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The tripodal triisocyanide ligands tris[3-(3-isocyanophenoxy)propyl]amine (4, m-tarc), tris[3-(2-iso- 
cyanophenoxy)propyl]amine (5, o-tarc), and tris(3-isocyanopropy1)amine (6, talc) react with fac- 
[(C,H,)M(CO),] (M = Cr, Mo, W) to give the chelate complexes f~c-[(m-tarc)W(CO)~] (7), fac-[(o-tar+ 
M(CO),] [8; M = Cr (a), Mo (b), W (c)], and [(tal~)W(CO)~l (9), respectively. The molecular structures 
of 7 and & were determined by X-ray structure analyeis, showing that indeed chelate complexes had formed. 
7 crystallized with 0.5 molecules of CHzCl2 in the crystal lattice. The central nitrogen atom adopts the 
"in" configuration. 8c crystallized as the hydrochloride with 2.5 molecules of CHzCl2 in the crystal lattice. 
The protonated central nitrqen atom is in the "out" configuration. Crystal data: for 7.0.5CH2Cl2, monoclinic, 
C2/c, a = 14.848 (3) A, b = 26.016 (7) A, c = 17.866 (5) A, B = 101.56 (2)", 2 = 8, R = 0.0500, and R, = 
0.0399 for 3208 reflections [I 1 2u(1)]; for 8c.HCl.2.5CHzClz, triclinic, PI, a = 12.491 (4) A, b = 13.414 (4) 
A, c = 15.365 (2) A, a = 114.73 (2)', f l  = 105.39 (2)', y = 101.89 (2)', 2 = 2, R = 0.0410, and R, 0.0559 
for 5052 reflections (I 1 3u(I)]. 

Introduction 
Compared to the coordination chemistry of monodentate 

isocyanides, relatively little is known about the coordina- 
tion chemistry of multidentate isocyanide ligands. Some 
aliphatic di-l and triisocyanide2 ligands and their coordi- 
nation chemistry have been reported. Various studies have 
shown that aliphatic diisocyanide ligands which contain 
less then seven methylene groups between the isocyanide 
functions are incapable of coordination to a single metal 
with both isocyanide groups.ldpe Consequently, only few 
examples of chelating aliphatic diisocyanide ligands are 
known. To our knowledge, only two reports of such ligands 
have appeared.ld,e A notable example of an aromatic 
chelating diisocyanide is the ligand DiNC,3 [CHzO-2-CN- 
C6H4lZ, which has been shown to form chelate complexes 
with a number of transition  metal^.^ Recently, others5 
and we6 described the synthesis and coordination chem- 
istry of the tripodal triisocyanide ligand H3CC(CHzNC)3. 
This ligand is capable of capping a triangular face in 
clusters like oS3(co)1z5 or Fe3(C0),z.6 

Recent interest in isocyanide ligands is based on their 
application in nuclear medical diagnosis. Davison has 
shown7 that monodentate isocyanide ligands from stable 
octahedral complexes of the type [Tc(CNR),]', which find 

(1) (a) Lewis, N. S.; Mann, K. R.; Gordon, J. G.; Gray, H. B. J .  Am. 
Chem. SOC. 1976,98,7461. (b) Mann, K. R.; Bell, R. A.; Gray, H. B. Inorg. 
Chem. 1979, 18, 2671. (c) Mann, K. R.; Thich, J. A.; Bell, R. A.; Coyle, 
C. L.; Gray, H. B. Inorg. Chem. 1980, 19, 2462. (d) Kawakami, K.; 
Okajima, M.; Tanaka, T. Bull. Chem. SOC. Jpn. 1978,51,2327. (e) Yaneff, 
P. V.; Powell, J. J .  Organomet. Chem. 1979, 179, 101. 

(2) Michelin, R. A.; Angelici, R. J. Inorg. Chem. 1980, 19, 3853. 
(3) Angelici, R. J.; Quick, M. H.; Kraus, G. A.; Plummer, D. T. Znorg. 

Chem. 1982, 21, 2178. 
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(b) Winzenburg, M. L.; Kargol, J. A.; Angelici, R. J. J.  Organomet. Chem. 
1983, 249, 415. (c) Plummer, D. T.; Karcher, B. A,; Jacobson, R. A.; 
Angelici, R. J. J .  Organomet. Chem. 1984, 260, 347. 
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Table I. IR Data for m-tam, o-tarc, talc, and Their Metal 
Complexes' 

v(NC), cm-I u(CO), cm-' 
compd A1 E A, E 

m-tarc (4) 2113 
o-tarc (5) 2118 
talc (6) 2148 
fac-[(m-tarc)W(CO), (7) 2118 2052 1950 1900 
fac-[(o-tarc)Cr(CO), (8a) 2140 2078 1940 1885 
jac-[(~-tarc)Mo(CO)~ (8b) 2138 2079 1940 1888 
jac-[(o-tarc)W(C0)3 (8c) 2137 2068 1933 1878 
(talc)W(CO):, (9) 2160 2115 1932 1854 

All IR spectra were recorded in KBr. 

use in the myocardial scintigraphf owing to the superb 
radiophysical properties (tl,z = 6.02 h, E, = 140.6 keV) of 
the metastable isotope *Tc. To obtain particularly stable 
isocyanide complexes, we have initiated a program to 
synthesize and evaluate tripodal, potentially chelating 
triisocyanide ligands. Recently we synthesized the first 
two examples of such ligands, talc and o-tarc (Figure 1) 
and reported in a preliminary study on their coordination 
chemistry with respect to chelate formation with transition 
metals9 and *Tc.1° In this contribution we wish to report 
the synthesis of the new tripodal triisocyanide ligand 
m-tarc (4) (Figure 1) together with the crystal structures 
of the chelate complexes fuc-[ (m-tar~)W(C0)~].0.5CH~Cl~ 
(7.0.5CHZClz) and ~ ~ c - [ ( o - ~ ~ ~ c ) W ( C O ) ~ ] . H C ~ . ~ . ~ C H ~ C ~ Z  
(8c.HC1.2.5CH&lZ). 

Results and Discussion 
Synthesis of Ligands and Metal Complexes. The 

synthesis of ligand m-tarc (4) is shown in Scheme I. The 
ligand was synthesized by Williamson coupling of the 
potassium salt of m-nitrophenol with tris(3-chloro- 

(8) Li, Q.-S.; Frank, T. L.; Franceschi, D.; Wagner, H. N.; Becker, L. 
C. J .  Nucl. Med. 1988. 29. 1539. 

(9) (a) Hahn, F. E.; T&m, M. Angew. Chem., Int. Ed. Engl. 1991,30, 
203. (b) Hahn, F. E.; Tamm, M. J.  Organomet. Chem. 1990,398, C19. 

(10) Hahn, F. E.; Ta", M.; Dittler-Klingemann, A.; Neumeier, R. 
Chem. Ber. 1991, 124, 1683. 
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m-tarc, 4 o-tarc, 5 talc, 6 

Figure 1. Tripodal triisocyanide ligands. 

propyl)amine,l' followed by reduction of the three aromatic 
nitro groups with Pt02/H2 and subsequent formylation of 
the amino groups with acetic formic anhydride., The three 
formamide groups of 3 were converted into isocyanide 
functions with diphosgene/NEb according to the method 
of Meyr and Ugi.12 The ligand is a colorless oil which is 
soluble in chlorinated hydrocarbons, THF, and diethyl 
ether. The preparation of 0-tarc (5) is similar and has been 
described in ref 10. The ligand tacl (6) was prepared as 
described in ref 9a. 

The 13C NMR RNC resonances (in CDC13) for the two 
aromatic isocyanides appear at 6 = 164.0 ppm (m-tarc) and 
6 = 167.6 (0-tarc) as broad singlets, whilc the isocyanide 
resonance for talc is observed as a triplet at 6 = 156.5 ppm 
('J(I3C, 14N) = 5.60 Hz). 13C, 14N coupling has been ob- 
served for various iso~yanides.'~ 

The absorption in the IR spectrum shifts from v = 2118 
cm-' for 0-tarcQa to v = 2113 cm-' for m-tarc. Previous 
studies also have shown that the NC frequencies of aro- 
matic isocyanides are constitution dependent.12 Delo- 
calization of electron density from the isocyanide group 
into the aromatic ring is facilitated by meta substitution 
of the ring as compared to ortho substitution. Therefore, 
the meta-substituted aromatic isocyanide should be a 
better ?r acceptor then o-tarc and both aromatic iso- 
cyanides are better ir acceptors then talc (v(NC) = 2148 
cm-') (Table I). 

Reaction of m-tam, o-tarc, or talc with fac-[(C,H8)M- 
(CO),] (M = Cr, Mo, W)14 in dichloromethane leads in 
good yield to the complexes fa~-[(m-tarc)W(CO)~] (7), 
fac-[(~-tarc)M(CO)~] [8; M = Cr (a), Mo (b), W (c)], and 
[(talc)W(CO),] (9). 7 and 8a-c were initially obtained as 
slightly yellow chloroform- and dichloromethane-soluble 
powders. 9 was insoluble in these solvents after it had 
precipitated in the come  of the reaction from the reaction 
solution. 

The IR spectra of the compounds showed local CBU 
symmetry (Table I), indicating that chelates could have 
formed. No significant shift in the wavenumbers occurred 
in the series 8a-c for the CO and NC vibrations. However, 
comparison of the data for 7 and 8c showed significant 
differences. The CO absorptions for 7 appear a t  signifi- 
cantly higher wavenumbers than in 8c, while the NC ab- 
sorptions for 7 are observed approximately 15 wavenum- 
bers lower than for 8c. As indicated by the IR spectra of 
the free ligands, m-tarc is a better ?r acceptor and a weaker 
a donor than o-tarc. Both aromatic isocyanides are, as 
expected, better ?r acceptors and weaker u donors than talc 
in 9. 

The IR data for 9 are in good agreement with the values 
for the triisocyanide complex fac-[(t-BuNC),W(CO),] [v- 
(NC) 2161 (Al), 2114 cm-' (E); v(C0) 1932 (Al), 1856 cm-' 

(11) Hahn, F. E.; Rupprecht, S. Chem. Ber. 1991, 124, 481. 
(12) Ugi, I.; Meyr, R. Chem. Ber. 1960, 93, 239. 
(13) Morishima, I.; Mizuno, A.; Yonezawa, T.; Goto, K. J. Chem. Soc., 

(14) King, R. B. Organometallic Synthesis: Volume I ,  Transition 
Chem. Commun. 1970, 1321. 

Metal Compounds; Academic Press: New York, 1965. 

Scheme I 

NH3 t 3 +OEt 
0 

1. 

KOWEtOH 1 
OK 
I 

2 

N* C 

(E)].15 The IR absorptions of the complexes containing 
0-tarc are comparable to the values observed for complexes 
of the type fac-[(aromatic iso~yanide)~M(CO)~] (M = Cr, 
M o ~ ~ J ~ ) .  However, in these studies only para-substituted 
aromatic isocyanides were used. As indicated earlier, meta 
substitution of an aromatic isocyanide induces better T- 

acceptor and weaker a-donor properties. A comparison 
of 7 with another complex of the type fac-[(meta-substi- 
tuted aromatic iso~yanide)~W(CO)~] is currently not pos- 
sible, since we are not aware of another compound of this 
type. 

7 is stable in dichloromethane and can be recrystallized 
from this solvent. The initially slightly dichloro- 
methane-soluble compounds 8a-c react (upon recrystal- 

(15) King, R. B.; Saran, M. S. Inorg. Chem. 1974,13,74. 
(16) Cotton, F. A,; Zingales, F. J. Am. Chem. SOC. 1961, 83, 351. 
(17) Connor, J. A.; Jones, E. M.; McEwen, G. K.; Lloyd, M. K.; 

McCleverty, J. A. J .  Chem. SOC., Dalton Trans, 1972, 1246. 
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&05 

Figure 2. Molecular structure of the complex 7 in 7.0.5CH2C12. 

h 

QCll 

Figure 3. Molecular structure of the complex 8c-HCl in 8c. 
HC1.2.5CHzClz. 

lization) within a few hours with dichloromethane or im- 
purities in this solvent (HC1) giving dichloromethane-in- 
soluble products, which showed unsatisfactory CHN 
analyses but almost unchanged IR spectra. Therefore, only 
7 was characterized N M R  spectroscopically. The l3C NMR 
spectrum of 7 (in CD2C12) showed the resonance for the 
isocyanide carbon atom only slightly shifted from the value 
of the free ligand at 6 = 161.6 ppm and the CO resonance 
at  6 = 204.4 ppm. These vdues are in good agreement with 
the 13C NMR data for f~c-[(p-tolNC)~W(CO)~] (6(NC) = 
160 ppm, 6(CO) = 203 ppm).l8 

To establish the complexes undoubtedly as chelates, 
various attempts to obtain single crystals were made. 7 
and 8c gave satisfactory single crystals from a dichloro- 
methane solution. The crystals of 7 were still soluble in 
CH2C12, while the solubility of 8c decreased with each 
recrystallization, and crystals of this compound did not 
redissolved in dichloromethane. Furthermore, the CHN 
analyses of recrystallized, CH2C12-insoluble 8c showed 
deviations from the theoretical values. 

Crystal Structures of 7 and 8c. The structure 
analyses showed that both 7 and 8c crystallized with di- 
chloromethane in the crystal lattice (0.5 molecules for each 
molecule of 7 and 2.5 molecules for each molecule of 8c). 
These solvent molecules can be removed in vacuo, giving 
the solvent-free derivatives. Furthermore, 8c crystallized 
as hydrochloride 8c.HC1 by reaction with the solvent or 
impurities in the solvent (HC1). This explains the un- 
satisfactory CHN analyses and insolubility for recrystal- 
lized, solvent-free 8c. Selected bond distances and angles 
for the two compounds are listed in Table 11. The num- 

Table 11. Selected Bond Distances (A) and Angles (des) for 
7 0.5CHZC12 and 8c HCl 2.5CHzCl2 

7-0.5CH2C12 S*HC1.2.5CH&lz 
w e 1  
WC11 
WC21 
WC31 
WC32 
WC33 
Cl-N2 
Cll-N3 
C21-N4 
C31-04 
C32-05 
C33-06 
N1-HN1 
HNl-Cll 
c1-WC11 
c1-WC21 
C1-WC31 
C1-WC32 
C1-WC33 
Cll-W-C21 
Cll-WC31 
Cll-w-c32 
Cll-WC33 
C21-W-C31 
C21-W-C32 
c21-w-c33 
C31-WC32 
c31-w-c33 
C32-WC33 
WC1-N2 
WC11-N3 
W-C21-N4 
WC31-04 
WC32-05 
WC33-06 
ClCkNlC20 
C10-NlC30 
C20-NlC30 
Cl-N2-C2 
C1 l-N3-C12 
C21-N4C22 

. .  

2.120 (11) 
2.087 (11) 
2.087 (11) 
2.010 (11) 
1.984 (13) 
1.989 (12) 
1.136 (14) 
1.172 (13) 
1.168 (14) 
1.176 (13) 
1.174 (16) 
1.158 (14) 

83.6 (4) 
82.7 (4) 
92.3 (4) 
93.2 (4) 
172.5 (5) 
82.4 (4) 
175.1 (4) 
89.7 (4) 
92.2 (4) 
94.4 (4) 
171.4 (4) 
90.6 (4) 
93.3 (4) 
91.5 (4) 
93.0 (5) 
174.3 (11) 
174.2 (8) 
172.5 (8) 
178.0 (8) 
177.6 (9) 
178.1 (11) 
111.6 (7) 
112.2 (8) 
111.8 (8) 
163.8 (10) 
168.0 (9) 
165.6 (10) 

- .  

2.109 (6) 
2.107 (6) 
2.126 (6) 
1.988 (5) 
1.970 (6) 
1.995 (6) 
1.168 (7) 
1.169 (7) 
1.165 (7) 
1.161 (6) 
1.178 (7) 
1.161 (7) 
0.74 (7) 
2.27 (8) 
93.6 (2) 
98.6 (2) 
87.7 (2) 
87.6 (2) 
174.9 (2) 
93.3 (2) 
175.4 (2) 
88.6 (2) 
91.1 (2) 
90.8 (2) 
173.3 (2) 
83.3 (2) 
87.1 (3) 
87.5 (2) 
90.4 (2) 
173.1 (4) 
174.3 (4) 
171.2 (4) 
176.6 (5) 
176.4 (5) 
177.6 (5) 
110.5 (4) 

110.4 (4) 
169.6 (5) 
172.4 (6) 
173.1 (4) 

119.8 (4) 

bering scheme used in this table is explained in Figures 
2 and 3, which show plots of 7 and 8c.HC1. 

The structure analyses prove that m-tarc and 0-tarc are 
indeed capable of forming chelate complexes with tran- 
sition metals in low oxidation states. No polymers are 
detected in the preparation of 7. However, in the synthesis 
of 8c a dimeric side product, fac,fac-[(~-tarc)W(CO)~- 
HClI2.2CH2Clz, can be isolated in low yield.gb The W 
atoms in both 7 and 8c.HC1 are coordinated in a slightly 
distorted, facial odahedral fashion by three isocyanide and 
three carbonyl carbon atoms. Three lamembered chelate 
rings are formed in 8c, while these rings contain 20 atoms 
each in 7. These chelate rings belong to the largest ob- 
served in organometallic compounds. In both derivatives 
the W-C-0 angles are closer to linearity than the W-C-N 
angles. The observed W-CN distances for both complexes 
are identical within experimental error. To our knowledge, 
no complex of the type fac-[(RNC),W(CO),] has been 
characterized crystallographically until now. However, the 
W-CO and W-CN distances in 7 and 8c are very similar 
to equivalent distances in compounds of the type 
(RNC)W(CO), [range d(W-CO) = 1.98 (11-2.08 (1) A, 
range d(W-CN) = 2.06 (1)-2.10 (l)A],l9 (CO),W[C- 
(OCH3)(C5H5)](CNCsH4-p-CH3) [range d(W-CO) = 1.950 
(19)-2.043 (17) A, d(W-CN) = 2.096 (19) A],20 and 

(18) Guy, M. P.; Coffer, J. L.; Rommel, J. S.; Bennett, D. W. Inorg. 
Chem. 1988,27,2942. 

(19) Fischer, H.; Seitz, F.; Muller, G. Chem. Ber. 1987, 120, 811. 
(20) Guy, M. P.; Guy, J. T.; Bennett, D. W. Organometallics 1986,5, 

1696. 
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oxidation states. The bonding situation in these complexes 
is shown schematically in Figure 4. The unusually large 
size of the chelate rings (18 atoms in 8eHC1,20 atoms in 
7) does not prevent chelate formation nor does it lead to 
polynuclear complexes or polymers. Presently we do not 
know the molecular structure of 9. IR data show local CBU 
symmetry which is consistent with both monomeric fac- 
[ (talc)W(CO),] or its hydrochloride and polymeric 
[(tal~)w(CO)~],. The insolubility of 9 prevented further 
investigations. No chlorine was detected, which rules out 
the formation of a hydrochloride, which in turn would 
explain the poor solubility. Geometrically talc is able to 
form a chelate complex. However, the poor solubility in 
the absence of a hydrochloride points toward formation 
of a polymer. 

The good solubility and stability of 7 makes this com- 
pound a superb starting material for reactions at  the co- 
ordinated isocyanide groups. It appears possible to convert 
all three isocyanide groups into carbenes. Corresponding 
investigations are in progress. 

Experimental Section 
All operations were performed under dry argon by using 

Schlenk and vacuum techniques. All solvents were dried by 
standard methods and distilled prior to use. ‘H NMR spectra 
were recorded on a Bruker WP 80 instrument (80 MHz), and 13C 
NMR spectra, on a Bruker WP 80 SY spectrometer (20.15 MHz) .  
Infrared spectra were taken in KBr on a Perkin-Elmer 580 B 
instrument. The ligands 0-tarc (6)’O and talc (6)” were prepared 
by literature methods. 
Trie[3-(3-nitrophenoxy)propyl]amine (1). A 35.21-g (253- 

mmol) amount of 3-nitrophenol (Aldrich) was dissolved in 200 
mL of absolute 2-propanol. A 14.16-g amount of KOH was dis- 
solved in 100 mL of 2-propanol and added to the nitrophenol 
solution. Upon addition the red potassium 3-nitrophenolate 
precipitated. It redissolved if the solution was warmed to 50 OC, 
giving a dark red solution. To this solution was added 20.86 g 
(85 “01) of tris(3-chloropropy1)a”’ in 50 mL of 2-propanol. 
The reaction mixture was refluxed for 3 days and subsequently 
cooled to room temperature. A 200-mL volume of acetone was 
added to dissolve the oily precipitate which appeared upon cooling. 
Now the formed KC1 was separated by fitration and washed with 
acetone. The combined organic solutions were concentrated giving 
1 as yellow needla. These were washed with cold 2-propanol and 
dried in vacuo (26.53 g, 57%). ‘H NMR (CDClJ: 6 7.86-7.00 
(m, 12 H, Ar H), 4.00 (t, 6 H, CHzO), 2.67 (t, 6 H, CH2N), 1.96 

120.9, 115.3, 108.6 (Ar C), 66.1 (CH20), 49.7 (CH2N), 26.7 (C- 
H2CH2). Anal. Calcd for C27H30H409 (M, = 554.56): C, 58.48; 
H, 5.45; N, 10.10. Found C, 57.0; H, 5.11; N, 10.41. 
Tris[3-(3-aminophenoxy)propyl]amine (2). A 5.0-g (9- 

mmol) amount of 1 was dissolved in 100 mL of THF. To this 
solution was added 100 mg of Pd/C hydrogenation catalyst (10% 
Pd, Aldrich). The reaction mixture was stirred in an autoclave 
under H2 (200 bar) for 12 h. Subsequently, the reaction mixture 
was fiitered to separate the Pd catalyst. The THF was stripped 
in vacuo leaving 2 as yellow oil which turned dark in contact with 
air (3.9 g, 93%). ‘H NMR (CDClJ: 6 7.14-5.93 (m, 12 H, Ar H), 
3.91 (a, br, 6 H, AI-NHJ, 3.61 (t, 6 H, CHzO), 2.56 (t, 6 H, CH2N), 

(CH2CH2). Satisfactory CHN analyses for 2 could note be ob- 
tained. Samples were hard to prepare, since the compound was 
oily and quite air sensitive. 
Tris[3-(3-formamidophenoxy)propyl]amine (3). A 1.5-g 

(3.2-“01) sample of the tetraamine 2 was dissolved in 50 mL 
of THF, and 1.0 g (11.0 mmol) of acetic formic anhydride was 
added. The reaction mixture was stirred at  room temperature 
for 2 h. Then all volatile material was removed at a rotary 
evaporator. The resulting viscous oil was dissolved in 50 mL of 
dichloromethane. This solution was washed three times with 50 
mL of aqueous Na2C03 solution (10%) and dried with Na2S04. 
The solvent was stripped from the resulting clear dichloromethane 
solution giving pure 3 as white powder (1.7 g, 96%). ‘H NMR 

(quint, 6 H, CH2CH2). ‘%(HI NMR (CDCld: 6 159.3,148.9,129.8, 

1.82 (quint, 6 H, CH2CH2). W(H)  NMR (CDCl,): 6 160.3,147.7, 
129.8, 107.0, 105.6, 105.1 (Ar C), 64.0 (CHZO), 48.6 (CHZN), 26.5 

CI 

(m-tarc)W(CO),. 7: ”in” (o-tiUc)W(CO),’HCl, 8c‘HCl: “ou~” 

Figure 4. Schematic representations of the complexes 7 and 
8c.HCl. 

[ ( C0)4(PR3) WCNC6H4NC W (CO),(PR,) [range d (W-CO) 

(11) or even to the distances in the heptacoordinated 
W(I1) complexes W(CO)2(I)2(t-C4HSNC)~22 X-ray crys- 
tallography is obviously not capable of detecting the dif- 
ferences in the electronic structure of the aforementioned 
compounds via differences in the bond distances. This is 
also confiimed by a comparison of the W-CO and W-CN 
distances in 7 and 8c. IR spectra clearly show that m-tarc 
in 7 is a far better ?r acceptor and a weaker u donor than 
0-tarc in 8c. However, no significant differences in the 
W-CO and W-CN distances between the two complexes 
are noticeable. 

The most remarkable difference between 7 and 8ceHCl 
is the configuration of the central nitrogen atom of the 
backbone of the ligand. In 7 this atom adopts the “in” 
configuration like in a number of metal complexes with 
tripodal ligands.23 It is not protonated like the central 
nitrogen atom in the tricatechol complexes K,[V(TREN- 
CAM)]& or Na3[Fe(bicapped TRENCAM)] .23b Protona- 
tion of the central nitrogen atoms in the “in” configuration 
is geometrically possible and has been shown to exist in 
the tricatechol complex [HNEb] [Ti(TRIPACE).23a The 
central nitrogen atom in 8eHC1 is in the “out” configu- 
ration and protonated. The complex is actually a hydro- 
chloride with a nonbonding HNl-Cl distance of 2.27 (8) 
%L To our knowledge, this situation has not been described 
yet for a metal complex with a tripodal ligand. The ligand 
o-tarc, however, does not become protonated when dis- 
solved in CH2C12. Only in the metal complex does pro- 
tonation occur. The source of HCl is presently not known 
to us. Possible sources are HC1 impurities in the di- 
chloromethane or reaction of the central nitrogen atom 
under carbene formation with the solvent. In any case, 
coordination of 0-tarc to a metal center leads to a stronger 
basicity of the central nitrogen, possibly because of hin- 
derance of the inversion at  the nitrogen atom. The chelate 
rings in 7 are slightly larger, which might allow for in- 
version at  N1 and thus prevents protonation of this atom, 
which is geometrically possible and has been demonstrated 
for a tricatechol 

Conclusion 
The ligands 0-tarc and m-tarc are capable of forming 

chelate complexes with group VIb transition metals in low 

= 1.973 (15)-2.060 (18) A, d(W-CN) = 2.065 (12) and 2.084 

(21) Rommel, J. S.; Weinrach, J. B.; Grubisha, D. S.; Bennett, D. W. 
Znorg. Chem. 1988,27, 2945. 

(22) Dewan, J. C.; Roberta, M. M.; Lippard, S. J. Znorg. Chem. 1983, 
22, 1529. 

(23) (a) Hahn, F. E.; Rupprecht, S. J. Chem. SOC., Chem. Commun. 
1991, 224. (b) Garrett, T. M.; McMurry, T. J.; Hosseini, M. W.; Reyes, 
Z. E.; Hahn, F. E.; Raymond, K. N. J.  Am. Chem. SOC. 1991,113,2965. 
(c) Bulls, A. R.; Pippin, C. G.; Hahn, F. E.; Raymond, K. N. J. Am. Chem. 
SOC. 1990, 112, 2627. 
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(acetone-d6): 6 9.25 (s, br, 3 H, NHCHO), 8.36 (s, 3 H, CHO), 
7.33-6.50 (m, 12 H, Arm, 3.90 (t, 6 H, CHzO), 2.60 (t, 6 H, CH2N), 
1.85 (quint, 6 H, CH2CHz). Anal. Calcd for C30H36N406 (MI = 
548.64): C, 65.68; H, 6.61; N, 10.21. Found C, 65.32; H, 6.58; 
N, 10.16. 
Tris[3-(3-isocyanophenoxy)propyl]amine (4, m-tarc). A 

1.46-g (2.7-"01) amount of 3 in 50 mL of dichloromethane and 
5 mL of triethylamine was mixed in a three-necked round-bottom 
flask equipped with argon inlet, a magnetic stirrer, thermometer, 
condenser, and rubber septum. The mixture was cooled to -78 
"C, and 0.5 mL of diphosgene was added via the septum with a 
syringe (Caution! Disphosgene is toxic and may liberate phosgene 
in the course of the reaction; the reaction must be carried out in 
a well-ventilated fume hood). The brown solution was allowed 
to warm to room temperature and was stirred for an additional 
12 h The reaction mixture was then washed once with water (100 
mL) and twice with an aqueous Na2C03 solution (10%). The 
brown dichloromethane solution was then dried with Na&304, and 
all solventa were removed in vacuo. The resulting oil was purified 
chromatographically on Alz03 (4% HzO) with dichloromethane 
giving a colorless oil (430 mg, 33%). 'H NMR (CDCl,): 6 7.25-6.61 
(m, 12 H, Ar H), 3.75 (t, 6 H, CH20), 2.51 (t, 6 H, CH2N), 1.79 
(quint, 6 H, CHZCHJ. '%(H] NMR (CDCl& 6 164.0 (br, A-NC), 
159.3, 130.1 (Ar C), 127.2 (br, Ar C-NC), 118.5, 115.5,112.1 (Ar 
C), 65.6 (CH20), 49.5 (CH,N), 26.6 (CH2CH2). Anal. Calcd for 
c3d'&&o3 (M, = 494.60): C, 72.85; H, 6.11; N, 11.33. Found 
C, 72.13; H, 6.18; N, 10.94. 
fac-[(m-tar~)W(C0)~1.0.5CH~Cl~ (7.0.5CH2C12). A 160-mg 

(0.3-"01) sample of 4 and 116 mg (0.3 mmol) of (C7H8)W(C0), 
were added to 20 mL of dichloromethane and stirred at  room 
temperature. The deep red solution turned yellow after 2 h. At 
this point only one product is detectable via TLC. Stirring was 
carried on for a total of 12 h. The solvent was removed in vacuo. 
The yellow residue was washed with hexane (removal of C7H8). 
The product was then purified by column chromatography 
(A&o3/4% HzO CH2Clz/petroleum ether, 1:l) to give 7 as a yellow 
powder. The compound can be crystallized from dichloromethane 
giving yellow crystals of P-0.5CHzCl2. The clear crystals turn 
opaque within 2 h (loss of CH2Cl2) (200 mg, 83% crystalline 
7.0.5CH2Cl2). lH NMR (CDCl,): 6 7.29-6.59 (m, 12 H, Ar H), 

'%{HI NMR (CDCld: 6 204.4 (CO), 161.6 (br, Ar-NC), 160.3,130.9 
(Ar C), 129.8 (br, Ar C-NC), 118.0, 116.7, 109.5 (Ar C), 64.4 
(CHzO), 48.9 (CH2N), 27.1 (CHzCH2). Anal. Calcd for C33,5- 

6.96. Found: C, 50.41; H, 3.92; N, 7.00. 
General Procedure for the Preparation of Complexes 

fa~-[(o-tarc)M(Co)~] (8a-c). The preparation of the complexes 
is very similar and will be illustrated with the preparation of 
fa~-[(o-tarc)W(CO)~] (8c). Two solutions of 0.33 g (0.67 mmol) 

in 10 mL of CHzClz were prepared. These solutions were added 
simultaneously to 10 mL of CH2Clz with stirring. Upon mixing, 
the deep red (C7H8)W(C0), decolorized and a yellow solution 
formed. This solution was stirred for 2 h. The solvent was 
removed, and the residue was washed with hexane. The product 
was recrystallized from CHzCl2, giving for all three metals the 
CHzC12-insoluble complex fac-[ (~-tarc)M(CO)~.HCll. These 
complexes probably crystallize with 2.5 molecules of CH2C12 in 
the lattice, like the crystallographically characterized 8c.HC1, 
2.5CHzCl2. The crystals loose CHzClz very rapidly. Various 
amounts of CHzC12 can be detected, depending on the time of 
air exposure. To get reproducible microanalytical results, the 
compounds were isolated from the reaction mixture and dried 
at pump vacuum before conversion to the hydrochlorides fac- 
[ (o-tarc)M(CO),.HCl] occurred (no recrystallization). This pro- 
cedure was moderately successful. If the raw product is very 
impure, recrystallization step are necessary which lead to partial 
hydrochloride formation and poor microanalytical data. 

8a: yellow powder, yield 0.32 g (76%). Anal. Calcd for C3,- 
H d 4 o 6 C r  (M4 = 630.63): C, 62.85; H, 4.80, N, 8.88. Found: C, 
63.87; H, 5.49; N, 7.56. 

8b: yellow powder, yield 0.39 g (87%). Anal. Calcd for C3,- 
H30N406M~ (MI = 674.57): C, 58.76; H, 4.48; N, 8.31. Found: 
C, 57.86 H, 5.18; N, 7.19. 

3.38 (t, 6 H, CHZO), 2.49 (t, 6 H, CHZN), 1.62 (quint, 6 H, CHZCHd. 

H ~ I C ~ N ~ O ~ W  (7.0.5CH2Cl2, M, = 804.94): C, 49.99; H, 3.88; N, 

Of 5 in 10 mL of CHzClz and 0.24 g (0.67 "01) Of (C&)W(CO), 

Hahn and Tamm 

Table 111. Summary of Crystal Structure Dataa 
7.0.5CH&12 8c.HC1.2.5CH2C12 

formula CU.IHSICNOBW Gs.s.HsC&NiOsW 
fw 804.94 1011.27 
cryst size, mm 0.35 X 0.25 X 0.17 0.40 X 0.32 X 0.11 
cryst syst monoclinic triclinic 
space group C2/e (No. 15) PI (No. 2) 
Z 8 2 
a, A 14.848 (3) 12.491 (4) 
b, A 26.016 (7) 13.414 (4) 
c, A 17.866 (5) 14.365 (2) 
a, deg 114.73 (2) 
P ,  deg 101.56 (2) 105.39 (2) 
Y, deg 101.89 (2) 

d.. d c m 3  1.581 1.598 
V, As 6761 (3) 2102 (3) 

d,; 3!m3 1.57 1.58 
radiation (A. A) Mo K a  (0.71073) . .  
fit, cm-' 
28 range, deg 
hkl range 

scan type 
scan speed (e), 

deg/min 
no. of unique data 
no. of obsd data 
R.  % 

33.7 32.4 

O S h S 1 6  
2 s 28 s 45 

O 5 h S 1 3  
O S k 5 2 8  
-17 5 15 18 

-14 5 k S 14 
-16 5 15 16 

8-28 
min 1.5, max 29.30 

4038 5503 
3208 [I 1 2a(O] 
5.00 4.10 

min 1.7, max 6.7 

5052 [I 1 3a(I)] 

no. of variables 413 (refined with SHELX~B 475 (refined with 
in three blocks) 

max shift/error 0.006 0.005 
res electr dens 1.84 (near W) 1.7 (near W) 
abs corr empirical, DIFABS* empirical, three $ 

SDP in one block) 

scans 

a Estimated standard deviations are given in parentheses. See ref 

8c: yellow powder, yield 0.35 g (69%). Anal. Calcd for C33- 

51.94; H, 4.22; N, 7.66. 
[(talc)W(CO),] (9). The compound was prepared like the 

complexes 8a-c from 1.0 g (4.59 m o l )  of 6 and 1.65 g (4.59 "01) 
of (C7H,)W(CO), in a total of 60 mL of CHzC12. In the course 
of the reaction 9 precipitates as yellow powder which is insoluble 
in CH2ClZ. Formation of a hydrochloride was not detected. 
Attempts to dissolve 9 in hot alcohols led to decomposition (1.11 
g, 49%). Anal. Calcd for C15H1&03W (M, = 486.18): C, 37.06; 
H, 3.73, N, 11.52. Found: C, 37.06; H, 4.07; N, 10.69. 

Crystal Structure Analyses. Crystals of 7.0.5CH2Cl2 and 
&-HC1.2.5CHzCl2 were obtained at -26 OC from dichloromethane 
solutions. Both compounds are sensitive toward loss of di- 
chloromethane from the crystals. Suitable specimens were selected 
with a device similar to that described by Veith and 
Bzunighausen24 and transferred directly into the cold stream (-100 
(5) "C) of an Enraf-Nonius CAD-4 (7-0.5CHzC12) or Syntex P21 
(8c.HC1.2.5CHZCl2) diffractometer. Important crystal and data 
collection details are listed in Table 111. Data were collected at 
-100 (5) OC and reduced to structure factors (and their esds) by 
correcting for scan speed, Lorentz, and polarization effects. No 
decay corrections were necessary. The data for &.HC1.2.5CHzCl2 
were corrected for absorption by means of three $ scans, while 
an empirical absorption correction using the program DIFABS*~ 
was applied to the data for 7*0.5CH5Cl2. The structures were 
solved by standard Patterson methods, and all not disordered 
non-hydrogen atoms were refined with anisotropic thermal pa- 
rameters by full-matrix least squares using the programs of the 
SDP package% for &.HC1.2.5CHzC12 or SHJ3LX7fj2' for 7.0.5CH2C12. 
All hydrogens were added to the structure model on calculated 

25. 

H30N4O6W (MI = 762.48): C, 51.98; H, 3.97; N, 7.35. Found: C, 

(24) Veith, M.; Biirnighausen, H. Acta Crystallogr., Sect. B 1974, B30, 

(25) Walker, N.; Stuart, D. Acta Cryrtallogr., Sect. A 1983, A39,158. 
(26) Frenz, B. A. SDP, Structure Determination Package. College 

(27) Sheldrick G .  M. SHELX-76, Program for Crystal Structure Deter- 

1806. 

Station, TX 77840, 1982. 

mination. Cambridge, England, 1976. 
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W 
c1 
01 
0 2  
0 3  
0 4  
05 
06  
N1 
N2 
N3 
N4 
c1 
c2 
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 
C25 
C26 
C27 
C28 
C29 
C30 
C31 
C32 
c33 
C34b 

Table IV. Fractional Coordinates for 
fac-[(m -tarc)W(CO)J 0.5CH2C12 

atom X Y z Beq: A2 
0.18775 (1) 0.22091 (2) 2.85 0.21582 (3) 

0.0229 (2) ' 
0.4757 (4) 
0.1126 (4) 
0.2592 (6) 
0.2826 (6) 
0.2800 (6) 
0.0182 (6) 
0.3081 (5) 
0.4036 (6) 
0.1594 (6) 
0.1515 (5) 
0.3406 (9) 
0.4658 (6) 
0.5530 (7) 
0.6104 (6) 
0.5843 (7) 
0.4959 (7) 
0.4356 (7) 
0.3872 (7) 
0.3773 (8) 
0.3809 (7) 
0.1768 (6) 
0.1441 (7) 
0.1382 (7) 
0.1259 (7) 
0.1186 (6) 
0.1233 (5) 
0.1349 (6) 
0.1279 (6) 
0.1374 (6) 
0.2215 (6) 
0.1740 (6) 
0.1393 (7) 
0.0595 (7) 
0.0508 (8) 
0.1169 (8) 
0.1974 (8) 
0.2099 (7) 
0.3423 (7) 
0.3920 (7) 
0.3345 (7) 
0.2596 (7) 
0.2580 (7) 
0.0908 (9) 
o.oO0 (0) 

0.6113 (1) 
0.4255 (3) 
0.4634 (2) 
0.3791 (3) 
0.0797 (3) 
0.1637 (3) 
0.1435 (3) 
0.4869 (3) 
0.2465 (3) 
0.3040 (3) 
0.2366 (3) 
0.2248 (4) 
0.2858 (4) 
0.2725 (4) 
0.3317 (5) 
0.3621 (4) 
0.3744 (4) 
0.3361 (4) 
0.4411 (4) 
0.4975 (4) 
0.5107 (4) 
0.2612 (4) 
0.3569 (4) 
0.3827 (4) 
0.4349 (4) 
0.4615 (4) 
0.4340 (3) 
0.3810 (3) 
0.4393 (3) 
0.4822 (4) 
0.5155 (3) 
0.2156 (3) 
0.2712 (4) 
0.2708 (4) 
0.3066 (4) 
0.3420 (4) 
0.3424 (4) 
0.3069 (3) 
0.3821 (4) 
0.4312 (4) 
0.4790 (4) 
0.1199 (4) 
0.1722 (3) 
0.1596 (4) 
0.5749 (6) 

0.3328 (2)' 
0.3491 (4) 
0.2833 (3) 
0.5332 (4) 
0.2951 (4) 
0.0656 (5) 
0.1557 (6) 
0.4341 (5) 
0.3007 (5) 
0.1615 (5) 
0.3683 (5) 
0.2699 (6) 
0.3334 (5) 
0.3703 (5) 
0.4007 (5) 
0.3928 (6) 
0.3541 (6) 
0.3230 (5) 
0.3074 (6) 
0.3182 (7) 
0.4027 (7) 
0.1789 (5) 
0.1572 (6) 
0.0889 (6) 
0.0888 (6) 
0.1538 (5) 
0.2220 (5) 
0.2248 (5) 
0.3567 (5) 
0.4164 (5) 
0.4131 (5) 
0.3172 (6) 
0.4249 (5) 
0.4526 (6) 
0.5080 (6) 
0.5335 (6) 
0.5051 (5) 
0.4501 (5) 
0.5045 (6) 
0.5365 (7) 
0.5166 (6) 
0.2679 (6) 
0.1240 (7) 
0.1807 (7) 
0.2500 (0) 

7.06 
4.65 
3.54 
4.46 
5.31 
6.55 
7.74 
3.20 
3.64 
3.87 
3.29 
4.10 
2.73 
3.35 
4.18 
3.90 
3.86 
3.18 
4.49 
4.50 
4.59 
3.39 
3.37 
4.18 
4.37 
3.31 
2.32 
2.96 
2.73 
3.42 
3.43 
2.73 
3.12 
3.45 
4.69 
4.43 
3.26 
2.84 
4.22 
4.89 
4.12 
3.86 
3.80 
4.51 
6.93 

"Beq = (81r2 /3 )~ ,~ . ,U , ]~ ,*a ,*a ,a! .  bC34 is the carbon atom of the 
dichloromethane molecule; it resides on the 2-fold axis, Wyckoff 
position e, SOF 0.5. 

positions [d(C-H) = 0.95 A],2s with the exception of HN1 in 
8c.HC1.2.5CHzClz, which was found in a difference Fourier map. 
The positional parameters of this atom were refined in the 
least-squares procedure with a fixed isotropic temperature factor 
Biso,H = 4.0 A2. The isotropic temperature factors for all other 
hydrogens on calculated positions were fixed to be 1.3 times the 
Be, of the parent carbon atom (for 8c.HC1.2.5CHzCl2) or to be 
VhsI = 0.08 A2 (for 7-0.5CH2Clz). The dichloromethane molecule 
in 7.0.5CHzC12 resides on a special position of the 2-fold axis and 
is shared between two asymmetric units. Crystals of 8c.HCl. 
2.5CHzCl2 contain two molecules of dichloromethane on general 
positions. A third dichloromethane molecule was found on a 
position close to (but not on) an inversion center. This molecule 
(C36, C16, C17) is disordered between two asymmetric units, and 
ita positional parameters were refined with site occupancy factors 
of 0.5. No hydrogen positions were calculated for the disordered 
dichloromethane molecule. O R T E P ~  was used for all molecular 
drawings. Atomic coordinates and equivalent isotropic thermal 

(28) Churchill, M. R. Inorg. Chem. 1973,12, 1213. 
(29) Johnson, C. K. ORTEP II; Report ORNL-5138; Oak Ridge Na- 

tional Laboratory: Oak Ridge, TN, 1971. 

Table V. Fractional Coordinates for 
fac-[(o-tarc)W(C0)3 HCl] *2.5CH2Cl2 

atom X Y 2 B,." A2 
W 
c11 
c12 
C13 
C14 
C15 
C16 
C17 
01 
02  
0 3  
04  
05 
06 
N1 
N2 
N3 
N4 
c1 
c2 
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 
C25 
C26 
C27 
C28 
C29 
C30 
C31 
C32 
c33 
c34 
c35 
C36 
HN1 

0.19513 (2) 
0.6180 (1) 
0.1067 (2) 
0.1393 (2) 
0.3612 (3) 
0.5558 (2) 
0.071 (1) 
0.006 (2) 
0.4331 (4) 
0.1084 (3) 
0.5730 (3) 
0.2875 (5) 

-0,0508 (4) 
0.1301 (4) 
0.4650 (4) 
0.2611 (5) 
0.0634 (4) 
0.4437 (4) 
0.2411 (5) 
0.2692 (6) 
0.1884 (6) 
0.1950 (6) 
0.2812 (7) 
0.3657 (6) 
0.3590 (5) 
0.5006 (6) 
0.5439 (5) 
0.4364 (5) 
0.1157 (5) 

-0.0031 (5) 
-0.0903 (6) 
-0.1534 (7) 
-0.1320 (6) 
-0,0438 (6) 
0.0221 (5) 
0.1568 (5) 
0.2634 (5) 
0.3533 (5) 
0.3576 (5) 
0.5449 (5) 
0.5750 (6) 
0.6788 (6) 
0.7491 (6) 
0.7184 (5) 
0.6146 (5) 
0.6505 (5) 
0.5812 (5) 
0.5465 (5) 
0.2571 (5) 
0.0409 (6) 
0.1519 (5) 
0.1119 (7) 
0.402 (1) 
0.010 (2) 
0.508 (7) 

0.00388 (2) 
-0.4786 (1) 
0.1819 (2) 
0.2038 (2) 
0.5989 (2) 
0.5544 (3) 
0.528 (1) 
0.661 (1) 

-0.1365 (3) 
-0.4588 (4) 
-0.0726 (3) 
0.2649 (5) 

-0.0125 (5) 
0.1044 (4) 

-0.3337 (4) 
-0.0679 (4) 
-0.2655 (5) 
0.0579 (4) 

-0.0471 (5) 
-0.0846 (5) 
-0.0651 (6) 
-0.0860 (7) 
-0.1258 (7) 
-0.1407 (6) 
-0.1205 (5) 
-0.2088 (5) 
-0.2362 (5) 
-0.3007 (5) 
-0.1708 (5) 
-0.3710 (6) 
-0.3731 (6) 
-0.4792 (7) 
-0.5787 (7) 
-0.5782 (6) 
-0.4709 (6) 
-0.5492 (5) 
-0.5004 (5) 
-0.3924 (5) 
0.0314 (5) 
0.1056 (5) 
0.2166 (5) 
0.2641 (6) 
0.1975 (6) 
0.0867 (5) 
0.0369 (5) 

-0.1380 (5) 
-0,2538 (5) 
-0.2268 (5) 
0.1689 (5) 

-0.0099 (6) 
0.0652 (5) 
0.2693 (7) 
0.5040 (7) 
0.577 (2) 

-0.364 (7) 

0.19191 (2) 
0.1744 (1) 
0.6886 (2) 
0.5156 (2) 
0.5690 (2) 
0.6772 (2) 
0.610 (1) 
0.606 (1) 
0.4438 (3) 

-0.0291 (3) 
0.1026 (3) 
0.3761 (4) 
0.2128 (4) 
0.0406 (3) 
0.1685 (4) 
0.3730 (4) 

-0.0060 (4) 
0.1563 (3) 
0.3051 (5) 
0.4578 (4) 
0.0547 (5) 
0.5858 (5) 
0.6199 (5) 
0.5769 (5) 
0.4948 (4) 
0.4533 (5) 
0.3666 (5) 
0.2631 (4) 
0.0665 (4) 

-0.1000 (5) 
-0.1798 (5) 
-0.2740 (6) 
-0.2869 (5) 
-0.2065 (5) 
-0.1115 (4) 
-0.0435 (5) 
0.0567 (5) 
0.0721 (4) 
0.1702 (5) 
0.1442 (4) 
0.1573 (5) 
0.1495 (5) 
0.1266 (5) 
0.1103 (4) 
0.1182 (4) 
0.0969 (5) 
0.0848 (5) 
0.1770 (4) 
0.3086 (5) 
0.2051 (5) 
0.0948 (5) 
0.6294 (6) 
0.6089 (6) 
0.503 (2) 
0.170 (6) 

1.901 
2.97 
4.93 
6.21 
9.2 

10.11 
19.2** 
22.7* 
3.1 
3.0 
2.6 
5.7 
5.5 
4.6 
2.3 
3.1 
2.9 
2.5 
2.8 
2.7 
3.2 
3.9 
4.3 
3.4 
2.5 
3.0 
2.9 
2.4 
2.5 
3.1 
3.7 
4.5 
4.2 
3.6 
2.8 
2.9 
2.7 
2.6 
2.5 
2.2 
3.2 
4.0 
3.8 
2.8 
2.1 
2.8 
3.0 
2.5 
2.9 
3.7 
3.0 
4.8 
6.9 
8.1* 
4.0 

"See footnote a in Table IV. *Starred atoms (C36, C16, C17) are 
the atoms of the disordered dichloromethane molecule and were 
refined isotropically. The isotropic temperature factor for HN1 
was held constant during refinement at Be, = 4.0 .A2. 

parameters are listed in Tables IV and V. 
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The mechanism of hydrosilation of ethene with &SiH catalyzed by (q5-C&I&Rh(C2H4)(S&)H (principally 
with R = Et) has been studied by NMR and GC/Ms methods. Comparison with related compounds indicates 
that activity is confined to this group of compounds at room temperature. The mercury test demonstrates 
that the reaction is homogeneous, in contrast to recent evidence on platinum catalysts. The reaction 
mechanism was investigated by deuterium labeling of either substrate and variation of alkene and tri- 
alkylsilane. These experiments demonstrated conclusively that (T~-C&I~)R~(C,H~(S&)H ads as a precursor 
to the catalytically active species but is not within the catalytic cycle. In consequence, the Chalk-Harrod 
mechanism cannot apply in this system. An alternative cycle is proposed which is initiated by a hydrogen 
shift to form (r15-C&15)Rh(C2H&(S&). The latter generates the hydrosilation produds via oxidative addition 
of R3SiH to form an intermediate containing two silicon atoms. The initial hydrogen shift is consistent 
with studies of intramolecular exchange and stoichiometric reactions of the starting material. The m e d "  
is equivalent to the one proposed by Wrighton and Seitz for hydrosilation catalyzed by cobalt carbonyls. 

Introduction 
Many recent reviews and papers, in common with their 

predecessors, explain the catalytic mechanism of hydro- 
silation by the Chalk-Harrod cycle or one of its variants.' 
In the first step of these mechanisms, a metal alkene 
complex is converted to a metal alkene silyl hydride com- 
plexm2 It follows that a complex conforming to the latter 
description is unlikely to be isolable. In a communication 
published in 1985, we reported the characterization of 
CpRh(C2H4)(SiR3)H (1) formed on photolysis of CpRh- 
(C2H4), in the presence of R3SiH (R = Me, Et; Cp = T ~ -  
C5H6; Cp* = T ~ - C ~ M ~ ~ ) . ~  This molecule contains all the 
essential ligands for the key intermediate in the Chalk- 
Harrod mechanism of hydrosilation. Moreover, we showed 
that ita formation is accompanied by hydrosilation and 
silation products. In subsequent work, we showed that 1 
could be obtained in high yield without hydrosilation 
products by carrying out the photolysis a t  low tempera- 
t ~ r e . ~  We also examined the stoichiometric reactivity of 
1 toward ethene, trialkylsilanes, and other ligands under 
photochemical and thermal  condition^.^ We now report 
the catalytic reactivity of 1 toward alkenes and trialkyl- 
silanes together. Isotopic labeling is used to probe the 

(1) Speier, J. L. Adv. Org. Chem. 1979, 17, 407. Lukevics, E. R w s .  
Chem. Revs. (Engl. Transl.) 1977,46,264. Ojima, I. In The Chemistry 
of Organic Silicon Compounds; Patai, S., Rappoport, Z., Eds.; Wiley: 
New York, 1989. Caseri, W.; Pregosin, P. 5. J. Organomet. Chem. 1988, 
356,259. Hostetler, M. J.; Bergman, R. G. J.  Am. Chem. SOC. 1990,112, 
8621. 

(2) Chalk, A. J.; Harrod, J. F. J .  Am. Chem. SOC. 1965,87, 16. 
(3) Haddleton, D. M.; Perutz, R. N. J. Chem. SOC., Chem. Commun. 

1985, 1372. 

Poliakoff, M.; Upmacis, R. K. Organometallics 1988, 7, 1526. 

28. 

(4) Duckett, S. B.; Haddleton, D. M.; Jackson, S. A.; Perutz, R. N.; 

(5) Duckett, S. B.; Perutz, R. N. J. Chem. SOC., Chem. Commun. 1991, 

0276-7333/92/2311-0090$03.00/0 

Scheme I. Chalk-Harrod Mechanism of Hydrosilation 

Scheme 11. Variant on Chalk-Harrod Mechanism for 
Hydrosilation with Silyl Migration 

c 2 H F  

M M-H 

EtSiR x /H 
M 

reaction mechanism and to show that hydrosilation in thia 
case does not proceed via the Chalk-Harrod mechanism 
or variants involving silyl migration (Schemes I and 11). 

The Chalk-Harrod mechanism employs conventional 
oxidative-addition/reductive-elimination steps to explain 
hydrosilation (Scheme I).I Oxidative addition of R3SiH 
to a metal alkene complex, usually with a d8 confi ia t ion 
(step l), is followed by migration of the hydride onto the 
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