= 27:73) 1466 (m), 1404 (m), 1381 (m), 1247 (6, SiMe), 849 (s), 
832 (s), 754 (m), 663 (m) cm-l; GC-MS (A43 = 27:73) mlz 
(relative intensity) 336 (51, Mi), 321 (1001,279 (181, 266 (191, 
262 (151, 251 (741, 182 (27), 181 (30), 168 (161, 167 (18), 141 
(221,109 (15),97 (17),85 ( E ) ,  83 (22),73 (87),59 (72), 43 (22); 
GC-HRMS (A and B): calcd for C~oH40Si2, 336.2668; found, 
336.2680. 

6b: GC-MS mlz (relative intensity) 278 (7, M’), 208 (34), 
207 (13), 193 (34), 166 (loo), 165 (37), 151 (131, 139 (211, 138 
(34), 137 (171, 123 (26), 109 (141, 97 (101, 95 (12), 83 (111, 73 
(E), 59 (44), 43 (201, 41 (15). 
7b: GC-MS mlz (relative intensity) 281 (4, M+ - Me), 228 

(61,227 (61,226 (8), 140 (5), 111 (131,109 (5),98 (loo), 95 (E), 
93 (361, 83 (101, 73 (71, 65 (51, 59 (13), 43 (9). 

(e) Reaction of l a  with 4-Phenyl-1-butyne (24. A 
mixture of l a  (0.40 mmol), 4-phenyl-1-butyne (2c, 1.2 mmol), 
PdC12(PPh3)z (0.004 mmol), and benzene (0.1 mL) was heated 
at 120 “C for 1 h. GC and GC-MS analyses showed recovery 
of l a  (7%) and formation of 1,1,4,4-tetramethyl-2,5- and -2,6- 
bis(2-phenylethyl)-1,4-disilacyclohexa-2,5-diene (3c, 0.26 mmol, 
65% yield) and 4 (0.24 mmol, 61%) along with other byprod- 
ucts, 6c (two GC peaks, A43 = -4:l) and 7c (GC area ratio of 
3c16cl7c = 10:4:5). GC-MS parent ions of 6c and 7c, 
respectively, corresponded to 1,l-dimethyl-2,4- and -2,5-, a n d  
or -3,4-bis(2-phenylethyl~-l-silacyclopenta-2,4-diene and 1,2- 
bis(chlorodimethysilyl)-4-phenylbut-l-ene. Concentration of 
the reaction mixture followed by preparative TLC (silica gel, 
hexane) gave 3c (AB = 30:70,0.23 mmoI,57% yieId) as a white 
solid. Recrystallization from hexane gave nearly pure 3c (B). 

3c: mp (B) 128-129 “C; lH NMR (A) 6 0.13 (s, 12 H, SiCH3), 
2.44-2.78 (m, 8 H, CHd, 6.42 (s, 2 H, =CHI, 7.15-7.32 (m, 
10 H, CsH5); IH NMR (B) 6 0.09 and 0.17 (each s, each 6 H, 
SiCH3), 2.44-2.78 (m, 8 H, CH2), 6.49 ( 8 ,  2 H, =CH), 7.15- 
7.32 (m, 10 H, C6H5); 13C NMR (A) 6 -1.5 (SiCH31, 34.9 and 
40.7 (CH2), 125.6 (p-C), 128.1 and 128.6 (0- and m-C), 140.6 
(=CH), 142.3 (ipso-C), 160.9 (==CC); 13C NMR (B) 6 -2.2 and 
-1.0 (SiCHs), 35.0 and 40.6 (CHz), 125.7 (p-C), 128.2 and 128.4 
(0- and m-C), 140.9 (=CHI, 142.3 (ipso-C), 160.4 (=CC); 29 Si 
NMR (A) 6 -22.9; 29Si NMR (B) 6 -23.9, -23.5; IR (KBr, B) 
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Pd-Catalyzed Reactions of Cl(SiMe&Cl with Acetylenes 

1603 (m), 1497 (m), 1454 (m), 1247 (8, SiMe), 978 (m), 886 (m), 
859 (s), 839 (s), 814 (m), 774 (m), 750 (s), 702 (s), 667 (s), 542 
(m) cm-l; GC-MS (AB = 30:70) mlz (relative intensity) 376 
(12, M+), 362 (13), 361 (37), 286 (173, 285 (57), 247 (1% 246 
(30), 211 (131, 197 (14), 187 (E), 181 (26), 147 (30), 145 (241, 
135 (26), 121 (13), 97 (12), 91 (33), 83 (18), 73 (loo), 59 (50), 
45 (14), 43 (20). Anal. (B) Calcd for C24H32Si~: C, 76.53; H, 
8.56. Found: C, 76.81; H, 8.71. 

6c: GC-MS mlz (relative intensity) (A) 318 (22, M+), 227 
(69), 225 (271, 214 (16), 213 (31), 199 (21), 185 (20), 167 (161, 
145 (14), 135 (28), 121 (17), 91 (loo), 59 (55), 43 (28); (B) 318 
(33, M+), 227 (1001, 199 (151, 185 (111, 173 (17), 145 (181, 135 
(48), 121 (141, 91 (411, 73 (111, 59 (36), 43 (17). 

7c: GC-MS mlz (relative intensity) 316 (3, M+ for 36Cl), 
223 (13), 188 (15), 187 (lo), 173 (E), 129 (2.9, 128 (18), 97 
(311, 95 (171, 93 (441, 91 (loo), 65 (14, 59 (12). 
(0 Reaction of la with 6-Hexynenitrile (2d). A mixture 

of la (0.40 mmol), 5-hemenitrile (Zd, 1.2 mmol), PdC12(PPh3)2 
(0.004 mmol), and benzene (0.1 mL) was heated at 120 "C for 
1 h. GC and GC-MS analyses showed -100% conversion of 
la  and formation of 1,1,4,4-tetramethyl-2,5- and -2,6-bis(3- 
cyanopropyl)-l,4-disilacyclohexa-2,5-diene (3d, 0.25 mmol,63% 
yield) and 4 (0.18 mmol, 46%) along with byproducts Sd (three 
GC peaks, A/B/C = 3:18:1), 6d (one GC peak), 7d, and 7d  (GC 
area ratio of 3&Sd/6&7&7d = 100:33:2:5:10). GC-MS 
analysis suggested S d  to be 3,6-, 3,7-, and 4,6-bis(3-cyano- 
propyl)-2,2,5,5,8,8-hexamethyl- l-oxa-2,5,8-trisilacycloocta-3,6- 
diene, a cyclosiloxane formed by hydrolysis of 1,7-dichloro-2,5-, 
-2,6-, and -3,5-bis(3-cyanopropyl)-l,l,4,4,7,7-hexamethyl- 
1,4,7-trisilahepta-2,5-diene. Compounds 6d, 7d, and 7d  were 
repsectively suggested by GC-MS to be 2,4-, 2,5-, andlor 34- 
bis(3-cyanopropyl)-l, l-dimehtyl-l-silacyclopenta-2,4diene, 5,6- 
bis(chlorodimethylsilyl)-5-hexene~t~e, and 3-(3-cyanopropyl)- 
2,2,5,5-tetramethyl-l-oxa-2,5-disilacyclopent-3-ene (possibly 
formed by hydrolysis of 7d). Preparative GC of the reaction 
mixture gave 3d (A/B = 30:70) as a colorless oil. 

3d: 1H NMR (A) 6 0.12 (s, 12 H, SiCHs), 1.81 (tt, J % 7.5 and 
7.2 Hz, 4 H, =CCCH2), 2.22-2.46 (m, 8 H, =CCH2 and CHZ- 
CN), 6.40 (s,2 H, =CH); lH NMR (B) 6 0.08 and 0.17 (each s, 
each 6 H, SiCHs), 1.81 (tt, J = 7.5 and 7.2 Hz, 4 H, =CCCHd, 
2.22-2.46 (m, 8 H, =CCHz and CHzCN), 6.45 (s,2 H, =CHI; 
13C NMR (A) 6 -1.5 (SiCH3), 16.6 (CCCN), 24.0 (CCN), 37.6 
(-CC), 119.6 (CN), 142.1 (=CH), 158.3 (-CC); 13C NMR (B) 6 
-2.1 and -1.2 (SiCHs), 16.6 (CCCN), 24.0 (CCN), 37.4 (-CC), 
119.6 (CN), 142.5 (=CH), 158.4 (=CC); 29Si (A) NMR 6 -22.6; 
29Si NMR (B) 6 -23.7, -23.1; IR (neat, AB = 30:70) 2250 (m, 
CN), 1458 (m), 1427 (m), 1251 (s, SiMe), 1021 (m), 878 (s), 
835 (s), 756 (m), 665 (8) cm-'; GC-MS (AIS = 30:70) mlz 
(relative intensity) 302 (4, M+), 287 (loo), 234 (131, 209 (321, 
194 (431, 136 (181, 83 (14), 73 (261, 59 (16), 43 (15). Anal. (A 
and B) Calcd for C1&&Si2: C, 63.52; H, 8.66; N, 9.26. 
Found: C, 63.04; H, 8.31; N, 8.93. 
Sd: GC-MS m/z (relative intensity) (A) 376 (3, M+), 361 

(23), 207 (43), 152 (351,151 (69), 136 (42), 117 (18), 98 (22),97 
(25), 83 (33), 73 (loo), 59 (38),45 (21),43 (26); (B) 376 (2, M+), 
361 (22), 210 (la), 152 (20), 151 (401, 136 (381, 131 (171, 117 
(17), 98 (20), 97 (25),83 (34), 73 (100),59 (37), 45 (23),43 (25); 
(C) 376 (9, M+), 361 (30), 347 (191,243 (181,210 (IS), 151 (24, 
136 (33), 131 (19), 117 (20),98 (21), 97 (27),83 (351, 73 (loo), 
59 (471, 58 (20), 45 (271, 43 (33). 

6d: GC-MS mlz (relative intensity) 244 (19, M+), 229 (16), 
190 (loo), 188 (24), 176 (42), 109 (44), 95 (SO), 84 (16),83 (30), 
69 (21), 67 (241, 59 (601, 55 (231, 53 (251, 43 (94). 

7d: GC-MS mlz (relative intensity) 264 (16, M+ for 36Cl- 
Me), 186 (151, 136 (27), 95 (431, 93 (loo), 83 (23), 65 (331, 63 
(21), 43 (21). 

7d: GC-MS mlz (relative intensity) 225 (6, M+), 210 (loo), 
198 (21), 193 (50), 170 (221, 158 (32), 157 (321, 133 (28), 118 
(52), 117 (45), 83 (21), 73 (991, 59 (37), 45 (51), 43 (38). 
(g) Reaction of la  with 1-Phenyl-1-propyne (26). A 

mixture of la  (0.40 mmol), 1-phenyl-1-propyne (26 1.2 mmol), 
PdC12(PPh& (0.032 mmol), and benzene (0.1 mL) was heated 
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at 120 "C for 16 h. GC and GC-MS analyses showed recovery 
of la  (8%) and formation of 1,1,2,4,4,5-hexamethyl-3,6-diphe- 
nyl- and 1,1,2,4,4,6-hexamethyl-3,5-diphenyl-1,4-disilacyclo- 
hexa-2,5-diene (3e, 0.28 mmo1,69% yield), 4 (0.24 mmol, 60%), 
and 1,2-bis(chlorodimethyl~ilyl)-l-methyl-2-phenyle~ene~~ (7e, 
0.05 mmol, 13%). Compound 3e', whose GC-MS parent ion 
corresponded to l-chloro-l,2,4,4,5-pentamethyl-3,6-diphenyl-, 
1,2,4,4,6-pentamethyl-3,5-diphenyl-, andlor 1,3,4,4,5-pentam- 
ethyl-2,6-diphenyl-l,4,-disilacyclohexa-2,5-diene, was also found 
in the reaction mixture (GC area ratio of 3el3e' = 6:sO.l). 
Concentration of the reaction mixture followed by preparative 
TLC (silica gel, hexane) gave 3e (AIS = 50:50,0.14 mmol, 36% 
yield) as a white solid. Recrystallization from hexane gave 
nearly pure 3e (A). 

In a separate reaction under similar conditions (la,  0.40 
mmol; 2e, 1.2 mmol; PdClz(PPh&, 0.008 mmol; 120 "C; 24 h), 
the reaction mixture was poured into an ether (3 mL) solution 
of PhLi (-0.4 mmol) at -70 "C. The resulting mixture was 
stirred at room temperature for 1 h. Usual workup followed 
by GC and GC-MS analyses showed almost complete con- 
sumption of 3e', and a product (3e", mainly two GC peaks, 
AIS = 1:-1) that was suggested by GC-MS to be the 
phenylated compound of 3e' was instead found in the reaction 
mixture. 

3e:4a mp (A) 127-129 "C; 1H NMR (A) 6 0.07 (s, 12 H, 
SiCHa), 1.61 (8, 6 H, =CCH3), 6.93-7.36 (m, 10 H, C6H5); 'H 
NMR (B) 6 -0.12 and 0.25 (each s, each 6 H, SiCHs), 1.63 (8, 
6 H, =CCH3), 6.90-7.36 (m, 10 H, CsH5); l3C NMR (A) 6 -2.7 
(SiCHa), 18.8 (=CCH3), 125.28 (p-C), 127.6 and 128.04 (0- and 
m-C), 143.57 and 149.8 (=CCH3 and ipso-c), 155.0 (=CC&); 
l3C NMR (B) 6 -3.0 and -2.3 (SiCHs), 18.6 (=CCH3), 125.25 
(p-C), 127.6 and 128.01 (0- and m-C), 143.63 and 149.2 (=CCH3 
and ipso-C), 155.6 (=CCs&); 29Si NMR (A) 6 -22.8; 29Si NMR 
(B) 6 -24.8, -20.9; IR (KBr, AIS = 50:50) 1597 (m), 1483 (m), 
1439 (m), 1245 (s, SiMe), 992 (m), 930 (m), 901 (m), 839 (SI, 
820 (s), 772 (s), 758 (81,702 (81,656 (m), 487 (m), 418 (m) cm-l; 
GC-MS (AIS = 5050) mlz (relative intensity) 348 (77, M+), 
333 (1001, 217 (80), 159 (33), 135 (271, 105 (121, 97 (151, 73 
(74), 59 (14), 45 (12), 43 (27); GC-HRMS (A and B): cald for 
CzzHz&z, 348.1730; found, 348.1731. 

3e': GC-MS mlz (relative intensity) 368 (100, M+ for 36Cl), 
353 (841, 317 (131, 275 (35), 237 (39), 221 (201, 159 (591, 135 
(28), 115 (181, 105 (33), 97 (23), 93 (31), 73 (171, 63 43 
(72). 

3e": GC-MS mlz (relative intensity) (A) 410 (64, M+), 395 
(55), 348 (loo), 333 (211,317 (34), 279 (40), 221 (30), 159 (471, 
135 (49), 105 (44),73 (24), 43 (28); (B) 410 (40, M+), 395 (30), 
317 (E), 279 (24), 221 (191, 159 (23), 135 (loo), 116 (29), 105 
(24), 73 (19), 43 (28); GC-HRMS calcd for C~H30Si2,410.1886; 
found, 410.1881 (A) and 410.1874 (B). 

(h) Reaction of la  with Diphenylacetylene (20. A 
mixture of la  (0.40 mmol), diphenylacetylene (2f, 1.2 mmol), 
PdClz(PPh& (0.04 mmol), and benzene (0.1 mL) was heated 
at  140 "C for 18 h. Cooling the reaction mixture to room 
temperature gave 1,1,4,4-tetramethy1-2,3,5,6-tetraphenyl-l,4- 
disilacyclohexa-2,5-diene (Sf, 0.080 mmol, 20% yield) as white 
crystals. GC analysis of the supernatant solution showed 
recovery of la  (30%) and formation of 4 (0.23 mmol, 58% yield). 
NMR data of 3f were in good agreement with the reported 
values. 53 

Reaction of la  with Pt(PEt&. A mixture of la  (0.32 
mmol), Pt(PEt3)3 (0.16 mmol), and benzene-& (0.25 mL) was 
heated under nitrogen in a sealed NMR tube at 60 "C for 2 h. 
NMR of the reaction mixture revealed formation of cis-(ClMez- 
Si)(Me3SiClMeSi)Pt(PEt3)2 (9, 2 90% yield). 

In a separate reaction under similar conditions (la, 0.62 
mmol; Pt(PEt& 0.56 mmol; 60 "C; 2.5 h (no solvent)), pentane 
(0.5 mL) was added to  the reaction mixture. Cooling the 
solution to  -80 "C gave a yellow gummy solid. The superna- 
tant solution was removed, and the residual solid was dried 
in vacuo at -80 "C. At room temperature the solid became a 
yellow viscous oil. Its NMR showed the existence of 9, cis- 
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(C1MezSi)zPt(PEt3)z3 (131, and unreacted la  (9/13/la % 85:lO: 
5). Further attempts to  improve the purity of 9 by repeated 
reprecipitation resulted in decomposition of 9 t o  give increased 
amounts of 13. 

24 H, SiCl(CH3)z and PCCHs), 1.05 (t, 4 J p H  1.0 Hz, 3 J m  = 
29 Hz, 3 H, SiCl(CH3)Si(CH3)3), 1.63-1.91 (m, 12 H, PCHz); 
13C 6 0.8 (s, Si(CH&), 8.7 (s, 3Jpt~ = 16 Hz, PCC), 11.8 (t, 3 J p ~  
= 4 Hz, Vptc = 71 Hz, SiCl(CH3)Si(CH&), 13.4 (t, 3 J p ~  = 6 
Hz, zJpt~ = 97 Hz, SiCl(CaH3)(CbH3)), 14.0 (t, 3 J ~ ~  = 7 Hz, Vptc 
= 100 Hz, SiC1(CaH3)(CbH3)), 19.7 (d, lJpc = 12 Hz, Vptc = 20 
Hz, PCa), 19.8 (d, lJpc = 12 Hz, Uptc = 20 Hz, PCb); 29Si 6 

70 Hz, lJptsi = 1220 Hz, PtSiaC1), 46.4 (t, Vpsi = 76 Hz, Vptsi 

= 1361 Hz, PtSibC1); 31P 6 14.3 (s, lJptp = 1763 Hz); lg5Pt 6 

Reaction of 9 with dcpe. To dcpe (0.16 mmol) under 
nitrogen was added a reaction mixture obtained by the reaction 
of la  (0.32 mmol) with Pt(PEt313 (0.16 mmol) in benzene-& 
(0.25 mL) at 60 "C for 2 h (the yield of 9 was 290%). NMR of 
the resulting mixture showed almost complete conversion of 
9 with formation of (ClMe~Si)(Me3SiClMeSi)Pt(dcpe) (9, -80% 
yield on the basis of 31P NMR) and small amounts of unknown 
Pt(dcpe) species. 

In a separate similar experiment, the reaction mixture 
obtained from dcpe (0.24 mmol) and a solution of 9 that was 
prepared by the reaction of la  (0.48 mmol) with Pt(PEt& (0.24 
mmol) in benzene46 (0.37 mL) at 60 "C for 3 h was concen- 
trated in vacuo. Washing the residual solid with pentane 
(-0.5 mL) gave a pale yellow solid (-67 mg). Its 'H NMR 
spectrum showed the existence of 9 and unreacted la  (9'lla 

13:1), while its 31P NMR spectrum displayed the signals of 
9 and an unknown Pt(dcpe) species X (69.7 ( V p p  = 16 Hz, 
l Jp tp  = 1494 Hz), 73.0 ppm (2Jpp = 16 Hz, lJptp = 1530 Hz)) 
(9/X = -4:l). Attempted recrystallization of 9 from pentane 
(large amounts) or benzene-pentane resulted in decomposition 
of 9 to give PtClz(d~pe)~~ and other unidentified products. 

(CH3)3), 11.5 (t, VPC = 6 Hz, Vptc = 71 Hz, SiCl(CH3)Si(CH3)3), 
13.1 (t, 3 J p ~  = 10 Hz, Uptc = 100 Hz, SiC1(CaH3)(CbH3)), 14.1 
(t, 3 J ~ ~  = 11 Hz, Vptc = 106 Hz, SiC1(CaH3)(CbH3)); 29 Si 6 

= 9 and 154 Hz, = 1172 Hz, PtSiaC1), 55.7 (dd, 2 J p ~ i  = 
11 and 169 Hz, lJptsi = 1324 Hz, PtSibC1); 31P 6 69.2 (d, V p p  = 

Hz); lg5Pt 6 -5068 (dd, V p t p  = 1518 and 1579 Hz). 
Thermolysis of 9. A benzene-d6 solution of 9 obtained by 

the reaction of la  (0.18 mmol) with Pt(PEt& (0.17 mL) in 
benzene-& (0.25 mL) at 60 " c  for 3 h was concentrated in 
vacuo, and benzene-& (-1 mL) was added to  the residue. A 
portion of the solution (0.25 mL) was sealed in an NMR tube 
under nitrogen. Its NMR spectrum showed -30% conversion 
of 9 with formation of 13 (-20% yield). When the solution 
was heated at 60 "C for 3 h, its NMR spectrum showed 
consumption of 9 (-90%) with formation of 13 (-75%) and 
other unidentified MeSi products, proton signals of which 
ranged from 0.1 to 0.8 ppm. The integral ratio of the MeSi 
proton signals of 13 to those of other MeSi products was about 
2:l. NMR spectra of 13 were in agreement with those of the 
authentic  ample.^ 

Preparation of ClMeaSiSiClMeSiMes (Id). PhMezSiCl 
(0.122 mol) was added dropwise to  a stirred mixture of lithium 
(0.244 mol) and THF (150 mL) under argon at 0 "C over 1 h, 
and the resulting mixture was stirred at 0 "C overnight. The 
dark red supernatant solution of PhMezSiLi that formed was 
added dropwise to  a well-stirred THF (100 mL) solution of 
ClPhMeSiSiMes (0.116 mol) at room temperature over 3 h. 
Usual workup followed by distillation gave PhMezSiSiPhMeSi- 
Me3 (ld', 0.083 mol, 71% yield) as a colorless oil. Id: bp 131 "Cl 

(55)  Hackett, M.; Whitesides, G. M. J. Am. Chem. SOC. 1988,110, 

9: 'H NMR (C6D6) 6 0.37 (s, 9 H, Si(CH&), 0.79-1.04 (m, 

-11.6 (t, 3 J~s i  = 9 Hz, 'Jptsi = 131 Hz, PtSiSi), 43.0 (t, 2Jpsi = 

-4650 (t, 'Jpp = 1763 Hz). 

9': 13C NMR (C&) (for SiCH3) 6 1.2 (9, 3Jpt~  = 8 Hz, Si- 

-10.4 (d, 3Jpsi = 16 Hz, 'Jptsi = 145 Hz, PtSiSi), 52.6 (dd, 'Jpsi 

17 Hz, 'Jptp = 1518 Hz), 72.8 (d, 'Jpp = 17 Hz, 'Jptp = 1579 

1449. 

Tanaka et al. 

0.25 mmHg; lH NMR 6 0.21 (s, 9 H, Si(CH&), 0.55 (s, 6 H, 
Si(C&)z(C&)), 0.58 (8 ,  3 H, Si(CH3)Si(CH3)3); 13C NMR 6 
-8.55 (Si(CH&), -2.7 and -2.6 (Si(C&)z(C6H5)), -1.0 (Si- 
(CH3)Si(CH&, 127.8 (p-c), 128.0 and 128.6 (m-C), 134.0 and 
134.7 (OX), 137.2 and 139.5 (ipso-C). Anal. Calcd for ClsHzs- 
Si3: C, 65.78; H, 8.59. Found: C, 65.73; H, 8.73. 

HC1 gas (purity 299.7%) was passed through concentrated 
HzSO4 solution and bubbled into a stirred mixture of I d  (0.076 
mol), (0.0075 mol), and C c 4  (50 mL) at room tempera- 
t ~ r e . ~ 2  When the starting and monochlorinated trisilanes were 
consumed (monitored by GC), bubbling of HC1 gas was stopped, 
and acetone (2 mL) was added to the solution. Evaporation 
of the solvent followed by distillation gave Id (0.060 mol, 79% 
yield) as a colorless oil. ld:56 bp 73-75 "C/8 mmHg; 'H NMR 
(C&) 6 0.15 (9, 9 H, Si(CH3)3), 0.42 and 0.45 (each s, each 3 
H, Si(CHa3)(CHb3)C1), 0.51 (s, 3 H, Si(CH3)Si(CH&; 13C NMR 
(C&) 6 -2.4 (Si(CH&), -1.9, 1.5, and 2.2 (Si(CH3)Cl). Anal. 
Calcd for C&sClzSia: C, 29.37; H, 7.39. Found: C, 29.08; H, 
7.06. 

Reaction of Id with Pt(PEts)s. A mixture of Id (0.48 
mmol), Pt(PEt& (0.24 mmol), and benzene-& (0.25 mL) was 
heated under nitrogen in a sealed NMR tube at 60 "C for 4 h. 
NMR of the reaction mixture showed formation of 9 in a nearly 
quantitative yield. 

Reaction of Cl(SiMea)&l with 28. A mixture of C1- 
(SiMez)zC1 (0.60 mmol), 2e (0.60 mmol), PdClz(PPh3)~ (0.048 
mmol), and benzene (0.15 mL) was heated under nitrogen in 
a sealed glass tube at 120 "C for 18 h. GC and GC-MS 
analyses showed recovery of Cl(SiMez)zCl(ll%) and 2e (34%) 
along with formation of 3e (0.009 mmol, 3% yield based on 
2e), 4 (0.18 mmol, 30%), and 7e (0.25 mmol, 42%). Preparative 
GC gave 7e as a colorless oil. 7e:52 lH NMR 6 0.39 and 0.74 
(each s, each 6 H, SiCH3), 1.71 (8 ,  3 H, =CCH3), 6.85-7.36 
(m, 5 H, C6H5); 29Si NMR 6 13.5, 19.8; GC-MS m/z (relative 
intensity) 302 (8, M+ for 35Cl), 211 (171,209 (471,159 (22), 135 
(16), 97 (lo), 95 (351, 93 (loo), 65 (13), 43 (10). 

Preparation of m-Diprop-1-yn-1-ylbenzene (25). A 
mixture of m-dibromobenzene (36 mmol), propyne (-150 
mmol), Pd(0Ac)z (0.36 mmol), PPh3 (0.72 mmol), CUI (0.18 
mmol), and piperidine (45 mL) was stirred under nitrogen in 
a stainless steel autoclave (100 mL) at 110 "C for 12 h.57 Usual 
workup followed by Kugelrohr distillation (86 "C, 0.4 mmHg) 
gave 26 (25 mmol, 71% yield) as a pale yellow oil. 25: lH NMR 
6 2.03 (s, 6 H, CH3), 7.15-7.42 (m, 4 H, C6H4); 13C NMR 6 4.3 
(CHd, 79.1 (CCH3),86.2, (C=CCH3), 124.1 (phenylene 1,343, 
128.1 (phenylene 5-C), 130.6 (phenylene 4,6-C), 134.4 (phe- 
nylene 2-C); IR (neat) 2244 (m, C-C), 1601 (SI, 1479 (s), 893 
(m), 795 ( 8 ,  m-phenylene), 688 (s) cm-l; GC-MS mlz (relative 
intensity) 154 (100, M+), 153 (561, 152 (64), 151 (24), 115 (15), 
76 (ZI), 63 (E), 51 (11). 

Reactions of la  with Diynes. Each reaction was carried 
out under nitrogen in a sealed glass tube. Typical examples 
of the reactions are shown below. 

(a) Reactions of la  with p-Diethynylbenzene (21). A 
mixture of la  (0.40 mmol), 21 (0.36 mmol), 2a (0.08 mmol), 
PdClt(PPh3)~ (0.004 mmol), and benzene (0.1 mL) was heated 
at 120 "C for 6.5 h. An insoluble brown solid was observed in 
the resulting mixture. GC analysis of the supernatant solution 
showed recovery of la  (213%), 21 (-O%), and 2a (-0%). 
Filtration of the reaction mixture followed by washing with 
benzene (1 mL x 2) gave a yellow-brown solid (22, 47 mg), 
which was insoluble in benzene, THF, and CHC13. 

22: mp '300 "C; IR (KBr) 1603 (m), 1493 (m), 1404 (m), 
1249 (s, SiMe), 1017 (m), 868 (vs), 835 (vs), 770 (m), 694 (m), 
661 (m) cm-'. Anal. Calcd for C14.6H18.6Si2 (= 2 x Si(CH3)z + 
Found: C, 69.16; H, 6.59. TGA of 22 under He at a 10 "C/ 
min incremental rate showed that the 10% weight loss 

0.9 x (HC=c)zCsH4 + 0.2 x C6H&=CH): C, 70.07; H, 7.49. 

(56) Einholz, W.; Gollinger, W.; Haubold, W. 2. Naturforsch. 1990, 

(57) For instance: Takahashi, S.; Kuroyama, Y.; Sonogashira, K.; 
45b, 25. 

Hagihara, N. Synthesis 1980, 627. 
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Pd-Catalyzed Reactions of Cl(SiMe2)3Cl with Acetylenes 

temperature was 473 "C. The weight loss after heating to 900 
"C was 28%. 

A separate double scale reaction gave a larger amount of 
22 (93 mg). Its solid-state NMR data are as follows: I3C NMR 
6 -7 to 6 (br, SiCH3), 116-133 (br, 0- and m-C), 133-152 
(br, p-C); 29Si NMR 6 -25 to -20 (br, rings). 

(b) Reaction of la with m-Diethynylbenzene (23). A 
mixture of l a  (0.40 mmol), 23 (0.36 mmol), 2a (0.08 mmol), 
PdC12(PPh& (0.004 mmol), and benzene (0.1 mL) was heated 
at 120 "C for 6.5 h. GC analysis of the resulting mixture 
showed recovery of la (26%), 23 (-O%), and 2a (-0%). The 
reaction mixture was poured into an ether (3 mL) solution of 
MeMgI (-4 mmol), and the resulting mixture was refluxed 
overnight. Usual workup (extraction with benzene) followed 
by reprecipitation with benzeneA-propanol (v/v = 1/10) gave 
a pale brown solid (24, -20 mg). 

24: M, = 2.8 x lo4 (Mw/Mn = 5.2); 'H NMR 6 -0.20 to 
0.45 (br m, SiCHs), 6.50-6.82 (br m, C=CH), 6.82-7.40 (br 
m, C6H4); 13C NMR 6 -1.1, -0.5, and 1.0 (SiCH3), 124.3-128.3 
(phenylene 2-, 4,6-, and 543, 145.4 and 147.3 (=CH and 
phenylene 1,3-C), 162.3 (=CC&); 29Si NMR 6 -24.1, -22.8, 
and -21.9 (rings), -10.7 (small, probably =CSiMez of non- 
ring moieties); IR (KBr) 1591 (m), 1473 (m), 1406 (m), 1249 
(8, SiMe), 1089 (m), 1031 (m), 905 (m), 866 (vs), 835 (vs), 795 
(s), 774 (s), 760 (s, m-phenylene), 700 (m), 663 (m) cm-'. Anal. 
Calcd for C14.&8.&i2 (= 2 x Si(CHd2 + 0.9 x (HCiC)&& 

7.30. 
(c) Reaction of la with 25. A mixture of la (0.4 mmol), 

25 (0.4 mmol), PdC12(PPh& (0.032 mmol), and benzene (0.1 
mL) was heated in a sealed glass tube at 120 "C for 16 h. GC 
analysis of the resulting mixture showed recovery of la  (5%) 
and 25 (5%). The reaction mixture was poured into an ether 
(3 mL) solution of MeMgI (-4 mmol), and the resulting 
mixture was refluxed overnight. Usual workup (extraction 
with benzene) followed by reprecipitation with THFMeOH (v/v 
= 1/10) gave a pale brown solid of a methylated polymer (26) 
(63 mg, -0.20 mmol monomer unit, -50% yield based on 25). 

In a separate reaction under the same conditions, the 
reaction mixture was treated with p-MeOCsH1MgBr (-4 
"01) in palce of MeMgI. Similar workup followed by repre- 
cipitation with THFMeOH (v/v = 1/10) gave a pale yellow solid 
of an anisylated polymer ( 2 6 ,  22 mg, -0.08 mmol monomer 
unit, -20%). lH NMR of 2 6  showed the existence of small 
amounts of impurities in the SiMe region of 2 6  (the integral 
ratio of the SiMe proton signals of 26/impurities = -9:l). 

26: Softening temperature 132-148 "C; M, = 3.0 x lo3 
(M,dMn = 2.2); 'H NMR 6 -0.17 to -0.01 (br m, disilacyclo- 
hexadien-a,b-ylene, SiCHa3), -0.01 to  0.20 (br m, disilacyclo- 
hexadien-2,Ei-ylene and terminal SiCHb3), 0.20-0.50 (br m, 
disilacyclohexadien-2,6-ylene and terminal SiCHc3), 1.53-1.70 
(br m, =CCHd3), 2.03 and 2.05 (each s, terminal eCCHe;), 
6.35-7.80 (br m, C6H4) (the integral ratio of Ha/Hb/Hc/Hd/He 
= 5:15:11:13:~1; the calculated ratio for 2 6  (the ratio of 1,4- 
disilacyclohexa-2,5-dien-2,5/2,6-ylene units = 9:lO; n = 4; the 
ratio of 21/22 groups = 9:l) = 5:15:11:12:0.2); 13C NMR 6 
-3.05, -2.97, -2.6, -2.5, and -2.1 (rings' SiCHa), 1.3 and 1.8 
(terminal SiCH3), 4.3 (terminal CWCH3), 18.6 and 18.7 (rings' 

+ 0.2 x CsH&=CH): C, 70.07; H, 7.49. Fond:  C, 69.40; H, 
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C=CCH3), 22.6 (terminal C=CCH3), 80.0 (terminal CECCH~), 
85.5 (terminal C=CCH3), 123.6-132.2 (phenylene 2-, 4,6-, and 
5-C), 143.0-143.8 and 148.9-149.9 (=CCH3 and phenylene 
1,3-C), 155.2-156.0 (=cc6&); 29si NMR 6 -24.7, -22.9, and 
-21.0 (rings), -9.5 and -6.1 (terminal); IR (KBr) 2240 (vw, 
CsC), 1591 (m), 1572 (m), 1470 (m), 1437 (m), 1406 (m), 1247 
(8, SiMe), 1085 (m), 922 (m), 901 (m), 835 (91, 764 ( 8 ,  

m-phenylene), 708 (m), 656 (m) cm-'. Anal. Calcd for (C16H22' 
Si2)4(C22.sH42,4Si3.6) (26, n = 4; the ratio of 21/22 groups = 9:l; 
FW = 1499.8): C, 69.51; H, 8.76. Found: C, 69.66; H, 8.47. 

2 6 :  M, = 1.1 x lo4 (Mw/Mn = 4.0) (before reprecipitation 

-0.03 to 0.15, and 0.15-0.51 (each br m, SiCHd, 1.63 (br s, 
=CCH3), 2.03 and 2.05 (each s, terminal ECCH~), 3.75-3.88 
(m, OCHs), 6.45-7.63 (br m, C6H4); 29Si NMR 6 -24.7, -22.9, 
and -21.0 (rings), -12.8 and -9.9 (terminal); IR (KBr) 2240 
(vw, CsC), 1731 (m), 1593 (m), 1506 (m), 1470 (m), 1441 (m), 
1278 (m), 1247 (8 ,  SiMe), 1183 (m), 1110 (m), 1036 (m), 980 
(m), 924 (m), 901 (m), 841 (81, 822 (s), 766 (8, m-phenylene), 
710 (s), 656 (m) cm-l. 

Reparation of (RMe$3i)MeC=CPh(SiMe&) (27a, R = 
Me; 27b, R = p - M e O C a ) .  A mixture of Cl(SiMe2)2C1(0.60 
mmol), 2e (0.60 mmol), PdC12(PPh3)2 (0.048 mmol), and 
benzene (0.15 mL) was heated in a sealed glass tube at 120 
"C for 19 h. The reaction mixture containing 7e was poured 
into an ether (3 mL) solution of MeMgI (-4 mmol), and the 
resulting mixture was refluxed overnight. Usual workup 
followed by preparative TLC (silica gel, hexane) and Kugelrohr 
distillation (140 "C, 16 mmHg) gave 27a (0.25 mmol, 42% 
yield) as a colorless oil. 

In a separate reaction under the same conditions, the 
reaction mixture was treated with p-MeOC6HJIgBr (-4 
mmol) in place of MeMgI. Usual workup (extraction with 
toluene) followed by preparative TLC (silica gel, hexane) gave 
an off-white solid of 2% (24 mg, about 50% purity with 
impurities of (p-MeOC&)zSiMe2 and [@-MeOCsH4)MezSiIz. 

27a:20a 'H NMR 6 0.03 and 0.25 (each s, each 9 H, SiCHa), 
1.55 (s, 3 H, =CCH3), 6.76-7.32 (m, 5 H, CsH5); 13C NMR 6 
1.3 and 1.7 (SiCH3), 22.7 (=CCH3), 124.6 (p-C), 127.1 and 128.0 
(0-and m-C), 147.5 and 149.9 (=CCH3 and ipso-C), 156.7 
(=CC,&); 29Si NMR 6 -9.4, -6.1; IR (neat) 1249 (s, SiMe), 
922 (m), 891 (m), 835 (vs), 779 (m), 756 (m), 702 (m) cm-'; 
GC-MS m/z (relative intensity) 262 (11, M+), 247 (13), 189 
( E ) ,  159 (181, 135 (271, 73 (1001, 45 (18). Anal. Calcd for 
C16H26Si2: C, 68.62; H, 9.98. Found: C, 68.48; H, 10.26. 

27b: 1H NMR 6 0.05 and 0.20 (each s, each 6 H, SiCH3), 
1.63 (s, 3 H, =CCH3), 3.81 ( 8 ,  6 H, OCH3), 6.50-7.48 (m, 13 
H, rings' H); 2QSi NMR 6 -12.7, -9.8; GC-MS mlz (relative 
intensity) 447 (5, M+ + l), 338 (17), 251 (lo), 165 (100). 

M, = 3.3 x lo3 (MdMn = 2.4)); 'H NMR 6 -0.28 to  -0.03, 
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Concerted Multiple Dehydrogenation of Gas-Phase 
Saturated Cyclic c4-cfj Hydrocarbons by Os+ 
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The gas-phase reactions of laser-generated Os+ with various cycloalkanes, C5H10, C6H12, 
C7H14, C8H16, C6H10, CsHs, cis-l,2-dimethylhexane, and cis-l,3-dimethylhexane, have been 
examined by Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry. In 
contrast to many transition-metal ions, whose reactions with alkanes show extensive cleavage 
of C-C bonds, dehydrogenation is the major process in all reactions. No evidence of C-C 
insertion is found, and the carbon ring is left intact. Saturated cyclic hydrocarbons exposed 
to Os+ undergo repeated dehydrogenation to form the complex ions (CnHn)Os+, which then 
react with another corresponding neutral hydrocarbon molecule to form [CnHn-Os-CnHn]+. 
The Os-ligand complex ions may be identified unambiguously from isotopic distributions. 
Reaction mechanisms for the various reaction pathways are proposed. 

Introduction 

The gas-phase reactions of transition-metal ions have 
been studied intensively for the past two decades;l-14 
the chemistry of naked transition-metal ions or metal 
cluster ions with various hydrocarbons provides valu- 
able insight into the mechanisms of condensed-phase 
reactions as well as the efficiencies of stoichiometric or 
catalytic processes in general.2 Fourier transform ion 
cyclotron resonance mass spectrometry (FT-ICR/MS) 
has the capability of ultrahigh resolution, wide mass 
range, multistage MS/MS capability with a single mass 
spectrometer, simultaneous detection of all ions, long 
ion storage period, and relatively easy and accurate 
adjustment of ion kinetic energy.2-5,11,12,15-31 These 

* To whom correspondence should be addressed. 
@ Abstract published in Advance ACS Abstracts, December 1,1994. 
(1) d e n t r o u t ,  P. B.; Beauchamp, J. L. Acc. Chem. Res. 1989,22, 

315-321. 
(2) Eller, K.; Schwarz, H. Chem. Rev. 1991, 91, 1121-1177. 
(3) Freiser, B. S. Talunta 1985, 32, 697-708. 
(4) Freiser, B. S. Chemtrmts: Anal. Phys. Chem. 1989, I, 65-109. 
( 5 )  Freiser, B. S. In Bonding Energetics in Organometallic Com- 

pounds; Marks, T. J., Ed.; ACS Symposium Series 428: American 
Chemical Society: Washington, DC, 1990; pp 55-69, 

(6) Hettich, R. L.; Freiser, B. S. J .  Am. Chem. SOC. 1987,109,3537- 
3542. 
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7492-9500. 
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(15) Ghaderi, S. Ceram. Trans. 1989,5, 73-86. 
(16) Gord, J. R.; Freiser, B. S. Anal. Chim. Acta 1989,225, 11-24. 
(17) Wanczek, K-P. Int. J .  Muss Spectrom. Ion Processes 1989,95, 

688. 

8117-8122. 
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features make FT-ICR/MS ideally suited for the study 
of gas-phase ion-molecule reaction chemistry.2~4.5~7-14~32-37 

Among the transition metals, osmium holds special 
interest because it has catalytic value for dehydroge- 
nation, hydr~genation,~~ and dehydroxylation reactions. 
Irikura et a1.8 have investigated the ion-molecule 
reactivities of OsOn+ (n  = 0-4)  with a number of 
hydrocarbons and small molecules. They observed 
cycloaddition with Hz, bond metathesis, oxo transfer, 
and hydrogen atom abstraction. Although much inves- 
tigation has been focused on catalytic surfaces,38 there 
has been virtually no examination of the fundamental 
reactions in the gas phase between Os+ and organic 
species, because Os+ presents several difficulties for 
mass spectrometric analysis: (a) high mass resolving 
power is needed to distinguish the large number of 
isotopes of osmium; (b) Os+ oxidizes readily, so that 
experiments are best conducted at very low pressure 
(5 Torr); (c) osmium does not form a simple stable 
volatile metal carbonyl (for ready gas-phase electron 

(18) Wilkins, C. L.; Chowdhury, A. K.; Nuwaysir, L. M.; Coates, M. 
L. Mass Spectrom. Rev. 1989, 8, 67-92. 

(19) Laude, D. A., Jr.; Hogan, J. D. TM, Tech. Mess. 1990,57,155- 
159. 

(2O)Lasers in Muss Spectrometry; Lubman, D. M., Ed.; Oxford 
University Press: New York, 1990. 

(21) Campana, J. E. In Proceedings of SPIE-Applied Spectroscopy 
in Material Science; International Society for Optical Engineering: 
Bellingham, WA, 1991; pp 138-149. 

(22) Marshall, A. G.; Grosshans, P. B. Anal. Chem. l991,63,215A- 
229A. 

(23) Nuwaysir, L. M.; Wilkins, C. L. In Proceedings ofSPIE-Applied 
Spectroscopy in Material Science; International Society for Optical 
Engineering: Bellingham, WA, 1991; pp 112-123. 

(24) Dunbar, R. C. Mass Spectrom. Rev. 1992, 11, 309-339. 
(25) Jacoby, C. B.; Holliman, C. L.; Gross, M. L. In Mass Spectrom- 

etry in the Biological Sciences: A Tutorial; Gross, M. L., Ed.; Kluwer 
Academic: Dordrecht, The Netherlands, 1992; pp 93-116. 

(26)Koster, C.; Kahr, M. S.; Castoro, J. A.; Wilkins, C. L. Mass 
Spectrom. Reu. 1992, 11, 495-512. 

(27) Marshall, A. G.; Schweikhard, L. Int. J .  Mass Spectrom. Ion 
Processes 1992, 1181119, 37-70. 

(28) Schweikhard, L.; Alber, G. M.; Marshall, A. G. Phys. Scr. 1992, 
46, 598-602. 
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Dehydrogenation of Gas-Phase Hydrocarbons by Os+ 

ionization), as do many of the more accessible transition 
metals (e.g., Fe(C0)d. In this paper, we show that all 
of these difficulties may be overcome by use of Fourier 
transform ion cyclotron resonance mass spectrometry 
to examine the primary and secondary ion-molecule 
reaction products of laser-desorbed Os+ with various 
cyclic (c5-c8) hydrocarbons in the gas phase, and we 
propose mechanisms for the major reactions. 

Experimental Section 

All hydrocarbons were obtained from Aldrich Chemical Co. 
(Milwaukee, WI). Each was introduced at a pressure of 5 x 

Torr through a leak valve from a sample reservoir after 
degassing by several freeze-pump-thaw cycles on the foreline 
vacuum chamber of the instrument. Osmium ions were 
generated by laser desorption from osmium metal sponge with 
a Continuum Model YG-660A Nd:YAG laser operated at 1.064 
pm, at a power density of -500 MW/cm2 (-50 mJ  in -10 ns 
over a spot size -1 mm in diameter). A subsequent variable 
delay period allowed for thermal ion-molecule reactions to 
occur. Mass spectra were obtained on a standard Extrell 
Millipore FTMS-2000 FT-ICR mass spectrometer (Extrel 
FTMS, Madison, WI) with dual 1.875-in. cubic ion traps 
centered in the bore of a superconducting magnet (3.0 T). The 
instrument was modified with CTI Corp. Helix CryoTorr 8 
Cryopumps (1250 L s-l pumping speed for Nz) rather than the 
usual diffision pumps on both the source and analyzer sides 
of the dual trap, and both sides of the dual vacuum chamber 
were backed by a single 50 L s-l Leybold-Hereaus Model TMP- 
50 turbopump. The trapping voltage was typically 2 V. Broad- 
band frequency-sweep excitation at a sweep rate of 1000 Hz 
ps-l was followed by acquisition of a 16K time-domain 
transient signal which was digitized in direct mode at  a 
Nyquist bandwidth of 2 MHz and padded with an additional 
16K of zeroes before discrete Fourier transformation (without 
prior apodization). 

Results and Discussion 

Reactions of Os+ with Cyclic Alkanes C,H2* (n 
= 5-81. The primary and secondary ion-molecule 
reactions of Os+ with cyclic alkanes CnHzn (n  = 5-8) 
are shown in eqs 1-7. Minor products appearing only 
after long reaction periods have been ignored. FT-ICR 
mass spectra at various reaction periods are shown in 
Figure 1. 

primary reactions: 

L - -  
l a  

Os+ 0 0 7  bS+ 
2 

O+O 02 
3 

O+(==J 
02 
4 

.I 
I b  

(3) 

(4) 

Organometallics, Vol. 14, No. 1, 1995 543 

secondary reactions: 

6 

n n 

(5) 

(7) 

7 

The reactivities of three of the four cyclic hydrocar- 
bons are strikingly similar. Initially, the only process 
observed for C5H10, C6H12, and C7H14 is multiple dehy- 
drogenation, leading to formation of complexes which 
are well-described by ligands of stable aromatic (4n + 
2 electrons) structure: (pCsHs)OsH+, ( ~ - C ~ H ~ ) O S + ,  and 
(~pC7HaOs+ (see reactions 1-3). We see no evidence for 
ring-opening reactions by Os+, in contrast to Fe+, which 
has been observed to react with alkanes by means of 
both C-H and C-C bond insertions.1° (Fe+ does not 
cleave bonds in C g  and c6 ringslo but does so in C7 and 
c8 ringsS2) M e r  longer reaction periods, the primary 
reaction products react further with another saturated 
cyclic hydrocarbon molecule to  generate the adducts 
CloHloOs+, C12H120sf, and C14H16Os+, which have the 
presumed structures (~-CsH5)20s+, (?pC6H&OS+, and 
(q-C7H&os+ shown in reactions 5-7. These Os+ reac- 
tions parallel those of La+, which forms CsHsLa+ and 
CloHloLa+ with cyclopentane and C6H6Laf and C12H12- 
La+ with cy~lohexane.~ After an extended reaction 
period, products from C-C bond cleavage begin to 
appear. 

In contrast, the larger ring compound C8Hl6 exhibits 
noticeable ring cleavage to yield products such as C6H6- 
Os+ and C7H&s+, although the most abundant product 
is still the dehydrogenated species: C8H@s+. The 
difference between C8H16 on the one hand and C5H10, 
C6H12, and C7H14 on the other may be attributed to the 

(29) Speir, J. P.; Gorman, G. S.; Amster, I. J. In Mass Spectrometry 
in the Biological Sciences: A Tutorial; Gross, M. L., Ed.; Kluwer 
Academic: Dordrecht, The Netherlands, 1992; pp 199-212. 
(30) Buchanan, M. V.; Hettich, R. L. Anal. Chem. 1993, 65, 245A- 

259A. 
(31) Schweikhard, L.; Marshall, A. G. J. Am. SOC. Mass Spectrom. 

1993,4,433-452. 
(32) Kiplinger, J. P.; Tollens, F. R.; Marshall, A. G.; Kobayashi, T.; 

Lagerwall, D. R.; Paquette, L. A.; Bartmess, J. E. J. Am. Chem. Soc. 

(33) Irikura, K. K.; Beauchamp, J. L. J.Am. Chem. SOC. 1991,113, 
1989,111, 6914-6919. 

2767-2768. 
(34) Larson, B. S.; Ridge, D. P. J .  Am. Chem. SOC. 1984,106,1912. 
(35) Sunderlin, L. S.; Armentrout, P. B. J .  Am. Chem. SOC. 1989, 

(36) Dunbar, R. C.; Solooki, D.; Tessier, C. A.; Youngs, W. J.; 

(37) Stirk, K. M.; Kiminkinen, M.; Kenttamaa, H. I. Chem. Rev. 

(38) Dil'magambetov, S. N.; Dzhardamalieva, K. K.; Sokol'skii, D. 

111,3845-3855. 

Asamoto, B. Organometallics 1991, 10, 52-54. 

1992,92, 1649-1665. 

V. Khim. Khim. Tekhnol. (Alma-Ata) 1978, 199-206. 
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OS+ + cyclopentane 

OS+ + cyclooctane 
os+ C ~ H ~ O S '  

o s  * T -.-- 
ri ---A 400 ms 
L--L r* .-- 800 ms 
II- ---ALA--,, 1.2s 

200 250 300 350 400 
mlz 

Figure 1. FT-ICR mass spectra of the products of the 
reaction of Os+ with cyclic alkanes CnHgn (n = 5-8), after 
each of several stated reaction periods. 

4n-electron antiaromatic character (and thus lower 
stability) of CsHsOs+. For example, CsHsOs+ may 
undergo carbon-carbon cleavage followed by elimina- 
tion of C2H2 to form CsHsOs+. Alternatively (see Figure 
21, CsHsOs+ may react with another CsH8 neutral to 
form ClsHlsOs+, which presumably has the sandwich 
structure (pCsH&Os+. 

In some cases, the mass spectra are complicated by 
the isotopic distribution of osmium, leading to dificulty 
in distinguishing (e.g.1 CnHm+~1900~+ from CnHmig20s+, 
whose masses differ by only 0.0126 amu. Nevertheless, 
the appropriate osmium-ligand complex ion may be 
identified unambiguously in such cases from the isotopic 
abundance pattern. For example, Figure 2 shows 
experimental isotopic abundance multiplets for C,H,Os+. 

In principle, it is possible to  tell whether Os+ ions are 
in their ground state or excited states before they react 
with neutrals. For ground-state Os+, the Os+ concen- 
tration should decrease exponentially with reaction 
period, whereas for excited-state ions, Osf concentration 
will vary nonexponentially with reaction period. Un- 
fortunately, we were unable to make quantitative 
comparisons of Os+ concentration after different reac- 
tion periods, because the signal-to-noise ratio was 
limited (due in part to the large number of isotopes of 

os+ 
r*lr 

180 200 
mlz 

, 

250 260 270 280 290 300 
mlz 

Figure 2. Experimental FT-ICR mass spectral isotopic 
abundance patterns of the products of the reaction of Os+ 
with cyclic alkanes CnHgn (n = 5-8). 

Scheme 1 

l a  l b  

U - 2 
5 

osmium) and the laser power was not sufficiently 
reproducible from one shot to the next. 

The various reactions may be rationalized by C-H 
insertion followed by dehydrogenation, on the basis of 
the reaction between Os+ and C5H10 as an odd-number 
carbon example (Scheme 1) and the reaction of Os+ and 
C6H12 as an even-number carbon example (Scheme 2). 
(A similar mechanism has been proposed by Land et 
al.39 for the surface reaction between platinum and 
cyclohexane, for which cyclohexene intermediates were 
detected by mass spectrometry.) Os+ first inserts into 
a C-H bond; the resulting Os-ligand complex then 
easily loses H2. This process is repeated until a stable 
aromatic or maximally conjugated species is formed. 

(39) Land, D. P.; Pettiette-Hall, C. L.; McIver, R. T. J.; Hemminger, 
J. C. J. Am. Chem. SOC. 1989,111, 5970-5972. 
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Dehydrogenation of Gas-Phase Hydrocarbons by Os+ 

Reactions of Os+ with Unsaturated Cyclic Hy- 
drocarbons. If our analysis of the mechanism of 
reaction of Os+ with saturated cyclic hydrocarbons is 
correct, then we should expect to see similar products 
from the reaction of Os+ with unsaturated cyclic hydro- 
carbons. FT-ICR mass spectra for the reaction of Os+ 
with cyclohexene and benzene, C6HlO and C6H6, follow- 
ing each of several reaction periods are shown in Figure 
3 (top). The reactivity of Os+ toward cyclohexene is 
clearly similar to that with cyclohexane: we observe 
dehydrogenation exclusively, to give stable CsH6Os+ 
(reaction 81, 

8a 8b 

9a 9b 

9b l l a  l l b  

12a 12b 

13a 13b 

14a 14b 

which further reacts with another molecule of cyclohex- 
ene (reaction 10) to form ClzH120s+ (with the presumed 
structure ( ~ ~ - C ~ H ~ ) Z O S + ) .  The sole product of the reac- 
tion of Os+ with benzene (Figure 3, bottom) is C6H40s+ 
(reaction 9) rather than the direct adduct CsHsOs+, 
further corroborating that reaction of Os+ with satu- 
rated cyclic hydrocarbons indeed proceeds by dehydro- 
genation rather than by direct attachment. In contrast, 
Hettich et a1.6 found that the major product for reaction 
of iron cluster ions (M = CuFe+, ScFe+, TiFe+, and Fez+) 
with benzene was CsH&I+, whereas NbFe+ did not react 
with benzene. Finally, CsH40s+ reacts further (reac- 
tions 11, 12) with benzene to form ClzHaOs+ (presum- 
ably (C6H4)20se) and ClzHloOs+ and subsequently 
ClaHlzOs+ and ClaH140s+. 

Reactions of Os+ with Substituted Cyclohex- 
anes. To demonstrate how ring substituents affect the 

Organometallics, Vol. 14, No. 1, 1995 545 

Scheme 2 

-0 - H2 

os+ 
2 

0 0  OS' 

6 

Os+ chemistry, we reacted Os+ with cis-l,a-dimethyl- 
hexane and cis-1,3-dimethylcyclohexane, to yield the FT- 
ICR mass spectra shown in Figure 4. The products of 
the primary and secondary reactions are shown in 
reactions 13 and 14. The chemical formula of both 1,2- 

15s 15b 15c 

1 I I ,  

16a 16b 

dimethylcyclohexane and 1,3-dimethylcyclohexane is 
C8H16, the same as that of cyclooctane. Interestingly, 
the reactions of Os+ with cis-1,2-dimethylcyclohexane, 
cis-1,3-dimethylcyclohexane, and cyclooctane are similar 
in that each loses 4 H2 to yield CsHsOs+, which is 
relatively unstable and either dissociates to form notice- 
able amounts of C6H60s+ and C7HaOs+ or reacts with 
another molecule of C8H16 to form complex ions with 
two ligands. 

In summary, saturated cyclic hydrocarbons exposed 
to  Os+ undergo exclusively C-H insertion to form the 
complex ions C,H,-Os+, which then react with another 
corresponding neutral hydrocarbon molecule to  form 
[C,H,-Os-C,H,I+ ions. 

Dehydrogenation of Benzene. Perhaps the most 
novel feature of the present results is the observation 
of the dehydrogenation of benzene. Benzene itself is 
unreactive with Fe+ (the group 8 congener of Os+) as 
well as with Ti+, V+, Cr+, Mn+, Fe+, Co+, Ni+, Cu+, Mo+, 
Ag+, and W+.2 However, early-transition-metal ions 
( SC+,~  Nb+,40v41 and Ta+42,43) can dehydrogenate benzene. 

(40) Buckner, S. W.; MacMahon, T. J.; By-rd, G. D.; Freiser, B. S. 

(41) Higashide, H.; Oka, T.; Kasatani, K.; Shinohara, H.; Sato, H. 

(42) Wise, M. B.; Jacobson, D. B.; Freiser, B. S. J. Am. Chem. SOC. 

Inorg. Chem. 1989,28, 351. 

Chem. Phys. Lett. 1989,171, 297. 

1985,107, 1590. 
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0s' + cyclohexene 

'%H60s+ Ci2Hi20s' 
os+ 
A 

* A 11 -- 
L A  - -- 

200 250 300 350 400 
mlz 

0 

0.2 s 

0.5 s 

1.0 s 

Os' + benzene 

L..A--+-, 0.2 s 
I 

Jl L - , A  ' 0.5 s 

---I-.--- -_ + - - - + A L A  1.0s 
200 250 300 350 400 450 

mlz 
Figure 3. FT-ICR mass spectra of the products of the 
reaction of Os+ with cyclohexene and benzene after each 
of several stated reaction periods. 

Moreover, neutral niobium clusters dehydrogenate ben- 
~ e n e . ~ ~  Finally, Fe+ reacts with alkyl halides to form 
polyphenylene c o m ~ l e x e s ~ ~ - ~ ~  of the type postulated 
here as products of the Os+ reaction with benzene. 
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Notes 

Aqueous Organometallic Chemistry: 
Phase-Transfer-Catalyzed Alkylation of Fischer Carbene 

Complexes+ 
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Received May 16, 1994@ 

Summary: Fischer carbene complexes can be conve- 
niently alkylated, often with high diastereoselectivity, by 
reactive halides under biphasic conditions. 

Introduction 
Fischer carbene complexes of group VI transition 

metals have emerged as a versatile class of organo- 
metallic intermediates useful in organic synthesis1 as 
testified by a large number of natural products that 
have been synthesized via Fischer carbene complexes. 
Several important applications include carbocyclic2 and 
heterocyclic3 annulation by thermal reactions, as well 
as photochemical CO insertions leading to p-lactams4 
and cyclob~tanones.~ 

Since the most common route to these complexes 
involves reaction of organolithium or organomagnesium 
reagents with metal hexacarbonyl, sensitive function- 
alities are incompatible with such a procedure. There- 
fore, alkylation of the acidic a-carbon is often a method 
of choice6 to prepare functionalized Fischer carbene 
complexes. Alkylations are usually carried out in tet- 
rahydrofuran using n-butyllithium as a base. However, 
certain limitations are encountered with this protocol. 
For instance, reactions are unsatisfactory if alkoxy- 
carbene complexes are not alkylated using primary 
t r i f la te~ .~  This disadvantage has been redressed partly 
by the use of aminocarbene complexes* or by replace- 
ment of a cis-CO ligand with a ph~sphine.~ While 

+ NCL Communication No. 5896. 
@ Abstract published in Advance ACS Abstracts, November 1,1994. 
(1) Wulff, W. D. Comprehensive Organic Synthesis; ‘host, B. M., 

Fleming, I., Eds.; Pergamon Press: Oxford, England, 1991; Vol. 5, p 
1065. 

(2) (a) Dotz, K H. Angew. Chem., Int. Ed. Engl. 1984,23, 587. (b) 
Wulff, W. D. Advances in Metal-Organic Chemistry; Liebeskind, L. S., 
Ed.; JAI Press: Greenwich, CT, 1989; Vol. 1. 

(3)(a) Dragisich, V.; Murray, C. K.; Warner, B. P.; Wulff, W. D.; 
Yang, D. C. J .  Am. Chem. SOC. 1990,112, 1251. (b) Grotjahn, D. B.; 
Dotz, K H. Synbtt 1991,11,381. (c) Rudler, H.; Audouin, M.; Chelain, 
E.; Denise, B.; Goumont, R.; Massoud, A.; Parlier, A.; Pacreay, A.; 
Ruder, M.; Yefsah, R.; Alvarez, C.; Delgado-reyes, F. Chem. SOC. Rev. 
1991,20, 503. 

Shiba, T., Oshiro, T.; Eds.; VCH: Kodansha, Japan, 1989; p 39. 
(4) Hegedus, L. S. New Aspects oforganic Chemistry I; Yoshida, Z., 

(5 )  Soderberg, B. C.: Hegedus, L. S.; Sierra, M. A. J .  Am. Chem. 
SOC. 1990,112;4364. 

(6) (a) Casey, C. P. Reactive Intermediates; Wiley: New York, 1985; 
Vol. 3, p 109. (b) Casey, C. P. Transition Metal Organometallics in 
Organic Synthesis; Alper, H., Ed.; Academic Press: New York, 1976; 
Vol. 1, p 189. 

(7)Xu, Y. C.; Wulff, W. D. J .  Org. Chem. 1987, 52, 3263. 
(8) Wulff, W. D.; Anderson, B. A.; Isaacs, L. D. Tetrahedron Lett. 

1989,30, 4061. 

- 
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dialkylation may be achieved with reactive  substrate^,^ 
alkylation of a secondary carbon center is often difficult. 

A possible source of such difficulty could lie in the 
magnitude of nucleophilicity of the metal carbene anion. 
This is reminiscent of the task of alkylating aliphatic 
nitro compounds at the a-carbon. The pK, of the 
a-methyl group of alkoxycarbene complexes has been 
estimated by Casey6 to be 8.0 in THF. Later, the pK, 
of (methy1methoxycarbene)chromium complex was de- 
terminedlO in water-piperidine solvent mixture as 12.3, 
a value comparable to  the pK, of diethyl malonate or 
ethyl acetoacetate.ll Water is known to modify the 
reactivity of various types of substances and the course 
of several reactions including organometallic ones.12a It 
was of interest, therefore, to explore whether alkylation 
of alkoxycarbene complexes could be achieved efficiently 
in the presence of water.12b 

In this paper, we describe a facile alkylation proce- 
dure for alkoxycarbene complexes in a biphasic medium 
mediated by a phase-transfer catalyst. In particular, 
this procedure even allows efficient dialkylation with 
reactive electrophiles, and secondary centers can be 
alkylated in high yield. High diastereoselectivity has 
also been observed in certain reactions. 

Results and Discussion 

When (methyl(benzy1oxy)carbene)chromium complex 
3 in dichloromethane was treated with excess methyl 
iodide in the presence of 50% aqueous NaOH and 10 
mol % of tetrabutylammonium bromide at room tem- 
perature, the dialkylated product was obtained after 
overnight stirring in 64% yield as the sole product. The 
reaction was less efficient with ethyl iodide but pro- 
ceeded satisfactorily with allyl and benzyl halides. The 
results are summarized in Table 1 and Schemes 1 and 
2. 

With methylcarbene complexes 1-6, in all cases, the 
dialkylation product was observed as the only product. 

(9) Alverez, C.; Pacreau, A.; Parlier, A.; Rudler, H. Organometallics 

(10) Gander, J. R.; Bernasconi, C. F. Organometallics 1989,8,2282. 
(11) March, J. Advanced Organic Chemistry: Reactions, Mechanisms 

and Structure, 4th ed.; Wiley: New York, 1992; p 251. 
(12) (a) Gyldenfeltd, F. V.; Marton, D.; Tagliavini, G. Oganometallics 

1994, 13, 906 and ref 1-10 therein. (b) For a recent example of 
0-alkylation of Fischer carbene complexes using tetraalkylammonium 
salts, see: Hoye, T. R.; Chen, K; Vyvyan, J. R. Organometallics 1993, 
12, 2806. 

1987, 6, 1057. 
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Table 1 

Notes 

Scheme 3 
entry substrate electrophile' time (h) product yield (%)b 

1 1 (CH3)2C=CHCHzBr 4 7a 73 
2 2 CH3I overnight Sa 64 
3 2 CHZ=CHCHzBr 3.5 Sb 70' 
4 2 CHz=CHCH2C1 3.5 Sb 51 
5 2 Cd-ISCHzBr 3 sc 56 
6 2 C2H5I overnight d 
7 3 CH3I overnight 9a 64 
8 3 CHZ=CHCHzBr 3 9b 80 
9 3 CHz=CHCHzBr 5 9b 4Se 

10 4 CH3I overnight 10a 58 
11 4 (CH3)zC=CHCHzBr 4 lob 70 
12 5 CHZ=CHCHzBr 3 l l a  63 
13 5 C6H5CH=CHCH2Cl 1.5 l l b  56 
14 5 C&CHzBr 3 l l c  62 
15 6 CH3I overnight 12a 61 
16 6 CHz-CHCHzBr 3.5 12b 78 
17 13 C&CHzBr 4.5 15 67 
18 14 C~H~CH=CHCHZCI 2 16 69 

a 2-5 equiv used in all cases. Isolated yield after chromatography. 
'When 1 equiv of allyl bromide was used, 40% dialkylated and 10% 
monoalkylated products were obtained. Poor yield (< 15%) accompanied 
by extensive decomposition. e Reaction in benzene with K2C03/18-crown- 
6. 

Scheme 1 

M - M R  - 
1 : C r  H ?a : C r  

2 : Cr CH3 8 a  : Cr 

3 : Cr  C6H5 Bb : Cr 

4 :  w H 8c : Cr 

5 : P4 CH3 9 a  : Cr 

6 : W C6H5 9 b :  Cr 

l o a :  W 

l o b :  w 

! Io : w 
I tb  : W 

nc : w 
12a:  W 

12b:  r( 

3 

Scheme 4 

B r C H Z C H = C H C O Z C H S  
( co p ( O C H 3  c 

CH3 

4 
OCH3 

(CO),W 
'CH ( CH2CH=CHC02CH3)2  

18 (33%) 

t 

unchanged. This indicated that the secondary carban- 
ion underwent alkylation faster than the primary one. 
Indeed, the alkylations of secondary carbanionic centers 
were achieved in high yield, as seen from the last entries 
of Table 1. 

In order to effect cyclization, cis-l,4-dibromo-2-butene 
was chosen as an electrophile. As depicted in Scheme 
3, a vinylcyclopropane, rather than a cyclopentene, was 
readily obtained as a single diastereomer (lH and 13C 
NMR spectra) in high yield. The first nucleophilic 
substitution was followed by an intramolecular s N 2 '  
displacement. The stereochemistry of the product was 
tentatively deduced13 from the coupling constants of 
vicinal protons (3.6 Hz) as trans. 

When methyl 3-bromocrotonate was used as the 
electrophile, di- and trialkylated products were obtained 
(Scheme 4). No cyclic product corresponding to alky- 
lation followed by an intramolecular Michael addition 
was obtained. 

Diastereoselectivity in such alkylations was studied 
with the cyclic carbene complex 20 reported by Casey.14 
Although the reaction shown in Scheme 5 was carried 
out a t  room temperature, only one diastereomer of the 
product 21 was obtained in 71% yield. The coupling 
constant (1.5 Hz) of the methine proton adjacent to the 
carbene carbon indicated the trans-relationship between 
vicinal substituents. 

An interesting spiro-compound 22, also a single 
diastereomer, was isolated when the substrate 20 was 

When 1 equiv of allyl bromide was used with complex 
2, the dialkylated product was obtained predominantly 
(40%) along with some monoalkylated product (lo%), 
while 25% of the starting material was recovered 

(13) J a c k " ,  L. M.; Sternhell, K. Applications ofNuclear Magnetic 
Resonance Spectroscopy in Organic Chemistry, 2nd ed.; Pergamon 
Press: Oxford, U.K., 1969; p 286. 
(14) (a) Casey, C. P.; Anderson, R. L. J. Oganomet. Chem. 1974, 

73, C28. (b) Lattuada, L.; Licandro, E.; Maiorana, S.; Molinari, H.; 
Papagni, A. Organometallics 1991, 10, 807. 
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Scheme 6 
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Experimental Section 

All reactions were performed under an inert atmosphere of 
argon, using freshly distilled, degassed solvents. Infrared 
spectra were recorded on a Perkin-Elmer 599B spectrometer 
in chloroform. 'H and I3C NMR spectra were taken either on 
a Bruker WH-90 or on a Bruker AC 200 spectrometer in 
CDCl3. Chemical shifis are reported in 6 (ppm) relative to 
tetramethylsilane as internal reference. Elemental analyses 
of solid compounds were carried out on a Carlo-Erba 1100 
automatic analyzer by Dr. S. Y. Kulkarni and his group at  
NCL. The liquid samples did not give satisfactory elemental 
analyses. Melting points in the Celsius scale were determined 
in open capillary tubes on a Thermonik Campbell melting 
point apparatus and are uncorrected. 
Pentacarbonyl(methylmethoxycarbene)chromium(O),1a pen- 

tacarbonyl(methylethoxycarbene)chromium(0),lg pentacarbo- 
nyl(methyl(benzyloxy)carbene)chromium(0),2° pentacarbonyl- 
(n-butylethoxycarbene)~hromium(O),~~ pentacarbonyl(methy1- 
methoxycarbene)tungsten(0),la pentacarbonyl(methy1ethoxy- 
carbene)tungsten(0),l9 pentacarbonyl(n-buty1ethoxycarbene)- 
tungsten(0),lg and pentacarbonyl(4-phenyl-2-oxacyclo- 
pentylidene)~hromium(O)l~~ were prepared according to lit- 
erature procedures.21 All other reagents were obtained from 
Aldrich (Milwaukee, WI) and Loba Chemie (Bombay, India) 
and used without further purification. 

General Procedure for the Alkylation of Carbene 
Complexes. Method A. The carbene complex (n mmol) and 
tetrabutylammonium bromide (0. In "01) in dichloromethane 
(15n mL) was treated with 50% aqueous NaOH and the halide 
(2-5n mmol). The mixture was stirred at room temperature 
under argon until the starting material was consumed (TLC). 
The reaction mixture was diluted with water, extracted with 
dichloromethane, dried, and concentrated under reduced pres- 
sure. The pure product was isolated by flash chromatography. 

Method B. The carbene complex (n mmol), potassium 
carbonate, and 18-crown-6 (0.05n mmol) was treated with the 
halide (2-5n mmol). The pure product was isolated as 
described in method A. 

Complex 7a: Orange oil. IR: 2050 (m), 1975 (sh), 1930 (s) 
cm-l. 

Complex 8a: Yellow solid (mp 39 "C). IR: 2060 (m), 1990 
(sh), 1945 (s) cm-l. Anal. Calcd for C11HlzCrO6: C, 45.20; H, 
4.10. Found: C, 45.70; H, 4.40. 

Complex 8b: Orange oil. I R  2055 (m), 1985 (sh), 1945 
(s) cm-l. 

Complex 8c: Orange oil. IR: 2055 (m), 1990 (sh), 1945 
(9) cm-l. 

Complex Sa: Yellow solid (mp 52 "C). IR: 2080 (m), 2000 
(sh), 1960 ( 8 )  cm-'. Anal. Calcd for C16H14CrO6: c, 54.24; H, 
3.9. Found: C, 54.84; H, 4.49. 

Complex Sb: Orange oil. IR: 2060 (m), 1990 (sh), 1950 
(s) cm-'. 

Complex loa: Yellow solid (mp 66 "C). IR: 2060 (m), 1980 
(sh), 1930 (9) cm-'. Anal. Calcd for CloHloWO6: C, 29.27; H, 
2.44. Found: C, 29.62; H, 2.47. 

Complex lob: Orange oil. IR: 2060 (m), 1980 (sh), 1920 
(s) cm-'. 

Complex l la :  Orange oil. IR: 2080 (m), 1995 (sh), 1955 
(s) cm-l. 

Complex l lb:  Orange oil. IR: 2080 (m), 1995 (sh), 1950 
(s) cm-l. 

Complex l lc :  Orange oil. IR: 2085 (m), 2000 (sh), 1950 
(8) cm-l. 

21 (71%) 

Scheme 6 

20 

22 (69%) 

alkylated with cis-1,4-dibromo-2-butene (Scheme 6). A 
fast second alkylation leading to the cyclopropane could 
explain the high diastereoselectivity. 

Thus, the biphasic reaction condition was found to be 
eminently suitable for functionalizing simpler Fischer 
carbene complexes by facile C-C bond formation. The 
origin of such facility of alkylation is, however, less clear. 
It was observed that the alkylation of the carbene 
complex 3 with allyl bromide proceeded in benzene with 
K2CO3 as base and 18-crown-6 as the PTC, to give the 
diallylated product 9b in 48% yield (accompanied by 
some decomposition). Although this yield was lower 
than that obtained (80%) with aqueous NaOWdichlo- 
romethane, the fact that the reaction at all takes place 
in nonaqueous medium raises an interesting question 
about the exact role of water. 

Recently it has been shown that "naked" enolates are 
reactive enough to generate acylmetalates which, in 
turn, can be converted to carbene ~omp1exes.l~ Thus, 
one may need to consider the role of ion-pairing in such 
reactions. The carbanion generated from a carbene 
complex by BuLi is likely to form an ion pair between 
lithium and oxygen (of CO) of considerable tightness. 
On the other hand, in the present procedure, the 
tetrabutylammonium counterion may not form an ef- 
ficient ion pair and thus the carbanionic reactivity would 
be localized on the a-carbon of the carbene complex. The 
same should be true if 18-crown-6 is used to capture 
potassium ions. The aminocarbene complexes, with pK, 
of around 20.0 (see ref 16), cannot be alkylated at carbon 
under these biphasic ~0nditions.l~ 

Summary 

In summary, we have described a mild and facile 
C-alkylation procedure for Fischer carbene complexes 
that can provide diversely functionalized products. In 
view of the fact that these are important synthetic 
intermediates and are ester (or amide) equivalents, this 
practical protocol is likely to find extensive application 
in the future. However, simple primary halides are not 
strong enough electrophiles to be useful with this 
procedure. 

(15) Veya, P.; Floriani, C.; Chiesi-Villa, A,; Rizzoli, C. Oganome- 
tallics 1994. 13. 214. - -, --, - - ~  

(16)-hderson, B. A.; Wulff, W. D.; Rahm, A. J. Am. Chem. SOC. 

(17) It is possible to N-alkylate aminocarbene complexes under PTC 
1993, 115, 4602. 

conditions, an account of which will be reported in due course. 

(18)Aumann, R.; Fischer, E. 0. Chem. Ber. 1968,101, 954. 
(19) Darensbourg, M. Y.; Darensbourg, D. J. Znorg. Chem. 1970,9, 

(20) Macomber, D. W.; Hung, M. H.; Madhukar, P.; Liang, M. 

(21) The substrates 1-6 were prepared according to the procedure 

32. 

Organometallics 1991, 10, 737. 

described in ref 12b. 
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Complex 12a: Yellow solid (mp 60 "C). IR: 2090 (m), 2000 
(sh), 1950 (s) cm-'. Anal. Calcd for C16H14WO6: c, 39.50; H, 
2.88. Found: C, 39.73; H, 2.87. 

Complex 12b: Red oil. IR: 2080 (m), 2000 (sh), 1955 ( 8 )  

cm-l. 
Complex 16: Orange oil. I R  2080 (m), 1995 (sh), 1950 

(s) cm-l. 
Complex 16: Orange oil. IR: 2075 (m), 1985 (sh), 1940 

(s) cm-'. 
Complex 17: Yellow solid (mp 65 "C). I R  2060 (m), 1995 

(sh), 1945 (s) cm-'. Anal. Calcd for C l s H ~ c r O ~ :  C, 57.14; H, 
3.70. Found: C, 56.93; H, 3.94. 

Complex 18: Red oil. IR: 2070 (m), 1980 (sh), 1920 (s), 
1723 (s), 1657 (m) cm-'. 

Complex 19: Red oil. IR: 2069 (m), 1985 (sh), 1939 (s), 
1731 (s), 1651 (m) cm-'. 

Complex 21: Yellow solid (mp 58 "C). IR: 2060 (m), 1985 

Notes 

(sh), 1940 ( 8 )  cm-'. Anal. Calcd for C22H&r&: C, 61.68; H, 
3.74. Found: C, 61.27; H, 4.16. 

Complex 22: Red oil. IR: 2065 (m), 1985 (sh), 1940 (s) 
cm-l. 
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Highly Reactive Platinum(0) Carbene Intermediates in 
the Reactions of Diazo Compounds. A Fast Atom 

Bombardment Mass Spectrometric Study 
Roberta Bertani,? Rino A. Michelin,*?$ Mirto Mozzon,* Piero Traldi,e 

Roberta Seraglia,s Maria de Fatima Costa Guedes da Silva," and 
Armando J. L. Pombeiro*JI 

Centro di Chimica e Tecnologia dei Composti Metallorganici degli Elementi di Transizione del 
CNR and Istituto di Chimica Industriale, Facolta di Ingegneria, Universita di Padova, Via F. 
Marzolo 9, 35131 Padova, Italy, Servizio di Spettrometria di Massa, Area della Ricerca, CNR, 

Corso Stati Uniti 4, 35100 Padova, Italy, and Centro de Quimica Estrutural, Complex0 I, 
Instituto Superior Tkcnico, Av. Rovisco Pais, 1096 Lisbon codex, Portugal 

Received March 14, 1994@ 

Summary: The reaction of [Pt(CH2=CHd(PPhdd (1) 
with N#HCO$t, carried out directly in  the FAB matrix 
and monitored by MS,  leads to molecular ions cor- 
responding to the species [Pt{N2C(H)CO&t}(PPhdd, 
[Pt{ C(H)CO,&t}(PPhdd, and [Pt{ C(H)CO&t}(PPhdd2, 
which are involved as intermediates in  the formation of 
the final fumarate Pt(0) derivative [Pt{trans-C(H)C02- 
Et=C(H)CO&)(PPhdJ. Chemical evidence of the in- 
termediacy of a Pt(0) carbene stems from the fact that 1 
is active in  the cyclopropanation of styrene in  the 
presence of N2CHCOat. 

Introduction 

While there has been considerable interest in the 
reactions of diazo compounds with transition metal 
centers to afford carbenes,l a relatively small number 
of investigations have been reported for zerovalent 
group 10 transition metal complexes.2 The products of 
the latter reactions include diazoalkane complexes2b-e 
or derived species such as ketenimines2e or azines2flg but 
no carbenes have been isolated or detected, in spite of 
being postulated as intermediates in some of the above- 
mentioned processes as well as in the catalytic cyclo- 
propanation of olefin~.la,~,~ 

Our interest in the synthesis, chemistry, and electro- 
chemistry of group 10 transition metal carbene com- 
plexes* led us recently to investigate the reaction of 
ethyl diazoacetate, N2CHC02Et, with the Pt(0) complex 
[Pt(CHz=CHz)(PPh3)2] (l), which leads in solution to the 

+ Centro di Chimica e Tecnologia dei Composti Metallorganici degli 

* Istituto di Chimica Industriale, Universith di Padova. 
4 Servizio di Spettrometria di Massa, Area della Ricerca, CNR, 

11 Instituto Superior TBcnico, Lisbon. 
@ Abstract published in Advance ACS Abstracts, November I, 1994. 
(1) (a) Sutton, D. Chem. Rev. 1993,93,995. (b) Doyle, M. P. Chem. 

Rev. 1986,86,919. (c) Herrmann, W. A. Angew. Chem., Int. Ed. Engl. 
1978,17,800. (d) Hillhouse, G. L.; Haymore, B. L. J. Am.  Chem. SOC. 
1982, 104, 1537 and references therein. 

(2)(a) Schramm, K. D.; Ibers, J. A. Znorg. Chem. 1980, 19, 2441. 
(b) Nakamura, A.; Yoshida, T.; Cowie, M.; Otsuka, S.; Ibers, J. A. J. 
Am. Chem. Soc. 1977,99,2108. (c) Otsuka, S.; Nakamura, A.; Koyama, 
T.; Tatsumo, Y.; Liebigs Ann. Chem. 1975, 626. (d) Otsuka, S.; 
Nakamura, A.; Koyama, T.; Tataumo, Y. J. Chem. Soc., Chem. 
Commun. 1972, 1105. (e) Yarrow, D. J.; Ibers, J. A.; Tatsumo, Y.; 
Otsuka, S. J. Am. Chem. SOC. 1973,95,8590. (0 Clemens, J.; Green, 
M.; Stone, F. G. A. J. Chem. Soc., Dalton Trans. 1973,1620. (g) Cardin, 
D. J.; Cetinkaya, B.; Cetinkaya, E.; Lappert, M. F. Zbid. 1973, 514. 

(3) Weiss, K. In Transition Metal Carbene Complexes; Verlag 
Chemie: Weinheim, 1983; p. 228. 

Elementi di Transizione, CNR, Padova. 

Padova. 

0276-7333195123 14-0551$09.00/0 

formation of the fumarate complex [Pt{trans-CH(COz- 
Et)=CH(COzEt)}(PPh3)21 (2) (eq 1):5 

Although the formation of the olefin in complex 2 was 
suggested to proceed through the intermediacy of a F't- 
(0)-carbene (in view of the known coupling reactions 
of highly reactive carbenes to afford olefins6), no such 
intermediate was spectroscopically detected. 

Following some promising results that we have 
recently obtained on ion-molecule reactions performed 
by mass ~pectrometry,~ we thought it was of interest to 
study reaction 1 under fast atom bombardment (FAB) 
conditions since mass spectrometry, coupled with the 
mass-analyzed ion kinetic energy (MIKE) technique, 
allows the detection as well as the structural charac- 
terization of ionic species having lifetimes less than 
s. Furthermore, FAB conditions, being milder than 
those of electron impact (EI),s have been shown to be 

(4) See, for example: Michelin, R. A.; Zanotto, L.; Braga, D.; 
Sabatino, P.; hgelici ,  R. J. Znorg. Chem. 1988, 27, 85. Idem. Zbid. 
1988,27, 93. Bertani, R.; Mozzon, M.; Michelin, R. A. Znorg. Chem. 
1988,27,2809. Michelin, R. A.; Ros, R.; Guadalupi, G.; Bombieri, G.; 
Benetollo, F.; Chapuis, G. Znorg. Chem. 1989, 28, 840. Michelin, R. 
A,; Bertani, R.; Mozzon, M.; Zanotto, L.; Benetollo, F.; Bombieri, G. 
Organometallics 1990, 9, 1449. Zanotto, L.; Bertani, R.; Michelin, R. 
A. h o g .  Chem. 1990,29,3265. Bertani, R.; Mozzon, M.; Michelin, R. 
A.; Benetollo, F.; Bombieri, G.; Castilho, T. J.; Pombeiro, A. J. L. Znorg. 
Chim. Acta 1991,189, 175. Bertani, R.; Mozzon, M.; Michelin, R. A.; 
Castilho, T. J.; Pombeiro, A. J. L. J. Organomet. Chem. 1992,431,117. 
Castilho, T. J.; Guedes da Silva, M. F. C.; Pombeiro, A. J. L.; Bertani, 
R.; Mozzon, M.; Michelin, R. A. In Molecular Electrochemisty of 
Inorganic, Bioinorganic and Organometallic Compounds; Pombeiro, 
A. J .  L., McCleverty, J. A., Eds.; NATO AS1 Series C386; Kluwer 
Academic Publishers: Dordrecht, Holland, 1993; p 345. Michelin, R. 
A,; Bertani, R.; Mozzon, M.; Benetollo, F.; Bombieri, G.; Silva, M. F. 
C. G.; Pombeiro, A. J. L. Organometallics 1993, 12, 2372. 

(5) Silva, M. F. C. G.; Silva, J. J. R. F.; Pombeiro, A. J. L.; Bertani, 
R.; Michelin, R. A,; Mozzon, M.; Benetollo, F.; Bombieri, G.; Znorg. 
Chim. Acta 1993,214, 85. 

(6) Seitz, W. J.; Saha, A. K.; Hossain, M. M. Organometallics 1993, 
12,2604. (b) Woo, L. IC; Smith, D. A. Organometallics 1992,11,2344. 

(7) (a) Bertani, R.; Mozzon, M.; Michelin, R. A.; Seraglia, R.; Traldi, 
P. Org. Mass Spectrom. 1992, 27, 1187. (b) Bertani, R.; Cecchetto, 
W.: Polloni, R.: Crociani, B.: Seraelia, R.: Traldi, P. Znorg. Chim. Acta 
1990, 174, 61. 

- - 

0 1995 American Chemical Society 
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quite suitable for the study of organometallic and 
coordination systems, which appear to be stable in the 
matrix.g We report herein a successful detection by 
FAB MS of a Pt(0)-carbene derivative as well as of 
other reactive species, which are likely to be involved 
in reaction 1. Furthermore, chemical evidence for the 
intermediacy of a zerovalent Pt-carbene species in 
reaction 1 is given also from experimental results in 
which 1 is shown to promote the cyclopropanationlO of 
styrene in the presence of N2CHCOzEt. 

Notes 

Experimental Section 

[P~(CHZ=CH~)(PP~~)Z]  (1) was prepared by a published 
method,ll whereas ethyl diazoacetate was used as purchased 
from Aldrich. Compound 2 was prepared as previously 
r e p ~ r t e d . ~  *H and 13C NMR spectra were recorded on a AC 
200 Bruker spectrometer. 

In a separate experiment, reaction 1 was carried out in a 
NMR tube by reacting 1 (0.075 g, 0.013 mmol) and Nz- 
CHCOOEt (210 pL, 0.199 mmol) in CDzClz (0.8 mL), and it 
was followed by 'H and 13C NMR at variable temperature in 
the range 223-278 K (see Results and Discussion). 

All mass spectrometric measurements were performed on 
a VG ZAB 2F instrument.12 Positive ion FAB mass spectra 
were obtained by bombarding 3-nitrobenzyl alcohol solutions 
of the samples with 8-keV Xe atoms.13 Metastable transitions 
were detected by MIKE ~pectr0metry.l~~ Collisionally induced 
decomposition mass-analyzed ion kinetic energy (CID MIKE) 
spectra were obtained with 8-keV ions colliding with air in 
the second field free region.14b Accurate mass measurements 
for all metal-containing fragment ions were obtained with the 
peak matching technique at 20 000 resolving power (10% 
valley definition). Nominal molecular masses were calculated 
using the mass 194 isotope of platinum. Precursor ion scans 
were obtained by B21E = constant linked scans.15 

Reaction 1 was performed under FAB conditions by initially 
mixing 1 (37.3 mg, 0.05 mmol) and NzCHCOzEt (119 pL, 0.100 
mmol) with 3-nitrobenzyl alcohol (1.5 mL), placing the reaction 
mixture on the probe tip and then introducing it immediately 
into the source. 

The cyclopropanation reaction was carried out according to 
the following procedure. Compound 1 (0.010 g, 0.013 mmol) 
was dissolved in 5 mL of CHzClz, and then, under stirring, 
styrene (0.500 g, 0.46 mmol) was added, followed by ethyl 
diazoacetate (100 pL, 0.084 mmol). The reaction mixture was 
stirred at ambient temperature for 24 h, and then the solvent 
was evaporated under reduced pressure to  give an oil, which 
was treated with 1 mL of CHzClz and analyzed by GCMS (on 
a QMDlOOO instrument) using a PS 264 column, 25 m, 0.25 
pm, from 100 to  250 "C, lO"/min. The GC/MS spectrum 
showed the presence of two peaks with retention times of 16.73 
and 17.38 min in an abundance ratio of about 1:2 and both 
showing a molecular ion at mlz 190. They were identified by 

(8) Sharp, T. R.; White, M. R.; Davis, J. F.; Stang, P. J. Org. Muss 
Spectrom. 1984, 19, 107. 
(9) Bruce, M. I.; Liddell, M. Appl. Orgunomet. Chem. 1987, 1,  191. 
(10)(a) Doyle, M. P.; Griffin, J. H.; Bagheri, V.; Dorow, R. L. 

Organometallics 1984, 3, 53. (b) Brookhart, M.; Studabaker, W. B. 
Chem. Reu. 1987, 87, 411. (c) Scitz, W. J.; Saha, A. K.; Hossain, M. 
M. Organometallics 1993,12, 2604. 

(11)Nagel, U. Chem. Ber. 1982, 115, 1998. 
(12) Morgan, R. P.; Beynon, J .  H.; Bateman, R. H.; Green, B. N. 

Int. J. Musss Spectrom. Ion Phys. 1978, 28, 171. 
(13) (a) Barber, M.; Bordoli, R. S.; Sedgwick, R. D.; Tyler, A. N. J .  

Chem. Soc., Chem. Commun. 1979, 325. (b) Miller, J .  M. Adu. Inorg. 
Chem. Radiochem. 1984, 28, 1. (c) Williams, D. H.; Findeis, A. F.; 
Naylar, S.; Gibson, B. V. J. Am. Chem. Soc. 1987, 109, 1980. 

(14) (a) Cooks, R. J.; Beynon, J. H.; Caprioli, R. M.; Lester, G. R. 
Metastable Ions; Elsevier: Amsterdam, 1973. (b) Porter, C. J.; 
Benjnan, J .  H.; Ast, T. Org. Muss. Spectrom. 1981, 16, 101. 
(15) Bruins, A. R.; Jennings, K. R.; Evans, S. Int. J. Muss Specrom. 

Ion Phys. 1978, 26, 395. 
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Figure 1. FAB MS spectrum of reaction 1. 
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Figure 2. (a) MIKE! spectrum of the molecular ion of 2. 
(b) MIKE! spectrum of ionic species at mlz 890 formed by 
running reaction 1 under FAB conditions. 

comparison with the NBS mass spectra collection as cis- and 
trans-2-phenyl-1-cyclopropane (ethylcarboxylate esters), re- 
spectively. The conversion of ethyl diazoacetate to cyclopro- 
panes was 20%. The lH NMR spectrum of the CDzClz solution 
confirmed the presence of both cyclopropanes identified by 
comparison with the known N M R  spectral data.16 

Results and Discussion 

Reaction 1 was run under FAB MS conditions (see 
Experimental Section), and the spectrum of the reaction 
mixture just introduced is reported in Figure 1. The 
spectrum shows the formation of ionic species at mfz 
890 isobaric with the molecular ion of compound 2. A 
comparison of the MIKE spectrum of M +  of 2 (Figure 
2a),17 independently prepared according to reaction 1, 
with that of such ionic species (Figure 2b) reveals that 
they are identical, since both undergo a retrosynthetic 
process to yield [Pt(PPh&Y+ (mfz 718) and loss of a Ph' 
radical leading to the ions at  mfz 813. CID MIKE 
spectra of the ions at  mfz 890 are still identical and do 
not show the occurrence of further decomposition path- 
ways. These results indicate that reaction 1, performed 
either under FAB conditions or in condensed phase, 
gives rise to the same product. 

The FAB mass spectrum of the reaction mixture 
(Figure 1) also shows well-detectable ions at  mlz 718, 

(16) Nakamura, A.; Konishi, A.; Tatsumo, Y.; Otsuka, S. J .  Am. 
Chem. SOC. 1978,100,3443. 
(17) The FAB mass spectrum of 2 shows the molecular ion at  mlz 

890 (2%), ions at mlz 813 (4%) due to the loss of a Ph' radical, and 
ions a t  mlz 732 (see text) together with ions at mlz 718 (100%) 
orginated by the loss of the fumarate ligand. 
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Notes 

m/z 832 

r 

71 8 

804 

700 800 E ( V  1 

Figure 3. (a) MIKE spectrum of ionic species at mlz 832 
formed by running reaction 1 under FAB conditions. (b) 
MIKE spectrum of ionic species at mlz 804 formed by 
running reaction 1 under FAB conditions. 

804, 832, and 1608. The first, the most abundant 
species, corresponds to [Pt(PPh&?+ and is likely derived 
mainly from the loss of CHz-CHz from 1. The ionic 
species at mlz 832 originate from the addition of Nz- 
CHCOzEt to [Pt(PPhs)zY+, and the MIKE spectrum 
(Figure 3a) of this adduct shows that the retros-ynthesis 
(leading to ions at mlz 718) is the most significant 
process, which is accompanied by the loss of dinitrogen 
molecule to yield ionic species a t  mlz 804. These latter 
species, which are also well detectable in the FAB 
spectrum of the reaction mixture (Figure 11, are as- 
signed to the molecular ion of the carbene intermediate 
[Pt{C(H)COzEt)(PPh3)21'+. The parent ion scan spec- 
trum of these latter species shows only two precursors, 
i.e., the ions at mlz 832 and 890 in an abundance ratio 
of 2:lO. Finally, the ionic species at mlz 1608 are 
attributed to a dimeric form of the carbenic species. 
Thus, on the basis of the above-mentioned results, the 
overall formation of the fumarate product 2 may be 
suggested to occur according to Scheme 1. 

Reaction 1, performed under FAB conditions, may 
occur (at least partially) in the gas phase since, on 
running the reaction with different amounts of matrix, 
no changes are observed in the relative abundances of 
synthons and product ions formed, as would be expected 
if it occurred in the condensed phase. In particular, the 
FAB mass spectrum of 1 (Figure 4) carried out on a very 
dilute solution in 3-nitrobenzyl alcohol shows also the 
presence of its molecular ion at mlz 746 together with 
the peak at  mlz 718 ([Pt(PPh3)21'+) and ions at mlz 456, 
379, and 302, originated by subsequent losses of PPh3, 
Ph' radical, and a further Ph' radical, respectively, 
which are typical in the FAB mass spectra of complexes 

d z  804 

I 3791 I 

Figure 4. FAB MS spectrum of 1. 

containing the [Pt(PPh&l moiety.18 The B21E = con- 
stant linked scan spectrum of the ions at mlz 718 
confirms that they derive from those at mlz 746. Thus 
reaction 1, which likely proceeds in solution by the slow 
substitution of ethylene by the diazo species, is greatly 
enhanced in these conditions due to the presence of a 
large quantity of the coordinatively unsaturated species 
[Pt(PPh3>z?+. 

It is of interest to note that, in the FAB spectrum of 
reaction 1 (Figure 11, ions at  mlz 732, which are 
proposed to be the molecular ion of the Pt(0)-carbene 
species [Pt(CH2)(PPh&.], are very well detectable. Their 
MIKE spectrum shows the loss of only a Ph' radical to 
give ionic species a t  mlz 655 with no evidence of any 
retrosynthetic process to yield ions at mlz 718, as 
otherwise 0b~erved.l~ It is noteworthy that well-detect- 
able ions at mlz 732 are also present in the FAB mass 
spectrum of 1, and the formation of the Pt=CHz moiety 
may be considered a retrosynthetic process of the Pt- 
ethylene complex; this has been suggested chemically 
also by the formation of Re-ethylene derivatives start- 
ing from Re=CH2.20 Although quite reactive and often 
unstable, terminal methylene complexes are known for 
most of the transition metals,21 but no evidence as far 
as we known has been so far reported for Pt-CH2 
derivatives. The ionic species at mlz 732 are also 

(18) Asker, K. A.; Greenway, A. M.; Seddon, K. R.; Shimran, A. A. 
J. Organomet. Chem. 1988,354, 257. 
(19) Bandini, A. L.; Banditelli, G.; Minghetti, G.; Pelli, B.; Traldi, 

P. Organometallics 1989, 8, 590. 
(20) (a) Menifield, J. H.; Lin, G. Yu.; Kiel, W. A.; Gladysz, J. A. J. 

Am. Chem. SOC. 1983,105,5811. (b) Ott, K. C.; Grubbs, R. H. J. Am. 
Chem. SOC. 1981, 103, 5922. (c) Kaminsky, W.; Kopf, J.; Sinn, H.; 
Vollmer, H.-J. Angew. Chem., Znt. Ed. Engl. 1976, 15, 629. 
(21) Roper, W. R. In Advances in Metal Curbene Chemistry; Klu- 

wer: Wilheim, 1988; p 27. 
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present in the MIKE spectrum of ions at mlz 804 (Figure 
3b) together with species originating from the retrosyn- 
thetic process at mlz 718 and from the loss of 'OCH2- 
CH3 at  mlz 759. 

It is worthwhile noting that the last step in the 
proposed mechanism of Scheme 1, i.e., the conversion 
of the dimer to the fumarate product, could not be 
confirmed by the MIKE data study owing to  the low 
abundance of the ionic species at mlz 1608, while the 
parent ion scan spectrum of ionic species at mlz 890 
shows a weak (signal-to-noise ratio 51) signal cor- 
responding to the ions at mlz 1608. Furthermore, such 
conversion is in agreement with the formation of olefin 
complexes from dinuclear carbene intermediates as 
reported for the synthesis of a Re-ethylene derivative 
from Re-methylene species.20 Stable carbene dimers 

Notes 

coordination has been proposed previously for other 
zerovalent diazo-Pd and -R complexes2a and has been 
confirmed by an X-ray analysis for the related Ni(0) 
species, [Ni(diazofluorene)(CN-t-B~)2].~~ However, in 
the latter studies as well as in the present investigation, 
no carbene intermediate could be spectroscopically 
detected, possibly as a result of its low concentration 
and/or high reactivity. 

The formation of the carbene intermediate [Pt{ C(H)- 
C02Et}(PPh3)21 was also substantiated chemically by 
observing the formation of cyclopropanes from styrene 
in the reaction mixture of [Pt(CH2=CH2)(PPh3)21 with 
N2CHC02Et (eq 21, which is believed to involve coupling 
of the carbene with the olefin, as has been reported for 
several other transition metal-catalyzed cyclopropana- 
tion reactions of olefins:1° 

[Pt(CH,=CH,)(PPh+J. - N2 
PhCH=CH, + NZCHCO2Et * 

CH,CI,, RT. 24 h 
are also known: a (rpC5H51-substituted TiCH2TiCH2 
metallocycle was isolated from a reaction that gener- 
ated (rl-C5H5)2Ti(=CH2)20b, and an X-ray structure of 
(~-C5H5)2[(C2H5)3A1C1lZrCH2CH2Zr[AlCl(C2H5)3l(~- 
C5H5)220c showed an arrangement of core atoms in which 
a full CH2-CH2 bond is present, but some bonding of 
each zirconium to the p CH2 remains. 

The FAB MS and MIKE results do not provide any 
evidence of alternative mechanisms such as those 
involving any of the following intermediates, which were 
not detected: [Pt(NzCHCOzEt)z(PPh3)21 (mlz 9461, 
[Pt{C(H)COzEt}(N2CHC02Et)(PPh3)21 (mlz 9181, and 
[Pt{C(H)C02Et}z(PPh3)21 (mlz 890).22 

The formation of the ionic species at mlz 832, assigned 
to the molecular ion of the monoadduct [Pt(N2CHC02- 
Et)(PPh3)23'+, is supported also by 13C NMR data. In 
fact, when reaction 1 in CDzClz was monitored at  
variable temperature (223-278 K), a resonance at 6 
37.78 (triplet, 3Jpc 12.56 Hz, 2Jcpt 195.67 Hz) was 
detected. The value of 2J~pt, which is close to those 
reported for nitrile Pt(I1) complexes of the type [PtC12- 
(NCR)2l ( 2 J ~ p t  ca. 230-280 H z ) , ~ ~  suggest an q2- 
coordination mode of the diazo ligand. This type of 

(22) As suggested by a reviewer, the formation of ionic species at 
mlz 804 does not necessarily require the initial coordination of the diazo 
ester to the metal and subsequent Nz loss; it  could be also explained 
by a FAB-induced loss of NZ from the free diazo compound to give the 
free carbene [(COZEt)(H)CY+, which then reacts with [Pt(PPh&P+. 
Such a reaction would be an ion-ion reaction, highly unfavored from 
the thermodynamic point of view; however, the possible presence of 
:CHR cannot rule out an ion-neutral reaction with [Pt(PPh++. 
Furthermore, the FAB mass spectrum of free NzCHCOzEt (in either 
glycerol or m-nitrobenzyl alcohol as matrix) shows the presence of the 
molecular ion a t  mlz 114 and of the carbene ion a t  mlz 86, but not of 
the olefin COZEtCH=CHCOzEt a t  mlz 172. This finding indicates that 
the final Pt(0)-fumarate derivative is not formed by coordination of 
the preformed olefin to the [Pt(PPh&P+ species. 

It is noteworthy that when reaction 2 is performed 
under FAB conditions, a less abundant formation of the 
fumarate derivative 2 is observed, accompanied by the 
well-detectable ionic species at mlz 804 and 832 and by 
the appearance of new ionic species at mlz 908. These 
last species correspond to the molecular ion of the 
carbene-olefin adduct [Pt(C(H)COzEt}(CHz=CHPh)- 
(PPh3)2Y+, which is reported to be a key intermediate 
in the catalytic cyclopropanation and also the meta- 
thesis of olefins and for which a metallocyclobutane 
structure is pr~posed.~ 

In conclusion, FAB mass spectrometry appears to  be 
a technique particularly suitable for the detection of 
highly reactive species such as those described in the 
present study, which have short lifetimes and are 
present in low concentration. We are currently inves- 
tigating the generality of these Pt(0)-promoted cyclo- 
propanation reactions with diazo compounds as well as 
the role of the Pt(0)-carbene intermediates. 

Acknowledgments. R.A.M. and A. J.L.P. thank CNR 
and JNICT, respectively, for partial support within their 
international cooperation program. R.A.M. also thanks 
CNR and MURST for financial support. 
OM940193X 

(23) Fracarollo, D.; Bertani, R.; Mozzon, M.; Belluco, U.; Michelin, 
R. A. Inorg. Chim. Acta 1992, 201, 15. 
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[CozAu2(CO)s~-dppm)z]: A 10-Membered Cycle 
Compound Including a Novel C02Au2 Z-Skew Frame 

Geometry 
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Departament de Quimica Inorganica, Universitat de Barcelona, Diagonal 647, 

08028 Barcelona, Spain 

Aurea Perales 
Departamento de Rayos X ,  Instituto Rocasolano, Serrano 119, 28006 Madrid, Spain 

Received June 16, 1994@ 

Summary: The substitution of two carbonyl groups by 
a dppm ligand in  the complex [{(CO)&oAu}z(dppm)I(l) 
causes permutation in the metal skeleton sequence, 
giving the novel complex [Co.&Z(CO)dp-dppm)d (3) 
characterized by X-ray crystallography. Crystals of 3 
are monoclinic, space group Cc with unit cell parameters 
of a = 18.834(1) A, b = 16.257(1) A, c = 20.366(2) A, 
= 112.350(3)", Z = 4, and V = 6235(11) A3. A mecha- 
nism for the formation of 3 is suggested. 

The ability of bis(dipheny1phosphinomethane) (dppm) 
to form bridged polynuclear complexes with new chemi- 
cal and structural properties has led to increased 
interest in this and related 1igands.l Particularly in the 
chemistry of mixed transition metal-gold clusters, it 
has been demonstrated that the use of the chelating 
digold phosphine cation [Au2(dppm)12+ may force the 
two Au atoms to remain in relatively close contact in 
the final cluster or, alternatively, may allow the cluster 
to adopt a more open structure consisting of two 
independent metal cluster fragments linked by the 
phosphine. Examples of the &st type include the nearly 
square [Fe2A~z(CO)&-dppm)I,~ and of the second, the 
species [{ F~~AU(CO)~(U-CO)@-P~C=CHP~)}~@-~~~~)I,~ 
[{F~~AU(CO)~OC~-CO))~@-~~~~)I~ and [{OSAUH~(CO)IZ~Z- 
@-dppe)l.5+j All these facts prompted us to extend our 
studies to other transition metals, especially Co, due to 
the catalytic properties reported for its derivatives. Our 
main interest was to  establish general routes for build- 
ing square metal clusters, which have been much less 
studied than those displaying tetrahedral or butterfly 
geometry. 

@ Abstract published in Advance ACS Abstracts, November 1, 1994. 
(1) Chaudret, B.; Delavaux, B.; Poilblanc, R. Coord. Chem. Rev. 

1988, 86, 191. Elliot, D. J.; Holah, D. G.; Hughes, A. N.; Magnuson, 
V. R.; Moser, I. M.; Puddephatt, R. J.; Xu, W. OrganometalZics 1991, 
10, 3933. Agganval, R. P.; Connelly, N. G.; Crespo, M. C.; Dune, B. 
J.; Hopkins, P. M.; Orpen, A. G. J. Chem. SOC., Dalton Trans. 1992, 
655. Delaet, D. L.; del Rosario, R.; Fanwick, P. E.; Kubiak, C. P. J. 
Am. Chem. Soc. 1987,109,754. Braunstein, P.; de MBric de Bellefont, 
C.; Oswald, B.; Ries, M.; Lafranchi, M.; Tiripicchio, A. Inorg. Chem. 
1993,32, 1638. Alvarez, M. A.; Garcia, M. E.; Riera, V.; Ruiz, M. A.; 
Bois, C.; Jeannin, Y .  Angew. Chem. 1993,105, 1232. 
(2) Alvarez, S.; Rossell, 0.; Seco, M.; Valls, J.; Pellinghelli, M. A.; 

Tiripicchio, A. Organometallics 1991, 10, 2309. 
(3) Reina, R.; Rossell, 0.; Seco, M.; Ros, J.; YBiiez, R.; Perales, A. 

Inorg. Chem. 1991,30, 3973. 
(4) Rossell, 0.; Seco, M.; Reina, R.; Font-Bardia, M.; Solans, X. 

Organometallics 1994, 13, 2127. 
(5 )  Amoroso, A. J.; Edwards, A. J.; Johnson, B. F. G.; Lewis, J.; Al- 

Mandhary, M. R.; Raithby, P. R.; Saharan, V. p.; Wong, W. T. J. 
Organomet. Chem. 1993,443, C11. 
(6) A similar bonding mode has been observed in the copper complex 

[PPh412([Fe2(CO)s12~~-?2-Cu~(Cy2PCHzCHzPCy~)l}: Deng, H.; Shore, 
S .  G. Organometallics 1991, 10, 3486. 
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The colorless microcrystalline complex [{(CO)4CoAu}z- 
(dppm)] (l), obtained by reaction of [(ClAu)z(dppm)l with 
2 equiv of Na[Co(C0)41 (Scheme 11, was thought to be 
an interesting precursor for tetranuclear CoAu2 deriva- 
tives, by substitution of two carbonyl ligands by a 
diphosphine ligand. 

This strategy was supported by the fact that the 
reactions involving the substitution of a carbonyl group 
by a neutral ligand in [(C0)4Co-M] (M = metal frag- 
ment) occur, without exception, in the CO ligand trans 
to the M fragment.7 Consequently, 2 was anticipated 
to be the result of this reaction (Scheme 2). Surpris- 

(7) Bryan, R. F.; Manning, A. R. J. Chem. Soc., Chem. Commun. 
1968, 1316. Ibers, J. A. J. Organomet. Chem. 1968, 14,423. Stalick, 
J. IC; Ibers, J. A. Ibid. 1970,22,213. Norman, N. C.; Webster, P. M.; 
Farrugia, L. J. Ibid. 1992,430, 205. Calderazzo, F.; Poli, R.; Pelizzi, 
G. J. Chem. Soc., Dalton Trans. 1984, 2535. Bashkin, J.; Briant, C. 
E.; Mingos, D. M. P.; Wardle, R. W. M. Transition Met. Chem. 1986, 
10, 113. 

0276-733319512314-0555$09.00/0 0 1995 American Chemical Society 
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p9 

Notes 

Figure 1. View of the molecular structure of the complex 
3 together with the atomic numbering scheme. 

Table 1. Selected Bond Distances (A) and Angles (deg) for 
3 

Co( 1)-Au( 1)  2.552( 17) 
C0(2)-Au(2) 2.453(16) 
P( 1)-Au( 1)  2.207(21) 
P(2)-Au(2) 2.334(21) 
P(3)-Co( 1)  2.217( 19) 
P(4)-c0(2) 2.190(20) 
P(l)-C(1) 1.811(65) 
p ( 4 ) - ~ ( 1 )  1.969(50) 

Au(2)-Au(l)-Co(l) 104.8(4) 
Au(l)-Au(2)-Co(2) 106.8(4) 
Au( l)-Au(2)-P(2) 89.4(5) 
Au(2)-Au(l)-P(l) 91.5(5) 
C0(2)-Au(2)-P(2) 159.7(6) 
Co(1)-Au( 1)-P(l) 159.1(6) 

P(3)-C(2) 1.816(49) 
P(2)-C(2) 1.897(60) 
CO( 1)-C(3) 1.731(43) 
CO( 1)-C(4) 1.702(46) 
CO( 1)-C(5) 1.75 l(45) 
Co(2)-C(6) 1.973(53) 
Co(2)-C(7) 1.901(5 1) 
c0(2)-C(8) 1.867(56) 

Au(2)-C0(2)-P(4) 95.7(7) 
Au(l)-Co(l)-P(3) 95.0(7) 
Au(2)-C0(2)-C(8) 160.4(6) 
Au(2) - CO( 2) - C(7) 68.3 (4) 
Au(2)-Co( 2)-C( 6) 79.0( 5) 

ingly, this reaction did not follow this pattern, and the 
final product was the compund [Co~u2(Co)&-dppm)21 
(3). 

The structure of 3 is depicted in FIgure 1, together 
with the atomic numbering scheme, while selected bond 
and angle parameters are listed in Table 1; it consists 
of a 10-atom cycle, containing the CoZAuz metal frame- 
work in an unprecedented Z-skew form, with the Co- 
Au bonds in reverse order to that expected. The four 
atoms are not coplanar, and the dihedral angle between 
the Co(l)Au(l)Au(2) and Co(B)Au(l)Au(2) planes is 
124.8'. The geometry around each metal, ignoring the 
Au-Au interaction, can be described as distorted linear 
for the gold atoms and distorted trigonal bipyramidal 
for the cobalt atoms. Interestingly, the gold atoms show 
a short transannular ALP -Au contact (Au(l)-Au(2) = 
2.977(10) A), in good agreement with the tendency of 
this metal to  give this type of interaction. This is 
achieved through 5d1°-5d10 interactions based on a 
mixing with the 6s and 6p orbitals, whose energies are 
lowered by relativistic effects.* 

A remarkable aspect of this 10-atom cycle is its highly 
distorted framework (Figure 2). This can be seen by 
comparing, for instance, the Au-P (2.207 and 2.334 A) 

(8) Jiang, Y.; Alvarez, S.; Hoffmann, R. Inorg. Chem. 1985,24, 749. 
Pyykk6, P.; Zhao, Y. Angew. Chem. Int. Ed. Engl. 1991, 30, 604. 
Dbvila, R. M.; Elduque, A.; Grant, T.; Staples, R. J.; Fackler, J. P. Inorg. 
Chem. 1993,32, 1749 and references therein. 

co A 
P 

P 

Figure 2. View of the distorted 10-atom cycle of 3. 
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and Au-Co (2.453 and 2.552 A) distances and in the 
nonlinearity of the Co-Au-P atom systems (Co-Au-P 
angles of 159.7 and 159.1'1, in contrast to that observed 
in the compound [FeZAu2(CO)s(dppm)l, in which the 
Fe-Au-P angles are nearly 180" (177.3 and 172.6"h2 

Another interesting feature is the closely trigonal 
bipyramidal geometry around the cobalt, with a gold 
atom coordinated in an axial position (the Au(2)-Co- 
(2)-C(8) angle is 160.4(6)") and with the phosphorus 
atom lying in an equatorial coordination site (the Au- 
(2)-Co(2)-P(4) angle is 95.7(7)'). On the other hand, 
the equatorial carbonyl ligands are bent toward the 
apical gold atoms (angles: Au(2)-Co(2)-C(7) = 68.3 
and Au(2)-Co(2)-C(6) = 79.0"). This bending, reported 
in other Au and Hg c~mplexes,~ has been described as 
the result of a partial electron density donation from 
the M-Au (or Hg) u bond toward n*(CO) orbitals. 

If we assume that the dppm ligand ensures the 
maintenance of a preformed geometry as a general 
strategy to make dinuclear building blocks, 3 demon- 
strates that this pattern is not followed in this four- 
metal system, and this has also been observed in other 
reactions with iron metal clusters.1° 

Although the pathway for the formation of 3 is still 
unclear, the following experimental observations allow 
us to suggest that shown in Scheme 3: 1 reacts with an 
equimolar amount of dppm in toluene at room tempera- 
ture to give quantitativley the white crystalline solid 
4. According to its 4CO) IR spectrum (a very strong 
band centered at 1890 cm-l) and 31P NMR in CH2C12 
(a signal at 6 = 32 ppm) along with its elemental 

(9) U s h ,  R.; Laguna, A.; Laguna, M.; Jones, P. G.; Sheldrick, G. 
M. J .  Chem. SOC., Dalton Trans. 1981, 366. Alvarez, S.; Ferrer, M.; 
Reina, R.; Rossell, 0.; Seco, M.; Solans, X. J. Oganomet. Chem. 1989, 
377, 291. 
(10) Braunstein, P.; Knorr, M.; Tiripicchio, A,; Tiripicchio Camellini, 

M. Inorg. Chem. 1992,31, 3685. 
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Notes 

analysis, 4 can be unambiguously forqulated as [Auz- 
(dppm)2l[Co(CO)4]2, despite the fact that unfortunately 
we were not able to grow crystals for an X-ray structure 
determination. On the other hand, when a suspension 
of 4 in toluene was heated to 80 "C, the solution became 
yellow, and after addition of hexane, yellow crystals of 
3 were obtained, as compared with an authenticated 
sample. 

In conclusion, these results suggest that 3 can be 
formed in THF via the ionic intermediate 4, not detected 
in this solvent, which would undergo an intramolecular 
reorganization involving the migration of phosphorus 
from the gold atom to Co(C0)4 units, with concomitant 
loss of two carbonyl groups; (see Scheme 3). It is 
possible that the existence of Aw *Au contacts may 
favor this process. Experiments aimed at  defining the 
factors which govern this type of reaction are in 
progress. 

Experimental Section 
All manipulations were performed under an atmo- 

sphere of prepurified N2 with use of standard Schlenk 
techniques, and all solvents were distilled from ap- 
propriate drying agents. Elemental analyses of C and 
H were carried out at the Institut de Bio-Orghnica de 
Barcelona. Infrared spectra were recorded in THF 
solutions on an FT-IR 520 Nicolet spectrophotometer. 
'H and 31P{ 'HI NMR spectra were obtained on a Bruker 
WP 80SY spectrometer (6(85% H3P04) = 0.0 ppm). The 
complex (ClAu)z(dppm) was synthesized and isolated as 
a solid from AuCl(tht)ll solutions by adding the ap- 
propriate amount of the diphosphine. 

Preparation of [{ (CO)4CoAu}2(dppm)l (1). Solid 
(ClAu)z(dppm) (1.4 g, 1.65 mmol) was added to a 
solution of Na[Co(CO)41 (0.64 g, 3.30 mmol) in tetrahy- 
drofuran (100 mL) at 0 "C under a nitrogen atmosphere. 
The solution was stirred for 0.5 h and evaporated to 
dryness. The residual solid was extracted twice with 
toluene (2 x 25 mL), and after filtration, the solution 
was concentrated to  10 mL. The addition of 15 mL of 
hexane gave white microcrystals of 1. Yield: 70%. IR 
(THF, cm-l): v(C0)  stretch 2052 s, 2023 m, 1978 s br, 
1957 vs br. 31P{1H} NMR (240 K, toluene, 6 (ppm)): 
24.86 (SI. lH NMR (acetone-&, 6 (ppm)): 4.56 (t, CH2- 
P, J(H,P) = 12 Hz). Anal. Calcd: C, 35.38; H, 1.98. 
Found: C, 35.41; H, 2.01. 

Preparation of [Co4u2(CO)~(lc-dppm)zl (3). A 
solution of 1 (0.1 g, 0.089 mmol) in tetrahydrofuran (100 
mL) at  room temperature, under a nitrogen atmosphere, 
was treated with 0.034 g (0.089 mmol) of solid dppm. 
After 15 min of stirring, the mixture was evaporated to 
dryness. The residual solid was treated with 10 mL of 
dichloromethane and filtered, and after addition of 15 
mL of methanol, bright yellow microcrystals of 3 were 
obtained in ca. 40-60% yield. IR (KBr, cm-l): v(C0) 
stretch 1992 m, 1990 vs, 1912 m, 1896 s, 1872 m. 

(11) Us6n, R.; Laguna, A. Organomet. Synth. 1988, 3, 324. 
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Table 2. Crystallographic Data for 3 
formula C56H44A~2C@2094 
fw 1448.6 z 4 
spacegroup Cc Dcdcd, 1.6754 . .  
a, A 18.834(1) p(Mo Ka), cm-' 57.815 
b, A 16.257(1) T, "C 25 
c, A 20.366(2) 2, cm-' 0.7107 
B, deg 112.350(3) R 0.065 
v, A3 6235( 11) 

31P{1H} NMR (240 K, CH2C12,d (ppm)): 57.2 (dd), 27.1 
(dd, 2+3J(P,P) = 107.H~). lH NMR (CD2C12, 6 (ppm)): 
3.50 (t, br, CHz-P, J(H,P) = 10.1 Hz). Anal. Calcd: C, 
46.43; H, 3.06. Found: C, 46.17; H, 3.13. 

Preparation of [Au~(lc-dppm)~l[Co(CO~~l2 (4). A 
solution of 1 (0.1 g, 0.09 mmol) in toluene (100 mL) at  
room temperature, under a nitrogen atmosphere, was 
treated with 0.035 g (0.09 mmol) of solid dppm. The 
solution was stirred for 0.5 h. The addition of 20 mL of 
hexane gave white microcrystrals of 4. Yield: 70%. IR 
(toluene, cm-l): v(C0) stretch 1890 s. 31P{1H} NMR 
(240 K, CH&12,6 (ppm)): 32(s). Anal. Calcd: C, 46.25; 
H, 2.92. Found: C, 45.06; H, 2.84. 

X-ray Structure Determination. A summary of 
the crystal data is given in Table 2. A prismatic orange- 
red crystal (0.18 x 0.16 x 0.11 mm) was sealed in a 
glass capillary tube and mounted on a Phillips PW 100 
diffractometer. Cell parameters were calculated from 
accurate settings of 25 automatically centered reflec- 
tions in the range of 6 0 < 14". Intensities were 
collected with graphite-monochromated Mo Ka radia- 
tion 01 = 48.122 cm-l) operating in an w-20 scan mode 
to e,, = 25" with a scan speed of 0.05" s-l and a scan 
width of 1.50". Five thousand forty-five unique reflec- 
tions were collected, of which 3709 with 1 > 341) were 
used in refinement. The structure was solved by the 
heavy-atom method and subsequent Fourier difference 
synthesis, which revealed the positions of all non- 
hydrogen atoms of the complex. An absorption correc- 
tion was applied. All computations were performed on 
a VAX 6410 computer using the X-ray 76 system.12 
Refinements were carried out by least-squares methods. 
Hydrogen atoms in the phenyl rings were introduced 
in positions calculated with a C-H distance of 1.00 A, 
each with a thermal parameter of the parent carbon 
atom. The final R value was 0.065. 
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(12) Stewart, J. M.; Machin, P. A.; Dickinson, C. W.; Ammon, H. 
L.; Heck, H.; Flack, H. Y. The X-ray 76 System. Technical Report 
TR446; Computer Science Center, University of Maryland: College 
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Summary: KC& reacts with [Nd(OAr)dTHF).&2THF 
(Ar = C&Me2-2,6), 1, prepared from NdCla and NaOAr 
in THF, to form in high yield (KKp-C&Id22vd(Cl-OAr)fin, 
2, which crystallizes from THFIbenzene. In 2, the 
potassium is coordinated in a distorted tetrahedral 
arrangement by two cyclopentadienyl ring centroids and 
two aryloxide arene ring centroids with no close contacts 
to oxygen donor atoms (shortest K- -0 distance is 4.4 4. 
Neodymium has a distorted tetrahedral coordination 
environment formed by two CsH5 ring centroids and two 
aryloxide oxygen atoms. All of the ligands are bridging 
and generate a two dimensional extended network. 2 
crystallizes in the monoclinic space group P21 In with 
unit cell dimensions at 160 K of a = 9.827(2) A, b = 
15.637(4)% c = 16.166(4)% /3 = 95.96(1)", V = 2470(1) 
A3, 2 = 4. Least squares refinement of the model based 
on 1959 reflections (IFo[ > 6a(lFoV) converged to R = 
0.067. 

Introduction 

Alkali metals commonly become incorporated into 
complexes of yttrium and the lanthanides via bridging 
interactions with anionic 1igands.lv2 A wide variety of 
bridges are known, but halide and oxygen donor ligands 
are the most common. We have recently shown that 
this type of heterometallic bridging can be quite useful 
in generating new types of coordination environments 
for yttrium and the lan thanide~.~?~ Hence, this bridging 
can be exploited to provide stabilization to ligand sets 
which normally would not generate readily isolable 
yttrium and lanthanide complexes. 

We now report a case in which potassium becomes 
involved in extensive bridging interactions without 
interacting with any available oxygen donor ligands, i.e. 
this is a potassium aryloxide complex containing no 
K-0 bonds. This demonstrates that the bridging and 
heteroatom stabilization capacity of potassium is quite 
flexible and should be more fully explored in ligand 
systems beyond those involving the usual electronega- 
tive donor atoms. 

~ ~ ~~~ 

Abstract published in Advance ACS Abstracts, November 1,1994. 
(1) Evans, W. J.; Boyle, T. J.; Ziller, J. W. Inorg. Chem. 1992, 31, 

(2) Schaverien, C. J. Adv. Orgummet. Chem. 1994,36,283-362. 
(3) Evans, W. J.; Boyle, T. J.; Ziller, J. W. J. Orgummet. Chem. 1994, 

(4) Evans, W. J.; Boyle, T. J.; Ziller, J. W. J. Am. Chem. SOC . 1993, 

1120-1122, and references therein. 

462, 141-148. 

115, 5084-5092. 

Experimental Section 
The syntheses and subsequent manipulations of the com- 

pounds described below were conducted with rigorous exclu- 
sion of air and moisture using standard Schlenk, vacuum line, 
and glovebox techniques. Solvents were dried and physical 
measurements obtained as previously described.s* Complexo- 
metric analysis of metal content was determined as previously 
described.6b CH analyses were determined on a Carlo Erba 
EA 1108 instrument. NaOC&I&fe2-2,6 was prepared as 
reported in the literaturea using sublimed 2,6-dimethylphenol 
(Aldrich). 
[Nd(OCsHsMea-2,6)a(THF)alff2THF, 1. 1 was prepared by 

a slight modification of the method used to prepare Y(OCsH3- 
Me2-2,6)3(THF)~.~ In the glovebox, NdCl3 (2.00 g, 7.8 mmol) 
and NaOC&Me2-2,6 (3.37 g, 23.4 mmol) were added to a 100 
mL round bottom flask containing 50 mL of THF and the 
mixture was stirred overnight. Removal of the solvent by 
rotary evaporation leR a blue powder which was extracted with 
toluene and dried. The solid was redissolved in THF and the 
solvent was removed by rotary evaporation. The sample was 
dried at torr for 24 h to yield 1 as a blue crystalline 
powder (4.45 g, 74%). Anal. Calcd for C72H102012Nd2: Nd, 
19.92. Found 20.6. IR (KBr, cm-I): 3000(s), 2920(s, br), 
2860(s), 2840(s), 1590(m), 1580(m), 1560(w), 1430(w), 1310- 
(w), 1300(s), 1250(s), 1090(m), 995(s), 985(m), 875(s), 830(s), 
755(m), 745(m), 670(m), 595(m). 

1 crystallizes from THF at room temperature by slow 
evaporation in the glovebox in the space group P21h with a = 
12.658(4) A, b = 18.844(6) A, c = 15.714(5) A, j3 = 115.15(7)O, 
V = 3393( 1) A3. 1 was characterized by X-ray diffraction, but 
unfortunately crystal decomposition occurred during data 
collection. Hence, although the final R factor based on 2100 
reflections and 203 parameters is 6.9% and the temperature 
factors are reasonable, the distances and angles may not be 
reliable. The identity of the compound was established to be 
dimeric in the solid state (Figure 1) with each Nd ligated by 
two terminal aryloxide groups, two terminal THF molecules, 
and two bridging aryloxide ligands. There are also two THF 
molecules per dimer in the lattice. A summary of crystal- 
lographic data is given in the supplementary material. 

{ K [ ~ C 6 b ) p N d C U - o C s 2 , 6 ) ~ } , ,  2. Addition of KC& 
(103 mg, 1.0 mmol) to  1 (362 mg, 0.25 mmol) in 10 mL of THF 
formed a cloudy blue suspension. The reaction mixture was 
stirred for 18 h and centrifuged. The supernatant was dried 
on a rotary evaporator to produce a pale blue solid. Recrys- 
tallization of this material from THFhenzene yielded 2 as blue 
irregularly shaped crystals (430 mg, 77%). Anal. Calcd for 

(5) (a) Evans, W. J.; Chamberlain, L. R.; Ulibani, T. A.; Ziller. J. 
W. J. Am. Chem. Soc. 1988,110,6423-6432. (b)Atwood, J. L.; Hunter, 
W. E.; Wayda, A. L.; Evans, W. J. Imrg. Chem. 1981,20,4115-4119. 
(6) Evans, W. J.; Olofson, J. M.; Ziller, J. W. Inorg. Chem. 1989,28, 

4308-4309. 
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Table 2. Selected Interatomic Bond Distances (A) and 
Angles (deg) Involving the Non-Hydrogen AToms for 

{K[(CsHs)zNd(OAr)zlln 
Bond Distances 

Nd-O( 1) 2.206(12) Nd-O(2) 2.194(11) 
Nd- C( 17) 2.75(5) Nd-C(18) ' 2.79(2) 
Nd-C(19) 2.79(2) Nd-C(20) 2.81(7) 
Nd-C(21) 2.79(3) Nd-C(22) 2.81(2) 
Nd-C(23) 2.79(2) Nd-C(24) 2.80(2) 
Nd-C(25) 2.82(2) Nd-C(26) 2.78(2) 
K-C(l) 3.55(2) K-C(2) 3.39(2) 
K-C(3) 3.20(2) K-C(4) 3.17(2) 
K-C(5) 3.35(2) K-C(6) 3.56(2) 
K..C(9A) 3.74(2) K-C( 10A) 3.52(2) 
K-C(l1A) 3.36(2) K-C( 12A) 3.53(2) 
K..C(13A) 3.84(2) K..C( 14A) 3.93(2) 
K-C( 17B) 3.21(2) K-C(l8B) 3.02(2) 
K-C( 19B) 3.07(2) K-C(20B) 3.29(2) 
K-C(21B) 3.37(2) K-C(22C) 3.09(2) 
K-C(23C) 3.24(2) K-C(24C) 3.30(2) 
K-C(25C) 3.20(2) K-C(26C) 3.09(2) 
K-(Cp-cent) 2.95,2.96 K-(arene-cent) 3.08, 3.39 
Nd-(Cp-cent) 2.52, 2.54 

Angles 
0(1)-Nd-0(2) 97.0(4) Nd-O(l)-C(l) 146.5(10) 
Nd-O(2)-C(9) 162.8(12) Cent-Nd-Cent 121.4 

OCMe3)(0CMe3)12 (C5R5 = C5H5, C5Me5, C5H4Me, 
C51I4SiMe3, indenylI9 and the monometallic complex (C5- 
Me5)Y[OC6H2(CMe3)2-2,6-Me-41210 ) have shown that 
such complexes can be precursors to reactive alkylalk- 
oxide systems4 and to species catalytically active for 
polymerization of alkenes.1° Since the 2,6-dimeth- 
ylphenoxide ligand can generate both monometallic and 
bimetallic complexes, i.e., Ln(OAr)3(THF)3 and [Ln- 
(OAr)3(THF)12 (Ar = C6H3Me2-2,6),6 we were interested 
in determining what mixed ligand complexes this ary- 
loxide would support. 

Reaction of 1 equivalent of KC5H5 with [Nd(OAr)3- 
(THF)212 in THF formed a ligand rearrangement product 
(K[(C5H~)2Nd(OAr)21},, 2, in very low yield, which could 
be generated in high yield using the stoichiometry 
shown in eq 1. The identity of the blue paramagnetic 

(1/2)[Nd(OAr),(THF),I2 + 2KC5H5 - 
(1/~){KC(C,H,>2Nd(oAr),3), + KOAr (1) 

complex was established by a single crystal X-ray 
diffraction study which revealed an unusual structure. 

The structure of 2 (Figure 2) is comprised of [(C5H5)2- 
Nd(0Ar)zl- anions connected into a two-dimensional 
layered structure by K cations bridged by arene and 
cyclopentadienyl rings. The most unusual structural 
feature of 2 is the coordination around potassium. Each 
potassium atom connects four different [(CsHdzNd- 
(OAr)21- anions and is surrounded by two bridging C5H5 
groups and two bridging arenes. Although there are 
several examples of alkali metal interactions with the 
arene and cyclopentadienyl r i n g ~ , l l - ~ ~  to our knowledge 

Figure 1. Ball and stick diagram of [Nd(OCsH3Me2-2,6)3- 
(THF)212. 

Table 1. Crystallographic Data for {K[(C~HS)~N~(OA~)~])," 
formula 
mol wt 
crystal system 
space group 
cell constants 

a, A 
b, A 
C, A 
A deg 

NdKO2C2&2s V, A2 
555.84 Z 
monoclinic &&d. g 
P21h temp, K 

9.827(2) transmission coeff min-max 
15.637(4) RF, % 
16.166(4) R w ~ ,  % 
95.96( 1) GOF 

abs coeff, p, cm-' 

2470(1) 
4 
1.49 
156 
22.94 
0.87-1.06 
0.073 
0.065 
1.666 

Radiation for the structure was Mo Ka; 1 = 0.7107 A. 

CzsHz&zI(Nd: Nd, 25.98, C, 56.19; H, 5.04. Found: Nd, 26.6; 
C, 54.24; H, 4.67. 1H NMR (benzene-&): 6 7.66 (br, VYZ = 
480 Hz), 6.88 (br, vuz = 410 Hz), 5.40 (br, v1/2 =150 Hz), -4.21 
(br, v112 = 350 Hz). IR (KBr, cm-l): 3020(s), 2940(s br), 2900- 
(s), 1586 (w), 1424(m), 1280(s), 1236(m), 1090(m), 1050(w), 977- 
(w), 916(w), 853(s), 843(w), 746(m), 691(m). 

X-ray Data Collection, Structure Determination, and 
Refinement for { K[Cu-CaHs)zNdCu-OCsHsMe~-2,6)~1}~, 2. A 
pale blue irregularly shaped crystal of approximate dimensions 
0.40 x 0.35 x 0.35 mm was coated with Paratone oil, mounted 
on a glass fiber, and transferred onto a locally automated 
Picker diffractometer (Crystal Logic).7 Accurate unit cell 
parameters and the orientation matrix were obtained by least- 
squares refinement of 20 reflections. Three standard reflec- 
tions were monitored every 97 reflections which showed no 
significant variation throughout the data collection. Data were 
corrected for Lorentz and polarization effects, and a pscan 
procedure was used for an empirical absorption correction. A 
total of 3606 data were collected of which 1959 with IFa/ > 
6dlFaI) were subsequently used in the structure analysis. 

The structure was solved in the monoclinic space group 
P21In by Patterson methods, SHELX86,s and subsequent 
difference-Fourier maps. Idealized hydrogen atom positions 
were calculated (C-H = 0.95 A) and included as fixed 
contributors in a riding model. A few carbon atoms turned 
nonpositive definite on anisotropic refinement thus in the final 
cycle all the carbon atoms were treated isotropically. The final 
refinement with 157 parameters converged to R = 0.073 and 
R,  = 0.065 and GOF = 1.666. Crystallographic details are 
given in Table 1. Important distances and angles are listed 
in Table 2. 

Results and Discussion 

Recent studies of mixed ligand cyclopentadienyl alkox- 
ide and aryloxide complexes of yttrium and the lan- 
thanide metals (e.g. the bimetallic series [(C5R5)Y@- 

(7)Modified by C. E. Strouse of the Department of Chemistry, 

(8) Sheldrick, G. M. Acta Crystallogr. 1990, A46, 467-473. 
University of California, Los Angeles. 

(9) Evans, W. J.; Boyle, T. J.; Ziller, J. W. Organometallics, 1993, 

(10) (a) Schaverien, C. J.; Frijns, J. H. G.; Heeres, H. J.; Hende, J. 
R.; Teuben, J. H.; Spek, A. L. J .  Chem. SOC., Chem. Commun. 1991, 
642-644. (b) Schaverien, C. J. Organometallics, 1994, 13, 69-82. 
(11) Weiss, E. Angew. Chem., Int. Ed. Engl. 1993,32, 1501-1670. 
(12) Christian, S.; Schleyer, P. v. R. Adu. Inorg. Chem. 1987, 27, 

12, 3998-4009. 

169-278. 

31, 1554-1556. 
(13) Clark, D. L.; Watkin, J, G.; Huffman, J. C. Inorg. Chem. 

(14) Schaverien, C. J.: van Mechelen, J. B. J. Orpanometallics, 

1992, 

1991, . .  - 
10, 1704-1709. 
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(arene) distances in polymeric {K[Nd(OC&3iPr-2,6)41}n13 
range from 3.097(10)-3.473(11) A with a K-(ring 
centroid) distance of 3.072 A. In the extended structure 
of KBPk, the K-C distances average 3.191(5) A with 
a K-(ring centroid) distance of 2.986 A.ll 

The environment of the neodymium is more conven- 
tional and has the distorted tetrahedral arrangement 
typical for [(C~,R&Ln(ligand)al complexes.lJ7 The Nd- 
C(C5H5) distances fall in a narrow 2.75(5) -2.82(2) 8, 
range (2.79(6) A average) and the coordination mode is 
clearly q5. In comparison, distances of 2.703(7)-2.895(7) 
A are found in (C5H&Ie)3Nd1* and 2.72(2)-2.85(2) 8, in 
( C & J V I ~ ) ~ N ~ ( T H F ) . ~ ~  The two 2.206(12) and 2.194(11) 
A Nd-O(0A.r) distances are similar to the 2.21(2) A 
average found in K[Nd(OC6H3iPr2-2,6)41.13 However, 
the 146.5(10) and 162.8(12)' Nd-0-C angles in 2 are 
significantly different from each other. A similarly large 
range of Nd-0-C angles was also found for mNd- 
(OC6H3iPr2-2,6)4]13: 132.0(7)-162.1(7)'. The two arene 
rings in 2 are almost perpendicular to each other with 
an interplanar angle of 84.6(3)'. 

Although complexes of general formula [(C5R&Ln- 
(OR)& are very reasonable types of yttrium and lan- 
thanide complexes,2° there are no structurally charac- 
terized examples in the literature. The closest examples 
are the neutral mixed ligand systems such as (C5Me5)z- 
Sm(OC,@~le4-2,3,5,6),2~ (C5H5)2Nd(OC6H3Ph2-2,3)22 and 
(C&le5)zCe(OC&!B~2-2,6).~ Hence, KKC&)2Nd(OC&- 
Me2-2,6)21 is the first structurally characterized example 
of a mixed ligand "ate" complex of general formula 
[(C5R5)2Ln(OR)21-. More significantly, 2 is the first 
alkoxide or aryloxide complex containing potassium in 
which no interaction with the oxygen is found. 

Figure 2. Portion of the pseudo-two-dimensional extended 
structure of (K[01-CsHs)zNd01-CsH3Me2.2,6)~1}~, 2. 

there is no example of both kinds of interactions in the 
same molecule. More remarkable is the fact that there 
are no close potassium-oxygen contacts even though the 
product is formed in THF and contains aryloxide 
ligands. Hence, this is a potassium aryloxide complex 
devoid of K-0 bonds. 

The arrangement of the ring centroids of the four 
bridging rings surrounding potassium is severely dis- 
torted tetrahedral with (ring centroid)-metal-(ring 
centroid) angles in the 96.8 to 127.4' range. The 
K-C(CsH5) distances are similar in the two rings 
attached to potassium and range from 3.01(2)-3.37(2) 
A with an avera e of 3.17(13) A (K-C(centroid1 dis- 
tances are 2.95 'B and 2.96 h. In comparison, the 
average K-C(cyclopentadieny1) distances in K[C5H4- 
(SiMe3)115 and K[C5(CH2C6H&3.3THFl6 are 3.00(2) and 
3.04(4) A, respectively. In each cyclopentadienyl ring, 
two adjacent carbons are closest to K with K-C dis- 
tances less than 3.10(2) A and the carbon across the ring 
from these carbon atoms has the longest K-C distance 
which is 3.30(2) A or greater. Hence, the rings are 
oriented with respect to potassium such that the K-(ring 
centroid)-(= angles are in the range 80.8 to 99.8'. 

The arene rings are similarly tipped toward the 
potassium with K-(ring centroid)-C angles in the range 
77.8 to 102.2'. The K-C(arene) distances in the two 
rings are quite different. The C(l)-C(6) ring has 
K-C(arene) distances from 3.17(2) to 3.54(2) A with a 
3.07 A K-(ring centroid) distance, while the C(9A)- 
C(14A) ring has a 3.36(2) to 3.93(2) A K-C range with 
a 3.39 A K-(ring centroid) distance. In both rings, two 
adjacent carbon atoms have the smallest K-C distances 
and the longest distances for that ring involve carbon 
atoms directly across the ring. In comparison, K-C- 

(15) Jutzi, P.; Leffers, W.; Hampel, B.; Pohl, S.; Sa&, W. Angew. 

(16) Lorberth, J.; Shin, S.-H., Wocadlo, S.; Massa, W. Angew. Chem., 
Chem., Int. Ed. Engl. 1987,26,583-584. 

Int. Ed. Engl. 1989,28, 735-738. 
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Summary: The substitution of allylic carbonate using 
tetracarbonyl(1, 10-phenunthroline)tungsten(O) complexes 
as catalysts was found to give products with high 
retention of configuration (>go%) with both (E)- and (2)- 
substrates. 

Introduction 

Metal-catalyzed nucleophilic substitution of allylic 
leaving groups, in principle, offers the possibility to 
convert allyl alcohols and related compounds into 
substituted alkenes of specified stereochemistry.' For 
example, a (2)-product 7 could be obtained from an (E)- 
acetate or -carbonate 1 as illustrated in Scheme 1. 

Several conditions have to be fulfilled in this specific 
case. (i) syn-anti isomerization (2 - 3) has to be fast 
relative to nucleophilic addition. (ii) The product be- 
tween the concentration and the rate of the reaction 
with the nucleophile has to be greater for the anti 
isomer. (iii) The nucleophilic attack has to take place 
preferentially at the least substituted terminus of the 
intermediate (q3-allyl) system. 

We have recently found that if a palladium catalyst 
with 1,lO-phenanthroline as ligand is used, either a (2)- 
substrate 4 or an (E)-substrate 1 can be converted 
selectively into an (E)-product.2 In this case, all of the 
conditions i-iii are evidently fulfilled. During work 
toward developing a procedure for converting an (E)- 
substrate into a (2)-product, we have earlier shown that 
in (v3-allyl)palladium systems, ligands such as 2,9- 
dimethyl-1,lO-phenanthroline (dmphen) are able to 
induce a preference for the anti configuration 3.3 
Unfortunately, the continued work has shown that syn- 
anti isomerization becomes slow with this type of ligand. 
Furthermore, the regioselectivity is dramatically de- 
creased, and a ca. 1:l mixture of the two regioisomers 
6 and 7 is generally obtained. In order to see if it is 
possible to overcome these problems, we have started a 
broad investigation of systems based on other metals 
and also other ligands. The pioneering studies by Trost 
and his co-workers using tris(acetonitrile)tungsten(O) 
tricarbonyl and auxillary bipyridine and related ligands 

@ Abstract published in Advance ACS Abstracts, December 1,1994. 
(1) (a) Trost, B. M.; Verhoeven, T. R. In Comprehensive Organo- 

metallic Chemistry; Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; 
Pergamon: Oxford, 1982; Vol. 8, pp 799-938. (b) Collman, J. P.; 
Hegedus, L. S.; Norton, J. R.; Finke, R. G. Principles and Applications 
of Organotransition Metal Chemistry; University Science Books: Mill 
Valley, CA, 1987. (c) Trost, B.; Lautens, M. Tetrahedron 1987, 43, 
4817. (d) Trost, B. M.; Lautens, M. J. Am. Chem. Soc. 1982,104,5543. 
(2) Sjogren, M.; Hansson, S.; h e r m a r k ,  B.; Vitagliano, A. Organo- 

metallics 1994, 13, 1963. 
(3) (a) Hansson, S.; Vitagliano, A.; h e r m a r k ,  B. J. Am. Chem. SOC. 

1990,112,4587. (b) Sjogren, M.; Hansson, S.; Norrby, P. 0.; Cucciolita, 
M. E.; Vitagliano, A.; h e r m a r k ,  B. Organometallics 1992, 11, 3954. 

Scheme 1 
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suggest a preference for attack of the more substituted 
terminus of the intermediate q3-allyl  system^.^ How- 
ever, we recently observed that, depending on the 
substitution pattern, 1,lO-phenanthroline type ligands 
induced a wide variation in selectivity in reactions 
involving (q3-allyl)palladium systems.2 We therefore 
decided to study the reaction of (2)-ethyl hexenyl 
carbonate 4 (R = C3H7, Fi' = OEt) with sodium dimethyl 
methylmalonate using tungsten(0) tetracarbonyl coor- 
dinated to a series of 1,lO-phenanthroline ligands. Here 
we would like to report some results, which show that 
a (2)-substrate 4 may indeed be converted in to a (2)- 
product 7 with high selectivity and with an efficiency 
that is strongly dependent on the phenanthroline sub- 
stituents. 

Results and Discussion 

Five different catalysts were prepared by refluxing 
the appropriate phenanthroline with tungsten hexa- 
carbonyl for 20 h at  110 "C in toluene. Tetracarbonyl- 
[4,7-bis( hexanoy1oxy)- l,lO-phenanthrolineltungsten(0) 
(8), tetracarbonyl-( 1,lO-phenanthroline)tungsten(O) (9), 
tetracarbonyl( 2,9-dimethyl-l,lO-phenanthroline)tung- 
sten(0) (lo), tetracarbony1(4,7-dimethyl-l,lO-phenan- 
throline)tungsten(O) (1 11, and tetracarbonyl(4,7-dibutoxy- 

(4) (a) Trost, B. M.; Hung, M.-H. J. Am. Chem. SOC. 1983,105,7757. 
(b) b a t ,  B. M.; Tometzki, G. B.; Hung, M.-H. J. Am. Chem. Soc. 1987, 
109,2176. 
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carbonate was essentially as reactive as the (2)-isomer 
(entry 121, the (E)-isomer was considerably less reactive 
(entries 9-11). It is interesting to  compare the results 
from the reactions of @&ethyl and (E)-ethyl hexenyl 
carbonates and tungsten catalyst with those from (2)- 
and (E)-hexenyl acetates and palladium-dmphen as 
catalyst. In both cases, the stereochemistry is pre- 
served. With the palladium catalyst, (E)-substrate 1 
gave exclusively reaction at the less substituted q3-allyl 
terminus while (2)-substrate gave a mixture (3/2) of the 
two products 6 and 7. By contrast, the tungsten catalyst 
gave a mixture of (E)-product and terminal alkene 6 
from the (E)-substrate but exclusively the (Z)-product 
7 from (2)-substrate. Thus the two different catalysts 
are nicely complementary. A few exploratory experi- 
ments were finally performed, using the most active 
catalyst 12. With (2)-ethyl hexenyl carbonate, reaction 
with a P-keto ester enolate, sodium ethyl 2-methyl- 
acetoacetate, gave the (2)-product exclusively, but the 
reaction was fairly slow (ca. 60% yield after 20 h). No 
reaction was observed with bis(phenylsulfonyUmethy1 
anion, perhaps due to steric effects. In order to compare 
the phenanthroline based catalyst 12 with (CH3CN3)- 
W(C0)3tb (E)-cinnamyl ethyl carbonate was reacted 
with sodium diethyl methylmalonate. While (CH3- 
CN3)W(C0)3 gave exclusive reaction at the more sub- 
stituted allyl terminustb the catalyst 12 gave a mixture 
of products from internal reaction (68%) and (2)-(24%) 
and (E)-(8%) products from reaction at the less substi- 
tuted allyl terminus. The regiocontrol thus clearly 
depends on the substrates, but it is clear that simple 
(2)-substrates can be converted cleanly to (2)-products, 
using phenanthroline substituted tungsten carbonyl 
catalysts. 

Figure 1. 

Table 1. Product Pattern from Tungsten-Catalyzed 
Alkylations of @)-Ethyl 2-Hexen-l-yl Carbonate (Entries 

1-8), @)-Ethyl 2-Hexen-l-yl Carbonate (Entries 9-11), and 
Ethyl l-Hexen-3-yl Carbonate (Entry 12) 

Nu 
Entry Catalyst - - Nu - N ~  & % Yield' 

1 
2 
3 
4 
5 
6 
7 
8 
9 
IO 
I I  
12 

W(C0)6 
8 
9 
9 

1 0  
1 0  
1 1  
12  

9 
11 
12 
12  

98 
93 
89 
90 
91 
91 
88 
92 
0 
0 
0 
4 

1 
6 
2 
1 
2 
2 
2 
1 
91 
84 
80 
13 

1 
1 
9 
9 
7 
1 

10 
I 
9 

16 
20 
23 

23 
38 
43 

45 
54c 
61 
lood 
33 
49 
62 
85 

48b 

The standard reaction conditions arc 110°C. 10 mol% of the catalyst and 200 mol% of 
sodium dimethyl methyl malonate. a GC yields after 20 h reaction time, Nu= dimthyl 
methylmalonate. b 20 mol% of I,lO-phenanthroline was added. c 20 mol% of 2,g-dimethyl- 
1,lO-phenanthroline was added. d Reaction was finished within 60 min. 

1,lO-phenanthroline)tungsten(O) (12) (see Figure 1). 
These were reacted with Wethy1 hexenyl carbonate in 
toluene at 110 "C with 200 mol % of sodium dimethyl 
methylmalonate (10 mol % of catalyst). In all cases, 
high preference was observed for attack at the least 
substituted terminus of the intermediate r3-allyl sys- 
tem, leading to ca. 90% selectivity for the desired (2)- 
product 7 (see entries 1-8, Table 1). A remarkable 
difference in reactivity among the catalysts was ob- 
served. While tungsten hexacarbonyl itself was es- 
sentially inactive as catalyst, the phenanthroline cata- 
lyst 9 gave ca. 40% and the 4,7-dmphen catalyst 11 a 
70% yield of product after 20 h. In bright contrast, the 
4,7-dibutoxyphenanthroline catalyst 12 led to complete 
reaction after 1 h. The reason for this strong influence 
of the ligands is not clear. A possible explanation is that 
we are seeing the result of a balance between oxidative 
addition, which could then lead to the desired product 
and decomposition of the catalyst. This is supported 
by the fact that addition of 20% excess ligand (which 
would be expected to increase the stability of the 
catalyst) to catalysts 9 and 10 leads to 10-20% increase 
in yield. The importance of the oxidative addition step 
is also shown by the fact that allylic acetates fail to 
react. In order to define the limits for the activity of 
the catalyst 12, experiments with only 1% catalyst were 
performed. After 1 h ca. 30% yield was obtained, but 
the catalyst degenerates and the yield levels off to 
become ca. 40% after 20 h. Experiments were also done 
at  lower temperatures and at 80 "C (10 mol % catalyst), 
the reaction is considerably slower and only ca. 60% 
yield was obtianed after 20 h. However, a t  this tem- 
perature, the catalyst seems stable and there is no 
leveling off in the yield, which continues to increase on 
further reaction. 

Also the structure of the substrate has a strong 
influence on the reactivity. While ethyl l-hexen-3-yl 

Experimental Section 

General. All reactions were performed in oven-dried 
glassware. Melting points (uncorrected) were determined by 
using a Biichi SMP-20 melting point apparatus. lH and 13C 
NMR were recorded on a 400 MHz (Bruker Model AM4001 and 
a 250 MHz (Bruker Model AC250) instrument a t  298 K in 
CDC4 (unless otherwise indicated), using CHC13 (6 7.26 ppm) 
and CDCl3 (6 77.0 ppm) as internal references for 'H and 13C, 
respectively. The following abbreviations are used in descrip- 
tions of NMR multiplicities: s = singlet, d = doublet, t = 
triplet, q = quartet, m = multiplet, br = broadened and J = 
coupling constant. IR spectra were recorded on a Perkin- 
Elmer 1725X FTIR instrument. Gas chromatographic deter- 
mination of yields and product patterns were performed using 
a Varian Model 3700 spectrometer equipped with a 15 m x 
0.15 mm dimethylpolysiloxane (100%) capillary column and a 
Varian 4290 integrator. Elemental analyses were performed 
by Analytische Laboratorien, Gummersbach, Germany. All 
solvents and reagents were purchased from commercial sources 
and dried and purified by standard techniques. 

General Procedure for Tungsten-Catalyzed Alkyl- 
ation. Toluene (10 mL) was added to a flask containing 
sodium hydride (48 mg, 2 mmol) under argon. Dimethyl 
methylmalonate (321 mg, 2.2 "01) was added with a syringe. 
After stirring for 45 min at ambient temperature, ethyl 
hexenyl carbonate (172 mg, 1 mmol) and the internal standard 
dodecane (70 mg) was added followed by the catalyst (0.1 
mmol). The contents of the flask were heated to  reflux. The 
reaction was monitored by GC at  regular time intervals (1,2, 
5,  and 20 h). Results are presented in Table 1. 
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Tetracarbonyl(2,9-dimethyl-l, 10-phenanthroline)tung- 
sten(0) Tungsten hexacarbonyl(l.0 g, 2.80 mmol) and 
2,9-dimethyl-l,lO-phenanthroline (0.58 g, 2.80 mmol) were 
dissolved and refluxed in dry toluene (50 mL) overnight under 
argon atmosphere. The deep red crystals that were formed 
upon cooling were washed with toluene and dried in vacuo. 
Yield, 1.20 g (85%). Mp 150-155 "C dec. 'H NMR (400 MHz) 
6 8.26 (d, J = 8.2 Hz, 2 H), 7.85 (s, 2 H), 7.71 (d, J = 8.3 Hz, 
2 H), 3.34 (s, 6 H, CH3). 13C NMR (62 MHz, DMSO-&) 6 214.3 
(CO), 199.0 (CO), 163.5,147.0, 138.3, 128.3, 126.6, 126.3 31.0. 
IR (KBr): 2005 (C=O), 1875 (C=O), 1854 (CEO), 1808 (C=O). 
Anal. Calcd for Cl!&ZWNZ04: C, 42.88; H, 2.40. Found: C, 
42.65; H, 2.31. 
Tetracarbonyl(4,7-~ethyl-l,lO-phen~thro~e)~- 

sten(0) (11). Tungsten hexacarbonyl(O.50 g, 1.42 mmol) and 
4,7-dimethyl-l,lO-phenanthroline (0.45 g, 1.42 mmol) were 
dissolved and refluxed in dry toluene (50 mL) overnight under 
argon atmosphere. After cooling, the toluene was removed by 
distillation under reduced pressure. The residue was then 
dissolved in CH2C12. Deep red crystals were formed upon slow 
addition of pentane. The precipitate was filtered off and dried 
in vacuo. Yield, 0.49 g (65%). Mp 205-210 "C dec. 'H NMR 
(400MHz)69,44(d, J = 5 . 2 H z , 2 H ) , 8 . 1 5 ( ~ , 2 H ) , 7 . 5 6 ( d ,  J 
= 5.2 Hz, 2 H), 2.91 ( ~ , 6  H, CH3). 13C NMR (62 MHz, DMSO- 
d~)6219.5,202.0,152.6,147.9,146.0,129.7,126.5, 123.9, 18.7. 
IR (KBr): 2003 (C=O), 1866 (C=O, broad), 1812 (C=O). Anal. 
Calcd for C18H12wN204: C, 42.88; H, 2.40. Found: C, 42.87; 
H, 2.51. 
Tetracarbonyl(4,7-dibut~xy-l,l0-phenanthroline)~g- 

sten(0) (12). Tungsten hexacarbonyl(O.11 g, 0.31 mmol) and 
4,7-dibutoxy-l,lO-phenanthroline (0.10 g, 0.31 mmol) were 
dissolved and refluxed in dry toluene (50 mL) overnight under 
argon atmosphere. m e r  cooling, the toluene was removed by 
distillation under reduced pressure. The residue was then 
dissolved in CH2C12. Deep red crystals were formed upon slow 
addition of pentane. The precipitate was filtered off and dried 
in vacuo. Yield, 0.17 g (88%). Mp 150-155 "C dec. 'H NMR 
(400 MHz) 6 9.29 (d, J = 6.1 Hz, 2 H), 8.25 (s, 2 H), 7.06 (d, J 
= 6.1 Hz, 2 HI, 4.34 (t, J = 6.4 Hz, 4 H, CHd, 2.00 (m, 4 H, 
CHz), 1.54 (m, 4 H, CHz), 1.06 (t, J = 7.4 Hz, 6H, CH3). 13C 
NMR (100 MHz) 6 215.5 (CO), 202.4 (CO), 162.2, 154.1,147.9, 
122.7, 119.9, 105.4, 69.6, 30.7, 19.3, 13.8 IR. (KBr): 2004 
(C=O), 1814 (C-0, broad). Anal. Calcd for C ~ ~ H Z ~ W N Z O ~ :  C, 
46.47; H, 3.90. Found: C, 46.23; H, 3.87. 

4,7-Dibuto~y-l,l0-phenanthroline.~ To a mixture of 47- 
dihydroxy-1,lO-phenanthroline (0.20 g, 0.94 "01) in DMF (10 
mL) was added NaH (0.67 g, 2.82 mmol) with stirring under 
argon at room temperature. After 20 min, n - B a r  (0.64 g, 4.67 
mmol) was added to the reaction flask and the mixture was 
stirred at 100 "C for 10 h. The resulting clear, brown solution 
was cooled down to room temperature. Water (50 mL) was 
added to obtain a precipitate, which was extracted with CHzClz 
and dried over MgSO4. The pure product (0.25 mg, 80%, mp 
131-132 "C) was obtained by chromatography on silica gel 
(MeOWCH2C12, 1/20). lH NMR (CDZC12, 250 MHz): 6 8.90 
(d, J = 5.28 Hz, 2H), 8.19 (s, 2H), 6.99 (d, J = 5.77 Hz, 2H), 
4.25 (t, J = 6.36 Hz, 4H), 1.96 (m, 4H), 1.62 (m, 4H), 1.04 (t, 

66.7, 31.4, 19.7, 14.0. Anal. Calcd for CleHdJzOz: C, 74.0; 
H, 7.5; N, 8.6. Found: C, 73.5; H, 7.3; N, 8.5. 
Tetracarbonyl[4,7-bis(dihexanoyloxy)-l,lO-phenan- 

throline] tungsten(0) (8). To a mixture of 4,7-dihydroxy- 
1,lO-phenanthroline (0.30 g, 1.41 mmol) in DMF (20 mL) was 
added NaH (0.10 g, 4.23 mmol) with stirring under argon at 
room temperature. After 20 min, the solution was cooled down 
to 0 "C and hexanoyl chloride (0.95 g, 7.05 mmol) was added 
slowly and was then stirred at room temperature overnight. 
The reaction product was then filtered off and DMF removed 
under reduced pressure at 60 "C, giving yellow-brown crystals. 
Crude yield, 0.50 g (87%). The crystals was used in the 
following synthesis of 8 without further purification. 

Tungsten hexacarbonyl (0.084 g, 0.24 m o l )  and 4,7-bis- 
(hexanoy1oxy)-1,lO-phenanthroline (0.10 g, 0.24 mmol) were 
dissolved and refluxed in dry toluene (50 mL) overnight under 
argon atmosphere. The deep red crystals that were formed 
upon cooling were washed with toluene and dried in vacuo. 
Yield, 0.15 g (89%). lH NMR (400 MHz) 6 9.43 (d, J = 5.7 Hz, 
2 H), 8.07 (9, 2 H), 7.71 (d, J = 5.8 Hz, 2 H), 2.82 (t, J = 7.5 
Hz, 4 H, CHz), 1.2 (m, 12 H, CHz), 0.98 (t, J = 7.6 Hz, 6H, 

154.4, 153.8, 147.7, 123.8, 120.7, 116.9, 34.5, 29.7, 24.5, 22.3, 
13.9 IR (KBr): 1886 (C=O, broad). 

Tungsten hexacarbonyl (1.0 g, 2.80 mmol) and 1.10-phenan- 
throline (0.50 g, 2.80 mmol) were dissolved and refluxed in 
dry toluene (50 mL) overnight under argon atmosphere. The 
deep red crystals that were formed upon cooling were washed 
with toluene and dried in uacuo. Yield, 1.0 g (75%). Mp 190- 
195 "C dec. lH NMR (400 MHz) 6 9.62 (dd, Ji= 5.1 Hz, JZ = 

J =  7.37 Hz, 6H). 13C (CD&12,62,5MHz) 6 151.3,119.2,103.7, 

CH3). 13C NMR (100 MHz) 6 222.7 (CO), 204.8 (CO), 170.3, 

Tetracarbonyl(1,lO-phenanthroline)tungsten(O) 

3.76 Hz, 2 H), 8.49 (dd, J1 = 8.1 Hz, Jz = 6.78 Hz, 2 H), 8.00 
(9, 2 H), 7.78 (dd, J1 = 8.1 Hz, Jz = 5.1 Hz, 2 H). 13C NMR 
(100 MHz) 6 215.6 (CO), 201.2 (CO), 152.9,147.3,136.1,130.4, 
127.3, 125.0. IR (KBr): 1997 (C=O), 1846 (C=O, broad). 
Anal. Calcd for C16H8WNzO4: C, 40.36; H, 1.69. Found: C, 
40.28; H, 1.77. 

(5 )  Procedure for this ligand synthesis was extracted from: Miikela, 
M. Licentiate thesis, 1992. Department of Organic Chemistry, Royal 
Institute of Technology, Sweden. 
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Dehydrocoupling of Hydrosilanes 
Stephane Bourg, Robert J. P. Corriu," Marcus Enders, and Joel J. E. Moreau" 

CNRS URA 1097-UMR 44, Ddpartement de Chimie Organique Fine, Universitd Montpellier II, 
Sciences et Techniques du Languedoc, 34095 Montpellier Cedex 05, France 

Received April 25, 1994@ 

Summary: The titanium and zirconium complexes (r5- 
C&l&M(OAr)2 (M = Ti, Zr; Ar = C&5, p-MeOC&, 
p-MeC&4, p-C1C&4, p-CNC&J are shown to be con- 
venient, stable precursors of dehydrocoupling catalysts. 
Their reactions with a primary silane, at 50 "C or below, 
generate active catalysts for RSiH3 dehydrocoupling at 
20 "C. 

Polysilanes have a number of potential applications 
owing to their unusual electronic, optical, and chemical 
pr0perties.l These polymers, in most cases, are pre- 
pared using the Wurtz coupling of dichlorosilanes by 
sodium. Alternative polymerization reactions have 
been developed since they, in principle, could present 
significant advantages. Among other interesting meth- 
ods for synthesizing polysilanes, redistribution, electro- 
chemical, disilene polymerization, and cyclosilane ring- 
opening polymerization reactions have been explored.2 
Another method involves the transition-metal-catalyzed 
dehydrocoupling of silanes (eq 1). 

R R 
I catalyst 

I 
n H-Si-H - H+{i+H + ( n -  1)He (1 1 

R R 

The development of catalysts for the dehydrocoupling 
reaction began with the discovery of Harrod and co- 
workers that (q5-C5H5)2TiMez and (q5-C5H&ZrMez initi- 
ated the polycondensation of primary silanes RSiH3.3 
Since then, other transition-metal catalysts have been 
found, but the group 4 metallocene complexes provide 
the most active of the dehydrocoupling ~a ta lys t s .~- l~  The 
reaction usually produces linear chains containing ca. 
10-30 silicon atoms, together with cyclic oligomers. 

Abstract published in Advance ACS Abstracts, December 1,1994. 
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Despite their sometimes low molecular weight, the 
MeSiHs-derived polysilanes can be converted in high 
yield to  pure SiC.14 We also have showed that prece- 
ramic polysilanes are easily obtained from the reaction 
of l,4-disilapentane, in the presence of a titanium 
catalyst, and lead to high yields of SiC.15 

We observed recently that (v5-C5H5)zTiMez and (q5- 
C5H&TiC12/n-BuLi dehydrocoupling catalysts, in the 
presence of oxygen, can be deactivated to a latent 
catalytic species.15 The latter, upon heating, regenerate 
an active catalyst for the dehydrocoupling reaction. This 
observation led us to examine the reactions of metal- 
locene complexes containing titanium-oxygen bonds. 
We wish to report here that (v5-C5H5)zM(OAr)z species 
(M = Ti, Zr) are stable and tunable precursors of active 
catalytic species for the dehydrocoupling reaction of 
silanes. 

Results and Discussion 

We first examined the readily prepared diphenoxyti- 
tanocene (r5-C5H5)2Ti(OPh~)16 as a catalyst for the 
polymerization of phenylsilane. No reaction occurred 
at  room temperature between PhSiH3 and (v5-C5H&- 
Ti(0Ph)z (0.1 mol %). When it was heated to  50 "C for 
15 min, the reaction mixture turned dark blue and 
hydrogen evolution began. The generated catalytic 
species was then active at room temperature, and a 
viscous polymer was formed after 24 h (eq 2). The 
polymerization rates observed and the products ob- 
tained were similar to those using ( T , ~ ~ - C ~ H ~ ) Z T ~ M ~ Z ~  and 
(q5-C5Hs)zTiC12/n-BuLi)' as catalysts. GPC analysis 
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6 ,  1595. Chang, L. S.; Corey, J. Y. Organometallics 1989, 8, 1885. 
Corey, J. Y.; Zhu, X. M.; Bedard, T. C.; Lange, L. D. Organometallics 
1991, 10, 924. 
(8) Brown-Wensley, K. A. Organometallics 1987, 6, 1590. 
(9) Campbell, W. H.; Hilty, J. K; Yurga, L. Organometallics 1989, 

8, 2615. 
(10) (a) Woo, H. G.; Tilley, T. D. J. Am. Chem. SOC. 1989,111,1757. 

(b) Woo, H. G.; Tilley, T. D. J. Am. Chem. SOC. 1989, 111, 8043. (c) 
Woo, H. G.; Walker, J. F.; Tilley, T. D. J. Am. Chem. SOC. 1992, 114, 
7047 and references therein. 

(11) Sakakura, T.; Lantenschlager, M. J.; Nakajima, M.; Tanaka, 
M. Chem. Lett. 1991, 913. 

(12) Forsyth, C. M.; Nolan, S. P.; Marks, T. J. Organometallics 1991, 
10, 2543. 

(13) Hengge, E.; Weinberger, M. J. Organomet. Chem. 1992, 441, 
397. 

(14) (a) Zhang, Z. F.; Babonneau, F.; Laine, R. M.; Mu, Y.; Harrod, 
J. F.; Rahn, J. A. J. Am. Ceram. Soc. 1991, 74,670. (b) Mu, Y.; Laine, 
R. M.; Harrod, J. F. Appl. Organomet. Chem. 1994,8, 95. (c) Harrod, 
J. F. In Inorganic and Organometallic Polymers with Special Proper- 
ties; Laine, R. M., Ed.; NATO AS1 Series E, Vol. 206; Kluwer 
Academic: Amsterdam, 1991; p 87. 

(15)(a) Corriu, R. J. P.; Enders, M.; Huille, S.; Moreau, J. J. E. 
Chem. Mater. 1994,6, 15. (b) Corriu, R. J. P.; Enders, M.; Huille, S.; 
Moreau, J. J. E. Fr. Patent, Dem. 9301648, 1993. 

(16)Andra, K. J .  Organomet. Chem. 1968,11, 567. 

0 1995 American Chemical Society 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 4

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
1a

07
9



Notes Organometallics, Vol. 14, No. 1, 1995 565 

"C. The parent phenoxide required 15 min at 50 "C. 
Whereas the same proportion of cyclic oligomers was 
obtained, a slightly higher value of average molecular 
weight was found for the linear chain fraction by use of 
the more reactive titanium catalyst precursor (q5-C5H5)2- 
Ti(OC6H4OMe-p)2 (Table 1, entry 2). The results ob- 
tained with (q5-C5H5)2TiMe2 as catalyst under the same 
reaction conditions are also given for comparison (cf. 
entry 6). Regardless of the titanium complex used, the 
obtained polymer exhibited similar characteristics, in- 
dicating that the actual catalyst probably consists of the 
same titanium species. 

The use of a metal phenoxide catalyst precursor was 
also extended to the zirconocene complex (entries 7 and 
8). Phenylsilane seemed to react at room temperature 
with the readily available (q5-C5H5)~Zr(OPh)220 with a 
slight hydrogen evolution, but the generation of an 
active catalyst required heating at 50 "C for 15 min. In 
this case, the polycondensation gave a lower amount of 
cyclic oligomers. The molecular weights generally tend 
to be higher with zirconium catalysts.6!21p22 A moderate 
increase of M ,  and M ,  was found with diphenoxyzir- 
conocene catalyst. 

The complexes (q5-C5H5)2M(OPh)2 (M = Ti, Zr) were 
stable for more than 24 h in the presence of the 
monomers a t  20 "C. Upon gentle heating, they give rise 
to active dehydrocoupling catalysts which then induce 
polycondensation at 20 "C. We have previously shown 
the interest of using a latent catalyst in the processing 
of related preceramic p01ysilanes.l~ Diphenoxytitanocene 
and -zirconocene, which did not generate active catalytic 
species a t  20 "C, represent stable latent precursors of 
dehydrocoupling catalysts. When substituted phenoxide 
complexes are used, with either electron-donating or 
electron-withdrawing substituents, the active catalyst 
formed more easily a t  20 or 25 "C. 

Two approaches have been previously used to obtain 
active catalysts: presynthesized complexes (q5-C5H5)2- 
MR2 and in situ generation from metallocene dichloride 
(q5-C5H&MC12. Disadvantages in the use of (q5-C5H5)2- 
MR2 catalysts include their required synthesis from a 
metallocene dichloride and their generally low stability. 
The "in situ generation" by alkylation of dichloromet- 
allocene with butyllithium, which requires a combina- 
tion of commercially available reagents, is convenient. 
However, we think that the metallocene diphenoxides, 
which are readily accessible air-stable complexes, con- 
stitute an interesting alternative catalyst source. 
Whereas (q5-C5H5)zTiMe2 and (q5-C5H&TiClz/BuLi even 
at 20 "C generate active catalytic species, diphenoxyti- 
tanocene and -zirconocene are stable at this tempera- 
ture and only require a gentle heating in order to 
generate the catalytic species which, once formed, are 
active at  20 "C. The monomer itself serves as a reagent 
to generate the active species. The latter can be formed 
at 50 "C from phenoxide complexes or at 20 "C from 
para-substituted phenoxide complexes. 

Ph . .. 
(q5- C~HdzWoPh)z 

n PhSiHB (a) 50 "C, 15 min * H+ji+H + (n-1)Hz (2) 

H (b) 20 "C. 24 h 

revealed a bimodal molecular weight distribution:17 
cyclic oligomers (25%) and linear chains (Mn = 2050, 
M ,  = 2700) (cf. Table 1). 

The phenoxytitanium complex was also found to be 
active for the condensation and cross-linking of 1,4- 
disilapentane (eq 3). Although the rate was slower than 

(3) 
I (0.5 mol %) 

H 

n H-Si-H 
(a) 50 'C, 15 min 
(b) 20 'C, 48 h H 

I 

Mn=880,1y,=1050 

for PhSiH3, it was similar to that observed with (q5- 
CsH&TiMez or (r5-C5H5)TiC1d2 n-BuLi.15 Slow rates 
have been reported for the condensation of alkylsi- 
 lane^.^^^ After activation of the catalyst, only the SiH3 
groups reacted at  room temperature to give a linear 
oligomer with dangling SiMeHz groups. The latter then 
condensed further to a cross-linked insoluble material 
upon heating. 

The reaction of secondary silanes occurred only at 
high temperature. Thus at 100 "C, PhzSiHz reacted in 
the presence of 0.2 mol % of (q5-C5H5)2Ti(OPh)2 to give 
a 10% yield of the dimer PhzSiHSiHPhz. (q5-C5H5)2Ti- 
(OPh)2 catalyst precursor does not appear to be very 
effective for the condensation of secondary silanes. 

In all cases, an induction period and an initial heating 
of the titanium complex in the presence of the silane 
was necessary to generate an active catalytic species. 
This is consistent with the initial in situ reduction of 
the Ti-OPh complex to form a Ti-H complex.15J8 
Although we did not isolate the titanium species, this 
is supported by the results of the reaction of di-n- 
butylsilane. At 110 "C, n-BuzSiHz reacted with 5 mol 
% of (q5-C5H5)Ti(OPh)2 to give mono- and diphenoxysi- 
lanes in the initial stage of the reaction (eq 4). These, 
together with 90.6% of unreacted n-BuzSiH2, were 
identified by GC/mass spectrometric analysis of the 
crude mixture after 30 min of reaction. 

($-CSH&T~(OP~)~ 
( 5  mol %) 

n-Bu2SiH2 n-Bu,Si(H)(OPh) + 
2.2% 

n-Bu,Si(OPh), + n-Bu,Si(H)Si(H)-n-Bu, (4) 
2.8% 4.4% 

Interestingly, the reactivity of the titanium complex 
can be increased. We observed that substituted diphe- 
noxytitanocenes ((q5-C5H5)2Ti(OC6H4R-~)2, R = C1, Me, 
CN, OMe) react with phenylsilane at room temperature 
to give, after an induction period varying between 10 
min and 2 h, an active catalyst leading to phenylsilane 
polymer with characteristics similar to those in the 
previous case (cf. Table 1). The use of substituted 
phenoxides mainly influences the induction period. It 
allows the generation of an active species a t  20 or 25 

(17) Molecular weight determined by GPC analysis in THF with 

(18) Samuel, E.; Harrod, J. F. J. Am. Chen. SOC. 1984, 106, 1859. 
(19) Chen Shou Shan. Kezue Tongbao (Chin. Ed.) 1981, 26, 600; 

polystyrene standards (UV detection). 

Chem. Abstr. l981,95,167931c. 

Experimental Section 

General Conditions. All reactions (catalyst synthesis and 
polymerization) were carried out under an atmosphere of dry 

(20) Andra, K.; Mille, E. 2. Naturforsch. 1969,24B, 169. 
(21) Banovetz, J. B.; Stein, IC M.; Waymouth, R. W. Organometallics 

1991, 10, 3430. 
(22) (a)Aitken, C. A.; Barry, J. P.; Gauvin, F.; Harrod, J. F.; Malek, 

A.; Rousseau, R. Organometallics 1989, 8, 1732. (b) Li, H.; Gauvin, 
F.; Harrod, J. F. Organometallics 1993, 12, 575. 
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Table 1. DehvdrocouDLine of PhSiHl (Ea 2) 

entry no. catalyst? 

~ ~~~ ~ ~ ~ ~ 

induction reaction % of polymer as linear polysilane 
period conditionsb nonvolatile cyclicsC M w  (MwlMdd 

1 (r15-CsH~)zTi(OPh)~ 15 mid50 "C neat/24 h (20 "C) 25 2400 (1.25) 
2 ( r15-CsH~)~Ti(OCsH40Me-p)2 2 h/20 "C neat/48 h (20 "C) 25 3100 (1.55) 
3 (rl5-CsH5)zTi(OCsH4CI-P)z 10 mid25 "C neat/72 h (25 "C) 30 2200 (1.35) 
4 (r15-C5Hs)zTi(OC6H4CN-p)2 30 mid25 "C neat/72 h (25 "C) 30 2200 (1.38) 
5 (rls-CsHs)zTi(OCsH4Me-p)z 20 mid25 "C neat/72 h (25 "C) 30 2300 (1.35) 
6 (r15-CsH5)2TiMez 15 mid20 "C neat/l5 h (20 "C) 25 2700 (1.35) 
7 (~~-CsHd7Zr(OPh)z 15 mid50 "C neat/72 h (20 "C) 10 3200 (1.45) 
ge (t15-CsHs)zWOPh)z 15 mid50 "C neat/72 h (20 "C) 10 3750 (1.5) 

a Catalyst concentration: 0.1 mol% throughout. Conversion 295%. Cf. Experimental Section. Determined by GPC, the molecular weight values are 
relative to polystyrene standards; W detector. The polymerization was carried out by slow addition of the monomer over a 48 h period. 

argon. Solvents were dried using standard techniques. In- 
frared spectra were recorded on a Perkin-Elmer 1600 FT-IR 
spectrometer. NMR spectra were obtained with a Bruker AC 
250 ('H, 13C) or a Bruker W P  200 SY P9Si) (solvent CDC13, 
TMS as an internal standard). 

Gel permeation chromatography of polysilanes was carried 
out on THF solutions with a Waters Millipore 510. A UV 
detector, Waters Model 441, and a differential refractometer, 
Waters Model 410, were used. All molecular weights are 
reported with respect to polystyrene standards. 

The following compounds were prepared according to lit- 
erature procedures: PhSiH3,23 Ph2SiH2,23 (~5-C&)~TiMe2,1s 

(OC6H&e-p)2,16 (~5-C5HMkoPh)z.20 
(q6-CaHa)2n(OC~0Me-p)2.lg "his known complex1Q was 

obtained according to a slight modification of the reported 
procedure. To a suspension of NaNH2 (7.5 mL, 1.6 M in 
toluene) diluted with toluene (50 mL) was added dichloroti- 
tanocene (1.25 g, 10 mmol). p-Methoxyphenol (1.24 g, 10 
mmol) in 25 mL of toluene then was added dropwise; the 
mixture was refluxed for 10 min and then cooled to room 
temperature. The reaction mixture was filtered and the 
solvent removed in vacuo. The residue was crystallized from 
a toluene/pentane mixture to give 1.75 g (70%) of product, mp 
87-89 "C. lH NMR (CDC13; 6, ppm): 6.69 (8H, 9); 6.23 (lOH, 
9); 3.77 (6H, 9). 13C NMR (CDCl3; 6 ppm): 165.2; 152.5; 118.1; 
115.8; 114.4; 55.9. Anal. Calcd for C24H2404Ti: C, 67.92; H, 
5.70. Found: C, 67.55; H, 5.99. 

(q-C&I&Ti(OC&CN-p),. This was prepared by using the 
above procedure. The residue was crystallized from a toluene/ 
hexane mixture to give 1.15 g (60%) of product, mp 175-176 
"C. 'H NMR (CDCl3; 6, ppm): 7.53 (4H, d); 6.62 (4H, d); 6.32 
(lOH, 5). 13C NMR (CDCl3; 6 ppm): 173.7; 134.4; 120.5; 119.1; 
117.3; 101.8. Anal. Calcd for c24Hlso~ZTi: C, 69.56; H, 4.35; 
N, 6.76. Found: C, 69.34; H, 4.66; N, 6.38. 

Reactions of Dihydrosilanes. Diphenylsilanes. ($- 
CsH&Ti(OPh)z (7.3 mg, 0.02 mmol) was dissolved in PhzSiH2 
(1.84 g, 10 mmol). The mixture, upon heating at  80 "C, turned 
dark blue and hydrogen was evolved. After 5 h, the mixture 
was cooled to room temperature. Crystallization from pentane 
gave PhzSi(H)Si(H)Phz (0.35 g, lo%), mp 80 "C (lit.24 mp 78- 
80 "C). 

Di-n-butylsilane. (q6-C5H&Ti(OPh)z (50 mg, 0.14 mmol) 
and di-n-butylsilane (375 mg, 2.6 mmol) were mixed under 
argon and heated to 110 "C. The solution color change from 
yellow to dark brown was accompanied by some gas evolution. 
The mixture was then heated to 130 "C for 30 min and 
subsequently was allowed to  cool to room temperature. The 
crude reaction mixture was analyzed by GC/MS (temperature 
range 100-200 "C, 10 "C/min) and revealed n-Bu2SiHz (reten- 
tion time, 154 s; M,, 144; yield, 91%), n-BuzSi(0Ph)H (retention 
time, 728 s; M,, 236; yield, 2.2%), n-BuSiz& (retention time, 
834 s; M ,  286; yield, 4.4%), and n-BuzSi(OPh)2 (retention time, 
1424 s; M, 328; yield, 2.8%). 

($-CsHs)zTi(OPh)z,16 (Y~-CSH~)~T~(OCSH~C~-~)~,'~ ($-CsHs)zTi- 

(23) Benkeser, R. A.; Landesman, H.; Foster, D. J. Am. Chem. SOC. 

(24) Winkler, H. J. S.; Gilman, H. J. Org. Chem. 1961,26, 929. 
1952, 74, 648. 

Polycondensation of Phenylsilane. The polymerizations 
of PhSiHa were performed under argon using 0.1 mol % of the 
titanium or zirconium catalyst without any solvent. The 
results are given in Table 1. The catalysis by (76-ca&Ti- 
(OPh)2 is described as an example. 

Catalysis by (q5-Ca&Ti(OPh)z. PhSiH3 (2.16 g, 20 
mmol) and (q6-C5H&Ti(0Ph)2 (7.3 mg, 0.2 mmol) were mixed 
under argon. ARer dissolution, the solution was slowly heated 
to  50 "C. Mer 15 min at 50 "C, the mixture turned dark blue. 
It was cooled to  room temperature and stirred for 24 h. 
Volatile materials were then removed under vacuum, and the 
residue was solubilized in toluene and filtered through a 
Florisil column. The polysilane obtained after removal of the 
solvent (yield >95%) exhibited characteristics similar to those 
previously rep~r ted .~  'H NMR (CDCl3; 6, ppm): 4.1-5.2 (m), 
6.5-7.5 (m). 29Si NMR (CDCl3; 6, ppm): -50 to  -65 (m). IR 
(neat): v(Si-H) 2110 cm-l. GPC (on crude polymer, UV 
detector): 25% cyclics; 75% linear polymer with M ,  = 2400, 
MJM,, = 1.25. The proportion of cyclics was determined by 
GPC and by 'H NMR by comparing the ratio of resonances 
above 5 ppm and those below 4.8 ppm.21 The activation of the 
catalyst can also be performed at 30 "C. A 4 h induction period 
was then necessary before the polymerization occurred, leading 
to the same polysilane. 

Catalysis by ($s-CaHa)2Ti(OC&0Me-p)2. The reaction 
of PhSiHs in the presence of (r6-CsH5)zTi(OCsH40Me-p)z was 
performed as above. When this titanium complex was used, 
there was a 1-2 h induction period at 20 "C before polycon- 
densation with hydrogen evolution commenced. 

Catalysis by (g5.CaHa)2n(OC&C1-p)2, (qa-CsHs)2Ti- 
(OC&CN-p)2, and (qS-CaHa)2n(O-CsI4Me.p)z. The reac- 
tion of PhSiH3 in the presence of these titanium catalysts was 
performed as above. The induction periods at  25 "C were 
respectively 10, 30, and 20 min, and the polycondensation 
proceeded as above. 

Catalysis by (qa-CaHa)2Zr(OPh)2. The reaction was per- 
formed as described in the case of the catalysis by (y5-CsH&- 
Ti(0Ph)z. An induction period of 15 min at  50 "C, after which 
time the solution turned yellow, was necessary to obtain 
polycondensation at room temperature. 

Polycondensation of 1,4-Disilapentane. The reaction 
was conducted as above using 1,4-&silapentane (10.4 g, 100 
"01) and (~5-C&)zTi(OPh)~ (180 mg, 0.5 mmol) as catalyst. 
After 48 h the reaction was stopped by bubbling air through 
the liquid until the intense color disappeared. The mixture 
was diluted with toluene and filtered through a Florisil 
column. The polysilane was collected after removal of the 
solvent. GPC (detector: refractive index): M ,  = 1041, M,/ 

3.5 Hz, 3H); 0.9 (m, 4H), 3.8 (m, 3H). 13C NMR (62.9 MHz; 6, 
CDCld: 8.3 (CH3); 1.4-5.5 (CH2); 8.1-9.9 (CHz). 29Si NMR 
(49.7 MHz; 6, CDC13): -65 to -49 (SiH, SiHz); -30.2 (t, 'V(Si- 
H) = 189 Hz). IR (hexane): Y 2134 cm-1 (SiH). Anal. 
Found: C, 35.11; H, 10.15. 

OM940301F 

Mw = 1.16. 'H NMR (80 MHz; 6, CDC13): 0.0 (t, 'J(H,H) = 
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Summary: The reaction of hydrosilanes with Cu'IF2.2H~O 
in refluxing CCl4 gave the corresponding fluorosilanes 
in good yields. In THF hydrosilanes were recovered 
unchanged. X-ray powder analysis of the solid products 
indicated the formation of C u U .  These results suggests 
that both cc14 and Cu" act as oxidants for hydrosilanes. 

a-Heteroatom-substituted organosilicon compounds 
have attracted considerable research interest because 
of their unique properties in electron-transfer  reaction^.^ 
In an attempt to synthesize sila-functional a-hetero- 
atom-substituted organosilicon compounds, we needed 
a convenient method for the conversion of hydrosilanes 
to  the corresponding fluorosilanes. Although there are 
a great number of methods for the synthesis of chlo- 
rosilanes from the corresponding hydr~silanes,~ only a 
few methods for the direct conversion of hydrosilanes 
to fluorosilanes have been found so far. Tang et al. 
reported monofluorination of RzSiHz with SbF3,5 but 
SbF3 is highly toxic6 Olah and co-workers reported 
ionic fluorination of R3SiH using highly reactive NOBF4 
or NOzBF4.' Bulkowski et al. employed Ph3CBF4 to 
convert RzSiHz to RzSiHF.* Finch et al. used PF5 to 
fluorinate RSiH3 to give RSiHzF and R S ~ H F Z . ~  Ander- 
son also reported the conversion of EtsSiH to EtsSiF by 
the action of AgF.'O In this paper we wish to report a 
new convenient method for the conversion of hydro- 
silanes to fluorosilanes by the action of CuI1Fz*2Hz0 in 

@ Abstract published in Aduance ACS Abstracts, December 1, 1994. 
(1) Present address: Department of Synthetic Chemistry & Biologi- 

cal Chemistry, Faculty of Engineering, Kyoto University, Kyoto 
606-01, Japan. 

(2) Undergraduate Research Participant, Osaka Institute of Tech- 
nology. 

(3) For example: (a) Yoshida, J.; Maekawa, T.; Murata, T.; Matsu- 
naga, S.; Isoe, S. J. Am. Chem. SOC. 1990,112, 1962. (b) Yoshida, J.; 
Murata, T.; Matsunaga, S.; Maekawa, T.; Shiozawa, S.; Isoe, S. Rev. 
Heteroat. Chem. 1991,5, 193 and references cited therein. 

(4) For example: (a) Banovetz, J. P.; Hsiao, Y.-L.; Waymouth, R. 
M. J. Am. Chem. SOC. 1093,115,2540. (b) Kunai, A.; Kawakami, T.; 
Toyoda, E.; Ishikawa, M. Organometallics 1092,11, 2708. (c) Nagai, 
Y.; Matsumoto, H.; Yagihara, T.; Morishita, K. Kogyo Kagaku Zasshi 
1968, 71,1112. (d) Nagai, Y.; Yamazaki, K.; Shiojima, I.; Kobori, N.; 
Hayashi, M. J. Organomet. Chem. 1967,9,21. (e) Curtice, J.; Gilman, 
H.; Hammond, G. S. J. Am. Chem. SOC. 1957, 79,4754. (0 Baines, I. 
E.; Eabom, C. J. Chem. SOC. 1966, 1436. (g) Russel, G. A. J. Org. 
Chem. 1966,21, 1190. (h) Jenkins, J. W.; Post, H. W. J. Org. Chem. 
1950,15,556. (i) Whitmore, F. C.; Pietrusza, E. W.; Sommer, L. H. J. 
Am. Chem. SOC. 1947, 69, 2108. 

(5 )  Hong, C. M.; Witt, S. D.; Tang, Y. N. J. Flwrine Chem. 1983, 
23, 359. 

(6) Damrauer, R.; Simon, R. A. Organometallics 1988, 7, 1161. 
(7) Prakash, G. K. S.; Wang, Q.; Li, X.; Olah, G. A. New J. Chem. 

1990,14, 791. 
(8) Bulkowski, J .  E.; Stacy, R.; Van Dyke, C. H. J. Organomet. Chem. 

1976, 87, 137. 
(9) Finch, M. A.; Marcus, L. H.; Smirnoff, C.; Van Dyke, C. H.; 

Viswanathan, N. Synth. Inorg. Met.-Org. Chem. 1971, 103. 
(10) Anderson, H. H. J. Am. Chem. SOC. 1958,80, 5083. 

Table 1. Conversion of Hydrosilanes to Fluorosilanes with 
CUF&IzO/CC~ 

hydrosilane ("01) CUFZQH~O product yield ("A) 
mmnl 

PhoSiH (5.03) 14.9 Ph,SiF EO 
(5.01) 14.9 45 = 
(5.03) 14.9 O b  

Ph2SiH2 (5.17) 14.8 Ph2SiF2 85 

C,oHz1SiMe2H (1.93) 6.0 C I ~ H Z I S ~ M ~ ~ F  78 

PhS-SiMepH (1.20) 3.9 PhS,SiMezF 70 

(0.98) 3.0 hSY SiMe2F 63 
SiMe2F 

phSYS1Me2H 
SiMezH 

A A 
SiMe2F 

SiMe2F 
(2.10) 6.2 0: 77 

,I The reaction was canied out in refluxing ClCH2CHzCl. * The reaction 
was carried out in refluxing THF. 

CC14 under very mild conditions (eq 1). 

CuF2*2H20 
R3SiH cc4, reflux- R3SiF (1) 

Results and Discussion 
The fluorination reactions of hydrosilanes with 

copper(I1) fluoride are very simple to perform. In a 
typical experiment, to  a solution of a hydrosilane (5 
mmol) in carbon tetrachloride (15 mL) was added 
copper(I1) fluoride dihydrate (15 mmol), and the mixture 
was heated to reflux overnight. The reaction mixture 
was filtered through Celite, and the filtrate was distilled 
to obtain the corresponding fluorosilane. The results 
obtained for several hydrosilanes are shown in Table 
1. The present reaction is effective for arylsilanes, 
alkylsilanes, and a-heteroatom-substituted silanes. It 
is also noteworthy that organosilanes containing two 
Si-H bonds can be converted into difluorinated com- 
pounds by using the present reaction. 

It should be pointed out that hydrosilanes are known 
to be readily converted to the corresponding chloro- 
silanes by the treatment with metal salts in carbon 

0276-733319512314-0567$09.00/0 0 1995 American Chemical Society 
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tetrachloride which acts as both the oxidant and the 
chloride source. As a matter of fact, hydrosilanes were 
converted into the corresponding chlorosilanes in re- 
fluxing CC4 in the presence of a catalytic amount of 
CuF2-2H20. The fact that the treatment of hydrosilanes 
with a stoichiometric amount of copper(I1) fluoride in 
THF gave rise to complete recovery of the starting 
material also indicates the important role played by 
carbon tetrachloride. The reaction in 1,2-dichloro- 
ethane, which is less effective as a chlorine donor in 
radical reactions, gave fluorosilanes in lower yields. It 
is also noteworthy that organotrichlorosilanes are easily 
converted into organotrifluorosilanes by treatment with 
copper(I1) fluoride.ll 

On the basis of these facts, we initially proposed the 
following mechanism. The first step of the reaction 
involves copper(I1) fluoride catalyzed oxidation of hy- 
drosilanes to chlorosilanes by the action of carbon 
tetrachloride (eq 2).4a9c9d Presumably the reaction pro- 
ceeds by a radical-chain mechanism.4d In the second 
step, chlorosilanes are converted into fluorosilanes by 
the halogen-exchange reaction with copper(I1) fluoride 
(eq 3). 

CuF,cat. 
R,SiH + CCl, - R,SiCl + CHCl, (2) 

Notes 

Although the detailed mechanism of the present 
reaction is not fully understood, as a consequence of 
mild reaction conditions, the ready availability of 
CuFy2H20, and operational simplicity, this method 
should find extensive use in the chemistry of fluoro- 
silanes. 

R,SiC1 + '/,CuF, - R,SiF + '/,CuCl, (3) 

R,SiH + CCl, + '/,CuF, - 
R,SiF + CHC1, + '/,CuCl, (4) 

The mechanism of the present reaction, however, was 
found to be more complicated, because X-ray powder 
analysis of the solid product indicated the formation of 
CuCl and CuOHF. Signals of CuClz were not detected 
at all. These results indicate that copper(I1) was 
reduced to copper(1) during the course of the reaction. 
Kunai and Ishikawa et al. reported that the reaction of 
hydrosilanes with Cu"C12 in the presence of CUI gave 
the corresponding chlorosilanes and C U I C ~ . ~ ~  Therefore, 
in the case of the present reaction, the initially formed 
CuI'C12 also seemed to react with hydrosilanes to give 
Cu'C1 and chlorosilanes (eq 5) .  

R,SiH + 2CuC1, - R,SiC1 + 2CuC1+ HC1 ( 5 )  

The combination of eqs 3 and 5 gives eq 6. 

R,SiH + ,/,CuCl, + '/,CuF, - 
R,SiF + 2CuC1+ HC1 (6) 

By the combination of eqs 4 and 6, we propose the 
following stoichiometry of the present reaction (eq 7). 

4R3SiH + 3CC1, + 2CuF, - 
4R,SiF + 3CHC1, + 2CuC1+ HC1 (7) 

The formation of CuOHF may be explained in terms of 
the hydrolysis of CuFz under the reaction conditions. 

(11) (a) Tamao, K.; Yoshida, J.; Yamamoto, H.; Kakui, T.; Matsu- 
mob, H.; Takahashi, M.; Kurita, A.; Murata, M.; Kumada, M. 
Organometallics 1982,1,  355. (b) Shin-Etsu Chemical Industry Co., 
Ltd. Jpn. Kokai Tokkyo Koho J p  81,167,693; Chem. Abstr. 1980, 96, 
199870~. 

Experimental Section 
General Remarks. Glass-support precoated (Merk silica 

gel 60 Fzu, 0.25 mm) plates were employed for analytical TLC. 
Vapor-phase chromatography (VPC) was performed on a 
Shimadzu gas chromatograph equipped with a 2 m x 3 mm 
column packed with Silicone OV-l(2%) on Chromosorb WAW 
DMCS. Proton NMR spectra were determined on a Hitachi 
R-90H spectrometer (90 MHz) or a JEOL JNM-GX-400 spec- 
trometer (400 MHz). Carbon NMR spectra were determined 
on a JEOL JNM-GX-400 spectrometer. Infrared (IR) spectra 
were determined on a JASCO A-102 diffraction grating spec- 
trophotometer. Mass spectra were obtained on a JEOL JMS- 
AX500 spectrometer; the ionization potential was 70 eV. 

Materials. CuF92Hz0 was purchased from Nakarai Tesque, 
Inc., and used as obtained. ((Pheny1thio)methyl)dimethyl- 
silane was prepared by deprotonation of thioanisole with BuLi 
in ether followed by the reaction with chlorodimethylsilane.l2 
(Phenylthio)bis(dimethylsilyl)methane was prepared by depro- 
tonation of ((pheny1thio)methyl)dimethylsilane with LDA fol- 
lowed by the addition of dimethylchlorosilane.12 ((Menthylo-)- 
methy1)diphenylsilane was prepared by the transmetalation 
reaction of ((menthy1oxy)methyl)tributylstannane with BuLi 
followed by the treatment with chlorodipheny1silane.l2 o-Bis- 
(dimethylsily1)benzene was prepared according to the litera- 
ture method.13 

Preparation of Triphenylfluorosilane. Typical Pro- 
cedure for Fluorination Using CuF2*2H~0. To a stirred 
mixture of CuF2-2H20 (2.052 g, 14.9 mmol) and C c 4  (15 mL) 
was added triphenylsilane (1.309 g, 5.03 mmol) at room 
temperature. The mixture was refluxed overnight. Solid 
materials were separated by filtration, and the solvent was 
removed by evaporation. Recrystallization of the crude pro- 
duce from hexane gave triphenylfluorosilane (1.111 g, 3.99 
mmol, 79%): mp 61-63 "C (lit.' mp 61-62 "C); VPC t~ 14.4 
min (OV-12% 2 m 100-240 "C, 10 "C/min); 'H NMR (90 MHz, 
CDCls) 6 7.26-7.87 (m, 15H); IR 3075 (m), 3020 (w), 2250 (w), 
1595 (m), 1430 (s), 1190 (w), 1125 (SI, 1000 (w), 890 (s), 840 
(m), 695 (8) cm-'; low resolution MS mle 278 (1001, 201 (99), 
181 (121, 154 (831, 124 (4). 

Diphenyldifluorosilane6 (bulb-to-bulb distillation 150- 
160 "C/20 mmHg): VPC t~ 7.2 min (OV-1 2% 2 m 100-240 
"C, 10 Wmin); TLC Rf 0.29 (hexane/ethyl acetate, 99:l); 'H 
NMR (90 MHz, CDCls) 6 7.14-7.92 (m, 10 H); low-resolution 
MS m/e (%) 220 (1001, 199 (191, 154 (66), 143 (231, 77 (281, 51 
(4). 
Dodecyldimethylfluorosilane (bulb-to-bulb distillation 

102 "C/19 mmHg); VPC t~ 7.4 min (OV-1 2% 2 m, 100-230 
Wmin); TLC Rf 0.85 (hexane); 'H NMR (90 MHz, CDCls) 6 
0.22 (d, J = 7.5 Hz, 6 H), 0.50-1.68 (m, 21 H); IR 2930 (s), 
2860 (m), 1460 (w), 1260 (m), 1220 (w), 850 (m), 800 (w), 780- 
670 (br, m) cm-'; low-resolution MS mle (%) 218 (0.5), 203 (441, 
190 (O. l ) ,  175 (0.2), 161 (O. l ) ,  140 (81, 119 (5) ,  105 (571, 85 (6), 
77 (loo), 71 (5 ) ,  57 (7); high-resolution MS calcd for C12H27- 
SiF 218.1866, found 218.1861. Anal. Calcd for ClzH2,SiF: C, 
65.99; H, 12.46. Found: C, 66.13; H, 12.38. 
((Menthy1oxy)methyl)dimethylfluorosilane (bulb-to- 

bulb distillation 105-125 "C/30 " H g ) :  VPC t~ 6.6 min (OV-1 
2% 2 m, 100-240 "C, 10 "C/min); 'H NMR (400 MHz, CDC13) 
60.24(d, J=3.67Hz,3H),0.25(d,  J=3.05Hz,3H),0.69- 
1.00 (m, 12H), 1.13-1.24 (m, lH), 1.24-1.38 (m, lH), 1.51- 

(12) Yoshida, J.; Tsujishima, H.; Nakano, K.; Isoe, S. Inorg. Chim. 

(13) Fink, W. Helu. Chim. Acta 1974, 57, 1010. 
Acta 1994,220, 129. 
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59 (6); high-resolution MS (M+) calcd for C~&&Siflz 276.0636, 
found 276.0648. Anal. Calcd for C11HlaSSizF2: C, 47.78; H, 
6.56. Found C, 47.84; H, 6.37. 
o-Bis(dimethylfluorosily1)benzene (bulb-to-bulb distil- 

lation 120-140 "Cl20 "Hg): VPC t~ 5.8 min (OV-l2%, 100- 
240 "C, 10 "C/min); lH NMR (CDCl3) 6 0.46-0.52 (m, 6H), 
7.40-7.46 (m, 2H), 7.64-7.69 (m, 2H); IR (neat) 3120 (w), 3070 
(m), 3050 (m), 2960 (s), 2900 (m), 1580 (w), 1560 (w), 1415 (s), 
1260 (s), 1125 (s), 1065 (s), 1040 (s), 840 (9, br), 800 (s), 750 ( 8 )  
cm-l; low-resolution MS (EI) mle (%) 230 (M+, 2), 217 (111, 
216 (22), 215 (loo), 199 ( l l ) ,  119 (18), 77 (13); high-resolution 
MS (M+) calcd for CloHl&F2 230.0758, found 230.0758. Anal. 
Calcd for C ~ O H ~ ~ S ~ ~ F Z :  C, 52.13; H, 7.00. Found: 52.15; H, 
6.92. 
X-ray Powder Analysis. After the reaction of tri- 

phenylfluorosilane with CuFz.2HzO in refluxing CCL, solid 
materials were separated by filtration and dried. X-ray 
analysis of the solid products with a Rigaku RAD-IA diffrac- 
tometer (copper) showed signals for CuCl and CuOHF together 
with those of unchanged CuF2-2H20, which were assigned by 
comparison with the literature data.14 

Acknowledgment. We thank Prof. Nobuyuki 
Aikawa, Osaka City University, for the use of powder 
X-ray diffractometer, and valuable discussions. We also 
thank the Ministry of Education, Science, and Culture 
of Japan for the Grant-in-Aid for Scientific Research. 
OM940561X 

1.67 (m, 2H), 2.05-2.21 (m, 2H), 2.82-2.94 (m, lH), 2.90 (dd, 
J = 5.49 and 13.43 Hz, 1 H), 3.45 (dd, J = 3.67 and 13.43 Hz, 
1H); IR (CDCl3) 2960 (SI, 2920 (81, 2870 (81, 1451 (W), 1370 
(w), 1349 (w), 1260 (81,1108 (m), 1088 (m), 1073 (m), 852 (s), 
810 (m), 708 (br) cm-'; low-resolution MS (CI) mle (S) 231 (121, 
245 (34), 227 (22), 197 (€9, 168 (3), 161 (9), 149 (e), 140 (loo), 
139 (loo), 137 (78), 123 (23), 109 (21); high-resolution MS (M + H) calcd for C13H28OSiF 247.1893, found 247.1882. Anal. 
Calcd for C13HzaOSiF: C, 63.36; H, 11.04. Found: C, 63.07; 
H, 10.87. 
((Pheny1thio)methyl)dimethylfluorosilane (bulb-to- 

bulb distillation 120-140 "C/20 " H g ) :  TLC Rf0.40 (hexanel 
ethyl acetate, 39:l); VPC t~ 4.0 min (OV-1 2% 2 m, 100-240 
"C, 10 "C/min); lH NMR (90 MHz, CDCl3) 6 0.35 (d, J = 7.5 
Hz, 6H), 2.35 (d, J = 4.5 Hz, 2H), 7.00-7.50 (m, 5H); IR (neat) 
3060 (w), 2960 (m), 2890 (w), 1585 (81,1485 (s), 1440 (s), 1390 
(m), 1255 (SI, 1135 (m), 1090 (m), 1070 (w), 1025 (m), 840 (br, 
s), 735 (s), 685 (s) cm-1; low-resolution MS (EI) mle (%) 200 
(97), 185 (26), 165 (13), 154 (19,  139 (50), 123 (251, 109 (121, 
91 (931, 77 (100),65 (6),51(4); high-resolution MS (M+) calcd 
for CgH13SiSF 200.0492, found 200.0482. Anal. Calcd for 
CgH13SiSF: H, 53.96; H, 6.54. Found: C, 53.97; H, 6.55. 
(Phenylthio)bis(dimethylfluomsilyl)meth (bulb-to- 

bulb distillation 123 "Cl15 mmHg): VPC t~ 9.2 min (OV-1 2% 
2 m, 100-240 "C, 10 "C/min); 'H NMR (CDCl3) 6 0.27 (d, 5.4 
Hz, 6H), 0.38 (d, 5.4 Hz, 6H), 1.82 (t, 4.5 Hz, lH), 6.93-7.63 
(m, 5H); IR (neat) 3100 (w), 3000 (m), 2930 (w), 1595 (s), 1490 
(s), 1450 (m), 1410 (w), 1270 (s),llOO (m), 1035 (m), 1020 (m), 
870 (br), 765 (s), 750 (s), 700 (s) cm-'; low-resolution MS (EI) 
m/e (%) 276 (491, 261 (91, 245 (41, 217 (21, 199 (30), 180 (261, 
165 (loo), 151 ( l l ) ,  135 (531, 122 (5), 103 (4), 91 (6), 77 (241, 

(14) Smith, J. V., Ed. Powder DiTfraction File 1967; American Society 
for Testing and Materials: York, PA, 1967. 
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Preparation of (Aminocarbene)tetracarbonyliron(O) 
Complexes by the Reaction of Tertiary Amides with 

Fe(C0)42- and Chlorotrimethylsilane 
Dalimil DvoEakl 

Department of Chemistry, Prague Technical University, 166 28 Prague 6, Czech Republic 

Received July 26, 1994@ 

Summary: (Amimcarbem)tetracarbonyliron(O) complexes 
without hydrogen atoms at the position a to the carbene 
atom can easily be prepared by the reaction of forma- 
mides or aromatic and heteroaromatic tertiary amides 
with sodium or potassium tetracarbonylferrate and 
chlorotrimethylsilane in  THF solution. 

While the chemistry of chromium aminocarbene 
complexes has been intensively explored during the last 
years, resulting in development of many synthetically 
useful methods,2 the chemistry of analogous iron ami- 
nocarbene complexes remains almost untouched. To the 
best of our knowledge, there is only one paper dealing 
with the reactivity of neutral iron aminocarbene com- 
plexese3 This is apparently due to the relative inacces- 
sibility of these compounds. 

Several iron aminocarbene complexes have been 
prepared to date. The method most used for the 
preparation of chromium aminocarbene complexes (ami- 
nolysis of alkoxycarbene complexes) can, in principle, 
be used also for the preparation of iron aminocarbene 
~omplexes.~ However, the preparation of the starting 
iron alkoxycarbenes is not as easy as the synthesis of 
chromium alkoxycarbene complexes.4a Furthermore, 
the exchange reaction with amines has been reported 
to give satisfactory results only with carbene complexes 
without hydrogen at the position a to the carbene atom.3 
Other methods described for the preparation of iron 
aminocarbene complexes include a photochemical ex- 
change and the reaction of NazFe(C0)r with 
(chloromethy1ene)dialkylammonium ~hlorides.~ How- 
ever, these methods are either complicated or not 
general. 

A very efficient and relatively general method for 
preparation of chromium aqinocarbene complexes 1, 
based on the reaction of Na%C1@0)5 or K2Cr(C0)5 with 
amides and chlorotrimethylsilane, was developed by 
Imwinkelried and Hegedus.6 This reaction is believed 
to proceed via nucleophilic addition of Cr(C0)52- (pre- 
pared by reduction of Cr(CO)6 with sodium or potassium 

@ Abstract published in Advance ACS Abstracts, November 15,1994. 
(1) Temporary address: University of Leicester, Department of 

Chemistry, University Road, Leicester, LE1 7RH, U.K. 
(2) For a review, see: Schwindt, M. A.; Miller, J. R.; Hegedus, L. S .  

J. Organomet. Chem. 1991,413, 143. 
(3) Semmelhack, M. F.; Park, J. Organometallics 1986,5,2550. For 

a review of the reactivity of Fischer iron carbene complexes; see: 
Semmelhack, M. F.; Park, J.; Schnatter, W.; Tamura, R.; Steigerwald, 
M. Chem. Scr. 1987,27, 509. 

(4) Preparation of (alkoxycarbene)iron(O) complexes by Fischer 
procedure: (a) Semmelhack, M. F.; Tamura, R. J. Am. Chem. SOC. 1983, 
105,4099. (b) Park, J.; Kang, S.; Whang, D.; Kim, K. Organometallics 
1991, 10, 3413. (c) Fischer, E. 0.; Beck, H.-J.; Kreiter, C. G.; Lynch, 
J.; Muller, J.; Winkler, E.  Chem. Ber. 1972, 105, 162. For aminolysis 
of (a1koxycarbene)iron complexes, see: References 2 and 3c. 

( 5 )  Hartshorn, A. J.; Lappert, M. F.; Turner, K. J. Chem. SOC., Dalton 
Trans. 1978,348. 

(6) Imwinkelried, R.; Hegedus, L. S .  Organometallics 1988, 7, 702. 

Scheme 1 

0 0- 

. ,., 
M - Cr, n - 5 
M - Fe, n - 4 

SiMel 

1, M - Cr, n - 5 
2, M - Fe, n = 4  

naphthalenide) to the carbonyl group of an amide 
followed by the 0-silylation of the adduct and subse- 
quent reaction with an excess of chlorotrimethylsilane 
and elimination of hexamethyldisiloxane (Scheme 1). 
The drawback of this procedure-the necessity of sepa- 
rating 2 equiv of naphthalene formed from the sodium 
naphthalenide from the product by means of chroma- 
tography on silica-can be avoided by using CsK as a 
reducing agent.7 A similar concept was used by Hos- 
sain, who treated aldehydes with FeCp(C0)z- and chlo- 
rotrimethylsilane to produce unstabilized cationic iron 
carbene complexes.s 

Fe(C0)42- is known as a very strong nucleophile. We 
reasoned that it can react with amides and chlorotri- 
methylsilane in the same way as Cr(C0)S2-, forming the 
desired iron aminocarbene complexes. To verify this 
hypothesis, we chose dimethylformamide, which should 
give the known product5 2a, for the first experiments. 
However, the treatment of DMF with the dioxane 
solvate of NazFe(CO14 and chlorotrimethylsilane in THF 
solution gave only traces of the expected [(Nfl-dim- 
ethylamino)methyleneltetracarbonyliron(O) (2a). This 
might be due to the low solubility of the dioxane solvate 
of NasFe(C0)r in THF. Therefore, for further experi- 
ments, we generated NazFe(C0)a free of dioxane in  situ 
by reduction of iron pentacarbonyl with sodium naph- 
thalenideg in THF. With this reagent the desired iron 
aminocarbene complex 2a was obtained in high yield. 
The product 2a (61%) was separated from the naphtha- 
lene byproduct by chromatography on aluminium ox- 
ide.1° 

The scope of this method was explored using other 
substrates with the aim of preparing iron aminocarbene 

(7) Schwindt, M. A.; Lejon, T.; Hegedus, L. S.  Organometallics 1990, 
9,  2814. 

(8) Vargas, R. M.; Theys, R. D.; Hossain, M. M. J. Am. Chem. SOC. 
1992,114, 777. 

(9) Strong, H.; Krusic, P. J.; Filippo, J. S. Inorg. Synth. 1986, 24, 
157. 

(10) Aluminium oxide turned out to be the adsorbent of choice, since 
chromatography on silica gel is accompanied by partial decomposition 
of the product. 
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ethylsilyl)phenyll-(NJV-dimethylamino)carbeneltetra- 
carbonyliron(0) (2k). This was confirmed by mass 
spectrometry showing molecular ions of low intensity 
for both compounds together with the character is ti^^^ 
stepwise lose of CO ligands. The silylated product 2k 
is likely to be formed by reductive splitting of iodine 
followed by silylation of the resulting carbanion by Me3- 
SiC1.14 

In conclusion, the reaction of Fe(C0)42- with tertiary 
amides without a-hydrogens provides a useful new route 
to (aminocarbene)tetracarbonyliron(O) complexes. The 
chemistry of these compounds is currently under study 
in our laboratory. 

Table 1. PreDaration of 
(Aminocarbene)tetracrbkyliron(O) Complexes 

R R' 
1 
2 

complex 

2a 
2b 
2c 
2d 
2e 
2f 
2g 
2h 
2i 

H 
Ph 
4-MeOPh 

4-BrPh 
3-ClPh 

4-CNPh 
3-pyridyl 
2-furyl 
3-thienyl 

Method A. Method B. Method C. 

% yield 

61.7" 
63.1"; 76.w; 74.3c 
48.6" 
39.0" 
26.3"; 54.7b 
29.2" 
28.7" 
67.0" 
65.2" 

complexes bearing hydrogen (2a), aromatic (2b-f9, or 
heteroaromatic (2g-i) substituents at the carbene atom. 
The yield wa$ modest to high (Table 1). However, this 
method failed. in the case of amides bearing a-hydrogens 
such as NJV-dimethylacetamide or N-methylpyrroli- 
done. Also NJV-dimethylamides or cinnamic and pivalic 
acids failed to give aminocarbene complexes, the latter 
probably as a result of a steric hindrance. 

Iron aminocarbene complexes are yellow crystalline 
solids with IR absorption characteristic for the Fe(C0)4 
moiety. The lH NMR spectra of dimethylamino car- 
benes show characteristic signals of NCH3 groups at d 
-3.10 and 4.00, only slightly influenced by the aromatic 
substituent. The complexes are infinitely stable at 8 
"C under nitrogenll and can be handled in air as solids 
for a limited time without oxidation, but are readily 
oxidized in solution, especially in the light. 

If K2Fe(C0)4 prepared by reduction of Fe(C0)5 with 
potassium naphthalenide or C& in THF is used instead 
of NazFe(CO)r, the yields of iron aminocarbene com- 
plexes are generally higher (Table 1, entries 2 and 5) .  
In this case, it is crucial to keep the THF solution of 
KzFe(C0)4 below -30 "C, otherwise an insoluble THF 
solvate of K2Fe(C0)4 is formed and the yield of ami- 
nocarbene complex drops to zero. 

It is known that Cr(C0)s2- does not tolerate aromatic 
iodo12 and bromo13 compounds, presumably because of 
the electron transfer processes. Fe(C0h2- behaves 
differently in this respect: [(4-Bromophenyl)-(NJV-dim- 
ethylamino)methyleneltetracarbonyliron(O) was readily 
formed by the reaction of 4-bromo-NJV-dimethylbenza- 
mide with potassium tetracarbonylferrate in 54% yield 
(Table 1, entry 5). The reaction of 4-iodo-NJV-dimeth- 
ylbenzamide with sodium tetracarbonylferrate appeared 
to be more complicated. Besides the two singlets at 6 
3.11 and 4.00 characteristic for the carbene dimethy- 
lamino group, the 'H NMR spectrum of the reaction 
product indicated the presence of two different 4-sub- 
stituted phenyl groups in 60.5:39.5 ratio and an inten- 
sive singlet at d 0.27 (a trimethylsilyl group belonging 
to  the compound with less intensive phenyl signals). 
This spectrum can be interpreted as that of a mixture 
of two carbene complexes [(4-iodophenyl)-(NJV-dimethy- 
lamino)carbene]tetracarbonyliron(0) (2j) and [4-(trim- 

(11) The only exception is 2-furylderivative 2h, which slowly 
decomposes even a t  -18 "C. 

Experimental Section 
Methods. Melting points were taken on a Kofler block and 

are uncorrected. Unless otherwise noted, all 'H NMR spectral 
data were recorded in CDC13 at 100 MHz and chemical shifts 
are reported relative to TMS. All IR spectra were recorded 
as CCh solutions. Elemental analyses were performed by the 
analytical departments of UOCHB-CSAV and Prague Techni- 
cal University. The yields are based on starting amides. All 
experiments were carried out under argon. 

Materials. Tetrahydrofuran was distilled from benzophe- 
none ketyl under a nitrogen atmosphere just prior to use. Ethyl 
acetate was distilled over CaH2; diethyl ether was dried over 
sodium metal and distilled. Iron pentacarbonyl, chromium 
hexacarbonyl, and chlorotrimethylsilane were obtained from 
Aldrich and used without further purification. Neutral alu- 
minium oxide (Brockman I11 grade) was obtained from Lache- 
ma. Dimethylformamide and dimethylacetamide were ob- 
tained from Aldrich; the other amides were prepared from 
appropriate acid chlorides and dimethylamine or morpholine 
in ether. 

General Procedure for the Preparation of the Iron 
Aminocarbene Complexes 2a-i. Method A. In a 250 mL, 
round-bottomed flask equipped with a magnetic stirring bar 
and a septum inlet was placed a solution of iron pentacarbonyl 
(1.4 mL, 10.5 mmol) in THF (50 mL). The solution was cooled 
to -78 "C, and the flask was evacuated and filled with argon. 
This procedure was repeated five times. Then an -0.8 M stock 
solution of sodium naphthalenide in THF (35 mL, 28 mmol) 
was added via a double-ended needle over several minutes. 
The reduction of iron pentacarbonyl proceeds almost im- 
mediately with evolution of CO gas. The reaction mixture was 
than allowed to warm to 0 "C, and the amide (5 mmol) in THF 
(10 mL) was added through a double-ended needle. The 
solution was stirred at 0 "C for 10 min and then cooled to -78 
"C; chlorotrimethylsilane (2.5 mL, 19.7 mmol) was added via 
a syringe. The solution was stirred at  -78 "C for 0.5 h, then 
the cooling bath was removed, the mixture was allowed to 
warm to 0 "C, and neutral alumina (8 g) was added. The 
solvent was removed under reduced pressure on a rotatory 
evaporator, and the residue was dried for several hours under 
high vacuum to remove all the THF. n-Hexane (50 mL) was 
added, and the mixture was stirred vigorously for several 
minutes under argon atmosphere. The suspension formed was 
then transferred to the top of a column filled with neutral 
alumina (150 9). Naphthalene and green FedC0)12 were 
eluted with hexane, and further elution with hexane-CHzClz 
(51) gave the crude iron carbene complex as a brown-yellow 
solid. The crude product was dissolved in a small amount of 
dichloromethane, and the solution was diluted with n-hexane 
and filtered under argon atmosphere. Evaporation of dichlo- 
romethane in vacuum at  0 "C and filtration under argon gave 
the pure iron aminocarbene complex. 

(12) Semmelhack, M. F.; Lee, G. R. 0rganometaUic.s 1987, 6, 1839. 
(13) Dvofa ,  D. Unpublished results. 
(14) All attempts a t  separation of z j  and 2k by chromatography or 

crystallization have failed. 
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Method B. To a solution prepared by dissolving potassium 
(1.20 g, 30 mmol) and naphthalene (4.3 g, 33.5 mmol) in THF 
(80 mL) in an argon atmosphere was added iron pentacarbonyl 
(1.4 mL, 10 mmol) at -78 "C via a syringe. Fe(C015 was 
reduced almost instantaneously, forming a yellow-brown solu- 
tion of Kz[Fe(C0)4]. After 15 min at -78 "C, the amide (5 
mmol) in THF (10 mL) was added. After 0.5 h at -78 "C, the 
temperature was allowed to rise slowly (in -0.5 h) to -40 "C, 
and the mixture was than kept at this temperature for another 
0.5 h. The resulting solution was cooled again to  -78 "C, and 
chlorotrimethylsilane (2.5 mL, 19.7 mmol) was added. The 
reaction mixture was stirred at -78 "C for 0.5 h and let to  
warm gradually to 0 "C over 1 h. Neutral alumina (10 g) was 
then added, and further workup was identical to that described 
under (A). 
Method C. To C8K,7 prepared from graphite (2.5 g, 208 

mmol) and potassium (1.06 g, 26 mmol), was added THF (50 
mL) under argon. The resulting suspension was cooled to -78 
"C, and Fe(C0)5 (1.4 mL, 10 mmol) was added via a syringe, 
while CO evolved. The resulting mixture was stirred 0.5 h at  
-78 "C, and then a solution of the amide (8 mmol) in THF (15 
mL) was added by syringe. Further procedure was identical 
to that described for method A, except that only 50 g of 
alumina was used for chromatography. 

[ (NJV-Dimethylamino)methyleneltetracarbonyliron- 
(0) (2a). Procedure A using Fe(C0)5 (3.95 g, 20 mmol), a 0.71 
M THF solution of sodium naphthalenide (76 mL), dimethyl- 
formamide (0.790 g, 10.8 mmol), and chlorotrimethylsilane (4.0 
mL, 31.5 mmol) gave 1.99 g (82%) of the crude product. Pure 
compound was obtained from crystallization as fawn needles: 
1.50 g (61.7%), mp 58-60 "C (lit.5 mp 55-56 "C). 'H NMR 
and IR spectra were identical with those in ref 4. 

[ (NJV-Dimethy1amino)phenylmethylenel tetracar- 
bonyliron(0) (2b). Method A. Crude carbene 2b (1.03 g, 
68.5%) was obtained from NJV-dimethylbenzamide (0.745 g, 
5 mmol), Fe(C0)5 (2.033 g, 10.4 mmol), a 0.71 M THF solution 
of sodium naphthalenide (42 mL), and chlorotrimethylsilane 
(2.5 mL, 19.75 mmol). Crystallization gave 0.95 g (63.1%) of 
yellow crystalline solid: mp 96-102 "C (ref.4c mp 106 "C); 'H 
NMR 6 3.10 (8, 3, NCHs), 4.00 (s, 3, NCHs), 6.64-6.80 (m, 2, 
ArH), 7.00-7.50 (m, 3, ArH); IR v 2043 (s), 1972 (s), 1943 (s), 
1921 (9) cm-l [from ref 3c: IR (n-hexane) v 2045 (m), 1968 
(m), 1955 (m), 1945 (s), 1923 (s) cm-l]. 
Method B. Pure 2b (0.65 g, 76.0%) was obtained by 

starting from potassium naphthalenide [K (3.1 g, 77.5 mmol), 
naphthalene (10.25 g, 80 mmol), and THF (180 mL)], Fe(C0)5 
(4.2 mL, 30 mmol), NJV-dimethylbenzamide (3.03 g, 20.31 
mmol), and chlorotrimethylsilane (7.5 mL, 59.1 mmol) in THF 
(180 mL) after chromatography (250 g A12031 and crystalliza- 
tion. 
Method C. The reaction of C8K (26.5 mmol), Fe(C0)b (1.4 

mL, 10 mmol), NJV-dimethylbenzamide (1.2 g, 8.05 mmol), and 
chlorotrimethylsilane (3 mL, 23.6 mmol) gave 1.80 g (74.3%) 
of 2b after chromatography (50 g of A l 2 0 3 )  and crystallization. 

[ (4-Methoxyphenyl)morpholinomethylenel tetracar- 
bonyliron(0) (2c). The reaction of Fe(C0)5 (1.4 mL, 10.3 
mmol), a 0.8 M THF solution of sodium naphthalenide (34 mL), 
N-(4-methoxybenzoyl)morpholine (1.12 g, 5 mmol), and chlo- 
rotrimethylsilane (2.5 mL, 19.75 mmol) according to method 
A gave 1.28 g (68.0%) of yellow solid. Crystallization afforded 
0.907 g (48.6%) of pure carbene complex 2c: mp 121 "C dec; 
'H NMR 6 3.59 (s, 4, CHz), 3.82 (9, 3, CH3), 3.96-4.10 (m, 2, 
CHz), 4.58-4.74 (m, 2, CHz), 6.68-7.00 (m, 4, ArH); IR v 2043 
(s), 1972 (s), 1942 (s), 1918 (s) cm-'. Anal. Calcd for C16H16- 
FeN06: C, 51.50; H, 4.05; N, 3.75. Found: C, 51.61; H, 4.05; 
N, 3.87. 
[(3-Chlorophenyl)morpholinomethylene] tetracar- 

bonyliron(0) (2d). Procedure A was used to produce 1.472 
g (77.5%) of carbene 2d from N-(3-chlorobenzoyl)morpholine 
(1.135 g, 5 mmol), Fe(CO)5 (1.4 mL, 10.3 mmol), a 0.8 M THF 
solution of sodium naphthalenide (34 mL), and chlorotrim- 
ethylsilane (2.5 mL, 19.75 mmol) as an oil which solidified after 

Notes 

cooling in refrigerator. Recrystallization gave pure product 
(0.737 g, 39.0%) as yellow crystals: mp 89-93 "C; lH NMR 6 
3.44-3.74 (m, 4, CHz), 3.94-4.15 (m, 2, CHz), 4.58-4.74 (m, 
2, CHz), 6.65-6.89 (m, 2, ArH), 7.10-7.42 (m, 2, ArH); IR v 
2045 (s), 1976 (s), 1946 (s), 1920 (9) cm-l. Anal. Calcd for 
C15HlzClFeN05: C, 47.72; H, 3.20; C1, 9.39; N, 3.71. Found: 
C, 47.94; H, 3.26; C1, 9.52; N, 3.65. 
(4-Bromophenyl)-NJV-dimethylamino)methyleneltet- 

racarbonyliron(0) (2e). Method A. Reaction of sodium 
naphthalenide [Na (0.74 g, 32.2 mmol), naphthalene (4.6 g, 
35.9 mmol) in THF (100 mL)] with Fe(C0)5 (1.4 mL, 10 mmol), 
4-bromo-NJV-dimethylbenzamide (1.76 g, 7.72 mmol), and 
chlorotrimethylsilane (2.6 mL, 20.5 mmol) gave 1.53 g (52%) 
of crude 2e. Crystallization from ethyl acetate-n-heptane 
mixture afforded 0.771 g (26.3%) of the pure compound: 
decomposes above 100 "C; IH NMR (300 MHz) 6 3.10 (6, 3, 
NCH3), 4.00 (s, 3, NCH3), 6.73-6.75 (m, 2, ArH), 7.51-7.53 
(m, 2, ArH); IR v 2045 (s), 1974 (s), 1945 (s), 1922 ( 8 )  cm-'. 
Anal. Calcd for Cl3HloBrFeNO4: C, 41.09; H, 2.65; N, 3.69; 
Br, 21.03. Found: C, 41.35; H, 2.75; N, 3.80; Br, 21.04. 
Method B. A 2.08 g (54.7%) sample of pure 2e was 

obtained from potassium naphthalenide (66 mmol), Fe(C0)5 
(2.8 mL, 20 mmol), 4-bromo-NJV-dimethylaminobenzamide 
(2.2 g, 10 mmol), and chlorotrimethylsilane (5.2 mL, 41 mmol) 
in THF (150 mL) upon chromatography (150 g A l 2 0 3 )  and 
crystallization. 

[ (4-Cyanophenyl)morpholinomethyleneltetracar- 
bonyliron(0) (20. The reaction of Fe(C0)5 (1.4 mL, 10.3 
mmol), a 0.75 M THF solution of sodium naphthalenide (36 
mL), N-(4-cyanobenzoyl)morpholine (1.10 g, 5.09 mmol), and 
chlorotrimethylsilane (2.5 mL, 19.7 mmol) according to method 
A gave 1.08 g (57.8%) of yellow solid. Pure product was 
obtained by crystallization: 0.548 g (29.2%), mp 123 "C dec; 
lH NMR 6 3.60 (m, 4, CHZ), 4.07 (m, 2, CHZ), 4.67 (m, 2, CHZ), 
6.96 (m, 2, ArH), 7.70 (m, 2, ArH); IR v 2047 (m), 1979 (m), 
1947 (s), 1925 (s) cm-'. Anal. Calcd for C ~ ~ H I ~ F ~ N Z O ~ :  C, 
52.20; H, 3.29; N, 7.61. Found: C, 52.53; H, 3.22; N, 7.54. 

[ (NJV-Dimethylamino)-3-pyridylmethylenel tetracar- 
bonyliron(0) (2g). Procedure A using Fe(C0)6 (1.4 mL, 10.3 
mmol), a 0.8 M THF solution of sodium naphthalenide (34 mL), 
NJV-dimethylnicotinamide (0.850 g, 5.66 mmol), and chlorot- 
rimethylsilane (2.5 mL, 19.7 mmol) gave 0.60 g (35.1%) of 
crude product as a dark brown oil and 0.490 g (28.7%) of pure 
yellow crystalline compound after recrystallization: mp 87 "C 
dec; lH NMR 6 3.15 (8 ,  3, NCHz), 4.07 (s, 3, NCHs), 7.13-7.33 
(m, 1, Py-H), 7.36-7.60 (m, 1, Py-H), 8.53-8.77 (m, 1, Py-H), 
8.87-9.13 (m, 1, Py-H); IR v 2045 (s), 1974 (s), 1945 (s), 1923 
(s) cm-l. Anal. Calcd for C12HloFeN204: C, 47.71; H, 3.34; 
N, 9.27. Found: C, 47.76; H, 3.41; N, 9.06. 
[(NJV-Dimethylamino)-2-furfurylmethylenel tetracar- 

bonyliron(0) (2h). The reaction of Fe(C0)5 (1.40 g, 10.3 
mmol), a 0.8 M THJ? solution of sodium naphthalenide (34 mL), 
NJV-dimethyl-2-furfUcarboxamide (0.700 g, 5.03 mmol), and 
chlorotrimethylsilane (2.5 mL, 19.7 mmol) gave, according to  
method A, 1.18 g (80.56%) of crude product, which afforded 
after recrystallization 0.981 g (67.0%) of orange crystals: mp 

6.32-6.48 (m, 2, ArH), 7.44 (br s, 1, ArH); IR Y 2044 (s), 1972 
(s), 1945 (s), 1925 (6). Anal. Calcd for C11HgFeN05: C, 45.40; 
H, 3.12; N, 4.81. Found: C, 45.09; H, 3.06; N, 4.78. 
[(NJV-Dimethylamino)-3-thienylmethylenel tetracar- 

bonyliron(0) (2i). Method A gave by the reaction of Fe(C0)b 
(1.40 mL, 10.3 mmol), a 0.8 M THF solution of sodium 
naphthalenide (36 mL), NJV-dimethyl-3-thienylcarboxamide 
(0.860 g, 5.55 mmol), and chlorotrimethylsilane (3.0 mL, 23.6 
mmol), 1.353 g (79.5%) of crude product. Crystallization 
afforded 1.10 g (64.5%) of yellow solid: mp 82-85 "C; 'H NMR 

J = 0.7 Hz, 1, ArH), 7.24-7.40 (m, 1, ArH); IR v 2043 (s), 1972 
(s), 1943 (s), 1917 (s). Anal. Calcd for C11HgFeN04S: C, 43.02; 
H, 2.95; N, 4.56; S, 10.44. Found: C, 42.68; H, 2.94; N, 4.73; 
S, 10.50. 

46-48.5 "C; 'H NMR 6 3.23 (5, 3, NCH3), 3.96 (s, 3, NCH3), 

6 3.16 (s, 3, NCH& 3.98 (s, 3, NCH3), 6.73 (s, l,ArH), 6.77 (d, 
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Notes 

Reaction of 4-Iodo-NJV-dimethylbemamide with 
NapFe(C0)s. The reaction of sodium naphthalenide [naph- 
thalene (4.5 g, 35.1 mmol), Na (0.70 g, 30.4 mmol) in THF (70 
mL)] with Fe(C0)E (1.4 mL, 10.3 mmol), Ciodophenyl-NJV- 
dimethylbenzamide (1.37 g, 5 mmol), and chlorotrimethylsi- 
lane (3 mL, 23.6 "01) according to method A afforded after 
chromatography (150 g of A&) and crystallization 0.324 g 
of a mixture of the [(NJV-dimethylamino)-(4-iodophenyl)- 
methyleneltetracarbonyliron(0) (2j) and [(NJV-dimethylamino)- 
[(4-trimethylsilyl)phenyl]methylene]~trac~bonyliron(O) (2k) 
in -60.5:39.5 ratio (based on IH NMR). All attempts to  
separate 2j and 2k by chromatography and crystallization 
were unsuccessful. For Zj: lH NMR (300 MHz) 6 3.11 (8 ,  3, 
NCHs), 4.00 (8 ,  3, NCH3), 6.55-6.65 (m, 2, ArH), 7.65-7.78 
(m, 2, ArH); MS (C13HloFeIN04) 427 (M+), 399 (M+ - CO), 

Organometallics, Vol. 14, No. 1, 1995 573 

371 (M+ - 2CO), 343 (M+ - 3CO). For 2 k  IH NMR (300 
MHz) 6 0.27 (8 ,  9, Si(CH3)3), 3.11 (s, 3, NCHd, 4.00 ( 8 ,  3, 
NCH3), 6.75-6.85 (m, 2, ArH), 7.45-7.55 (m, 2, ArH); MS 
(CleHleFeNO4Si) 373 (M+), 345 (M+ - CO), 317 (M+ - 2CO), 
289 (M+ - 3CO), 261 (M+ - 4CO). For the mixture of Zj and 
2k IR Y 2044 (s), 1973 (m), 1944 (s), 1920 ( 8 ) .  Elemental 
analysis of the mixture gave 18.78% I, which corresponds to  a 
63.15% content of 2j in the mixture of 2j and 2k. This value 
is in good agreement with that obtained from lH NMR. 
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Summary: The reaction of 1 -methyl-2,3,4,5-tetraphenyl- 
1-silacyclopentadiene (1) with potassium hydride in 
THF-ds gives 1 -methyl-1,1 -dihydrido-2,3,4,5-tetraphe- 
nyl-1 -silacyclopentadiene silicate, [Ph&!3iMeH2-l-[Kil 
(3), l-methyl-5-potassio-2,3,4,5-tetraphenyl-1-silacyclo- 
2-pentene (a), and 1 -methyl-5-potassio-2,3,4,5-tetraphe- 
nyl-1 -silacyclo-3-pentene (5). These species are charac- 
terized by IH, 13C, and 29Si NMR. Treatment of the 
solution of anions with dimethylchlorosilane gives the 
C-substituted product, 1 -methyl-2-(dimethylsilyl)-2,3,4,5- 
tetraphenyl-l-silacyclo-3-pentene (2). 

Introduction 

The interest in silacyclopentadienes2 is largely at- 
tributable to their potential for generating aromatic 
silacyclopentadienide anions3 and metallocenes featur- 
ing silole i n g ~ . ~  Recently, they have also been used as 
precursors to silicon containing aromatic d i a n i ~ n s . ~  
Treatment of hydrosilanes with potassium hydride is a 
known route to silyl anions6 and has been used to 
generate silacyclopentadienide anions. Han and Boud- 
jouk reported that potassium hydride reacts with l-meth- 
yl-2,3,4,5-tetraphenyl-l-silacyclopentadiene (1) to give 
a species thought to be a silacyclopentadienide anion.7 
Corriu et al. later described the reaction of potassium 
hydride with the less substituted l-methyl-2,5-diphenyl- 
1-silacyclopentadiene.6a Quenching of the intermediate 
anion with DzO gave quantitative yield of the deuter- 
ated product, l-deutero-l-methyl-2,5-diphenyl-l-silacy- 
clopentadiene. 

@ Abstract published in Advance ACS Abstracts, December 1,1994. 
(1) This work has been presented in park Hong, J.-H.; Boudjouk, 

P.; Castellino, S. XXVIth Organosilicon Symposium, Indianapolis, IN, 
March 26-27, 1993, Abstract, H-3. 

(2) (a) Dubac, J.; Laporterie, A,; Manuel, G. Chem. Rev. 1990, 90, 
215. (b) Colomer, E.; Corriu, R. J. P.; Lheureux, M. Chem. Rev. 1990, 
90, 265. 

(3) (a) Hong, J.-H.; Boudjouk, P. J. Am. Chem. SOC. 1993,115,5883. 
(b) JOO, W.-C.; Hong, J.-H.; Choi, S.-B.; Son, H.-E. J. Organomet. Chem. 
1990, 391, 27. (c) Corriu, R. J. P.; Guerin, C.; Kolani, B. Bull. Soc. 
Chim. Fr. 1985, 973. (d) Hagen, V.; Ruhlmann, K. 2. Chem. 1967, 7, 
462. For silafluorenide anions, see: (e) Ishikawa, M.; Tabohashi, T.; 
Ohashi, H.; Kumada, M.; Iyoda, J. Organometallics 1983, 2, 351. (fl 
Gilman, H.; Gorsich, R. D. J. Am. Chem. SOC. 1968, 80, 3243. 

(4) Freeman W. P.; Tilley, T. Don.; Rheingold, A. L. J .  Am. Chem. 

( 5 )  (a) Hong, J.-H.; Boudjouk, P.; Castellino, S. XXVIth Organosilicon 
Symposium, Indianapolis, IN, March 26-27, 1993; Abstract, P-50. 
Hong, J.-H.; Boudjouk, P. Abstracts ofPapers; 206th National Meeting 
of the American Chemical Society, Chicago, IL, August 22-27, 1993; 
American Chemical Society: Washington, D.C.; Abstract, INOR 492. 
Hong, J.-H.; Boudjouk, P.; Castellino, S. XXvTIth Organosilicon 
Symposium, Troy, NY, March 18-19, 1994; Abstract, P-23. (b) Hong, 
J.-H.; Boudjouk, P.; Castellino, S. Organometallics 1994, 13, 3387. 

(6)  (a) Corriu, R. J. P.; GuBrin, C.; Kolani, B. Bull. SOC. Chim. Fr. 
1985, 973. (b) Corriu, R. J. P.; Guerin, C. J .  Chem. SOC. Chem. 
Commun. 1980, 168. (c) Gilman, M.; Steudel, W. Chem. Ind. 1969, 
1094. 

(7) Han, B.-H.; Boudjouk, P. Chungnam Kwahak Yonguchi 1984, 
11,101. Chem. Abstr. 1986,105,6549~. 
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The unambiguous synthesis of the l-tert-butyl-2,3,4,5- 
tetraphenyl-l-silacyclopentadienide anion3a via reduc- 
tive cleavage of the Si-Si bond in bis(1-tert-butyl- 
2,3,4,5-tetraphenyl-l-silacyclopentadienyl~ and the com- 
plete NMR characterization of that anion which indi- 
cated substantial n-electron delocalization led us to 
reinvestigate the reaction of potassium hydride with 1. 
Careful analysis of the NMR spectrum of the intermedi- 
ates and characterization of the major product isolated 
from treatment of the intermediates with dimethylchlo- 
rosilane clearly show that formation of a silacyclopen- 
tadienide anion is not an important pathway for the 
reaction. In this paper we report that the dominant 
pathway in the reaction of potassium hydride with 1 is 
simple addition of the hydride anion to the silicon center 
to give a novel silicate8 absent of highly electronegative 
atoms on silicon. 

Results and Discussion 

When 1 was stirred with KH in DME at -20 "C, a 
dark purple solution was produced that gave, after 
treatment with dimethylchlorosilane, l-methyl-24dim- 
ethylsilyl)-2,3,4,5-tetraphenyl-l-silacyclo-3-pentene (2) 
in 71% yield (eq 1). 

m4 Phs 

(RX = MenSiHCI) 

1 2 

NMR analysis of 2 led to two noteworthy observa- 
tions: (1) the dimethylsilyl group exhibits hindered 
rotation about the bond to the ring carbon, and, (2) only 
one isomer is produced. Hindered rotation is demon- 
strated by two methyl doublets of equal intensity with 
the same coupling constant (J = 3.66 Hz) at 0.21 and 
0.33 ppm and a septet of SiH at  4.49 ppm (J = 3.66 
Hz). Irradiation at each doublet collapsed the septet 
to a quartet with no effect on the other doublet. The 
claim of a single isomer as the product is based on the 
observation of only two methyl carbon peaks (-4.63 and 
-4.71 ppm) for the dimethylsilyl group in the 13C NMR 

(8)  (a) Chuit, C.; Corriu, R. J. P.; Reye, C.; Young, J. C. Chem. Rev. 
1993,93, 1371. (b) Corriu, R. J. P.; Young, J. C. in The Chemistry of 
Organic Silicon Compounds; Patai, S., Rappoport, Z., Eds.; John Wiley 
& Sons: New York, 1989; Chapter 20, pp 1241-1288. (c) Tandura, S. 
N.; Alekseev, N. V.; Voronkov, M. G. Top. Curr. Chem. 1986,131,99- 
189. 
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J(29Si-1H) = 192-225 Hz in [HZS~(OR)-I'[K+],~J~ and 
are consistent with a trigonal-bipyramidal structure 
in which one hydrogen and two carbons of the butadiene 
moiety occupy an equatorial position. 

In 13C NMR, three methyl carbons on silicon are 
observed at  -6.80 ppm for 3, at -0.70 ppm for 4, and 
at  -5.02 ppm for 5; two carbons of tert-CH at 45.16 ppm 
for 4,43.22 ppm for 5; two carbanions of tert-C- at 85.78 
ppm for 4 and at  86.20 ppm for 5. All of these peaks 
are confirmed by INEPT experiments and are matched 
to their proton peaks by 13C-lH 2D experiments. Both 
chemical shifts of the two tert-C- are consistent with 
the observations of O'Brien, in which chemical shifts of 
the carbanions of l,l-dimethyl-2,3,4,5-tetraphenyl-l- 
silacyclopentadiene are observed from 75.3 to 89.4 ppm 
(eq 3).12 

spectrum and only one silicon peak (-15.61 ppm) for that 
group in the 29Si spectrum. 

NMR studies of the purple solution resulting from 
sonication of 1 and KH for 2 h in THF-ds provide 
evidence for the intermediacy of three novel anions 3, 
4, and 5 in a ratio of approximately 1:0.8:0.8, respec- 
tively. lH NMR shows no significant methyl singlet 
peaks in the SiCH region which should be present if 

3 4 5 

the SiH proton in 1 were removed by the hydride. 
Instead, the major absorptions attributable to SiCH 
were a triplet a t  0.16 ppm and two smaller doublets a t  
-0.23 and 0.34 ppm. In addition to these SiCH peaks, 
three SiH absorptions and two tert-CH absorptions were 
observed with phenyl and solvent peaks. The SiH 
absorptions consisted of a pair of overlapped quartets 
at 3.79 ppm, a quartet a t  4.26 ppm, and a doublet of 
quartets at 5.19 ppm. The two tert-CH absorptions are 
composed of a singlet at 3.03 ppm and doublet a t  3.30 
ppm. The three groups of absorptions (SiCH, SiH, and 
tert-CH) are complex but all coupling relationships of 
SiCH, SiH, and tert-CH can be definitively assigned 
using homo decoupling experiments. 

Irradiation at  3.79 ppm (overlapped quartets of Si- 
H) collapsed the triplet of SiCH at  0.16 ppm to a singlet 
(3); irradiation at 4.26 ppm (quartet of SiH) collapsed 
the doublet of SiCH at  0.34 ppm to a singlet (4). 
Irradiation at 5.19 ppm (doublet of quartets of SiH) 
collapsed the doublet of SiCH at -0.23 ppm and the 
doublet of tert-CH at 3.30 ppm to singlets, respectively 
(5). Irradiation at  3.30 ppm (doublet of tert-CH) col- 
lapsed the doublet of quartets of SiH at  5.19 ppm to a 
quartet (5). The positions of the hydrogens on silicon 
in 3 are distinguishable: overlapped quartets of SiH (3) 
at  3.79 ppm rather than a simple quartet indicates the 
presence of one axial hydrogen and one equatorial 
hydrogen on silicon. However, the nearly identical 
chemical shifts of these hydrogens voided a decoupling 
experiment: irradiation at  0.16 ppm (the triplet of 
SiCH) collapsed SiH absorptions to a broad singlet 
rather than the anticipated pair of separated singlets. 
As expected, 2J (lH-lH) coupling was not observed 
because axial-equatorial coupling constants are typi- 
cally very small.g 

The coupled 29Si{1H} spectrum resolved the three 
silicon resonances of the decoupled 29Si spectrum into 
a doublet of doublets at -36.30 ppm (J8i-H = 192.5 and 
179.6 Hz) (3), a doublet at 7.92 ppm (JSi-H = 177.8 Hz) 
(41, and a doublet at -3.29 ppm (JSi-H = 168.7 Hz) (5).1° 
The Si-H coupling constants in 3 are also very close to 

Ca 77.4 ppm 75.3 ppm 
89.4 ppm CP 

The carbanions in 4 and 5 polarize the attached 
phenyl groups. The chemical shifts of C, and Cm in the 
two phenyl groups are shifted upfield, the chemical 
shifts of C, are farther upfield than those of Cm: 110.75 
ppm for C, and 114.93 ppm for C m  of the phenyl bonded 
to tert-C- of 4 and 111.38 ppm for C, and 115.38 ppm 
for Cm of the phenyl bonded to tert-C- of 5. Similar 
polarization of phenyl groups has been observed in other 
silole ani~ns.~*l 5b Moreover, all 16 tert-C peaks (4 from 
3 due to its mirror plane, 6 from 4, and 6 from 5) are 
observed and confirmed by INEPT experiments. Of the 
possible 26 peaks in the aromatic CH region (C,,, Cm, 
and C,: originally 26 peaks in 123-131 ppm, 6 from 3 
due to its mirror plane, 10 from 4, and 10 from 5), 18 
were observed and could be assigned. Presumably, 
accidental overlap of some peaks is responsible for the 
reduced number of peaks. 

In 'H NMR we observed that the smaller pairs of 
doublets for 4 and 5 increased with time. Simulta- 
neously, we also observed that 3 diminished to a final 
ratio of approximately 1:1.4:1.4 for 3:4:5, respectively. 
No evidence that 3 is the source of 4 and/or 5 or that 
an equilibrium is operating was obtained. 

We also determined that the singlet peak attributed 
to a methyl on silicon in the l-methy1-2,3,4,5-tetraphe- 
nylsilacyclopentadienide anion in an earlier report7 is 
actually the methyl peak on polymethylsiloxane which 
forms when water is present in the reaction mixture. 
Base cleavage of both Si-C bonds in silole rings has 
been reported.13 

Conclusions 
Potassium hydride undergoes an addition reaction 

with 1 -methylS ,3,4,5- te traphenyl- 1 -silacyclopentadiene 
(9) Corriu, P.; GuBrin, C.; Henner, B.; Wang, Q. Organometallics 

1991,10, 3574. 
(10) For a discussion of the effects on chemical shift of forming a 

pentacoordinate bond to silicon, see: Williams E. A. In The Chemistry 
of Organic Silicon Compounds; Patai, S.;  Rappoport, Z., Eds.; New 
York, Wiley, 1989; pp 537-540. 

(11) Corriu, R. J. P.; GuBrin, C.; Henner, B.; Wang, Q. Organome- 
tallics 1991, 10, 2297. 

(12) O'Brien, D. H.; Breeden, D. J.  Am. Chem. SOC. 1981,103,3237. 
(13) (a) Atwell, W. H.; Weyenberg, D. R.; Gilman, H. J. Org. Chem. 

1976,32, 885. (b) Balasubramanian, R.; Gerge, M. V. J. Organomet. 
Chem. 1975,85,311. (c) Curtis, M. J .  Am. Chem. Soc. 1969,91,6011. 
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Table 1. 'H, 13C, and 29Si Chemical Shifts of 1 and 3-5 
10 3 b  46 Sb 

'H SiMe 0.57 (d, 3H, J = 4.15) 0.16 (t, 3H, J = 4.40) 0.34 (d, 3H, J =  3.66) -0.23 (d, 3H, J =  3.66) 
SiH 
CH none none 3.03 (s, 1H) 3.30 (d, lH, J = 4.40) 

13c SiMe -6.94 -6.80 -0.70 -5.02 
CH none none 45.16 43.22 
C- none none 85.78 86.20 

c, of c- none none 110.75 111.38 
c, of c- none none 114.93 115.80 

5.00 (q, IH, J = 4.15) 3.79 (overlapped q, 2H) 4.26 (q, lH, J = 3.66) 5.19 (q of d, 1H) 

29Si Siof ring -11.81 -36.30(dd, J s ~ H ~ =  192.5, J s s e  = 179.6) 7.92 (d, J s i ~  = 177.8) -3.28 (d, Jsi~ = 168.7) 

a In CDC13, reference; CDCl3 = 7.27 ppm for 'H-NMR, CDC13 = 77.00 ppm for I3C-NMR, extemal Me& = 0.00 ppm for 29Si-NMR. In THF-ds, 
reference; THF-ds = 1.73 ppm for 'H-NMR, THF-ds = 25.30 ppm for I3C-NMR, external Me& = 0.00 ppm for 29Si-NMR. 

(1) to form the pentavalent anion, l-methyl-1,l-dihy- 
drido-2,3,4,5-tetraphenyl-l-silacyclopentadiene silicate, 
[Ph&&iMeHz-l.[K+] (31, unique in its composition 
because of the absence of electronegative atoms on 
silicon, and two isomeric anions in which the negative 
charge is on carbon. NMR studies were able to distin- 
guish the axial and equatorial hydrogens in 3. These 
results provide strong evidence in support of Corriu's 
postulation that hypervalent silicon dihydrides are 
formed in the racemization of l-NpPhMeSi*H14 and of 
Ishikawa's proposal that silyllithium and organolithium 
reagents may add to  siloles and silafluorenes to give 
~i1icates.l~ This study also corrects the earlier report7 
that potassium hydride abstracts a proton from 1. 

Experimental Section 
General Procedures. All reactions were performed under 

an inert nitrogen atmosphere using standard Schlenk tech- 
niques. Air-sensitive reagents were transferred in a nitrogen- 
filled glovebox. THF and DME were distilled from sodium 
benzophenone ketyl under nitrogen. Hexane was stirred over 
concentrated HzS04 and distilled from CaH2. NMR spectra 
were recorded on JEOL GSX270 and GSX400 spectrometers. 
GC-MS and solid sample MS data were obtained on a Hewlett- 
Packard 5988A GC-MS system equipped with a methyl silicon 
capillary column. Elemental analyses were done by Desert 
Analytics (Tucson, AZ). 

l-Methyl-2-(dimethylsilyl)-2,3,4,5-tetraphenyl-l-silac~ 
clo-3-pentene (2). 1-Methyl-2,3,4,5-tetraphenyl-l-silacyclo- 
pentadiene (1)16 (2.50 g, 5.50 "01) and KH (0.27 g, 6.73 mmol, 
1.22 equiv) were placed in a 100 mL flask with 60 mL DME. 
After stirring at -20 "C for 40 min, the greenish yellow slurry 
turned bright red and finally dark purple. Stirring was 
continued for 8 h at -20 "C. Filtration of the mixture under 
nitrogen produced a deep violet solution. This solution was 
added to an excess of MezSiHCl(1.20 mL, 11.0 mmol) in DME 
at room temperature. Stirring for an additional 3 h produced 

(14) Brefort, J. L.; Corriu, R.; GuBrin; Henner, B. J. Organomet. 
Chem. 1989,370, 9. 

(15) (a) Ishikawa, M.; Tabohashi, T.; Sugisawa, H.; Nishimura, K.; 
Kumada, M. J. Orgunomet. Chem. 1983,250, 109. (b) Ishikawa, M.; 
Tabohashi, T.; Ohashi, H.; Kumada, M.; Iyoda, J. Organometallics 
1983,2,351. (c) Ishikawa, M.; Nishimura, K.; Sugisawa, H.; Kumada, 
M. J. Orpanomet. Chem. 1981.218. C21. 

(16) B&djouk, P.; Sooriyakuma;an,R.; Han, B.-H. J. Org. Chem. 
1988,51, 2818. 

a greenish yellow solution. After removing solvent and Mez- 
SiHC1 under reduced pressure, the residual solid was extracted 
with hexane. Several recrystallizations in hexane gave 2 as 
colorless crystals (yields: 71% in DME at -20 "C, 43% in THF 
-20 "C, 30% in THF at room temperature), mp, 132-133 "C; 
'H and NMR patterns of 2 in CDCl3 are not different from 
in benzene-&. 'H-NMR (CDCb, ref solvent = 7.27 ppm), 0.21 
(d, 3H, SiMez, 3Jpde-~ = 3.66 Hz), 0.33 (d, 3H, SiMez, %JM~-H = 
3.66 Hz), 0.60 (d, 3H, SiMe, %JM~-H = 3.66 Hz), 3.86 (d, lH,  
CH, 3 J ~ - ~  = 4.40 Hz), 4.03 (quint, lH, SiH), 4.49 (sept, lH, 
SiH, 3 J ~ e - ~  = 3.66 Hz), 6.9-7.8 (brd m, 20 H, Ph). W-NMR 
(CDC13, ref: solvent = 77.00 ppm), -4.26 (SiMe), -4.63, -4.71 
(SiMez), 39.85 (tert-CHI, 43.33 (CSiMeZH), 124.22, 124.28, 
125.91, 126.65 (para carbons of four phenyl groups), 127.21, 
127.34, 127.90, 128.11, 128.42, 129.01, 130.17, 130.96 (ortho 
and meta carbons of four phenyl groups), 139.92, 141.48, 
142.32, 143.49, 144.81, 146.76 ((23, Cd, and ipso carbons of four 
phenyl groups). 29Si-NMR(CDC13, ref: ext TMS), -15.61 
(HSiMez), 28.45 (HSiMe). MS (M+, relative abundance) mlz  
461 (M+ + 1, 5), 460 (M+, 131, 400 (M+ - 60, loo), 197 (481, 
121 (74),59 (50). Anal. Calcd for C~H32Siz: C, 80.81; H, 7.00, 
Found: C, 81.13; H, 6.94. 
NMR Study of the Reaction of l-Methyl-2,3,4,S-tet- 

raphenyl-l-silacyclopentadiene (1) with KH. l-Methyl- 
2,3,4,5-tetraphenyl-l-silacyclopentadiene (1) (0.141 g, 0.351 
mmol) and KH (0.018 g, 0.45 mmol, 1.27 equiv) were placed 
in a 5-mm NMR tube followed by THF-ds (1.5 mL). Sonication 
of the NMR tube for 2 h changed the color of the solution from 
yellow to red and finally to  a deep violet. NMR studies were 
carried out on samples prepared in this fashion. 'H, 'H-IH 
homo decoupled, I3C, INEPT I3C, 'H-I3C coupled 2D, 29Si- 
NMR, and 29Si-proton coupled NMR data were obtained and 
are listed in Table 1. NMR data not included in Table 1: 
158.21,157.44,150.96,149.37, 148.88,148.80,147.05,146.99, 
146.02, 145.80, 130.51, 128.85, 128.05, 126.95, 111.53,111.38 
(tert-C), 131.05,128.78,128.51,128.33,128.17,127.75,127.59, 
127.30,127.25,126.69,125.53, 125.16,124.74,124.26,123.07, 
122.99, 115.57, 114.75 (aromatic CH). 
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Summary: Through a combination of salt-elimination 
and oxidative-addition processes, three new Sn(N) 
compounds have been prepared. The derivatives Sn(X)- 
(NRAr)3 (X = CH3, I; R = C(CDd2CH3; Ar = 3,5-C&l3- 
Mez) were prepared via an “ate” complex formulated as 
LiSn(NRAr)3, whereas Sn(I.)(CHd(NRAr)2 was obtained 
by addition of methyl iodide to Sn(NRAi-12. 

We are currently developing the transition-metal and 
main-group coordination chemistry of the bulky nitrogen 
donor ligand NRAr (R = C(CD~)ZCH~, Ar = 3,5-C&- 
Men), an example of an N-tert-butylanilide ligand. This 
ligand contains deuterium in the tert-butyl group, both 
to facilitate the ligand synthesis1 and to provide a 
spectroscopic handle PH NMR) that is particularly 
useful for paramagnetic systems: though only diamag- 
netic compounds are considered in this contribution. 
Bulky nitrogen donor ligands have played a prominent 
role in the development of low-valent tin ~hemistry.~ 
Herein we detail the synthesis of HNRAr and give an 
account of our experiments involving low-valent tin, 
experiments which resulted in the discovery of synthetic 
methods for preparing three new compounds containing 
Sn(IV). 

Scheme 1 illustrates chemistry revolving around the 
Sn(I1) entity Sn(NRAr)z. Treatment of an ethereal 
slurry of either stannous chloride or stannous iodide 
with Li(NRAr)(OEtz) (2 equiv) generates orange-red Sn- 
(NRAr)z, which is stable in solution. In THF the 
compound exhibits a single 2H NMR signal at 1.48 ppm. 
Sn(NRAr)z decomposes upon attempted isolation, giving 
products we have not yet identified. Oxidative addition 
of methyl iodide to Sn(NRAr)2 is rapid and clean, 
permitting Sn(I)(CH3)(NRAr)z to be isolated as a pale 
yellow powder in high yield.4 Formulation of this 
product as a monomethyl Sn(IV) compound is indicated, 

@ Abstract published in Advance ACS Abstracts, December 1,1994. 
(1) The ligand synthesis involves addition of methyllithium to the 

imine prepared from acetone48 and 3,5-dimethylaniline, followed by 
aqueous workup. Literature precedent shows that the yield is very 
low if the imine contains enolizable hydrogens; a 9% yield has been 
reported for N-tert-butylaniline by this procedure: Hunter, D. H.; 
Racok, J. S.; Rey, A. W.; Ponce, Y. Z. J. Org. C h m .  1988, 53, 1278. 
Our yield is much higher due to the substantial primary kinetic isotope 
effect associated with removal of a deuteron from the dg imine (see 
Experimental Section). 

(2) The utility of ZH NMR in studying paramagnetic systems has 
been addressed both experimentally and theoretically. See: La Mar, 
G. N.; Horrocks, W. D., Jr.; Holm, R. H. NMR of Paramagnetic 
Molecules; Academic Press: New York, 1973. See also: Johnson, A.; 
Everett, G. W., Jr. J. Am. Chem. SOC. 1972,94, 1419. Also, Sen and 
co-workers have recently employed the technique in studying the 
reaction between anionic iron(0) olefin complexes and organic ha- 
lides: Hill, D. H.; Parvez, M. A.; Sen, A. J. Am. Chem. SOC. 1994,116, 
2889. 

(3) Gynane, M. J. S.; Harris, D. H.; Lappert, M. F.; Power, P. P.; 
Rivibre, P.; RiviBre-Baudet, M. J. Chem. SOC., Dalton Trans. 1977, 
2004. 

(4) For the synthesis of Sn(I)(CH3)(N(SiMes)z)z by treatment of Sn- 
(N(SiMe& with methyl iodide, see: Lappert, M. F.; Misra, M. C.; 
Onyszchuk, M.; Rowe, R. S.; Power, P. P.; Slade, M. J. Organomet. 
Chem. 1987,330,31. 
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Scheme 1 
2 Li(NRAr)(OEt2) Sn(CH3)(NRAr)3 

[Sn(NRAr)2] L’(NRArXoEt2)- [LiSn(NRAr)3] 

in part, by the observation of a quartet in the l19Sn NMR 
at  -188.2 ppm ( V S ~  = 71 Hz). 

Oxidation of Sn(NRAr)z with iodine is more compli- 
cated. The only product we were able to isolate from 
the reaction of Sn(NRAr)z with iodine is Sn(I)(NRArI3, 
and this was obtained in low yield. This led us to 
speculate that an “ate” complex, LiSn(NRAr)a, is acces- 
sible in ethereal, salt-containing solutions of Sn(NRAr)z. 
Furthermore, we thought it should be possible to 
generate the “ate” complex exclusively, by treating 
etheral stannous halide with 3 equiv of Li(NRAr)- 
(OEt2h5 These speculations were substantially borne 
out, in that Sn(CH3)(NRAr)3 was obtained in good yield 
by sequential treatment of SnIz with 3 equiv of Li- 
(NRAr)(OEtz) and excess methyl iodide. This new 
monomethyl Sn(IV) compound exhibits a quartet in the 
l19Sn NMR at -132.2 ppm PJsfi = 68 Hz). Sequential 
treatment of SnClz with Li(NRAr)(OEtz) (3 equiv) and 
the stoichiometric amount of iodine gave Sn(I)(NRAr)3 
efficiently. 

X-ray crystallography was used to determine the 
structure of Sn(CH3)(NRAr)3 and Sn(I)(NRA.r)3 (Figures 
1 and 2, Tables 1 and 2h6 Both evince a coordination 
geometry that approaches regular tetrahedral. Both 
compounds have a C3 axis relating the three N-tert- 
butylanilide ligands. The N-tert-butylanilide ligands 
themselves are characterized by planar nitrogen atoms, 
large Sn-N-R angles, and small R-N-Ar angles. 
Steric interactions appear to  dictate the near-perpen- 
dicular orientation of the aryl ring relative to the 
adjacent nitrogen trigonal plane; this orientation mini- 
mizes unfavorable interactions involving the aryl ortho 
hydrogens and precludes overlap between the nitrogen 
lone pair and the aryl z-system. The nitrogen trigonal 
plane is tilted with respect to the C3 axis, by a dihedral 
angle of 42.9” (Cl-Sn-N-C10) in the case of the 
methyl compound, as compared with 37.0” (I-Sn-N- 
C9) for the iodide compound. Even so, the bond angles 

(5) Group 14 organometallic anions are sometimes prepared by 
treatment of a divalent halide with 3 equiv of a Grignard reagent; for 
the in situ synthesis of PbPbMgBr see: Seyferth, D.; Son, D. Y.; Shah, 
S. Organometallics 1994,13,2105. The crystal structure of a tripodal 
tris(amid0)stannate has recently been reported: Hellmann, K. W.; 
Steinert, P.; Gade, L. H. Znorg. Chem. 1994,33,3859. The latter paper 
includes several references to other tris(amid0)stannates. 

0 1995 American Chemical Society 
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atom X Y Z 

Notes 

Table 1. Positional Parameters for Sn(CH3)(NRAr)3 

c9 

Figure 1. ORTEP drawing of Sn(CH3)(NRAr)3 (R = 
C(CD3)2CH3, Ar = 3,5-C6H3Mez(with ellipsoids at the 35% 
probability level. Selected bond lengths (A): Sn-C(l), 
2.151(8); Sn-N, 2.044(4). Selected bond angles (deg): 
C(1)-Sn-N, 110,2(1); N-Sn-N, 108.7(1); Sn-N-C(lO), 
126.2(3); Sn-N-C(2), 118.8(2). 

Figure 2. ORTEP drawing of Sn(I)(NRAr)S (R = C(CD&- 
CH3, Ar = 3,5-C6&Mez) with ellipsoids a t  the 35% prob- 
ability level. Selected bond lengths (A): Sn-I, 2.752(1); 
Sn-N, 2.026(5). Selected bond angles (deg): I-Sn-N, 
109.Ul); N-Sn-N, 109.8(1); Sn-N-C(9), 127.5(4); Sn- 
N-C(l), 117.3(3). 

about nitrogen are very similar for the two compounds. 
A slightly shorter Sn-N distance was observed for Sn- 
(I)(NRAr)3 as compared with Sn(CH3)(NRAr)3, consis- 
ten t  with a more electrophilic tin center in the  f ~ r m e r . ~  
If the  solid-state structure of either compound were 
retained in solution, then two lH NMR signals would 
be expected for the inequivalent aryl ortho hydrogens. 
I n  both cases only one signal is observed at 25 "C, 
indicating that rotation about the  Sn-N and/or the  
N-Ar linkage is facile. The Sn(X)(NRAr)a (X = CH3, I)  
compounds a re  very similar in structure to  Ti(C1)- 
(NRAr)3.* 

Sn 2h ' 13  0.04235(2) 
N 0.6679(3) 0.2125(3) 0.0708(1) 
C(1) 213 113 -0.0441(3) 
C(2) 0.6072(3) 0.1612(3) 0.1163(2) 
C(3) 0.6403(3) 0.1905(3) 0.1687(2) 
(34) 0.5837(4) 0.1412(3) 0.2129(2) 
C(5) 0.492 l(4) 0.06 12(4) 0.2046(2) 

0.1529(2) C(6) 0.4564(3) 0.0287(4) 
C(7) 0.5 150(3) 0.0801(3) 0.1091(2) 
C(8) 0.6230(4) 0.1712(4) 0.2692(2) 
C(9) 0.3554(4) -0.0607(5) 0.1442(2) 
C(10) 0.7286(3) 0.1717(3) 0.0498(2) 
C(11) 0.7902(4) 0.1634(4) 0.0938(2) 
C(12) 0.7954(4) 0.2378(4) 0.0060(2) 
C(13) 0.6619(4) 0.0692(4) 0.0253(2) 

Table 2. Positional Parameters for Sn(I)(NRAr)3 
atom X Y Z 

213 
2/3 
0.7830(3) 
0.8365(4) 
0.8067(4) 
0.8578(5) 
0.9403(5) 
0.9723(5) 
0.9200(5) 
1.0638(7) 
0.8255(6) 
0.8252(5) 
0.75 19(6) 
0.8509(9) 
0.9143(7) 

113 
113 

- 

0.3249(4) 
0.3859(4) 
0.3540(5) 
0.4089(6) 
0.4978(5) 
0.5325(5) 
0.4756(5) 
0.6285(6) 
0.3701(6) 
0.2680(5) 
0.1881(5) 
0.2193(8) 
0.3327(7) 

-0.06156(3) 
0.04788(3) 
0.0743(2) 
0.1 189(2) 
0.1696(3) 
0.2145(3) 
0.2054(3) 
0.1552(3) 
0.1114(2) 
0.1470(4) 
0.2688(3) 
0.0507(3) 
0.0153(3) 
0.0949(4) 
0.0176(5) 

Experimental Section 

General Details. Manipulations were carried out under 
an atmosphere of dry, oxygen-free nitrogen, in a Vacuum 
Atmospheres drybox, unless otherwise indicated. THF, ether, 
pentane, hexane, benzene, and benzene& were distilled from 
purple sodium benzophenone ketyl. Acetone-de was pur- 
chased from Isotec and used as received. Iodine was sublimed 
prior to use. CH3I was distilled from calcium hydride and 
stored with 4 A molecular sieves. SnI2 (ultra dry, 99.999%) 
was purchased from Aesar/Johnson Matthey, as was SnCl2 
(anhydrous, 98%). 3,5-Dimethylaniline was purchased from 
Aldrich. Molecular sieves (4 A) were activated by heating to 
200 "C overnight under a vacuum of approximately 0.05 Torr. 
NMR spectra were obtained on Varian XL-300 instruments. 
'H and 13C NMR chemical shifts (ppm) are reported with 
respect to internal solvent resonances (respectively 7.15 and 
128.00 ppm). 2H and l19Sn NMR chemical shifts (ppm) are 
reported with respect to external CeDe and SnMer (respectively 
7.15 and 0 ppm). CHN microanalyses were performed by 
Oneida Research Services, Inc. Melting points were obtained 
in sealed glass capillaries and are uncorrected. 

Preparation of Compounds. ArN=C(CD& (Ar = 3,5- 
CJ-I&le2).9 Fresh1 distilled 3,5-dimethylaniline (48.24 g, 

flask, which was then fitted with a vacuum adapter. Acetone- 
de (ca. 200 mL, 272 mmol) was then introduced via vacuum 
transfer. The resulting mixture was stored at 0 "C under static 
vacuum for 3.5 days, with occasional stirring each day. The 
molecular sieves were removed by filtration through a sin- 
tered-glass frit, and the filter cake was washed with additional 
cold acetone-de. The excess acetone-de was recovered from 
the filtrate by vacuum transfer, leaving the desired imine as 
a pale yellow oil (57.43 g, 343.3 "01). More ofthe imine (7.17 
g, 42.9 mmol) was obtained by immersing the collected sieves 
in pentane (ca. 100 mL) overnight, followed by filtration and 
removal of the pentane in vacuo. The total yield of ArN=C- 
(CD3)2 was 64.60 g (386.2 mmol, 97%). lH NMR (CeD6): 6.60 

398.1 mmol) and 4 H molecular sieves (90 g) were added to  a 
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H ( m ) ,  as a light yellow oil (13.44 g, 73.31 mmol, 51%). 1H 
NMR (CsDe): 6.43 (8, 1, para h H), 6.33 ( 8 ,  2, ortho Ar H), 
3.06 (8, 1, NH), 2.18 (8, 6, Ar CH3), 1.16 (s, 3, C(CD&(CHs)). 

NMR (CsHs): 1.02 (8, C(CD&(CH3)). I3c NMR (CsHDs): 

aryl), 115.96 (d, C aryl), 50.74 (8, C(CDs)zCHs), 30.08 (q, 
147.53 (8, C aryl ipso), 138.19 (9, C aryl meta), 120.62 (d, C 

C(CD&CHa), 29.56 (m, C(CD~)ZCHS), 21.70 (q, A r  CH3). EIMS 
(low-resolution mode; M +  calcd (found) a): 183.2 (183.2) 37. 

Li~NRAr)(OEtp). A solution of n-BuLi (15 mL, 1.6 M in 
hexanes, 24 mmol) was added via pipet to a solution of 
H(NRAr) (4.00 g, 21.8 mmol) in hexane at -35 "C. The 
reaction mixture was warmed to 28 "C, and stirring was 
continued for 12 h. Removal of the hexane in vacuo left a 
golden syrup. Addition of ether (10 mL) resulted in the 
formation of a white, crystalline mass. The solid was broken 
up and slurried in hexane (ca. 25 mL), and the slurry was 
chilled to -35 "C for 8 h. The white product was then collected 
by filtration, washed with cold hexane (10 mL), and dried in 
vacuo to give Li(NRAr)(OEtz) as a white powder (5.20 g, 19.7 
mmol, 90%). lH NMR (C&): 6.54 (8, 2, ortho Ar H), 6.13 ( 8 ,  

1, para Arm, 3.17 (q, 4, OCH~CHB), 2.30 (8, 6, Ar CH3), 1.60 

(C aryl meta), 116.42 (C aryl), 113.47 (C aryl), 65.34 (OCH2- 

( ~ , 3 ,  C(CD3kCHs), 0.95 (t, 6,OCH2CH3). 2H NMR (EtO): 2.00 
( 8 ,  C(CD&CH3). l3C NMR (CsDs): 159.48 (c aryl ipso), 138.24 

CH3), 52.13 (C(CD3)2CHs), 31.72 (C(CD&CH3), 31.00 (C(cD312- 
CH3), 22.14 (Ar C H 3 ) ,  14.87 (OCH2CH3). 

Sn(I)(C&)(NRAr)a. SnI2 (1.50 g, 4.0 mmol) was added to 
a solution of Li(NRAr)(OEt2) (2.11 g, 8.0 mmol) in 65 mL of 
THF. The red-orange reaction mixture was stirred for 1 h, 
and then CH31 (1.14 g, 8.0 mmol) was added. In less than 1 
min, the color of the reaction mixture changed to pale yellow. 
The solvent was removed in vacuo. Addition of pentane caused 
LiI to precipitate, and LiI was removed by filtration. Removal 
of pentane in vacuo left Sn(I)(CH3)(NRAr)2 (2.18 g, 3.49 mmol, 
87.2%) as a pale yellow powder, which was '95% pure by 'H 
NMR. The compound can be further purified by recrystalli- 
zation from pentane with cooling to -35 "C; mp 83-86 "C. 'H 
NMR (CsDe): 6.81 (8, 4, ortho Ar H), 6.71 (8, 2, para Ar H), 
2.19 (s, 12, Ar CH3), 1.27 (s,6, C(CD&CH3), 0.77 (s,3, SnCH3, 

(8, C(CD&CH3). l3C "fR ( c a s ) :  145.58 (c aryl ipso), 137.46 
(C aryl meta), 131.46 (C aryl ortho), 127.27 (C aryl para), 57.35 
(C(CD3)&Hd, 32.03 (C(CD3)2CHd, 31 (m, C(CD3)2CHd, 21.43 
(Ar C H 3 ) ,  11.83 (SnCH3). ll9Sn NMR ( c a s ) :  -188.15 (9, 2 J ~ ~  
= 71 Hz). Anal. Calcd for C2sH27DlzINzSn: C, 48.02; H, 6.29; 
N, 4.48. Found: C, 47.34; H, 6.20; N, 4.21. 

Sn(I)(NRAr)s. SnCl2 (264 mg, 1.39 mmol) was added to a 
solution of Li(NRAr)(OEtz) (1.10 g, 4.18 mmol) in 30 mL of 
EtzO. The red-orange reaction mixture was stirred for 2 h, 
and then it was filtered through a pad of Celite on a sintered- 
glass frit, thereby removing LiC1. 1 2  (353 mg, 1.39 mmol) was 
then added, causing a rapid color change to orange-yellow. The 
reaction mixture was stirred for 1 h and then filtered again 
as before, this time to remove LiI. Et20 was removed in vacuo 
to reveal Sn(I)(NRAr)3 as an orange-yellow powder. Recrys- 
tallization (EbO, -35 "C) provided orange crystals of Sn(1)- 
( N R A r ) 3  (0.68 g, 0.86 mmol, 62%); mp 149-151 "C. 'H NMR 
(CsDs): 6.85 ( 8 ,  6, ortho Ar H), 6.74 (8, 3, para Ar H), 2.25 (s, 

(s, C(CD&CHs). l3C NMR (C&): 148.40 (a, c aryl ipso), 
137.07 (q, C aryl meta), 132.54 (d, C aryl ortho), 127.26 (d, C 
aryl para), 58.63 (s, C(CD3)&H3), 32.57 (q, C(CD3)2CH3), 32.03 
(m, C(CD&CH3), 21.56 (9, Ar (333).  '''Sn NMR (CeDs): 
-402.65 (8 ) .  Anal. Calcd for C ~ ~ H ~ ~ D I ~ I N ~ S ~ :  c ,  54.69; H, 
6.87; N, 5.15. Found C, 54.57; H, 7.05; N, 5.30. 

Sn(C&)(NRAr)3. SnI2 (566 mg, 1.52 mmol) was added to  
a solution of Li(NRAr)(OEtz) (1.20 g, 4.56 mmol) in 30 mL of 
THF. The red-orange reaction mixture was stirred for 2 h, 
and then ICH3 (900 mg, 6.34 mmol) was added. The color of 
the reaction mixture changed immediately to a very pale 
yellow. The reaction mixture was stirred for 1 h prior to the 
removal of THF in vacuo. The residue was triturated twice 

2 J l l e g d  = 71.5 Hz, 2 J 1 1 7 g ~  = 68.5 Hz). 2H NMR (C6H6): 1.15 

18, Ar CH3), 1.36 (9, 9, C(CD&CH3). 2H NVIR (C6Hs): 1.23 

(8, 1, para Ar H), 6.44 (8, 2, ortho Ar €3, 2.15 (8, 6, Ar CH3). 
2H NMR (CsHe): 1.80 (8, 3, cD3), 1.35 ( 8 ,  3, cD3). "c NMR 
(C6D6): 166.66 (N==C(CDs)d, 152.65 (C aryl ipso), 138.41 (C 
aryl meta), 124.72 (C aryl), 117.51 (C aryl), 27.6 (CDs) ,  21.37 
(Ar (3331,  19.40 ( C D 3 ) .  

H(NRAr) (R = C(CDa)&&, Ar = S,S-C&Men). A 
frozen solution of CHsLi (1.4 M in ether, 250 mL, 350 "01) 
was allowed to thaw until magnetic stirring became possible, 
at which point a solution ofArN==C(CD& (23.87 g, 143 "01) 
in 40 mL of ether was added dropwise, via pipet, over a few 
minutes. The reaction mixture was warmed to 28 "C (gas 
evolution was observed after approximately 25 min), and 
stirring was continued for 40 h. The reaction mixture was 
then carefully poured into a 1 L Erlenmeyer flask containing 
one-third its volume of ice. Petroleum ether (200 mL) was 
added. After the ice had melted completely, the mixture was 
transferred to a separatory funnel and the organic layer was 
separated. The aqueous layer was extracted with additional 
petroleum ether (2 x 100 mL). The combined organic extracts 
were flash-filtered through a column of alumina (2 x 20 cm). 
Additional petroleum ether was used to fully elute the product, 
giving a final filtrate volume of approximately 900 mL. The 
solvent was removed in vacuo to provide a yellow oil which 
proved (according to N M R  analysis) to be a mixture ofArN=C- 
(CD3)(CD2H) and the desired H(NRAr). The oil was stirred 
with distilled water (225 mL), and concentrated HC1 (ca. 25 
mL) was added dropwise over 15 min, producing a milky white 
precipitate. m e r  the mixture was stirred for 4.5 h, aqueous 
KOH was added via pipet until the white precipitate dissolved, 
the yellow oil separated, and the pH was '12. Petroleum 
ether (250 mL) was added, and the mixture was transferred 
to a separatory funnel. The organic layer was separated, and 
the aqueous layer was washed with additional petroleum ether 
(2 x 200 mL). The combined organic extracts were filtered 
through alumina as before, using additional petroleum ether 
to fully elute the product, giving a final filtrate volume of 900 
mL. Removal of the solvent in vacuo left the desired aniline, 

(6)X-ray structure of Sn(I)("b)3: a crystal of approximate 
dimensions 0.28 x 0.28 x 0.28 mm was obtained by slow evaporation 
of a hexane solution. The crystal was mounted on a glass fiber. Data 
were collected at 23 "C on an Enraf-Nonius CAD-4 deactometer with 
graphite-monochromateed Mo Ka radiation. A total of 2176 reflections 
were collected to a 20 value of 44.9", 1905 of which were unique (Rbt 
= 0.032); equivalent reflections were merged. The structure was solved 
by direct methods. Non-hydrogen atoms were refined anisotropically. 
The final cycle of least-squares refinement was based on 1329 observed 
reflections (I > 3.OOuU)) and 125 variable parameters and converged 
(largest parameter shift was 0.01 times its esd) with R = 0.042 and 
R, = 0.048. A final difference Fourier map showed no chemically 
significant features. Crystal datg are a = 15.853(1) A, c = 25.142(2) 
A, V = 5472(1) A3, space group R3 (h, No. 148),Z = 6, M, = 792.57 for 
C3&i38D1&ISnl and e(calcd) = 1.410 g/cm3. Fractional coordinates 
are given in Table 2. X-ray structure of Sn(CHs)(NRAr)s: a colorless 
parallelepiped crystal 0.50 x 0.50 x 0.60 mm was obtained by cooling 
a pentane solution to -35 "C. The crystal was mounted on a glass 
fiber under a stream of Nz. Data were collected at -72 "C on an Enraf- 
Nonius CAD-4 difiactometer with graphite-monochromatd Mo Ka 
radiation. A total of 910 reflections were collected to a 28 value of 
44.9", 906 of which were unique (Ri.t = 0.524); equivalent reflections 
were merged. The structure was solved by the Patterson method. Non- 
hydrogen atoms were refined anisotropically. The final cycle of full- 
matrix least-squares refinement was based on 872 observed reflections 
(I > 3.00~(2)) and 125 variable parameters and converted (largest 
parameter shift was 0.00 times its esd) withR = 0.027 and R, = 0.039. 
A final difference Fourier map showed no chemical1 significant 
features. Crystal dab are a = 15.791(1)& c = 24.885(1) 4 V =  5373.9- 
(9) A3, space group R3 (h, No. 148),Z = 6, M, = 680.70 for C37H391.+- 
Sn, and e(ca1cd) = 1.228 g/cm3. Fractional coordinates are even in 
Table 1. 

(7) The Sn-N distances for Sn(I)(NRAr)3 and Sn(CHs)(")s are 
both slightly smaller than the 2.056(7) A distance observed for Sn- 
(Br)(N(SiMesM3.* 

(8) We recently reported the synthesis and structure of Ti(C1)- 
(NRAr)3 in connection with the cleavage of titanium dimethylamides 
using methyl iodide: Johnson, A. R.; Wanandi, P. W.; Cummins, C. 
C.; Davis, W. M. Organometallics 1994,13,2907. 

(9) Our imine was prepared according to the procedure given by 
Eaton and Tong (Eaton, D. R.; Tong, J. P. IC Inorg. Chem. 1980,19, 
740) with the substitution of acetone-& for acetone. 
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with hexane. Subsequent addition of hexane caused LiI to  
precipitate, and this was removed by filtration through a pad 
of Celite on a sintered-glass frit. The hexane was removed in 
vacuo to give Sn(CHs)(NRAr)3 as a pale white-yellow powder. 
Recrystallization (hexane, -35 "C) provided colorless crystals 
of Sn(CH3)(NRAr)3 (0.73 g, 1.1 mmol, 71%); mp 169-171 "C. 

2.24 (s, 18, Ar CHd, 1.20 (s, 9, C(CD3)2CHd, 0.75 (s,3, SnCH3, 
'HmR(CsD6): 6.74(~,3,paraArH),6.48(s,6,0rthoArH), 

' J ~ I s ~ , , H  = 69.0 Hz, 'J117sd = 66.0 Hz). 2H NMR (CsHs): 1.08 
(9, C(CD3)2CH3). l3C NMR (C6D6): 150.08 (c aryl ipso), 136.65 
(C aryl meta), 132.69 (C aryl ortho), 126.32 (C aryl para), 56.25 
(C(CD~)ZCH~), 32.34 (C(CD3)2CHs), 31.79 (m, C(CD3)zCHd, 

(9, Vs&= 67.5 Hz). Anal. Calcd for C37H39D1a3Sn: C, 65.29; 
H, 8.44; N, 6.17. Found: C, 65.59; H, 8.53; N, 6.03. 

21.59 (h m3), 14.80 (Snm3).  '19Sn NMR (C6D6): -132.19 

Notes 
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