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The first 1,2-phosphagermetanes were synthesized from P-bromogermyl phosphines by dehydrohalo- 
genation with amines or reaction with butyllithium followed by intramolecular elimination of lithium bromide. 
These heterocycles lead, through a thermal @-decomposition process under reduced pressure, to germa- 
nephosphimines, R2Ge=PR'. The latter undergo partial thermal rearrangement to P-germylated phos- 
phinidene. Both of these intermediates insert into the germanium-phosphorus bond of 1,2-phosphag- 
ermetanes with formation of perhydrodiphosphadigermins and P-germylated diphosphagermolanes, re- 
spectively. 


Introduction 
The thermal decomposition of 4-membered organo- 


metallic heterocycles usually is a good source of group 4b 
heteroelement pr-pa-bonded species: germanones, 
R2Ge=0,lr2 germanethiones, R2Ge=S,24 germanimines, 
&Ge=NR',5 and, in the case of silicon, silanephosphimine, 
Me2Si=PPh.6 


We describe in this paper the synthesis of the first 
1,2-phosphagermetanes. These proved to be good pre- 
cursors of germanephosphimines, R2Ge=PPh, interme- 
diates with an sp2 germanium doubly bonded to a dic- 
oordinated phosphorus. In earlier work P-phenyldi- 
methylgermanephosphimine, Me2Ge=PPh, the first 
species of this type, was obtained by an exchange reaction 
between 1, a 1,2,5-phosphadisilolane, and dimethyldi- 
chlorogermane.' 


Results and Discussion 
The first step of the synthesis of these heterocycles is 


the preparation of /3-halogermylated phosphines such as 
l-(phenylphosphino)-2-(dialkylbromogermyl)ethanes, 3. 
These derivatives were obtained according to the reactions 
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shown in eq 1 and 2. The diadduct 4 was formed in about 
THF 


CH2=CHMgBr + R2Ge(H)C1 


R2Ge(H)CH=CH2 (1) 
la, lb, R R = = Me8 E t  


R2Ge(Br)CH2CHiP(H)Ph + (R2Ge(Br)CH2CH2)2PPh 
3 4 


(2) 
30% yield in the last reaction, and it was easily separated 
from the main product 3 by distillation. Addition of di- 
methylamine to 3 in benzene led to a transient germyl- 
amine, which after intramolecular elimination of di- 
methylamine, gave phosphagermetane (5) in nearly 
quantitative yield (eq 3). 


RZGe(CH2)2PPh RZGeCH2CHzPPh t2Me2N\  1 -IM~~NH;)B~- 


H 
[ iMe ] I 


Br 


3 R2Ge-PPh (3)  
I J  


5 
T h e  addi t ion of n-butyllithium t o  1-(phenyl- 


phosphino)-2-(dialkylbromogermyl)ethane (3) also gave 
1,2-phosphagermetane via intramolecular elimination of 


(8) T h e  numbera with letter "an refer to the products with R = Me and 
the numbers with letter 'b" to the ethyl (R) analogues. 
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LiBr from the P-lithiated derivative. However, derivative 
6 was also obtained in about 20% yield, by direct alkyla- 
tion of germanium by n-butyllithium (eq 4). 


Escudie et al. 


B"Ll 
RZGeCHgHzPPh hexane/THF RzGeCHZCHzPPh t RZGe(BdCH2CHZPPh 


I I I I I ( 4 )  
Br H Br LI H 


I - L , B r  6 (20%) 


RZGe-PPh 


U 
5 (80%) 


As in the case of the 1,2-phosphasiletane, chemical and 
physicochemical studies of this heterocycle showed the 
existence of an equilibrium between the monomeric form 
5 (1,2-phosphagermetane) and the dimeric form 5' 
(1,5,2,6-diphosphadigermocane; eq 5). At 20 "C and at-  


ph  


5a, R = Me 'P- 


b, R = Et 
Ph 


5'a, R = Me 
b, R = Et 


mospheric pressure, this heterocycle is nearly completely 
converted to the dimeric form, which is the only observable 
form under these conditions. Thus the 31P NMR spectrum 
exhibits a broad singlet a t  about 8p -70 attribuable to  a 
tricoordinated phosphorus atom bonded to a germanium 
atom in a virtually unstrained heterocycle. Moreover, 
cryometry in benzene gave a molecular weight of 510, close 
to the calculated mass of the dimeric form for 5f (533). The 
monomer-dimer equilibrium is normally influenced by 
pressure; an increase in pressure displaces the equilibrium 
toward the dimeric form: 5' was recovered in quantitative 
yield after being heated in a sealed tube a t  200 "C for 48 
h. A decrease in pressure displaces the equilibrium toward 
the monomeric form which decomposes by a p-elimination 
process (eq 10). The high chemical reactivity of 5/5' 
confirmed the presence of the monomeric form 5. Thus, 
the addition of sulfur to  heterocycle 5a produced the 
corresponding germylated dithiophospinate 7a (eq 6). 


7a  


Insertion of benzaldehyde into the germanium-phos- 
phorus bond of the same 1,Bphosphagermetane gave the 
expected 6-membered heterocycle 8a in its two diaste- 
reoisomeric forms (eq 7). However, i t  is impossible to 


/Ph 
0-CH 


/ \  
( 7 )  - Me2GLp-ph Me2Ge-PPh t PhCHO 


U 
8a 


assert, as in the case of its silylated analogue,6 that these 
two reactions involve the 1,2-phosphagermetane 5 rather 
than its dimer 5', although the monomeric form should be 
much more reactive than the dimeric form. 


A good argument for the equilibrium and the existence 
of l,2-phosphagermetane is given by the reaction with 
acetone. Acyclic germylphosphines, hGe-PRf2 (R = alkyl, 
aryk R' = aryl), and relatively unstrained heterocycles such 


as 1,2-phosphagermolanes do not react with acetone even 
upon heating to 150 0C.9 However, 2,2-dimethyl-1- 
phenyl-1,2-phosphagermetane undergoes facile ring ex- 
pansion with acetone in excellent yield (eq 8). 


9a 


1,2-Phosphagermetanes as Germanephosphimine 
Precursors. As in the case of some other 4-membered 
germanium-containing heterocycles, 1,2-phosphagerme- 
tanes decompose thermally by a ,&elimination process. At 
about 120 "C and under low pressure, they lead, after loss 
of ethylene, to P-phenyldialkylgermanephosphimines (10; 
eq 10). The transient germanephosphimine 10 adds to the 
1,2-phosphagermetane with the formation of a perhydro- 
1,3,2,4-diphosphadigermin (11). The latter leads, by loss 
of dialkylgermylene, to 1,2,3-diphosphagermolane 12 (eq 
loa). Moreover, germanephosphimine 10 gives, after 
phenyl migration, the more stable phosphinidenic form 13 
(eq lob). This germylated phosphinidene then inserts into 
the G e P  bond of the 1,2-phosphagermetane (eq lob) to 
give 1,2,3-diphosphagermolane 14. This type of insertion 
reaction is known; in earlier work we described the in- 
sertion of phenylphosphinidene into various Ge-P 
bonds,lOJ1 and particularly into the Ge-P bond of 1,2- 
phosphagermetanes,'O the best route to 1,2,3-diphos- 
phagermolanes (eq 9). 


Ph 


I 
/p, 


12 


R2Ge-PPh t 020(PhP)s  R,Ge Jh ( 9 ) U 


We must emphasize that the formation of the silylated 
analogue of 14 has not been observed in the thermal de- 
composition of 2,2-dimethyl-l-phenyl-l,2-phosphasiletane. 
This difference can be rationalized in terms of the more 
polar character of the [>Si6+=Pk-] species than the [>- 
Ge=P-] species.12 The latter seems more capable of 
rearranging to the phosphinidene form a t  temperatures 
of 150 "C or above (eq 10). 


The type of decomposition of 2,4-dialkylperhydro- 
1,3,2,4-diphosphadigermins (1 1) obtained in eq 10a was 
confirmed by independent synthesis of 11. When heated 
to 130-150 "C under low pressure, this compound gave, 
via loss of dialkylgermylene, the same 3,3-dialkyl-1,2,3- 
diphosphagermolane (12; eq 11 and 12). 


The structure of derivative 14 was established by NMR 
and was confirmed by reduction with lithium aluminium 
hydride (eq 13). The germylene formed in eq 10a led to 
polygermanes (R2Ge),. 


The highly reactive 1,2-phosphagermetanes could be 
used to  trap the group 4b phosphorus double-bonded 
species a t  low temperature. Thus P-phenyldimethyl- 


(9) Satg6, J.; Couret, C.; Escudi6, J. J. Organomet. C h m .  1970,24,633. 
(10) Andriamizaka, J. D.; Couret, C.; Escudi6, J.; Satg6, J. Phosphorus 
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(11) Escudi6, J.; Couret, C.; Satg6, J. Red.  Trau. Chin. Pays-Bas 1979, 


98, 461. 
(12) This difference of polar character between [>Si=P-] and [>- 


G-P-1 seem particularly attribuable to differences of electronegativity 
between silicon and germanium.ls 


(13) Allred, A. L.; and Rochow, E. G. J. Inorg. Nucl. Chen. 1958,5, 
269. Allred, A. L. Ibid. 1961, 17, 215. 


(14) Calculated from relative percentages of 11,12, and 14%. These 
relative percentages are almost unchanged as the reaction proceeds, as 
proved by periodical slP NMR analyses taken during the thermolysis of 
5a or 5b under IO-* mmHg in a static system. 
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Ph 


\ - R p G e  /p, 


Ph 


/P I -G R2 e I 
R2Ge--PPh R2GeuPPh - RzG,eJPPh 


y 4  11;; 1 :; 12a, R = Me 
b, R = Et RzG,e-T?h - CR&e=PPhl 


a, 60% 


\ b. 40%14 - -  
U l o  


THF 
R2Ge(Br)CH2CH2P(H)Ph + PhPHLi  - ~ i ~ r -  


R - 
R2Ge(PhPH)CH2CH2P(H)Ph (11) 


Ea, R = Me 
15b, R = Et 


Ph 


I R2 


PhPH H 


15 
11 


Ph 1 


12 


RzGePh 


L I A I H ~  
I 


R&P,PPh 3 RzGe(H)CH2CH2P(H)Ph t R2Ge(H)Ph t Ph3 


16 17 (13) 


germanephosphimine, obtained by an exchange reaction 
between 1,2,5-phosphadisilolane and dimethyldichloro- 
germanel in the presence of 1,2-phosphagermetane, gave 
1,3,2,4-diphosphadigermin (lla; eq 14). This last type of 


Me2GeCI2 t [sl>pph 7 [MezGe=PPhl 


U 
1 4  


Me2 MepGe-PPh 
-40 O C  U 


-1:;:: 
Mep 


Ph 
I Me2 


/P- Ge 


Me2Geu'PPh ( I4)  
l l a  


reaction has the advantage of giving germanephosphimines 
at very low temperatures in excellent yield (60-70%). 
Trapping of P-phenyldimethylstannanephosphimine, 
Me2Sn=PPh, by 1,2-phosphagermetanes also has been 
observed previ0us1y.l~ 


Experimental Section 
General Comments. All reactions were carried out in a 


standard high vacuum system. Proton NMR spectra were re- 


(15) Couret, C.; Andriamizaka, J. D.; Escudi6, J.; Sat&, J. J.  Orga- 


(16) Drake, J. E.; Glavincevski, B. M.; Hemmings, R. T.; Henderson, 
nomet. Chem. 1981,208, C3. 


H. E. Znorg. Synth. 1978,18, 154. 


\ Ph 
I 


RzGePh 


I 
I p, 


We-P :  ReGe' PPh 


1 3 a , R = M e  u 
b, R = Et 14a, R = Me 


b, R = Et 


corded in cp6 at 60.0 MHz with Varian T 60 and EM 360 A 
spectrometers. Chemical shifts are reported relative to internal 
Me4Si. Phosphorus-31 NMR spectra were obtained at  36.4 MHz 
on a Bruker WP 90 instrument. Positive 6 values indicate shifts 
downfield from 85% H$04 used as an external standard. Infrared 
spectra were recorded with Perkin-Elmer Model 337 and 457 
spectrometers using neat samples. Mass spectra were obtained 
with a Varian MAT 311A spectrometer. Elemental analyws were 
carried out at the 'Laboratoire Central de M i c r d y s e  du CNRS" 
at Vernaison, France. 


Synthesis of Dimethylvinylgermane (la). Dimethyl- 
vinylgermane (la) was prepared (like its diethyl homologue lb4) 
by reaction of 3.50 g (252 mmol) of dimethylchlorogermane16 and 
a solution of vinylmagnesium bromide (obtained from 29.60 g (277 
mmol) of vinyl bromide and 6.64 g (277 mmol) of magnesium) 
in 200 mL of THF. Distillation after 2 h of stirring at room 
temperature gave 29.60 g (90%) of la: bp 42 OC (760 mmHg); 
'H NMR 6 0.30 (d, 3J(MeGeH) = 3.4 Hz, 6 H, MezGe), 4.17 (d 
sept, 3J(HGeCH) = 3.6 Hz, 3J(MeGeH) = 3.4 Hz, 1 H, GeH), 
5.47-6.70 (m, 3 H, CH=CH&. Anal. Calcd for C4HloGe: C, 36.75; 
H, 7.71. Found C, 36.37; H, 7.70. 


Synthesis of Dimethylvinylbromogermane (2a). This 
derivative was prepared by the same method as 2b.' A 39.81-g 
(224-"01) sample of N-bromosuccinimide was slowly added in 
portions to 29.21 g (224 mmol) of dimethylvinylgermane (la) in 
500 mL of THF at 0 OC, under Nz. After completion of the 
addition, the reaction mixture was allowed to rise to room tem- 
perature and then centrifuged to eliminate succinimide. Frac- 
tionation gave 36.0 g (77%) of 2a: bp 66 "C (80 mmHg); 'H NMR 
6 0.87 (s,6 H, Me2), 5.67-6.83 (m, 3 H, CH=CHz). Anal. Calcd 
for C4H&rGe: C, 23.02; H, 4.34; Br, 37.85. Found: C, 23.00; H, 
4.28; Br, 37.75. 


Preparation of l-(Phenylphosphino)-2-(dimethylbromo- 
germy1)ethane (3a). A solution of 7.18 g (34 mmol) of di- 
methylvinylbromogermane (2a), 4.51 g (41 mmol) of phenyl- 
phosphine (10% excess), and 0.10 g of azobis(isobutyronitri1e) 
in 30 mL of benzene was refluxed for 1 h. After removal of the 
solvent, fractionation gave 6.50 g (59%) of a colorless derivative 
which quickly became dark in the light and which was identified 
as the expected adduct 3a: bp 110 OC (0.3 mmHg); IR v(PH) 2302 
cm-'; 'H NMR 6 0.70 (s,6 H, Me2), 1.07-1.57 (m, 2 H, CH2Ge), 
1.80-2.13 (m, 2 H, CH2P), 4.36 (dt, 'J(PH) = 206 Hz, 3J(HPCH& 
= 7.0 Hz, 1 H, PH); 31P(1H) NMR 6 -43.5. Anal. Calcd for 
CloHIBBrGeP: C. 37.67; H, 5.06; Br, 24.78. Found C, 37.72; H, 
5.08; Br, 24.10. 


The diadduct 4a also was isolated 3.60 g, 20% yield; bp 192 
"C (0.3 mmHg); 'H NMR 6 0.76 (e, 6 H, Me2Ge); 31P NMR -16.1 
ppm. Anal. Calcd for C14H&rzGezP: C, 31.87; H, 4.78; Br, 29.95. 
Found C, 31.82; H, 4.69; Br, 29.63. 


Preparation of l-(Phenylphosphino)-2-(diethylbromo- 
germy1)ethane (3b). This adduct was synthesized by the method 
previously described for 3a from 50.92 g (214 mmol) of Zb, 23.57 
g (214 mmol) of phenylphosphine, and 0.10 g of azobis(is0- 
butyronitrile). A 40.0-g (54%) sample of 3b was obtained by 
distillation: bp 174 OC (1.5 mmHg); 'H NMR 6 1.0 (br s, 10 H, 
Et2Ge), 0.86-1.40 (m, 2 H, CHSGe), 1.60-2.10 (m, 2 H, CH,P), 
4.07 (dt, 'J(PH) = 204 Hz, 3J(HPCH& = 7.0 Hz, 1 H, PH); 31P(1H) 
NMR 6 -42.4. Anal. Calcd for ClzHZJirGeP: C, 41.55; H, 5.81; 
Br, 27.78. Found: C, 41.07; H, 5.56; Br, 22.88. 


The diadduct 4b also was obtained 19.60 g, 16% yield; bp 230 
"C (1.5 mmHg); 'H NMR 6 1.23 (br s, 10 H, EhGe); 31P NMR 
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Phenylphosphine (PhPH2;l9 from 12a): 0.38 g, 56%; bp 156 
"C; 'H NMR 6 3.85 (d, 'J(PH) = 198 Hz, 1 H, PH); 31P(1H) NMR 


Dimethylphenylgermane (17a;20 from 14a): 0.38 g, 52%; bp 
80 "C (50 mmHg); 'H NMR 6 0.37 (d, 3J(MeGeH) = 3.7 Hz, 6 
H, Me2Ge), 4.50 (sept, 1 H, GeH); IR v(GeH) 2025 cm-'. 


2-(Dimethylgermyl)-l-(phenylphosphino)ethane (16a; from 12a 
and 14a): 1.92 g, 78%; bp 74-76 "C (1 mmHg); 'H NMR 6 0.09 
(d, 3J(MeGeH) = 3.60 Hz, 6 H, Me2Ge), 0.90-1.33 (m, 2 H, 
CH2Ge), 1.50-2.07 (m, 2 H, CH2P), 4.13 (dt, 'J(PH) = 205.9 Hz, 
3J(CH2PH) = 6.5 Hz, 1 H, PH), 3.93 (m, 1 H, GeH); 31P(1H) NMR 
6 -42.4; IR v(GeH) 2046 cm-', u(PH) 2302 cm-'. Anal. Calcd for 
CloH17GeP: C, 49.88; H, 7.12. Found: C, 49.57; H, 6.96. 


Phosphine (PH3;21 from 14a) was also obtained (trapped at -196 


Synthesis of 2,4-Dimethyl- 1,3-diphenylperhydro- 1,3,2,4- 
diphosphadigermin ( l la) .  (a) Synthesis of 1-(Phenyl- 
phosphino)-2-(dimethyl(phenylphosphino)germyl)ethane 
(15a). To a solution of 4.55 g (14 mmol) of 3a in 10 mL of CsHs 
was added dropwise a solution of lithium phenylphosphide pre- 
pared from 1.57 g (14 mmol) of phenylphosphine and 6.07 g of 
a 15% solution of BuLi in hexane (14 mmol). After completion 
of the addition, the solvent was removed under vacuum, leaving 
a colorless liquid which was identified as 15a: 'H NMR d 0.23 
(d, 3J(MeGeP) = 3.5 Hz, 6 H, Me2Ge), 3.37 (d, 'J(PH) = 206.0 
Hz, 1 H, GePH), 4.10 (dt, 'J(PH) = 207.0 Hz, 3J(CHzPH) = 6.5 
Hz, 1 H, CPH): 31P NMR 6 -123.9 (d, GePH), -41.9 (d, HPC). 
Anal. Calcd for C16H22GeP2: C, 55.08; H, 6.36. Found: C, 54.81; 
H, 5.99. 


(b) Action of Dimethylbis(diethy1amino)germane on 15a. 
Solutions of 14 mmol of 15a in 10 mL of C& and 3.51 g (14 "01) 
of dimethylbis(diethylamino)germane, Me2Ge(NEt2)2, in 10 mL 
of the same solvent were added simultaneously by means of two 
addition funnels to 15 mL of CsHs The reaction was exothermic. 
The reaction mixture then was refluxed for 2 h and the solvent 
distilled away under reduced pressure. 31P NMR spectrum showed 
four signals: -126.2 and -74.3 (attributed to a first diastereo- 
isomeric form of l la  (ll'a), 90%) and -126.0 (shoulder) and -69.2 
(attributed to a second diastereoisomeric form of l la  (ll"a), 10%). 
'H NMR signals of 1l"a were under those of 1 l'a (see data above) 
and could not be obtained. Elemental analysis, reduction, and 
decomposition by heating seem to prove that 1l"a is a second 
diastereoisomeric form of 1 la. Anal. Calcd for ClsH26Ge2Pz: C, 
48.09; H, 5.83. Found: C, 48.50; H, 5.77. Reduction by LiA1H4 
gave only Me2GeH2, PhPH2, and Me2Ge(H)CH2CH2P(H)Ph. 
Cryometry in benzene: calcd 449.2; found 455. Reduction gave 
only Me2GeH2, PhPH2, and Me2Ge(H)CH2CH2P(H)Ph. 


Thermal Decomposition of lla. A 1.28-g sample of a mixture 
of ll'a and 1l"a was heated at 150 "C under 0.01 mmHg in a 
20-mL flask connected to a trap cooled at -196 "C and filled with 
5 g of MeSSMe. Decomposition reaction was analyzed by 31P 
NMR. After 0.5 h, about 20% of ll'a and more than 50% of 1l"a 
were decomposed. Reaction was complete after 6 h. 31P NMR 
of the reaction mixture showed the quantitative formation (no 
other signal) of 12a. Distillation of products trapped led to 0.14 
g (25%) of MezGe(SMe)2,2z bp 74 "C (10 mmHg), identified by 
GC by comparison with a sample previously ~repared. '~ 


Reduction of l l a  by LiAlH4. Reaction was performed in a 
100-mL flask equipped with an alcohol-dry ice reflux condenser. 
A solution of 4.18 g (9.3 mmol) of 1 la in 20 mL of EbO was added 
to an excess of lithium aluminium hydride (0.70 g, 18.6 mmol) 
in 20 mL of Ego. Reaction was slightly exothermic. The reaction 
mixture was refluxed for 2 h, hydrolyzed, extracted with Et20, 
and dried over Na8O4. Distillation gave the following derivatives. 


6 -122.4. 


"C): 31P NMR (C&j) 6 -240 (9, 'J(PH) = 180 Hz). 


6 -15.2. Anal. Calcd for C18H33Br2Ge2P: C, 37.04; H, 5.70; Br, 
27.07. Found: C, 36.89; H, 5.66; Br, 27.12. 


Synthesis of 5a/5'a. (a) Action of Dimethylamine on 3a. 
A solution of 11.86 g (37 mmol) of 3a in 150 mL of anhydrous 
benzene was stirred in a 250-mL flask equipped with an alco- 
hol-dry ice reflux condenser at -30 "C. Dimethylamine (6.66 g, 
148 mmol, a twofold excess) was allowed to bubble through the 
solution. Dimethylamine hydrobromide was formed immediately 
and was removed by centrifugation. The solvent then was 
evaporated under reduced pressure, leaving a viscous residue. This 
was washed twice with benzene and then with pentane: cryometry 
in benzene calcd for 5'a 477, found 468; 'H NMR 6 0.17-0.50 (m, 
12 H, 2 Me2Ge), 0.67-2.33 (m, 4 H, CH2CH2), 7.10-7.33 (m, 5 H, 
Ph); 31P NMR 6 -70.2 (br s); mass spectrum, m/e 236-242 (5a). 
Anal. Calcd for (C1&Il5GeP),: C, 50.30; H, 6.33. Found: C, 50.67; 
H, 6.58. Distillation gave a viscous oil (7.91 g; bp 130-180 "C (0.2 
mmHg)). Separation of 5a, lla, 12a, and 14a as rigorously pure 
compounds was impossible by distillation. Many fractions were 
collected, and every fraction was distilled again twice, leading to 
many fractions with different percentages of every compound 
(some of them more than 80% pure). Comparison of 'H and 31P 
NMR spectra and GC analyses between all these fractions allowed 
us to characterize unambiguously these derivatives. 


(1) trans-3,3-dimethyl-l,2-diphenyl-l,2,3-diphosphagermolane 
(12a):'O 32%;17 'H NMR18 6 -0.02 (d, 3J(MeGeP) = 2.0 Hz, 3 H, 
MeGe), 0.29 (d, 3J(MeGeP) = 6.0 Hz, 3 H, MeGe); 31P(1H) NMR 
6 3.5 (d, 'J(PP) = 270.9 Hz, PC), -101.2 (d, PGe). 
(2) 3,3-Dimethyl-2-(dimethylphenylgermyl)-l-phenyl-l,2,3- 


diphosphagermolane (14a): 20%; 'H NMR 6 0.19 (d, 3J(MeGeP) 
= 1.1 Hz, 3 H, MeGeC), 0.35 (d, 3J(MeGeP) = 6.5 Hz, 3 H, 
MeGeC), 0.30 (d, 3J(MeGeP) = 5.2 Hz, 6 H, Me2GePh); 31P(1H} 
NMR 6 7.8 (d, 'J(PP) = 273.9 Hz, PC), -115.6 (d, PGe). This 
compound has also been characterized by reduction with LiAlH4 
(see below). 
(3) 2,4-Dimethyl-1,3-diphenylperhydro-1,3,2,4-diphosphadi- 


germin (l la):  18%; 'H NMR 6 0.27 (d, 3J(MeGeP) = 1.0 Hz, 3 
H, MeGeC), 0.55 (d, 3J(MeGeP) = 6.2 Hz, 3 H, MeGeC), 0.28-0.60 
(m, 6 H, Me2GeP); 31P(1HJ NMR 6 -126.2 (s, GePGe), -74.3 (br 
s, GePC). This compound has also been synthesized by a different 
route and characterized by reduction by LiAlH4 (see below). 
(4) About 5% higher polymers of 10a were also obtained and 


characterized by reduction by LiAlH4, leading exclusively to 
dimethylgermane and phenylphosphine (see below). 


(5 )  The starting product 5'a (18%) was recovered after dis- 
tillation. 


(b) Action of n-Butyllithium on 3a. Dropwise addition of 
15.50 mL of a solution of n-butyllithium in Et20 (83.2 g/L; 20 
mmol) to a solution of 6.50 g (20 mmol) of 3a in 50 mL of THF 
resulted in an orange coloration that immediately disappeared. 
After completion of the addition, 30 mL of pentane was added. 
LiBr was removed by centrifugation, and the solvents were dis- 
tilled under reduced pressure, leaving a viscous oil which was 
identified as 5a/5'a, previously described, and 2-(dimethyl-n- 
butylgermy1)-1-(pheny1phosphino)ethane (6a). This byproduct 
was isolated in the first fraction of the distillation: bp 102 "C 
(0.1 mmHg); 0.89 g, 15%; lH NMR 6 0.07 (s, 6 H, Me2Ge), 4.13 
(dt, 'J(PH) = 205.0 Hz, 3J(HPCHz) = 6.5 Hz, 1 H, PH); 31P NMR 
6 -41.1 (d, 'J(PH) = 205.0 Hz). The other fractions were similar 
(with slight differences in percentages) to fractions obtained from 
the distillation of 5a (see paragraph a). 


Reduction of a Mixture of 12a and 14a by Lithium Alu- 
minium Hydride. Mixtures of 12a and 14a were obtained in 
different percentages after several distillations of 5a/5'a (from 
85% of 12a and 15% of 14a to 20% of 12a and 80% of 14a). 


To a mixture of 12a (60%) and 14a (40%) (4.0 g) in 50 mL of 
Et20 was added in portions 0.94 g (twofold excess) of lithium 
aluminium hydride. The reaction mixture was refluxed for 6 h, 
then hydrolyzed, extracted with Et20, and dried over Na2S04. 
Distillation gave the following derivatives. 


(17) Relative percentages. 
(18) In 'H NMR, only characteristic signals are given; we have not 


reported signals of EhGe (&B1-type spectrum), CH2CH2P (AA'BB'X- 
type spectrum), and Ph which appear as very complex multiplets. In all 
cases, integrations are in good agreement. 


(19) Kosolapoff, G. M.; Maier, L. Eds. "Organic Phosphorus 
Compounds"; Wiley-Interscience: New York, 1972; Vol. 1, Chapter 1, p 
111. 


(20) Satg6, J.; RiviBre, P. Bull. SOC. Chin.  Fr. 1966, 1773. 
(21) Jones, R. A. Y.; Katritzky, A. R. Angew. Chem., Int. Ed.  Engl. 


(22) Dimethyl disulfide is a good trapping reagent of ge rmylene~ .~~  
(23) RiviBre, P.; Satg6, J.; Castel, A. C. R. Hebd. Seances Acad. Sci., 


(24) Moedritzer, K.; Van Wazer, J. R. J. Am. Chem. SOC. 1965, 87, 


1962, I ,  32. 


Ser. C 1975,281,835. 
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1 ,a-Phosphagermetanes 


Dimethylgermane26 trapped at -78 "C (0.65 g, 67%): 'H NMR 
(CHCla) 6 -0.14 (t, 3J(MeGeH) = 3.8 Hz, 6 H, Me2Ge), 3.34 (sept, 
%J(MeGeH) = 3.8 Hz, 2 H, GeH). 


Phenylphosphine (PhPH2): 0.77 g, 75% (see data above). 
2-(Dimethylgermyl)-l-(phenylphosphino)ethane (16a): 1.66 


g, 74% (see data above). No other compound was detectable. 
Reduction of Polymers of loa by LiAlH4. We used the same 


procedure as that for the reduction of l l a  from 0.70 g of 
(MezGePPh),. Only dimethylgermane (0.22 g, 64%) and phe- 
nylphosphine (0.24 g, 67%) were obtained by distillation. 


Synthesis of 5b/5'b. (a) Action of Diethylamine on 3b. 
5b/5'b was obtained as viscous oil by the method previously 
described for 5a/5'a from 16.28 g (224 mmol) of diethylamine 
and 19.35 g (56 mmol) of 3b in 30 mL of benzene: cryometry in 


calcd 533, found 510; mass spectrum, m / e  264-270 (5b). 
Distillation gave a very viscous liquid (12.51 g; bp 180-220 OC 
(0.05 mmHg)). As in the case of distillation of 5a/5'a separation 
of 5'b, l lb,  12b, and 14b as pure compounds was impossible. 
Comparison between NMR data and GC analyses of several 
fractions isolated after three distillations and chemical reactivity 
study (reduction by LiAlH4, thermolysis, etc.) allowed us to 
identify every compound. 
(1) 12b 42%'0*17*18 31P(1H) NMR 6 1.5 (d, 'J(PP) = 270.6 Hz, 


PC), -103.7 (d, PGe). 
(2) 14b: 31%; 31P(1H) NMR 6 8.6 (d, 'J(PP) = 276.5 Hz, PC), 


-115.6 (d, PGe). This compound has also been characterized by 
reduction by LiAlH4 (see below). 
(3) llb: 10%; 31P(1HJ NMR 6 -76.1 (a, GePC), -146.4 (a, 


GePGe). l l b  has also been characterized by an independant 
synthesis and by reduction with LiAlH4 (see below). 
(4) 5'b: 9% of the starting product was recovered. 
(5) Higher polymers of 10b ((EhGePPh),; 5%) were ala0 ob- 


tained and characterized by reduction with LiAlH4 (see below). 
(b) Action of m-Butyllithium on 3b. The reaction of a 


solution of 15% of n-butyllithium (6 "01) in hexane with 2.17 
g (6 mmol) of 3b in 20 mL of THF gave 5b/5'b previously de- 
scribed and about 20% of 6b (2-(diethylbutylgermy1)-l-(phe- 
ny1phosphino)ethane). This byproduct was obtained in the first 
fraction of distillation: bp 110 OC (0.1 mmHg); 0.33 g 17%; 'H 


PH); 31P 6 41.1 (d, 'J(PH) = 210.1 Hz, PH). The other fractions 
were similar to those obtained in the precedent distillation (see 
above). 


Reduction of a Mixture of 12b and 14b by Lithium Alu- 
minium Hydride. A mixture of 12b (65%) and 14b (35%) (5.21 
g) in 60 mL of EkO was reduced by 1.22 g of lithium aluminium 
hydride (large excess) according to the method previously de- 
scribed for the reduction of 12a and 14a. The following derivatives 
were obtained. 


Phenylphosphine (PhPHZ;lv from 12b): 0.60 g, 68%; bp 156 
"C; 'H NMR 6 3.85 (d, 'J(PH) = 198 Hz, 1 H, PH); 31P(1H} NMR 
6 -122. 


Diethylphenylgermane (17bz from 14b): 0.97 g, 79%; 'H NMR 
6 1.03-1.16 (m, 10 H, EhGe), 4.40-4.60 (m, 1 H, GeH), 7.20-7.60 
(m, 5 H, Ph). 
2-(Diethylgermyl)-l-(phenylphosphino)ethane (16b from 12b 


and 14b): 2.51 g, 73%; bp 105-108 OC (0.5 mmHg); 'H NMR 6 
0.72-1.42 (m, 12 H, EhGe and GeCHJ, 1.62-2.12 (m, 2 H, CH2P), 
3.87 (m, 1 H, GeH), 4.03 (dt, 'J(PH) = 204.8 Hz, 3J(CH2PH) = 
6.8 Hz, 1 H, PH); 31P NMR 6 -42.0. Anal. Calcd for Cl2HZ1GeP: 
C, 53.61; H, 7.87. Found C, 53.98; H, 8.09. 


NMR 6 4.10 (td, 'J(PH) = 210.1 Hz, 3J(HPCH2) = 6.5 Hz, 1 H, 
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Phosphine (PH3; from 14b) was trapped at  -196 OC (see data 
above). 


Synthesis of 2,4-Diethyl-1,3-Diphenylperhydro-1,3,2,4- 
diphosphadigermin (llb). This derivative was synthesized by 
the method previously described for l l a  from 5.18 g (15 mmol) 
of 3b, 1.64 g (15 mmol) of phenylphosphine, and 6.40 g of a 15% 
solution of n-BuLi in hexane (15 mmol). To this mixture was 
added 4.12 g (15 mmol) of diethylbis(diethy1amino)germane in 
benzene to give 5.91 g (78%) of l l b  (see data above): cryometry 
in C6H6 calcd 505.2, found 501. Anal. Calcd for CzzHMGezPz: 
C, 52.26; H, 6.78. Found C, 51.87; H, 6.62. 


Reduction of l l b  by LiAlH4. We used the same procedure 
as that for the reduction of l l a  from 4.55 g (9 mmol) of l l b  and 
0.68 g (18 mmol) of lithium aluminium hydride. Distillation gave 
the following derivatives. 


Diethylgermane:n bp 74 OC; 0.79 g, 67%; 'H NMR 6 0.57-1.23 
(m, 10 H, EhGe), 3.76 (quint, 3J(CHzGeH) = 2.7 Hz, 2 H, GeH). 


Phenylphosphine (PhPH2): 0.71 g, 72% (see data above). 
2-(Diethylgermy1)-1-(pheny1phosphino)ethane (16b): 1.66 g, 


69% (see data above). 
Reduction of Polymers of 10b by LiAlH4: same procedure 


as that for the reduction of l l a  from 0.68 g of (EhGePPh),. Only 
diethylgermane (0.26 g, 68%) and phenylphosphine (0.18 g, 56%) 
were obtained by distillation. 
Reactions of 2f-Dimethyl-1-phenyl-lf-phosphagermetane 


(5a). (a) Sulfuration. Sulfur (0.35 g (1.4 "01) as Sd was added 
slowly in portions to 1.32 g (5 mmol) of 5a/5'a. The reaction was 
exothermic. A light yellow liquid, 7a, was isolated by distillation: 
0.90 g, 56%; bp 130-135 OC (0.4 mmHg)); 'H NMR 6 0.50 (br a, 
6 H, MezGe); 31P NMR 6 +84.4; osmometry in C6& calcd 302.8, 
found 298. Anal. Calcd for CloH15GePS2: C, 39.65; H, 4.99; S, 
21.16. Found C, 39.13; H, 4.84; S, 21.28. 


(b) Action of Benzaldehyde. A solution of 0.64 g (6 "01) 
of benzaldehyde in 2 mL of benzene was added slowly to 1.44 g 
(6 mmol) of 5a/5'a in 5 mL of the same solvent. The reaction 
mixture was stirred for 1 h and distilled to give 8a (1.61 g, 77%; 
bp 151-154 OC (0.5 mmHg)). First diastereoisomeric form (75%): 
'H NMR 6 0.36 (a, 3 H, MeGe), 0.38 (s, 3 H, MeGe), 5.11 (d, 
2J(HCP) = 6.0 Hz, 1 H, OCH); 31P NMR 6 -18.2. Second dia- 
stereoisomeric form (25%): 'H NMR 6 0.28 (8,  3 H MeGe), 0.30 
(s,3 H, Me&), 5.73 (d, 2J(HCP) = 16.0 Hz, 1 H, OCH); 31P NMR 
6 -19.2. Anal. Calcd for C1,H21GeOP (mixture of two diastere- 
oisomers): C, 59.20; H, 6.14. Found: C, 59.12; H, 6.10. 


(c) Action of Acetone. A solution of 1.44 g (6 "01) of 5a/5'a 
in a large excess of acetone (2 mL) was heated in a sealed tube 
for 1 h at  100 OC. Fractionation gave 1.50 g (88%) of 9a: bp 
130-132 OC (0.4 mmHg); 'H NMR 6 0.33 (a, 6 H, Me2Ge), 1.27 
(d, 3J(PCMe) = 7.0 Hz, 3 H, MeC), 1.48 (d, 3J(PCMe) = 15.6 Hz, 
3 H, MeC), 1.50-2.50 (m, 2 H, CHzP), 0.90-1.50 (m, 2 H, CHzGe); 
31P NMR 6 -11.9. Anal. Calcd for C13Hz1GeOP C, 52.59; H, 7.13. 
Found: C, 52.23; H, 7.10. 


Registry No. la, 82312-12-7; lb, 77031-54-0; 2a, 35935-19-4; 2b, 
77031-54-0; 3a, 82312-13-8; 3b, 82322-80-3; 4a, 82312-14-9; 4b, 
82312-15-0; Sa, 82312-16-1; Sb, 82312-17-2; 5'8, 82312-18-3; 5'b, 
82312-19-4; 6a, 82312-20-7; 6b, 82312-21-8; 7a, 82312-22-9; 8a, 
82312-23-0; 9a, 82312-24-1; loa, 68160-18-9; lob, 82312-25-2; lla, 
81744-50-5; Llb, 81744-51-6; 12a, 78665-55-1; 12b, 81744-45-8; 13a, 
82312-26-3; 13b, 82312-27-4; 14a, 82312-28-5; 14b, 82312-29-6; 15a, 
82312-30-9; 15b, 82312-31-0; 16a, 82312-32-1; 16b, 82312-33-2; 17a, 
7366-21-4; 17b, 79301-90-9; Me,Ge(H)Cl, 21961-73-9; CH,=CHBr, 
593-60-2; PhPH,, 638-21-1; PhPHLi, 51918-34-4; Me,Ge(NEh),, 
3058-23-9; MezGeH,, 1449-64-5; EhGeHz, 1631-46-5; PhCHO, 100- 
52-7; MeCOMe, 67-64-1. 


(25) Van de Vondel, D. F. J. Organomet. Chem. 1966,3,400. 
(26) RiviPre, P.; Castel, A.; SatgB, J.; Cazes, A. Synth. React. Znorg. 


Met.-Org. Chem. 1981, 11,  443. (27) Mac Kay, K. M.; Watt, R. J. Organomet. Chem. 1966, 6, 336. 
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Synthesis, Properties, and Structural Characterization of Novel 
d5, ds, and d7 Transition-Metal Complexes with Cyclic 


Diphosphonlum Triple-Y lide Anions 
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Reaction of the lithiated cyclic double-ylide Li+L- (2) with the tetrahydrofuran adducta of MnBr,, FeCl,, 
and C&12 at -78 "C in tetrahydrofuran results in the formation of the novel binary metal ylide complexes 
MnL, (3), FeL, (4), and CoL, (5), where L- represents the cylic triple-ylide anion corresponding to the 
neutral ylide 1 (LH). The deeply colored, air-sensitive compounds crystallize with 2 mol of crystal THF, 
which can be removed in vacuo. All three complexes are strongly paramagnetic and exhibit Curie-Webs 
behavior in susceptibility measurements between 4.2 and 298.5 K. The magnetic moments correspond 
to a normal high-spin configuration of d5, d6, and d7 metal ions in a tetrahedral environment. The results 
of a 67Fe Mijssbauer investigation of 4 at 4.2 K are also in good agreement with the tetrahedrally coordinated 
high-spin iron(I1) model. The signals in the paramagnetic 'H NMR spectrum of the iron complex 4 in 
tetrahydrofuran can be assigned on the basis of the proposed structure and are found to follow Curie's 
law in the temperature range between ca. 300 and 360 K. The single-crystal X-ray diffraction study of 
the manganese complex 3 established the proposed structure (a = 2848.5 (5) pm, b = 1298.0 (2) pm, c = 
1968.9 (2) pm, @ = 110.51 (1)O, space group C 2 / c ,  2 = 4). The manganese cation is surrounded by two 
symmetry-related, equivalent triple-ylide anions. The seven-membered ylide heterocycles are folded in 
a boat conformation and have metal-ligand contacts mainly through the benzylide carbon atoms, which 
form a distorted tetrahedral array around the Mn(I1) center. Metal-phenylene interactions are not fully 
excluded, however, as judged by the Mn-C distance pattern. The crystals of the Co(I1) analogue 5 are 
isomorphous with the crystals of 3. 


Introduction 
Ylides of phosphorus and sulfur are now recognized as 


a class of extremely powerful ligand systems that form 
complexes with both main-group and transition metals.1-6 
For most areas of the periodic table a t  least some typical 
examples of the resulting new type of organometallic 
compounds have been prepared and structurally charac- 
terized.'-12 The unusual features of stoichiometry and 
charge distribution of these complexes provide structural 
and mechanistic chemistry with new model systems for 
pertinent basic and applied research.13J4 While the co- 
ordination chemistry of monofunctional ylides 
("monoylides") is already a fairly well-developed area, 
results on species derived from multifunctional ylides 
("double, triple, etc. ylides") are still limited and are re- 
stricted to special 


Thus cumulated double ylides ("carbodiphosphoranes", 
R3P=C=PR3)15 with various substituents should exhibit 
specific coordination behavior toward certain metal centers 
and may react as depicted in the tautomeric forms A, B, 
or C, but only very few experiments have been carried out 
to establish the validity of this and analogous schemes.16'* 


The corresponding anion D, with benzyl substituents (R' 
= C a d ,  is an efficient ligand system even for alkali metals. 
Crystal structure data indicate a preferred coordination 
to the benzylide carbon atoms but also to C1 and C2/6 of 
the phenyl ring.19y20 Well-defined complexes can also be 
formed with an earth alkaline metal, like Ba2+, or a dl0 
transition metal, like Cd2+.21 


We have reported also, very recently, on the ligand 
properties of the heterocyclic ylide F and its corresponding 
anion G, in which the two R' substituents in B and D are 


'Visiting professor (C.K.) from the Max-Planck-Institut fur 


* Institut fiu Physikalische Chemie, Universitit Mbchen. 
4 Physik-Department, Technische Universitit Mbchen. 


Kohlenforschung, Miilheim, FRG. 


H 
iba" 


D R '  R 


E 


replaced by a phenylene bridge. The preparation and 
properties of these two new ligands have been described.22 


(1) Schmidbaur, H. Acc. Chem. Res. 1975,8, 62-70. 
(2) Schmidbaur, H. Pure Appl. Chem. 1978,50, 19-25. 
(3) Schmidbaur, H. Pure Appl. Chem. 1980,52,1057-1062. 
(4) Schmidbaur, H. In 'Transition Metal Chemistry"; Maer, A., 


Diemann, E., Ed.; Verlag Chemie: Weinheim, 1981; pp 171-187. 
(5) Schmidbaur, H., ACS Symp. Ser. 1981, No. 171, 87-92. 
(6) Scharf, W.; Neugebauer, D.; Schubert, U.; Schmidbaur, H. Angew. 


Chem. 1978,90,628-629; Angew. Chem., Znt. Ed. Engl. 1978,601-602. 
(7) Baldwin, J. C.; Keder, N. L.; Strouse, C. E.; Kaska, W. C. 2. Na- 


turforsch., B: Amrg. Chem., Org. 1980, 35B, 1289-1297. 
(8) Cramer, R. E.; Paw, J. C.; Maynard, R. B.; Gilje, J. W. J. Am. 


Chem. SOC. 1981,103,3689-3690. Cramer, R. E.; Maynard, R. B.; Gilje, 
J. W. Znorg. Chem. 1981,20,2466-2470. 


(9) Schmidbaur, H.; Mandl, J. R.; Bassett, J. M.; Blaschke, G.; Zim- 
mer-Gasser, B. Chem. Ber. 1981,114,433-440. 
(10) Schmidbaur, H.; MBrtl, A.; Zimmer-Gasser, B. Chem. Ber. 1981, 


114, 3161-3164. 
(11) Schmidbaur, H.; Deachler, U.; Milewski-Mahrla, B. Angew. Chem. 


1981,93, 598-599; Angew. Chem.; Znt. Ed. Engl. 1981,20, 586-587. 
(12) Jandik, P.; Schubert, U.; Schmidbaur, H. Angew. Chem. 1982,94, 


74-75 Anaew. Chem.. Znt. Ed. End.  1982.21-73; Angew. Chem. Suppl. .. 
1982, 1-12. 


(13) Manzer, L. E. Znorg. Chem. 1976,15,2567-2569. 
(14) Gray, R. A.; Anderson, L. R. h o g .  Chem. 1977,16,3187-3190. 


Lapinski, R. L.; Yne, H.; Grey, R. A. J. Organomet. Chem. 1979, 174, 
213-220. 
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Transition-Metal Complexes with Triple- Ylide Anions 


From them, again, complexes with alkali, alkaline earth, 
and d'O transition elements could be obtained and a Cd2+ 
complex has been structurally c h a r a c t e r i ~ e d . ~ ~ ! ~ ~  


- 
base 


H 
C 


R ~ P ~ - - : P R ~  
I: - :I 


HC 


G 


In this paper we disclose work on the related compounds 
of the d6, de, and d7 metal cations Mn2+, Fe2+, and Co2+. 
They show an unusual state of bonding not unlike that in 
related o-xylidene complexesu and their silyl derivatives. 
The manganese compound has already been mentioned 
in a conference reportas 


Experimental Section 
Preparation of Compounds. All manipulations were per- 


formed under a dry oxygen-free dinitrogen or argon atmosphere 
with use of thoroughly degassed solvents and reagents. Tetra- 
hydrofuran was dried over and distilled from sodium wire. 
Pentane and toluene were dried over calcium hydride. 2,2,4,4- 
Tetraphenyl-1H,2A5, 4A5-bemdiphosphepin (1) was prepared as 
described elsewhere.22 MnBrz.2THF, FeClz.1.45THF, and Co- 
ClZ.1.31THF are obtained following the general procedure of 
Soxhlet extraction of the commercially available anhydrous metal 
dihalides with dry THF. 
Bis(2,2,4,4-tetraphenyl-1H-2X5,4X5-benzodiphosphepin- 


yl)manganese(II)-Bis(tetrahydrofuran)(3). A well-stirred 
solution of 0.90 g of 1 (1.9 mmol) in 10 mL of THF is treated, 
at -20 "C, with 1.15 mL of a 1.61 M solution of n-butyllithium 
in hexane and then cooled to -78 "C. Addition of 0.34 g of 
MnBrz.2THF (0.90 mmol) to the reaction mixture results in a 
brown suspension, which is slowly allowed to warm to room 
temperature. A yellow precipitate forma but redissolves on gentle 
heating to 40 OC. When the clear yellow-brown solution is cooled 
to -30 OC, bright-yellow needles of the product 3 separate in a 
0.88-g yield (79%); mp 148 "C dec. Anal. Calcd for C74H70MnozP4 
(1170.21): C, 75.95; H, 6.03; Mn, 4.69. Found C, 75.53; H, 5.69; 
Mn, 4.96. 


Bis(2,2,4,44etraphenyl- 1 H-2X5,4X5-benzodiphosphepin- 
yl)iron(II)-Bis(tetrahydr0furan) (4). Following a procedure 
analogous to that described for 3 above, 4 can be obtained from 
1.01 g (2.1 mmol) of 1 and 0.24 g (1.0 mmol) of FeClZ.1.45THF. 
Brown-orange crystals separate in a 0.80-g yield (74%); mp 153 
"C dec. Anal. Calcd for C74H7~eOzP4 (1171.12): C, 75.89; H, 
6.03. Found C, 75.13; H, 6.05. 


Bis(2,2,4,44etraphenyl- 1H-2X5,4X5-benzodiphosphepin- 
yl)cobalt(II)-Bis(tetrahydrofuran) (6). Following again the 
above procedure and using 0.90 g of 1 (1.9 mmol) and 0.23 g of 
C&lz-1.31 THF (0.95 mmol), a green precipitate is obtained. This 
material is extracted with toluene and crystallized by addition 
of pentane and cooling to -30 "C. Emerald needlea form in a 0.23-g 
yield (21%); mp 112 OC dec. Anal. Calcd for C74H70C002P4 


(15) Schmidbaur, H.; Nachr. Chem., Tech. Lab. 1979, 27, 620-623. 
(16) Schmidbaur, H.; Gasser, 0.; Krtiger, C.: Sekutowski, J. C. Chem. 


117) KrCleer. C.: Sekutowski. J. C.: FWer. H.-J.: Gasser. 0.: Schmid- 
Ber. 1977,110,3517-3527. 


ba&, H. l e ;  J: Chem~1976/1977,15,149-152. 
' 


(18) Kaska, W. C.; Mitchell, D. K.; Reichelderfer, R. F.; Korte, W. D. 
J.  Am. Chem. SOC. 1974, 96, 2U7-2854. 


D.; Schubert, U. Chem. Ber. 1980,113,902-911. 


Mahrla, B. Chem. Ber. 1981,114,608-619. 


(19) Schmidbaur, H.; Deschler, U.; Zimmer-Gasser, B.; Neugebauer, 


(20) Schmidbaur, H.; Deschler, U.; Zimmer-Gasser, B.; Milewski- 


(21) Deechler, U. P h  D. The&, Technische Universitat Munich, 1981. 
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(23) Costa, Th. Ph. D. Thesis, Technische Universitat Munich, 1981. 
(24) Lappert, M. F.; Raston, C. L.; Shelten, B. W.; White, A. H. J.  


1981,114,1428-1441. 


Chem. SOC., Chem. Comnun. 1981, 485-486. 
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Table I. Regression Parameters C and e of Magnetic 
Susceptibility Data (Figure 1) and Effective 


Magnetic Moments of Complexes 3-5 


3 4 5 


C, cm3 K mol-' 4.35 (I) 3.13 (1) 2.21 (1) 


Peff = (8C)''.2 P B  5.9 5.0 4.2 
no. of unpaired electrons 5 4 3 
calcd spin-only values 5.92 4.90 3.87 


(1174.21): C, 75.70; H, 6.01. Found C, 75.87; H, 5.93. 
Physical Measurements. Susceptibility measurements were 


performed on a modified Faraday balance between 4.2 and 298.5 
K as described in ref 25. The resulting susceptibility data were 
corrected for the diamagnetic ylide anions following the increment 
procedure given in ref 26. 


The 'H NMR spectrum of compound 4 was recorded on a 
Bruker CXP 200 instrument at 200 MHz in the Fourier transform 
mode. The 57Fe Mossbauer spectrum was obtained with a 57C0 
source in rhodium metal at 4.2 K. The isomeric shifts were 
corrected to achieve compatibility with literature values based 
on the a-Fe matrix by subtraction of 0.108 m m d .  


X-ray Crystal Structure  Determination of MnLz (3). 
Crystals of Mn(C93HnPz)z-2THF were obtained by crystallization 
from a tetrahydrofuran solution. A crystal (0.3 X 0.27 X 0.23 mm) 
was mounted on a Nonius CAD4 automatic four-circle diffrac- 
tometer equipped with a graphite monochromator and a scin- 
tillation counter (w-scan mode). All measurements were carried 
out by using Mo K, radiation (A = 71.069 pm). The unit-cell 
dimensions of a = 2848.5 (5) pm, b = 1298.0 (2) pm, c = 1968.9 
(2) pm, = 110.51 (lo), and V = 6819.106 pm3 were obtained by 
centering and refinement of 15 reflections from different parts 
of the reciprocal space. Precession photographs and systemetic 
absences indicated the monoclinic space group C2/c (No. 15, Z 
= 4, ddd = 1.19 g/cm3). 


Intensities were measured by a coupled Q-28 technique with 
scan speeds varying from 1.3 to 10.Oo min-', depending on the 
standard deviation to intensity ratio of a preliminary 10" min-' 
scan. The intensity of the reflection and its standard deviation 
were calculated from INT - BGL + BGR and (INT + 4 (BGL 
+ BGR))1/2 respectively, where INT, BGL, and BGR are the peak 
intensity and the left and the right backgrounds, and the time 
spent measuring the background was half that taken to measure 
the peak. A Zr filter was inserted in front of the detector if the 
peak count was greater than 50000 counts s-'. The intensities 
of the three monitor reflections remeasured after every 90 min 
of X-ray exposure showed no significant variation during the 
course of data collection. (Pertinent crystal data is given in Table 
IV.) The cell parameters were obtained by least-squares fit to 
the 8 values of 75 automatically centered reflections. 


A test solution on the basis of space group Cc had revealed that 
the manganese atom is located on a twofold axis, and therefore 
the data processing was continued with space group C2/c. The 
remaining atoms were correlated by appropriate symmetry op- 
erations. 


A total of 6197 reflections were collected (lo 5 28 5 50"). 
Intensity data were corrected for Lorentz and polarization effects; 
absorption correction was not applied. The crystal was stable 
in the X-ray beam. The structure was solved by the Patterson 
method (SHELX). Elemental analysis and IR absorptions in- 
dicated the presence of two THF molecules per formula unit, and 
difference Fourier synthesis showed indeed two groups of electron 
densities to be interpreted as solvent species. Only one of the 
two groups could be refined, however, with an occupational factor 
0.5, although refinement improved on inclusion of the remaining 
peaks as constants. The coordinates were also added to the list 
of atomic parameters (Table 11, C81-C95). Positions of some of 
the hydrogen atoms were calculated according to the idealized 
geometry and included as fixed-atom contributions ( B h  = 9.0 A') 
to refinement calculations. Least-squares refinement (SHELX) 
of 221 parameters with 2177 structure factors (I 5 2a (n) resulted 


6 ,  K -1.8 2.0 -0.8 


(25) Ab&, J.; Voitliinder, J. Solid State Commun., in press. 
(26) Weiss, A.; Witte, H. "Magnetochemie"; Verlag Chemie: Wein- 


heim, 1973. 
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Table 11. Final Positional and Isotropic Thermal Parameters (with Esd's) for 
Non-Hydrogen Atoms of the Manganese Complex 3 


atom 
Mn 
P1 
P2 
C6 
c 7  
c 5  
C5 1 
C52 
c 5 3  
c 5 4  
c 5 5  
C56 


x/a 


0.0 
-0.0996 (2)  
-0.0313 (2 )  
-0.0816 (6 )  
-0.0763 (6 )  
-0.0198 (7)  
-0.0980 (7 )  
-0.0675 (8) 
-0.0818 (8) 
-0.1225 (11) 
-0.1529 (8) 
-0.1393 (8) 


y / b  
0.2317 (3 )  
0.1186 (4 )  
0.2508 (4)  
0.1925 (13) 
0.1593 (12) 
0.3337 (14) 
0.3059 (15) 
0.3720 (16)  
0.4786 (16) 
0.5156 (16) 
0.4537 (20) 
0.3494 (17) 


z /c  


0.25 
0.1283 (3)  
0.0757 (2) 
0.2070 (9 )  
0.0629 (9) 
0.1507 (9)  
0.1868 (9)  
0.1586 (9) 
0.1465 (11) 
0.1599 (12) 
0.1865 (12) 
0.1989 (10) 


u11 


0.050 (3)  
0.051 (3 )  
0.061 (3)  
0.05 (1) 
0.05 (1) 
0.06 (1) 
0.04 (1) 
0.08 (2)  
0.07 (2)  


0.07 (2) 
0.05 (1) 


0.11 (2)  


u2 2 


0.051 (3)  
0.045 (3) 
0.057 (3)  
0.04 (1) 
0.05 (1) 
0.07 (1) 
0.07 (1) 
0.04 (1) 
0.04 (1) 
0.03 (1) 
0.07 (2 )  
0.07 (2)  


u3 3 u2 3 


0.038 (2)  0.0 
0.039 (3 )  0.000 (3 )  
0.036 ( 3 )  0.004 (3 )  
0.04 (1) -0.01 (1) 
0.04 (1) -0.01 (1) 
0.05 (1) 0.00 (1) 
0.02 (1) -0.01 (1) 
0.02 (1) -0.00 (1) 
0.08 (2) -0.01 (1) 
0.07 (2)  -0.01 (1) 
0.07 (2)  -0.0 (2) 
0.05 (1) -0.02 (1) 


u, 3 


0.0 


0.013 (2)  
0.010 (2) 


0.010 (9) 
0.02 (1) 
0.02 (1) 


-0.02 (1) 
-0.02 (1) 


0.01 (1) 
0.00 (2 )  
0.01 (1) 
0.01 (1) 


u12 


0.02 (19) 


-0.002 (9)  
-0.02 (1) 


0.00 (1) 
-0.02 (1) 


0.00 (1) 
0.00 (1) 


-0.01 (1) 


-0.007 (3 )  
-0.007 (3)  


0.03 (1) 


0.03 (1) 


C1" 
c11 
c 1 2  
C13 
C14 
C15 
c 2  
c 2  1 
c 2  2 
C23 
C24 
C25 


X / l l  


-0.0469 (6)  
-0.085 (1) 


-0.070 (1) 
-0.032 (1) 


-0.099 (1) 


-0.021 (1) 


0.122 (1) 


0.0293 (7)  
0.071 (1) 


0.125 (1) 
0.084 (1) 
0.036 (1) 


y / b  
0.3185 (14 
0.385 (2 )  
0.445 (2)  
0.432 (2)  
0.370 (2 )  
0.309 (2 )  
0.1979 (15 
0.259 ( 2 )  
0.214 ( 2 )  
0.114 (2 )  
0.050 ( 2 )  
0.091 (2)  


I- 


-0.0107 (9) -0.05 
-0.026 (1) ' 0.08 
-0.092 (1) 0.10 
-0.135 (1) 0.08 


-0.056 (1) 0.08 
-0 (1) 0.09 


0.100 (1) 0.09 
0.110 (1) 0.10 


0.0896 (9) 0.06 


0.108 (1) 0.09 
0.095 (1) 0.10 
0.086 (1) 0.08 


c 3  -0.1677 ( 6 )  0 . 1 0 6 i ( i 3 )  0.085 (ij 0.06 
C31 -0.195 (1) 0.075 (2 )  0.124 (1) 0.10 
C32 -0.248 (1) 0.065 (2 )  0.095 (2)  0.13 
C33 -0.267 (1) 0.090 (2 )  0.025 (2) 0.11 
C34 -0.245 (1) 0.125 (2)  -0.018 (1) 0.15 


Disordered solvent (G = 0.5). 


Table 111. Selected Interatomic Distances (A ) and 
Angles (Deg) for the Manganese Complex 3 


Bond Distances 
Mn-C6 2.235 (16) P1-C3 1.833 (17) 
Mn-C5 2.263 (17) Pl-C4 1.794 (17) 
Mn-C51 2.798 (19) P2-C7 1.701 (15) 
Mn-C52 2.798 (20) P2-C5 1.763 (17) 
Pl-C6 1.741 (16) P2-C2 1.788 (18) 
Pl-C7 1.723 (16)  P2-Cl 1.825 (17) 


Bond Angles 
C5-Mn-C6 84.0 (7 )  Pl-C7-P2 124.8 (1.0) 
C7-Pl-C6 115.2 (8) C5-P2-C7 117.3 (9 )  
C3-Pl-C6 113.2 (8) C2-P2-C7 113.1 (9)  
C3-Pl-C7 107.7 (8) C2-P2-C5 102.7 (9)  
C4-Pl-C6 104.8 (8) c1-p2-C7 106.0 (8) 
C4-Pl-C7 114.1 (8) Cl-P2-C5 113.5 (8) 
C4-Pl-C3 101.2 (8) Cl-P2-C2 103.5 (9) 


Table IV. Details of X-ray Data Collection 


1) C35 -0.192(1) 0 .134(2)  0.012 (1) 0.10 (1) 


monochromated (graphite) 


reflections measd 
takeoff angle 
e limits 
n-2e scan technique 
horizontal detector aperture 
vertical aperture 
C2 scan range 
u f F )  


MoKa X radiation 
h = 0.71069 A 


6197 [ + h , k , l l  
e = 3.6" 
1 < e < 2 5  
96 steps 
(5  + 1.25 tan 0 )  mm 
4.0 mm 
0.7 + 0.35 tan 9 
(u(l)'(poisson) + 


(Ik)')"'/2F; k = 0.02 


in a final R, of 0.113 and R2 of 0.104 ([Cww0F,I - ~ c ~ 1 2 / ~ w ~ 0 1 2 ] ' / 2 ;  
w = 1.8985/(&F))). 


in Table 
11. Table I11 contains interatomic distances and angles. Table 
V, observed and calculated structure factors, is available as 
supplementary material. The thermal parameter expression is 
defined as U = e x p ( - 2 ~ * ( U ~ ~ h ~ a * ~  + U22k2b'2 + U3312c*2 + 


The final positional and thermal parameters are 


C4 -0.0824(6 
C41 -0.069 (1) 
C42 -0.060 (1) 
C43 -0.066 (1) 
C44 -0.079 (1) 
C45 -0.087 (1) 
C81 0.285 
C82 0.284 
C83 0.243 
C84 0.275 
C85 0.298 


C92 0.245 (2)  
C93 0.236 (3)  
C94 0.193 (2)  
C95 0.184 (2) 


c91 0.211(2)  


-o.oios '( i3) 
-0.037 ( I )  
-0.142 (2)  
-0.219 (2 )  
-0.194 (2 )  
-0.089 (2 )  


0.263 
0.199 
0.295 
0.317 
0.181 
0.107 (4)  
0.157 (3) 
0.253 (5)  
0.259 (5) 
0.175 (4) 


0.1591' (9)  0.05 (ij 


0.199 (1) 0.09 (1) 


0.233 (1) 0.06 (1) 
0.252 (1) 0.09 (1) 


0.127 (1) 0.08 (1) 
0.109 (1) 0.07 (1) 
0.974 0.15 
0.024 0.15 


-0.056 0.15 
-0.003 0.15 


0.998 0.15 
0.712 (3)  0.10 (1) 
0.768 (2)  0.08 (1) 
0.755 (3)  0.13 (2 )  
0.724 (3)  0.25 (2)  
0.678 (3)  0.12 (2)  


2Uizhka*b* + 2U13hla*c* + 2Uzsklb*c*)). 


Results and Discussion 
The cyclic double-ylide 1 is easily metalated in tetra- 


hydrofuran solution by reaction with n-butyllithium at -20 
OC. The resulting deep orange solution containing the 
lithium salt 2, when treated, a t  -78 "C with a 0.5 M 
amount of MnBr2*2THF, FeC12.1.45THF, and CoC1,. 
1.31THF, respectively, according to eq 1 affords the com- 


3 , M = M n  
4, M = Fe 
5,h'f=CO 


R = C,H, 


plexes 3 and 4 in good yield (70-80%) as highly air-sen- 
sitive orange-red crystals containing 2 mol of solvent. The 
yield of 5 is unexpectedly low (20%). Cooling down the 
moss green reaction mixture gives emerald crystals of 5 
together with a water-soluble brown byproduct, the iden- 
tity of which has not been established. Extraction with 
toluene and crystallization at  -30 "C gives pure 5. 


The new complexes 3-5 are strongly paramagnetic and 
show CurieWeiss behavior in susceptibility measurements 
between 4.2 and 298.5 K (Figure 1). The resulting mag- 
netic moments peff are listed in Table I together with 
Curie-Weiss constants. The magnetic moments are in 
good agreement with spin-only values for d5, d6, and d7 
cations in a tetrahedral crystal field. The somewhat higher 
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Figure 1. Reciprocal molar susceptibility l / x  of the complexes 
3-5 as a function of temperature. 
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Figure 3. 67Fe Mbssbauer spectrum of the iron complex 4 at 4.2 
K. (ordinate, transmission). 
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Figure 4. Molecular structure of the manganese complex 3 as 
determined by X-ray diffraction analysis. (Disordered solvent 
molecules are omitted.) 


b d  
Figure 2. 'H NMR spectrum of the iron complex 4 in tetra- 
hydrofuran at 56.2 " C  (+, diamagnetic impurity). 


values for 4 and 5 are not unusual. Other homoleptic 
organometallic compounds, e.g., 6, which has been syn- 
thesized in the Munich Laboratories2' show similar be- 
havior. 


Me2 H2 H 2  Me2 
P-c c-P 


HzB, Co BH2 
/I / 


P-c c-P 
Me2 HZ HZ Me2 


6 
P e f f =  4.1 P B  


10 -10 -325 ppm 


/ \ /  


Magnetic resonance spectroscopy should also provide 
information about the magnetic properties. However, we 
were unable to detect an ESR signal for 4 down to 77 K. 
Instead, paramagnetic IH NMR spectra could be obtained. 
As shown in Figure 2, there are seven broad signals outside 
the diamagnetic range. This is expected for a stereo- 
chemically rigid ligand in 4 if the unpaired spin is delo- 
calized predominantly through the chemical bonds. The 
experimental shifts at 325.5 K are as follows: -11.7, -10.3, 
4.9,9.3,11.7,24.9, and 325 ppm (negative shifta to low-field 
relative to THF-H ). The relative intensities allow as- 
signments of the pgenyl protons: 6 (H ortho) -11.7,6(H 
meta) 4.9, and 6(H para) -10.3; ortho and meta protons 


(27) Schmidbaur, H. J. Organomet. Chem. 1980,200,287-306. 


Figure 5. Metal-ligand interaction in the manganese complex 
3, as determined by X-ray diffraction, with atomic numbering. 


are distinguished on the basis of shift sign alternation. 
Since reference data are lacking, further assignments are 
uncertain. This precludes the determination of isotropic 
shifts. All shifts decrease and broaden upon lowering of 
the temperature except for the small signals denoted with 
X. We believe that these arise from a diamagnetic im- 
purity. 


Further evidence for a tetrahedral ligand arrangement 
is provided by the 57Fe Mossbauer spectrum of crystalline 
4 at  4.2 K. The spectrum consists of a doublet (Figure 3) 
centered at  0.204 (1) mm s-l with a quadrupole splitting 
of 1.644 (1) m m d .  High-spin Fe(I1) compounds differ 
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from low-spin Fe(I1) compounds mainly by their large 
quadrupole splitting of 0.8-3.2 mms11.28129 


Hence the value found for FeL2 is in good agreement 
with the results of the susceptibility measurements. The 
relatively low isomeric shift (IS) seems to be a charac- 
teristic feature of organoiron(I1) compounds like 730 or 4, 
but further data are necessary to allow a generalization of 
this finding. 


7 


IS(mm.s-’) = 0.44 (4) ( X  = N )  and 0.68 (4) ( X  = 0) 


Crystal Structure of 3. 3 crystallizes in the space 
group C2/,. The monoclinic cell contains discrete mole- 
cules, in which each manganese cation is coordinated by 
two equivalent ylide anions. Two THF molecules are 
found as interstitial solvate but have no contact to the 
metal centers. 


Only very few dialkylmanganese(I1) complexes have 
been structurally characterized. The dimer [Mn(CH2C- 
(CH3)2CsH6)z]2 provides useful reference data, however.31 
In this compound one of the 2-methyl-2-phenylpropyl 


(28) Greenwood, N. N.; Gibb, T. C. “Mbssbauer Spectroscopy”; 
Chapman and Hall, London 1971. 
(29) Gfitlich, P. In “Mhbauer  Spectroscopy”; Gonsor, V., Ed.; 


Springer-Verlag: New York, Heidelberg, Berlin, 1975. 
(30) Kupper, F. W.; Erich, E. 2. Naturforsch., A 1968,23A, 613-614. 
(31) Hursthouse, M. B., personal communication, 1981. See also: 


Anderson, R. A.; Carmona-Guzman, E.; Gibson, J. F.; Wilkinson, G. J. 
Chem. SOC., Dalton Trans. 1976,2204-2210. 


8 


half of the dimer [Mn(CH,C(CH,),C,H,),], 


ligands acts as a bridge between the Mn atoms. The 
distances Mn-C1 and Mn-C2 differ accordingly, and only 
the Mn-C2 value is a suitable standard for the Mn-C(a&yl) 
two-center two-electron single bond. The agreement with 
the Mn-C(5,6) distances in 3 is quite satisfactory and 
characterizes the metal-ligand interaction in 3 as basically 
a set of four Mn-C u bonds. There is also a phenyl-metal 
contact in both 3 and the reference compound,31 as shown 
by distances in the range between 268 and 280 pm. The 
resulting trapezoidal ligand contact in 3-5 resembles the 
geometry in metal complexes with o-xylylidene ligandsz4 
described recently in the literature. Fundamental dif- 
ferences between these and the ylide ligands arise mainly 
from their relative steric requirements and the effect of 
the onium centers in the latter. Further work on related 
complexes and on multiple ylides with smaller ring sizes 
is in progress. 
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A series of P-alkyl-P-halo-substituted (silylamino)phosphinimines, (Me3Si),NP(R)(X)=NSiMe3, are 
obtained either by oxidative addition of RI (R = Et, i-Pr, t-Bu) to (Me3Si),NP=NSiMe3 or by treatment 
of [(Me3Si)zN]2PMe with I2 or Br2. Reaction of the iodophosphinimines with MeLi affords the dialkyl 
derivatives (Me3Si)2NP(R)(Me)=NSiMe3 (R = Et, LPr, t-Bu). Alcoholysis of the t-BuI product in the 
presence of EbN yields the N-H compounds Me3SiN(H)P(t-Bu)(OR)=NSiMe3 (R = Me, CHzCF3). 
Variable-temperature ‘H NMR studies of these (sily1amino)phosphinimines demonstrate that, depending 
on what substituents are present, they may be fluxional via [1,3]-silyl exchange, hindered rotation about 
the amino P-N bond, or [1,3]-proton exchange. The results are discussed in terms of the electronic and 
steric effects of the phosphorus substituents. 


Introduction 
Several recent studies have focused on the preparative 


chemistry and dynamic stereochemistry of compounds 
containing the Si-N-P linkage. For example, their im- 
portance as polyphosphazene precursors1v2 is now well 
established and their use in organophosphorus3-6 and or- 


(1) Wisian-Neilson, P.; Neilson, R. H. J. Am. Chem. SOC. 1980,102, 


(2) Whim-Neilson, P.; Neilson, R. H. J.  Macromol. Sci., Chem. 1981, 
2848. 


A16. 425. 


ganometallic chemistrP8 is beginning to develop. In- 
vestigations of stereochemical features of these compounds, 


(3) Neilson, R. H. Znorg. Chem. 1981,20,1679. 
(4) Morton, D. W.; Neilson, R. H. Organometallics 1982, 1, 289. 
(6) Morton, D. W.; Neilson, R. H. Organometallics 1982, 1, 623. 
(6) Scherer, 0. J.; J m a n n ,  H. Angew. Chem., Int. Ed. Engl. 1979, 


18, 953. 


Chem., Znt. Ed. Engl. 1981,20, 116. 


1982, 115, 414. 


(7) Keim, W.; Appel, R.; Storeck, A.; Kruger, C.; Goddard, R. Angew. 


(8) Scherer, 0. J.; Konrad, R.; Kruger, C.; Tsay, Yi-H. Chem. Ber. 
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derivatives (Me3Si)2NP(R)(Me)=NSiMe3 (R = Et, LPr, t-Bu). Alcoholysis of the t-BuI product in the 
presence of EbN yields the N-H compounds Me3SiN(H)P(t-Bu)(OR)=NSiMe3 (R = Me, CHzCF3). 
Variable-temperature ‘H NMR studies of these (sily1amino)phosphinimines demonstrate that, depending 
on what substituents are present, they may be fluxional via [1,3]-silyl exchange, hindered rotation about 
the amino P-N bond, or [1,3]-proton exchange. The results are discussed in terms of the electronic and 
steric effects of the phosphorus substituents. 


Introduction 
Several recent studies have focused on the preparative 


chemistry and dynamic stereochemistry of compounds 
containing the Si-N-P linkage. For example, their im- 
portance as polyphosphazene precursors1v2 is now well 
established and their use in organophosphorus3-6 and or- 


(1) Wisian-Neilson, P.; Neilson, R. H. J. Am. Chem. SOC. 1980,102, 


(2) Whim-Neilson, P.; Neilson, R. H. J.  Macromol. Sci., Chem. 1981, 
2848. 


A16. 425. 


ganometallic chemistrP8 is beginning to develop. In- 
vestigations of stereochemical features of these compounds, 
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including P-N bond rotationgJO and silyl group rear- 
rangements,11-15 have also been conducted, and it is these 
areas to which this paper is most relevant. 


We report here the synthesis and dynamic NMR study 
of a series of (sily1amino)phosphinimines of general for- 
mula 


Me3Si  V' 
\ P=N- S I Me3 


I R /N- 


R "  


Depending on what substituents are present, it is possible 
to observe any of three stereochemical processes: (1) 
[1,3]-silyl exchange, (2) [1,3]-proton exchange if R = H, 
and (3) hindered rotation about the amino P-N bond. 
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Results and Discussion 
Synthesis. Treatment of the two-coordinate compound 


[bis(trimethylsiiyl)amino] ((trimethylsily1)imino)phosphine 
( 1 ) 1 6 9 1 7  with 1 equiv of an alkyl iodide (except Mel) results 
in the rapid and quantitative formation of the four-coor- 
dinate oxidative addition product 2 (eq 1). These phos- 


R 


RI I 
I 


( M ~ ~ S I ) ~ N - P = N S I M ~ ~  n e ~ f  ( M ~ ~ S I ) ~ N - P = N S I M ~ ~  (1) 


I 1 


2a, R = t-Bu 
b, R = i-Pr 
c, R =  Et  


phinimines (2) are yellow, moisture-sensitive liquids of 
marginal thermal stability. As reported by Niecke,'* the 
ethyl compound 2c can be distilled under reduced pressure 
without decomposition. The more sterically crowded 
compounds 2a and 2b, which are reported here for the first 
time, however, decompose rapidly on heating with elimi- 
nation of MesSiI and formation of unidentified solid 
products. The characterization of these compounds, 
therefore, is based on NMR spectroscopy (Table I) and 
their derivative chemistry (see below). 


Rather surprisingly, the analogous reaction with Me1 is 
very slow and is incomplete even after being stirred for 2 
weeks. Analysis by NMR spectroscopy indicates the for- 
mation of a complex mixture of products. Qualitative 
observations indicate that the relative rate of the reaction 
increases markedly as the steric bulk of the alkyl group 
increases. This suggests that attack by the phosphine on 
iodine of RI with possible carbonium ion (R+) formation 
may be an operative reaction pathway. 


The iodomethane adduct 2d and its bromine analogue 
4 were prepared by the direct halogenation (eq 2) of the 
bis(amin0)phosphine 3.19 We have previously reported 


(9) Neilson, R. H.; Lee, R. C.-Y; Cowley, A. H. Inorg. Chem. 1977,16, 


(10) Scherer, 0. J.; Puttmann, M. Angew. Chem., Int. Ed. Engl. 1979, 


(11) Wilbum, J. C.; Neilson, R. H. Inorg. Chem. 1979,18, 347. 
(12) Wilbum, J. C.; Wieian-Neilson, P.; Neilson, R. H. Znorg. Chem. 


(13) Neilson, R. H.; Wisian-Neilson, P.; Wilburn, J. C. Inorg. Chem. 


1455. 


18, 679. 


1979,18, 1429. 


1980, 19, 413. 
(14) Glidewell, C. J.  Organomet. Chem. 1976,108,335. 
(15) Hodgson, P. K. G.; Katz, R.; Zon, G. J. Organomet. Chem. 1976, 


117. C63. 
(16) Niecke, E.; Flick, W. Angew. Chem., Int. Ed. Engl. 1973,12,585. 
(17) Scherer, 0. J.; Kuhn, N. Angew. Chem., Int.  Ed. Engl. 1974,13, 


(18) Niecke, E., Bitter, W. Chem. Ber. 1976, 109, 415. 
811. 


3 
Me 
I 


( M ~ ~ S I ) ~ N - - ~ = N S I  Me3 (2 )  
I 
X 


4, X =  Br 
2d, X =  I 


a similar type of reaction for the simple (sily1amino)- 
phosphines, (MesSi)2NPR2.20 Both of these P-methyl 
derivatives were colorless liquids that could be distilled 
with no evidence of decomposition, indicating that the 
thermal stability of such compounds is enhanced by the 
presence of less bulky alkyl substituents. 


The P-iodophosphinimines 2a-c were readily converted 
to the P-methyl derivatives 5a-c by treatment with me- 
thyllithium in ether with activation by TMEDA (eq 3). 


R 


(Me3Si  )zN--P=NSiMe3 (3) [Me3Si)zN--P=NSiMe3 - 
Me 


MeLt 1 
I TMEDA 


B 
I 
I 


2 5a, R =  t-Bu 
b, R = i-Pr 
c, R =  Et 


The dimethyl analogue (Me3Si)2NP(Me)2=NSiMe3 (5d), 
prepared by a Staudinger reaction of (Me3Si)2NPMe2, has 
been previously reported.21 These dialkylphosphinimines 
are colorless liquids which were readily purified by vacuum 
distillation and characterized by NMR and elemental 
analysis (Tables I and 11). 


Attempts to prepare other derivatives of the P-iodo- 
phosphinimines generally gave unsatisfactory results. 
Dehydrohalogenation reactions of 2 with amines or alcohols 
resulted in complex mixtures. The N-H phosphinimines 
6a and 6b were the only characterized products obtained 
in low yields (ca. 15%) from the reactions of 2a with al- 
cohols (eq 4). The use of just l equiv of the alcohol gave 
essentially the same results. 


E t 3 N  - Me3SiOR t 
- E t 3 N H I  


+-r 
( M e 3 S  )2N- P z N S i M e 3  t 2ROH 


I 
I 


2a 


Me3Si \  "8" 
,N--P=NSiMe3 (4) 


I H 
OR 


6a, R = Me 
b, R = CH,CF, 


Stereochemistry. Dynamic 'H NMR studies of these 
new (sily1amino)phosphinimines provide evidence for a t  
least three distinct stereochemical processes: (1) [1,3]-silyl 
exchange, (2) hindered rotation about the amino P-N 
bond, and (3) [1,3]-proton exchange. The results obtained 
from these experiments are summarized in Table 111. 


The phenomenon of reversible [ 1,3]-silyl exchange is 
common to all of the trisilylated compounds (i.e., 2a-d, 


(19) See Experimental Section. 
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Table I. NMR Spectroscopic Datac 
'H NMR NMR 


compd signal 6 JPH s JPC 31P NMR 6 


1 


2c 
Me 


I 
IMe3S<)2N-P=NS~Me3 


1 


2d 


Te 
( M e j S i I z N -  P=NSi Me3 


Br 


4 


'-Id 


'-7' 


7' 


M e 3 S 1 \  re 


(Me3SiizN- P=NSiMe3 


I 
ME 


5a 


(Me3WZN-  P=NStMe3 


I 
Me 


5b 


(Me3Sj)ZN-PP=NSiMe3 


I 
Me 


5c 


/- t - B "  ii=NSiMen 
6a 


6b 


Me,Si 
Me,C 
Me,C 


(Me,Si),N 
Me,SiN 
PCHMe, 


PCHMe, 
(Me,Si),N 
Me,SiN 
PCH,Me 
PCH,Me 


(Me,Si),N 
Me,SiN 
PMe 


(Me3Si)2N 
Me,S1N 
PMe 


Me3& 
Me,C 
Me,C 
PMe 


Me,& 
PCHMe , 
PCHMe, 
PMe 


Me,Si 
PCH,Me 
PCH,Me 
PMe 


Me,Si 
Me,C 
Me ,C 
OMe 
NH 
Me,SiNH 
Me3SiN 
Me3C 
Me3C 
OCH, 
CF3 
NH 


0.35 
1.18 


0.48 
0.12 
1.12c 
1.22 
2.58 
0.48 
0.12 
1.08 
2.50d 


0.38 
0.07 
2.30 


0.40 
0.08 
2.12 


0.3Bb 
1.24 


1.54 


0.26 
l.Oge 
1.86 
1.45 


0.31 
1.16 
1.72f 
1.52 


0 . 1 0 b  
1.04 


3.42 
1.60 
0.07 
0.24 
1.13 


4.10g 


1.83 


22.5 


0.4 
21.0 
27.6 


9.3 


24.3 


15.0 


15.6 


15.5 


11.3 


17.4 
7.0 


12.0 


18.0 


12.3 


15.9 


11.6 


16.8 


7.5 


6.90 
26.18 
46.35 


5.28 
2.12 


14.88 
17.46 
42.54 


5.03 
2.01 
7.41 


42.48 


5.08 
1.89 


37.79 


5.16 
2.60 


33.75 


5.93 
26.56 
36.24 
19.27 


5.60 
16.08 
31.76 
21.16 


5.32 
6.22 


29.36 
23.07 


2.96 
25.58 
33.16 
49.22 


2.19 
3.65 


25.30 
33.57 


124.20h 
59.39h 


2.4 
92.2 


2.4 
4.9 
5.5 


90.9 
2.4 
5.5 
7.9 


87.9 


2.4 
5.5 


89.7 


2.4 
4.9 


100.1 


2.5 
88.5 
62.9 


85.4 
68.4 


4.9 
79.4 
72.0 


127.6 
7.3 


125.1 
6.7 
9.8 


7.73 


-0.81 


-10.72 


-27.04 


2.63 


30.15 


25.07 


21.10 


25.15 


24.67 


a Chemical shifts downfield from Me,Si for 'H and ')C spectra and from H,PO, for spectra; coupling constants in 


J F ~ ~  = 36.6 Hz;JFc = 277.7 Hz. 
hertz. Solvents: 'H, CH,Cl,; I3C and CDC1,. Exchange-broadened singlet. JHH = 7.2 Hz. Complex multiplet 
J H ~  = 7.5 Hz. e JHH = 7.0 Hz. f Broad unresolved multiplet. g JFH = 8.7 Hz. 


4 ,584) .  For example, the 'H NMR spectrum of 2b shows 
the two signals (in a 2:l intensity ratio) expected for the 
Me3Si protons. At higher temperatures the [1,3-silyl shift 
becomes rapid, leading to coalescence of the signals and 
Dennitking an estimate of the exchange barrier AG*13 For 
2b the process can also be monitored qualitatively by ob- 
serving diastereotopic methyl groups within the isopropyl 
moiety. When the [1,3]-silyl exchange is rapid, the 
phosphorus chirality is lost and the isopropyl methyl 
groups become equivalent. The silyl exchange process is 
thought to be intramolecular since, within experimental 
error, the same results are obtained whether the compound 
is studied neat or studied in solution. 


The AG*l,3 values (Table 111) all lie within the fairly 
narrow range of ca. 13.5-18.5 kcal/mol. Similar results 
have been reported previously for a few related com- 
pounds.12 It is noted that the dialkylphosphinimines 5 
generally have exchange barriers which are 3-4 kcal/mol 
lower than the corresponding alkylhalophosphinimines 2 
and 4. This trend is consistent with our earlier observa- 
tion12 that electron-releasing groups (e.g., Me) on phos- 
phorus reduce the [1,3]-silyl exchange barrier. This can 
be rationalized as an inductive effect whereby electron- 
releasing substituents tend to increase the nucleophilicity 
of the imino nitrogen, thus facilitating its attack on the 
amino SiMeB group. Moreover, alkyl groups should tend 
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Table 11. Preparative and Analytical Data 
for New Phosphinimines 
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studies have shown that the nonsilylated phosphinimines 
7 are, in fact, fluxional at room tem~erature;~ presumably 


preparative 
analytical" 


% bP, "C 
compd yield (P, mm) % C  %H 
2d 43 90-91 28.69 7.26 


4 69 68-70 32.32 8.11 


5a 54 82-84 41.93 11.09 


5b 32 81-82 46.23 11.26 


5~ 39 64-65 44.69 11.06 


6a 16 43-44 45.03 10.76 


6b 14 61-62 39.81 8.43 


(0.l)b (28.56) (7.19) 


(0.04)' (32.16) (8.10) 


(0.08) (47.95) (11.21) 


(0.04) (46.38) (11.08) 


(0.08) (44.67) (10.93) 


(0.05) (44.86) (10.61) 


(0.9) (39.76) (8.34) 


a Calculated values in parentheses. Solid, mp 48-50 
"C. Solid, mp 27-32 "C. 


to stabilize the positive charge on phosphorus which de- 
velops in the likely transition-state species. 


SiMe3 
I 
I 


SiMe3 


The steric bulk of the substituents on phosphorus seems 
to have less of an affect on the AG',, values. For example, 
the results for the individual dialkyl compounds 5 differ 
by only ca. 1 kcal/mol, suggesting that the size of the 
groups on phosphorus does not play a dominant role in this 
process. An explanation is lacking at  this time, however, 
for the low AG*1,3 value of 2a. Studies of compounds 
containing two bulky groups on phosphorus are needed 
before a more definitive conclusion about steric effects can 
be made. 


Perhaps more significant than the [1,3]-silyl exchange 
is the additional observation of hindered rotation about 
the amino P-N bond in some of these phosphinimines. 
Compound 2a, for instance, exibits three distinct Me& 
signals of equal intensity a t  ca. -70 "C. As the temperature 
is raised, two of the signals broaden and coalesce at  -54 
"C, giving two peaks in a 2:l intensity ratio. At  18 "C a 
second coalescence point is observed, finally resulting in 
the single broad peak which is seen at  room temperature. 
These results clearly show that two separate fluxional 
processes are operative here: (1) [1,3]-silyl exchange at  
higher temperatures (large AG' value) and (2) restricted 
P-N(SiMe3)2 rotation at  low temperatures (smaller AG* 
value). This conclusion is also consistent with the fact that 
we were able to measure P-N rotation barriers only for the 
most sterically congested compounds (2a,b and 5a). The 
general trend of AGSPN values increasing with the size of 
the phosphorus substituents is well documented.22 


Still a third type of dynamic stereochemical process 
appears to be occurring in the disilylated N-H compounds 
6a and 6b. The Me3& groups in 6a, for example, appear 
as a single peak a t  room temperature but as two signals 
of equal intensity a t  temperatures below ca. -40 "C. This 
fluxional behavior could be attributed to either [1,3]-silyl 
exchange as above or to [1,3]-proton exchange. Previous 


(22) See ref 9 and references cited therein. 


R Me 


7, R = Me, 8 
t-Bu 


via [ 1,3]-proton exchange, whereas the disilyl alkyl- 
phosphinimine 8 is not fluxional.12 The combination of 
these results strongly suggests that [ 1,3] -proton exchange 
is the more likely of the two pathways for compounds 6a 
and 6b. Once again, it is noted that the compound with 
the more electron-releasing substituent (i.e., OMe in 6a) 
has the lower barrier to the rearrangement process. 


Experimental Section 
Materials and General Procedures. The following reagents 


were obtained from commercial sources and used without puri- 
fication: iodoalkanes, methanol, 2,2,2-trifluoroethanol, bromine, 
iodine, TMEDA, triethylamine, and methyllithium (ether solu- 
tion). Benzene and ether were distilled from CaH2 prior to use; 
other solvents were dried over molecular sieves. The imino- 
phosphine (Me3Si)2N-P=NSiMe3 (1)" and the PQ-dimethyl- 
phosphinimine 5d2' were prepared and purified according to 
published procedures. Bis[bis(trimethylsilyl)amino]methyl- 
phosphine (3) was prepared by a modification of the Wilburn 


full details of the synthesis and characterization of 
3 will be reported as part of another study.% Proton NMR spectra 
were recorded on a Varian EM-390 spectrometer; 13C and 31P 
NMR spectra, both with 'H decoupling, were obtained in the F T  
mode on a JEOL FX-60 instrument. Elemental analyses were 
performed by Schwankopf Microanalytical Laboratory, Woodside, 
N.Y. 
All reactions and other manipulations were carried out under 


an atmosphere of dry nitrogen or under vacuum. The procedures 
described herein are typical of those used for the preparation of 
new compounds in this study. 
P-(Bis(trimethylsily1)amino)-P-tert -butyl-P-iodo-N- 


(trimethylsily1)phosphinimine (2a). The iminophosphine 1 
(18.80 g, 67.5 "01) was weighed under N2 in a WmL flask which 
was then equipped with a magnetic stirrer and an adapter with 
a Nz-inlet side arm and a rubber septum. The flask was cooled 
to 0 "C and tert-butyl iodide (8.04 mL, 67.5 mmol) was added 
via syringe. The mixture was warmed to room temperature and 
stirred for 2 h. Iodotrimethylsilane was removed under vacuum 
and identified by comparison of its 'H NMR to that of an au- 
thentic sample. Nearly a quantitative yield of phosphine imine 
2a remained as a viscous yellow liquid of good purity based on 
NMR data (Table 11). Attempted distillation (bath temperature 
ca. 130 "C) under vacuum resulted in decomposition with Me3SiI 
evolution and formation of unidentified yellow solids. The com- 
position of 2a was further confirmed by the preparation of ita 
stable P-methyl derivative 5a. 


The analogous compounds 2b and 2c were prepared by the 
same procedure except that longer reaction times (ca. 18-24 h) 
were required. As reported by Niecke,'* the ethyl derivative 2c 
could be distilled (bp 112-115 "C (0.2 mm)) without decompo- 
sition. 
P-(Bis(trimethylsilyl)amino)-P-iodo-P-methyl-N-(tri- 


methylsily1)phosphinimine (2d). A solution of iodine (ca. 4.6 
g, 18 "01) in benzene (60 mL) was added dropwise to a stirred 
solution of the bis(amin0)phosphine 325 (6.01 g, 16.4 mmol) in 
benzene (30 mL) at 0 O C .  This titration-like addition was stopped 
when a faint orange color of iodine persisted in the solution. The 
mixture was then stirred for 90 min at room temperature before 
benzene and Me3SiI were removed under vacuum. Distillation 


(23) Scherer, 0. J.; Schnabl, G.; Lenhard, Th. 2. Anorg. A&. Chem. 


(24) Neilson, R. H.; Wisian-Neilson, P. Znorg. Chem., in press. 
(25) Manuscript in preparation. 


1979,449, 167. 
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Table 111. Variable-Temperature 'H NMR Data" for (Sily1amino)phosphinimines 
R '  


Me S I  I 
"--P=NS,Me3 


R' I 
X 


compd R R' X solvent T,, "C A v ,  Hz A G  *, kcal/mol 
- 


2a 
2b 


2c 


2d 
4 
5a 
5b 
5c 
5d 


Me,Si 
Me,Si 


Me,Si 


Me,Si 
Me,Si 
Me,Si 
Me,Si 
Me,Si 
Me,Si 


t-Bu 
i-Pr 


Et 


Me 
Me 


i-Pr 
Et 
Me 


t-Bu 


[ 1,3]Silyl Exchange 
I CH,Cl, 
I neat 


I 


I 
Br 
Me 
Me 
Me 
Me 


anisole 
neat 
anisole 
neat 
neat 
CH,Cl, 
CH ,C1, 
CH,Cl, 
CH,Cl, 


12 
97 
90 
60 
51 
72 
77 
18 
15 
-3 
-3 


33.6 
30.6 
26.0 
30.6 
24.0 
34.8 
34.2 
19.8 
28.2 
28.8 
28.8 


14.2 
18.7 
18.5 
16.8 
16.5 
17.3 
17.6 
14.8 
14.5 
13.5 
13.5 


P-N( R)SiMe, Rotation 
2a Me,Si t-Bu I CH,Cl, -12 6.2 13.9 
2b Me,Si i-Pr I CH,Cl, -74 5.1 10.6 
5a Me,Si t-Bu Me CH,Cl, -54 29.1 10.8 


[ 1,3]-Proton Exchange 


6b H t-Bu OCH,CF, CH,Cl, > 45 15.3 > 16.4  
6a H t-Bu OMe CH,Cl, -40 16.8 11.9 


a Estimated experimental uncertainties in AG * are ?: 0.5 kcal/mol. 


afforded 2d as a pale yellow liquid which crystallized on standing 
(Tables I and 11). An identical procedure using bromine gave the 
analogous P-bromophosphinimine 4 as a colorless liquid. 


P - (Bis (trimethylsily1)amino) -P - tert -butyl-P -met hyl- 
N-(trimethylsily1)phosphinimine (5a). Methyllithium (22.6 
mL, 1.4 M in E g o )  was added with stirring to a solution of 2a 
(13.95 g, 30.2 m o l ;  freshly prepared as described above) in EhO 
(100 mL) at 0 "C. After ca. 30 min, no formation of LiI was evident 
so TMEDA (4.78 mL, 31.7 mmol) was added to accelerate the 
reaction. The mixture was warmed to room temperature and 
stirred overnight. After filtration under nitrogen and solvent 
removal under reduced pressure, distillation afforded 5a as a 
colorless liquid (Tables I and 11). The same procedure was used 
to prepare compounds 5b and 5c. 


P-tert -Butyl-P-methoxy-P-( (trimethylsily1)amino)-N- 
(trimethylsi1yl)phosphinimine (6a). A 500-mL, three-necked 
flask, equipped with an addition funnel and a paddle stirrer, was 
charged with the iodophosphinimine 2a (13.09 g, 28.3 mmol), EbO 
(150 mL), and EbN (7.9 mL, 56.6 "01). The mixture was cooled 
to 0 OC, and a solution of methanol (2.3 mL, 56.6 mmol) in E g o  
(50 mL) was added dropwise. Immediate precipitation of E @ H I  
was observed. The mixture was then w m e d  to room temperature 
and stirred overnight. Filtration under nitrogen and solvent 
removal under reduced pressure gave a cloudy, viscous liquid 
residue. Distillation gave a major fraction (ca. 5 mL; bp 65-70 
"C (0.2 mm)) which contained 6a and other unidentified producta. 
Redistillation afforded a pure sample of 6a as a colorless liquid 
(Tables I and 11). Compound 6b was prepared by the same 
procedure from 2a and CF3CH20H. 


Dynamic NMR Spectra. All spectra were recorded on the 
Varian EM-390 instrument equipped with a standard Varian 
temperature controller. Temperatures were regulated to an es- 
timated f2 "C and were calibrated against methanol and ethylene 
glycol reference samples. The no exchange chemical shift dif- 
ference Av and the coalescence temperature T, were determined 
from the spectra. The AG* values were calculated26 by the so- 
called approximate method2' which has been shown to give ac- 
curate results when applied to such two-site exchange proteases.% 
The data are summarized in Table III. Values of AG* measured 
for the same compound in different solvents never differed by 
more than 0.5 kcal/mol. 
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The reaction of l,l’-dilithioferrocene-tetramethylethylenediamine with the respective phosphorus and 
arsenic dichloride was used in the preparation of (1,l’-ferrocenediy1)phenylphosphine and methylphosphine 
and (1,l’-ferrocenediy1)phenylarsine. The reactions of these [ llferrocenophanes are of two types: (a) those 
which occur with retention of the ferrocenophane system (e.g., those with elemental sulfur, with THF.W(CO)5, 
and Fe2(CO)9 in THF); (b) those which occur with opening of the ferrocenophane system. Phenyllithium 
and other RLi react in the latter manner to give l-phosphine (or l-mino-) 1’-lithioferrocenes whose reactions 
with several electrophiles were studied. The reaction of 1,l’-dilithioferrocene with diorganotin dichlorides 
gave 1,1,12,12-tetraalkyl[1.l]stannaferrocenophanes in very low yield, in addition to high yields of polymeric 
material. 


Introduction 
The first [llferrocenophanes, (1,l’-ferrocenediy1)di- 


phenylsilane and bis( 1,I’-ferrocenediyl)silane, were pre- 
pared in 1975 by the reaction of 1,l’-dilithioferrocene with 
diphenyldichlorosilane and silicon tetrachloride, respec- 
tive1y.l Since then, other group 4b bridged ferroceno- 
phanes have been ~ r e p a r e d . ~ P  Such silicon-bridged [ 11- 
ferrocenophanes have been found to be considerably more 
reactive than the usual organosilicon compounds with four 
S i 4  bondsa2 It seemed probable that heteroatom groups 
other than R2Si and R2Ge could be introduced as bridges 
into [llferrocenophanes, and we undertook to  prepare 
some [llferrocenophanes with group 5 atom bridges, Le., 
R P  and RAs. 


We have reported preliminary results of our work in this 
area: and we describe here full details of these experiments 
as well as of further studies. Of particular interest is our 
discovery of the organolithium-induced ring-opening re- 
actions of the RP- and RAs-bridged [llferrocenophanes. 
We report also concerning our attempts to prepare R2Sn- 
bridged [llferrocenophanes. When the present work was 
in ita later stages, Osborne and co-workers reported in- 
dependently on the preparation3 and structure6 of the 
PhP-bridged ferrocenophane. 


Results and Discussion 
(1,l’-Ferrocenediyl)phenylphosphine, 1, (1,l’- 


ferrocenediyl)methylphosphine, 2, a n d  (1,l’- 
ferrocenediyl)phenylarsine, 3, were prepared by the ad- 
dition of the appropriate RPC12 or PhAsC1, in hexane 
solution to a suspension of 1,l’-dilithioferrocene-tetra- 
methylethylenediamine6 in hexane a t  -78 ‘C and subse- 
quent slow warming of the reaction mixture to room tem- 
perature. The product yields were not high, and deviation 


(1) Osborne, A. G.; Whiteley, R. H. J. Organomet. Chem. 1976,101, 
C27. 


( 2 )  Fiecher, A. B.; Kinney, J. B.; Staley, R. H.; Wrighton, M. S. J. Am. 
Chem. SOC. 1979,101,6501. 


(3) (a) Osborne, A. G.; Whiteley, R. H.; Meads, R. E. J. Organomet. 
Chem. 1980,193,345. (b) Osborne, A. G.; Whiteley, R. H.; Hollands, R. 
E. Proceedings of the Ninth International Conference on Organometallic 
Chemistry, Dijon, Sept 3-7, 1979; Abstract P14T. 


(4) Seyferth, D.; Withers, H. P., Jr. J. Organomet. Chem. 1980,185, 
c1. 


(5) Stoeckli-Evans, H.; Osbome, A. G.; Whiteley, R. H. J. Orgummet. 
Chem. 1980,194,91. 


Merrill, R. E.; Smart, J. C. J. Orgclnomet. Chem. 1971,27, 241. 
(6) Bishop, J. J.; Davison, A.; Katcher, M. L.; Lichtenberg, D. W.; 


Table I. Electronic Spectral Data for 
(q ’-CSH )Fe( q ’4, H,PPh, ) and 


(1,l‘-Ferrocenediy1)phenylphosphine and -arsine 
and Their Derivatives 


&I” 
compd solvent nm E ,  cm2/mol 


( C 5 H 5  )Fe(C5H4 CH,Cl, 440 143 
Fe(C,H,-),PPh hexane 498 408 
Fe( C,H,-),PMe hexane 498 410 
Fe(C.H.-LAsPh hexane 494 312 
FeiClHa- j;P(S)Ph Et,O 485 (poor 


solubility) 
Fe(C,H,-),PPh.W(CO), CH,Cl, 494 439 
Fe(C,H,-),AsPh.W(CO), CH,Cl, 492 330 


from the cited reaction conditions gave even lower yields 
or no ferrocenophane product  a t  all. (1,l’- 


F e  PPh, Fe PR Fe AsPh 


l , R = P h  3 
2 , R = M e  


4 


Ferrocenediyl)phenylphosphine, the compound with which 
we carried out most of our subsequent studies, was ob- 
tained in yields of 35-50% in the form of slightly air- 
sensitive, brick-red nuggets. The methyl derivative was 
isolated in 19% yield, and red nuggets of (1,l’- 
ferrocenediy1)phenylarsine were obtained in 34% yield. All 
three compounds are soluble in common organic solvents. 
Upon exposure to air, their solutions deposit a tan solid 
over a period of several hours. In the solid state they 
appear to be stable when stored under an  inert atmo- 
sphere. 


In order to  understand the spectroscopic and some of 
the chemical properties of 1-3, i t  is useful to  comment 
briefly on the structure of la5 A generalized [1]- 
ferrocenophane structure is shown in Figure 1. Charac- 
teristic parameters are the ring tilt angle a and the de- 
viation of the bridging substituent from the C5 ring plane, 
8. (In ferrocene the Cs rings are parallel.) In 1, a = 26.7’ 
and 8 = 32.5’. The C-P-C angle y = 90.6’. 


The electronic spectra of 1-3 and of several derivatives 
of 1 and 2 in which the [llferrocenophane system has been 
retained are given in Table I. The electronic spectra of 
ferrocene and unbridged substituted ferrocenes such as 4 
show a major absorption band a t  440 nm. I t  has been 
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Table 11. Chemical Shifts 


3 2  


..& 2 3 '  


,' 5'  


chem 
carbon chem shift" carbon chem shift" carbon shifta 


76.6 (d ,  J(C-P) = 8 Hz) Cp, C( l), C( 1') 18.7 (d ,  J(C-P) = 54 Hz) Cp, C( l), C( 1') 18.3 
C(2)-C(5), C(2')-C(5') 76.5-77.7 


C( 1) 


C(l')-C(5') 69.3 (s) C(2) 
phenyl normal shift values C( 3) 


C(4) 


C(2), C(5) 73.1 (d,J(C-P) = 15 Hz) C(2)-C(5), C(2')-C(5') 76.6-78.2 
C(3), C(4) 70.9 (d, J(C-P) = 4 Hz) Ph, C( 1) 137.8 (d, J(C-P) = 11 Hz) Ph, C(1) 139.0 


130.7 (d,  J(C-P) = 16 Hz) C(2) 132.7 
129.1 
127.9 


128.9 (d, J(C-P) = 2 Hz) C(3) 
127.9 (s) C(4) 


" These values were obtained in C6D6 solution and are reported in 6 c units ppm downfield from tetramethylsilane using the 
center line of C6D, as reference at 128 ppm. The NMR spectrometer was operated in the proton-decoupled mode. 


Figure 1. Structure of (1,l'-ferrocenediy1)phenylphosphine. 


found that the position and intensity of this band are 
affected by deviations of the C5 rings from the parallel 
configuration.' In the spectra of ferrocenophanes with 
a tilted ring system this band is shifted to lower energy 
and increases in intensity. The shifts reported for [1]- 
ferrocenophanes are larger than any reported for other 
[nlferrocenophanes, and such shifts of 40-60 nm to lower 
energy apppear to be characteristic of this class of sub- 
stituted ferrocenes. 


The 13C NMR spectra of 1 and 3 clearly reflect the bond 
angle distortion (i.e., /3) a t  the ipso-carbon atom of the 
cyclopentadienyl rings [C(l)  and C(l')] to which the 
bridging P P h  or AsPh unit is attached (Table 11). The 
C( 1) carbon atom resonance in the 13C NMR spectrum of 
(diphenylphosphino)ferrocene, 4, is found a t  6c 76.6 (d, 
J(C-P) = 8 Hz). In contrast, the C(1) and C(1') resonances 
in the 13C NMR spectrum of 1 are shifted by 60-ppm 
upfield to bC 18.7, with J(C-P) increased substantially to 
54 Hz. A similar upfield shift of the C(l)/C(l ') resonances 
was found for 3. Such shifts may be indicative of a change 
from sp2 hybridization to one approaching sp3,8 but there 
appears to be no quantitative relationship between the 
magnitude of the shift and any single structural feature. 


The 31P NMR spectra of 1 and 2 are unexceptional. For 
1, the 31P resonance is found a t  bp 11.5 and for 2 is found 
a t  bP -13.2. For comparison, b p  for 4 occurs a t  -17.1. The 
mass spectra of 1-3 all showed the molecular ion. For the 
phosphorus compounds M+ was the most intense peak in 
the mass spectrum. 


There are two types of reactions of [ llferrocenophanes 
1-3: (a) those in which the [llferrocenophane system is 
retained in the product and (b) those in which the [1]- 
ferrocenophane bridge is broken to give a 1,l'-disubstituted 
ferrocene. Reactions which involve donation of the lone 
electron pair of the group 5 atom in 1-3 are of type a. 
Thus, reaction with elemental sulfur in benzene solution 
a t  room temperature converted 1 to  the corresponding 
fairly air-stable, red-brown phosphine sulfide, 5, without 
disruption of the [llferrocenophane system, as its elec- 


tronic spectrum in Table I clearly shows. Also, 1 and 3 
can serve as tertiary phosphine and arsine ligands in 
transition metal carbonyl complexes. The reactions of 1 
and 3 with THF.W(CO)5 and of 1 with Fe2(C0)9 in THFS 
gave stable substitution products 7,8 and 9, respectively, 
as red, crystalline solids. The 31P NMR spectrum of 7 
showed the expected downfield shift of the phosphorus 
resonance from that of the free ligand to bP 25.1, with lBW 
satellites (J(P-W) = 247 Hz). The observed coupling 
constant is similar in magnitude to other J(P-W) values 
reported in the literature.1° The  electronic spectra of 7 
and 8 were consistent with the [llferrocenophane structure 
(Table I). 


5 ,  R = Ph 7 , M = P  
6, R = Me 8 , M = A s  


9 10 


The isolation of a stable phosphonium salt, 10, by re- 
action of 1 with iodomethane was not successful. A re- 
action in benzene a t  room temperature proceeded with 
precipitation of a tan-red solid during a 24-h period. The 
latter initially was completely soluble in dichloromethane 
but after a period of minutes began to decompose with 
deposition of a brown solid, even under an inert atmo- 
sphere. An attempt to prepare the Reinecke salt by re- 
action with NH4[Cr(NHJ2(SCN)JH2O in methanol failed. 
A partial characterization of the phosphonium iodide by 
NMR spectroscopy nevertheless was possible. The 31P 
NMR spectrum of the reaction solution after the reactanta 
had been mixed showed a single resonance at  6p 36.0 and 
the proton NMR spectrum showed the presence of the CH3 
group attached to phosphorus as a doublet a t  6 2.8 with 
J(P-H) = 15 Hz. The decomposition of the phosphonium 
halide was followed by proton NMR spectroscopy: after 
12 h the signals due to this species no longer were present 
and no new signals had appeared. The nature of the de- 
composition process remains unknown, but nucleophilic 


(7) Watts, W. E. Organomet. Chem. Rev., Sect. A 1967,2, 231. 
(8) Levy, G. C.; Nelson, G. L. "Carbon-13 Nuclear Magnetic Resonance 


for Organic Chemists"; Wiley-Interscience: New York, 1972. 


(9) Cotton, F. A.; Troup, J. M. J.  Am. Chem. SOC. 1974, 96, 3438. 
(10) Grim, S. 0.; Wheatland, D. A.; MacFarlane, W. J. Am. Chem. Soc. 


1967,89, 5573. 
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Table 111. Substituted Ferrocenes Prepared by Reactions of the Lithium Reagents Derived from 
(1 ,l'-Ferrocenediy1)phenylphosphine and -arsine 


RLi reactant product mp, "C yield, % 


A. Reagents Derived from (1,l'-Ferrocenediyl)phenylphosphine/RLi 
(q5-C,H,)Fe(q5-C,H,PPh,) 
(q -C, H,SnMe, )Fe( q C,H,PPh , ) PhLi Me3SnC1 


PhLi Ph,PCl Fe( q5-C,H4PPh,), 
PhLi Me,SiCl (q -C,H,SiMe,)Fe(q -C,H,PPh,) 
PhLi Ph,SnCl (q5-C,H4SnPh,)Fe(qS-C,H,PPh,) 


t-Bu Li/ E t, 0 
PhLi Ph3SiC1 (q5-C,H,SiPh3)Fe(q5-CsH4PPh,) 


PhLi H2O 


(q -C,H,)Fe( q -C,H,PMePh) 
(q5-C,H,)Fe[qS-C,H,P(S)Ph-t-Bu] 
(q -C , H , )Fe [ q -C ,H ,P (S )( Ph )CH ,CH ,CM e , ] 


MeLi H2O 
t-BuLi/ hexane H2O (S,) 


HZ0 (S,) 


Reactions 


oil 


oil 


120-123 


184-185 


152-154 
69-7 1 
132.5-134 
121-122 
157-159.5 


80 
61 
79 
99 
47 
29 
47 
29 
43 


B. Reagent Derived from ( 1,l'-Ferrocenediyl)phenylarsine/PhLi Reaction 
PhLi H,O (q -C,H,)Fe( q 5  -C,H,A&'h,) 129-130 73 
PhLi Ph,PCl (q '-C,H,AsPh,)Fe( qS-C,H,PPh,) 164-165.5 53 


attack by iodide ion a t  the phosphonium center to open 
the strained [ llferrocenophane system seems a reasonable 
possibility for the first step. 


Nucleophilic attack a t  the phosphorus atom of tertiary 
phosphines is rather rare, but we expected that such attack 
might be successful a t  the phosphorus atom of the strained 
RP-bridged [ llferrocenophanes. Chosen for study was the 
reaction of 1 with organolithium reagents which are 
well-known to be potent nucleophiles. We found that the 
reactions of 1 (and of 3) proceeded as shown in eq 1, that 


L 


11 


they were of type b in which the ferrocenophane system 
was opened. These reactions represent a new and useful 
synthesis of ferrocenyllithium reagents and by means of 
these reagents access is provided to diverse new mono- and 
disubstituted ferrocenes. 


It should be apparent that conversions of the type shown 
in eq 1 will be very condition dependent since a reaction 
of an organolithium reagent with a reactive substrate 
produces a new organolithium reagent. At the later stages 
of the reaction, the product organolithium species may be 
expected to  compete with the reactant organolithium 
compound for the  reactive substrate,  the  [1]- 
ferrocenophane. Two methods were found to deal with 
this potential complication: (1) addition of the [1]- 
ferrocenophane to an excess of the organolithium reagent 
in diethyl ether (soluble system) and (2) slow addition of 
the [llferrocenophane to  an equimolar quantity of the 
organolithium reagent in hexane. The latter procedure is 
successful because the organolithium compound which is 
produced (11 in eq 1) is insoluble in hexane and thus its 
reaction with the ferrocenophane is minimized. This al- 
ternate procedure can give product yields of up to 70%, 
and it is preferred since an  excess of the reactant organ- 
olithium reagent and of the final substrate is not required. 
The reactions which were carried out and the products 
which resulted are listed in Table 111. All products are 
either phosphino- or arsinoferrocenes and, as such, may 
be of interest as ligands in transition-metal complexes. 


In general, the products were isolated as golden yellow, 
crystalline solids. The ring-opening reaction proceeded 
most readily with phenyllithium. The reaction of 1 with 
methyllithium proceeded more slowly. tert-Butyllithium 
reacted more readily with the diethyl ether solvent used 
in the first experiment to  give a new lithium reagent, 
Me3CCH2CH2Li.11 The latter then reacted with 1. The 


product formed in this reaction (after hydrolytic workup), 
(q5-C5H5)Fe(a5-C5H4P(Ph)CH2CH2CMe3), was an oil and 
was converted to the crystalline phosphine sulfide. This 
complication was avoided by carrying out the t -BuLi/ l  
reaction in hexane; the product, after hydrolysis and 
treatment with elemental sulfur, was the expected (a5- 
C5H5)Fe(v5-C5H4P(S)(Ph)CMe3. 


An attempt to extend this [ llferrocenophane ring- 
opening chemistry to Grignard reagents was not successful. 
Phenylmagnesium bromide did not react with 1 in T H F  
a t  room temperature, and only decomposition to a black 
powder occurred when such a reaction mixture was heated 
a t  reflux for 4 h. 


The RLi/[l]ferrocenophane reactions may be carried out 
in such a way that the subsequent reaction of the product 
lithium species (11 in eq 1) with as yet unconverted [1]- 
ferrocenophane is favored. This produces oligomers, and 
such chemistry will be the subject of the next paper of this 
series. 


I t  has been reported3 that attempts to prepare organo- 
tin-bridged [ llferrocenophanes were unsuccessful, only 
polymeric products (which were only partially character- 
ized) being obtained. We have carried out reactions of 
l,l'-dilithioferrocene-tetramethylethylenediamine complex 
with diethyl- and di-n-butyltin dichloride in hexane. A 
ferrocenophane of type 12 was not obtained. The major 
product in each reaction was a tan, insoluble, obviously 
polymer solid. However, in each reaction a low yield of 
an orange crystalline solid could be isolated. These 
products were identified as 13a and 13b on the basis of 
their combustion analyses and mass spectra (which showed 
the molecular ion, M+). The electronic spectra of 13a and 
13b showed A,, a t  465 nm with E 171 cm2/mol. This 
represents a shift to lower energy of about 25 nm from 
ferrocene and thus may be indicative of some degree of ring 
tilt. The 13C NMR spectrum of 13a suggests that  only a 
very small amount of bond distortion at  C(1) and C(1') is 
occurring since the signal due to these carbon atoms is 
observed a t  6c 67.7. A crystal structure determination of 
13a or 13b would be of interest, and we hope to report on 
the results of such a study a t  a later date. 


Experimental Section 
General Comments. All reactions were carried out under an 


atmosphere of prepurified nitrogen unless otherwise indicated. 
Air- and/or moisture-sensitive materials were handled either in 
a Vacuum Atmospheres HE-43 Dri-Lab glovebox or with use of 
standard Schlenk techniques. Hexane, benzene, toluene, diethyl 


(11) (a) Bartlett, P. D.; Friedman, S.; Stiles, M. J. Am. Chem. SOC. 
1953, 75,1771. (b) Bartlett, P. D.; Tauber, S. J.; Weber, W. P. Zbid. 1969, 
91, 6362. 
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12 d 'R 


13a, R = Et 
b, R = n-Bu 


ether, and tetrahydrofuran (THF) were purified by distillation 
from potassium or sodium benzophenone ketyl under a nitrogen 
atmosphere. All other solvents were of reagent grade and were 
used without further purification unless oxygen-free solvent was 
needed; then the solvent was purged with nitrogen for ca. 15 min. 
For the more air-stable compounds thin-layer chromatography 
(TLC) could be used to monitor the progress of the reaction being 
studied (Eastman or J. T. Baker silica gel plates), and filtration 
chromatography could be used to isolate the desired product by 
using silicic acid as the support (Mallinckrodt reagent, 100 mesh). 
The colors of the compounds made visualization of the chroma- 
tographs straightforward. 


l,l'-Dilithioferrocene-tetramethylethylenediamine was pre- 
pared according to the published procedure of Davison and co- 
workerss and stored in the glovebox. Ferrocene (Strem) and 
n-butyllithium (Alfa/Ventron, solution in hexane) were obtained 
from commercial sources and used as received. N,N,N',N'- 
Tetramethylethylenediamine (TMEDA, Aldrich) was distilled 
from barium oxide under nitrogen. Phenyldichlorophosphine 
(Alfa/Ventron) and methyldichlorophosphe (Ethyl Corp.) were 
distilled at reduced pressure and atmospheric pressure, respec- 
tively, under a nitrogen atmosphere immediately prior to use. 
Phenyldichloroarsine was prepared by the method of Michaelis12 
and distilled at reduced pressure prior to use (bp 102-103 "C at 
4 mm (lit.12 249 "C at 760 mm)). Phenyllithium was prepared 
according to the published p r ~ e d u r e ' ~  as a solution in diethyl 
ether. Phenyllithium, methyllithium (Alfa/Ventron, solution in 
ether), and tert-butyllithium (Alfa/Ventron, solution in n-pentane) 
were all assayed prior to use according to the double titration 
method of Gilman.14 All other specific reagents were prepared 
and/or purified prior to use as indicated and referenced in the 
detailed experimental procedure of each reaction. 


Proton nuclear magnetic resonance spectra were recorded at  
60 MHz on a Varian Assoc. T-60 or Hitachi Perkin-Elmer R-24B 
spectrometer and at 250 MHz on a BrOker WK-250 spectrometer 
operating in the Fourier transform mode. Chemical shifts are 
reported in 6 units, parts per million downfield from internal 
tetramethylsilane. Phosphorus-31 NMR spectra were recorded 
on either a Briiker HFX-90 spectrometer interfaced with a Digilab 
FTS/NMR-3 data system or on a JEOL FX-9OQ spectrometer 
both operating at 36.2 MHz in the Fourier transform mode. The 
31P chemical shifts are reported in b p  units, parts per million 
downfield from 85% aqueous using external triphenyl- 
phosphine (in the same solvent as the sample) as the referenced 
signal at  -6 ppm. Carbon-13 NMR spectra were recorded on a 
JEOL FX-9OQ spectrometer operating at 22.4 MHz in the Fourier 
transform mode. Infrared spectra were obtained by using a 
Perkin-Elmer 457A double-beam grating spectrophotomer. So- 
lution samples were contained in 0.1-mm path length sodium 
chloride solution cells. Mass spectra were recorded on a Varian 
MAT-44 mass spectrometer operating at  70 eV. Samples were 
submitted in sealed evacuated vials when necessary. Electronic 
spectra were recorded on a Cary 17 instrument in nitrogen-purged 
1.0 mm solution cells. Melting points were determined by using 
analytically pure samples, which were sealed in evacuated or 
nitrogen-fded capillaries, on a Biichi melting point apparatus and 
are uncorrected. 


General Procedure for the Preparation of Phosphorus- 
and Arsenic-Bridged [ 11Ferrocenophanes and Tin-Bridged 
[ l.l]Ferrocenophanes. A 300-mL thee-necked, Morton flask 
was charged with the appropriate amount of 1,l'-dilithio- 


(12) Michaelis, A. Ber. Dtsch. Chen.  Ges. 1875, 8, 1316. 
(13) Jones, R. G.: Gilman. H. Ora. React. 1951.6.339. 


ferrocenetetramethylethylenediamine in the glovebox. The flask 
was fitted with a gas inlet tube and two noair stoppers and then 
was removed from the glovebox and attached to a Schlenk ma- 
nifold. The no-air stopper of the middle neck was replaced with 
a mechanical stirring unit against a counterflow of nitrogen. 
Hexane (ca. 200 mL) was cannulated into the flask and the yellow 
slurry cooled to -78 "C while being stirred. 


Meanwhile, a flame-dried, nitrogen-purged, 50-mL one-necked 
round-bottom flask was charged with the appropriate amount of 
phosphine, arsine, or tin dichloride. To this was added 25 mL 
of hexane, and the solution was cooled to -78 "C. This solution 
was then cannulated into the flask containing the dilithio- 
ferrocene/hexane slurry, and the resulting mixture was stirred 
vigorously while it was allowing to warm slowly. In all cases but 
the tin dichloride reactions a red color began to appear above 0 
"C. At the point where the red color reached its greatest intensity 
(usually near room temperature) the stirring was stopped and the 
orange-tan solid settled to the bottom of the flask fairly rapidly. 
In the tin dichloride reactions no color change was observed and 
the reaction mixture was stirred at room temperature overnight. 
The remaining workup was analogous. The reaction mixture was 
treated with 5-10 mL of saturated aqueous NH,Cl solution. The 
"dry endpoint" was difficult to determine. The mixture was 
filtered under nitrogen, and the solvent was removed in vacuo. 
The resulting residue was placed under vacuum (0.03 mm) ov- 
ernight and then extracted under nitrogen with hexane until the 
extracts were colorleas. The extracts were combined, concentrated 
in vacuo, and cooled to -30 "C under nitrogen to yield crystalline 
material. During recrystallization of the phosphine- and ar- 
sine-bridged [ llferrocenophanes a small amount of yellow pre- 
cipitate formed which was not soluble in hexane. It was not 
characterized. Analytical samples were recrystallized three times 
prior to analysis. 


A. Reaction of 1,l'-Dilithioferrocene-Tetramethyl- 
ethylenediamine with Phenyldichlorophosphine. Following 
the general procedure, a reaction was carried out between 1,l'- 
dilithioferrocenetetramethylethylenediamine (6.00 g, 18.9 "01) 
and PhPClz (2.58 mL, 19.0 "01). Recrystallization from hexane 
at -30 "C yielded 2.12 g (7.2 mmol, 38%) of moderately air- 
sensitive, brick-red nuggets. The product must be stored under 
nitrogen but could be handled in air for weighing and transfer 
purposes. It was identified as (1,l'-ferrocenediy1)phenylphosphine: 
mp 100-102 "C; IR (CH2C12) 3070 (w), 3040 (w), 2955 (w), 1584 
(m), 1481 (m), 1430 (w), 1379 (m), 1321 (w), 1292 (w), 1186 (m), 
1117 (s), 1069 (w), 1031 (s), 1019 (e), 880 (m), 854 (m), 812 (s), 
662 (w) cm-'; 'H NMR (toluene-d8) 6 4.55 (m, 2 H, Cp), 4.27 (m, 
6 H, Cp), 7.22 (m, 3 H, Ph), 7.60 (m, 2 H, Ph); 31P(1H} NMR ( C a d  
bP +11.5 (8); UV-vis (hexane) X 498 (c 408 cm2 mol-'), 415 nm (sh, 
123); maas spectrum, m/e (relative intensity) 292 (M+, 100). Anal. 
Calcd for C16H13FeP (292.11); C, 65.78; H, 4.49. Found C, 66.02; 
H, 4.51. 


B. Reaction of 1,l'-Dilithioferrocene-Tetramethyl- 
ethylenediamine with Methyldichlorophosphine. Following 
the general procedure a reaction was carried out between 1,l'- 
dilithioferrocenetetramethylethylenediamine (5.00 g, 15.8 "01) 
and MePC12 (1.44 mL, 16.0 mmol). The red color, indicating 
product formation, occurred between 10 and 20 "C and is a 
somewhat subtle change. Recrystallization from hexane at -30 
"C yielded 0.68 g (3.0 mmol, 19%) of moderately air-sensitive, 
brick-red flakes identified as (1,l'-ferrocenediy1)methylphosphe: 
mp 70-72 "C dec; Ir (CHzC12) 3091 (w), 3038 (w), 2961 (w), 2918 
(w), 1405 (w), 1378 (m), 1287 (m), 1185 (m), 1128 (s), 1105 (m), 
1031 (m), 1028 (s), 884 (s), 852 (m), 811 (s), 660 (w) cm-'; 'H NMR 
(C6D6) b 1.38 (d, 3 H, J(P-H) = 6 Hz, CH3), 4.28 (m, 6 H, Cp), 
4.41 (m, 2 H, Cp); 31P(1H} NMR (c6H6) aP -13.2 ( 8 ) ;  UV-Vis 
(hexane) X 498 (c 410 cm2 mol-'), 404 (sh, (108), 315 nm (sh, (486); 
mass spectrum, m/e (relative intensity) 230 (M', loo), 215 (M' 
- CH3, 20.5). Anal. Calcd for Cl1Hl1FeP (230.04); C, 57.43; H, 
4.83. Found C, 57.39; H, 4.78. 


C. Reaction of 1,l'-Dilithioferrocene-Tetramethyl- 
ethylenediamine with Phenyldichloroarsine. Following the 
general procedure a reaction was carried out between 1,l'-di- 
lithioferrocene-tetramethylethylenediamine (5.00 g, 15.8 mmol) 
and PhAsC12 (2.20 mL, 16.5 "01). Recrystallization from hexane 
at -30 "C yielded 1.77 g (5.3 "01, 34%) of slightly air-sensitive, 


(14) Gilmh,  H.; Cartledge, F. K-J. Organomet. Chem. 1964,2,447. brick-red nuggets identified as (1,l'-ferrocenediy1)phenylarsine: 
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mp 107.5-109 "C; IR (CCJ 3095 (vw), 3070 (w), 3059 (vw), 3012 
(vw), 2999 (vw), 2955 (w), 2925 (w), 2860 (w), 1576 (w), 1480 (m), 
1432 (m), 1378 (w), 1299 (w), 1187 (m), 1147 (w), 1122 (s), 1079 
(w), 1064 (w), 1027 (s), 1014 (s), lo00 (vw), 910 (w), 886 (w), 871 
(m), 846 (w), 699 (s), 675 (w), 639 (w) cm-'; 'H NMR ( C a d  6 4.33 
(m, 6 H, Cp), 4.52 (m, 2 H, Cp), 7.10 (m, 3 H, Ph), 7.55 (m, 2 H, 
Ph); UV-vis (hexane) X 494 ( E  312 cm2 mol-'), 408 nm (sh, 117); 
mass spectrum, m/e (relative intensity) 337 (M', 2.2), 260 (M' 
- Ph, 2.4). Anal. Calcd for C18H13AsFe (336.06): C, 57.18; H, 
3.91. Found C, 57.10; H, 4.09. 


D. Reaction of 1,l'-Dilithioferrocene-Tetramethyl- 
ethylenediamine with Diethyltin Dichloride. Following the 
general procedure, a reaction was carried out between 1,l'-di- 
lithioferrocene-tetramethylethylenediamine (5.00 g, 15.8 mmol) 
and EhSnCl, (4.00 g, 16.1 "01, M&T Chemicals, recrystallized 
from hexane). During the course of reaction no color change was 
observed and the mixture was stirred vigorously at  room tem- 
perature overnight. The stirring was stopped, and the tan-yellow 
precipitate settled to the bottom leaving an orange-yellow hexane 
layer. TLC (25% dichloromethane/75% hexane mixture) indi- 
cated an orange band eluting with a similar Rf as ferrocene, but 
the color was too orange for it to be ferrocene. Workup was 
continued as described in the General Procedure. The golden 
solid obtained from the recrystallization step was further purified 
by filtration chromatography, eluting with a 25% dichloro- 
methane/75% hexane mixture. The major band, upon removal 
of the solvent, gave 0.46 g of a golden solid. Recrystallization from 
hexane at -30 "C yielded 0.35 g (0.5 mmol, 6%) of air-stable, gold 
nuggets identified as 1,1,12,12-tetraethyl[l.l]stanna- 
ferrocenophane: mp 189-190 OC; 'H NMR (CDCl,) 6 0.37-1.93 
(m, 10 H, Et  including "'Sn and 'l9Sn satellites), 4.13 (t, 4 H, J 


4.3 (CH,), 11.2 (CH,), 67.7 (C(l), ipso C), 70.7 (C(2)), 75.0 (C(3)) 
(proton decoupled); UV-vis (CH,Cl,) X 465 (e 171 cm2 mol-'), 330 
nm (92); 111888 spectrum, m/e (relative intensity) 722 (M', 21.9%), 


606 (M+ - 4Et, 69.2), for mass range of m/e 800-400. Anal. Calcd 
for CzaHNFe2Snz (721.72): C, 46.59; H, 5.04. Found: C, 46.63; 
H, 5.02. 


E. Reaction of 1,l'-Dilithioferrocene-Tetramethyl- 
ethylenediamine with Di-n -butyltin Dichloride. Following 
the general procedure and the procedure described in the previous 
experiment, a reaction was carried out between 1,l-dilithio- 
ferrocene-tetramethylethylenediamine (4.00 g, 12.6 mmol) and 
n-Bu2SnC12 (3.95 g, 13.0 mmol, M&T Chemicals, recrystallized 
from hexane). The reaction mixture was stirred for 2 h at room 
temperature, and no color change was observed. The workup was 
as before. Filtration chromatography (15% dichloromethane/85% 
hexane) removed an orange band which gave 0.46 g of a golden 
solid upon removal of the solvent. Subsequent recrystallization 
from hexane at -30 "C yielded 0.204 g (0.2 mmol, 3%) of golden 
nuggets identified as 1,1,12,12-tetra-n-butyl[l.l]stanna- 
ferrocenophane: mp 140-141 OC; 'H NMR (CDC1,) S 0.73-1.60 
(m, 18 H, Bu including "'Sn and 'lsSn satellites), 4.15 (t, 4 H, 
J = 1.8 Hz, Cp), 4.37 (t, 4 H, J = 1.8 Hz, Cp); UV-vis (CH2C1,) 
X 465 (c 174 cm2 mol-'), 332 nm (90); mass spectrum, m/e (relative 
intensity) 834 (M', 31.9), 777 (M' - lBu, 100.0), 663 (M' - 3Bu, 
37.5), 606 (M' - 4Bu, 47.2), 486 (M' - 4Bu - Sn, 26.8), for mass 
range of mle 850-400. Anal. Calcd for CNH52Fe2Sn2 (833.96): 
C, 51.84; H, 6.30. Found: C, 51.91; H, 6.23. 


A similar reaction was performed by using 1,2-dimethoxyethane 
instead of hexane as the solvent but only the tin-ferrocene polymer 
was produced. No [ l.l]stannaferrocenophane was isolated. 


Reaction of (1,l'-Ferrocenediy1)phenylphosphine with 
Sulfur. A 100-mL three-necked, round-bottomed tlask equipped 
with a magnetic stir bar, a reflux condenser topped with a gas 
inlet tube leading to a Schlenk manifold, and two no-air stoppers 
was flame-dried under a nitrogen purge and then charged with 
0.10 g (3.1 mmol) of sulfur (J. T. Baker, sublimed grade). A 
solution of (1,l'-ferrocenediy1)phenylphosphine (0.30 g, 1.0 "01) 
in benzene (20 mL) was prepared under nitrogen and cannulated 
into the flask containing the sulfur. After 15 min of stirring at  
room temperature, the color of the reaction mixture was red-brown 
(a very subtle change) and TLC (pentane) indicated no starting 
phosphine remained, only an orange band eluting with di- 
chloromethane. The solvent was removed in vacuo to give a 


= 1.8 Hz, Cp), 4.36 (t, 4 H, J = 1.8 Hz, Cp); 13C NMR (C&) 6c 


693 (M' - Et, 45.9), 661 (M+ - 2Et, 43.2), 635 (M+ - 3Et, 24.0), 
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red-brown solid, and the excess of sulfur was removed by sub- 
limation at ca. 40 "C and 0.03 mmHg. Recrystallization of the 
red-brown solid from toluene at -10 "C yielded 0.13 g (0.4 mmol, 
40%) of moderately air-stable red-brown microcrystals identified 
as (1,l'-ferrocenediy1)phenylphosphine sulfide: mp > 280 "C 
(slowly turns black); IR (CH2Clz) 3079 (w), 3038 (w), 2965 (w), 
1481 (w), 1435 (w), 1382 (m), 1332 (w), 1308 (vw), 1296 (m), 1190 
(m), 1125 (s), 1069 (w), 1032 (m), 1019 (s), lo00 (w), 884 (m), 861 


H, Cp), 4.02-4.27 (m, 4 H, Cp), 4.88 (m, 2 H, Cp), 7.01 (m, 3 H, 
Ph), 7.68 (m, 2 H, Ph), mass spectrum, m/e (relative intensity) 
324 (M', 39.7), 291 (M+ - SH, 10.6). Anal. Calcd for C18H13FePS 
(324.17): C, 59.28; H, 4.05. Found: C, 59.17; H, 4.10. 


A similar reaction was carried out between (1,l'- 
ferrocenediy1)methylphosphine (0.23 g, 1.0 "01) and sulfur (0.10 
g, 3.0 mmol) in 20 mL of benzene for 30 min. Recrystallization 
from a toluene/hexane mixture at -30 OC yielded 0.08 g (0.3 "01, 
30%) of moderately air-stable, red-brown microcrystals identified 
as (1,l'-ferrocenediy1)methylphospnine sulfide: mp > 250 "C 
(slowly turns black); 'H NMR (C6D6) 6 1.48 (d, JP-H = 14 Hz, 3 
H, CH3), 3.64 (m, 2 H, Cp), 4.15 (m, 4 H, Cp), 4.68 (m, 2 H, Cp); 
mass spectrum, mle (relative intensity) 262 (M', loo), 247 (M' 
- CHS, 54.2). Anal. Calcd for CllHllFePS (262.10): C, 50.40; H, 
4.24. Found C, 50.09; H, 4.25. 


Reaction of (1,l'-Ferrocenediy1)phenylphosphine with 
Pentacarbonyl(tetrahydrofuran)tungsten. A 300-mL 
three-necked, round-bottomed Pyrex flask equipped with a 
magnetic stir bar, a reflux condenser topped with a gas inlet tube 
leading to a Schlenk manifold, and two no-air stoppers was 
flame-dried under a nitrogen purge and then charged with 0.70 
g (2.0 mmol) of W(CO)6 (Pressure Chem. Co., as received) and 
ca. 200 mL of THF. Nitrogen was bubbled through the mixture 
as it was stirred and irradiated with a 140-W Hanovia high- 
pressure mercury lamp. After several minutes, all of the W(CO)6 
had dissolved and the solution became yellow. The irradiation 
was maintained for 4 h at the end of which time the solution was 
a dark yellow-orange. 


The irradiation was stopped, and a solution of (1,l'- 
ferrocenediy1)phenylphosphine (0.30 g, 1.0 mmol) in 20 mL of 
THF was cannulated into the flask. The red-orange solution was 
stirred at room temperature for 4 h until TLC indicated that no 
more starting phosphine remained. The solvent was removed in 
vacuo to give a red solid. The product was purified by filtration 
chromatography (20% dichloromethane/80% pentane mixture) 
which eluted a red orange band. Removal of the solvent and 
subsequent recrystallization from a 50% dichloromethane/50% 
pentane mixture at -30 "C yielded 0.18 g (0.3 mmol, 30%) of 
air-stable red nuggets identified as pentacarbonyl[ 1,l'- 
ferrocenediy1)phenylphosphine)tungsten: mp > 180 "C (slowly 
turns brown); Ir (CH,Cl,) 3050 (m), 2988 (m), 1190 (m), 1155 (w), 
1121 (m), 1109 (m), 1072 (w), 1060 (w), 1038 (m), 1023 (m), 1001 
(w), 938 (w), 892 (m), 854 (w), 820 (m), 660 (w), 599 (w), 573 
(w)cm-'; terminal carbonyl region, 2069 (s), 2051 (w), 1981 (w), 
1939 (vs) cm-'; 'H NMR (C8D,) 6 4.38 (m, 2 H, Cp), 4.57 (m, 4 
H, Cp), 4.82 (m, 2 H, Cp), 7.35-8.21 (m, 5 H, Ph); 31P(1H) NMR 


(CH,Cl& X 494 nm (e 439 cm2 mol-'); mass spectrum, mle (relative 
intensity) 616 (M+, 10.8), 532 (M' - 3C0, 4.1), 504 (M' - 4C0, 
12.0), 476 (M+ - 5C0, 41.0), 419 (M+ - 5CO - Fe, 28.1). Anal. 
Calcd for CZ1Hl3FeO5PW (616.01): C, 40.94; H, 2.13. Found: C, 
40.61; H, 2.15. 


Reaction of (1,l'-Ferrocenediy1)phenylarsine with Pen- 
tacarbonyl(tetrahydrofuran)tungsten. Following the pro- 
cedure outlined in the previous experiment for the phosphorus 
analogue, a reaction was carried out between (1,l'- 
ferrocenediy1)phenylarsine (0.34 g, 1.0 "01) and (THF)W(CO)6 
formed from 1.41 g (4.0 mmol) of W(CO)& The product was 
purified by filtration chromatography (20% dichloromethane/ 
80% pentane mixture) which eluted an orange-red band. Removal 
of the solvent and subsequent recrystallization from a 30% di- 
chloromethane/70% pentane mixture at -30 "C yielded 0.34 g 
(0.5 mmol, 51%) of air-stable, red prisms identified as penta- 
carbonyl[l,l'-ferrocenediyl)phenylarsine]tun~ten: mp 174.5-175.5 
"C dec; IR (CH,Cl,) 3075 (w), 1481 (w), 1435 (vw), 1379 (w), 1330 
(vw), 1299 (w), 1189 (m), 1114 (m), 1084 (w), 1056 (vw), 1032 (m), 
1017 (s), 1000 (m), 938 (w), 874 (w), 850 (vw), 816 (s), 645 (vw), 


(W), 820 (S), 659 (W), 598 (w) cm-'. 'H NMR (C& 6 3.57 (m, 2 


(CDSCld S, +25.1(~ with 'W   at el lib, J(P-W 247 Hz); W-vis 
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597 (m), 573 (s) cm-'; terminal carbonyl region, 2080 (s), 1985 (w), 
1945 (vs) cm-'; 'H NMR (CDCl,) 6 4.30 (m, 2 H, Cp), 4.44 (m, 
4 H, Cp), 4.70 (m, 2 H, Cp), 7.32-7.66 (m, 5 H, Ph); UV-vis 
(CH2C1J h 492 nm (c 330 cm2 mol-'); mass spectrum, m / e  (relative 
intensity) 660 (M', 70.6), 518 (M' - 5C0, 100.0), for mass range 
of m / e  680-500. Anal. Calcd for C2,H13AsFe05W (659.96): C, 
38.22; H, 1.99. Found: C, 38.16; H, 2.00. 


Reaction of (1,l'-Ferrocenediy1)phenylphosphine with 
Tetracarbonyl(tetrahydr0furan)iron. A 1WmL three-necked, 
round-bottomed flask was charged with 1.45 g (4.0 mmol) of 
Fe2(C0)9 (Strem Chem. Co., as received) in the glovebox. The 
flask was fitted with a magnetic stir bar, a gas inlet tube, and two 
no-air stoppers, then removed from the glovebox, and placed on 
a Schlenk manifold. The flask was flushed with carbon monoxide 
(Matheson, research purity) for 5 min, and then 25 mL of THF 
was added by syringe. This gave a brown mixture in which not 
all of the Fe2(CO)g had dissolved. The mixture was stirred under 
a carbon monoxide atmosphere at  room temperature for 30 min 
after which time a solution of (1,l'-ferrocenediy1)phenylphosphine 
(0.3 g, 1.0 mmol) in 10 mL of THF was cannulated into the 
Fe2(CO)g/THF mixture. There was no noticeable color change, 
and TLC indicated the reaction to be complete after 3 h of stirring 
at  room temperature. The mixture was filtered under nitrogen 
and the solvent removed in vacuo to give a glossy brown semisolid. 


The product was purified by filtration chromatography eluting 
with a nitrogen-purged 15% dichloromethane/85% pentane 
mixture. The first band eluted was green and not identified 
(probably Fe,(CO),,). The second band eluted was red-orange 
and subsequent recrystallization from a toluene/ hexane mixture 
under nitrogen yielded 0.21 g (0.5 mmol, 45%) of moderately 
air-sensitive, red microcrystals identified as tetracarbonyl- 
[ (1,l'-ferrocenediyl)phenylphosphine]iron: mp 137-139 "C; IR 
(CH2C1,) 3090 (w), 3033 (w), 2920 (w), 1572 (w), 1483 (m), 1435 
(w), 1385 (m), 1331 (w), 1309 (vw), 1294 (m), 1189 (s), 1121 (s), 
1107 (s), 1071 (w), 1060 (w), 1039 (m), 1023 (s), lo00 (w), 884 (m), 
856 (m), 820 (e), 618 (s) cm-'; terminal carbonyl region (CC14), 


H, Cp), 3.88-3.98 (m, 4 H, Cp), 4.85 (m, 2 H, Cp), 6.98 (m, 3 H, 
Ph), 7.52 (m, 2 H, Ph); mass spectrum, m/e (relative intensity) 


- 3C0, 4.6), 348 (M' - 4C0, 62.1), 292 (M' - 4CO - Fe, 22.1). 
Anal. Calcd for Cdl3Fe2O4P (460.00): C, 52.22; H, 2.85. Found 
C, 52.36; H, 2.91. 


Attempted Reaction of (1,l'-Ferrocenediy1)phenyl- 
phosphine with Iodomethane. A 100-mL three-necked, 
round-bottomed flask equipped with a magnetic stir bar, a gas 
inlet tube leading to a Schlenk manifold, and two no-air stoppers 
was charged with 0.500 g (1.71 mmol) of (1,l'-ferrocenediy1)- 
phenylphosphine, evacuated, and refied with nitrogen. Benzene 
(30 mL) and iodomethane (1.0 mL, 17.1 mmol, Eastman, as re- 
ceived) were added by syringe. The red solution was stirred at  
room temperature for 24 h, after which time a pink precipitate 
had deposited, leaving a nearly colorless benzene layer. The 
precipitate was filtered under nitrogen, washed with 3 X 15-mL 
portions of benzene, and dried in vacuo to yield 0.550 g (1.27 "01, 
74%) of a tan-orange powder. 


Attempts to fully characterize this powder proved difficult due 
to its apparent instability in solution. It was insoluble in hexane, 
benzene, THF, and ethyl acetate and slightly soluble in acetone. 
It was soluble in CH2C12, CHCl,, and MeOH, but after initially 
dissolving it began to deposit a tan precipitate, all done with the 
exclusion of air. Attempts to prepare the Reinecke salt from 
NH4[Cr(NH3)2(SCN),].H20 in MeOH proved unsuccessful; only 
a small amount of a pink precipitate formed which was insoluble 
in all solvents. To test whether the iodide anion might be at- 
tacking the ferrocenophane ring as in the nucleophilic ring-opening 
reactions, a reaction was carried out between 0.300 g (1.03 mmol) 
of (1,l'-ferrocenediy1)phenylphosphine and 0.150 g (1.00 mmol) 
of NaI in 35 mL of acetone at  room temperature. No reaction 
occurred, and the starting phosphine was recovered in 90% yield. 


The tan-orange powder was partially characterized by the 
following data: IR (CDCl,) 3042 (m), 2954 (w), 2875 (m), 1584 
(w), 1481 (w), 1433 (m), 1386 (m), 1302 (sh), 1292 (m), 1259 (w), 
1182 (s), 1122 (sh), 1111 (s), 1021 (s), 993 (w), 867 (m), 816 (m), 
778 (w), 680 (m), 631 (m) cm-'; 'H NMR (CDC1,) 6 2.85 (d, JH-p) 
= 15 Hz, 3 H, Me), 4.45 (m, 2 H, Cp), 4.88 (m, 4 H, Cp), 5.75 (m, 


2058 (s), 1980 (vs), 1941 (VS) cm-'; 'H NMR (C&) 6 3.72 (m, 2 


460 (M', 0.6), 432 (M' - CO, 3.5), 404 (M' - 2C0, 1.2), 376 (M' 


Seyferth and Withers 


2 H, Cp), 7.58-8.36 (m, 5 H, Ph); alP(lH) NMR (CD2C1,) dP +36.0 
(9). 


General Procedure for the Reaction of (1,l'- 
Ferrocenediy1)phenylphosphine or -arsine with an Excess 
of Organolithium Reagent Followed by the Reaction with 
Electrophilic Reagents. A 100-mL three-necked, round-bot- 
tomed flask equipped with a magnetic stir-bar, a gas inlet tube 
leading to a Schlenk manifold, a pressure-equalizing dropping 
funnel, and two no-air stoppers was evacuated, flame-dried, and 
refilled with nitrogen. The flask was charged with a 10-15-fold 
excess of the appropriate organolithium reagent and 20 mL of 
diethyl ether by syringe. Separately, a solution of (1,l'- 
ferrocenediy1)phenylphosphine or -arsine in 20 mL of diethyl ether 
was prepared under nitrogen and then added to the dropping 
funnel by cannula. This red solution was added dropwise to the 
lithium reagent at room temperature over a 30-min period. Upon 
completion of the addition, the reaction mixture was a golden 
brown color and was stirred for an additional 30 min at  room 
temperature. The reaction mixture was then cooled to 0 "C, and 
the appropriate electrophilic reagent and 10 mL of diethyl ether 
(except when the reagent was water) were added to the dropping 
funnel by syringe. The resulting solution was added dropwise 
to the ferrocenyllithium reagent during 10 min. The reaction 
mixture was now golden yellow and was stirred for an additional 
10 min at  room temperature. 


The workup consisted of filtering the reaction mixture and 
removing the solvent on a rotary evaporator. The product was 
further purified by using filtration chromatography and recrys- 
tallization when possible. In some cases the phosphine was 
converted to the phosphine sulfide so that a crystalline solid could 
be obtained to facilitate characterization. The details are given 
in each experiment. All the products were air-stable, both as solids 
and in solution. 


Reaction of (1,l'-Ferrocenediy1)phenylphosphine with 
Phenyllithium and Subsequent Reaction with Water. 
Following the general procedure, a reaction was carried out be- 
tween 0.30 g (1.0 mmol) of (1,l'-ferrocenediy1)phenylphosphine 
and 15.0 mL (15.0 mmol) of 1.0 M PhLi in diethyl ether. The 
fenocenyllithium reagent thus formed was hydrolyzed to the "dry 
end point" with saturated aqueous NHJl solution. Separation 
of the desired product was achieved by using filtration chroma- 
tography, eluting with a 40% dichloromethane/60% pentane 
mixture. A yellow band was removed which, upon evaporation 
of the solvent on a rotary evaporator and subsequent recrystal- 
lization from hexane at  -30 OC, yielded 0.29 g (0.8 mmol, 80%) 
of golden yellow prisms identified as 1-(diphenylphosphin0)- 
ferrocene, (q5-C5H4PPh,)Fe(q5-C5H5), mp 120-123 "C (lit.15 
122-124 "C), by comparison of its IR and NMR spectra with those 
of the previously prepared compound found in the 1iterat~re.l~ 
Its electronic and 31P NMR spectra were recorded: UV-vis 
(CH2C12) X 440 nm ( e  143 cm2 mol-'); 31P(1HJ NMR (CDCI,) bp 


Reaction of (1,l'-Ferrocenediy1)phenylphosphine with 
Phenyllithium and Subsequent Reaction with Chlorodi- 
phenylphosphine. Following the general procedure, a reaction 
was carried out between 0.30 g (1.0 mmol) of (1,l'- 
ferrocenediy1)phenylphosphine and 15.0 mL (15.0 mmol) of 1.0 
M PhLi in diethyl ether. The ferrocenyllithium reagent thus 
formed was allowed to react with 2.78 mL (15.0 mmol) of Ph2PCl 
(Alfa/Ventron, distilled in vacuo). The desired product was 
isolated by using filtration chromatography eluting with a 50% 
dichloromethane/50% pentane mixture. A yellow band eluted 
which, upon removal of the solvent and subsequent recrystalli- 
zation from a 35% benzene/65% hexane mixture at  -10 "C, 
yielded 0.45 g (0.8 mmol, 79%) of golden yellow rods identified 
as 1,l'-bis(diphenylphosphino)ferrocene, (q5-C5H4PPh2)2Fe; mp 
184-185 "C (lit! 183-184 "C), by comparison of its NMR and IR 
spectra with those reported in the literature.6 Its mass spectrum 
showed the molecular ion at m / e  554 (3.3): 31P(1H] NMR (CDC1,) 


Reaction of (1,l'-Ferrocenediy1)phenylphosphine with 
Phenyllithium and Subsequent Reaction with Chlorotri- 
methylsilane. Following the general procedure, a reaction was 


-17.1 ( 8 ) .  


dp -17.9 (9). 


(15) Sollott, G. P.; Mertwoy, H. E.; Portnoy, S.; Snead, J. L. J. Org. 
Chem. 1963,28, 1090. 







Phosphorus- and  Arsenic-Bridged [lIFerrocenophanes 


carried out between 0.30 g (1.0 mmol) of (1,l'-ferrocenediy1)- 
phenylphosphine and 10.0 mL (10.0 mmol) of 1.0 M PhLi in 
diethyl ether. The ferrocenyllithium reagent thus formed was 
allowed to react with 1.9 mL (15.0 mmol) of Me3SiC1 (Alfa/ 
Ventron, distilled under nitrogen). The desired product was 
isolated by using fitration chromatography eluting with a 20% 
dichloromethane/80% pentane mixture to give a golden brown 
oil upon removal of the solvent. Filtration chromatography was 
repeated on the oil eluting with a 10% dichloromethane/90% 
pentane mixture to yield 0.45 g (1.0 mmol,99%) of a golden brown 
oil identified as analytically pure 1-(dipheny1phosphino)-1'- 
(trimethylsily)ferroene, (v6-C5H4PPhz)Fe(v6-C5H4SiMe3): 'H 
NMR (CDC13) 6 0.36 (8, 9 H, Me), 4.18 (m, 4 H, Cp), 4.30 (t, 2 
H, Cp, J = 10 Hz), 4.44 (t, 2 H, Cp, J = 10 Hz), 7.28-7.45 (m, 
10 H, Ph); mass spectrum, m/e (relative intensity) 442 (M+, 2.01, 
370 (M+ - SiMe3, 2.4), 365 (M' - Ph, 2.4), 293 (M' - 2Ph, 5.3). 
Anal. Calcd for CdnFePSi  (442.43): C, 67.86; H, 6.16. Found 
C, 68.00, H, 6.29. 


Reaction of (1,l'-Ferrocenediy1)phenylarsine with Phe- 
nyllithium and Subsequent Reaction with Water. Following 
the general procedure, a reaction was carried out between 0.35 
g (1.1 "01) of (1,l'-ferrocenediy1)phenylarsine and 7.6 mL (11.0 
mmol) of 1.4 M PhLi in diethyl ether. The ferrocenyllithium 
reagent thus formed was hydrolyzed with saturated aqueous 
NH4Cl solution to the 'dry end point". The product was isolated 
by using filtration chromatography (20% dichloromethane/80% 
pentane) and subsequent recrystallization from a dichloro- 
methane/pentane mixture afforded 0.32 g (0.8 mmol, 73%) of 
golden prisms identified as 1-(diphenylarsino)ferrocene, (v5- 
C&ASP~JF~(~~-C&-I& mp 12S130 "C; 'H NMR (CDC13) 6 4.08 
(8, 7 H, Cp), 4.28 (t, 2 H, J = 2 Hz, Cp), 7.17-7.47 (m, 10 H, Ph); 
mass spectrum, m/e (relative intensity) 414 (M+, 3.4), 337 (M+ 
- Ph, L O ) ,  262 (M+ PhAs, 10.0). Anal. Calcd for CzzH1&sFe 
(414.18): C, 63.79; H, 4.63. Found C, 63.84; H, 4.66. 


Reaction of (1,l'-Ferrocenediy1)phenylarsine with Phe- 
nyllithium and Subsequent Reaction with Chlorodi- 
phenylphosphine. Following the general procedure, a reaction 
was carried out between 0.35 g (1.1 mmol) of (1,l'- 
femnediy1)phenyhine and 6.9 mL (10.0 "01) of 1.4 M PhLi 
in diethyl ether. The resulting ferrocenyllithium reagent was 
allowed to react with 1.85 mL (10.0 mmol) of PhzPCl (Alfa/ 
Ventron, distilled in vacuo). The product was isolated by using 
filtration chromatography (50% dichloromethane/50% pentane 
mixture), affording a yellow fraction which, upon removal of the 
solvent and subsequent recrystallization from a 10% benzene/90% 
hexane mixture at  -30 "C, yielded 0.32 g (0.53 mmol, 53%) of 
golden nuggets identified at  1-(dipheny1arsino)-1'-(diphenyl- 
phosphino)ferrocene, (~5-C5H4AsPhz)Fe(v5-C5H4PPhz): mp 
164-165.5 "C; 'H NMR (CDCld 6 3.85-4.03 (m, 4 H, Cp), 4.12-4.22 
(m, 4 H, Cp), 7.10-7.37 (m, 20 H, Ph); mass spectrum, m/e 
(relative intensity) 599 (M+, 100.0), for mass range m/e 610-520. 
Anal. Calcd for CSH&FeP (598.36): C, 68.24; H, 4.73. Found 
C, 67.96; H, 4.76. 


Reaction of (1,l'-Ferrocenediy1)phenylphosphine with 
Methyllithium and Subsequent Reaction with Water. 
Following the general procedure, a reaction was carried out be- 
tween 0.30 g (1.0 "01) of (1,l'-ferrocenediy1)phenylphosphine 
and 10.0 mL (15.0 "01) of 1.5 M MeLi in diethyl ether. Upon 
completion of the addition of the phosphine to the MeLi, the 
reaction mixture was stirred at room temperature for 2 h. The 
ferrocenyllithium reagent thus formed was hdyrolyzed to the "dry 
end point" with saturated aqueous NH4C1 solution. TLC showed 
as many as five yellow fractions eluting with a 20% dichloro- 
methane/80% pentane mixture. The first (major) fraction was 
isolated by using filtration chromatography with the same eluent. 
Removal of the solvent and subsequent recrystallization from 
hexane at -30 "C yielded 0.08 g (0.3 mmol,29%) of yellow-orange 
needles identified as 1-(methylphenylphosphino)ferrocene, (v5- 
C&4PPhhIe)Fe(v5-Cd-15): mp 64-71 "C; 'H NMR (CDCl,) 6 1.58 
(d, 3 H, J(P-H) = 4 Hz, CH3), 4.20 (8, 5 H, Cp), 4.25-4.37 (m, 
4 H, Cp), 7.18-7.47 (m, 5 H, Ph); mass spectrum, m/e (relative 
intensity) 308 (M+, 66.0), 293 (M+ - CH3, 98.7). Anal. Calcd for 
C17H17FeP (308.16): C, 66.25; H, 5.57. Found C, 65.98; H, 5.56. 


Reaction of (1,l'-Ferrocenediy1)phenylphosphine with 
tert-Butyllithium in Diethyl Ether and Subsequent Reac- 
tion with Water. Following the general procedure, a reaction 
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was carried out between 0.500 g (1.7 mmol) of (1,l'- 
ferrocenediy1)phenylphosphine and 2.60 mL (5.0 mmol) of 1.92 
M t-BuLi in n-hexane. When the addition was completed the 
reaction mixture was stirred for 1 h and then was hydrolyzed to 
the "dry end point" with saturated aqueous NH4Cl solution. The 
filtered golden solution was evaporated to dryness in vacuo to 
give a golden brown oil. The oil was dissolved in 30 mL of 
oxygen-free absolute ethanol and treated with 0.064 g (2.0 mmol) 
of sulfur (J.T. Baker) under nitrogen at  reflux overnight. TLC 
indicated two fractions eluting with a 35% dichloromethane/65% 
pentane mixture. The cooled reaction mixture was filtered and 
the solvent removed on a rotary evaporator. Filtration chro- 
matography using the same eluent removed the first band which 
was minor and was not identified. The second fraction to be eluted 
was evaporated to dryness to give 0.363 g of an orange oil. 
Dissolution in hexane and cooling to -30 "C afforded two types 
of crystals: (1) flaky yellow needles and (2) dense yellow clusters 
(by far the major portion). The latter were separated by hand. 
The flaky yellow needles were not further characterized. Re- 
crystallization of the dense yellow clusters from hexane at -30 
"C yielded 0.200 g (0.5 mmol, 29%) of yellow needles identified 
as (2-tert-butylethy1)phenylferrocenylphosphine sulfide, [q5- 
C5H4P(S)Ph(CHzCHzCMe3)]Fe(v5-C5H5): mp 121-122 "C; 60- 
MHz 'H NMR (CDC13) 6 0.88 (8, 9 H, t-Bu), 1.1-2.5 (m, 4 H, 
CHzCHz), 4.20 (s,5 H, Cp), 4.42 (m, 3 H, Cp), 4.67 (m, 1 H, Cp), 
7.37-8.17 (m, 5 H, Ph); 250-MHz 'H NMR (CDC13) 6 0.87 (s, 9 
H, t-Bu), 1.17-1.33 (m, 'H CHzCHz) 1.60-1.76 (m, 1 H, CHzCHz), 
2.11-2.29 (m, 2 H, CHzCHz), 4.19 (s, 5 H, Cp), 4.36 (m, 1 H, Cp), 
4.41 (m, 1 H, Cp), 4.45 (m, 1 H, Cp), 4.65 (m, 1 H, Cp), 7.45-7.50 
(m, 3 H, Ph), 7.87-7.96 (m, 2 H, Ph) (see Figure 1); mass spectrum, 
m/e (relative intensity) 410 (M', L3), 326 (M+ - CHzCHzCMe3, 
l . l) ,  293 (M+ - CHzCH2CMe3 - S, 1.5), 186 (ferrocene, 24.9). Anal. 
Calcd for CzzHnFePS (410.37): C, 64.39; H, 6.64. Found C, 64.12; 
H, 6.64. 


Reaction of (1,l'-Ferrocenediy1)phenylphosphine with 
hrt-Butyllithium in Hexane and Subsequent Reaction with 
Water. Following the general procedure, except where noted, 
a reaction was carried out between 0.500 g (1.7 mmol) of (1,l'- 
ferrocenediy1)phenylphosphine dissolved in 30 mL of hexane and 
1.02 mL (2.0 mmol) of 1.95 M t-BuLi in n-hexane with an ad- 
ditional 10 mL of hexane added. Upon completion of the addition, 
the reaction mixture was stirred at room temperature overnight. 
This resulted in a brownish precipitate and an orange-red solution. 
This mixture was hydrolyzed to the "dry end point" with saturated 
aqueous NH4Cl solution. The filtered reaction mixture was 
evaporated to dryness in vacuo, and the resulting brown oil was 
dissolved in 20 mL of oxygen-free benzene and treated with 0.064 
g (2.0 mmol) of sulfur (J.T. Baker) under nitrogen at reflux for 
3.5 h. The cooled reaction mixture was filtered and the solvent 
removed on a rotary evaporator to give a brown-yellow oil. The 
product was isolated by using filtration chromatography. Elution 
with a 50% dichloromethane/50% hexane mixture removed first 
a faint yellow fraction, which was not identified, and then the 
major yellow fraction eluted. Removal of the solvent on a rotary 
evaporator and subsequent recrystallization of the golden solid 
from hexane at  5 "C yielded 0.300 g (0.8 mmol, 47%) of golden 
rods identified as tert-butylphenylferrocenylphosphine sulfide, 
[v5-C5H4P(S)Ph-t-Bu]Fe(q5-C5H5): mp 132.5-134 "C; 'H NMR 


4.40 (m, 3 H, Cp), 4.93 (m, 1 H, Cp), 7.32-8.38 (m, 5 H, Ph); mass 
spectrum, m/e (relative intensity) 382 (M', 37.8), 350 (M+ - S, 
0.9), 325 (M+ - t-Bu, 68.3), 293 (M' - S - t-Bu, 29.0). Anal. Calcd 
for C&lz3FePS (382.31): C, 62.83; H, 6.08. Found: C, 62.79; H, 
6.04. 


General Procedure for t h e  Reaction of (1,l'- 
Ferrocenediy1)phenylphosphine with 1 Equiv of Phenyl- 
lithium Followed by the Reaction with Electrophilic 
Reagents. The following procedure has been found, after many 
experiments, to give the best yield of 1-lithio-1'-(diphenyl- 
phosphin0)ferrocene without an excess of phenyllithium present 
and without the occurrence of oligomerization. 


A 100-mL three-necked, round-bottomed flask equipped with 
a magnetic stir bar, a pressure equalizing dropping funnel, a gas 
inlet tube leading to a Schlenk manifold, and no-air stoppers was 
evacuated, flame-dried, and refilled with nitrogen. Meanwhile, 
in a separate flask under nitrogen, the appropriate amount of 


(CDC13) 6 1.12 (d, J(P-H) = 17 Hz, 9 H, t-Bu), 3.90 (5, 5 H, Cp), 
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cipitate which was filtered; further cooling of the filtrate to -30 
"C afforded 0.574 g (0.8 mmol, 47%) of golden orange nuggets 
identified as l-(diphenylphosphino)-l'-(triphenylstannyl)ferrocene, 
(q5-C5H4PPh2)Fe(q5-C5H4SnPh3): mp 152-154 "C; lH NMR 


Cp), 4.15 (t, J = 2.0 Hz, 2 H, Cp), 4.32 (t, J = 2.0 Hz, 2 H, Cp), 
7.18-7.72 (m, 25 H, Ph). Anal. Calcd for Ca33FePSn (719.24): 
C, 66.79; H, 4.63. Found C, 66.84; H, 4.83. 


Reaction of (1,l'-Ferrocenediy1)phenylphosphine with 
Phenyllithium in Hexane and Subsequent Reaction with 
Chlorotriphenylsilane. Following the general procedure, a 
reaction was carried out between 0.500 g (1.71 mmol) of (1,l'- 
ferrocenediy1)phqnylphosphine (in 35 mL of hexane) and 5.26 mL 
(4.0 mmol) of 0.76 M PhLi in diethyl ether. The resulting fer- 
rocenyllithium reagent was dissolved in 20 mL of THF and allowed 
to react with 1.18 g (4.0 mmol) of Ph3SiC1 (Alfa/Ventron, re- 
crystallized from hexane under nitrogen) dissolved in 30 mL of 
THF. The reaction mixture was stirred for 3 h at  room tem- 
perature, then heated at  reflux for 45 min, and finally allowed 
to cool and stir at room temperature overnight. 


The solvent was removed on a rotary evaporator, and subse- 
quent filtration chromatography, eluting with a 20% dichloro- 
methane/80% pentane mixture, isolated a major yellow fraction. 
Removal of the solvent, followed by two consecutive recrystal- 
lizations from a dichloromethane/hexane mixture by slow evap- 
oration of the dichloromethane at  room temperature, afforded 
0.468 g (0.74 mmol, 43%) of golden orange nuggets identified as 
l-(diphenylphosphino)-l'-(triphenylsilyl)ferrocene ( q 5 -  
C5H4PPhJFe(~5-Cd-€4SiPh& mp 157-159.5 "C; 'H NMR (CDC13) 
6 3.92 (m, 4 H, Cp), 4.12 (m, 2 H, Cp), 4.25 (m, 2 H, Cp), 7.15-7.58 
(m, 25 H, Ph); mass spectrum, m/e 629 (M', 7.7), 369 (M+ - SiPh,, 
4.0), 259 (SiPh3, 16.6). Anal. Calcd for C40H33FePSi (628.64): 
C, 76.42; H, 5.30. Found: C, 75.86; H, 5.29. 


Attempted Reaction of (1,l'-Ferrocenediy1)phenyl- 
phosphine with Phenylmagnesium Bromide. A 100-mL 
three-necked, round-bottomed flask equipped with a magnetic 
stir bar, a pressure-equalizing dropping funnel, a reflux condenser 
topped with a gas inlet tube leading to a Schlenk manifold, and 
a neair stopper was evacuated and flame-dried, and then refilled 
with nitrogen. The flask was charged with 0.073 g (3.0 mmol) 
of magnesium (Alfa/Ventron, M4N grade) and purged with ni- 
trogen. THF (10 mL) and bromobenzene (0.33 mL, 3.1 mmol, 
Aldrich, distilled under nitrogen) were added to the flask by 
syringe. When the formation of the PhMgBr was complete (all 
the Mg had been consumed), a solution of 0.292 g (1.0 mmol) of 
(1,l'-ferrocenediy1)phenylphosphine in 20 mL of THF was can- 
nulated into the dropping funnel and then added dropwise to the 
PhMgBr solution over a 30-min period. No color change was 
observed, and TLC indicated only starting material. The reaction 
mixture was heated at reflux for 4 h. During this time the reaction 
mixture darkened and TLC indicated only a very faint yellow band 
eluting in pentane and a large amount of immobile black-brown 
material. Further workup was not pursued. 
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(1,l'-ferrocenediy1)phenylphosphine was dissolved in hexane. A 
small amount of tan-insoluble material always resulted, so the 
mixture was filtered under nitrogen and then cannulated into the 
dropping funnel. An equivalent or slight excess of phenyllithium 
in diethyl ether was added to the flask by syringe. The ferro- 
cenophane/hexane solution was added dropwise to the phenyl- 
lithium during 45-60 min. As the addition proceeded, a tan-yellow 
precipitate formed while the solution became golden brown. At 
the end of the addition a substantial amount of precipitate was 
present. The mixture was stirred for an additional hour, and then 
the solvent was removed in vacuo to give a tan-yellow solid. This 
solid then was dissolved in diethyl ether or THF and allowed to 
react with the appropriate electrophilic reagent by addition of 
the reagent, dissolved in the same solvent, through the dropping 
funnel during 10 min. The reaction mixture was stirred at  room 
temperature overnight or heated to reflux for not longer than 30 
min, then filtered, and evaporated to dryness on a rotary evap- 
orator. Further purification was afforded by using filtration 
chromatography eluting with the appropriate solvent system. All 
the products were air-stable, both as solids or in solution. 


Hydrolysis (using saturated aqueous NH4C1) of l-lithio-1'- 
(diphenylphosphino)ferrocene, generated by this procedure, re- 
peatedly gave 1-diphenylphosphinoferrocene in 70% yields. 


Reaction of (1,l'-Ferrocenediy1)phenylphosphine with 
Phenyllithium in  Hexane and Subsequent Reaction with 
Trimethyltin Bromide. Following the general procedure, a 
reaction was carried out between 0.500 g (1.71 mmol) of (1,l'- 
ferrocenediy1)phenylphosphine (in 30 mL of hexane) and 5.26 mL 
(4.0 mmol) of 0.76 M PhLi in diethyl ether. The l-lithio-1'- 
(dipheny1phosphino)ferrocene thus formed was dissolved in 20 
mL of THF and allowed to react with 0.975 g (4.0 mmol) of 
Me3SnBr dissolved in 30 mL of THF. Upon addition of the 
Me3SnBr, the golden solution turned yellow and was stirred for 
1 h at room temperature, then heated at  reflux for 15 min, and 
finally allowed to cool and stir overnight. 


The solvent was removed on a rotary evaporator, affording a 
brown oil. The desired product was isolated by using filtration 
chromatography eluting with a 20% dichloromethane/80% 
pentane mixture, collecting the first major yellow fraction. This 
gave a golden yellow oil which was rechromatographed in the same 
manner to give 0.557 g (1.04 mmol, 61%) of a golden yellow oil 
identified as l-(diphenylphosphino)-l'-(trimethystannyl)ferrocene, 
(q5-C5H4PPh2)Fe(v5-C5H4SnMe3). 


(The sample which passed elemental analysis was further pu- 
rified by using a Waters Analytical high-performance liquid- 
chromatography system and a Waters p-Porasil semi-prep (7.8 
mm X 30 cm) HPLC column eluting with a 50% dichloro- 
methane/50% hexane mixture at  a flow rate of 5.0 mL/min, 
courtesy of Dow Chemical Co.): 'H NMR (CDC13) 6 0.23 (s with 
117/119 Sn satellites, J(Sn-H) = 58 Hz, 9 H, CH3), 3.91 (t, J = 
1.8 Hz, 2 H, Cp), 4.00 (t, J = 1.8 Hz, 2 H, Cp), 4.13 (t, J = 1.8 
Hz, 2 H, Cp), 4.22 (t, J = 1.8 Hz, 2 H, Cp), 7.03-7.39 (m, 15 H, 
Ph); mass spectrum, m / e  533 (M+, 24), 518 (M' - Me, 98), 488 
(M' - 3 Me, 29), 369 (M' - SnMe3, 66), 292 (M' - SnMe3 - Ph, 
30), 184 (M' - SnMe3 - PPh,, 58). Anal. Calcd for C%HnFePSn 
(533.03): C, 56.33; H, 5.12. Found: C, 56.75: H, 5.15. 


Reaction of (1,l'-Ferrocenediy1)phenylphosphine with 
Phenyllithium in Hexane and Subsequent Reaction with 
Triphenyltin Chloride. Following the general procedure, a 
reaction was carried out between 0.500 g (1.71 mmol) of (l,l/- 
fenocenediy1)phenylphosphine (in 35 mL of hexane) and 2.5 mL 
(1.85 mmol) of 0.74 M PhLi in diethyl ether. The resulting 
ferrocenyllithium reagent was dissolved in 25 mL of THF and 
allowed to react with 1.156 g (3.0 m o l )  of Ph3SnC1 (Alfa/Ventron, 
recrystallized from hexane) dissolved in 10 mL of THF. The 
resulting golden yellow solution was stirred overnight at room 
temperature and then filtered and the solvent removed on a rotary 
evaporator. The remaining golden brown oil was subjected to 
filtration chromatography eluting first with a 20% dichloro- 
methane/pentane mixture to remove a faint yellow band and then 
with a 50% dichloromethane/50% pentane mixture to remove 
the desired fraction. Removal of the solvent and subsequent 
recrystallization from hexane at -8 "C yielded a fine white pre- 
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The reaction of (1,l'-ferrocenediy1)phenylphosphine with 1 molar equiv of 1-lithio-1'-(diphenyl- 
phosphin0)ferrocene in THF resulted in the formation of oligomers. After hydrolysis, species of type H 
[-($-CaHr)Fe(~W6H4PPh)-]Ph ( x  = 1-5) were obtained which could be separated by preparative-scale 
high-performance hqmd chromatography. Under appropriate conditions (temperature, mode of addition, 
solvent) the reaction of 1,l'-dilithioferrocene-btramethylethylenediamine with phenyldichlorophosphine 
gave low to high molecular weight polymers (M, = 8900-161 000 amu). Both the oligomers and polymers 
were found to be thermally stable to 350 "C. 


Introduction 
In part  1 we reported the preparation of (1,l'- 


ferrocenediy1)phenylphosphine and -methylphosphine (1 
and 2) and (1,l'-ferrocenediyl)phenylarsine, 3. Among the 
reactions of 1 and 3 which we studied were those with 
organolithium reagents which resulted in opening of the 
[l]ferrocenophane system, as shown in eq 1 for ferrocen- 


4 


ophane 1. Under strictly specified conditions, a good yield 
of the lithium species 4 could be obtained, and this then 
was available for further reactions with appropriate elec- 
trophiles.' However, 4 is an organolithium reagent which 
also should be capable of reaction with 1 in the sense of 
eq 1. The product formed in such a 4/ 1 reaction in turn 
is an organolithium reagent, so that eventually one might 
expect to obtain oligomers and possibly even polymers 5, 
when 4 is generated in the presence of equimolar or even 
greater amounts of 1. This paper describes the preparation 
and characterization of such oligomers and polymers. 


Results and Discussion 
Studies of the reaction of (1,l'-ferrocenediy1)phenyl- 


phosphine, 1, with organolithium reagents in ethereal 
solvents showed that  if an equimolar amount or a defi- 
ciency of the organolithium reagent is used, the expected 
oligomerization does take place: many more products than 
(dipheny1phosphino)ferrocene are seen when the reaction 
" r e ,  after hydrolytic workup, is examined by thin layer 
chromatography (TLC). Attempts to obtain a high poly- 
mer of type 5 by using catalytic amounts (<IO mol %) of 
phenyllithium to initiate a ring-opening polymerization of 
1 were unsuccessful; only oligomeric material and un- 
reacted 1 were isolated. Apparently, as the ferrocenyl- 


(1) Seyferth, D.; Withers, H. P., Jr., preceding article in this issue. 
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lithium reagent 5 grows in length to several (ferrocene- 
diy1)phenylphosphine units, it becomes much less reactive 
toward attack a t  1, due either to steric effects or to  in- 
solubility. 


An attempt was made to  specifically prepare the (fer- 
rocenediy1)phenylphosphine dimer 6 ( x  = 2) by the route 
shown in eq 2. Instead, this provided the best synthesis 


*PPh2 


r P h l  r 


5 6 
of a mixture of oligomers and a means of obtaining useful 
quantities of such products. The dimer ( x  = 2) and the 
trimer ( x  = 3) were the major components of the mixture 
of oligomers. Addition of tetramethylethylenediamine to 
the reaction mixture a t  the stage of eq 2 changed the 
distribution of oligomers only slightly to favor formation 
of the trimer. The oligomer yield dropped off rapidly after 
the tetramer, and the pentamer and hexamer were pro- 
duced in only very small amounts. 


High-performance liquid chromatography (HPLC) 
proved to be very useful in studying the distribution of 
oligomers and, ultimately, in separating the mixture of 
oligomers (see Figure 1). Normal-phase chromatography 
was used, with a mixture of dichloromethane and hexane 
found to be the best eluent. In this manner oligomers 6 
( x  = 1-5) were isolated as the pure species and charac- 
terized. The oligomers could not be induced to crystallize. 
They were isolated first as oils from dichloromethane, and 
these formed glassy solids after high vacuum treatment 
overnight. Thermal gravimetric analysis (TGA) of these 
solids showed a slight, broad weight loss from 100 to  200 
"C. The volatile material which was evolved was identified 
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Figure 1. Elution of oligomers 6 ( x  = 1-5) on a p-Porasil ana- 
lytical liquid chromatography column with a 60/40 CHzCl2/hexane 
eluent ( t  = 10 min, 99% CHzClz). 


Table I. Characterizing Data for Oligomers 6 (x = 1-5) 
anal. calcd (found) 6, m/e 


x =  mp,"C (M') carbon hydrogen 


1 120-122 known compounda 
2 69-75 661 68.71 (68.90) 4.88 (5.39) 
3 90-100 954 67.95 (68.27) 4.76 (5.15) 
4 95-130 1247 67.44 (67.95) 4.70 (5.15) 
5 1539 


a Kotz, J. C.; Nivert, C. L. J. Organomet .  C h e m .  1973, 
52, 387, and ref 10. 


as dichloromethane by temperature-programmed mass 
spectroscopy. The strong affihity for dichloromethane that 
these materials showed probably is responsible for their 
somewhat broad melting point ranges (Table I). The 
observation of parent ions by mass spectroscopy for each 
of the oligomers (6, x = 2-5) and the analytical data are 
consistent with our assignments of structure. The oli- 
gomers of type 6 are air-stable, yellow solids which are 
quite soluble in ethers, dichloromethane, and chloroform. 
Their solutions are not stable on exposure to air and begin 
to show evidence of decomposition after 1 or 2 days. For 
all oligomers ( x  = 2-4), no decomposition was observed 
below 350 "C by TGA. 


Details of the 31P(1H1 NMR spectra of the (ferrocene- 
diy1)phenylphosphine oligomers and of related ferrocene- 
derived tertiary phosphines are given in Table 11. Com- 
pared to the triphenylphosphine 31P resonance, one ob- 
serves an upfield shift upon substitution of a phenyl by 
a ferrocenyl group. Substituent electronegativity and bond 
angles are known to be the two major variables in the 
determination of 31P chemical shifts.2 Since the only 
structural data which are available3 show the P-C bond 


(2) Crutchfield, M. M.; Dungan, C. H.; Letcher, J. H.; Mark, V.; Van 
Wamr, J. R. y31P Nuclear Magnetic Resonance"; Interscience: New York, 
1967. Pregoein, P. S.; Kunz, R. W. and 'SC NMR of Transition Metal 
Complexes"; Springer-Verlag: Berlin, 1979. 


(3) Stoeckli-Evans, H.; Osbome, A. G.; Whiteley, R. H. J. Organomet. 
Chem. 1980, 194, 91: P-C(l) = 1.836 (9) A; P-C(l') = 1.849 (10) A; 
P-C(6) = 1.825 (9) A. 


Table 11. 36.2-MHz {'H }NMR Data 
for Ferrocenylphosphines= 


compd 6 p( terminal) 6 p( bridging) 


-17.0 (1) oligomer 6, x = 1 
x = 2  -17.8 (1) -31.8 (1) 
x = 3  -17.6 (1) -31.5 (l), 


x = 4  -17.7 (1) -31.5 (l), 


x = 5  -17.7 (1) -31.5 (1). 


-32.2 (1) 


-32.2 (br, 2) 
. ,  


-32.2 (br, 3) 
[(77'-CsH5 )Fe(s5-C,H4)1,PPh -30 (1) 
[ ( v  '-Ph2PC5H4)- -17.9 (2) -32.3 (1) 


(n5-Ph,PC,H,),Fe -17.9 (1) 
Fe(q '-C,H,)],PPh 


a Relative intensities in parentheses. 


i 


I ' l l 1  -19 - 31 -3  2 -33 ppm 


Figure 2. 145.8-MHz 31P(1H) NMR spectra of oligomers 6 ( x  = 
2-4): (A) dimer; (B) trimer; (C) tetramer. 


lengths for the phenyl and ferrocenyl substituents to be 
nearly equal, one is led to predict that the phosphorus cone 
angle4 will increase as substitution by ferrocenyl groups 
occurs. Thus, on the basis of steric considerations alone, 
a downfield shift would be predicted for ferrocenyl sub- 
stitution.2 Since quite the opposite is observed, it is clear 
that substituent electronegativity is the major contributor 
to the chemical shifts in this case. Nesmeyanov5 has shown 
that ferrocenyl groups are strong electron donors, stronger 
than the methyl group, in fact. Substitution by the elec- 
tron-donating ferrocenyl group should result in an increase 
in shielding and therefore, an upfield shift of the resonance 
when substituted for phenyl.2 These observations are 


1 1 1 1 r  
- 1 7  -18 


(4) (a) Tolman, C. A. Chem. Reu. 1977, 77, 313. (b) Tolman, C. A.; 


(5) Nesmeyanov, A. N. Adu. Organomet. Chem. 1972, 10, 1. 
Seidel, W. C.; Gosser, L. W. J.  Am. Chem. SOC. 1974, 96, 53. 
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BRIDCIEX; 


I I 1 I I I I I I 
-10 -20 -30 -60 -50  (ppm)  


Figure 3. 36.2-MHz 31P(1H) NMR spectrum of polymer 9 (in 
CH2C1,) prepared in DME with hydrolytic workup. 


consistent with the finding that  the resonances of the 
bridging phosphorus nuclei in the oligomers (6, x = 2-4) 
are upfield (6, -31 to -32) of the terminal resonances (6, 
-18). 


The oligomers each have x - 1 chiral centers. Therefore, 
since there are 2(#-')/2 enantiomeric pairs, ~ [ 2 ( ~ - ' ) / 2 ]  lines 
would be observable by NMR spectroscopy. Figure 2 
shows the 145.8MHz 31P(1H) NMR spectra for 6 ( x  = 2-4). 
Note that  the line widths for the dimer are such that  no 
Jpp ( N 1 Hz) is observable. The multiplets which are ob- 
served for the bridging phosphorus nuclei in the trimer and 
tetramer must therefore arise from the enantiomers of each 
species. The  bridging nuclei for the trimer show five of 
the expected six ABX lines. (It is the low-field x peak 
which not splitting out). For the tetramer a t  least 12 lines 
are observed for the bridging nuclei. I t  is obvious that 
overlaps must be occurring. 


Polymers of type 7 have been prepared and reported 
independently by Neuse and Chris6 and Pittman.' In both 
cases, Lewis acid-catalyzed polycondensation of ferrocene 
with phenyldichlorophosphine was followed by an oxida- 
tion step (eq 3). The reactions were carried out in the melt 
phase or in solution a t  temperatures of 80-170 "C. No 
polymer was obtained with a molecular weight (number 
average) greater than 6000, and in neither case was an 
effort made to isolate unoxidized phosphine polymer. 


We have found that  the reaction between 1,l'-dilithio- 
ferrocene-tetramethylethylenediamine and phenyldi- 
chlorophosphine, which were carried out in hexane pro- 
duces fair yields of ferrocenophane 1, also may be used to 


I 
Fe 
I 
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prepare high polymer of type 9 simply by changing the 
reaction conditions. Even under the optimum conditions 
for the preparation of the 1:l PhLi/ 1 reaction product 4,' 
some polymer is formed. When the 1,l-dilithio- 
ferrocene/PhPC12 reaction is carried out a t  room tem- 
perature in hexane, diethyl ether or 1,2-dimethoxyethane 
(DME) by the slow addition of the lithium reagent to 
PhPC12, high polymer is obtained. The initially formed 
polymer is of type 8 (eq 4). Hydrolytic workup then 


8 9 


I- 1 1 


LI* I - .* I 
L Jx L - - 1 X  


6 


results in the formation of an OH-terminated polymer, 9. 
On the other hand, treatment of polymer 8 with phenyl- 
lithium prior to  hydrolysis should result in a polymer 
analogous in all respects to  6 after hydrolysis. Such 
treatment of polymer 8 was effected several times when 
the polymer preparation had been carried out in DME. 
However, 31P NMR spectroscopy indicated that the con- 
version of P-C1 end groups to P-Ph was not complete. 
Some phosphinous acid end groups still were observed in 
the 31P NMR spectra of these polymer samples (resonances 
a t  6 -25 to -26). The polymers of type 9 are very similar 
to okgomers 6 in their properties. They are air-stable and 
thermally stable to  temperatures up to  350 "C (by TGA 
and differential scanning calorimetry), and they are quite 
soluble in dichloromethane. The 31P NMR spectra of these 
polymers are very similar to those of the oligomers 6 as 
may be seen in Figure 3. The relative intensity of the 
terminal phosphorus resonance is consistent with the 
presence of polymers which contain primarily bridging 
phosphine units (6, --32) and is indicative of a substantial 
molecular weight. 


Molecular weight data obtained by low angle laser light 
scattering8 is consistent with the above finding. The 


(6) Neuse, E. W.; Chris, G. J. J. Mucromol. Sci., Chem. 1967, 3, 371. 
(7) Pittman, C. U., Jr. J. Polym. Sci., Polym. Chem. Ed. 1967,5,2927. 


(8) Hugh,  M. B. "Light Scattering from Polymer Solutions"; Aca- 
demic Press: New York, 1972. 
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Table 111. Laser Light Scattering ly, Data for Polymers 8 


reaction 


Withers et al. 


soh temp, "C M w  
hexane 25 47 000 
Et,O 25 161 000 
DME a -40 131 000 
DMEa 0 90 000 
DME 25 43 500 
DME 25 8 900 


a Phenyl capped (see Experimental Section). Not 
phenyl capped (see Experimental Section). 


weight-average molecular weights obtained in this manner 
ranged from 8900 to 161 O00 g/mol (Table III). Attempts 
to characterize the apparent molecular weight distributions 
by size-exclusion chromatography were unsuccessful when 
dichloromethane was used as eluent with porous glass or 
when T H F  was used as eluent with cross-linked semirigid 
polystyrene gel. 


Polymer preparation was studied as a function of solvent 
and reaction temperature. Table I11 shows that the mo- 
lecular weights of the phenylated polymers decrease as the 
reaction temperature which was used (in DME solution) 
increases. I t  is probable that as the temperature increases 
chain termination via reaction of the organolithium species 
with the DME solventg becomes more and more important. 
The highest molecular weight material was prepared by 
using diethyl ether as solvent and the lowest using DME. 
Very likely, solubility of the growing polymeric species 
becomes a problem in hexane solvent, while DME is too 
reactive toward the organolithium reagent. Diethyl ether 
appears to combine the desirable properties of good solu- 
bility of the growing polymer and low reactivity toward 
the organolithium function. 


In conclusion, it is important to  point out that  these 
oligomers and polymers of types 6 and 8, unlike those 
previously prepared?' contain tertiary phosphine units in 
their backbone. These have been demonstrated to have 
the ability to coordinate to transition-metal complexes. 
Future publications will describe the reactions of such 
oligomers and polymers with transition metal species and 
their applications to catalytic processes. 


Experimental Section 
General Comments. Any of the general comments of part 


1' which pertain to the following section are still applicable. Others 
will be noted here in part 2, which includes the preparation, 
characterization, and reactivity of the phosphinoferrocene oli- 
gomers and polymers. 


All reactions were carried out under an atmosphere of prepu- 
rified nitrogen unless otherwise indicated. 1,2-Dimethoxyethane 
(DME) was predried over sodium metal and then distilled under 
nitrogen from sodium/benzophenone ketyl. Fisher (HPLC grade) 
or Burdick & Jackson ('distilled in glass") dichloromethane and 
hexane were used as solvents for high-performance liquid chro- 
matography (HPLC). 


Analytical HPLC was carried out on a system consisting of (1) 
two Waters Associates Model 6000 solvent delivery pumps and 
a Model 660 solvent programmer set at a constant 65% di- 
chloromethane/35% hexane mixture, (2) an Altex Model 153 
analytical UV detector, and (3) a Rheodyne Model 7120 syringe 
loading sample injector equipped with a 10-pL sample loop for 
analytical runs or a 2.0-mL sample loop for semiprep analytical 
runs. Two columns were interchanged on the same system. For 
noncollecting analytical runs a Waters p-Porasil, 30 cm X 3.9 mm, 
column was used with a solvent flow rate of 2.0 mL/min. For 


~ ~~~ 


(9) Schallkopf, U. "Houben-Weyl Methoden der Organischen Chemie"; 
Georg Thieme Verlag: Stuttgart, 1970; Vol. XIII/l, pp 93-94. 


collecting samples from semiprep analytical runs a Waters p- 
Porasil, 30 cm X 7.8 mm, column was used with a solvent flow 
rate of 4-5 mL/min. 


Preparative HPLC was carried out on a Waters Prep LC/ 
System 500 liquid chromatograph equipped with a refractive index 
detector. A single Waters Prep PAK-500 Silica Cartridge, 57 mm 
x 30 cm, was sufficient for separations. A 65% dichloro- 
methane/35% hexane mixture was used at a flow rate of 0.25 
L/min. 


Thermogravimetric analysis (TGA) was carried out by using 
Du Pont 951 and 990 thermogravimetric analyzers programed to 
heat from 25 to 600 "C at 20" min-' in flowing air at ca. 50 mL 
m i d .  Weight-average molecular weights, Mw, were determined 
by using light scattering techniques at various concentrations in 
dichloromethane with a Chromatics KMX-6 low-angle laser light 
scattering photometer. Light scattering is an absolute technique; 
thus no standards were necessary. Weights are reported in atomic 
mass units (amu). 


'H NMR spectra were recorded at  60 MHz on a Varian T-60 
or Hitachi Perkin-Elmer R-24B spectrometer and at  250 MHz 
on a Bruker WK-250 spectrometer. 31P and 13C NMR spectra 
were recorded on a Bruker HFX-90 or JEOL FX-9OQ spectrom- 
eter operating at 36.2 and 22.6 MHz, respectively. The high-field 
31P NMR spectra were obtained at 145.8 MHz on a Bruker 
WM-360 spectrometer. The 31P chemical shifts are reported in 
6p units, ppm downfield from 85% aqueous using extemal 
triphenylphosphine (in the same solvent as the sample) as the 
referenced signal at -6 ppm. Infrared spectra were obtained by 
using a Perkin-Elmer 457A double-beam grating spectrophotomer. 
Mass spectra were recorded on a Varian MAT-44 mass spec- 
trometer operating at 70 eV. The temperature programmed mass 
spectral data was collected by using a Hewlett-Packard GC/MS 
Model 5985 outfitted with a temperature-programmed direct 
insertion probe. 


Reaction of l-Lithio-1'-(dipheny1phosphino)ferrocene 
with (1,l'-Ferrocenediy1)phenylphosphine To Give Oligom- 
ers. The following procedure has been found to give the best yield 
and distribution of oligomers. 


Following the general procedure for the preparation of 1- 
lithio-1'-(dipheny1phosphino)ferrocene in the absence of an excess 
of PhLi,' a reaction was carried out between 2.50 g (8.56 mmol) 
of (1,l'-ferrocenediy1)phenylphosphine dissolved in 70 mL of 
hexane and 12.8 mL (8.56 mmol) of 0.67 M PhLi in diethyl ether 
(with 15 mL of hexane added to the flask). The addition of the 
ferrocenophane to the PhLi proceeded over 1.75 h, and upon 
completion, the mixture was stirred an additional 2 h at room 
temperature. The l-lithio-1'-(dipheny1phosphino)ferrocene thus 
formed was dissolved in 40 mL of THF and 1.29 mL (8.56 "01) 
of TMEDA was added by syringe. A 2.50-g (9.56-"01) sample 
of (1,l'-ferrocenediy1)phenylphosphine dissolved in 50 mL of THF' 
was added to the ferrocenyllithium reagent slowly during 1 h at 
room temperature, and the resulting brick-colored solution was 
stirred overnight at  room temperature. The solution was hy- 
drolyzed to the 'dry end point" with saturated aqueous NH4Cl 
solution. This produced a yellow-brown solution, which was 
filtered. The solvent was removed from the filtrate on a rotary 
evaporator to give a brown oil. The oil was prepdied by fiitration 
chromatography eluting with dichloromethane. This removed 
a single yellow fraction, which upon removal of the solvent, yielded 
5.36 g of a mixture of oligomers 6 as an oily, sticky solid. TLC 
studies of the oligomer mixture indicated the presence of as many 
as five or six yellow fractions separable with a dichloro- 
methane/pentane mixture as the eluent. Preparative HPLC was 
used to separate the oligomers for their individual characterization. 
Samples for elemental analysis were purified by using semiprep 
analytical HPLC of the oligomers isolated by preparative HPLC. 
The following fractions were isolated (listed in order of their 
elution) and identified as oligomers of type 6 on the basis of the 
listed data. (All the oligomers were air-stable as solids over a 
period of months and in solution over a period of several hours.) 


(1) 0.878 g (2.37 mmol, 28% based on available lithium reagent 
from PhLi charged) of l-(diphenylphosphino)ferrocene, (v5- 
C5H,PPh2)Fe($-C5H5), mp 120-122 "C, identified by comparison 
of its melting point and 'H-NMR spectrum with that of an au- 
thentic sample): TGA, 83.2% total weight loss at 300, 370,390, 
400, 420, 490 "C. 







Phosphorus- and Arsenic- Bridged [llFerrocenophanes 


(2) 1.43 g (2.16 mmol,25% of possible 8.56 mmol) of a glassy, 
yellow, noncrystalline solid, identified as oligomer 6 ( x  = 2), mp 
69-75 OC, on the basis of the following data: IR (CDClJ 3055 
(m), 2953 (m), 1584 (w), 1476 (w), 1436 (s), 1411 (w), 1386 (w), 
1362 (w), 1306 (w), 1247 (s), 1228 (w), 1180 (vs), 1160 (sh), 1103 
(m), 1030 (s), 997 (w), 886 (w), 857 (w), 822 (m), 681 (m), 630 (m), 
562 (m) cm-'; 'H NMR (CDClJ 6 3.80-5.00 (m, 17 H, Cp), 
7.16-8.12 (m, 15 H, Ph); 31P(1H) NMR (CaD6) 6, -17.8 (8,  1 P, 
PPhd, -31.8 (8, 1 P, PFcPh); slP(lH) MMR (high resolution, C a d  


€!z, 1 P, PFcPh); mass spectrum, m/e 661 (M+ - H, 1.3), 292 
(FcPPh + H, 4.6); TGA, 63.7% total weight loss at 400,430,480, 
585 OC. Anal. Calcd for CseH32FezPz (662.34): C, 68.90; H, 4.88. 
Found: C, 68.71; H, 5.39. 


(3) 0.951 g (1.00 mmol,23% of possible 4.28 "01) of a glassy, 
yellow, noncrystalline solid, identified as oligomer 6 ( x  = 3), mp 
W 1 0 0  OC, on the basis of the following data: IR (CDC18) 3053 
(m), 2951 (m), 1584 (w), 1475 (w), 1433 (s), 1411 (w), 1383 (w), 
1360 (w), 1306 (w), 1248 (m), 1179 (vs), 1158 (s), 1103 (m), 1026 
(s), 997 (w), 881 (m), 858 (s), 823 (m), 682 (s), 640 (m), 561 (w) 
cm-'; 'H NMR (CDC13) 6 3.75-4.91 (m, 25 H, Cp), 7.21-8.00 (m, 


(s, 1 P, P(Ph)), -32.2 (a, 1 P, PFcPh); mass spectrum, m/e  954 
(M+, 4.9), 369 (FcPPhz, 10.4). TGA, 59.3% total weight loss at 
390,510,570 OC. Anal. Calcd for CMH&e3P3 (954.45): C, 67.95; 
H, 4.76. Found: C, 68.27; H, 5.15. 


(4) 0.654 g (0.52 mmol,18% of possible 2.85 "01) of a glassy, 
yellow, noncrystalline solid, identified as oligomer 6 ( x  = 4), mp 
95-130 OC, on the basis of the following data: 31P(1H] NMR 
(CH2ClZ) 6, -17.7 (s, 1 P, PPh2), -31.5 (a, 1 P, P(Ph)), 32.2 (br 
s , 2  P, PFcPh); mass spectrum, molecular ion, M+, observed at 
1247 (calcd 1246.56) (this mass spectrum was obtained by the 
M.I.T. Mass Spectrometry Facility); TGA, 62.2 % total weight 
loss at 415, 440, 470, 570 "C. Anal. Calcd. for C,0H58Fe4P4 
(1246.56): C, 67.44; H, 4.70. Found: C, 67.95; H, 5.15. 
(5) Less than 0.10 g of a mixture of oligomer 6 ( x  = 5 and x 


= 6). Approximately 50 mg of oligomer 6 ( x  = 5) was separated 
from this mixture by using semiprep analytical HPLC and 
identified by ita 31P(1H) NMR spectrum and mass spectrum as 


1 P, P(Ph)), -32.1 (s,3 P, PFcPh); mass spectrum, m/e  molecular 
ion, M+, observed at 1539 (calcd 1538.67). This mass spectrum 
was obtained by the M.I.T. Mass Spectrometry Facility. 


Reaction of 1 -Lit hio- 1'-( diphen ylphosphino) ferrocene 
with Phenyldichlorophosphine. Following the general pro- 
cedure for the preparation of 1-lithio-1'-(dipheny1phosphino)- 
ferrocene in the absence of an excess of PhLi,' a reaction was 
carried out between 1.00 g (3.4 mmol) of (!l,l'-ferrocenediy1)- 
phenylphosphine and 6.25 mL (5.0 "01) of 0.8 M PhLi in diethyl 
ether. The ferrocenyllithium reagent thus formed was dissolved 
in 30 mL of THF, and 0.34 mL (2.5 mmol) of PhPC12 was added 
by syringe at room temperature. The solution turned from golden 
brown to golden yellow. It was heated at reflux for 30 min and 
then allowed to cool and stir at room temperature for 3 h. The 
solvent was removed on a rotary evaporator, and filtration 
chromatography (30% dichloromethane/70% pentane) removed 
a faint yellow band f i t  and then the major yellow band. Removal 
of the solvent on a rotary evaporator yielded 0.543 g (0.6 mmol, 
35%) of a glassy, yellow, noncrystalline solid identified as bis- 
(l'-(diphenylphosphino)ferrocenyl)phenylphosphine, [(s5- 
PhzPC6H4)Fe(~6-C6H4)]2PPh 'H NMR (CDC13) 6 3.82-4.27 (m, 
16 H, Cp), 7.20-7.41 (m, 25 H, Ph); 31P(1H) NMR (CDCl,) 6, -17.9 
(8,  2 P, -PPh2), -32.3 (s, 1 P, P(Ph)); mass spectrum, m/e  846 
(M+, 54.2%). Anal. Calcd for CmH,,Fe2P3 (846.52): C, 70.94; 
H, 4.89. Found: C, 71.43; H, 5.35. 


Reaction of 1,l'-Dilithioferrocene-Tetramethylethylene- 
diamine with Phenyldichlorophosphine in Hexane. A 300- 
mL three-necked, Morton flask was charged with 5.17 g (16.3 
mmol) of l,l'-dilithioferrocene-tetramethylethylenediamine in 
the glovebox and then fitted with a mechanical stirring unit, a 
pressureequalizing dropping funnel, a gas inlet tube, and a no-air 
stopper. The apparatus was removed from the glovebox and 
connected to a Schlenk manifold. Hereafter, this will be referred 
to as the standard apparatus. Hexane (ca. 200 mL) was added 
to the dilithioferrocene under nitrogen by cannula. PhPC1, (2.04 
mL, 15.0 mmol) and hexane (60 mL) were added to the funnel 


6 -17.9 (d, J(P-P') = 1.1 Hz, 1 P, PPh,), -32.0 (d, J(P-P') = 1.1 


20 H, Ph). "P{'H} NMR (CH2C12) 6, -17.6 (8, 1 P, PPhZ), -31.5 


follows: s'P('H) NMR (CD2C12) 6, -17.7 (8,  1 P, PPhZ), -31.5 (8,  
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by syringe. This solution was added dropwise over 1 h to the 
vigorously stirred dilithioferrocene/hexane slurry at room tem- 
perature. The resulting tan-orange mixture was stirred overnight 
at room temperature. The mixture now was red in color, indicative 
of (1,l'-ferrocenediy1)phenylphosphine. The reaction mixture waa 
treated with 10 mL of water and stirred for 30 min. It was then 
filtered in air and the tan solid washed with 2 X 50 mL portions 
of hexane. The red filtrate was discarded. The tan solid was 
extracted with 100 mL of dichloromethane under nitrogen. The 
extract was dried over MgS04 and filtered and the solvent re- 
moved in vacuo to give 1.87 g (43% conversion) of a glassy, brown 
solid. Further purification of the polymer was afforded by pre- 
cipitation of a dichloromethane solution of the polymer into a 
large volume of rapidly stirring pentane. This gave a very fluffy, 
tan solid. A more easily handled material could be obtained by 
dissolving the polymer in dichloromethane and removing the 
dichloromethane at reduced pressure to yield a brown, glassy, 
brittle solid. The solid was identified as poly((1,l'- 
ferrocenediyl)phenylphosphine), H[-(Ca4)Fe(C&14PPh)-],0H 
9: IR(CH2C12) 3080 (br m), 2979 (w), 1483 (m), 1438 (m), 1387 
(w), 1311 (w), 1196 (m), 1166 (s), 1110 (m), 1099 (m), 1073 (w), 
1060 (w), 1032 (s), 1005 (w), 892 (w), 833 (w), 635 (w) cm-'; 31P(1HJ 
NMR (CH2C12) 6, -29.1 (m, end group P atoms), -33.3 (m, intemal 
P atoms); TGA, 55.8% total weight 1- at 390,510,600 OC; DSC, 
exotherm at 405 OC of 0.7 J; M, = 47000 amu. 


Reaction of 1,l'-Dilithioferrocene-Tetramethylethylene- 
diamine with Phenyldichlorophosphine in DME. The 
standard apparatus was charged with 5.00 g (15.8 mmol) of 
l,l'-dilithioferrocene-tetramethylethylenediamine as before and 
connected to a Schlenk manifold. DME (ca. 150 mL) was added 
by cannula to give an orange solution. PhPClz (2.04 mL, 15.0 
mmol) was dissolved in 60 mL of DME in the dropping funnel 
and was added over a 1-h period to the stirred dilithio- 
ferrocene/DME solution at room temperature. The resulting 
yellow-orange solution was stirred overnight. The color had not 
changed, and the reaction mixture was treated with 10 mL of water 
and stirred for 30 min. It was then filtered in air and the solvent 
removed on a rotary evaporator. The resulting brown oil was 
dissolved in 100 mL of dichloromethane, dried over MgS04, and 
concentrated to ca. 35 mL on a rotary evaporator. The concentrate 
was poured into a large volume (ca. 900 mL) of rapidly stirring 
pentane (as described previously) to precipitate a fluffy, tan solid. 
The precipitation was repeated to yield 2.51 g (57% conversion) 
of polymer identified as poly((1,l'-ferrocenediyl)phenylphosphine), 
9, on the basis of the following data: IR (CH2C12) 3080 (br m), 
2973 (vw), 1585 (vw), 1480 (m), 1436 (m), 1385 (w), 1309 (w), 1195 
(m), 1164 (s), 1109 (m), 1097 (m), 1071 (w), 1058 (w), 1031 (s), 
1002 (w), 920 (vw), 890 (w), 867 (sh), 833 (vs), 633 (w) cm-'; 31P(1H} 
NMR (CH2C12) Figure 3,6, -25.5 (s, end group P atoms), -31.6 
(8, intemal P atoms), -32.1 ppm (s, intemal P atoms); TGA, 55.2% 
total weight loss at 385, 500, 605 "C; Mw = 8900 amu. 


Reaction of 1,l'-Dilithioferrocene-Tetramethylethylene- 
diamine with Phenyldichlorophosphine in Diethyl Ether. 
The standard apparatus was charged with 5.00 g (15.8 mmol) of 
1,l'-dilithioferrocenetetrmethylethylenediamine and ca. 200 mL 
of diethyl ether to give an orange slurry. PhPC12 (2.00 mL, 14.7 
mmol) was dissolved in 60 mL of diethyl ether in the dropping 
funnel and added to the slurry over a 1-h period. The resulting 
red-orange mixture was stirred overnight, and the red color was 
still visible. The mixture was treated with 10 mL of water, as 
in previous experiments, and filtered and the tan solid washed 
with 2 X 50 mL of hexane. Further treatment and purification 
of the tan solid was analogous to that described in the previous 
experiment done in hexane. This afforded 1.35 g (31% conversion) 
of polymer identified as poly((1,l'-ferrocenediyl)phenylphosphine), 
9: IR (CH2C12) 3080 (m), 3050 (m), 2970 (w), 1588 (w), 1482 (m), 
1437 (m), 1420 (sh), 1388 (m), 1363 (w), 1311 (m), 1195 (m), 1165 
(s), 1110 (w), 1099 (w), 1072 (w), 1060 (w), 1031 (s), 1005 (w), 915 
(m), 890 (w), 868 (sh), 835 (vs), 632 (w) cm-'; 31P(1H) NMR 
(CH2Clz) 6 -25.9 (m, end group P atoms), -32.5 (m, internal P 
atoms); TeA, 49.2% total weight loss at 360,420,470,490,610 
"C; = 161000 amu. 


The filtrate from the above reaction was evaporated to dryness 
on a rotary evaporator to give an oily red solid. Filtration 
chromatography of this solid eluting with a 30% dichloro- 
methane/70% pentane mixture removed three fractions which 
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were isolated and identified as the following (in order of their 
elution) on the basis of the data presented. 


(1) 0.574 g (3.1 mmol, 20%) of ferrocene: mp 171-173 "C; 'H 


(2) 0.242 g (0.5 mmol, 6%) of diferrocenylphenylphosphine, 
[(s5-C&Is)Fe(q5-C5H4)-]PPh mp 188-190 "C (lit.lo 191-193 "C); 
'H NMR (CDC13) 6 3.88-4.30 (m, 8 H, Cp), 4.04 (s, 10 H, Cp), 
7.24-7.58 (m, 5 H, Ph); mass spectrum, m / e  478 (M', 42.6). 
(3) 0.735 g (17% conversion) of oligomers 6 as a fluffy, glassy, 


yellow solid IR (CH2C12) 3100 (m), 3080 (m), 3050 (m), 2968 (w), 
1586 (w), 1482 (m), 1436 (m), 1412 (w), 1386 (m), 1310 (w), 1195 
(m), 1164 (s), 1110 (m), 1098 (w), 1071 (w), 1059 (w), 1031 (s), 1004 
(w), 913 (s), 890 (sh), 865 (w), 830 (vs), 635 (w) cm-'. 


Reaction of 1,l'-Dilithioferrocenc-Tetramethylethylene- 
diamine with Phenyldichlorophosphine in DME at -40,0, 
and 25 O C  and Subsequent Reaction with Phenyllithium. 
The standard procedure used for all three temperatures is as 
follows. 
A 300-mL three-necked, round-bottomed flask was charged with 


2.00 g (6.3 mmol) of dilithioferrocene and then equipped with a 
magnetic stir-bar, a pressure-equalizing dropping funnel, a gas 
inlet tube, and two no-air stoppers in the glovebox. The apparatus 
was connected to a Schlenk manifold, and 75 mL of DME was 
added to give an orange solution. A solution of PhPC12 (0.855 
mL, 6.3 mmol) in 50 mL of DME was added to the dilithio- 
ferrocene/DME solution, which was maintained at the appropriate 
temperature, over a 1.25-1.5-h period. The reaction mixture was 
stirred an additional hour at the same temperature and then at 
room temperature for 2 h. The reaction mixture was then cooled 
to 0 OC, 10 mL (7.6 mmol) of 0.76 M PhLi in diethyl ether was 
added, and the mixture was then stirred for 45 min at 0 OC. The 
mixture was hydrolyzed to the "dry end point" with sat. aq. NH4C1 
solution. MgSO, was added to ensure drying, and the mixture 
was filtered, followed by removal of the solvent on a rotary 
evaporator to give a brown oil. The precipitation method de- 
scribed previously was used to purify the polymer. The results 
of each temperature run and characterization of the polymers is 
listed as follows. 


NMR (CDC13) 6 4.09 (9). 


(10) Sollott, G .  P.; Mertwoy, H. E.; Portnoy, S.; Snead, J. L. J. Org. 
Chem. 1963,28,1090. 


(11) Measurements made at the Universitv of Michigan NMR facili- 
ties funded under NSF Grant CHE-7909108: 


A. Reaction at 25 OC: 1.256 g (68% conversion) of polymer; 
IR (CH2C12) 3078 (m), 3048 (m), 2965 (w), 1480 (m), 1435 (m), 
1417 (w), 1384 (m), 1308 (m), 1257 (w), 1191 (s), 1162 (vs), 1108 
(m), 1095 (m), 1070 (m), 1058 (w), 1030 (vs), 1002 (m), 887 (w), 
832 (vs), 688 (w), 630 (m) cm-'; 31P(1H) NMR (CH2C12) 6, -25.1 
(m, P(Ph)OH), -31.7 (m, internal P atoms), -32.3 (m, internal 
P atoms). 


B. Reaction at 0 O C :  1.269 g (69% conversion) of polymer; 
IR (CH2C12) 3078 (m), 3048 (m), 2965 (w), 1480 (m), 1435 (m), 
1417 (w), 1384 (m), 1308 (m), 1257 (w), 1191 (s), 1163 (vs), 1108 
(m), 1095 (m), 1070 (m), 1058 (w), 1030 (vs), 1002 (m), 887 (w), 
832 (vs), 688 (w), 630 (m) cm-l; 31P(1H) NMR (CH2Clz) 6, -25.2 
(m, P(Ph)OH), -32.3 (m, internal P atoms). 


C. Reaction at -40 OC: 1.307 g (71% conversion) of polymer; 
IR (CH2C12) 3078 (m), 3048 (m), 2965 (w), 1480 (m), 1435 (m), 
1417 (w), 1384 (m), 1308 (m), 1257 (w), 1191 (s), 1162 (vs), 1108 
(m), 1095 (m), 1070 (m), 1058 (w), 1020 (vs), 1002 (m), 887 (w), 
832 (vs), 688 (w), 630 (m) cm-'; 31P{1H) NMR (CHZClz) 6, -26.2 
(m, P(Ph)OH), -32.4 (m, internal P atoms). 


The molecular weights, M,, of the polymers obtained in ex- 
periments A, B, and C were 43 500, 90000 and 131 000 amu, 
respectively. 
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The thermolysis of hexamethylsilirane at ca. 65-75 "C results in the extrusion of trappable dimethylsilylene. 
Dimethylsilylene generated in this manner inserted into the Si-H bonds of organosilicon hydrides and 
into the Si-0 bonds of methoxysilanes, hexamethylcyclotrisiloxane, and 2,2,5,5-tetramethyl-2,5-disila- 1- 
oxacyclopentane, and it added to the C=C bonds of various olefins to yield new siliranes. Evidence is 
presented which indicates that such Me2Si addition to the C=C bond occurs stereospecifically with retention 
of configuration. 


Introduction 
In previous papers we have described the  preparation 


and properties of hexamethylsilirane, its mode of thermal 
decomposition, and some of its reactions with simple 
reagents in which the S icz  ring is ~ p e n e d . ~ , ~  As noted in 
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part 1,2 hexamethylsilirane decomposes thermally by ex- 
trusion of dimethylsilylene (eq 1). The process is rever- 


MezC, 6 5 - 7 5  'C, 
1,SiMez ,- blezC=CMez t Me2S9 (1) 


Me,C 


Me 2C-StMe2 
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sible, but there are two irreversible pathways which involve 
consumption of dimethylsilylene: its polymerization t o  
form poly(dimethylsily1ene) and its reaction with as yet 
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were isolated and identified as the following (in order of their 
elution) on the basis of the data presented. 


(1) 0.574 g (3.1 mmol, 20%) of ferrocene: mp 171-173 "C; 'H 


(2) 0.242 g (0.5 mmol, 6%) of diferrocenylphenylphosphine, 
[(s5-C&Is)Fe(q5-C5H4)-]PPh mp 188-190 "C (lit.lo 191-193 "C); 
'H NMR (CDC13) 6 3.88-4.30 (m, 8 H, Cp), 4.04 (s, 10 H, Cp), 
7.24-7.58 (m, 5 H, Ph); mass spectrum, m / e  478 (M', 42.6). 
(3) 0.735 g (17% conversion) of oligomers 6 as a fluffy, glassy, 


yellow solid IR (CH2C12) 3100 (m), 3080 (m), 3050 (m), 2968 (w), 
1586 (w), 1482 (m), 1436 (m), 1412 (w), 1386 (m), 1310 (w), 1195 
(m), 1164 (s), 1110 (m), 1098 (w), 1071 (w), 1059 (w), 1031 (s), 1004 
(w), 913 (s), 890 (sh), 865 (w), 830 (vs), 635 (w) cm-'. 


Reaction of 1,l'-Dilithioferrocenc-Tetramethylethylene- 
diamine with Phenyldichlorophosphine in DME at -40,0, 
and 25 O C  and Subsequent Reaction with Phenyllithium. 
The standard procedure used for all three temperatures is as 
follows. 
A 300-mL three-necked, round-bottomed flask was charged with 


2.00 g (6.3 mmol) of dilithioferrocene and then equipped with a 
magnetic stir-bar, a pressure-equalizing dropping funnel, a gas 
inlet tube, and two no-air stoppers in the glovebox. The apparatus 
was connected to a Schlenk manifold, and 75 mL of DME was 
added to give an orange solution. A solution of PhPC12 (0.855 
mL, 6.3 mmol) in 50 mL of DME was added to the dilithio- 
ferrocene/DME solution, which was maintained at the appropriate 
temperature, over a 1.25-1.5-h period. The reaction mixture was 
stirred an additional hour at the same temperature and then at 
room temperature for 2 h. The reaction mixture was then cooled 
to 0 OC, 10 mL (7.6 mmol) of 0.76 M PhLi in diethyl ether was 
added, and the mixture was then stirred for 45 min at 0 OC. The 
mixture was hydrolyzed to the "dry end point" with sat. aq. NH4C1 
solution. MgSO, was added to ensure drying, and the mixture 
was filtered, followed by removal of the solvent on a rotary 
evaporator to give a brown oil. The precipitation method de- 
scribed previously was used to purify the polymer. The results 
of each temperature run and characterization of the polymers is 
listed as follows. 


NMR (CDC13) 6 4.09 (9). 


(10) Sollott, G .  P.; Mertwoy, H. E.; Portnoy, S.; Snead, J. L. J. Org. 
Chem. 1963,28,1090. 


(11) Measurements made at the Universitv of Michigan NMR facili- 
ties funded under NSF Grant CHE-7909108: 


A. Reaction at 25 OC: 1.256 g (68% conversion) of polymer; 
IR (CH2C12) 3078 (m), 3048 (m), 2965 (w), 1480 (m), 1435 (m), 
1417 (w), 1384 (m), 1308 (m), 1257 (w), 1191 (s), 1162 (vs), 1108 
(m), 1095 (m), 1070 (m), 1058 (w), 1030 (vs), 1002 (m), 887 (w), 
832 (vs), 688 (w), 630 (m) cm-'; 31P(1H) NMR (CH2C12) 6, -25.1 
(m, P(Ph)OH), -31.7 (m, internal P atoms), -32.3 (m, internal 
P atoms). 


B. Reaction at 0 O C :  1.269 g (69% conversion) of polymer; 
IR (CH2C12) 3078 (m), 3048 (m), 2965 (w), 1480 (m), 1435 (m), 
1417 (w), 1384 (m), 1308 (m), 1257 (w), 1191 (s), 1163 (vs), 1108 
(m), 1095 (m), 1070 (m), 1058 (w), 1030 (vs), 1002 (m), 887 (w), 
832 (vs), 688 (w), 630 (m) cm-l; 31P(1H) NMR (CH2Clz) 6, -25.2 
(m, P(Ph)OH), -32.3 (m, internal P atoms). 


C. Reaction at -40 OC: 1.307 g (71% conversion) of polymer; 
IR (CH2C12) 3078 (m), 3048 (m), 2965 (w), 1480 (m), 1435 (m), 
1417 (w), 1384 (m), 1308 (m), 1257 (w), 1191 (s), 1162 (vs), 1108 
(m), 1095 (m), 1070 (m), 1058 (w), 1020 (vs), 1002 (m), 887 (w), 
832 (vs), 688 (w), 630 (m) cm-'; 31P{1H) NMR (CHZClz) 6, -26.2 
(m, P(Ph)OH), -32.4 (m, internal P atoms). 


The molecular weights, M,, of the polymers obtained in ex- 
periments A, B, and C were 43 500, 90000 and 131 000 amu, 
respectively. 
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The thermolysis of hexamethylsilirane at ca. 65-75 "C results in the extrusion of trappable dimethylsilylene. 
Dimethylsilylene generated in this manner inserted into the Si-H bonds of organosilicon hydrides and 
into the Si-0 bonds of methoxysilanes, hexamethylcyclotrisiloxane, and 2,2,5,5-tetramethyl-2,5-disila- 1- 
oxacyclopentane, and it added to the C=C bonds of various olefins to yield new siliranes. Evidence is 
presented which indicates that such Me2Si addition to the C=C bond occurs stereospecifically with retention 
of configuration. 


Introduction 
In previous papers we have described the preparation 


and properties of hexamethylsilirane, its mode of thermal 
decomposition, and some of its reactions with simple 
reagents in which the Sicz ring is ~ p e n e d . ~ , ~  As noted in 
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part 1,2 hexamethylsilirane decomposes thermally by ex- 
trusion of dimethylsilylene (eq 1). The process is rever- 


MezC, 6 5 - 7 5  'C, 
1,SiMez ,- blezC=CMez t Me2S9 (1) 


Me,C 


Me 2C-StMe2 


MeZC-SiMer (2) 
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sible, but there are two irreversible pathways which involve 
consumption of dimethylsilylene: its polymerization to  
form poly(dimethylsily1ene) and its reaction with as yet 


1982 American Chemical Society 







Hexamethylsilirane 


undecomposed hexamethylsilirane (eq 2). No information 
is available on the nature of the Me2Si extrusion process. 
It could be a concerted, one-step reaction, or it could 
proceed in two steps via a diradical intermediate (eq 3). 
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hexamethylsilirane as a dimethylsilylene source would be 
worthwhile. We report here concerning results of such 
studies. 


Since hexamethylsilirane thermolysis takes place a t  a 
reasonable rate a t  temperatures as low as 65-75 "C, this 
process possibly could serve as a useful method for the 
generation of dimethylsilylene. Dimethylsilylene has 
proven to be a useful reagent in organosilicon syntheses. 
Its reactivity parallels that of organic carbenes, R2C; thus 
it undergoes insertion into various single bonds and ad- 
dition to multiple bonds.4 Dimethylsilylene has been 
generated by a number of different procedures, most of 
which involve either the application of higher temperatures 
(200 "C or above) or activation with ultraviolet r ad ia t i~n .~  
The principal procedures are summarized in eq 4-8. 


Ph 


ph% - 300 ' C  Qph 0 0 t MezSi (4)  
( r e f  5 1  


Ph Ph 


Ph 


225 "C 
MeOSiMe2SiMezOMe Me2Si(OMe)2 + Me2Si 


(5) 
W 


c-(MezSi), - c-(Me2Si), + Me2Si (6) 


SI Me2 


c F < S i M e z  - ( r e f  e l  %Me2 
'" cl + Me2Si (7 )  


Me 2 


Although it generally is assumed that all of these processes 
proceed by way of extrusion of free Me2Si, this is by no 
means proven. As Gaspar has pointed "chemical 
criteria for the formation of free silylenes are still rather 
vague".1° The disadvantages associated with high tem- 
perature procedures are obvious. The major problems 
arising in applications of the photolytic procedures are 
those of further chemistry involving excited states of the 
initial products and photoinduced secondary reactions. In 
either case, the products which are isolated will not be the 
initially formed products. Although these methods of 
dimethylsilylene generation have been applied with good 
success in many instances (in particular, those using 
MeOSiMe2SiMe20Me thermolysis and c- (Me2Si)B photo- 
lysis), we felt that an exploration of the application of 


(4) Gaapar, P. P. In "Reactive Intermediates"; Jones, M., Jr., Moss, R. 
A., Ed. Wiley-Interscience: New York, 1978, Vol. 1, pp 229-277; 1981, 
Vol. 2, pp 335-385. 


(5) Gilman, H.; Cottis, S. G.; Atwell, W. H. J. Am. Chem. SOC. 1964, 
86, 1596,5584. 


(6) Atwell, W. H.; Weyenberg, D. R. Angew. Chem., Znt. Ed. Engl. 
1969,8,469; J. Am. Chem. SOC. 1968,90, 3438. 


(7) Lshikawa, M.; Kumada, M. J. Organomet. Chem. 1972, 42, 325. 
(8) Sakurai, H.; Kobayaahi, Y.; Nakadaira, Y. J. Am. Chem. SOC. 1971, 


93, 5272. 
(9) Skell, P. S.; Goldstein, E. J. J.  Am. Chem. SOC. 1964, 86, 1442. 
(10) Note, however, the spectroscopic and chemical trapping evidence 


in favor of free dimethylsiylene which waa obtained in a matrix isolation 
experiment: Drahanak, T. J.; Michl, J.; West, R. J. Am. Chem. SOC. 1979, 
101, 5421. 


Results and Discussion 
A known and often applied reaction of silylenes is their 


insertion into the Si-H bond: and this reaction was chosen 
as the first one to study. When a tetrahydrofuran (THF) 
solution of hexamethylsilirane was heated (100 "C oil bath) 
in the presence of an excess of triethylsilane, the expected 
pentaalkyldisilane was formed in 40% yield (eq 9). 


Me$, A 
I,SiMeZ t E t 3 S i H  - Et3SiS1Me2H t MezC=CMez (9 )  


Me zC 


Tetramethylethylene was present in 61% yield at  the end 
of the reaction time of 15 h. Best results were obtained 
when most of the T H F  solvent was removed from the 
hexamethylsilirane after ita preparation, and the MezSi 
transfer was carried out in neat triethylsilane. In this 
manner, a 68% yield of EtsSiSiMe2H was obtained (to- 
gether with a 100% yield of tetramethylethylene) in a 
reaction time of 16 h a t  75 "C. Similar decomposition of 
hexamethylsilirane in dimethylisopropylsilane and in di- 
ethylsilane gave i-PrMe2SiSiMe2H (40%) and  
HEt$iSiMe2H (48% ), respectively. 


Another characteristic reaction of dimethylsilylene is its 
insertion into the Si-0 bonds of methoxydisilanesl' and 
the Si-0-Si bonds of the strained and reactive hexa- 
methylcyclotrisiloxane12 and 2,2,5,5-tetramethyl-l-oxa- 
2,5-di~ilacyclopentane.'~ Hexamethylsilirane-derived 
dimethylsilylene showed similar reactivity (eq 10-12). 


OMe MezC=CMe2 (10) 
R = R' = M e  (70%) 
R = Me, R' = Ph (39%) 
R = M e ,  R' = OMe (42%) 


n n 


48% 
MezC=CMe2 (11) 


Me 2C, H z C - C H z  A Me2SiYoLSiMe2 


Me pC MezSi, ,SiMe2 MezSi, ,CH2 
l , S 1 M e 2  t I \ - I /  t 


0 CH2 


56% 
MezC=CMez (12) 


Of some interest has been the addition of silylenes to 
olefins to form silacyclopropanes (siliranes). Although the 
results of some attempts to effect this conversion had been 
rationalized in terms of the formation of an intermediate 
silirane,4 it was an experiment with methylphenylsilylene 
by Ishikawa and Kumada14 which provided clear evidence 
for such a product (eq 13). The photolysis route to si- 
lylenes, however, as pointed out in the Introduction, 


(11) Atwell, W. H.; Weyenberg, D. R. J. Am. Chem. SOC. 1968, 90, 


(12) Soysa, H. S. D.; Okinoshima, H.; Weber, W. P. J.  Organornet. 


(13) Okinoshima, H.; Weber, W. P. J. Organomet. Chem. 1978,150, 


(14) Ishikawa, M.; Kumada, M. J.  Organomet. Chern. 1974, 81, C3. 


3438. 


Chem. 1977,133, C17. 


C25. 
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yiMe3 
UV (MePhSi inlermediale) 


f Me3Si(SiMePh)pSiMe3 c 


/Me 


presents complications, and these workers found that such 
siliranes undergo photoinduced ring opening via 1,2 and 
1,3 hydrogen  shift^.^ 


In our initial paper of this series,2 we reported that 
hexamethylsilirane, which decomposes as described in the 
Introduction, is completely stable when heated a t  63 "C 
in tetramethylethylene solution for 20 h. This implies that 
the dimethylsilylene extrusion from the silirane is a re- 
versible process, i.e., that Me2Si can add to the C = C  bond 
of tetramethylethylene to regenerate hexamethylsilirane. 
Further experiments demonstrated the generality, albeit 
limited, of this process. 


For the transfer of M e a i  from hexamethylsilirane to the 
C=C bond of an external olefin to form a new silirane and 
tetramethylethylene to be successful, the new silirane must 
have a thermal stability comparable to or greater than that 
of hexamethylsilirane. To  ensure success, hexamethyl- 
silirane (THF concentrate) was heated in the presence of 
a large excess of the neat olefin. This approach would not 
be successful if the new silirane underwent facile decom- 
position by some process other than reversible dimethyl- 
silylene extrusion. In the absence of knowledge about the 
thermal stability of simple siliranes other than hexa- 
methylsilirane, we examined both internal olefins and 
terminal olefins as potential Me2Si acceptors. 


After a solution of hexamethylsilirane in cis-4-octene, 
which showed 6si at  -49.5 for the silirane,2 had been heated 
under nitrogen a t  71 "C for 18 h, a 29Si NMR spectrum 
of the reaction mixture showed that the original silirane 
had been consumed and that a new silirane with 6si -59.8 
was present. (The T3i resonances of the known siliranes 
are in the range ca. -50 to -54 far upfield from 
those of all other organosilicon compounds, cyclic and 
acyclic, with four Si-C bonds.) A preparative experiment 
in which such a reaction mixture obtained by hexa- 
methylsiliiane thermolysis in cis-4-octene was treated with 
methanol gave the expected acyclic methoxysilane in 69% 
yield (eq 14), thus confirming the formation of silirane 1 


(R  = n-C,H, ) 
H 
I 


H 


1 


in fairly good yield. Such dimethylsilylene-transfer reac- 
tions were successful with other internal olefins as indi- 
cated by the formation of the methanolysis products of the 
expected siliranes. Thus similar experiments gave the 
methanolysis products from the siliranes derived from the 
following olefins in the indicated yields: trans-4-octene, 
25 % ; cyclooctene, 35% ; 1-propenyltrimethylsilane (isomer 
mixture), 68% ; trimethylisopropylethylene, 48%. I t  is 
noteworthy that in the case of the unsymmetrically sub- 
stituted siliranes, 2 and 3, reaction with methanol results 
in cleavage of the less hindered Si-C bond (eq 15 and 16). 


Me3 S ICH, I 
MeCH I 


I ,SiMe2 t MeOH - Me2SiCHCHzCH3 (15) 


2 OMe 


Me pC I 
Me*SiC(Me)CHpCH3 (16) IZSiMep t MeOH - 


Me C 
I I 
I 0 Me 
Et 


3 


No evidence for the formation of siliranes was obtained 
when hexamethylsilirane was thermolyzed in the presence 
of 1-decene and allyltrimethylsilane, although in each case 
tetramethylethylene was produced in high yield. It may 
be that the siliranes derived from terminal olefins are less 
stable than those formed by Me2Si addition to internal 
olefins. 


The stereochemistry of dimethylsilylene addition to the 
C=C bond is of interest, and this question also was in- 
vestigated. Two different approaches indicated that the 
addition is stereospecific and suggested that the addition 
is a cis process. 


In previous work15 we had prepared silirane 4 whose 
structure had been determined by an X-ray diffraction 
study.16 The other isomeric silirane, 5, also had been 


4 5 


prepared.15 Both 4 and 5 were found to react with meth- 
anol to give ring-opened methoxysilanes which differed 
slightly in their proton NMR and IR spectra and whose 
refractive indexes were different. Thermolysis of hexa- 
methylsilirane in a benzene solution of the anti isomer of 
bi-7-norcaranylidene, 6,17 a t  73 "C for 18 h, followed by 


6 


methanolysis of the reaction mixture, gave a high-boiling 
methoxysilane in 35% yield. Its refractive index (n25D 
1.5090) was close to that of the methanolysis product of 
4 (n25D 1.5100), and its proton NMR and IR spectra were 
identical with those of the methanolysis product of 4. Thus 
the addition of dimethylsilylene to 6 appears to be a ste- 
reospecific process. 


The other approach used to answer the question of 
stereochemistry is based on the proton NMR analysis of 
hexamethylsiliranelcis- (or trans-) propenyltrimethylsilane 
reaction mixtures before and after methanolysis. In each 
case, an excess of the individual cis- and trans-prope- 
nyltrimethylsilane isomer was heated with hexamethyl- 
silirane (THF concentrate) in an NMR tube a t  70 "C for 
16 h. After 'H and I3C NMR spectra of the reaction 
mixture had been obtained, methanol was added. 'H and 
13C NMR spectra of the methanol-treated solution were 


(15) Seyferth, D.; Lambert, R. L. Jr.; Annarelli, D. C. J. Organomet. 


(16) Delker, G. L.; W a g ,  Y.; Stucky, G. D.; Lambert, R. L., Jr.; Haas, 


(17) Seyferth, D.; Massol, M.; Barrau, J.; Satg6, J. J.  Organornet. 


Chem. 1976,122, 311. 


C. K.; Seyferth, D. J. Am. Chem. SOC. 1976,98,1779. 


Chem. 1980, 185, 307. 
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measured, and the Me2(MeO)SiCH(SiMe3)CH2CH3, 7, 
formed was isolated by gas chromatography (GLC) and 
quantified. In the NMR spectra of the methanol-treated 
solutions the resonances which appeared could be assigned 
to methoxysilane 7, the product of the addition of meth- 
anol to both possible isomeric siliranes, 8 and 9. The 
resonances which disappeared from the NMR spectrum 
of the original reaction mixture then could be assigned to 
siliranes 8 and 9 or to octamethyl-1,2-disilacyclobutane, 
a minor byproduct resulting from Me2Si insertion into a 
S i 4  bond of hexamethylsilirane.2 Not all signals which 
were observed could be assigned, and some of the reso- 
nances in the ‘H NMR spectra were obscured by the 
solvent resonances (i.e., thcee of the starting propenylsilane 
isomer) or by the tetramethylethylene which was formed. 
In the 13C NMR spectra, all silirane lines could be iden- 
tified and tentative assignments of the ring-carbon lines 
were made. 


The signals which were found to disappear (not in- 
cluding the octamethyl-l,2-disilacyclobutane signals) from 
the proton NMR spectrum of the hexamethylsilirane/ 
trans-propenyltrimethylsilane reaction mixture were those 
occurring a t  and assigned to the following in compound 
8: 6 -0.10 (s, presumably half of the doublet due to proton 


0 Me3Si Hb aMe3Si Med 
I I I I 
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of quartets for the other) renders them even less likely to 
be observed. The C(ring)-CH, group, could, however, be 
easily assigned in both cases due to its fortunate chemical 
shift position in an area relatively free of interfering signals. 
Clearly, the C(ring)-CH, doublet of the silirane derived 
from the truns-propenylsilane does not appear in the NMR 
spectrum of the silirane derived from the cis-propenyl- 
silane (and vice versa). The 13C NMR spectra also pro- 
vided telling evidence in demonstrating the stereochemical 
purity of the respective silirane solutions and also provided 
evidence that dimethylsilylene addition to the propenyl- 
silane isomers occurred with retention of stereochemistry. 
None of the signals assigned to the silirane derived from 
the cis-propenylsilane appear in the spectrum of the sili- 
rane derived from the trans olefin (and vice versa). Also, 
the Si(ring)-CH, carbon atom signals were found in a fairly 
normal position, with all four carbon atoms, two each from 
the two siliranes, resonating between 4.3 and 9 ppm upfield 
from tetramethylsilane. The SiCH, 13C resonance of 
hexamethylsilirane was observed a t  aSi -9.67.2 The evi- 
dence that the addition of Me2Si to the C=C bond pro- 
ceeds with retention of configuration is found in the 
position of the Si(ring)-CH, and C(ring)-CH, 13C signals, 
as well as in the position of the Wing)-CH, proton res- 
onances. The presence of three nongeminal substituents 
on a three-membered ring, all cis to each other, would be 
expected to  result in slightly higher field resonances for 
these nuclei due to the increased shielding effects caused 
by their neighbors. Thus, one Si(ring)-CH, resonance of 
the silirane derived from the cis-propenylsilane is observed 
a t  a higher field than any other Si(ring)-CH, resonance 
in either silirane. Similarly, the C(ring)-CH, resonances 
in both the ‘H and 13C NMR spectra occur at  higher field 
in the spectrum of the silirane derived from the cis- 
propenylsilane than in that of the silirane obtained from 
trans-propenyltrimethylsilane. Also, one of the Si- 
(ring)-CH, resonances in the 13C NMR spectrum of the 
silirane prepared from the cis-propenylsilane resonates at  
a lower field (less shielded position) than any other Si- 
(ring)-CH, resonance in the 13C NMR spectra of either 
silirane. This signal, therefore, is assigned to the Si- 
(ring)-CH, carbon atoms trans to the other ring substit- 
uents (CH, and SiMe,). These arguments are consistent 
with the observation that the Wring)-CH, resonance in 
the I3C NMR spectrum of hexamethylsilirane occurs a t  6si 
-9.67. Both of the CH, groups on silicon are cis to two 
adjacent CCH3 groups, contributing to the shielding ob- 
served. 


The arguments that trans-propenyltrimethylsilane re- 
acts with hexamethylsilirane-derived dimethylsilylene to 
give a silirane in which the trans relationship of CH, and 
SiMe, groups of the olefin is preserved and that cis- 
propenyltrimethylsilane gives a silirane with the CH, and 
SiMe3 substituents on the carbon atoms in cis relationship 
are, admittedly, not as strong as would be liked. However, 
the evidence that the stereochemically pure olefins yield 
stereochemically pure siliranes (within the inherent lim- 
itations of these NMR experiments) is clear. That such 
Me2Si additions to the C=C bond would occur with in- 
version of geometric configuration rather than with re- 
tention is an idea which is difficult to rationalize. Fur- 
thermore, the experiment with anti-bi-7-norcaranylidene 
provides strong support for addition with retention of 
configuration. 


A similar conclusion was reached by Tortorelli and 
Joneslg on the basis of a study of the reaction of di- 


Me f 


8 
Me c 


9 


Ha; the other half was obscured by the propenylsilane 
solvent), 0.01 (8, a large peak; integration was impossible 
because of its nearness to the %Me3 resonance of the 
solvent; assigned to Hd), 0.19 and 0.23 (both s, smaller 
peaks than the 0.01 resonance; assigned to He and Hf), 1.05 
(d, J = 17 Hz, assigned to HJ. The peaks that were found 
to disappear from the 13C NMR spectrum of this reaction 
mixture were those occurring a t  and assigned to the fol- 
lowing in 8: 6c -7.54 (Ce), -5.65 (Cf), 0.32 (C&, 9.02 (CJ, 


The signals which were found to disappear from the 
proton NMR spectrum of the hexamethylsilirane/cis- 
propenyltrimethylsilane reaction mixture were those oc- 
curring a t  and assigned to the following in compound 9: 


Hz, Hd). The resonances which were found to disappear 
from the ‘3c NMR spectrum upon methanolysis were those 
occurring a t  and assigned to the following in 9: 6c -9.00 


These assignments were made based on the following 
considerations. The ‘H NMR spectra of both silirane 
solutions were fairly predictable: the expected three SiCH, 
resonances could be identified in each case, and signals 
appearing in the spectrum of the truns-propenylsilane 
reaction mixture did not appear in that of the cis- 
propenylsilane reaction mixture (and vice versa). The ring 
protons were expected to resonate in the region associated 
with cyclopropyl protons (6 0.0-0.4)’8 or perhaps a t  
somewhat higher field due to the influence of the nearby 
silicon atoms. These proton signals could not be clearly 
assigned in either case due to their low intensity with 
respect to the nearby SiCH, signal of the solvent and 
because their multiplicity (a doublet for one and a doublet 


(18) Silverstein, R.; Bassler, G. C.; Morrill, T. C. ‘Spectrometric 
Identification of Organic Compounds”; Wiley: New York, 1974; p 212. 


9.35 ( 0 ,  18.74 (Ch). 


6 0.09 (9, Ha), 0.21 (9, Hb), 0.26 (s, HJ, 0.94 (d, J = 12.5 


(cb), -4.28 (cc), 2.48 (ca),  5.85 (c&, 9.36 (ce),  14.90 (cf). 


(19) Tortorelli, V. J.; Jones, M., Jr. J. Am. Chem. SOC. 1980,102,1425. 
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methylsilylene (via Me2S& photolysis) with cis- and 
trans-2-butene followed by treatment of the siliranes 
formed with CH30H and CH30D. 'H and 2H NMR 
spectroscopy of the methanolysis products served to in- 
dicate that the Me2Si addition and the silirane/methanol 
reaction are a t  least 95% stereospecific, but an experi- 
mental choice between retention and inversion in the 
Me2Si addition reaction could not be made. The stereo- 
chemistry of the siliranes formed in these reactions was 
not investigated directly. Also, Ishiwaka et  al.zO have re- 
ported that the addition of phenyl(trimethylsily1)silylene 
to cis- and trans-2-butene occurs with high stereoselec- 
tivity. 


In conclusion, we note that the very useful property of 
hexamethylsilirane to extrude a trappable dimethylsilylene 
on mild heating is not a general property of siliranes. We 
have already reported that siliranes such as 4 and 5 and 
others which have a 7-siladispiro[2.0.2.l]heptane basic 
structure are very stable thermally and do not release 
Me2Si when they do decompo~e.'~ We have also examined 
the thermal decomposition of the silirane derived by M e a i  
addition to cis-4-octene. After this silirane had been 
prepared by hexamethylsilirane thermolysis in an excess 
of cis-4-octene, a large excess of tetramethylethylene was 
added to the reaction mixture and the resulting solution 
was heated a t  66 "C for 22 h. Had l,l-dimethyl-2,3-di-n- 
propyl-1-silirane decomposed via Me2Si extrusion, hexa- 
methylsilirane should have been formed and should have 
accumulated in the reaction mixture. However, metha- 
nolysis of the reaction mixture after the heating period 
showed that about half of the starting silirane had re- 
mained undecomposed but that no hexamethylsilirane was 
present at  the time of methanolysis. In another experi- 
ment, l,l-dimethyl-2,3-di-n-propyl-l-silirane prepared in 
this manner failed to give the expected Et$iSiMe2H when 
heated with triethylsilane for 21 h at  73 OC. Methanolysis 
of the reaction mixture in this case also indicated that a 
substantial portion of the silirane had been present at  the 
end of the heating period. Apparently 1,l-dimethyl-2,3- 
di-n-propyl-1-silirane is more stable than hexamethyl- 
silirane, and when it does decompose, it apparently does 
not do so via extrusion of Me2Si. This point requires 
further investigation. 


Hexamethylsilirane thus is a very useful source of di- 
methylsilylene. I t  may be prepared on a reasonably large 
scale from simple starting materials.2i21 Although it must 
be handled and utilized with great care with total exclusion 
of air and moisture, stock solutions of hexamethylsilirane 
in organic solvents may be prepared and these enjoy 
long-term stability.2 Finally, the extrusion of dimethyl- 
silylene occurs at  a moderate rate at temperatures of 65-75 
"C, conditions under which the initial Me2Si insertion or 
addition products usually are stable. Other Mez%-transfer 
chemistry is possible with hexamethylsilirane, and in a 
later paper of this series we will report details of our 
preparations of highly reactive silacyclopropenes by MezSi 
transfer from hexamethylsilirane to acetylenes. 


Finally, we note that the details of the mechanism of 
Me2Si transfer from hexamethylsilirane to silicon hydrides 
and to silicon-oxygen compounds are not known. How- 
ever, some conclusions about the mechanism of MezSi 
transfer from the silirane to olefins are possible. The fact 
that  the Me2Si transfer is stereospecific indicates that a 
"silylenoid" process, i.e., direct, bimolecular transfer of 
Me2Si to substrate from an initially formed diradical as 


Seyferth, Annarelli, and Duncan 


shown in eq 17, is not operative. In this case, the inter- 


(20) Ishikawa, M.; Nakagawa, K.-I.; Kumada, M. J. Organornet. Chern. 


(21) Goure, W. F.; Barton, T. J. J. Organornet. Chern. 1980, 199, 33. 
1979, 178, 105. 
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mediate product must be another diradical, 10 (rigorously 
demanded only for Me2C=CMe2 substrate). For such a 
process to be stereospecific, the diradical intermediate 
lifetime would have to be shorter than the time required 
for rotation about the C-C bond in diradical 10. This 
would be more likely for 10 than for the all-carbon di- 
radical intermediates in triplet carbene additions to olefins. 
However, that MezSi transfer from hexamethylsilirane is 
stereospecific and that all available evidence speaks in 
favor of a singlet ground state for dimethylsilylene4J0 
suggest strongly that a concerted addition of free Me2Si 
to the olefinic double bond occurs in the reactions which 
are reported here. 


Experimental Section 
General Comments. Infrared spectra were recorded by using 


a Perkin-Elmer Model 457A infrared spectrophotometer and 
proton magnetic resonance spectra by using either a Varian 
Associates T60, a Perkin-Elmer R-20, or a Perkin-Elmer R-22 
spectrometer. Chemical shifts are reported in 6 units, ppm 
downfield from internal tetramethyleilane. Chloroform and di- 
chloromethane often were used as alternative internal standards. 
13C NMR spectra were obtained with a JEOL FNM HFX-6OQ 
spectrometer; =Si NMR spectra with a Bruker HFX-90 spec- 
trometer which was interfaced with a Digilab FTS/NMR-3 
computer. Gas-liquid chromatography (GLC) was used routinely 
for isolation of pure samples, determination of purity of distilled 
samples, and yield determinations by the internal standard 
method. All columns were packed on acid-washed, dimethyldi- 
chlorosilane-treated Chromosorb W. 


All solvents used were rigorously dried. All reactions were 
carried out under an atmosphere of prepurified nitrogen or argon. 
All glassware was flame-dried under a stream of nitrogen before 
use. Reactive reagents were transferred by syringe or cannula. 


In part l2 the preparations of hexamethylsilirane and its 
precursors are described in detail, as are the methods used for 
the determination of the yield of hexamethylsilirane, for the 
preparation of solutions of hexamethylsilirane in solvents other 
than THF, and for the handling of hexamethylsilirane and its 
solutions. We stress again the high reactivity of hexamethylsilirane 
toward atmospheric oxygen and moisture and the absolute need 
to perform all operations involving this compound with complete 
exclusion of air in rigorously dried glassware using rigorously dried 
and degassed solvents. 


For thermolysis reactions which were carried out in benzene 
or neat trapping reagent, the following procedure was used. The 
reaction vessel, usually a 25-mL one-necked flask equipped with 
a magnetic stir bar and a reflux condenser with an argon inlet 
tube, was purged with argon and flame-dried. The substrate then 
was added to the flask by syringe, followed by a weighed amount 
of the concentrated hexamethylsilirane solution. The reaction 
vessel then was heated in a preheated oil bath. Reactions tem- 
peratures are uncorrected. 


Thermolysis of Hexamethylsilirane in the Presence of 
Organosilicon Hydrides. (a) Triethylsilane. A solution of 
1.27 mmol of hexamethylsilirane (concentrated THF solution) 
in 4 mL of triethylsilane (Silar) was stirred and heated under argon 
for 16 h at 75 OC. Subsequent GLC analysis indicated that one 
product had been formed which was collected and identified as 
l,l-dimethyl-2,2,2-triethyldisilane, E@iSiMezH (68% yield): n20D 
1.4578 (lit.22 nZoD 1.4589); IR (neat film) u(Si-H) 2090 (vs) cm-I; 


(22) Gladyshev, E. N.; Andruvichev, V. S.; Klimov, A. A.; Vyazakin, 
N. S.; Razuvaev, G. A. J.  Organornet. Chern. 1971,28, C42; Zh. Obshch. 
Khirn. 1972, 42, 1077. 
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NMR (CC14) 6 0.17 (d, J = 5 Hz, 6 H, Me2Si), 0.38-1.23 (m, 15 
H, Et3Si), 3.50-3.90 (m, 1 H, SiH). Tetramethylethylene was 
present in quantitative yield. 


(b) Isopropyldimethylsilane. A solution of 1.69 mmol of 
hexamethylsilirane (THF concentrate) in 9 mL (71 mmol) of 
i-PrMe#iH (Silar) was stirred and heated for 15 h at 71 OC. The 
product (40% yield), i-PrMezSiSiMezH, n=D 1.4417, was collected 
by GLC: IR (neat film) v(Si-H) 2100 (vs) cm-'; NMR (CC,) 6 
0.03 (8,  6 H, Me2Si), 0.12 (d, J = 5 Hz, 6 H, HMezSi), 0.99 (br 
s, 7 H, CHMeJ, 3.49-3.82 (m, 1 H, SM). The tetramethylethylene 
yield was 97%. Anal. Calcd for C7H2,,Si2: C, 52.40; H, 12.57. 
Found C, 52.10; H, 12.49. 


(c) Diethylsilane. A small Pyrex bomb-tube equipped with 
a magnetic stir bar was charged (under argon) with 1.47 mmol 
of hexamethylsilirane (THF concentrate) and 10 mL of di- 
ethylsilane (Alfa). The tube was cooled in liquid nitrogen, 
evacuated, sealed, and then heated for 17 h at 73 OC. The tube 
was cooled to room temperature and opened, and the contents 
were transferred to a one-necked flaak and trap-to-trap distilled 
in vacuum into a receiver cooled to -78 "C. GLC examination 
of the distillate showed the presence of HEt&iSiMezH (48% 
yield): n26D 1.4449; IR (neat film) v(SiH) 2100 (vs) cm-'; NMR 
(CClJ 6 0.23 (d, J = 6 Hz, 6 H, M@i), 0.67491 (m, 4 H, SiCH2), 
1.08 (t, J = 6 Hz, 6 H, CCH3), 3.44-3.89 (m, 2 H, SiH). Anal. 
Calcd for CBH1&: C, 49.22; H, 12.39. Found C, 49.20; H, 12.36. 


Thermolysis of Hexamethylsilirane in the Presence of 
Methoxysilanes. (a) Dimethyldimethoxysilane. A solution 
of 1.18 mmol of hexamethylsilirane (THF concentrate) in 12 mL 
(75 mmol) of Me2Si(OMe)2 was stirred and heated under argon 
for 15 h at 73 OC. Trap-to-trap distillation was followed by GLC 
analysis of the distillate. The product, 1,2-dimethoxytetra- 
methyldisilane, nED 1.4230 (lit.B nasD 1.4207), was preaent in 71% 
yield: NMR (CCl,) 6 0.23, 3.40 (8). Tetramethylethylene was 
present in 95% yield. 


(b) Methylphenyldimethoxysilane. A solution of 1.26 mmol 
of hexamethylsilirane (THF concentrate) in 3.64 g (20 mmol) of 
MePhSi(OMe)2 was stirred and heated for 16 h at 73 "C. GLC 
analysis showed that 1-phenyl- 1,2,2-trimethyl-1,2-dimethoxydi- 
silane, PhMe(OMe)SiSiMeOMe, nBD 1.4987, was present in 39% 
yield NMR (CCl,) 6 0.22 (8,  6 H, SiMez), 0.47 (8,  3 H, SiMePh), 
3.36 (s, 3 H, OMe), 3.47 (8, 3 H, OMe),7.2-7.5 (m, 5 H, Ph). Anal. 
Calcd for CllHmOzSiz: C, 54.72; H, 8.76. Found C, 54.91; H, 
8.34. 


(c) Methyltrimethoxysilane. A solution of 1.48 mmol of 
hexamethylsilirane (THF concentrate) in 2.7 g (20 mmol) of 
MeSi(OMe)3 (Petrarch) was heated and stirred for 16 h at 75 OC. 
Subsequent GLC analysis showed the presence of 1,1,2-tri- 
methyl-l,2,2-trimethoxydisilane (42% yield). The IR and proton 
NMR spectra of a collected sample were identical with those of 
authentic material." 


(d) Trimethylmethoxysilane and Trimethylphenoxy- 
silane. A solution of 1.54 mmol of hexamethylsilirane (THF 
concentrate) in 2.1 g (20 mmol) of Me3SiOMe was heated for 17 
h at 70 "C in an evacuated, sealed Pyrex bomb-tube. Subsequent 
examination of the reaction mixture by GLC showed that no 
volatile products other than tetramethylethylene (90%) had been 
formed. 


A similar experiment (at atmospheric pressure) with Me3SiOPh 
gave similar results. A minor product was identifed as octamethyl 
1,3-disila-2-oxacyclopentane, the oxidation product of the com- 
pound formed by insertion of dimethylsilylene into the S i 4  bond 
of hexamethylsilirane.2 


Thermolysis of Hexamethylsilirane in the Presence of 
Hexamethylcyclotrisiloxane. A solution of 1.54 mmol of 
hexamethylsilirane (THF concentrate) in 2.2 g (10 mmol) of the 
title cyclosiloxane (Petrarch) was stirred and heated for 16 h at 
70 OC. GLC analysis of the reaction mixture showed the presence 
of 1,1,2,2,4,4,6,6-octamethyl-3,5,7-trioxa-l,2,4,6-tetrasilacyclo- 
heptane (see eq 11). A GLC-collected sample had IR and NMR 
spectra which matched those as described for this compound in 
the literature.12 The product was present in 48% yield. A small 
amount of octamethyl-l,2-disilacy~lobutane~ also was observed. 
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Thermolysis of Hexamethylsilirane in the Presence of 
2,2,5,5-Tetramethyl-2,5-disila-l-oxacyclopentane (Experiment 
by M. L. Shannonz5). A solution of 3.88 mmol of hexamethyl- 
silirane (THF concentrate) in 2.50 mL (ca. 13.5 mmol) of the title 
disiloxane (Silar) waa stirred and heated for 18 h at 68 OC under 
an argon atmosphere. GLC analysis of the reaction mixture 
showed the presence of 2,2,3,3,6,6-hexamethy1-2,3,6-trisila-l-o~- 
acyclohexane (see eq 12), n26D 1.4519, in 56% yield NMR (CC14) 
6 0.05,0.07,0.18 (s,6 H, each, SiMeJ and 0.73,0.77 (AA' multiplet, 
4 H total, CHzCHZ).l3 Anal. Calcd for C8Hz2OSiS: C, 43.96; H, 
10.15. Found C, 44.22; H, 10.20. Tetramethylethylene was 
present in 74% yield. 


Thermolysis of Hexamethylsilirane in the Presence of 
Olefins. (a) cis-4-Octene. A solution of 1.70 mmol of hexa- 
methylsilirane (THF concentrate) in 5 mL of the title olefin (Chem 
Samples) was stirred and heated for 15 h at 75 OC under an argon 
atmosphere. The solution was cooled to room temperature, and 
0.5 mL of absolute MeOH was added. An exothermic reaction 
resulted. GLC analysis of the reaction mixture indicated the 
presence of one product, 4-octyldimethylmethoxysilane (69%): 
nED 1.4260, NMR (CCl,) 6 0.11 (s,6 H, Me#i), 0.60-1.53 (m, octyl 
CH), 3.40 (s, 3 H, OMe). Anal. Calcd for CllH260Si: C, 65.27; 
H, 12.95. Found C, 65.11; H, 12.96. Tetramethylethylene was 
present in 95% yield. 


In another experiment, about 5 mmol of hexamethylsilirane 
in 4 mL of cis-Coctene was prepared. A portion of this solution 
was added to a 10-mm NMR tube, and a proton-decoupled %i 
NMR spectrum was obtained: SSi -49.5. The remainder of the 
solution was heated for 18 h at 71 OC. The solution then was 
cooled, and another portion was used to record the %i NMR 
spectrum after this heating period: 6si -59.8. When fully coupled, 
this resonance was observed as a complex multiplet. The addition 
of methanol to the NMR tube produced a strong exotherm; NMR 
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A solution of 1.8 mmol of hexa- 
methylsilirane (THF concentrate) in 4 mL of the title olefin 
(Aldrich) was stirred and heated for 18 h at 74 OC. The reaction 
mixture was cooled to room temperature, and 0.5 mL of absolute 
MeOH was added. GLC analysis followed. The product (25% 
yield) was identified (n26D 1.4280 and IR spectrum) as 4-octyl- 
dimethylmethoxysilane. Tetramethylethylene was present in 89% 
yield. 


(c) 2,3-Dimethyl-2-pentene. A solution of 1.62 mmol of 
hexamethylsilirane in 4 mL of the title olefin (Chem Samples) 
was stirred and heated for 15 h at 75 OC. Subsequent methanolysis 
(0.5 mL of MeOH; exothermic reaction) gave 3-(3,4-dimethyl- 
penty1)dimethylmethoxysilane (see eq 16), nz6D 1.4395, in 48% 
yield NMR (CCl,) 6 -0.14 (8, 6 H, SiMe2), 0.80-1.02 (m, 12 H, 
CCH3), 1.32 (9, J = 7 Hz, 2 H, CHz), 1.67-2.04 (m, 1 H, methine 
H), 3.42 (s,3 H, OMe). Anal. Calcd for Cl&IuOSi: C, 63.75; H, 
12.84. Found: C, 63.76; H, 12.71. Tetramethylethylene was 
present in 90% yield. 


(d) Cyclooctene. A solution of 2.0 mmol of hexamethylsilirane 
(THF concentrate) in 5 mL of cyclooctene was stirred and heated 
for 20 h at 63 "C. Methanolysis (0.5 mL of MeOH; exothermic 
reaction) of the reaction mixture gave cyclooctyldimethylmeth- 
oxysilane, nED 1.4620, in 35% yield NMR (CC14) 6 0.08 (8, 6 H, 
Meai), 0.68-1.95 (m, 15 H, cyclooctyl H), 3.41 (s,3 H, OMe). The 
mass spectrum (70 eV) showed the molecular ion m/e 200. Anal. 
Calcd for CllHuOSi: C, 65.92; H, 12.07. Found C, 65.76; H, 12.12. 
Tetramethylethylene was formed in 94% yield. 


(e) Propenyltrimethylsilane. A solution of 1.60 mmol of 
hexamethylsilirane (THF concentrate) in 5 mL of Me3SiCH= 
CHCH3 (58% cis, 42% trans26) was stirred and heated for 18 h 
at 75 OC. Subsequent methanolysis (0.5 mL of MeOH exothermic 
reaction) gave l-(l-(trimethylsilyl)propyl)dimethylmethoxysilane 
(see eq E), n z 5 ~  1.4341, in 68% yield: NMR (CC14) 6 -0.20 (t, 
J = 7 Hz, 1 H, Si2CH), 0.06 (s, 9 H, Me3Si), 0.12 (s,6 H, MezSi), 
1.00 (t, J = 7 Hz, 3 H, CCH3), 1.56 (m, 2 H, CH2), 3.39 (8, 3 H, 
OMe). Anal. Calcd for C9Hz40Si2: C, 52.86; H, 11.83. Found: 
C, 52.93; H, 11.77. Tetramethylethylene was present in 99% yield. 
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In further experiments, cis- and trans-propenyltrimethylsilane 
were separated by GLC (6 f t  X 0.25 in. 20% by weight of a 14% 
AgN08 solution in tetraethylene glycol; F&M 700 gas chroma- 
tograph). Each isomer (3.6 and 2.6 mmol, respectively) was added 
separately to an argon-purged 5-mm NMR tube capped with a 
rubber septum, and then 15 pL of c&& (lock sample and reference 
sample for '9c NMR) and 0.49 mmol of hexamethylsilirane (THF 
concentrate) were added by syringe. The NMFt tubes were cooled, 
evacuated, sealed off, and heated for 17 h at 70 OC. After 'H and 


NMR spectra had been obtained, 100 pL of MeOH was added 
to each tube (exothermic reaction). lH and lSC NMR meaaure- 
menta were repeated. Subsequent GLC analysis of the solutions 
showed the presence of M%(OMe)SiCH(Et)SiMe, (GLC retention 
time and IR spectrum) in each case. The yield of this meth- 
oxysilane was 68% in the case of the cis-propenylsilane experiment 
and 55% in the case of the experiment with the trans isomer. 


(f) anti-Bi-7-norcaranylidene, 6. A solution of 0.90 mmol 
of hexamethylsilirane (THF concentrate), 2.40 g (12.6 mmol) of 
anti-bi-7-norcaranylidenel' and 5 mL of benzene was stirred and 
heated for 18 h at 73 OC. The solution was cooled to room 
temperature, and 0.5 mL of methanol was added (mild exotherm). 
An additional 5 mL of MeOH was added to precipitate most of 
the unreacted olefin. Filtration was followed by concentration 
of the filtrate at reduced pressure. GLC analysis of the residue 
indicated that one major product had been formed. This material 
was collected by GLC and identified (nED and IR) as the meth- 
anolysis product of silirane 4.'5 The yield of this product was 35%; 


tetramethylethylene was present in 76% yield. 
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Registry No. Et3SiSiMe2H, 31732-54-4; i-PrMe2SiSiMe2H, 
58023-36-2; HEhSiSiMe2H, 34202-97-6; PhMe(OMe)SiSiMe20Me, 
82281-37-6; hexamethylsilirane, 55644-09-2; triethylsilane, 617-86-7; 
tetramethylethylene, 563-79-1; isopropyldimethylsilane, 18209-61-5; 
diethylsilane, 542-91-6; dimethyldimethoxysilane, 1112-39-6; 1,2-di- 
methoxytetramethyldisilane, 10124-62-6; methylphenyldimethoxy- 
silane, 3027-21-2; methyltrimethoxysilane, 1185-55-3; 1,1,24ri- 
methyl-l,2,2-trimethoxydisilane, 18107-31-8; trimethylmethoxy- 
silane, 1825-61-2; trimethylphenoxysilane, 1529-17-5; hexamethyl- 
cyclotrisiloxane, 541-05-9; 1,1,2,2,4,4,6,6-octamethyl-3,5,7-trioxa- 
1,2,4,6-tetrasilacycloheptane, 17865-99-5; 2,2,5,5-tetramethyl-2,5-di- 
sila-1-oxacyclopentane, 7418-20-4; 2,2,3,3,6,6-hexamethyl-2,3,6-trisi- 
la-1-oxacyclohexane, 66977-50-2; cis-.l-octene, 7642-15-1; 4-octyldi- 
methylmethoxysilane, 61753-24-0; trans-4-octene, 14850-23-8; 2,3- 
dimethyl-2-pentane, 10574-37-5; 3-(3,4-dimethylpentyl)dimethyl- 
methoxysilane, 61753-26-2; cyclooctene, 931-88-4; cyclooctyldi- 
methylmethoxysilane, 61753-23-9; propenyltrimethylsilane, 17680- 
01-2; l-(l-(trimethylsilyl)propyl)dimethylmethoxysilane, 61753-25-1; 
anti-bi-7-norcaranylidene, 18688-18-1; dimethylsilane, 1111-74-6. 


Preparation and Properties of 
&-Thio) (ps-organophosphido)tris(tricarbonyliron)(ZFe-Fe ) 


Complexes 


Dietmar Seyferth" and Howard P. Withers, Jr. 


Department of Chemistry, Massachusetts Institute of Technology, CambrHge, Massachusetts 02 139 


Received June 7. 1982 


The reactions of Fe3(C0)12 with RP(S)Cl, gave cU3-S)(p3-RP)Fe3(CO), and not the desired (JL-RPS)F~~(CO)~ 
complexes. 


Introduction 
Our studies have shown that (p-dithio)bis(tricarbonyl- 


iron),l 1, has a very reactive S-S bond.2 The analogous 
selenium compound 2l shows similar rea~t iv i ty ,~  and the 
tellurium analogue 3 recently has been isolated and 
chara~terized.~ The RN, RP, RAs, and RSb moieties are 
isoelectronic with the corresponding chalcogen atoms, 0, 
S, Se, and Te, respectively, and so it is not surprising that 
4,5 a group 5 analogue of complexes 1-3, and 5,6 an anal- 
ogous mixed group 5/group 6 complex, are known. I t  
would be of interest to study in detail the chemistries of 
4 and 5, but, unfortunately, the known preparative routes 
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to these complexes are unsatisfactory, giving only very low 
yields. A Fe2(C0)6 complex of the group 5/group 6 bridge 
type which has not yet been reported is 6, and we report 
here concerning our attempts to prepare compounds of this 
type. 
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Results and Discussion 
The approach to the preparation of complexes of type 


6 which we chose to investigate. was based on the trapping 
of a phosphinothioylidene, RP=S, by an iron carbonyl. 
Routes to such intermediates have been studied by Jap- 
anese workers’ (eq 1). It is not certain that this reaction 


RP(=S)C12 + Mg - RP=S - RP(=S)(SEt), 
(1) 


proceeds by way of a “free” phosphinothioylidene, but in 
any case, the active reagent, whatever its constitution, 
provides the elements of RP=S. Since the intermediate 
is highly reactive, it must be brought into reaction by the 
“in situ” technique. 


Our first reaction was carried out between PhP(S)C12 
and metallic magnesium in THF in the presence of Fe3- 
(CO),,, all in equimolar quantities. No reaction appeared 
to occur a t  room temperature, but when the mixture was 
heated to gentle reflux, the green Fe3(C0),, was consumed. 
TLC analysis of the reaction mixture showed that a variety 
of products had been formed. Three iron carbonyl com- 
plexes which were soluble in organic solvents were isolated. 
The major product (17%) was 7, (p3-thio)(pu,-phenyl- 
phosphido)tris(tricarbonyliron)(2Fe-Fe). The two other 
products, 8 and 9, were isolated in about 1% yield. The 
expected (p-phenylphosphinothioylidene) bis(tricarbony1- 
iron), 6, was not present. Complexes 82 and g8 are known 
compounds and are isostructural; 7 has not been reported 
previously. The properties of (p3-S) ( P ~ - P ~ P ) F ~ & C O ) ~  are 
similar to those of (p,-S),Fe,(CO), and (p3-PhP)2Fe3(CO)S. 
It is air-stable, both in the solid state and in solution, 
readily soluble in hexane and benzene, more so in more 
polar solvents such as dichloromethane, THF, and acetone. 
The structure of 7 was assigned on the basis of its analysis, 
its mass spectrum, which showed the molecular ion and 
fragment ions corresponding to the successive loss of the 
nine CO ligands, and the similarity of its IR spectrum in 
the terminal CO region to that of (p3-S)zFe3(CO)g (Figure 
1 and Table I). 


THF EtSSEt 


Ph Ph 


7 8 9 
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10 11 


(7) Yoshifuji, M.; Nakayama, S.; Okazaki, R.; Inamoto, N. J. Chern. 


(8) Treichel, P. M.; Dean, W. K.; Douglas, W. M. Inorg. Chern. 1972, 
SOC., Perkin Trans. 1 1973,2065. 


11, 1609. 
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Figure 1. The IR spectra in the terminal CO region of (p3- 
S ) ( P ~ - P ~ P ) F ~ ~ ( C O ) ~  and (p3-S)zFez(C0)9 (in CC4 solution). 


Known complexes of type 10 are not restricted to those 
w i t h X = Y  = S , X = Y  = P P h , a n d X = S , Y  =PPh. Also 
reported have been those with X = Y = Se,2 X = Y = Te,2 
X = Y = NMeFX = Y = AsPhgandX = S,Y = NR (11): 
The molecular structures of many of these complexes have 
been determined. 


In our initial experiment, 50% of the magnesium 
charged was recovered unchanged. In view of this, and 
also, because iron carbonyls are known to be very effective 
dehalogenation agents,lo we repeated the experiment in 
the absence of magnesium. Such a reaction between 
PhP(S)C12 and Fe3(C0),2 in refluxing THF did indeed give 
7 in 20% yield, together with minor amounts of 8 and 9. 
Several experiments were performed in order to try to 
understand why the yields were so low and in order to 
improve the yields. The thermal stability of 7 was exam- 
ined in refluxing THF solution, in both the absence and 
the presence of the other starting reagents. Heating a 
solution of 7 in THF at  reflux for 4 h resulted in no ap- 
preciable decomposition; 7 was recovered in 80% yield. 
Heating 7 under the same conditions in the presence of 
1 equiv of PhP(S)C12 for 5 h also resulted in little decom- 
position or formation of other products (80% recovery of 
7). However, heating 7 in the same fashion in the presence 
of Fe3(C0)12 (1 equiv) for 4 h led to complete decompo- 
sition of Fe3(C0),,, 70% decomposition of (p3-S)(p3- 
PhP)Fe,(CO),, and the formation of small amounts of 
(p3-S)2Fe3(C0)9. The presence of Fe3(C0),, under these 
conditions thus appears to be detrimental to 7. Very likely, 
the process responsible for the consumption of 7 is the 
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(10) Coffey, C .  E. J .  Am. Chem. SOC. 1961, 83, 1623. 
Chem. 1976,118, C73. 







1296 Organometallics, Vol. 1,  No. 10, 1982 Seyferth and Withers 


Table 11. Synthesis of (pc-RP)(p ,-S)Fe,(CO), Complexes Table 111. NMR Data for (p3-S)(p3-RP)Fe,(CO), 
Complexes and (M ,-PhP),Fe,(CO), RP( S)C1, (P ~-RP)(P B-S)Fe,(CO), % 


(mmol) (mmol) yield 31P NMR, a 


complex solvent PPm p-CH,C,H,P(S)Cl, (w,-p-CH3C6H4P)- 15 
(P  3 + ) ( ~  3-PhP)Fe,(CO)9 C,H, 359 
(P 3 4 3 ) ( ~  3-PhP)Fe3(CO), CH,Cl, 360 
(P 3 -S) (P ,-p-MeC,H,P)Fe,(CO), C6H6 360 


(P 3-s )Fe 3(C0)9 (0.2 1 (P ,-S ) (P  ,-Me,CP )Fe3(C0 )9 C,H6 437 


(2.0) (P,-s)Fe,(CO)9 (0.3) 
t-BuP(S)Cl, (2.0) (p,-t-BuP)- 10 


PhP(S)Cl, (1.0) (p,-PhP)- 20 (P 3-PhP)2Fe3(C0)9 C6H6 318 (317 b ,  
(w3-S)Fe,(CO), (0.2) 


Downfield from external 85% aqueous H3P0,. From 
From Huntsman, J. R. Diss. Abstr. Int,  B 1974, 34,4897 decomposition of Fe3(C0)12 on heating to give reactive 


fragments which then attack 7. The solvent was found to 
4897. 


p la j  a key role in the formation of 7. The reaction of 
PhP(S)C12 with Fe3(C0)12 in refluxing hexane proceeded 
slowly. After 25 h of heating, a trace of Fe3(C0)12 still 
remained and a 21 % yield of 7 was obtained. In benzene, 
a 4-h reaction time at  80 "C was necessary for complete 
consumption of the iron carbonyl, but, in this case, a 21% 
yield of (p,-S),Fe,(CO), resulted and only neglibible 
amounts of 7 were formed. This curious result lacks a 
ready explanation. 


Further studies were performed to see what stoichiom- 
etry gives the best results. An excess of Fe3(C0)12, gen- 
erally 1.5-2-f0ld, was found to give the best yields and the 
cleanest reaction in THF. If equimolar amounts of Fe3- 
(CO),, and PhF'(S)C12 (or an excess of the latter) were used, 
the yields of 7 were lower and 7 was obtained as an impure 
oil which contained unconverted PhP(S)C12. 


Since Fe3(C0)12 in refluxing THF appeared to react with 
the desired product, yet elevated temperatures also were 
required for product formation, a different reaction pro- 
cedure was tried. A slurry of Fe3(C0)12 in THF was added 
slowly to a solution of PhP(S)C12 in refluxing THF so that 
there was at no time an excess of the iron carbonyl present. 
However, the formation of 7 was not observed under these 
conditions and only decomposition resulted. 


Of the three neutral iron carbonyls, Fe(CO)s, Fe2(CO),, 
and Fe3(C0)12, only the last gave useful yields of 7 under 
the best conditions. In this reaction, the thermal decom- 
position of Fe3(C0)12, accelerated by a coordinating solvent 
such as THF to give unstable, coordinatively unsaturated 
Fe(CO),.2THF, may be the primary pr0cess.l' Although 
the mechanism of the formation of 7 in the reaction of 
PhP(S)C12 with Fe3(C0)12 is not known, we suggest that 
the desired 6 is indeed the first product and that it reacts 
further with Fe3(C0)12 or Fe3(CO)12-derived species to give 
7. A similar conversion of (p-S2)Fe2(CO), to ( P ~ - S ) ~ F ~ ~ -  
(CO), by reaction with Fe3(C0)12 has been reported by 
Russian workers.12 


Upon completion of these studies of the reaction con- 
ditions, other complexes analogous to 7 were prepared by 
using the reaction of Fe3(C0)12 with the appropriate RP- 
(S)C12 in refluxing THF. Table I1 summarizes the new 
complexes thus prepared. 


The tert-butylphosphido derivative could be prepared 
in only 10% yield. The phenylphosphido derivatives 
proved to be the easiest to prepare and isolate. The 
tert-butylphosphido complex appeared to be somewhat less 
stable that the arylphosphido derivatives during storage 
as the solid in air. 


Reactions of iron carbonyl anions with PhP(S)C12 offered 
another, but less useful, route to the (p3-S)(p3-PhP)Fe3- 


(CO), complex. Reactions of NazFe2(CO)gxTHF or 
Na2Fe(CO)4-l.5dioxane with PhP(S)C12 at room tempera- 
ture gave 7 in yields of 5.3 and 1%, respectively. The 
reactions did not proceed at  -78 "C. In contrast, the re- 
action of S2C1, with Na2Fe2(CO)6.rTHF at 0 "C produced 
(p,-S),Fe,(CO), in 30% yield. 


An attempt was made to prepare (p3-S)b3-PhP)Fe3(C0), 
by the reaction of Fe3(C0)12 with (PhPS)4. Equimolar 
amounts of the iron carbonyl and "PhPS" were heated 
together in refluxing THF for several hours. The desired 
product was formed but was isolated in only 8% yield. 


A different approach to the synthesis of (p-PhPS)Fe2- 
(CO), by the reaction of (p3-PhP)2Fe3(CO)g with elemental 
sulfur was examined briefly. We have found that (p3- 
S)zFe3(C0)9 could be converted to ( ~ - s ~ ) F e ~ ( C 0 ) ~  in 39% 
yield by reaction with s8 in refluxing THF. However, 
(p3-PhP)2Fe3(C0)9 did not react with elemental sulfur 
under those conditions. 


The 31P NMR spectra of the three new (p3-S)(p3-RP)- 
Fe3(CO), complexes have been measured (Table 111). The 
phosphorus resonances observed agree well with the values 
reported for other phosphido ~ o m p l e x e s , ~ ~  especially the 
very similar (p3-PhP),Fe3(CO), complex. The large 
downfield shift for the tert-butylphosphido derivative is 
not out of the ordinary; shifts as far downfield as 739 ppm 
have been reported for the triply bridging phosphido 
complex [~S-C6HS(C0)2MnP]aFe3(CO)g.14 


A structure determination of one of the (p3-S)(p3-RP)- 
Fe3(CO), complexes would be of interest in view of the 
comparison between the structures of b3-S)2Fe3(CO)g (S-S 
= 2.885 A)16 and (p3-PhP),Fe3(CO), (P-P = 2.592 A).16 
On the basis of these observed distances, there must be 
an attractive interligand attraction in the phosphorus 
derivative, one considerably stronger than any in the sulfur 
compound. It may be expected that b3-S)b3-RP)Fe3(CO), 
complexes will have a P-S distance intermediate between 
the P-P and S.43 distances in the symmetrical complexes. 
Unfortunately, an attempted determination of the struc- 
ture of (p,-S)-(p,-PhP)Fe,(CO), by X-ray diffraction was 
not successful. 


Experimental Section 
General Comments. All reactions were carried out in 


flame-dried flasks under an atmosphere of prepurified nitrogen 
unless indicated otherwise. Air- and/or moisture-sensitive ma- 
terials were handled either in a Vacuum Atmospheres HE-43 
Dri-Lab glovebox or by using standard Schlenk techniques. 
Tetrahydrofuran (THF) was distilled under nitrogen from so- 
dium/benzophenone ketyl. Reagent-grade dichloromethane 
(Mallinckrodt) was deoxygenated by purging it with nitrogen for 


(11) (a) McFarlane, W.; Wilkinson, G. Inorg. Synth. 1966,8,181. (b) 
HCibel, W.; Braye, E. H.; Claws, A.; Weiss, E.; KrQerke, U.; Brown, D. 
A.; King, G. 5.; Hoogzand, C. J. Inorg. Nucl. Chem. 1959, 9, 204. 


(12) Nametkin, N. S.; w i n ,  V. D.; Kukina, M. A.; Nekhaev, A. I.; 
Mavlonov, M.; Alekseeva, S. D. Izu. Akad. Nauk SSSR, Ser. Khim. 1977, 
2384. 


(13) Garrou, P. Chem. Rev. 1981,81, 229. 
(14) Huttner, G. Biennial Inorganic Chemistry Symposium, Guelph, 


(15) Wei, C. H.; Dahl, L. F. Inorg. Chem. 1966, 4 ,  493. 
(16) Huntsman, J. R. Diss. Abstr. Int. E 1974, 34, 4897. 


Ontario, Canada, 1980. 
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15 min. Hexane was distilled under nitrogen from sodium metal. 
All other solvents were dried by the appropriate method and 
distilled under nitrogen. All solvents were stored under a positive 
pressure of nitrogen. Thin-layer chromatography (TLC) was used 
to monitor the progress of the reaction being studied (Eastman 
or J.T. Baker silica gel plates). The intense colors of the com- 
pounds involved made further treatment of the TLC plate un- 
necessary. Mixtures of reaction products were, in general, sep- 
arated by column chromatography or filtration chromatography 
using hexane, pentane, or a pentane/dichloromethane (9515) 
mixture as eluents. 


Triiron dodecacarbonyl" and (jt3-phenylphosphido)tris(tri- 
carbonyliron)8 were prepared according to the published proce- 
dures. Phenylphosphonothioic dichloride was purchased from 
AlfaIVentron, distilled a t  reduced pressure, and stored under 
nitrogen. All other specific reagents were prepared and purified 
prior to use as indicated and referenced in the detailed experi- 
mental procedure of each reaction. 


Proton nuclear magnetic resonance spectra were recorded on 
either a Varian Assoc. T-60 or Hitachi-Perkin-Elmer R-24B 
spectrometer operating at  60 MHz. Chemical shifta are reported 
in 6 units, parts per million downfield from internal tetra- 
methylsilane. Phosphorus-31 NMR spectra were recorded on a 
JEOL FX-9OQ spectrometer operating at  36.2 MHz in the Fourier 
transform mode. The chemical shifta are reported in dP units, 
parts per million downfield from 85% aqueous H3P04 using 
external triphenylphosphine (in the same solvent as the sample) 
as the reference signal at  -6 ppm. Infrared spectra were obtained 
by using a Perkin-Elmer Model 457A double-beam grating 
spectrophotomer. Solution samples were contained in 0.1-mm 
path-length sodium chloride solution cells. Mass spectra were 
recorded on a Varian MAT-44 mass spectrometer operating at  
70 eV. Melting points were determined by using analytically pure 
samples, which were sealed in evacuated or nitroge .filled cap- 
illaries, on a Buchi melting point apparatus and are uncorrected. 


Reaction of Triiron Dodecacarbonyl with Phenyl- 
phosphonothioic Dichloride in the Presence of Magnesium. 
A 100-mL three-necked, round-bottomed flask equipped with a 
mechanical stirring unit, a reflux condenser topped with a gas 
inlet tube leading to a Schlenk manifold, and no-air stoppers was 
charged with 0.10 g (4.1 mmol) of Mg chips (AlfaIVentron M4N 
grade) and stirred overnight under nitrogen to activate the chips." 
Fe3(C0)12 (2.0 g, 4.0 mmol) was added against a counterflow of 
nitrogen, and then PhP(S)C12 (0.61 mL, 4.0 mmol and THF (40 
mL) were added by syringe. After 20 min of stirring a t  room 
temperature no reaction was observed by TLC (pentane and 
dichloromethane). CH31 (0.02 mL, 0.3 mmol, Eastman, as re- 
ceived) was added to try and initiate the reaction. After 25 min 
more, no reaction was observed, only the green, streaking band 
of Fe3(C0)12 eluting with pentane. The reaction mixture was 
gently heated to reflux, and after 15 min, red, orange, and yellow 
bands eluted respectively with pentane. The reaction mixture 
was heated at  reflux until all of the Fe3(C0)12 had been consumed 
(-45 min). The cooled reaction mixture, now colored brown-red, 
was filtered to obtain 0.049 g (2.0 mmol) of Mg. The fiitrate was 
evaporated on a rotary evaporator to yield a brown oily residue. 
This residue was extracted with 3 X 40-mL portions of a 20% 
dichloromethane/80% pentane mixture and filtered, and the 
solvent was evaporated on a rotary evaporator to give a dark red 
semi-solid material which was chromatographed by using the 
standard column. Elution with a 5% dichloromethane/95% 
pentane mixture separated three products. In order of their 
elution these were the following. 


(1) Red-purple solution, which upon removal of the solvent on 
a rotary evaporator, yielded 0.023 g (0.05 mmol, 1%) of a black 
solid identified as bis(p3-thio)tris(tricarbonyliron), SzFe3(C0),, 
mp 110-113 "C (lit.le 114 "C), by comparison of its IR spectrum 
to that reported'* and by its m w  spectrum (observed M+ - 1CO 
and consecutive loss of eight CO's, mle 456-232). 


(2) Orange-red solution, which upon removal of the solvent on 
a rotary evaporator, yielded 0.408 g (0.7 mmol, 17%) of an or- 
angered oil that slowly crystallized on standing. After subsequent 


(17) Mendel, A. J. Organornet. Chern. 1966, 6, 97. 
(18) Nametkin, N. S.; w i n ,  V. D.; Kukina, M. A. J.  Organornet. 


Chern. 1978,149, 355. 


recrystallization from pentane at -30 "C to give dark red nuggets, 
it  was identified as (jt3-phenylphosphido)(jt3-thio)tris(tri- 
carbonyliron), (jt3-S)OL3-PhP)Fe3(C0)9: mp 93-94.5 "C (constant 
melting point after three recrystallizations); IR (CC14) 3060 (w), 
2955 (w), 2930 (w), 2870 (w), 1475 (w), 1439 (s), 1433 (s), 1379 
(w), 1330 (w), 1301 (w), 1180 (w), 1099 (s), 998 (w), 710 (sh), 693 
(vs), 586 (vs) cm-', carbonyl region, 2085 (w), 2058 (w), 2037 (vs), 
2015 (s), 2001 (vw), 1998 (vw) cm-'; 'H NMR(C6D6) 6 6.66-7.65 
(m); 31P{'H)NMR(C&) a, +359 (e); mass spectrum, mle 560 (M+, 


(M+ - 8C0, 20), 308 (M+ - 9C0, 100). Anal. Calcd for ClSH5- 
Fe309PS (559.78): C, 32.18; H, 0.90. Found: C, 32.20; H, 0.97. 


(3) Yellow-orange solution, which upon removal of the solvent 
on a rotary evaporator, yielded 0.032 g (0.05 mmol, 1 % ) of a yellow 
solid identified as bis(jt3-phenylphosphido)tris(tricarbonyliron), 
(PhP)2Fe3(CO)B, mp 128-131 OC (lit! 130-135 "C), by comparison 
of its IR spectrum to that of an authentic sample and by its mass 
spectrum (observed m/e  608 (M+- lC0,12.2%), 524 (M+ - 3C0, 


16.3), 412 (M+ - 7C0,12.2), 384 (M' - 8C0,lOO.O); scanning from 
mle 650 to 250). 


Reaction of Triiron Dodecacarbonyl with Phenyl- 
phosphonothioic Dichloride in the Absence of Magnesium. 
A 100-mL three-necked, round-bottomed flask equipped with a 
magnetic stir-bar, a reflux condenser topped with a gas inlet tube 
leading to a Schlenk manifold, and two neair stoppers was charged 
with 2.0 g (4.0 mmol) of Fe3(C0)12, evacuated, and refilled with 
nitrogen. PhP(S)C12 (0.61 mL, 4.0 mmol) and 40 mL of THF were 
added by syringe. The reaction mixture was heated a t  a gentle 
reflux until all the Fe3(C0)12 had been consumed (-2.5 h by TLC 
monitoring). The cooled reaction mixture was filtered and the 
filtrate evaporated on a rotary evaporator to give a brown oil. The 
oil was extracted with 100 mL of hexane and filtered and the 
solvent removed on a rotary evaporator to give a dark red oil. This 
was chromatographed as in the previous experiment, eluting with 
a 95% pentane/5% dichloromethane mixture. A red-purple band 
eluted first, which upon removal of the solvent, yielded 0.041 g 
(0.08 mmo1,2%) of S2Fe3(C0)B identified by its infrared spectrum. 
Next, an orange-red band eluted, which upon removal of the 
solvent, yielded 0.467 g (0.8 mmol, 20%) of (p3-S)(p3-PhP)Fe3- 
(CO),, mp 91-94 "C, identified by comparison of its infrared and 
mass spectra to those of an authentic sample. No (PhP),Fe3(CO), 
was isolated from the column. 


Studies of the Effect of Stoichiometry and Solvent on the 
Yield of ( p3-Phenylphosphido) ( p3-thio)tris (tricarbon y liron) . 
A description of the standard apparatus and procedure is as 
follows. A 100-mL three-necked, round-bottomed flask equipped 
with a magnetic stir-bar, a reflux condenser topped with a gas 
inlet tube leading to a Schlenk manifold, and two no-air stoppers 
was charged with Fe3(C0)12, evacuated, and refilled with nitrogen. 
The solvent and PhP(S)C12 were added by syringe and the mixture 
heated at  reflux while being stirred. TLC was used to follow the 
progress of the reaction. Upon completion of the reaction, the 
solvent was removed on a rotary evaporator and the resulting 
residue extracted with hexane. Evaporation of the solvent from 
the extract gave an oil. Filtration chromatography eluting with 
pentane was used to isolate the products from this oil. 


A. Reaction of Triiron Dodecacarbonyl with Two 
Equivalents of Phenylphosphonothioic Dichloride in THF. 
Following the standard procedure, a reaction was carried out 
between 1.00 g (1.98 mmol) of Fe3(CO),, and 0.603 mL (3.97 mmol) 
of PhP(S)C12 in 40 mL of THF. After a reflux period of 2.5 h, 
all the Fe3(C0)12 had been consumed and product formation was 
evident. The standard workup was used to isolate 0.032 g (0.07 
mmol, 4%) of S2Fe3(C0), as black crystals and 0.338 g of ( j t3 -  


S)(jt3-PhP)Fe3(CO)B as an orange oil with the distinct odor of 
PhP(S)C12. An attempt made to remove the PhP(S)C12 by hy- 
drolysis with 15% aqueous NaOH resulted in the isolation of 0.262 
g (0.5 mmol, 25%) of (p3-S)(r3-PhP)Fe3(CO)B, again as an orange 
oil which could not be crystallized. 


B. Reaction of Two Equivalents of Triiron Dodeca- 
carbonyl with Phenylphosphonothioic Dichloride in THF. 
Following the standard procedure, a reaction was carried out 
between 1.00 g (1.98 mmol) of Fe3(C0)12 and 0.152 mL (1.00 mmol) 
of PhP(S)C12 in 35 mL of THF. After 2 h at  reflux, all the 


<l), 532 (M' - 1C0, lo), 504 (M' - 2C0,8), 448 (M+ - 4C0, 6), 
420 (M' - 5C0,8), 392 (M' - 6C0,18), 364 (M' - 7C0,12), 336 


14.3), 496 (M+ - 4C0,18.4), 468 (M' - 5CO 20.4), 440 (M+ - 6C0, 
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Fe3(C0)12 has been consumed and product formation was at  a 
maximum. The standard workup was used to isolate 0.101 g 0.2 
mmol, 20%) of (ps-S)(p3-PhP)Fe3(C0)9 as a red-brown solid di- 
rectly from the filtration chromatography pad. An unisolable 
amount of S2Fe3(C0)s was observed. 


C. Reaction of Triiron Dodecacarbonyl with Phenyl- 
phosphonothioic Dichloride in Hexane. Following the 
standard procedure a reaction was carried out between 1.00 g (1.98 
mmol) of Fe3(C0)12 and 0.228 mL (1.50 mmol) of PhP(S)C12 in 
40 mL of hexane. After 7 h at  reflux, the reaction mixture still 
contained a substantial amount of Fe3(C0)12. After 10 h more 
of heating, some Fe3(C0)12 still remained and product formation 
was observed. After a total of 23 h at  reflux, product formation 
appeared to be at  a maximum and nearly all the Fe3(C0)12 had 
been consumed. The standard workup yielded 0.108 g (0.22 mmol, 
7%) of S2Fe3(CO)s as a black solid and 0.180 g (0.32 mmol, 21%) 
of (p3-S)(p3-PhP)Fe3(CO)s as a red-brown solid. 


D. Reaction of Triiron Dodecacarbonyl with Phenyl- 
phosphonothioic Dichloride in Benzene. Following the 
standard procedure a reaction was carried out between 1.00 g (1.98 
mmol) of Fe3(C0)12 and 0.228 mL (1.50 mmol) of PhP(S)C12 in 
40 mL of benzene (distilled from sodium/ benzophenone ketyl 
under nitrogen prior to use). After 4 h at reflux, product formation 
was evident and most of the F%(C0)12 had been consumed. Since 
the progress of the reaction appeared slow, more PhP(S)C12 (0.05 
mL, 0.3 mmol) was added and the reaction mixture heated at  
reflux for 1 h more. Product formation was evident but not 
substantial. Only S2Fe3(C0)s appeared to be the major product 
and as such was isolated by using the standard workup to give 
0.079 g (0.16 mmol, 21%). Only a negligible amount of (p3-  
S)(p3-PhP)Fe3(CO)s was observed during chromatography and 
not quantified. 


Reaction of Triiron Dodecacarbonyl with p -Tolyl- 
phosphonothioic Dichloride. p-CH3C6H4P(S)C12 was prepared 
by using a twestep procedure starting with (p-CH3C&14)2Hg. The 
reaction of @-CH3C6H4)2Hg with PC13 to give p-CH&&PC12 
was carried out according to the method of Michaelis and Pa- 
neck.lS The AlC13-catalyzed oxidation of p-CH3C6H4PC12 to give 
p-CH3CsH4P(S)C12 as a colorless liquid [bp 85-90 "c (0.12 mm) 
(lit.20 85-87 "C (0.05 mm); 31P(1H) NMR (CDC13) 6p 75.9 (s) (lit.20 
dP 74.1 (s, solvent not specified)] in the presence of sulfur was 
carried out by the method of Jenson.21 The p-CH3C6H4P(S)C12 
was handled and stored under an inert atmosphere. 


Following the standard procedure described in part B of the 
previous section, a reaction was carried out between 2.00 g (3.96 
mmol) of Fe3(C0)12 and 0.45 g (2.00 mmol) of p-CH3C&4P(S)C12 
in 50 mL of THF. The green reaction mixture was heated at  reflux 
for about 50 min at  which point all the Fe3(C0)12 had been 
consumed and the color was red-brown. Product formation was 
evident by TLC. The standard workup using a 20% dichloro- 
methane/80% pentane mixture as the extraction solvent was 
employed. Filtration chromatography separated, in order of their 
elution with pentane: (1) a faint yellow band [Fe(COI5, not 
quantified], (2) a purple band [S2Fe3(C0)s, not quantified], (3) 
an orange band (the desired product), (4) a faint yellow band 
[(CH3C&14P)2Fe3(CO)s, not quantified], and (5) a green band (not 
identified). Removal of the solvent on a rotary evaporator from 
fraction 3 yielded, after subsequent recrystallization from pentane 
at  -30 O C ,  0.169 g (0.29 mmol, 15%) of dark red cubes, identified 
as (p3-p-tolylph~sphid~)(p3-thio)tris(gtricarbonyliron), (p3- 
S)Os-p-MeC6H4P)Fe3(Co)~ mp 124-126 "c; IR (eel,) 3057 (vw), 
3010 (w), 2942 (vw), 2912 (w), 2851 (vw), 2473 (w, br), 1597 (m), 
1498 (m), 1450 (w), 1401 (m), 1193 (m), 1101 (s), 1126 (w), 1022 
(m), 650 (s), 582 (s, br) cm-', carbonyl region, 2081 (m), 2053 (vs), 
2032 (vs), 2011 (s), 1995 (w) cm-'; 'H NMR (CC14) 6 2.45 (s,3 H, 
CH,), 7.20-7.65 (m, 4 H, Ph); 31P(1HJ NMR (C&) 6p +360 (9); 
mass spectrum, m / e  575 (M', 0.5), 547 (M+ - lC0,9.4), 519 (M+ 


- 8C0,24.3), 323 (M+ - 9C0,65.6). Anal. Calcd for CI6H7Fe30$S 


- 2C0,10.2), 491 (M+ - 3C0,5.3), 463 (M+ - 4C0,7.9), 435 (M' 
- 5C0,9.5), 407 (M' - 6C0,29.8), 379 (M' - 7C0,27.0), 351 (M' 


Seyfert h and Wit hers 


(573.81): .C, 33.49; H, 1.23. Found: C, 33.29; H, 1.32. 
Reaction of Triiron Dodecacarbonyl with tert -Butyl- 


phosphonothioic Dichloride. t-BuP(S)C12 was prepared by a 
two-step procedure. The first step involved the synthesis of 
t-BuPC12 by the reaction of t-BuMgCP with PCl, according to 
the method of Isbell et  alaz3 The second step was the AlC13- 
catalyzed oxidation of t-BuPC1, in the presence of sulfur to give 
t-BuP(S)C12 as a waxy white solid [mp 168-171 "C (lit.% 172.5-175 
"c); 31P(1H) NMR (c&) 6p 116.5 (s)], modeled after the method 
of Jenson.2' The t-BuP(S)C12 was stored, weighed, and transferred 
in the glovebox. 


Following the standard procedure, a reaction was carried out 
between 2.00 g (3.96 mmol) of Fe3(C0)12 and 0.38 g (2.00 mmol) 
of t-BuP(S)C12 in 50 mL of THF. After 1.25 h at  reflux, all the 
Fe3(C0)12 had been consumed and product formation was ob- 
served. The standard workup was followed, and, thus, filtration 
chromatography eluting with pentane removed a faint purple 
band, presumably S2Fe3(CO)s, but it was not identified. Imme- 
diately following the first band was the orange band of the desired 
product. Removal of the solvent on a rotary evaporator and 
subsequent recrystallization from pentane at  -30 "C yielded 0.10 
g (0.2 mmol, 10%) of flaky red crystals, identified as (p3-tert-  
butylphosphido)(p3-thio)tris(tricarbonyliron), (p3-S)(p3- 
Me3CP)Fe3(CO)~ mp 169-171 "C (with gas evolution); IR (CDClJ 
2990 (m), 2958 (m), 2919 (m), 2885 (w), 1467 (m), 1400 (w), 1374 
(m), 1254 (w), 1201 (w), 1172 (m), 1028 (m), 868 (m), 820 (m), 590 
(vs) cm-', carbonyl region, 2080 (m), 2055 (vs), 2030 (vs), 2007 
(8 )  cm-'; 'H NMR (CDCl,) 6 1.45 (d, JP-H = 17 Hz, t-Bu); 31P(1H) 
NMR(C6H6) BP +437 (8 ) ;  mass spectrum, m / e  541 (M', 1.3), 513 


345 (M+ - 8C0, 9.9), 317 (M' - 9C0, 10.0). Anal. Calcd for 
Cl3HsFe3O9PS (539.80): C, 28.92; H, 1.68. Found: C, 28.46; H, 
1.76. 


Reaction of Triiron Dodecacarbonyl with Tetraphenyl- 
cyclotetraphosphine-Tetrasulfide. [PhPSI4 was prepared by 
the reaction of PhPH2 with 2 equiv of sulfur according to the 
procedure of Maier." [PhPS14 was isolated as white microcrystah, 
mp 153-155 "C (lit.26 150.5 "C), and stored under normal labo- 
ratory atmosphere. 


Following the standard procedure, a reaction was carried out 
between 2.52 g (5.0 mmol) of Fe3(C0)12 and 0.70 g (1.66 mmol, 
4.98 equiv of yPhPS") of [PhPSI4 in 40 mL of THF. The reaction 
mixture was heated to reflux, and after 30 min at  reflux, TLC 
indicated product formation. After 3 h at  reflux some unconverted 
Fe3(C0)12 was still present, so 0.387 g (0.92 mmol, 2.76 equiv of 
UPhPSn) of [PhPSI4 was added. After 15 min more, all the 
Fe3(C0)12 had been consumed. The solvent was removed in vacuo 
to give a black-brown oily residue, which was extracted by 100 
mL of hexane. Filtration chromatography, eluting with pentane, 
removed first a red-purple band, which upon removal of the 
solvent, yielded 0.016 g (0.03 mmol, 0.6%) of a black solid 
identified as S2Fe3(CO)s on the basis of its IR spectrum. Eluted 
next was an orange band, which upon removal of the solvent, 
yielded 0.241 g (0.4 mmol, 8%) of an oily red solid identified as 
(p9-S)(p3-PhP)Fe3(CO)S on the basis of its IR spectrum. 


Reaction of Disodium Octacarbonyl Diferrate with 
Sulfur Monochloride. Na2Fe2(CO)8-xTHF was prepared as 
described2' from 3.45 g (10.0 mmol) of Na2Fe(C0)4.1.5dioxane 
and 1.37 mL (10.0 mmol) of Fe(CO& in 50 mL of THF. A 100-mL 
three-necked, round-bottomed flask equipped with a magnetic 
stir-bar, a gas inlet tube leading to a Schlenk manifold, a pres- 
sure-equilizing dropping funnel, and no-air stoppers was used as 
the apparatus. The orange Na2Fe2(CO)8/THF slurry was cooled 
to 0 "C. The dropping funnel was charged with 0.8 mL (1O.Ommol) 
of SzC12 (Aldrich, freshly disdtilled) and 10 mL of THF. This 
red solution was added dropwise to the cooled iron complex over 


(M' - 1C0,10.5), 485 (M' - 3C0,8.6), 457 (M+ - 4CO,ll.O), 429 
(M' - 5C0, 12.8), 401 (M' - 6C0, 14.3), 373 (M' - 7C0, 14.7), 
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10 min. Gas evolution occurred and the orange iron complex 
dissolved. Upon completion of the addition, the mixture was 
allowed to warm to room temperature and stirred for 30 min. TLC 
indicated a single purple band eluting with pentane. The mixture 
was fiitered through a Celite pad with difficulty and the fiitrate 
evaporated to dryness on a rotary evaporator. The resulting 
residue was extracted with a 20% dichloromethane/BO% hexane 
mixture and filtered, and the solvent was removed on a rotary 
evaporator. This gave a black solid, which upon recrylstallization 
from pentane at -30 "C, yielded 0.962 g (2.0 mmol, 30%) of 
S2Fe3(CO)g as black needles, mp 112-115 "C (lit.18 "C), identified 
by comparison of its IR spectrum with that of an authentic sample. 


Conversion of Bis(p3-thio)tris(tricarbonyliron) to (K-Di- 
thio)bis(tricarbonyliron) by Treatment with Sulfur in 
Refluxing THF. A 1WmL three-necked, round-bottomed flask 
equipped with a magnetic stir-bar, a reflux condenser topped with 
a gas inlet tube leading to a Schlenk manifold, and no-air stoppers 
was charged with 0.344 g (0.7 mmol) of S2Fe3(CO)g and 0.069 g 
(1.4 mmol) of sulfur, then evacuated, and refilled with nitrogen. 
THF (30 mL) was added by syringe, and carbon monoxide was 
bubbled through the purple solution for 10 min by using a syringe 
needle. The reaction mixture was heated at reflux for 24 h with 


CO slowly bubbling through it. TLC indicated an orange band 
preceding a purple band eluting with pentane. More sulfur (0.035 
g, O.7mmol) was added against a counterflow of CO and the 
mixture heated for another hour. No change in the amounts of 
the two bands was observed by TLC. The cooled reaction mixture 
was filtered and the solvent removed on a rotary evaporator. 
Filtration chromatography eluting with pentane was used to isolate 
the 2 fractions. The orange fraction was identified as SzFe2(C0)6 
(0.152 g, 0.4 mmol, 44% based on unrecovered S2Fe3(CO)g) by 
comparison of its melting point and IR spectrum with those of 
an authentic sample. The purple fraction was identified as un- 
converted S2Fe3(C0)9 (0.044 g, 0.09 mmol, 13% recovery) on the 
basis of its melting point and IR spectrum. 
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an isolobal analogy exists between the ML, pieces of the known organometallic complexes and organic 
R or H. The simple arguments developed provide a basis for speculation on as yet unknown complexes 
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chemistry serve not only to make us feel comfortable about 
unusual structural types but may in fact suggest new 
chemistry. In the course of a study of binuclear transi- 
tion-metal acetylene complexes' we had occasion to look 
at the electronic structure of a number of "parallel" com- 
plexes of type 1. In some of these molecules no metal- 
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metal bond is forced by molecular orbital reasoning or 
18-electron rule considerations nor is much bonding to be 
inferred from the observed long metal-metal separations. 
Examples are the complexes A U ~ ( P P ~ ~ ) ~ ( ~ - C ~ ( C F ~ ) ~ ) ,  


dpm)2(p-C2(C02Me)2), 2-5, respectively.2 As is evident 
here, the substituent on the acetylene carbon is most often 
CF3, sometimes C02R. We have left it unspecified in the 


Pd2C12(p-d~m)2(p-C2(CF,),) (dpm = Ph2PCH2PPh2), 
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/ 
Ph3P 


Au X -3.34i- Au 


PPh3 
\ 


/ I*? 


Pd - 3.49A -- Pd cl'u 'Cl 


2 3 


4 5 


drawings, indicated only by a line. A possible reason for 
the common acceptor substitution in the known complexes 
has been discussed in ref l.3 


The basic acetylene-containing structural unit in these 
may be summarized as 6, which can be viewed as a di- 
metalated olefin. This paper traces in detail the analogy 
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6 7 


to a cis olefin, 7, and explores some of the consequences. 
We use extended Hackel calculations to support our sym- 
metry-based arguments, with details provided in the Ap- 
pendix. 


The Organic Analogy 
In the context of an electron-counting formalism most 


chemists, we believe, would prefer to consider the parallel 
bonded acetylene ligand in ML,(p-acetylene)ML, as the 
dianion (a$-). Taking an organic olefin, says cis-Zbutene, 
and formally rearranging the electrons to be consistent 
with the inorganic counting mode gives ac2- and (CH3- 
CH3)2+. Viewed this way, the bonding in the butene is 
simply the interaction of two lone pairs on ac2- with the 
empty sp3 hybrids of the two pyramidal CH3+ units. Two 
"dative" u bonds are formed, 8. Converting to molecular 


Q I  b2 
8 


orbital language, we have two filled CC bonding oribitals, 
al and b2 in 8. These are the bonding combinations of the 
filled T and T* remnants of the cis bent ac2- (120s) with 
the in-phase and out-of-phase combinations of CH3+ sp3 
hybrids. By analogy, one expects that any dimetalated 
olefin, 6, should be substituted by ML,+ fragments with 
an empty orbital (remember, count ac2-) of similar shape 
and direction to the CH3+ hybrids. In other words we 
should have ML,+ isoloba14 to CH3+. 


Examine the known structures 2-4, breaking each into 
ac2- and two ML,+ fragments. Once the role of the 
bridging units is dissected, it is easy to see that we have 
two dl0 ML in 2, ds ML3 in 3 and d6 ML, in 4. The mo- 
lecular orbitals (MO's) of the three ML, fragments and 
the CH3 hybrid are compared in Figure 1. Each fragment 
contains a low-lying MO of al symmetry that is empty for 
the appropriate electron count.6 


The MO schemes for 2-4 ought to resemble the MO 
picture for an organic cis olefin. So they do. We have 
constructed interaction diagrams for each type, and while 
other metal orbitals complicate matters, the essentials of 


(4) Elian, M. Chen, M. M.-L; Mingos, D. M. P.; Hoffmann, R. Znorg. 
Chem. 1976, 15, 1148-1155; Elian, M.; Hoffmann, R. Zbid. 1975, 14, 
1058-1076 and references therein. 


(5) A more detailed analysis of these fragments can be found in the 
following references: (a) Albright, T. A.; Hoffmann, R.; Thibeault, J. C.; 
Thorn, D. L. J. Am. Chem. SOC. 1979,101,3801-3812. (b) Burdett, J. K. 
'Molecular Shapes"; Wiley New York, 1980, Chapter 13. (c) Eisenstein, 
0.; Hoffmann, R. J.  Am. Chem. SOC. 1981,103, 4308-4320. 


(6) The isolobal relationships of the ML fragment have been analyzed 
in detail: Evans, D. G.; Mingm, D. M. P. J. Orgummet. Chem. 1982,232, 
171-191. See also: Lauher, J. W.; Wald, K. J. Am. Chem. Soc. 1981,103, 
7648-7650. 
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Figure 1. A com arison of the frontier orbitals of the fragments CH3+,d10ML,d P ML3,and d6 ML,. 


the bonding analogy are preserved. In particular we can 
identify in each case M-C a-bonding orbitals analogous 
to a1 and b2 in 8. 


The cis-butene analogy for the carbonyl-bridged complex 
5 is more difficult to see. If we count the bridging carbonyl 
as C02-, the underlying d6-d6 dimetal fragment for 5 
has four empty hybrids as schematically illustrated in 9. 


0 


9 
The hybrids in 9 point at the sites that, if occupied, would 
define distorted octahedral local metal environments. 
(Counting the p-CO as occupying two coordination sites, 
one to each metal.) In 9, the two hybrids that point inward 
are the ones that bond to the ac2- ligand. They are the 
analogues of the sp3 hybrids of (CH3.--CH3)2+ in 8. The 
hybrids that point outward in 9, trans to the p-CO, are not 
tied up in ligand bonding. They are the sites of ligand 
unsaturation in the composite complex. 


Before pursuing the olefin analogy further, we point out 
some other known dimetalated olefins. For instance 10 


Au XT -3.31A-- Au 


10 
is an example which highlights the intimate relationship 


(7) Robinson, S. D. Inorg. Chim. Acta 1978,27, L108. 
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the relationship between 3 and 11 is obvious. 
There is another alternative bonding scheme available 


to molecules of type 6. This is multiple bonding between 
the “acetylene” carbons and the ML, fragments, i.e., a 
dimetallabutadiene. This form does not play an important 
role; according to our calculations the ?r and ?r* orbitals 
of acetylene orthogonal to the M,(acetylene) plane do not 
overlap well enough with the metal orbitals in the parallel 
bonding mode.’ 


Trans Dimetalated Olefins 
Following up the olefin analogy, one might wonder about 


the possible stability of the trans isomers of the di- 
metalated olefins 12. There is little novel in our suggestion 
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Figure 2. At bottom, the molecular orbitals of (PH3)Au(p 
C2H2)Au(PH& for the cis - trans isomerization. The total energy 
for the transit is at top. The pathway chosen preserves Cz sym- 
metry with 0 = 0’ and 0 = 180’ representing the cis and trans 
geometries, respectively. 


among the ML, fragments in Figure 1. Here we have d10 
ML and da ML3 bonded to the same acetylene.8 


The two diacetylenes, Pt2(COD)2(p-C2(CF3)z)z (COD = 
1,5-cyclooctadiene), 1 la, and the related Ir2(NO)z- 
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(PPh3),(p-C2(CF3),),, llb, can be looked a t  as dimetalated 
01efins.~ Both complexes have near square-planar M 
centers. If we formally remove one ac2- ligand from l l a  
or 1 lb, we are left with two d8 T-shaped ML3 fragments 
tied by the remaining acetylene bridge. Viewed this way, 


(8) (a) Jarvis, J. A.; Johnson, A.; Puddephatt, R. J. J.  Chem. Sac., 
Chem. Commun. 1973,373-374. (b) Johnson, A.; Puddephatt, R. J. J.  
Chem. Sac., Dalton Trans. 1978, 980-985. (c) Another example of a 
complex of this type can be found in ref 3a. 


(9) (a) Smart, L. E.; Browning, J.; Green, M.; Laguna, A.; Spencer, J. 
L.; Stone, F. G. A. J. Chem. Soc., Dalton Trans. 1977, 1777-1785. (b) 
Clemens, 3.; Green, M.; Kuo, M.-C.; Fritchie, C. J.; Mague, J. T.; Stone, 
F. G. A. J.  Chem. Sac., Chem. Commun. 1972, 53-54. 


12 


of this possibility, for the trans alternative was specifically 
considered in the case of the gold dimer 22a and a trans 
complex for d6 ML,, (CN)5Co(p-MeOzCC2C02Me)Co- 
(CN),&, has recently been prepared.’O Extended Huckel 
calculations on the model cis and trans pairs 13 show (a) 
a normal electronic structure, with a sizable gap between 
filled and unfilled levels for the trans as well as the cis 
isomer, and (b) very little energy difference between the 
isomers. 


cis Pt 


4 H lICl 


/pH’ 


13 


ti CI IY 4 -  
PI  


trons 


I 
Pt 


There is a reason for our referring to the cis and trans 
forms of 13 as “isomers”. If one twists the two CH2 groups 
of an olefin against each other, a likely mechanism for 
cis-trans isomerization, one encounters a level crossing a t  
the orthogonal ge0metry.l’ This is a prototype forbidden 
reaction. No wonder that one encounters a large activation 
energy for cis-trans isomerization, reduced from -60 
kcal/mol only by “push-pull” electronic asymmetry in- 
duced by substitution. 


Since the transition-metal acetylene complexes of type 
13 are analogues of olefins in their electronic structure, we 
would expect also for these molecules a large barrier to 
torsion around the central CC bond. An actual computed 


(10) Grande, K. D.; Kunin, A.; Stuhl, L. S.; Foxman, B. M., to be 


(11) Heilbronner, E.; Bock, H. “The HMO Model”; Wiley: New York, 
submitted for publication. 


1976, Problem 6.18. 
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correlation diagram for the gold case, Figure 2, confirms 
this. The levels that should cross, by analogy to ethylene, 
are shown in 14. The actual correlations are different from 


Hoffman and Hoffmann 


Perhaps more interesting are some hypothetical one- and 
two-dimensional structures of type 16 and 17. In 16 we 
have a one-dimensional zig-zag conjugated chain, ML,- 
C=C-ML,, held together by saturated methylene spa- 
cers.12 


i 
14 


/ '  
LnM 


the intended one, as may seen in Figure 2. This is a 
consequence of the peculiarities of the ML,,(p-RC,R)ML, 
level scheme, for instance that one M-C a-bonding com- 
bination comes above the ethylene-like ?r level. The dashed 
lines in the figure show the correlations by shape, i.e., the 
intended correlations of 14. 


Our computed barriers to isomerization are large, >60 
kcal/mol. These are the ascents to the level crossing, 
without configuration interaction which would reduce the 
height of the barrier. They are also extended Huckel 
estimates, not quantitatively reliable. Nevertheless, the 
conclusion that the barriers are high is a firm one. The 
orbital patterns of the trans isomers in 13, are, from our 
experience, typical of kinetically stable organometallic 
complexes. We would encourage synthetic approaches to 
the trans isomers, including the photochemical cis-trans 
isomerization which is so common in organic chemistry. 


Some Hypothetical Molecules 
The metallo olefin analogy can be extended in a trivial 


way to three and four metal arrays of type 15. Steric 
restrictions for the MLs and ML3 choices might necessitate 
tying the metal fragments together in such systems. 


LnM, 
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Appendix 
All calculations were performed by using the extended 


Huckel method,13 with weighted Hij1s.14 Bond distances 
used include C,,-C = 1.32 A, Au-C,, = 2.05 A, Au-P = 
2 .28A,P-H=1 .44~ ,Pt -CaC=2 .10~ ,Pt -H= 1.7A,and 


The parameters for C, 0, and H are the standard ones.13 
The Fe, Pt,  Au, and Mn parameters are from previous 
p~b1ications.l"'~ 


Pt-Cl = 2.4 A. 


(12) (a) Discrete clusters containing the C2 unit are known. Brice, M. 
D.; Penfold, B. R. Znorg. Chem. 1972,11,1381-1384. Albano, V. G.; Chini, 
P.; Martinengo, S.; Sansoni, M.; Strumolo, D. J. Chem. SOC., Dalton 
Trans. 1978,459-463. Simon, A.; Warkentin, E.; M a w ,  R. Angew. Chem. 
1981,93,1071; Angew. Chem., Znt. Ed. Engl. 1981,20,1013-1014. The 
Cz unit is, of course, common in many extended structures of the CaCz 
type. (b) For some related linear chains with a M W M  framework see: 
Hanack, M.; Seelig, F. F.; Strdde, J. Z .  Naturforsch., A 1979, 34A, 
983-985. Seelig, F. F. Zbid. 1979,34A, 986-992; Hanack, M.; Mitulla, K.; 
Pawlowski, G.; Subramanian, L. R. Angew. Chem. 1979,91,343. Also: 
Hagihara, N.; Sonogashira, K.; Takahashi, S. Adu. Polym. Sci. 1981,41, 
150-179. 


(13) Hoffmann, R. J. Chem. Phys. 1963, 39, 1397-1412. Hoffmann, 
R.; Lipscomb, W. N. Zbid. 1962, 36, 2179-2195; 1962, 37, 2872-2883. 


(14) Ammeter, J. H.; Biugi, H.-B.; Thibeault, J. C.; Hoffmann R. J.  
Am. Chem. SOC. 1978,100, 3686-3692. 


(15) Summerville, R. H.; Hoffmann, R. J .  Am. Chem. SOC. 1976, 98, 
7240-7254. 


(16) Komiya, S.; Albright, T. A,; Hoffmann, R.; Kochi, J. K. J. Am. 
Chem. SOC. 1976,98, 7255-7265. 


(17) Albright, T. A.; Hoffmann, R. Chem. Ber. 1978,111, 1578-1590. 








Organometallics 1982,1, 1303-1307 1303 


Gas-Phase Positive- Ion Chemistry of Trimethylboron and 
Trimethylaluminum 


Manfred M. Kappes, Jack S. Uppal, and Ralph H. Staley’’ 


Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02 739 


Received January 27, 7982 


Me2B+ and Me2Al+ are the principal ions produced by electron impact on Me3B and Me& respectively. 
Study of halide transfer to these species leads to determination of the halide affinities: D(MezB+-F-) = 
238.5 f 3 kcal/mol, D(MezB+-C1-) = 192.5 f 3 kcal/mol, D(Me2A1+-F) = 228 f 8 kcal/mol, and D- 
(Me2A1+-Cl-) = 185 f 5 kcal/mol. These show about 9 kcal mol greater stability for Me2A1+ compared 


CHC&+, establishing a value for the methyl anion affinity of Me2B+ of D(Me2B+4H<) = 250 f 15 kcal/mol. 
In a related reaction also involving carbon-carbon bond formation, CHCl2+ and CFCl2+ are alkylated by 
M e 4  to CzH4C1+ and C2H3FCl+, respectively. Other thermochemical determinations include the hydride 
affinity of Me2B=CH2+: D(Me2BCH2+-H-) = 260.5 f 5 cal/mol. A variety of molecules (L) condense 
with MezB+ to yield one-ligand complexes and with Me2A1+ to yield two-ligand complexes. The relative 
order of ligand binding energies for thew molecules to both species is determined from the preferred direction 
of displacement reactions: for Me2B(L)+, Me2S < MeCN < C6H50Me < MezO < C6H5CN < pyridine, and 
for Me2A1(L)2+, Me3Al < Me2S < C&,OMe < Me20 < MeCN < EbO N (i-C3H7)20 < C6H,CN < Me3N 
< pyridine. The relative position of MeCN in these series indicates that Me2A1+ is a relatively softer acid 
than Me2B+ or Al+. 


to Me2B+. Me3B reacts by methyl anion transfer with CF3 I and CF2C1+ but not with CC13+, C3H7+, or 


Introduction 
Alkylboron and alkylaluminum compounds behave as 


Lewis acids in that they readily form adducts with Lewis 
bases such as Me3N. In some respects these molecules 
have quite different chemistries, however. For example, 
alkylboron compounds do not form dimeric species while 
alkylaluminum compounds doa2 Furthermore, X&l com- 
pounds can form pentacoordinate adducts, X3Al(Y)2, while 
boron has not been observed to have coordination ex- 
ceeding four.2 


Much work has been done on the neutral chemistry of 
alkylboron and alkylaluminum compounds. Alkyl- 
aluminum compounds in particular have been the subject 
of intense study because of their important role in in- 
dustrial Ziegler-Natta polymerization catalysts, an area 
which is still not well under~tood.~ 


Studies of the gas-phase ion chemistry of these molecules 
have been rather limited in spite of the potential of such 
studies for providing useful bond-energy data. Reported 
work in this field to data has dealt mainly with the ion 
chemistry of boron alkylsa4 In one of these studies, some 
aspects, mainly negative ion chemistry, of the gas-phase 
ion chemistry of Me3B were p re~en ted .~  


This paper examines the gas-phase positive-ion chem- 
istry of trimethylboron (Me3B) and trimethylaluminum 
(Me3Al). Variations in reactivity between analogous alu- 
minum and boron-containing ionic species are observed 
and discussed. Several useful thermodynamic results are 
also obtained. 


Experimental Section 
This study was carried out by using an ion cyclotron resonance 


(ICR) spectrometer built at MIT. General features of the in- 
strumentation and procedures used have been previously de- 


(1) To whom correspondence should be addressed at Central Research 
and Development Department, E356, E. I. du Pont de Nemours & Co., 
Experimental Station, Wilmington, DE 19898. 


(2) Cotton, F. A.; Wilkinson, G. “Advanced Inorganic Chemistry”; 
Wiiey: New York, 1980. 


(3) Boor, J., Jr. “Ziegler-Natta Catalysts and Polymerizations”; Aca- 
demic Press: New York, 1979. 


(4) See, for example: Paato, D. J. J. Am. Chem. SOC. 1975, 97, 136. 
(5) Murphy, M. K.; Beauchamp, J. L. J. Am. Chem. SOC. 1976, 98, 


1433. 


scribed? Studies of Me3Al chemistry were carried out using a 
three-section drift cell with marginal oscillator detection. The 
Me3B experiments were performed by using a one-section trap- 
ped-ion cell with bridge circuit dete~tion.~ Pressures were 
measured by using a Bayard-Alpert ionization gauge. Because 
of variations in ionization cross section from one gas to  another, 
absolute preasures and rate constants are only accurate to a factor 
of 2. 


Me3B and Me3A1 were obtained from Alfa Inorganics. Other 
chemicals used were reagent grade and were obtained from 
commercially available sources. All reactant gases were purified 
by repeated freeze-pumpthaw cycles. 


Electron-beam energies used were normally less than 15 eV. 
Throughout the Me3B study, boron-containing species were ob- 
served to have the correct natural isotope abundances: ‘OB, 19.8%; 
“B, 80.2%. All reactions were confirmed by double-resonance 
experiments. 


Results 
Trimethylboron. Low-pressure ICR mass spectra of 


Me3B at  70 eV agree well with published  result^.^ Elec- 
tron-impact ionization at  this energy produces Me3B+, 
Me2B+, C2H4B+, C2H2B+, and CH4B+ in relative abun- 
dance of 2%,69%, 13%, 5%,  and 11%, respectively. The 
experiments reported in this paper were carried out a t  
electron energies of 15 eV and below where only Me2B+ 
and Me3B+ are produced in significant amounts. Studies 
with only Me3B+ present confirm the previous observa- 
tion: that Me3B+ is unreactive toward the parent neutral. 
Me2B+ also does not react with Me3B except for methyl 
anion transfer (reaction 1). Dimeric species such as M e a 2  
or Me,&+ are not observed. 


Me210B+ + Me311B Me?’B+ + Me310B (1) 


A number of alkyl halides, RX, react with MezB+ by 
halide transfer. Chloride transfer (reaction 2) is observed 


(2) 


(3) 
for CC14, CHCl,, n-PrC1, i-PrC1, and EtC1, while fluoride 
transfer (reaction 3) occurs for CC13F, CHFCl,, CC12F2, and 


Me2B+ + RC1- MezBCl + R+ 
MezB+ + RF - Me2BF + R+ 


(6) Uppal, J. S.; Staley, R. H. J. Am. Chem. SOC. 1980,103,508-511. 
(7) For a general discussion of ICR techniques see: Bursey, M. M. “Ion 


Cyclotron Resonance Spectrometry”; M. Wiley: New York, 1976. 
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crease in the order Me2S < MeCN < C6H50Me < Me20 
C C6H&N < pyridine. 


Trimethylamine, rather than condensing with Me2B+, 
reacts by proton transfer (reaction 9) and therefore could 
not be included on the ligand binding energy scale. 


Me2B+ + Me3N - MeB=CH2 + Me3NH+ (9) 


Trimethylaluminum. The positive-ion ICR mass 
spectrum of Me3Al, taken at low pressure (<lo4 torr) and 
70-eV electron energy, is in agreement with the previously 
reported conventional mass spectrum.8 Ions observed are 
Me3Al+, Me2Al+, MeAl+, and Al+ in relative abundances 
of 8%, 65%,  6%, and 21 % , respectively. A t  an electron 
energy of 17 eV, only Me3A1+ and Me2A1+ are observed in 
abundances of 11 % and 89 % , respectively. Me2A1+ con- 
denses with Me3A1 to give Me5A12+ (reaction 10) with an 


(10) 


apparent rate constant of 1.7 X cm3 molecule-' s-l at 
a pressure of 6 X lo4 torr. Me3Al+ also reacts with Me3Al 
eliminating a radical to form M e a ,  (reaction 11). M e a 2 +  
does not react with Me3A1. 


(11) 


Me2&+ dehydrochlorinates EtCl. Both possible product 
channels are observed retention of C2H4 (reaction 12) and 


Me2AI(C2H,i+ t HCI (12)  


Me2A1+ + Me3A1 - Me5AlZ+ 


Me2Al+ + Me3A1 - Me5A12+ + Me 


-c Me2AIIHCI)+ t C,H, (13) 


Me,Alt t EtCl 


retention of HC1 (reaction 13). The branching ratio is 2:l 
in favor of CpH4 retention. In a subsequent reaction step, 
EtCl displaces C2H4 or HCl to give Me2A1(EtC1)+ (reactions 
14 and 15). Me3Al displaces EtCl to yield Me5A12+ as the 
final product in this system (reaction 16). 


Me2Al(C2H4)+ + EtCl - Me2A1(EtCl)+ + C2H4 (14) 


Me2A1(HC1)+ + EtCl - Me2A1(EtC1)+ + HCl (15) 


Me2Al(EtCl)+ + Me3A1 - Me5A12+ + EtCl (16) 


Dehydrochlorination is not observed with n-C3H7Cl or 
i-C3H7Cl. Instead, Me2Al+ reacts by chloride transfer to 
produce C3H7+ (reaction 22; see below). C3H7+ reacts with 
M e d  by dissociative proton transfer to regenerate Me2Al+ 
(reaction 17; Scheme I) and complete a two-step reaction 
sequence that converts Me3A1 and C3H7C1 to Me2A1C1, 
CHI, and C3H6. The same net conversion is also observed 
to occur by another route. Me5A12+ reacts with C3H,C1 
(either n-propyl chloride or isopropyl chloride) to give 
Me4AlpC1+ (reaction 18). This species regenerates Me&12+ 
upon reaction with Me3A1 (reaction 19). Some Me3A12C12+ 
is also formed in these systems (reaction 20); this also 
reacts with Me3A1 to regenerate Me4A12C1+ (reaction 21) 
and complete the same net reaction. 


Scheme I 
Me3A1 + C3H7+ - Me2A1+ + CH, + C3H6 (17) 


(18) 


(19) 


(20) 


(21) 


Me5A12+ + C3H7C1 - Me4Al2C1+ + CH, +C3H6 


Me4A12C1 + Me3A1 - Me5A12+ + Me2A1C1 


Me4Al2C1+ + C3H7C1 - Me3A12C12+ + CH, + C3H6 


Me3A12C12+ + Me3Al -+ Me4Al2C1+ + MezAICl 


0 50 100 
Time (msec) 


Figure 1. Variation of ion abundance with time following a lO-ms, 
14-eV electron beam pulse in a 1:l mixture of Me3B and CHFzCl 
a t  5 X lo4 torr. The reactions occurring are quite complicated. 
In addition to being produced by electron impact on Me& Me2B+ 
is formed by dissociative proton transfer from CHF2+ and CHFCP. 
CHFCl' results from fluoride transfer. Chloride transfer to 
produce CHF2+ is not observed. This ion I produced by electron 
impact on CHFzCl. B(C3Hs)+ is formed as a result of hydride 
transfer to  CHF2+ and CHFCP. The m/z value for the isotopic 
peak which was followed for each species is indicated in par- 
entheses. 


CHF2C1. Dehydrochlorination is not observed with EtCl 
or any other chlorocarbon studied with Me2B+. CHpCl2 
and CF3Cl do not react with MezB+. Methyl anion 
transfer, from Me3B to R+ (reaction 4) is observed for R+ 


(4) 
= CF3+ and CF&l+. CHC12+, CHF2+, CHFCl', and CzH5+ 
also react with Me3B to give MezB+. These reactions could 
occur either by dissociative proton transfer (reaction 5) or 


(5) 
methyl anion transfer. Me3B does not react with CC13+, 
C3H7+, or CHC12+. Hydride transfer from Me3B to R+ 
(reaction 6) occurs with R+ = CF3+, CF2C1+, CH2C1+, 
CHF2+, CHFCP, CHC12+, and CzH5'. CC13+ and C3H7+ 


R+ + Me3B - RH + (C3H8)B+ (6) 


do not undergo hydride transfers. Where both halide 
transfer and hydride transfer occur for a particular cation 
with Me3B, hydride transfer is a relatively minor channel 
(typically -10%). Figure 1 is an example of the type of 
data obtained in this study. Shown is a plot of ion 
abundance vs. time for all major ionic species that are 
observed in a mixture of Me3B and CHF2C1. This time 
plot provides evidence, which is confirmed by double- 
resonance spectra, for the occurrence in this system of 
fluoride transfer (reaction 3), dissociative proton transfer 
(reaction 51, and hydride transfer (reaction 6). 


The ligand molecules pyridine, C6H5CN, Me2O, 
C6H50Me, MeCN, and Me2S condense once with Me2B+ 
to give Me2B(L)+ (reaction 7). A second condensation to 


Me2B+ + L - MezB(L)+ (7) 


form Me2B(L)2+ is not observed. Mass spectra a t  short 
reaction times show no evidence for neutral-neutral re- 
action of Me3B with any of the ligands studied. 


Observation of ligand displacement (reaction 8), in 
mixtures of Me3B with two different ligands L1 and L2, 
indicates that the binding energy of L1 to Me2B+ is less 
than the binding energy of L2. As a result, it is possible 


Me2B(L1)+ + L2 * Me2B(Lz)+ + L1 (8) 


to determine an order for ligand bond energies to MezB+. 
The binding energies to MezB+ of the ligands studied in- 


R+ + Me3B -+ MeR + Me2B+ 


MH+ + Me3B - MezB+ + CHI + M 


(8) Tanaka, J.; Smith, s. R. Inorg. Chem. 1969, 8, 265. 
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Figure 2. Variation of ion abundance with time in a 51:3 mixture 
of MepO, MeCN, and Me& at a total pressure of 9.6 X lo4 torr 
following a 10-ms, 14-eV electron energy pulse. Diffusional ion 
loas from the ICR cell resulta in a decrease in total ion abundance 
with time in this figure. Following initial formation reactions, 
the ionic abundances of Me2Al(MeCN)(MezO)+, MezAl(Me20),+, 
and Me,Al(MeCN),+ approach equilibrium. For the overall re- 
action (reaction 31; L1 = MezO, Lz = MeCN) the equilibrium 
constant is K = 13.9 corresponding to AG = -1.56 kcal/mol. 


MezAl+ reacts with a number of alkyl halides by halide 
transfer. Chloride transfer (reaction 22) is seen for 1,2- 
dichloroethane, CHC13, CC14, n-C3H7C1, and i-C3H7C1. 
Fluoride transfer (reaction 23) occurs with CFC13, CFZClz, 


Me&+ + RC1- MezAICl + R+ (22) 


MezA1+ + RF - MezAIF + R+ (23) 


CHCl2+ and CFClZ+ react with Me3A1 to form CzH4C1+ 
and CzH3FCI+, respectively (reactions 24 and 25). CC13+ 
is not alkylated by Me3Al. CH3F, CH3C1, C&Cl, CHZClz, 
CHFzC1, and CF3Cl are unreactive toward MezA1+. 


CHCl,+ + Me3A1 - CzH4C1+ + MezAICl (24) 


CFCl2+ + Me3A1 - CzH3FC1+ + MezAIC1 (25) 


The molecules MezO, EhO, (i-C3H7),0, Ca50Me,  Mea ,  
MeCN, C6H5CN, Me3N, and pyridine each condense twice 
with MezAl+ to form the two-ligand complex MezA1(L)z+ 
(reactions 26 and 27). Each of these ligand molecules 


MezA1+ + L - MeZA1(L)+ (26) 


MezA1(L)+ + L - Me,Al(L),+ (27) 


displaces Me3A1 from Me&&+ (reaction 28). If Me2A1+ is 
generated in the presence of two ligands, L1 and Lz, three 
different two-ligand complexes of Me2A1+ are formed. 
Ligand displacement reactions are observed in these sys- 
tems (reactions 29 and 30). In a few of these systems, 


Me5AIz+ + L - MezA1(L)+ + Me3Al (28) 


MeZA1(L1),+ + Lz s Me2A1(LJ(L2)+ + L, (29) 


MezA1(L1)(Lz)+ + Lz e MezA1(Lz)z+ + L1 (30) 


ligand displacement is reversible and equilibrium is ap- 
proached. Figure 2 shows an example of such a system (L, 
= MezO, L, = MeCN). The equilibrium constant for the 
overall reaction 31 is measured to be 13.9 corresponding 


Me2A1(L1),+ + 2Lz + Me2A1(LZ),+ + 2L1 (31) 


and CHFC12. 


to a free energy different of 1.56 kcal/mol (T = 298 K). 
Equilibrium constants can also be determined separately 
for reactions 29 and 30 with these ligands: Kzs = 14.1 and 
K3,, = 0.97. The forward rate constant for ligand dis- 
placement obtained by a pulsed double-resonance exper- 
iment for reaction 29 is k = 5.0 X cm3 molecule-' s-' 
in this system. 


Other ligand exchange equilibria were not observed in 
this study. The preferred direction of reaction 29 and 30 
could be measured, however, and consequently ligands 
could be ordered by their ability to displace other ligands 
from Me2A1+. The binding energies (to MezA1+) of the 
ligands studied increase in the order Me3A1 < MezS < 
C6H50Me < MezO < MeCN < EtzO = (i-C3H7)20 < c6- 
H5CN < Me3N < pyridine. 


Even at the low pressures used (-5 X lo4 torr), certain 
compounds were found to undergo neutral-neutral reac- 
tions with Me3A1 to a sufficient extent to hinder studying 
their ion chemistry. In particular, TiCl,, MeOH, MeCHO, 
and MezCO reacted to a large extent, and mixtures of these 
compounds with Me3A1 could not be studied. Other al- 
cohols, ketones, aldehydes, and esters were not studied 
because neutral-neutral reactions were expected as a result 
of these observations. 


Neutral-neutral reactions are also a slight problem in 
mixtures of Me3A1 with Me3N or pyridine (py); nuetral 
complexes such as Me3A1(Me3N) and Me3Al(py) are 
formed in these mixtures. Ions such as Me5A1z(Me3N)z+ 
and Me5A12(py),+ are observed. 


In mixtures of Me3A1 with Et,O, small amounts of 
MeAlOEt+, Me4AlzOEt+, and Me&l(EtOH)+ are observed. 
The total abundance of these ions is about 10% of the total 
abundance of the condensation products. Similar ions are 
also observed in the Me3Al/i-Pr,0 mixture. 


Discussion 
Halide Transfers. Both MezB+ and MezAl+ react with 


alkyl halides by halide transfer (reactions 2,3,22, and 23). 
This reaction occurs only if the halide affinity of MezB+ 
or MezA1+ is greater than that of the product carbonium 
ion. Nonoccurrence of halide transfer indicates an endo- 
thermic reaction? Chloride transfer to MezB+ is observed 
to produce CzH5+ (190), CHC1,: (180), i-C3H7+ (169), and 
CC13+ (165). Chloride transfer wth  the appropriate neutral 
does not occur to generate CF3+ (207), CHFz+ (201), or 
CHzCl+ (195). Chloride affinities, D(R+-Cl-), for each R+ 
are given in parentheses from Table I. These results place 
the chloride affinity of MezB+ between that of CZH5+ and 
CHzC1+: D(MezB+-C1-) = 192.5 f 3 kcal/mol. Fluoride 
transfer from RF to MezB+ produces CC13+ (208), CFCl2+ 
(214), CHClZ+ (220), and CHFCP (236). MezB+ does not 
react with CF3C1 to give CF2C1+ (241). Fluoride affinities 
from Table I are given in parentheses. The above results 
place the fluoride affinity of MezB+ at  D(MezB+-F-) = 
238.5 f 3 kcal/mol. 


Me2A1+ reacts by chloride transfer to produce CHClz+ 
(180), i-C3H7+ (169), CFC12+ (168), and CC13+ (165). 
Chloride transfer to MezAl+ is not observed for R+ = Me+ 


(191), or C2H5+ (190). These observations place the 
chloride affinity of MezA1+ between that of CHC13+ and 
Et+: D(MezAl+-C1-) = 185 f 5 kcal/mol. Chloride transfer 


(228), CHFZ' (201), CHZCl+ (195), CFZCl' (192), CHFCl+ 


(9) Halide transfer is a kinetically facile process if thermodynamically 
allowed, and therefore nonoccurrence is assumed to indicate a thermo- 
dynamic barrier. This was confirmed for a number of these systems in 
which endothermic double resonance spectra were obtained when R+ was 
observed while MezB+ was excited. No competing reactions occur with 
these reactants in these systems. 
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Table I. Heterolytic Bond Dissociation Energies for Relevant Ions 
R' AHf(R+)  D(R+-ClV)h*' D(R'-F-)i ,h D(R+-Me') D(R+-H-)n  


CH,' 264 2281' 260i  277 315 
CH,F' 199 .5  i 6 c  206 248 j 255 290 
CHF,' 142  i 5 c  201 250 i  254 283 
CF,' 93.8 f Z C  207 257 265 29 3 
CH,CI+ 228.5 i 0 .4e  195  233 247 281 
CHC1,' 211.2 k 0.4e,g 180  220 235 265 
CC1,' 198  i 7 c  165  208 256 
CHFC1' 1 7 9 i  j C  191  236 27 5 
CFCI,' 155  i 5 c  168  214 256 
CF,Cl+ 130 i 2 f  192 241 27 8 


i-C,H,+ 191  b 169 202 216 249 O 
C,H,+ 


n-C3H7+ 207 b 182 


219 190 2223' 237 272 O 


All data in kcal/mol for the  gas phase at  298 K. b Rosenstock, H. M.; Draxl, K.; Steiner, B. W.; Herron, T. J. J. Phys. 
Chem. Ref. Data 1977, 6 ,  Suppl. 1. Johnstone, 
R. A. W.; Mellon, F. A. J. Chem. Soc., Faraday Trans. 2 1972, 68 ,  1209. e Werner, A. S.; Tsai, B. P.; Baer, T. J. Chem. Phys. 
1974, 60, 3650. f Ajello, J. M.; Huntress, W. T.; Rayerman, P. Ibid. 1976, 6 4 ,  4746. g Losing ,  F. P. Bull. Soc. Chim. Belg. 
1972, 81 ,  125. AHf(c1") = -55,9 kcal/mol from: Stull, D. R.; Prophet, H. Natl. Stand. Ref.  Data Ser. (US'., Natl. Bur. 
Stand.) 1971, NSRDS-NBS 37. AHf(RX) except as noted from: Cox, J. D.; Pilcher, G. "Thermochemistry of Organic 
and Organometallic Compounds"; Academic Press: New York, 1970. J AHf(RX) from: Benson, S. W. "Thermochemical 
Kinetics", 2nd ed.;  Wiley-Interscience: New York, 1976.  AHf(F-)  = -58.5 kcal/mol. AHf(CH,-) = -7.2 kcal/mol 
from AHf(CH,) = 34.3 kcal/molj  and EA(CH,) = 1.8 eV. 
estimated in footnote c.  
from footnote j .  


Lias, S. G.; Ausloos, P. Int .  J. Mass Spectrom. Ion Phys. 1977,23, 273. 


AHf(RMe) from footnote i, except where noted. 
AH(RH)  from footnote c ,  except as noted. O AHf(RH) 


AHf(RMe) 
AHf(H-)  = 33.2 f 0.5 kcal/mol. 


was also observed to generate n-C3H7+ (182) and C2H4Cl+ 
(179).1° The n-C3H7+ result appears to set a lower limit 
on D(Me2A1+-C1-); it is likely that n-C3H7+ rearranges to 
i-C3H7+ during the reaction, however." Consequently, this 
result is not used to further define the chloride affinity of 
Me2Al+. While the result for 1,2-dichloroethane is con- 
sistent with other data, it also has not been included due 
to uncertainty about the structure and thermochemistry 
of C2H4C1+. 


The fluoride affinity of Me2A1+ can be inferred from 
fluoride transfer results. Fluoride transfer produces 
CHC12+ (220), CFC12+ (214), and CC13+ (208) but not Me+ 
(260), CF2Cl+ (241), or CHFCP (236). Therefore, one 
obtains D(Me2A1+-F-) = 228 f 8 kcal/mol. 


Dehydrochlorination. A common reaction between 
metal cations and alkyl halides (HYX) is dehydro- 
halogenati~n.'~J~ Typically one or both of the possible 
reaction channels (HX or Y elimination) are observed. In 
mixtures of Me3B with n-C3H7C1, i-C3H7C1, or C2H5C1, 
Me2B+ was not observed to react by dehydrohalogenation. 
Me2Al+, on the other hand, readily dehydrochlorinates 
EtCl to give Me2A1(HC1)+ and Me2Al(C2H4)+ (reactions 12 
and 13). This result implies that the bond energies of 
Me2Al+ to C2H4 and to HC1 are greater than the energy 
required to convert EtCl into HC1 and CzH4: D- 
(Me2Al+-HC1) and D(Me2A1+-C2H4) > 17.1 kcal/mol.14 


The displacement of HCl or C2H4 by EtCl in Me2Al- 
(HCl)+ and Me2A1(C2H4)+, followed by displacement of 
EtCl by Me3A1, implies that D(Me2A1+-Me3A1) > D- 
( Me2Al+-EtC1), D(Me2A1+-HC1). 


Hydride Transfer. H- transfer from Me3B to R+ is 
observed for R+ = CF3+ (293), CHF2+ (283), CH2C1+ (281), 


(10) AHHI(CH2ClCH2Cl) = -30.7 kcal/mol: Cox, J. D.; Pilcher, G. 
'Thermochemistry of Organic and Organometallic Compounds"; Aca- 
demic Press: New York, 1970. AHHI(C2H4Cl+) = 204 kcal/mol from: 
Hodges, R. V.; Armentrout, P.; Beauchamp, J. L. Int. J. Mass Spectrom. 
Ion Phys. 1979,29, 375. 


(11) This rearrangement also appears to occur in the reactions of AI+ 
with n-C3H7Cl and the butyl chlorides.'* 


(12) Uppal, J. S.; Staley, R. H. J. Am. Chem. SOC. 1982,104,1229-34. 
(13) See, for example: Jones, R. W.; Staley, R. H. J. Am. Chem. SOC. 


1980, 102, 3794. 
(14) Calculated by using heats of formation from: Benson, S. W. 


"Thermochemical Kinetics"; 2nd ed.; Wiley: New York, 1976. 


CF2C1+ (278), CHFCP (275), C2H6+ (272), and CHC12+ 
(265). No reaction was seen for CFC12+ (256), CC13+ (256), 
and i-C3H7+ (249). Given in parentheses are the heterolytic 
D(R+-H-) bond dissociation energies from Table I. The 
above results place the hydride affinity of Me2BCHz+ 
between that of CC12F+ and CC12H+: D(Me2BCH2+-H-) 
= 260.5 f 5 kcal/mol. Hydride transfer was not observed 
in the reactions of Me3Al with R+. 


Alkylation Reactions. Me3B can react with R+ by 
transferring a methyl anion (reaction 4). The reaction is 
seen to occur for R+ = CF3+ and CF2CI+. No reaction to 
produce Me2B+ is seen with R+ = CC13+, i-Pr+, or CHC12+. 
These results together with known values for D(R+-CH<), 
Table I, set limits on D(Me2B+-CH<). Reaction with CF3+ 
sets an upper limit of 265 kcal/mol. Nonreaction with 
CHC12+ sets a lower limit of 235 kcal/mol. Reactions of 
CHC12+, CHF2+, and C2H5+ with Me3B to give Me2B+ and 
of C3H7+ with Me3A1 to give Me2Al+ may proceed by 
methyl anion transfer or by dissociative proton transfer 
(reaction 17). Since their interpretion is ambiguous, these 
results are not used to infer relative methyl anion affinities. 
No case of simple methyl anion transfer is observed with 
Me3A1. Reactions 24 and 25, in which C1 is exchanged for 
methyl to give Me2A1C1, may well proceed via initial 
methyl anion transfer giving an intermediate Me2Al+- 
halocarbon complex in which chloride transfer to give 
Me2A1C1 precedes dissociation. 


Ligand-Exchange Reactions. Me2B+ and Me2A1+ 
react with various ligand molecules to form one- and 
two-ligand complexes, respectively. Quantitative deter- 
mination of relative ligand binding energies, as have been 
obtained for various metal cations from ligand-exchange 
equilibria,15-17 is generally not possible in these systesm. 
In only one case is a ligand-exchange equilibrium suc- 
cessfully measured. For L1 = Me20 and L2 = MeCN the 
equilibrium constant of reaction 31 is measured as 14 
corresponding to a free energy difference between 


(15) Uppal, J. S.; Staley, R. H. J. Am. Chem. SOC. 1982,104,1235-38, 


(16) Jones, R. W.; Staley, R. H. J .  Am. Chem. SOC. 1982, 104, 
2296-2300. Jones, R. W.; Staley, R. H. J. Phys. Chem. 1982,86,1387-92. 


(17) Kappes, M. M.; Staley, R. H. J.  Am. Chem. SOC. 1982, 104, 


1238-43. 


1813-19, 1819-23. 
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Table 11. Summary of Thermochemical Results 
X- D(Me,B+ -X- ) D(Me,Al+-X-) 


CH,- 250  f 1 5  
F- 238.5 f 3 228 k 8 
c1- 192.5 f 3 1 8 5  f 5 


a All data in kcal/mol €or the gas phase at 298  K. 


Me2A1(Me20)2+ and Me2A1(MeCN)2+ of 1.6 kcal/mol. 
Ordering of ligands by their binding energies is possible, 
however. The Me2B(L)+ ligand-binding energies increase 
in the order Me2S < MeCN < C6H50Me < Me20 < (26- 
H6CN < pyridine. For Me2Al+ the order is Me3A1 < Me2S 
< C6H50Me < Me20 < MeCN < E g o  = i-Pr20 < C6H6- 
CN, Me3N < pyridine. 


Comparison of Me2B+ and Me2Al+ Results. A com- 
parison of the Me2B+ ligand order to that obtained for 
Me2A1+ shows one reversal: MeCN binds more strongly 
to M%Al+ than Me20 and C6H60Me, whereas with Me2B+, 
MeCN is a weaker ligand than these ethers. It is inter- 
esting to compare both scales to €he measured ligand 
binding energies for one-ligand complexes of Al+, D- 
(Al+-L).15 For Al+ the binding energy order for some 
relevant ligands is Me2S < MeCN < Me20 < C6H6CN < 
Et20. Thus, Al+ behaves like Me2B+ in that it binds 
MeCN less strongly than Me20. MeCN and other nitriles 
have been useful and consistent indicators of relative acid 
softness (in the terminology of hard-oft acid-base theory) 
in ligand binding energy studies of complexes of Cu+, Co+, 
Ni+, and FeBr+.16J7 Thus Me2A1+ in binding MeCN rel- 


atively more strongly than Me2B+ and Al+ is seen to be 
a relatively softer acid. 


In summary, this study has revealed a number of 
thermodynamic, structural, and mechanistic similarities 
and differences between the chemistry of Me3B and Me&. 
Fluoride and chloride affinities show about 9 kcal/mol 
greater stability for Me2Al+ compared to Me2B+, Table 11. 
Formation of two-ligand complexes with Me2A1+ is facile, 
whereas with Me2B+ only one-ligand complexes form. 
Dehydrochlorination of alkyl chlorides by Me2Al+ but not 
Me2B+ may be related since this reaction proceeds through 
an intermediate in which two ligands, HC1 and an alkene, 
are both bound to Me2A1+. Ligand displacement results 
suggest that Me2A1+ is a softer acid than Me2B+. Proton 
transfer from Me2B+ giving MeB=CH2 and hydride ab- 
straction from Me3B to give Me2B=CH2 are observed, but 
the corresponding reactions with Me2A1+ and Me3A1 are 
not. This is consistent with the expectation that boron 
should more readily form double bonds with carbon than 
will aluminum. 


Registry No. Me3B, 593-90-8; Me& 75-24-1; Me2B+, 59414-81-2; 
CCq, 56-23-5; CHC13, 67-66-3; n-PrC1,540-54-5; i-PrC1,75-29-6; EtC1, 
75-00-3; CClSF, 75-69-4; CC12F2, 75-71-8; CHFZC1, 75-45-6; CF3', 
18851-76-8; CF2Clt, 40640-71-9; CHC12+, 56932-33-3; CHF2+, 35398- 
31-3; CHFCl', 40640-66-2; CzHs', 14936-94-8; CBHSCN, 100-47-0; 
Me20, 115-10-6; CBH50Me, 100-66-3; MeCN, 75-05-8; Me2& 75-18-3; 
C5H5N, 110-86-1; Me3N, 75-50-3; Me2Alt, 82614-01-5; Me3Alt, 
82614-02-6; C3H7+, 19252-53-0; Me&&+, 82614-03-7; Me3A12C12+, 
82614-04-8; C2H4C12, 107-06-2; CFC12+, 40640-70-8; (i-Pr)20, 108-20-3; 
Et20, 60-29-7; TiC14, 7550-45-0; MeOH, 67-56-1; MeCHO, 75-07-0; 
Me2C0, 67-64-1; CHFC12, 75-43-4; CH2C1+, 59000-00-9. 
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The crystal and molecular structures of tetra-o-tolylbis(j.t-o-tolyl)dialuminum (I) and of tri-o-tolylaluminum 
diethyl etherate (11) have been determined by single-crystal X-ray diffraction techniques. I crystallizes 
in the monoclinic space group P2,/c with two molecules per unit cell. The cell dimensions are a = 10.319 
(3) A, b = 10.201 (5) A, c = 16.544 ( 5 )  A, and p = 105.84 (3)O. Full-matrix least-squares refinement for 
I gave final discrepancy factors of RF = 0.038 and RwF = 0.052 for 1634 counter data for which Z I 2.5~ 
(I). I1 also crystallizes in the monoclinic system but was solved in the nonconventional space group P21/n 
to bring closer to 90°. The cell contains four molecules and has dimensions a = 11.648 (2) A, b = 14.033 
(2) A, c = 14.209 (2) A, and 0 = 106.48 (1)O. Full-matrix least-squares refinement for I1 gave final discrepancy 
factors of RF = 0.052 and RwF = 0.064 for 2487 counter data for which I I 2 . 5 ~  (I). The structure of I consists 
of discrete bridged dimeric molecules similar in form to the structures of Al2Pk, A1 ( c - C ~ H ~ ) ~ ,  and A12Me6 
with the only unusual feature being the increase in the A1-A1 distance from -2.6 %i commonly observed 
in bridged dimers to 2.817 (2) A. The structure of I1 is similar to other trialkylaluminum adducts with 
the aluminum bound to three carbon atoms, one from each tolyl ring, and the ether oxygen atom providing 
a pseudotetrahedral environment for the aluminum atom. 


Introduction 
The structures of organoaluminum derivatives have been 


of interest to chemists for many years as a result of their 
formation of electron-deficient, three-center bridge 
bonds.'P2 Our interest in this area has been renewed as 
a result of the observation that organic groups which 


(1) Lewis, P. H.; Rundle, R. E. J. Chem. Phys. 1953,21,986. 
( 2 )  Oliver, J. P. Adu. Organomet. Chem. 1977, 15, 235. 
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contain electron-rich regions tend to form more stable 
bridged bonds through interaction of these regions and the 
nonbonding orbitals centered on the metal atoms in a 
symmetrical fashion. This type of interaction has been 
invoked to account for the more stable bridge bonds ob- 
served in ~ i n y l - , ~  phenyl-: and cyclopropylaluminum5 


0 


(3) Albright, M. J.; Butler, W. M.; Anderson, T. J.; Glick, M. D.; Oliver, 
J. P. J .  Am. Chem. SOC. 1976, 98, 3995. 
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Table 11. Summary of Thermochemical Results 
X- D(Me,B+ -X- ) D(Me,Al+-X-) 
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F- 238.5  f 3 228 k 8 
c1- 192 .5  f 3 1 8 5  f 5 


a All data in kcal/mol €or the gas phase at 2 9 8  K. 


Me2A1(Me20)2+ and Me2A1(MeCN)2+ of 1.6 kcal/mol. 
Ordering of ligands by their binding energies is possible, 
however. The Me2B(L)+ ligand-binding energies increase 
in the order Me2S < MeCN < C6H50Me < Me20 < (26- 
H6CN < pyridine. For Me2Al+ the order is Me3A1 < Me2S 
< C6H50Me < Me20 < MeCN < E g o  = i-Pr20 < C6H6- 
CN, Me3N < pyridine. 


Comparison of Me2B+ and Me2Al+ Results. A com- 
parison of the Me2B+ ligand order to that obtained for 
Me2A1+ shows one reversal: MeCN binds more strongly 
to M%Al+ than Me20 and C6H60Me, whereas with Me2B+, 
MeCN is a weaker ligand than these ethers. It is inter- 
esting to compare both scales to €he measured ligand 
binding energies for one-ligand complexes of Al+, D- 
(Al+-L).15 For Al+ the binding energy order for some 
relevant ligands is Me2S < MeCN < Me20 < C6H6CN < 
Et20. Thus, Al+ behaves like Me2B+ in that it binds 
MeCN less strongly than Me20. MeCN and other nitriles 
have been useful and consistent indicators of relative acid 
softness (in the terminology of hard-oft acid-base theory) 
in ligand binding energy studies of complexes of Cu+, Co+, 
Ni+, and FeBr+.16J7 Thus Me2A1+ in binding MeCN rel- 


atively more strongly than Me2B+ and Al+ is seen to be 
a relatively softer acid. 


In summary, this study has revealed a number of 
thermodynamic, structural, and mechanistic similarities 
and differences between the chemistry of Me3B and Me&. 
Fluoride and chloride affinities show about 9 kcal/mol 
greater stability for Me2Al+ compared to Me2B+, Table 11. 
Formation of two-ligand complexes with Me2A1+ is facile, 
whereas with Me2B+ only one-ligand complexes form. 
Dehydrochlorination of alkyl chlorides by Me2Al+ but not 
Me2B+ may be related since this reaction proceeds through 
an intermediate in which two ligands, HC1 and an alkene, 
are both bound to Me2A1+. Ligand displacement results 
suggest that Me2A1+ is a softer acid than Me2B+. Proton 
transfer from Me2B+ giving MeB=CH2 and hydride ab- 
straction from Me3B to give Me2B=CH2 are observed, but 
the corresponding reactions with Me2A1+ and Me3A1 are 
not. This is consistent with the expectation that boron 
should more readily form double bonds with carbon than 
will aluminum. 
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Introduction 
The structures of organoaluminum derivatives have been 


of interest to chemists for many years as a result of their 
formation of electron-deficient, three-center bridge 
bonds.'P2 Our interest in this area has been renewed as 
a result of the observation that organic groups which 
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( 2 )  Oliver, J. P. Adu. Organomet. Chem. 1977, 15, 235. 
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contain electron-rich regions tend to form more stable 
bridged bonds through interaction of these regions and the 
nonbonding orbitals centered on the metal atoms in a 
symmetrical fashion. This type of interaction has been 
invoked to account for the more stable bridge bonds ob- 
served in ~ i n y l - , ~  phenyl-: and cyclopropylaluminum5 
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derivatives. It also was used initially to account for the 
enhanced stability observed in the ethynyl-bridged species, 
hut this appears to be incorrect since it has been observed, 
in both the solid6 and gaseous’ states, that the ethynyl- 
bridged systems are bonded unsymmetrically with two 
significantly different meta-carbon distances, one close 
to the normal Al-C distance observed in an electron-de- 
ficient bridge and the other similar to that observed for 
a terminal Al-C distance or to the Al-C distance observed 
in the monomeric, gaseous AIMe, molecule! 


On the basis of these observations, there appear to be 
two major factors, steric and electronic effecta, which lead 
to destabilization or alteration of the electron-deficient 
bridged systems. The simplest to understand is that of 
steric interaction which is exemplied by the decreasing 
stability of trialkylaluminum dimers with increasing chain 
length or branching. This has been shown clearly from the 
molecular weight studies on several of these system! The 
electronic effects are less readily observed. Formation of 
species with nitrogen or oxygen adjacent to the central 
atom might lead to stabilization of a monomeric species 
as observed for the amino- or alkoxyboranes, but for alu- 
minum these moieties always appear to form dimeric 
species because of the increased size around the AI atom 
and ita tendency to achieve higher coordination through 
formation of the bridged (not electron-deficient) dimer or 
polymerJO Substitution of nitrogen or oxygen, other than 
in the bridge, usually leads to adduct formation or to other 
reactions. 


With these arguments in mind and the reports that 
tri-0-tolylaluminum behaved in a manner suggesting low- 
ered stability of the dimeric form,’”” we embarked on the 
determination of the structure of this molecule and of its 
ether adduct. The intent of these studies is to  permit a 
comparison to be made between the bond distances in the 
two derivatives and, thus, began to explore the effects of 
the steric interactions on these bridge-bonded systems. 


Experimental Section 
The compounds studied are both air and water sensitive so 


standard drybox, vacuum line, and Schlenk tube khniquea were 
employed for all preparations and for mounting crystals. 


The parent aluminum derivative, tri-o-tolylaluminum dimer 
(I), was prepared by the reported reaction” of di-o-tolylmercury, 
obtained from reaction of the a-tolyl Grignard reagent with HgBrz 
in THF, with aluminum powder in a closed system. In OUT hands 
the reaction proceeded smoothly under the following conditions. 
A tall cylindrical reaction vessel equipped with the necssary inlets 
and stopcocks and magnetic stirring bar was purged thoroughly 
with argon. Then a large e x w  of 2&30 meah aluminum powder, 
20 mL of dry xylene, and 4.135 g (10.8 mmol) of Hg(o-tol), (0-to1 
= 0-tolyl) were added. The vessel then was closed off and placed 
in an oil bath (138 “ C )  for 5 h with continuous stirring of the 
reaction mixture. The reaction mixture was worked up by the 
reported procedure.” 


Crystals of I suitable for the X-ray structural determination 
were obtained by recrystallization from a saturated xylene solution 
hy slow removal of solvent on the vacuum system. Crystals of 
tri-o-tolylaluminum diethyl etherate, (o-tol),AI.OEt, (II), were 


(4) Malone, J. F.; McDonald. W. S. J. Chem. Soc.. Lhdton Tmw. 1972, 


(5) Moare, J. W.; Sanders, D. A,; %hem, P. A,; Glick, M. D.; Oliver, 


(6) Stucky, G. D.; McPhemn. k M.; Rhine, W. E.; Erich, J. J.; Con- 


(7) AheMingen, A.; Femholt, L.; Hsaland, k J. Orgammet. Chem. 


(8)  Smith, M. B. J. Oigammet. Chem. 1974, 70,13. 
(9) Mole, T.; Jeffew, E. A. ‘Oraanoaluminum Comwunds”. M e r :  


7.646. Malone, J. F.; McDonald, W. S. Ibid. 1972, 2649. 


J. P. J. Am. Chem. Soe. 1971,.%,1035. 


sidine, J. L. J. Am. Chem. Soc. 1974, .%, 194. 


1978,155,245. 
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Figure I. A new of the Al,(~-tol)~ molecule with the atoms 
labeled. Hydrogen atoms have been omitted for clarity. 


0bt€liIledhy- ’ I f ”  the mixed solvent xylenediethyl 
ether in a manner similar to that used to prepare crystals of I. 
Suitable crystals of each compound were mounted in thin-walled 
capillary tubes in the drybox under an argon atmosphere and 
flame sealed. 
Data Collection. X-ray diffraction data were collected on a 


Syntex P2, diffractometer using Mo Ka radiation diffracted from 
a highly oriented graphite crystal in the parallel mode. The data 
were collected for both crystals with the 8-28 scan in the b M i  
condition. The specific conditions. unit cells, and unit-cell di- 
mensions are given in Table I. 


Solution and Refinement. Far compound I the aluminum 
atom was located by analysis of a three-dimensional Patterson 
synthesis.’2 The carbon atoms were located with subsequent 
Fourier maps. Full-matrix refinement on the pxitional and 
anisotropic thermal parameters for the non-hydrogen atoms gave 
R = 0.018, and at this point all 21 hydrogen atoms were repre- 
sented clearly by peaks on the difference map with intensities 
ranging from 0.49 to 0.20 e/A? The function Ew(lFJ - was 
minimized by leastsquares refinement by using the weighting 
scheme w = 1/2(FJ2. The scattering factors for neutral carbon 
and aluminum were Hydmgen atom positions were refmed 
by use of the Stewart et al. scattering factor.“ Refinement of 
the positional parameters for all atoms using isotropic thermal 
parameters for the hydrogen atoms and anisotropic thermal pa- 
rameters for the aluminum and carbon atom converged with fd 
values of RF = 0.038 and RwF = 0.052 with m a x i ”  shiftlerror 
for the cycle equal to 0.019.L6 The residual electron density 
present in the difference map at this point was 0.26 e/A3. Final 
atomic parameters are given in Table I1 with pertinent distances 
and angles in Table 111. Thermal parameters and observed and 
calculated structure factors are available.16 


(12) Laeal verniom of the following pmgrams were used: (1) SYNCOR, 
W. %hmonsess’ program for data reduetion; (2) NEWS, W. Schmonsees’ 
program for generation of normalized structure factors; (3) mmm. A. 
Zalkin’s Fourier program; (4) o m  and o m ,  W. Busing, K. Martin, 
and H. Levy’s fd-matrix leastsquares program and function and error 
program; (5) omup, C. K. J o h n ’ s  program for drawing modela; 
(6) HRNDR, A. Zalkin’s idealized hydrogen pmpam. 


(13) ‘International Tables for X-ray Crystallography”; Kpoch  Press: 
Birmingham, England, 1974; Vol. N. 


(14) Stewart, R. F.; Davidson. E. R.; Simpon, W .  T. J. Chem. Phys. 
19LS A9 ?I76 


. . .  
tary material. 


aluminum compounds has been preasnted elrewhere; see ref 2. 
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Table I. Structural Parameters for Tetra-o-tolylbis(p-o-toly1)dialuminum and Tri-o-tolylaluminum Diethyl Etherate 
I i1 


mol formula 
mol wt 
cryst size, cm3 
cryst system 
space group 
cell dimensa 


a, A 
b, A 
c, A 
P ,  deg v, A3 


z 
radian 
monochromator 
2e range 
scan type 


scan speed 


Dc+d 9 g/cm3 


scan width, deg 
bkgd measurement 


std rflctns 


unique data 
unique data with FoZ > 2.5o(FO2) 
abs coeff, p ,  cm-I 
F(,,,), electrons 
max residual electron density, e/A3 
max shift/error 
discrepancy factor 
R F  
R w F  


0.02 x 0.02 x 0.03 0.03 X 0.04 X 0.05 
monoclinic monoclinic 
P2,/c P2,/n 


10.319 (3)  11.648 (2)  
10.201 (5)  14.033 (2)  
16.544 (5)  14.290 ( 2 )  
105.84 (3)  106.48 (1) 
1675 (1) 2239.6 ( 6 )  
2 4 
1.19 g/cm3 1.11 g/cm3 


2e > 45" 
e-2e1 moving counter- e -28 


Mo KZ ( A  = 0.710 69 A )  
graphite 


2e > 55' 


moving crystal 
variable from 0.5-2.0" /min to  2'/min with the 


[2e(Mo K a , )  - 1.01 to [2e(Mo Ka,)  + 1.01 
stationary crystal-stationary counter at beginning 


time inversely proportional t o  the intensity of 
the reflection measured 


and end of 2e, each for one-fourth the time taken 
for the 2e scan 


3 measured every 97 reflections; no significant devi- 
ation from the mean was observed for either 
compound 


2448 5625 
1634 2487 
1.11 0.97 
640 808 
0.26 0.23 
0.019 0.071 
1.58 1.94 
0.038 0.052 
0.052 0.064 


a Lattice parameters were obtained with the use of an auto indexing program and a least-squares fit t o  the setting angles at 
For compound I these were evenly distributed in the three ranges 20 the unresolved Mo KZE- components of 1 5  reflections. 


< 25", 25-30', and >30' ; for compound I1 they were distributed in the range 28 > 10-45'. 


Table 11. Atomic Coordinates for the Non-Hydrogen 
Atoms in Al,(o-tol), Molecule 


atom X Y 2 


0.1221 (1) 
0.1878 (3 )  
0.1280 (4)  
0.1786 (5 )  
0.2882 (5)  
0.3512 (4)  
0.3041 (3) 
0.3859 (5)  
0.2611 (3) 
0.3423 (3) 
0.4463 (4)  
0.4761 (4)  
0.3995 (3) 
0.2935 (3) 
0.2155 (5)  


-0.0708 (3)  
-0.1350 (3 )  
-0.2072 (4 )  
-0.2181 (5 )  
-0.1567 (4 )  
-0.0828 (3)  
-0.01 84 (4) 


0.0489 (1) 
0.2321 (3 )  
0.3449 (3 )  
0.4700 ( 4 )  
0.4862 (4 )  
0.3787 (4)  
0.2529 (3)  
0.1405 ( 5 )  


-0.0505 (3 )  
-0.1506 (3)  
-0.2076 (4)  
-0.1661 ( 4 )  
-0.0675 (4 )  
-0.0103 (3) 


0.0968 (5)  
0.0313 (3)  
0.1547 (3 )  
0.1896 (5)  
0.1018 (6)  


-0.0187 (5)  
-0.0563 (4)  
-0.1895 (4) 


0.0520 (1) 
0.0466 (2)  
0.0696 ( 2 )  
0.0646 (3)  
0.0344 (3)  
0.0135 (2 )  
0.0193 (2 )  
0.0004 (4)  
0.1377 (2)  
0.1196 (2 )  
0.1798 (3)  
0.2618 (2 )  
0.2822 (2 )  
0.2227 (2 )  
0.2509 (3)  
0.0743 (2)  
b.0720 (2 )  
0.1271 (3)  
0.1874 (3)  
0.1936 (2)  
0.1386 ( 2 )  
0.1493 (3 )  


Compound I1 was solved in the nonconventional space group 
to bring the B angle closer to 90° and m i n h  calculational 


errors. The aluminum atoms were located by using the Patterson 
synthesis in three dimensions. The carbon and oxygen atom 
positions were then determined from a Fourier map. Adding 
anisotropic thermal parameters for aluminum the atom lowered 


Table 111. 


atoms dist atoms angle 


Selected Bond Distances ( A )  and Bond 
Angles (Deg) in Al,(o-tol), and (o-tol),Al.OEt 


Al,(o-tol), 
A1-C( 1) 1.999 (3)  Al-C(l5kAl' 81.9 (1 
Al-C( 8 j 1.996 ( 3 j  c ( I~~-A~-c ( I s ) '  98.1 (I 
A1-C( 15 )  2.128 (3)  C(l)-Al-C(8) 108.7 (1 
A1-AI' a 2.817 (2 )  
C(15)-C(15)' 3.248 (6)  


(o-tol),Al*OEt, 


A1-C( 8)  1.995 ( 4 )  C(l)-Al-C(15) 114.1 (1 
AI-C( 15)  1.989 (4)  C(8)-Al-C(15) 116.2 ( 2  


Al-C( 1) 1.987 ( 4 )  C( 1)-Al-C( 8) 113.0 (1 


A1-0 1.928 (3)  C(l)-Al-O 103.8 (1 
C( 8)-A1-0 100.7 (1 
C( 15)-A1-0 107.0 (1 


a Prime indicates relationship through the center of in- 
version. 


the discrepancy factor to R = 0.123. Hydrogen atom positions, 
visible as peaks on the difference map, compared favorably with 
those calculated by using HFINDR and were included with fixed 
thermal parameters. Further refinement on only aluminum, 
oxygen, and carbon atoms varying the positional and anisotropic 
thermal parameters and the overall scale factor gave the final 
values of RF = 0.052 and RwF = 0.064. Maximum shift/error for 
the cycle was 0.071, and the maximum residual electron density 
present was 0.23 e/A3. Final atomic parameters are given in Table 
IV with pertinent interatomic distances and angles given in Table 
111. Thermal parameters and observed and calculated structure 
factors are available.lB 
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Table IV. Atomic Coordinates for the Non-Hydrogen 
Atoms in the (o-tolvl).Al.OEt, Molecule 


Barber, Liptak, and Oliuer 


atom x Y z 


AI 0.1080 (1) 0.0772(1) 0.2637 (1) 
C(1) 0.0965 (3) 0.1418 (3) 0.3846 (3) 
C(2) 0.0558 (4) 0.2357 (3)  0.3849 (3) 
C(3) 0.0439 (4)  0.2813 (3) 0.4681 (3) 
Cf41 0.0722 (51 0.2323 f41 0.5549 (31 


0.1103 (4 j  
0.1224 (3) 
0.1615 (4 )  
0.2754 (3) 
0.3640 (3) 
0.4847 (3) 
0.5211 (4)  
0.4384 (4)  
0.3165 (4) 
0.2310 (4) 


-0.0171 (3) 
0.0203 (4) 


-0.0599 (5)  
-0.1782 (5) 


c i i g i  -0.2206 (4) 


0.1391 i 4 j  


-0,0091 (3) 
0.0931 (3) 


0.0409 (3)  
0.0566 (3) 
0.0389 (3) 
0.0054 (3) 


-0.0090 131 ~~~~~~ 


0.0074 (3j  
-0,0211 (3) 
-0.1128 (3) 


-0.0115 (3 )  


-0.1897 (3) 
-0.1758 (4) 
-0.0863 i 4 i  


0.5578 (3 j  
0.4748 (3)  
0.4834 (3) 
0.2684 (3)  
0.3568 (3)  
0.3704 (3) 
0.2937 (4) 
0.2045 (3) 
0.1915 (3) 
0.0916 (3) 
0.2127 (3) 


0.1747 (3) 
0.1598 (3) 
0.1703 (31 


0.2000 (3) 


cizoj -0.1416 (4 j  -0.0094 (3 j  0.1982 (3 j  
C(21) -0.1934 (4) 0.0835 (4) 0.2140 (4 )  
0 0.0798 (2) 0.1787 (2) 0.1684 (2)  
C(22) -0.0881 (5)  0.2632 (4) 0.0593 (4) 
C(23) -0.0122 (4) 0.1758 (3) 0.0740 (3) 
C(24) 0.1670 (4) 0.2576 (3) 0.1822 (3) 
C(25) 0.2368 (4) 0.2554 (4 )  0.1090 (3) 


Table V. Comparison o f  R Groups 
R Me" v * Phe vinyld o-to1 


AI-AI (A) 2.60 2.618 2.618 2.68 2.817 (2)  
AI-C-AI(dee) 74.7 78.2 76.5 81.9 (1) 
GAl-C(de& 105.3 96.7 103.5 98.1 (1) 


(internal) 
Reference 1. Reference 5. Reference 4. Refer- 


ence 3. e This work. 


Results and Discussion 
Tri-o-tolylaluminum crystallizes in discrete dimeric 


molecular units as shown in Figure 1, which gives a view 
of the molecule with labeling. The two bridging 0-tolyl 
groups are coplanar as required by symmetry and form a 
91.0 (7)O dihedral angle with the least-squares plane ob- 
tained from the four-membered Al-C-A1-C ring. The 
0-tolyl methyl groups are in the anti conformation. The 
planes defined by the terminal 0-tolyl groups are perpen- 
dicular to one another (90.4 (8)O) forming angles of 119.2 
(4)O and -53.5 (4)O with the plane of the N-C-A1-C ring. 
The methyl group on the two terminal o-tolyl groups at- 
tached to the same A1 atom also are in the anti confor- 
mation. Pertinent interatomic distances and angles are 
given in Table 111, with a full listing given in the supple- 
mentary material. Figure S-1, which shows the molecular 
packing, is available in the supplementary material. 


A comparison of the structural parameters obtained 
from this molecule with t h w  observed from other dimeric 
organoalnminum derivatives is given in Table V. These 
data show that the grws structural features are the same, 
especially when compared with the phenyl-bridged de- 
rivatives. Both the Al-C terminal and bridge distances 
are essentially identical with those observed for other 
derivatives, and the orientation of the bridging groups is 
the same as that observed for the phenyl species. The moet 
pronouced difference occurs in the elongation of the Al-Al 
distance which increases from 2.6 A in AlzMe6 to -2.7 A 
in AlZpb and in Alz(r-CH=CHC6Hll),(i-Bu), and finally 
to 2.817 (2) A in Alz(o-tolyl)G. The most likely cause for 
this observed increase in the &A1 distance arises from 


Figure 2. A new of the (o-tol)&OEt, molecule with all atom 
labeled. Hydrogen atoms have been omitted for clarity. 


the steric interactions (especially in the o-tolyl systems 
involving the methyl groups) bebeen bridge and terminal 
groups and across the A1-C-A1-C ring. This increase in 
the A1-Al separation demonstrates that these interactions 
are dominant in the o-tolyl derivative. The interaction 
between the T-electron systems of the bridging rings and 
the nonbonding metal orbitals, which should strengthen 
the bridge bond, is supported by the observed distortion 
in the bridging rings. In both the phenyl and 0-tolyl de- 
rivatives, this distortion is seen clearly by examination of 
the C-C distances between 01- and 0-carbon atoms (1.42 
(1) A) in both the phenyl and 0-tolyl derivatives which are 
significantly greater than the mean of the remaining C-C 
ring distances (1.38 (1) A). This distortion is exactly the 
type of distortion anticipated when the T electrons in the 
ring interact with the nonbonding metal orbital. From 
these results, and earlier information concerning the sta- 
bility of the aromatic bridged systems, we conclude that 
rr-electron interaction is of major importance in stabilizing 
these systems. 


Examination of the structure of the tri-o-tolyl- 
aluminumdiethyl ether adduct shows that it crystallizes 
as discrete monomeric units. Figure 2 gives a view of the 
molecular unit with labeling. The aluminum atom is 
four-coordinate, bound to three carbon atoms and to the 
oxygen atom of the ether molecule. Looking down the 
0-Al axis, the 0-tolyl groups appear as propellers with the 
methyl groups skewed with respect to one another. There 
are no important interactions between molecules. The 
pertinent interatomic distances and angles are given in 
Table 111. A projection (Figure S-2), which shows the 
molecular packing, is available in the supplementary ma- 
terial.16 


A comparison of the structure with others which have 
heen determined in the solid state reveals no unanticipated 
structural changes. The A1-0 distance (1.928 (3) A) is 
slightly shorter than that observed in Me,Al.OMe, (2.014 
(24) A)'* and in Me,Al.p-dioxane (2.02 (2) while the 
A1-C distance are lengthened slightly. This is in keeping 
with enhanced ability of the 0-tolyl group to remove 
electron density from the aluminum, making it a stronger 
Lewis acid, and does not indicate a particular steric in- 
terference around the four-coordinate A1 atoms. 


(IS) Hsaland, k, Samdal, S.; Stakheland, 0.; Weidlein, J. J. @OM- 


(19) Atarood, J. L.; Stucky, G. D. J.  Am. Chem. Soc. 196'7,89,5362. 
met. Chem. 1977, 234,165. 
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In Nfl-dimethylformamide, benchrotrenyl, XC6H5Cr(CO), (X = H, COCH3, N(CH,),), complexes exhibit 
a three-electron irreversible oxidation at the glassy carbon electrode. It is suggested that the first electron 
loss is followed by a fast decomposition of the intermediate Cr(1) complex, with the further formation of 
Cr(II1). The electrooxidation can be carried out indirectly, by homogeneous redox catalysis, by means 
of catalyst redox couples whose oxidized forms are active. They include ferrocenes, tetrathiafulvalenes 
(l"F), and an aromatic amine. A quantitative study in cyclic voltammetry shows that the catalytic process 
corresponds to the limiting case of a kinetic control by the follow-up chemical reaction with the homogeneous 
electron transfer as a preequilibrium. It is shown that the presence of an electron-donating substituent 
on the benzene ring does not improve the stability of the intermediate Cr(1) species. When benchrotrenyl 
and catalyst groups belong to the same molecule, the induced oxidation of the former by the latter can 
occur in certain conditions which are filled for the chalcones RlCOCH=C(CH3)R2 (R, = TTF, R2 = 
C&Cr(C0)3; R1 = C6H&r(C0)3, Rz = TTF). 


In a recent study of the electrochemical redox properties 
of mixed chalcones derived from tetrathiafulvalene (TTF) 
and metdocenes, we have reported the abnormal behavior 
of the chalcones 1 and 2 in cyclic voltammetry performed 


R1 (C=O) CH=C (C H3) Rz 
1, R1 = TTF, Rz = C&jC1(C0)3 
2, R1 = C6H&r(C0)3, R2 = TTF 


XC6H5Cr( CO), 
3 , X = H  


4, X = COCH, 


at platinum electrode in NJV-dimethylformamide (DMF).' 
Despite the electron-withdrawing power of the C=CH- 
C=O group contained in these molecules, the oxidation 
of the benchrotrenyl unit occurs at potentials less positive 
than in (benzene)tricarbonylchromium (3); the respective 
values of the anodic peak potential, Em, of 1,2,  and 3 are 
0.68,0.75, and 0.83 V vs. SCE, respectively, when the scan 
rate is 0.1 V s-l. 


We now report on the direct and indirect electrochemical 
oxidations, through homogeneous redox catalysis,2 of 
(benzene)tricarbonylchromiwn (3) and ita derivatives 4 and 
5, in DMF as solvent. Furthermore, it is shown that, in 
1 and 2, the abnormal behavior observed in cyclic voltam- 
metry resulta from the induced oxidation of the benchro- 
trenyl unit by the TTF group contained in the same 
molecule. 


5, X = N(CHJ2 


Table I. Half-Wave Potential (El,,) and Limit Current 
( i l )  of the Waves of 3-5 and of NJV-Dimethylaniline 


anodic wave cathodic wave 
substrate E,,,, V il, pA E,,,, V i l ,  P A  


3 0 . 8 2  2 2 4  -2.35 144b 
4 0.87 2 4 2  -1.65 80' 


-2.51 7 5 '  
5 0 .55  2 0 8  -2.50 1 4 0  


0 .85  1 4 4  
N,N-dimethyl- 0.83  1 5 0  


aniline 


a Substrate concentration = 2 X M",  angular veloc- 
ity of the RDE = 1 1 5  s - ' .  
ref 11 .  


Two-electron process; see 
One-electron processes; see ref 8-10. 


We have applied several electrochemical techniques in- 
cluding voltammetry at stationary (SDE) and rotating disk 
electrodes (RDE), coulometry, and preparative electrolyses 
at a controlled potential. In order to prevent the electrode 
coating which is observed on platinum and which causes 
the appearance of a new anodic wave,' we have performed 
the voltammetric experiments with use of a glassy carbon 
electrode and the electrolyses and coulometric experiments 
with use of a glassy carbon cloth as the anode. 


Prior to this report, the electrochemical oxidation of 
(arene)tricarbonylchromium complexes has been studied 
at  the rotating Pt electrode in acetonitrile (MeCN)3 and 
methylene ~hlor ide .~  In the case of 3 in MeCN, a single 


~ ~~~~~ 


(1) Besangon, J.; Radecki-Sudre, A.; Degrand, C.; Tirouflet, J. C.  R.  


(2) Andrieux, C. P.; Dumas-Bouchiat, J. M.; SavBant, J. M. J. Elec- 
Hebd. Seances Acad. Sci. 1981,293, 365. 


troanal. Chem. 1978,87, 39. 
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449. 
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In Nfl-dimethylformamide, benchrotrenyl, XC6H5Cr(CO), (X = H, COCH3, N(CH,),), complexes exhibit 
a three-electron irreversible oxidation at the glassy carbon electrode. It is suggested that the first electron 
loss is followed by a fast decomposition of the intermediate Cr(1) complex, with the further formation of 
Cr(II1). The electrooxidation can be carried out indirectly, by homogeneous redox catalysis, by means 
of catalyst redox couples whose oxidized forms are active. They include ferrocenes, tetrathiafulvalenes 
(l"F), and an aromatic amine. A quantitative study in cyclic voltammetry shows that the catalytic process 
corresponds to the limiting case of a kinetic control by the follow-up chemical reaction with the homogeneous 
electron transfer as a preequilibrium. It is shown that the presence of an electron-donating substituent 
on the benzene ring does not improve the stability of the intermediate Cr(1) species. When benchrotrenyl 
and catalyst groups belong to the same molecule, the induced oxidation of the former by the latter can 
occur in certain conditions which are filled for the chalcones RlCOCH=C(CH3)R2 (R, = TTF, R2 = 
C&Cr(C0)3; R1 = C6H&r(C0)3, Rz = TTF). 


In a recent study of the electrochemical redox properties 
of mixed chalcones derived from tetrathiafulvalene (TTF) 
and metdocenes, we have reported the abnormal behavior 
of the chalcones 1 and 2 in cyclic voltammetry performed 


R1 (C=O) CH=C (C H3) Rz 
1, R1 = TTF, Rz = C&jC1(C0)3 
2, R1 = C6H&r(C0)3, R2 = TTF 


XC6H5Cr( CO), 
3 , X = H  


4, X = COCH, 


at platinum electrode in NJV-dimethylformamide (DMF).' 
Despite the electron-withdrawing power of the C=CH- 
C=O group contained in these molecules, the oxidation 
of the benchrotrenyl unit occurs at potentials less positive 
than in (benzene)tricarbonylchromium (3); the respective 
values of the anodic peak potential, Em, of 1,2,  and 3 are 
0.68,0.75, and 0.83 V vs. SCE, respectively, when the scan 
rate is 0.1 V s-l. 


We now report on the direct and indirect electrochemical 
oxidations, through homogeneous redox catalysis,2 of 
(benzene)tricarbonylchromiwn (3) and ita derivatives 4 and 
5, in DMF as solvent. Furthermore, it is shown that, in 
1 and 2, the abnormal behavior observed in cyclic voltam- 
metry resulta from the induced oxidation of the benchro- 
trenyl unit by the TTF group contained in the same 
molecule. 


5, X = N(CHJ2 


Table I. Half-Wave Potential (El,,) and Limit Current 
( i l )  of the Waves of 3-5 and of NJV-Dimethylaniline 


anodic wave cathodic wave 
substrate E,,,, V il, pA E,,,, V i l ,  P A  


3 0 . 8 2  2 2 4  -2 .35  144b 
4 0.87 2 4 2  -1 .65  80' 


-2 .51  7 5 '  
5 0 . 5 5  2 0 8  -2 .50  1 4 0  


0 . 8 5  1 4 4  
N,N-dimethyl- 0 . 8 3  1 5 0  


aniline 


a Substrate concentration = 2 X M",  angular veloc- 
ity of the RDE = 1 1 5  s - ' .  
ref 1 1 .  


Two-electron process; see 
One-electron processes; see ref 8-10. 


We have applied several electrochemical techniques in- 
cluding voltammetry at stationary (SDE) and rotating disk 
electrodes (RDE), coulometry, and preparative electrolyses 
at a controlled potential. In order to prevent the electrode 
coating which is observed on platinum and which causes 
the appearance of a new anodic wave,' we have performed 
the voltammetric experiments with use of a glassy carbon 
electrode and the electrolyses and coulometric experiments 
with use of a glassy carbon cloth as the anode. 


Prior to this report, the electrochemical oxidation of 
(arene)tricarbonylchromium complexes has been studied 
a t  the rotating Pt electrode in acetonitrile (MeCN)3 and 
methylene ~h lo r ide .~  In the case of 3 in MeCN, a single 
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Table 11. Electrochemical Oxidation of 3-5 


Figure 1. Influence of the sweep rate u on E (compound 5 
M)). The dashed line gives the theoretical scpe obtained in the 
case of an EC mechanism kinetically controlled by the chemical 
step.12 


anodic wave is observed, whose height is about twice that 
of fe r r~cene .~  In methylene chloride, the oxidation of 3 
is characterized by two one-electron processes accompanied 
by electrode  coating^.^ All these oxidations are compli- 
cated by rapid follow-up reactions, so that overall mul- 
tielectron processes along with destruction of the complex 
are observed; however, the oxidation mechanism has not 
yet been clearly established, neither in MeCN nor in 
methylene chloride. In a recent report: stable cations of 
(arene)tricarbonylchromium complexes of dimethyldi- 
phenyltin have been obtained electrochemically in pro- 
pylene carbonate. 


Results and Discussion 
Direct Electrochemical Oxidation of 3-5. In vol- 


tammetry at  RDE, a single anodic wave is observed for 3 
and 4 and a double wave for 5; the half-wave potential Ell2 
of the most positive wave is equal to that of NJV-di- 
methylaniline which is oxidized in the aprotic medium to 
tetramethylbenzidine.6 Compounds 3 and 5 present a 
cathodic wave and 4 presents a double one. The charac- 
teristics of the voltammograms are summarized in Table 
I. For each wave, the limit current il is proportional to 
Wj2 (W = angular velocity) and to the concentration of 
the substrate; it shows that il is diffusion controlled and 
obeys the Levich equation.' 


A comparison of the values of the limiting currents of 
the cathodic and anodic waves of 3 and 4 (see Table I) 
shows that an overall three-electron process occurs upon 
their oxidation. At  the mercury cathode, the successive 
one-electron reduction steps of 4 have been reported by 
GubinBg and Rieke;lo the two-electron reduction of 3 has 
been claimed by Dessy." A comparison of the heights of 
the waves of 3 and 5 leads also to a three-electron process 
for the first anodic wave of 5; two electrons are involved 
in its reduction. 


The cyclic voltammograms at  SDE are found to be to- 
tally irreversible in the scan rate range u = 0.02-20 V s-l. 
The peak potential values move toward positive values 


(5) Rieke, R. D.; Milligan, S. N.; Tucker, I.; Dowler, K. A.; Willeford, 


(6) Hand, R.; Nelson, R. F. J.  Electrochem. SOC. 1970,117, 1353 and 
B. R. J. Organomet. Chem. 1981,218, C25. 


references therein. 


Englewood Cliffs, NJ, 1962; p 296. 
(7) Levich, V. G. "Physicochemical Hydrodynamics"; Prentice-Hall: 


(8) Gubin, S. P. Pure Appl. Chem. 1970,23, 463. 
(9) Khandkarova, V. S.; Gubin, S.  P. J.  Organomet. Chem. 1970,22, 


(10) Rieke, R. D.; Amey, J. S.; Riche, W. E.; Willeford, B. R.; Poliner, 


(11) Dessy, R. E.; Stary, F. E.; King, R. B.; Waldrop, M. J. Am. Chem. 


149. 


B. S. J.  Am. Chem. SOC. 1975,97, 5951. 


SOC. 1966, 88, 471. 


sub- applied F con- identified or 
strate C", M pot, V sumed isolated compds 


3 5 . 0  x 1.0 3.4 Cr(II1) 
4 5 .0  X 1 . 2 6  3 .3  Cr(III), 


4 3 .35  X 1 . 2  2 . 8 5  Cr(III), 


5 3 .3  x 0.65 2 .97  Cr(III), 


Coulometries and preparative electrolyses. Iden- 


PhCOCH, 


PhCOCH, 


PhNMe, 


tified by its reduction wave at RDE (El,2 = - 2 . 2  V).  
Isolated. 


with increasing sweep rates; graphs SE,/Slog u are straight 
lines, the slopes of which are slightly higher than that 
expected in the case of a reversible electron exchange 
followed by a fast chemical reaction12 (Figure 1). These 
results, together with the observation reported above that, 
for 5, the El value of its second anodic wave corresponds 
to that of dJV-dimethylaniline, suggest a fast destruction 
of complexes 3-5 according to the overall reaction (1). 


XC6H&I'(C0)3 - 3e- + XC& + Cr(III)+ 3CO (1) 


A series of coulometric experiments and preparative 
electrolyses has confirmed an overall three-electron 
mechanism together with the formation of Cr(1II) and 
organic ligands (Table 11). The Cr(II1) species is elec- 
troactive in aqueous media13-15 and aprotic solvents such 
as MeCN.16 In DMF, its reduction at  the glassy carbon 
electrode is accompanied by an electrode coating which 
causes distortions in the waves. The Cr(II1) species elec- 
trogenerated in situ can be identified qualitatively from 
their UV spectroscopic properties" (see Experimental 
Section). Acetophenone and NJV-dimethylaniline are 
isolated upon preparative electrolyses a t  a controlled po- 
tential, performed in the presence of 4 and 5 as depolar- 
izers. 


A possible oxidation mechanism which is consistent with 
the above results is described by reactions 2-4. 


(2) XC&Cr( c0)3 2 [ XC6H&r( CO),]' 


[XC6H,&r(C0)3]+ -k X C & ,  + Cr(1) + 3CO (3) 


(4) Cr(1) - Cr(II1) 


The formation of the unstable cation is followed by the 
loss of the CO groups and of the organic ligand. Several 
chemical steps are involved in reaction 3 so that the for- 
mation of the intermediate Cr(1) species most probably 
occurs far from the electrode. Therefore, they are further 
oxidized to Cr(II1) through solution electron transfers 
(SET mechanisms18). In DMF, the oxidation potential 
of Cr(II)l9 is negative to that of substrates 3-5. 


In the scope of reactions 2-4, the irreversible peaks 
observed in cyclic voltammetry may correspond to a kinetic 
control either by the charge transfer step (2) or by the 


-2e- 


(12) Nadjo, L.; SavBant, J. M. J. Electroanal. Chem. 1973, 48, 113. 
(13) Parsons, R.; Passeron, E. J. Electroanal. Chem. 1966, 12, 524. 


Barclay, D. J.; Passeron, E.; Anson, F. C. Inorg. Chem. 1970, 9, 1024. 
(14) Watanabe, I.; Itabashi, E.; Ikeda, S. Inorg. Chem. 1968, 7, 1920. 
(15) Yamaoka, H. J. Electroanal. Chem. 1972,36, 457. 
(16) Kolthoff, I. M.; Coetzee, J. F. J. Am. Chem. SOC. 1957, 79, 1852. 
(17) Gmelin Handbuch der Anorganischen Chemie, 8th ed. Chromi- 


(18) Andrieux, C. P.; Dumas-Bouchiat, J. M.; SavBant, J. M. J. Elec- 


(19) Wellmann, J.; Steckhan, E. Synthesis 1978, 901. 


um. Part A. Section 1, p 373. 


troanal. Chem. 1978,87, 55. 
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Figure 2. Modifications of the voltammetric peaks of catalysta upon addition of substrates. Catalyst 
curves A (13), D (111, and G (7). Substrate alone: curves B (3, 5 X 
the presence of substrate: curves C (13 + 3), F (11 + 3), and I (7 + 5). 


M) in the absence 
M). M), E (3, 2 X M), and H (5, 2 X 


of substrate: 
Catalyst in 


Table 111. Standard Potential of the Redox Couples 
Fc/Fc+ (E",), TTF/TTF+ (E",), and TTF'/TTF'+ (E",) 


for Compounds 6-1 2 
6 7 8 9  10 11 12 


E",,V 0.45 0.355 0.64 0.69 0.57,a 0.72a 
E",, v 0.35a 0.45 
E O S ,  v 0.60" 0.65 


See ref 1. 


elimination reaction (3) or by both steps concomitantly. 
But in any other scheme describing the overall reaction, 
(1) cannot be excluded a priori. 


It has been shown by Sev6ant and his group that 
short-lived intermediates may be generated by homoge- 
neous redox catalysis.2J8@*21 The method has been il- 
lustrated by the indirect reduction of aromatic and het- 
eroaromatic halides (see, for instance, ref 22). In the 
following part of this report, the catalytic indirect oxidation 
of (arene)chromiumtricarbonyl complexes such as 3-5 is 
described. 


Indirect Electrochemical Oxidation of 3-5. Instead 
of electron transfers occurring at  the electrode surface, the 
electron-exchange reactions (eq 5 )  are carried out in so- 
lution by means of catalyst redox couples P/Q whose 
standard potential E" is negative with respect to the ox- 
idation potential of the substrates. 


P S Q  


We have selected three types of stable redox systems as 
catalyst couples, P/Q. Compounds 6-10 belong to the 


(20) Andrieux, C. P.; Dumas-Bouchiat, J. M.; SavBant, J. M. J. Elec- 


(21) Andrieux, C. P.; Blocman, C.; Dumas-Bouchiat, J. M.; MHalla, 


(22) Andrieux, C. P.; Blocman, C.; Dumas-Bouchiat, J. M.; MHalla, 


troanal. Chem. 1978,88,43. 


F.; SavBant, J. M. J. Electrounal. Chem. 1980, 113, 19. 


F.; SavBant, J. M. J. Am. Chem. SOC. 1980,102, 3806. 


ferrocene (Fc) series for which the active form Q of the 
catalyst couple is the ferricinium group. The standard 


Fe 


@ X '  


6, X =  X' = H 
7, X = X' = C,H, 
8, X = Br, X' = H 
9, X = COCH,, X' = H 
10, X = CH,C=CHC(=O)Fc, X' = H 


12; X = SePh 


13 
potential is designated as Eo1. The Eo1 values of 6-10 in 
DMF are summarized in Table 111. They are determined 
either a t  RDE from the value of their anodic wave or 
a t  SDE, in cyclic voltammetry, from the value (E,,* + 
E&/2, where Epa and EW are the anodic and cathodic peak 
potentials, respectively. They had been measured previ- 
ously in MeCN in the case of 6,7,  and 923324 and in water 
for 8.25 In the tetrathiafulvalene (TTF) series to which 
compounds 11 and 12 correspond, the active form is either 
the cation TTF+ or the dication TTF2+.26 The corre- 
sponding standard potentials are Eo2 and E",; they are 
given in Table 111. The aromatic apine 13 represents the 
last type of catalyst. Its oxidation leads to a stable cation 


(23) Kuwana, T.; Bublitz, D. E.; Hoh, G. L. K. J. Am. Chem. SOC. 1960, 


(24) Hoh, G. L. K.; McEwen, W. E.; Kleinberg, J. J. Am. Chem. SOC. 


(25) Gubin, S. P.; Perevalova, E. G. Dokl. Akad. Nauk SSSR 1962, 


(26) Coffen, D. L.; Chambers, J. Q.; Williams, D. R.; Garrett, P. E.; 


82, 5811. 


1961,83, 3949. 


143,1351. 


Canfield, N. D. J. Am. Chem. SOC. 1971, 93, 2258. 
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Table IV. Oxidation of 3 (2 X M) as Catalyzed 
by a Series of Catalysts P (1 0-3 M) 


Degrand, Radecki-Sudre, and Besanqon 


Table V .  Catalytic Oxidation of 3 by 6 at 
Various Concentrations 


103c0,, 1 0 3 ~ 0 ,  iP.1 log 
M M Y Ylpd k k t l k ,  


0.4 1.32 3.3 0.15 -1.92 
1 3.3 3.3 0.16 -1.85 
2 6.6 3.3 0.18 -1.60 
4 13.2 3.3 0.17 -1.75 
4 5.3 1.33 0.29 -1.75 


a Scan rate = 42 mV s-l. k k , / k ,  is expressed in s - l .  


Table VI. Catalytic Oxidation of 3-5 (2 X M) 
by Catalysts P (1 0-3 M) 


P 
~~ 


6 12b 13 lob 1lC 8 
AEli2 0.37 0.37 0.32 0.25 0.22 0.18 
i,/3yipd 0.19 0.20 0.24 0.41 0.25 0.73 


a Scan rate = 87 m V  s-l. Influence of the wave sepa- 
ration aEl12. First oxidation step. Second oxidation 
step. 


in MeCN27,28 and in DMF; its standard potential is 0.50 
V in DMF. 


Three examples of the increase in the catalyst cyclic 
voltammetric peak upon addition of benchrotrenyls 3 and 
5 are given in Figure 2. In the first case, the active catalyst 
species is the radical cation of 13; in the second case, it is 
TTF2+, and in the last one, it is the ferricinium derivative 
of 7. In all examples, the catalytic effect is clearly seen 
from the increase in the anodic peak height and from the 
decrease in reversibility. On the other hand, a partial 
overlapping of the catalyst and substrate waves occurs. It 
has been shown by Saveant et al.21,22 that this phenomenon 
appears to be in general the limiting case of the kinetic 
control by a chemical reaction. In the scope of the 
mechanism discussed previously, a kinetic control by re- 
action 3, with ( 5 )  as a preequilibrium, may account for the 
partial overlapping. 


We have derived values of the catalytic efficiency from 
the values of the peak currents of catalyst P before and 
after addition of 3-5. When the substrate undergoes a 
monoelectronic exchange (EC process), the catalytic effi- 
ciency corresponds to the ratio i p / y i d ,  where i ,  is the 
catalytic peak current and id the diffusion-controlled peak 
current of P in the absence of substrate.21 The excess 
factor y is the ratio Co/Co, where Co and Cop are the 
concentrations of the substrate and P. In the results given 
below we have applied the theory proposed by Saveant and 
his group for a two-electron process including a SET 
mechanism;21 but we have adjusted this theory to a 
three-electron process including two SET mechanisms. 
Therefore, the ratio i P / 3 y i  will be used. The most 
probable occurrence of two SET mechanisms in the overall 
three-electron process has been discussed in the first part 
of this paper. 


The catalytic efficiency observed when 2 equiv of 3 are 
added to a series of catalysts is indicated in Table IV. For 
the catalysts which exchange a single electron at  the 
electrode, an increase of the catalytic efficiency is observed 
when the waves of the substrate and of P tend to be closer. 
Such variations are expected in the context of a redox 
catalysis.* In the case of 11, the active form of the catalyst 
TTF2+ is generated at  the electrode upon a two-electron 
oxidation. This dictation may undergo either the exchange 
reaction (5) or the disproportionation reaction (6). A 
competition between (5) and (6) is consistent with the low 
value of the catalytic efficiency of 11. 


TTF2+ + TTF + 2TTF+ (6) 
The influence of the excess factor y on the catalytic 


efficiency is shown in Table V. It is interesting to note 
that the values of i p /3y id  keep close when y is constant 
and equal to 3.3. In the scope of the oxidation mechanism 
proposed, evidence is thus obtained for kinetic control by 
(3) ,  with (5) as a preequilibrium.21 Under these conditions, 
it has been shown that the value of k k l / k 2  can be derived 


(27) Bidan, G.; Genigs, M. Nouu. J. Chim. 1980, 4, 389. 
(28) Serve, D. Nouu. J.  Chim. 1980,4, 497. 


~ ~~ 


substrate catalyst aEli2 i, I3r ipd 


3 8 0.180 0.73 
4 9 0.180 0.43 
5 7 0.195 0.32 
5 11 b 0.200 0.36 


b First oxidation step. Scan rate = 87 mV s- l .  


Figure 3. Voltammogram at RDE of 2 (5 X lo-' M). The angular 
velocity is 115 s-l. The dashed line corresponds to the supporting 
electrolyte. 


from the catalytic efficiency.21 From the working curve 
of Figure 5 in ref 21, we have derived the values of log 
kk l /k2  which are given in Table V. When y decreases, the 
catalytic efficiency increases but, as expected, kk l /k2  keeps 
constant and is equal to 1.8 X 


We have compared the catalytic efficiency of a series of 
couples, substrate/catalyst, for which the wave separation 
AEllz is about the same. The results appear in Table VI. 
The precision of the values is lo%, owing to the proximity 
of the direct oxidation of the substrate (cf. Figure 2- 
curves H and I). In the conditions of Figure 2, the de- 
termination of i ,  takes into account the current flowing 
in the absence of catalyst. The indirect oxidation of 5 
either by the ferrocenyl derivative 7 or by TTF leads to 
the same catalytic efficiency. I t  shows that, as expected 
for a redox catalysis,2 the catalytic effect is independent 
of the nature of the catalyst for a given standard potential. 
On the other hand, a higher catalytic efficiency and, 
therefore, a faster decomposition is observed for the un- 
substituted substrate 3. It  shows that substituting the 
phenyl ring by an electron-donating group does not sta- 
bilize the intermediate cation. That confirms Rieke's 
conclusion that the persistence of the cation, when sta- 


s-l. 







Oxidation of (Benzene)tricarbonylchromium Organometallics, Vol. 1, No. 10, 1982 1315 


= 0.15 V); it  is consistent with the electron-withdrawing 
power of the unsaturated carbonyl group in 2. 


The behavior of 1 and that of 2, which is similar, present 
some similarity with the autocatalytic oxidation scheme 
which describes t h e  decarboxylation of 
tetrathiafulvalenemonocarboxylic acid.29 


Experimental Section 
Substrates 3-5 are prepared according to ref 30 or 31. Com- 


pounds 6, 9, and 11 are commercially available. The synthesis 
of 1,2, and 10 is described in ref 1. Samples of 7, 8, and 13 were 
kindly provided. 
2-(Phenylselenyl)tetrathiafulvalene (12). An ethereal so- 


lution of (tetrathiaful~aleny1)lithium~~ (5 X M) a t  -70 "C is 
admitted (argon pressure) into a flask containing phenylselenyl 
chloride (5 X M) in ether (50 mL) a t  -70 "C. The solution 
is allowed to warm to room temperature and left in a freezer for 
a few hours. Filtration and removal of solvent in vacuo afford 
a residue. The desired product (0.2 g) is isolated by silica gel 
chromatography (30% benzene/hexane). The yellow solid has 
the following characteristics: mp 98-100 "C (isooctane); MS, m / e  
360 (M'), 203 (M+ - SePh), 146, 102. 


Anal. Calcd for C12H8S4Se: C, 40,lO; H, 2.24; S, 35.69. Found: 
C, 40.69; H, 2.29; S, 35.45. 


The carbon electrode is a disk made of a rod of V 25 Carbon 
Lorraine glassy carbon sealed in a piece of glass tubing. Ita 
diameter is 3 mm. Reproducible measurements are obtained when 
the electrode is cleaned as follows. Between each experiment the 
electrode is washed with water, polished on alumina (alumine E d  
A 3, average dimension of the grains 0.5 pm), and washed again 
with water and acetone. 


Voltammograms at RDE are recorded on a three electrode 
Tacussel-Tipol and cyclic voltammograms at SDE on an Ifelec 
2025 C X-Y recorder, using a Tacussel UAP 4 unit and a GSTP 
function generator. An Amel-552 potentiostat and a Tacussel IG 
5-N integrater are used in coulometry and preparative electrolysis. 
All the potentials refer to the aqueous saturated calomel electrode 
(SCE). 


General Electrolysis Procedure. The three compartments 
of a H-type cell are fiied with DMF containing Bu4NPF6 (0.1 M) 
as the supporting electrolyte. The cathode is a glassy carbon cloth 
and the anode a Pt grid. The catholyte (60 mL) is deaerated with 
argon before introduction of the depolarizer. The electrolysis is 
stopped when the current has diminished to a negligible value. 
In preparative electrolyses, the catholyte is diluted with water, 
and the organic ligand is extracted with diethyl ether. After the 
solution is dried, the ether is evaporated and the organic ligand 
is identified by its spectroscopic characteristics. 


A UV spectroscopic study of the catholyte shows two maxima 
characteristic of the Cr(II1) species.17 In our experimental con- 
ditions, they are observed at 419 and 585 nm. It has been shown% 
that Cr(II1) and amides form complexes which, in certain cases, 
decompose rapidly in contact with traces of water. We have not 
tried to determine the nature of the complex which gives maxima 
at 419 and 585 nm in our experimental conditions so that the UV 
spectroscopic study corresponds only to a qualitative determi- 
nation of Cr(II1). 
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ples of bromoferrocene, diethylferrocene, and N-methyl- 
hexamethoxydiphenylamine. 


Registry No. 1, 80753-30-6; 2, 80753-29-3; 3, 12082-08-5; 4, 
12153-11-6; 5, 12109-10-3; 6, 102-54-5; 7, 1273-97-8; 8, 1273-73-0; 9, 
1271-55-2; 10, 1287-38-3; 11, 31366-25-3; 12, 82679-06-9; 13, 57567- 


5707-04-0. 
90-5; (tetrathiafulvalenyl)lithium, 63822-37-7; phenylselenyl chloride, 


I I \  


I A 2  


Figure 4. Cyclic voltammograms of 2 (5 X M) at two scan 
rates: (a) 0.05 V s-l and (b) 0.5 V 8. 


bilized, is improved by the presence of bulky substituents 
around the phenyl ring but not by presence of electron- 
donating  group^.^ 


Electrochemical Oxidation of 1 and 2. On the basis 
of the preceding results, we have reinvestigated the oxi- 
dation mechanism of 1 and 2 which possess a benchro- 
trenyl group, Bct, and a catalyst unit, TTF, in the same 
molecule. 


Figure 3 presents a voltammogram obtained at  RDE in 
the presence of 2. Surprisingly, three waves A, B, and C 
appear at ElI2 = 0.42,0.65, and 0.97 V, although only two 
reversible peak systems A1/A2 and B1/B2 are observed at  
slow scan rate (cf. Figure 4, curve a); in other words, no 
peak corresponding to the more positive wave C is seen. 
In ref 1, the peaks A1/A2 and B1/B2 have been assigned 
respectively to the redox systems TTF/TTF+ and 
TTF+/TTF2+ contained in 2, the oxidation of the Bct unit 
being concomitant with that of the TTF+ moiety at  po- 
tentials of B1. When the sweep rate increases, a shoulder 
C1 is observed at  1 V (Figure 4, curve b). 


The strikingly different behavior of 2 at a stationary and 
rotating electrode can be explained in the context of the 
induced oxidation of the Bct unit contained in 2 by the 
TTF2+ dication. At RDE, the reaction layer is thin so that 
the induced oxidation of the Bct group, a t  potentials of 
wave B, competes with its direct oxidation. At  SDE and 
at  slow scan rate, the induced oxidation is total; at fast scan 
rate, it  occurs partially and the direct oxidation is seen as 
a shoulder a t  1 V (Figure 4, curve b). The direct and 
induced oxidation of 2 leads to the TTF2+ dication of 14, 
which is reduced at potentials of peak B2 since, as shown 
in ref 1, the standard redox potentials of the  TTF units 
contained in 2 and 14 are close. Therefore, in Figure 4, 
the reduction peaks B2 correspond mainly to the reduction 
of the TTF2+ species in 14. 


P hC(=O)CH=C( CH3)TTF 
14 


The Bct group in 2 is oxidized directly a t  potentials 
positive to that of (benzene)tricarbonylchromium (3; AEllz 


(29) Idriss, K. A.; Chambers, J. 4.; Green, D. C. J. Electrwnul. Chem. 
1980, 109, 341. 


(30) Nicholls, B.; Whiting, M. C. J. Chem. SOC. 1959, 551. 
(31) Besangon, J.; Tirouflet, J. Rev. Chim. Miner. 1968, 5,  363. 
(32) Green, D. C. J. Org. Chem. 1979,44, 1476. 
(33) Rollison, C. L.; White, R. C. Inorg. Chem. 1962, 1 ,  1981. 
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Rates of ligand displacement have been measured from the complexes tr~ns-Cr(C0)~LL’ (L, L’ = PBu,, 
P(OMe),, P(OPh),, PPh,, AsPh,). The kinetic parameters indicate rate-determining dissociation of L’. 
For any given trans ligand the leaving-group order is the same, PBu3 < P(OMe), < P(OPh), < PPh, < 
AsPh,. The relative ground-state energies are shown to vary by 13 kcal/mol. For constant leaving groups 
the trans ligand is shown to have a remarkable effect on the rate. The trans effect order (PPh, > PBu3 
> P(OPh)B = P(OMe), > CO) is the same for different leaving groups. This trans effect can span 4 orders 
of magnitude. The similarity of this trans effect order to the cis labilization order and to rate accelerations 
in metal carbonyl dimers and clusters is noted. The data strongly suggest that the trans effect arises by 
a stabilization of the 16-electron intermediateltransition state by strongly donating ligands. 


The study of the effect of ligand environment at a metal 
center on the reactivity at the center has occupied a central 
place in inorganic chemistry.’ The strength of the ligand 
field affects the reactivity of coordination complexes and 
the trans ligand has been shown to dramatically affect the 
rate of substitution in square-planar comp1exes.l In or- 
ganometallic complexes ligand effects are quite significant; 
often subtle ligand changes affect reactivity of homoge- 
neous catalysts. As an example, tris(tripheny1- 
phosphine)rhodium(I) chloride is an active catalyst for 
hydrogenation of alkenes, the triphenylarsine analogue is 
much less active and the triphenylphosphite analogue is 
inactive for the hydrogenation of a lkene~ .~b  


The large number of studies of CO dissociation from 
octahedral metal carbonyl complexes have been inter- 
preted in terms of CO dissociation occurring cis to weaker 
x-bonding ligands and further that CO dissociated more 
rapidly than for stronger 7r-bonding ligands.”’ Thus CO 
dissociated cis to both Br and PPh, in Mn(CO)4PPh3Br 
and a t  a more rapid rate than from MII(CO)~B~ and CO 
dissociated cis to PPh, from Cr(CO),PPh, at a more rapid 
rate than from Cr(CO)6.5,6 An extensive cis-labilization 
order was derived: CO < P(OPh), < PPh3 < I- < Br- < 
C1-. This cis labilization of CO dissociation was ascribed 
to a stabilization of the transition state by the presence 
of the poorer 7r-bonding ligand in the equatorial position 
of the square pyramid.6~~ 


A similar labilization of CO has been observed in further 
substitutions on Mn2(CO)& and Ir4(C0)llL.899 The order 
of CO dissociation labilities is very similar to that seen for 
cis labilization: CO < P(OPh), < AsPh, < PPh, < PBu,. 
In the case of both Mnz(CO)& and Ir4(CO)11L the second 
substitution occurs at a different meta1.s79 An investigation 
of ligand dissociation from cis-Mo(CO),LL’ showed se- 
lective dissociation of the small ligand.1° Thus P(OMe)3 


(1) See, for example: Basolo, F.; Pearson, R. “Mechanisms of Inorganic 


(2) Osborn, J. A.; Jardine, F. H.; Young, J. F.; Wilkinson, G. J .  Chem. 


(3) Mague, J. F.; Wilkinson, G. J. Chem. SOC. 1966, 1736. 
(4) Angelici, R. J. Organomet. Chem. Reu. 1968, 3, 173. 
(5) Atwood, J. D.; Brown, T. L. J. Am. Chem. SOC. 1975, 97, 3380. 
(6) (a) Atwood, J. D.; Brown, T. L. J. Am. Chem. SOC. 1976,98,3155. 


(7) Lichtenberger, D. L.; Brown, T. L. J.  Am. Chem. SOC. 1978, 100, 


(8) Wawersik, H.; Basolo, F. Znorg. Chim. Acta 1969, 3, 113. 
(9) Sonnenberger, D. C.; Atwood, J. D. J. Am. Chem. SOC. 1982,104, 


(10) Darensbourg, D. J.; Graves, A. H. Znorg. Chem. 1979, 18, 1257. 


Reactions”; Wiley: New York, 1966. 


SOC. A 1966, 1711. 


(b) Atwood, J. D.; Brown, T. L. Zbid. 1976, 98, 3160. 


366. 


2113. 


Table I. Infrared Carbonyl Stretching Frequencies 
for trans-Cr(CO),LL‘ in Hexane 


L L’ v(CO), cm-I 
1892 sa 
2023 w, 1958 w, 1914 vs 
2020 w, 1958 w, 1914 vs 
2017 w, 1952 w, 1903 vs 
2019 m, 1933 m, 1907 s, 1897 s 
1903 s 
2038 w, 1970 w, 1925 vs 
2004 vw, 1931 vw, 1882 vs 
2003 vw, 1930 vw, 1882 vs 
2018 vw, 1943 vw, 1903 vs 
2012 w, 1940 w, 1892 s 


a The solvent is chloroform. Cis isomer. 


dissociated from c~~-Mo(CO)~(P(OM~),)P-C-HX~ This was 
interpreted as a steric acceleration of the P(OMe), by the 
larger P-c-Hx3.10 


We have investigated the reactions of tr~ns-Cr(C0)~LL’ 
(L, L’ = PBu,, P(OMe),, P(OPh),, PPh,, AsPh,) to de- 
termine the effect of a trans orientation of ligands. The 
reaction we chose to investigate 


trans-Cr(CO),LL’ + CO - Cr(CO)5L + L’ 
minimizes the possibility of interference from non-first- 
order reactions and leads to a unique product in every case 
except one. 


Experimental Section 
All reactions were carried out under an argon atmosphere by 


using Schlenk techniques and an inert-atmosphere glovebox. 
Infrared spectra were recorded on a Beckman 4240 infrared 
spectrophotometer using LO-” NaCl solution cells. 


Materials. Tetrahydrofuran was refluxed over sodium/ 
benzophenone until dry and then distilled under nitrogen prior 
to use. Methylene chloride and 1,2-dichloroethane were stirred 
over KOH then distilled from P20k Ethanol was degassed by 
using freezepump-thaw cycles and stored over molecular sieves. 
Decane was purified before use by stirring with HzSO4, washing 
with water, passing down an alumina column, and storing over 
sodium. D i g l p e  was purchased from Aldrich Chemical Co. and 
used as obtained. Et4NC1.H20 was obtained from Aldrich 
Chemical Co. and Cr(CO)*, PBu3, P(OMe),, P(OPh),, PPh3, and 
AsPh, were purchased from Strem Chemicals, Inc. 


Preparation of Cr(CO)4(PPh3)2. This complex was prepared 
according to the procedure of Chatt et d.I1 The infrared spectrum 


(11) Chatt, J.; Leigh, G. J.; Thankarajan, N. J. Organomet. Chem. 
1971, 29, 105. 
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in chloroform is described in Table I yellow crystals; mp 253-254 
OC. Anal. Calcd: Cr, 7.55; P, 9.00, C, 69.77; H, 4.39. Found Cr, 
7.22; P, 8.99; C, 69.55; H, 4.27. 


Preparation of Et,N[Cr(CO),Cl]. This complex was pre- 
pared by a modified version of the procedure described by Abel 
et a1.12 A mixture of 4.0 g of Cr(CO)6 (1.8 X lo-' mol) and 3.4 
g of Et4NC1.H20 (1.8 X mol) in diglyme/THF (20 mL/20 
mL) was refluxed under argon for 4 h, giving an orange solution. 
The presence of THF is necessary to eliminate the problem of 
sublimation of unreacted Cr(CO)6 and also minimizes decom- 
position of the product. After the mixture was allowed to cool 
to room temperature, removal of THF via vacuum followed by 
addition of 100 mL of pentane caused precipitation of the product 
Et,N[Cr(CO),Cl]. This yellow solid was washed with pentane 
and then dried in vacuo overnight. 


Preparation of Et,N[LCr(CO),Cl] (L = PBu3, P(OMe),, 
P(OPh),). These previously unreported complexes were prepared 
by applying an adaptation of the procedure used by Schenk.13J4 
To a THF solution (20 mL) of 1.0 g of Et,N[Cr(CO),Cl] (2.8 X 
IO-, mol) was added an excess of the ligand L, and this solution 
allowed to react at room temperature under argon for a specified 
time. The amounts of L used and reaction times are as follows: 
2 mL of PBu3 (8.0 X mol), 10 min; 1 mL of P(OMe), (8.5 X 
lo-, mol), 30 min; 2 mL of P(OPh), (7.6 X lo-, mol), 90 min. For 
L = PBu3 and P(OMe),, the reactions were accompanied by 
noticeable effervescence upon addition of the ligand to the so- 
lution. The reactions were stopped by the addition of 100 mL 
of pentane which caused the formation of a yellow precipitate. 
This solid, Et4N[LCr(CO),C1], was washed several times with 
20-mL portions of pentane to remove all traces of excess ligand 
and then dried in vacuo. 


Preparation of Cr(CO), LL' (L = PBu3 P(OMe)3 P(OPh),; 
L' = PPh,, P(OPh),, AsPh,). Approximately 10 mL of deox- 
ygenated ethanol was added to a Schlenk flask containing 1.0 g 
of Et,N[LCr(CO),Cl] (-1.9 X lo-, mol). To this mixture was 
added a 10 mL of CHzClz solution containing 0.5 g of PPh, (1.9 
X lo-, mol), 0.5 mL of P(OPh), (1.9 X lo-, mol), or 0.6 g of AsPh, 
(1.9 X mol). After being stirred for 1 h under argon at room 
temperature, the originally orange solution turned green-yellow. 
Solvent removal gave a green-yellow solid which was extracted 
with hexane. This hexane solution containing the Cr(CO),LL' 
was filtered, and the solvent was pumped off giving a yellow or 
white solid which was recrystallized from CH2C12/EtOH in yields 
from 35 to 65%. The yellow or white crystals were washed with 
pentane and then dried in vacuo. The infrared spectra are de- 
scribed in Table I. 


Cr(CO),(P(OMe),)(PPh,): yellow crystals; mp 132-133 "C. 
Anal. Calcd: Cr, 9.45; P, 11.26; C, 54.56; H, 4.40. Found Cr, 
9.49; P, 11.28; C, 54.54; H, 4.43. 


Cr(CO),(P(OMe),)(AsPh,): yellow crystals; mp 119-120 "C. 
Anal. Calcd Cr, 8.75; P, 5.21; As, 12.61; C, 50.52; H, 4.07. Found 
Cr, 8.76; P, 5.59; As, 12.22; C, 50.38; H, 4.32. 


Cr(CO)4(PB~3)(PPh3):15 yellow crystals; mp 141-142 "C 
(decomposes without melting). Anal. Calcd: Cr, 8.27; P, 9.85; 
C, 64.96; H, 6.73. Found: Cr, 8.02; P, 9.91; C, 65.08; H, 6.91. 


Cr(C0),(PBu3)(AsPh3): yellow crystals; mp 129-130 "C. 
Anal. Calcd Cr, 7.73; P, 4.61; As, 11.14; C, 60.72; H, 6.29. Found: 
Cr, 7.90; P, 4.91; As, 11.64; C, 60.65; H, 6.42. 


Cr(CO),(P(OPh),)(PPh,): yellow crystals; mp 149-150 "C. 
Anal. Calcd: Cr, 7.06; P, 8.41; C, 65.22; H, 4.11. Found Cr, 7.00; 
P, 8.31; C, 65.13; H, 4.20. 


Cr(CO),(P(OPh),)(AsPh,): yellow crystals; mp 138-139 "C. 
Anal. Calcd: Cr, 6.66; P, 3.97; As, 9.60; C, 61.55; H, 3.87. Found: 
Cr, 6.43; P, 4.27; As, 9.60; C, 61.82; H, 4.09. 


Cr(CO),(P(OMe)3)(P(OPh)3): white crystals; mp 65-66 "C. 
Anal. Calcd: Cr, 8.69; P, 10.35; C, 50.18;, H, 4.04. Found: Cr, 
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Kinetics Measurements. The previously reported experi- 
mental procedure was followed except that the infrared spectra 
were recorded on a Beckman 4240 infrared spe~trophotometer.~~J~ 
Decane was the solvent for all of the reactions with the exception 
of Cr(C0)4(PPh3)2 where 1,2-dichloroethane was used because 
of the low solubility of Cr(C0)4(PPh3)2 in hydrocarbon solvents. 
All quantitative data were obtained from disappearance of the 
most intense infrared stretching frequency (E mode) of Cr- 
(CO),LL'. Beer's law plots were constructed (hexane solution) 
for Cr(C0)4(PPh3)2 (chloroform solution), Cr(CO),(P(OMe),)- 
(PPh,), Cr(CO),(P(OMe),)(AsPh,), Cr(C0),(PBu3)(PPh3), Cr- 
(C0)4(PBu3)(AsPh3), Cr(CO),(P(OPh),)(PPh,), Cr(C0)4(P- 
(OPh)&(AsPh3), Cr(CO),(P(OMe),)(P(Oph)3), and Cr(CO)*- 


x 103,7.53 x 102,1.96 x 103,1.68 x 103,9.74 x 102,g.ig x 102, 
(PBu,)(P(OPh),) with extinction coefficients of 7.32 X lo2, 1.30 


1.10 X lo3, and 1.49 X lo3 M-l, respectively. 


Results 
With one exception each of the products of the synthesis, 


Cr(CO),LL', could be assigned to a trans orientation. This 
is shown by the similarity of the infrared spectra, each with 
one strong absorption, to those of the complexes where the 
crystal structures are known.19 The frequency of the 
asymmetric stretch (E mode) for the mixed-ligand com- 
plexes in every case lies between the homobiligated com- 
plexes. The infrared spectrum of Cr(CO),(P(OMe)3)- 
(AsPh,), with four absorptions of comparable intensity, 
cannot be assigned to a trans geometry but is explained 
by a cis complex. The complex readily establishes a cis - trans equilibrium in solution a t  35 "C under a CO or 
argon atmosphere. 
C~S-C~(CO)~(P(OM~),)(ASP~~) - 


tr~ns-Cr(C0),(P(OMe)~)(AsPh,) 
The cis complex is somewhat more stable as shown by the 
equilibrium constant, Keg = 0.2. Quantitative data on 
ligand dissociation from Cr(CO),(P(OMe),)(AsPh3) could 
not be obtained because of the presence of this equilibrium. 


The products of the reactions were determined by com- 
parison of the infrared spectra with those known for Cr- 
(CO)5L.16 The specific reactions investigated are shown 
in Scheme I. There were no traces of other products or 


8.64; P, 10.56; C, 50.40; H, 6.33. 
Cr(CO)4(PBu3)(P(OPh)3):16 white crystals; mp 47-48 "C. 


Anal. Calcd Cr, 7.66: P, 9.42: C, 60.17: H, 6.24. Found Cr, 7.48 
P, 9.37; C, 60.40; H, 4.35. 


(12) Abel, E. W.; Butler, I. S.; Reid, J. G. J. Chem. SOC. 1963, 2068. 
(13) Schenk, W. A. J. Organomet. Chem. 1979,179, 253. 
(14) Schenk, W. A. J. Organomet. Chem. 1980,184, 195. 
(15) Grim, S. 0.; Wheatland, D. A.; McAllister Inorg. Chem. 1968, 7, 


161. 


any decomposition. 


trun~-Cr(CO)~(PBu~)(P(0Ph)~) + CO - 
Cr(C0),PBu3 


trans-Cr(CO)4(P(OMe)3)(P(OPh)3) + CO - 
Cr(CO),P(OMe), 


tran~-Cr(C0),(PPh,)(P(OPh)~) + CO -+ 


Cr(CO),P(OPh), + Cr(CO),PPh, + PPh, 
tran~-Cr(C0)~(PBu,)(PPh~) + CO - 


Scheme I 


+ P(OPh)3 


+ P(OPh)3 


+ P(OPh), 


Cr(C0),PBu3 + PPh, 


Cr(CO),P(OMe), + PPh, 


Cr(CO),PBu3 + AsPh3 


Cr(C0)5P(OPh)3 + AsPh3 


Cr(C0)5PBu3 + P(OMe)3 


trans- Cr (CO),(P( OMe),) (PPh,) + CO - 
tran~-Cr(CO),(PBu3)(AsPhJ + CO - 
tran~-Cr(CO)~(P(0Ph),)(AsPhJ + CO - 
trans-Cr(CO),(PBu3)(P(OMe)3) + CO - 


(16) Wovkulich, M. J.; Atwood, J. D. J. Organomet. Chem. 1980,184, 
O n  
I I .  


(17) Wovkulich, M. J.; Feinberg, S. J.; Atwood, J. D. Inorg. Chem. 


(18) Manzer, L. E.; Tolman, C. A. J. Am. Chem. SOC. 1975,97,1955. 
(19) Wovkulich, M. J.; Atwood, J. L.; Atwood, J. D., manuscript in 


1980,19, 2608. 


preparation. 
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Table 11. First-Order Rate Constants for Digsociation 
of L’ from trans-Cr(CO),LL’ 


L L temp,”C k , b  s-’ 


PPh, PPh, 50 (1.96 f 0.02)  x 


Wovkulich and Atwood 


P(OPh), PPh,a 


P(OPh), AsPh, 


P(OMe), PPh, 


P( OMe), P( OPh), 


PBu, PPh, 


PBu, AsPh, 


PBu P(OPh), 


PBu, P( OMe), 


55 
60  
80 
90 


100 
60 
65  
70  


100 
105 
110 
110 
120 
130 
70  
75 
80 
35 
40 
45 


115 
120 
125 
110 
120 
130 


i4.29 t 0.02j  x 10-4 


(1 .63  0.01) x 10-4 


(2 .45 0.12) x 10-4 


(2 .10 f 0.11) x 10-4 


(8 .73 t 0.08) X 
(3 .61  f 0.13)  X 


(6 .23 f 0.06) x 
(1 .24 f 0.36) x 


(4 .70  f 0.1.7) X 


(3 .88 f 0.14) X 
(7.58 r 0.13)  x 
(1 .44 f 0.07)  x 
(5 .41  i: 0.08) x 
(1 .81 f 0.02)  x 10-4 
(1 .72 f 0.02)  x 10-4 
(3.43 f 0.05) x 10-4 


(1.79 f 0.02)  x 10-4 


(7.19 f 0.11) x 10-4 
(2 .73  0.11) x 10-4 


(6.79 f 0.11)  x 


(3.67 i. 0.03) x 


(4.83 i: 0.16) x 
(8 .50  f 0.34)  X 
(1.18 f 0.03) X 
(4 .29 f 0.07) X 
(1 .60 i. 0.03) Y, 


Both P(OPh), and PPh, dissociate at equal rates. 
All values are the average of at least three experiments. 


The errors represent 95% confidence limits. 


Table 111. Activation Enthalpies and Entropies for 
Dissociation of L’ from trans-Cr(CO),LL’ 


~ 


L L‘ A i * .  kcal/mol AS*.  eu 
PPh, 31.3 i. 1.2 21.2 f 3.6 
PPh, 36.6 f 1.3 24.4 f 3.6 
ASPh, 29.7 * 0.3  12.5 i. 0.8 
PPh, 35.7 f 1.6 19.8 f 4.1 
P(OPh), 38.1 ?: 0.1 18.2 f 2.1 
PPh, 32.4 f 0.5 18.2 i: 1.3  
A s h ,  26.5 f 0.5 10.2 f 1.6 
P(OPh), 34.6 f 0.4 12.4 ?: 1.0 
P(OMe), 39.2 5 1.6 20.6 i: 4 . 2  


a Both P( OPh), and PPh, dissociate at equal rates. 


The first-order rate constants for the reactions above 
are listed in Table 11. These rate constants were obtained 
as the slopes of plots of -In A vs. time. As shown by the 
small error limits (95% confidence limits) these reactions 
led to excellent kinetic data. The activation parameters, 
as calculated from Eyring plots, are shown in Table 111. 


We have noted two interesting features which hold true 
for all of the t r~ns-Cr(C0)~LL’  complexes in this study. 
The first is that the value of the most intense CO 
stretching frequency (E mode) for tr~ns-Cr(C0)~LL’ is the 
numerical average of the values for truns-Cr(CO),L2 and 
t r ~ n s - C r ( C O ) ~ L ’ ~  For example, t ran~-Cr(CO)~(PBu~)-  
(PPh,) exhibits one intense infrared peak a t  1882 cm-’ 
which is the average of the CO stretching frequencies for 
t r~ns-Cr(CO)~(PBu~) ,  (1872 cm-’) and trans-Cr(CO),- 
(PPh3), (1892 cm-’), as shown in Table IV. The second 
feature we have noted is that a plot of In k vs. the CO 
stretching (E mode) of tr~ns-Cr(CO)~L,, tr~ns-Cr(CO)~L’~, 
and truns-Cr(CO),LL’ is linear, where k is the first-order 
rate constant for ligand dissociation from tr~ns-Cr(CO)~L,, 
trans-Cr(CO),L’,, and trans-Cr(CO),LL’ at 130 “C. Thus, 
with the knowledge of the rate constants for ligand dis- 
sociation from tr~ns-Cr(CO)~L,  and t r~ns -Cr (CO)~L’~  a t  
a particular temperature and knowledge of the corre- 


Table IV. Infrared Frequency for the Asymmetric 
Stretching Mode in Cr(CO),LL‘ 


L L’ d C 0 L a  cm-’ , I ,  


PPh, 1914 
PPh 1903 


P(OPh), 
PlOMeL 
P(0Mej; P(OPh), 1925 
PBu, PPh , 1882 


1903 
1892 


PBu, P(OPh 1 3  


PBu, PlOMeL 
L =  L’ U L =  L’ V 


19 34 
19 14 


PPh, 1892 P(OPh 13 
PBu, 1872 P( OMe 1 3  


Only the most intense peak. 


-15 


-10 


In  k 


-5 


0 


‘ 1 ” ” I  , , .  
0 1900 :95c 


“(CO), “1 


Figure 1. Plot of In k vs. v(C0) (cm-’). The open circles represent 
tran~-Cr(C0)~LL’, and the closed circles represent trans-Cr- 
(CO),L2 and tran~-Cr(CO)~L’~. Each dashed line connects 
trans-Cr(CO),L2 to trans-Cr(CO)4L’2. 


sponding CO stretching frequencies, it is possible to predict 
the rate of ligand dissociation from trans-Cr(CO),LL’. 
This is demonstrated in Figure 1. These correlations 
suggest that the electron density on the metal has a sig- 
nificant influence on the observed reactivity. 


Discussion 
Synthesis. Two methods have been used successfully 


for the preparation of Cr(CO),LL’ complexes. The primary 
procedure involved the displacement of C1- by L’ from 
Cr( CO),LCl-. 1 3 9 1 4  


~ is-Cr(C0)~LCl-  + L’ - t r~ns-Cr(C0)~LL’  + C1- 


It  is interesting that the cis-chloro derivative leads, with 
one exception, to the trans product. We believe that this 
is because of the steric interactions between L and L’ which 
lead to the instability of the cis species. The second me- 







Rate of Ligand Dissociation from Cr(CO),LL’ 


Table V. LeavingGroup Effects for the Reactiona 
Cr(CO),LL’ + CO + Cr(CO),L + L’ 
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Leaving group e f f e c t  


PPh, 2.7 X lo-’ 3.9 
PBu, 1.46X 2.3 X lo-’ 6.3 
P(OPh), 4.0 X 2.7 X lo-* 3.6 X lo-’ 
P(OMe), 1.8 x 8.1 x 


The numbers are first-order rate constants quoted as 
co 1.6 x 10-5 1.0 x 1 0 - 4  1.0 x 10-2 


6 ’ ;  at 130 “C. 


thod of synthesis involved displacement of a ligand which 
readily dissociates (AsPh, from trans-Cr(CO),(PBu3)- 
(AsPhJ). 
tr~ns-Cr(CO)~(PBu,)(AsPh,) + P(OMeI3 - 


trans-Cr(CO),(PBu,)(P(OMe),) + AsPh, 


This procedure was only used for preparation of trans- 
Cr(CO),(PBu3)(P(OMe),), although it should have more 
general applicability. The complex, cis-Cr(CO),(P- 
(OMe),)(AsPh,), was the only species which had cis ster- 
eochemistry. The reason why this complex adopts cis 
geometry is unclear. The P(OMe)3 ligand is smaller than 
the other ligands, but AsPh, is relatively large and the bis 
P(OMe)3 complex forms a trans complex. 


Kinetics. The reaction under consideration is the 
substitution of L’ by CO in trans-Cr(CO),LL’, eq 1. In 


(1) 
L = PBu3, P(OMe)3, P(OPh),, PPh,, AsPh,; 


all reactions except L, L’ = PPh,, P(OPh)3 only one 
product was formed. Excellent first-order plots were ob- 
tained which, coupled with the activation parameters, in- 
dicate the dissociative nature of the reactionqZ0 The en- 
tropies of activation are especially significant, since they 
are all positive and >10 eu. This is for a net reaction where 
a gas molecule is coordinated and the entropy change for 
the reaction is undoubtedly negative, indicating clearly that 
the rate-determining step is not coordination of CO but 
L’ dissociation. This is consistent with the results obtained 
for Cr(C0),L2 and Cr(CO)6L.16J7 


Ligand Bond Strengths. In this series of complexes, 
t ran~-Cr(C0)~LL’,  dissociation of only three ligands has 
been observed, L’ = P(OPh)3, PPh3, and AsPh,, with the 
exception of P(OMe), from trun~-Cr(C0)~(PBu,)(P- 
(OMe),). For any given L the rate is always AsPh, > PPh3 
> P(OPh), as shown by the data in Table V. This leav- 
ing-group effect is remarkably similar through a range of 
different L groups in the trans position and must represent 
the bond energies of the ligands to the chromium center. 
Since P(OMe), and PBu, do not dissociate, we assume that 
they are the most strongly bound ligands. This order 
shows, as discussed for Cr(CO)6L,16 that the ligands which 
are most tightly bound are the ligands which are strong 
binding ligands, regardless of whether the ligand is pri- 
marily a a-donor ligand or primarily a r-acceptor ligand. 
For a dissociative reaction it is generally assumed that the 
transition state corresponds to almost total loss of the 
ligand.16 Thus the transition state for reaction 1 would 


trans-Cr(CO),LL’ + CO - Cr(C0)5L + L’ 


L’ = P(OPh)S, PPh3, AsPhS 


(20) There was no dependence on the pressure of CO in these sub- 
stitutions. A 50% increase in the CO pressure (from 1-1.5 atm) led to 
no change in the rate of ligand replacement. As an example reaction of 
Cr(CO),PBu3(PPh3) with CO (1 atm) at  70 “C proceeded with a rate 
constant of 1.72 X lo4 8-l. Changing to 1.5 atm of CO led to a rate of 
(1.6 + 0.1) X 10-’~-~, within experimental error. 


AsPh3 > PPh3 > P(OPh)3  


Figure 2. Scheme showing the differences in the gound-state 
bond energies of Cr-L‘. 


Table VI. Activation Enthalpies (kcal/mol) for 
Dissociation of L’ from Cr(CO),LL’ 


L‘ 
L P(OMe), P(OPh,), PPh, AsPh, 


PPh, 36 31 
PBu, 39 35 32 26 


38 36 30 
43 38 36 


P( OPh )3 


P( OMe), 


Table VII. Relative Rates for L’ Dissociation From 
trms-Cr(CO),LL’ at 130 “Ca 


L’ 
L P(OPh), PPh, AsPh , 


PPh, 860 20000b 


P(OPh), 
P(OMe), 


PBu, 94 2400 540 
13b 130 31 
12 81 
1 1 1 co 


Since the activation enthalpies are different for each 
ligand the choice of temperature can affect the ratio of 
rate constants. 
plex since these are two possible sites of dissociation. 


Corrected for the homobisligated com- 


have very little dependence on L’. For dissociation of L’ 
from Cr(CO),LL’ the transition state for a given L (Cr(C- 
O),L) should have the same energy for loss of P(OPh),, 
PPh,, and AsPh,, and the activation parameters should 
reflect the relative ground-state bond energies of Cr-L’. 
This is shown graphically in Figure 2. The enthalpies of 
activation as shown in Table VI show that for a given L 
the ordering of bond strengths is Cr-P(OMe), > Cr-P- 
(OPh), > Cr-PPh, > Cr-AsPh, with the bond strengths 
spanning 13 kcal/mol. The fact that the ordering and the 
differences in magnitude are the same for several different 
groups in the trans position supports the concept of com- 
plete Cr-L’ bond breaking in the transition state. The 
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Table VIII. Carbonyl Stretching Frequencies (E mode) 
and Rates of L' Dissociation from 


trans-Cr(COLLL' at 130 "C 
C 
0 


Figure 3. Scheme showing the rearrangement of the five-coor- 
dinate intermediate [Cr(C0)4L] formed by the dissociation of L' 
from tr~ns-Cr(C0)~LL'. 


order and magnitude of this evaluation of ligand bond 
strengths to chromium carbonyl complexes are very similar 
to the order and magnitude observed for trans-Pt- 
(CH,) (PMe2Ph)2L+.1s The similarity in bond strengths for 
two rather different metal centers indicates that the order 
may be general. 


Trans Effect. For a given dissociating ligand the effect 
of the trans ligand on the rate is remarkable. Table VI1 
shows the effect of the trans ligand on the rate of disso- 
ciation of PPh,, P(OPh),, and AsPh, for a series of com- 
plexes. For dissociation of each of the ligands, the order 
of labilization by the trans ligand is the same: PPh3 > 
PBu, > P(OPh), = P(OMe), > CO. This order can be 
termed a trans effect order for dissociation from octahe- 
dral, 18-electron, organometallic complexes. The rates can 
span a range of lo4 as is shown for PPh3 dissociation. 


A kinetic activation of this type can arise by either 
grounbstate destabilization or transition-state stabiliza- 
tion. To assess possible ground-state effects we have 
studied the crystal structures of the complexes (trans- 
Cr(C0),L(PPh3) (L = P(OPh),, P(OMe),, and PBu3)).19 
The Cr-PPh, bond distances (PBu,, 2.345 (3) A; P(OPh),, 
2.393 (1) A; P(OMe)3, 2.362 (6) A; CO, 2.422 (1) A) show 
no correlation with the rates of dissociation of the PPh3I9 
Thus the trans effect by the ligand L arises predominantly 
by transition-state stabilization, and the trans effect order 
must be inversely related to the increase of the energies 
of the Cr(C0)4L transition state/intermediate. The in- 
termingling of ground-state and transition-state effects is 
shown by the dissociation of both PPh3 and P(OPh), from 
Cr (CO),( PPh,) (P (OPh) ,). As discussed above, P (OPh), 
is bound more tightly than PPh3 to chromium carbonyl 
centers and would be lower in ground-state energy. The 
transition state for P(OPh), loss would involve Cr- 
(C0)4PPh3 which would be lower in energy than the 
transition state generated by PPh, loss, Cr(CO),P(OPh),. 
Since the rates are almost the same for loss of PPh3 and 
P(OPh), from Cr(CO),(PPh,)(P(OPh),), the transition 
state represented by Cr(C0)4PPh,, must be lower in energy 
than the transition state represented by Cr(CO),P(OPh), 
by an amount that is almost equal to the ground-state 
energy difference between a Cr-P(OPh), and Cr-PPh, 
bond. This value would be 2-4 kcal/mol. 


The trans effect order is very similar to the order seen 
for cis labilization which was also explained as transi- 
tion-state ~tabilization.~,' The important difference is the 
location of the stabilizing ligand in the transition state. In 
cis labilization the ligand stabilizing the transition state 
occupies a basal site in the square pyramid.69' For the trans 
effect which we have observed the ligand should occupy 
an axial site in the square-pyramidal transition state. The 
scheme is shown in Figure 3. Calculations have shown 
that the basal location of a ligand would be more stable 
than axial and the rearrangement is shown in Figure 3. 
Thus the highest energy point (the transition state) in- 
volves the presence of L in the apical position of the 
square-pyramidal species, and there must exist a stabili- 
zation by the presence of the ligand in the apical position. 


The source of the stabilization of the transition state by 
the presence of non-carbonyl ligands may be either steric, 
electronic, or a combination of steric and electronic factors. 


L L v ( C O ) ,  cm-l k ,  s-l 
P(OPh), 1956 1.57 X lo-'  
P(OPh), 1925 1.81 X 
P(OPh), 1903 1.46 X 
PPh, 1940 9.97 X lo-'  
PPh, 1903 8.08X 
PPh, 1882 2.35 X lo-' 
AsPh, 1943 1.16 X 
AsPh , 1914 3.60 X lo-' 
AsPh, 1882 6.27 


Steric factors have received considerable attention recently 
in reactions of metal  carbonyl^.'^^^^-^^ Steric acceleration 
as normally thought of would be a ground-state destabi- 
lization which can be ruled out in our system. The crystal 
structure determinations show no evidence in either bond 
distances or angles for such steric  interaction^.'^ Steric 
relaxation in the transition state is a possibility but would 
be expected to show trends in the entropies of activation. 
The entropies of activation as shown in Table I11 do not 
show any trends with steric size of the ligand. Indeed the 
entropies of activation for PPh3 loss from trans-Cr- 
(CO),L(PPh,) are within experimental error of each other 
for L = PBu3, PPh,, P(OPh),, and P(OMe),. We thus rule 
out a primary role for steric interactions in the trans effect 
which we have observed.24 


Electronic effects could be either a or a in character. 
Neither u nor a nor the ratio of a-to-a bonding correlates 
well with the observed rates. It is important to realize, 
however, that kinetic effects (rate differences) are com- 
binations of ground-state and transition-state effects. 
While the predominant factor on rates of dissociation 
appears to be a transition-state stabilization by the ligand, 
the ligand environment can certainly affect the ligand 
bonding strength. The primary division between the lig- 
ands for the trans effect is between phosphines and 
phosphites, with the phosphines reacting more rapidly and 
presumably providing more stabilization of the interme- 
diate. This suggests that the primary factor involved in 
stabilization of the 16-electron intermediate is the a-donor 
strength. A ligand could stabilize the unsaturated inter- 
mediate by releasing electron density to the metal. An- 
gelici offered convincing evidence that the ability of sub- 
stituted o-phenanthrolines to donate electron density to 
the metal stabilized the transition state, M(CO),(~-phen),~ 
but the apparent exceptions to this simple explanation 
have prevented more general interpretations. In examining 
the trans labilization order in more detail one must also 
consider ground-state effects. Crystal structure data 
suggests that a stronger a-donor ligand trans to PPh3 
strengthens the Cr-PPh, bond.Ig This same feature is 


~~~~ 


(21) Darensbourg, D. J.; Baldwin, B. J. J .  Am. Chem. SOC. 1979,101, 
6447. 


(22) Darensbourg, D. J.; Baldwin, B. J.; Froelich, J. A. J .  Am. Chem. 
SOC. 1980, 102,4688. 


(23) Darensbourg, D. J.; Graves, A. H. Inorg. Chem. 1979, 18, 1257. 
(24) An alternate possibility which cannot be ruled out based on the 


kinetics observed is that the trans complexes Cr(CO),LL' rearrange to 
the cis complexes and the dissociation and reactivity arises from the steric 
interactions in the cis complex. There is no evidence for formation of the 
cis complexes, and there is considerable indirect evidence suggesting that 
they are sufficiently unstable with respect to the trans complexes that 
even if an equilibrium could be formed, the concentrations of the cis 
complex would be exceedingly small. In isomerizations of MO(CO)~L~ 
complexes Darensbourg has observed both dissociative and nondissocia- 
tive 


(25) Angelici, R. J.; Jacobson, S. E.; Ingemanson, C. M. Inorg. Chem. 
1968, 78 2466. 
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The lower infrared frequencies correlate with a more rapid 
rate of L’ dissociation. Infrared stretching frequencies are 
considered to be a measure of the electron density a t  the 
metal, lower infrared frequencies indicating more electron 
density on the metal. The correlation with rate also s u g  
gests that the stabilization of the transition state may arise 
by relief of the electron deficiency in the 16-electron in- 
termediate by donating ligands. This stabilization would 
occur regardless of the orientation of the ligand in the 
transition state. The labilization in cis labilization could 
arise by a similar stabilization and the cis orientation would 
be because the trans-C0 is more strongly bound (i.e., a 
ground-state property). This explanation could also apply 
to the acceleration of dissociation on Mn2(CO)gL, Ir4(C- 
O)llL, and C~S-MO(CO)~LL’.&~~ 


The qualitative and quantitative similarities between 
the activation toward dissociative loss of a ligand in the 
cis position (cis labilization),4-’ the activation of CO dis- 
sociation in Mn2(CO)&s and Ir4(CO)11L,g and the activa- 
tion of L’ loss in Cr(C0)4LL’ suggests a common origin of 
these kinetic effects. The body of data strongly suggests 
that this labilization is a transition-state phenomenon, 
stabilization of the transition state by the activating ligand. 
This stabilization occurs whether the activating ligand is 
cis or trans to the ligand dissociating. 


In our study of dissociation of L’ from tr~ns-Cr(C0)~LL’ 
we have shown that the strength of the Cr-L’ bonds are 
Cr-P(OMe), > CI-P(OP~)~ > Cr-PPh3 > Cr-AsPh, and 
that the ligand L markedly affects the rate of dissociation 
of L’. This set of complexes, Cr(C0)4LL’, offers the ca- 
pability to change the bonding characteristics systemati- 
cally and should prove to be very valuable in physical 
studies of organometallic complexes. 
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Registry No. trans-Cr(CO),(PPhJ2, 38800-75-8; trans-Cr(CO)4- 
(P(OPh),)(PPh,), 82613-90-9; tran~-Cr(C0)~(P(OPh)~)(AsPh,), 
82613-91-0; trans-Cr(CO),(P(OMe),)(PPh,), 82613-92-1; cis-&- 
(CO)4(P(OMe)3)(AsPh3), 82613-93-2; trans-Cr(CO),(P(OMe),)- 
(AaPh,), 82659-77-6; trans-Cr(CO),(P(OMe)3(P(OPh),), 82613-94-3; 
trans-Cr(CO)4(PB~3)(PPh3), 17652-69-6; trans-Cr(CO),(PBu,)- 
(AsPh,), 82613-95-4; trans-Cr(CO)4(PBu3)(P(OPh)3), 17652-71-0; 
tran~-Cr(Co)~(PBu,)(P(OMe),), 82613-96-5; CO, 630-08-0; PPh,, 
603-35-0; AsPh,, 603-32-7; P(OPh)3, 101-02-0; P(OMe),, 121-45-9. 
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Figure 4. Plot of In k vs. u(C0) (cm-I). The  squares represent 
Cr(CO)4(P(OPh)3)L, the circles represent Cr(CO),(PPhJL, and 
the triangles represent C ~ ( C O ) , ( A S P ~ ~ ) L . ~  


exhibited in CI -P (OP~)~  c~mplexes.’~ Thus in dissociation 
of PPh, from Cr(CO)4(PBu3)PPh3, PBu3 provides more 
stabilization in the transition state/intermediate (Cr(C- 
O),L) than PPh3 and it also provides more stabilization 
of the ground state. The net effect is similar rates of 
dissociation of PPh3 whether PBu3 or PPh3 is the trans 
ligand. A similar situation is seen for the phosphites. 
P(OMeI3 is a considerably stronger u donor than P(OPh), 
and would be expected to stabilize the transition state for 
PPh, loss from Cr(C0)4LPPh3. However, the P(OMe), 
complex has a shorter Cr-PPh, bond than the P(OPh), 
complex. 


The importance of electron density is further shown by 
a very interesting correlation of the rate of infrared 
stretching frequency as shown in Table VI11 and Figure 
4. For a given dissociating ligand from the mixed com- 
plexes, Cr(C0)4LL’, the correlation is extremely good.26 


(26) The complex Cr(CO),(PPh,)P(OPh), is not included in these 
correlations. This complex did not give a unique product, and only the 
rate of loss of Cr(CO),(PPhJP(OPh), is known precisely. This rate is the 
sum of rates of loss of PPh, and P(OPh),. 
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18-electron species [Mo(NO)(CNR),]I and Mo(N0)- 
(CNR),I. This difference in synthetic strategy, namely, 
either the reaction of a nitrosyl precursor complex with 
excess RNC or the reaction of an isocyanide complex with 
nitric oxide, may be important in determining the reaction 
course. In view of the greater reducing propensity of the 
isocyanide ligands,’, it is not surprising that the reaction 
of [Cr(NO)(NCMe),](PF,), with excess RNC gives 18- 
electron products. 


We find that the use of the seven-coordinate homoleptic 
species [Cr(CNR),] (PF8),, in place of [Cr(CNR),] (PF& 
should be avoided, as the equilibrium [Cr(CNR),I2+ s 
[Cr(CNR),I2+ + CNR which exists in solution,6 provides 
free isocyanide which we have found leads to its NO-in- 
duced polymerization, particularly in the case of the cy- 
clohexyl isocyanide derivative. 


Once isolated, the 17-electron Cr(1) complexes [Cr- 
(NO)(CNR),](PF,), were found to undergo a facile one- 
electron reduction by Zn metal to form the violet, crys- 
talline 18-electron Cr(0) compounds [Cr(NO)(CNR),]PF,. 
This process is easily reversible by treatment of the Cr(0) 
compound (R = CMe,) with AgNO, and KPF, in di- 
chloromethane. An intriguing facet of this reduction is the 
apparent “catalytic” behavior of ethanol when the reaction 
is run in dichloromethane. Several drops of ethanol in the 
reaction mixture allow completion of a reaction within 
minutes which otherwise does not appear to proceed to 
completion a t  all. 


Reduction of the 17-electron complexes is sufficiently 
facile (Ep,c -+0.3 V vs. SCE as measured by cyclic vol- 
tammetry) that it is observed to be a dominant process in 
certain substitution reactions. Thus reaction of yellow 
[Cr(NO)(CNR),](PF,), with amines in ethanol first leads 
to the rapid reduction (within a few minutes) of the 
starting material and formation of a dark purple solution. 
From this solution, the orange Cr(0) compounds [Cr- 
(NO)(CNR),(amine)]PF, form over a period of days. For 
confirmation of this reduction-substitution reaction se- 
quence, an authentic sample of 18-electron [Cr(NO)- 
(CNCMe3),]PF6 was reacted with an ethanol solution of 
isopropylamine under identical reaction conditions as 
outlined for the dicationic species; by this means [Cr- 
(NO)(CNCMe3)4(NH2CHMez)]PF6 was isolated in 22% 
yield. 


Although reactions with other amines were attempted 
(e.g., cyclohexylamine and diethylamine) only with ter t -  
butylamine, isopropylamine, and piperidine did substitu- 
tion subsequently occur, even though dark purple solutions 
formed in all cases, indicating that reduction to [Cr- 
(NO)(CNR),]PF, had occurred. 


These amine-substituted compounds decompose in so- 
lution (acetone, chloroform, and dichloromethane) over 
periods ranging from a few minutes to several hours to 
yield the corresponding purple [Cr(NO)(CNR),]PF, com- 
plexes. This scavenging of an RNC ligand by the complex 
probably proceeds by initial dissociation of amine and the 
subsequent decomposition (with loss of RNC) by a small 
proportion of the molecules. For example, in the decom- 
position of [ Cr(N0) (CNCMe,),(piperidine)] PF,, [ Cr- 
(NO)(CNCMe3)5]PF6 is obtained in 67% yield, whereas 
the maximum possible yield (assuming quantitative release 
of RNC by a minimum number of molecules) is 80%. The 
ready loss of amine, which is necessary for the regeneration 
of the [Cr(NO)(CNR),]+ species, is consistent with the long 
reaction times and high concentration of amine which are 
necessary to convert [Cr(NO)(CNR),]PF, to [Cr(NO)- 
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(CNR)*(amine)]PFB. The weakly bound nature of the 
amine ligands is observed in the gas phase as well, as noted 
from studies of the secondary ion mass spectra (SIMS) of 
these compounds, details of which will be reported else- 
where. l5 


It is important to note here the difference in reactivities 
between the chromium compounds and the analogous 
molybdenum species. McCleverty and Williams report5 
formation of carbene complexes [Mo(NO) (CNR),(C- 
(NHR)(NHR’))]+ from the action of primary amines 
(R’NH,) on [Mo(NO)(CNR),]+. This reaction proceeds 
at  0 “C and only upon refluxing the reagents do the sub- 
stituted complexes [Mo(NO)(CNR),(NH,CMe,)]+ form. 
The lower activity of the isocyanide carbon of the analo- 
gous chromium complexes to nucleophilic attack by amine 
should be commented upon, especially in light of the 
electrochemical properties of these two complexes. 


Chatt and c~-workers’~J~ have investigated nucleophilic 
attack on coordinated isocyanides and found that an in- 
crease in the oxidation state of the metal or of its positive 
charge should decrease the electron density at the iso- 
cyanide carbon and hence enhance the latter’s reactivity 
toward nucleophiles. Our electrochemical investigations 
of [Cr(NO)(CNCMe,),]+ (vide infra) and the isoelectronic 
[Mo(NO)(CNCMeJ,]+ l8 indicate a greater positive charge 
at  the molybdenum center. While both compounds are 
characterized by a reversible one-electron oxidation in the 
cyclic voltammograms of dichloromethane-O.2 M tetra-n- 
butylammonium hexafluorophosphate solutions, this oc- 
curs at El , = +0.62 V vs. SCE for [Mo(NO)(CNCMe,),]+, 
whereas t i e  related couple for the chromium complex is 
at Ell, = +0.35 V. This difference demonstrates the 
relative ease of oxidizing the chromium complex, which 
may be a reflection of the smaller positive charge at  the 
metal center. This perhaps goes some way in explaining 
why only amine-substituted compounds are isolated in the 
case of chromium, whereas for the molybdenum system, 
carbene complexes are known as well. 


Formation of the halide derivatives [Cr(NO)- 
(CNR),X]PF, is effected by direct reaction of halide ion 
with dichloromethane solutions of [Cr(NO)(CNR),](PF,),. 
This simple ligand substitution process results in the 
formation of the orange, paramagnetic complexes [Cr- 
(NO)(CNR),X]PF, for R = CMe3, when X = C1 or Br, R 
= CHMe,, when X = C1, and R = C6H11, when X = Br. 
Only a small amount of purple complex (presumably 
[Cr(NO)(CNR),]+) is obtained if a 1:l stoichiometric ratio 
of reagents is used, and this may be easily separated from 
the orange complexes by chromatography on silica gel 
using dichloromethane as eluent. Yields are quite low for 
the chloride reactions (10-27%), and several bands, in- 
cluding considerable amounts of starting material, are 
observed on the column. If longer reaction times are used, 
more reduced (purple) product is formed and yields of the 
chloride-containing complexes suffer further. 


Spectroscopic and Electrochemical Characteriza- 
tion. Infrared spectra of Nujol mulls and dichloromethane 
solutions of compounds prepared in this study are pres- 
ented in Table I. The isocyanide v(C=N) and nitrosyl 
v(N0) modes occur in the regions 2100-2250 cm-’ and 


(14) Klendworth, D. D.; Welters, W. W., 111; Walton, R. A. Organo- 
metallics 1982, I ,  336. 


(15) Pierce, J. L.; Wigley, D. E.; Walton, R. A., Organometallics, fol- 
lowing paper in this issue. 


(16) Chatt, J.; Richards, R. L.; Royston, G. H. D. Inorg. Chim. Acta 
1972, 6, 669. 
(17) Chatt, J.; Richards, R. L.; Royston, G. H. D. J. Chem. SOC., 


Dalton Trans. 1973, 1433. 
(18) For this purpose a sample of [Mo(NO)(CNCMe&]BF, was pre- 


pared by the procedure published in ref 5. Cyclic voltammetric mea- 
surements were carried out aa described in the Experimental Section. 
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Table I. Infrared Spectra and Voltammetric Half-Wave Potentials of Nitrosyl-Isocyanide Complexes of Cr( 0 )  and Cr(1) 


complex 
v(NO)," cm-' v (C=N) ,~  cm-' 


E,,,: v CH,Cl, Nujol mull CH,Cl, Nujol mull 
[Cr(NO)(CNCMe,),I(PF,), 1805 br 1797s  2229s  2224 s tO.35 (go) ,  reduction 
[Cr(NO)(CNCHMe,)sI(PF,), 1770 s 1790s  2235s  2233 s +0.30 (loo), reduction 
[Cr(NO)(CNC6H1,),l(PF6), 1793 s 1791s  2240s  2233 s +0.34 (130), reduction 
[Cr(NO)(CNCMe,),]PF, 1680 s 1682 s 2210 m, 2135 s 2202 m, 2128 s t 0 . 3 5  (95), oxidation 
[Cr(NO)(CNCHMe,),]PF, 1682 s 1680 s 2212 m, 2140 s 2209 m, 2138 s +0.33 (105), oxidation 
[Cr(No)(CNC6H11)S1PF6 b 1682s  b 2208 m, 2133 s +0.34 (140), oxidation 
[Cr(NO)(CNCMe,),(NH,CMe,)lPF, 1646 s, 1630 s 1666 m 2128 s 2122 s t 0 . 2 4  ( loo) ,  oxidation 
[Cr(NO)(CNCMe,),(piperidine)]PF, 1640 s, 1623 s 1666 s 2130 s 2124 s +0.23 (go) ,  oxidation 
[Cr(NO)(CNCMe,),(NH,CHMe,)]PF, 1647 s, 1632 s 1661 s 2128 s 2125 s t 0.21 (go), oxidation 
[Cr(NO)(CNCHMe,),(piperidine)lPF, 1660 s, 1629 s 1665 m 2142 s 2136 s t 0.22 (go), oxidation 
[Cr(NO)(CNCMe,),Cl]PF, 1742 s 1759s  2224s  2219 s -0.46,d reduction 
[Cr(NO)(CNCHMe,),Cl]PF, 1746 s, 1737 sh 1757 s 2228 s 2225 s -0.45,d reduction 
[Cr(NO)(CNCMe,),Br]PF, 1744 s 1760s  2222s  2217 s -0.34 (go), reduction 
[Cr(N0)(CNC6H11 ),Br]PF, 1734 s, br 1758s  2224s  2222 s -0.34 (110), reduction 


In V vs. SCE with a Pt bead electrode and s, strong; m, medium; br, broad; sh, shoulder. 
0.2 M tetra-n-butylammonium hexafluorophosphate(TBAH) as supporting electrolyte; values of E,, - Ep,c (in mV) at a 
sweep rate of 200 mV/s are given in parentheses. 


Not measured, see text. 


reported. 


1600-1850 cm-l, respectively, and are of particular interest 
since they are seen to monitor changes in oxidation state 
of the metal as well as ligand substitution. An intense 
v(N0) mode is observed at  around 1800 cm-' in the spectra 
of the formally Cr(1) complexes [Cr(NO) (CNR),] (PF,),. 
Although two u(C=N) bands might be predicted in the 
isocyanide stretching region, only one is seen in the spectra 
of the dications; this can be rationalized on the basis of 
the expected weakness of the Al mode (in ClU symmetry) 
of the axial isocyanide stretch. Both the v(C=N) and 
u(N0) peaks of [Cr(NO)(CNR),]"+ sharpen in CH2C12 so- 
lution and are only very slightly solvent shifted (- 5 cm-') 
to lower energies. 


Reduction of the dicationic species to [Cr(NO)- 
(CNR),]PF6 results in a substantial decrease in the v(C= 
N) and v(N0) energies (Table I), consistent with increased 
back-bonding to the A* levels of the ligands. In each case 
the shift in nitrosyl energy is more pronounced than in the 
isocyanide ligand. In the reduced compounds, both IR- 
active v(C=N) modes are now discernible, both in the solid 
state and in solution, and are separated by about 75 cm-'. 


The amine-substituted series [Cr(NO)(CNR),(amine)]- 
PF6 exhibit values of v(C=N) and v(N0) which are con- 
sistent with their formulation as unipositive, Cr(0) complex 
ions, and they may be considered as simple substitution 
products of the parent 18-electron compounds [Cr(NO)- 
(CNR),]PFG. A single, sharp isocyanide stretch is observed, 
both in Nujol mulls and dichloromethane solution, con- 
sistent with the assignment of these structures as trans- 
[Cr(NO)(CNR),(amine)]PF6. Both v(C=N) and v(N0) 
frequencies shift to lower energies compared to the parent 
[Cr(NO)(CNR),]PF6 complexes, which is no doubt a re- 
flection of the nonexistent A-accepting ability and greater 
a-donating ability of the amine ligands as compared to the 
nitrosyl and isocyanide moieties. 


An apparent solid-state splitting is observed for v(N0) 
in the Nujol mull spectra of the amine-substituted com- 
pounds, an effect that vanishes in dichloromethane solu- 
tion. The comparable intensity of these twin peaks and 
the observation of this splitting in the case of a secondary 
amine, piperidine, precludes the assignment of one com- 
ponent of the doublets to a G(HNH) bending mode. What 
is intriguing is the increase in the value of v(N0) upon 
dissolution of these compounds. This would appear to 
reflect in one way or another a weakening of the amine- 
metal interaction in solution perhaps through the influence 
of hydrogen bonding effects involving the dichloromethane 
solvent. 


n 5 4  


- 
+1.6 *0.8 0.0 -0.8 -1.6 


Volts vs SCE 
Figure 1. Cyclic voltammograms in 0.2 M tetra-n-butyl- 
ammonium hexafluorophosphate-dichloromethane of (a) [Cr- 
(NO)(CNCMe3)sl(PF,)z, (b) [Cr(NO)(CNCMe3)4(NHzCHMez)l- 
PF6, and (c) [Cr(NO)(CNCMe3)4C1]PF6 recorded at 200 mV/s. 


The IR spectral properties of the halide derivatives 
[Cr(NO)(CNR),X]PF, are seen (Table I) to reflect qual- 
itatively the trends seen in the spectra of the related 
amine-containing salts. The trans-halide ligands induce 
a significant decrease in the value of v(N0) compared to 
the analogous 17-electron cations [Cr(N0)(CNR),I2+, re- 
flecting the more potent u-donor ability of X- compared 
to RNC. A similar trend is observed in comparing the 
18-electron species [Cr(NO)(CNR),(amine)]+ with [Cr- 
(NO)(CNR),]+ (vide supra).lg 


Electrochemical properties of these complexes were in- 
vestigated by using the cyclic voltammetry technique. 
Voltammetric half-wave potentials vs. SCE for dichloro- 
me thane42  M tetra-n-butylammonium hexafluoro- 
phosphate solutions are presented in Table I. All com- 
plexes exhibit a single process, corresponding to a 17- 
electron/ 18-electron couple (Figure la). For the [Cr- 
(NO)(CNR),]"+ (n = 1 or 2) series, the E l I z  values occur 
between +0.30 and +0.35 V vs. SCE and indicate the ex- 
treme ease of reducing [Cr(N0)(CNR),l2+ to the corre- 


(19) Many of the mixed nitrosyl-isocyanide complexes were also 
characterized on the basis of their IH NMR and electronic absorption 
spectra, details of which can be obtained from R.A.W. upon request. For 
example, [Cr(NO)(CNCHMe2)6]PFs: 'H NMR (acetone-ds) 6 1.50 (d, 
CHs, JCH~CH = 6 Hz); UV A, (CH2Clt) 532 nm. 
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Chromium(1) 
Table 11. X-Band ESR Spectra and Magnetic Momenta of Nitrosyl-Isocyanide Complexes of 


b 
@ obsd 


[Cr(N0)(CNCMe3 )&pF6 12 1.9936 18.0 4.5 1.51 
[Cr(NO)(CNCHMez ) m F 6  )2 1.9931 18.1 4.7 1.53 


1.9934 18.0 5.0 1.48 
1.51 [Cr(NO)(CNCMe,),Cl]PF, 1.9927 18.8 4.8 


[Cr(NO)(CNCHMe,),CI]PF, 1.9925 18.7 5.2 1.66 


2.0144 -19 -4.5 1.45 


A ( V r ) ,  G A(14N), G complex gava 


[Cr(N0)(CNC6H11 )si(pF6 1 2  


[Cr(NO)(CNCMe,),Br]PF, 2.0146 -18 -4.5 1 .22  


5.4d 
[Cr(N0)(CNC6H11 )4Br1PF6 
[Cr(NO)(CNCMe3),(NHzCMe,)l" 1.9923 18.2 


At room temperature in CH,Cl, solution, Bohr magnetons; determined on dichloromethane solutions at room temper- 
ature by the Evans method. Electrochemically generated dication (see text). Coupling to 14N of the nitrosyl ligand. 


sponding monocations. For sweep rates (v) between 50 and 
400 mV/s, the ratio ip/v1/2 was constant and i,,,/i,,, N 1 
in accord with diffusion control. The potential separation 
between the anodic and cathodic peaks, Up, was in the 
range 90-140 mV for a sweep rate of 200 mV/s. With our 
.cell configuration,20 these properties are consistent with 
this being a reversible electron-transfer process. 


Exhaustive electrolyses on dichloromethane solutions 
of both [Cr(NO)(CNR),]"+ (n = 1 or 2 for R = CHMe2 or 
CMe3) afforded the corresponding oxidized or reduced 
species.21 Both processes are accessible chemically, as we 
have already described. 


In comparing the voltammetric half-wave potentials of 
[Cr(NO)(CNR),]PF, with those of their amine-substituted 
analogues (Table I and Figure 1),22 we see that the Ell2 
values of the latter species are shifted to more negative 
potentials. This trend reflects the ability of NO and RNC 
ligands to better stabilize the lower oxidation state Cr(O), 
and amine ligands to better stabilize the Cr(1) oxidation 
state. This correlates with the coordinated amine being 
the better u donor and poorer ?r acceptor. 


The halide-substituted compounds are different in 
comparison to the previously discussed complexes (Table 
I and Figure IC). The 17-electron chloride containing 
species exhibit an irreversible reduction at  E , ,  N -0.45 
V. This is illustrated in Figure IC for [&(NO)- 
(CNCMe3),Cl]PF6. Following reduction at  -0.46 V, the 
return sweep reveals the appropriate coupled oxidation 
wave at  E,, N -0.32 V (ip,a/ip,c << 1) and the appearance 
of a couple a t  El12 = -0.06 V (Ep,a -E = 130 mV) asso- 
ciated with a new (and as yet uniilntified) chemical 
species. Bulk electrolysis a t  a potential of -0.8 V produces 
a solution which is devoid of starting complex and now 
exhibits couples a t  Ellz = -0.06 V (the major constituent) 
and EIl2 N +0.35 V (presumably [Cr(NO)(CNCMeJ5In+), 
signifying the formation of chemical products. The elec- 
trochemical behavior of [Cr(NO)(CNCHMe2),C1]PF6 and 


I I , . . I I I . I I I I , . 1 , , , , / , , , , l , , , , / , , , , / , , , , l , , , , ( , , , ,  I 


322 3.25 3.28 


kG 


(20) Zietlow, T. C.; Klendworth, D. D.; Nimry, T.; Salmon, D. J.; 
Walton, R. A. Inorg. Chem. 1981,20,947. 


(21) Determination of n values for representative complexes (n  is the 
total number of equivalenta of electrons transferred in exhaustive elec- 
trolyses a t  constant potentials) confirmed that these are one-electron 
proceases (n = 1.0 & 0.1). For example, n = 1.10 for the reduction at 4 . 2  
V of [Cr(NO)(CNC,Hll),](PF,),, while n = 1.05 for the corresponding 
reduction of [Cr(NO)(CNCHMe2)6](PF6)z. 


(22) The E,,, value for the [C~(NO)(CNCM~S),]'+,~+ couple (+0.35 V 
vs. SCE) agrees well with the value reported by Lloyd and McClevert9 
in their earlier study of the monocationic salt [Cr(NO)(CNCMeS),]PF6 
(+0.31 V vs. SCE in CHzC12-0.05 M Et4NC104). However, these workers 
report a second couple (2+,3+) at  +LO4 V which we do not observe. In 
a related electrochemical study of the methyl isocyanide derivative [Cr- 
(NO)(CNMe)JPFe it was claimed' that the (1+,2+) and (2+,3+) couples 
were at  +0.21 and +0.79 V vs. SCE. We prepared this complex by the 
method of Lloyd and McCleverty' and confirmed the couple at  the lower 
potential (+0.27 V vs. SCE under our experimental conditions). Once 
again we did not find a second couple up to the potential limit of +1.6 
V. Accordingly, we attribute the couples at  the more positive potentials 
to contamination by impurities. 


1 t . , ,  1 , , j I 1 . / # I 1  I , , ,  , , / 1 1  I , , , ,  I / , , # I  , , # I  . # I ,  I 
33s 3.22 3.25 


kG 


Figure 2. X-Band ESR spectra of dichloromethane solutions 
at room temperature containing (a) [Cr(NO)(CNCMe3),C1]PF6 
and (b) [Cr(NO)(CNCMea),Br]PF6. 


the bromide complexes [Cr(NO)(CNR),Br]PF, (R = CMe3 
or C6H11) are similar to this although the reduction of the 
bromides (E ,  = -0.34 V) more closely approaches re- 
versibility. dhe  chemical processes which follow these 
electrochemical reductions are the subject of a separate 
and more detailed study, the results of which we hope to 
make available in the near future.23 







Nitrosyl-Isocyanide Complexes of Cr(I) and Cr(0) 


The decomposition of solutions containing the [Cr- 
(NO)(CNR),(amine)]PF, complexes to [Cr(NO)(CNR),]+ 
(vide supra) can also be detected through cyclic voltam- 
metric measurements. When a dilute solution of [Cr- 
(NO)(CNCMe3),(NH2CHMe2)]PF6 was allowed to stand 
for several hours, the resulting cyclic voltammogram (E1 2 
= +0.21 V) revealed a new couple due to [Cr(NO$- 
(CNCMe3)5]PF6 beginning to grow in at  = +0.35 V. 


Magnetic moments were determined on dichloro- 
methane solutions of the complexes by the Evans method 
(Table II).losll The 18-electron [Cr(NO)(CNR)5]PF6 and 
[Cr(NO) (CNR),(amine)]PF, series were, as expected, 
diamagnetic, while [Cr(NO)(CNR),)](PF,), and chloride- 
substituted [Cr(NO)(CNR),X]PF, complexes exhibited 
magnetic moments of 1.5-1.7 pB 


The X-band ESR spectra of the paramagnetic complexes 
were also recorded and are presented in Table 11. The 
ligand hyperfine interaction with the nitrosyl nitrogen 
(1(14N) = 1) is the salient feature of the spectra, as each 
signal is split into a triplet with A(14N) N 5 G. This is 
illustrated in Figure 2a in the case of a dichloromethane 
solution of [Cr(NO)(CNCMe3),C1]PF6. Hyperfine inter- 
action with the active chromium nuclei (I(53Cr) = 3/2; 
9.54% abundance) is in accord with the spin Hamiltonian 
H = -gj3HS + AIS. Four signals of equal intensity are 
predicted from this interaction, but the center two peaks 
are obscured by the much more intense signal associated 
with the nonactive nuclei. Each signal of this quartet, for 
which A(53Cr) N 18 G, is further split by ligand hyperfine 
interaction with the nitrosyl nitrogen and finally presents 
itself as a weak quartet of triplets overlayed by the much 
more intense triplet signal associated with the nonactive 
chromium nuclei (Figure 2a). 


For further examination of this ligand hyperfine split- 
ting, a solution of [Cr(NO)(CNCMe3),(NH2CMe3)]PF6 was 
oxidized electrochemically to the 17-electron [Cr(NO)- 
(CNCMe3),(NH2CMe3)I2+ species. Once again, the char- 
acteristic ligand hyperfine splitting by only one nitrogen 
(A(14N) = 5.4 G )  was seen at the expected g value of 1.99. 
Additional ligand hyperfine interaction due to the amine 
nitrogen was not detected. 


(23) Room-temperature conductivity measurements were carried out 
on - M acetonitrile solutions of representative complexes. Molar 
conductivity values (in Q-’ cmz mol-’) are a~ follows: [Cr(NO)- 
(CNCMe3)s](PF6)z, AM = 263; [Cr(NO)(CNCMe&.]PF6, AM = 128; [Cr- 
(NO)(CNCMea),C1]PF6, AM = 126; [Cr(NO)(CNCMea),Br]PF6, AM = 195. 
The first three values characterize thew complexes as 21 or 1:l electro- 
lytes% and demonstrate the covalently bound nature of the chloride. The 
somewhat larger value for the bromide complex most likely reflects ita 
partial decomposition in this solvent, a conclueion that is supported by 
cyclic voltammetry measurements on acetonitrile solutions of this com- 
plex (containing 0.1 M TBAH a~ supporting electrolyte). 


(24) Geary, W. J. Coord. Chem. Reu. 1971, 7, 81. 
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In the case of [Cr(NO)(CNCMe3)4Br]PF6 and its cy- 
clohexyl isocyanide analogue, a six-line ESR spectrum is 
observed (Figure 2b) in addition to the weak side bands 
resulting from hyperfine interaction with the spin-active 
nuclei of chromium. The increase in complexity of these 
spectra relative to the chloride-containing derivatives al- 
most certainly results from additional ligand hyperfine 
interaction with the bromine nuclei (I(79Br) = I(EIBr) = 
3/2). That this additional splitting is due to the increased 
sensitivity of bromine relative to chlorine in detecting spin 
density and not to changes in the distribution of unpaired 
spin is suggested for several reasons. First, the inherently 
greater sensitivity of bromine is seen in the predicted 
hyperfine coupling constants. For an unpaired valence s 
electron on bromine the isotropic coupling is 7800 G (7BBr) 
or 8400 G (81Br) while for chlorine the value is only 1680 
G (35Cl) or 1395 G (37C1).25 In addition, the consistency 
in A(14N) between the chloride and bromide complexes, 
as well as the pentakis(is0cyanide) compounds, suggests 
that the distribution of spin density is relatively constant 
throughout this series. Further evidence for this is seen 
in the IR spectra of the chloride and bromide complexes 
which are quite similar (see u(N0) and u(C=N) values in 
Table I), implying a similar effect of chloride and bromide 
upon the Cr-NO bonding. A signal split into six compo- 
nents (as in the bromide complexes) could result if A(14N) 
N A(79Br), APIBr) 5 G. In such an event, the triplet 
of quartets which is expected if A(14N) > A(79Br), A(81Br) 
would coalesce to a signal comprising six lines with ap- 
proximate relative intensities 1:2:3:3:2:1 (Figure 2b).26 
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Registry No. [Cr(N0)(CNCMeJs] (PF& 76482-54-7; [Cr(NO)- 
(CNCHMez)S](PF6)z, 82583-25-3; [Cr(NO)(CNC6Hll)s](PF6)z, 
82583-27-5; [Cr(NO)(CNCMe3)s]PF6, 51406-87-2; [Cr(NO)- 
(CNCHMez)61PF6, 82583-29-7; [Cr(NO)(CNC6Hll)s]PF6, 82583-31-1; 
[Cr(NO)(CNCMe3),(NHzCMe3)]PF6, 82583-33-3; [Cr(NO)- 
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(NHzCHMez)]PF6, 82583-37-7; [ Cr(NO)(CNCHMez),(piperidine)]- 
PF6, 82583-39-9; [Cr(NO)(CNCMe3),C1]PF8, 82089-40-5; [Cr(NO)- 
(CNCHMe2),C1]PF6, 82583-41-3; [Cr(NO)(CNCMe3),Br]PF6, 
82583-43-5; [Cr(NO)(CNC6H11),Br]PF6, 82583-45-7; [Cr- 
(cNCMe3)61(PF6)z, 75215-52-0; [Cr(CNCHMe,),] (PF,),, 82583-47-9; 
[Cr(CNC6Hll)e](PF6)z, 80083-26-7. 


(25) Atkins, P. N.; Symons, M. C. R. ’The Structure of Inorganic 
Radicals”; Elsevier: Amsterdam, 1967; p 21. 


(26) Note added in proof: Since this paper waa submitted, a study 
of nitrosylchromium complexes haE been reported (Herberhold, M.; 
Haumaier, L. Chem. Ber. 1982, 115, 1399) in which the Cr(1) species 
[Cr(NO)(CNCMe3)s](PF6), and [Cr(NO)(CNCMeJ4C1]PF6 were syn- 
thesized by a procedure different from ours. 
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Mass analysis of a series of homoleptic isocyanide and mixed nitrosyl-isocyanide complexes of chromium 
and molybdenum was undertaken by using secondary ion mass spectrometry (SIMS). Complexes of the 
form [Cr(NO)(CNR),]PF, (R = Me, CHMe2, or CMe& [Mo(NO)(CNR),]X (R = CMe3, X = BF4; R = 
C&, x = PF,), and [Cr(NO)(CNR),](PF,), (R = CHMe2, CMe3, or C6Hll) were investigated, as well as 
the substituted species [Cr(NO) (CNCMe3),(amine)]PF6 (amine = Me2CHNHz or piperidine) and [ Cr- 
(NO)(CNR),X]PF, (R = CHMe2, X = C1; R = CMe3, X = C1 or Br). The homoleptic silver isocyanide 
complex, [Ag(CNCMe3),]PF6, was also investigated. For those compounds which contain stable monocations 
or dications which may be readily reduced to the corresponding monocations, an informative fragmentation 
sequence was observed. Species for which stable monocations are unknown or not readily accessible, viz., 
[Cr(CNC&),I (PF6)2, [Cr(CNC,Hll),(pE~)21~PF,), [Cr(NO) (NCMe)51 (PF,),, and [Mo(CNR),I (PF6)Z (R 
= Me or CMe3), ylelded SIMS spectra in which neither the molecular cation nor informative fragment 
ions were readily obtained. These trends we discussed in light of the redox properties of the species and 
the "18-electron rule". 


Introduction 
Our recent discovery'of certain nitrosyl-isocyanide 


complexes of chromium has led to some interesting ob- 
servations with regard to their redox properties. While the 
17-electron species [Cr(NO)(CNR),](PF,), (where R = 
CHMe2, CMe3, or C&,,) are easily isolated, their chemistry 
is often dominated by the ease of reduction to their 18- 
electron congeners. This observation no doubt reflects the 
moderate 7r acidity of the isocyanide ligands, as such a 
facile reduction is not observed with the acetonitrile com- 
plex [Cr(NO)(NCMe)5](PF6)2.2,3 


Where *-accepting capabilities exist for ligands in oc- 
tahedral coordination, the formally nonbonding metal- 
based hr orbital set becomes bonding in ~ha rac t e r .~  As 
a consequence of this A interaction, 18 electrons are re- 
quired to populate all bonding molecular orbitals of the 
molecule. The ease with which the 17-electron complexes 
[Cr(NO)(CNR),](PF& are reduced bears out the increased 
stability attained in an 18-electron configuration. Ac- 
cordingly, the question of the gas-phase stabilities of these 
and related compounds arose, and characterization by 
secondary ion mass spectrometry (SIMS) was undertaken. 
The mass analysis capabilities of SIMS have previously 
been demonstrated for transition-metal coordination 
complexes,5ie many of which cannot be analyzed by con- 
ventional electron-impact mass spectrometry due to their 
low volatility or thermal instability. 
Three types of compounds were chosen for investigation: 


(i) those compounds which contain stable (17- or 18-elec- 
tron) monocations; (ii) those dications which electrochem- 
ical measurements have revealed may be readily reduced 


to the corresponding monocations; and (iii) species for 
which stable monocations are unknown or not readily 
accessible. The observation of molecular and fragment ions 
in the SIMS spectra are discussed in terms of electronic 
configuration and electrochemical data. 


Experimental Section 
Materials. The compounds [Cr(CNC6H11)6](PF6)2 and [Cr- 


(CNC6H11)4(PEt3)2] (PF& were synthesized by a previously re- 
ported m e t h ~ d . ~  The action of nitric oxide on homoleptic iso- 
cyanide species afforded the paramagnetic complexes [ Cr- 
(NO)(CNR),](PFd, (R = CHMe2, CMe3, or C&Il1) and subsequent 
reduction with zinc metal yielded the 18-electron complexes 
[Cr(N0)(CNR),]PFs.l Thii method was not a viable route to the 
MeNC derivative [Cr(NO)(CNMe),]PF,, which we obtained by 
an alternate procedure.8 The substituted compounds [Cr- 
(NO)(CNCMeJ,(amine)]PF, (amine = Me2CHNHz or piperidine) 
and [Cr(NO)(CNR),X]PF, (R = CHMe2, X = C1; R = CMe3, X 
= C1 or Br) were available from an earlier study.' The syntheses 
of the molybdenum compounds [MO(CNR),](PF~)~ (R = Me or 
CMeJg and [Mo(NO)(CNR),]X (R = CMe3, X = BF4;lo R = C&,, 
X = PF,") have also been reported. 


The silver isocyanide complex [Ag(CNCMe3),]PF6 WEB prepared 
by a method analogous to that of Sacco,12 viz., reaction of a mixture 
of AgN03, U F s ,  and tert-butyl isocyanide in an ethanol medium 
at room temperature for 4 h. The product, obtained upon solvent 
evaporation, was extracted into CHzCl2, filtered to remove any 
residual KPF,, and precipitated from solution by the addition 
of petroleum ether. 


Instrumentation. SIMS spectra were obtained on a Riber 
Instrument (Model SQ 156L) in the positive ion mode by using 
an energy selector, a quadrupole mass filter, a Channeltron 
electron multiplier, and pulse-counting electronics. An argon ion 
beam was used at 4 keV with a primary ion current typically 
A or less and WEB focused to a beam size of 0.1 cm2. This fulfills 


(1) Wigley, D. E.; Walton, R. A., Organometallics 1982, 1, oo00. 
(2) The acetonitrile complex [Cr(NO)(NCMe)6] (PF& undergoes an 


irreversible electrochemical one-electron reduction at ca. -0.6 V vs. a 
calomel electrode in acetonitrile solution, with [Et4N]C1O4 as supporting 
electrolyte. See ref 3. 


(3) Clamp, S.; Connelly, N. G.; Taylor, G .  E.; Louttit, T. S. J.  Chem. 
SOC., Dalton Trans. 1980, 2162. 


(4) Mitchell, P. R.; Parish, R. V. J. Chem. Educ. 1969.46, 811. 
(5) Pierce, J. L.; Busch, K. L.; Walton, R. A.; Cooks, R. G. J.  Am. 


Chem. SOC. 1981, 103, 2583. 
(6) Pierce, J. L.; Busch, K. L.; Cooks, R. G.; Walton, R. A. Inorg. 


Chem. 1982,21, 2597. 


0276-7333 f 8212301-1328$01.25 f 0 0 


(7) Mialki, W. S.; Wigley, D. E.; Wood, T. E.; Walton, R. A. Inorg. 


(8) Lloyd, M. K.; McCleverty, J. A. J. Organomet. Chem. 1973,61,261. 
(9) Brant, P.; Cotton, F. A.; Sekutowski, J. C.; Wood, T. E.; Walton, 


(10) McCleverty, J. A.; Williams, J. Transition Met .  Chem. 1976, I ,  


(11) Klendworth, D. D.; Welters, W. W., 111; Walton, R. A. Organo- 


(12) Sacco, A. Gazz. Chim. Ital. 1955, 85, 989. 


Chem. 1982,21, 480. 


R. A. J. Am. Chem. SOC. 1979,101, 6588. 
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metallics 1982, 1, 336. 
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CNR and Mixed CNR-NO Complexes of Cr and Mo 


lCrlNO)lCNMe),)(PF,l ’ 
CrIN0)L; 


NH4CI matrix 
Aa’ I 


Figure 1. SIMS spectrum of the monocationic 18electron species 
[Cr(NO)(CNMe)6]PF6 (L = MeNC). 


I 
r i  


x10 , 
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Figure 2. SIMS spectrum of the 18-electron complex [Cr- 
(NO)(CNCMe3)4(NH2CHMe2)]PF6 (L = Me3CNC). 


the static SIMS req~irement,’~ ensuring that individual surface 
molecules are not subject to multiple primary ion impacts. Main 
chamber pressure during analysis was 1 X torr or less. 
Samples were admixed with an excess of ammonium chlorideI4 
and were burnished directly onto an abrasively cleaned 1-cm2 silver 
foil. No charge compensation was necessary in any of the ex- 
periments. 


Results and Discussion 
For this series of homoleptic and substituted isocyanide 


complexes, the molecular cation and a characteristic 
fragmentation sequence were readily observed only for the 
f i t  two types of compounds investigated, viz., (i) species 
which exist as stable monocations with 17- or 18-electron 
configurations and (ii) species in which such a configura- 
tion is readily accessible. As dipositive ions are rarely 
observed in SIMS analyses15 such species must possess a 
viable pathway to a stable monocation in order to be ob- 
served in the mass analysis. Hence, the 18-electron species 
[Cr(NO)(CNR),]PF, (where R = Me, CHMe,, or CMe,) 
(Figure l), [Cr(NO)(CNCMe3)4(amine)]PF6 (where amine 
= Me2CHNH2 or piperidine) (Figure 2), [Mo(NO)- 
(CNCMe3)JBF4 (Figure 31, and [Mo(NO)(CNC6H5),]PF6 
and the 17-electron dicationic species [Cr(NO)(CNR),]- 
(PF& (where R = CHMe,, CMe,, or C6Hll) (Figure 4) 
which are easily reduced electrochemically and chemically 
to the corresponding monocationic 18-electron systems,lJ6 
as well as the stable, monocationic 17-electron [Cr(NO)- 
(CNR),X]PF, (where R = CHMe,, X = C1; R = CMe3, X 
= C1 or Br) (Figures 5 and 6) all give a wealth of structural 
information in their SIMS spectra. Particularly note- 


(13) Benninghoven, A. Surf. Sci. 1973, 35, 427. 
(14) Liu, L. K.; Busch, K. L.; Cooks, R. G. Anal. Chem. 1981,53,109. 
(15) Colhy, B. N.; Evans, C. A., Jr. Appl. Spectroac. 1973, 27, 274. 
(16) The cyclic voltammograms of [Cr(NO)(CNR)6](PFs)2 (R = 


CHMe2: CMe3, or CBH11) (dichloromethane-0.2 M tetra-n-butyl- 
ammonium hexafluorophosphate, scan rata of 200 mV/s) reveal a re- 
duction wave at ElI2 = +0.30 to +0.35 V vs. SCE; E,,+ - E,,c = 100 mV. 
See ref 1. 
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worthy is the observation that the [Cr(NO)(CNR),] (PF,), 
and [Cr(NO)(CNR),]PF, species give essentially identical 
SIMS spectra. The third group of compounds chosen for 
study, the dicationic species [Cr(CNC,H& (PF& and 
[Cr(CNC6H11)4(PEt3)2](PF6)2, formally possessing 16- 
electron configurations, the acetonitrile complex [Cr- 
(NO)(NCMe),] (PF,),, a 17-electron system, and the 18- 
electron [Mo(CNR),](PF,), (where R = Me or CMe,) do 
not have stable monocationic counterparts3~’J7 and con- 
sequently, under our experimental conditions, yielded 
SIMS spectra devoid of the molecular cation and charac- 
teristic fragment ions. 


The complexes [Cr(NO)(CNR),]PF, (Figure 1) and 
[Cr(NO)(CNCMe,),(amine)]PF, (Figure 2) yield SIMS 
spectra very characteristic of the analyte. For all three 
monocationic, 18-electron pentakis(isocyanide) complexes, 
virtually identical fragmentation patterns were observed. 
Relative ion abundances are influenced by the primary ion 
current, with fragmentation increasing with increasing 
primary ion current. Fragmentation is seen to occur ini- 
tially by the loss of isocyanide ligands. The loss of one 
isocyanide from the molecular cation is observed and the 
loss of a second yields the base peak (Figure 1). These 
observations are somewhat expected due to the greater 
*-accepting ability of the nitrosyl ligand, thereby ensuring 
a strong M-NO bond. While relative bond strengths are 
important in determining initial ligand loss from larger 
ions, the ability of the smaller ions to delocalize charge 
becomes a dominant factor in determining their relative 
abundances. This effect is seen in further fragmentation 
sequences. The loss of a third isocyanide ligand also oc- 
curs, but in this case, the resulting [Cr(NO)(CNR),]+ ion 
appears in somewhat low abundance presumably due to 
the rapid, subsequent loss of the nitrosyl ligand to give the 
observed [Cr(CNR),]+ ion. Loss of an isocyanide ligand 
from this species occurs, yielding [Cr(CNR)]+; no ions 
corresponding to either [Cr(NO)(CNR)]+ or [Cr(NO)]+ 
were detected. This phenomenon was also observed in the 
SIMS spectra of the substituted species [Cr(NO)- 
(CNCMe3)4(amine)]PFG. Because of the facile loss of the 
amine ligand only a very weak molecular ion is observed 
(less than 1% relative abundance). Again, [Cr(NO)- 
(CNR)]+ and [Cr(NO)]+ were not seen. The absence of 
[Cr(NO)]+ contrasts with the observation of [Cr(CNR)]+, 
a result which might reflect the ability of the larger RNC 
ligand to disperse charge throughout the fragment. Sim- 
ilarly, the greater stability of [Cr(CNR),]+ as compared 
to the unobserved [Cr(NO)(CNR)]+ can be rationalized 
on similar grounds, since both fragments can be considered 
to have been generated by selective ligand loss from the 
[Cr(NO)(CNR),]+ ion, which itself appears in low abun- 
dance. 


We next turned our attention to the dicationic species 
[Cr(NO)(CNR),](PF,), (where R = CHMe,, CMe,, or 
C&ll). These complexes possess facile electrochemical 
and chemical reduction pathways to the corresponding 
monocations1J6 and hence are readily reduced by secondary 
electrons during the SIMS experiment. As a result, the 
17-electron dicationic species yielded SIMS spectra vir- 
tually identical with their 18-electron congeners. Thus, 
although analysis of the dicationic complexes was under- 
taken, it was the 18-electron monocations that were ob- 
served; this ease of reduction is expected on the basis of 
the “18-electron rule”.4 The spectrum of [Cr(NO)- 
(CNCHMe2),](PFJ2, a representative complex of this type, 
is presented in Figure 4. 


(17) Mialki, W. S.; Wild, R. E.; Walton, R. A. Inorg. Chem. 1981,20, 
1380. 
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Figure 3. SIMS spectrum of the 18-electron molybdenum complex [MO(NO)(CNCM~~)~]BF, (L = Me,CNC). 
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Figure 4. SIMS spectrum of the 17-electron dicationic species 
[Cr(NO)(CNCHMe2)5](PF6)z (L = Me2CHNC). 
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Figure 5. SIMS spectrum of the chloride-substituted, 17-electron 
monocationic complex [Cr(NO)(CNCHMez),Cl]PF6 (L = 
Me2CHNC). 


The halide-substituted 17-electron species [ Cr(N0)- 
(CNR),X]PF, (where R = CHMe,, X = C1; R = CMe3, X 
= C1 or Br) exist as stable monocations and therefore yield 
SIMS spectra characteristic of the analyte. As illustrated 
for [Cr(NO)(CNCHMe,),C1]PF6 (Figure 5), the spectra are 
more complex than those of [Cr(NO)(CNR),]"+ due to the 
competitive loss of nitrosyl and halide ligands, producing 
[Cr(NO)(CNR),]+ (where n = 3 and 4) and [Cr(CNR),Cl]+ 
(n  = 2-4) ions. In the case of the bromide complex [Cr- 
(NO)(CNCMe3),Br]PF,, incorporation of chloride from the 
NH4Cl matrix was observed as demonstrated by the ap- 
pearance of [Cr(NO) (CNCMe3),C1]+ in approximately the 
same relative abundance as [Cr(NO)(CNCMe3)4Br]+. 


When NH4N03 is employed as the matrix support, this 
incorporation is easily avoided, producing the SIMS 
spectrum of [Cr(NO)(CNCMe3)4Br]+ as shown in Figure 
6. In this case, the molecular ion was observed and loss 
of C4H8 from certain fragments yielded ions in high relative 
abundance. The peak at mass 130 was neither seen in the 
SIMS spectra of [Cr(NO)(CNCMe,),] (PF,), (where n = 
1 or 2) nor of [Cr(NO)(CNCMe3)4C1]PF6 (analyzed from 
an NH4N03 matrix) and does not contain bromide as ev- 
idenced by its monoisotopic nature. Its origin remains 
uncertain at  present. 


This study was next extended to include the analogous 
molybdenum nitrosyl-isocyanide complexes [Mo(NO)- 
(CNCMe3)5]BF4 (Figure 3) and [Mo(NO)(CNC,H~)~]PF~ 
The SIMS spectra of these molybdenum derivatives were, 
as one might expect, characteristic of Belectron, mono- 
cationic systems. Fragmentation was somewhat more ex- 
tensive than for the corresponding chromium systems in 
that loss of a fragment corresponding to C4H8 is observed 
from each ion in the [Mo(NO)(CNCMe,),]+ series (where 
n = 1-4). Interestingly, such ligand fragmentation has 
been observed in the electron-impact mass spectra of 
certain carbonyl-tert-butyl isocyanide complexes of 
chromium and molybdenum.18 The intact molecular 
cation was observed in 20% relative abundance (for R = 
CMeJ with respect to [Mo(NO)(CNCMeJ,]+ as the base 
peak. 


The dicationic 16-electron systems [Cr(CNC&),] (PF& 
and [Cr(CNC6Hn)4(PE5)2](PF,), and the nitrile derivative 
[Cr(NO)(NCMe),] (PI?,),, possessing a 17-electron config- 
uration, do not reduce to form stable monocationic species 
as evidenced by electrochemical measurements3i7 and, in 
accord with these observations, did not yield intact mo- 
lecular cations or, under our experimental conditions, 
structurally diagnostic fragments in the mass spectrometer. 
Similar results were obtained for the molybdenum species 
[Mo(CNR),](PF,), (where R = Me or CMe,). Very com- 
plex spectra devoid of the molecular cation were observed, 
and structurally diagnostic fragments were not readily 
obtained. For attainment of a cation of unit charge, viz., 
[Mo(CNR),]+, a one-electron reduction to the unstable 
19-electron species would have to occur. Such a process 
is unknown in the solution chemistry of these species,17 
and we would not expect to observe these species in the 
gas phase either. 


(18) Conner, J. A.; Jones, E. M.; McEwan, G. K.; Lloyd, M. K.; 
McCleverty, J. A. J. Chem. SOC., Dalton Trans. 1972, 1246. 
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Figure 6. SIMS spectrum of the 17-electron bromide complex [Cr(NO)(CNCMe3)4Br]PFs analyzed from an  NH4N03 matrix (L = 
Me3CNC). 
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graphite support 


(19) Cotton, F. A.; Wilkinson, G. 'Advanced Inorganic Chemistry", 4th 
ed.; Wi1ey:New York, 1980; p 969. 


ometry over the tetrahedral structure of the molecular 
cation. 


Conclusion 
Prior knowledge of the redox properties of many of these 


homoleptic isocyanide and mixed nitrosyl-isocyanide 
complexes permits an understanding of why certain di- 
cationic species are readily reduced during the SIMS ex- 
periment and characteristic ions observed, and why 
structurally useful fragments are not readily observed for 
other complexes. Mass spectra characterizing monoca- 
tionic complexes or complexes which have an accessible 
pathway to a stable singly charged species can readily be 
obtained by SIMS, and this is usually a reflection of the 
increased stability attained in an l&electron configuration. 
This study further demonstrates that metal-ligand bond 
strengths increase in the order Cr-amine < Cr-CNR < 
Cr-NO for the chromium complexes investigated. 
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Facile Conversion of Tungsten( V I )  Neopentylidyne Complexes 
into Oxo and Imido Neopentylidene Complexes and the Crystal 


Structure of W(CCMe,)(PHPh)(PEt,),Cl,' 
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Department of Chemlstty, 6-33 1, Massachusetts Institute of Technology, C a m b r w ,  Massachusetts 02 139, 
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Tungsten(V1) neopentylidyne complexes react with water to give six-coordinate oxo neopentylidene 
complexes of the type W(0)(CHCMe3)L&12 (L = PMe3 or PEG. If an amine is used, amido neopentylidyne 
complexes, W(CCMe,)(NHR)L&l, (R = Ph or H) can be isolated. At 70 "C in toluene these can be converted 
into the imido neopentylidene complexes, W(CHCMe3)(NR)L2C12 (AG* = 22 k 4 kcal mol-l for R = Ph 
and L = PEt,). The reaction follows firsborder kinetics and is unaffected by addition of PEt, or changing 
the solvent to chloroform or bromobenzene. The analogous phosphido complex, W(CCMe3)(PHPh)- 
(PEt3)2C12, has also been prepared. It cannot be transformed readily into hypothetical W(CHCMe3)- 
(PPh)(PEt&Cl,, in spite of the fact that the planar phosphido ligand is cis to the neopentylidyne ligand 
and ita a-proton is pointed toward the neopentylidyne a-carbon atom as determined by an X-ray diffraction 
study. C stals of W(CCMe3)(PHPh)(PEt,),C1, belong to the centrosymmetric orthorhombic space group 


= 1.52 g cm-3 for 2 = 4 and mol w t  = 669.4. The structure was refined by full-matrix leasbsquares methods 
to RF = 2.8% and RwF = 2.9% for all 2007 absorption-corrected point-group independent reflections having 
2 h  < 50° (none rejected). The molecule poseesses precise (crystallographically imposed) mirror symmetry. 
The central tungsten atom is in a distorted octahedral coordination environment, which consists of mutually 
trans PEt, ligands (W-P(2) = W-P(2') = 2.556 (1) A), two mutually cis chloride ligands, a neopentylidyne 
ligand ( W 4  = 1.808 (6) A, and a phenylphosphido ligand (W-P = 2.291 (1) A). Space group symmetry 
requires the entire W(PHPh) system to be precisely planar. 


Pnam (of, Y. No. 62) with a = 22.693 (13) A, b = 8.545 (1) A, c = 15.082 (4) A, V = 2924.6 (20) A3, and p(calcd) 


Introduction 
There has been considerable progress in the last 2 years 


in understanding the mechanism of the olefin metathesis 
rea~t ion .~  An example is the discovery of well-defined oxo 
alkylidene complexes of W(V1) which will metathesize 
01efins.~ Other workers have shown that oxo alkyl com- 
plexes are important metathesis catalyst precursors (pre- 
sumably precursors to oxo alkylidene complexes) and that 
Lewis acids that bind to the oxo ligand can rapidly increase 
the rate of formation of an alkylidene ligand and probably 
also increase the rate of olefin metathesis.% Theoretical 
studies also support the theory that oxo alkylidene com- 
plexes are likely to be an important type of tungsten-based 
olefin metathesis catalsyL6 Recently it has been shown 
that two alkoxide ligands can take the place of the oxo 
ligand.5b 


One question which still has not been answered satis- 
factorily (in part because there may be no single answer) 
is what is the origin of the initial alkylidene ligand? Some 


version of a-hydrogen abstraction' is one of the most at- 
tractive routes to the initial alkylidene complex, especially 
since it now seems possible that a-hydrogen processes can 
compete with, or even be favored over, @-hydrogen pro- 
ces~es.*,~ But an allzylidyne complex, W (CCMe3)- 
(CH2CMe3)3, is the product of the reaction between 
LiCH2CMe3 and WC&,lo and other alkylidyne complexes 
(with the metal often in a lower oxidation state) appear 
to form under a variety of conditions." Therefore it would 
be interesting if alkylidyne complexes could be precursors 
to oxo (or imidoI2) alkylidene complexes. In this paper we 
show that this is the case. We also show that phosphi- 
nidene alkylidene complexes cannot be prepared by 
analogous methods. 


Results 
Oxo neopentylidene complexes so far have only been 


prepared indirectly by transferring a neopentylidene ligand 
from tantalum to tungsten.4c With the discovery of neo- 
pentylidyne complexes such as [NEt,] [ W(CCMe3)C14] l3>l4 


(1) Multiple Metal Carbon Bonds. 29. For part 28 see ref 12. 
(2) (a) Massachusetts Institute of Technology. (b) State University 


of New York a t  Buffalo. 
(3) (a) Grubbs, R. H. B o g .  Inorg. Chem. 1978,24,1. (b) Katz, T. J. 


Adu. Organomet. Chem. 1977,16,283. (c) Calderon, N.; Lawrence, J. P.; 
Ofstead, E. A. Ibid. 1979,17,449. (d) Rooney, J. J.; Stewart, A. Catalysis 
(London) 1977,1, 277. 


(4) (a) Schrock, R. R.; Rocklage, S.; Wengrovius, J.; Rupprecht, G.; 
Fellmann, J. J. Mol. Catal. 1980,8,73. (b) Wengrovius, J. H.; Schrock, 
R. R.; Churchill, M. R.; Missert, J. R.; Youngs, W. J. J. Am. Chem. SOC. 
1980,102,4515. (c) Wengrovius, J. H.; Schrock, R. R. Organometallics 
1982,1, 148. (d) Churchill, M. R.; Missert, J. R.; Youngs, W. J. Inorg. 
Chem. 1981,20,3388. (e) Churchill, M. R.; Rheingold, A. L. Inorg. Chem. 
1982, 21, 1357. 


(5) (a) Krees, J.; Wesolek, M.; LeNy, J.-P.; Osborn, J. A. J. Chem., 
SOC., Chem. Commun. 1981, 1039. (b) Kress, J.; Wesolek, M.; Osborn, 
J. A. Ibid. 1982, 514. 


(6) Rapp6, A. K.; Goddard, W. A., 111 J.  Am. Chem. SOC. 1982,104, 
448. 


(7) Schrock, R. R. Acc. Chem. Res. 1979,12, 98. 
(8) Fellmann, J. D.; Schrock, R. R.; Traficante, D. D. Organometallics 


(9) Turner, H. W.; Schrock, R. R. J. Am. Chem. SOC. 1982,104,2331. 
(10) Clark, D. N.; Schrock, R. R. J. Am. Chem. SOC. 1978,100,6774. 
(11) (a) Chiu, K. W.; Jones, R. A.; Wilkinson, G.; Galas, A. M. R.; 


Hursthouse, M. B.; Malik, K. M. A. J. Chem. SOC., Dalton Trans. 1981, 
1204. (b) Chisholm, M. H.; Cotton, F. A.; Extine, M. W.; Murrillo, C. A. 
Inorg. Chem. 1978,17,696. (c )  Sharp, P. R.; Holmes, S. J.; Schrock, R. 
R.; Churchill, M. R.; Wasserman, H. J. J. Am. Chem. SOC. 1981,103,965. 
(d) Andersen, R. A.; Galyer, A. L.; Wilkinson, G. Angew. Chem., Int. Ed. 
Engl. 1976,15,609. (e) Andersen, R. A,; Chisholm, M. H.; Gibson, J. F.; 
Reichert, W. W.; Rothwell, I. P.; Wilkinson, G. Inorg. Chem. 1981, 20, 
3934. (f) Bino, A,; Cotton, F. A.; Dori, Z.; Kolthammer, B. W. S. J.  Am. 
Chem. SOC. 1981, 103, 5779. 


1982, 1, 481. 


(12) Pedersen. S.: Schrock. R. R. J.  Am. Chem. SOC.. in Dress. 
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W=C:H 
CMe3 


PEt3 PEt, 


- 50% conversion 


W--N<; W=NH 


12.12 10.75 9 3s I I  - - _ _  
1 


WsC CLe 


L 
II 9 8 7 6 2 I 0 IO 12 


Figure 1. The 250-MHz 'H NMR spectrum of a mixture (-1:l) of W(CCMe3)(NH2)(PEt3)2C12 and W(CHCMe3)(NH)(PEt3)2C12 at 
350 K in toluene-de (0). 


came the opportunity of forming a neopentylidene ligand 
by protonating a neopentylidyne ligand. Indeed, oxo 
neopentylidene complexes can be formed quantitatively 
from [NEt4][W(CCMe3)C14] in the presence of PR3, water, 
and triethylamine, as shown in eq l.15 Alternatively, oxo 


neopentylidene complexes can be prepared by using lith- 
ium hydroxide instead of NEt3/H20. In no case have we 
been able to observe the logical intermediate, a hydroxo 
neopentylidyne complex. 


Imido neopentylidene complexes12 appear to be similar 
to oxo neopentylidene complexes, even to the point of 
metathesizing olefins.I6 However, when [ NEt,] [ W- 
(CCMe3)C14] is treated with aniline and triethylamine the 
product is a red-orange amido neopentylidyne complex 
rather than the known', yellow imido neopentylidene 
complex (eq 2). The fact that the amido ligand is an 


E t  Ph 
PhNH2,2PEt3 CI, 1 k. 
NEt3, THF cl I CCM~, 


[NE14][W(CCMe3)C14] - ,wg 'H 12 1 
PEt3 


excellent a-electron donor" would suggest that it is planar 
and, in order not to compete with the formation of the 
W=C bond, that  it is cis to the neopentylidyne ligand. 
This argument was also used to rationalize the fact that 
the oxo ligand (also a good a-electron donor ligand which 
is essentially triply bound to the m e t a l 9  and the neo- 


(14) Schrock, R. R.; Clark, D. N.; Sancho, J.; Wengrovius, J. H.; 
Rocklage, S. M.; Pedersen, S. F. Organometallics, in press. 


(15) J. Wengrovius prepared the first oxo neopentylidene complex 
from a neopentylidyne complex by treating W(CCMe3)(PMe3)3C131' with 
1 equiv of water in dichloromethane. The products are W(0)- 
(CHCMe,)(PMe3)2Cl, and PMe3HC1 in quantitative yield. 


(16) Pedersen, S., unpublished results. 
(17) Nugent, W. A.; Haymore, B. L. Coord. Chem. Reo. 1980,31,123. 


pentylidene ligand in W(0) (CHCMe3) (PMe3),C1, are also 
cis to one a n ~ t h e r . ~  The triplet signal for the neo- 
pentylidyne a-carbon atom is found a t  300.5 ppm (Jcp = 
12 Hz) in the 13C NMR spectrum. The 31P(1H] NMR 
spectrum consists of a sharp singlet at  16 ppm (Jpw = 276 
Hz) which is unaffected by addition of free PEt3. The 
amido proton is found as a broad singlet a t  13.2 ppm in 
the lH NMR spectrum. If rotation of the amido ligand 
about the W-'N bond is slow on the NMR time scale (a 
fact which is true for the analogous WNH, complex; see 
later), then two isomers (phenyl group pointing in and 
phenyl group pointing out) are possible. So far we have 
seen only one isomer. 


A PMe2Ph complex analogous to that shown in eq 2 can 
be prepared straightforwardly by a similar method. Its 
'H NMR spectrum shows that the phosphine's methyl 
groups are inequivalent, as expected. 


Five-coordinate W(CCMe3)(NHPh)(PEt3)C1, can be 
prepared from W ( CCMe3) ( PEt3) C13 and LiN( H)Ph (or 
PhNH, in the presence of NEt3). Unfortunately, W- 
(CCMe,)(NHPh)(PEt,)Cl, is a non-sublimable oil and 
therefore is not readily purified. The 31P(1H) NMR 
spectrum shows a singlet resonance a t  40 ppm (Jpw = 308 
Hz) and a signal ascribable to a small amount of the bis- 
(phosphine) complex, W(CCMe3)(NHPh)(PEt&C1,, a t  16 
ppm. The 13C{1H) NMR spectrum of W(CCMe3)- 
(NHPh)(PEt&12 shows a doublet signal for the alkylidyne 
a-carbon atom a t  304.6 ppm (Jcp = 12 Hz). 


The unsubstituted amido complex, W(CCMe3) (NH,)- 
(PEtJ,Cl,, can be prepared as shown in eq 3. Since LiNH, 


PEI 
LiNH ZPEt CI, I .;;", 


[NEtJ[W(CCMe3)CI4] d3 Cl+C (3 I 
PEt,CMe3 


THF 


is not very soluble in THF, the reaction is slow (-8 h). 


~ (1% Griffith, W. P. Coord. Chem. Reu. 1970,5, 459. 
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Table I. Kinetic and Thermodynamic Parameters for 
Decomposition of W(CCMe,)(NHPh)(PEt,),Cl, to 


W(CHCMe,)(NPhNPEt,),Cl, in Toluene-d, a 


T, K 103(l/T) 103k, min-' -log k tl12, min 


Rocklage e t  al. 


Table 11. Experimental Data for the X-ray Diffraction 
Study of  W(CCMe,)(PHPh)(PEt,),CI, 


(a) Crystal Dataa at 24 "C 
crystal system: orthorhombic 
space group: Pnam 
a = 22.693 (13) A 
b = 8.545 (1) A 
c = 15.082 (4) A 
V =  2924.6 (20)A' 
2 = 4  
mol wt = 669.4 
p(calcd) = 1.52 g cm+ 


radiation: Mo Ka (1 = 0.710730 A) 
reflections measd: +h,+k ,+ l  
scan type: coupled e (crystal)-2e (counter) 
20 range: 4.0-50.0" 
scan speed: 2.55" min-' 
scan width: [C + (Ka, - Ka,)]' (C = 2.0') 
reflections collected: 3845 total yielding 2007 point 


group unique data 
data averaging: RI= 1.91% for 1827 reflections 


having two or more contributors 
absorption coeff: 45.3 cm-' 


a Unit cell parameters were obtained from least-squares 
fit to the setting angles of the unresolved M o  Kol compo- 
nents of 25 reflections with 20" < 20 < 30". 


(b)  Measurement of Intensity Data 


350 2.857 55.5 1.26 12 
347 2.882 33.7 1.47 21 
346 2.890 30.2 1.52 23 
343 2.915 25.6 1.59 27 
338 2.959 9.9 2.00 70 
334 2.994 6.0 2.22 116 
329 3.039 2.3 2.64 301 
l o g A =  20i 2 
E, = 34 f 3 kcal mol-' 
AG* = 22 * 4 kcal mol-' 
AH* (343 K ) =  33 5 3 kcal mol-' 
AS* (343 K ) =  31 5 9 eu 


a The difference between the largest and smallest 
possible slopes in the Arrhenius plot were used to estimate 
the error in k (510%). Temperatures are accurate to t0.5 
degrees. 


Signals for the amido protons are found a t  9.4 and 10.8 
ppm in the 250-MHz 'H NMR spectrum (Figure 1). 
Therefore the amido ligand is not freely rotating about the 
w-" bond on the 'H NMR time scale. The amido pm- 
tons probably lie in the plane which includes the neo- 
pentylidyne a-carbon atom, the amido nitrogen atom, and 
the chloride ligands. 


When W(CCMe,)(NHPh)(PEt&Cl, is heated to 70 "C 
in toluene, the known yellow imido neopentylidene com- 
plex forms quantitatively (eq 4). This reaction can be 


L 
L = PEt, L 


monitored by 'H NMR and the rate of conversion mea- 
sured by integrating the ortho proton signals in the 
spectrum of a mixture of the two compounds (see Ex- 
perimental Section). The reaction is first order in metal 
through 3 half-lives. In toluene-d8 the measured rate 
constants were 2.8 X lo-, and 3.0 X lo-, min-' for solutions 
0.03 and 0.30 M in tungsten, respectively. These rate 
constants are the same within experimental error (&lo%). 
Rate constants determined at  various temperatures along 
with thermodynamic parameters derived from an Ar- 
rhenius plot are given in Table I. 


The conversion of W(CCMe3)(NHPh)L2C1, to W- 
(CHCMe3)(NPh)L2C12 is a well-behaved reaction. At 343 
K the rate constants of the reaction in chloroform-d or 
bromobenzene were the same within experimental error 
as the rate constants for the reaction in toluene. At  338 
K in to1~ene-d~ (0.15 M in W) k was independent of PEt, 
concentration (0.77 M = 5 equiv; 1.54 M = 10 equiv). 
Therefore, we cannot propose that loss of either PEt, or 
C1- is an important part of this process. However, if 10 
equiv of NEt, are added to a solution of W(CCMe3)- 
(NHPh)L2C12, the rate of its conversion to W- 
(CHCMe3)(NPh)L2C12 increases tenfold. 


The above finding suggested that a strong base might 
deprotonate or dehydrohalogenate W(CCMe3)- 
(NHPh)L2C12. We have found this to be the case using 
Ph3P=CH2 (eq 5). Red W(CCMe,)(NPh)(PEt,),Cl is a 


L 
+ Ph P=CH I YN-Ph 


WlCCMe3(NHPh)LzClp 1' Cl-+ I5 ) - Ph3PMeCI ,! 'CMe, 
Ls PEt, 


potentially interesting species since the imido ligand should 
not be able to fully donate its *-electron pair to tungsten 
in competition with the neopentylidyne ligand. Therefore, 


Table 111. Final Positional Parameters for Non-Hydrogen 


atom X Y 2 


W 0.11323 (1) 0.22042 (3) 0.25000 (0) 
Cl(1) 0.01591 ( 8 )  0.0648 (2) 0.25000 (0) 
Cl(2) 0.16332 (10) -0.0343 (2) 0.25000 (0) 
P(l) 0.05782 (7) 0.4446 (2) 0.25000 (0) 
P(2) 0.11490 (5) 0.16782 (15) 0.08341 (8) 
C(1) 0.1740 (3) 0.3573 (6) 0.25000 (0) 
C(2) 0.2195 (3) 0.4842 (8) 0.25000 (0) 
C(3) 0.2115 (2) 0.5858 (6) 0.1680 (3) 
C(4) 0.2805 (3) 0.4136 (10) 0.25000 (0) 
C(5) -0.0188 (3) 0.5058 (7) 0.25000 (0) 
C(6) -0.0662 (3) 0.4040 ( 8 )  0.25000 (0) 
C(7) -0.1225 (3) 0.4617 (10) 0.25000 (0) 
C(8) -0.1336 (4) 0.6172 (11) 0.25000 (0) 
C(9) -0.0871 (4) 0.7203 (8) 0.25000 (0) 
C(10) -0.0307 (3) 0.6654 (7) 0.25000 (0) 
C(11) 0.1861 (2) 0.1980 (6) 0.0288 (4) 
C(12) 0.2361 (3) 0.0997 (8) 0.0644 (4) 
C(13) 0.0922 (3) -0.0325 (6) 0.0537 (4) 


C(15) 0.0644 (3) 0.2860 (6) 0.0157 (4) 
C( 16) 0.0820 (3) 0.4556 (7) 0.0043 (4) 
H 0.095 0.579 0.250 


The atom labeled "H" represents the P-bonded hydro- 
gen atom, whose calculated coordinates were used in 
preparing the figures only; they were not included in any 
structure factor calculations. 


Atoms in W( CCMe, )(PHPh)(PEt, ),CI2 a 


C(14) 0.0998 (3) -0.0814 (8) -0.0428 (4) 


the imido ligand should be bent and relatively basic com- 
pared to a linear imido ligand." Nevertheless, the neo- 
pentylidyne ligand in W(CCMe,)(NPh)(PEt,),Cl is pro- 
tonated more readily, perhaps because the imido ligand 
in W(CHCMe3)(NPh)(PEt3)zClz thereby can donate its 
rr-electron pair to the metal. W(CCMe3)(NPh)(PEt3),C1 
reacts in less than 1 min with HC1 to give W(CHCMe3)- 
(NPh)(PEt3),C12. W(CCMe3)(NPh)(PEt3)2Cl can also be 
converted to W(CHCMe3)(NPh)(PE~)2C12 in benzene by 
using NEt3HC1, but presumably because NEt3HCl is not 
very soluble in benzene, the reaction requires 3 h a t  55 OC 
to go to completion. 


The monophosphine amido complex, W(CCMe3)- 
(NHPh) (PEt3)C12, cannot be readily converted into W- 
(CHCMe3)(NPh)(PEt3)C12. When a sample of W- 







Structure of W(CCMe3) (PHPh) (PEt3)zCl~ 


Table IV. Interatomic Distances ( A )  with Esd's for 
W( CCMe, )( PHPh )(PE t, )2C12 


(A) Distances about the Tungsten Atom 
w-Cl( 1) 2.578 (2) W-P(1) 2.291 (1) 
w-Cl( 2) 2.456 (2) W-P(2) 2.553 (1) 
w-C( 1 ) 1.808 (6) 


(B) Distances within the Neopentylidyne Ligand 
C(l)-C(2) 1.498 (9) C(2)-C(4) 1.509 (10) 
C(2)-C(3) 1.523 (6)  


(C) Distances within the Phenylphosphido Ligand 
P(l)-C(5) 1.815 (6) C(8)-C(9) 1.373 (12) 
C(5)-C(6) 1.385 (9) C(9)-C(10) 1.365 (11) 
C(6)-C(7) 1.369 (11) C(l0)-C(5) 1.390 (9) 
C(7)-C(8) 1.352 (13) 


(D) Distances within the Triethylphosphine Ligands 
P(2)-C(ll) 1.833 (6) C(l1)-C(12) 1.510 (8) 
P(2)-C(13) 1.843 (6) C(13)-C(14) 1.523 (9) 
P(2)-C(15) 1.837 (6) C(15)-C(16) 1.512 (8) 
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(CCMe,)(NHPh)(PEt,)Cl, is heated to 50 "C in benzene, 
no imido &lidene complex is observed after 24 h. Higher 
temperatures could not be used since W(CHCMe3)- 
(NPh)(PEt,)Cl, is not stable above -50 "C. 


W(CCMe,)(NH,)(PEt,),Cl, is cleanly transformed into 
W(CHCMe,)(NH)(PEt,),Cl, (Figure 1) at about half the 
rate a t  which W(CCMe3)(NHPh)(PEt3),C1, is converted 
into W(CHCMe3)(NPh)(PEt3),C12 (tip = 25 min a t  350 
K vs. 12 min, respectively). The slower rate could be 
ascribed to a decrease in acidity on going from WN(H)Ph 
to WNH,. (The pK, for PhNH2 is -27 while the pK, of 
NH3 is -36.) 
Our observations concerning the conversion of amido 


neopentylidyne and (hypothetical) hydroxo neopentylidyne 
complexes into neopentylidene complexes raised the 
question as to whether phosphido neopentylidyne com- 
plexes could be prepared and, if they could, whether they 
could be converted into phenylphosphinidene neo- 
pentylidene complexes. The reaction between [NEt,] [W- 
(CCMe3)Cl,] and PPhH, in the presence of PEt, and NEb 
does yield an orange-red, crystalline phenylphosphido 
neopentylidyne complex (eq 6). NMR studies suggest that 


ita structure is analogous to the amido neopentylidyne 


GI0 
C 


3' 


I _  


Ll2 


Figure 2. ORTEP-II drawing (30% ellipsoids) of W(CCMe& 
(PHPh)(PEt&Cl, with hydrogen atoms and carbon atoms of the 
P& ligands omitted. H(l) is shown in a calculated position based 
upon the external bisectrix of W-P-C(5) and d(P-H) = 1.44 A. 
complexes, Le., that  the phosphido ligand is cis to the 
neopentylidyne ligand and planar. The size of the phos- 
phido PW coupling constant (410 Hz) vs. the phosphine 
PW coupling constant (242 Hz) is consistent with donation 
of the phosphido ligand's lone pair of electrons to the metal 
in order to form a bond to the metal of order greater than 
one. However, un1,ike the amido ligands, the phosphido 
ligand will not release its proton to the neopentylidyne 
ligand; W(CCMe3)(PHPh)(PEt3),C12 is unchanged after 
heating it in benzene a t  75 "C for 24 h. Since we wanted 
to be absolutely certain of the identity of this species and, 
in particular, of which way the phosphido ligand was or- 
iented, we undertook a single-crystal X-ray structural 
study. 


The atomic-labeling scheme for W(CCMe,)(PHPh)- 
(PEt3),C12 is shown in Figure 2, and the molecular geom- 
etry is presented as a stereoview in Figure 3. Interatomic 
distances and angles are collected in Tables IV and V, 
respectively. 


The W(CCMe,)(PHPh)(PEt,),Cl, molecule possesses 
precise (i.e., crystallographically-imposed) C, (m) symmetry 
with the crystallographic mirror plane containing all atoms 
save those of the PEt3 ligands, two Me groups, and two 
hydrogen atoms of the third methyl group in the neo- 
pentylidyne ligand. The central tungsten(V1) atom is in 
a distorted octahedral coordination environment, which 
consisb of mutually trans PEt3 ligands [P(2)-W-P(2') = 
159.65 (4)"], two mutually cis chloride ligands, a neo- 
pentylidyne ligand, and the phenylphosphido ligand. The 
tungsten-neopentylidyne bond length (W-C(l) = 1.808 (6) 
A) is comparable to values found previously for the W d  
bond,lg and the W-C(l)-C(2) angle is 174.0 (4)". It is 


Table V. Interatomic Angles (Deg) with E d ' s  for W(CCMe,)(PHPh)(PEt,),Cl, 


C1(1)-W-C1(2) 
C1( 1)-w-P(1) 
a( l)-W-P(2) 
Cl(l)-W-C( 1) 
Cl( 2 )-w-P( 1) 
P(2)-W-P(2') 


(B 
w-C( 1)-C( 2) 
C( 1)-C( 2)-C( 3) 


(C 1 
w-P( 1)-C( 5 )  
P(l)-C(5)-C(6) 
P(l)-C(5)-C(lO) 
C(5)-C(6)4(7) 
C( 6)-C( 7)-C( 8)  


(A) Angles about Tungsten 
86.53 (5) C1(2)-W-P(2) 
87.77 (4) C1( 2 )-w-C( 1) 
85.52 (4)  P(l)-W-P(2) 


170.72 (15) P( 1 )-W-C( 1 ) 
174.30 (5) P( 2)-w-C( 1) 
159.65 (4)  


80.62 (5) 
102.75 (15) 
98.94 (4) 
82.96 (15) 
95.89 (15) 


Angles Involving the Neopentylidyne Ligand 


109.3 (4) C(4)4(2)-C(3 1 109.7 (5) 
174.0 (4) C(l)-C(2)-C(4) 110.1 (5) 


hgles Involving the Phenylphosphido Ligand 
140.02 (17) C(7 )-C( 8)-C(9) 119.2 (7) 
124.4 (4) C( 8)-C(9 )-C( 10 ) 120.0 (6) 
118.0 (4) C(9)-C(lO)-C(5) 121.3 (5) 
120.0 (5) 117.7 (5) 
121.8 (6)  


C( 10 )-C( 5 )-C( 6 ) 


(D) Angles Involving the Triethylphosphine Ligands 
W-P(2)-C(11) 115.5 (2) P (2 )-C( 11 )C ( 1 2 ) 115.1 (4) 
W-P(2)-C( 13) 113.5 (2) P(2)-C(13)-C(14) 117.1 (4) 
W-P( 2)-C(15) 116.2 (2) P(2)-C(15)-C(16) 115.2 (4) 
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Figure 3. Stereoscopic view of the W(CCMe3)(PHPh)(PEt,)2C12 molecule. 


notable that there is a substantial difference in the two 
tungsten-chlorine distances; that  trans to the neo- 
pentylidyne ligand (W-CI(1) = 2.578 (2) A) is approxi- 
mately 0.12 A longer than that trans to the phosphido 
ligand (W-Cl(2) = 2.456 (2) A). The trans angles for the 
chloride ligands are Cl(1)-W-C(1) = 170.72 (15)' and 
Cl(B)-W-P(l) = 174.30 (5) A. The various cis angles range 
from C1(2)-W-P(2) = C1(2)-W-P(2') = 80.62 (5)' through 


The tungsten-phosphide bond (W-P(l) = 2.291 (1) A; 
cf. the Mo-phosphide bond length of 2.29 (4) A in Mo[P- 
(OMe)3]s[P(OMe)2]+ 23) is substantially shorter than the 
tungsten-phosphine distances (W-P(2) = W-P(2') = 2.553 
(1) A). The P-Ph linkage is normal (P(l)-C(5) = 1.815 
(6) A), but the W-P(1)-C(5) angle (140.02 (17)') seems 
large. It is important to note that the space group sym- 
metry requires the entire W(PHPh) system to be precisely 
planar and to lie in the same plane as that which contains 
W, C1(1), C1(2), and C(1). (This finding is consistent with 
formation of a ?r bond between P(1) and W which does not 
compete with formation of the triple bond between W and 
C(l).) Consequently, the phosphido hydrogen atom (which 
was not located directly in the analysis) points toward the 
neopentylidyne ligand's a-carbon atom. The calculated 
position of this hydrogen atom (on the basis of P-H = 1.44 
8, and an external bisecting geometry relative to the W- 
P-C(5) angle) places this atom approximately 2.6 A from 
the a-carbon atom of the neopentylidyne ligand (Figure 
2). 


Cl(B)-W-C(l) = 102.75 (15)'. 


Discussion 
The kinetics of the transfer of an amido proton to the 


neopentylidyne ligand suggests that the process is intra- 
molecular. An intermolecular process cannot be ruled out, 
but it seems unlikely, a t  least for octahedral amido com- 
plexes. The simplest intramolecular process would be 
essentially direct transfer of the proton from nitrogen to 
carbon, analogous to the a-hydrogen atom abstraction 
reaction in which an alkylidene ligand is formed by mi- 


(19) For example, the W=C bond length is 1.785 (8) A in W- 
(CCMes)(CHCMe3)(CH2CMe3)(dmpe),20 1.807 (6) A in W- 
(CHAIMe2-,C11+,)(C1)(PMe3)s,21 and 1.82 (2) A in W(C@-tolyl))($'- 
C6H6)(C0)2.22 


(20) Churchill, M. R.; Youngs, W. J. Znorg. Chem. 1979, 18, 2454. 
(21) Churchill, M. R.; Rheingold, A. L.; Wasseman, H. J. Znorg. Chem. 


1981,20, 3392. 
(22) Huttner, G.; Frank, A,; Fischer, E. 0. Zsr. J. Chem. 1976-1977, 


15, 133. 
(23) Muettertiee, E. L.; Kirner, J. F.; Evans, W. J.; Watson, P. A.; 


Abdel-Meguid, S.; Tavanaiepour, I.; Day, V. W. Proc. NutE. Acad. Sei. 
U.S.A. 1978, 75, 1056-1059. 


gration of an a-proton from one alkyl group to the a- 
carbon atom of another alkyl group. Postulating an in- 
tramolecular hydrogen transfer should not be inconsistent 
with dehydrohalogenation of the amido complex by a 
strong base (Ph3P=CH2) or acceleration of the proton 
transfer by triethylamine, since, among other reasons, 
aikylidene ligands can also be formed by dehydrohalo- 
genation of an alkyl halide ~ o m p l e x . ~  Perhaps the most 
interesting similarity with the a-hydrogen atom abstraction 
reaction is the fact that the proton transfers more slowly 
in W(CCMe,)(NHPh)(PEt,)Cl, (if a t  all) than it does in 
W(CCMe3)(NHPh)(PEt3)2C12. a-Hydrogen atom ab- 
straction is also slow in complexes of low coordination 
number and also is promoted by addition of donor lig- 
a n d ~ . ~ ~  The structure of W(CCMe3)(NHPh)(PEt3)C12 is 
likely to be a trigonal bipyramid with the neopentylidyne 
and amido ligands in the trigonal plane (cf. the structure 
of W(0)(CHCMe3)(PEt3)C12d); i.e., the neopentylidyne 
and amido ligands should be -110' apart. 


One of the most interesting features of the structure of 
W(CCMe3)(PHPh)(PEt3)2C12 is that the W-P-Ph angle 
is rather large. Certain alkylidene complexes are similarly 
distorted.% In fact, some M-C,-H, angles can be as small 
as 70'.% It is now clear that the alkylidene complexes are 
distorted for largely electronic reasons;27 the metal is ac- 
quiring a-electron density from the C,-H, bond. I t  is 
probably for similar reasons that the W-PHPh system is 
distorted to the extent it is. Furthermore, although the 
overall structure of W(CCMe3)(NHPh)(PEtJ2C12 is likely 
to be analogous to that of W(CCMe3)(PHPh)(PEt3)2Clz, 
the shorter W-N bond (-2.0 A17) would probably lead to 
an even greater distortion of the NHPh ligand.28 The 
shorter W-N bond alone would place the amido proton 
-2.3 A from the neopentylidyne a-carbon atom. We 
conclude that the phenylamido proton would probably be 
close enough to the neopentylidyne a-carbon atom to 
transfer directly to it and that the reason why the phe- 
nylphosphido proton does not transfer to the neo- 
pentylidyne a-carbon atom is simply that it is too far away. 


The slower rate of transfer of the amido proton in 
W(CCMe3)(NH2)(PEt3)2C12 to the neopentylidyne a-car- 


(24) Rupprecht, G. A.; Messerle, L. W.; Fellmann, J. D.; Schrock, R. 
R. J.  Am. Chem. SOC. 1980, 102, 6236. 


(25) Schrock, R. R. In "Reactions of Coordinated Ligands"; Brater- 
man, P. S., Ed.; Plenum Press: New York, in press. 


(26) Wengrovius, J. H.; Schrock, R. R.; Churchill, M. R.; Wasserman, 
H .  J. J. Am-Chem. SOC. 1982,104, 1739. 


(27) Holmes, S. J.; Clark, D. N.; Turner, H. W.; Schrock, R. R. J.  Am. 
Chem. SOC., in press. 


(28) The W-N-adamantyl angle in truns-Mo[NH(adamantyl)l2- 
(OSiMe,), is 151O; Nugent, W. A.; Harlow, R. L. Znorg. Chem. 1980.19, 
777. 







Structure of W(CCMe3) (PHPh) (PEt3)&12 


bon atom is probably best ascribed to the likely higher 
acidity of the proton in the phenylamido complex. Since 
methylene ligands distort as much as neopentylidene lig- 
and~,~ the NH2 ligand should be as distorted as the NHPh 
ligand. 


Although we cannot prove that intermediate hydroxo 
complexes analogous to the amido complexes are formed 
initially in the process of generating oxo alkylidene com- 
plexes from water and the alkylidyne complex, that pro- 
posal is a reasonable one. A hydroxo ligand should lose 
a proton to the neopentylidyne a-carbon atom more easily 
than an amido ligand does on the basis of the greater 
acidity of an alcohol relative to  the analogous amine. 


Viewing the conversion of an alkylidyne into an alkyl- 
idene ligand as proton transfer constrasts sharply with 
prevailing nucleophilic attack on Fischer-type carbyne 
complexes (e.g., [MCp(CO),(CPh)] [BF,] (M = Mn, R e P )  
which all contain metals with a t  least two more d electrons. 
Yet it should be noted that [W(CCMe3)C14]- cannot be 
protonated readily by HC1 in dich10romethane.l~ There- 
fore we can postulate that W(VI) alkylidyne Complexes will 
not be protonated readily unless good *-donor ligands are 
present or can be formed as a result of the protonation 
process. If this is so, then we should be able to form the 
recently discoveredsb oxo ligand free complexes of the type 
W(CHCMe3)(OR)2C12 from [W(CCMe3)C14]-, 2ROH, and 
Et,N. Preliminary results suggest that  this is a quanti- 
tative reaction for R = CMe3.16 


Alkylidyne complexes should now be added to the list 
of possible precursors to alkylidene complexes responsible 
for the metathesis of olefimSs Alkylidyne complexes can 
form under a variety of and even small 
amounts reacting with (e.g.) traces of water would be 
sufficient to generate one of the extremely active me- 
tathesis catalysts. 


Experimental Section 
General experimental procedures may be found elsewhere.24 


[NEt4] [W(CCMe3)C14] was prepared by treating W(CCMe3)- 
(CHzCMe3)310 with 3 equiv of HCl in the presence of NEt4C1.14 
NMR data are listed in parts per million relative to Me4Si ('H 
and 13C NMR) or external 85% (,'P NMR). 13C NMR 
spectra were run in both the 'H decoupled and gated 'H decoupled 
modes in order to extract all coupling constants. 


Preparation of W(0)(CHCMe3)(PEt3)2Clz from [NEt,][W- 
(CCMe3)C14]. [NEt4][W(CCMe3)Cll] (0.26 g, 0.5 mmol) was 
dissolved in THJ? (10 mL), and PEG (0.12 g, 1.0 "01) and LiOH 
(0.012 g, 0.5 mmol) were added. After the solution was stirred 
overnight, the volatiles were removed in vacuo and the residue 
was extracted with diethyl ether. The extract was filtered, and 
the volatilea were removed in vacuo to give a greenish yellow solid 
which by 31P and 'H NMR is identical with authentic W(0)- 
(CHCMe3)(PEt&Clz.k 


Preparation of W(CCMe3)(NHPh)(PEt3)zC12. PEt3 (0.95 
g, 8.0 mmol) and NEt3 (560 pL, 4.0 mmol) were added to 
[NEt4][W(CCMe3)C14] (2.10 g, 4.0 mmol) in THF (25 mL). The 
green slurry was cooled to -30 "C, and PhNH2 (365 pL, 4.0 mmol) 
was added to the stirred slurry. The solution turned orange-red 
as it warmed to room temperature. After 2 h the volatiles were 
removed in vacuo. The residue was extracted with ether, the 
mixture was filtered, and the filtrate was concentrated in vacuo 
to -10 mL. Cooling the filtrate to -30 "C for several hours gave 
orange crystals (75%): 'H NMR (C6D6) 6 13.20 (br s, 1, NHPh), 


(t, 1, Jm = 7.3 Hz, HA, 1.96 (m, 12, PCH2CH3), 1.32 (a, 9, CCMe3), 
7.53 (d, 2, JIM = 8.5 Hz, HJ, 7.07 (t, 2, J H H  = 7.9 Hz, Hm), 6.91 
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0.90 (m, 18, PCHzCH3); 13C NMR (C&) 6 300.5 (t, 2Jcp = 10.7 
Hz, CCMe3), 153.5 (8,  Cip), 128.9,125.7,121.3 (d, JcH = 153-165 
Hz, C h y J ,  49.6 (8, CCMe3), 32.4 (9, JCH = 125 Hz, CCMe3), 17.4 
(tt, JCH = 130 Hz, J c p  = 12 Hz, PCHZCHJ, 7.7 (q, JCH = 127 Hz, 
PCHZCH,); 31P(1H) NMR (C&) 6 15.6 (s, Jpw = 276 Hz). Anal. 
Calcd for WC23H45NP2C12: C, 42.35; H, 6.95. Found: C, 42.19; 
H, 7.08. 


Preparation of W (CCMe3) (NHPh) (PMe2Ph)&12. PMe2Ph 
(0.28 g, 2.0 mmol) was added to [NEt4][W(CCMe3)C14] (0.52 g, 
1.0 mmol) in THF (10 mL). LiNHPh (0.10 g, 1.0 mmol) was 
added, and the red-orange solution was stirred for 2 h. The 
mixture was filtered, and the filtrate was evaporated to dryness. 
A filtered dichloromethane (5 mL) extract of the residue was 
cooled to -30 "C to give 0.4 g of red-orange crystals (60%): 'H 
NMR (C6D6) 6 13.07 (br s, 1, NHPh), 7.41-6.88 (m, 15, phenyl), 


PCHJB)), 0.93 (s, 9, CCMe3). 
Observation of W(CCMe3)(NHPh)(PEt3)C12 LiNHPh (0.05 


g, 0.50 mmol) was added to W(CCMe3)(PEt3)C1,14 (0.24 g, 0.5 
mmol) at -30 "C in ether (10 mL). The reaction immediately 
turned orange. After the solution was stirred for 4 h, the LiCl 
was removed by filtration and the orange solution evaporated to 
an orange oil which could not be crystallized. The 31P(1H) NMR 
spectrum shows mostly W(CCMe3)(NHPh)(PEt,)C12 at 40.3 ppm 
(Jpw = 308 Hz), but -20% of the reaction mixture is the bis- 
(phosphine) complex, W(CCMeJ(NHPh)(PEk),Cl,. The l3C{'H) 
NMR spectrum shows a doublet signal for the alkylidyne a-carbon 
atom (2J~p = 12 Hz) at 304.5 ppm. The amido N-H proton is 
found at 10.5 ppm in the 'H NMR spectrum. 


Preparation of W(CCMe3)(NPh)(PEt3)zCl. Ph3P=CH2 
(0.11 g, 0.38 mmol) was added to a solution of W(CCMe3)- 
(NHPh)(PEt3)&12 in toluene (-7 mL) which had been cooled 
to -30 "C. The orange solution immediately turned cherry red. 
After 45 min [Ph3PCH3]C1 was fiitered off, and the purple solution 
was evaporated to dryness, yielding pure product: 'H NMR ( C a d  
6 7.6-7.0 (m, 5, phenyl), 2.05 (m, 12, PCH2CHJ, 1.65 (s,9, CCMeJ, 
1.24 (m, 18, PCHZCH,); 13C(1HJ NMR 6 322.7 (t, 2Jcp = 
9.9 Hz, CCMe3), 161.0 (5, Ciw), 128.5-124.0 (d, JCH = 160 Hz, 
CpbenyJ, 52.4 (s, CCMe3), 34.2 (9, JCH = 125 Hz, CCMe3), 17.9 (tt, 
JCH = 128 Hz, Jcp = 13 Hz, PCHZCH,), 8.8 (t, J c H  = 125 Hz, 
PCHZCH,); 31P(1H) NMR (C&) 6 32 (5, J p w  = 295 Hz). Anal. 
Calcd for WCZ3HMNP2C1: C, 44.91; H, 7.20. Found: C, 45.19; 
H, 7.17. 


Preparation of W(CCMe3)(NHz)(PEt3)2C12 LiNH2 (0.09 
g, 3.8 mmol) was added to a THF (40 mL) solution containing 
PEt, (0.90 g, 7.6 mmol) and [NEt4][W(CCMe3)C14] (2.0 g, 3.8 
"01). After 2 h the reaction began turning orange. After being 
stirred overnight, the reaction mixture was filtered through a Celite 
pad, the solvent was removed from the filtrate to give a sticky 
orange solid which was recrystallized from a mixture of ether and 
THF (101) by cooling a concentrated solution to -30 "C for several 
hours. Orange crystals (1.0 g) were isolated by filtration. The 
filtrate was concentrated in vacuo and cooled to -30 "C for a 
second crop: 'H NMR (C6D6) 6 10.84 (br 8 ,  2, NHJ, 9.37 (br s, 
1, NHB), 1.95 (m, 12, PCH2CH3), 1.09 (s,9, CCMe3), 1.02 (m, 18, 
PCHzCH3); '%('H) NMR (CDClJ 6 299 (t, Jcp = 11 Hz, CCMe3), 
48.2 ( 8 ,  CCMe3), 31.3 (4, JcH = 126 Hz, CCMe,), 16.4 (tt, JCH = 
127 Hz, 2Jcp = 13 Hz, PCH,CH,), 6.9 (4, J c H  = 126 Hz, PCH2CHJ. 
Anal. Calcd for WC17H41NP2C12: C, 35.44; H, 7.17. Found: C, 
35.34; H, 7.25. 


Preparation of W(CCMe3)(PHPh)(PEt3),Clz. PEt, (0.24 
g, 2.0 mmol) and NEt, (0.10 g, 1.0 mmol) were added to a solution 
of [NEt4][W(CCMe3)C14] (0.52 g, 1.0 mmol) in 10 mL of THF. 
PhPHz (0.11 g, 1.0 mmol) was added after the solution was cooled 
to -30 "C. The solution immediately turned red. After 2 h the 
reaction mixture was filtered and the filtrate was evaporated to 
dryness. An ether/THF (101) extract of the residue was cooled 
to -30 "C to give 0.44 g of red-orange W(CCMe3)(PHPh)(PEt3)2C12 


Hz, PHPh), 8.56-7.04 (m, 5, Hphen I), 2.01 (m, 12, PCH2CH3), 1.30 
(8 ,  9, CCMe3),0.98 (m,18,PCH2&f3);'3C(1H} NMR (C6D6) 6 289 
(br s, CCMe,), 149 (d, Jcp = 10 Hz, Cip), 133-128 (d, JCH = 160 
Hz, CphmyJ, 50.5 (s, CCMe3), 32.2 (4, JCH = 126 Hz, CCMe,), 19.1 
(tt, JCH = 129 Hz, 'Jcp = 12 Hz, PCHZCH,), 8.1 (4, JCH = 126 
Hz, PCHZCH,); 31P(1H) NMR (C6H6) 6 233 (t, Jpp,  = 59 Hz, Jpw 
= 410 Hz, PHPh), 15.2 (d, Jppt = 59 Hz, J p w  = 242 Hz, PEt3); 


1.91 (t, 6, 2JHp = 4.4 Hz, PCH,(A)), 1.83 (t, 6, 2JHp = 4.4 Hz, 


(65%): 'H NMR (C&5) b 10.00 (d, 1, JHP = 362 Hz, 2 J ~ ~  = 65 


(29) (a) Fischer, E. 0.; Stijckler, P. Kreissl, F. R. J. Organomet. Chem. 
1977,129,197. (b) Fischer, E. 0.; Clough, R. L.; Stijckler, P. Ibid. 1976, 
120, C W 8 .  (c) Fischer, E. 0.; Meineke, E. W.; Kreissl, F. R. Chem. Ber. 
1977,110,1140. (d) Fischer, E. 0.; Frank, A. Zbid. 1978,111,3740. (e) 
Fischer, E. 0.; Clough, R. L.; Bed, G.; Kreissl, F. R. Angew. Chem., Znt. 
Ed. Engl. 1976, 15, 543. 
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31P (proton-coupled) NMR 6 232.3 (dt, J ~ H  = 362 Hz, Jpp, = 59 
Hz, PHPh), 15.2 (d, Jpp = 59 Hz). Anal. Calcd for WCBHa3C12: 
C, 41.28; H, 6.78. Found: C, 41.71; H, 6.82. 


Crystal Structure Determination. A. Data Collection. 
Deep red plate-like crystals of W(CCMe3)(PHPh)(PEt&C12 were 
grown from toluene. A crystal measuring approximately 0.24 X 
0.24 X 0.32 mm was sealed into a glass capillary under inert-at- 
mospheric conditions. Description of our use of the Syntex P2, 
diffractometer has been published;30 details pertaining to the 
present analysis are in Table 11. Systematic absences observed 
were h0l for h = 2n + 1 and Okl for k + 1 = 2n + 1; possible space 
groups are the noncentrosymmetric orthorhombic space group 
PnaZl (4, No. 33) or the centrosymmetric space group Pnam (a 
nonstandard setting of Pnma-Dg; No. 62). 


In view of the possibility of the noncentrosymmetric space group 
Pna2, (with polar c =_is), intensity data were collected for the 
two forms hkl and hkl. The intensity data were corrected for 
absorption by using the empirical $-scan method with seven 
reflections covering the 28 range 19-45'. 


B. Solution and Refinement. The structure was initially 
solved in the acentric space group Pna2, by Patterson and dif- 
ference-Fourier techniques, which determined the coordinates 
of all non-hydrogen atoms. Full-matrix least-squares refinement 
led to RF = 4.8%. However, unreasonably large C-C distances 
within the PEt3 ligands, coupled with the appearance of mirror 
symmetry within the molecule, led us to attempt further re- 
finement in the higher symmetry centric space group &am; this 


choice proved to be correct as verified by successful refinement 
and chemically reasonable features throughout the molecule. 
Difference-Fourier calculations failed to locate the unique P- 
bonded hydrogen atom; all other hydrogen atoms were included 
in calculated  position^.^^ The final agreement factors were RF 
= 2.8%, RwF = 2.9%, and GOF = 1.01 for all 2007 point-group 
independent data with 4.0 5 28 5 50.0' (none rejected). The ratio 
of observations to variables was 2007151 = 13.31. Structure factor 
calculations excluding data with lFol < 3o(lF,,I) gave RF = 2.4%, 
RwF = 2.8%, and GOF = 0.99. 


Final positional parameters are listed in Table 111. 
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A variety of surface-confined species ( V ~ - C ~ H ~ ) W ( C O ) ~ R  (R = C1, CH3, C2H5, CHzC6H5) has been syn- 
thesized and characterized and their photochemistry examined and compared to solution analogues. High 
surface area (400 m2/g) SO2, [SiOz]-, has been functionalized first with -SiMezC5H5 by reaction of surface 
OH groups with C1SiMe2C5H5 or EtOSiMezC5H5. The resulting [SiOz]-SiMezC5H5 can then be treated 
in a series of conventional synthetic steps to yield [Si02]-SiMe2-(~5-C5H4)W(CO)3R (R = C1, CH3, CzH5). 
Elemental analyses and infrared spectroscopy has been used to establish that the average coverage is generally 
submonolayer, with an average separation between W centers of 10-20 A. Chloromethylated polystyrene 
reacts with [(V~-C,H,)W(CO)~]- to yield (115-C5H5)W(C0)3(11-CH2C6H4-[P]) or with C5H5Na followed by 
conventional synthetic procedures to yield [P]-C6H4CH2-(05-C5H4)W(C0)3R (R = CH3, CZH5). In all cases 
near-UV (355 nm) irradiation yields chemistry consistent with efficient, dissociative loss of CO as the primary 
reaction following photoexcitation as has been found for the analogous solution species = 0.35 f 0.05). 
Direct spectroscopic evidence for the photogeneration of surface-confined, 16-valence-electron intermediates 
comes from the infrared analysis of Nujol suspensions of [Si02]-SiMez-(05-C5H4)W(C0)3R (R = CH3, CzH5) 
irradiated at  77 K. For R = CH, warm-up of the irradiated sample yields nearly complete regeneration 
of the starting complex by back-reaction with the photoejected CO, whereas for R = CzH5 warm-up yields 
some regeneration of the starting complex and some conversion to [Si021-SiMez-(~5.-C5H4) W(C0)2(H) (CzH4). 
Unlike the analogous complex in solution, prolonged irradiation of the [Si02]-SiMe2-(?5-C5H4) W(CO)3R 
does not yield W-W bonded products, consistent with the immobilized centers remaining anchored suf- 
ficiently far apart that W-W bonds cannot form. Irradiation of (~5-C5H5)W(C0)3(11'-cH~c6H4-[P]) a t  77 
K does not allow the observation of a 16-valence-electron intermediate rather (v5-C5H5)W(C0),(q3- 
CH2C,H4-[P]) is formed. These and similar results for the solution species R = CH2C6H5 and CH(CH3)C6H5 
allow an upper limit for the activation energy for the conversion of an +benzyl to q3-benzyl to be set at 
-6 kcal/mol. Irradiation of (v5-C5H5) W(C0)3CH2CH2C6H5 leads to a blue 16-valence-electron species a t  
77 K which gives trans-(q5-C5H5)W(C0)2(H)(styrene) upon warming. This styrene-hydride rearranges 
slowly at 300 K (tlI2 = -400 s) to form (115-C5H5)W(C0)2(q3-CH(CH3)C6H5). 


Surface-confined organometallic species have recently 
received widespread a t ten t i~nl -~  and have been the subject 
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of two recent reviews.'P2 The interest in these materials 
is due to their potential ability to effect catalysis of nu- 
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31P (proton-coupled) NMR 6 232.3 (dt, J ~ H  = 362 Hz, Jpp, = 59 
Hz, PHPh), 15.2 (d, Jpp = 59 Hz). Anal. Calcd for WCBHa3C12: 
C, 41.28; H, 6.78. Found: C, 41.71; H, 6.82. 


Crystal Structure Determination. A. Data Collection. 
Deep red plate-like crystals of W(CCMe3)(PHPh)(PEt&C12 were 
grown from toluene. A crystal measuring approximately 0.24 X 
0.24 X 0.32 mm was sealed into a glass capillary under inert-at- 
mospheric conditions. Description of our use of the Syntex P2, 
diffractometer has been published;30 details pertaining to the 
present analysis are in Table 11. Systematic absences observed 
were h0l for h = 2n + 1 and Okl for k + 1 = 2n + 1; possible space 
groups are the noncentrosymmetric orthorhombic space group 
PnaZl (4, No. 33) or the centrosymmetric space group Pnam (a 
nonstandard setting of Pnma-Dg; No. 62). 


In view of the possibility of the noncentrosymmetric space group 
Pna2, (with polar c =_is), intensity data were collected for the 
two forms hkl and hkl. The intensity data were corrected for 
absorption by using the empirical $-scan method with seven 
reflections covering the 28 range 19-45'. 


B. Solution and Refinement. The structure was initially 
solved in the acentric space group Pna2, by Patterson and dif- 
ference-Fourier techniques, which determined the coordinates 
of all non-hydrogen atoms. Full-matrix least-squares refinement 
led to RF = 4.8%. However, unreasonably large C-C distances 
within the PEt3 ligands, coupled with the appearance of mirror 
symmetry within the molecule, led us to attempt further re- 
finement in the higher symmetry centric space group &am; this 


choice proved to be correct as verified by successful refinement 
and chemically reasonable features throughout the molecule. 
Difference-Fourier calculations failed to locate the unique P- 
bonded hydrogen atom; all other hydrogen atoms were included 
in calculated  position^.^^ The final agreement factors were RF 
= 2.8%, RwF = 2.9%, and GOF = 1.01 for all 2007 point-group 
independent data with 4.0 5 28 5 50.0' (none rejected). The ratio 
of observations to variables was 2007151 = 13.31. Structure factor 
calculations excluding data with lFol < 3o(lF,,I) gave RF = 2.4%, 
RwF = 2.8%, and GOF = 0.99. 


Final positional parameters are listed in Table 111. 
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A variety of surface-confined species ( V ~ - C ~ H ~ ) W ( C O ) ~ R  (R = C1, CH3, C2H5, CHzC6H5) has been syn- 
thesized and characterized and their photochemistry examined and compared to solution analogues. High 
surface area (400 m2/g) SO2, [SiOz]-, has been functionalized first with -SiMezC5H5 by reaction of surface 
OH groups with C1SiMe2C5H5 or EtOSiMezC5H5. The resulting [SiOz]-SiMezC5H5 can then be treated 
in a series of conventional synthetic steps to yield [Si02]-SiMe2-(~5-C5H4)W(CO)3R (R = C1, CH3, CzH5). 
Elemental analyses and infrared spectroscopy has been used to establish that the average coverage is generally 
submonolayer, with an average separation between W centers of 10-20 A. Chloromethylated polystyrene 
reacts with [(V~-C,H,)W(CO)~]- to yield (115-C5H5)W(C0)3(11-CH2C6H4-[P]) or with C5H5Na followed by 
conventional synthetic procedures to yield [P]-C6H4CH2-(05-C5H4)W(C0)3R (R = CH3, CZH5). In all cases 
near-UV (355 nm) irradiation yields chemistry consistent with efficient, dissociative loss of CO as the primary 
reaction following photoexcitation as has been found for the analogous solution species = 0.35 f 0.05). 
Direct spectroscopic evidence for the photogeneration of surface-confined, 16-valence-electron intermediates 
comes from the infrared analysis of Nujol suspensions of [Si02]-SiMez-(05-C5H4)W(C0)3R (R = CH3, CzH5) 
irradiated at  77 K. For R = CH, warm-up of the irradiated sample yields nearly complete regeneration 
of the starting complex by back-reaction with the photoejected CO, whereas for R = CzH5 warm-up yields 
some regeneration of the starting complex and some conversion to [Si021-SiMez-(~5.-C5H4) W(C0)2(H) (CzH4). 
Unlike the analogous complex in solution, prolonged irradiation of the [Si02]-SiMe2-(?5-C5H4) W(CO)3R 
does not yield W-W bonded products, consistent with the immobilized centers remaining anchored suf- 
ficiently far apart that W-W bonds cannot form. Irradiation of (~5-C5H5)W(C0)3(11'-cH~c6H4-[P]) a t  77 
K does not allow the observation of a 16-valence-electron intermediate rather (v5-C5H5)W(C0),(q3- 
CH2C,H4-[P]) is formed. These and similar results for the solution species R = CH2C6H5 and CH(CH3)C6H5 
allow an upper limit for the activation energy for the conversion of an +benzyl to q3-benzyl to be set at 
-6 kcal/mol. Irradiation of (v5-C5H5) W(C0)3CH2CH2C6H5 leads to a blue 16-valence-electron species a t  
77 K which gives trans-(q5-C5H5)W(C0)2(H)(styrene) upon warming. This styrene-hydride rearranges 
slowly at 300 K (tlI2 = -400 s) to form (115-C5H5)W(C0)2(q3-CH(CH3)C6H5). 


Surface-confined organometallic species have recently 
received widespread a t ten t i~nl -~  and have been the subject 
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of two recent reviews.'P2 The interest in these materials 
is due to their potential ability to effect catalysis of nu- 
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merous reactions. Indeed, they are sometimes referred to 
as “third generation catalysts”? for they include advantages 
of both previously known homo- and heterogeneous cata- 
lysts: (1) they are easily removed from the reaction me- 
dium and present good mechanical stability; (2) the sur- 
face-confined sites are well-defined and are reproducibly 
prepared, whereas the activity of heterogeneous catalysts 
is often irreproducible; (3) the surface-confined catalyst 
has normally one type of active site, thus providing high 
specificity; (4) any solvent can be used in the reaction, 
whereas the utility of homogeneous catalysts is sometimes 
limited by the solubility of the catalysts; (5) and surface- 
confined species are sometimes more durable than their 
homogeneous analogues. In addition, the decomposition 
of surface-anchored organometallics can yield highly active 
dispersed metal oxide particles, which are also very ef- 
fective in catalysis.8 


Work done in this area has employed two classes of 
supports: inorganic oxides and organic polymers. Al- 
though there is a wide variety in methods of surface an- 
choring, much of the published data deals with organo- 
metallics attached through a surface-bound phosphine 
ligand. Organometallics attached through a functionalized 
cyclopentadienyl ring have been reported for Cr, Mo, W,3,4 
Fe, C O , ~  Rh,6 and Ti.’ 


Photochemistry of surface-confined molecules is not a 
well-developed field. However, recent studies of the 
photochemistry of surface-confined S ~ C O ( C O ) ~ , ~ J ~  L3- 
R U ~ ( C O ) ~ , ~ ~  L R u ( C O ) ~ , ~ ~  and LFe(C0)22 have shown that 
the surface reactions can be monitored with molecular 
specificity by using Fourier transform infrared (FTIR)”J2 
transmission or photoacoustic spectroscopy (FTIR/PAS).g 
As in photoexcitation of any chemical system, the optical 
energy can be selectively deposited into a given chemical 
constituent, depending on the absorption properties. 
While the photochemistry of appropriate solution species13 
can be used as a guide to the photochemistry of the sur- 
face-confined species, the support may alter the primary 
photochemical events and thermal reactions of primary 


(1) Bailey, D. C.; Langer, S. H. Chem. Reu. 1981,81, 109. 
(2) Hartley, F. R.; Verey, P. N. Adu. Organomet. Chem. 1977,15,189. 
(3) Gubitosa, G.; Brintzinger, H. H. J. Organomet. Chem. 1977,140, 


127. Pittman, C. U., Jr.; Kim, B. T.; Douglas, W. M. J. Org. Chem. 1975, 
40,590. Awl, R. A.; Frankel, E. N.; Frederick, J. P.; Pride, E. H. J.  Am. 
Chem. SOC. 1978,100,577. Tsouris, G. P.; Farana, M. F. J. Organomet. 
Chem. 1976,114,293. Macomber, D. W.; Rausch, M. D.; Tayanaman, T. 
V.; Puresher, R. D.; Pittman, C. U., Jr. Ibid. 1981,205, 353. 


(4) Warel, S.; Buschmeyer, P. Angew. Chem., Int. Ed. Engl. 1978,17, 
131. 


(5) Gubitosa, G.; Brintzinger, H. H. J. Am. Chem. SOC. 1977,99,5174. 
Wold, F. R. W. P.; Gubitosa, G.; Brintzinger, H. H. J. Organomet. Chem. 
1978,148,73. Perkins, P.; Vallband, K. P. C. J.  Am. Chem. SOC. 1979, 
101,3985. Arzoumanian, H.; Alvarez, R. L.; Kowalak, A. D.; Metzger, J. 
Ibid. 1977,99,5174. 


(6) Tung, H. S.; Brubaker, C. H., Jr. J.  Organomet. Chem. 1981,216, 
129. Chang, B. H.; Grubbs, R. H.; Brubaker, C. H., Jr. Ibid. 1979, 172, 
81. 


(7) Grubbs, R. H.; Biggons, C.; Krall, L. C.; Brends, W. D., Jr.; Bru- 
backer, C. H., Jr. J.  Am. Chem. SOC. 1973,95,2373. Bands, W. D., Jr.; 
Brubacker, C. H., Jr.; Chandrasekanan, E. S.; Gibbons, C.; Grubbs, R. H.; 
Kroll, L. C. Ibid. 1975,97,2128. Jackson, R.; Ruddlester, J.; Thompson, 
D. D.; Whelan, R. J .  Organomet. Chem. 1977,125, 57. 


(8) Collman, J. P.; Hegedus, L. S.; Cooke, M. P.; Norton, J. R.; Dol- 
cetti, G.; Marquardt, D. N. J. Am. Chem. SOC. 1972,94,1789. Ichikowa, 
M. J. J. Chem. SOC., Chem. Commun. 1976,ll. Anderson, J. R.; Main- 
waring, D. E. J Catal. 1974, 35, 162. Iwatabe, K.; Dasgupta, s. R.; 
Schneider, R. L.; Smith, G. C.; Watters, K. L. Inorg. Chim. Acta 1975, 
15. 191. ,~ 


(9) Kinney, J. B.; Staley, R. H.; Reichel, C. L.; Wrighton, M. S. J. Am. 


(10) Reichel, C. L.; Wrighton, M. S. J. Am. Chem. SOC. 1981,103,7180. 
(11) Lid, D. K.; Wrighton, M. S. J. Am. Chem. SOC. 1982, 104, 898. 
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Chem. SOC. 1981,103, 4273. 


(13) Geoffroy, G. L.;- Wrighton, M. S. “Organometallic 
Photochemistry”; Academic Press: New York, 1979. 
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products. Further, the fact that the photoexcited species 
and possibly the product(s) are immobilized can prevent 
certain processes requiring diffusion. Photochemistry of 
surface-confined molecules may have practical importance 
in imaging, catalysis, and weathering and corrosion in- 
hibition, in addition to providing new insights into reaction 
mechanisms. 


If photochemical reactions are carried out at  low tem- 
peratures, it  is sometimes possible to accumulate and 
characterize intermediates which would otherwise react 
rapidly to give further products. These techniques have 
been recently applied to identify intermediates in P-hy- 
drogen transfer reactions of 16-valence electron (q5- 
C5H5)W(CO)3R (where R has @-hydrogens) which are 
generated by photoinduced dissociative loss of CO from 
the parent compound (q5-C5H5)W(CO),R.14 The subse- 
quent thermal transformation shown in eq 1 takes place 


(q5-C5H5)W(CO)zCzH5 + 


A 


16-e species 
trans-(q5-C5H5)W(CO),H(C2H4) (1) 


in a series of steps involving weakening of the P-C-H bond 
and complete transfer to form the cis-(q5-C5H5)W(CO),- 
(H)(C2H4) followed by rate-determining cis to trans isom- 
er i~a t i0n . l~  


In this paper we report the synthesis and photochemical 
characterization of a variety of surface-confined (q5- 
C5H5)W(CO)3R species. Supports used are high surface 
area Si02, [Si02]-, and chloromethylated polystyrene, 
[P]-CGH4CH,-, and the species have been anchored either 
via functionalization of the q5-C5H5 ring or the R group 
of the complex. In every case the photochemistry is con- 
sistent with dissociative loss of CO, eq 2, as the primary 
photoproduct, as found for such species in homogeneous 
solution.14J5 


surface-[ (q5-C5H5)W(C0),R] - 


18-e species 


hu 


s~r face- [ (q~-C~H~)W(CO)~R]  + CO (2) 


The surface supported 16-valence-electron species can 
in some cases be characterized at  low temperatures and 
undergo reactions upon warming, paralleling the solution 
species. Reactions such as ligand addition, @hydrogen 
transfer, and conversion of an +benzyl to an q3-benzyl 
have been observed for supported species. However, the 
immobilized 16-valence electron species formed by pho- 
toejection of CO do not lead to dinuclear metal complexes 
on the surface in contrast to the net result from irradiation 
of appropriate solution species. 


Experimental Section 
Materials. Tetrahydrofuran (THF) was freshly distilled from 


Na/benzophenone under Nz. Hexane and toluene were freshly 
distilled from CaHz under Nz. Isooctane was purified according 
to previously reported procedures14 and distilled from CaHz under 
Nz. Ether and EtzO (Analytical Reagent grade, Mallinckrodt) 
was used as received. PPh, (99%, Aldrich) was recrystallized three 


(14) R = CH,, C2H5, and n-pentyl: Kazlauskas, R. J.; Wrighton, M. 
S. J. Am. Chem. SOC. 1980, 102, 1727; J.  Am. Chem. Soc., in press. 


(15) R = Cl: Alaway, D. G.; Barnett, K. W. Inorg. Chem. 1980, 19, 
1533. R = CH, and CH2CBH5: Severson, R. G.; Wojcicki, A. J .  Organo- 
met. Chem., 1978, 157, 173. R = CH3: Tyler, D. R. Inorg. Chem. 1981, 
20,2257. Alt, H. G. J. Organomet. Chem. 1977,124,167. R = C,H,: Alt, 
H. G.; Eichner, M. E. Ibid. 1981,212,397; Angew. Chem., Int. Ed. Engl. 
1982,21,78. R = C2H4Ph Su, S. C. H.; Wojcicki, A. Abstract 1C08 Tenth 
International Organometallic Chemistry Conference, Toronto, Canada, 
Aug 1981, p 47. This last reference describes preliminary results paral- 
leling those described here. 
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Table I. Spectral Data for Relevant Compoundsa 


compd (E, M-I  cm’l, or re1 int) ( e , M - ’  cm-I) 


Klein, Kazlauskas, and Wrighton 


IR, cm-’ UV-vis, nm 


!H, 


2021 (6200), 1932 (13 600) 
2020 ( l . O ) ,  1934 (1.5) 
2009 (LO), 1913 (1.6) 
1955 (l.O), 1865 (1.0) 
1950 ( l . O ) ,  1859 (0.9) 
1936 (l.O), 1861 (1.2) 
1938 ( l . O ) ,  1854 (2.0) 
2018 (6000), 1927 (9800) 
2010 ( l . O ) ,  1920 (1.4) 
2010 (l.O), 1920 (1.6) 
1952 (l.O), 1865 (0.8) 
1956 ( L O ) ,  1853 (0.8) 
1936 (2400), 1858 (7300) 


1922 ( L O ) ,  1844 (-0.8) 
1980 ( l . O ) ,  1905 (2.0) 
1969 ( l . O ) ,  1892 (1.5) 
201 7 (6900), 1934 (6000), 


2007 ( l . O ) ,  1915 (1.0) 
1939 ( l . O ) ,  1863 (0.8) 
1934 (l.O), 1847 (1.6) 
1928 (l.O), 1845 (-0.7) 
2016 (4900), 1925 (7300) 


1939 (l.O), 1846 (0.9) 
1923 (l.O), 1844 (0.7) 
1975 (l.O), 1903 (1.6) 
2010 (6300), 1928 (4800), 


1936 ( l . O ) ,  1842 (-0.8) 
1942 (l.O), 1866 (0.8) 
2050, 1965e 
2047 ( l . O ) ,  1968 ( l . O ) ,  


1948 (1.8) 
1965, 1870e 
1952 (l.O), 1870 (1.6) 


1927 (7000) 


1918 (7500) 


350 (sh), 310 (2500), 256 
350, 292, 248 
359,303, 254 
600 


348 (sh), 310 (2400), 250 (sh) 
358,303 
360, 311, 248 
565,405 


380 (sh, 1600), 315 (sh, 4600), 
260 (sh, 8600) 


-350 (sh) 


370 (sh, 1100), 301 
262 (sh, 10 200) 


360,303, 254 
-405 


345 (sh, 1400), 312 
262 (16 000) 


565, -430 (sh) 


12  200), 


2500), 


380 (sh, 1100), 308 (11 200), 
260 (sh, 9800) 


-420 
457 (530), 312 (2700)f 
472 


All data for solution species were obtained in isooctane or methylcyclohexane at 300 K unless otherwise noted. 
Surface-supported species IR spectra were obtained as KBr pellets at 300 K. UV-vis spectra for surface-supported species 
were obtained by using photoacoustic spectroscopy at 300 K with carbon black as a reference. 
methylcyclohexane at 77 K. Spectra obtained in toluene containing 0.5 M 
PPh,. e Chloroform solution. Data taken from: Alway, D. G.; Barnett, K. W. Znorg. Chem. 1980,19, 1533. f Benzene 
solution. 


Spectra obtained in 
Spectra obtained as a Nujol mull at 77 K. 


Data taken from the reference in footnote e above. 


times from absolute ethanol. Chloromethylated polystyrene (1 % 
divinylbenzene cross-linked, 0.32 mequiv of Cl/g) was obtained 
from Polyscience, Inc., and used as received. Cyclo- 
pentadienylmethylpolystyrene (20% DVB cross-link& 90 mequiv 
of Cp/g) was also obtained from Polyscience, Inc., and used as 
received. High surface area Si02 (400 m2/g, Alfa) was dried for 
1 h at 250 “C and then for 16 h at 120 OC under 4 X torr 
vacuum, and consequently showed an IR absorption at 3692 cm-’, 
attributable to isolated or paired surface hydroxyl groups.16 
Sodium cyclopentadienide-dimethoxyethane adduct, Na- 
(C5H5).DME was available from previous work.17 Elemental 
analyses were performed by Analytische Laboratorien, West 
Germany. 


Instrumentation. UV-vis absorption spectra were recorded 
by using a Cary 17 spectrophotometer. For surface-confined 
materials, IR spectra were taken as KBr pellets ( 2 4 %  by mass 
silica or polymer) or as Nujol mulls between CaF2 plates, on a 
Nicolet 7199 Fourier transform infrared spectrometer. Solution 
spectra were recorded by either using the FTIR or using a Per- 
kin-Elmer 180 spectrometer. Low-temperature IR spectra were 
obtained by using a Precision Cell, Inc. Model P/N 21.000 var- 
iable-temperature cell with outer NaCl or CaF2 windows, using 
liquid N2 as coolant. NMR spectra were obtained by using a 
Varian T60 continuous-wave or JEOL FXSOQ Fourier transform 
spectrometer. All chemical shifts are referenced to tetra- 


(16) Iler, R. K. “The Chemistry of Silica”; Wiley: New York, 1979. 


(17) Robbins, J. L.; Wrighton, M. S. Inog. Chem. 1981, 20, 1133. 
Low, M. J. D.; Parrodi, G. A. Spectrosc. Lett. 1978, 11, 581. 


methylsilane at 0 ppm. A Mel-Temp melting point apparatus 
was used to determine melting points of samples in capillaries 
under air and are uncorrected. FTIR/PAS spectra were obtained 
by using a Nicolet 7199 spectrometer, equipped with a photoa- 
coustic detector1* that allows control of the sample environment. 
The acoustic coupling gas wm either 1 atm of Ar (<1 ppm H20, 
0,) or 1 atm of a 1:4 mixture of O2 and Ar (<1 ppm H20) for 
photolysis experiments. UV-vis photoacoustic spectra were re- 
corded on a Princeton Applied Reesarch Model 6001 photoacoustic 
spectrometer, using air as a coupling gas and carbon black as a 
reference. All manipulations of air-sensitive compounds were done 
under N2 by using a Vacuum Atmospheres He-43-6 Dri-Lab 
glovebox with an attached He 493 Dri-Train or under Ar by using 
conventional Schlenk techniques. 


(T~‘-C~H~)W(CO)& The complexes where R = C1, CH3, C2H5, 
and n-C5H,, were available from previous work.14 The complexes 
where R = CH2C6H5, CH2CH2C6HS, and CH(CH3)C6Hs were 
prepared ~imilarly’~ by reacting (qs-C&dW(C0)3Na in “HF with 
benzyl bromide, l-bromo-2-phenylethane, or l-bromo-l- 
phenylethane, respectively, and p d i e d  by recrystallization from 
hexane. All are crystalline, air-stable, yellow species. IR and 
UV-vis data are listed in Table I. Melting points (uncorrected): 
CH2C8H5, 97-98 OC (with darkening); CH2CH2C6H5, 110-112 OC 
(with darkening); CH(CH,)C&,, 79-80 OC (with darkening). IH 
NMR (q6-C5H5)W(CO)3CH2C&5(CDC13), 6 7.12 (m, 5 H, c&5), 


(C0)3CH2CH2C6HS(acetone-~6), 6 7.20 (s, 5 H, C6H5), 5.69 (s, 5 
5.26 (8, 5 H, CSHS), 2.96 6 (s, 2 H, CH2); (~‘-csHs)W- 


(18) Kinney, J. B.; Staley, R. H., to be submitted for publication. 
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H, C6H6), 2.90-2.71, 1.84-1.64 (m, 4 H, CH2CH2); (T~-C~H~)W-  


(8, 5 H, C6H6), 3.81 (9, J = 7.3 Hz, 1 H, CH), 1.87 (d, J = 7.3 Hz, 


Irradiations. Two General Electric blacklight bulbs (355 * 
20 nm, -2 X lo4 einstein/min) were used for synthetic purposes. 
Generally, photolysis experiments involving surface-confined 
species employed a Hanovia 450-W medium-pressure Hg lamp 
or a Bausch and Lomb SP200 200 W high-pressure Hg lamp both 
of which were equipped with a Pyrex fdter and 10-cm water filter 
to suppress IR emissions. Quantum yields at 366 nm were 
measured in a merry-go-roundlg by using M ($'-C&,)M- 
(CO)& with the appropriate ligand concentration. Threemilliliter 
samples in 13 X 100 mm test tubes were freeze-pump-thaw 
degassed torr, three cycles) and hermetically sealed prior 
to irradiation. The light source was a 550-W medium-pressure 
mercury lamp (Hanovia) equipped with Corning glass filters to 
isolate the 366-nm Hg emission. Ferrioxalate actinometryz0 was 
used to determine light intensity, typically -lo-' einstein/min. 


Low-Temperature UV-vis Spectra. Deoxygenated me- 
thylcyclohexane solutions of ($-C6H6)W(C0)3R ( M) in a 
1-cm path-length quartz cell held in a large copper holder were 
immersed in liquid N2 contained in a Dewar flask equipped with 
quartz flats as windows. To take a UV-vis spectrum the level 
of liquid Nz was lowered to just below the optical path of the 
spectrometer making sure, however, that the copper holder was 
immersed in liquid N2 at all times. Both cell and holder were 
kept immersed in liquid N2 during irradiation with the high- 
pressure Hg lamp or the beam expanded output (-5 mW) from 
an Aerotech, Inc. Model LS5P He-Ne laser operated at 632.8 nm. 


Low-Temperature Infrared Spectra. Deoxygenated me- 
thylcyclohexane solutions of ($-C6H5)W(C0)3R M) or Nujol 
mulls of surface-supported species were placed in a 0.1-mm 
path-length low-temperature IR cell (Precision Cells, Inc. Model 
P/N 21.000) equipped with CsCl windows. This cell was mounted 
in the outer holder equipped with CaF2 or NaCl windows and 
cooled to 77 K by using liquid Nz as coolant. Infrared spectra 
were obtained by using the FTIR at 2- or 4-cm-' resolution. 


Synthesis of [ SiOZ]-SiMe2-(q5-C5H4) W(CO)3R (R = C1, 
CH3, C2H5). To a suspension of 10 g of dry Si02 (corresponding 
to approximately 27 mmol of free hydroxyl groups) in 200 mL 
of toluene was added 4.3 mL of freshly distilled pyridine and 8.6 
g of CISiMezC&, obtained by using literature procedures.z1 The 
mixture was refluxed for 24 h and then filtered under vacuum 
on a medium-fritted glass filter; the derivatized SiOz was then 
washed with 300 mL of methanol to remove pyridinium hydro- 
chloride and with 200 mL of THF and finally dried for 6 h under 
vacuum. To 1.15 g of the resulting derivatized Si02 suspended 
in -50 mL of THF was added 4 mL of n-BuLi (2.3 M) and the 
mixture was refluxed overnight; 3.3 g of W(CO)6 was dissolved 
in the suspension and further refluxed for 1 day. The mixture 
was allowed to cool and reacted for 18 h with 14 mmol of alkyl 
iodide (CH31 or C2H51) as a stirred suspension at room temper- 
ature. The derivatized SiOz was fiially filtered through a fritted 
glass fdter, washed liberally with THF and hexane, and then dried 
overnight under vacuum, giving a yellow, fluffy powder for both 
alkyl substituents. 


For R = C1, 1.5 g of Si02 derivatized with C1SiMe2C5H5 as 
described above was suspended in -80 mL of dry THF, and a 
solution of 4 X mol of isopropyl Grignard reagent in THF 
was added in one portion, and the mixture was allowed to stir 
at room temperature for 2 h. A 1.4-g sample of W(CO)6 was added 
and the solution refluxed overnight. The mixture wm then reacted 
with 0.32 g of NH4C1, stirred for 6 h, filtered through a fritted 
glass fdter, and washed liberally with CH,C12, THF, and isooctane; 
the resulting yellowish powder was finally dried for 6 h under 
vacuum. 


Synthesis of [P].C6H4CH2-(q5-C6H4)W(C0)3CH,. A 5-g 
sample of chloromethylated polystyrene (also known as Merrifield 


(CO)3CH(CH3)C6H5(acetone-d6), 7.32-6.94 (m, 5 H, C&5), 5.44 


3 H, CH3). 


~~~ 


(19) Moses, F. G.; Liu, R. S. H.; Monroe, B. M. Mol. Photochem. 1969, 


(20) Hatchard, C. G.; Parker, C. A. Proc. R .  SOC. London, Ser. A 1966, 


(21) Schaaf, R. L.; Kan, P. T.; Lenks, C. T.; Deck, E. P. J. Org. Chem. 


1, 245. 


235. 


1960, 25, 1986. 
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resinz2) was suspended in 150 mL of dry THF, and 1.5 g of 
Na(C5H6)-DME was dissolved in the mixture which was allowed 
to reflux for 2 days. The polymer was then separated by using 
a fritted glass filter and washed with two 250-mL portions of 
CH30H and THF. The derivatized polymer was then dried for 
2 days under vacuum. A 3.3-g sample of the above material was 
suspended in 150 mL of THF; 0.6 mL of 2.3 M n-BuLi was then 
syringed into the mixture; and the solution wm stirred for 2 days 
at room temperature. A 1.06-g sample of W(CO)6 was added and 
the mixture refluxed for 16 h. Finally, the surface-confiied anion 
was neutralized with 4 mmol of freshly distilled CH31 followed 
by overnight refluxing. The deep yellow polymer was then fdtered, 
washed liberally with toluene, THF, and hexane, and dried ov- 
ernight under vacuum. 


Synthesis of ( q5-C6H5)W( CO)3( q1-CHzC6H4-[ PI). A 0.18-g 
sample of Na[C6H6].DME and 0.35 g of W(CO)6 were dissolved 
in -80 mL of THF, and the solution was refluxed for 3 days. A 
3-g sample of chloromethylated polystyrene was added to the 
solution and the mixture allowed to stir for 24 h at room tem- 
perature. The polymer was then filtered under vacuum and 
washed with 100-mL portions of MeOH, EGO, hexane, and finally 
THF, yielding a bright yellow compound, which was allowed to 
dry overnight under vacuum. 


Results 
a. Synthesis and Characterization of Surface- 


Supported Species. Functionalization of [Si02]- and 
[P]-C6H4CH2C1 follows closely the established pathways 
used to derivatize such surfaces. In the case of [SO2] these 
are surface OH groups that react with Si-Cl or Si-OR, and 
the [P]-C6H4CH2C1 bears a benzyl chloride that can be 
reacted with anions to displace the chloride. The overall 
synthetic procedures used to prepare the various complexes 
anchored on [Si02]- are represented by eq 3-8, and the 


[Si02]-OH + C1SiMe2C5H5 - 
[SO2]-SiMe2C5H5 + HC1 (3) 


[Si02]-SiMe2C5H5 + n-BuLi - 
[Si02]-SiMe2C5H4-Li+ + n-BuH (4) 


[Si02]-SiMe2-(q5-C5H4)W(C0)3-Li+ + 3CO (5) 


[Si02]-SiMe2-(q5-C5H4)W(CO)3CH3 + LiI (6) 


[Si02]-SiMe2-(q5-C5H4)W(C0)3CzH5 + LiI (7) 


[Si02]-SiMe2C5H4-Li+ + W(CO)6 - 
[Si02]-SiMe2-(q5-C5H4)W(C0)3-Li+ + CH31 - 
[Si02]-SiMe2-(q5-C5H4)W(C0)3-Li+ + C2HJ - 


Ht RCl [Si02]-SiMe2-(q5-C5H4)W(CO)<Li+ - - 
[Si02]-SiMe2-(q5-C5H4)W(C0)3C1 (8) 


details are given in the Experimental Section. At each step 
in the synthesis of [Si02]-SiMez-(q5-C5H4)W(C0)3R there 
is the possibility of both low yield and side reactions. 
However, FTIR spectra of the functionalized powders in 
KBr disks or as Nujol mulls show the metal carbonyl re- 
gion to be free of metal carbonyl impurities. For example, 
Figures 1 and 2 illustrate the excellent IR spectra that can 
be obtained for the surface-confined species showing two 
strong IR absorptions, in position and relative intensity, 
that confirm the presence of the bound organometallic 
species. Table I lists IR data for surface species and ap- 
propriate pure substances. In every case, the IR spectrum 
for the surface-bound species accords well with the model 
complex. We conclude that anchoring the complexes does 
not significantly alter their geometrical or electronic 


(22) Merrifield, R. B. Fed. Proc., Fed. Am. SOC. E r p .  B i d .  1962,21, 
412. Merrifield, R. B. Science (Washington, D.C.) 1965, 150, 178. 
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Figure 1. Infrared spectra in the carbonyl stretching region of SiOz-supported species at 300 K as KBr pellets (a) [SiOz]- 
SiMe2-($-C&14)W(CO)3CH3 synthesized as described in the text, (b) [SiOz]-SiMe&s-C&IHs)W(CO)z(PPh~CH3 formed upon irradiation 
of the sample BUS ended in THF containing 0.1 M PPh3; (c) [SiOz]-SiMe2-(~S-C5H4)W(C0)3Cl prepared as described in the text; (d) [Si02]-SiMe2-(v B -CSHI)W(C0)2(PPh3)C1 formed upon irradiation of the sample suspended in THF solution containing 0.1 M PPh3. 


structure, since the CO stretching region of metal carbonyls 
is quite sensitive to both. 


Consistent with the conclusion from the IR spectra, the 
UV-vis absorption of [Si02]-SiMe2-(q5-C5H4) W(C0)3R 
accords satisfactorily with the appropriate (q5-C5H5)W- 
(COI3R model, Table I. The UV-vis data for the sur- 
faceanfined species were obtained by using photoacoustic 
spectroscopy. The apparent discrepencies in band posi- 
tions in the models vs. the surface species are likely due 
to the fact that the absorption maxima are generally just 
shoulders and for the [Si02]-bound systems there is 
background signal in the photoacoustic spectra beginning 
a t  -330 nm from the [Si02]-. 


The presence of the strong IR bands in the CO 
stretching region and the elemental analyses (vide infra) 
do confirm that the metal carbonyls are on the surface. 
Further, the metal carbonyls are covalently anchored; the 
homogeneous models show no persistent attachment to the 
[Si02]-. However, as indicated above, there may be other 
functional groups on the surface such as [Si02]-OR (R = 
CH3, C2H5), from chemistry represented by eq 9 and 10, 


[Si02]-OH + n-BuLi - [Si02]-O-Li+ + n-BuH (9) 


[Si02]-O-Li+ + RI - [Si02]-OR + LiI (10) 


or unreacted [Si02]-SiMe2C5H5. The importance of these 
other functional groups is likely to be low in the present 
systems, since the metal carbonyl can be selectively pho- 
toexcited owing to optical absorption differences. The 
spectra in the C-H stretching region of [Si02]-SiMe2C5H5 
and [Si02]-SiMe2-(q5-C&14)W(CO)3C1 are shown in Figure 
3; the spectra accord well with that in the same region for 
C1SiMe2C5H5. These data do not unambiguously rule out 
significant coverages of [Si02]-OR, but it appears that the 
desired material dominates the spectra. However, the 
elemental analyses, Table 11, do not always accord well 
with the expected ratio of elements. This is clearly a 
problem common to all forms of surface modification. 
Purification procedures employed for solution substances 
cannot be applied to such systems. 


The [P]-C6H4CH2-(q5-C5H4)W(C0)3CH3 species were 
prepared according to eq 11-14, and the [P]-C&CH2W- 
(C0)3(q5-C5H5) was prepared according to eq 15 and 16. 
[P]-C&CH2cl+ Na[C5H5] - 


[P]-C6H4CH2C5H5 + NaCl (11) 
[P]-C6H4CH2C5H5 + n-BuLi - 


[P]-C6H4CH2C5HcLi+ + n-BuH (12) 


[P]-C6H4CH2C5H,Li+ + W(CO)6 - 
[P]-C6H4CH2-(q5-C5H4)W(CO)~-Li+ + 3CO (13) 


[P]-CeH4CH2-(q5-C5H4)W(CO)3-Li+ + CH31 - 
[P]-C6H5CH2-(q5-C5H4)W(C0)3CH3 + LiI (14) 


W(CO)6 + Na[C5H5] - Na[(q5-C5H5)W(CO),] + 3CO 
(15) 


[P]-C6H4CH2C1 + Na[(q5-C5H5)W(C0),] - 
(q5-C5H5)W(C0)3(111-cH2c6H~)-[P] + NaCl (16) 


ks for the [Sio2]- systems, the [P]-C&CH2- systems can 
be characterized by IR and UV-vis spectra to confirm the 
presence of the metal carbonyl (Table I). However, the 
IR spectra, even in the unique CO stretching region, are 
complicated by overtone absorptions from the polymer 
itself. Figure 4 illustrates the situation and shows that 
partial photoreaction, coupled with the ability to manip- 
ulate the spectra (subtract initial from final), can reveal 
the positions of the CO stretching frequencies for the 
surface-bound organometallic species. Simple subtraction 
of a spectrum of the [P]-C6H4CH2C1 from the [P]-C6H4- 
CH2- derivative is doable, but the presence of the deriv- 
ative can cause subtle changes in polymer structure that 
make this procedure somewhat unreliable. 


Coverage of the surface-confined metal carbonyls has 
been determined by IR measurements in the following way. 
Model compounds are measured in KBr disks prepared 
in as reproducible a fashion as possible. The absolute 
absorbance of the “standard” in the CO stretching region 
is thus established. The [SiOz]- and [P]-C6H4CHz- sys- 
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Figure 3. Infrared spectra in the C-H stretching region of 
[SiOz]-supported species taken as KBr pellets at 300 K. 
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Figure 2. Infrared spectra in the carbonyl stretching region of 
[SiO&supported species: (a) [SiOz]SiMez-(q5-C&JW(CO)3CzH5 
prepared as described in the text; (b) [SiOz]-SiMez-(qS-C5H4)- 
W(C0)z(PPh3)CzH5 formed upon irradiation of the sample sus- 
pended in THF solution containing 0.5 M PPh,; (!) [SiO,]- 
SiMez-(q5-C&4)W(CO)z(H)(CzH4) formed upon irradiation of a 
sample suspended in THF with no deliberately added ligand. 


tems are then measured in the same way to  determine 
absorbance for a known mass of the derivatized power in 
a standard KBr disk. The measurement thus gives the 
average coverage of metal carbonyl on the surface. An 
independent method for determining coverages of surface 
species is elemental analysis. The amount of W, unique 
to the surface-supported species, is determined and used 
to calculate surface coverage. Data for coverage deter- 
minations both by infrared analysis and elemental analysis 
are given in Table 11. Also included are coverages for 
[SiOJ- supported species in units of mol/cm2 where a 
monolayer corresponds to  approximately 10-lo mol/cm2. 
The surface area used is 400 m2/g and corresponds to the 
reported surface area of the underivatized [Si02]-. Fur- 
ther, a mean separation distance for W centers_ is also 
calculated on the basis of this value where d N 1/ 
(NAvC)~I~,  where NAv is Avogadro's number and C is the 
coverage in mol cm2. The value of d is generally in the 
range -110-20 1. 
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Figure 4. Infrared spectra in the carbonyl stretching region for 
($-C5H5)W(C0)3CHzC6H4-[P]: (a) initial absorption spectrum; 
(b) spectrum obtained after subtracting the initial spectrum as 
shown in (a) from a spectrum obtained after irradiation of sur- 
face-supported species. This difference spectrum shows the 
disappearance of (q5-C5H5)W(CO)3(v*-CH2C6H4-[P]) as negative 
peaks at 2007 and 1915 cm-' and the appearance of (q5-C5H5)W- 
(CO),(v3-CH,C,H4-[P]) as positive peaks at 1934 and 1847 cm-l. 


b. Photochemistry of Surface  Species. Dissociative 
loss of CO occurs as the primary result of photoexcitation 
of (~6-C5Hs)W(C0)3R in s01ution.l~ This reaction is effi- 
cient (& > 0.1, Table 111) and generates a reactive 16- 
valence-electron species ($-CsHS)W(C0)2R which can 
undergo subsequent thermal reactions such as ligand ad- 
dition, &hydrogen transfer and vl- - q3-allyl conversion 
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Table 111. Quantum Yields for the Disappearance of 
(qS-C,H,)W(CO),R at 366 nm 


Y 


compd rp ?r 10%a 


(~5-CsH5)W(CO)3CH,C6~s 0.31 
(175-C,H,)W(CO),CHzCH,C,H, 0.35 
( 7 j  '-C,H,)W( (20) ,CH( CH3)C6H, 0.30 
( 17 5-C,H,)W( CO)3C7,H5 0.34 
(17 5-C ,H,)W( CO 1 ,CH 0.38' 
(17 ,-c ,H,)W( co ),Cl 0.38' 


rp's are for - 1 mM complex dissolved in isooctane for 
< l o %  conversion. 
CH,C6H, and q'-CH(CH,)C,H, the only product 
observed is q3-CH,C6H5 and q3-CH(CH,)C6H,, respec- 
tively. For R = $-CH,CH,C6H, both (o5-C5H5)W( CO),- 
(H)(styrene) and (q5-C,Hs)W(C0),(q3-CH(CH,)C6H5) are 
observed. For R = C,H,, (q5;C,H,)W(CO),(H)(CzH4) is 
the only observed product. Quantum yield for disap- 
pearance of 10 mM (qs-C,H,)W(CO),CH, in the presence 
of 0.5 M PPh, in toluene. (q5-C,H,)W(CO),(PPh,)CH, is 
the only observed product. Quantum yield for the 
appearance of cis-(q5-C,H,)W( CO),(PPh,)Cl when 1 mM 
(qW,H,)W(CO),Cl in benzene solution containing 5 mM 
PPh, is irradiated. Data taken from: Alway, D. G.; 
Barnett, K. W. Inorg. Chem. 1980, 19, 1533. 


For the compounds where R = q l -  


(vide infra) all of which reestablish an 18-valence-electron 
count. Definitive evidence for CO loss as the primary 
reaction upon photoexcitation is provided by the direct 
observation of the resulting (q5-C5H5)W(C0)2R when the 
irradiation is carried out at  sufficiently low  temperature^.'^ 


Results to be developed below establish dissociative loss 
of CO to be as the primary result of excitation of sur- 
face-supported (q5-C5H5)W(C0)3R. Figures 1 and 2 show 
the infrared spectra of the substitution products obtained 
upon irradiating [Si02]-SiMe2-(q5-C5H4)W(CO),R as a 
suspension in THF containing 0.1-0.5 M PPh,. The in- 
frared spectra show clean conversion to the corresponding 
[Si02]-SiMe2-(q5-C5H4)W(CO)2(PPh3)R based on com- 
parison to the spectra of analogous solution species (Table 
I). Irradiation of [Si02]-SiMe2-(q5-C5H4) W(C0),C2H5 in 
the absence of ligand a t  300 K as a suspension results in 
loss of CO followed by @-hydrogen transfer, eq 17 and 18. 


[Si02]-SiMe2-(q5-C5H4)W(C0),R hv 


CO + [Si02]-SiMe2-(q5-C5H4)W(C0)2R (17) 
A [SiO2]-SiMe2-(q5-C5H4)W(C0),C2H5 - 


[Si02]-SiMe2-(q5-C5H4)W(C0)2(C2H4)H (18) 


The infrared spectral changes associated with the 300 
K irradiation of [Si02]-SiMe2-(q5-C5H4)W(CO),C2H5 in 
the absence of PPh,, Figure 2c, show features that could 
be attributable to [Si02]-SiMe2-(q5-C5H4)W(C0)2- 
(H)(C2H4), -1892 and 1969 cm-', but additionally there 
is a broad, rather intense feature at - 1920 cm-' that is not 
found upon irradiating the analogous solution species 
( T ~ - C ~ H ~ ) W ( C O ) ~ C ~ H ~ .  This feature could be due to a 
surface-confined metal carbonyl arising from an interaction 
of the photogenerated 16-valence-electron species with the 
surface. In any event, the spectrum is not as unambiguous 
as for the substitution by PPh,, Figures 1 and 2b. How- 
ever, chemical changes from irradiation of the surface- 
bound ethyl complex do occur that are not found for the 
analogous surface-bound methyl complex. Presumably, 
the photoejection of CO into the solution is essentially 
completely reversible in the case of R = CH, whereas 
@-hydrogen transfer competes with back-reaction when R 
= C2H5. 


Irradiation of [Si02]-SiMe2-(q5-C5H4) W(CO),R (R = 
CH,, C2H5) as a Nujol suspension at 77 K while monitoring 
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Figure 5. Infrared spectra in the carbonyl stretching region of 
[SiOz]-su ported species taken as Nujol mulls: (a) [SiOz]- 


sample shown in a at 77 K showing the formation of [SiOz]- 
SiM~-($-C&I,)W(CO)2C&15; (c) after warming the sample shown 
in b to 300 K showing regeneration of starting material and 
8-hydrogen transfer to form [SiOz]-SiMez-(qS-C5H4)W(CO)z- 


by infrared spectroscopy provides direct support for the 
dissociative loss of CO following photoexcitation, Figure 
5 and Table I. As for homogeneous solution analogues, 
the irradiation a t  77 K yields decline of the two starting 
material absorptions and the growth of two new metal 
carbonyl features a t  N 1850 and N 1950 cm-l. Additionally, 
a feature a t  2133 cm-' grows in that can be attributed to 
the photoejected CO. As shown in Figure 5b, the spectral 
changes are substantial and clean and nearly perfectly 
accord with the homogeneous Warming the 77 
K suspension after irradiation yields further infrared 
spectral changes for the surface-bound ethyl complex, 
Figure 5c, accompanied by significant regeneration of 
[Si02]-SiMe2-(q5-C5H4) W(C0)3C2H5. For the surface- 
bound methyl species only regeneration of start ing material 
occurs upon warming the 77 K suspension. The further 
spectral changes upon warming the ethyl complex, Figure 
5c, evidence the generation of [Si02]-SiMez-(q5-C5H4) W- 
(CO),(H)(C,H,). Thus, data represented by Figure 5 di- 
rectly support the conclusion that reactions according to 
eq 17 and 18 occur upon irradiation of the surface-bound 
&l complexes. The methyl complex has no 8-hydrogens 
and only back-reacts with CO upon warm-up a t  the 16- 
valence-electron stage. 


Irradiation of either surface-confined or solution (q5- 
C5H5)W(C0)3(q1-CH2C8H5) results in formation of (q5- 


SiM%-(q I F  -C&)W(C0)&H5 at 77 K (b) after irradiation of the 


(HI(CzH4). 
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Figure 6. Difference infrared s ectra showing reactions of so- 


77 K: (a) the initial spectrum of a -1 m M  solution of (q5- 
C5H5)W(C0)3(q'-CHzC6H5) in methylcyclohexane at 77 K is 
subtracted from subsequent spectra obtained after 5- (trace 1) 
and 30-min (trace 2) 355-nm irradiation; (b) the initial spectrum 
of a Nujol mull (-0.1-mm path length) of (q5-C5H5)W(C0),- 
(q1-CHzC6H4-[P]) at 77 K is subtracted from subsequent spectra 
obtained after 5 (trace 1) and 20 s (trace 2) irradiation with a 
water-filtered high-pressure Hg lamp. 


C5H5)W(C0)2(q3-CH2C6H5). Figures 6 and 7 show dif- 
ference infrared spectra in the carbonyl stretching region 
obtained upon irradiation of (q5-C5H5)W(C0),(v1- 
CH2C8H4-[P]) and solution (q5-C5H5)W(C0)3(q1-CHzC!H5) 
and (q5-C5H5)W(C0)3(q1-CH(CH3)C6H5) a t  77 K. Since 
the infrared stretching frequencies for (q5-C5H5)W(CO)2R 
and (q5-C5H5)W(C0)2(q3-benzyl) are not well separated 
(Table I), it  is not possible to distinguish on the basis of 
the infrared spectrum alone whether an q1 to q3 conversion 
takes place a t  77 K or whether the 77 K spectral changes 
simply reflect formation of the presumed 16-valence- 
electron intermediate. However, the optical spectra for 
the q3-benzyl and the 16-valence-electron species a t  77 K 
should be quite different.14 Figure 8 shows the UV-vis 
spectral changes that occur upon irradiation of two benzyl 
species in a methylcyclohexane glass at  77 K. The spectral 
changes observed for R = CHzC6H5 and CH(CH3)C6H5 at 
77 K are inconsistent with the formation of a long-lived 
16-valence-electron species that should have an absorption 
maximum in the 550-620-nm range.14 When the irradiated 
sample was warmed from 77 to 300 K, the UV-vis spectra 
change only modestly and infrared and UV-vis data un- 
equivocally establish that the (q5-C5H5) W(C0),(q3-benzyl) 
species is present.23 Thus, the lack of a low-energy visible 
absorption band a t  77 K upon irradiation as can be ob- 
served for (q5-C5H5)W(C0)2R (R = CH3, C2H5)14 shows 
that the absorption bands in the infrared, Figures 6 and 
7, after irradiation of the +benzyl species at  77 K are due 


lution and polymer supported (q  B -C5H5)W(CO)3(q1-CHZC6HS) at 


(23) Faller, J. W.; Chen, C.; Mattina, M. J.; Jakubowaki, A. J. Orga- 
nomet. Chem. 1973,52, 361. 
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Figure 7. Difference infrared spectra showing reactions of 
(V~-C~H~)W(CO)~R in methylcyclohexane glass at 77 K. (a) The 
initial spectrum of a -1 mM solution of ($-C5H5)W- 
(C0)&H2CH2C6H5 is subtracted from subsequent spectra ob- 
tained after 5- (trace 1) and 20-min (trace 2) irradiation with 
355-nm light. Warming the resulting solution to 300 K results 
in infrared changes consistent with the disappearance of the 
product formed at 77 K and formation of trans-(~f'-C~H~)W- 
(CO)2(H)(styrene) and (I~-C~H~)W(CO)~(I~-CH(CH~)C~H~). (b) 
The initial spectrum of a -5 mM solution of (q5-C5H5)W- 
(CO)3(v1-CH(CH3)CBH5) is subtracted from subsequent spectra 
obtained after 5- (trace 1) and 20-s (trace 2) irradiation with a 
water-filtered high-pressure Hg lamp. Warming the resulting 
solution to 300 K does not cause significant spectral changes. 


to the q3-benzyl species and not a 16-valence-electron 
species. We conclude that the conversion of an 7'- to 
$-benzyl, eq 19, occurs rapidly a t  77 K (complete as soon 


(05-C5H5)W(C0)z(a'-CHzCGH,) - A 


(15-C~H,)W(C0)z(93-CHzc6H5) (19) 
as an FTIR spectrum can be taken, -60 s). With the 
assumption of an Arrhenius factor of 1014 s-l, an upper 
limit of 6 kcal/mol can be set on the activation energy for 
this unimolecular thermal process. 


The (?5-C5H5)W(C0)3CHzCHzC6H5 complex can be 
viewed as an $-benzyl precursor which requires isomeri- 
zation to T~-CH(CH,)C~H, before q3 coordination can oc- 
cur. Infrared spectral changes accompanying irradiation 
a t  77 K of (s5-C5H5)W(C0)3CHzCH2C6H5, Figure 7a, sug- 
gest that (?5-C5H5)W(C0)zCHzCH2C6H5 is the principal 
product. The corresponding UV-vis spectral changes, 
Figure 8b, clearly differ from those for +benzyl Complexes. 
A low-energy visible absorption at  -565 nm is found which 
is characteristic of coordinatively unsaturated (v5-C5H5)- 
W(CO)zR.14 This new band decreases upon irradiation at  
632.8 nm with a concomitant increase of a shoulder a t  
-430 nm. This 632.8-nm induced spectral charge has been 
attributed to the conversion of a fully coordinatively un- 
saturated species to one where the metal interacts with the 
P-hydrogen, eq 20 in analogous alkyl complexes. Warming 
of the irradiated sample results in @hydrogen transfer, eq 
21, as shown by infrared spectroscopy, Table I. The lH 


NMR spectrum shows a characteristic hydride resonance 
at  6 -5.7 upfield from tetramethylsilane, for (v5-C5H5)W- 
(CO)z(H)(styrene). This hydride resonance disappears 
completely upon addition of CC14 and a resonance for 
HCC13 appears, characteristic of metal hydrides. The trans 
arrangement of the carbonyls is assigned on the basis of 
relative intensities of the carbonyl stretches (1:1.6) which 
allows a calculation of 103' for the OC-M-CO anglez4 in 
good agreement with molecular structures of similar com- 
pounds obtained by X-ray d i f f r a c t i ~ n . ~ ~  Related com- 
plexes have also been determined to have the trans geom- 
etry.I4 The trans-styrene hydride isomerizes to form 
(q5-C5H5)W(C0)z($-CH(CH3)CsH5), eq 22. This reaction 


has been monitored by infrared spectroscopy in the car- 
bonyl region as a function of time and occurs with a 
first-order rate constant of (1.7 f 0.2) X s-l at  298 K. 
Reaction according to eq 22 goes to completion (>95%). 
Pure (115-C5H5W(CO)z(713-CH(CH3)C6H5) does not yield any 
detectable styrene-hydride a t  298 K when dissolved in 
alkane solvents. 


Two additional important qualitative results concerning 
the photochemistry of surface-confined (q5-C5H5)W(C0)2R 
(R = CH3, C2H5) should be described. First, the irradiation 
of [SiOz]-SiMez-(q5-C5H4)W(CO)3CH3 as a powder expo- 
sed to a 4/1 Ar/Oz atmosphere results in rapid reaction. 
When the surface and gas-phase products, Figure 9, are 
monitored by FTIR/PAS>18 the chemistry can be seen to 
involve reaction of Oz with the surface-confined, photo- 
generated 16-valence-electron metal carbonyl. The gas- 
phase products include COz, presumably from the oxida- 
tion of a bound C0,9 along with CO and CHI. No new 
metal carbonyls are detected as surface products and 
presumably indicates that the metal-containing product 
is an oxide as previously reported for surface-confined 
cobalt tetra~arbonyl.~ The mechanism for CH4 formation 
remains to be elucidated, bu the low-temperature photo- 
chemistry rules out prompt formation of CH3 radicals 
subsequent to photoexcitation. Interfacial gas/solid 
photochemistry in this and related systems will be detailed 
elsewhere. 


(24) Cotton, F. A.; Wilkinson, G .  "Advanced Inorganic Chemistry", 4th 
ed.; Wiley Interscience: New York. The lower energy band is assigned 
as the asymmetric stretch based on arguments presented in: Cotton, F. 
A.; Kraihanzel, G. S. J. Am. Chem. SOC. 1962,84, 4432. 


(25) (V~-C~H, )MO(CO)~C~H~ has a trans OC-Mo-CO angle of 106' 
based on X-ray diffraction data in: Bennett, M. J.; Mason, R. R o c .  
Chem. SOC., London 1963, 273. 
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Figure 8. UV-vis spectra of (V~-C~H~)W(CO)~R at 77 K in 
methylcyclohexane glass. (a) 6 X M (V~-C~H~)W(CO),(?~- 
CH2C6H5) before (scan 0) and after (scan 1) 30-min irradiation 
with 355-nm light at 77 K. UV-vis of final solution does not 
change upon warming to 300 K. Infrared analysis of the solution 
after warming shows -25% conversion of starting material to  
the q3-CH2C8H5 species. (b) 8 x M ( v ~ - C ~ H ~ ) W -  
(C0)3CH2CH2C6H5 before (scan 0) and after (scan 1) 30-min 
irradiation with blacklight at 77 K. Scan 2 shows the results of 
irradiation of the photoproduct with a 5 mW laser at 632.8 nm. 
(c) 7 X lo4 M (V~-C~H~)W(CO)~(V~-CH(CH~)C~H~) before (scan 
0) and after (scan 1) 5-min high-pressure Hg lamp irradiation. 
UV-vis of the final solution does not change upon warming to 
300 K. All spectra are uncorrected for solvent contraction. 


The second qualitative result relates to the ability to 
demonstrate that the surface-confined metal carbonyls are 
sufficiently well separated so that W-W bonds cannot 
form. Irradiation of solution (v5-C5H4) W(CO&R species 
invariably leads to some (.II~-C~H~)W,(CO), for all situations 
except very low  conversion^.'^ The W-W-bonded species 
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result from secondary thermal and photochemical reac- 
tions, since W-R homolysis is an unimportant primary 
photoprocess.14 Generally, no W-W species are detected 
after irradiation of any of the surface-confined species. To 
establish that the surface-bound species can efficiently 
form W-W-bonded complexes, we have carried out an 
irradiation of [Si02]-SiMe2-(v5-C5H4) W(C0)3C2H5 as a 
T H F  suspension containing dissolved (v5-C5H5) W- 
(C0)3C2H5. Isolation and washing of the derivatized 
[SO2]- with THF gives a pink solid having a UV-vis/PAS 
spectrum nearly identical with that for appropriately di- 
luted (~5-C5H5)2W2(C0)6, Figure 10. The infrared spec- 
trum of the derivatized [Si02]- also accords well with that 
for (v5-C5H5)2W2(C0)6 in the CO stretching region. Solu- 
tion (v5-C5H5)2W2(CO)6 is also formed and does not per- 
sistently bind to [Si02]-. We thus conclude that  
[Si02]-SiMe2-(t5-C5H4) W-W(C0)2(v5-C5H5) can be formed 
efficiently. Thus, the inability to form a W-W-bonded 
species upon irradiation of the surface-confined species 
alone suggests that the surface species are geometrically 
constrained. Similarly, we note that thermolysis of (v5- 
C5H5)W(C0)3C2H5 (145 OC, 3 h, sealed tube, under Ar) 
leads to complete loss of starting material and a good yield 
of (v5-C5H5)2W2(C0)6. By way of contrast, thermolysis of 
[Si02]-SiMe2-(v5-C5H4)W(C0)3C2H5 under the same con- 
ditions and for the same time yields no detectable W-W- 
bonded species, significant unreacted starting material, and 
some new surface metal carbonyl that has an infrared 
spectrum consistent with the presence of the surface-bound 
ethylene-hydride. Thermolysis of [Si02]-SiMe2-(v5- 
C5H4)W(C0)3C2H5 at 145 "C under a dynamic vacuum for 
3 h, where volatiles such as CO and C2H4 can be swept 
away, yields complete disappearance of surface metal 
carbonyls. Under these conditions ( T ~ - C ~ H , ) W ( C O ) ~ C ~ H ~  
still gives a good yield of (q5-C5H5)2W2(C0)6. Thus, both 
in photochemical and thermal experiments it appears that 
the surface-bound complexes cannot form metal-metal 
bonds, in contrast to their solution analogues. 


Discussion 
The combination of synthetic approach, infrared and 


UV-vis spectroscopy, and elemental analyses establish the 
ability to covalently anchor (v5-C5H5) W(CO)3R species to 
[Si02]- and [PI-CH4CH2C1 surfaces. Quantitation of 
surface coverage, however, is relatively poor, that is, to 
within a factor of 2 or 3 in most cases which is sufficient 
for many applications. Errors in quantitative infrared 
determinations arise predominantly from two factors, 
solid-state effects and scattering. It is well established that 
CO infrared stretches for metal carbonyls are extremely 
sensitive to solvent and that solid-state spectra tend to be 
distorted compared to solution spectra;26 the use of these 
spectra for quantitative analysis can thus be questioned. 
The surface-supported species infrared spectra accord well 
with the analogous solution species, Table I. However, 
coverage calculations based on extinction coefficients for 
solution species result, in coverages which are too low by 
a factor of 10-20 as compared to elemental analysis. This 
can be understood by considering that when spectra of 
particulate samples (>pm for IR analysis) such as sur- 
face-supported species are obtained a significant amount 
of scattering occurs. (Uncorrected base-line absorbances 
of 1.0 are typical, corresponding to 90% of the light being 
scattered.) The net result is that some of the absorbing 
species are blocked from the light and do not contribute 
to the measured absorbance. A lower absorbance per unit 


(26) Braterman, P. S. Struct. Bonding (Berlin) 1976, 26, 1. 
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Figure 9. Infrared spectral changes monitored by FTIR/PAS accompanying the irradiation of [SiOz]-SiMez-(r15-C6H,)W(CO)3CH3 
in 4:l Ar/O,. The disappearance of all metal carbonyl bands occurs upon irradiation along with the appearance of COz, CO, and CHI 
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Figure 10. UV-vis photoacoustic spectrum of [SiO2]-bound 
material from irradiation of [SiOz]-SiMe2-(~5-CSH4)W(co)3czH6 
suspended in a THF solution of (~S-C5H6)W(C0)3C2H6 compared 
to a spedrum for authentic (~5-c&H,)zwz(co)6 diluted with MgO. 


molecule is observed as compared to solution species. 
Thus, we have used a KBr pellet as the medium to obtain 
intensity information for metal carbonyls to compare with 
surface-confiied species. Such data yield coverage within 
a factor of 2 or 3 of those obtained by elemental analyses. 
Elemental analysis will probably remain the most defi- 
nitive method to determine surface coverage; however, 
infrared analysis can be used as a quantitative tool for 
strictly defined samples. Clearly, the spectral features 
themselves, Figures 1-8, are quite similar for either pure 
or surface-confiied species when similar solvents are used. 


Reactivity of the surface-bound species for the most part 
parallels the reactivity of solution species. Loss of CO is 
the primary result of photoexcitation as shown by photo- 
substitution experiments and by direct spectroscopic 
characterization of the photogenerated 16-valence-electron 
species at  low temperatures. I t  should be noted that there 
appears to be little evidence for reaction of this reactive 
species with the support (either [Si02]- or [P]-C6H4CHzC1) 
at  any temperature used. Presumably the mode of surface 
anchoring through the cyclopentadienyl ring is sufficiently 
removed from the W center that the unsaturated species 
behaves as its solution analogue. The photogenerated 


16-valence-electron species does react with oxygen leading 
to formation of C02 presumably by oxidation of bound CO. 


Major differences in reactivity of surface-immobilized 
and solution species are observed when considering reac- 
tions involving two tungsten centers. The lack of W-W 
dimer formation, thermally or photochemically, represents 
the major difference in reactivity of the surface-immobi- 
lized species compared to solution species. The mean 
distance between tungsten centers is -10-20 A for the 
Si02-supported species, Table 11, which is much larger than 
3.22 A, the W-W distance in (q5-C5H5)2W2(C0)6.27 For- 
mation of dimer from two surface species is prevented by 
geometrical constraints and not by inherent reactivity 
differences since we find efficient formation of "one side" 
bound dimer upon irradiation of a mixture of surface- 
bound and solution (q5-C5H5) W(C0)3C2H5. 


Both polymer-bound and solution 7'-benzyl species react 
rapidly to give q3-benzyl species upon photoinduced loss 
of CO. Although the photoinduced formation of solution 
q3-benzyl species is well established,28 no data existed 
concerning the kinetic parameters of formation. X-ray 
diffraction and infrared data for (q5-C5H5)M~(C0)2(q3- 
CH2CeH4CH3),23p29 have established that the stable con- 
formation of the q3-benzyl is the one where the phenyl ring 
is down away from the cyclopentadienyl ring as shown in 
A. The other possible configuration shown in structure 


B - A - 
B is predicted to have a pair of carbonyl stretches in the 
infrared a t  slightly lower energy than those observed for 
A on the basis of infrared and NMR studies on the 
analogous q3-allyl and substituted allyl species.23 The 
infrared spectrum of the (os-C5H5)W (CO)2(q3-CH2C&&,) 
formed a t  77 K, Figure 6a, suggests that both configura- 
tions A and B are formed a t  low temperature, since the 


(27) Adams, R. D.; Collins, D. H.; Cotton, F. A. Znorg. Chem. 1974,13, 


(28) King, R. B.; Fronzaglia, A. J.  Am. Chem. SOC. 1966, 88, 709. 
(29) Cotton, F. A.; LaF'rade, M. D. J. Am. Chem. SOC. 1968,90,5418. 


1086. 
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Scheme I. Proposed Mechanism for Isomerization of Alkyl Group in the Photogenerated (qS-C,H,)W(CO),CH,CH2C6Hs 
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1863-cm-' peak has a shoulder a t  1855 cm-'. The (q5- 
C5H5) W(C0)2(?3-CH(CH3)C6H5) also shows additional 
peaks at lower energy peaks at low temperatures. For both 
T ~ - C H ~ C ~ H ~  and v3-CH(CH3)C6H5 warming to 298 K re- 
sults in the disappearance of the peaks at  - 1855 cm-' and 
growth in - 1865-cm-' peaks consistent with the presence 
of only isomer A a t  298 K. However, the [P]-C6H4CH2- 
bound species, Figure 6b, may exist entirely in the B 
configuration possibly due to steric constraints within the 
polystyrene matrix. This conclusion is drawn because the 
CO stretching frequencies are somewhat lower in energy 
than for the solution species. 


The q3-benzyl ligand is fluxional on the NMR time 
scale30 leading to exchange between two halves of the 
benzyl and also between both faces. This exchange has 
been proposed to occur via a change to q' coordination, 
rotation of the benzyl ligand about the C1-C7 bond, and 
recoordination in an q3 fashion. The reported activation 
energy of 15.9 f 0.2 kcal/mol presumably corresponds to 
the conversion of q3- to +benzyl as the rate-determining 
step. 


The results presented here establish an upper limit of 
-6 kcal/mol for the reverse process, ~ l -  to v3-benzyl 
conversion. The very low activation energy for this process 
is also illustrated in the experiments with ($-C5H5)W- 
(C0)3(11-CH(CH3)C6H5). Since the alkyl group contains 
both a benzyl functionality and P-ydrogens, loss of CO 
leads to either q3-benzyl formation or formation of a 8-C-H 
interaction. The experiments, Figures 7b and 8, show that 
03'-benzyl formation is the preferred path at a temperature 
as low as 77 K. 


The observation of (715-C5H5)W(C0)2CH2CH2C6H5 upon 
irradiation of the parent tricarbonyl a t  77 K establishes 


t 


trans - cis 
i somer i za t i on  


f a s t  - 


that isomerization of the alkyl group via a series of ,&hy- 
drogen transfer does not occur a t  this temperature since 
any (95-C5H5)W(CO)2(~1-CH(CH3)C6H5) that formed would 
rapidly rearrange to form the stable q3 species. (q5- 
C5H5)W(CO)2(H)(styrene) is observed upon warming from 
77 K or upon irradiation of the parent tricarbonyl at  195, 
273, or 300 K in fluid or solid (paraffin) solution. The 
subsequent thermal reaction which converts the styrene- 
hydride to the q3-CH(CH3)C6H5 species, eq 22, is best 
accounted for by considering Scheme I. 


Based on the reactions of other W species containing 
P-hydr~gens, '~ one predicts that  the photogenerated 16- 
valence-electron dicarbonyl alkyl is in rapid equilibrium 
with the cis-styrene-hydride which slowly isomerizes to 
the relatively inert trans-styrene-hydride with a rate of 
approximately 0.05 s-' a t  195 K and an activation energy 
of - 10 kcal/mol. The rate of olefin rotation is proposed 
to be slower than cis -trans isomerization on the basis 
of variable-temperature 'H NMR studies3' for (v5-C5H5)- 
W(CO)2(ethylene)CH3 where an activation energy of 14.1 
kcal/mol was reported although the exact mode of olefin 
binding is not known. The activation energy for rotation 
of the styrene may be higher due to its larger size. 


At  the trans-styrene-hydride stage olefin rotation can 
occur since the subsequent step, trans - cis isomerization, 
is even slower. The limiting rate for PPh3 reaction with 
trans-(~~-C,H,)W(CO)~(H)(pentene) to form (v5-C5H5) W- 
(C0)2(PPh3)(n-pentyl) is 1.7 X s-l a t  298 K and in- 
volves trans-cis isomerization as the rate-determining step. 
The rate of trans - cis isomerization is unlikely to  be 
affected significantly by substitution of styrene for pent- 
ene, since studies of cis-trans isomerization for a series of 


(30) Cotton, F. A,; Marks, T. J. J. Am. Chem. SOC. 1969, 91, 1339. 
(31) Alt, H. G.; Schwarzle, J. A.; Kreiter, C. G. J. Organomet. Chem. 


1978, 153, Cl.  
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(v5-C5H5)Mo(C0),(L)H (L = phosphine or phosphite) 
species show only small variations with changes in L.32 
The cis-styrene hydride formed a t  this point can have a 
different orientation of the styrene relative to the metal 
allowing transfer of the hydrogen to the terminal carbon 
resulting in (v5-C5H5)W(C0)2(v1-CH(CH3)C6H5) that rap- 
idly forms the corresponding v3 18-valence-electron species. 
I t  should be noted that previous studies on (s5-C5H5)W- 
(C0)&H2CD3 and the -CD2CH3 compound have shown 
that scrambling of a- and 0-carbon can occur faster than 
formation of tram-alkene hydride. In that case the smaller 
olefin ethylene apparently can rotate faster than cis to 
trans isomerization occurs. 
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The reaction of the Fe2(CO)$- dianion with methylene iodide leads to the formation of the parent bridging 
methylene complex, octacarbonyl(p-methylene)diiron, Fe,(CO)&H,. The reaction appears to be general 
and several derivatives have been prepared by using other geminal diiodides. The bridging methylene 
complexes react with unsaturated reactants such as olefins and acetylenes to produce new organometallic 
complexes in which the unsaturated molecule has inserted between the methylene ligand and an iron atom. 
With hydrogen, the complexes react to produce the dihydro form of the methylene ligand; nucleophilic 
reagents such as iodide ion, alcohols, and water appear to attack a CO ligand with subsequent rearrangement 
involving the bridging methylene group. 


Introduction 
In addition to their interest from a structural point of 


view, organometallic complexes containing carbon ligands 
have been implicated as intermediates in several important 
chemical reactions, e.g., the disproportionation of olefins' 
and the Fischer-Tropsch reaction,, and the chemistry of 
such species has emerged as an important area of study. 
In this paper we discuss the preparation and chemical 
properties of octacarbonyl(p-methy1ene)diiron and several 
of its derivatives. 


Discussion 
We recently reported the synthesis of the parent p- 


methylene complex Fez(C0)8CH23 by the reaction of 
(Et4N)2Fe2(CO)B with CHJ, (eq 1). We have found the 


(Et4N)2Fe2(CO)E + CHz12 - Fe2(CO)&H2 (1) 
reaction of geminal diiodoalkanes with (Et4N)2Fe2(C0)8 
to be a general synthesis of diiron p-alkylidene complexes. 


'Tennessee Eastman Co., P.O. Box 511, Kingsport, T N  37662. 
*Union Carbide Corp., South Charleston, WV 25303. 
8 Deceased December 10, 1981. 


For example, treatment of (Et4N)zFe2(CO)E with 1,l-di- 
iodoethane affords the p-ethylidene complex 2 (eq 2). 


H\/CHa 


(2 )  
i\ 


I I  
(Et4N)2Fe2(CO)e t I z C H C H ,  - Fe-Fe 


!CO l 4  (COi4  


2 


Similar results are obtained when 2,2-diiodopropane, 1,1- 
diiodo-2-methyl propane, a,a-diiodoethyl acetate, or di- 
iodopropene4 is substituted for CH212. The p-alkylidene 
complexes obtained from these diiodides are listed in Table 
I along with their spectroscopic data. The use of the di- 
sodium salt of [Fe2(CO)8]2- in place of the tetraethyl- 


(1) Calderon, N.; Ofstead, E. A.; Judy, W. A. Angew. Chem., Znt. Ed. 


(2) Brady, R. C., III; Pettit, R. J. Am. Chem. SOC. 1981, 103, 1287. 
(3) Sumner, C. E., Jr.; Riley, P. E.; Davis, R. E.; Pettit, R. J. Am. 


Engl. 1976, 15, 401. 


Chem. SOC. 1980,102, 1752. 
(4) Used as a mixture of compounds prepared by the reaction of vi- 


nyldiazomethane with iodine. 
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(v5-C5H5)Mo(C0),(L)H (L = phosphine or phosphite) 
species show only small variations with changes in L.32 
The cis-styrene hydride formed at  this point can have a 
different orientation of the styrene relative to the metal 
allowing transfer of the hydrogen to the terminal carbon 
resulting in (v5-C5H5)W(C0)2(v1-CH(CH3)C6H5) that rap- 
idly forms the corresponding v3 18-valence-electron species. 
It should be noted that previous studies on (s5-C5H5)W- 
(C0)&H2CD3 and the -CD2CH3 compound have shown 
that scrambling of a- and 0-carbon can occur faster than 
formation of tram-alkene hydride. In that case the smaller 
olefin ethylene apparently can rotate faster than cis to 
trans isomerization occurs. 
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The reaction of the Fe2(CO)$- dianion with methylene iodide leads to the formation of the parent bridging 
methylene complex, octacarbonyl(p-methylene)diiron, Fe,(CO)&H,. The reaction appears to be general 
and several derivatives have been prepared by using other geminal diiodides. The bridging methylene 
complexes react with unsaturated reactants such as olefins and acetylenes to produce new organometallic 
complexes in which the unsaturated molecule has inserted between the methylene ligand and an iron atom. 
With hydrogen, the complexes react to produce the dihydro form of the methylene ligand; nucleophilic 
reagents such as iodide ion, alcohols, and water appear to attack a CO ligand with subsequent rearrangement 
involving the bridging methylene group. 


Introduction 
In addition to their interest from a structural point of 


view, organometallic complexes containing carbon ligands 
have been implicated as intermediates in several important 
chemical reactions, e.g., the disproportionation of olefins' 
and the Fischer-Tropsch reaction,, and the chemistry of 
such species has emerged as an important area of study. 
In this paper we discuss the preparation and chemical 
properties of octacarbonyl(p-methy1ene)diiron and several 
of its derivatives. 


Discussion 
We recently reported the synthesis of the parent p- 


methylene complex Fez(C0)8CH23 by the reaction of 
(Et4N)2Fe2(CO)B with CHJ, (eq 1). We have found the 


(Et4N)2Fe2(CO)E + CHz12 - Fe2(CO)&H2 (1) 
reaction of geminal diiodoalkanes with (Et4N)2Fe2(C0)8 
to be a general synthesis of diiron p-alkylidene complexes. 


'Tennessee Eastman Co., P.O. Box 511, Kingsport, T N  37662. 
*Union Carbide Corp., South Charleston, WV 25303. 
8 Deceased December 10, 1981. 


For example, treatment of (Et4N)zFe2(CO)E with 1,l-di- 
iodoethane affords the p-ethylidene complex 2 (eq 2). 


H\/CHa 


(2 )  
i\ 


I I  
(Et4N)2Fe2(CO)e t I zCHCH,  - Fe-Fe 


!CO l 4  (COi4 


2 


Similar results are obtained when 2,2-diiodopropane, 1,1- 
diiodo-2-methyl propane, a,a-diiodoethyl acetate, or di- 
iodopropene4 is substituted for CH212. The p-alkylidene 
complexes obtained from these diiodides are listed in Table 
I along with their spectroscopic data. The use of the di- 
sodium salt of [Fe2(CO)8]2- in place of the tetraethyl- 


(1) Calderon, N.; Ofstead, E. A.; Judy, W. A. Angew. Chem., Znt. Ed. 


(2) Brady, R. C., III; Pettit, R. J. Am. Chem. SOC. 1981, 103, 1287. 
(3) Sumner, C. E., Jr.; Riley, P. E.; Davis, R. E.; Pettit, R. J. Am. 


Engl. 1976, 15, 401. 


Chem. SOC. 1980,102, 1752. 
(4) Used as a mixture of compounds prepared by the reaction of vi- 


nyldiazomethane with iodine. 
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ammonium salt did not allow the isolation of p-alkylidene 
complexes. This could be due to a side reaction involving 
NaI and the p-alkylidene product, since NaI is much more 
soluble in acetone and THF than Et4NI. The reaction of 
iodide ion with these p-alkylidene complexes (vide infra) 
may explain the low yields (7-6070) produced by this re- 
action. Dinuclear methylene complexes of cobalt and 
palladium5 have also been synthesized by using CH212 as 
the source of the methylene ligand. 


Geminal chlorides fail to give p-alkylidene complexes 
when reacted with (Et4N)2Fe2(C0)8, though certain di- 
bromides react to give functionalized methylene complexes. 
For example, dibromomethyl methyl ether reacts with 
(Et4N)2Fe2(C0)8 to produce the methoxymethylene com- 
plex 7 (eq 3), while dichloromethyl methyl ether does not 
react with (Et4N)2Fe2(CO)8 to give 7. The (carboeth- 
0xy)methylene complex 6 can also be prepared from a,a- 
dibromoethyl acetate in comparable yield. 


Organometallics, Vol. I, No. 10, 1982 Sumner ,  Collier, and Pe t t i t  


The structural assignment of 8 and 9 were made on the 
basis of their IR, 'H NMR, and 13C NMR spectra, as well 
as their chemical and physical properties. The infrared 
spectrum of 8 in hexane shows the expected absorptions 
of terminal bound metal carbonyls and a band at 1618 cm-' 
assigned to the coordinated carbonyl of the acetoxy moiety. 
The 'H NMR of 8 consists of two sharp singlets at 6 1.03 
and 9.10, in ratio of 3:l. The 13C NMR (6 19, 170, 184, 222) 
is consistent with the structural assignment of 8 as an iron 
carbonyl containing a bridging rather than a terminally 
bound alkylidene ligand.6 Mass spectral analysis exhibits 
the parent mass of 8 as well as peaks corresponding to 
stepwise loss of seven CO ligands. As in 8, infrared analysis 
suggests that 9 contains an acetate group directly bound 
to iron through the oxygen atom of the organic carbonyl. 
The 'H NMR spectrum of 9 displays two singlets in a ratio 
of 1:l (6 1.06 and 2.90). The 13C NMR supports the as- 
signment of 9 as that of a bridging alkylidenemetal car- 
bonyl (6 19,42, 181, 197, 202-211). The mass spectrum 
exhibits the parent molecular ion of 9 and all fragments 
corresponding to loss of seven CO ligands. 


The mechanism of the formation of the bridging al- 
kylidene complex 8 is not clear. Conversion of NaHFe,- 
(CO), to the bridging alkoxide8 10, followed by acylation 


H\-l-ch3 
: E t 4 N ) 2 F e z ( C O ) 8  t B r z C H O C H 3  - (CO)4Fe--Fe(C0)4 (3)  


7 


The IR spectra of bridging alkylidene complexes 2, 3, 
4, 5, and 7 display bands between 1800 and 1900 cm-', 
indicative of bridging CO groups. This is in contrast to 
the parent complex 1 and the (carboeth0xy)methylene 
complex 6 which have only terminal CO groups in solution; 
however, complex 1 has bridging CO groups in the solid 
state, as evidenced by strong absorptions at 1875 and 1836 
cm-' and confirmed by X-ray analysis. The 'H NMR 
spectra of the bridging alkylidene complexes which have 
a hydrogen atom bound to the bridgehead carbon display 
downfield chemical shifts (6 5.5-9.1) for the bridgehead 
hydrogens. The I3C NMR spectra display absorptions 
ranging from 100 to 200 ppm, which is within the range 
expected for bridgehead carbons.6 The structures of the 
parent complex 1 and the methoxymethylene complex 7' 
have been confirmed by X-ray crystallographic analysis. 


Diiron p-alkylidenes have also been prepared by the 
acylation of diiron carbonyl anions. The addition of acetyl 
chloride to NaHFe2(CO), in THF gives among other 
products the acetoxymethylenediiron heptacarbonyl8 and 
acetaldehyde (eq 4), while addition of 2 mol of acetyl 
bromide to the disodium salt of octacarbonyl ferrate gives 
acetoxyethylideneheptacarbonyldiiron 9 (eq 5). The in- 
frared spectrum of 9 is virtually identical with that of 8. 


9 


(5) (a) Theopold, K. H.; Berg",  R. C. J. Am. Chem. SOC. 1981,103, 
2489. (b) Balch, A. L.; Hunt, C. T.; Lee, C.; Olmstead, N. M.; Fau, J. P. 
Ibid. 1981, 103, 3764. 


(6) Herrmann, W. A. "The Methylene Bridge" in "Advances in Or- 
ganometallic Chemistry", in press. 


(7) Malueg, D., The University of Texas a t  Austin, personal commu- 
nication. 


I 1  
0 
10 


3 


11 


on oxygen, would lead to 8. Alternatively, acylation of 
NaHFe2(CO), could precede hydrogen migration. If 
NaDFe2(CO)8 is acylated, 8 is found to contain deuterium 
at the bridgehead carbon (see Experimental Section). The 
acylation of carbon monoxide as in 11 has been discussed 
by Shriver et al.9 and may provide a necessary driving force 
for the insertion of CO into a metal-hydride bond.'O 


The Chemistry of Diiron @-Methylenes. The parent 
complex 1 reacts with H2 to give methane and acet- 
aldehyde along with Fe3(C0)12. This behavior is consistent 
with the behavior postulated for methylene groups bound 
to a metal surface." We speculate that the reaction 
proceeds through a dihydride such as 12 which undergoes 
intramolecular reductive elimination to give a methyl 
complex (eq 6). Insertion of CO into the metal methyl 


H\  /H 


f \ IH fH3 / H  - C h 4  t CH3CHC (6) 7 7  (C0)dFe-Fe-H - 
( C o ) 3  (co)4 (c3:3 


12 


bond would give acetaldehyde upon reductive elimination. 
All of the methylene complexes studied appear to react 
similarly to liberate the dihydro form of the ligand which 
also serves as evidence for the structure of the complexes. 
The data are listed in Table 11. It should be noted that 
reasonably vigorous conditions are required to achieve high 


(8) Basolo, F.; Pearson, R. G. "Mechanisms of Inorganic Reactions", 


(9) Shriver, D. F.; Hodali, H. A. J. Inorg. Chem. 1979,18, 1236. 
(10) Wolezanski, P. T.; Bercaw, J. W. Acc. Chem. Res. 1980,13, 121. 
(11) Brady, R. C., 111; Pettit, R. J. Am. Chem. SOC. 1980, 102, 6181. 


2nd ed.; Wiley: New York, 1967; p 555. 
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Table 11. Hydrogenation of Aikylidenes 
temp, P(H,), time, yield, 


compd "C psi h solvent product % 


Fe,(CO),CH, 
Fe,(CO),C( H)OCH, 
FeACOLC(HI0Ac 


60 21 0 
120 250 
100 250 


Fet(COj;C(HjNHCOCH, 90 850 
Fe,(CO),C(H)CO,C,H, 100 300 
Fe,( CO),C( H)CO,H 100 20 0 


yields of product which presumably reflects the need to 
thermally lose a CO ligand before hydrogen can react. 


Olefins. Treatment of complex 1 with olefins results 
in a one-carbon homologation of the olefin. For example, 
ethylene reacts with 1 to give propylene. While the re- 
action of 1 with propylene gives mainly the branched 
isomer, isobutylene, along with trans-2-butene, cis-2- 
butene, and 1-butene, methyl acrylate reacts with 1 to give 
mainly the linear isomer, ethyl crotonate, along with small 
amounts of methyl methacrylate. The observed regio- 
chemistry could be due to a cyclic intermediate such as 
a bimetallacyclopentane which is coordinatively unsatu- 
rated and would undergo a &hydride elimination reaction 
to give an olefin a complex leading to the new olefin. 
When R is carbomethoxy (eq 7), metallacycle 13a is fa- 


13a 14a 
R 
I 


R 
I 


(6014 ( 6 0 ) 3  ( b o ) 4  (bo), 


13b 14b 


vored and would lead to the linear isomer through the 
olefin a complex 14a. When R is methyl, metallacycle 13b 
is favored and, upon ,&hydride elimination, would give the 
olefin a complex 14b leading to the branched isomer. 


No reaction is observed to occur when 1 is treated with 
isobutylene under conditions similar to those employed 
for reaction with ethylene or propylene. However, de- 
generate metathesis between l and isobutylene similar to 
that observed by ParshalP2 and co-workers for the Ti-C- 
H2Al system does not occur. When Fe&.20)&D2 is treated 
with isobutylene, there is no hydrogen incorporated into 
the recovered metal alkylidene. 


Alkynes. Reaction of 1 with acetylene produces the 
a,*-allyl complex 15 along with the ferrole 16 (eq 8). The 


(co)4 ( i o ) ,  ( c o ) ~  (co), 


15 16 


'H NMR of 15 shows two high-field signals a t  6 2.0 (1 H) 
and 2.3 (1 H) and a multiplet a t  6 5.1 (1 H) as would be 
expected for a a-allyl ligand; however, there is also a signal 
a t  6 8.0 (1 H), indicative of a bridgehead hydrogen atom. 
The I3C NMR of 15 displays absorptions at  6 47,97, and 
154 for the allyl ligand with the signal a t  6 154 being as- 


(12) Tebbe, F. N.; Parshall, G. W.; Ovennal, D. W. J.  Am. Chem. SOC. 
1979,101, 5074. 


1 
1.3 
1.5 
1.3 
2 
1.5 


CH, 
CH,OCH, 
CH,CO,CH, 
CH,CONHCH, 
CH, CO , C, H, 
CH,CO,H 


83 
50 
67 
34 
92 
66 


signed to the bridgehead carbon atom. The metal carbonyl 
ligands resonate a t  6 209 and 211. Complex 15 is also 
formed as a result of the decomposition of the vinyl- 
methylene complex 5 (vide infra). The structure of the 
ferroll6 was determined on the basis of IR, 'H NMR, and 
chemical data. For example, 16 reacts with H, to give 
mainly 1-butanol, and treatment of 16 with acetyl chloride 
affords an acetate deri~ative.'~ 


The a,a-allyl complex 15 reacts with alkynes to give 
products resulting from the insertion of the alkyne into 
the Fe-allyl a bond. For example, treatment of 15 with 
acetylene affords the diinsertion product 17 or with 2- 
butyne affords 18 (eq 9). Elemental analysis, IR, lH 


B 


6 
Fe-Fe t R - C S C - R  -+ (C0)3Fe-Fe(C0)3 (9) 


I I  


17, R = H 
18, R = CH, 


NMR, and mass spectral data are consistent with the 
formulation given above. The 'H NMR spectrum of 17 
exhibits two high-field pairs of doublets at 6 0.4 (1 H) and 
0.9 (1 H) assigned to the terminal a-olefinic hydrogen 
atoms and a multiplet at 6 3.5 (1 H) assigned to the interior 
olefinic hydrogen atom. A multiplet a t  6 3.7-4.0 (2 H) is 
assigned to the a-allylic hydrogens, and a pair of doublets 
a t  6 6.8 (1 H) is assigned to the bridgehead hydrogen atom. 
The 'H NMR spectrum of 18 exhibits two high-field 
doublets a t  6 0.4 (1 H) and 0.9 (1 H) assigned to the ter- 
minal a-olefinic hydrogen atoms, a multiplet at 6 3.7 (1 H) 
assigned to the interior olefinic hydrogen, and a doublet 
a t  6 4.0 (1 H) assigned to the allylic hydrogen. Singlets 
a t  6 1.1 (3 H) and 6 2.3 (3 H) are assigned to the methyl 
groups with the latter one being assigned as the bridgehead 
methyl group. The diinsertion product 17 is also obtained 
when 1 is treated with excess acetylene. Compounds 
containing an organic ligand bonded similarly to that in 
17, 18, and 20 have previously been prepared by the 
photolysis of Fe(C0)5 in the presence of 2,7-dimethyl- 
oxepin14 and by the addition of 2-butyne to a ditungsten 
p-alkylidene c0mp1ex.l~ 


Treatment of 1 with propyne results in the formation 
of a ferrole formulated as having structure 19 and a mix- 
ture of pentane-soluble compounds which were not readily 
separated (eq 10). On the basis of 'H NMR data [6 (Ca,) 


/> 
F e 2 ( C 0 l 8 C H 2  + CH,C=CH - ( C 0 ) 3 F e  -Fe(C0)3 (10) 


19 


(13) Sternberg, H. W.; Friedel, R. A.; Mackley, R.; Wender, I. J. Am. 


(14) Aumann, R.; Averbeck, H.; Kruger, C. Chem. Ber. 1975,108,3336. 
(15) Levisalles, J.; Rose-Munch, F.; Rudler, H.; Daran, J.; Dronzec, Y.; 


Chem. SOC. 1956, 78, 3621. 


Jeannin, Y. J. Chem. SOC., Chem. Commun. 1981, 152. 
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0.3 (d, 1.2 H), 0.8-1.1 (5 pk, 1.2 H), 1.7 (br, 4 H), 2.3 (s, 
3 H), 2.4 (s, 0.3 H), 3.2 (s, 1 H), 3.8-4.0 (dd, 1.2 H), 6.4 (s, 
0.3 H)], the pentane-soluble mixture is presumably a 
mixture of isomeric complexes arising from the insertion 
of 2 equiv of propyne. 


Reaction of the p-methylene complex 1 with 2-butyne 
results in the isolation of a red crystalline compound 
containing two 2-butyne units and a ferrole (eq ll), which 


Sumner ,  Collier, and Pet t i t  


C H =  


(CO), (CO), 


21 
are formulated as having structures 20 and 21, respectively, 
on the basis of their elemental analysis, lH NMR, IR, and 
mass spectral data. The lH NMR spectrum of 20 displays 
a doublet a t  6 1.0 (3 H) assigned to the terminal olefinic 
methyl group, a singlet a t  6 1.2 (3 H) assigned to the in- 
terior olefinic methyl group, a singlet over a quartet a t  6 
1.7 (4 H) assigned to the allylic methyl group and the 
olefinic hydrogen atom respectively, a singlet a t  6 2.5 (3 
H) assigned to the bridgehead methyl group, and a singlet 
a t  6 3.8 (1 H) assigned to the allylic hydrogen atom. 
Complex 20 is probably formed via a a,a-allyl complex 
which rapidly reacts with 2-butyne under the reaction 
conditions. Interestingly, a hydrogen atom originally 
bound to the methylene ligand in 1 has migrated to the 
terminal olefinic carbon in 20. This migration is also ob- 
served in the a,a-allyl product 22, isolated from the re- 
action of 1 with phenylacetylene (eq 12). The structure 


WPh 
I \  


1 t P h C E C H  - Fe-Fe (12)  
I I  


( c o ) 4  (co)3 


22 


of 22 was determined on the basis of IH NMR, IR, and 
mass spectra and by hydrogenation to give n-propyl- 
benzene. The 'H NMR spectrum consists of a doublet at 
6 3.6 (1 H) assigned to the hydrogen bound to the carbon 
bearing the phenyl group, a pair of doublets at 6 5.8 (1 H) 
assigned to the interior allylic hydrogen, a singlet at 6 7.1 
(5 H) assigned to the aromatic hydrogens, and a doublet 
at 6 8.0 (1 H) assigned to the bridgehead hydrogen atom. 
The mechanism responsible for the migration of the me- 
thylenic hydrogen atom is not clear. Similar observations 
have been reported by Lewis et a1.16 for tetranuclear os- 
mium clusters. 


Allene. The addition of allene to complex 1 under 
conditions similar to those used for the reaction of 1 with 
acetylenes gives a complex mixture of metal carbonyls. 
The major product formed in 20% yield is (tri- 
methy1enemethane)iron tricarbonyl (23; eq 13). The ex- 
pected diiron trimethylene heptcarbonyl was not isolated. 


Nucleophiles. The reaction of 1 with nucleophiles leads 
to products containing an acetyl group (eq 14). For ex- 


(16) Johnson, B. F. G.; Kelland, J. W.; Lewis, J.; Mann, A.; Raithby, 
P. R. J .  Chem. Soc., Chem. Commun. 1980, 547. 


I A I  


CFe(C041 t (CO13Fe-) (13) h 
23 


Fe(CO)&H2 + R-Z-H - CH,C(=O)-Z-R (14) 
Z = O , N H  


ample, the reaction of 1 with NaI in the presence of water 
leads to the formation of mainly acetic acid. Treatment 
of the p-methylene complex 1 with alcohols or amines 
produces acetates or acetamides, respectively. Thus, 
treatment of 1 with isoamyl alcohol in refluxing tetra- 
hydrofuran (THF) produces isoamyl acetate. Similarly, 
treatment of 1 with aniline in benzene produces acet- 
anilide. Consistent with these findings, the carboethoxy 
complex 6 reacts readily with ethanol to give good yields 
of diethyl malonate. The rate of the reaction of the p- 
methylene complexes 1 and 6 with nucleophiles was 
qualitatively observed to be enhanced by the presence of 
iodide. 


When the p-methylene complex 1 is treated with water 
a t  room temperature in acetone, acetic acid is produced 
as expected by analogy to the reaction of 1 with alcohols. 
However, methane and acetaldehyde, along with carbon 
dioxide, are also observed (eq 15). These results are 


CHzH 0 
THF 1 \ I  1 1  - C o p  


Fe21C0)8CH2 t H z 0  - Fe-Fe-C-OH - Fe-Fe-H 
I I  I I 
I I  I I  


12 
( C O 4  iCO)3 (co)4 ( c o ) 3  


1 (15 )  


CH4 f CH5CHO 


1 
C H j C 0 2 H  


consistent with the ability of a CO ligand to undergo nu- 
cleophilic attack to generate a metal hydride as in the 
water gas shift reacti0n.l' Reaction of 1 with water to give 
the dihydride 12 would lead to the formation of methane 
and acetaldehyde. The fate of the iron carbonyl groups 
is as yet undetermined. 


Trimethylphosphine. Reaction of the p-methylene 
complex 1 with PMe3 affords the bis(trimethy1phosphine) 
complex 24 along with the mononuclear complexes (eq 16). 


0 
24 


(C0)4FePMe3 + ( C 0 ) 3 F e ( P M e 3 ) z  (16) 


Attempts to prepare the dinuclear monophosphine-sub- 


(17) Pearson, R. B.; Mauermann, H. J .  Am. Chem. SOC. 1982, 104, 
500-504. Pettit, R.; Cann, K.; Cole, T.; Mauldin, C.  H.; Sleiger, W. A d .  
N.Y. Acad. Sci. 1978,333,101. The products observed from the reaction 
of 1 with nucleophiles could also arise from a ketenyl-type intermediate 
formed by insertion of a CO ligand into a CH,-Fe bond prior to nucleo- 
philic attack. Roper, M.; Strutz, H.; Keim, W .  J.  Organomet. Chem. 1981, 
219, C5. 
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stituted methylene complex by using only 1 equiv of PMe3 
were unsuccessful in that the same products were isolated 
as before, along with unreacted 1. The structure of 24 was 
determined by X-ray analysis.' 


The diiron p-alkylidene complexes which possess a @- 
hydrogen atom are unstable a t  room temperature in so- 
lution where they decompose to give the corresponding 
olefin and Fe3(C0)12 For example, the ethylidene complex 
2 decomposes in pentane solution to give ethylene and 
Fe3(C0)12. Presumably, the decomposition involves prior 
loss of a CO ligand to give a coordinatively unsaturated 
complex which undergoes @-hydride elimination to give the 
?r complex that would lead to ethylene (eq 17). 


(do), (to), (bo), (Lo), (6014 ( 6 0 ) 3  


2 


Complexes which do not possess a @-hydrogen atom, 
such as the parent complex 1, the (carboeth0xy)methylene 
complex 2, and the methoxymethylene complex 7, are 
stable in solution at  room temperature. However, the 
vinylmethylene complex 5 readily looses a CO ligand to 
give the u,n-allyl complex 15 (eq 18). Complex 15 is dark 
red oil a t  room temperature and reacts with 1 equiv of 
Ph3P at  ambient temperature to give a crystalline Ph3P 
derivative which X-ray analysis18 has determined to have 
structure 25. 


H\ /CH=CHz 


f\ -co f? Ph3P fi 
- r-r - Ph3P-Fe-Fe (18)'  


I I  
KO), (CO), 


Fe - Fe 


( c o ) 4  (co)4 (cob ( c o ) 3  
I I  


5 15 25 


The Chemistry of Fe2(CO)8CHOCH3. Oxygenated 
methylene ligands may play an important role in the 
catalytic conversion of carbon monoxide into small, oxy- 
genated organic compounds such as methanol and ethylene 
glycol. Some chemistry of p-alkoxymethylene ligands has 
recently been reported by Stone et al.I9 


Treatment of the methoxymethylene complex 7 with H2 
at  125 "C in heptane produces dimethyl ether and a tri- 
nuclear hydride which has IR, lH NMR, and mass spectral 
data identical with the trinuclear cluster 26 prepared by 
Shiver et al.19 (eq 19). The formation of 26 is presumably 


H \  ,OCH3 (co.)3 


'(co), 


26 
CHj-O-CH3 (19) 


due to the reaction of coordinatively unsaturated iron 


(18) Davis, R. E., The university of Texas at Austin, personal com- 
munication. 


(19) Howard, J. A. K.; Jeffery, J. C.; Laguna, M.; Navano, R.; Stone, 
F. G. A. J. Chem. SOC., Dalton Trans. 1981, 751. See also: Sternberg, 
H. W.; Shukys, J. G.; Donne, C. D.; Mackby, R.; Fuedel, R. A.; Wender 
J. Am. Chem. SOC. 1959,81,2339. Guthrie, D. J. S.; Khand, I. V.; Knox, 
G. R.; Kallmeier, J.; Pauson, P. L.; Watts, W. E. J. Organomet. Chem. 
1975,90,93. 
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carbonyl species with the methoxymethylene 7. The hy- 
dride 26 was also obtained in good yield by treatment of 
7 with Fe2(C0)9. 


Reaction of the methoxymethylene complex 7 with 
strong acid leads to products that can be thought of as 
being derived from the bridging carbyne cation 27. For 
example, treatment of 7 with H2S04 in the presence of 
acetonitrile, followed by aqueous workup, results in the 
isolation of a red crystalline compound formulated as 
having structure 28 (eq 20) on the basis of its elemental 


L 


27 
H 


I 
\JN\JCH3 
/"\ 


Fe-Fe 0 (20) 
I I  


(io14 (eo), 


28 


analysis, IR, IH NMR, and mass spectra. Infrared 
stretching frequencies at 1561 and 1540 cm-' are consistent 
with the acetanilide carbonyl group being coordinated to 
an iron atom. In an analogous reaction, treatment of 7 with 
HBF4 in 95% acetic anhydride (5% acetic acid) results in 
the isolation of the octacarbonyl acetoxymethylene com- 
plex 29 as yellow crystals which, upon standing in solution 
at room temperature, rapidly lose a CO ligand to give the 
red, crystalline heptacarbonyl acetoxymethylene complex 
9 (eq 21). The IR spectrum of 29 contains a band at 1760 


H 
H\./oAc 


29 9 


cm-I which is assigned to the acetoxy carbonyl group as 
well as bands corresponding to metal carbonyls. Upon 
warming, the band at 1760 cm-' disappears and is replaced 
by a band at  1615 cm-', which is consistent with the 
acetoxy carbonyl group being coordinated to an iron atom. 


Similar reactivity has been observed for the dicyclo- 
pentadienyl-substituted methoxymethylene complex 30am 
Treatment of 30 with HBF4 in CH2C12 at low temperature, 
followed by the addition of triphenylphosphine, results in 
the isolation of the phosphonium salt 32 which is pre- 
sumably formed via the cation 31 (eq 22). If the meth- 
oxymethylene complex 7 is protonated in the absence of 
a trapping agent, the cation formed incorporates 1 equiv 
of CO to give carboxymethylene derivatives. For example, 
addition of 7 to cold, concentrated H2S04, followed by 
addition of the H2S04 solution to ethanol results in the 
isolation of the (carboeth0xy)methylene complex 6 (eq 23). 


(20) Casey, C. P.; Fagan, P. J.; Miles, W. H. J. Am. Chem. SOC. 1982, 
104, 1134-1136. Kao, S. K.; Liu, P.; Pettit, R. Organometallics 1982, 1 
811. 


(21) Addition of ethanol or water to 34 gives the (carboethoxy)- 
methylene complex 6 and the (carbohydr0xy)methylene complex 32, 
respectively. 







1356 Organometallics, Vol. 1, No. 10, 1982 


0 0 


31 
30 


Sumner,  Collier, and Pettit 


decoupled) 208 (s), 162 (s), -4 (d)], and reactivity. 
The high-field chemical shifts for the hydrogen atom and 


the carbon bearing the hydrogen atom are consistent with 
the 7 complex as formulated in structure 34. The infrared 
spectrum shows absorptions in the terminal carbonyl re- 
gion at  2105 (m), 2062 (s), 2050 (s), 2005 (s), 1972 (w), and 
1952 (w) cm-' (hexane). If formulation 34 is indeed correct, 
then the ketenyl carbonyl stretch must be among the 
terminal CO absorptions. 


Conclusion 
The reaction of geminal diiodoalkanes and certain gem- 


inal dibromides with (Et4N)2Fe2(CO)a to give diiron p- 
alkylidene complexes appears to be a general reaction. The 
compounds formed by this reaction are reactive towards 
H2, olefins, alkynes, nucleophiles, and phosphines. Com- 
plexes containing a functionalized methylene ligand such 
as methoxymethylene can undergo transformations in- 
volving the methylene ligand to give other functionalized 
p-methylene complexes. The p-alkylidine complexes which 
possess a P-hydrogen atom are unstable at room temper- 
ature in solution where they decompose to give an alkene 
and Fe3(C0)12. Briding methylene complexes are also 
produced by acylation of Na2Fez(C0)8 and NaHFe2(C0)8. 
In the case of N ~ d l F e ~ ( C 0 ) ~ ,  the hydrogen atom originally 
bound to iron is incorporated into the methylene ligand. 


Experimental Section 
Preparation of N(C2H6),Fe2(C0)8. The synthesis of [N- 


(C2H5)4]2Fe2(C0)8 was performed in a dry, 2-L, three-necked 
separatory type round-bottomed flask. The base of the reaction 
vessel was equipped with a 1.5-in. coarse glass frit, a No. 8 Pyrex 
stopcock, and a 24/40 male ground-glass joint. The reaction vessel 
was set atop a 3-L flask which could be evacuated. Clean sodium 
(9.33 g, 0.406 mol) and naphthalene (4.5 g, 0.035 mol) were added 
to the reaction flask under argon. The flask was fitted with a 
septum, and 400 mL of dry THF was added. The septum was 
replaced with a dry, pressure equalizing, dropping funnel con- 
taining Fe(CO)S (55 mL, 0.41 mol). Addition of Fe(CO)5 to the 
mechanically stirred mixture was carried out a t  such a rate that 
the temperature of the reaction was maintained a t  about 30 "C 
when all of the Fe(CO), had been added, the reaction was stirred 
for an additional 15 h; 5 mL of MeOH was added and the reaction 
mixture stirred an additional 0.5 h. Care should be taken to make 
sure all sodium has been consumed. Evacuation of the bottom 
flask allowed filtration of the reaction mixture by opening the 
No. 8 stopcock. When the level of the reaction solution was just 
even with the level of the solid mass of NazFe2(CO)gxTHF, fil- 
tration was stopped. Distilled water (200 mL) was added to the 
reaction vessel, and stirring was recommenced. Addition of 
[N(C2H5),]Br (95 g, 0.45 mol) in distilled water (200 mL) afforded 
a brick-red precipitate. The mixture was filtered as before and 
then washed thoroughly with the following solvents: 400 mL of 
distilled HzO, 2 X 400 mL of absolute EtOH, 2 X 400 mL of THF, 
and 2 X 400 mL of Ego.  The solid thus obtained was dried under 
a vacuum to constant weight, giving 90 g of (NEt,),Fe,(CO),, yield 
74%. 


Preparation of Fe2(CO)&H2 (1). To a 1-L, three-necked, 
round-bottom flask equipped with a mechanical stirrer and 
dropping funnel were added (Et4N)2Fe2(C0)8 (41.5 g, 0.07 mol) 
and 250 mL of acetone. The mixture was cooled to 0 "C while 
being stirred. Methylene iodide (21.4 g, 0.08 mol), in 45 mL of 
acetone, was added over a 20-min period, and the reaction mixture 
was stirred at 0 "C a further 40 min under an argon atmosphere. 
The color of the solution changed from red to dark brown during 
the course of the reaction. The reaction pixture was fiitered under 
a stream N2, and the residue was washed with cold acetone until 
the washings were pale yellow. The residue, which consisted of 
Fe2(C0)&H2 and Et4NI, was transferred to a 600-mL beaker and 
washed with 150 mL of distilled water, filtered, and washed again 
with 50 mL of cold acetone. The product was transferred to a 
50-mL round-bottomed flask and dried under vacuum to constant 
weight: yield 14.5 g (60%); mp 135 "C dec; IR (CH2C1,) 2112, 


C P \  )( / c P  


Fe-Fe (22)  
/ \  / '  


co' 'c' ' c o  
II 
0 
32 


Cp = C,H, 


H\r/C02 


32, R = H 
6, R = Et 


If the H2S04 solution is added to water, a compound 
identified as the (carbohydr0xy)methylene complex 33 by 
comparison of ita melting point (79 "C dec) and IR spec- 
trum to a sample prepared by the hydrolysis of 6 (vide 
infra) is isolated. 


The (carboeth0xy)methylene complex Fe2(C0)&(H)- 
COzEt (6) is observed to readily react with aqueous acids 
to give a yellow crystalline compound 33 which is only 
slightly soluble in organic solvents and dilute aqueous base 
solutions in which it slowly decomposes. The above hy- 
drolysis is reversible, and facile esterification gives back 
the (carboeth0xy)methylene 6 in 70% yield. Complex 33 
is formulated as Fe2(CO)&(H)C02H. The IR spectrum 
of solid 33 (C,CI, mull) displays absorptions at 3600-3200 
(H,O), 3100-2400 (HCC02H), 2120 (m), 2070 (91,2035 (vs), 
2020 (s), 1995 (s), and 1645 (m) cm-'. The IR of 33 in 
solution (CH2C12) is very similar to Fe2(C0)&H2 except 
for a weak band at  1650 cm-'. The elemental analysis of 
33 is consistent with it being a hydrate. Hydrogenation 
of 33 gives acetic acid in 63% yield. 


Reaction of 7 with anhydrous HC1 produces a red, 
pentane-soluble solid which has also been prepared by 
treatment of the (carbohydr0xy)methylene 33 with oxalyl 
chloride and by the reaction of (Et4N)2Fez(CO)a with 
chlorodibromomethane (eq 24). The structure of the red 


.o 


7 34 32 


(24) t 
( E t 4 N ) z F e z ( C O ) e  t B r 2 C H C I  


solid is tentatively assigned as the ketenyl diiron carbonyl 
34 on the basis of its high-resolution mass spectrum, 'H 
NMR [6 (C&) 0.751, l3C NMR [6 (C&, off-resonance 
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2061, 2031, 2016 (sh) cm-'; 'H NMR (acetone-d,) 6 5.5 ( 8 ) ;  mass 
spectrum, m/e 350, 336, 322, 308. Anal. Calcd for C9HzFezOs: 
C, 30.90; H, 0.57. Found: C, 31.50; H, 0.90. 


Preparation of Fez(CO)8C(CH3)z (3). To a 50-mL round- 
bottomed flask equipped with a magnetic stirring bar and rubber 
septum were added (Et4N)2Fe2(C0)8 (3.37 g, 5.7 mmol) and 25 
mL of acetone. The mixture was stirred and cooled to 0 "C, and 
2,2-diiodopropane (1.68 g, 5.7 mmol) in 5 mL of acetone was 
syringed into the reaction mixture. The reaction mixture was 
stirred a t  0 "C for 1 h while the color changed from red to dark 
brown. The solvent was rapidly removed at  0 "C by high vacuum, 
leaving a black solid residue. The residue was extracted with 
30-mL portions of pentane. The pentane was removed by vacuum 
at  0 "C, leaving 1.0 g of greenish yellow crystals, which were 
recrystallized from pentane at -78 " C  yield 1.0 g (49%); mp 47-48 
"C dec; IR (hexane) 2105,2060,2030,2010 (sh), 1872,1847 cm-'; 
'H NMR (acetone-d6, 0 "C) 6 2.9 (9); 13C NMR (CDC13, Me4%, 
-10 "C) 6 213,148,50; high-resolution mass spectrum, m/e(calcd) 
377.8760, m/e(measd) 377.8751. 


Preparation of Fe2(CO)&HCH3 (2). The procedure de- 
scribed for the preparation of Fe2(C0)8C(CH3)z was followed, 
except that 1,l-diiodoethane was used. The product was obtained 
as yellow crystals: yield 16%; mp 50 "C dec; IR (hexane) 2105, 
2060,2030,2010,1910-1840 (br) cm-'; 'H NMR (acetone-d,, -10 
"C) 6 2.7 (d, 3 H, J = 8 Hz), 7.2 (q, 1 H, J = 8 Hz); 13C NMR 
(CDC13, 0 "C) 6 211, 119, 39; high-resolution mass spectrum, 
m/e(calcd) 363.8604, m/e(measd) 363.8619. 


The sample used for the 'H NMR was let stand at  ambient 
temperature for 30 min. The solution changed colors from yellow 
to dark green, indicating the formation of Fe3(C0)12.22 The gasses 
over the solution were analyzed by gas chromatography and were 
found to contain approximately 75 % ethylene. 


Preparation of Fez(CO)sCHCH(CH3)z (4). The procedure 
described for the preparation of Fez(CO)8C(CH3)z was followed, 
except that l,l-diiodo-2-methylpropane was used. The product 
was obtained as yellow crystals: yield 26%; mp 73-75 "C dec; 
IR (hexane) 2105,2050,2020,2005,1985 (sh), 1940-1900 (br) cm-l; 
'H NMR (acetone-d,, 0 "C) 6 1.3 (d, 6 H), 2.6 (m, 1 H), 6.7 (d, 
1 H, J = 14 Hz); 13C NMR (CDC13, Me4%, -10 "C) 6 212, 140, 
51, 31; high-resolution mass spectrum, m/e(calcd) 391.8917, 
m/e(measd) 391.8910. 


The sample used for the 'H NMR at 0 "C was let stand at room 
temperature for 30 min; then the spectrum was taken again. The 
signals a t  6 1.3, 2.6, and 6.7 had disappeared and were replaced 
by signals a t  6 1.6 (s, 1 H), and 4.5 (s, 1 H). The gasses over the 
solution were analyzed by gas chromatography and were found 
to contain isobutylene. 


Preparation of Fez(CO)8CH(CH=CH2) (5). To a lOO-mL, 
round-bottomed flask equipped with a magnetic stirring bar were 
added (Et4N)zFe(CO)8 (3.95 g, 3.2 mmol) and 30 mL of acetone. 
The mixture was cooled to 0 "C with stirring; diiodopropene (1.93 
g, 3.2 mmol) dissolved in 10 mL of acetone was syringed into the 
reaction mixture. The reaction mixture was stirred for three 
minutes a t  0 "C while the color changed from red to dark brown. 
The solvent was rapidly removed by vacuum, leaving a black solid 
residue. The residue was extracted with pentane as described 
for the preparation of Fe2(C0)8C(CH3)2. the product was obtained 
as yellow crystals from the pentane at  -78 "C: yield 13%; IR 
(hexane) 2100, 2055, 2030, 2015 (sh), 1860 (br) cm-'; 'H NMR 
(CDCN3, -30 "C) 6 4.9 (d, 1 H),  5.2 (m, 1 H), 6.8 (two doublets, 
2 H). Anal. Calcd for C14H4Fe208: C, 35.11; H, 0.80. Found: 
C, 34.22; H, 1.20. 


The sample used for the 'H NMR at -30" C was removed from 
the NMR probe and let stand at  room temperature for 15 min 
while the color of the solution changed from yellow to dark red; 
then the spectrum was taken again. The signals a t  6 4.5,5.2, and 
6.8 had disappeared and were replaced by signals a t  6 2.2 (d of 
d, 1 H), 2.8 (m, 1 H), 5.7 (m, 1 H), and 8.5 (d of d, 1 H), indicating 
the formation of the o,r-allyl complex 15. 


Preparation of FeZ(CO)&(H)COzEt ( 6  Dihalide Method). 
To a stirred suspension of [N(CzH,)4]Fez(CO)8 (5.14 g, 8.6 mmol) 
in 25% acetone-diethyl ether (v:v) held a t  0 "C in an ice bath 


(22) Determined by high resolution mass spectrascopy. 
(23) Blanchard, E. P.; Simmons, H. E. J. An. Chem. SOC. 1964,86, 


1337. 
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was added dropwise IzC(H)CO2C2H5 (2.94 g, 8.7 mmol) as a so- 
lution in 20% acetone-diethyl ether (v:v). The reaction mixture 
was stirred for 5 minutes and filtered. The volatile components 
were removed from the filtrate under vacuum, and the resulting 
tar was extracted with pentane. The extracts were combined, 
concentrated, and chromatographed on Florisil. Elution of an 
orange band with pentane-benzene (95:5, v:v) gave Fe2(CO)&- 
(H)COzC2H5 as an orange oil which solidified on standing at -10 
"C: yield 0.26 g (7%); -29 "C; IR (C6H14) 2114 (m), 2066 (s), 
2033 (vs), 2016 (vs), 1973 (m), 1688 (m) cm-'; 'H NMR (benz- 
ene-d,) 6 5.8 (9, 1 H), 4.0 (9, 2 H, J = 8 Hz), 1.1 (t, 3 H, J = 9 
Hz); 13C NMR (CDCl,, -10 "C) 6 208, 182, 101, 61, 15; mass 
spectrum, m/e 394,366,338,210. Anal. Calcd for ClzH6Fe2010: 
C, 34.17; H, 1.43; Fe, 26.48. Found: C, 32.99; H, 1.40; Fe, 26.33. 


Preparation of FeZ(CO)&HOCH3 (7). (Et4N)FeZ(CO), (16.3 
g, 27 mmol) was added over 35 min to a stirring solution of 
dibromomethyl methyl ether (5.4 g, 26 mmol) in 53 mL of CHzClz 
at 0 "C. The resulting mixture was stirred 15 min and the solvent 
removed. The residue was extracted with pentane, and the ex- 
tracts were filtered. Removal of the solvent gave 3.1 g of a brown 
crystalline material which was recrystallized from pentane: mp 


2110,2055,2030 (sh), 2019,2003,1980-1950 (sh), 1890,1855 cm-'; 
13C NMR (CDC13, proton decoupled from Me4%) 65,174,211 ppm; 
mass spectrum, m/e 380,352,296. Anal. Calcd for CloH3Fe2O8: 
C, 31.62; H, 1.06; Fe, 29.41. Found: C, 31.81; H, 1.22; Fe, 30.38. 


Reaction of (Et4N)zFez(CO)8 with CHClz(OCH3). To a 
50-mL round-bottom flask equipped with a magnetic stirring bar 
and rubber septum were added (Et4N)2Fe2(C0)8 (2.72 g, 4.6 "01) 
and 15 mL of degassed acetone. The mixture was cooled to 0 "C 
while being stirred vigorously. Neat dichloromethyl methyl ether 
(524 mg, 4.6 mmol) was added via syringe, and the reaction 
mixture was stirred for 3 h a t  0 "C. After this time, the 
(Et4N)zFe2(C0)8 was still observable (as an insoluble solid), and 
the reaction mixture contained no pentane-soluble products. 


Reaction of (NEt4)zFez(C0)8 and BrZCHCOzK. To 4 mL 
of 50% aqueous acetone containing (NEt4),Fe2(CO), (0.58 g, 0.97 
"01) was added Br2CHCO2K (0.25 g, 0.98 "01) in 7 mL of 50% 
aqueous acetone. The reactants were shaken vigorously until no 
(NEt4)zFez(CO)8 remained. To this solution was then added 6 
mL of 18% aqueous HC1, and the mixture was extracted with 
methylene chloride. The methylene chloride extract was separated 
from the aqueous layer and dried over MgS04. Removal of solvent 
gave a solid mass (0.13 g) containing green and yellow crystals. 
Purification was accomplished by dissolving the solid mixture in 
absolute ethanol (3 mL) to which was added 2 mL of concentrated 
HzSO,. The solution was shaken for several minutes. Extraction 
with pentane followed by chromatography over Florisil of the 
pentane extracts gave 28 mg of crystalline Fe2(CO),CH(CO2C2H5) 
(6%). 


Preparation of FeZ(CO),C(H)COzEt (6). Ethyl diazoacetate 
(0.50 g, 0.0044 mol) in 10 mL of hexane was added dropwise over 
a 10-min period to a stirring suspension of Fez(CO)9 (0.70 g, 0.0018 
mol) in 15 mL of hexane at  50-55 "C. When addition was com- 
plete, the reaction mixture was filtered and the volatile compo- 
nents were removed under vacuum. The remaining residue was 
extracted with pentane and chromatographed over Florisil. 
Development with 5% benzene-pentane (v:v) eluted Fez(C0)8- 
C(H)COzC2H5 as a yellow band (67 mg, 8 % ) ,  the physical prop- 
erties of which (IR, NMR, mass spectroscopy) were identical with 
those of authentic Fez(CO)8C(H)C0zC2H,. 


Preparation of Fe2(CO)&HOCOCH3 (28). Fe2(CO)&HO- 
CH3 (492 mg, 1.3 mol) was added as a solid (at 0 "C over a 10-min 
period) to a solution of HBF,.EkO (626 mg, 3.9 mmol) in 4.5 mL 
of acetic anhydride containing 5% acetic acid. The reaction 
mixture was stirred until all the solid had dissolved (approximately 
5 min) and poured slowly onto 9.1 g of ice. An immediate pre- 
cipitation of small yellow crystals occurred. The ice water was 
extracted with pentane (3 X 5 mL), and the combined pentane 
layers were washed with 10 mL of ice water and dried over K,C03 
at 0 "C. The dried solution was filtered, concentrated, and chilled 
to -20 "C. Filtration yielded 250 mg of long yellow needles (yield 
47%): mp 45-46 "C; IR (hexane) 2110, 2065, 2038, 2020, 
1830-1900,1760 cm-'; 'H NMR (CDCl,, -10 "C) 6 2.1 (s, 4 H), 
9.0 (s, 1 H); 13C NMR (CDCl,, Me4Si -10 "C) 208, 169, 154, 21 
PPm. 


60-61 "c;  'H NMR (C&) 6 3.0 (8 ,  3 H), 8.2 (9, 1 H); IR (hexane) 
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A sample of the yellow crystalline material was dissolved in 
hexane and let stand at  room temperature for 30 min. The color 
of the solution changed from yellow to red, and the IR spectrum 
of the solution showed it to contain Fe2(C0)&HOCOCH3. Re- 
moval of the solvent left red crystals of the heptacarbonyl complex, 
mp 83-84 "C. 


Preparation of Fe2(CO)&HOCO(CH3) (7). The procedure 
given for the preparation of Fe2(CO),CHOCO(CH3) was followed; 
filtration and removal of the pentane solvent left a red oil which 
crystallized upon standing: yield 90%; mp 83-84 "C; IR (hexane) 


6 1.2 (s, 3 H), 9.1 (8,  1 H); I3C (MR (CDC1, Me4%) 222, 184, 170, 
19 ppm; mass spectrum, m/e 380,352,324,296. Anal. Calcd for 
CloH4Fe209: C, 31.48; H, 1.05; Fe, 29.47. Found: C, 31.50; H, 
1.03; Fe, 29.45. 


Reaction of (Et,N)$%(CO), with Dibromochloromethane. 
To a 100-mL, three-necked, round-bottomed flask equipped with 
a magnetic stirring bar and dropping funnel were added 
(Et4N)2Fe2(CO)8 (4.10 g, 6.9 mmol) and 20 mL of acetone. The 
mixture was cooled to -20 "C, and dibromochloromethane (1.45 
g, 6.96 mmol) was added over a 15-min period. The reaction 
mixture was stirred an additional 10 min at  -15 "C, and the color 
of the solution changed from red to black. The solvent was 
removed by high vacuum a t  -7 "C, leaving a black solid residue. 
The residue was extracted with 3 X 50-mL portions of pentane 
which were immediately filtered through a celite pad into a 
round-bottomed flask which was submerged in a dry ice-acetone 
bath. The pentane was evaporated under reduced pressure, 
leaving an orange crystalline residue which was chromatographed 
over Florisil. 


Elution with hexane produced a dark red oil which was crys- 
tallized from pentane at  -40 "C: yield 464 mg; mp 52-53 "C; IR 
(hexane) 2105,2062,2052,2015,2005,1972,1952 cm-'; 'H NMR 
(C,D,) 6 0.7 (8). Anal. Calcd for C9HC1Fe20~ C, 28.09; H, 0.26; 
C1,9.23; Fe, 29.13. Found: C, 25.53; H, 0.60; C1, 11.54; Fe, 31.96. 


Preparation of Fe2(C0)6(PMe3)2CH2 (24). Fe2(CO)&H2 
(1.94 g, 5.5 mmol) in 20 mL of hexane was warmed to 45 "C. 
P(CH3)3 (1.05 mL, approximately 11 mmol) dissolved in 20 mL 
of hexane was added dropwise over a 1.5-h period with stirring 
under an argon atmosphere. After the addition, the reaction 
mixture was stirred an additional 15 min, cooled, and filtered 
through a celite pad. Removal of the solvent left an orange residue 
which consisted of Fe2(CO)6(PMe3)2CH2, Fe(C0)3(PMe3)2, and 
Fe(C0)4PMe3. The two mononuclear by products were sublimed 
(0.22 torr a t  65 "C) from the residue. The residue was recrys- 
tallized from hexane at  -20 OC to give 339 mg (20%) of orange 
needles: mp 93-96 OC; 'H NMR (C6D6) 6 4.1 (t, 2 H, J = 4 Hz), 
0.9 (d, 18 H, J = 9 Hz); 13C NMR (C6D6, Me4&) 17.0 (d, J = 29 
Hz), 79.3 (t, J = 4 Hz), 226.5 (d, J = 3 Hz) ppm; '?P NMR (C&, 
referenced to external H3P04) 13.39 ppm (9); IR (hexane) 2025, 
1995,1963,1940,1825,1850-1830 (br) cm-'; mass spectrum, m/e 
446,418,390,362. Anal. Calcd for Cl3H&e2O6P2: C, 34.98; H, 
4.48; Fe, 25.11; P, 13.90. Found: C, 34.92; H, 4.63; Fe, 24.95; P, 
6.67. 


Acylation of Na2Fe2(C0)@ Acetyl bromide (1.9 mL, 0.026 
mol) was added dropwise to a mechanically stirred mixture of 
Na2Fe2(CO)8 (4.8 g, 0.013 mol) and 40 mL of tetrahydrofuran at 
0 "C. After 1 h, the solvent was removed while the temperature 
of the reaction vessel was maintained a t  0 "C. The resulting 
residue was extracted with pentane; the pentane extracts were 
concentrated and chromatographed over Florisil. Fe2(C0)&(C- 
H,)OAc was eluted with pentane. Crystallization from pentane 
gave an orange-red solid: yield 0.55 g (11%); mp 59-62 "C; IR 
(C6H14) 2083 (m), 2060 (vw), 2044 (vs), 2010 (s), 1996 (vs), 1961 
(m), 1936 (sh), 1615 (m) cm-'; 'H NMR (C&) 6 1.06 (s, 3 H), 
2.90 (s, 3 H); 13C NMR (CDCl,) 211, 209, 197, 181, 42, 19 ppm; 
mass spectrum, mle  394, 366, 338, 310. Anal. Calcd for 
CllH6Fe2O9: C, 33.54; H, 1.54; Fe, 28.36. Found: C, 33.77; H, 
1.59; Fe, 30.95. 


Acylation of NaHFe2(CO)@ Na2Fez(CO)8 (1.50 g, 3.93 "01) 
was slurried in tetrahydrofuran (THF) (15 mL), protonated with 
acetic acid (0.23 mL, 4.0 mmol), and chilled immediately in an 
ice bath. The resulting mixture was filtered cold and the clear 
solution of NaHFe2(CO), allowed to react a t  0 "C for 1.5 h with 
acetyl chloride (0.58 mL, 8.13 mmol). The solution was warmed 
to room temperature, and the volatile materials were removed 


2089,2045,2018,2000,1964,1945,1616 cm-l; 'H NMR (C&) 


Sumner, Collier, and  Pet t i t  


and collected under vacuum. The remaining residue was extracted 
and chromatographed over Florisil. Elution with pentane gave 
Fe2(C0),C(H)OAc (0.29 g, 18%). The product obtained was found 
to be identical (IR, 'H NMR, mixed melting point) with the 
complex produced from protonolysis of Fe2(CO)sC(H)OCH3 in 
acetic acid. Analysis of the volatile materids showed the presence 
of acetaldehyde (20-25%). 


Acylation of NaDFe2(CO)@ The above procedure was re- 
peated except that deuterioacetic acid (99.5% 1-d) was used in 
place of acetic acid. Isolated 9 was found to contain 85% deu- 
terium incorporation by 'H NMR. 13C NMR analysis of 9 con- 
firmed deuteurium incorporation of the bridgehead carbon. 


Acylation of the Ferrole 16. To a 10-mL, round-bottomed 
flask were added 300 mg of the ferrole [prepared from Fe2(C- 
O)&H2 and acetylene], 3 mL of pyridine, and 3 mL of benzene. 
Acetyl chloride (1.1 g, 14 mmol) was added to the solution all a t  
once. A precipitate was immediately formed. The reaction 
mixture was refluxed for 5 min, cooled, and poured into 2 mL 
of cold water. The benzene layer was washed with water, with 
dilute HCl, and again with water. Evaporation of the solvent left 
a yellow, oily residue which was chromatographed on Florisil. 
Elution with benzene-hexane (1:l) produced a yellow oil which 
was crystallized from hexane: yield 64 mg (19%); mp 63-64 "C; 
IR (hexane) 2080 (m); 2042 (2), 2000 (s), 1995 (sh), 1964 (m), 1771 
(m) cm-l; 'H NMR (C6Ds) 6 1.6 (8 ,  3 H), 5.0 (d of d, 1 H), 5.4 (d 
of d, 1 H), 5.9 (d of d, 1 H); mass spectrum, mle 390, 362, 334, 
306. Anal. Calcd for Cl2HsFe2O8: C, 36.92; H, 1.54; Fe, 28.72. 
Found: C, 37.08; H, 1.47; Fe, 28.52. 


Hydrogenation of Alkylidenes. Reaction between H2 and 
the iron carbonyl alkylidenes listed in Table I1 gave good to 
excellent yields of the expected organic molecule. Hydrogenations 
were carried out in WmL stainless-steel autoclaves equipped with 
glass inserts. The reaction vessels were heated in an oil bath and 
stirred magnetically. The data are given in Table I1 of the text. 


Reaction of Fe2(CO)&H2 with Ethylene. A 65-mL autoclave 
equipped with a magnetic stirring bar was charged with Fe2(C- 
O)&H2 (1.179 g, 3.4 mmol), benzene (10 mL), and ethylene (400 
psi) and heated at  55 "C for 2 h. After the mixture was cooled 
to 0 "C, the gas phase was vented into a I-L water burette and 
analyzed for propylene (65%). The solution was purged with N2 
and this gas was analyzed. The solution was also analyzed for 
propylene (total yield was 96%). The IR of the solution exhibited 
bands at  2080, 1997, and 1980 cm-' due to C2H4Fe(C0),.24 


Reaction of Fe2(CO)8CH2 with Propylene. The procedure 
described above was followed, except that propylene (approxi- 
mately 50 psi) was used instead of ethylene. The C4 hydrocarbons 
were analyzed on a Carbopak 0.19% picric acid column. The C4 
hydrocarbons fround were the following: isobutylene (78%), 
trans-Zbutene (E%) ,  cis-2-butene (5%), and 1-butene (1%). The 
IR of the solution showed bands at  2075,2010 (sh), 1995, and 1968 
cm-', probably due to C3H6Fe(C0)4. 


Reaction of Fe2(CO)sCH2 with Isobutylene. Fe2(C0),CHz 
(997 mg, 2.8 mmol) was added to 10 mL of degassed benzene in 
a 60-mL autoclave containing a magnetic stirring bar. The au- 
toclave was sealed, and the solution was saturated with iso- 
butylene. The autoclave was placed into an oil bath, heated to 
60 "C and stirred for 1 h cooled to room temperature, and washed. 
Filtration of the reaction mixture left 800 mg (90%) of unreacted 
starting material (mp 135-140 "C dec). 


Reaction of Fe2(CO)&D2 with Isobutylene. The procedure 
given above was followed except that Fe2(CO),CD2 (280 mg, 0.8 
mmol) prepared by reaction of (Et4N),Fe2(CO), and CD,I,23 was 
used instead of Fe2(CO)&H2 and the reaction mixture was heated 
for 4 h. Filtration of the reaction mixture left 170 mg (60%) of 
unreacted starting material. The mass spectrum of the unreacted 
starting material showed only the presence of Fe2(CO)&D2. 


Reaction of Fe2(CO)&H2 with Methyl Acrylate. To a 
25-mL round-bottomed flask equipped with a magnetic stirring 
bar and reflux condensor were added Fe2(CO),CH2 (350 mg, 1.0 
mmol), benzene (10 mL), and methyl acrylate (176 mg, 2.0 mmol). 
The reaction mixture was monitored by gas chromatography and 
was heated at  75 "C until the concentration of methyl crotonate 
remained constant (about 1 h). The solution was allowed to cool 


(24) Murdoch, H. D.; Weiss, E. Helu. Chim. Acta 1963,46, 1588-1594. 
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and was analyzed by gas chromatography. The yield of methyl 
crotonate was 79%; the yields of methyl methacrylate and an 
unidentified product were approximately 2% and 3%, respec- 
tively. 


Reaction of Fe2(C0)&H2 with Acetylene. To a 100-mL 
three-necked, round-bottomed flask equipped with a magnetic 
stirring bar, rubber septum, thermometer, and a gas inlet tube 
were added toluene (45 mL) and FeZ(CO)&H2 (2.00 g, 5.7 "01). 
The solution [only a small amount of Fe2(C0)&H2 waa dissolved] 
was heated to 65 "C. Acetylene (141 mL) was added to the 
reaction mixture over a 1.5-h period with occasional venting to 
release evolved CO, while the color changed from bright yellow 
to dark red. Stirring was continued an additional 25 min, and 
then the reaction mixture was cooled to 0 "C and filtered, which 
allowed the recovery of 287 mg (15%) of starting material. The 
filtrate was evaporated and the residue was taken up in pentane 
and chromatographed over Florisil. Elution with pentane pro- 
duced 870 mg of the u,a-allyl complex 15 as a dark red oil: yield 
870 mg (51%); 'H NMR (CsDs, u,a-allyl) 6 3.0 (dd, 1 H, J ,  = 9 
Hz, Jbx = 3 Hz), 2.3 (m, 1 H), 5.1 (m, 1 H), 8.0 (d, 1 H, J = 8 Hz); 
IR (hexane) 2099, 2039, 2015, 1984 (sh), 1975 cm-'; 13C NMR 
(DCC13, Me4Si) 6 47,97,154,209,211. Anal. Calcd for C1&I4Fe20,: 
C, 34.48; H, 1.15. Found: C, 34.22; H, 1.20. 


Elution with 10% etheppentane produced 441 mg of the ferrole 
16 which was crystallized from ether-hexane: yield 441 mg (26%); 


= 2.7 Hz, a to hydroxyl group), 4.9 (dd, 1 H, J ,  = 5.4 Hz, Jb. 
= 3.0 Hz, @hydrogen), 5.0 (br, 1 H, hydroxyl), 6.1 (dd, 1 H, J ,  
= 5.4 Hz, J b x  = 2.7 Hz, a to Fe); IR (hexane) 2080, 2040, 2020, 
1980,1965 cm-'. Anal. Calcd for Cl&14Fe20,: C, 34.48; H, 1.15; 
Fe, 32.18. Found: C, 35.08; H, 1.80; Fe, 30.85. 


Reaction of the a,r-Allyl Complex 15 with Ph3P. The 
u,a-allyl complex 15 dissolved in 7 mL of degassed hexane was 
added to a 25-mL round-bottom flask containing a magnetic 
stirring bar and Ph3P (217 mg, 0.8 mmol). The reaction mixture 
was stirred at room temperature under argon for 3 h, during which 
time the product precipitated from the solution. Filtration of 
the reaction mixture yielded a dark red crystalline residue 25 which 
was washed twice with 5-mL portions of cold pentane: yield 300 
mg (64%); mp 108 "C dec; IR (hexane) 2060,2015, 1980, 1965 
cm-'; 'H NMR (C6D6) 6 2.2-2.5 (m, 2 H), 5.4 (dd, 1 H), 7.0 (m, 
10 H), 7.2-7.5 (m, 6 H), 8.1 (d of m, 1 H). Anal. Calcd for 
C27H19Fe206P: C, 52.76; H, 3.09; Fe, 18.24; P, 5.05. Found: c, 
55.63; H, 3.35; Fe, 19.21; P, 5.10. 


Reaction of Fe2(C0)8CH2 with Propyne. To a 100-mL 
round-bottomed flask containing a magnetic stirring bar were 
added Fe2(C0)&H2 (1.58 g, 4.5 mmol) and 30 mL of benzene. 
This mixture was heated to 60 "C with stirring, and propyne (232 
mL, 9.0 mmol) was bubbled into the solution over a l-h period; 
the color of the reaction mixture changed from yellow to red. The 
reaction mixture was stirred another 0.5-h (until all solid had 
disappeared), cooled to 0 "C, and filtered, and the solvent was 
removed, leaving a red, oily residue. The residue was chroma- 
tographed on alumina. An orange, oily material (561 mg) was 
eluted with pentanebenzene (1:l). Crystallization from methanol 
produced red, oily crystals which the 'H NMR showed to be 
impure: mp 78-85 "C; IR (hexane) 2081 (m), 2042 (s), 2002 (s), 
1991 (m), 1981 (sh), 1963 (w) cm-'; 'H NMR (C&,3) 6 0.3 (2 pk, 
1.2 H), 0.9-1.1 (5 pk, 1.2 H), 1.7 (br, 4 H), 2.3 (s, 3 H), 3.2 ( 8 ,  1 
H), 3.8-4.0 (dd, 1.2 H), 6.4 (s, 0.3 H); mass spectrum, m l e  388, 
374, 346, 318. 


The ferrole 19 (548 mg) was eluted from the column with 
methanol and was crystallized from toluene-ether (3:l): yield 
34%; mp 80-88 "C; IR (THF) 2070 (w), 2040 (m), 2030 (sh), 1990 
(s), 1959 (s), 1942 (s), 1920 (sh), 1712 (w) cm-'; 'H NMR (ace- 
tone-&) 6 7.4 (d, 1 H, J = 5.4 Hz), 5.8 (d, 1 H, J = 5.4 Hz), 3.2 
[s, 4.8 H (water)], 1.5 (s,3 H). Attempts to obtain a mass spectrum 
were unsuccessful. Anal. Calcd for CllH6Fe20,.3H20: c, 31.73; 
H, 2.88; Fe, 26.92. Found: C, 30.55; H, 2.53; Fe, 25.68. 


Reaction of FeZ(CO)&H2 with 2-Butyne. To a 50-mL 
round-bottom flask equipped with a magnetic stirring bar and 
rubber septum were added Fe2(C0)&H2 (1.05 g, 3.0 mmol), 20 
mL of degassed benzene, and 2-butyne (197 mg, 3.6 mmol). The 
mixture was heated at 60 "C for 1.8 h while being stirred. The 
reaction mixture was chilled to 0 "C and filtered, which allowed 
the recovery of 100 mg of starting material. Removal of the solvent 


mp 44-47 "C; 'H NMR (C&) 6 4.4 (dd, 1 H, J ,  = 3.0 Hz, Jbx 
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left a red, oily residue which was chromatographed on alumina. 
Elution with pentane produced 225 mg of a red oil which was 
crystallized from pentane and was identified as the diinsertion 
product 20: yield 225 mg (21%); mp 120-123 "C; IR (hexane) 
2060,2018,1989,1980,1968,1939 cm-'; 'H NMR (CsDs) 6 1.0 (d, 
3 H, J = 6 Hz), 1.2 (s, 3 H), 1.7 (8,  3 H), 1.8 (9, 1 H, J = 6 Hz), 
2.5 (8 ,  3 H), 3.8 (s, 1 H); mass spectrum, m l e  402, 374, 346, 318. 
Anal. Calcd for ClZHl$ez0~ C, 44.78; H, 3.48. Found C, 44.95; 
H, 3.68. 


Elution with methanol produced 483 mg of a yellow solid which 
was recrystallized from toluene and identified as the ferrole 21: 
yield 483 mg (40%); mp 109-120 "C dec; IR (THF) 2040,1988, 
1959, 1940, 1920 (sh), 1640 (br, w) cm-'; 'H NMR (a~et0ne-d~)  
6 1.4 (s, 3 H), 2.1 (s, 3 H), 3.15 (water, 4 H), 3.3 (methanol, 1.5 
H), 7.1 (s, 1 H). Attempts to obtain a mass spectrum were un- 
successful. Anal. Calcd for ClzHsFez07-3H20: C, 33.48; H, 3.26. 
Found C, 33.40; H, 2.75. 


Reaction of Allene and Fe2(C0)8CHz. Fe2(C0)&H2 (2.04 
g, 5.82 mmol) in benzene (35 mL) was stirred in a 100-mL flask 
fitted with a condensor and heated to 60 "C, and then allene was 
bubbled through the solution until no undissolved Fe2(C0)8CHz 
remained (approximately 20 min). The solution was cooled and 
the benzene distilled under reduced pressure; the remaining red 
oil was sublimed. The low melting yellow crystalline sublimate 
had spectroscopic properties (IR, NMR, mass spectroscopy) 
identical with those of authentic (trimethy1enemethane)tri- 
carbonyliron, 0.214 g (19%). 


Reaction of Fe2(CO)&H2 with PhC+H. To a 100-mL 
three-necked, round-bottomed flask were added powdered Fez- 
(CO)&H2 (1.28 g, 3.7 mmol) and 15 mL of benzene. The mixture 
was stirred magnetically and heated to 50 "C, and then phenyl 
acetylene (377 mg, 3.7 mmol) dissolved in 10 mL of benzene was 
added dropwise over a 6-min period. The reaction mixture was 
stirred an additional 10 min, cooled to 0 "C, and filtered, and the 
solvent was removed, leaving a purple oil which was chromato- 
graphed over Florisil. Elution with hexane produced 440 mg 
(28%) of a dark red oil which was the u,p-allyl complex 22. 
Crystallization from hexane at -78 "C afforded dark red needles: 
mp 66-68 "C; IR (hexane) 2090 (m), 2037 (s), 2010 (s), 1980 (w), 
1970 (w) cm-'; 'H NMR (C6Ds) 6 3.6 (d, 1 H, J = 10 Hz), 5.75 (d 


7 Hz); mass spectrum, m l e  424, 397,368, 340. Anal. Calcd for 
ClsH8Fe20,: C, 45.28; H, 1.89. Found: C, 43.41; H, 2.27. 


Elution with benzene produced 136 mg of a yellow, oily com- 
pound which was presumed to be a phenyl-substituted ferrole by 
analogy to the reactions of 1 with other alkynes: IR (THF) 2040 
(m), 1990 (s), 1960 (s), 1940 (m), 1920 (sh) cm-'; 'H NMr (CsDs) 
6 5.5 (m, 1 H), 5.1 (d, 1 H), 6.4 (br, 1 H), 6.9-7.4 (m, 10 H). 


Reaction of the a,*-Allyl Complex 15 with Acetylene. 
Acetylene (44 mL) was added to the u,r-allyl complex (420 mg, 
1.2 mmol) dissolved in 10 mL of hexane. The reaction mixture 
was stirred for 12 h at room temperature, concentrated, and 
chromatographed on Alumina (80-325 mesh). The orange zone, 
eluted with hexane, contained 162 mg of the hexacarbonyl complex 
17, which was recrystallized from hexane: yield 162 mg (40%); 
mp 32-33 "C; 'H NMR (CsDs) 6 0.4 (dd, 1 H), J ,  = 12 Hz), 0.9 
(dd, 1 H), J ,  = 8 Hz, Jb. = 1 Hz), 3.5 (m, 1 H), 3.7-4.0 (m, 2 H), 


83,84, 149, 221; IR (hexane) 2070,2025, 1999, 1995, 1979 cm-'; 
mass spectrum, m l e  346, 318, 290, 262. Anal. Calcd for 
Cl2H6Fe2O6: C, 38.15; H, 1.73; Fe, 32.37. Found: c, 38.02; H, 
1.80; Fe, 32.12. 


Reaction of 15 with 2-Butyne. To the u,a-allyl complex 15 
(80 mg, 0.2 mmol) in 10 mL of hexane was added 2-butyne (15 
mg, 0.3 mmol) in one portion. The reaction mixture was stirred 
at room temperature for 12 h. The solution was filtered through 
a celite pad and evaporated. The residue was crystallized from 
methanol at -78 "C, yielding orange cubes of 18: yield 55 mg 


0.9 (d, 1 H, J = 7 Hz), 1.1 ( 8 ,  3 H), 2.3 (s, 3 H), 3.7 (m, 1 H), 4.0 
(d, 1 H, J = 2 Hz); IR (hexane) 2070,2025,1995,1991,1973 cm-'; 
mass spectrum, mle 374, 346, 318, 290. Anal. Calcd for 
C13H$e207: C, 41.71; H, 2.67. Found: C, 41.78; H, 2.68. 


Reaction of Fe2(C0)&H2 with Water. Fe2(CO)&H2 (757 
mg, 2.2 mmol) was added to  a 25-mL round-bottomed flask 
equipped with a magnetic stirring bar, a gas inlet tube, and a gas 


ofd,1H,Jab=10H~,J,=7H~),7.1(~,5H),8.O(d,1H,J= 


6.8 (dd, 1 H, J ,  = 5 Hz, Jbx  = 3 Hz); 13C NMR (CDC13) 6 42,60, 


(74%); mp 101-108 "c ;  'H NMR (c&) 6 0.4 (d, 1 H, J = 12 Hz), 







1360 Organometallics, Vol. 1, No. 10, 1982 


exit tube running to a solution of Ba(OH)2 (0.13 M). Aqueous 
acetone (10%) was added, and the reaction mixture was stirred 
at  room temperature for 5 h, during which time the color changed 
from yellow to dark red. Analysis of the solution by gas chro- 
matography indicated the presence of acetaldehyde (5%) and 
acetic acid (33%); when the liquid phase was purged with argon, 
methane (10-30%) was detected in the gas phase together with 
small (5%) amounts of C02. 


Reaction of Fe2(CO)&H2 with Aqueous NaI. Fe2(C0)&H2 
(100 mg, 0.3 "01) was added with stirring to 46 mg of NaI (0.31 
"01) in 1 mL of acetone. The solution immediately turned from 
yellow to dark red. Stirring was continued until all solid had 
dissolved (about 10 min), and then eight drops of 10% H2S04 
were added to the reaction mixture. The solution was analyzed 
by gas chroamtography and found to contain acetic acid (60%). 


Reaction of Fe2(C0)&H2 with Aniline. A 65-mL autoclave 
was charged with Fe2(C0)&H2 (918 mg, 2.6 mmol), aniline (268 
mg, 2.9 mmol), 10 mL of benzene, and CO (200 psi). The reaction 
mixture was heated a t  85 "C for 2 h. After being cooled, the 
solution was filtered and evaporated. The brownish residue was 
recrystallized from benzene-ether, yielding 174 mg (50%) acet- 
anilide as identified by its mass and IR (Kl3r) spectra and mixed 
melting point (111-113 "C). 


Iodide-Catalyzed Reaction of Fe2(CO)&H2 with Aniline. 
Aniline (50 mg, 0.5 mmol) was added to a stirred acetone (2 mL) 
suspension of Fe2(CO)&H2 (100 mg, 0.3 mmol) a t  room tem- 
perature. A second reaction mixture identical with the one de- 
scribed was prepared, and 47 mg of NaI was added to it. The 
two reaction mixtures were stirred side-by-side. The mixture 
containing NaI turned red, and after stirring had continued for 
45 min, most of the starting material had been consumed. Each 
reaction mixture was acidified with 2 mL of 10% HzSO4 and 
extracted with ether. Evaporation of the ether extract from the 
reaction without NaI left 5 mg of acetanilide. Evaporation of the 
ether extract from the reaction mixture that containing NaI left 
25 mg (37%) of acetanilide. 


Reaction of Fe2(C0)8C(H)C02C2H5 with C2H50H. Fe2(C- 
O)&H(C02C2H5) (41 mg, 0.10 "01) and NaI (33 mg, 0.22 mmol) 
were stirred together in absolute ethanol (1 mL) a t  room tem- 
perature. After 3 h diethyl malonate was found to have been 
produced (56%). The same procedure was repeated as above, 
except no NaI was present. After 6 h, a 31% conversion of 
Fe2(CO),CH(C02Et) to diethyl malonate w p  found. 


Reaction of Fe2(C0)&HZ with Isoamyl Alcohol. Fe2(C- 
O)&H2 (1.10 g, 3.1 mmol) and isoamyl alcohol (1.09 g, 12.4 "01) 
were refluxed in THF (11 mL) for 50 min. The solution was 
analyzed by gas chromatography and found to contain isoamyl 
acetate (1.0 mmol, 32%). 


Reaction of Fe2(CO)&HOCH3 with Fe2(C0)9. To a 50-mL 
round-bottom flask equipped with a magnetic stirring bar, claisen 
head, and reflux condensor were added FeZ(CO)8CHOCH3 (266 
mg, 0.7 mmol) and 10 mL of degassed hexane. The solution was 
brought to a gentle reflux, and Fe2(C0)9 (764 mg, 2.1 mmol) was 
added as a solid to the solution over a 10-min period. The color 
of the reaction mixture changed from orange to purple during 
the course of the reaction. The reaction mixture was refluxed 
for 15 min after the addition of Fe2(CO)g was complete and then 
filtered through a celite pad. Evaporation of the solvent left 170 
mg of a very dark red crystalline solid which was recrystallized 
from hexane and determined to be Fe3(CO)loH(COCH3) (26) by 
comparison of its IR, 'H NMR, and mass spectral data to those 
of an anthentic sample: mp 170 "C dec (lit. mp 135 "C dec); yield 
170 mg (50%). 


Reaction of Fe2(CO)8CHOCH3 with H2S04. Fe2(CO)&H- 
OCH, (300 mg, 0.8 "01) was added as a solid to 15 mL of ice-cold 
HzS04. The solution immediately turned blood red. When all 
starting material had dissolved, the reaction mixture was slowly 
poured into a stirred beaker of ice water. A yellow solid imme- 
diately precipitated. The solid was extracted from the reaction 
mixture with ether, washed with water, and dried over MgS04. 
Filtration and removal of the solvent left 170 mg of yellow crystals 
which were identified as Fe2(CO)&HCOZH (33) by comparison 
of the melting point and IR spectrum to those of an authentic 
sample prepared by the hydrolysis of Fe2(CO)&H(C02C2H5): 
yield 170 mg (55%); mp 76-84 "C; IR (CH2C12) 2110,2062,2030, 
2015, 1690 cm-'. 


Sumner, Collier, a n d  Pet t i t  


Reaction of Fe2(C0)8CHOCH3 with H2S04 in Acetonitrile. 
To Fe2(CO)&HOCH3 (278 mg, 0.76 mmol) dissolved in 3.0 mL 
of acetonitrile at  0 "C was added 0.3 mL of H2S04. The solution 
was stirred at  0 "C for 30 min while the color changed from yellow 
to red. The reaction mixture was poured onto ice (1 g) and 
extracted with ether (10 mL). The ether layer was dried over 
K&O3 and filtered. Removal of the ether left a crystalline residue 
which was a mixture of starting material and Fe2(C0),CHNHC- 
OCH,. The residue was washed with hexane which removed the 
starting material (46 mg) and left 87 mg FeZ(C0)7CHNHCO(CH,) 
(28) as red crystals: yield 87 mg (38%); mp 108-112 "C; IR 
(CH2C12) 3382,2080,2030,1995 (br), 1980 (br), 1940-1860 (sh), 
1561, 1540 cm-'; lH NMR (acetone-d6) 6 2.0 (s, 3 H), 2.9 (br, 1 
H), 8.3 (d, 1 H, J = 2.7 Hz; mass spectrum, m/e 378, 350, 322, 
294. Anal. Calcd for CloH,Fe2N08: C, 31.66; H, 1.32; Fe, 29.55; 
N, 3.69. Found: C, 31.30; H, 1.37; Fe, 29.29; N, 3.69. 


Reaction of Fe2(CO)&HOCH3 with Anhydrous HC1. 
Fe2(CO)&HOCH3 (218 mg, 0.6 mmol) was dissolved in 10 mL 
of pentane and cooled to 0 "C. Anhydrous HC1 was bubbled 
through the solution until no starting material could be detected 
by IR (about 1 h). The color of the solution changed from yellow 
to dark red during the come of the reaction. The reaction mixture 
was flushed with argon, filtered through a celite pad, and let stand 
over K2COB. The solution was filtered, concentrated to 2 mL, 
and slowly cooled to -40 "C. An 127-mg sample of dark red 
crystals separated yield 127 mg (59%); mp 50-52 "C; IR (hexane) 


6 0.7 (s); 13C NMR (C&, Me4Si, off-resonance decoupled) 208 
(s), 162 (s), -4 (d) ppm; high-resolution mass spectrum, m/e(calcd) 
355.8108, m/e(measd) 355.8112. Anal. Calcd for C8HC1Fe2O7: 
C, 26.97; H, 0.28; C1,9.97; Fe, 31.46. Found: C, 24.31; H, 1.52; 
C1, 10.41; Fe, 31.17. 


Hydrolysis of (Fe2(CO)8C(H)C02C2H,. An acetone solution 
(5 mL) of Fe2(CO)&(H)C02C2H5 (0.10 g, 0.24 mmol) was treated 
with concentrated HCl(5 mL). The solution was stirred for 10-15 
min at room temperature during which time a yellow precipitate 
of Fe2(C0)&(H)CO2H.H20 was formed. The contents of the flask 
were transferred to a separatory funnel and diluted with 10 mL 
of water. The mixture was extracted with 2 x 20-mL portions 
of CH2C12. The CH2Cl extracts were combined and dried over 
NaCl. The solvent was removed, and the solid obtained was 
washed with a minimal amount of cold pentane. Crystallization 
from CH2C12 gave Fe2(CO)8C(H)C02H.H20: mp 76-82 "C dec; 
IR (CH2C12) 2116 (m), 2070 (vs), 2035 (vs), 2018 (s), 1690 (vw), 
1645 (m) cm-'. Anal. Calcd for C,oH4Fe201,: C, 29.16; H, 0.98; 
Fe, 27.17. Found: C, 28.84; H, 0.85; Fe, 27.88. 


Esterification of Fe2(CO)&(H)C02H. Fe2(C0)8C(H)C0ZH 
(47 mg, 0.12 mmol) was dissolved in a solution of absolute ethanol 
(3 mL) and concentrated sulfuric acid (0.5 mL). The solution 
was stirred for 10 min at  room temperature and then poured into 
25 mL of water. The aqueous solution was extracted with pentane. 
The pentane extracts were washed with water, dried over NaCl, 
and filtered. Removal of solvent left partially crystalline orange 
material whose properties (IR, NMR) were identical with those 
of authentic Fe2(CO)8C(H)C02C2H,, yield 35 mg (70%). 


2105,2062,2052, 2015, 2005,1972,1952 cm-'; 'H NMR (c,3Dp,) 


Registry No. 1, 73448-09-6; 2, 82665-68-7; 3, 82665-69-8; 4, 
82665-70-1; 5,82665-71-2; 6,82665-72-3; 7, 82665-73-4; 8,82665-74-5; 
9,82665-75-6; 15,82665-76-7; 16, 74381-48-9; 1 6 - A ~ ,  82665-87-0; 17, 
82665-77-8; 18, 82678-90-8; 19, 82665-78-9; 20, 82665-79-0; 21, 
82678-91-9; 22, 82678-92-0; 23, 12078-33-0; 24, 82665-80-3; 25, 
82665-81-4; 26, 82665-89-2; 28, 82665-82-5; 29, 82665-83-6; 33, 
82665-84-7; 34, 82665-85-8; [N(C2H5)4]2Fe2(C0)8, 26024-88-4; Fe(C- 
0)5, 13463-40-6; [N(C2H,)4]Br, 71-91-0; 12C(H)C02C2H,, 82665-91-6; 
Br2CHC02K, 67060-06-4; Fe2(CO)g, 15321-51-4; P(CH&, 594-09-2; 
NaHFe2(CO)8, 60308-01-2; PPh3, 603-35-0; P h C d H ,  536-74-3; NaI, 
7681-82-5; C2H,0H, 64-17-5; H2S04, 7664-93-9; HCl, 7647-01-0; 
methylene iodide, 75-11-6; 2,2-diiodopropane, 630-13-7; 1,l-diiodo- 
ethane, 594-02-5; l,l-diiodo-2-methylpropane, 10250-55-2; 1,l-di- 
iodopropene, 82665-90-5; dibromomethyl methyl ether, 3492-44-2; 
dichloromethyl methyl ether, 4885-02-3; ethyl diazoacetate, 623-73-4; 
dibromochloromethane, 124-48-1; dark red oil, 82665-86-9; acetyl 
bromide, 506-96-7; acetyl chloride, 75-36-5; ethylene, 74-85-1; pro- 
pylene, 115-07-1; isobutylene, 115-11-7; methyl acrylate, 96-33-3; 
acetylene, 74-86-2; propyne, 74-99-7; (2)-butyne, 503-17-3; allene, 
463-49-0; phenyl-substituted ferrole, 82665-88-1; water, 7732-18-5; 
aniline, 62-53-3; isoamyl alcohol, 123-51-3. 
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cis,cis,tram-[IrH2(Me2C0)2Lz]BF4 (L = PPh,) reacta with various halocarbons L' which displace Me2C0 
to give cis,trans-[IrHz(L')Lz] (L' = o-diiodobenzene and o-bromoiodobenzene). The crystal structure of 
the C6H412 complex was determined by X-ray methods. This complex crystallizes in the space group ml/n 
with a = 13.309 (4) A, b = 19.144 (4) A, c = 16.317 (7) A, p = 109.85 (3)O, and 2 = 4. Full-matrix least-squares 
refinement using anisotropic thermal parameters for the iridium, phosphorus, iodine, and fluorine atoms 
and isotropic thermal parameters for the remaining atoms converged to the final residuals R1 = 0.047 and 
R2 = 0.050. The L' ligand was found to chelate to iridium via the halogen groups. Other more weakly 
binding ligands such as C6H61 and RI (R = Me, Et, i-Pr) do not displace Me2C0, but analogous complexes 
can be obtained by hydrogenating [Ir(cod)h]BF, (cod = 1,5-cycloodadiene) in the presence of the halocarbon. 
These have been detected by 'H NMR and in some cases isolated. Some analogues were obtained for L 
= PMePh,. The halo ligands were displaced by MeCN and displaced or partially displaced by EtOH (100 
molar equiv). 


Introduction 
R3P and RzS have been used as ligands in transition- 


metal chemistry since the nineteenth century. They sta- 
bilize a wide series of complexes. R3P complexes are also 
particularly important in catalysis.' The group 7 alkyls 
and aryls, RX (X = C1, Br or I), are almost unknown as 
ligands. The only cases seem to be [RhClIMe(MeI)- 
(PPh&I2 and the Me1 adducts of GeC14.3 


We were interested in the possibility of obtaining RX 
complexes (X = halogen) of iridium for a number of rea- 
sons. First, RX complexes seem likely to be intermediates 
in oxidative addition of RX to transition  metal^.^ This 
might seem to militate against the likelihood of obtaining 
stable, isolable RX complexes since they might be expected 
to decompose via oxidative addition. An iridium-based 
homogeneous hydrogenation system5 we have studied was, 
surprisingly, entirely resistant to oxidation by RX, so that 
in this system, a t  least the oxidative addition pathway for 
the decomposition of any RX complexes was suppressed. 
In our iridium-based alkane activation6 and catalytic hy- 
drogenations systems, chlorinated solvents, particularly 
CH2C12, are preferred. We wondered whether these might 
chelate to Ir via the halo groups. Evidence for competitive 
binding of PhCl to iridium was obtained when we found 
that this halocarbon lowered the rate of olefin hydrogen- 
ation as efficiently as does i-PrOH, which is known to bind 
to Ir to give an isolable solvent complex? but that ($-PhCl) 
complexes did not seem to be formed. 


Results and Discussion 
In order to maximize our chances of obtaining isolable 


complexes with the weakly binding halocarbons RX, we 
studied iodo compounds, where we hoped the binding 
would be strongest, since iodine is the least electronegative 
and the softest of the halogens. For a suitable metal 
complex, we chose the iridium solvent complexes cis,- 


(1) Parshall, G. W. 'Homogenous Catalysis"; Wiley: New York, 1980. 
(2) Lawson, D. N.; Osborn, J. A.; Wilkinson, G. W. J. Chem. SOC. A 


(3) Brown, H. C.; Eddy, L. P.; Wong, R. J. Am. Chem. SOC. 1963, 75, 
1966, 1733. 


6275. 
Vaska, L. Acc. Chem. Res. 1968, I, 335. 
Crabtree, R. H. Acc. Chem. Res. 1979,12, 331. 
Crabtree, R. H.; Mellea, M. F.; Mihelcic, J. M.; Quirk, J. M. J. Am. 
. Soc. 1982, 104, 107. 
Crabtree, R. H.; Demou, P. C.; Eden, D.; Mihelcic, J. M.; Parnell, 
Quirk, J. M.; Morris, G. E., J. Am. Chem. SOC., in press. 


cis,trans-[IrHzS2L2]BF4 (1, S = Me,CO; L = PPh,) that  
we had already studied in These lose the S groups 
very readily to expose two cis-binding sites. A chelating 
diiodide was therefore indicated. We had already shown8 
that the organic C=O group binds to 1 via 0 and that the 
binding is stronger when C=C or aromatic functionality 
is in conjugation with the donor group. We ascribe this 
to a lowering of the C=O x* orbitals allowing more ex- 
tensive M-0 d v p x  bonding. When this idea is applied 
to the case a t  hand, o-diiodobenzene seemed best suited 
for a first attempt. 


C6H412 reacts readily with [IrH2SzL2]BF4, 1, at 25 OC in 
CH2C1, to give [IrH2(C6H412)(PPh3)2]BF4, 2. The 'H NMR 
spectrum of the product shows a triplet assigned to Ir-H 
a t  6 -16.46 with a coupling, 2JpH = 13 Hz, appropriate6i7 
for a mutually cis arrangement of H and L, as in 1 itself. 
C6H412 resonances were apparently obscured by those due 
to L. When 1 is treated with C6H412 in an NMR tube, the 
spectrum of 1 is immediately and cleanly replaced by that 
of 2, after a slight excess of C6H412 has been added. No 
extraneous resonances, apart from that due to free acetone 
(6 2.07), were observed. 


Unchanged C6H412 (GC) was displaced by bipyridyl to 
give 1 (S, = bpy) and by MeCN to give 1 (S = MeCN;7 'H 
NMR). NMR studies also showed that neither MezCO nor 
THF (100 molar equiv) could displace C6H412 but that 
EtOH was competitive with C6H412, an equilibrium mixture 
of 1 and 2 being observed. This suggests that in spite of 
chelation, the aryl iodide is only weakly bound. The 
mutual displacement order of the added ligands has pre- 
viously been determined7 as H 2 0  < THF < Me2C0 < 
EtOH < MeCN < bpy. 


2 was thermally stable and in particular did not undergo 
oxidative addition, but it does undergo some of the reac- 
tions of 1. For example, 2 (L = PPh3 or PMePh,) reacts 
(CH2C12, 40 OC, 30 min) with styrene to give [(q6-PhEt)- 
IrL,]BF? and with cyclopentene to give [(r-Cp)IrH&]BF? 
as does 1 (S = MezCO). In contrast to 1, 2 fails to react 
with cyclopentane in the presence of tert-butylethylene 
((CH,Cl),, 80 "C, 18 h). The PMePh2 analogue of 1 (S = 
Me,CO) also reacts with C6H412 to give an analogous 
product. 


(8) Suggs, J. W.; Cox, S. D.; Crabtree, R. H.; Quirk, J. M. Tetrahedron 
Lett. 1981; 22, 303. 


Chem.Commun. 1981, 1217. 
(9) Crabtree, R. H.; Mellea, M. F.; Quirk, J. M. J. Chem. SOC., 
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c y c l l l  


II 


c4 


Table I. Experimental Data for X-ray Diffraction Study 
of Ir(I,C,H,)[P(C,H,), IH,BF, 


(A) Crystal Parameters at 26 (2)  "C 
space group P2,/n, No. 14 
a = 13.309 (4 )  A 


c = 16.317 (7)  
p = 109.85 (3)" 


V =  3910 ( 5 ) A 3  z= 4 
mol wt 1135.52 
Pcalcd 1.929 g/cm3 


b = 19.144 (4 )  A 


(B)  Measurement of Intensity Data 
radiation 
monochromator 
detector aperture 


c211 "cm 


Figure 1. An ORTEP diagram of the core of the [IrH2(CBH412)- 
(PPh&]+ cation. The hydrogen ligands were not located, and 
carbon atoms of the C$15 groups other than the one directly bound 
to P have been omitted for clarity. 


Q 
reflections measured 
2e ( m u )  
scan type 


w scan rate, deglmin 
w scan width, deg 
background 


std reflections 


reflections measd 
data used (F' > 3 u ( F 2 ) )  


Figure 2. Distortions in the C6H412 ligand. The thin linw cutting 
I(1) and 1(2) represent idealized C-I bond vectors and lie in the 
c6 plane with C,c,+II = ICr+lCx+a. The figures show the vertical 
distances (A) of I(1) and I(2) above or below the c6 plane. 


The Structural Results. A definitive characterization 
of 2 (L = PPh3) required a crystal structure determination. 
The complex was recrystallized from a CH2C12/Et20 bi- 
layer to give suitable material. The crystallographic data 
are given in Tables I-IV and VI-IX (supplementary ma- 
terial). Diagrams of the structure are shown in Figures l 
and 2. 


The structure consists of discrete BF4 anions and 
[IrH2(C6H412)(PPh3)2]+ cations with no unusually close 
contacts and reasonable distances and angles. The most 
interesting feature is the characterization for the first time 
of a covalent bond between a neutral halogen atom of a 
halocarbon and a transition metal. The bond distances 
2.726 (2) and 2.745 (1) A are in the same range as the 
corresponding bonds to iodide in [Ir(p-MeOC6H3NNH)- 
HI(PPh3),]'0 (2.786 A) and [Ir(C5Me5)(p-I)I]21' (Ir-I = 
2.694 A; Ir-(p-I) = 2.710 A) and must correspond to full 
covalent bonds. Since RI may be a rather poor u donor 
but a more strong A acceptor compared with R3P or R2S, 
the iridium site is appropriately matched in being soft (it 
can bind thioethers'2 or CO13) but also quite hard (a Lewis 
acid; it can bind Hz06). 1 also contains very labile S lig- 
ands, and we have used an essentially noncoordinating 
solvent. The comparative rarity of this combination of 
circumstances may help explain why RX complexes are 


(10) Bellon, P. L.; Demartin, E.; Manassero, M.; Sansoni, M.; Caglio, 


(11) Churchill, M. R.; Julis, S. A. Znorg. Chem. 1979, 18, 1215. 
(12) Crabtree, R. H.; Davis, M., unpublished results (1980). 
(13) Church, M. J.; Mays, M. J.; Simpson, R. N. F.; Stefanini, F. P. J. 


G. J .  Organomet. Chem. 1978,157, 209. 


Chem. SOC. A 1970, 2909, 3000. 


M o  K a ,  0.710 73 A 
graphite 
horizontal, A + B tan e (A = 3.0 


mm, B = 1.0 mm); vertical, 
4.0 mm 


+ h , + k ,  * I  
46" 
moving crystal-stationary 


counter 
max, 10;  min, 1.25 
0.80 
one-fourth additional scan at 


each end of scan 
three measured after each 90 


min, showing only random 
fluctuations of * 2%. 


5989 including absences 
2235 


(C) Treatment of Data 
absorption coeff ( p ,  cm-l) 53.409 
transmission coeff ( m u ,  min) 0.69, 0.41 
grid a x  a x  8 
p factor 0.02 
final residuals ( R l ,  R,)  
esd of unit weight 1.78 


0.047, 0.050 


so rare. A second feature of interest is the angle (21') that 
the ligand c6 plane makes with the IrI, plane. A possible 
reason is that this angle best accommodates the preferred 
interbond angle at  I, which one would expect to be less 
than 109O on VESPR14 considerations. The CIIr angles 
(99.9 ( 5 )  and 101.8 ( 5 ) O )  seem reasonable considering that 
excessive steric interference between the halocarbon aro- 
matic group and the PPh, that might result from a further 
decrease. 


The 1-1 distance (3.72 A) is much shorter than the sum 
of the van der Waals radii (4.3 A). Consequently, the 
iodine atoms are slightly displaced from their ideal posi- 
tions. Figure 2 shows the splaying out of I(1) and I(2) in 
both the c6 plane and the normal to it (see figure caption). 
The resulting bite angle of the chelate ligand (I(l)-Ir-I(2) 
= 85.65 (4)O) is nearly ideal for an octahedral configuration. 


A further distortion can be seen in Figure 1: P( 1) and 
P(2) are bent (P(l)IrP(2) = 166.5 (2)') away from the 
halocarbon toward the positions that must be occupied by 
the hydrogen ligands. The phenyl groups on P(1) are 
staggered with respect to those on P(2). 


Analogous Complexes. We wondered whether the 
iodine donor atom was required for binding or whether 
bromine would serve. o-Bromoiodobenzene reacts rapidly 
with 1 to give an isolable complex [IrH2(C6H4BrI)L2]BF4. 
The 'H NMR spectrum of the product at  220 K shows two 
IrH resonances at  6 -16.6 and at  6 20.0 (Table V). Each 
is a doublet of triplets of equal intensity. The smaller 
coupling (6.5 Hz) can be ascribed to 'JHH because irradi- 
ation at  each Ir-H frequency leads to the loss only of the 
'JHH splitting of the other resonances. This shows that 
both resonances must arise from a single complex. 
Warming the sample leads to gradual broadening, and by 
290 K, the two Ir-H resonances have collapsed, presumably 


(14) Gillespie, R. J. J. Chem. Educ. 1974, 51, 367. 
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Table 11. Positional and Thermal Parameters and Their Estimated Standard Deviations For {Ir(I,C,H,)[P(C,H,),]H,}BF, 
atom x l a  Y l b  z lc  B, A' atom x l a  Y l b  z l c  B, A' 


Ir 0.00387 (7) 0.24119 (5) -0.113 (1) 3.0 (5) 
I(1) 
I(2) 
P( 1) 
P(2) 
C( 1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(111) 
C( 112) 
C(113) 
C( 114) 
C( 115) 
C( 116) 
C( 121) 
C( 122) 
C( 123) 
C( 124) 
C( 125) 
C( 126) 
C( 131) 
C( 132) 
C(133) 


0.0583 (1) 
0.1549 (1) 
0.1172 (4) 


0.139 (2) 
0.152 (2) 
0.205 (2) 
0.233 (2) 


-0.1392 (4) 


::?E 
0.255 (1) 
0.294 (2) 
0.396 (2) 
0.461 (2) 
0.423 (2) 
0.319 (2) 
0.118 (2) 
0.029 (2)  
0.028 (2) 
0.124 (2) 
0.218 (2) 
0.215 (2) 
0.084 (2) 


-0.006 (2) 
-0.030 (2)  


0.10372 (gj  
0.26313 (9) 
0.2556 (4) 
0.2386 (4) 


0.033 (1) 
0.028 (1) 
0.088 (1) 
0.154 (1 
0.161 (11 
0.267 (1) 
0.337 (1) 
0.350 (1) 
0.292 (1) 
0.225 (1) 
0.209 (1) 
0.176 (1) 
0.137 (I) 
0.075 (1) 
0.055 (1) 
0.096 (1) 
0.158 (1) 
0.329 (1) 
0.368 (1) 
0.422 (1) 


0.101 (1) 


0.16836 (6) 
0.19555 (10) 
0.32942 (9) 
0.0872 (4) 
0.2208 (4) 
0.335 (1) 
0.370 (1) 
0.461 (2) 
0.511 (1) 
0.475 (1) 
0.380 (1) 
0.154 (1) 
0.1 79 (1) 
0.238 (2) 
0.279 (1) 
0.259 (2) 
0.194 (1) 
0.020 (1) 


-0.012 (1) 
-0.061 (1) 
-0.073 (2) 
-0.043 (2) 


0.004 (2) 
0.007 (1) 


-0.005 (2) 
-0.069 (2) 


a 
a 
a 
a 
a 
2.1 (5) 
2.9 (6) 
4.0 (6) 
3.7 (6) 
2.9 (6) 
1.9 (5) 
2.3 (5) 
3.5 (6) 
3.9 (6) 
2.8 (5) 
4.4 (7) 
3.0 (6) 
1.5 (5) 
2.3 (5) 
3.2 (6) 


4.6 (7) 
3.6 (6) 
2.4 (5) 


3.9 (6) 


4.5 (7) 


4.4 (7) 


C( 134) 
C(135) 
C( 136) 
C(211) 
C(212) 
C(213) 
C( 214) 
C(215) 
C(216) 
C(221) 
C( 222) 
C(223) 
C( 224) 
C( 225) 
C( 226) 
C(231) 
C(232) 
C(233) 
C( 234) 
C( 235) 
C( 236) 
B 
F( 1) 
F(2) 
F(3) 
R 4 )  


0.043 (2) 
0.132 (2) 
0.158 (2) 


-0.183 (2) 
-0.300 (2) 
-0.334 (2)  
-0.252 (2) 
-0.145 (2) 


-0.256 (2) 
-0.259 (2) 
-0.352 (2) 
-0.432 (2) 
-0.421 (2) 
-0.337 (2) 
-0.106 (2) 


-0.070 (2) 
-0.053 (2) 
-0.047 (2) 
-0.084 (2) 


-0.111 (2) 


-0.099 (2) 


0.179 (2) 
0.128 (1) 


0.274 (2) 
0.262 (2) 


0.122 (1) 


~ 


0.439 (1) 
0.397 (1) 
0.342 (1) 
0.327 (1) 
0.342 (1) 
0.410 (1) 
0.461 (1) 
0.446 (1) 
0.379 (1) 
0.185 (1) 
0.151 (1) 


0.098 (1) 
0.128 (1) 
0.173 (1) 
0.205 (1) 
0.129 (1) 


0.145 (1) 
0.216 (1) 
0.249 (1) 
0.473 (2) 
0.419 (1) 
0.517 (1) 
0.003 (1) 
0.449 (1) 


0.109 (1) 


0.102 (1) 


-o.ioo ( i j  2.9 (5 j  
-0.039 (1) 2.0 (5) 


0.234 (1) 2.2 (5) 
0.209 (1) 2.8 (5) 
0.222 (2) 4.8 (7) 
0.253 (2) 4.7 (7) 
0.275 (1) 3.4 (6) 
0.261 (1) 2.7 (5) 
0.161 (1) 2.7 (5) 
0.084 (2) 3.6 (6) 
0.037 (1) 3.7 (6) 
0.073 (1) 3.5 (6) 
0.156 (1) 3.1 (6) 
0.196 (1) 3.5 (6) 
0.333 (1) 2.2 (5) 
0.351 (1) 3.2 (6) 
0.432 (1) 3.2 (5) 
0.497 (2) 3.9 (6) 
0.497 (2) 3.9 (6) 
0.407 (1) 3.0 (5) 
0.315 (2) 4.7 (8) 
0.275 (2) a 
0.340 (1) a 
0.234 (1) a 
0.385 (1) a 


atom B(L1) B(2,2) B(3,3) B(1,2) B(L3) B(2,3) 


I( 1) 


0.0022 (2) 0.0042 (3) -0.0009 (6) 0.0058 (4) -0.0002 (5) 
I(2) 


P( 2) 0.0040 (4) 0.0016 (2) 0.0031 (3) 0.0000 (6) 0.0030 (5) -0.0001 (5) 


F(2) 0.014 (2) 0.0111 (10) 0.013 (1) 0.016 (2) -0.001 (2) -0.010 (2) 


F(4) 0.015 (2) 0.0141 (15) 0.008 (1) 0.011 (3) 0.003 (3) 0.002 (2) 


Ir 0.00342 (5) 0.00156 (3) 0.00316 (3) -0.0001 (1) 0.00248 (6) -0.00001 (8) 
0.00669 (12) 0.00174 (5) 0.00233 (7) 0.0003 (2) 0.0016 (1) -0.0006 (1) 
0.00472 (9) 0.00208 (5) 0.00250 (6) -0.0012 (1) 0.0023 (1) -0.0007 (1) 


P( 1) 0.0042 (3) 


F(1) 0.013 (2) 0.0054 (8) 0.022 (2) -0.006 (2) 0.013 (3) -0.007 (2) 


F( 3) 0.025 (2) 0.0141 (13) 0.015 (2) 0.019 (3) 0.015 (3) -0.008 (2) 


a Anisotropic thermal parameters are listed in the second half of the table. The form of the anisotropic thermal param- 
Hydrogen eter is exp[-l/,(B( l,l)h2a*' t B(2,2)k2b*' t B(3,3)Z2c*' + B(1,2)hka*b* t B(1,3)hla*c* t B(2,3)kZb*c*)]. 


atom positions were calculated and not refined. Isotropic thermal parameters of 5.0 A z  were used. 


Table 111. Selected Bond Lengths (A)  for 
cIr(12c,H,)[p(c6H,),H, IBF4 


Ir-I( 1) 2.726 (2) C(l)-C(2) 1.41 (2) 
Ir-I( 2) 2.745 (1) C( 2)-C( 3) 1.42 (3) 
Ir-P( 1) 2.337 (4) C(3)-C(4) 1.40 (3) 
Ir-P( 2) 2.339 (4) C(4)-C(5) 1.37 (2) 


C(5)-C(6) 1.48 (2) 
C(6)-C(1) 1.35 (2) I( 1)-C( 1) 2.17 (2) 


1(2)-C(6) 2.10 (2) 


Table IV. Selected Bond Angles (Deg) for 
{~(I'C,H,)[P(C,H, )A IBF, 


I( 1)-Ir-I( 2) 85.65 (4)  C(6)-C(l)-C(2) 127 (2) 
I( l)-Ir-P( 1) 91.1 (2) C(l)-C(2)-C(3) 116 (2) 
I( l)-Ir-P( 2) 97.1 (1) C(2)-C(3)-C(4) 119 (2) 
I( 2)-1r-P( 1) 96.9 (1) C(3)-C(4)-C(5) 123 (2) 
I(2)-Ir-P( 2) 94.3 (1) C(4)-C(5)-C(6) 119 (2) 
P(l)-Ir-P(2) 166.5 (2) C(5)-C(6)-C(l) 116 (2) 
Ir-I(1)-C(1) 101.8 (5) Ir-P(1)-C(ll1) 112.9 (5) 
Ir-I( 2)-C( 6) 99.9 (5) Ir-P(l)-C(121) 111.7 (6) 


Ir-P(1)-C( 131) 116.0 (6) 
( l)  Ir-p(2)-C(211) 110.8 (6) I 2 O  (l) Ir-P(2)-C(221) 117.6 (6) 1(2)-c(6)-c(1) 128 ('1 Ir-P(2)-C(231) 114.9 (6) I( 1)-C( 6 ) 4 (  5) 117 (1) 


to a single very broad peak. Experimental difficulties have 
prevented us observing the limiting high-temperature 
spectrum, but we do know that cooling the sample restores 
the original spectrum. The fluxionality responsible may 
involve competition between the halocarbon and water 
present in the solvent. RBr therefore seems to bind, but 


probably more weakly than does RI. 'H NMR experiments 
show that 10 molar equiv of Me2C0 leads to competitive 
displacement of C6H4BrI, in contrast to the case of the 
corresponding diiodide. Me2S0 and bipyridyl also displace 
the C6H4BrI as expected. 


We naturally wished to extend our studies to the more 
weakly binding halides. In doing so, we ran the risk of 
failing to observe binding because RX could not displace 
S from [IrHzS2Lz]+ (1). One might be able to avoid this 
problem by starting not from 1 but from [Ir(cod)L2]+ (3, 
cod = 1,Bcyclooctadiene). In CH2ClZ, Hz removes the cod 
as cyclooctane, and the ligand-deficient fragment [IrHJ2]+ 
so formed dimerizes at  once to [Ir2H5L4]+ unless trapped 
by a suitable ligand.6 


To test this idea, we ran an in situ hydrogenation (1 h 
at  0 "C) of 3 in CDC1, containing C6H4BrI in an NMR 
tube. At  213 K, the characteristic resonances of the (26- 
H4BrI complex were seen. Free cyclooctane ( 6  1.46) was 
also detected. The same fluxional behavior was observed 
on warming. 


o-Dibromobenzene, C6H4Br2, also reacts with 1 a t  220 
K in an NMR experiment; various hydridic products were 
formed, none of which could be identified with certainty. 
Hydrogenation of 3 in the presence of C6H4Br2 gave a 
product having an Ir-H resonance at  6 -20.8 ( 2 J p H  = 13.3 
Hz) and a resonance we ascribe to coordinated C6H4Br2 
at  6 7.06. The C6H4Br2 is displaced by EtOH. We have 
already noted5,' the sensitivity of the position of the Ir-H 
resonance in complexes of the type cis,cis,trans- 
[IrH2S2L2]+ to the nature of the trans-ligand S. Oxygen 
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Table V.  'H NMR Data for the Complexes 
complex a 'H NMR dataC 


RX L temp.b K I r-H RX synthetic methodd 


C,H,Br, PPh, 
C6H4C12 PPh, 
C6H51 PPh, 


C 6 H 5 1  PMePh, 


C 6 H 5 1  PO-tolyl), 


_ .  


213 
2 13 
220 


220 
223 
213 


273 
213 


213 


-16.5 (t, 13) 
-17.1 ( t ,  15) 
-16.6 and 


-20.0 (dt, 6, 13) 
-20.8 (t ,  13.3) 


-20.0 (t, 14.5) 
-20.78 (t, 20.5)f 


-20.0 (br)h,j 


-20.16 ( t ,  14.5)j 


-19.7 ( t ,  14.5) 


e 
e 
6.9, c 


7.06, c 
e 
6.5 (d, 81, 


7.0 (dd, 8, 8 ) g  
6.6 (br)J 7.1 (brl 
6.7 (d,'8), 6.9 ' 


6.5 (d, 8), 7.0 
(dd. 8. 8) 


(dd, 8,8) 


A 
A 
A, B 
B 
B 
B 


B 


B 


P@-C6H4C1)3  213 -19.9 ( t ,  15)j 


CHJ PPh, 21 3 -19.6 (t, 14) 
293 -20.1, bh 


6.6 (d,  8) ,  7.0 B 
(dd, 8 9 8 )  


e B 
e B 


a [IrH,(L),L,]BF,, where L' = halocarbon. At which the spectrum was recorded. Exchange processes led to broad- 
ening at higher temperatures (see text). In CDCl,, reported as position (multiplicity, coupling constant in hertz). Ab- 
breviations: c = complex, d = doublet, and t = triplet. Method A or method B (see Experimental Section), e Ligand 
resonances obscured. f Weak resonance due to cis-[IrH,(cod)L,]BF, also seen.5 Assignments: 6.5, ortho protons; 7.0, 
meta protons, confirmed by decoupling experiments. Some sample decompositions at 0 "C. Broadened by exchange. 


donors lead to a chemical shift of 6 -27 to -29 and olefins 
to a shift of 6 -10 to -14. The values for C6H412 (6 -16.5) 
and C6H4BrI (6 -16.6 and -20.0) suggest that H trans to 
halogen occurs in the range 6 16-21. 


Hydrogenation of 3 in the presence of o-dichlorobenzene 
gives a solution, which a t  233 K shows a sharp triplet 
resonance a t  6 -20.8 (,JpH = 20.6 Hz). The addition of 
EtOH leads to this peak being replaced by that due to 
[IrH2(EtOH)2L2]+. Although no C6H4C12 complex could 
be isolated, we believe [IrH2(C6H4C12)L2]+ may be formed 
in situ. When the temperature is raised to 293 K, the peak 
a t  6 -20.8 in the spectrum of the hydrogenation product 
collapses probably due to a process similar to that dis- 
cussed above for the C6H41Br case. 


Reactions between both cis- and trans-ClCH=CHCl 
and 1 were observed by lH NMR spectroscopy, but no 
conclusions could be drawn as to the nature of the prod- 
ucts, which could not be isolated. 


We wished to see whether chelation was necessary for 
complexation. Iodobenzene did not react with 1 a t  0 "C 
to give an isolable product, but hydrogenation of 3 in 
CDC13 containing C6H51 a t  0 "C gave a solution, which on 
cooling to 213 K showed a triplet resonance at 6 -20.0 ?JpH 
= 14.6 Hz) which can probably be ascribed to [IrH2- 
(C,H&L,]+. A similar fluxional process to that mentioned 
above is probably responsible for the broadening of the 
Ir-H resonance when the solution is warmed. After some 
hours at  room temperature, decomposition was evident 
from irreversible changes in the NMR spectrum, and all 
efforts to obtain a crystalline product failed. 


The PMePhz analogue was prepared similarly by hy- 
drogenation of 3 (L = PMePh2), but some cis-[IrH2- 
(cod)(PMePh,),] was observed a t  213 K as well as the 
presumed [IrHz(C6H51)zLz]+. Analogous compounds were 
also obtained from tri-p-tolylphosphine and tris(p- 
ch1orophenyl)phosphine. 


In each case involving C6H51 peaks of equal intensity 
assigned to coordinated aryl halide were observed at  6 
6.5-6.7 and 6.7-7.0. Decoupling experiments suggested 
these were the ortho and meta protons, respectively. These 
peaks broaden and shift downfield when the solution is 
warmed to room temperature. The addition of EtOH (10 
molar equiv) to a solution of [IrH2(C6H51)2(PPh3)21+ led 
to the immediate disappearance of the peaks we assign to 


coordinated C6H51 and the replacement of the Ir-H peak 
a t  6 -20 with a similar triplet a t  6 -29.4 due' to [IrH2- 
(EtOH),L,]+. This helps to confirm our assignment and 
shows that iodobenzene is even more weakly bound than 
C6H4BrI. 


In no case was binding via the aromatic ring (e.g., q6- 
C6H4X2) observed, in spite of the fact that arene deriva- 
tives such as [(q6-PhEt)IrL2]BF,9 can be formed from 1. 


1 reacts with Me1 to give [IrH2(MeI)2L2]+, and the same 
complex can also be obtained by hydrogenation of 3 in 
CH2C12 containing MeI. The Ir-H absorption a t  6 -19.76 
in the 'H NMR at  213 K appears as a triplet (VPH = 14 
Hz) and coordinated Me1 appears as a broad singlet at  6 
1.2. 


This complex is thermally stable and survives heating 
to room temperature. The Me1 complex can be isolated 
in low yield as colorless crystals. Displacement of the Me1 
with MeCN in an N M R  experiment gives free Me1 and the 
known [IrH2(MeCN)2L2]+. EtOH gives incomplete dis- 
placement, in contrast to the complete displacement found 
in the C6H51 complex, suggesting that Me1 is slightly more 
strongly bound, perhaps for steric reasons. 


Et1 and i-PrI give analogous complexes, as judged by the 
very similar lH NMR spectra obtained although these 
cannot be isolated as crystalline materials. 


We have not been able to make Ir(1) analogues of these 
species, for example, by treating [ I rC l (c~d) ]~  with Ag+ or 
Et30+ in the presence of C6H41z or Me1 or by the at- 
tempted dehydrogenation of 2 with olefins. 


Other materials were also examined but without complex 
formation being apparent: o-bromochlorobenzene, o- 
nitroiodobenzene, cis-2,3-dibromobutene, o-dibromo- 
methylxylene, and xenon. 


Catalytic Studies. Even though potential ligands such 
as PhCl do not form isolable complexes under conditions 
we have examined, evidence for binding has been obtained 
from catalytic studies.' In the hydrogenation of cyclo- 
hexene by [ 1 r ( ~ o d ) ( P M e P h ~ ) ~ ] B F ~  (pH2, 62 cmHg, 0 "C, 
solvent CH2C12, substrate 0.5 M, catalyst 0.5 mM), the 
presence of 1 molar equiv of PhCl/mol of Ir is sufficient 
to reduce the reaction rate to 58% of its value in pure 
CH2C12. For comparison, i-PrOH and C6H51 are equally 
strong inhibitors (rate 58-60%). These effects are far too 
large to be classical solvent effects but imply bonding. 







Iridium Complexes of Some Halocarbons 


C6H412 completely inhibits hydrogenation (rate O%), and 
C6H4Br2 is only a weak inhibitor (rate 85%). 


Conclusion 
We have prepared the first series of halocarbon com- 


plexes and crystalographically characterized one example. 
The Ir-I bond lengths are normal, but the ligands are 
bound relatively weakly and they can all be displaced by 
MeCN, for example. The displacement experiments sug- 
gest that the formation constants decrease in the ap- 
proximate order C6H412 > C6H4BrI > RI (R = Me, Et, i-Pr) 
> C6H51 > C6H4Br2 > C6H4C12. In contrast to groups 5 
and 6 where binding of soft metals tends to be strongest 
with the second-row element (PR3 or SR2), in group 7 the 
strongest binding occurs with RI. The same trend has been 
noted for the group 7 anions, X-.15 In the earlier members 
of the series, RC1 and RBr, the halogen is probably too 
electronegative to act as a substantial u donor unless it 
bears a full negative charge, as in X-. 


These complexes provide models for probable interme- 
diates in oxidative addition of RX. In spite of controversy 
about the details of mechanism,16 many RX additions are 
thought to go via radical pathways. Electron transfer can 
reasonably be envisaged as taking place within an RX 
complex (eq l), for which 2 provides the first crystallo- 
graphically characterized model. 
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Analogous PMePh, Complex. The PMePhz analogue was 
detected in a ‘H NMFt experiment by the addition of C6H412 (0.09 
mL, 0.7 mmol) to [IrH,(Me2CO)(PMePhz)zlBF4 (4 mg, 7.4 mmol) 
in CD2C12 at 0 OC, followed by cooling to 213 K to observed the 
spectrum (Table I). The tris(p-chloropheny1)phosphine and 
tri-p-tolylphosphine PhI analogues were observed in a similar 
experiment. 


Further &actions of 2. Under the conditions described in 
ref 9 and 16, but substituting 2 for 1, the same products were 
obtained: from styrene, [($-PhEt)IrLz]BF49 (go%), and from 
cyclopentene, [(#-Cp)IrhH]BF: (33%). None of this last product 
was obtained from cyclopentane, in contrast to the situation for 
1.6 


Collection and Reduction of X-ray Data. Crystals of [Ir- 
(12C6H,) [ (C6HS)3P]2H2]BFl were grown from a methylene chlo- 
ride/ether bilayer. All diffraction measurement were performed 
on an Enraf-Nonius CAD-4 fully automated four-circle diffrac- 
tometer using graphite-monochromatized Mo Ka radiation. Unit 
cells were determined from 25 randomly selected reflections by 
using the CAD-4 automatic search, center, index, and least-squares 
routines. The space group was determined from the systematic 
absences h01,1+ h = 2n + 1, and OkO, k = 2n + 1, observed during 
data collection. 


All calculations were performed on a Digital PDP 11/45 com- 
puter using the Enraf-Nonius SDP program library. The structure 
was solved by the heavy-atom method. Anomalous dispersion 
corrections’” were added to the neutral-atom scattering factors’8b 
used for all non-hydrogen atoms. Full-matrix least-squares re- 
finements minimized the function Cw(F,  - FJ2  where the 
weighting factor w = 1 / u ( q 2 ,  u(F)  = u(F,,)~/~F,, and u(F,2) = 
[U(I , , )~  + (pF,2)2]’/2/Lp. Crystallographic data for the structure 
is listed in Table I. 


A crystal of dimensions 0.348 mm X 0.175 mm x 0.073 mm was 
selected and mounted in a thin-walled glass capillary. The major 
crystal faces were identified as T21, 121, 121, 121, 102, and 102. 
w scan peak widths at half-peak height were in the range 0.1-0.2O. 
The crystal was mounted with the normal to the 102 plane or- 
iented 2.09’ from the difractometer axis. From a total of 5461 
reflections, 3026 (p 1 3.0u(F2)) were used in the structure solution 
and refinement. Standard reflections monitored periodically 
showed only a random (f2%) fluctuation during data collection. 
After correction for absorption, full-matrix least-squares refine- 
ment using anisotropic thermal parameters for the iridium, 
phosphorus, iodine, and fluorine atoms and isotropic thermal 
parameters for the remaining non-hydrogen atoms converged to 
the final residuals R1 = 0.047 and Rz = 0.050. Hydrogen atoms 
were not included in the calculation. The largest peaks in the 
final difference Fourier synthesis were 0.56-0.96 e-/A3 and were 
clustered about the metal atom. The largest value of the 
shift/error parameter on the final cycle of refinement was 0.18. 
The error in an observation of unit weight was 1.78. Final atomic 
coordinates and thermal parameters are listed in Table 11. Bond 
distances and angles with errors from the inverse matrix obtained 
on the final cycle of least-squares refinement are listed in Tables 
I11 and IV. 


Complexes with Other Halocarbons. 1,2-Bromoiodo- 
benzene. Method A. C6H4BrI (0.2 mL, 1.6 mmol) was added 
to [IrH2(MezCO)L2]BF4 (50 mg, 0.054 mmol) in CHZClz, and the 
colorless product isolated with Et20, and recrystallized from 
CH2C12/Et& yield 15 mg (25%). Satisfactory analyses were never 
obtained. 


Method B. The complex could also be detected in a ‘H NMR 
experiment in which [Ir(cod)L2]BF4 (4 mg, 7.4 mmol) was dis- 
solved in CDC13 (0.5 mL) in an NMR tube and the ligand added 
(0.23 mL, 1.8 mmol). Hz (30 mL/min) was bubbled through the 
solution at 0 OC for 10 min. The resulting spectrum, recorded 
at 213 K (Table V), was identical with that for the complex 
isolated by method A, except that a singlet at 6 1.46 assigned to 
cyclooctane was also seen. Displacement studies: EtOH, dis; 
MeCN, dis; bpy, dis. 


l,2-Dibromobenzene. Material isolated by method A gave 
a ‘H NMR spectrum that was not consistent with the formation 


e- transfer RX M - RX + M - X-M + R- (1) 
The results also suggest that the effect of the coordi- 


nating ability of halocarbons should be taken into account 
when considering them as solvents for stoichiometric and 
catalytic reactions in organometallic chemistry. 


Experimental Section 
Reagents. Ammonium choroiridate was obtained from En- 


gelhard Industries and Johnson Matthey Inc. Ligands were 
purchased from Aldrich Chemical Co. and distilled before use. 
Halocarbons were also passed through a short neutral A1,0, 
column prior to use. 


Spectroscopy. NMR spectra were recorded on a Bruker 
270-MHz instrument. Chemical shifta are given in 6 (ppm) relative 
to Me4Si. IR spectra were recorded on a Nicolet 7000 Series FT 
IR in a Nujol mull. 


Synthesis. Starting materials were synthesized via published 
procedures6JJ7 (L = PPh3 except where stated). 


Dihydrido( 1,2-diiodobenzene)bis(triphenylphosphine)- 
iridium(II1) Tetrafluoroborate (2). [IrH2(Me2CO)(PPh3)2] 
(40.5 mg, 0.044 mmol) was dissolved in CHzClz (20 mL) and 
1,2-diiodobenzene added (508 mg, 1.5 mmol). The addition of 
EhO led to separation of crude product, which was recrystallized 
from CHzClz/Et20: yield 41.7 mg (79%); IR Y (Ir-H) 2217 (w) 
cm’. Two modifications of the product were observed: (1) an 
unsolvated material; (2) a 0.5 C&1412 solvate. Which one is formed 
seems to depend on whether excess C6H412 is present during 
crystallization or not. Anal. Calcd for C42H3612F4BIr: C, 44.40; 
H, 3.17. Found: C, 43.77; H, 3.23. Calcd for C42H3612F4BIr’ 
0.5C6H412: C, 41.53; H, 2.92; I, 29.30. Found: C, 41.15; H, 3.14; 
I, 30.46. 


Displacement Reactions of 2. To samples of the complex 
in CDC13 in an NMR tube was added ca. 100 molar equiv of 
various ligands, L’. The results are given below. If no reaction 
took place, nr is shown, if displacement took place, dis is marked, 
the characteristic peaksa,’ of [IrH2L’2L2]+ were observed, and if 
an equilibrium was established between L’ and C6H412, equil is 
marked: THF, nr; MezCO, nr; EtOH, equil in favor of 2; MeCN, 
dis; bpy, dis. 


(15) Ahrland; Chatt, J.; Davies Q. Rev., Chem. SOC. 1958, 12, 265. 
(16) Lappert, M. F.; Lednor, P. W. Adu. Organomet. Chem. 1976,14, 


(17) Crabtree, R. H.; Morris, G .  E. J. Organomet. Chem. 1977, 135, 
345. 


395. 


(18) “International Tables for X-ray Crystallography”; Kynoch Press: 
Birmingham, England, 1975; Vol I V  (a) Table 2.3.1., pp 149-50; (b) 
Table 2.2B pp 99-101. 
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of a complex of type 2 (6 4.7, 3.5 and 2.9 (8); -18.6 and -23.0 (dt, 
8, 16); -29.2 (t, 16)). The complex was observed by method B 
and was isolated with EhO as an unstable colorless solid. 


Iodobenzene. Method A gave no isolable products. Method 
B gave the spectra shown in Table I, which we assign to [IrH2- 
(C6H51)2L2]BF4. Displacement study (L = PPh& EtOH, dis. 


Iodomethane. [IrH2(MeI)2(PPh3)2]BF4 could be made by 
method A from the acetone complex (50 mg, 0.054 mmol) and 
Me1 (0.2 mL, 2.2 mmol) in CHzClz (20ml) and was isolated with 
EhO; yield 22 mg, 0.2 mmol (40%). Method B gave the same 
complex which was formed in essentially quantitative yield but 
could only be isolated in poor yield (- 20%) as colorless crystals 
with EhO (v(1rH) 2210 (w) cm-'). Displacement studies: EtOH, 
equil in favor of 1; MeCN, dis. Et1 and i-PrI gave analogous 
complexes by method B, but these were not isolated. CH212 did 
not give identifiable materials by either method. Satisfactory 
analyses were never obtained, probably due to the thermal in- 
stability of the complexes at 20 O C  over several days, except for 
the Me1 complex. Anal. Calcd for CSHS12F4BIr: C, 41.87; H, 
3.49. Found: C, 41.96; H, 3.66. 


Catalytic Studies. The method described in ref 7 was used 
to measure the effect of the halocarbons (1 molar equiv/mol of 
Ir) on cyclohexene hydrogenation by [Ir(cod)(PMePh2)~lPF6. 


Rates observed relative to CHzClz (100%) were as follows: C&1412, 
0%; C6H5Br2, 78%; C6H5C12, 105%; C6H51, 60%; C6H5Br, 110%, 
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The cationic complex [PtI{MeC6H3(CH2Nhie2)z-o,o j]BF4, 1, which can be described as a metal-substituted 
arenonium ion, is susceptible to attack by anionic nucleophilic reagents. A t  room temperature or above 
aqueous reagents give rise to products resulting from cleavage of either the single C-Me or C-Pt u bond. 
At lower temperature in appropriate solventa bases such as P h C e ,  CH(CO2Me)2, OMe-, and OH- produce 
neutral products arising from nucleophilic addition to the substituted C6H3 ring. Two types of product 
are possible with a metal-substituted cyclohexa-2,4-diene or cyclohexa-2,5-diene ring system, corresponding 
respectively to either "ortho" or "para" addition to the arenonium ion. Of these neutral species only the 
phenylacetylide complex does not react with anhydrous HBF, to regenerate 1. Together with the formation 
of 1 from the interaction of [Pt(C6H3(CH2NMe2)2-o,o~(H20)]BF4, 2, with Me1 the reactions reported form 
a unique, fully reversible, aryl-to-cyclohexadiene conversion in a metal coordination sphere. 


Introduction 
One of the most fundamental areas in organometallic 


chemistry is the study of the activation of organic mole- 
cules by metal centers. Surveys of the coordination 
chemistry of nickel,' pa l lad i~m,~B and platinum3i4 have 
been made, and there is current interest in complexes of 
these metals containing delocalized systems such as allyl,5 
arene? and ~yclopentadienyl. '~ During studies of a 


(1) Jolly, P. W.; Wilke, G. "The Organic Chemistry of Nickel"; Aca- 
demic Press: New York, 1974; Vol. 1. 


(2) Maitlis, P. M. "The Organic Chemistry of Palladium"; Academic 
Press: New York, 1971; Vol. 1. 


(3) Hartley, F. R. 'The Chemistry of Platinum and Palladium"; Ap- 
plied Science Publishers: London, 1973. 


(4) Belluco, U. "Organometallic and Coordination Chemistry of 
Platinum"; Academic Press: London, 1974. 


(5) Henc, B.; Jolly, P. W.;'Salz, R.; Stobbe, S.; Wilke, G.; Mynott, R.; 
Seevogel, K.; Goddard, R.; Kruger, C. J. J. Organomet. Chem. 1980,191, 
449-475. 


(6) Gastinger, R. G.; Klabunde, K. J. Transition Met. Chem. (Wein- 
heim, Ger.) 1979, 4, 1-13. 


platinum system containing a u-bonded aryl ring with 
"built-in" ligand substituents, Le., [PtBr{C6H3- 
(CHzNMe2)2-o,o 71, which has trans-situated N donor at- 
oms, we isolated an  unusual complex, [PtI(MeC6H3- 
(CHzNMez)2-o,o')]BF4, 1,'OJ' the structure of which (de- 
termined by X-ray methods) is shown in Figure l. This 
information together with 'H NMR data and CNDO/S 
calculations suggests that the c6 ring is (r bonded to the 
square-planar platinum(I1) center and as a consequence 
the positive charge of this cation is to a large degree located 
within the clearly nonplanar ring. This description infers 
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of a complex of type 2 (6 4.7, 3.5 and 2.9 (8); -18.6 and -23.0 (dt, 
8, 16); -29.2 (t, 16)). The complex was observed by method B 
and was isolated with EhO as an unstable colorless solid. 


Iodobenzene. Method A gave no isolable products. Method 
B gave the spectra shown in Table I, which we assign to [IrH2- 
(C6H51)2L2]BF4. Displacement study (L = PPh& EtOH, dis. 


Iodomethane. [IrH2(MeI)2(PPh3)2]BF4 could be made by 
method A from the acetone complex (50 mg, 0.054 mmol) and 
Me1 (0.2 mL, 2.2 mmol) in CHzClz (20ml) and was isolated with 
EhO; yield 22 mg, 0.2 mmol (40%). Method B gave the same 
complex which was formed in essentially quantitative yield but 
could only be isolated in poor yield (- 20%) as colorless crystals 
with EhO (v(1rH) 2210 (w) cm-'). Displacement studies: EtOH, 
equil in favor of 1; MeCN, dis. Et1 and i-PrI gave analogous 
complexes by method B, but these were not isolated. CH212 did 
not give identifiable materials by either method. Satisfactory 
analyses were never obtained, probably due to the thermal in- 
stability of the complexes at 20 O C  over several days, except for 
the Me1 complex. Anal. Calcd for CSHS12F4BIr: C, 41.87; H, 
3.49. Found: C, 41.96; H, 3.66. 


Catalytic Studies. The method described in ref 7 was used 
to measure the effect of the halocarbons (1 molar equiv/mol of 
Ir) on cyclohexene hydrogenation by [Ir(cod)(PMePh2)~lPF6. 


Rates observed relative to CHzClz (100%) were as follows: C&1412, 
0%; C6H5Br2, 78%; C6H5C12, 105%; C6H51, 60%; C6H5Br, 110%, 
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Nucleophilic Additions to  [PtI(MeC&3(CHflMe2)2-o,o~ 


W 


Figure 1. A PLUTO drawing of 1 showing the adopted numbering 
scheme. 


that the cation is in fact an organic arenonium ion of the 
Wheland intermediate type12 which has been stabilized by 
having as substituents a a-bonded metal atom and two 
chelate-bonded CH2NMe2 ligands. 


This unique organometallic analogue of one of the in- 
termediates (transition states) formed in the electrophilic 
addition reactions on aryl ring systems should possess 
interesting reactivity toward nucleophilic reagents. In this 
paper we report the syntheses and characterization of the 
varied products resulting from such reactions. 


Experimental Section 
General techniques and apparatus were the same as in other 


recent papers from this 1ab0ratory.l~ [ 2,6-Bisl(dimethyl- 
amino)methyl)tolueneNJV:Cl]iodoplatinum() tetrafluoroborate, 
[PtI{MeC6H3(CH2NMe2)2-o,o?]BF4, 1, was prepared as previously 
described.loJ1 KOH and NaOMe were commercially available 
products. The dimethyl malonate anion was used as a suspension 
of the sodium and potassium salts in Et20, prepared from the 
reaction of CH2(C0zMe)2 with NaKz.s alloy based on a method 
described for CHz(C02Et)2.14 PhCECLi and PhCECNa were 
used as suspensions in Ego,  prepared from the reaction of 
PhCZCH with n-BuLi15 and sodium foil,I6 respectively. 


"Ortho" Addition Products 4 from 1. (a) PhC=C-. To a 
suspension of dark red 1 (200 mg, 0.325 mmol) in THF (10 mL) 
at -50 "C was added dropwise an approximate twofold excess of 
PhC--=C (Na+ or Li+ salt) suspended in Ego. Mter being stirred 
at -50 to -30 OC for 0.5 h, the yellow cloudy solution was evap- 
orated to dryness at 0 OC in vacuo. The residue was extracted 
with benzene, the solution, after filtration, evaporated to dryness, 
and the precipitate recrystallized from benzene/pentane to afford 
4a (180 mg, 88%). Anal. Calcd for CzlH2,1NzPt: C, 40.07; H, 
4.32; N, 4.45. Found: C, 40.48; H, 4.32; N, 4.26. 


(b) OH-. To a suspension of 1 (200 mg, 0.325 mmol) in 
THF/H20 (1O:l  mL) at 15 OC was added excess KOH (56 mg, 
1.0 mmol), and the mixture was stirred for ca. 2 h until no red 
starting material could be seen to be present. The mixture was 
evaporated to dryness in vacuo at this temperature and the residue 
extracted as above to yield 4c (155 mg, 87%). Like complex 3b, 
4c was never satisfactorily freed of traces of the benzene solvent 
trapped in the crystal lattice. Anal. Calcd for C13H2JN20Pt. 


29.16; H, 4.33; I, 23.05; N, 5.03; 0, 3.09. 
(c) OMe-. In a manner similar to that used in b above, 1 was 


reacted in a THF/H20 (100.5 mL) mixture with excess NaOMe 


'/lzCsHs: C, 29.38; H, 4.29; I, 22.99; N, 5.07; 0, 2.89. Found: C, 
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(50 mg, 0.93 mmol) at -20 OC, and the solvents afterward were 
removed at 0 "C. Extraction with benzene then afforded pure 
4b (165 mg, 91%). Anal. Calcd for C14H2JNzOPt: C, 30.06; H, 
4.50; I, 22.69; N, 5.09. Found C, 30.05; H, 4.53; I, 22.64; N, 4.94. 


"Para" Addition Products 3 from 1. (i) CH(C0zMe)2-. In 
a manner identical with that described above for PhCSC- (a), 
1 was treated with an excess of CH(C02Me)2- (Na+ and K+ salt 
mixture) at -50 to -30 "C. Extraction of the dry residue with 
CHzC12 and evaporation in vacuo afforded 3a (94%). Anal. Calcd 
for Cl8Hz9IN2O4Pt: C, 32.78; H, 4.44; I, 19.24; N, 4.25; 0, 9.71. 
Found: C, 33.15; H, 4.51; I, 19.24; N, 4.15; 0, 9.61. 


(ii) OMe-. Reaction of 1 (200 mg, 0.325 mmol) suspended in 
MeOH (10 mL) at room temperature with excess NaOMe (60 mg, 
1.11 mmol) gave within 30 min a pale yellow solution and sus- 
pension. After evaporation to dryness in vacuo at room tem- 
perature, extraction with CH2C12 or C6H6 and recrystallization 
from the latter yielded 3b (155 mg, 89%). Anal. Calcd for 


C, 31.01; H, 4.58; I, 22.39, N, 4.95. 
Reaction of 1 with NaX. A suspension of 1 (100 mg, 0.163 


mmol) in HzO (20 mL) was reacted with a tenfold excess of NaX 
at 80 * 10 OC until the original red solid was totally converted 
into a white precipitate (ca. 1 h). The solid was collected by 
filtration, washed with water (3 mL), and dried in vacuo. Ex- 
traction with CH2C12 (5  mL), filtration, and evaporation gave a 
white residue identified as a mixture of [PtX(C&- 
(CH2NMez)2-o,oll and [PtI(C6H3(CH2NMe2)2-o,o?] by 'H NMR 
spectroscopy (see text). For X = I the product yield was found 
to be >95%. 


Reaction of 1 with NaCN. A suspension of 1 in D20 was 
treated with a tenfold excess of KCN; 'H NMR spectra of the 
resulting cloudy colorless solution showed only one free organic 
compound identified as O,O' - (M~~NCH~)~C~H,M~.  


Reaction of 3a,b and 4b,c with H+. The following procedure 
is applicable to all complexes. To a finely ground sample of the 
yellow platinum complex (25 mg) at room temperature was 'slowly 
added an excess of 54% HBF4 in Et20 (0.5 mL) and the sus- 
pension stirred for 5 min. The solution was decanted from the 
solid (sometimes oil) which was then washed thoroughly several 
times with EgO and pentane. The red solid was dried in vacuo 
and identified as 1 by IR spectroscopy. Yields are typically >90%. 


Results 
The ionic complex [PtI(MeC6H3(CH2NMe2)2-o,o j]BF4, 


1, reacts with anionic nucleophiles of several types to give 
a variety of organometallic products including species in 
which addition to the cyclic six-membered carbon skeleton 
has occurred (see Scheme I). Although this benzenonium 
moiety of 1 is not aromatic, in this paper use of the de- 
notation ortho, meta, and para will be used (for ease of 
description) with the atom a bonded to platinum (i.e., C(4) 
in Figure 1) being considered as the 1-position (C,) for both 
1 and the products shown in Scheme I. 


The intensely red complex 1 is soluble in H20, in which 
it has limited stability (vide infra), and upon addition of 
excess NaCN a colorless solution is formed almost im- 
mediately. The IH NMR spectrum of this reaction mix- 
ture only showed the presence of the free organic ligand 
o,o '-(Me2NCH2)2CsHaMe,17a and this shows the cleavage 
of the Pt-C bond. No attempt was made to identify the 
inorganic platinum species presumably [PtI(CN)J2- 
and/ or [ P t (CN),] 2-. 


By comparison, with aqueous solutions of NaX (X = C1, 
Br, and I) complex 1 reacts slowly, even a t  70 "C, and 


Cl4H,J"OPb1/12C& C, 30.77; H, 4.54; I, 22.43; N, 4.95. Found: 


(12) Brouwer, D. M.; Mackor, E. L.; MacLean, C. "Carbonium Ions"; 
Olah, G. A., Schleyer, P. von R., Eds.; Wiley-Interscience: New York, 
1970; Vol. 11, Chapter 20, pp 837-897. 


(13) van der Ploeg, A. F. M. J.; van Koten, G.; Vrieze, K. J. Organo- 
met. Chem. 1982,226, 93-103 and references therein. 


(14) 'Methoden der Organischen Chemie" (Houben-Weyl); Miihler, E., 
Ed.; Georg Thieme Verlag: Stuttgart, 1970; Vol. XI11 1, pp 291-292. 


(15) Reference 14, p 117. 
(16) Reference 14, p 283. See also: Getman, H.; Young, R. V. J. Org. 


Chem. 1936,1, 315. 


(17) (a) This reaction with related [Pt(CBH.&HzNMe2)z-o,~1(H20)]- 
BF4, 2, affords a product whose 'H NMR data is consistent with it being 
[Pt(CN)~(C~H~(CHzNMez)z-o,o~]z~ in which the "built-in" ligands are no 
longer coordinated to the metal, though the aryl system remains u Pt  
bonded. (b) Support for this assumption comes from the observation that 
4c in warm HzO generates neutral [PtI(C6H3(CHzNMez)z-o,o~] aa the 
major organometallic species. The absence of stable noncoordinating 
anion (e.g., BF49 is likely to be the reason that full reversal 4c-2 does 
not occur. 
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Scheme I 
-7+ 


2 


NaX 
BF4- - I 


\ 
R-,/ p a r a '  a d d n  R - \ o l i h o '  a d d n  


Table IQ 


3a {CH(CO,Me),}, 3.42 5.29 [4] 2.62, 3.73 [12] 2.93b [401 1.28 [53] 3.68' 
3.16d 


3b {:ifb6D6 4.57 5.19 [5] 1.89, 3.25 [13] 2.57 [42], 2.65 [41] 1.22 [53] 3.19 
4b {OMe ,C,D6 6.37 5.26 [91 5.02 [61 1.78, 3.23 [12], 2.48 [39], 2.54 [381, 1.41 [51] 2.99 


4a {PhCSC}, 6.04 5.73 [ l l ]  5.40 [6] 2.53, 3.81 [12], 2.91b [40], 


4c {OH}, C6D6 6.05 5.46 [9] 5.04 [6] 1.76, 3.21 [12], 2.48 [40], 2.56 [40], 1.39 [51] not obsd 


2.47, 3.44 [13] 2.63 [38], 2.88 [40] 


CD,Cl, 3.32, 3.51 [13] 3.05 [36], 3.30 [41] 


2.63 [38], 2.83 [40] 


1.62 [48] 7.2-7.4 


2.26, 3.32 [13] 
(I J values in hertz. Accidental chemical shift coincidence 


neutral [PtX(C6H,(CH2NMe2)2-o,o 31 species" eventually 
precipitate. The rate of the reaction, which involves 
cleavage of the Caryl-CMe bond (C(13)-C(4) in Figure l), 
decreases in the order C1 > Br > I. For X = C1 and Br 
the isolated material was a mixture of the iodo complex 
with the corresponding halo complex, the relative ratios 
being 1:l and 1:20, respectively, whereas for X = I the iodo 
complex was isolated virtually quantitatively. The organic 
products from the reactions are expected to be MeX 
and/or MeOH though confirmation of this is lacking. 


Thus, the reactive nucleophile present when 1 is refluxed 
in water or aqueous acetone may be OH-17b since under 
these conditions the final product in >95% yield is cationic 
[Pt(C6H,(CH2NMe2)2-o,o~(H20)]BF,, 2. This is interesting 
for two particular reasons: first 1 has again formally 
eliminated Me1 (with cleavage of the Caryl-CMMe bond), and 
second, since 2 is the precursor of 1, through reaction with 
MeI, one has effectively reversed the original synthetic 
procedure. 


The strong bases CH(C02Me)2-, PhCEC-, OMe-, and 
OH-, in suitable solvents, react with suspensions of 1 to 
form neutral platinum complexes in which the nucleophile 
has added to the benzenonium ring at  either the ortho or 
the para position (see Scheme I). Consequent electron 
redistribution within the molecule leads to localized bonds 
in the ring and formation of either a 2,5- or 2,4-cyclo- 
hexadiene system with the retention of the Pt-C u bond 
at  the 1-position of the six-membered carbon ring. The 
platinum center thus retains its formal oxidation state of 
+2 with a square-planar geometry in which the built-in 
ligands remain trans coordinated. 


With malonate ion, for example, attack occurs solely at  
the para position of 1 (C(7) in Figure 1) to afford neutral 
3a containing a nonconjugated 2,5-cyclohexadiene system. 
The 'H NMR spectrum (250 MHz) of 3a shows a dis- 
tinctive AX2 pattern, arising from H(3), H(4), and H(5), 
to high field of the normal aromatic region (see Table I). 
The proposed structure, with its u-bonded Pt-C-Me 
fragment, receives support from the observation of lg5Pt 
satellites not only on the unique highfield methyl signal 
but also on the resonances of magnetically and chemically 
equivalent H(3) and H(5). Attack of dimethyl malonate 
could theoretically occur a t  the C(7) atom from either of 
the two different sides of the benzenonium ring in 1, 
thereby giving rise to two possible stereoisomers. Signif- 
icantly there was no indication in the 'H NMR spectrum 
of any resonances attributable to a second organometallic 
species, and therefore nucleophilic addition is apparently 
taking place highly stereospecifically. 


The phenylacetylide anion, PhC=C- (as either its so- 
dium or its lithium salt), reacts readily with l to afford an 
uncharged Pt(I1) complex 4a in which, as with the di- 
methyl malonate ion, attack has occurred stereospecifically 
on the benzenonium ring system and the Pt-C 0 bond is 
retained. However, in this instance the nucleophiles point 
of attachment is a t  an ortho carbon atom (C(5) or C(9) in 
Figure 1) that bears a -CH2NMe2 moiety. 


The resultant molecule, which now contains a conjugated 
2,4-cyclohexadiene system, is decidedly asymmetric (see 
Scheme I). This is reflected in the complex lH NMR 
spectrum of 4a, where the lack of a molecular symmetry 
plane gives rise to inequivalent CH, and NMez groupings, 
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containing diastereotopic H atoms and Me groups, re- 
spectively. The ring protons (H(3), H(4), and H(5)) ac- 
cordingly produce an allylic resonance pattern for which 
data and assignments are to be found in Table I. 


From the reaction of 1 with OMe- it is possible to isolate 
either the ortho or para addition product according to the 
specific reaction conditions employed (see Experimental 
Section). Initial studies showed that reaction of this nu- 
cleophile (as well as OH-) could react with l to product 
isomer mixtures and the critical experimental conditions 
have been optimized to yield single pure compounds. In 
particular, solvents such as benzene are more suitable for 
workup than CH2C12 which on occasion gave rise to mix- 
tures of as yet unidentified species. The pure complexes 
are readily identifiable by their NMR data, and the iso- 
mers show the distinctive features described for 3a and 
4a. 


The complexes 3a,b and 4a-c are pale yellow to orange 
solids with fair air stability, though in benzene solution 
slow decomposition does take place. Furthermore, except 
for 4a (R = P h C d ) ,  they possess one common chemical 
characteristic: they are susceptible to cleavage of the 
nucleophilic substituent when treated with strong, non- 
coordinating acid (HBF4). The resultant product in high 
yield is the original cationic complex 1, which is stable to 
H+, and therefore regeneration of the carbonium fragment 
has occurred. 


Discussion 
Both IH NMR and crystallographic data for 11' give 


credence to the belief that  the organic ligand system can 
be described as a metal-substituted carbonium ion of the 
Wheland type and the present results concerning the 
complexes reactivity towards nucleophiles help confirm 
this. 


The fundamental difference between 1 and the related 
cationic complex [Pt{ C6H3(CH2NMe2)2-o,o~(HzO)]BF4, 2, 
is reflected in the varying stabilities of the unique Pt-C 
u bonds. With the aqueous cyanide ion complex 1 gives 
rise to a free organic ligand, o,o'-(Me2NCH2),C6H3Me, 
whereas with 2 this u bond is not disrupted.17a This result 
may have been anticipated since in 1 the solid-state 
structure shows an extremely long, and presumably weak, 
Pt-C(4) bond of 2.183 (7) A. In general the trans N-donor 
arrangement of the two NMez units, as found in both 1 
and 2, is a stable conformation,2 and these reactions with 
CN- are examples of the few instances where rupture of 
the two M-N bonds in complexes containing the o,o'- 
(Me2NCH2)2C&13 ligand have been observed. For example, 
PPh3 reacts readily with 2 to afford [Pt(C6H3- 
(CH2NMe2)2-o,03(PPh3)]BF,11 with conserved Pt-N in- 
teractions, and it is only with neutral compounds such as 
[PtBr(C6H3(CH2NMe2)2-o,o)] that tertiary phosphines can 
compete successfully with the nitrogen groups to give ei- 
ther cis- and trans-bis(phosphine) products.1° 


I t  is therefore not surprising that complexes 3a,b and 
4a-c, generated from 1 by reaction with charged nucleo- 
philes under mild conditions, should retain the stable trans 
N-Pt-N configuration. 


The a-Pt-C,-CH3 arrangement can be readily deduced 
from the valence requirements of C1, and in all complexes 
this unique methyl group shows a significant J(lg5Pt,'H) 
of approximately 50 Hz. The magnitude of this coupling 
is typical not only for 2J(Pt-CH3),18a as might first be 
expected, but also for 3J(Pt-C-CH3)1ab as found here. The 


(18) (a) Clark, H. C.; Kurosawa, H. Znorg. Chem. 1972,11,1275-1280. 
(b) Clark, H. C.; Ruddick, J. D. Ibid. 1970, 9, 1226-1229. 
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Figure 2. Mesomeric structures for complex 1. 


presence of Ig5Pt satellites for the protons of the 
-CH2NMe2 groups readily establishes their N-donor metal 
co~rdinat ion '~ while the chemical shifts and coupling 
pattern of the C6H3 ring protons indicate the site of nu- 
cleophilic attack. 


Explaining why nucleophilic attack occurs on the ring 
system only at  the ortho and para positions is not difficult. 
CNDO/S calculations on model systems 1" pointed to 
positive charge density a t  the ortho and para positions, a 
situation that can be seen as a natural consequence of the 
mesomeric structures shown in Figure 2. This description 
of the charge distribution is also fully consistent with 'H 
NMR shifts of the meta and para protons (6 7.60 and 8.70, 
respectively). It is apparent therefore that the ortho and 
para positions are those activated for nucleophilic attack 
and with use of two different anionic carbon ligands, 
namely, PhCEC- and (Me02Q2CH-, it has been shown 
that initial attack at  the ring is possible at  both positions. 
On the basis of the results from OMe- and OH- it is the 
ortho site, which is also preferentially attacked by the thin 
flat phenyl acetylide ion, that is the kinetically favorable 
one. 


The preferred site on thermodynamic grounds is the 
para one, which is attacked by sterically demanding di- 
methyl malonate and is the ultimate position of methoxide 
under the slightly more forcing conditions (see Experi- 
mental Section). The methoxide complex 4b converts 
quantitatively into the "para" isomer 3b when suspended 
in methanol and the use of methanol-d, produced almost 
solely the OCD3 analogue of 3b. When taken together with 
the fact that solutions of 4b in benzene do not generate 
3b, this indicates an intermolecular mechanism for the 
isomerization 4b to 3b. 


The regiospecificity of nucleophilic attack on 1 is also 
accompanied by stereospecificity. For the products 3a,b, 
where the nucleophilic moiety is attached to an ortho 
carbon atom, a steric explanation only is required. The 
structure of 1 shows that the hybridization of the ortho 
carbon centers is clearly distorted from planar sp2. For- 
mation of a new u bond a t  one of these atoms generates 
an sp3 center. This is only possible with retention of the 
Pt-C u bond as well as both Pt-N interactions when attack 
occurs from the more sterically open side of the ring, i.e., 
exo with respect to the metal. Thus the stereochemical 
configuration of the products 3a,b is predetermined by the 
initial geometry of the starting complex 1. Why there 
should be stereospecific nucleophilic attack at  the para 
position is not immediately apparent since neither the exo 
nor endo position is particularly hindered. The X-ray 
structure of 1 does show that these two positions are not 
equivalent, and for the bulky dimethyl malonate ion a 
steric factor is likely to be dominant. For the methoxide 
ion, however, with the assumption that 'H NMR spec- 
troscopy (250 MHz) is sufficiently sensitive to identify the 
two possible isomers (should they be present), then an 
electronic factor must be responsible for the observed 
discrimination, Further study to clarify points such as this 
is in progress. 


Numerous nucleophilic substitution and addition reac- 


(19) van der Ploeg, A. F. M. J.; van Koten, G.; Vrieze, K.; Spek, A. L. 
Znorg. Chem. 1982,21, 2014-2026. 
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Figure 3. The metal-based aryl-to-cyclohexadiene conversion 
in relation to aromatic electrophilic substitution. 


tions involving organometallic species with 175 or 176 ring 
systems have been reported and in several instances have 
been shown to have synthetic utility.zo Consequently, to 
help elucidate the operative mechanism(& there is cur- 
rently much interest in those cases where regio- or ste- 
reoselectivity is observed.21 


In our system the nucleophilic additions to arenonium 
complex 1 (and its synthesis from cationic 2 and MeI) are 
unique examples of such reactions occurring on a C6 ring 


(20) Birch, A. J.; Jenkins, I. D. ’Transition Metal Organometallics in 
Organic Synthesis“; Alper, H., Ed.; Academic Press: New York, 1976; Val. 
I, Chapter I, pp 1-82. Jaouen, G. ‘Transition Metal Organometallics in 
Organic Synthesis”; Alper, H., Ed.; Academic Press: New York, 1978 Val. 
11,Chapter 11, pp 65-120. 


(21) See, for examde: Birch, A. J.: SteDhenson, G. R. J .  Ormnomet. 
Chem. 1981,218, 91-104 and references iherein. 


system which has a a-bonded metal substituent. In many 
respects the behavior shown has a direct counterpart in 
electrophilic substitution reactions of benzene rings, with 
each step stabilized by the Pt-I group (see Figure 3). 
Some stabilization of the nucleophilic additon products 
3 and 4 may be additionally derived from release of ring 
strain inherent in the two five-membered chelate rings of 
1 which contain the CH,NMez groups. However, much of 
the chemistry and particularly the stability of 1 can be 
understood in terms of the nature of the available leaving 
groups in the various products. 


From the organic carbonium ion (Wheland intermediate) 
the proton, H’, is a good leaving group in the presence of 
a nucleophile. For complex 1 a subsequent step with a 
nucleophile cannot follow a “normal” electrophilic sub- 
stitution sequence because both the introduced Me and 
the Pt-I units are bad leaving groups (due to the presence 
of a C-C u bond and strong N-Pt-N coordination, re- 
spectively). Under special circumstances however, normal 
substitution takes place for example with CN- (which 
possibly disrupts the Pt-N donor bonds) and those reac- 
tions with H 2 0  and aqueous NaX (that possibly rely on 
the intervention of hydroxide ion). Unfortunately in the 
latter instances we know nothing of the intermediates 
which provide the route to the C-C bond cleavage. Despite 
this gap in our knowledge the reaction of 1 with H20 to 
afford 2 completes a metal center promoted reversible aryl 
to cyclohexadiene conversion illustrated in Figure 3). The 
key complex in the various high yield reaction steps is 
carbonium species 1, and further research is being con- 
centrated on the potential of this complex, not only as a 
model but also as a route to substituted aryl compounds. 
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Introduction 
In nearly all of the examples reported to date, the re- 


action of Zeise’s dimer with compounds containing a cy- 
clopropane ring results in the formation of a yellow pre- 
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cipitate. Due to its relative insolubility most investigators 
have chosen to work with a solubilized form that is gen- 
erated by reacting the precipitate with a coordinating 
solvent such as pyridine, THF, etc. Except for the work 
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Figure 1. (a) The solution 13C NMR spectrum of complex 2. (b) 
The MAS/CP NMR spectrum of complex 1A. 


of Binns,' who through the use of mass spectrometry 
suggested that  this precipitate is a tetrameric unit 
(structure S), it has not been further characterized. This 
leaves open the question of the organic moiety which may 
or may not have the same structure in the initial precip- 
itate as the solubilized complex. Therefore, we decided 
to investigate the characteristics of a few of these com- 
plexes by magic angle spinning/ cross polarization 
(MAS/CP) NMR spectroscopy. 


Results and Discussion 
Recently, we reported2 on two reactions (eq 1 and 2) in 


4 * L = P y r i d i n e  


which the initially precipitated complexes 1A and 3A were 
solubilized by reaction with pyridine. Volger3 had pre- 
viously postulated structures 5 and 6 for these initial 
precipitates. However, since 5 and 6 differ from the re- 
action products 2 and 4, we felt that it  would be prudent 
to make a more thorough investigation. 


& Pt 


5 
Pt 


6 


In the following discussion, comparisons between solu- 
tion and solid-state 13C NMR spectra will be presented for 


(1) Binns, S. E.; Cragg, R. H.; Gillard, R. D.; Heaton, B. T.; Pilbrow, 


(2) Waddington, M. D.; Jennings, P. W. Organometallics 1982,1,385. 
(3) Volger, H. C.; Hogeveen, H.; Gaasbeek, M. M. P. J. Am.  Chem. 


M. F. J. Chem. SOC. A 1969, 1227. 


SOC. 1969, 91, 2137. 
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Figure 2. The 13C MAS/CP NMR spectrum of NBD.PtC12. 


the platinum complexes formed from hydrocarbon sub- 
strates 1, 3, and 9. The spectra for complexes from hy- 
drocarbon 1 are shown in Figure 1. The outstanding NMR 
spectral feature2 for exo-platinacyclobutane complexes 
such as 2 and 4 in solution is the upfield resonances which 
exhibit large coupling to lg5Pt (Figure 1). For compound 
2 these resonances occur a t  10.7 (C-3) and -2.2 ppm (C-1) 
with JPfC = 403 and 371 Hz, respectively. I t  is also im- 
portant to note that the olefinic resonances a t  134.9 and 
136.3 ppm, which are unfortunately partially obscured by 
the pyridine ligand resonances, do not have equivalent 
chemical shifts. The former is coupled to lg5Pt by 37 H Z . ~  


The magic angle spinning spectrum of 1A is a five-line 
spectrum with a broad olefinic resonance at 136 ppm and 
two broad upfield resonances a t  32.5 and 15 ppm. The 
latter two are tentatively assigned to carbons which are 
bound to platinum by CJ bonds and are discussed below. 
The fact that the olefinic carbon resonance occurs at vir- 
tually the same chemical shift in both spectra suggests that 
the olefin is not coordinated to the platinum as originally 
proposed by V01ger.~ We propose that in fact the breadth 
of the 136 ppm resonance in the solid-state spectrum of 
1 is due to two olefinic peaks. 


Corroboration of the idea that the olefinic carbons are 
not coordinated to platinum rests further on the MAS/CP 
data collected for the complex (NBD).PtC12 (Figure 2). In 
this complex the platinum moiety is situated endo with 
respect to the bicyclic ring and coordinated to both 
The olefinic resonance occurs at 78 ppm with a J f ic  of 650 
Hz (satellites at 72 and 85 ppm). The bridgehead carbons 
resonate at 50 ppm, and the bridge methylene carbon 
occurs at 67 ppm. The important point here is the fact 
that the olefinic resonance has shifted upfield 63 ppm on 
coordination to platinum, since the olefinic resonance for 
uncomplexed norbornadiene is a t  141 ppm. Thus, the 
olefinic carbons in complex 1A must not be coordinated 
to the platinum. 


Returning again to the discussion of the spectra in 
Figure 1, the resonance at 51.4 ppm which shows coupling 
to platinum and has been assigned to C-2 in the solution 
spectrum2 has a counterpart in the upper spectrum at 54.5 
ppm. Likewise the three resonances in the 46-ppm region 
appear to be mirrored in the large resonance at 47.5 ppm. 


(4) Although the crystal structure of NBD.PtCI2 has not been done, 
the analogous structure, NBD-PdC12, has been Infrared 
studies by Wertz5 clearly shows that these are analogous structures. 
Furthermore, the NMR data presented herein accommodate the endo 
bidentate structure for NBD.PtC12. 


(5) (a) Wertz, D. W.; Moseley, M. A. Spectrochim. Acta, Part A 1980, 
36A, 467. (b) Baenzinger, N. C. Acta Crystallogr. 1961, 14, 303. 
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Figure 3. (a) The solution 13C NMR spectrum of complex 4. (b) 
The 13C MAS/CP NMR spectrum of complex 3A. 


Thus, it appears that six of the eight resonances in the 
solution spectrum correspond to those in the solid-state 
spectrum. The remaining question is, what is the origin 
of the broad peaks a t  32.5 and 15 ppm in the solid-state 
spectrum? 


We are convinced that these resonances correspond to 
those at 10.7 and -2.2 ppm of the solution spectrum and 
that the chemical shift difference is a result of a ligand 
change in going from solid to solution complex. When 
pyridine is present, it should occupy the positions which 
are trans to each of the a-bound carbon atoms of the 
platinacyclobutane ring in the octahedral complex, 
structure 7.6 However, in complexes 1A or 3A, the oc- 


4, 


7 


L 


CI c I 


tahedral structure is part of a tetrameric unit in which the 
positions trans to a-bound carbon atoms are occupied by 
C1 atoms (partial structure Further evidence for this 
chemical shift change was obtained by investigating the 
products from phenylcyclopropane.' For 2-phenyl- 
platinacyclobutane, the resonances of the tetrameric pre- 
cipitate and the pyridine adduct are shown in the structure 
below. Again the carbons directly attached to the platinum 
exhibit different chemical shift positions in going from the 
tetrameric to the solubilized complex. 


36138)' 


\ '*" 9'* 
(2E1)*6.6-7-~* 


4 cia 


*The numbers in parentheses equal the MAS/CP resonances. 


(6) McQuillan, F. J.; Powell, K. G. J.  Chem. Soc., Dalton Trans. 1972, 
2123; Tetrahedron Lett. 1971, 3313. 


(7) Both reviewers suggested that a simpler system such as cyclo- 
propane would add clarity to this paper. Thus, since we had already 
begun some analyses of 2-phenylplatinacyclobutane, data for it is in- 
cluded. A mixture containing a 8020 ratio of 2-phenyl to 3-phenyl was 
prepared by the method of Puddephatt8 and analyzed with MAS/CP. 


(8) Al-Essa, R. J.; Puddephatt, R. J.; Quyser, M. A.; Tipper, D. F. H. 
J .  Am. Chem. SOC. 1979, 101, 364. 
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Figure 4. (a) The solution 13C NMR spectrum of complex IO. 
(b) The I3C MAS/CP NMR spectrum of complex 10. (c) The 13C 
MAS/CP NMR spectrum of complex 9A. 


In summary, we suggest that the structure for 1A is the 
same as that shown for the Pt(IV) complex 2 without the 
pyridine ligands and that there is no evidence for associ- 
ation of the platinum moiety with the olefin as proposed 
for structure 5. 


The structure of 3A (eq 2) was also investigated in order 
to test the validity of structure 6. With use of the same 
logic as used above, the results (Figure 3) suggest that the 
structure of 3A is indeed a platinacyclobutane complex 
analogous to 4. In this example the resonances for the 
carbons bound to lg5Pt are a t  -9 and 13.8 ppm in the 
solution spectrum and a t  4 and 33 ppm in the solid-state 
spectrum. Save these two resonances there is excellent 
agreement between the solution and solid-state spectra. 


A third and final reaction was investigated (eq 3) be- 
cause the reaction substrate could not form an endo bi- 
dentate structure analogous to 5 and 6. Thus, the results, 


9 A  L ' b? 
9 9 


(3)  
10 


if successful, could be related to structures IA, 3A, 2, and 
4 and would thereby provide an additional and definitive 
statement on the validity of the above arguments. The 
results shown in Figure 4 not only provided the definitive 
statement but also provided data on possible chemical shift 
differences that might occur on changing phase. I t  is 
apparent in comparing the two lower spectra in Figure 4 
that there is very little change in chemical shift positions 
relative to phase change. As in the previous examples, the 
upper most spectrum of 9A agrees very well with the two 
spectra below it save the resonances of the platinum bound 
carbons which have a resonance at 4 and presumably 
around 33 ppm. Thus, it is reasonable to again conclude 
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that the organic moiety of 9A is basically the same as that 
for structure 10. 


Conclusion 


Results of comparing solution and solid-state NMR 
spectra suggest that the initial precipitated platinum 
complexes from Zeise’s dimer and hydrocarbons 1,3, and 
9 are platinacyclobutane complexes. These results are in 
contrast to previous data which had suggested that two 
of these compounds were endo bidentate complexes. 
Moreover, the solid-state spectrum of 10 is in excellent 
agreement with its solution spectrum showing that the 
phase does not have a significant perturbation on the 
chemical shift. There are precautionary notes to be made 
here. We have been careful to speak of these precipitates 
as initial precipitates. It would be erroneous to  always 
consider these as the initially formed complex. Further, 
it is likely to be erroneous to  assume that the initial pre- 
cipitate and the solubilized complex are always the same. 
However, MAS/CP NMR spectroscopy has been shown 
to be a viable tool in investigating this aspect of organo- 
metallic chemistry. 


Experimental Section 
General Data. ‘H, 13C, and lQ5Pt NMR spectra were obtained 


by using a Bruker WM-250 spectrometer. MAS/CP spectra were 
obtained at 37.7 or 50.2 MHz for 13C. Diethyl ether was distilled 
from CaHz prior to use. Pyridine was Baker reagent grade, and 
CDC& was obtained from Stohler. Zeise’s dimer was prepared 
from K2PtC14 which was purchased from Aldrich. The hydro- 
carbons 1 and 3 as well as their initially precipitated platinum 
complexes were prepared as previously described.2 Analyses were 
done by Galbraith Laboratories and were correct for all complexes. 


Preparation of 9. eno-Tricycl0[3.2.1.0~*~]0ctane was prepared 
by the method of Kottwitzg and purified by gas chromatography. 


Preparation of 9A. To a suspension of 506 mg (0.86 mmol) 
[CZH4PtCl2l2 in 10 mL of dry ether was added 360 mg (3.3 mmol) 
of 9. This mixture was magnetically stirred at reflux for 5 h during 
which time the orange solid, Zeise’s dimer, was consumed, giving 
the yellow solid of the platinum complex. This product was 
filtered and dried by vacuum. Subsequently, it was resuspended 
in ether by crushing and stirring. Filtration and drying in a 
vacuum desiccator gave 610 mg of a yellow solid-yield 95%. 
Shorter reaction times afforded a lower conversion to product. 


Preparation of 10. To 9A (200-600 mg) suspended in 10-15 
mL of chloroform was added 3-4 equiv of pyridine with magnetic 
stirring. After 5 min, the yellow solid dissolved and the volatile 
components were removed by rotoevaporation at 25 “C to yield 
a dark yellow oil. Addition of pentane and further rotoevaporation 
afforded a yellow-white solid. Trituration in more pentane, solvent 
evaporation, and vacuum desiccation gave the yellow-white 
pyridine complex in quantitative yield. 


Solution Spectra of Pyridine Adducts. Solution spectra 
for the pyridine derivatives of 2,4,  and 10 were obtained by adding 
3-4 equiv of pyridine to stirred suspensions of platinum compound 
in CDC1,. Rotoevaporation of these solutions and workup as 
described for structure 10 yielded solid pyridine derivatives for 
each of the compounds. 
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known to be generally much more reactive than V(CO),j-213 
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metal clusters containing vanadium, which are presently 
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that the organic moiety of 9A is basically the same as that  
for structure 10. 


Conclusion 
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spectra suggest that  the initial precipitated platinum 
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1961. This substance was made by two independent 
methods as shown by 1 and 2. In 1968, Behrens and Lutz 


W H g  
V(C0)4(PPh3)2 ROH or CsHB' V(C0)5PPh3- (49% yield) 


(1)5#6 


Fjare and Ellis 


subsequently the solvent was removed under vacuum. The residue 
was triturated with 2 X 40 mL of isopentane and dried to form 
a gold powder. THF was added (80 mL), and after filtration the 
solvent was evaporated. The product was recrystallized from 
acetone/diethyl ether and was washed with ethanol and diethyl 
ether and dried in vacuo. Bright yellow crystalline 1 was obtained 
in 79% yield (1.81 9). The infrared spectrum of this sample was 
superimposable on that of genuine [Et4N] [V(CO)5PPh3].9 


Tetraethylammonium (Bis(dipheny1phosphino)ethane)- 
pentacarbonylvanadate( 1-), [Et4N][V(CO),dppe] (2). A cold 
(-78 "C) solution of 1,2-bis(diphenylphosphino)ethane (3.13 g, 
7.84 mmol) in THF (40 mL) was added to Na[V(CO),NH,] in 
liquid ammonia. Solid Et4NBr (1.64 g, 7.8 mmol) was subse- 
quently added al l  at once. The mixture was protected from light13 
and allowed to slowly warm to room temperature overnight. After 
the solvent mixture was evaporated in vacuo, the residue was 
triturated with isopentane (20 mL). Initially, the solid was quite 
sticky so the triturations were repeated with an additional 20 mL 
of isopentane. Then the solid was dried in vacuo. Next, the 
product was dissolved in THF (80 mL) and filtered to give a clear 
bright red solution. The insoluble solid was washed with THF 
(1 X 20 mL; 1 X 10 mL) until the washings were colorless. The 
THF was removed under partial vacuum, and the solid triturated 
with two 20-mL portions of diethyl ether and dried in vacuo. 
Recrystallization from acetone/ethanol gave irregular yellow- 
orange platelike crystals of 2 (2.01 g, 72% yield). A trace amount 
of another product, [Et,N][V(CO),dppe]? was also formed as small 
red cubic ~rystals.'~ Crystalline 2 is moderately air sensitive and 
decomposes only after several hours. Solutions of 2 are quite 
sensitive to both air and light. Crystalline 2 is indefinitely stable 
at  room temperature and melts at  123 OC. 


This material was originally reported to be formed in low yield 
as an impure byproduct formed during the photolysis of V(C0); 
and d ~ p e . ~  Compound 2 is identical with an analytical sample 
of bona fide [Et4N] [V(C0)5dppe] previously isolated in 9% yield 
from the decomposition of V(C0):- in liquid ammonia in the 
presence of dppe.', Compound 2 is insoluble in diethyl ether, 
alkanes, and ethanol, slightly soluble in toluene, and very soluble 
in acetone, tetrahydrofuran, and acetonitrile. 


Synthesis of Ph,SnV(CO),dppe from [Et4N][V(CO),dppe]. 
Solid 2 (0.50 g, 0.70 mmol) and Ph3SnC1 (0.28 g, 0.71 mmol) were 
combined and stirred during the addition of CHZClz (40 mL) and 
then H20 (20 mL). The mixture was stirred vigorously at  room 
temperature for 12 h. 


Evaporation of both solvents left a bright yellow flaky solid. 
This solid was dissolved in CHzClz (30 mL). After filtration the 
clear orange solution was concentrated until yellow solid began 
to precipitate. Slow addition of diethyl ether to the stirred solution 
gave a precipitate. This crude solid was filtered, washed with two 
15-mL portions of EtOH, and dried in vacuo. Golden yellow, 
microcrystalline Ph3SnV(C0)4dppe was isolated in 82% yield (0.52 
9). This compound is identical with the product previously 
prepared by the reaction of Ph3SnCl with [Et4N] [V(CO)4dppe].3 


Tetraphenylarsonium (Bis(dipheny1phosphino)ethane)- 
pentacarbonylvanadate( 1-), [Ph,As][ V(CO),dppe] (3). 
Bis(dipheny1phosphino)ethane (1.7 g, 4.3 mmol) and [Ph,As][V- 
(CO)5NH3] (0.83 g, 1.4 mmol) were combined and stirred while 
50 mL of THF was intr0d~ced.l~ After 20 min all material had 
dissolved to form a clear wine-colored solution. Removal of the 
THF left a bright red sticky solid. The solid was washed and 
triturated with isopentane (20 mL), then washed with toluene 
(1 X 40 mL; 1 X 20 mL) and isopentane (20 mL) and dried in 
vacuo. Crystallization from THF/diethyl ether produced 3 as 
a light orange powder (1.04 g, 76% yield). Anal. Calcd for 
C55H44A~05P2V: C, 67.91; H, 4.56; As, 7.70. Found: C, 67.73; 
H, 4.93; As, 7.76. 


Compound 3 is stable in air for several hours but is light 
sensitive. Although decomposition of the solid is only evident 
after about 8 h, solutions of 3 decompose within minutes. Com- 
pound 3 is stable at room temperature indefinitely under nitrogen 


Et20 
3V(C0)6 + 2PPh3 


[V(Et20)6] [V(COgPh3Pl2 (no yield reported) (2)697 
reported tha t  V(CO),dppe (dppe = 1,2-bis(diphenyl- 
phosphin0)ethane) also undergoes disproportionation by 
bipyridyl or phenanthroline as shown in eq 3. These latter 
reactions require fairly careful attention to time and tem- 
perature or substantial amounts of V(L-LI3 form.8 


[V(L-L),I [V(CO),dppeI2 (3P 
L-L = bpy (89% yield), o-phen (66% yield) 


In 1971, Davison and Ellis reported the first general 
route to various V(CO)gxL; ( x  = 1,2;  L = PR3, P(OR)3, 
AsR3, SbR3). This method did not depend upon the 
availability of a corresponding neutral substituted carbonyl 
and involved the photopromoted substitution of various 
x-acceptor ligands into V(CO){, i.e., eq 4. Later, Rehder 
and other groups utilized this same general procedure to 
synthesize many other substituted carbonylvanadate 
ions.2J0 


v(co)6- + xL -% V(CO)~-XLX- + x c o  (4)' 
Recently, we discovered that V(CO),NH3- reacted 


readily with various phosphines to provide high yields of 
new [V(CO),PRJ species which were not readily available 
by the direct photolysis procedure because V(CO)& 
and/or L were photosensitive. In this paper are reported 
the results of this study. Portions of this work have been 
described previously in a preliminary communication.l' 


Experimental Section 
For general procedures, solvent purification, and the synthesis 


of Na[V(CO),NH,], [Ph4P] [V(CO),NH,], and [Ph4As][V- 
(CO),NH,] refer to the previous paper in this series.' All 
phosphines were obtained from commercial sources. Unless 
otherwise noted, approximately 3.9 mmol of Na[V(CO),NH,], 
generated in situ by the protonation of Na3V(CO)22 in 75 mL 
of liquid ammonia, was used in the following reactions. 


Tetraethylammonium (Tripheny1phosphine)penta- 
carbonylvanadate( 1-), [Et,N][V(CO),PPh,] (1). A liquid 
ammonia solution of Na[V(CO),NH,] was prepared and cooled 
to -78 "C. Solid triphenylphosphine (3.10 g, 11.8 mmol) and 
tetraethylammonium bromide (3.30 g, 15.7 mmol) were added 
through a bent tube. Cold THF (40 mL, -60 "C) was then in- 
troduced. The solution slowly warmed to room temperature, and 
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reaction. If CH&N is used rather than THF, the amount of [Et,N][V- 
(CO),dppe] formed in one reaction was approximately 26%. 
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(Phosphine)pentacarbonyluanadate(l-) Anions 


and melts with decomposition at  about 151 "C. 
Tetraethylammonium (Bis(diphenylphosphin0)- 


methane)pentacarbonylvanadate( 1-), [Et4N][V(CO)5dppm] 
(4). A cold (-78 "C) solution of 1,2-bis(diphenylphosphino)- 
methane (7.5 g dppm, 19.6 mmol) in THF (40 mL) was added 
by cannula to a stirred liquid ammonia solution of Na[V(C0)5- 
NH,] at -78 OC. Solid Et,NBr (1.64 g, 7.8 mmol) was added all 
at  once. The mixture warmed to room temperature 0~ernight.l~ 


The solvents were removed in vacuo, and THF was added (80 
mL) to dissolve the product. Filtration provided a bright red 
solution. After evaporation of the solvent, the crude solid was 
washed extensively with toluene (1 X 40 mL; 6 X 20 mL) and 
ethanol (4 X 20 mL) to leave a yellow microcrystalline solid. This 
was dried in vacuo at room temperature for 12 h. Recrystallization 
from acetone/ethanol produced large yellow crystals. The yield 
of pure 4 was 1.99 g (72%). Anal. Calcd for C38H42N05P2V C, 
64.68; H, 6.00; N, 1.98; P, 8.78. Found C, 64.75; H, 6.52; N, 1.98; 
P, 8.87. 


Solutions of [E4N] [V(CO)5dppm] are air sensitive and 
somewhat light sensitive. An acetonitrile solution in a sealed tube 
changed from a light yellow to bright red after more than 48-h 
exposure to light. There is no other visible decomposition and 
no change in the 'H NMR spectrum. Crystalline 4 is moderately 
air sensitive and decomposes to light brown non-carbonyl-con- 
taining products. Compound 4 is insoluble in EtOH, MeOH, 
toluene, Eh0, and alkanes. It is soluble in THF, CH3CN, CHzCl2, 
and acetone. 


Tetraethylammonium (Aminodipheny1phosphine)penta- 
carbonylvanadate( 1-), [Et4N][V(CO)$PhzNHz] (5). A cold 
(-78 "C) solution of tetraphenyldiphosphine (4.56 g, 12.3 mmol) 
in THF (40 mL) was added by cannula to a solution of Na[V- 
(CO)5NH3] at -78 OC. Solid Et4NBr (1.64 g, 7.8 mmol) was 
subsequently added all at once. When the solution had warmed 
to room temperature, more THF (40 mL) was added and the solid 
was triturated. Subsequently, the slurry was filtered. After the 
solvent was evaporated in vacuo, the residue was washed and 
triturated with isopentane (40 mL) and dried. Toluene (80 mL) 
was added, and the slurry was filtered. The bright yellow product 
was washed with toluene (2 X 20 mL), isopentane (3 X 20 mL), 
ethanol (5 X 20 mL), and diethyl ether (2 X 20 mL) and dried. 
I t  was dissolved in acetone, filtered, and recrystallized from 
acetone/ethanol to produce bright yellow needles (1.49 g, 73% 
yield). Slower recrystallization will produce long (6 mm X 1 mm) 
clear orange needles. Anal. Calcd for Cz5H32Nz05PV C, 57.46; 
H, 6.17; N, 5.36; P, 5.93. Found: C, 57.56; H, 6.05; N, 5.50; P, 
6.02. Found: C, 57.54; H, 6.22; N, 4.92; P, 6.15. 


[Et4N] [V(C0)5PPhzNHz] is quite air sensitive, even large 
crystals turn brown within minutes. Compound 5 is insoluble 
in ethanol, diethyl ether, alkanes, and toluene. It is very soluble 
in THF, acetonitrile, and acetone. Tetrahydrofuran solutions are 
bright red, while acetonitrile and acetone solutions are yellow- 
orange. The compound is indefinitely stable at room temperature 
and melts at 136-138 OC. 


Tetraphenylphosphonium (Tetrapheny1diphosphine)- 
pentacarbonylvanadate(1-), [Ph4P][V(CO)5P2Ph4] (6). 
Tetraphenyldiphosphine (1.2 g, 3.2 mmol) and [Ph4P] [V- 
(CO),NH3] (1.0 g, 1.8 mmol) were combined in a flask. When 
THF (80 mL) was added, the solution immediately turned to a 
reddish hue. Within 15 min the solution became very dark red 
and all solid had dissolved. A solution spectrum indicated that 
the reaction had cleanly formed only the desired substitution 
product 6. Evaporation of the solvent produced an iridescent red 
foam. After trituration with 40 mL of isopentane the product 
was dissolved in acetonitrile (60 mL) and filtered. Crystallization 
from CH3CN/EtOH gave large red crystals of 6 (0.73 g, 44% yield). 
Anal. Calcd for CMHa05P3V C, 70.67; H, 4.48; N, 0.00, P, 10.32. 
Found: C, 69.85; H, 4.72; N, <0.05; P, 9.34. Compound 6 appears 
to be stable in air as a solid for several days. Compound 6 is stable 
indefinitely at room temperature under nitrogen and melts at 
141-142 OC. Compound 6 is insoluble in alkanes, diethyl ether, 
and ethanol. I t  is very soluble in THF and soluble in CH3CN 
and acetone. 


Tetraphenylarsonium (Tetrapheny1diphosphine)penta- 
carbonylvanadate( 1-), [Ph4As][V(CO)5PzPh4] (7). Solid 
[P~,As][V(CO)~NH,] (1.02 g, 1.73 mmol) and PhzPPPhz (3.13 g, 
8.46 mmol) were combined and cooled to 0 "C. Cold THF (50 
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mL, 0 "C) was added, and the solution was stirred at 0 OC for 1 
h. At the end of this time all of the [Ph4As][V(CO),NH3] had 
dissolved, and the reaction solution was deep red. The THF was 
evaporated to give a red solid. The residue was triturated with 
2 x 40 mL of isopentane, dried, and dissolved in acetonitrile (80 
mL). The resulting slurry was filtered to give a deep red solution. 
After removal of solvent the red glass was washed with 2 X 20 
mL of toluene and dried. Recrystallization from CH3CN/Eh0 
produced red crystals. The supernatant was removed and the 
crystals were washed with 3 X 20 mL of heptane and dried. The 
yield of crystals was initially 0.95 g or 58%. Analytically pure 
7 was obtained by two more recrystallizations from aceto- 
nitrile/EtOH as microcrystalline orange-red material (free of 
PzPh4) in 35% yield (0.57 9). Anal. Calcd for C53H4005P2AsV: 
C, 67.38; H, 4.27; P, 6.56. Found C, 66.83; H, 4.64, P, 6.52. 


Solid [Ph4As][V(CO),PZPh4] is stable in air for about 2 days 
before it becomes darker in color. Solutions of 7 are only slightly 
air sensitive. The solid is stable at room temperature indefinitely 
under nitrogen and melts at 145-146 "C. Compound 7 is soluble 
in THF, CH3CN, and acetone. It is insoluble in toluene, alkanes, 
diethyl ether, HzO, and ethanol. 


Tetraethylammonium (Tris(p-chloropheny1)phos- 
phine)pentacarbonylvanadate(l-), [Et4N][V(C0)5(p- 
C1C6H4),P] (8). The same quantities of reactants and procedure 
for the synthesis of 1 were used except a solution containing 
tris@-chloropheny1)phosphine (1.44 g, 3.94 mmol) and tetra- 
ethylammonium bromide (3.30 g, 15.7 mmol) in 30 mL of ethanol 
was added by cannula to the liquid ammonia containing Na[V- 
(CO),NH,]. Slowly the solution warmed to room temperature, 
and the solvent was removed under vacuum. The residue was 
triturated with 2 X 40 mL of isopentane and dried. THF was 
added (80 mL), and the slurry was filtered. Additional THF was 
added until the washings were colorless. The filtrate was evap- 
orated to dryness. Recrystallization from acetone/diethyl ether 
gave orange-yellow 8. This was washed with absolute ethanol and 
diethyl ether and then dried to give 2.28 g (85%) of analytically 
pure compound. Anal. Calcd for C31H32C13PN05V C, 54.21; H, 
4.70; C1, 15.48. Found C, 54.11; H, 4.99; C1, 15.42. 


Compound 8 is soluble in acetone, THF, and acetonitrile. It 
is insoluble in diethyl ether, absolute ethanol, alkanes, and arenes. 
Compound 8 is moderately air sensitive but is stable under ni- 
trogen at room temperature. 


Tetraphenylarsonium (Trif1uorophosphine)penta- 
carbonylvanadate( 1-), [Ph,As][V(CO),PF,] (9). A vessel 
containing solid [Ph4As] [V(CO)5NH3] (0.92 g, 1.56 mmol) was 
evacuated and refilled with PFB. Then THF (40 mL) was added 
while PF3 was passed over the stirred sluny at room temperature. 
Within 2 min at room temperature the originally magenta solid 
dissolved to give a yellow solution and a white solid (containing 
bands in the u(N-H) region) possibly due to the reaction of PF, 
and the liberated ammonia. The solution was filtered (medium 
frit). After all but ca. 5 mL of solvent was removed, heptane (50 
mL) was added quickly to yield a yellow solid. This was re- 
crystallized from THF/EtzO (in which the product is slightly 
soluble) to provide 0.44 g (43% yield) of the analytical sample. 
Anal. Calcd for CZ9H&sF,O5PV: C, 52.59; H, 3.04; P, 4.68. 
Found: C, 52.94; H, 3.42; P, 4.47. 


This substance was made at an early stage of this research, and 
no attempt was made to optimize the yield. If the reaction were 
performed at low temperature (e.g., -20 "C) and PF3 were passed 
through the solution with a gas dispersion tube, higher yields of 
the product should be obtainable. 


Tetraethylammonium (Trimethy1phosphine)penta- 
carbonylvanadate( 1-), [Et,N][V(CO),PMe,] (10). A solution 
of Na[V(CO)$JH3] was prepared by using the following quantities 
of reactants and solvent: 6.7 g (12.5 mmol) of [Na(diglyme)V- 
(CO),], 2.14 g (37 mmol) of NH4C1, 0.90 g (37 mmol) of Na metal, 
and 250 mL of NH,. The solution was cooled to -78 "C, and 
trimethylphosphine (5 mL, ca. 62.5 mmol) was added, followed 
by addition of cold THF (130 mL, -60 "C). The reaction mixture 
slowly warmed to room temperature while most the ammonia 
escaped. The resulting solution was yellow with much solid 
present. The solvent was removed. After trituration with 40 mL 
of isopentane a yellow solid was obtained. THF (100 mL) was 
added, and the slurry was filtered and washed with additional 
THF (20 mL) until the washings were colorless. Removal of the 
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THF left a yellow-orange crystalline material. Recrystallization 
from acetone/ethanol yielded 3.85 g (74%) of bright yellow 
crystals. Anal. Calcd for C16H29N05VP: C, 48.37; H, 7.36; N, 
3.53. Found: C, 48.03; H, 7.57; N, 3.57. 


Compound 10 is moderately air sensitive as a solid and fairly 
air sensitive in solution. It is soluble in THF, CH,CN, and acetone. 
It is insoluble in alkanes, diethyl ether, and ethanol. The melting 
point of crystalline 10 is 152-153 "C. 


Tetraethylammonium (Dipheny1phosphine)penta- 
carbonylvanadate( 1-), [Et4N][V(C0)$Ph2H] (11). A solution 
of Na[V(CO),NH,] in liquid ammonia was prepared and cooled 
to -78 "C. Diphenylphosphine (2 mL, approximately 12 mmol) 
and 20 mL of cold (-60 O C )  THF were introduced. The solution 
was allowed to slowly warm to room temperature. The solvent 
was removed, and a yellow-brown oil remained. This was tritu- 
rated with isopentane (2 X 20 mL). The washings were initially 
clear but became cloudy as they stood in air. The remaining solid 
was dissolved in 80 mL of THF and filtered. Evaporation of the 
THF gave yellow platelike crystals. Recrystallization from ace- 
tone/ethanol gave large transparent orange crystals in 65% yield 
(1.29 8). Anal. Calcd for C25H31N05PV: C, 59.17; H, 6.16; N, 
2.76; P, 6.10. Found: C, 59.88; H, 6.47; N, 2.86; P, 6.18. Compound 
11 is air sensitive in solution or in the crystalline state. It is soluble 
in acetone, acetonitrile, and THF and is insoluble in ethanol, 
alkanes, and diethyl ether. Compound 11 is stable at room 
temperature under nitrogen and melts at 136-137 "C. 
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Results and Discussion 
During our initial examination of the chemistry of 


Na3V(CO),, it was observed that  when the trianion de- 
composed in the presence of phosphines, low yields of 
V(CO),PR< were obtained,', i.e., eq 5 and 6. Although, 
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NH3 v(cO)s3- + PPh3 t>o.c V(C0)5PPh3- + ... (5) 
10% yield 


V(CO),Ph,PCH&H2PPh2- + ... (6) 
9% yield 


this reaction did not represent a useful route to  V- 
(CO)$Ph3-, the synthesis of the dppe complex, containing 
an unligated phosphine, was significant since this material 
had not been isolated previously as a pure substance (vide 
infra). It was later observed that when water or NH4+ was 
added to  v(co)53- in liquid ammonia in the presence of 
phosphines, far higher yields of V(CO)$b- were obtained. 
For example, the 79% yield obtained for [Et4N][V- 
(C0)5PPh3] (1) is higher than that previously obtained by 
the photochemical route (65%).3 Although the mechanism 
by which V(CO),PR; forms in anhydrous liquid ammonia 
during the decomposition of v(co)53-  is not yet under- 
stood, it is now known that  water or any other reasonably 
acidic Brcansted acid in liquid ammonia efficiently converts 
V(co)53- to  V(C0),NH3-.12 The amine substituted ion 
then undergoes rapid substitution a t  around -20 to  0 OC 
to give high yields of V(CO),PR3-, i.e., eq 7 and 8. 
v(co)53- + 2H20 + NH, - V(CO)5NH3- + H2 + 20H- 


(7) 


(8) V(CO)SNH3- + PR3 - V(CO)5PR3- + NH3 


Our initial objective in this study was to  determine 
whether V(CO),NH3- would serve as a useful precursor to 
V(CO),PR3- species which were previously unknown or 
available only in low or unreported yields by other pro- 
cedures. This objective has been largely realized. Specific 
compounds prepared by this "labile ligand" method are 
summarized in Scheme I and will now be discussed. 


[V(C0),Ph2P(CH2),PPh2]- (n = 1,2). Both the dppe 
(n  = 2)loa (dppe = 1,2-bis(diphenylphosphino)ethane) and 


Scheme I 
V(CO)5N H J  - \\ P2Ph4/NH3 2),,PPhZ ( n . 0 - 2 1  


R = F. Me, 
p-  CICgHq 


[ EtqN I[V(C0)5Ph,PH I 1 \ tR4EICV(CO)5PhzP(CHz), PPh21 


[R4EI[V(C0)5PR31 [ E ~ ~ N I [ V ( C O ) ~ P ~ Z P N H ~ I  


dppm (n  = 1)lob (dppm = 1,2-bis(diphenylphosphino)- 
methane) monosubstituted anions have been observed by 
infrared spectroscopy to  form during the photolysis of 
V(CO&- in the presence of these ligands. But these mo- 
nosubstituted species are quite photosensitive and readily 
change to V(C0)4Ph2P(CH2)nPPh,. The monosubstituted 
dppe anion was isolated in impure form and low yield from 
the photolysis of V(CO)6- and dppe but was only charac- 
terized by its infrared spectrum and conversion to  a tri- 
phenyltin derivative.'O" As mentioned above, [Et4N] [V- 
(CO),dppe] (2) was also prepared in 9% yield as an ana- 
lytically pure sample by decomposing Na3[V(CO),] in the 
presence of dppe,', but no spectroscopic proof for the 
presence of the uncoordinated phosphine group was ob- 
tained. By our labile ligand method, bona fide 2 was 
obtained in 72% yield. Chemical proof for the correct 
formulation was obtained by its reaction with Ph3SnC1 to 
give an 82% yield of genuine Ph3SnV(C0)4dppe.3 Pre- 
sumably, the reaction of 2 with Ph3SnCl involves the in- 
termediate formation of Ph,SnV(CO),dppe which rapidly 
loses CO and forms the observed product (eq 9 and 10). 
Similarly, treatment of 2 with water generates only the 
hydride HV(CO),dppe, which has been previously obtained 
by the protonation of V(CO),dppe-.16 


[Ph3SnV(CO)5dppeV(CO)s Sn Ph31 (9) 


not observed 


tPh3SnV(COlgdppel - Ph3SnV(C0)4dppe 


2 t Ph3SnCI --+--- 
-co \ 


unstable 82% (lo) 


A similar yield (76%) of [Ph,As][V(CO),dppe] (3) was 
also obtained by reacting preisolated [Ph4As] [V(CO),NH,] 
with dppe in THF. This material has the same infrared 
spectrum in the u(C0) region (Table I) and rather unin- 
formative 'H NMR spectrum (Table 11) as 2 and was also 
characterized by 31P NMR (Table 111) to  provide spec- 
troscopic proof for the presence of an unligated PPh2 
group. Rehder and M U e r  had previously shown 31P NMR 
spectroscopy to  be important in establishing that  cis- [V- 
(CO)4triphos]- I' contained both ligated and unligated 
phosphine groups.18 The Hamburg group has more re- 
cently extended these studies to  a variety of related com- 
pounds and observe that 31P NMR spectra of phosphorus 
directly bound to  51V ( I  = ' I 2 )  invariably contain very 
broad and often difficult to  detect signals (Jpv = 110-660 
Hz),19 while any uncoordinated phosphorus appears as a 
normal sharp signal. 


The tetraethylammonium salt containing V(CO),dppm- 
(4) was similarly isolated in 72% yield. Infrared spectra 
(Table I) and 'H (Table 11) and 31P NMR (Figure 1 and 
Table 111) are entirely consistent with the proposed for- 
mulation of the anion in 4. 


(16) Davison, A.; Ellis, J. E. J. Organomet. Chem. 1972, 36, 131. 
(17) triphos = PhP(CH2CH2PPh2)2. 
(18) Muller, I.; Rehder, D. J. Organonet. Chem. 1977, 139, 293. 
(19) (a) Rehder, D. J. Magn. Reson. 1977,25,177. (b) Ibid. 1980,38, 


419. (c) Rehder, D.; Dorn, W. L.; Schmidt, J. Transition Met. Chem. 
(Weinheim, Ger.) 1978,1,233. (d) Schmidt, H.; Rehder, D. Ibid. 1980, 
5, 214 and references cited therein. 
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Table I. Infrared Spectra for V(CO),PR,- 
compd medium v ( C O ) , ~  cm-' 


' I  


CH,CN 
THF 
THF 
CH ,CN 
CH,CN 
CH,CN 
CH,CN 
CH,CN 
THF 
CH,CN 
CH ,CN 


1968 (m), 1817 (s) 
1965 (m),  1860 (sh), 1815 (s) 
1965 (m), 1862 (m), 1815 (s) 
1965 (m), 1860 (sh), 1815 (s) 
1970 (m), 1815 (s) 
1963 (m), 1860 (sh), 1817 (s) 
1970 (m), 1822 (s) 
1968 (m), 1820 (s) 
2000 (m), 1890 (sh), 1863 (s) 
1969 (m), 1859 (sh), 1820 (s) 
1970 (m),  1823 (s) 


The weak shoulder or band observed at ca. 1860 cm-l in the spectra of some species may arise from trace amounts of 
V(C0); in the products. u(N-H): 3460 (vw, sh), 3350 (vw, sharp) cm-' (thick Nujol mull). u(N-H): 2280 (w, sharp) 
cm-' (Nujol mull). 


Table 11. 'H NMR Spectral Data ( 6 ,  ppm) 
for V(CO),PR3-a~b 


compd 6 


1 
2 


3 
4 
5 


8 
10 
11 


7.2-7.6 (m, 15  H, C6H,) 
2.03-2.28 (m, 4 H, CH,), 7.29-7.77 


2.03-2.28 (m, 4 H, CH,)C 
7.06-7.24, 7.32-7.60 (m, 20 H, C6H,)d 


7.3-7.6 (m, 1 2  H, C,H ) 
ca. 1.3 (br, 9 H, CH,)! 


2o H, C6H5 


2.28-2.54 (b, 2 H, NH,),e 7.25-7.39, 
7.42-7.76 (m, 1 0  H, C6H,) 


6.65 (d, 1 H, JPH = 307 Hz), 7.26-7.77 
(m, 10 H, C,H, 1 


Solvent = CD,CN with Me,& reference. Spectra were 
taken on a 80-MHz Varian FT NMR. Tetraethylammon- 
ium cations in 1, 2, 4, 5 ,  8,  10, and 11 have very similar 
resonance positions: e.g., 6 1.22 ( t o f t ,  CH,), 3.23 (9, 
CH,). 'H NMR spectra are not shown for compounds 
6, 7, or 9 as these consist only of uninformative broad 
overlapped multiplets due to phenyl proton resonance sig- 
nals. See Table I for identification of salts. The phenyl 
signals of dppe are overlapped with those of Ph,As+. 


quartet arising from the methylene group of Et,N+. 
[Ph,P] [ V(CO),dppm], prepared from [Ph,P] [ V(CO),NH, ] 
and dppm, the methylene resonance signal was a triplet 
centered at 3.18 ppm (JPH = 4.3 Hz). e Broad peak, 1 3  
Hz at half-height. f A broad signal due to the methyl hy- 
drogens of PMe, was almost entirely superimposed on the 
lowest field triplet of Et,". 


The methylene resonance signal was obscured by the 
For 


Table 111. 31P {'H} NMR Spectral Data for 
Selected V(CO),PR,- a i b  


6 (3'P) 


coor- 
compd dinated uncoordinated 


1 + 58 
3 t 56.5 -13.0 (d, Jpp = 37.5 Hz) 
4 + 51 -24.9 (d, Jpp = 75.1 Hz) 


7 + 66 -0.4 (d, J p p  = 233.5 Hz) 
5 +86.5 


rf = 40.5 MHz on a 100-MHz spectrometer. Spectra 
Solvent = CD,CN for recorded at room temperature. 


1, 3, 4, and 5 and THF for 7.  Positive chemical shifts 
(ppm) are downfield relative to 85% H,PO, at room temp- 
erature. All of the coordinated phosphine signals are 
very broad (1 340-1 620 Hz). 'I'he values reported are the 
centers of these signals. The "P NMR spectra of both 
dppe (2  and 3) and P,Ph, (6 and 7 ) compounds are essen- 
tially identical. Spectra of Compounds 8-11 were not 
examined. 


[V(CO)$hpNH,]- and [V(C0)$h2PPPh2]-. While 
V(C0),Ph2P(CH2),PPh2- (n = 1, 2) was synthesized in 
good yield by the reaction of Na[V(CO),NH,] with the 


i ! 
I t  


rCO 90 BO 70 60 50 40 3t 20 30 0 13 iC -30 .40 S O P P ~  


Figure 1. 31P(1H) NMR Spectrum of [Et,N][V(CO),dppm]. See 
Table I11 for peak positions. 


appropriate phosphine in liquid ammonia cosolvent, at-  
tempts to obtain the corresponding V(CO),Ph2PPPh2- by 
this reaction invariably failed. Instead good yields 
(70-75%) of a novel product (5) containing coordinated 
aminodiphenylphosphine were obtained. Duplicate ele- 
mental analyses on samples of 5 prepared from different 
reactions gave essentially the same results. The formu- 
lation of 5 as [Et,N][V(CO),PPh,NH,], containing a P-V 
bond, is also consistent with its lH NMR, 31P NMR, and 
infrared spectra. The NH2 group 5 is observed in its Nujol 
mull infrared spectrum as a weak but sharp doublet (3460, 
3350 cm-') and in the lH NMR spectrum as a broad and 
poorly resolved peak centered a t  2.41 ppm. Complexes 
containing this ligand, which is unstable when not coor- 
dinated to  a metal,20 are quite uncommon but have been 
prepared by the ammonolysis of coordinated PhzPCl 
groups.21 I t  is not presently known how V(C0)5PPh2NH< 
forms in this reaction, since neither P2Ph4 nor V- 
(CO)$,Ph,- (vide infra) react with liquid ammonia at - 3 3 O  
or ammonia/THF a t  room temperature. 


By contrast, bona fide V(CO),P2Ph4-, containing an 
unligated PPh, group, was obtained from the reaction of 
preisolated [Ph4P] [V(CO),NH,] or [Ph,As] [V(CO),NH,] 
with P2Ph4 in THF. The deep red [Ph4P] [V(CO),P2Ph,] 
(6) an orange-red [Ph4As] [V(C0)5P,Ph4] (7) were difficult 
to separate from unreacted P2Ph4 but were obtained in 
44% and 35% yields, respectively, as analytical samples, 
spectroscopically free of uncoordinated P2Ph4. The in- 
frared spectrum of (Table I) and, more importantly, the 
proton-decoupled 31P NMR spectrum (Tabe 111) of 


(20) Fluck, E. Top. Phosphorous Chem. 1967,4, 291. 
(21) Kraihanzel, C. S.; Bertsch, C. M. J. Organomet. Chem. 1972,43, 


343. Gray, G. M.; Kraihanzel, C. S. Zbid. 1978, 146, 23. 
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[Ph,As] [V(C0),P2Ph4] are consistent with the proposed 
formulation. The latter shows a broad line dowfield of the 
external standard characterization of a phosphorus 
bound to vanadium and a sharp doublet (J -233.2 Hz) 
upfield of the standard due to the unligategPPh2 grpup. 
The infrared and NMR spectra of 6 and 7 are essentially 
identical. 


I t  is noteworthy that the photolysis of V(CO)6- in the 
presence of P2Ph4 has yielded only products formulated 
as the binuclear bridged species, cis- [Et,N],[ ( P - P ~ P ~ , ) ~ -  
(V(CO),) J and [ Et,N] [ (p-P,Ph,) (V(CO),),] .22 Thus, this 
“labile ligand” method has again proven to be useful in the 
synthesis of materials unavailable by direct photosubsti- 
tution (eq 11 and 12). 


Fjare and Ellis 


ination of the product’s infrared spectrum to corroborate 
the presence of V(CO)6-. The IR spectrum of a T H F  
solution of [Ph4As] [V(CO)&’F3] shows v(C0) bands at  2000 
(m-sh), 1890 (sh), 1863 (vs) cm-l, which is in good agree- 
ment with positions previously reported for these ab- 
s o r p t i o n ~ . ~ ~ ~  


A much better yield (74%) of product was obtained in 
the synthesis of V(CO),PMe3-, which was previously only 
characterized on the basis of a solution infrared spec- 
trum.lga The bright orange-yellow product [Et4N] [V- 
(CO),PMe3] is quite air sensitive. Its infrared spectrum 
(Table I) agrees well with that previously reported for 
[V(CO)5PMe3]-.19a 


The final compound of this series [Et,N] [V(CO),PPh,H] 
has not been reported previously, although the photo- 
promoted synthesis of the related V(CO),PH3- lgC and 
V(CO),PPhH< lga from V(C0); have been briefly de- 
scribed. Good yields (65%) of orange crystalline product 
were obtained by the substitution of V(CO),NH3- with 
diphenylphosphine in THF/a“onia.  This substance has 
infrared (v(PH) 2280 cm-’ (w-sh)) and ‘H NMR spectra 
that are entirely consistent with the proposed formulation. 
Although we have not examined any chemical properties 
of V(C0),PPh2H-, it should prove to be a useful precursor 
to phosphide-bridged bimetallic complexes containing 
vanadium. 


Concluding Remarks. We have shown that V(CO),- 
NH3- is a valuable precursor for the synthesis of a variety 
of phosphine-substituted carbonyl anions of vanadium. 
The yields of several previously established V(CO),PR3- 
species have been dramatically improved. Also, several 
new compounds of this general formulation have been 
prepared. The chemistry of most of these reactive anions 
is unknown. They should prove to be useful precursors 
to a variety of new organometallic compounds. The 
availability of the anions bearing unligated phosphine 
groups may prove to be particularly important in the 
synthesis of new heterobimetallic and polynuclear phos- 
phine-bridged transition-metal compounds. 


Throughout this discussion it has been emphasized that 
the use of the “labile ligand” method is often superior to 
the direct photosubstitution process for the generation of 
V(CO),PR< species. Recently, we have been informed, 
however, that  several of the compounds mentioned in this 
paper have been independently prepared by an indirect 
photolysis method which involves the photogeneration of 
V(CO),(Me2SO)- (Me2S0 = dimethyl sulfoxide) by the 
photolysis of V(CO)6- in the presence of Me2S0. The 
Me2S0 complex then reacts thermally with a variety of 
a-acceptor ligands to generate V(CO)&-.23 It  is likely that 
the procedure described in this paper and the “indirect 
photolysis” method represent complementary strategies 
for synthesis of M(CO),L- species which are not readily 
available by other methods. 
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p a 4  
V(CO),NH3- 7 [(OC),VPPh,PPh2]- + NH3 (12) 


[V(CO),PR,]- (R = p-C1C6H4, F, Me) and [V- 
(CO)PPh2H]-. Previously, it was reported that attempts 
to prepare phosphine derivatives of V(CO)6- using chlo- 
rine-substituted phosphine ligands were not successful. 
Although substitution products could be detected by IR 
spectroscopy, Rehder and co-workers indicated that rapid 
decomposition of the reaction mixture occurred upon UV 
irradiation even when a Duran filter was used.lgc Thus, 
although V(C0)5P@-FC6H,)3- was prepared by the pho- 
tolysis of V(CO)6- in the presence of P(C6H4F)3, the cor- 
responding p-chlorophenyl derivative was not. On this 
basis, it was felt that  the synthesis of V(C0)5P(C6H4C1),- 
from the reaction of V(CO),NH< and P(p-C6H4C1)3 would 
further demonstrate the value of this “labile ligand” route 
to new V(CO)&- species. AB indicated in the Experimental 
Section, the reaction provides excellent yields (85%) of 
[Et4N] [V(Co)5@-C6H4C1)3P], which is very similar to the 
well-established [Et,N] [V(CO),Ph3P1. 


Rehder had previously reported that when V(C0); was 
photolyzed in the presence of PF3 or PMe3, there were 
formed both mono- and disubstituted complexes, which 
were not easily separated (eq 13).19a!d Indeed, completely 


V(CO)6- + PR3 (R = F,  Me) - 
substituted V(PF3); was obtained in the presence of excess 
PF3.1gd Although [Et4N] [V(CO),PF3] was separated from 
most unreacted V(CO)6- and V(CO)4(PF3)2- and isolated 
as an analytically pure substance, it was mentioned in 
Rehder’s report tha t  51V NMR and IR spectra of this 
material “exhibit admixtures of unsubstituted and multiply 
substituted c o m p l e x e ~ ” . ’ ~ ~  No yield was reported for 
[Et4N] [V(CO),PF3], prepared by the direct photolysis 
method, so it is not possible to say whether the 43% yield 
of product obtained from [Ph4As] [V(CO),NH,] represents 
a substantial improvement in this regard. However, com- 
pound 9 prepared by this “labile-ligand” method is entirely 
free of V(CO)4(PF3)2-. The elemental analysis obtained 
for our product suggests that i t  could be contaminated by 
up to 5 mol % of [P~,AS][V(CO)~I; however, since the very 
intense E vibration of V(CO),PF3- at  1863 cm-’ is almost 
superimposed on the single IR-active u(C0) band of V(C- 
0)6-, it is not possible on the basis of a qualitative exam- 


hu 


V(CO),PR,- + V(C0)4(PR3)2- (13) 


(22) Rehder, D. J. Organomet. Chem. 1977, 137, C25. (23) Rehder, D., private communication. 
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The new heterobimetallic phosphido-bridged complex RuCo(p-PPh2) (CO),(PPh,), has been prepared 
via the reaction of N~[CO(CO)~] with RuH(Cl)(CO)(PPh,),. This reaction proceeds via coupling of the 
hydride ligand with a phenyl substituent of a PPh3 ligand to give benzene and the phosphido-bridged product. 
Also formed in the reaction are RuH(C1)(CO),(PPh3), and R U ( C O ) ~ ( P P ~ ~ ) ~ .  The new complex has been 
characterized spedros_copically and by a complete single-crystal X-ray structure determination. It crystallizes 
in the space group P1 with a = 10.861 (3) A, b = 19.447 (4) A, c = 12.109 (3) A, a! = 93.23 (4)O, p = 115.69 
(3)O, y = 93.26 (3)O, V = 2291 (1) A3, and 2 = 2. The Ru is coordinated by three CO's, one PPh3, the p-PPh, 
bridge, and Co. The Co is coordinated by two CO's, one PPh3, the p-PPh, bridge, and Ru. The Ru-Co 
bond length of 2.750 (1) A implies a direct single bond between these atoms. RUCO(~-PP~~)(CO)~(PP~~)~ 
has been observed to react with CO to replace the PPh, ligands, successively forming RuCo(p-PPh2)- 
(CO)@Ph3) and RuCO(~-PP~,)(CO)~. Reaction with HC1 gives two isomers of RuCOH(C~)(~-PP~,)(CO)~. 


Introduction 
Heteronuclear metal-metal bonded compounds are 


currently of high interest because of the unique reactivity 
features which should result as a consequence of adjacent 
metals with differing sets of chemical properties.2 Com- 
pounds containing ruthenium and cobalt are particularly 
interesting because of the promoting effect which ruthe- 
nium compounds have been shown to display in cobalt 
catalyzed homologation  reaction^.^ For example, addition 
of Ru enhances the selectivity for ethanol in the Co-cat- 
alyzed homologation of methanol with synthesis gas (eq 
l ) 3 c - e v 4  and also greatly increases the selectivity for ethyl 


Co/Ru 


1- 
CH3OH + CO/H2 


CH3CH20H + CH3CH0 + CH,COOH + ... (1) 


acetate in the Co-catalyzed homologation of dimethyl ether 
(eq 2).3b Prior to this work, the only RuCo complexes 


(1) (a) The Pennsylvania State University. (b) University of Colorado. 
(2) (a) Gladfelter, W. L.; Geoffroy, G. L. Adu. Organomet. Chem. 1980, 


18,207. (b) Roberts, D. A.; Geoffroy, G. L. In "Comprehensive Organo- 
metallic Chemistry"; Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds., 
Pergamon Press: Oxford, 1982, Chapter 40. (c) Vyanzankin, N. S.; 
Razuvaev, G. A.; Kruglaya, 0. A. Organomet. Chem. Reo. 1968,3A, 323. 


(3) (a) Slocum, D. W. In "Catalysis in Organic Synthesis-1979"; 
Jones, W. H., Ed.; Academic Press: New York, 1980. (b) Piacenti, F.; 
Bianchi, M. In 'Organic Synthesis via Metal Carbonyls"; Wender, I., Pino, 
P., Eds; Wiley: New York, 1977; (c) Fiato, R. A. U.S. Patent 4233466, 
1980 (Union Carbide Corp.). (d) Buttes, G. N. U.S. Patent 3285948,1966 
(Commercial Solvent Corp.). (e) Pretzer, W.; Kobylinski, I. P.; Bozik, J. 
E. U.S. Patent 4133966,1979 (Gulf Research and Development Co.).  (0 
Braca, G.; Sbrana, G.; Valentini, G.; Andrich, G.; Gregorio, G. J.  Am. 
Chem. SOC. 1978, 100, 6238. 


(4) Hidai, M.; Orisaku, M.; Ue, M.; Uchida, Y.; Yasufuku, K.; Yama- 
zaki, H. Chem. Lett. 1981, 1, 143. 


(5) Gladfelter, W. L.; Geoffroy, G. L.; Calabrese, J. Inorg. Chem. 1980, 
19, 2569. 


(6) Steinhardt, P. C.; Gladfelter, W. L.; Harley, A. D.; Fox, J. R.; 
Geoffroy, G. L. Znorg. Chem. 1980, 19, 332. 


(7) Roland, E.; Vahrenkamp, H. Angew. Chem., Int. Ed. Engl. 1981, 
20. 679. 


[ R ~ C o ~ ( C 0 ) ~ ~ 1 - , 4  and R U C O ( ~ - C , H ~ ) ( C ~ ) ~ . ~  Several of 
these have been used as catalyst precursors in homologa- 
tion  reaction^.^,'^ 


One of the persistent problems with clusters such as 
those listed above is the relative ease with which they can 
be cleaved by CO. For example, both HRu~CO(CO)~~  and 
[RU~CO(CO)~~]-  were found to completely fragment when 
placed under 1 atm of CO to give the products shown in 
eq 3 and 4.11 Such fragmentation renders mechanistic 


25 "C, 1 h 
H R u ~ C O ( C O ) ~ ~  + CO - 


R u ~ ( C O ) ~ ~  + Ru(CO)~ + H2 + "Co products" (3) 


25 "C, 96 h 
[Ru~CO(CO)~~]-  + CO 


Ru~(CO)U + [Co(C0)41- (4) 


interpretation of catalysis experiments difficult and may 
also remove any multimetallic effects by destroying the 
polynuclear character of the complexes. One way to retard 
such fragmentation is to use bridging ligands to assist in 
holding adjacent metals together. Bridging phosphido and 
arsenido ligands are particularly attractive in that they 
resemble the ubiquitous PR3 ligands found in many mo- 
nonuclear catalysts and they are not easily displaced from 
their polynuclear complexes.12J3 We thus set out to 
prepare a series of phosphido-bridged di- and polynuclear 
Ru-Co complexes for evaluation as possible homologation 


(8) (a) Yawney, D. B. W.; Stone, F. G. A. J. Chem. SOC. A 1969,502. 
(b) Mays, M. J.; Simpson, R. N. F. Ibid. 1968, 1444. 


(9) (a) Blackmore, T.; Cotton, J. D.; Bruce, M. I.; Stone, F. G. A. J.  
Chem. SOC. A 1968, 2931. (b) Manning, A. R. Ibid. 1971, 2321. 


(10) Doyle, G. European Patent 30434, 1981 ((Exxon Research and 
Engineering Co.). 


(11) Fox, J. R.; Gladfelter, W. L.; Geoffroy, G. L. Inorg. Chem. 1980, 
19, 2574. 


(12) (a) Finke, R. G.; Gaughan, G.; Pierpont, C.; Cass, M. E. J. Am. 
Chem. SOC. 1981, 103, 1394 and references therein. (b) Huttner, G.; 
Schneider, J.; Muller, H. D.; Mohr, G.; von Seyerl, J.; Wolfhart, L. Angew 
Chem., Int. Ed. Engl. 1979,18,76. (c) Beurich, H.; Madach, T.; Richter, 
F.; Vahrenkamp, H. Ibid. 1979,18,690. (d) Breen, M. J.; Duttera, M. R.; 
Geoffroy, G. L.; Novotnak, G. C.; Roberts, D. A.; Schulman, P. M.; Ste- 
inmetz, G. R. Organometallics 1982, 1 ,  1008. 


(13) However, phosphido ligands can participate in complex reactions 
and are not always sufficient to retard fragmentation. See, for example: 
Harley, A. D.; Geoffroy, G. L. Organometallics, submitted for publication, 
Carty, A. J. Adu. Chem. Ser. 1982, No. 196, 163. Smith, W. F.; Taylor, 
N. J.; Carty, A. J. J. Chem. SOC., Chem. Commun. 1976, 896. 
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catalysts. Herein we report the preparation and charac- 
terization of the first member of this series, RuCo(p- 
PPh2)(CO)5(PPh3)2, a complex which derives by benzene 
elimination from a triphenylphosphine hydride complex. 


Experimental Section 
The complexes R u H C I ( C O ) ( P P ~ ~ ) ~ , ' ~  R u ( C O ) ~ ( P P ~ ~ ) ~ , ' ~  


R U H C ~ ( C O ) ~ ( P P ~ ~ ) ~ , ' ~  and N~[CO(CO)~] '~  were prepared via 
published procedures. All manipulations were carried out in 
standard Schlenk glassware under Nz that had been purified by 
passage over BASF catalysator and Linde 4-A molecular sieves. 
Solvents were dried by stirring over Na/benzophenone (THF, 
EhO, hexane, petroleum ether, benzene) or BaO (CH2C12) followed 
by distillation under Nz. 


Preparation of RUCO(~-PP~,)(CO)~(PP~~)~ A suspension 
of N~[CO(CO)~] (0.100 g, 0.52 mmol) and R U H C ~ ( C O ) ( P P ~ ~ ) ~  
(0.500 g, 0.54 mmol) in THF (150 mL) was stirred at -40 'C for 
12 h under Nz in a 250-mL three-necked round-bottomed flask 
during which time the color changed from yellow to dark red. The 
THF wm removed under vacuum, and the resultant oily dark-red 
solid was redissolved in -40 mL of benzene. This solution was 
filtered through Celite 545, and the solvent was evaporated under 
vacuum to give an oily red solid. This material completely dis- 
solves in EhO at 25 "C, and, when it was left standing, RuCo- 
(p-PPh2)(CO)6(PPh8)2 precipitates as a red powder (0.53 g, 0.151 
mmol, 28%) over the course of -1 h. Alternatively, the reaction 
mixture can be chromatographed on deactivated neutral alumina 
by using 1/1 hexane-CH2Clz as eluting solvent to give a yellow 
band which is -90% RUCO(~-PP~~)(CO)~(PP~~)~/-~O% Ru- 
(C0)3(PPh3)2 followed by a colorless band of HRuCI(CO)~(PP~~)~:  
UV-vis (CC14) A, 495 nm (sh, e 782 L mol-' cm-'), 384 (8720), 


(m), 1877 (m) cm-'. Anal. Calcd for CMHMO5P3CoRu: C, 63.00; 
H, 3.97. Found: C, 62.02; H, 4.22. 


Spectral Measurements. NMR spectra were recorded on 
JEOL PS100, Bruker WP200, or Bruker WM360 Fourier trans- 
form NMR spectrometers. 31P spectra are referenced to external 
Hap04 with downfield chemical shifts reported as positive. IR 
spectra were recorded on a Perkin-Elmer 580 grating IR spec- 
trophotometer using 0.5-mm path length NaCl solution IR cells. 
UV-visible spectra were recorded on a Cary 17 UV-visible 
spectrophotometer in degassable 1-cm quartz cells. Gas chro- 
matographic measurements were carried out by using a Varian 
aerograph series 1440 chromatograph equipped with a 5-ft 10% 
Carbowax on Chromosorb W column. 


Molecular Structure  Determination of RuCo(p-PPh2)- 
(C0),(PPh3),. Crystals suitable for X-ray diffraction were grown 
by slow diffusion of petroleum ether into a THF/Et,O solution 
of RUCO(~-PP~~)(CO)~(PP~~)~, Preliminary photographs taken 
on these crystals indicated triclinic symmetry. A crystal suitable 
for data collection was mounted and aligned on a Syntex PI 
automated diffractometer equipped with a graphite crystal 
monochromator. The centered settings of 35 reflections (Mo Ka 
radiation) were refined by least-squares procedures to give the 
cell constants listed in Table I. Intensity data were collected to 
a 28 value of 5O0, although much of the high angle data was of 
low intensity. The data was processed as described earlier." The 
locations of atoms within the inner coordination sphere were 
determined by direct methods using a locally modified version 
of MULTAN. Phenyl rings of the structure were refined as rigid 
groups with an assumed C-C length of 1.392 A and C-H length 
of  0.98 A. Complete anisotropic refinement of  nongroup atoms 
and refinement of group atoms with isotropic thermal parameters 
converged with R F  = 0.057 and RwF = 0.063. Pertinent crystal 
and intensity data are listed in Table I. Final positional and 
thermal parameters of nongroup atoms and positional parameters 
of rigid groups are given in Tables I1 and 111. Tables IV and V 
list the more important bond lengths and bond angles, respec- 
tively. Tables of structure factor amplitudes and the derived 


261 (38840); IR (CH2C12) vw 2058 (w), 1993 (w), 1981 (8, sh), 1924 


Foley et al. 


(14) Ahmad, N.; Levinson, J. R.; Robinson, S. D.; Uttley, M. F. Inorg. 


(15) Geoffroy, G. L.; Bradley, M. G .  Inorg. Chem. 1977, 16, 744. 
(16) Edgell, W. F.; Lyford, J. Znorg. Chem. 1979, 9, 1932. 
(17) Pierpont, C. G. Inorg. Chem. 1977, 16, 636. 


Synth. 1974, 15, 48. 


Table I. Crystallographic Data for 
RuCo(p*PPh, )( CO),( PPh,), 


fw 1009.44 d(calcd)= 1.464 g cm-l 
triclinic d(expt1) = 1.44 (2)  g cm-l 
space group PT Mo Ka radiation: A = 0.710 69 A 
a = 10.861 (3)  A scan rate: 4"/min 
b = 19.447 ( 4 )  A scan range: k0.7" 
c = 12.109 (3)  A 
a = 93.23 (4)" data collected: 8293 
p = 115.69 (3)" dataFo2 > ~ U ( F , ) ~ :  3002 
7 = 93.26 (3)" p = 0.04 
V =  2291 ( 1 )  A3 R = 0.057 
z =  2 R ,  = 0.063 
p = 9.41 cm-' (not corrected) 


20 limits: 3" < 20 g 50" 


I I 1 
139.8 70 4 34 5 


a (PPml  


Figure 1. 31P{1H1 NMR spectrum of RUCO(~-PP~~)(CO)~(PP~~)~ 
in toluene-d8 solution at -55 OC. 


positions of group atoms are available as supplementary material. 


Results 
Synthesis and Spectroscopic Characterization of 


RUCO(F-PP~~)(CO)~(PP~~)~. Our approach to the 
preparation of a phosphido-bridged Ru-Co complex was 
to initially prepare an unbridged metal-metal bonded 
Ru-Co complex followed by addition of PPh2H across the 
metal-metal bond. Following the strategy we had earlier 
demonstrated for the preparation of (CO)(PES),Rh-Co- 
(CO), via the addition of Na[Co(CO),] to trans-RhC1- 
(CO)(PEt3)2,18 it was anticipated that reaction of Na[Co- 
(CO),] with R u H C ~ ( C O ) ( P P ~ ~ ) ~  would yield the binuclear 
complex H(CO)(PPh,),Ru-Co(CO),. Quite unexpectedly, 
the mixture of products shown in eq 5 was obtained when 


RUHC~(CO)(PP~, )~  + Na[Co(CO),] 
25 'C 


R~Co(p-PPhz)(C0)5(PPh3)2 + RuHCl(C0)2(PPh3)2 + 
R u ( C O ) ~ ( P P ~ ~ ) ~  + NaCl (5) 


these reagents were stirred in THF solution at  40 "C for 
12 h. Integration of the 31P NMR spectrum of the crude 
reaction mixture indicated that the three Ru-containing 
products were formed in the following relative yields: 


44%, and Ru(CO)~(PP~&, 19%. The  RuHCl(CO),(PPh& 
and R u ( C O ) ~ ( P P ~ , ) ~  products were identified by com- 
parison of their IR and 31P NMR spectral data to reported 
data or to data obtained from independently prepared 
 sample^.'^^^^ 


RuCo(p-PPh2) (CO)b(PPh3)2, 37 % , RuHCl(C0)2(PPh3)2, 


(18) Roberts, D. A.; Mercer, W. C.; Zahurak, S. M.; Geoffroy, G. L.; 
DeBrosse, C. W.; Cass, M. E.; Pierpont, C. G. J.  Am. Chena. SOC. 1982, 
104, 910. 


31P11HI NMR (25 OC, benzene-dd 6 39.9 (a); 'H NMR (25 OC, benzene-d,) 
(19) RuHCl(C0)2(PPh3)2: IR uco (CH2C12), 2042 (s), 1983 (s) 


6 -3.9 (t, JI~ -31p  19 Hz)." 
(20) R U ( C O ) ~ ( P P ~ ~ ) ~ :  IR y g  (CH2Cl,) 1900 (s) cm'1;22 31P{1H) NMR 


(25 OC, benzene-d,) d 55.0 (8 ) .  
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Table 11. Positional and Thermal Parameters for the Nongroup Atoms of CoRu(p-PPh,)( CO),(PPh,), 


atom X Y Z B 1," B 22 B 33 B 12 B 13 2 3  


RU 0.2240 (1) 0.31187 (7 )  0.3076 (1) 2.10 (6) 2.76 (7)  2.10 (6)  0.10 (5)  0.33 ( 5 )  -0.13 (5 )  
Co 0.0181 ( 2 )  0.2105 (1) 0.2666 (2)  2.3 (1) 3.1 (1) 2.6 (1) 0.20 (9 )  0.75 (9)  0.30 (9)  
P1 0.0217 ( 4 )  0.2757 (2)  0.1279 (4 )  2.6 (2 )  3.0 ( 2 )  2.5 (2)  0.0 (2) 0.8 (2 )  0.1 (2)  
P2 0.3956 (4)  0.3206 (2 )  0.5184 (4)  3.1 (2 )  3.2 (2) 2.2 (2 )  0.1 (2 )  0.7 (2 )  0.1 (2 )  
P3 -0.1850 (4 )  0.1573 (2 )  0.2013 (2 )  2.5 (2 )  3.2 (2 )  3.4 (2)  0.2 (2 )  1.1 (2)  0.2 (2)  
C1 0.114 (2 )  0.3702 (9)  0.353 (1) 4.3 (10)  4 (1) 3.6 (9)  1.0 (8) 2.4 (8) -0.4 (7 )  
01 0.047 (1) 0.4058 (7 )  0.378 (1) 4.4 (7)  5.8 (8) 4.9 (7)  0.9 (6 )  1.3 (6)  -1.1 (6). 
C2 0.306 (2)  0.3774 (9 )  0.256 (1) 4.1 (9 )  3.9 (10) 1.4 (7)  1.6 (8) 0.3 ( 6 )  0.6 (7 )  
0 2  0.355 (1) 0.4205 ( 7 )  0.219 (1) 5.2 (7 )  5.1 (8)  7.0 (8) 0.9 (6 )  2.6 (6)  1.8 (6 )  
C3 0.309 (2 )  0.2380 (10) 0.269 (1) 3.7 (9)  4 (1) 3.3 (8) -0.7 (8) 2.2 (7)  -0.7 (7 )  
0 3  0.363 (1) 0.1946 (7)  0.250 (1) 4.2 (7 )  5.0 (8) 7.1 (8) 0.3 (6) 2.6 (6)  -0.9 (6 )  


0 4  0.017 (1) 0.2622 (7 )  0.493 (1) 5.8 (7 )  6.9 (8) 4.6 ( 7 )  -0.3 (6 )  2.8 (6)  -0.5 (6)  
C5 0.105 (2 )  0.1359 (10) 0.275 (2) 3.2 (9 )  4 (1) 4.6 (10) -0.5 (8) 2.0 (8) -0.4 (8) 


C4 0.017 ( 2 )  0.2440 (9)  0.397 (2) 2.5 (8)  5 (1) 4.1 (10) 0.2 (7 )  1.6 (7)  0.9 (8) 


0 5  0.152 (1) 0.0840 (7)  0.287 (1) 6.0 (8) 4.7 (8) 6.8 (8) 2.2 (6 )  2.5 (6 )  1.2 (6 )  
" The form of the anisotropic thermal ellipsoid is e~p[ -0 .25 (B , ,h~a*~  + B 2zk2b*z + B3312~*z + 2B ,,hka*b* + 2B ,,hla*c* + 


2B2,kZb*c*)]. The quantities given in the table are in units of p i z .  


Table 111. Rigid-Group Parameters 
~ ~~ 


E group XC" Yc Z C  6 b  rl 


P1 R1 -0.1836 ( 7 )  0.3949 (4 )  0.0125 (6 )  -0.851 (6) -3.029 (6)  -3.023 (7)  
P1R2 0.0490 (7 )  0.2201 (4) -0.1159 (7)  -2.802 (7) -2.824 (7)  -1.516 (7)  
P2R1 0.7003 (8) 0.3817 (4) 0.5705 (7)  -0.11 (1) -2.176 (7)  -0.44 (1) 
P2R2 0.3042 (7 )  0.4208 (4 )  0.6828 (7 )  -0.200 (9) 2.508 (7)  2.013 (9)  
P2R3 0.4726 (8) 0.1788 ( 4 )  0.6490 (7 )  -1.309 (7)  3.184 (8) 0.365 (7)  


P3R2 -0.2376 (8)  0.0916 (4)  0.4177 (7 )  -1.965 (8) 3.097 (7 )  1.084 (7)  
P3R1 -0.4424 (8)  0.2484 (4 )  0.0852 (7)  -0.642 (9)  -2.444 ( 7 )  -3.115 (9)  


P3R3 -0.2535 (7 )  0.0287 (4) -0.0001 ( 7 )  2.314 (9)  -2.391 (7)  -1.965 (10) 
" xc,  yc ,  and zc are the fractional coordinates of the origin of the rigid group. The rigid-group orientation angles 6 ,  E ,  and 


and rl (radians) have been defined previously: La Placa, S. J.; Ibers, J. A. Acta CrystaZlogr. 1965, 18, 511. 


Table IV. Selected Bond Lengths (A) for 
RuCo(p-PPh,)( CO),(PPh,), 


Ruthenium-Ligand Bond Lengths 
Ru-CO 2.750 (1) Ru-C1 1.917 (11) 
Ru-P1 2.359 (2)  R u - C ~  1.802 (12) 
R u - P ~  2.410 (3)  R u - C ~  1.892 (12)  


Cobalt-Ligand Bond Lengths 
Co-Pl 2.173 (13)  CO-c4 1.676 (14)  
co-P3 2.167 (3)  CO-c5 1.159 (15) 


Carbonyl Bond Lengths 
C1-01 1.147 (12) C4 -04  1.195 (12)  
C2-02 1.179 (13) C5-05 1.146 (13)  
C3-03 1.129 (13)  


The new complex RUCO(~-PP~,)(CO)~(PP~~)~ was 
characterized by spectroscopic methods and by a complete 
single-crystal X-ray diffraction study (see below) which 
showed structure 1. The 31P(1HJ NMR spectrum of 


Ph P k  


1 
RUCO(~-PP~,)(CO),(PP~,)~ is shown in Figure 1. It shows 
a doublet of doublets at 6 139.8 (J31p 3lPh = 92 Hz, J31p 31pG 


= 30 Hz) attributable to the bridging p-PPh, ligaAd, a 
doublet at 6 70.4 (J31p -31p = 30 Hz) which is assigned to 
the PPh, ligand on 80 &d another doublet a t  6 34.5 
(J31pRu-31p, = 92 Hz) due to the PPh, bound to Ru. The 


(21) James, B. R.; Markham, L. D.; Hui, B. C.; Rempel, G. L. J.  Chem. 
Soc., Dalton Trans.  1973, 2247. 


(22) L'Eplattenier, F.; Calderazzo, F. Inorg. Chem. 1967, 6,  2092. 
(23) Fox, J. R.; Gladfelter, W. L.; W d ,  T. G.; Smegal, J. A.; Foreman, 


T.  K.; Geoffroy, G. L.; Tavanaiepour, I.; Day, V. W.; Day, C. S. Inorg. 
Chem. 1981,20, 3214. 


Table V. Selected Bond Angles (Deg) for 
RuCo( p-PPh, )( CO), (PPh, ), 


Co-Ru-P1 49.61 ( 7 )  Ru-Co-P1 55.81 (7)  


Co-Ru-C1 84.1 (2)  Ru-CO-C~ 86.9 (2)  
CO-RU-P~ 111.01 (8) Ru-CO-P~ 160.81 (7 )  


CO-RU-CB 151.9 (3)  Ru-CO-C~ 100.6 (3 )  


Pl-Ru-P2 160.6 (1) Pl-Co-C4 121.5 (3) 
P1 -Ru-C1 86.5 (2 )  P1-CO-C5 113.1 ( 3 )  


CO-RU-C~ 83.6 (3)  Pl-Co-P3 109.1 (1) 


Pl-Ru-C2 102.4 ( 2 )  P3-CO-C4 93.0 ( 3 )  
Pl-Ru-C3 88.8 (2 )  P3-Co-C5 96.4 ( 2 )  
P2-Ru-Cl 90.3 (2)  C4-Co-C5 117.2 (3 )  
P2-Ru-C2 97.0 (2)  Ru-P1 -CO 74.6 (1) 
P2-Ru-C3 90.2 (2 )  Ru-(21-01 178.3 (11) 
Cl-Ru-C2 97.8 (3) Ru-C2-02 177.8 (12) 
Cl-Ru-C3 166.9 (3) Ru-C3-03 177.3 (12) 
C2-Ru-C3 95.1 ( 3 )  Co-C4-04 174.2 (13)  


CO-C5-05 171.7 (13) 


PPh, ligands were distinguished on the basis of the mag- 
nitude of their coupling to the p-PPh, ligand. The PPh, 
attached to Ru is trans to the PPh2 bridge and should thus 
show larger 31P-31P coupling than PPh, on Co which is cis 
to the p-PPh, ligand.24 This analysis assumes that the 
structure determined by X-ray diffraction is maintained 
in solution. The latter is evidenced by the similar IR 
spectra obtained in THF solution and in a pressed KBr 
pellet. As in many other (PR3)M(p-PPh2)M'(PR3) com- 
plexes prepared in this lab~ratory, ,~ RuCo(p-PPh,)- 


(24) (a) Nixon, J. R.; Pidcock, A. Annu. Reu. NMR Spectrosc. 1969, 
2,245. (b) Pregosin, P. S.; Kunz, R. W. "Phosphorus-31 and Carbon-13 
Nuclear Magnetic Resonance Studies of Transition Metal Complexes 
Containing Phosphorus Ligands"; Springer-Verlag: New York, 1979. (c) 
Meek, D. W.; Mazanec, T.  J. Acc. Chem. Res. 1981,14,266. (d) Hoffman, 
P. R.; Caulton, K. G. J. Am. Chem. SOC. 1975,97, 4221. (e) Dubois, D. 
L.; Meek, D. W. Inorg. Chem. 1976, 15, 3076. 


(25) (a) Breen, M. J.; Duttera, M. R.; Geoffroy, G. L.; Novotnak, G. 
C.; Roberts, D. A.; Shulman, P. M.; Steinmetz, G. R.; Organometallics 
1982,1,1008. (b) Breen, M.; Roberts, D. A.; Geoffroy, G. L., unpublished 
observations. 
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(C0)5(PPh3)2 does not show 31P-31P coupling between 
PPh, ligands on the adjacent metals. The downfield 
position of the p-PPh2 resonance is consistent with that 
ligand bridging two metals that are joined by a metal- 
metal bond (Co-Ru = 2.759 (1) A; see below). The p-PR2 
ligands in compounds with metal-metal bonds generally 
show downfield (6 50 - 6 300) ,‘P NMR resonances 
whereas upfield (6 50 - 6 - 200) resonances are observed 
for compounds in which the p-PR2 ligand bridges two 
metals not joined by a metal-metal bond.26 The 25 “C 
31P(1H) NMR spectrum is similar to the -55 OC spectrum 
except for considerable broadening of the resonances of 
the 31P nuclei attached to the quadrapolar 59C0 nucleus. 


The electronic absorption spectrum of RuCo(p- 
PPh2)(CO)5(PPh3)2 shows a shoulder a t  495 nm (t  782 L 
mol-’ cm-’) and an intense band at 384 nm (e 8720 L mol-’ 
cm-I). These are assigned respectively to d?r - u* and u - u* transitions on the basis of similar assignments for 
other metal-metal bonded ~ o m p o u n d s . ~ ~  Thus Coz- 
(CO)6(PPh3)z shows a u - u* transition at 445 nm (t 23800 
L mol-l ~ 2 m - l ) ~ ~ ~  and R U ~ ( T ~ C ~ H ~ ) ~ ( C O ) ~  shows a corre- 
sponding band at  330 nm (t 6300 L mol-’ ~ m - ’ ) . ~ ~ ~  It is 
interesting to note that the 384-nm (2.60 pm-’) u - u* 
transition of RUCO(~-PP~~)(CO)~(PP~,)~ is close to the 
energy average (2.64 pm-l) of the u - u* transitions for 
the Coz and Ru2 complexes. Such correspondences have 
been previously noted for other metal-metal bonded 
compounds.mvc Also for comparison FeCo(p-ksMe2)(CO)-, 
shows a u - u* transition at  437 nm ( E  2700 L mol-l 
~ m - ~ ) ~ ~ ~  and F~CO(~-C,H,)(CO)~ apparently shows two 
bands at  358 and 384 nm ( E  -10000 L mol-l ~ m - 9 . ~ ’ ~  


A few experiments were conducted to determine the 
manner by which the products of eq 5 are formed. 
Benzene was detected by gas chromatographic analysis in 
the THF solvent after reaction, implying that the phos- 
phido bridge of RUCO&-PP~J(CO),(PP~,)~ forms through 
coupling of a PPh3 phenyl group with the hydride initially 
on Ru. HRuC1(CO)(PPh3), is known to rapidly react with 
CO to produce RuHC~(CO)~(PP~,), (eq 6),15 and thus this 
RuHCl(CO)(PPh3)3 + CO - 


RuHCl(C0)2(PPh,)Z + PPh, (6) 


latter product must derive from scavenging of released CO. 
In a separate experiment it was found that RuHC1- 
(CO)z(PPh3)2 reacts with N~[CO(CO)~]  to produce Ru- 
(CO),(PPh,), and apparently HCO(CO)~ (eq 7). This latter 
product was not directly detected although Co metal was 


RuHCI(CO)~(PP~, )~  + N~[CO(CO)~]  - 
Ru(CO),(PPh,), + “HCO(CO)~” + NaCl (7) 


deposited. No RuCO(~-PP~~)(CO),(PP~,)~ was produced 
in this latter reaction. 


Reaction of RUCO(~-PP~,)(CO)~(PP~,)~ with CO. 
RUCO(P-PP~~)(CO),(PP~,)~ reacts with CO at  1-atm 
pressure to give stepwise substitution of CO for PPh3 (eq 
8). When being stirred at  25 OC for 12 h under 1 atm of 
CO, the initially dark red solution of RuCo(p-PPh2)- 


40 “C, 4 h 
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(26) (a) Petersen, J. L.; Stewart, R. P., Jr. Inorg. Chem. 1980,19,186. 
(b) Carty, A. J.; MacLaughlii, S. A.; Taylor, N. J. J. Organometal. Chem. 
1981,204, C27. (c) Carty, A. J. Adu. Chem. Ser. 1982, No. 196,163. (d) 
Garrou, P. Chem. Rev. 1981,81,229. (e) Johannsen, G.; Stelzer, 0. Chem. 
Ber. 1977, 110, 3438. 


(27) (a) Geoffroy, G. L.; Wrighton, M. S. ‘Organometallic 
Photochemistry”; Academic Press: New York, 1979. (b) Abrahamson, 
H. B.; Frazier, C. C.; Ginley, D. S.; Gray, H. B.; Lilienthal, J.; Tyler, D. 
R.; Wrighton, M. S. Inorg. Chem. 1977, 16, 1554. (c) Madach, T.; Vah- 
renkamp, H. 2. Naturforsch., E Anorg. Chem., Org. Chem. 1979,34B, 
573. (d) Honrath, U.; Vahrenkamp, H. Ibid. 1979,34B, 1190. (e) Ginley, 
D. S.; Wrighton, M. S. J .  Am. Chem. SOC. 1975,97, 4908. (0 Madach, 
T.; Vahrenkamp, H. Chem. Ber. 1980,113, 2675. 
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(C0)6(PPh3)z changes color to orange. The -80 OC 31P(1HJ 
NMR spectrum of the reaction mixture in toluene& is 
shown in Figure A of the supplementary material. The 
resonances due to RUCO(~-PP~~)(CO),(PP~,)~ have com- 
pletely disappeared and have been replaced by resonances 
at 6 184.1 (d, J s l p ~ u 3 1 ~ ~  = 104 Hz), 170.4 (s), 33.7 (d, J ~ I ~ , - ~ I ~ ,  
= 104 Hz), and -5 (8, not shown in Figure A). The singlet 
which appears a t  6 -5 is due to free PPh3.% The doublets 
at 6 184.1 and 33.7 are assigned to a binuclear product in 
which CO has replaced PPh, on Co, 2. Substitution at Co 
is suggested because the 6 70.4 (d) for the PPh, ligand 
attached to Co in the initial compound has disappeared, 
and no new resonances appear in this chemical shift region. 
The 6 33.7 resonance of this product is in the same spectral 
region as the 6 34.5 resonance of PPh, on Ru in the parent 
complex, implying that a PPh3 ligand is still attached to 
Ru in 2. The singlet at 6 170.4 is assigned to a product 
in which both PPh3 ligands have been replaced with CO, 
3. These spectral changes cleanly reverse upon heating 
the solution under reduced pressure, indicating that the 
substitution reactions of eq 8 are completely reversible. 


Attempts to separate the substitution products from the 
parent compound and from each other did not meet with 
success due to extensive decomposition during chroma- 
tography. Thus IR spectra of the pure products were not 
obtained. However, a sample in which all of the starting 
complex had been converted to the product mixture 
showed bands at  2080 (m), 2010 (vs), 2000 (vs), 1983 (m, 
sh), and 1943 (vs) cm-l which may be assigned to the two 
products of eq 8. 


Reaction of RUCO(~-PP~~)(CO),(PP~,)~ with HCl. 
A rapid (-1 h) color change from burgundy to amber 
occurs when RUCO(~-PP~~)(CO),(PP~,)~ is stirred with a 
3-fold excess of dimethylacetamide-hydrogen chloride at 
25 OC in toluene solution. Removal of toluene and washmg 
with hexane gave a yellow solid which showed IR bands 
(CH2C12) at  2040 (s), 1988 (s), 1982 (s, sh), and 1925 (s) 
cm-’. The ,lP(lH) NMR spectrum of this yellow solid 
shows groups of resonances which can be assigned to two 
principal compounds which integrate in an approximate 
3:l ratio. Although neither of these compounds have been 
obtained in a pure form, their spectroscopic properties 
imply that they are isomers of RuCoH(Cl)(p-PPh,)- 
(C0)4(PPh3)2. The ,‘P NMR spectra have been particu- 
larly informative and, as noted above, resonances in the 
6 50-70 chemical shift region can be attributed to Co- 
bound PPh, ligands, whereas those in the 6 25-30 spectral 
region are assigned to PPh, attached to Ru. The major 
product shows a doublet of doublets at 6 167.5 (Ap -31pR, 


= 213 Hz, J3lP -31pc = 90 Hz) attributable to a bridging 
PPh, group, a’doublet at 6 64.6 (J31pc0-31py = 90 Hz) as- 
signable to PPh3 on Co, and a doublet at 6 23.3 (J31pRU31pp 


= 213 Hz) due to a PPh, on Ru. A small coupling of -4 
Hz is observed between the terminal phosphines on the 


(28) Kosolopoff, G .  M.; Maier, L. “Organic Phosphorus Compounds”; 
Wiley-Interscience: New York, 1972; Vol 1. 
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separate metal nuclei. The minor product shows a doublet 
of doublets at  6 152.6 = 22 Hz, JmPppa = 87 Hz), 
a doublet at  6 66.2 (JslP slP = 87 Hz), and a doublet at  
6 32.8 (J8ip -8% = 22 &) wlich can be respectively as- 
signed to a k d g i n g  PPhz ligand, PPh, on Co, and PPh, 
on Ru. A -5-Hz coupling is also observed between the 
two terminal PPh, ligands. 


The 'H NMR spectrum of this mixture shows a doublet 
of doublets at  6 -9.3 (JzHslP e JiH.aiP u 30 Hz) and a 
doublet of doublet of doubled at  6 -1O.5%+pps J ' ~ 4 1 p g  
e 33 Hz, JtHxP&.= 56 Hz) in an overall relative intensity 
of -31. The asslgnment of the coupling constants given 
above waa confirmed by selectively decoupling the phenyl 
protons and analyzing the ,lP-lH coupling in the 31P 
spectrum. For example, the phosphorus on Ru in the 
minor isomer appears as a doublet at  6 32.8 in the 'lP(lH} 
spectrum but splits into a doublet of doublets in the "P- 
(C,H,I decoupled spectrum with Jalph-tH = 56 Hz. 


The NMR spectra do not allow a definitive determina- 
tion of the structures of these products. However, the 
downfield positions of the c-PPhz resonances imply a 
metal-metal bond in both.% Since the initial complex is 
coordinatively saturated, addition of HC1 with mainte- 
nance of the Ru-Co bond can only occur if one CO ligand 
is lost. Thus both compounds are formulated as isomers 
of RuCoH(Cl)&-PPhJ(CO),(PPh,),. Consider the major 
isomer f i i t .  The hydride couples only to PPh, on Co and 
to the p-PPh, bridge, hut not to PPh, on Ru. The three 
structures which appear most reasonable and which are 
consistent with the NMR data are shown in 4 4 ,  but we 


4 5 
Ph Ph 


CI H 


6 


have no basis to distinguish among these. Since the hy- 
dride ligand in the minor isomer couples to both terminal 
phosphines it must bridge the Ru-Co bond. Reasonable 
structures for the minor isomer are 7 and 8, but the present 
data do not allow an unambiguous assignment to be made. 


Ph. . Ph Ph . Ph 


PPh3 CI 


7 8 


Crystal and  Molecular S t ruc tu re  of RuCo(r- 
PPh2)(CO)5(PPh,)2. An ORTEP drawing of RuCo(p- 
PPh.&CO),(PPh,), is shown in Figure 2. Pertinent bond 
length and bond angle data are given in Tables IV and V. 
The geometry about ruthenium is pseudooctahedral with 
Ru coordinated by PPh,, three terminal carbonyls, the 
phosphido bridge, and the cobalt. Cobalt is coordinated 
by one PPh,, two terminal Carbonyls, the phosphido bridge, 
and Ru. The Ru-Co bond length is 2.750 (1) consistent 
with the presence of a single metal-metal bond. I t  is 
slightly longer than that found in [Ru,Co(CO),,]- (average 
2.618 A)6 and [RU,CO,(CO)~~] (average 2.677 (2) A).' The 
Ru-Co bond length and Ru-P,-Co angle (74.6 (1)') are 


Organometallics, Vol. 1, No. 10, 1982 1383 


Figure 2. An ORTEP drawing of the structure of RuCo(p- 
PPh,)(CO),(PPh&. Thermal ellipsoids are drawn at the 25% 
probability level. 


not substantially different from the corresponding Fe-Co 
bond lengths and the Fe-P,-Co angles in FeCo(p- 
PMe2)(C0), (2.666 (3) A, 75.2 (1)")2" and FeCo(p- 
AsMe,)(CO), (2.703 (6) A, 72.5 (2)0)?9b These latter 
complexes have been formdated as having donor-acceptor 
Fe - Co metal-metal bonds with Fe contributing two 
electrons to the Co nucleus in each complex." 


An interesting aspect of the structure of RuCo(p- 
PPh2)(CO)5(PPh3)2 is the cis arrangement of the PPh, 
ligand on Co with respect to the phosphido bridge while 
the PPh, on Ru is trans to the bridging ligand. This 
contrasts with the ligand arrangement in the isoelectronic 
complexes FeRh(~-PPh,)(CO),(PEt,), and FeIr(p- 
PPh,)(CO),(PPh& in which 31P NMR spectra and an 
X-ray structural analysis of the FeIr complex show both 
PPh, ligands to be trans to the bridging ligand.* The 


Ph \p/Ph 


/ \  
(COkFe - II(C012 


\ 
F h  3 


/ 
PPh3 


9 


mutually trans arrangement in 9 appears to lead to severe 
steric congestion below the metal-metal vector as evi- 
denced by the rather long 2.959 F d r  bond length. 
We suggest that the different structures of the isoelectronic 
RuCo and FeIr complexes is a consequence of the i n m d  
tendency for Co to achieve an 18-valence-electron config- 
uration via formation of a strong metal-metal bond. 
Numerous 16-valence-electron complexes of Ir(1) are 
known but relatively few for Co(I)." Apparently a trans 
arrangement of all phosphines prevents a strong metal- 
metal interaction and thus the Ru-Co complex adopts the 
cis configuration. 


Discussion 
One of the most interesting aspects of this study is the 


facile synthesis of the phosphido-bridged complex RuCo- 
(pPPhz)(CO),(PPh3), simply upon stirring the reagents 
Na[Co(CO),] and RuHCl(CO)(PPh,), a t  or near room 
temperature. The complex presumably forms via elimi- 
nation of benzene, which was deteded by chromatography, 
through coupling of the hydride ligand with a phenyl group 
from one of the PPh, ligands. Such coupling reactions do 


8) KeUer. E.: Vahrenkamo. H. Chem. Ber. 1977.IIO. 430. (b) 
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have precedent.3081 For example, 1 r , ( ~ - P P h ~ ) ~ ( C 0 ) ~ -  
(PPh3)2 forms via apparent elimination of benzene upon 
heating IrH(CO)(PPh3)3 (eq 9).31 Also, Carty and co- 


2IrH( CO) (PPh,), - 
Irz(~-PPhz)z(CO)2(PPh3)2 + 2C6H6 (9) 


workers32 have recently demonstrated the H2-induced loss 
of benzene from Ru3H(p-PPh2)(CO), which converts the 
doubly bridging p-PPh2 ligand into a triply bridging p3- 
PPh ligand (eq 10). The most likely mechanism for 


15&190 O C  


Foley et al. 


for FeCo( p- AsMe,) ( C0),27 and FeIr (p-PPh,) (CO) ,- 
(PPh3)2,25e an alternative description would have the 
complex possessing a direct covalent single metal-metal 
bond between Ru(1) and Co(0) centers, 11. The latter 
actually appears more consistent with the X-ray structural 
analysis. The data in Table IV show that the Ru-Pl(p- 
PPh2) distance is 0.051 A shorter than the Ru-Pz(PPh3) 
distance, suggesting a strong covalent bond between Ru 
and the p-PPh2 ligand, with the latter serving as the an- 
ionic ligand to balance the Ru+ charge. In contrast, the 
Co-PI and CO-P~ distances are identical within experi- 
mental error (Table IV). These results are in sharp con- 
trast to data obtained for F~I~(J~-PP~~)(CO),(PP~,)~ where 
a comparison of metal-phosphorus bond lengths clearly 
indicates an Fe(0)-Ir(1) formulation with the IrP(PPh2) 
length (2.292 (2) A) significantly shorter than the Ir-P- 
(PPh3) length (2.349 (2) A).25e 


It is interesting that RUCO(~-PP~~)(CO)~(PP~,)~ and 
FeCo(Jt-AsMe2) (CO), show significantly different reactivity 
properties. The latter complex has been shown to undergo 
ready displacement of its donor-acceptor metal-metal 
bond by nucleophilic PR3 ligands, e.g., eq The 


formation of the observed RuCo(p-PPh2) (C0)5(PPh3)2 
complex is via the formation of an initial Ru-Co metal- 
metal bonded intermediate such as that shown. 


PPhz 


PPh3 


Steric congestion around the Ru center could serve to force 
H-Ph coupling to lead to benzene and to the PPh2-sub- 
stituted species. 


Of possible relevance to this study is the recent report 
by Pez and c o - ~ o r k e r s ~ ~  of the preparation of K2[Ru2H4- 
(pPPh2)(PPh3)3] via the reaction of [ R u H C ~ ( P P ~ , ) ~ ] ~  with 
KICloHa] at  low temperature. Although the structure of 
the latter complex has not been completely resolved, 
spectroscopic studies clearly show the presence of a p-PPh2 
ligand bridging two Ru centers. As in our reaction, a 
phosphido-bridged complex forms by treating a hydrido- 
chlororuthenium complex with an alkali-metal salt of a 
reducing agent, although N~[CO(CO)~] is a far weaker re- 
ducing agent than is KICl,,Ha]. However, the mechanisms 
of these two reactions leading to the RuCo(p-PPh2) and 
Ruz(p-PPhz) complexes may not be at  all similar since 
treatment of PPh3 itself with strong reducing agents is 
well-known to lead to cleavage of the phosphorus-phenyl 
bonds, e.g., eq ll.34 Coordinated PPh3 should be even 


(11) 


more susceptible to this type of reaction and thus Pez's= 
synthesis of [Ru2H4(p-PPh2)(PPh3),I2- may proceed 
through reduction of a coordinated PPh3 by KICl,,Ha]. An 
analogous reaction seems less likely for N~[CO(CO)~] .  


Although RUCO(~-PP~~)(CO)~(PP~~)~ can be viewed as 
having a donor-acceptor metal-metal bond between Ru(0) 
and Co(1) centers, 10, analogous to the formulations given 


THF 
PPh3 + Li - LiPPh2 + LiPh 


Ph \ p / P h  Fh 


(31) (a) Bellon, P. L.; Benedicenti, C.; Caglio, G.; Manassero, M. J. 
Chem. SOC., Chem. Commun. 1973, 946. (b) Mason, R.; Sotofte, I.; 
Robinson, S. D.; Uttley, M. F. J. Organomet. Chem. 1972, 46, C61. 


(32) Maclaughlin, S. A,; Carty, A. J.; Taylor, N. J. Can. J. Chem. 1982, 
60, 87. 


(33) Pez, G. P.; Grey, R. A.; Corsi, J. J. Am. Chem. SOC. 1981, 103, 
7528. 


(34) (a) Mellor's Comprehensive Treatise on Inorganic and Theoretical 
Chemistry, Vol. 111, Supl. 111, Phosphorus 1971, p 887. (b) Wittenberg, 
D.; Gilman, H. J. Org. Chem. 1958,23, 1063. 


PR3 


Fe-Co bonds in the substituted products can be reformed 
by thermally inducing CO dissociation. Multiple repetition 
of these steps combined with migration of the L ligands 
from Co to Fe leads to F~CO(P-A~M~,)(CO),(PR~)~ com- 
plexes with one PR3 ligand on each metal, analogous to 
RuCo(p-PPh2) (C0)5(PPh3)2. The key point to recognize 
in these reactions is that PR3 ligands cleave the metal- 
metal bond to give readily observable open intermediates. 
The latter require additional energy input to dissociate CO 
to reform the Co-Fe bond. In contrast, open intermediates 
are not observed in the substitution reactions of CO for 
PPh3 in RUC~(~-PP~~)(CO),(PP~~)~. It could be argued 
that the RuCo complex undergoes substitution in a manner 
analogous to the FeCo complex but that the unbonded 
intermediates are far less stable and readily dissociate CO 
to reform the metal-metal bond. On the other hand, 
substitution could proceed by an entirely different path 
involving initial dissociation of PPh3 to give a coordina- 
tively unsaturated intermediate which then adds CO. 
Detailed kinetic studies will of course be necessary to 
distinguish between these two reaction paths. 


Summary 
The new phosphido-bridged complex RuCo(p-PPh2)- 


(C0)5(PPh3)2 has been prepared and structurally charac- 
terized. The complex arises from the reaction of 
RuHC~(CO)(PP~ , )~  with Na[Co(CO),]. The phosphido 
bridge apparently forms via coupling of the hydride ligand 
with a phenyl substituent of a PPh, ligand to give benzene 
and a PPh,-substituted species. The new complex is re- 
markably robust as neither CO nor HC1 induces frag- 
mentation or bridge cleavage. Reaction with HCl leads 
to two isomers of RUHC~(~-PP~~)(CO)~(PP~~)~ which have 
been spectroscopically characterized, whereas reaction with 
CO leads to progressive substitution of CO for PPh3. 
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The oxidation of four cobalt-polyolefin compounds has been studied by direct-current polarography, 
cyclic voltammetry, and controlled potential coulometry. The compounds studied were (&cyclopentadienyl)- 
or ($-permethylcyclopentadieny1)cobalt compounds of either cyclooctadiene (COD) or cyclooctatetraene 
(COT). In CH&N each compound underwent an irreversible oxidation which resulted in cleavage of the 
polyolefin ligand and production of cobaltocenium ion, Cp2Co+, and Co2+. The reaction was quantitative, 
and an n value of 1.5 e was measured in agreement with this. In dichloromethane, the cyclooctadiene 
compounds (C0D)CoCp and (COD)Co(C&ie6) gave one-electron reversible oxidations, and an ESR spectrum 
of (COD)Co(CSMes)+ was obtained. As the cation radicals decomposed, COD was liberated. Oxidation 
of either (C0T)CoCp or (COT)Co(C5Me5) was irreversible, but cleavage of the Co-COT bond was not 
responsible for the irreversibility. An unidentified intermediate was formed which reacted over about a 
1-h time scale to eventually liberate COT and form Cp2Co+. 


Introduction 
The oxidation of metal--olefin complexes has received 


attention as attempts have been made to activate such 
complexes toward nucleophilic attack. Strong oxidizing 
agents such as Br2 or Ce4+ usually result in oxidative 
cleavage of the metal-carbon bonds and have been used 
for years as reagents to liberate a polyolefin from a met- 
al-polyolefin complex.' The more recent work of Connelly 
and co-workers has shown that milder chemical oxidants 
(e.g., NO+ or diazonium ions) which produce cation radicals 
of metal ?r complexes often lead to compounds in which 
the polyolefin remains bonded to the metal in a rearranged 
form. Their studies of the oxidation of iron-cyclo- 
octatetraene compounds have been particularly notewor- 
thy.2*3 


We became interested in studying the oxidation of co- 
balt-polyolefin compounds as an outgrowth of our earlier 
work on these compounds, in which a one-electron re- 
duction led to isomerization of the metal-olefin bond.4 
The question then arose as to the nature of the metal- 
hydrocarbon bond in electron-deficient, 17-electron, com- 
pounds which might be anodically generated from the 
neutral starting materials and the ultimate fate of the 
hydrocarbon as well. The electrochemical results which 
follow show that cation radicals can be generated by 


(1) R. F. Heck, "Organotransition Metal Chemistry", Academic Press, 
New York, 1974, p 52. W. G. Daub, F'rog. Znorg. Chem., 22,409 (1977). 


(2) N. G. Connelly and R. L. Kelly, J. Orgunomet. Chem., 120, C16 
(19761. .-- - -,- 


(3) N. G. Connelly, M. D. Kitchen, R. F. D. Stansfield, S. M. Whiting, 


(4) J. Moraczewski and W. E. Geiger, J. Am. Chem. Sot.,, 103, 4779 
and P. Woodward, J. Orgunomet. Chem., 155, C34 (1978). 


(1981). 
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one-electron oxidation of cyclooctadiene (COD) compounds 
of cyclopentadienylcobalt but that their cyclooctatetraene 
(COT) analogues undergo rapid reaction to form inter- 
mediates in which the COT ring has most likely rear- 
ranged, while still remaining bonded to the metal. Ulti- 
mately, both (COD)CoCp+ and the Co-COT+ intermediate 
decompose to yield the free olefin and cobaltocenium ion, 
Cp2Co+. After this work was completed, a cyclic voltam- 
metry study of cobalt ?r complex oxidations appeared5 
which included data on one of the four compounds re- 
ported below. Our conclusions concerning the oxidation 
mechanism of (C0D)CoCp are in agreement with those 
reported by Koelle.s The four compounds studied are 
shown in 1-4. 


- - H (L) -=H (2 
- =CH, (2) - =CH, (3 


Experimental Section 
Electrochemical techniques, compound preparation, and other 


experimental factors were as previously de~cribed.~ The sup- 
porting electrolyte was 0.1 M Bu4NPFB, and potentials are re- 
ported vs. the aqueous saturated calomel electrode (SCE). Bulk 
electrolysis experiments and transfer of electrolyzed solutions to 


(5) U. Koelle, Znorg. Chim. Acta, 47, 13 (1981). 
(6) Slope of the plot of -E vs. log [i/(id - i ) ] ,  which ia 59 mV for a 


one-electron reversible wave. 
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The oxidation of four cobalt-polyolefin compounds has been studied by direct-current polarography, 
cyclic voltammetry, and controlled potential coulometry. The compounds studied were (&cyclopentadienyl)- 
or ($-permethylcyclopentadieny1)cobalt compounds of either cyclooctadiene (COD) or cyclooctatetraene 
(COT). In CH&N each compound underwent an irreversible oxidation which resulted in cleavage of the 
polyolefin ligand and production of cobaltocenium ion, Cp2Co+, and Co2+. The reaction was quantitative, 
and an n value of 1.5 e was measured in agreement with this. In dichloromethane, the cyclooctadiene 
compounds (C0D)CoCp and (COD)Co(C&ie6) gave one-electron reversible oxidations, and an ESR spectrum 
of (COD)Co(CSMes)+ was obtained. As the cation radicals decomposed, COD was liberated. Oxidation 
of either (C0T)CoCp or (COT)Co(C5Me5) was irreversible, but cleavage of the Co-COT bond was not 
responsible for the irreversibility. An unidentified intermediate was formed which reacted over about a 
1-h time scale to eventually liberate COT and form Cp2Co+. 


Introduction 
The oxidation of metal--olefin complexes has received 


attention as attempts have been made to activate such 
complexes toward nucleophilic attack. Strong oxidizing 
agents such as Br2 or Ce4+ usually result in oxidative 
cleavage of the metal-carbon bonds and have been used 
for years as reagents to liberate a polyolefin from a met- 
al-polyolefin complex.' The more recent work of Connelly 
and co-workers has shown that milder chemical oxidants 
(e.g., NO+ or diazonium ions) which produce cation radicals 
of metal ?r complexes often lead to compounds in which 
the polyolefin remains bonded to the metal in a rearranged 
form. Their studies of the oxidation of iron-cyclo- 
octatetraene compounds have been particularly notewor- 
thy.2*3 


We became interested in studying the oxidation of co- 
balt-polyolefin compounds as an outgrowth of our earlier 
work on these compounds, in which a one-electron re- 
duction led to isomerization of the metal-olefin bond.4 
The question then arose as to the nature of the metal- 
hydrocarbon bond in electron-deficient, 17-electron, com- 
pounds which might be anodically generated from the 
neutral starting materials and the ultimate fate of the 
hydrocarbon as well. The electrochemical results which 
follow show that cation radicals can be generated by 


(1) R. F. Heck, "Organotransition Metal Chemistry", Academic Press, 
New York, 1974, p 52. W. G. Daub, F'rog. Znorg. Chem., 22,409 (1977). 


(2) N. G. Connelly and R. L. Kelly, J. Orgunomet. Chem., 120, C16 
(19761. .-- - -,- 


(3) N. G. Connelly, M. D. Kitchen, R. F. D. Stansfield, S. M. Whiting, 


(4) J. Moraczewski and W. E. Geiger, J. Am. Chem. Sot.,, 103, 4779 
and P. Woodward, J. Orgunomet. Chem., 155, C34 (1978). 


(1981). 
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one-electron oxidation of cyclooctadiene (COD) compounds 
of cyclopentadienylcobalt but that their cyclooctatetraene 
(COT) analogues undergo rapid reaction to form inter- 
mediates in which the COT ring has most likely rear- 
ranged, while still remaining bonded to the metal. Ulti- 
mately, both (COD)CoCp+ and the Co-COT+ intermediate 
decompose to yield the free olefin and cobaltocenium ion, 
Cp2Co+. After this work was completed, a cyclic voltam- 
metry study of cobalt ?r complex oxidations appeared5 
which included data on one of the four compounds re- 
ported below. Our conclusions concerning the oxidation 
mechanism of (C0D)CoCp are in agreement with those 
reported by Koelle.s The four compounds studied are 
shown in 1-4. 


- - H (L) -=H (2 
- =CH, (2) - =CH, (3 


Experimental Section 
Electrochemical techniques, compound preparation, and other 


experimental factors were as previously de~cribed.~ The sup- 
porting electrolyte was 0.1 M Bu4NPFB, and potentials are re- 
ported vs. the aqueous saturated calomel electrode (SCE). Bulk 
electrolysis experiments and transfer of electrolyzed solutions to 


(5) U. Koelle, Znorg. Chim. Acta, 47, 13 (1981). 
(6) Slope of the plot of -E vs. log [i/(id - i ) ] ,  which ia 59 mV for a 


one-electron reversible wave. 


0 1982 American Chemical Society 







1386 Organometallics, Vol. 1, No. 10, 1982 


1 
Moraczewski and Geiger 


an irreversible wave at E = +1.60 V (some CV data are 
collected in Table 11). +his latter peak was apparently 
due to free COT liberated in the first oxidation step, for 
cyclooctatetraene has an irreversible oxidation wave at that 
same potential. In Figure 1, the first oxidation has the 
appearance of a chemically reversible wave, since a cath- 
odic peak was present at Epc = +0.18 V. However, several 
points dictate against the cathodic peak arising from re- 
duction of the cation (COT)CoCp+. First, the oxidation 
of 1 was shown to be irreversible by the fact that its anodic 
peak potential shifted positive by about 60 mV/tenfold 
increase in scan rate. Second, the cathodic peak became 
more dominant when the potential was held positive of the 
anodic wave for longer times, i.e., either in slow CV scans 
or in scans which extend to far more positive values. When 
the first oxidation wave was scanned at  moderately fast 
scan rates or without inclusion of the second wave, the first 
wave was irreversible. The implies that the cathodic wave 
at  +0.18 V arises from a product produced in a chemical 
reaction after the initial irreversible charge transfer step. 
Koelle' has reported that CpCo(CH3CN)2+/+ forms a re- 
versible couple with E" = +0.23 v, AE, = 65 mV, which 
places its cathodic peak at +0.20 V, within experimental 
error of our observed cathodic wave. This half-sandwich 
solvent species is also strongly implicated from the bulk 
electrolytic data (vide infra) which establish that Cp,Co+ 
and Co2+ are the ultimate metal-containing products of the 
oxidation. Hence, the oxidation of (C0T)CoCp has the 
appearance of a reversible wave at slow CV scan rates only 
because a product, CpCo(CH3CN)2+, is being generated 
which has an E" value very close to the E,. value for the 
original compound. 


One other important aspect of the linear scan voltam- 
mograms concerned the current function, ip,/u1/2, of the 
oxidation wave, which depended on scan rate. This 
quantity had a constant value of ca. 0.69 (arbitrary units) 
at fast scan rates (u > 700 mV/s), but increased at slower 
scan rates, and at  u = 50 mV/s had a value of 1.10, about 
1.6 times as great as the fast scan limit. Since the current 
function was also 0.7 for the one-electron reduction wave 
of this compound, these data show that (a) a t  fast sweeps, 
the oxidation is a one-electron process, and (b) over longer 
times, a kinetic contribution to the current arises from 
follow-up chemical reactions and subsequent product ox- 
idation. The current function of the free COT wave at 
+1.55 V does not change over this scan rate variation, 
indicating that it is liberated before the reactions giving 
rise to the extra oxidation current a t  the first wave. 


Finally, a quantitative determination of electrolysis 
products was accomplished after bulk electrolysis at either 
a Pt basket or Hg pool at +0.3 V. In a typical experiment, 
a 4.4 mM solution of (C0T)CoCp initially had a polaro- 
graphic plateau current of 17 PA for the oxidation wave. 
Upon electrolysis, 1.57 faraday was liberated as the solution 
went from dark brown to light yellow. Polarograms after 
electrolysis showed reductions waves at  Ellz = -0.62 V 
(irreversible by CV), -0.90 V (reversible), and -1.90 V 
(quasireversible), with plateau currents of 8.0,3.5, and 20 
PA, respectively. In the positive potential region, only the 
anodic peak at  +1.55 V for free COT was present. The 
reduction wave at -0.62 V was assigned to the two-electron 
reduction of solvated Co2+, since Co(BFJZ had an irre- 
versible wave with the same Ell,  value.B The reversible 
wave at -0.90 V was assigned to the one-electron reductiong 


VOLTS VS SCE 


Figure 1. Cyclic voltammetry scan of 5.4 X lo4 M (C0T)CoCp 
in CH,CN/O.l M ByNPFs at a platinum electrode (u = 78 mV/s). 


Table I. Direct Current Polarographic Data for 
Cyclopentadienylcobalt-Poly olefin Compounds 


slope,b 
compd solv E,,,," V mV IC 


(C0T)CoCp (1) CH,CN tO.08 81 5.71 
CH,Cl, t0.22 45 4.15 
THF +0.27 50 3.67 


(COD)CoCp(3) CH,CN +0.02 78 5.40 
CH,C1, +0.20 


a Potentials referred to aqueous saturated calomel 


Diffusion current constant, in pA mM-' mg-2/3 s"'. 
electrode. Slope of plot of -E vs. log [ i/(id - i)]. 


sample tubes for ESR or optical spectroscopy were accomplished 
in an inert-atmosphere box. 


Results 
General Electrochemical Behavior. Each of the cy- 


clopentadienylcobalt-diolefin compounds underwent ox- 
idation at  a relatively mild potential, i.e., ca. 0 to +0.3 V 
vs. SCE. The reversibility of the oxidation process varied 
greatly depending on both the compound and the solvent 
employed. Oxidation of any of the compounds in aceto- 
nitrile led to rapid attack by solvent, with concomitant 
cleavage of the metal-polyolefin bond and, ultimately, 
production of cobaltocenium ion as the only organometallic 
product. In dichloromethane, attack by solvent was not 
observed, and reaction pathways were characteristic of the 
radical cations (diene)CoCp+. The most stable cation in 
this series was (COD)Co(C5Me5)+, which was produced by 
bulk oxidation in CH2Clz and characterized by ESR 
spectroscopy. 


I. (C0T)CoCp (1). (a) In CH3CN. Oxidation of 1 was 
highly irreversible at either mercury or platinum electrodes 
in acetonitrile. Both dc polarography and cyclic voltam- 
metry measurements supported this conclusion, although 
the cyclic voltammograms are on first glance deceptive 
concerning the reversibility (Figure l ) ,  a point which will 
be elaborated on below. 


The rising portion of the diffusion-controlled polaro- 
graphic wave (Ell2 = +0.08 V, Table I) was drawn out 
(slope6 = 81 mV) and was consistent with an irreversible 
process. The wave height corresponded to passage of ap- 
proximately 1.5 e. This figure was arrived at by comparing 
the diffusion current constant, I ,  for the oxidation (lox = 
5.71) with that of the previously characterized4 one-electron 
reduction wave of this molecule (IRED = 3.77). This value 
of n = 1.5 e was found to properly describe this oxidation 
process, for cyclic voltammetry measurements, controlled 
potential coulometry, and electrolysis product distributions 
were all found to be consistent with this number. 


The appearance of CV scans of this wave depended 
markedly on scan rate and the extent of the positive-going 
scan. Scans extended to about +2 V showed not only the 
anodic peak at +0.28 V (u  = 78 mV/s, Figure l), but also 


(7) U. Koelle, J.  Organomet. Chem., 184, 379 (1980). 
(8) Addition of 1,2-bis(diphenylphosphino)ethane, diphos, to the 


electrolyzed solution resulted in disappearance of the wave at -0.62 V, 
as also occurred when diphos was added to solutions of C O ( B F ~ ) ~ .  
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Table 11. Potentials of Oxidation of Cyclopentadienylcobalt-Polyolefin Compounds Measured by Cyclic Voltammetry 
scan rate. ~ ~ ~~ 


compd soh electrode m V h ~  ’ E” or Epa. V comments 
(C0T)CoCp (1) CH,CN Pt 100 + 0.28 (Epa) second oxidation wave at 


En” = +1.56 V (irrev), 
CH,CI, Pt 


of Cp,Co+. Cobaltocenium ion was also diagnosed from 
the W spectrum of the electrolyzed solution, in which the 
262-nm band of Cp2Co+ had replaced the 242-nm hand of 
the starting (C0T)CoCp compound. Both CpzCo+ and 
COT are electroactive in the vicinity of -1.9 V?J0 and the 
wave a t  that voltage is therefore a composite of the two 
reduction processes Cp,Coo/- and COT0/2-. From the 
relative heights of the three reduction waves and the 
known n values for each of the process, it was concluded 
that for each mole of (COT)CoCp, the oxidation yielded 
1 mol of free COT, 0.5 mol of Cp,Co+, and 0.5 mol of Co2+. 
All of the electrochemical data were therefore consistent 
with the mechanism shown in Scheme I. The terms “fast“ 


Scheme I 


(C0T)CoCp - (COT)CoCp+ + e- 


fast (COT)CoCp+ + COT + ‘CpCo+” product 


“CpCo+” product + 3CH,CN -, C~CO(CH,CN)~+ 


slow CpCo(CH,CN),+ + 


net (C0T)CoCp - 0.5Cp2Co+ + 0.5C02+ + 0.5e- + 3CH3CN 


COT + 0.5CpzCo+ + 0.5c02+ + 1.5e- 


and “slow” above refer to the cyclic voltammetry time scale. 
It is necessary to  postulate a “CpCo+” product (line 2 of 
Scheme I) because fast CV scans in the vicinity of +0.2 
V show no cathodic wave-not even that of CpCo- 
(CH3CN):+. Hence the latter must be formed at a mod- 
erate rate from a CpCo-containing intermediate which has 
already liberated cyclooctatetraene. The “slow” dispro- 
portionation reaction is responsible for the n = 1 value for 
the oxidation a t  fast sweep rates and then  = 1.5 value in 
longer experiments (slow sweep rate CV, dc polarography, 
and bulk coulometry). 
(b) In CH2C12. Changing to the relatively noncoordi- 


nating solvent dichloromethane significantly altered the 
oxidation pathway of 1. A single polarographic wave (E1/, 
= +0.22 V; I = 4.1511) was observed, and this was shown 
to be irreversible by CV scans at either Hg or Pt at scan 
rates up to loo0 mV/s. When the scan was extended out 
to more positive values, no wave for free COT was ob- 


(9) W. E. Geiger, J. Am. Chem. Soc., 96, 2632 (1974). 
(10) B. J. Huebed and D. E. Smith, J. Eleetroonol. Chem., 31,333 


(1971). R. D. Allendwrfer and P. H. Rieger, J. Am. Chem. Sac., 87,2336 
(1965). 


(11) For comparison purposes, a I value of 3.11 pA mM-’ mg-2/8 s’I2 
WBB measured for the oneelectron process involving the reduction of the 
nickelkarborme complex (1,2-C2B9H,J2Ni (W. E. Geiger and D. E. 
Smith, Chem. Commun., 8 (1971)). 


200 +0.27 (Epa) imev to u = 1 V/s; no 
other waves to + 1.8 V 


400 -0.03 (Epa) second oxidation wave at 
Epa= +1.50 V (irrev) 


200 +0.06 (Epa) product wave with E” = 
+0.24 V due to 
CPCO(CH,CN);~+ 


200 +0.24 ( E ’ )  reversible 
160 +0.07 (E’j  reversible 


+ 1.10 (Epa) irreversible 


0 
VOLT.M&E 


Figure 2. Direct-current polarogram of a solution of 6.3 X l(r 
M (C0T)CoCp in CH2C1,/Bu,NF’F6 after it had undergone bulk 
electrolysis at +0.4 V. 


served.’, Hence, although the cation of 1 is still very 
unstable in CH,Cl,, its primary reaction does not result 
in freeing of the COT ligand from the complex. This was 
confirmed by hulk electrolysis experiments. After ex- 
haustive electrolysis a t  a platinum basket (n. = 0.83 e) 
there was only a very small wave for free CO.fpat +1.8 V 
(Pt electrode). The major wave in the negative potential 
region was an irreversible one at E, = 4.45  V, and only 
a very small wave attributable to  dp,Co+ was present at 
4.90 V (Figure 2). Samples of this solution taken for UV 
analysis had &,- = 252 nm. Over a period of about 2 h 
after electrolysis, the wave at -0.45 V diminished, and the 
waves for free COT and Cp&o+ grew in. In a typical 
experiment, an original 6.3 X lo4 M solution of 1 had a 
polarographic oxidation wave of plateau height 1.02 @A. 
After hulk electrolysis at +0.4 V, the resulting polarogram 
showed reduction waves a t  -0.45 (0.60 PA) and 4 .90  V 
(0.05 @A). After 1.5 h, the wave a t  -0.45 V was 0.25 @A, 
and the Cp,Co* wave at -0.90 V had increased to 0.30 PA. 
Eventually, only the wave for cobaltocenium ion was 
present, and the UV spectrum showed only the 262-nm 
Cp2Coc band. These “terminal” solutions also were ana- 
lyzed for free COT by the standard addition method. The 
height of the COT oxidation wave at +1.8 V was measured 
hy CV scans before and after addition of an aliquot of pure 
COT. This analysis yielded a value of 0.97 mol of COT 
released per mol of (C0T)CoCp in the original solution. 


Thus, the ultimate fate of 1 when oxidized in CH,Cl, 
is the same as in CH,CN release of COT and formation 
of 0.5 mol of Cp,Co+. However, the intermediate which 
must contain both COT and the CpCo moiety is fairly 


(12). In CH2C12/0.1 M Bu,NPFe, free COT exhibited an irreversible 
oxidation wave at +1.8 V (CV peak potential). 
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Table 111. Cyclic Voltammetry Data for Oxidation of (C0D)CoCp in CH,Cl,/O.lO M 
Bu,NPF, at a Platinum Bead Electrode 


scan rate, mV/s 4 4  52 67 111 193 259 333 40 7 1000 
current function" 1.13 1.11 1.09 1.05 1.05 1.06 1.04 1.02 1.02 
current ratio 0.69 0.80 0.85 0.94 0.99 


arbitrary units. * Qia (theory: equal to one for a chemically reversible process). Anodic peak current/(scan rate)"*: 


I I 1 1 
+0.4 +to + 1.6 


VOLTS VS SCE 


Figure 3. Cyclic voltammetry scan at platinum electrode (u = 
400 mV/s) of 7.8 X lo4 M (COT)Co(C5Me5) in CH3CN/Bu4NPFs. 


long-lived. This intermediate did not react with potential 
ligands such as triphenylphosphine or bis(dipheny1- 
phosphino)ethane and is probably coordinatively satu- 
rated. 


11. (COT)Co(C,Me,) (2). This compound was sub- 
jected to a brief investigation. Its anodic behavior in 
CH3CN was essentially identical to that of 1. The oxida- 
tion was at  a less positive potential (Ep, = -0.03 V, Table 
11) and was irreversible, resulting in liberation of COT 
(Figure 3). Bulk oxidation at  +0.20 V at a mercury pool 
anode resulted in a color change from light brown to green, 
but voltammetric scans of the electrolyzed solution using 
a hmde were dominated by severe adsorption waves, and 
the detailed mechanism of this oxidation was not pursued. 


111. (C0D)CoCp (3). (a) In CH3CN. The overall 
mechanism of the oxidation of 3 in acetonitrile is analogous 
to 1: liberation of COD and formation of Cp2Co+ and Co2+. 
This was indicated by a number of electrochemical and 
analytical measurements. A dc polarogram had an irre- 
versible shape (log slope6 = 78 mV, Ellz = +0.02 V), and 
CV scans were irreversible, with the peak potential de- 
pendent on scan rate (E  = +0.06 at  u = 100 mV/s). No 
wave for free COD was okerved because it can neither be 
oxidized nor reduced in the accessible potential range. The 
reversible wave for the solvent0 intermediate, CpCo- 
(CH3CN)l+/+, appeared in the cyclic voltammograms (E" 
= +0.22 V, AEp = 80 mV). Bulk anodic electrolysis 
(platinum basket electrode, Eapp = +0.30 V) gave n = 1.5 
e and a resulting polarogram with reduction waves at -0.65 
V (Co2+) and at  -0.90 and -1.90 V (Cp2Co+). The Co2+ 
wave disappeared when phosphine ligands were added to 
the solution. For example, addition of triphos13 to the 
electrolyzed solution turned it dark yellow and gave a new 
wave at  -0.41 V, apparently due to a Co(triphos) complex. 
Results in THF solution were identical, and the oxidation 
of 3 in strongly coordinating solvents appears to be iden- 
tical with that of 1, Scheme I, except that COD is the 
liberated polyolefin. 


(b) In CHZCl2. Direct-current polarograms were subject 
to maxima which obscured the shape of the wave, so 
studies of 3 in dichloromethane emphasized cyclic vol- 
tammetry and bulk coulometry experiments at platinum 
electrodes. The oxidation of 3 in CHzClz was electro- 
chemically reversible, but the cation was subject to a 
follow-up reaction after the electron transfer. The ratio 
of cathodic-to-anodic currents, ic/ia (Table 111) increased 
with scan rate until it was 0.99 at a scan rate of lo00 mV/s. 
The current function (Table 111) increased only by about 


(13) Triphos = bis(2-(dipheny1phosphino)ethyl)phenylphosphine. 


I I I +01 +QB r u  
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Figure 4. Cyclic voltammetry scans at platinum electrode (u = 
300 mV/s) of 7.4 X lo4 M (COD)Co(C5Me5) in CH2C12/Bu4NPFs. 
Dotted line is data at 293 K and solid line data at 258 K. 


10% as the scan rate was lowered from u = 1000 to 44 
mV/s, making it unlikely that the products of the chemical 
follow-up reaction also oxidized as they were formed at that 
potential. The E" value of the process was +0.24 V, and 
hEp values were about 75 mV at u = 50 mV/s, typical of 
the values we routinely find for reversible couples in 
CH2C12. The anodic peak potential shifted only 20 mV 
positive over the scan range in Table 111, again indicative 
of a reversible process affected by residual uncompensated 
resistance problems in the measurements. 


Bulk electrolysis of 3 at  +0.40 V at  a platinum gauze 
resulted in an apparent n value of 1.3 e. During the 
electrolysis the brown solution turned very pale yellow, and 
a polarogram of the final solution gave one wave at -0.90 
V, which was attributed to Cp2Co+ (confirmed by the UV 
band at 262 nm). From the height of the polarographic 
wave it was determined by the standard addition method 
that 0.50 mol of Cp2Co+ was formed for every mole of 3 
present before oxidation. Cyclooctadiene was analyzed by 
gas chromatography of samples of the electrolyzed solution: 
1.0 mol of 1,5-COD was formed per original mol of 3. All 
of the above data support Scheme I1 as describing the 


Scheme I1 
(C0D)CoCp ?i (COD)CoCp+ + e- E" = +0.24 V 


(COD)CoCp+ - 
1,5-COD + 0.5Cp2Co+ + other Co products 


oxidation of 3 in this medium. Cleavage of the polyolefin 
ring appears to occur directly after formation of the radical 
cation of 3, which has moderate stability in CH2ClZ because 
it is not subject to attack by solvent, as was seen when 
CH3CN was the electrolyte solvent. 


IV. (COD)Co(C,Me6) (4) In CH2C12. This compound 
gave a highly reversible oxidation at  E" = +0.07 V (AE, 
= 65 mV) and a second, irreversible oxidation (Figure 4) 
at more positive voltages (Ep, = +1.10 V at u = 160 mV/s). 
The ic/ia ratio for the first oxidation was 0.99 at u = 48 
mV/s, and the current function and anodic peak potential 
were constant over the range u = 48-480 mV/s. Under the 
same conditions, the second (apparently one-electron) wave 
shifted positive by 40 mV, indicative of an irreversible 
process. At reduced temperatures, there was an indication 
(Figure 4)  of some chemical reversibility to the second 
wave, but the dication is in any case highly reactive. 
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Bulk oxidation at  the first wave (applied E = +0.20 V) 
was performed at -15 OC. An n value of 1.2 e was obtained 
as the solution changed from yellow to purple. A voltam- 
mogram of the electrolyzed solution taken with a rotating 
platinum electrode showed the same two waves as in the 
original solution, except that the first wave was a reduction 
wave, showing that 4 had been converted into its cation. 
A sample of this purple solution was removed and frozen 
for ESR analysis. The frozen solution gave an intense 
spectrum with cobalt hyperfine lines. A more thorough 
ESR study of this and other cobalt A complex radicals is 
underway, but one observation which might be appropriate 
here is that the major Co hyperfine splitting (ca 55 G) is 
along the direction of the high-field g component. This 
is the opposite of spectra of d9 cobalt-polyolefin com- 
pounds such as cyclopentadienyl(cyc1opentadienone)co- 
balt(1-) and (C0D)CoCp-, in which the dominant Co hfs 
(140-160 G) lies along the low-field, gll, direction.14J5 Data 
on paramagnetic cobalt A complexes is certainly rare. The 
only other d7 case of which we are aware is that of co- 
baltocene and its derivatives,l6 but that case involves an 
orbitally degenerate system and the results are not directly 
comparable to the results on 4+. Qualitatively, the ESR 
spectrum of 4+ seems to be consistent with an electronic 
structure of the cation radical in which the cobalt is in the 
d7 state, but resolution of the low-field components of the 
spectrum will be required if serious assignments of elec- 
tronic structure are to be made. 


When the solution of the cation was electrolyzed positive 
of the second wave (Eapp = +1.2 V), another 0.5 faraday 
was passed and the solution went from purple to deep blue. 
After electrolysis, the major electrochemical wave was a 
reduction at -0.5 V (irreversible). The solution appeared 
to be air-stable and reacted with either CH3CN or diphos, 
but no attempts a t  product isolation were made. 


Discussion 
The results show that in a strongly coordinating solvent 


like CH3CN, oxidation of these cobalt-polyolefin com- 
pounds results in rapid displacement of the polyolefin by 
solvent, with the eventual organometallic product being 
the very stable cobaltocenium ion, Cp2Co+. The yield of 
liberated polyolefin is quantitative. In the weak donor 
solvent CH2C12, liberation of the polyolefin and formation 
of Cp2Co+ does occur, but the reaction is much slower. For 
example, the liberation of cyclooctatetraene from 1 is 
complete within s in CH3CN, but it requires about 103 
s in CH2ClP The cation radicals of the two cyclooctadiene 
compounds 3 and 4 are much more stable than those de- 
rived from the cyclooctatetraene compounds l and 2, even 
in CH2ClP This can be rationalized by recalling that COT 
ligand is extremely versatile in the manner in which it may 
bond to a metal.17J8 Hence, the first reaction of the cation 
radical (COT)CoCp+ probably involves a fast reorientation 
of the M-COT bond. This intermediate, of unknown 


(14) T. A. Albright, W. E. Geiger, J. Moraczewski and B. Tulyathan, 


(15) H. Van Willigen, W. E. Geiger, and M. D. Rausch, Inorg. Chem., 
J. Am. Chem. SOC., 103,4787 (1981). 


16. 581 11977). 
'(16) J. H. kmmeter and J. W. Swalen, J. Chem. Phys., 57,678 (1972). 
(17) M. A. Bennett, Ado. Organomet. Chem., 4, 353 (1966). 
(18) L. J. Guggenberger and R. R. Schrock, J. Am. Chem. SOC., 97, 


6693 (1975). 
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structure, slowly loses COT to form the final products. 
Finally, the preferred isomeric forms of the polyolefin 


ligands in the oxidized compounds must be considered. 
Unlike the case in its analogous reduction process,4 the 
oxidation of (1,5-COD)CoCp does not result in isomeri- 
zation of the hydrocarbon to the 1,3 isomer. This was 
proved by gas chromatographic analysis of the solutions 
produced in bulk anodic oxidations of 3, which showed that 
1,5-COD, but not 1,3-COD, was present in the oxidized 
solutions. 


The question of possible isomerizations involving 
changes between ~~-1,2,3,4 and v4-1,2,5,6 modes of bonding 
of the COT ring to the metal cannot be so readily an- 
swered, since the liberated hydrocarbon will be identical 
in both cases. Associated with this problem is the fact that 
a single oxidation wave was observed for both 1 and 2, in 
contrast to the reductions of these compounds, in which 
waves were observed for both the 1,5 and 1,3 isomers (1 
and 5, respectively). Electrochemical and NMR mea- 


@ 
0 


(2 
surements have demonstrated that interconversion of the 
two neutral isomers is slow at  room temperature: so a CE 
mechanism (chemical isomerization preceding electron 
transfer) cannot account for the absence of a second oxi- 
dation wave. The most likely possibilities are that (a) the 
1,5 and 1,3 isomers have coincident potentials for oxidation 
or (b) the cation radical of the more easily oxidized isomer 
converts rapidly to that of the less easily oxidized isomer. 
Consider, for example, Scheme 111, in which the 1,5 isomer 


Scheme I11 
(1,5-COT)CoCp F? (1,5-COT)CoCp+ + e- E01,5 


(1,5-COT)CoCp+ - (1,3-COT)CoCp+ rapid 


(1,3-COT)CoCp+ F? (1,3-COT)CoCp E01,3 


is assumed to have a lower Eo potential. Provided that 
E01,3 > E01,5 and that isomerization of the cation is very 
fast, a small amount of current flow would catalyze the 
isomerization of neutral 1,5 isomer to neutral 1,3 isomer 
at  the electrode surface, and a single oxidation wave, a t  
the potential of EoiB, would be observed. What makes this 
mechanism difficult to test is the added problem that there 
is another rapid chemical reaction subsequent to electron 
transfer which makes the overall process irreversible. The 
question of possible isomeric interconversions in the cation 
radicals of the cobalt-cyclooctatetraene complexes must 
still be considered to be open. 
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Highly regioselective reduction of a,@-unsaturated carbonyl compounds giving the corresponding a,@- 
saturated carbonyls or allylic alcohols as predominant product was effected by hydrosilylation catalyzed 
by tris(tripheny1phosphine)chlororhodium followed by the methanolysis of the resulting adducts. Re- 
giospecific deuteration was also achieved by using deuteriosilanes. The regioselectivity in the hydrosilylation 
was found to depend markedly on the nature of hydrosilanes used. In general, monohydrosilanes afforded 
silyl enol ethers (1,4 adduct) while dihydrosilanes gave silyl ethers (1,2 adduct). Other factors controlling 
the regioseledivity, e.g., the structure of a,@-unsaturated carbonyl compounds, the hydrosilane/substrate 
ratio, solvent, and the reaction temperature, also were investigated. A spin trapping experiment on the 
hydrosilylation of &ionone with diphenylsilane was carried out, and the observed EPR signals were 
interpreted. Possible mechanisms that can accommodate the observed high regioselectivity are discussed. 


Introduction 
Selective reduction of a,@-unsaturated carbonyl com- 


pounds to the corresponding saturated ketones or alde- 
hydes or to allylic alcohols by means of a variety of re- 
ducing agenta has been attracting much interest for some 
time.l Among the procedures used, homogeneous hy- 
drosilylation catalyzed by transition metals or metal com- 
plexes has served as a unique and effective method. For 
instance, Sadykh-Zade and Petrov reported in 195g2 that 
the chloroplatinic acid catalyzed hydrosilylation of a,@- 
unsaturated ketones and aldehydes proceeded via 1,4 ad- 
dition to give the corresponding saturated ketones and 
aldehydes after hydrolysis. Yoshii et al. applied this re- 
duction system to the selective reduction of a,@-unsatu- 
rated esters in steroid  system^.^ In 1972, we reported 
briefly that the tris(tripheny1phosphine)chlororhodium- 
catalyzed hydrosilylation of a,@-unsaturated ketones and 
aldehydes with monohydrosilanes gave 1,4 adducts while 
that with dihydrosilanes gave 1,2 adducts with high se- 
lectivity, and the 1,4 adducts and the 1,2 adducts were 
readily hydrolyzed to afford the corresponding saturated 
products and allylic alcohols, respectively? Our reduction 
system was further applied to the asymmetric synthesis 
of chiral ketones and chiral allylic a l ~ ~ h o l s , ~ ~  and recently 
Ogura et al. succeeded in obtaining 3(8,4(R)-faranal, a trail 
pheromone of the pharaoh ant, by using this method? We 
will describe here a full account of our research on the 
highly selective reduction of a,@-unsaturated ketones and 
aldehydes via regioselective hydrosilylation catalyzed by 
tris(tripheny1phosphine) chlororhodium. 


(1) E.g., House, H. 0. ‘Modem Synthetic Reactions”; W. A. Benja” 
Menlo Park, CA, 1972. Smith M. In “Reduction”; Augustine, R. L., Ed., 
Marcel Dekker: New York, 1968. 


(2) Sadykh-&de, S. I.; Petrov, A. D. Zh. Obshch. Khim. 1959,29,3194. 
Dokl. Akad. Nauk SSSR 1968,121,119. 


(3) Yoshii, E.; Koizumi, T.; Ikeshima, H.; Ozaki, K.; Hayashi, I. Che? 
Pharm. Bull. 1975,23, 2496. Yoshii, E.; Ikeshima, H.; Ozaki, K. Zbcd. 
1972,20,1827. 


(4) Ojima, I.; Kogure, T.; Nagai, Y. Tetrahedron Lett. 1972, 5035. 
(5) Hayashi, T.; Yamamoto, K.; Kumada, M. Tetrahedron Lett. 1975, 


(6) Ojima, I.; Kogure, T.; Nagai Y. Chem. Lett. 1975, 985. 
(7) Ojima, I.; Yamamoto, K.; Kumada, M. In ‘Aspects of Homoge- 


neous Catalysis”; Ugo, R., Ed., D. Reidel Publishing Co.: Dordrecht, 
Holland, 1977: Vol. 3, pp 186-228. 
(8) Kobayashi, M.; Koyama, T.; Ogura, K.; Seto, S.; Ritter, F. J. 


Bragemann-Rotgans, I. E. M. J. Am. Chem. Soc. 1980,102,6602. 
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Results and Discussion 
Selective Reduction of Various a,&Unsaturated 


Ketones and Aldehydes. We carried out the hydro- 
silylation of a variety of a,@-unsaturated ketones and al- 
dehydes catalyzed by tris(tripheny1phosphine)chloro- 
rhodium followed by the methanolysis of the adducts. 
Results are summarized in Table I. 
As Table I clearly shows, monohydrosilanes bring about 


the selective hydrogenation of carbon-carbon double bond 
conjugated to carbonyl group via silyl enol ether I, whereas 
dihydrosilanes and trihydrosilanes effect the selective re- 
duction of carbonyl group via allylic silyl ether 11. 


For instance, the reduction of geranial using triethyl- 
silane afforded citronellal exclusively in 97 % yield while 
that using diphenylsilane gave geraniol as sole product in 
97% yield. In each reaction, no isomerization, hydrogen- 
ation, or hydrosilylation of the isolated double bond in the 
substrate and the product was observed. This is a syn- 
thetically valuable characteristic of the present reduction 
system: it should also be noted that catalytic hydrogen- 
ation with tris(tripheny1phosphine)chlororhodium cannot 
be used for the preparation of citronellal from citral be- 
cause of the occurrence of exclusive decarbonylati~n.~ 


It was also found that the dihydr~silane-(Ph~P)~RhCl 
combination in the selective carbonyl reduction of a,@- 
unsaturated ketones and aldehydes displayed an exceed- 
ingly higher selectivity than usual metal hydrides. The 
comparison of the selectivities obtained by the present 
system with those attained by commonly used metal hy- 
drides are shown in Table 11. 
As Table I1 shows, the reduction with lithium tri-tert- 


butoxyaluminum hydride or sodium borohydride suffers 
from the formation of side products in the case of both 
ketones.1° Although lithium borohydride reduction of 
pulegone gave pulegol in excellent yield, that of piperitone 
afforded a large amount of the conjugated reduction 
product in addition to the desired menthenol.1° Lithium 
aluminum hydride reduced both ketones exclusively to the 
corresponding allylic alcohols, but the conversion should 
remain low to achieve the excellent selectivity for pule- 
gone.1° On the other hand, either Et2SiH2-(Ph3P)3RhC1 
or Ph2SiH2-(Ph3P),RhC1 combination turned out to be 


(9) Birch, A. J.; Walken, K. A. M. J.  Chem. SOC. C 1966, 1894. 
(IO) Wheeler, J. W.; Chung, R. H. J. Org. Chem. 1969, 34, 1149. 


0 1982 American Chemical Society 
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Table I. Regioselective Reductions of a,P-Unsaturated Ketones and Aldehydes via Hydrosilylation" 
entry substrate hydrosilane conditns II/IVe yield,b % 


1 


Go 


&o 


& 5 


h 6 


a. 7 


&- 8 


0" 9 


2 


4 


Et,SiH 
PhSiH, 


Et,SiH 
Ph ,SiH , 


EtMe,SiH 
Ph ,SiH , 


Et,SiH 
Ph,SiH, 


EtMe,SiH 
Ph ,SiH , 


Et,SiH 
Ph ,SiH , 


Et,SiH 
Et,SiH, 


EtMe,SiH 
Ph,SiH, 


Et,SiH 
Ph,SiH, 


50 OC, 1 h 
rt,f 1 h 


9911 
1/99 


rt, 1 h 10010 
cooled with ice-water bath, 1 h 0/100 


benzene (10 mL), 25 OC, 15  h 98/2c 
rt, 30 min O / l O O C  


50 "C, 2 h 
rt, 30  min 


lO0lOC 
O / l O O C  


45 OC, 4 h 9812 
cooled with ice-water bath, 30 min 1/99 


50 OC, 30 h lOOl0 
cooled with ice-water bath, 40 min 0/100 


80 "C, 25 h 9416 
cooled with ice-water bath, 30 min 3/97 


benzene (10 mL), rt, 2 h 
rt, 20 min 


78/22C 
O / l O O C  


benzene (10 mL), 50 "C, 5 h d  87/13 
rt, 1 h 3/97 


95 
95 


97 
97 


94 
98 


96 
97 


90 
97 


97 
97 


96 
98 


97 
98 


95 
96 


a Reactions were run with 10 mmol of substrate, 11 mmol of hydrosilane, and 1.0 X lo-,  mmol of Ph P ,RhCl followed 
G d  analysis unless by methanolysis with K,CO, (10 mg -MeOH (10 mL) at  room temperature unless otherwise noted. 


otherwise noted. 
allylic alcohol. f Room temperature. 


NMR analysis. (1 5.0 X lo- '  mmol of(Ph,P),RhCl was used. e a,P-Unsaturated ketone (aldehyde)/ 


R3 . R 3  


R3 


12- R2>CHC=CR4 R1 I 
I 


(Ph3PbRhCI I OSiR3 


I 


able to convert both ketones to the desired alcohols ex- 
clusively. 


Regioselective Deuteration with Diphenyldi- 
deuteriosilane and Triethyldeuteriosilane. We applied 
the present reduction method to the regioselective deu- 
teration by using deuteriosilanes. Geranial was chosen as 
a typical substrate, and triethyldeuteriosilane and di- 
phenyldideuteriosilane as the deuteriosilane. The deu- 
teriosilylation of geranial using triethyldeuteriosilane 


dSiHR2 


I1 


methonolysis - R' \ I  
R2/CHCHCR4 II 


0 


I11 
R3 


R', ,C=C-CHR4 I 
R2 1 


OH 
IV 


followed by methanolysis was carried out in a usual con- 
ditions to give citronellal-3-d exclusively. Similarly, the 
reaction using diphenyldideuteriosilane afforded gera- 
niol-1-d, exclusively. No scrambling of deuterium took 
place in both cases. Consequently the deuteriosilane 
(Ph3P),RhC1 combination can serve as a convenient 
reagent for regiospecific deuteration which leads either to 
the 1-dl allylic alcohol or to the 3 - 4  ketone or aldehyde 
(es 1). 
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Table 11. Selectivities in the 1,2-Reduction of Pulegone ( 8 )  and Piperitone (10) with Metal Hydrides 
8 b  l o b  


;4; p o b  $+c &. &.. / 6;- reducing agent 
Et ,SiH,-( Ph,P)RhCl 100 100 
Ph,SiH,-(Ph,P),RhCl 100 100 
LiAlH, a 49 51 100 
LiAl(O-t-Bu),Ha 39 43 18 29 24 47 
LiBH" a 7 93 23 48.5 28.5 
NaBH:, a 18 36 


a See ref 10. Substrate. 


Go 2 


46 60 22 18 


OSiEt3 


I 


YYoS'DPh2 D 


On the Factors Controlling the  Regioselectivity of 
the Reaction. As Tables I and I1 demonstrate, the re- 
gioselectivity of the hydrosilylation of a,@-unsaturated 
ketones and aldehydes is governed by the type of hydro- 
silane employed, and Table I (entries 8 and 9) also indi- 
cates that the selectivity of the 1,4 addition of mono- 
hydrosilane is more or less dependent upon the structure 
of the substrate. Steric hindrance at  C" and C@ position 
seems to cause a decrease of regioselectivity. Accordingly, 
we examined the effects of the structures of substrate and 
hydrosilane on the regioselectivity. In the first place, 
mesityl oxide (I), geranial(2), and &ionone (3) were chosen 
as the substrates, and ethyldimethylsilane, phenyldi- 
methylsilane, triethylsilane, diisopropylsilane, diethyl- 
silane, phenylmethylsilane, diphenylsilane, and phenyl- 
silane were employed as the hydrosilanes. The results are 
summarized in Table 111. 


As Table I11 shows, the selectivity of 1,4 addition of a 
monohydrosilane as well as that of 1,2 addition of a di- 
hydrosilane is considerably influenced by the substituent(s) 
on silicon and also by the structure of the substrate. 
Namely, it turns out that (i) mesityl oxide is a substrate 
which tends to favor the formation of 1,4 adduct, whereas 
@-ionone prefers the 1,2 addition, (ii) phenyl(s) and hy- 
drogen(s) on silicon accelerate the 1,2 addition while al- 
kyl(~) on silicon increases the ratio of the 1,4 addition, and 
(iii) as a rather special case, diisopropylsilane, which has 
bulky alkyl substituents, affords the 1,4 adduct predom- 
inantly in the reaction of mesityl oxide. 


At any rate, a proper choice of hydrosilanes can achieve 
good to excellent regioselectivities as far as aliphatic a,@- 
unsaturated ketones and aldehydes are concerned. How- 
ever, the introduction of phenyl group(s) to the conjugate 
enone system is found to bring about a dramatic change 
in the regioselectivity in some cases. For instance, the 
reduction of chalcone (1 1) or crotonophenone (12) with the 
hydrosilane-(Ph,P)3RhC1 system always afforded di- 
hydrochalcone or butyrophenone via exclusive 1,4 addition 
regardless of the kind of hydrosilane employed. Di- 
hydrochalcone was the sole product even when di- 


Table 111. Effects of the Structure of Hydrosilane on the 
Renioselectivity of Hsdrosilulationa 


mesityl 
oxide (l)d geranial (2)d P-ionone (3)d 
1,46 yield, 1,46 yield, 1,4/ yield, 


hydrosilane 1,2 % 1,2 % 1,2c % 


EtMe,SiH lOO/O 99 100/0 92 9812 94 
PhMe,SiH 99/1 98 85/15 95 
Et,SiH 99/1 95 100/0 97 78/22 95 
i-Pr,SiH, 87/13 93 49/51 94 
Et,SiH, 43/57 90 3/97 95 0/100 98 
PhMeSiH, 39/61 98 
Ph,SiH, 7/93 99 0/100 97 0/100 98 
PhSiH, 1/99 95 


a All reactions were run with 5.0 mmol of substrate, 5.5 


Determined by NMR analysis of hydrosilyla- 


Table IV. Regioselectivities in the Hydrosilylation of 


mmol of hydrosilane and 5.0 X lo-) mmol of (Ph,P),- 
RhCl. 
products. 
tion products. Substrate. 


Determined by GLC analysis of methanolyzed 


Chalcone ( 1  l ) ,  Crotonophenone (1  2), 
Benzalacetone (13), and Cinnamaldehyde ( 14)a 


hydro- 
substrate silane conditns 1,4/1,2 


PhCH=CHCOPh 
(11) 


(12) 


(13)  


(14) 


MeCH=CHCOPh 


PhCH=CHCOMe 


PhCH=CHCHO 


Et,SiH 
Ph,SiH, 
PhSiH, 
E t,SiH 
Ph ,SiH , 
Et,SiH 
Ph,SiH, 
Et,SiH 
Ph,SiH, 


25 'C, 15 h C  
0-25 O C ,  6 h 
0-25 "C, 6 h 
45 'C, 15 h 
0-25 "C, 6 h 
45 "C, 15 h 
0-25 'C, 6 h 
45 'C, 1 h C  
0-25 "C, 2 h 


100/0 
100/0 
lOOl0 
100/0 
loolo 
63/37 
40/60 
100/0 
0/100 


All reactions were run with 5.0 mmol of substrate, 6.0 


Determined by NMR analysis of the metha- 
Benzene (1 mL) was used as solvent. 


mmol of hydrosilane, and 5.0 X low3 mmol of (Ph,P),- 
RhCl. 
nolyzed products. 


phenylsilane or phenylsilane was used. The hydrosilylation 
of benzalacetone (13) with triethylsilane or diphenylsilane 
gave a mixture of the 1,4 adduct and 1,2 adduct. In con- 
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Table V.  Dependency of Regioselectivity on the Concentration of Reactants" 
[substrate] I temp, time, 
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entry substrate hydrosilane [hydrosilane] solvent C h methodb 1,4/1,2' 


1 mesityl oxide (1) Ph,SiH, 1/1.5 none 0 1 A 7/93 
2 1 Ph ,SiH , 111.5 benzene (40 mL) 25 20 A 54/43 
3 1 Ph ,SiH , 111.5 benzene (100 mL) 25 20 A 63/31 
4 1 Ph,SiH, 111.5 benzene (20 0 mL) 25 20 A 79/21 
5 1 Ph,SiH, 111.5 none 25 2 B 2/98 
6 1 Ph,SiH, 111.5 none 25 2 C 43/57 
7 1 Et,SiH 111.5 none 50 2 B 9416 
8 1 Et,SiH 111.5 none 50 2 C 9911 
9 0-ionone (3) Et,SiH 1/10 none 50 3 A 64/36 
10 3 Et,SiH 111.5 none 50 3 A 78/22d 
11 3 Et,SiH 111.5 benzene (10 mL) 50 12  A 86/14d 


a Reactions were run with 2.0 mmol of substrate, 3.0-20 mmol of hydrosilane, and 4.0 X 10-3-2.0 X lo - '  mmol of 
(Ph,P),RhCl. * Method A: a mixture of substrate and hydrosilane was added to the catalyst, Method B: substrate was 
added dropwise to the mixture of hydrosilane and the catalyst. Method C: hydrosilane was added dropwise t o  the 
mixture of substrate and the catalyst (see Experimental Section). 
products unless otherwise noted. 


Determined by GLC analysis of the methanolyzed 
Determined by NMR analysis of the hydrosilylation products. 


trast with these, the hydrosilylation of cinnamaldehyde 
(14) proceeded following the normal regioselectivity; Le., 
the reaction with triethylsilane gave 1,4 adduct exclusively 
while that with diphenylsilane gave 1,2 adduct as sole 
product. Results are listed in Table IV. 


Next, we studied the effects of reaction variables on the 
regioselectivities. Table V illustrates the marked depen- 
dency of regioselectivity on the concentration of reactants 
using the reaction of mesityl oxide and diphenylsilane as 
a typical example. As is immediately seen from Table V, 
the 1,2 addition takes place with excellent selectivity a t  
a high concentration of diphenylsilane (entries 1 and 5), 
whereas the 1,4 addition becomes predominant as the 
concentration of the hydrosilane decreases: The 1,4 ad- 
dition/l,2 addition ratio is reversed to 79/21 at  a high 
dilution of diphenylsilane. A similar dependency of re- 
gioselectivity on the concentration of hydrosilane was 
observed when triethylsilane and p-ionone were used. The 
results strongly imply that the reaction involves a bimo- 
lecular reductive elimination process. 


As for the effects of reaction temperature on the re- 
gioselectivity, it turned out that higher temperatures fa- 
vored the production of the 1,4 adduct. For example, in 
the hydrosilylation of mesityl oxide (5.0 mmol) with di- 
phenylsilane (6.0 mmol) in benzene (10 mL) the ratio of 
1,4 addition/l,2 addition changed from 15/85 at  ice-water 
cooled temperature to 64/36 in refluxing benzene: 30170 
a t  25 "C and 45/55 at  50 "C. 


During the course of our investigation, Sharf et al. re- 
ported similar preliminary results by using 2-cyclo- 
hexenone as substrate and diphenylsilane and phenylsilane 
as the hydrosilanes.'l 
On the Mechanism of Regioselective Hydro- 


silylation. As to the mechanism of the hydrosilylation 
of simple carbonyl compounds catalyzed by Willrinson-type 
rhodium complexes, we and others proposed the one which 
involves an initial silicon migration from the oxidative 
adduct to the carbonyl oxygen of the coordinated substrate 
giving (a-siloxyalky1)rhodium hydride as the key inter- 
mediate.'~'~ Recent spin-trapping experiments done by 
Kagan et al. also support the proposed me~hanism.'~ 
Thus, it is quite reasonable to assume that the hydro- 


(11) Sharf, V. Z.; Treidlin, L. Kh.; Shekoyan, I. S.; Krutii, V. N. Izu. 
Akad. Nauk SSSR, Ser. Khim. 1977, 1087. 


(12) (a) Ojima, I.; Kogure, T.; Kumagai, M. J. Org. Chem. 1977, 42, 
1671. (b) Ojima, I.; Kogure, T.; Kumagai, M.; Horiuchi, S.; Sato, T. J. 
Organomet. Chem. 1976,122,83. (c) Ojima, I.; Nihonyanagi, M.; Nag=, 
Y. Bull. Chem. SOC. Jpn. 1972,45,3722; (d) Hayashi, T.; Yamamoto, K.; 
Kumada, M. J. Organomet. Chem. 1976,113, 124. (e) Yamamoto, K.; 
Hayashi, T.; Kumada, M. Ibid. 1973,54, C45. 


(13) Peyronel, J. F.; Kagan, H. B .  Nouu. J. Chim. 1978, 2, 211. 


Scheme I 


XRZSIH V 


VI / 
/ 


I 


VIIa 


kH I 
VIIb 


. H  


11, 1,2 adduct I, 1,4 adduct 


silylation of a,@-unsaturated ketones and aldehydes also 
follows the proposed mechanism. In addition, the possible 
isomerization of the produced 1,2 adduct to 1,4 adduct 
was excluded since no change in 1/11 ratio was observed 
at  all by NMR analysis even when the reaction mixture 
was heated at  80-100 "C for a prolonged period of time. 


The most plausible mechanism which can accommodate 
the observed regioselectivity is illustrated in Scheme I. 
The mechanism involves an (a-siloxyally1)rhodiu.m hydride 
(VIIa) as the key intermediate and a hydrogen shift from 
VIIa gives the 1,2 adduct 11, whereas an isomerization of 
VIIa gives the other intermediate, (ysiloxyally1)rhodium 
hydride (VIIb), and a hydrogen shift from VIIb then af- 
fords the 1,4 adduct (I). 


In connection with the proposed mechanism shown in 
Scheme I, we carried out the spin-trapping experiment in 
the hope of obtaining supporting evidence of the inter- 
mediacy of VIIa,b. The EPR spectra, obtained by adding 
nitrosodurene to the hydrosilylation system which consists 
of p-ionone, diphenylsilane, and (Ph3P),RhC1, are shown 
in Figures 1 and 2. Figure 1 shows the EPR spectrum 
measured 15 min after mixing of the reagents. The 
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Table VI. Spectral Data for Hydrosilylation Products (I and 11) 


hydrosilylation product 'H NMR (6 (ppm); solvent CC1, unless otherwise noted) 
0.30-1.25 (m, 15  H) (Hf), [0.90 (d,  J =  7 Hz) (E), 0.95 (d, J =  7 


Hz) (Z)] ( 6  H) (Ha, Hb), 1.72 (m, 3 H )  (He), 2.20-2.90 (m, 1 
H) (HC), [4.15 (d, J =  9 Hz) (Z), 4.39 (d, J =  9 Hz (E)] (1 H) 


C l p  


CH 3" 
;:H %"C Cb,',CS(. 4%' , c 38 'C 5 t " I  


(Hd) 
0.15 (s, 6 H) (H'), 0.40-1.30 (m, 11 H) (Ha, Hb, Hg), 1.70 (m, 3 


H) (He), 2.30-3.00 (m, 1 HA (HC), [4.16 (d, J =  9 Hz) (Z)  4.37 
(d, J =  9 Hz) (E)] (1 H) (H ) 


0.42 (s, 6 H) (Hf), 0.89 (d, J =  7 Hz, 6 H) (Ha, Hb), 1.65 (m, 3 
H) (He), 2.30-3.00 (m, 1 HJ (Hc), [4.23 (d, J =  9 Hz) (Z), 4.40 
(d, J =  9 Hz) (E)] (1 H )  (H ), 7.10-7.70 (m, 5 H) (Hg) 


4.75 (m, 1 H) (H ), 4.35 (quintet, J =  2 Hz, 1 H) (Hf), 5.13 
(m, Jc-d = 9 Hz, 1 H) (HY 


1.23 (d, J =  6.5 Hz, 3 H )  (He), 1.40 (d, Ja-c = 1.5 Hz, 3 H) (Ha), 


0.30-1.30 (m, 13 H (Hg, He), 1.70 (m, 6 H) (Ha, Hb), 4.25- h 


1.60 (d,  Jb-c = 1.2 HZ, 3 H) (Hb), 4.57 (d Of quartet, Jc-d 
8.5 HZ, Jd-e = 6.5 HZ, 1 H) (Hd), 5.15 (m, Jc-d = 8.5 Hz, 1 H) 
(HC), 7.00-7.70 (m, 10 H) (Hg) 


H )  (Hb), 1.90 (m, 2 H) (Hd), 2.62 (m, 1 H) (Hg), [4.11 (d of d, 


12  Hz) (E)] (1 H )  (Hh), 5.00 (m, 1 H) (HC),.f6.04 (d, Jh-i = 6 


0.40-1.40 (m, 20 H) (Hj, Hf, He), 1.55 (s, 3 H) (Ha), 1.63 (s, 3 


Jg-h = 9 HZ, Jh-i = 6 HZ) (z) ,  4.68 (d Of d, J -h = 9 HZ, Jh-i = 


HZ) (Z), 6.07 (d, Jh-i = 12  Hz) (E)  (1 H) (H') 


0.13 (s, 6 H) (Hj), 0.40-1.40 (m, 10 H) (Hk, Hf He), 1.58 (s, 3 
H) (Ha), 1.66 (s, 3 H) (Hb), 1.90 (m, 2 H) (HA), 2.59 (m, 1 H) 


(HCf [6.04 (d, Jh-i = 6.5 Hz) (z), 6.09 (d,  &-i= 12  Hz) (E)] 


(Hg), [4.17 (d of d, Jg-h = 9 Hz, Jh-i = 6 Hz) ( z ) ,  4.69 (d of 
d , J  -h=gHZ,Jh- i=6 .5Hz)(E)]  (1H)(Hh) ,5 .02(m,  1 H )  


(1 H) (H') 
C H 3 l  CP3i  1.52 (s, 3 H) (Hf), 1.60 (s, 3 H) (Ha), 1.69 (s, 3 H) (Hb), 1.80- 


2.26 (m, 4 H) (Hd, He), 4.31 (d, J =  7 Hz, 2 H) (Hh), 5.10 (m, 
1 H) (HC), 5.38 (t, J =  7,Hz, 1 H) (Hg), 5.39 (s, 1 H) (Hi), 
7.20-7.85 (m, 10 H) (HI) 


' 3 s  H C6Hg')z 0 1 )  


CH: 


E3 t o r i ! '  


0.19 (s ,  6 H) (Hh), 0.40-1.20 (m, 5 H) (Hi), 0.98 (s, 6 H) (Ha, 
Hb), 1.25-2.16 (m, 6 H) (HC), 1.54 (s, 3 H) (Hd), 1.73 (d, 
Jf- 
[4.34 (t, Je-f = 6.5 Hz) (E), 4.50 (t, J f -g  = 6.5 Hz) (E)] (1 H) 


= 1.5 Hz, 3 H) (Hg), 2.60 (d, Je- f  = 6.5 Hz, 2 H) (He), 


(Hf) 


0.94 (s, 6 H )  (Ha, Hb), 1.33 (d, J -h = 7 Hz, 3 H) (Hh), 1.61 (s, 
3 H )  (Hd), 1.20-2.20 (m, 6 H)qHC), 4.48 (quintet, Jf- = Jg-h 
= 7 Hz, 1 H) (Hg), 5.45 (d of d, Jfqg = 7 Hz, Je-f = 1 6 k z ,  1 
H)(Hf),5.50(~,1H)(H'),6.00(d,Je-f=16H~, l H ) ( H e ) ,  
7.20-7.80 (m, 10 H) (HI) (in CDCl,) 


0.40-1.20 (m, 16 H) (Ha, Hb, Hj), 1.28 (d, J -h = 7 Hz, 3 H) 
(Hh), 1.64 (s,  3 H) (Hd), 1.40-2.30 (m, 6 A )  (HC), 4.35 
(quintet, Je,f = Jf-g = 7 Hz, 1 H) (Hg), 4.49 (quintet, J = 2 


(Hi), 6.05(d, Je-f = 16 Hz, 1 H )  (He) (in CD61,) 
HZ 1 H) (H'), 5.41 (d of d, Je-f = 16 Hz, Jf- = 7 Hz, 1 H) 


0.46 (s, 6 H )  (Hh), 0.95 (s, 6 H) (Ha, Hb), 1.54 (s, 3 H) (Hd), 
1.69 (d,  Jf-g = 1.5 Hz, 3 H) (Hg), 1.40-2.20 (m, 6 H) (Hc), 
2.67(d,Je_f=7Hz,2,H)(He),4,28(t,Je_f=7Hz,1H)(Hf), 
7.20-7.70 (m, 5 H) (H') (in CDCl,) 


ci: 


\OS CH; &Lis (op 132 "C C 1E tor r ) fm xrure!(GLC s e p l r o t  c r  I 


CH: b e  0.38 (s, 6 H) (H'), 0.95 (s, 6 H) (Ha, Hb), 1.33 (d, Jg-h = 7 Hz, 
3 H) (Hh), 1.54 (s, 3 H) (Hd), 1.40-2.20 (m, 6 H) (HC), 4.37 


H z , J f - g = 7 k ~ ,  f H ) ( H f ) , 5 . 9 5 ( d , J e - f = 1 6 H z , 1 H ) ( H e ) ,  
7.20-7.70 (m, 5 H )  (HI) (in CDCl,) 


0.40-2.20 (m, 21 H) (Hh, Ha, Hb), 1.54 (s, 3 H) (Hd), 1.75 (d, 
J f - g  = 1.5 Hz, 3 H) (Hg), 1.40-2.20 (m, 6 H) (HC), 2.67 (d, 
Je-f=7Hz,2H)(He),4.17(t,Je-f=7Hz,1H)(Hf)(in 
CDCl,) 


@ ~ ~ ~ H 3 ! z C 5 t 4 ~  (bo 132 'C(O18 IorrXrr r ture!GLC %parat on1 (quintet, Jf- = J -h = 7 Hz, 1 H) (Hg), 5.39 (d Of  d, Je-f = 16 4 cHp"2 


/ C 1 3 Q  


'3s (C-~;I= bp 125 "c(c 8 + c r r x n  xTJre! GIC w o m t  c.ni 
J! 
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Table VI (Continued) 
hydrosilylation product 'H NMR (6 (ppm); solvent CC1, unless otherwise noted) 


O S I ( C Z H ~ ) ~  IbplOZ 'C(0 15 torr1 


I 
CH: 


OSi lC2H213 M G L C  reparation11 


0.40-2.20 (m, 21 H) (Hi Ha, Hb), 1.22 (d, J -h = 7 Hz, 3 H) 
( H h ) , 1 . 5 4 ( s , 3 H ) ( H d ) ,  1.40-2.20(m,6W)(HC),4.27 


Hz,Jf_ (in CDel,) =7kz,fH)(Hf),5.94(d,Je_f=16Hz,1H)(He) 
(quintet, Jf- = J -h = 7 Hz, 1 H) (Hg), 5.33 (d of d, Je-f = 16 


0.40-1.30 (m, 21 H) (Hj, 
Hf, He, Hi), 4.32 ( t ,  J =  


Ha, Hb), 1.30-2.30 (m, 1 3  
7 Hz, 1 H) (Hh), 5.27 (b  s, 


0.77 (s, 3 H) (Ha), 0.86 (s, 3 H) (Hb), 1.27 (d, Ji-. = 6 Hz, 3 H) 
(Hj), 1.53 (m, 3 H) (He), 1.00-2.30 (m, 5 H) (dc, Hf), 4.39 
(m 1 H) (Hl), 5.18-5.55 (m, 3 H) (Hd, Hg, Hh), 5.40 (s, 1 H) 
(H'), 7.10-7.80 (m, 10  H)  (H') 


0.11 (s, 6 H) (HC), 0.30-1.30 (m, 5 H) (Hd), 1.68 (s, 3 H) (Ha), 
1.35-2.40 (m, 8 H) (Hb) 


1.10-2.30 (m, 6 H)  (HC) 1.70 (b s, 3 H) (Ha), 4.17 (m, 1 H) 
(Hd), 5.44 (m, 1 H) (Hb), 5.49 ( 8 ,  1 H) (He), 7.10-7.80 (m, 
10  H) (Hf) 


0.30-1.20 (m 18 H) (Ha, Hd), 1.35-2.50 (m, 7 H) (HC), 4.62 
(m, 1 H) (Hb) 


1.20-2.40 (m, 6 H) (HC) 1.64 (m, 3 H) (Ha), 4.33 (m, 1 H) 
(Hd), 5.42 (m, 1 H) (Hb), 5.45 (s, 1 H) (He), 7.10-7.70 (m, 10  
H) (Hf) 


0.28-1.35 (m, 15 H) (Hd), 1.35-2.41 (m, 14 H) (Hb, HC), 4,44 
(b s, 1 H) (Ha) 


0.25-1.35 (m 10  H) (Hf), 1.35-2.30 (m, 13 H) (Hc, Hd), 4.17 
(m, 1 H) (Hb), 4.43 (quintet, J =  2 Hz, 1 H) (He), 5.28 (b s, 


0.14 (s, 6 H) (Hh), 0.30-1.35 (m, 14 H) (Ha, Hb, Hf, Hi), 1.35- 
2.30 (m, 7 H) (Hd, He, Hg), 2.94 (septet, J =  7 Hz, 1 H) (HC) 


1 H) (Ha) 


0.60-1.90 (m, 8 H) (Hd, He, Hf, Hg), 1.46 (s, 3 H) (Hb), 1.56 
(s, 3 H) (Ha), 2.24 (m, 2 H) (HC), 4.89 (t, J =  4 Hz, 1 H) (Hh), 
5.40 (s, 1 H) (Hl), 7.20-7.90 (m, 1 0  H) (HI) 


0.30-1.35 (m, 13 H) (Hf, Hj), 1.35-2.00 (m, 6 H) (Hd, He, Hg), 
1.69 (s, 3 H) (Hb), 1.76 (s, 3 H).(Ha), 2.22 (m, 2 H) (HC), 
4.35 (quintet, J =  2 Hz, 1 H) (Hl), 4.67 (t, J =  4 Hz, 1 H) (Hh) 


0.93 (d, J =  7 Hz, 6 H)  (Ha, Hb), 1.35-2.10 m, 6 H) (HC, Hd, 
He), 1.60 (b s, 3 H) (Hf), 4.30 (m, 1 H) (H 6 ), 5.43 (m, 1 H) 
(Hg), 5.45 (s, 1 H) (HI), 7.10-7.90 (m, 10  H) (Hj) 


0.30-1.35 (m, 10  H) (Hj), 0.92 (d, J =  7 Hz, 6 H) (Ha, Hb), 
1.35-2.20 (m, 6 H) (HC, Hd, He), 1.67 (b s, 3 H) (Hf),  4.12 
(m, 1 H) (Hh), 4.43 (quintet, J =  2 Hz, 1 H) (Hl), 5.50 
(m, Jg-h = 5 Hz, 1 H) (He) 


0.30-1.05 (m, 15 H) (Hd), 1.32-1.55 (m, 6 H) (HC), 1.75 (s, 3 
H) (Ha), 1.80-2.30 (m, 4 H) (Hb, Hb') (in CDCI,) 
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Table VI (Continued) 


Ojima and Kogure 


hydrosilylation product 'H NMR (6 (ppm); solvent CCl, unless otherwise noted) 


C,H,aCH~CHC=C(C,H,d)OSi( C,HP ), (oil) 


C,H,aCH,bCHC=C( C,H ,d)OSiHe( C6Ht)1 (oil) 


CH,aCH,bCHC=C(C,H,d)OSi(C,H~), (bp 89 "C 
(0.2 torr)) 


CH,aCH,bCHC=C( C,H,d )OSiHe( C6Hsf), (oil) 


C,H,aCH,bCHC=C( CH,d)OSi( C,H/ ), 
(bp 105 "C (0.32 torr) (mixture) (GLC separation)) 


C6H Hb %CH; 
H' OS1 ( C Z H ~ ' ! ~  lbp 105 "C(0 32 torrXrmxture)(GLC separmim!l 


C,H ,aCH,bCBC=C(CH,d)OSiHe( C,H s f ) ,  (oil) 


c6Hl& tib 


O S ~ H ' ( C ~ H ? ) ~  (011) 


C,H,aCH,bCHC=CHdOSi(C,H/), (bp 155 "C (20 torr)) 


spectrum indicates that there are two seta of signals, i.e., 
one triplet (g = 2.0069, U N  = 12.6 G) and one doublet of 
triplet (g = 2.0069, U N  = 12.9 G ,  aH = 8.4 G). Figure 2 
shows the spectrum measured after 30 min, in which the 
triplet diminishes and the doublet of triplet becomes 
predominant. It is suggested that the triplet is due to 
a-siloxyallyl nitroxide (15) and the doublet of triplet, to 
y-siloxyallyl nitroxide (16). w 


ZN-0. 


#0SiHPh~ 


15 16 


0.30-1.05(m, 1 5 H ) ( H f ) ,  l . 1 6 ( d , J a - b = 6 . 5 H ~ , 3 H ) ( H a ) ,  
1.55 (m, 4 H) (Hd), 1.96 (m, 4 H) (HC, HcL, 4.10 (quartet, 
Ja-b = 6.5 Hz, 1 H) (Hb), 5.56 (m, 1 H) (H ) (in CDCI,) 


1.27(d,Ja-b=6.5Hz,3H)(Ha),1.50(m,4H)(Hd),1.92(m, 


( 8 ,  1 H) (Hf), 5.56 (m, 1 H) (He), 7.20-7.80 (m, 10  H) (Hg) 
(in CDCl,) 


0.30-1.13 (m, 15 H)\He), 3.42 [(d, J =  8 H z )  (E), 3.56 ( d , J =  
7 Hz) (Z)] (2  H) (H ), [5.21 ( t ,  J =  8 Hz) (E), 5.30 (t, J =  7 
Hz) (z)]  (1 H) (HC), 7.00-8.20 (m, 10  H) (Ha, Hd) (in CDCI,) 


[3.52 (d, J =  7.5 Hz) (E), 3.59 (d, J =  7 Hz) (Z)] (2  H) (Hb), 
5.30 ( t ,  J =  7 Hz, 1 H) (Hc, E + Z), [5.67 (sl(E), 5.69 (8) (Z)] 
(1 H) (He), 6.95-7.75 (m, 20 H) (Ha, Hd, H ) 


0.30-1.50 (m, 18 H) (Ha, He), [2.09 (quintet, J =  7 Hz) (E), 
2.21 (quintet, J =  7 Hz) (Z)] ( 2  H) (Hb), [5.00 (t ,  J =  7 Hz) 
(E)  5.07 (t, J =  7 Hz) (Z)] ( 1  H) (HC), 7.10-8.00 (m, 5 H) 
( ~ d )  (in CDCI,) 


[0.85 (t,  J =  7 Hz) (Z), 0.87 (t,  J =  7 Hz) (E)] ( 3  H) (Ha), [2.18 
(quintet, J =  7 Hz) (Z), 2.18 (quintet, J =  7 Hz) (E)1 ( 2  H) 
(Hb), [5.12 (t, J =  7 Hz) (Z), 5.20 (t,  J =  7 Hz) (E)] (1 H) 
(HC), 15.60 (s] (E), 5.62 (s) (Z)] (1 H) (He), 7.00-7.80 (m, 
15  H) (Hd, H ) ( in  CDCl,) 


0.30-1.15 (m, 15 H) (He), 1.82 ( 8 ,  3 H )  (Hd), [3.29 ( d , J =  7 
Hz) (Z), 3.36 (d, J =  7 Hz) (E)] (2  H) (Hb), [4.59 (t,  J =  7 
Hz) (E), 4.86 ( t ,  J =  Hz) (Z)] (1 H) (HC), 7.00-7.40 (m, 5 H) 
(Ha) 


4 H) (HC, H"), 4.30 (quartet, Ja-b = 6.5 Hz, 1 H) (Hb), 5.41 


0.30-1.15 (m, 15  H) (He), 1.31 (d, J =  6 Hz, 3 H) (He), 4.45 
(quintet, J =  6 Hz, 1 H )  (€Id), 6.18 (d of d, Jb-c = 15  Hz, 


7.00-7.40 (m, 5 H) (Ha) 


Hz, 1 H) (Hc), 5.60(s, 1 H) (He), 6.90-7.80 (m, 1 5  H) 


Jc-d = 6 Hz, 1 H) (HC), 6.53 (d, Jb-c = 1 5  Hz, 1 H) (Hb), 


1.83 (s, 3 H) (Hd), 3.18 ( d , J =  7 H z ,  2 H) (Hb), 5.10 ( t , J =  7 


(Ha, Hf) 
1.37 (d, J =  6 Hz, 3 H) (He), 4.60 (quintet, J =  6 Hz, 1 H) (Hd), 


5.50 (s,  1 H) (Hf), 6.17 (d of d, JbmC = 15  Hz, Jc-d = 6 fh, 
1 H) (Hc), 6.48 (d, Jb-c = 15 Hz, 1 H) (Hb), 6.90-7.80 (m, 
15  H) (Ha, Hg) 


0.40-1.15 (m, 15 H) (He), [3.15 (d Of d, JbmC = 7.5 H2,Jb-d = 
1.5 b) E , 3.34 (d Of d, = 7.5 HZ, Jb-d = 1.5 HZ) (z ) ]  


5 . 0 1 ( d 0 f t , J b - c = 7 . 5 H ~ , J c - ~ = 1 2 . 5 H ~ ) ( E ) ]  ( l H ) ( H C ) ,  
[3.12 (d Oft, Jc-d = 5.5 HZ, Jb-d = 1.5 HZ) ( z ) ,  6.20 (d O f t ,  
Jc-d = 12.5 HZ, Jb-d = 1.5 HZ) (E)] (1 H) (Hd), 6.95-7.35 


( 2 H ) ( H  6' ), [4 .53 (d0f t , Jb -c=  7.5Hz,Jc-d=5.5Hz)(Z) ,  


(m, 5 H) (Ha) 
4.43 (d, Jc-d = 6 Hz, 2 H) (€Id), 5.50 (s, 1 H )  (He), 6.22 (d of d, 


Jb-c = 15 HZ, Jc-d = 6 HZ, 1 H) (HC), 6.60 (d, JbmC = 15  HZ, 
1 H)  (Hb), 6.95-7.90 (m, 15 H) (Ha, H') (in CDCI,) 


When diphenylsilane was mixed with nitrosodurene in 
toluene, the EPR spectrum of the solution only showed 
the signals due to PhCH2N(0)C6H(Me)4 (g = 2.007, a~ = 
13.6 G, UM = 8.0 G). The EPR spectrum of a mixture of 
0-ionone, (Ph3P)3RhCl, and nitrosodurene in toluene 
displayed very complicated signals which were completely 
different from those shown in Figures 1 and 2. 


The results strongly suggest the intermediacy of (a- 
siloxyally1)- and (ysiloxyally1)rhodium hydride complexes 
(VIIa and VIIb) as well as the possible isomerization of 
VIIa to VIIb. 


Accordingly, the selectivity is possibly governed by the 
following: (A) The relative ease of the hydride shift from 
W a  compared with the isomerization of Wa: 1,4 addition 
takes place exclusively when the isomerization is by far 
faster than the hydride shift, i.e., ki >> kH, and exclusive 
1,2 addition occurs when the hydride shift is by far faster 
than the isomerization, i.e., ki << kH. (B) The relative 
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Figure 1. EPR spectrum of the reaction mixture of 8-ionone (3), 
diphenylsilane, (Ph3P)3RhCl, and nitrosodurene in toluene at 25 
OC 15 min after the reagents were mixed. The arrows indicate 
the signals ascribed to the spin adduct 15. 


1 I 


Figure 2. EPR spectrum (25 "C) of the spin adducts 30 min after 
the reagents were mixed. 


stability of the intermediate VIIa vs. VIIb provided that 
the rate of the hydride shift is slower than that of the 
isomerization, i.e., ki, ki > kH, kH,. 


It is reasonable to assume that VIIb is thermodynami- 
cally much more favorable than VIIa, i.e., ki >> ki, because 
of the steric hindrance between the a-doxy group and the 
rhodium moiety in VIIa and also because of the stabili- 
zation of the carbon-carbon double bond by the vinyl 
ether linkage in VI&. Thus, possibility B mentioned above 
is unlikely, and possibility A is most likely to accommodate 
the results. Namely, the 1,4 addition/l,2 addition ratio 
should reflect the ki/kH ratio. The factors that have strong 
influence on the ki/kH ratio are the following: (a) the 
bulkiness of a-doxy group with regard to the steric re- 
pulsion with the rhodium moiety and (b) a through-bond 
electronic effect of silyl group on the nature of the allylic 
system with regard to the relative ease of isomerization. 
In addition to these factors, we should take into account 
the participation of another molecule of hydrosilane in the 
acceleration of hydride migration, factor c, which is shown 
in Table V. Although the mechanism of this acceleration 
is unclear a t  this stage, we can illustrate the plausible 
modes A and B. 


H H 
I I 


XRZSi 7 H 
! 


mode B 


In conclusion the following are suggested: (i) in the case 
of di- and trihydrosilanes, factor a is less favorable for the 
isomerization since the bulkiness of the cy-siloxy group is 
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much smaller than that generated from monohydroeilanes, 
whereas factor c is much more advantageous for the hy- 
dride shift since the participation of the polyhydrosilanes 
in the hydride migration step is much easier than that of 
monohydrosilanes either by steric reasons or by reactivity 
for oxidative addition: as a result, 1,2 addition takes place 
exclusively especially when the polyhydrosilanes are used 
in high concentration. (ii) In the case of monohydro- 
silanes, factors a, b, and c are all favorable for the isom- 
erization, thus 1,4 addition is exclusive especially when 
monohydrosilanes are used in low concentration. 


Experimental Section 
Measurements. The boiling points and melting points were 


uncorrected. The infrared spectra (IR) were recorded on a Hitachi 
EPI-G3 spectrophotometer, using samples as neat liquid or KBr 
disks. The nuclear magnetic resonance spectra (NMR) were 
obtained by the use of a Varian HA-100 or a Varian T-60 spec- 
trometer, using MelSi as the internal standard. The electron 
paramagnetic resonance spectra (EPR) were measured with a 
JEOL J E S M E l X  spectrometer by using a manganese(II) marker. 
Analytical gas chromatography (GLC) was carried out on a 
Shimadzu GC-3BT or GC-3BF using columns (1.2 or 2.1 m X 3.5 
mm) packed with 3% and 20% SE-30, 3% OV-17, and 15% 


Materials. Hydrosilanes were prepared from chlorosilanes 
by known methods. Deuteriosilanes were prepared by reducing 
corresponding chlorosilanes with lithium aluminum deuteride.14 
Tris(tripheny1phosphine)chlororhodium was prepared from 
rhodium trichloride trihydrate and tripheny1pho~phine.l~ a- 
Ionone, @-ionone, geranial, mesityl oxide, pulegone, 3-methyl-2- 
cyclohexenone, 1-acetyl-1-cyclohexene, chalcone, benzalacetone, 
crotonophenone, and cinnamaldehyde were commercially available 
and purified by distillation or recrystallization prior to use. 2- 
Methyl-2-cyclohexenone, A1*s-2-octalone, and piperitone were 
prepared by known methods. Authentic samples of the reduction 
products were either obtained commercially or prepared by 
standard methods. 


Reduction of a,&Unsaturated Aldehydes and Ketones via 
Hydrosilylation Catalyzed by Tris(tripheny1phosphine)- 
chlororhodium. The present reduction method consists of 
hydrosilylation and solvolysis. The 'H NMR spectral data used 
for the identification of the hydrosilylation products, I and 11, 
are summarized in Table VI. 


Typical procedure is described for the reductions of a-ionone. 
(A) A mixture of a-ionone (1.91 g, 10 mmol), triethylsilane (1.27 


g, 11 mmol), and tris(tripheny1phosphine)chlororhodium (9 mg, 
1 X mmol) was stirred at 50 OC for 2 h under nitrogen; then 
a-ionone was completely consumed. The NMR spectrum of the 
reaction mixture showed the exclusive formation of 1,4 adduct: 
NMR (CC14) 6 0.4-1.20 (m, 21 H), 1.20-1.75 (m, 3 H), 1.63 (br 
s, 3 H), 1.72 (br s, 3 H), 1.75-2.25 (m, 4 H), 4.28 (t, J = 7 Hz, 1 
H), 5.23 (m, 1 H). The silyl enol ether was smoothly desilylated 
by the action of K2CO3 (10 mg)-MeOH (10 mL) with stirring for 
1 h at room temperature (96% yield based on the GLC analysis). 
The ratio of the products, dihydrea-ionone/truns-ionol, was found 
to be 100/0 on the basis of GLC and NMR analyses. After the 
solvent was evaporated, the residue was distilled under reduced 
pressure to afford dihydro-a-ionone (1.70 g, 88.1%), bp 88 "C (2.5 
torr). 


(B) A mixture of a-ionone (1.93 g, 10 mmol), diphenylsilane 
(2.02 g, 11 mmol), and tris(tripheny1phosphine)chlororhodium 
(9 mg, 1 x mm01,O.I mol %) was stirred at room temperature 
under nitrogen. An exothermic reaction took place and the hy- 
drosilylation was completed within 30 min. The NMR spectrum 
of the reaction mixture indicated that 1,2 adduct was formed 
exclusively: NMR (CC14) 6 0.77 (s, 3 H), 0.86 (s, 3 H), 1.0-1.72 
(m, 5 H), 1.27 (d, J = 6 Hz, 3 H), 1.72-2.20 (m, 3 H), 4.39 (m, 
1 H), 5.18-5.55 (m, 3 H), 5.40 (s, 1 H), 7.10-7.80 (m, 10 H). To 
the reaction mixture was added 50 mL of n-hexane, and the 


PEG-1000. 


(14) Kniseley, R. N.; Fassel, V. A.; Conrad, E. E. Spectrochim. Acta 


(15) Osborn, J. A.; Wilkinson, G. Znorg. Synth. 1967, 10, 68. 
1959,651. 
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precipitated catalyst was filtered off. Then, MeOH (10 mL) and 
K&03 (10 mg) were added to the fitrate. Methanolysis completed 
within 1 h at  room temperature. The ratio of dihydro-ar-ion- 
oneltrans-ionol was found to be 0/100 on the basis of GLC and 
NMR analyses. After the solvent was evaporated, the residue 
was distilled under reduced pressure to give trans-ionol (1.74 g, 
89%), bp 99 O C  (2 torr). 


Reaction of Mesityl Oxide under Controlled Conditions. 
(A) Under Diluted Conditions. A mixture of meaityl oxide (200 
mg, 2.0 mmol), diphenylsilane (650 mg, 3.5 mmol), and tris(tri- 
pheny1phosphine)chlororhodium (40 mg, 4.3 X mmol) in 
40-200 mL of benzene was stirred at  ambient temperature for 
1-20 h under nitrogen. After mesityl oxide was completely 
consumed (GLC analysis), the reaction mixture was concentrated 
and the ratio of 1,4 addition/l,2 addition was determined by NMR 
analysis. The products ratio after methanolysis was also deter- 
mined by GLC analysis. 


The results are summarized in Table IV. 
(B) By Dropwise Addition of Mesityl Oxide. To a mixture 


of diphenylsilane (1.1 g, 6.0 mmol) and tris(tripheny1- 
phosphine)chlororhodium (4.5 mg, 4.7 X mmol) was added 
mesityl oxide (250 mg, 2.5 mmol) a t  aka rate of 2-3 drops/min 
with stirring at  25 OC. After methanolysis of the hydrosilylation 
products, the ratio of 1,4 addition/l,2 addition was determined 
to be 2/98 by GLC analysis. 


(C) By Dropwise Addition of Diphenylsilane. To a mixture 
of mesityl oxide (250 mg, 2.5 mmol) and tris(tripheny1- 
phosphine)chlororhodium (4.5 mg, 4.7 X mmol) was added 
diphenylsilane (470 mg, 2.5 mmol) at a rate of 2-3 drops/& with 
stirring at  25 OC. After methanolysis of the hydrosilylation 
product, the ratio of 1,4 addition/l,2 addition was determined 
to be 43/57 by GLC analysis. 


Deuteriosilylation of Geranial with Triethyldeuterio- 
silane and Diphenyldideuteriosilane Catalyzed by Tris- 
(tripheny1phosphine)chlororhodium. (A) A mixture of ger- 
anial (458 mg, 3.0 mmol), triethyldeuteriosilane (399 mg, 3.3 
mmol), and tris(tripheny1phosphine)chlororhodium (5.5 mg, 5.9 
x mmol) was stirred at  50 O C  for 1 h. The NMR spectrum 
of the reaction mixture showed that l-(triethylsiloxy)-3,7-di- 
methylocta-1,6-dieneS-d was produced exclusively; Le., no 
scrambling of deuterium took place at  all: NMR (CDC13) 6 
0.40-1.12 (m, 18 H) (Ha, Hb, HC), 1.22 (t, J = 7 Hz, 2 H) (m, 1.56 
(s, 3 H) (Hi'), 1.65 (s,3 H) (Hi), 1.93 (4, J = 7 Hz, 2 H) (Hg), [4.20 


= 29/71)], 5.11 (m, 1 H), [6.13 (d, J d  = 6 Hz) (Hd, Z), 6.18 (d, 
(d, J d  = 6 Hz) (HC, Z), 4.82 (d, J d  


J d  = 12 Hz) (Hd, E) (1 H) (E/Z = 29/71)]. 


12 Hz) (Hc, E) (1 H) (E/Z 


CH3 . e  


Ojima and  Kogure 


- -  
I 


- 'J 
I 
Hh 


The silyl enol ether thus formed was deailylated by mixing with 
K&03 (5 mg)-MeOH (5 mL) at  room temperature for 2 h (95% 
yield based on GLC analysis). Citronellal-3-d was obtained by 
distillation under reduced pressure: NMR (CDC13) 6 0.90 (8,  3 
H) (HC), 1.30 (m, 2 H) (Hd), 1.59 (s, 3 H) (Hf), 1.67 (s, 3 H) (He), 
2.27 (d of ABq, Ja+ = 1.5 Hz, J b b  = 15 Hz, 2 H) (Hb), 5.07 (m, 
1 H) (Hg, 9.73 (t, Je-b = 1.5 Hz, 1 H) (Ha). 


(B) A mixture of geranial (153 mg, 1.0 mmol), diphenyldi- 
deuteriosilane (205- mg, 1.1 mmol), and tris(tripheny1- 
phosphine)chlororhodium (2.0 mg, 2.2 X mmol) was stirred 
at ice-bath temperature for 1 h. The NMR spectrum of the 
reaction mixture showed the exclusive formation of l-(di- 
phenyldeuteriosiloxy)-3,7-dimethylocta-2,6-diene-I-d: NMR 
(CDCl,) 6 1.50 (s, 3 H) (Hd), 1.59 (s, 3 H) (Hh'), 1.66 (s, 3 H) (Hh), 
1.80-2.15 (m, 4 H) (H", H?, 4.28 (d, Jk = 6 Hz, 1 H) (Hb), 5.04 


(m, 1 H) (He), 5.38 (d, J b  = 6 Hz, 1 H) (H'), 7.20-7.25 (m, 10 
H) (Ha). 


CH;' 
I 


CH3d b 


I H. / 


I 
Hg 


I 
HC 


Methanolysis of the silyl ether by KzCO3 (5 mg)-MeOH (5 mL) 
at room temperature for 2 h (92% yield based on GLC analysis) 
and subsequent column chromatography on silica gel (benzene- 
CHC13) gave geraniol-I-d: NMR (CDC13) 6 1.58 (s, 3 H) (Hh'), 
1.67 (8,  6 H) (Hd, Hh), 1.80-2.40 (m, 5 H) (He, He, Hg, 4.10 (d, 
J h  = 7 Hz, 1 Hz) (Hb), 5.07 (m, 1 H) (Hg), 5.38 (d, J = 7 Hz, 1 
H) (HC). 


I 
H9 


I 
HC 


Spin Trapping with Nitrosodurene. Solutions (1 M) of 
pionone and diphenylsilane and 2.0 X M solutions of ni- 
t r d u r e n e  and tris(txipheny1phosphine)chlororhodium in toluene 
were prepared and carefully degassed. 


M spin trap (0.2 
mL), and 2.0 X lo-' M catalyst (0.2 mL) was prepared through 
syringe transfer under argon in an EPR measurement tube 
equipped with a septum cap and a glass pod for mixing, and then 
1 M substrate (0.2 mL) was added by syringe through the septum, 
and four components were mixed just before the EPR mea- 
surement. The EPR spectra were measured at 25 "C (sweep time, 
5 min). 


Similarly, (i) a mixture of 1 M silane (0.2 mL) and 2.0 x 10" 
M spin trap (0.3 mL) in toluene, and (ii) a mixture of 1 M @-ionone 
(0.2 mL), 1 M silane (0.2 mL), and 2.0 X 10" M spin trap (0.2 
mL) in toluene were prepared and submitted to EPR measure- 
ments. 


Registry No. 1, 141-79-7; 2, 141-27-5; 3, 79-77-6; 4, 127-41-3; 5, 


81-6; 11,94-41-7; 12,495-41-0; 13,122-57-6; 14, 104-55-2; 15,82798 


A mixture of 1 M silane (0.2 mL), 2.0 x 


1121-18-2; 6,1193-18-6; 7,1196-55-0; 8,8942-7; 9,932-66-1; 10,89- 


35-4; 16, 82798-36-5; @)-I (R' = R2 = R' = CH3, R3 = H, R3 = 
(C2H5)3), 57137-74-3; (2)-I (R' = R2 = R' = CHS, R3 = H, R3 = 
(CzH&), 57137-75-4; (E)-I (R' = R2 = R4 = CH3, R3 H, R3 = 
(CHJZC~HS), 82798-03-6; (2)-I (R' = R2 = R4 = CH3, R3 = H, R3 = 
(CH3)2CzHs), 82798-40-1; (E)-I (R' = R2 = R' = CH3, R3 = H, R3 = 
(CHJzCsHS), 57137-78-7; (2)-I (R' = R2 = R4 = CH3, R3 = H, R3 = 
(CH~)~C~HS), 57137-79-8; (E)-I (R' = (CH2)2CH=C(CH3)2, R2 = CH3, 
R3 = R' = H, R3 = (CZH5)3), 82798-06-9; (Z)-I (R' = (CHZ)pCH= 
C(CHJ2, R2 = CH3, R3 = R' = H, R3 = (C2H5)3), 82798-41-2; (E)-I 
(R' CH3, R3 = R' = H, R3 = 
(CH&CzHs), 82798-07-0; (27-1 (R' = (CH2)2CH=C(CH3)2, R2 = CH3, 


(CH2)zCH=C(CH3)2, RZ 


R3 = R' = H, R3 = (CH3)2C2H5), 82798-42-3; (E)-I (R1 = 2,6,6-tri- 
methyl-1-cyclohexen-1-yl, R2 = R3 = H, R' = CH3, & = (CH3)2C2H5), 
82798-09-2; I (R' = 2,6,6-trimethyl-l-cyclohexen-l-y1, R2 = R3 = H, 
R' = CH3, R3 = (CH3)&&,), 52784-79-9; I (R' = 2,6,6-trimethyl-l- 
cyclohexen-1-yl, R2 = R3 = H, R' = CH3, R3 = (c&)3), 82798-13-8; 
I (R' = 2,6,6-trimethyl-2-cyclohexen-l-yl, R2 = R3 = H, R' = CH3, 
R3 = (CzHdJ, 52784-788 (E)-I (R' = C a s ,  R2 = R3 = H, R4 = CsH5, 
& = (CzHd3), 82798285; (n-1 (R' = C&, Rz = R3 = H, R4 = CeH5, 


= (C2H&), 8279843-4; (0-1 (R' = cas, R2 = R3 = H, R' = C&, 
R3 = H(CsHs)z), 82798-29-6; (2)-I (R' = C& R2 = R3 = H, R' = 
CeH5, R3 = H, (C6H5)2), 82798-44-5; @)-I (R' = CH3, R2 = R3 = H, 
R4 C&, R3 = (CZH5)3), 57137-76-5; (2)-I (R' = CH3, R2 = R3 = 
H, R' = CBH5, R3 = (CzH6)3), 57137-77-6; (E)-I (R' = CH3, R2 = R3 
= H, R' = CeH5, R3 H, (CeH&), 82798-30-9; (2)-I (R' = CH3, R2 
= R3 = H, R4 = Ca5,  % = H, (C6H5l2), 8279845-6; (m-1 (R' = CeH5, 
R2 = R3 = H, R4 = CH3, % = (C2H6)3), 82798-31-0; (2)-I (R' = C6H6, 
R2 = R3 = H, R4 = CH3, R3 = (CZH&, 82798-46-7; I (R' = C&, R2 
= R3 = H, R4 = CH3, R3 = H, (CeHs)Z), 82798-32-1; (a-1 (R' = C&5, 
R2 = Ra = R' = H, R3 = (CZH5)3), 52341-09-0; (2)-I (R' = C&5, R2 


R3 = H, (CZHS)z), 82798-04-7; I1 (R' = RZ = R' = CH3, R3 = H, 
Rz = (CBHS)2), 82798-05-8; (E)-I1 (R' = (CH2)2CH=C(CH3)2, RZ = 


= R3 = R' = H, R3 = (C2H6)3), 52341-10-3; I1 (R' = R2 = R' = CH,, 
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CH3, R3 R' = H, Rz = (C6H5)2), 82798-08-1; (E)-I1 (R' = 2,6,6- 
trimethyl-1-cyclohexen-1-yl, R2 = R3 = H, R4 = CH3, Rz = (C6H5)J, 
82798-10-5; (E)-I1 (R' = 2,6,6-trimethyl-l-cyclohexen-l-yl, R2 = R3 
= H, R' = CH3, Rz = (C2H&), 82798-11-6; I1 (R1 = 2,6,6-tri- 
methyl-2-cyclohexen-l-yl, R2 = R3 = H, R4 = CH3, R2 = (C6H&), 
82798-15-0; 11 (R' = CeH5, R2 = R3 
82798-33-2; I1 (R' = C&, R2 = R3 = R' 


H, R' = CH3, Rz = (C&)z), 
H, Rz = (CeH&Z), 


82798-34-3; (Ph3P)3RhC1, 14694-95-2; EtMe,SiH, 758-21-4; 
PhMe2SiH, 766-77-8; PhMeSiH,, 766-08-5; Ph2SiHz, 775-12-2; 
PhSiH3, 694-53-1; EkSiH, 617-86-7; i-Pr2SiHz, 18209-66-0; E@iHz, 
542-91-6; piperitol, 491-04-3; 4-methyl-a-pentanone, 108-10-1; 4- 
methyl-3-penten-2-01,4325-82-0; citronellal, 106-23-0; geraniol, 106- 
24-1; dihydro-8-ionol, 3293-47-8; trans-@-ionol, 472-80-0; dihydro-a- 
ionol, 13720-37-1; a-ionol, 25312-34-9; 2-methylcyclohexanone, 583- 
60-8; 2-methyl-2-cyclohexen-l-ol, 20461-30-7; 3-methylcyclo- 
hexanone, 591-24-2; 3-methyl-2-cyclohexen-l-ol, 21378-21-2; 2-oc- 
talone, 4832-17-1; A19g-2-0cta101, 39879-90-8; 2-isopropyl-&methyl- 
cyclohexanone, 10458- 14-7; 2-isopropylidene-5-methylcyclohexanol, 
529-02-2; cyclohexyl methyl ketone, 823-76-7; 1-(1-cyclohexen-1-y1)- 
ethanol, 18325-75-2; dihydrochalcone, 1083-30-3; butyrophenone, 
495-40-9; 4-phenyl-2-butanone, 2550-26-7; hydrocinnamaldehyde, 
104-53-0; 4-pheny1-3-buten-2-01,17488-65-2; cinnamyl alcohol, 104- 


54-1; (E)- 1- [ 3-(dimethylphenylsiloxy)but-l-ene] -2,6,6-trimethyl-1- 
cyclohexene, 82798-12-7; (E)-l-[3-(triethylsiloxy)but-l-ene]-2,6,6- 
trimethyl-1-cyclohexene, 82798-14-9; 1-(dimethylethylsi1oxy)-2- 
methyl-1-cyclohexene, 82798-16-1; l-(diphenylsiloxy)-2-methyl-2- 
cyclohexene, 82798-17-2; l-(triethylsiloxy)-3-methyl-l-cyclohexene, 
18407-91-5; l-(diphenylsiloxy)-3-methyl-2-cyclohexene, 82798- 18-3; 
2-(triethylsiloxy)-A1~-octalin, 57137-82-3; 2-(diethylsil0xy)-h~*~-octa- 
lin, 82798-19-4; l-(dimethylethylsiloxy)-2-isopropyl-5-methyl-l- 
cyclohexene, 82798-20-7; l-(diphenylsiloxy)-2-isopropylidene-5- 
methylcyclohexane, 82798-21-8; 1- (diethylsiloxy)-2-isopropylidene- 
5-methylcyclohexane, 82798-22-9; 3- (diphenyleiloxy)-4-isopropyl- 1- 
methyl-1-cyclohexene, 82798-23-0; 3-(diethylsiloxy)-4-isopropyl-l- 
methyl-1-cyclohexene, 82798-24-1; 1-cyclohexylidene- 1-(triethylsil- 
oxy)ethane, 82798-25-2; 1-(cyclohex-1-en-1-y1)-1-(triethylsi1oxy)- 
ethane, 82798-26-3; 1-(cyclohex-1-en-1-y1)-1-(diphenylsiloxy)ethane, 
82798-27-4; nitrosodurene, 38899-21-7; triethyldeuteriosilane, 1631- 
33-0; (E)-l-(triethylsiloxy)-3,7-dimethylocta-l,6-diene-3-d, 82798- 
37-6; citronellal-3-d, 82798-38-7; diphenyldideuteriosilane, 17950- 
94-6; (E)-l-(diphenyldeuteriosiloxy)-3,7-dimethylo~-2,6-diene-1-d, 
82798-39-8; geraniol-1-d, 82863-21-6; (Z)-l-(triethylsiloxy)-3,7-di- 
methylocta-1,6-diene-3-d, 82798-47-8; 4-phenyl-2- (triethylsiloxy)-3- 
butene, 82798-48-9. 
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Summary: Thermolysis below or at the melting point of 
crystalline samples of bis(ys-acylbenzene)chromium(O) 
complexes yields ethene derivatives as main products. 
An intramolecular mechanism of ligand coupling is ruled 
out as the result of cross thermolysis experiments. Evi- 
dence for the intermediacy of arylcarbenes, formed via 
deoxygenation of the Ir-bonded aromatic ketones by Cr- 
(0), is provided by the minor products of the thermolysis. 


Deoxygenative coupling of carbonyl compounds to sym- 
metrical alkenes can be effected in a variety of ways,2 
employing low-valent transition-metal compounds3y4 or 
even metal@) ~ lur r ies .~  


In this communication we present a reductive coupling 
reaction which is autogenic in that the carbonyl compo- 
nents are present as ligands in a bis(?6-arene)chromium(0) 
complex and the role of the coupling agent is played by 
the central metal atom. This work was triggered by the 


(1) Metal I Complexes of Benzene Derivatives. 18. Part 17: Ch. 


(2) Tse-Lok Ho, Synthesis, 1 (1979) for leading references. 
(3) J. E. McMurry, Acc. Chem. Res., 7, 281 (1974). 
(4) H. Leddon, I. Tkatchenko, and D. Young, Tetrahedron Lett., 173 


(1979). 
(5) (a) J. E. McMurry and M. P. Fleming, J. Org. Chem., 41, 896 


(1976); (b) J. E. McMurry and L. R. Krepski, ibid., 41, 3929 (1976); (c) 
J. E. McMurry, M. P. Fleming, K. L. Kees, and L. R. Krepski, ibid., 43, 
3255 (1978). 


Elschenbroich and J. Koch, J. Organomet. Chem., 229, 139 (1982). 
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Table I. Bis(n 6-benzene )chromium Complexes 
Studied in Thermolysis Reactions 


I I 
-CO-R -CO-R 


R 
H 1 6 (135)(' 


2 7 (150) 
3 8 (150) 


4-C, H,CF, 4 9 (162) 
4-C,H4N 5 10 (205) 


Cd-4 
4-C,H,CH3 


Temperature ("C) of decomposition of neat sample. 


observation that the mass spectra of a series of new acyl 
derivatives 6-10 of his($-benzene)chromium (Table I), 
which we had prepared to study spin delocalization in the 
corresponding ketyl radical complexes,6 displayed high 
intensity peaks from tetraarylethene molecular ions.' 


These signals were absent in the mass spectra of the 
monoacyl derivatives 1-5. It was soon realized that de- 
oxygenative ligand dimerization is a thermally induced 
reaction of the neutral complexes rather than a reaction 
of the parent ion generated in the mass spectrometer and 
we therefore studied more thoroughly the thermolysis of 
complexes 6-10 in the crystalline state as well as in solu- 
tion. 


When samples of 6-10 are heated in a nitrogen atmo- 
sphere, vigorous reaction occurs a t  temperatures charac- 
teristic for the respective complex. The product distri- 
bution from thermolysis reactions of complexes 6 and 7 


~~~~ ~ ~ ~ ~ ~~ 


(6) Ch. Elschenbroich, J. Heck, and F. Stohler, Chem. Ber., to be 
submitted for publication. 


(7) In the maas spectra of 1,l'-diacylferrocenes there are no indications 
for interligand coupling. 
(8) The residue of the toluene extraction process analyzes to a com- 


position of 25.45% C, 2.35% H, 36.6% Cr, and 34.6% 0 (difference to 
100%) which leads to a ratio of Cr/O iii 1:3, implying that, apart from 
Crz03 or CrOz, some oxygen must be present in insoluble organic material. 


0 1982 American Chemical Society 
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CH3, R3 R' = H, Rz = (C6H5)2), 82798-08-1; (E)-I1 (R' = 2,6,6- 
trimethyl-1-cyclohexen-1-yl, R2 = R3 = H, R4 = CH3, Rz = (C6H5)J, 
82798-10-5; (E)-I1 (R' = 2,6,6-trimethyl-l-cyclohexen-l-yl, R2 = R3 
= H, R' = CH3, Rz = (C2H&), 82798-11-6; I1 (R1 = 2,6,6-tri- 
methyl-2-cyclohexen-l-yl, R2 = R3 = H, R4 = CH3, R2 = (C6H&), 
82798-15-0; 11 (R' = CeH5, R2 = R3 
82798-33-2; I1 (R' = C&, R2 = R3 = R' 


H, R' = CH3, Rz = (C&)z), 
H, Rz = (CeH&Z), 


82798-34-3; (Ph3P)3RhC1, 14694-95-2; EtMe,SiH, 758-21-4; 
PhMe2SiH, 766-77-8; PhMeSiH,, 766-08-5; Ph2SiHz, 775-12-2; 
PhSiH3, 694-53-1; EkSiH, 617-86-7; i-Pr2SiHz, 18209-66-0; E@iHz, 
542-91-6; piperitol, 491-04-3; 4-methyl-a-pentanone, 108-10-1; 4- 
methyl-3-penten-2-01,4325-82-0; citronellal, 106-23-0; geraniol, 106- 
24-1; dihydro-8-ionol, 3293-47-8; trans-@-ionol, 472-80-0; dihydro-a- 
ionol, 13720-37-1; a-ionol, 25312-34-9; 2-methylcyclohexanone, 583- 
60-8; 2-methyl-2-cyclohexen-l-ol, 20461-30-7; 3-methylcyclo- 
hexanone, 591-24-2; 3-methyl-2-cyclohexen-l-ol, 21378-21-2; 2-oc- 
talone, 4832-17-1; A19g-2-0cta101, 39879-90-8; 2-isopropyl-&methyl- 
cyclohexanone, 10458- 14-7; 2-isopropylidene-5-methylcyclohexanol, 
529-02-2; cyclohexyl methyl ketone, 823-76-7; 1-(1-cyclohexen-1-y1)- 
ethanol, 18325-75-2; dihydrochalcone, 1083-30-3; butyrophenone, 
495-40-9; 4-phenyl-2-butanone, 2550-26-7; hydrocinnamaldehyde, 
104-53-0; 4-pheny1-3-buten-2-01,17488-65-2; cinnamyl alcohol, 104- 


54-1; (E)- 1- [ 3-(dimethylphenylsiloxy)but-l-ene] -2,6,6-trimethyl-1- 
cyclohexene, 82798-12-7; (E)-l-[3-(triethylsiloxy)but-l-ene]-2,6,6- 
trimethyl-1-cyclohexene, 82798-14-9; 1-(dimethylethylsi1oxy)-2- 
methyl-1-cyclohexene, 82798-16-1; l-(diphenylsiloxy)-2-methyl-2- 
cyclohexene, 82798-17-2; l-(triethylsiloxy)-3-methyl-l-cyclohexene, 
18407-91-5; l-(diphenylsiloxy)-3-methyl-2-cyclohexene, 82798- 18-3; 
2-(triethylsiloxy)-A1~-octalin, 57137-82-3; 2-(diethylsil0xy)-h~*~-octa- 
lin, 82798-19-4; l-(dimethylethylsiloxy)-2-isopropyl-5-methyl-l- 
cyclohexene, 82798-20-7; l-(diphenylsiloxy)-2-isopropylidene-5- 
methylcyclohexane, 82798-21-8; 1- (diethylsiloxy)-2-isopropylidene- 
5-methylcyclohexane, 82798-22-9; 3- (diphenyleiloxy)-4-isopropyl- 1- 
methyl-1-cyclohexene, 82798-23-0; 3-(diethylsiloxy)-4-isopropyl-l- 
methyl-1-cyclohexene, 82798-24-1; 1-cyclohexylidene- 1-(triethylsil- 
oxy)ethane, 82798-25-2; 1-(cyclohex-1-en-1-y1)-1-(triethylsi1oxy)- 
ethane, 82798-26-3; 1-(cyclohex-1-en-1-y1)-1-(diphenylsiloxy)ethane, 
82798-27-4; nitrosodurene, 38899-21-7; triethyldeuteriosilane, 1631- 
33-0; (E)-l-(triethylsiloxy)-3,7-dimethylocta-l,6-diene-3-d, 82798- 
37-6; citronellal-3-d, 82798-38-7; diphenyldideuteriosilane, 17950- 
94-6; (E)-l-(diphenyldeuteriosiloxy)-3,7-dimethylo~-2,6-diene-1-d, 
82798-39-8; geraniol-1-d, 82863-21-6; (Z)-l-(triethylsiloxy)-3,7-di- 
methylocta-1,6-diene-3-d, 82798-47-8; 4-phenyl-2- (triethylsiloxy)-3- 
butene, 82798-48-9. 
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Summary: Thermolysis below or at the melting point of 
crystalline samples of bis(ys-acylbenzene)chromium(O) 
complexes yields ethene derivatives as main products. 
An intramolecular mechanism of ligand coupling is ruled 
out as the result of cross thermolysis experiments. Evi- 
dence for the intermediacy of arylcarbenes, formed via 
deoxygenation of the Ir-bonded aromatic ketones by Cr- 
(0), is provided by the minor products of the thermolysis. 


Deoxygenative coupling of carbonyl compounds to sym- 
metrical alkenes can be effected in a variety of ways,2 
employing low-valent transition-metal compounds3y4 or 
even metal@) ~ lur r ies .~  


In this communication we present a reductive coupling 
reaction which is autogenic in that the carbonyl compo- 
nents are present as ligands in a bis(?6-arene)chromium(0) 
complex and the role of the coupling agent is played by 
the central metal atom. This work was triggered by the 


(1) Metal I Complexes of Benzene Derivatives. 18. Part 17: Ch. 


(2) Tse-Lok Ho, Synthesis, 1 (1979) for leading references. 
(3) J. E. McMurry, Acc. Chem. Res., 7, 281 (1974). 
(4) H. Leddon, I. Tkatchenko, and D. Young, Tetrahedron Lett., 173 


(1979). 
(5) (a) J. E. McMurry and M. P. Fleming, J. Org. Chem., 41, 896 


(1976); (b) J. E. McMurry and L. R. Krepski, ibid., 41, 3929 (1976); (c) 
J. E. McMurry, M. P. Fleming, K. L. Kees, and L. R. Krepski, ibid., 43, 
3255 (1978). 


Elschenbroich and J. Koch, J. Organomet. Chem., 229, 139 (1982). 
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Table I. Bis(n 6-benzene )chromium Complexes 
Studied in Thermolysis Reactions 


I I 
-CO-R -CO-R 


R 
H 1 6 (135)(' 


2 7 (150) 
3 8 (150) 


4-C, H,CF, 4 9 (162) 
4-C,H4N 5 10 (205) 


Cd-4 
4-C,H,CH3 


Temperature ("C) of decomposition of neat sample. 


observation that the mass spectra of a series of new acyl 
derivatives 6-10 of his($-benzene)chromium (Table I), 
which we had prepared to study spin delocalization in the 
corresponding ketyl radical complexes,6 displayed high 
intensity peaks from tetraarylethene molecular ions.' 


These signals were absent in the mass spectra of the 
monoacyl derivatives 1-5. It was soon realized that de- 
oxygenative ligand dimerization is a thermally induced 
reaction of the neutral complexes rather than a reaction 
of the parent ion generated in the mass spectrometer and 
we therefore studied more thoroughly the thermolysis of 
complexes 6-10 in the crystalline state as well as in solu- 
tion. 


When samples of 6-10 are heated in a nitrogen atmo- 
sphere, vigorous reaction occurs a t  temperatures charac- 
teristic for the respective complex. The product distri- 
bution from thermolysis reactions of complexes 6 and 7 


~~~~ ~ ~ ~ ~ ~~ 


(6) Ch. Elschenbroich, J. Heck, and F. Stohler, Chem. Ber., to be 
submitted for publication. 


(7) In the maas spectra of 1,l'-diacylferrocenes there are no indications 
for interligand coupling. 
(8) The residue of the toluene extraction process analyzes to a com- 


position of 25.45% C, 2.35% H, 36.6% Cr, and 34.6% 0 (difference to 
100%) which leads to a ratio of Cr/O iii 1:3, implying that, apart from 
Crz03 or CrOz, some oxygen must be present in insoluble organic material. 


0 1982 American Chemical Society 







1400 Organometallics, Vol. 1, No. 10, 1982 


Table 11. Thermolysis of the Complexes 6 and 7 


Communications 


Scheme I 
D C  f 


~ 


products,a % 
~ 


neat 
complex sampleb solnC 


0 Pr, 


6 


trace 


12.7 2.4 


42.0 7.5 


6.3 oh- 3 -Pb 


Ph kP 
insoluble residue 


-( I y = o  Fh 


0.6 


40.3 


37.6 


15.6 


2.5 


7 insoluble residue 


The products were extracted with toluene and  identi- 
fied by  gas chromatography/mass spectrometry (6) and 
NMR (7). The  yields refer to starting materials 6 and  7, 
respectively. Reaction temperature:  1 3 5  "C (6), and 
150 "C (7). Solvent:  methylcyclohexane; sealed tube ;  
1 3 5  "C; 3 h. 


is listed in Table 11. As a generalization, it may be stated 
that with increasing electron affinity of the R group an 
increase in the reaction temperature and the free ligand 
to coupling product ratio is observed. If the thermolysis 
of 6 is carried out in solution (methylcyclohexane) rather 
than in the crystalline state, the reaction only proceeds 
sluggishly arid even after 3 h at 135 "C, the yield of organic 
thermolysis products is much lower as compared to the 
solid-state reaction. However, the cis to trans ratio of the 
ethene derivatives isolated is the same. 


Turning now to the course of this reductive ligand 
coupling, three alternatives are conceivable: (A) an in- 
tramolecular concerted process where Cr02 is eliminated 
and two ligands of one individual complex molecule are 
converted into an ethene derivative; (B) an intermolecular 
concerted reaction where via Cr02 elimination two carbene 
molecules form which react not only with each other but 
also with adjacent complex units and/or species derived 
therefrom; (C) an intermolecular consecutive path where 
cleavage of the sandwich complex precedes reaction of the 
chromium atoms, thereby generated, with ligand molecules 
which may or may not stem from the original complex unit. 


The fact that no ligand dimerization products were ob- 
served in the thermolysis of the monosubstituted com- 
plexes 1-5 at  first appeared to favor alternative A. How- 
ever, in order to furnish unambiguous proof for the alleged 
intramolecular nature of the coupling process, we cocrys- 
tallized 7 with an equimolar amount of the perdeuterated 
derivative 7-dm, subjected the material to thermolysis, and 
determined the composition of the reaction product. The 
tetraphenylethene (11) ratio obtained was l l / l l-dlo/l l-dm 


The formation of the cross product 1 ldl0 in an amount 
in accordance with statistical considerations strongly 
militates against an intramolecular mechanism of type A.l0 


= 1:2:1.9 


(9) The organic product does not contain any species ll-dl~,ll-19 which 
might originate from H/D scrambling. 


Ph 


>-0 + I H 2  + rxh t 
Ph h 


40% 3.7% 2% 


/p 
-CH2Ph a-i 


Ph I 
cr 


I 
Cr 


PhH2C A 
2% 6h 


trace 


Further corroborative evidence for an intermolecular 
pathway is provided by the low reaction rate in solution 
as compared to the solid state. It is more difficult to 
determine the sequence of events which distinguishes the 
alternatives B and C. In a crude attempt toward that goal 
we prepared a matrix of the approximate composition 
Cr/benzophenone (1:2) by condensing chromium atoms 
with benzophenone vapor a t  -196 OC, assuming that the 
material thereby obtained mimics the state of the ther- 
molysis system 7 after metal-arene cleavage but before 
consecutive reactions.'l 


The low yield of dimerization product obtained in this 
experiment12 appears to argue against alternative C, 
keeping in mind limitations in the analogy of the complex 
thermolysis and the cocondensation approach. Irrespective 
of whether sequence B or C obtains, the fate of the primary 
deoxygenation species and their conversion to the final 
products must be clarified, accommodating in the expla- 
nation the tendency of decreased coupling with an increase 
in the electron-withdrawing nature of R and the stilbene 
cis to trans ratio of 1:3 observed in the case of 6.13 


Carbonyl coupling through an intermediate pinacol 
dimerization, as demonstrated for the case of coupling by 
means of Ti(0),5 may be ruled out since this mechanism 
is thought to proceed via ketyl radicals and should be 
favored for ketones with electron-withdrawing groups, 
whereas the opposite behavior is found in the series 6-10. 
Furthermore, the aforementioned reaction yields trans- 
ethene derivatives exclusively,5" whereas ligand coupling 


(10) A reviewer pointed out that the refutation of alternative A is 
questionable since intermolecular ligand exchange might precede intra- 
molecular ligand coupling. We consider this path highly unliiely because 
ligand exchange between bis(arene)chromium complexes is known to 
occur only on the presence of a catalyst (e.g., AlCl,): E. 0. Fischer and 
J. Seeholzer, Z. Anorg. Allg. Chem., 312,244 (1961). Furthermore, ligand 
exchange prior to ligand coupling should lead to the formation of tetra- 
phenylethene derivatives in the case of the monosubstituted complexes 
1-6 as well which is contrary to observation. 


(11) This is a crude attempt since not all of the chromium which is 
condensed remains atomic but part of it may form chromium clusters in 
the liquid zone at  the matrix surface before reaching the temperature (77 
K) of the cooling bath. These chromium aggregatea may react differently 
from isolated chromium atoms. Furthermore, it is practically impossible 
to guarantee a homogeneous distribution of Cr and (CBH&CO on the 
surface of the cocondemation vessel. 


(12) The low yield of coupling product agrees with results of Gladysz 
et  al., who, upon cocondensation of alicyclic ketones with chromium 
atoms, also obtained very small amounts of ethene derivatives. S. To- 
gashi, J. G. Fulcher, B. R. Cho, M. Hasegawa, and J. A. Gladysz, J. Org. 
Chem., 46,3044 (1980). 


(13) Reductive coupling of benzaldehyde by means of Ti(0) only yields 
tram-stilbene. J. E. McMurry, M. P. Fleming, K. L. Kees, and L. R. 
Krepski, J. Org. Chem, 43, 3255 (1978). 







Organometallics 1982,1,1401-1403 1401 


of bis(q6-acy1benzene)chromium complexes affords mix- 
tures of cis and trans products. The increase of the ligand 
to dimer ratio with increasing electron affinity of R, Le., 
with decreasing arene-metal bond strength, suggests that 
the aromatic ketone remains attached to the metal during 
the deoxygenation step (alternative B). The generation 
of carbenes by deoxygenation of carbonyl groups has only 
rarely been reported14 and, to our knowledge, is without 
precedent for aromatic ketones. In the case of the com- 
plexes 6-10 however, favorable disposition of the carbonyl 
groups and the "coupling agent", Cr(O), is likely to assist 
such a process. 


Due to the high reactivity of carbenes, formation of 
ethene derivatives via dimerization is unlikely in solution 
and the products are usually explained by an attack of one 
carbene on the carbene precursor and by addition and 
insertion reactions. In the case of the 7~ complexes 6-10, 
however, neat material reacts in the condensed state below 
or at  the melting point, and the relative disposition of the 
ligands, as governed by the crystal lattice, may be of prime 
importance in determining the nature of the products. 
Since 1,l' derivatives of bis(benzene)chromium usually 
adopt an anti conformation with regard to the ring- 
metal-ring axis,17 carbenes formed via deoxygenation from 
ligands of neighboring complex units may be juxtaposed 
more favorably for dimerization than species stemming 
from the same complex unit. This notion rationalizes the 
result of the 7/7-dm cross thermolysis. Indications for the 
intermediacy of arylcarbenes may also be found among the 
minor products of the thermolysis. In the case of 6 we 
obtained via GC/MS the following distribution ( m / e ,  
formula, %): 106, PhCHO, 13.6; 168, Ph2CH2, 1.6; 178, 
Ph2C2, 14.6; 180, cis-Ph2C2H2, 30.5; 180, trans-Ph2C2H2, 
100.0; 194, Ph2C20, 5.8; 258, Ph3CZH3,0.5; 268, PhSCaH, 
1.3, 3.2; 270, Ph3C3H3, 0.2, 0.8; 272, Ph3C3H5, 2.8; 284, 
PhSCBHO, 3.1. 


Whereas the mode of formation of tolan ( m / e  178) is 
not clear a t  present, the species m/e  270 and 268 probably 
represent cyclopropane and cyclopropene derivatives 
formed by addition of phenylcarbene to stilbene and tolan. 
One of the most characteristic differences between ther- 
molysis of neat 6 and of its solution is the abundance of 
bend among the solution thermolysis products. The latter 
compound may arise via dimerization of benzoyl radicals 
generated from benzaldehyde and chromium oxides.18 
Therefore, in addition to the carbene path, radical mech- 
anisms have to be taken into account, a t  least for the 
thermolysis of (q6-acy1benzene)chromium complexes in 
solution. 


A more detailed discussion will be given in conjunction 
with the results of an X-ray structure determination for 
6. 
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meinschaft and Fonds der Chemischen Industrie for sup- 
port of this work. We also thank Metallgesellschaft A.G., 


Frankfurt/Main, for a gift of n-butyllithium. 
Registry No. 1, 1271-69-8; 2, 52445-45-1; 3, 82555-98-4; 4, 
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Summary: The Fe(q2CS,XCO),(PR3), complexes add to 
a,&unsaturated aldehydes, ketones, and esters in the 
presence of HPF6 or HBF, to afford carbonyl derivatives 
having a bulky, cationic organometallic group at (3-3. 
Cyclic substrates such as I-carvone and fl-an- 
gelicalactone showed the stereoselectivity of the addition. 


Electron transfer from a transition metal to an q2-co- 
ordinated CS2 molecule enhances the nucleophilicity of the 
uncoordinated sulfur atom and the dipolar character of the 
M-CS2 moiety.' Such electronic changes might be ex- 
pected to facilitate the incorporation of a metal-CS2 
fragment into an unsaturated substrate with potential 
implications for organic synthesis. Although electrophilic 
alkynes have been reported2 to add smoothly to iron(0)- 
carbon disulfide complexes, cycloaddition was not observed 
with activated olefins. We now find that the readily 
available Fe(q2-CS2)(C0)2(PR3)2 complexes can be in- 
corporated into cr,@-unsaturated carbonyls by regioselective 
addition, in the presence of a strong acid, to afford new 
cationic complexes having a bulky, sulfur-containing or- 
ganometallic group linked to C-3 of the carbonyl substrate. 


When 1.2 equiv of a strong acid such as HPF6.Et@ was 
added at  0 "C to the orange, ethereal solution of 1 equiv 
of complex 1 and 1.1 equiv of the a,p-unsaturated carbonyl 
compound 3 [such as acrolein (3a), methyl vinyl ketone 
(3b), chalcone (3c), and methyl acrylate (sa)], a yellow 
compound precipitated which was isolated by filtration, 
crystallized from dichloromethane-hexane mixtures, and 
identified, respectively, as the salts 4a (32% ), 4b (71 % ), 
4c (98%), and 4d (59%h3 This reaction appears general 
for the cationic complexes since 5c (88%) and 6c (85%)3 
were obtained similarly from complex 2 and chalcone 3c 


(14) Examples are the eneration of carbenes from carbonyl com- 


magnesium atoms.16 
(15) P. S. Skell and J. M. Plonka, J. Am. Chem. SOC., 92,836 (1970). 
(16) L. D. W m t t ,  Jr., C. Williford, F. Parks, M. Dowling, S. Sublett, 


and K. J. Klabunde, J. Am. Chem. SOC., 98, 7853 (1976). 
(17) Examples include (Me-$-C&)2CrI, 0. V. Starovskii and Y. T. 


Struchkov, Dokl. Chem. (Engl. Traml.), 135,152 (1961); J. Struct. Chem. 
(Engl. Traml.) 2 ,  152 (1961), and (Ph2P-f-C6H5)2Cro, B. Barnett, Ch. 
Elschenbroich, and F. Stohler, to be submitted for publication. 


(18) The oxidation of aldehydes by metal complexes of Mnm, Fern, and 
Com to yield acyl radicals is discussed in "Free Radicals", Vol. 1, J. K. 
Kochi, Ed., Wiley, New York, 1973, pp 656-660 and references therein. 


pounds and carbon atoms & and the reaction of alicyclic ketones with 
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(1) Le Bozec, H.; Dixneuf, P. H.; Carty, A. J.; Taylor, N. J. Znorg. 
Chem. 1978,17, 2568 and references cited therein. 


(2) Le Bozec, H.; Gorgues, A.; Dixneuf, P. H. Inorg. Chem. 1981,20, 
2486. 


(3) Melting pointa ("C): 4a, 104-106; 4b, 124-125; 4c, 146-147; 4d, 
92-95; 5c, 146-147; 612,167-170. Anal. Calcd for 4a: C, 39.66; H, 4.05; 
S, 9.63. Found C, 39.82; H, 4.39; S, 9.96. Calcd for 4b: C, 40.62; H, 4.26; 
S, 9.43. Found C, 40.41; H, 4.21; S, 9.56. Calcd for 4c: C, 49.88; H, 4.28. 
Found C, 49.90; H, 4.30. Calcd for 4d C, 39.68; H, 4.26. Found: C, 
39.61; H, 4.15. Calcd for 50: C, 60.82; H, 4.03. Found C, 60.48; H, 4.28. 
Calcd for 6c: C, 64.28; H, 4.27. Found C, 64.34; H, 4.26. IR (Nujol; Y 
(cm-l)): 4a, 2022, 1965, 1718; 4b, 2020, 1972, 1715; 4c, 2035,1975,1695; 
4d, 2027, 1985, 1732; 5c, 2040, 1975, 1690, 6c, 2035, 1970, 1682. 
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of bis(q6-acy1benzene)chromium complexes affords mix- 
tures of cis and trans products. The increase of the ligand 
to dimer ratio with increasing electron affinity of R, Le., 
with decreasing arene-metal bond strength, suggests that 
the aromatic ketone remains attached to the metal during 
the deoxygenation step (alternative B). The generation 
of carbenes by deoxygenation of carbonyl groups has only 
rarely been reported14 and, to our knowledge, is without 
precedent for aromatic ketones. In the case of the com- 
plexes 6-10 however, favorable disposition of the carbonyl 
groups and the "coupling agent", Cr(O), is likely to assist 
such a process. 


Due to the high reactivity of carbenes, formation of 
ethene derivatives via dimerization is unlikely in solution 
and the products are usually explained by an attack of one 
carbene on the carbene precursor and by addition and 
insertion reactions. In the case of the 7~ complexes 6-10, 
however, neat material reacts in the condensed state below 
or at  the melting point, and the relative disposition of the 
ligands, as governed by the crystal lattice, may be of prime 
importance in determining the nature of the products. 
Since 1,l' derivatives of bis(benzene)chromium usually 
adopt an anti conformation with regard to the ring- 
metal-ring axis,17 carbenes formed via deoxygenation from 
ligands of neighboring complex units may be juxtaposed 
more favorably for dimerization than species stemming 
from the same complex unit. This notion rationalizes the 
result of the 7/7-dm cross thermolysis. Indications for the 
intermediacy of arylcarbenes may also be found among the 
minor products of the thermolysis. In the case of 6 we 
obtained via GC/MS the following distribution ( m / e ,  
formula, %): 106, PhCHO, 13.6; 168, Ph2CH2, 1.6; 178, 
Ph2C2, 14.6; 180, cis-Ph2C2H2, 30.5; 180, trans-Ph2C2H2, 
100.0; 194, Ph2C20, 5.8; 258, Ph3CZH3,0.5; 268, PhSCaH, 
1.3, 3.2; 270, Ph3C3H3, 0.2, 0.8; 272, Ph3C3H5, 2.8; 284, 
PhSCBHO, 3.1. 


Whereas the mode of formation of tolan ( m / e  178) is 
not clear a t  present, the species m/e  270 and 268 probably 
represent cyclopropane and cyclopropene derivatives 
formed by addition of phenylcarbene to stilbene and tolan. 
One of the most characteristic differences between ther- 
molysis of neat 6 and of its solution is the abundance of 
bend among the solution thermolysis products. The latter 
compound may arise via dimerization of benzoyl radicals 
generated from benzaldehyde and chromium oxides.18 
Therefore, in addition to the carbene path, radical mech- 
anisms have to be taken into account, a t  least for the 
thermolysis of (q6-acy1benzene)chromium complexes in 
solution. 


A more detailed discussion will be given in conjunction 
with the results of an X-ray structure determination for 
6. 
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Summary: The Fe(q2CS,XCO),(PR3), complexes add to 
a,&unsaturated aldehydes, ketones, and esters in the 
presence of HPF6 or HBF, to afford carbonyl derivatives 
having a bulky, cationic organometallic group at (3-3. 
Cyclic substrates such as I-carvone and fl-an- 
gelicalactone showed the stereoselectivity of the addition. 


Electron transfer from a transition metal to an q2-co- 
ordinated CS2 molecule enhances the nucleophilicity of the 
uncoordinated sulfur atom and the dipolar character of the 
M-CS2 moiety.' Such electronic changes might be ex- 
pected to facilitate the incorporation of a metal-CS2 
fragment into an unsaturated substrate with potential 
implications for organic synthesis. Although electrophilic 
alkynes have been reported2 to add smoothly to iron(0)- 
carbon disulfide complexes, cycloaddition was not observed 
with activated olefins. We now find that the readily 
available Fe(q2-CS2)(C0)2(PR3)2 complexes can be in- 
corporated into cr,@-unsaturated carbonyls by regioselective 
addition, in the presence of a strong acid, to afford new 
cationic complexes having a bulky, sulfur-containing or- 
ganometallic group linked to C-3 of the carbonyl substrate. 


When 1.2 equiv of a strong acid such as HPF6.Et@ was 
added at  0 "C to the orange, ethereal solution of 1 equiv 
of complex 1 and 1.1 equiv of the a,p-unsaturated carbonyl 
compound 3 [such as acrolein (3a), methyl vinyl ketone 
(3b), chalcone (3c), and methyl acrylate (sa)], a yellow 
compound precipitated which was isolated by filtration, 
crystallized from dichloromethane-hexane mixtures, and 
identified, respectively, as the salts 4a (32% ), 4b (71 % ), 
4c (98%), and 4d (59%h3 This reaction appears general 
for the cationic complexes since 5c (88%) and 6c (85%)3 
were obtained similarly from complex 2 and chalcone 3c 


(14) Examples are the eneration of carbenes from carbonyl com- 


magnesium atoms.16 
(15) P. S. Skell and J. M. Plonka, J. Am. Chem. SOC., 92,836 (1970). 
(16) L. D. W m t t ,  Jr., C. Williford, F. Parks, M. Dowling, S. Sublett, 


and K. J. Klabunde, J. Am. Chem. SOC., 98, 7853 (1976). 
(17) Examples include (Me-$-C&)2CrI, 0. V. Starovskii and Y. T. 


Struchkov, Dokl. Chem. (Engl. Traml.), 135,152 (1961); J. Struct. Chem. 
(Engl. Traml.) 2 ,  152 (1961), and (Ph2P-f-C6H5)2Cro, B. Barnett, Ch. 
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(18) The oxidation of aldehydes by metal complexes of Mnm, Fern, and 
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Kochi, Ed., Wiley, New York, 1973, pp 656-660 and references therein. 


pounds and carbon atoms & and the reaction of alicyclic ketones with 
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(1) Le Bozec, H.; Dixneuf, P. H.; Carty, A. J.; Taylor, N. J. Znorg. 
Chem. 1978,17, 2568 and references cited therein. 


(2) Le Bozec, H.; Gorgues, A.; Dixneuf, P. H. Inorg. Chem. 1981,20, 
2486. 


(3) Melting pointa ("C): 4a, 104-106; 4b, 124-125; 4c, 146-147; 4d, 
92-95; 5c, 146-147; 612,167-170. Anal. Calcd for 4a: C, 39.66; H, 4.05; 
S, 9.63. Found C, 39.82; H, 4.39; S, 9.96. Calcd for 4b: C, 40.62; H, 4.26; 
S, 9.43. Found C, 40.41; H, 4.21; S, 9.56. Calcd for 4c: C, 49.88; H, 4.28. 
Found C, 49.90; H, 4.30. Calcd for 4d C, 39.68; H, 4.26. Found: C, 
39.61; H, 4.15. Calcd for 50: C, 60.82; H, 4.03. Found C, 60.48; H, 4.28. 
Calcd for 6c: C, 64.28; H, 4.27. Found C, 64.34; H, 4.26. IR (Nujol; Y 
(cm-l)): 4a, 2022, 1965, 1718; 4b, 2020, 1972, 1715; 4c, 2035,1975,1695; 
4d, 2027, 1985, 1732; 5c, 2040, 1975, 1690, 6c, 2035, 1970, 1682. 
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n 
1, L = PMe,Ph 
2, L = PPh, 3a, R' = R2 = H 


b. R' = CH,. R2 = H 


1, L = PMe,Ph 0 
2, L = PPh, 7 


_/ ,  


c,  R' = R2 = Ph 
d ,  R' = MeO, R2 = H 


9, L = PMe,Ph 
10, L = PPh, 


Scheme I11 
CH3 


4a-d, L = PMe,Ph, X -  = PF,- 
5c, L = PPh,, X-  = PF,-  
6c,  L = PPh,, X-  = BF,- 


in dichloromethane by addition, respectively, of HPF, and 
HBFl in ether (Scheme I). 


(i) two 
strong carbonyl absorption bands at  higher frequencies 
than those of the precursors 1 and 2 and (ii) one high- 
frequency acyl absorption which indicated the loss of 
conjugation of the carbonyl with the carbon-carbon double 
bond. In addition, the presence of an uncoordinated C-S 
bond (1120-1130 cm-l) was observed. 


The regioselective addition of the sulfur atom to the C-3 
position of the a,@-unsaturated carbonyls 3 was clearly 
indicated., by the 'H NMR spectra which showed a 
SCHCH2C=0 arrangement.4 The methyl groups of the 
PMe2Ph ligands in 4a, 4b, and 4d show two apparent 
triplets in their 'H NMR s p e ~ t r a , ~  as in that of 1, and the 
31P nuclei of 4b show one line at G(CDC13) 23.0. These data 
are consistent with (i) equivalent phosphorus groups, (ii) 
the trans position of the phosphines' as in 1, and (iii) the 
diastereotopy of the methyl groups of each phosphine 
ligand. In contrast, compound 4c shows different behavior 
due to the presence of a chiral carbon atom linked to the 
uncoordinated sulfur atom; although the phosphorus nuclei 
appeared equivalent in the 31P NMR spectrum [Gp(CDC13) 
22.951, the four methyl groups of the phosphines were 
differentiated as observed by 13C NMR data., 


The cationic complexes 4-6 may result from the addition 
of the nucleophilic, uncoordinated sulfur atom to the 
protonated, activated olefin. They are stable in acidic or 
neutral media. In contrast, in the presence of a base, 
abstraction of the proton at the a-position of the carbonyl 
occurs and retroaddition takes place. Thus when 4c or 6c 
was treated in dichloromethane with triethylamine, the 
reaction occurred immediately and 1 or 2 and 3c were 
recovered in 95-100% yield. The retroaddition is much 
slower when pyridine is used at  room temperature. 


The compounds 4-6 showed in the infrared 
2, L = PPh, 


8 


11, L = PPh, 


I I1 


Therefore, such addition and retroaddition of a Fe(q2-CS2) 
complex should be useful to protect momentarily the C = C  
bond of an a,P-unsaturated carbonyl in acidic media. The 
addition of a Fe(s2-CS2) complex, which formally leads to 
the addition of a cationic organometallic group at  C-3, 
contrasts with the regioselective, base-catalyzed addition 
of thiols to activated olefins' to afford a neutral adduct 
which is stable in basic media. 


The addition of complexes 1 and 2 to two cyclic un- 
saturated carbonyls, the chiral P-angelicalactone (7) and 
1-carvone (81, has been investigated to study the stereo- 
chemistry of the reaction. The addition to 7 markedly 
depends on the nature of the phosphorus group, L (Scheme 
11). Compound gS was obtained by the addition of 1, but 
the reversibility of the reaction, in neutral medium, did 
not allow the elucidation of the stereochemistry, whereas 
the addition of 2 led to the isolation of 10 (45%) which 


(4) 'H NMR (100 mHz, 6): 4a (CDCl,), 3.35 (t, CHfi), 2.85 (t, CHzCO, 
3Jm = 6.0 Hz), 9.95 (8,  CHO); 4b (CDClJ 3.16 (t, CHzS), 2.71 (t, CHzCO, 
3 J ~ ~  = 5.7 Hz), 2.11 (8, COCH,); 4C (CDCl3) 5.02 (dd, SCH, 'JHH = 7.5 
Hz), 3.70 (m, CHZCO); 4d (CDClS) 3.20 (t, CHzS), 2.45 (t, CH#O, 'JHH 
= 6.0 Hz), 3.64 (8 ,  COZCH,); 6~ (CDZClz) 4.46 (dd, SCH, 35HH = 7.0 Hz), 
2.9-3.5 (m, CH,CO). 


+ 4Jp~I): 4a, 1.80 and 1.77 
(12.0 Hz); 4b, 1.63 and 1.68 (8.0 and 7.5 Hz); 4d, 1.71 and 1.67; 1, 1.67 and 
(5) 'H NMR (100 mHz, 6, CDCl,, 


(7) (a) Hiemstra, H.; Wynberg, H. J. Am. Chem. SOC. 1981,103, 417. 
(b) Gawronski, J.; Gawronska, K.; Wynberg, H. J. Chem. SOC., Chem. 
Commun. 1981, 307. (c )  Abramovitch, R. A.; Singer, S. S. J. Org. Chem. 
1976,10, 1712. 


(8) IR (Nujol) of 9: 2040, 1975, and 1805 cm-'. 


1.65 (8.5 Hzl). 
(6) 13C NMR of 4c (CDCl,, 20.115 mHz, 6): 283.0 (t, CSz, 'JPC = 16.5 


Hz), 213.0 (t, CO, ?Jpc = 26.4 Hz), 212.3 (t, CO, *Jpc = 23.1 Hz), 196.2 
(8, C+), 60.9 (SCH), 42.9 (CHzCO), 14.4 (t), 14.2 (t), 13.9 (t), 13.5 (t) 
(PCH3, (lJpc + ,Jpc I = 13.2 Hz). 
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which contained actually, as shown by NMRg, spectros- 
copy, both cis/trans isomers stable in neutral medium. 


The addition of 2 to 8 in the presence of HBF,.Et20 in 
CHzClp led to the formation of 11 (61%; Scheme III). The 
'H NMR spectrum of 11 indicated" the selectivity of the 
addition to the intracyclic C=C bond and the presence 
of only one diastereoisomer. 


The proposed relative configuration of 11 is based on 
the following rationale pertaining to the addition of a bulky 
nucleophile to forms I and I1 of the protonated Z-carvone 
(Scheme IV): (i) forms I and I1 are expected to be in 
equilibrium at  room temperature,12 (ii) it has been estab- 
lished7J3 for a six-membered ring that nucleophilic addition 
occurs antiparallel to the axial hydrogen atom Ha or H', 
a t  the adjacent carbon atom, and therefore nucleophilic 
addition to C-3 in forms I and I1 should occur as shown 
by A and B, respectively, in Scheme IV, (iii) the antipar- 
allel addition of a bulky Fe(v2-CS2) complex to form I is 
obviously disfavored with respect to the antiparallel ad- 
dition to form I1 due to the axial position of the bulky 
1-methylethenyl group in I. Therefore 11 should result 
from the addition to form I1 in the sense indicated by B. 


The present study shows that the addition of a nucleo- 
philic Fe(v2-CS2) complex, in acidic medium, to a,&un- 
saturated substrates is regiospecific and reaches a high 
stereoselectivity when the bulky nucleophile 2 is used. We 
are currently investigating ways to remove the metallic 
moiety from the sulfur-containing organic part of the 
cationic adducts. 


Registry No. 1, 64424-57-3; 2, 64424-68-6; 3a, 107-02-8; 3b, 78- 
94-4; 3c, 94-41-7; 3d, 96-33-3; 4a, 82665-43-8; 4b, 82665-45-0; 4c, 


11-7; 8, 2244-16-8; cis-9, 82665-54-1; trans-9, 82729-18-8; cis-10, 
82665-56-3; trans-10, 82729-20-2; 11, 82665-58-5. 


82665-47-2; 4d, 82665-49-4; 5c, 82665-51-8; 6c, 82665-52-9; 7, 591- 


~ ~~~ 


(9) Data for complex 10: mp 154-155 "C. Anal. Calcd: C, 58.80; H, 
4.12; Fe, 6.24; P, 6.79. Found: C, 58.49; H, 4.19; Fe, 6.12; P, 6.66. IR 
INuiol) 2042. 1985. 1790 cm-'. NMR (6. CDaCld: cis-10. 'H (100 MHz) 
1.38"(d, CHCH3, 3 i H H  = 6.5 HZ), l3C (ii).lldMHZ) 287.6 (t, &,), 172.7 


1.22 (d, CHCH,, 3JHH = 6 HZ), "C 288.3 (t, CSz), 172.7 (C=O), 80.1 
(C=O), 79.6 (CHCHJ, 59.1 (CHS), 33.2 (CH,), 20.6 (CH,); trans-10, 'H 


(CHCH,), 59.1 (CHS), 33.2 (CH2), 18.9 (CH,). The trans configuration 
has been assigned to the major isomer in agreement with the nature of 
the major adductlo of thiols with 7. 


(10) Ducher, S.; Michet, A. Bull. SOC. Chim. Fr. 1973, 1037. 
(11) Data for complex 11: mp 118-121 OC. IR (Nujol) 2038,1970,1715 


cm-'; 'H NMR (CD2C12, 100 mHz) 6 4.58 (C=CH2), 4.28 (SCH), 1.52 (a, 
CH3C==C), 0.62 (d, CH3CH, 3JHH = 5.8 Hz). Anal. Calcd: c ,  61.89; H, 
4.74; Fe, 5.89; P, 6.53. Found C, 61.35; H, 4.73; Fe, 5.39; P, 6.03. 


(12) Barieux, J. J.; Gore, J.; Richer, J. C. Bull. SOC. Chim. Fr. 1974, 
1020. 


(13) (a) Chamberlain, P.; Whitman, G. H. J. Chem. SOC., Perkin 
Trans. 2 1972, 130. (b) Allinger, N. L.; Riew, C. K. Tetrahedron Lett. 
1966, 1269. 
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Summary: Contrary to some previous reports, cyclo- 
propenium cations react with metal carbonyl anions to 


Scheme I 


a - 


give both g3-cyclopropenyl and q3-oxocyclobutenyl com- 
plexes. External ligand induced conversions of q3-cyclo- 
propenyl to q3-oxocyclobutenyl skeletons are also re- 
ported. 


Curiously, there are no reported examples of the reaction 
of a cyclopropenium cation with a metal carbonyl anion 
to yield a (.r13-cyclopropenyl)metal compound, although a 
number of such compounds have been prepared by oxi- 
dative addition pathways involving neutral metal pre- 
cursors.2-8 As shown in Scheme I reactions of cyclo- 
propenium cations with metal carbonyl anions can evolve 
along a variety of paths which we and others are at- 
tempting to define. Path a has been characterized for a 
single system; reaction of [C3Ph3]+ with [Fe(CO)2(v-C5H5)]- 
affords crystallographically characterized [Fe(C0)2(3-v1- 
C3Ph3)(v-C5H5)], but this compound is resistant to de- 
carbonylation (path b) to yield the corresponding v3- 
cyclopropenyl compound or to thermal ring expansion 
(path e, i) to afford an oxocyclobutenyl ligar~d.~,'~ We have 
previously reported that substituted (3-+cyclo- 
propeny1)pentacarbonylrhenium compounds could be 
prepared by a synthetic sequence involving paths h and 
d and that path d proceeded with an unprecedented allylic 
rearrangement of the migrating cyclopropenyl group; no 
evidence for reverse cyclopropenyl migration (path e) or 
decarbonylation (path b) was observed in this system."J2 
Finally an extensive study of the reactions of [Co(CO),]- 
with cyclopropenium cations has provided evidence for a 
surprising reaction pathway involving an apparent direct 


~ 


(1) (a) Alfred P. Sloan Research Fellow, 1980-1984. (b) On leave from 


(2) Gowling, E. W.; Kettle, S. F. A. Inorg. Chem. 1964, 3, 604-605. 
(3) Olander, W. K.; Brown, T. L. J. Am. Chem. SOC. 1972, 94, 


Colby College, Waterville, ME 04901. 
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(4) Rausch, M. D.; Tuggle, R. M.; Weaver, D. L. J. Am. Chem. SOC. 


(5) Chiang.. T.: Kerber. R. C.: Kimball. S. D.: Lauher. J. W. Inora. 
1970, 92,4981-4982. 


chi&. i979,-ia, i687-1691. ' 


- 
(6) Hayter, R. G. J. Organomet. Chem. 1968, 13, Pl-P3. 
(7) Drew, M. G. B.; Brisdon, B. J.; Day, A. J.  Chem. SOC., Dalton 


Trans. 1981, 1310-1316. 
(8) Unsymmetrically $bound cyclopropenyl ligands have also been 


reported. (a) McClure, M. D.; Weaver, D. L. J. Organomet. Chem. 1973, 
54, C59461. (b) Mealli, C.; Midollini, S.; Moretti, S.; Sacconi, L. Angew. 
Chem., Int. Ed. Engl. 1980,11,931. (c) Mealli, C.; Midollini, S.; Moretti, 
S.; Sacconi, L.; Silvestre, J.; Albright, T. A. J. Am. Chem. SOC. 1982, 104, 
95-107. 


(9) Gompper, R.; Bartmann, E. Angew. Chem., Int. Ed. Engl. 1978,17, 
456-457. 


(10) Gompper, R.; Bartmann, E.; Noth, H. Chem. Ber. 1979, 112, 
218-233. 


(11) Desrosiers, P. J.; Hughes, R. P. J. Am. Chem. SOC. 1981, 103, 
5593-5594. 
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SOC. 1982, 104, 4842. 
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which contained actually, as shown by NMRg, spectros- 
copy, both cis/trans isomers stable in neutral medium. 


The addition of 2 to 8 in the presence of HBF,.Et20 in 
CHzClp led to the formation of 11 (61%; Scheme III). The 
'H NMR spectrum of 11 indicated" the selectivity of the 
addition to the intracyclic C=C bond and the presence 
of only one diastereoisomer. 


The proposed relative configuration of 11 is based on 
the following rationale pertaining to the addition of a bulky 
nucleophile to forms I and I1 of the protonated Z-carvone 
(Scheme IV): (i) forms I and I1 are expected to be in 
equilibrium at  room temperature,12 (ii) it has been estab- 
lished7J3 for a six-membered ring that nucleophilic addition 
occurs antiparallel to the axial hydrogen atom Ha or H', 
a t  the adjacent carbon atom, and therefore nucleophilic 
addition to C-3 in forms I and I1 should occur as shown 
by A and B, respectively, in Scheme IV, (iii) the antipar- 
allel addition of a bulky Fe(v2-CS2) complex to form I is 
obviously disfavored with respect to the antiparallel ad- 
dition to form I1 due to the axial position of the bulky 
1-methylethenyl group in I. Therefore 11 should result 
from the addition to form I1 in the sense indicated by B. 


The present study shows that the addition of a nucleo- 
philic Fe(v2-CS2) complex, in acidic medium, to a,&un- 
saturated substrates is regiospecific and reaches a high 
stereoselectivity when the bulky nucleophile 2 is used. We 
are currently investigating ways to remove the metallic 
moiety from the sulfur-containing organic part of the 
cationic adducts. 


Registry No. 1, 64424-57-3; 2, 64424-68-6; 3a, 107-02-8; 3b, 78- 
94-4; 3c, 94-41-7; 3d, 96-33-3; 4a, 82665-43-8; 4b, 82665-45-0; 4c, 


11-7; 8, 2244-16-8; cis-9, 82665-54-1; trans-9, 82729-18-8; cis-10, 
82665-56-3; trans-10, 82729-20-2; 11, 82665-58-5. 


82665-47-2; 4d, 82665-49-4; 5c, 82665-51-8; 6c, 82665-52-9; 7, 591- 


~ ~~~ 


(9) Data for complex 10: mp 154-155 "C. Anal. Calcd: C, 58.80; H, 
4.12; Fe, 6.24; P, 6.79. Found: C, 58.49; H, 4.19; Fe, 6.12; P, 6.66. IR 
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1.38"(d, CHCH3, 3 i H H  = 6.5 HZ), l3C (ii).lldMHZ) 287.6 (t, &,), 172.7 
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Summary: Contrary to some previous reports, cyclo- 
propenium cations react with metal carbonyl anions to 
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give both g3-cyclopropenyl and q3-oxocyclobutenyl com- 
plexes. External ligand induced conversions of q3-cyclo- 
propenyl to q3-oxocyclobutenyl skeletons are also re- 
ported. 


Curiously, there are no reported examples of the reaction 
of a cyclopropenium cation with a metal carbonyl anion 
to yield a (.r13-cyclopropenyl)metal compound, although a 
number of such compounds have been prepared by oxi- 
dative addition pathways involving neutral metal pre- 
cursors.2-8 As shown in Scheme I reactions of cyclo- 
propenium cations with metal carbonyl anions can evolve 
along a variety of paths which we and others are at- 
tempting to define. Path a has been characterized for a 
single system; reaction of [C3Ph3]+ with [Fe(CO)2(v-C5H5)]- 
affords crystallographically characterized [Fe(C0)2(3-v1- 
C3Ph3)(v-C5H5)], but this compound is resistant to de- 
carbonylation (path b) to yield the corresponding v3- 
cyclopropenyl compound or to thermal ring expansion 
(path e, i) to afford an oxocyclobutenyl ligar~d.~,'~ We have 
previously reported that substituted (3-+cyclo- 
propeny1)pentacarbonylrhenium compounds could be 
prepared by a synthetic sequence involving paths h and 
d and that path d proceeded with an unprecedented allylic 
rearrangement of the migrating cyclopropenyl group; no 
evidence for reverse cyclopropenyl migration (path e) or 
decarbonylation (path b) was observed in this system."J2 
Finally an extensive study of the reactions of [Co(CO),]- 
with cyclopropenium cations has provided evidence for a 
surprising reaction pathway involving an apparent direct 
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attack on coordinated CO (path f) followed by ring ex- 
pansion to afford the q3-oxocyclobutenyl ligand (path i); 
evidence for the dissociative path g was also defined in this 
system.13 This communication reports reinvestigations 
of some previously reported reactions of metal carbonyl 
anions with cyclopropenium cations, together with some 
newly characterized systems; in a number of cases previous 
reports are shown to be incorrect or incomplete. 


The reaction of Na[Fe(CO),NO] with [C3Ph3]Br in 
methanol was reported to afford low yields (14%) of a 
maroon complex for which structures 1 and 2a were sug- 
gested; chemical oxidation of this compound to regenerate 
[C3Ph3]+ was considered to indicate that the cyclopropenyl 
ring was still intact, thus favoring structure l.14 In our 


Communications 


3 a  L = C C  1 2 0  L = C O  


2 b  L:PPh3 3 b  L = P P h j  
2 c  L=PMe2Ph 3 C  LZPMe2Ph 


hands, this same reaction (20 "C) afforded a 50% overall 
yield of a 1:l mixture of orange 2a15 and maroon 3a,16 
which could be separated by column chromatography. A 
much cleaner reaction, affording almost quantitative yields 
of a 1:4 ratio of 2a/3a, was obtained by using PPN[Fe(C- 
O)3NO]17 and [C3Ph3]PF6 in methanol. While 2a and 3a 
did not interconvert a t  20 "C, the pure q3-cyclopropenyl 
compound 3a reacted with PPh3 in refluxing benzene to 
yield a 1:l mixture of 3b,16 the product of phosphine 
substitution, and the ring-expanded oxocyclobutenyl 
complex 2b.16 Similarly 3a reacted with PMe2Ph to yield 
a 1:l mixture of 3c16 and 2c.15 In contrast the known cobalt 
complex [ C O ( C O ) ~ ( ~ ~ - C ~ P ~ ~ ) ] ~  cleanly afforded only [Co- 
(C0)2(PPh3)(q3-C3Ph3)]1* on thermal reaction with PPh,; 
no ring expansion was observed. 


The q3-cyclopropenyl complex 4 was reported6 to be 
formed in low overall yield (3%) from the reaction of 
[Mo(CO),(M~CN)~] with [C3Ph3]C1, followed by treatment 
of the known intermediate6$' [ M o C ~ ( C O ) ~ ( M ~ C N ) ~ ( ~ ~ -  
C3Ph3)] with Li[C5H6]. We report that a one-pot reaction 
of [Mo(CO)~(M~CN)~] with [C3Ph3]C1 in MeCN (15 h, 70 
"C), followed by replacement of the solvent by THF and 
treatment with Tl[C6H5] (20 "C), afforded 419 (19%) to- 
gether with the oxocyclobutenyl complex 5a20 (28%). A 
reaction sequence which maintained the first oxidative 


(13) Donaldson, W. A,; Hughes, R. P. J. Am. Chem. SOC. 1982,104, 


(14) Coffev. C. E. J. Am. Chem. SOC. 1962.84. 118. 
4846. 


(15) 2a: IR (hexane) uc0 2060 (ah), 2053,2025'(sh), 2016, v+,, 1720, 
pN0 1798 an-'; 'H NMR (CDC13) 6 6.5-8.3 (m, Ph); 13C('HJ NMR (CDCl,) 
6 210.41 (CO), 164.68 (C=O), 132.31, 131.00, 128.64 (br, Ph), 100.44 
(CPh), 94.84 (CPh). 2 b  IR (CH,Cl,) vc0 1990, Y- 1677, w0 1752 cm-'; 
'H NMR (CDCl,) 6 6.79-7.71 (m, Ph). 2c: IR (hexane) YCO 1992, u- 
1679, uN0 1754 cm-'; lH NMR (CDCl,) 6 6.3-8.2 (m, Ph), 1.24 (d, JPH = 
7.8 Hz, PMe), 1.15 (d, JPH = 8.0 Hz, PMe). 


(16) 3a: IR (hexane) uco 2033,1992, YNO 1760 cm-'. 'H NMR (CDCl,) 
6 6.76-8.74 (m); 13C(lH) NMR (CDCl,) 6 213.09 (CO), 131.86, 129.21, 
128.89, 128.32 (Ph), 54.95 (CPh). 3b: IR (CHzC1,) YCO 1953, YNO 1708 
cm-'; 'H NMR (CDC13) 6 6.95-7.54 (m); 13C('H] NMR (CDC13) 6 221.10 
(d, Jpx = 2 HZ, CO), 135.34,134.52, 133.67,132.90,129.41,128.24,127.59, 
126.65 (Ph), 51.80 (d, Jpc = 2 Hz, CPh). 3c: IR (hexane) uco 1960, YNO 
1719 cm-'; 'H NMR (CDClJ 6 6.8-7.5 (m, Ph), 1.42 (d, JPH 8.1 Hz, 
PMe), 1.39 (d, JPH = 7.8 Hz, PMe). 


(17) PPN+ = bis(tripheny1phosphin)iminium. A facile synthesis of 
PPN(Fe(CO),NO] is described by: Stevens, R. E.; Yanta, T. J.; Glad- 
felter, W. L. J. Am. Chem. SOC. 1981, 103,4981-4982. 


(18) IR (hexane): YCO 2001, 1954 cm-'. 
(19) 4 IR (CH2Cl,) vc0 1961,1901 cm-'; 'H NMR (CDC1,) 6 7.30 (m, 


Ph), 5.00 ( 8 ,  C5H5); l3C{'H) NMR (CDCl3) 6 229.53 (CO), 135.38, 128.89, 
128.29, 126.24 (Ph), 90.33 34.01 (CPh). 


e 9  
I Ph 


0 


5a .  R-H;L=CO 
5b. R=H:L=PMe2Ph 
5 c .  R = M e ; L = C O  


addition step at  20 "C (72 h) afforded only 4 (40%). 
Treatment of 4 with PMe2Ph in refluxing benzene rapidly 
afforded only the ring-expanded product 5b.20 Neither 
4 nor 5a was formed in the reaction of [Mo(CO),(q-C,H,)]- 
(Na+ or PPN+ salt) with [C3Ph3]PF6 (THF; -60 "C to 20 
"C); only [Mo(CO)~(~-C,H,)], and [C3Ph3I2 were obtained 
in an apparent redox reaction. Surprisingly, the reaction 
of N~[Mo(CO),(T~C,M~,)] with [c3Ph3]PF6 under identical 
conditions cleanly produced 5c20 (86 % ) . 


Apparently analogous redox chemistry, to give [Mn2(C- 
0)10] and [C3Ph3I2, has been reported in the reaction of 
Na[Mn(CO)6] and [C3Ph3]BFb3 In our hands these two 
products were indeed observed, but low yields (10%) of 
the oxocyclobutenyl complex 621 could also be isolated by 
careful column chromatography. A somewhat higher yield 
route to 6 (20%) was afforded by the reaction of PPN- 
[Mn(CO),] with [C3Ph3]PF6 (CH2C12, CH3CN, or THF; 20 
"C). 


Ph 


6 


Formation of 3a constitutes an example of direct for- 
mation of a q3-cyclopropenyl complex from a metal car- 
bonyl anion and a cyclopropenium cation. 3a appears to 
possess the same physical properties as the compound 
originally proposed14 to have structure 1 or 2a. The 
presence of a freely rotating, intact cyclopropenyl ring is 
evidenced by a single 13C NMR resonance for the three 
cyclopropenyl ring carbon atoms,n and it is not surprising, 
therefore, that oxidation of this compound affords free 
[C3Ph3]+.14 It is not clear whether 2a and 3a result from 
different initial sites of electrophilic attack on [Fe(C0)3- 
NO]- (3a by direct attack a t  the metal and 2a by attack 
at  CO, as observed for [CO(CO),]-)'~ or whether they are 
formed by competitive pathways arising from a common 
intermediate. The effect of the cation (Na+ or PPN+) on 


(20) Sa: IR (CH,C13 uc0 2001,1945; v m  1677 cm-'; 'H NMR (CDCl,) 
6 7.36 (m, Ph), 5.20 (8,  CJ4.J; '3C11H1 NMR (CDCl,) 6 227.78 (CO), 168.33 
(C=O), 135,54,132.53,131.00,128.52,127.99,125.84 (Ph), 95.20 (C6H5), 
89.36 (CPh), 70.12 (CPh). 5 b  IR (CHzClz) YCO 1896, u 0 - 0  1651 cm-'; 'H 


= 8.5 Hz, PMe), 0.97 (d, JPH = 8.5 Hz, PMe). 5c: IR (CHCl,) vco 1987, 
1928, Y- 1644 an-'; 'H NMR (CDCld 6 7.0-7.4 (m, Ph), 1.77 (8,  C5Mea); 


127.5, 126.3, 125.2 (Ph), 103.2 (C,Me& 88.3 (CPh), 68.4 (CPh), 8.7 
(C&ed. 


(21) 6 IR (hexane) vco 2070,2017,1985,1972 cm-'; 'H NMR (CDCl,) 
7.0-7.94 (m, Ph); 13C(1HJ NMR (CDCl3) 6 216.87 (CO), 169.74 (C=O), 
131.76, 130.14, 129.21, 128.52, 128.19, 127.95, 127.71, 127.50 (Ph), 124.78 
(CPh), 116.39 (CPh). 


(22) Also observed in 2b,18 3c,18 and 4.1B Theoretical calculations put 
the barrier to rotation about the metal-ring axis in the isoelectronic 
[Fe(CO)B(&3H,)]- at ca. 6-7 kcal.m01-'.~~ 


(23) Albright, T. A.; Hofmann, P.; Hoffmann, R. J. Am. Chem. SOC. 
1977,99, 7546-7557. 


(24) A similar thermal conversion of a q3-cyclopropenyl to ~ ~ - 0 ~ 0 -  
cyclobutenyl ligand is implicit in the results reported in ref 7. 


NMR (CDCld 6 7.1-7.9 (m, Ph), 4.72 (d, J ~ H  = 1.8 HZ, C a d ,  1.57 (d, JPH 


13C(1HJ NMR (CDCl,) 6 231.5 (CO), 167.9 (M), 135.1, 134.0, 131.2, 
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both yields and product ratios is i n t e re~ t ing~~  and is under 
further investigation. 


That a q3-cyclopropenyl ligand can serve as a direct 
precursor to a q3-oxocyclobutenyl ligand is evidenced by 
the phosphine-promoted conversion of 2a to 2b and 3b (or 
2c and 3c) and by transformation of 4 to 5b. These re- 
actions are presumably initiated by pathway c (Scheme 
I) followed by competition between path b or a sequence 
of paths e and i; in the case of the iron compounds, both 
pathways are competitive, for molybdenum the ring ex- 
pansion route dominates, whereas for cobalt no ring ex- 
pansion occurs. A similar thermal conversion of a q3- 
cyclopropenyl to a q3-oxocyclobutenyl ligand on molyb- 
denum is evidenced by formation of only 4 under mild 
conditions, but a mixture of 4 and 5a under more vigorous 
thermal  condition^.^^ The reasons for the different re- 
activities of the anions [Mo(CO),(q-C,R,)]- (R = H, Me) 
toward [C3Ph3]+ are unclear; notably [Mo(C0),(q-C5H5)]- 
has been shown previously to react with [C3-t-Bu3]+ via 
attack at  the cyclopentadienyl ring.27 


Once again, it cannot be distinguished whether the 
manganese compound 6 arises via direct attack at  Mn 
(path a, e, i) or by attack at CO (path f, i). Whichever path 
is followed, formation of 6 demonstrates a notable dif- 
ference between Mn and Re chemistry; the (2-cyclo- 
propene-1-carbony1)rhenium system undergoes exclusive 
cyclopropenyl migration to Re (path d), with no observable 
ring expansion (path i), and (3-q1-cyclopropenyl)rhenium 
complexes show no tendency to form oxocyclobutenyl 
compounds (path e, i)."J2 


Reactions of metal carbonyl anions with cyclopropenium 
cations clearly proceed via an array of reaction pathways, 
but the underlying reasons for choice of reaction path are 
still obscure. Nevertheless, under suitable conditions these 
reactions can provide good synthetic routes to oxocyclo- 
butenyl compounds, which are useful precursors to cationic 
cyclobutadiene ~ o m p o u n d s ~ ~ ~ ~ ~  and to new ql- and q3- 
cyclopropenyl compounds, whose chemistry is currently 
under continuing investigation. 
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Summary: Reactions of H,OS~(CO),~ with metal carbo- 
nyls in the presence of H2 and also in the absence of H, 
provide convenient routes to a number of new mixed- 
metal clusters and improved yields of some previously 
reported clusters. The X-ray structure determination of 
the paramagnetic cluster H3($'-C5H5)CoOs3(CO)g and its 
diamagnetic structural analogue H,(T~-C~H,)N~O~~(CO)~ is 
reported. 


An earlier report' from this laboratory suggested a 
relatively simple approach to the preparation of mixed- 
metal systems containing a triosmium unit and is based 
upon the use of the electronically unsaturated cluster 
H20s3(CO)lo as a starting material. A simple high-yield 
preparation of H2FeOs3(CO)13 and a good yield preparation 
of H2(q5-C5H5)CoOs3(CO)lo were reported. More recently 
we have found that when the latter reaction is conducted 
in the presence of molecular hydrogen, the yield of H2- 
(q5-C5H5)CoOs3(CO)lo is greatly diminished but two ad- 
ditional products are formed. 


toluene 
(s~-C~HS)CO(CO)~ + H@s3(CO)io + H2- 


H ~ ( v ~ - C ~ H ~ ) C ~ O S ~ ( C O )  10 + 
4% 


H3(q5-C5H5)CoOs3(CO)9~+- H4(q5-C5H5)Co0s3(C0)9 (1) 
33 % 32 % 


The conditions chosen for reaction 1 permit formation 
of significant yields of H3(q5-C5H5)CoOs3(CO)9. However, 
this compound will react with H2 to convert to H 4 ( ~ 5 -  
C5H5)CoOs3(CO)e. Thus after a prolonged period of time 
the principal product from reaction 1 is H4(q5-C5H5)- 
COOS~(CO)~. On the other hand, the conversion of H2- 
(q5-C5H5)Co0s3(C0)10 to the other clusters in the presence 
of H2 at  1 atm is not favorable.2 


H3(q5-C5H5)CoOs3(CO)g + H,(q5-C5H5)CoOs3(CO)9 (2) 
7% 23 % 


It is possible that in reaction 1 H2 is assisting in CO dis- 
placement from the reactants and that the primary path 
of the reaction does not proceed through H2(q5-C5H5)- 


(1) Plotkin, J. S.; Alway, D. G.; Weisenberger, C. R.; Shore, S. G. J.  
Am. Chem. SOC. 1980,102, 6157. 


(2) This result contrasts with the earlier observation that most of 
H2FeRu3(C0)13 (82%) is converted to H , F ~ R U ~ ( C O ) ~ ~  in the presence of 
Hz. See: Koepke, J. W.; Johnson, J. R.; Knox, S. A. R.; Kaesz, H. D. Ibid. 
1975,97, 3947. 
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both yields and product ratios is i n t e re~ t ing~~  and is under 
further investigation. 


That a q3-cyclopropenyl ligand can serve as a direct 
precursor to a q3-oxocyclobutenyl ligand is evidenced by 
the phosphine-promoted conversion of 2a to 2b and 3b (or 
2c and 3c) and by transformation of 4 to 5b. These re- 
actions are presumably initiated by pathway c (Scheme 
I) followed by competition between path b or a sequence 
of paths e and i; in the case of the iron compounds, both 
pathways are competitive, for molybdenum the ring ex- 
pansion route dominates, whereas for cobalt no ring ex- 
pansion occurs. A similar thermal conversion of a q3- 
cyclopropenyl to a q3-oxocyclobutenyl ligand on molyb- 
denum is evidenced by formation of only 4 under mild 
conditions, but a mixture of 4 and 5a under more vigorous 
thermal  condition^.^^ The reasons for the different re- 
activities of the anions [Mo(CO),(q-C,R,)]- (R = H, Me) 
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has been shown previously to react with [C3-t-Bu3]+ via 
attack at  the cyclopentadienyl ring.27 


Once again, it cannot be distinguished whether the 
manganese compound 6 arises via direct attack at  Mn 
(path a, e, i) or by attack at CO (path f, i). Whichever path 
is followed, formation of 6 demonstrates a notable dif- 
ference between Mn and Re chemistry; the (2-cyclo- 
propene-1-carbony1)rhenium system undergoes exclusive 
cyclopropenyl migration to Re (path d), with no observable 
ring expansion (path i), and (3-q1-cyclopropenyl)rhenium 
complexes show no tendency to form oxocyclobutenyl 
compounds (path e, i)."J2 


Reactions of metal carbonyl anions with cyclopropenium 
cations clearly proceed via an array of reaction pathways, 
but the underlying reasons for choice of reaction path are 
still obscure. Nevertheless, under suitable conditions these 
reactions can provide good synthetic routes to oxocyclo- 
butenyl compounds, which are useful precursors to cationic 
cyclobutadiene ~ o m p o u n d s ~ ~ ~ ~ ~  and to new ql- and q3- 
cyclopropenyl compounds, whose chemistry is currently 
under continuing investigation. 
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Summary: Reactions of H,OS~(CO),~ with metal carbo- 
nyls in the presence of H2 and also in the absence of H, 
provide convenient routes to a number of new mixed- 
metal clusters and improved yields of some previously 
reported clusters. The X-ray structure determination of 
the paramagnetic cluster H3($'-C5H5)CoOs3(CO)g and its 
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reported. 
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ditional products are formed. 
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The conditions chosen for reaction 1 permit formation 
of significant yields of H3(q5-C5H5)CoOs3(CO)9. However, 
this compound will react with H2 to convert to H 4 ( ~ 5 -  
C5H5)CoOs3(CO)e. Thus after a prolonged period of time 
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COOS~(CO)~. On the other hand, the conversion of H2- 
(q5-C5H5)Co0s3(C0)10 to the other clusters in the presence 
of H2 at  1 atm is not favorable.2 
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It is possible that in reaction 1 H2 is assisting in CO dis- 
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2 2 0 0 , 2 ~  , lo? crii' 


(3) Loliger, J.; Scheffold, R. J.  Chem. Educ. 1972, 49, 646. 
(4) Crystal data for HS(~6-C&16)NiOsS(CO)8: the complex crystallizes 


in the centroeymmetric orthorhombic space group Pcan (No. 57) with 
a = 14.554 (3) A, b = 17.845 (3) A, c = 15.008 (3) A, V = 3898 AS, and 
p(calcd) = 3.24 g cm-a for mol wt 949.52 and 2 = 8. Single-crystal X-ray 
diffraction data were collected with a Syntex P21 automated four-circle 
diffractometer, and the structure was solved by direct methods (MUL- 
TAN), difference Fourier syntheses and full-matrix least-squares re- 
finement. The resulting discrepancy indices were RF = 5.3% and R w ~  = 
4.9% for all 2683 independent reflections with 3.5O < 28 < 45.0° (Mo Ka 
radiation) and RF = 3.4% and RwF = 4.2% for those 2129 data with IFo/ 
> 3dlF,I). 


Figure 2. Infrared spectra of H3($-C5H5)Ni0s3(C0)9 and H3- 
(?S-C5H5)CoOs3(CO)9 in hexane. 


012'QJ 


Figure 3. Geometry of an H3($-C&,)NiOs,(CO), molecule. For 
each of the crystallographically distinct molecules (molecule A 
and molecule B) a crystallographic mirror plane passes through 
atoms C(1), Ni, os(2), 0(22), and H(11). Note that if we neglect 
direct osmium-osmium bonds, each osmium atom is in an ap- 
proximately octahedral coordination environment. The H3(q5- 
C&)CoOs&CO), molecule has essentially the same geometry with 
minor variations in the disposition of ligands. 


data for the NiOs3 complex are consistent with the X-ray 
determined structure. 


The crystal structures of H3(q5-C5H5)CoOs3(CO)g and 
H3(q5-C5H5)Ni0s3(C0)9 each contain two unrelated sites 
for the molecules, each of which has crystallographically 
imposed C, symmetry. The crystallographic "asymmetric 
unit" thus consists of two distinct half molecules of H3- 
( . I I~ -C~H~)MOS~(CO)~  (M = Co, Ni); the molecules are, 
however, equivalent. Each consists of a (q5-C5H5)M unit 
bonded symmetrically to a basal (p-H)30s3(CO)g moiety 
of C, symmetry (see Figure 3). The heteroatom is bonded 
to an q5-cyclopentadienyl ligand and to three osmium 
atoms, while each osmium atom is linked to the hetero- 
atom, two other osmium atoms, two bridging hydride lig- 
ands, and three terminal carbonyl ligands. In the struc- 
tural study of the NiOs3 derivative, all bridging hydride 
ligands were located directly; unfortunately, in the study 
of the Coos3 derivative, hydride ligands associated with 
one of the two molecules were located but those of the 


(5) The quality of crystals obtained for H,(~6-C,H6)CoOsS(CO)g was 
not as good as for the NiOsS complex. Data are as follows: space grou 
Pcam, a = 14.632 (3) A, b = 17.872 (5) A, c = 14.991 (3) A, V = 3920 A , 
and p(calcd) = 3.23 g ~ m - ~ .  Final discrepancy indices were RF = 5.2% 
and RwF = 5.0% of all 1937 independent reflections with 4.0° < 28 < 40.0° 
(Mo Ka) and RF = 4.2% and RwF = 4.8% for those 1628 data with IF,[ 
> 30(lFoI). 
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Table I. Reactions of H,Os,(CO),, with Metal Carbonyls 


product(s) (yield, %) 


metal carbonyl without hydrogen with hydrogen 


' Unreported previously. Obtained previously in trace amount.' Obtained previously, no yield reported., 


Table 11. Spectral Data of New Mixed-Metal Clusters 


mass 


H,(s5-C,Hs)RhOs,(CO),, 1026 2083 m, 2063 vs, 2042 vs, 2010 V S , ~  
2000 s (sh), 1982 m, 1972 m, 
1819 m 


H,(~s-C,H,)IrOs3(CO),, dec 2082 W ,  2068 S, 2040 S, 2018 VS, 
2000 w (sh), 1980 vw, 1970 w ,  
1815 vwb 


H4(~s-C,H5)C~Os3(CO),  956 5.22 ( 5  H), -19.30 ( 4  H)' 2082 m, 2060 s, 2050 s, 2019 s, 
1995 s (sh), 1992 s, 1977 m ,  
1952 vwd 


H,(q5-C,H5)C~O~,(C0) ,  955 2082 w,  2060 s, 2008 vs, 1990 
m ,  1955 vwd 


H,(qSC,H,)NiOs,(CO), 954 6.05 ( 5  H), -17.65 ( 3  H)C 2085 vw, 2065 s, 2010 vs, 1990 
m ,  1958 vwd 


cluster (m/e)  'H NMR (in CDCl,), 6 v c 0 ,  cm-' 


5.95 (5  H), -17.57 ( 1  H), -20.78 (1 H)' 


5 .80 (5  H), -19.02 (1 H), -21.40 (1 H)" 


5.23 ( 5  H), -18.26 ( 2  H), -20.27 ( 2  H)' 


6 .05 ( 5  H) ,  -17.64 ( 3  H)" 


At -60 "C. In cyclohexane. At room temperature. 


other molecule were not. The structure is, nevertheless, 
secure. 
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= 2.569 (2) A, Os(2)-Ni = 2.578 (3) A; (molecule B) Os- 


2.873 (1) A, Os(1)-Ni = Os(1')-Ni = 2.563 (2) A, Os(2)-Ni 
= 2.562(2) A. Other distances include Os-CO = 1.866 
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(l)-O~(l') = 2.891 (1) A, 0~(1)-0~(2) = 0~(1')-0~(2) = 
2.879 (1) A, Os(l)-Co = Os(l')-Co = 2.583 (3) A, Os(2)-Co 
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the absence and presence of molecular hydrogen are given 
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(l)-O~(l') = 2.873 (1) A, 0~(1)-0~(2) = 0~(1')-0~(2) = 


(6) Numbers in square bracketa are estimated standard deviations of 


(7) Steinhardt, P. C.; Gladfelter, W. L.; Harley, A. D.; Fox, J. R.; 
the mean values. 


Geoffrey, G. L. Inorg. Chem. 1980,19, 332. 


In hexane. 


All of the compounds reported in Table I were prepared 
in toluene at  90 OC with the exception of the clusters 
produced from CO.&O)~ which were obtained from CH2C12 
at room temperature. The additional condition of an at- 
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pounds were isolated as air-stable solids by TLC (silica gel; 
benzenefhexane solution). Spectral data from the new 
compounds prepared are listed in Table 11. 
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(~5-C5H5)IrOs3(C0)10 are isoelectronic with H2(05-C6H5)- 
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believed to be isostructural in that proton NMR and IR 
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pearance. 
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Summary: Tetramethyldibismuthine was prepared from 
the reaction of trimethylbismuthine with sodium in liquid 
ammonia followed by treatment with 1,2dichloroethane. 
Like tetramethyldistibine it shows thermochromic prop- 
erties on freezing. 


In 1935, Paneth reported that the reaction between 
methyl radicals and a heated bismuth mirror gave a trace 
of a violet solid which melted to a yellow liquid prior to 
decomposition.' On the basis of analogy to the thermo- 
chromic behavior (red - yellow) of tetramethyldistibine 
lb, the violet compound was assigned the structure of 
tetramethyldibismuthine la. No other characterization 
of tetramethyldibismuthine has appeared in the literature, 
although several other dibismuthines have recently been 
r e p ~ r t e d . ~ - ~  We now wish to report on a synthesis of la 
and on a comparison of ita properties with those of lb6 and 
other compounds of group V elements. 


The reaction of trimethylbi~muthine~ with sodium in 
liquid ammonia afforded a red solution of NaBi(CH3)2 
which on reaction with 1,2-dichloroethane gave a 70% yield 
of tetramethyldibismuthine as a viscous red oil (dzooc = 
2.85 g/cm3).8 The lH NMR and 13C NMR spectra (C7D8) 
consist of broad singlets a t  6 1.62 and 6c -18.92, respec- 
tively. The mass spectrum (70 eV) shows the expected 
peaks for sequential fragmentation at  m / e  (relative in- 
tensity) 478 (2.6, M+), 463 (3.7), 448 (2.0), 434 (3.41, 418 
(4.9), 254 (35.8), 239 (79.3), 224 (62.3), and 209 (100). The 
Raman spectrum of solid la shows intense polarized peaks 
at  110 (Bi-Bi) and 445 (BiC) cm-'. The corresponding 
bands for solid tetramethyldistibine, tetramethyldiar~ine,~ 
and tetramethy1diphosphine'O occur a t  179 (Sb-Sb), 271 
(AsAs), 455 (PP), and 505 (SbC), 570 (AsC), and 668 (PC) 
cm-'. This shift to lower frequency exceeds that expected 
for increasing mass and is consistent with a progressive 
weakening of the vibrational force constants.'l 


Na C J W 1 2  


NH3 
Me3Bi - Me2BiNa - Me2BiBiMe2 


MezBiBiMez Me3Bi + Bi 


Tetramethyldibismuthine is an extremely labile com- 
pound. It decomposes thermally at  25 OC with nearly 
quantitative formation of trimethylbismuthine and bis- 
muth metal. In a dilute benzene solution, la has a half-life 
of approximately 6 h. Tetramethyldistibine shows the 
analogous reaction at 160-200 OC.12 Reaction of la with 
I2 occurs instantly a t  25 "C with the formation of (C- 
H3)2BiI, (CH3)Bi12, Bi13, and Bi. Tetramethyldibismuthine 
fumes in air but is stable toward water. 


As reported by Paneth, the red-yellow liquid tetra- 
methyldibismuthine freezes reversibly at  -12.5 "C to 
well-formed iridescent violet-blue crystals. The diffuse 
reflectance spectrum of solid la shows a broad maximum 
at X 665 nm. Pentane solutions of la show only A,, at  
220 (t 37000) and 264 (7200) with a featureless low in- 
tensity tail to 700 nm. In comparison solid lb (mp 17.5 
OC) shows a diffuse reflectance max at 530 nm, while cy- 
clohexane solutions show X, <215 with a featureless tail 
to 360 nm. Neither tetramethyldiarsine nor tetra- 
methyldiphosphine show thermochromic properties on 
melting. 


This red shift between solid and liquid phase is similar 
to that reported for molecular iodine,'3 certain distibines?l4 
ditelluride~'~ and di~e1enides.l~ It appears to be a common 
property of many of the diatomic-like compounds of ele- 
ments in the lower right-hand corner of the periodic table. 
Several of these compounds have been shown to display 
extended bonding in the solid phase.16 Whether the solid 
phase colors of la and lb are due to this effect must await 
the results of X-ray crystal structure determinations now 
in progress. 
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dichloroethane, 107-06-2; 12, 7553-56-2. 


(11) On the basis of a diatomic model, the force constants are BiBi, 
1.88 X 106 dyn cm-'; SbSb, 2.31 X 106 dyn cm-'; ASAS, 2.80 X 106 dyn cm-'; 
PP, 3.01 X lo6 dyn cm-'. 


(12) Burg, A. B.; Grant, L. R. J. Am. Chem. SOC. 1959,81, 1. 
(13) Pimentel, G. C. J. Chem. Phys. 1951,19,446. Hach, R. J.; Run- 


dle, R. E. J. Am. Chem. SOC. 1951, 73,4321. 
(14) Ashe, A. J., 111; Butler, W.; Diephouse, T. R. J. Am. Chem. SOC. 


1981,103, 207. 
(15) Sandman, D. J.; Stark, J. C.; Foxman, B. M. Organometallics 


1982, 1, 739. 
(16) For a molecular orbital model see: Huehbanks. T.: Hoffmann. R.: 


Whangbo, M.-H.; Stewart, K. R.; Eisenstein, 0.; Canadell, E. J. Am: 
Chem. SOC. 1982,104,3876. 


(1) Paneth, F. A.; Loleit, H. J. Chem. SOC. 1935, 366. 
(2) For possible early preparations of tetraphenyldibismuthine, see: 


(a) Gilman, H.; Yablunky, H. L. J. Am. Chem. SOC. 1941,63, 212. (b) 
Wiberg, E.; Ma i t ze r ,  K. 2. Naturforsch., B: Anorg. Chem., Org. Chem. 
Biochem., Biophys., Biol. 1957, 12B, 132. (c) Dessy, R. E.; Chivers, T.; 
Kitching, W. J. Am. Chem. SOC. 1966,88, 467. 


(3) For low temperature dimers of bismabenzene see: Ashe, A. J., I11 
Tetrahedron Lett. 1976,415. Ashe, A. J., In; Diephouse, T. R.; El-Sheikh, 
M. Y. J. Am. Chem. SOC., in press. 


(4) Becker, G.; Rossler, M. Z .  Naturforsch., B: Anorg. Chem., Org. 
Chem. 1982, B37,91. 


(5 )  Breunig, H. J.; Miiller, D. Angew. Chem. 1982, 94, 448. 
(6) Meinema, H. A.; Martens, H. F.; Noltag, J. G. J. Organomet. Chem. 


(7) Long, L. H.; Sachman, J. F. Trans. Faraday SOC. 1954,50,1177. 
(8) Experimental procedure: The addition of 0.5 g (22 mmol) of so- 


dium to 2.9 g (11 mmol) of trimethylbismuthine in 100 mL of liquid 
ammonia at  -33 "C gave a red solution of sodium dimethylbismuthide. 
After addition of 1.1 g (11 "01) of l,2-dichloroethane, the ammonia w a ~  
allowed to evaporate. The residue was extracted with pentane and fil- 
tered. Three recrystallizations from pentane at  -20 OC gave 2.6 g (70%) 
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Summary: Hexane solutions of Ph(CH,),C(O)Mn(CO), (x 
= 1 or 2) treated with 2400 psi of CO/H, at 70 OC gave 
Ph(CH,), +,-OC(O)Mn(CO),. The incorporation of the syn 
gas probably occurs stepwise and may be represented 
as follows: RC(O)Mn(CO), H,/CQ RCH,OMn(CO), a 
RCH,OC(O)Mn(CO),. In  contrast, the same reactions 
carried out in sulfolane yielded only the aldehydes, Ph- 
(CH,),CHO. Speculation on a mechanism consistent with 
these results is presented. 
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Table I. Reactions of Manganese Carbonyls at 70 "C ( 3  h )  
R in RMn(CO), solvent gas mixture (psi, initial) product yield, % 


PhCH,C(O) Hh HJCO (2400)  Ph( CH,),OC(O)Mn(CO), - l o o a  
PhCH,C(O) S H, (1200)  PhCH,C( O)H 97b 


PhCH,CH,C(O) H HJCO (2400)  Ph( CH,),OC( O)Mn( CO), - 100 


PhCH,C( 0) S h  H,CO (2400)  PhCH,C(O)H 86 


PhCH,' S H,/CO (2400)  PhCH,C( O)H 67 
PhCH,' S H, (1200)  PhCH,CH,OH 56: 


PhCH,CH,OC( 0) He HJCO (2400)  PhCH,CH,OC( O)H 83 f 
PhCH,CHZ8 H H,/CO (2400)  Ph( CH,),OC(O)Mn(CO), 50g 


PhCH,CH,C( O)Mn( CO), 50g 


a Analytically pure crystals were isolated in 24% yield after the very soluble, crude material was recrystallized twice from 


Analytically 
hexanes-ether, 
standard aldehyde solution. 
pure crystals were isolated in 35% yield after the crude material was recrystallized from hexanes. e This reaction was 
carried out  at 200 "C. 
NMR. 


When this reaction was carried out at 200 'C, a 64% yield of PhCH,CHO was obtained. By IR vs. 
By NMR vs. internal standard; product extracted from sulfolane by hexanes. 


By GLC (6', 3% S.E. 30, 180 "C vs. Ph,CHCH, as standard). Extent of reaction after 3 h by 
H = hexanes; S = sulfolane. 


In a recent report' it was shown that the reaction of 
RMn(CO), (R = CH,; (CH3)3CC02CH2-) with 3.3 CO/H2 
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PhCH,C(O)Mn(CO), + H2 + CO (2400 psi) 7 70 'C 


PhCH2CH20C (0) Mn( CO), (1) 
1 
1 


sponds to the insertion of the (italicized) combination of 
CO + H2 molecules into the acylmanganese pentacarbonyl. 
When the homologous PhCH2CH2C(0)Mn(C0)53 was 
treated similarly, the only compound formed was the ho- 
mologue of 1, PhCH2CH2CH20C(0)Mn(C0),,4 2, sug- 
gesting that the reaction may be quite general. 


Formates are often observed as byproducts of metal 
carbonyl catalyzed hydroformylation of olefins. They are 
assumed to arise by reduction of the aldehyde by a metal 
hydride followed by CO insertion and subsequent cleavage 
(eq 2). Treatment of aldehydes with HCo(CO)., and with 


co 
RCHO + HM(CO), -* RCH,OM(CO), - 


HZ 
RCH,OC(O)M(CO), - RCHQOC(0)H (2) 


HMn(CO), a t  high temperatures (-200 "C) and pressures 
in hydrocarbon solvents does in fact lead to large amounts 


(1) Dombek, B. D. J. Am. Chem. SOC. 1979,101,6466. See also: King, 
R. B.; King, A. D., Jr.; Iqbal, M. Z.; Frazier, C. C. Ibid. 1978,100,1687. 


(2) PhCH,CH,OC(O)Mn(CO),, 1: mp 76.Ck76.5 OC; IR (hexanes) 2142 
(w), 2044 (s);2021 (a), 2018 (e), 1660 (m) cm-I; IH NMR (CDC13) b 2.93 
(t, benzyl, 2), 4.33 (t, oxy, 2), 7.28 (e, aromatic, 5). Anal. Calcd for 
[Ph(CH,Jz-OC(0)Mn(CO),l: C, 48.e H, 2.62. Found C, 48.62; H, 2.83. 


(3) PhCHzCHzC(0)Mn(CO)5 was made by the method of: Closson, R. 
D.; Kozikowski, J.; Coffield, T. H. J. Org. Chem. 1957, 22, 598. One 
recrystallization from hexanes gave a 45% yield of pure product: mp 
73.5-74.0 OC; IR (hexane) 2138 (w), 2072 (m), 2025 (a), 2016 (a), 1665 (m) 
cm-'; 1H NMR (CDC13) 6 2.80 (m, benzyl, 2), 3.27 (m, acyl, 2), 7.23 (8, 
aromatic, 5). Anal. Calcd for [PhCH2CH2C(0)Mn(CO),]: C, 51.22; H, 
2.75. Found: C, 51.13; H, 2.78. 


(4) PhCHzCHzCHzOC(0)Mn(CO)5, 2 mp 84.2-84.7 OC; IR (hexanes) 
2140 (w), 2055 (e), 2024 (a), 1663 (m) cm-'; H NMR (CDCld 6 1.93 (m, 
alkyl, 2), 2.70 (m, benzyl, 2), 4.12 (t, oxy, 2), 7.27 (8, aromatic, 5). Anal. 
Calcd for [Ph(CH,JaOC(O)Mn(CO),]: C, 50.28, H, 3.07. Found C, 50.06; 
H, 3.12. 


of formates? However, our treatment of PhCH2CH0 with 
HMn(CO), under conditions leading to 1 did not give 1; 
in fact no reaction occurred at  all. The formate, 
PhCH2CH20CH0, was formed only on treatment of 1 at  
200 "C in hexanes under 2400 psi of CO/H2 (Table I). 


The difference in products obtained from the reaction 
of Ph(CH2),C(0)Mn(CO), in hexanes and in sulfolane may 
be rationalized by postulating the involvement of the 
sulfolane in stabilizing polar intermediates (or transition 
states); a speculative sequence of reactions for the hexane 
case is shown in eq 3. In sulfolane, polar intermediate 5 


1 { A /O\ j 
R-CMn(CO)5 R-C-Mn(CO), - R--C:-Mn(CO!, - 


3 4 
0- /"- ?\ 


R-C=Mn+(CO14 % R-b-Mn'(CO), - R-C-Mn(CO!, - 
I /  
H Y  


I t  
H H  


5 
co REH-O-Mn-(CO), - RCH2-O-Mn(CG!4 - 


H 


i 
RCH20Mn(CO15 RCH20-C-Mn(CO)5 ( 3 )  


may be prevented from forming a Mn-0 bond by inter- 
action with the solvent, structure 6, collapsing instead to 
give the aldehyde (eq 4). 


CJ 
R-C-Mn(CO), PfSB - RCHO + HMnCO), (4) I 1  


H H  


6 


Structure 3 represents a (q2-acyl)manganese complex. 
Such structures have been postulated for higher transi- 
tion-metal complexes. Indeed in the actinide series6 facile 


(5) Marko, L. Proc. Chem. SOC., London 1962,67. Marko, L.; Szabo, 
P. Chem. Tech. (Leipzig) 1961,13,482. Orchin, M. Acc. Chem. Res. 1981, 
14, 259. Weil, T. A.; Metlin, S.; Wender, I. J. Organomet. Chem. 1973, 
49, 227. 


(6) Maatta, E.; Marks, T.  J. J. Am. Chem. SOC. 1981, 103,3576. 
(7) The analogous reaction in hexanes (70 OC (1200 psi of H,) yielded 


no recognizable organic products. A small amount of red polynuclear 
manganese carbonyl was isolated, but ita structure has not yet been 
determined. 
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homogeneous catalytic hydrogenation of Th  or U acyls 
leads to the corresponding alkoxide (eq 5). This is a 


(5) 
precise analogue of the conversion that we have now shown 
to occur with a manganese acyl carbonyl in the absence 
of added catalyst. The addition of Hz to the acyl- 
manganese carbonyl, especially when the carbonyl is 
written in the resonance form 4, is reminiscent of the 
proposed mechanism for the hydrogenation of Cr and W 
carbene comple~es.~ The hydrogenation of a carbonyl 
group of a transition-metal acyl to a transition-metal ox- 
ymethylene may be quite general and may have implica- 
tions for catalytic synthesis gas chemistry including the 
Fischer-Tropsch process. Since R-M(CO), readily un- 
dergoes CO insertion, it was expected that we could convert 
Ph(CH,)zMn(C0)6 into 2 on treatment with CO/Hz in 
hexane solution, and indeed this proved to be the case 
(Table I). 
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PhCH2CHzC(0)Mn(CO)S in hexanes under Nz for 0.5 h. Recrystallization 
from hot hexanes gave a 61% yield of pure crystals: mp 84.6-85.0 OC; 
IR (hexanes) 2120 (m), 2022 (s), 2000 (s), 1958 (w); 'H NMR (CDClJ 6 
1.27 (t, alkyl, 2), 2.98 (t, benzyl, 2), 7.20 (8 ,  aromatic, 5). Anal. Calcd for 
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Summary: Liquid-phase pyrolysis of neat methoxytris- 
(trimethylsily1)silane leads to the formation of octakis(tri- 
methylsilyl)cyclotetrasilane. This stable molecule has 
been characterized, and the preliminary results of the 
X-ray structure determination indicate that the four-mem- 
bered ring is planar. The intermediacy of tetrakis(tri- 
methylsily1)disilene is strongly indicated, but several al- 
ternatives are considered for its conversion to the cyclo- 
tetrasilane and for its formation. I t  is suggested that 
insertion of a silylene into its own precursor, followed by 
direct 0 elimination to the disilene or by a elimination to 
a new silylene followed by rearrangement to the disilene, 
should both be considered in addition to silylene dimeri- 
zation as the mechanism for disilene formation under 
these conditions. 


Like carbene chemistry before it, the investigation of 
molecules containing a divalent silicon atom, silylenes, has 


This work was carried out with financial support from the US. 
Department of Energy. This is technical report no. COO-1713-107. 
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produced both amusing molecules and challenging mech- 
anistic problems.' The purpose of this communication 
is to report a silylene reaction that leads to the formation 
of a cyclotetrasilane and to describe its structure. While 
this finding strongly indicates the intermediacy of a di- 
silene, the route by which the disilene is formed under 
these conditions is not yet clear. I t  is this mechanistic 
uncertainty and its implied warning, as well as the novelty 
of the product, that has prompted publication. 


In 1976 Conlin was led to suggest that dimethylsilylene 
undergoes dimerization to tetramethyldisilene (1) by the 
observation that the same products were isolated following 
generation of the silylene in the gas phase2 as had been 
obtained by Roark and Peddle from rearrangement of the 
d i~ i lene .~  


\ 
2MeZSi :  


,SiMez / t 
Me2Si  


CH 
M e  H S I/ \: iH Me b P h  'CAZ 


Sakurai subsequently found a number of examples in 
solution in which generation of a silylene in the presence 
of anthracene led to the formation of a product that could 
reasonably be attributed to cycloaddition by a disilene that 
was believed to be formed by silylene dimeri~ation.~ The 
example of bis(trimethylsily1)silylene (2) is pertinent to 
the work reported here and was also found in our labora- 
tory.5 It has been shown that in the gas phase, rear- 
rangement of 2 is much more rapid than dimerizatiom6 


2 


2( Me3Si)zSI: d " e r ' 2 0 t ' o n -  s o l u t i o n  (MejSi )zSi=Si !S iMe3)2 


2 


That silylenes do indeed dimerize has been most vividly 
demonstrated by the work of West, Fink, and Michl, who 
have isolated a stable disilene from the thawing of a matrix 


(1) Gaspar, P. P. "Reactive Intermediates"; Jones, M., Jr., Moss, R. A., 
Eds.; Wiley-Interscience: New York, 1978; Vol. 1, p 229; 1981; Vol. 2, p 
335. 


(2) Conlin, R. T.; Gaspar, P. P. J. Am. Chem. SOC. 1976, 98, 868. 
(3) Roark, D. N.; Peddle, G. J. D. J. Am. Chem. SOC. 1972,94,5837. 
(4) Nakadaira, Y.; Kobayashi, T.; Otauka, T.; Sakurai, H. J. Am. 


Chem. SOC. 1979, 101,486. 
(5) Chen, Y . 4 .  "The Chemistry of Silylsilylenes. Generation and 


Reactions of Bis(trimethylsily1)silylene and Methoxy(trimethylsily1)- 
silylene", Doctoral dissertation, Washington University, St. Louis, MO, 
Aug 1981. 


(6) Chen, Y.-S.; Cohen, B. H.; Gaspar, P. P. J. Organomet. Chem. 
1980, 195, C1. 
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Table I. Properties of 
Octakis(trimethylsily1 )c yclotetrasilane (4 ), 


Pentakis(trimethylsily1 )disilane (8), and 
Chloropentakis(trimethylsiiy1)disilane (9 ) 


l M e 3 S I  IzS i -S i  I S i M e 3 1 ~  


I M ~ ~ S , I ~ S I - - S I ( S , M ~ ~ I ~  
I I  


4 
'H NMR (CS,) 6 0.28 (s) 


29Si NMR (CS,) 6 -8.88 (Si[CH,],), -91.05 


I R  (KBr) 2950 (m), 2900 (m),  1400 (w), 1260 (m), 


13C NMR (CS,) 6 4.27 (9, J ~ ~ c - H  = 120 Hz) 


(si Si(CH3) 3 1 z 


1245 (s), 842 (vs), 735 (m),  680 (m) 620 (m), 400 (w)  
cm-' 


MS (70  eV) m/e (re1 intens) 696 (27,  M+),  73 (100, base) 
mp (uncorrd) 332-334 "C dec 
Anal. Calcd for C,4H7zSi12: C, 41.31; H, 10.40;  Si, 48.29. 


Mol wt (CHCl,) for C,,H,,Si,, : calcd, 696; found, 682,  
Found: C, 41.07; H, 10.38; Si, 48.44. 


71 5. 


[(CH3),Si],Si-Si(H)[Si(CH3)3]z 
8 


'H NMR (CS,) 6 2.62 (s, 1 H, Si-H), 0.30 (s, 1 8  H, 
[Si(CH3),12), 0.29 (s, 27 H, [Si(CH,),I,) 


IR (KBr) 2945 (m),  2890 (m), 2040 (m), 1440 (w), 
1395 (w), 1260 (m), 1245 (s), 1060 (m), 835 (s), 
750 ( w )  cm" 


MS (70  eV), m/e (re1 intens) 422 (0.5, MI) ,  349 (go), 
73 (100, base), 201 (75)  


[ (CH,),Si],Si-Si(Cl)[ Si(CH,),], 
9 


'H NMR (CS,) 6 0.29 (s) 
'H NMR (C,D,) 6 0.35 (s, 27 H, [Si(CH,),],), 0.34 (s, 18 


I R  (KBr) 2950 (m), 2890 (m), 1440 (w), 1395 (w), 
1260 (m),  1240 (s), 830 (s), 740 (w), 680 (m), 620 (m), 
470 (m) cm-' 


H, [Si(CH,)3Iz) 


mp (uncorrd) 168-170 "C 
MS (70  eV), m/e (re1 intens) 456 (1, M+), 348 (100, base), 


73 (90)  


Scheme I 
( M ~ ~ S I I ~ S I - S I ( S I M ~ ~ I ~  


(Me3Si  ) z S I - S I ( S I M ~ ~ ) Z  


4 


(Me3Si  )pSi=Si ( S i M e 3 ) ~  - I /  
5 


containing dimesitylsilylene (3; mes = mesityl) generated 
photochemically in situ.' 


hv dimerization 
Me3SiSi(mes)zSiMe3 (me&Si: 


R v 


(mes)zSi=Si(mes)2 
We have found that when bis(trimethylsily1)silylene (2) 


is produced in the liquid phase by pyrolysis of neat pre- 
cursor, the cooled reaction mixture deposits crystals of a 
white solid whose spectroscopic properties and molecular 
weight, reported in Table I, left little doubt that it was 
octakis(trimethylsily1)cyclotetrasilane (4). 


(Me3Si )2S i -S i (S iMe3)2  


( M ~ ~ S I ) ~ S I - S I ( S I M ~ ~ ) ~  


I I I  A ,  250 "C,  2 h 


- M e 3 S i O M e  
( M e 3 S i  ) 3 5 1 O M e  


4 (35%) 


An X-ray crystal structure determination is under way, 
and the preliminary results,8 depicted in Figure 1, indicate 
that the molecule is planar, in contrast to the highly folded 


(7) West, R.; Fink, M. J.; Michl, J. Science (Washington, DC) 1981, 


(8) Private communication from Professor Jon Clardy, Stewart R. 
214, 1343. 


Leftow, and Edward Arnold. 


n Q 


Figure 1. A computer-generated perspective drawing of an X-ray 
model of octakis(trimethylsily1)cyclotetrasilane (4). Hydrogens 
are omitted. 


Scheme1 
( M ~ ~ S I ) ~ S I :  t ( M ~ ~ S I ) ~ S I = S I I S I M ~ ~ ) ~  - 


2 5 
( M e 3 S i  125 I-SI (S I  M e 3 ) ~  


( M e s s  1 ) 2 s 1  -Si(SiMe3),  


4 


I I  ,sf SlMe 3 ) Z  i n s  e r t i on 
( M e 3 S i ) 2 S i :  (Me3S I )2S~-S I ( S I M ~ ~ ) ~  


structure found for 1,2,3,4-tetra-tert-butyltetramethyl- 
cycl~tetrasilane.~ 


How was the cyclotetrasilane 4 formed? It is tempting 
to suggest the dimerization of tetrakis(trimethylsily1)di- 
silene (5) as shown in Scheme I. 


Alternatively one could conceive of the formation of the 
four-membered ring via successive reactions of silylene 2 
with disilene 5 (Scheme 11). The addition is the inverse 
of a recently discovered reaction of a stable cyclotrisilane,1° 
and the insertion of silylenes into strained silicon-silicon 
bonds has also been described.l' 


Whichever mechanism operates, the formation of cy- 
clotetrasilane 4 does seem to indicate clearly the inter- 
mediacy of disilene 5. This was not demanded by Sakurai's 
experiments, in which the products suggested as arising 
from cycloadditions of silylene dimers4 could have resulted 
from stepwise reactions of the silylene with anthracene. 


How does disilene 5 arise in the present experiments? 
One observation suggests caution in accepting silylene 


(9) Hunt, C. J.; Calabrese, T. C.; West, R. J. Organomet. Chem. 1975, 
91. 278. . ~. 


(10) Masamune, S.; Hanzawa, Y.; Murakami, S.; Bally, T.; Blount, J. 


(11) Sakurai, H.; Kobayashi, T.; Nakadaira, Y. J.  Organomet. Chem. 
F. J. Am. Chem. SOC. 1982, 104, 1150. 


1978, 162, C43. 
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dimerization as the origin of the disilene intermediate in 
the formation of 4 by both mechanisms suggested above. 
When tris(trimethylsily1)silane (6) or chlorotris(tri- 
methylsily1)silane (7) is employed as the precursor for 
bis(trimethylsily1)silylene (2), no cyclotetrasilane (4) is 
formed. Instead the major product in both reactions is that 
of insertion of the silylene into the Si-H or Si-C1 bond, 
respectively, of its precursor. The spectroscopic properties 
of pentakis(trimethylsily1)disilane (8) and chloro- 
pentakis(trimethylsily1)disilane (9) are given in Table I.12 


j Me3Si )3Si  X A ,  300'C 


X : H. 6 ,  I h 
X = C1, 7,  4 h 


- (Me3Si)zSi: L (Me3Si),SiX 


2 
( M ~ ~ S I ) ~ S I - S I ( S I M ~ ~  12 I 


X 


8, X = H, 67% 
9, X = C1, 30% 


The analogous product is found in only trace quantities 
when methoxytris(trimethylsily1)silane is employed as the 
silylene precursor. This may reflect the differences in 
reactivity of Si-H, Si-C1, and Si-OMe bonds toward si- 
lylene insertion,' with Si-H and Si-C1 bonds competing 
successfully with silylene dimerization. It could be, how- 
ever, that the formation of cyclotetrasilane (4) and the low 
yield of methoxypentakis(trimethylsily1)disilane have a 
common cause in the thermal instability of the latter 
compound. 


We are suggesting two alternative possibilities. The first 
is that tetrakis(trimethylsily1)disilene (5) may be formed 
by 8 elimination of methoxytrimethylsilane from the 
product of insertion of bis(trimethylsily1)silylene (2) into 
the Si-0 bond of methoxytris(trimethylsily1)silane. 


i nse r t i on  


( M e 3 S ~ ) 3 S ~ O M e  -Me3AsIOMe ( M ~ ~ S I ) Z S I :  ( M e 3 S i ) 3 S i O M e  
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10 
The occurrence of the /3 elimination, for which precedent 


exists in the l i t e ra t~re , '~  would permit the formation of 
a disilene without silylene dimerization by substituting the 
sequence: an a elimination producing a silylene, silylene 
insertion, and /3 elimination, for the sequence: two CY 


eliminations producing two silylene molecules, followed by 
silylene dimerization. 


The second alternative recognizes that methoxy- 
pentakis(trimethylsily1)disilane (10) has available to it two 
CY eliminations, one regenerating bis(trimethylsily1)silylene 
(2) but the other producing a new silylene 11 that seems 
capable of rearranging to disilene 5.14 


D e l im ina t i on  .. 
(Me3Si ) ~ S I - S I (  S i M e 3 ) ~  - ( M ~ ~ S I ) ~ S I - S I - S I M ~ ~  
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a elimination -lMe3Sil~SiOMe 
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(Me3Si   SI: 


2 5 


(12) Pentakis(trimethyleily1)disilane (8) is converted quantitatively 
into chloropentakis(trimethylsily1)disilane (9) when heated in carbon 
tetrachloride solution for 1 h. Chloroform is the other product. 


(13) Barton, T. J.; Buma, G. T.; Arnold, E. V.; Clardy, J. Tetrahedron 
Lett. 1981,22,7. Bums, G .  T.; Barton, T. J. J. Organomet. Chem. 1981, 
216, C5. Barton, T. J.; Vuper, M. J.  Am. Chem. Soc. 1981, 103, 6788. 


0276-7333/82/2301-1412$01.25/0 


Thus the insertion of silylene 2 into its own precursor 
followed by a second a elimination and a silylene rear- 
rangement may also produce disilene 5 without silylene 
dimerization. 


These alternative mechanistic hypotheses must be tested 
not only for the present system but also for other cases in 
which formation of a disilene has been proposed to occur 
by dimerization at  high temperatures of a silylene whose 
precursor is subject to silylene i n ~ e r t i o n . ~ ~ ~  
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Summary: The reaction of (Me,Si),SiLi with t-BuPCI, re- 
sults initially in (Me,Si),SiP(Cl)(t-Bu) which undergoes 
thermai rearrangement to (Me,Si),(CI)SiP(t-Bu)(SiMe,) via 
a novel silicon-chlorine exchange reaction. 


There is considerable current interest in compounds 
which feature multiple bonding between the heavier 
main-group elements. The recent reports of kinetically 
stabilized species involving Si=Si' and P=P2 bonds en- 
couraged us to pursue the synthesis of compounds with 
double bonds between phosphorus and s i l i~on .~  


Since 1,Belimination of Me3SiC1 from silyl-substituted 
alkylphosphorus chlorides represents a useful synthetic 
pathway to compounds containing P=C and PGC 
 bond^,^.^ we undertook the synthesis and subsequent 
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dimerization as the origin of the disilene intermediate in 
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of insertion of the silylene into the Si-H or Si-C1 bond, 
respectively, of its precursor. The spectroscopic properties 
of pentakis(trimethylsily1)disilane (8) and chloro- 
pentakis(trimethylsily1)disilane (9) are given in Table I.12 
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dimerization. 
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sults initially in (Me,Si),SiP(Cl)(t-Bu) which undergoes 
thermai rearrangement to (Me,Si),(CI)SiP(t-Bu)(SiMe,) via 
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which feature multiple bonding between the heavier 
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Mechanism I 


t Me3CP Me3B 2 
-Me3CP 


Me3Si-Si-Cl - 1- 
/ 


Me,Si 


3 
Mechanism I1 


thermolysis of bulky silylphosphines of the type 
(Me,Si),SiP(R)Cl. 


A THF/Et20 solution (100 mL, 4:l) of (Me3Si)3SiLi 
(31.2 mmol) was prepareds by the reaction of (Me3Si)4Si 
with MeLi and added dropwise to a solution of 4.96 g (31.2 
mmol) of t-BuPCl, in 150 mL of THF at  -23 "C. After 
being gradually warmed to room temperature and stirred 
overnight, the reaction mixture was concentrated by dis- 
tillation to -50-mL volume and the precipitated LiCl 
removed by filtration. NMR assay of the filtrate was 
consistent with the presence of 1 as the major product. 1: 


Me3Si 


\Cl / \SiMe3 


\ / c M ~ ,  
Me,Si-Si-P 


CI 


Me3S\( /Me, 


Me3Si 


Me,Si-Si-P 
/ 


1 2 


31P(1H) NMR (36.43 MH2)' 6 +141.5 (8) ;  'V(lH) NMR (20.0 
MHz, Me4Si) 6 2.6 (Me,Si),Si, 28.8 (Me,C, d, Jpcc = 17.9 
Hz). Continued distillation of 1 (bp 110-115 "C torr) 
afforded 5.62 g (15.1 mmo1,48.4% yield) of 2 as a colorless 
waxy solid. Anal. Calcd for C1&&1PSi4: C, 42.06; H, 
9.78, P, 8.34. Found: C, 42.19; H, 10.59; P, 8.61. The 
isomerization of 1 to 2 was evident inter alia from the 
>200(]-ppm upfield shift in the 31P NMR spectrum. 2: 
31P(1H) NMR (36.43 MHz)' 6 -92.9 (8 ) .  The presence of 
one Me3Si group directly attached to phosphorus was ap- 
parent in both the 'H and '3c NMR spectra of 2 lH NMR 
(90 MHz) 6 0.31 (Me3SiI2Si, s, 18 H), 0.39 (Me3SiP, d, 9 
H, J ~ ~ c H  = 4.5 Hz), 1.36 (Me3C, d, 9 H, JXCH = 13.5 Hz); 
13C NMR (20 MHz, Me4Si) 6 -0.05 (Me3Si)&3i, s), 4.04 
(Me,SiP, d, Jpsic = 11.7 Hz), 34.93 (Me3C, d, Jpcc = 11.2 
Hz). Although we were not able to isolate 1 in a pure state 
due to the 1 - 2 rearrangement that took place on dis- 
tillation, it is nevertheless remarkably stable for a P- 
halogenated silylphosphine. The only previously reported 
example of this class of compound is t-BuP(C1)SiMe3 for 
which tl12 is N 13 min at  ambient temperature! All other 
attempts to prepare P-halo-P-silylphosphines have failed 
due to the facile elimination of silyl halide.B 


Three mechanisms can be considered for the transfor- 
mation of 1 to 2. Mechanism I involves the elimination 
of the phosphinidene, Me3CP, followed by its insertion into 
a siliconailicon bond of (Me3Si),SiC1 (3). Mechanism I1 
features the formation of a silicon-phosphorus double- 
bonded compound, 4, which, in turn, reacts with the ex- 
truded Me3SiC1 to form 2. The third mechanism addresses 
the possibility that silicon-chlorine exchange could proceed 
via an intramolecular process (Mechanism IIIa) or via a 
sequence of intermolecular, four-centered processes, one 
of which is indicated in Mechanism IIIb. The phosphi- 
nidene extrusion process suggested in Mechanism I is 
disfavored because thermolysis of (Me,Si),SiP(Me)Cl (5), 
the methyl analogue of 1, in the presence of a large excess 
of the phosphinidene trapping agent, 2,3-dimethyl- 
butadiene, failed to yield any trapped products (vide infra). 
Moreover, in previous worklo we have demonstrated that 


(6) For the preparation of (Me3Si)&3iLi, see: Gilman, H.; Smith, C. 
L. J. Organomet. Chem. 1968,14, 91-101. 


(7) Positive 31P chemical shifta are in ppm downfield from external 
86% H3P0, and vice versa. 


(8) Appel, R.; Paulen, W. Angew. Chem., Znt. Ed.  Engl. 1981, 20, 
869-870. 


(9) (a) Ebsworth, E. A. V.; Glidewell, C.; Sheldrick, G. M. J. Chem. 
SOC. A 1969,352-353. (b) Baudler, M.; Zarkadas, A. Chem. Ber. 1971, 
104,3519-3524. (c) Baudler, M.; Hallab, M.; Zarkadas, A.; Tolls, E. Zbid. 
1973, 106, 3962-3969. 


-Me3SiCl 1- 


(a) 1 - 


tMe3S1Cl 
2 - 


Me 3S 


4 
Mechanism I11 


Me3%\ /I, /Me, 


Me,Si/ 'SiMe; 
SI- P - 2  


(b) 1 t 1 - Me3Si-$i, //SiMe3 - 2  etc. 


I I SiMe, 
I ,  


1 1  
(Me,Si),SiP-CI 


CF3P groups do not insert into silicon-silicon bonds. 
Exchange via the silicon-phosphorus double-bonded 
species, 4, cannot be excluded rigorously; however, we 
regard is as unlikely because (i) under the vacuum pyrolysis 
conditions, Me3SiC1 should be removed as soon as it is 
formed and (ii) there was no NMR spectroscopic evidence 
for the existence of oligomers of 3 such as  
[(Me3Si)&XPCMe3I2 and [ (Me3Si)8iPCMe3],. On the basis 
of the present evidence, therefore, we believe that the 1 
-, 2 conversion proceeds via an intra- or intermolecular 
silicon-chlorine exchange process. 


I t  is not possible to detect analogues of 2 with phos- 
phorus substituents less bulky than Me3C. In the case of 
the reaction of (Me3Si)3SiLi with MePClz in THF at  -50 
"C it is possible to detect a 31P{1H) NMR singlet a t  +100.0 
ppm which we attribute to 5. However, when the reaction 
mixture was warmed (Me3Si)3SiC1 and the cyclopenta- 
phosphine, (MeP)5, were formed. Since (MeP)5 is still 
formed in the presence of excess 1,3-dimethylbutadiene, 
a phosphinidene trap, this suggests that 5 decomposes via 
a condensation pathway" such as 


5 


Ye 


Finally, the reaction of (Me,Si),SiLi with PC13 yielded 
only (Me3Si),SiC1 and an intractable phosphorus polymer. 
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(10) Cowley, A. H.; Dierdorf, D. S. J. Am. Chem. SOC. 1969, 91, 


(11) A similar pathway has been suggested* for the production of 
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(t-BuP), from Me3SiP(t-Bu)C1. 
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Book Reviews 


Gmelin Handbook of Inorganic Chemistry, 8th Edition, Sn. 
Organotin Compounds. Part 8. Organotin Iodides. Organotin 
Pseudohalides. H. Schumann and I. Schumann, volume authors. 
H. Bitterer, volume editor. Gmelin Institut fur Anorganische 
Chemie der Max-Planck-Gesellschaft zur Forderung der Wis- 
eenschaften and Springer-Verlag, Berlin/Heidelberg/ New York. 
1981. v + 226 pages. DM 677, $307.70. 


We have here the eighth volume of the Schumanns’ organotin 
series of the Gmelin Handbook. In this book the coverage of 
organotin halides, begun in Part 5, is completed with detailed 
treatment of organotin iodides and extended to organotin pseu- 
dohalides. The latter include cyanides and isocyanides, iso- 
cyanates, fulminates, thiocyanates and isothiocyanates, iso- 
selenocyanates, azides, and sulfinyl amides. All types of com- 
pounds are treated, e.g., for the iodides, compounds of type &SnI, 
R2R’SnI, RR’R’’Sn1, R2Sn12, RR’Sn12, RSn13, R2SnXI, RSnXJ, 
and RSnXI,. 


The details provided for the first compound in the book, tri- 
methyltin iodide, are illustrative of the individual compound 
coverage: preparation (regardless whether or not the procedure 
is of practical utility); structure; dipole moment; NMR spectra; 
Mossbauer spectra; IR, Raman, and UV spectra; mass spectrum; 
physical properties (melting point, boiling point density, ntD, 
molar refraction AI&,,, specific conductance, molar susceptibility); 
polarography; chemical reactions. For compounds which have 
received much study these data are collected in the textual ma- 
terial; for less intensively studied organotin iodides and pseu- 
dohalides they are presented in tabular form. 


The literature has been covered through the end of 1979, and 
the cited references are collected at the end of each section, rather 
than at the end of the book. This leads to considerable duplication 
of references, but at the same time it greatly facilitates the user’s 
search for the cited reference in which he is interested. All 
pertinent information from all the journals, serials, books, patents, 
conference reports, etc. which are abstracted in “Chemical 
Abstracts” has found ita way into this volume, so the coverage 
is detailed and well-nigh complete. 


The collection of “general literature” (with increasing specificity, 
on organometallic compounds, on organometallic compounds of 
the main group 4 elements, on organotin compounds, and fiially 
on organotin iodides and pseudohalides) is a valuable feature of 
this volume and continues and up-dates similar listings of reviews, 
monographs, etc. in earlier volumes of this series. 


A combined formula and substituent group index for the 
compounds treated in this book will be useful to the reader. The 
book is written in English. It is a welcome addition to the Gmelin 
organotin series. 


Dietmar Seyferth, Massachusetts Institute of Technology 


Gmelin Handbook of Inorganic Chemistry, 8th Edition, 
Selenium. Supplemental Volume A3. V. Haase, G. Kirschstein, 
and H. Reiger. G. Czack, G. Kirschstein, and H. K. Kugler, 
Editors. H. K. Kugler, editor in chief. Gmelin Institut fur 
Anorganische Chemie der Max-Planck-Gessellschaft zur 
Forderung der Wissenschaften and Springer Verlag, Berlin/ 
Heidelberg/New York. 1981. xii + 335 pages. 


The “selenium” (Gmelin System-Number 10) supplemental 
volume A3 completes the series of supplemental volumes Part 
A on elemental selenium. The literature closing date was the end 
of the year 1979. In many cases more recent data have been 
considered. Previously published volumes on selenium were 
devoted to history, occurrence, and properties of the element 
(volume Al, 1942), electrical properties of the element I (volume 
A2,1950), electric properties of the element I1 (volume A3, 1953), 
compounds of selenium (volume B, 1949), technology, formation 
and preparation of the element, preparation, enrichment, and 


separation of selenium isotopes (supplemental volume Al ,  1979), 
and selenium atoms and molecules, crystallographic properties 
(supplemental volume A2, 1980). 


Supplemental volume A3 consists of six chapters summarizing 
mechanical and thermal properties, magnetic and electrical 
properties, optical properties, the electrochemical behavior, and 
the chemical behavior of elemental selenium and describing the 
homoatomic ions Sen2- (n  = ld), Se-, Sen+, Sen2+ (n  = 2, 4, 8, 
10, 12, 16, m), and Se t+ ,  which are known to exist in solution. 


This volume contains a wealth of up-to-date information in 
compact form making it an invaluable, time-saving aid to anyone 
working with selenium. Of special interest to chemists are the 
chapters on the electrochemistry of selenium (- 100 pages), on 
the reactions of selenium with other elements, with compounds, 
with water and aqueous solutions, and with organic solvents ( N 100 
pages), and on homoatomic selenium ions (9 pages). A table at 
the end of the volume gives often used conversion factors for force, 
pressure, energy, and power. The inside front- and back-covers 
provide information about the system numbers associated with 
the elements and explain the principle guiding the assignment 
of compounds to the system numbers. 


This volume-as all the others which have been issued during 
the past few years-is printed on high-quality paper in an easily 
readable type. The volume is written in German but contains 
an English preface, table of contents, and review for the chapter 
on the chemical behavior and English headings in the margin of 
the text. The high-quality figures and the well-organized tables 
add to the value of this book. Cross-references to other Gmelin 
volumes on selenium are a much appreciated feature. No chem- 
istry department and scientific library should be without this and 
the other volumes of Gmelin Handbook of Inorganc Chemistry. 


Kurt J. Irgolic, Texas A&M University 


Gmelin Handbook of Inorganic Chemistry, 8th Edition, 
Fluorine-Perfluorohalogenorgano Compounds of the Main 
Group Elements. Part 9. Aliphatic and Aromatic Nitrogen 
Compounds (Conclusion). A. Haas, volume author, D. Koschel, 
volume editor. Gmelin Institute for Inorganic Chemistry of the 
Max Planck Society for the Advancement of Science and 
Springer-Verlag, Berlin/Heidelberg/New York. 1981. iii + 223 
pages. DM 603. $256.60. 


This final volume on the perfluorohaloorgano derivatives of 
the main-group elementa (excluding those of oxygen, the halogens 
and carbon) also completes the series of volumes, parts 5-9, dealing 
with perfluorohaloorgano derivatives of nitrogen. Parts 7-9 cover 
aliphatic and aromatic perfluorohaloorganic compounds of ni- 
trogen, and the present volume contains an empirical formula 
index for all three parts in addition to finishing treatment of this 
subtopic. Literature coverage is complete through 1975. 


The very serviceable format of preceding volumes is continued 
with the added benefit for many of being written entirely in 
English. In fact, future Gmelin volumes will also be published 
exclusively in English. The subject matter surveyed is per- 
fluorohaloorganonitrogen compounds containing nitrogen-sulfur 
bonds, those containing nitrogen bonded to P, Se, As, B, Si, Ge, 
Sn, K, Li, Cs, and Hg, and those having nitrogen incorporated 
into a pseudohalide group (including cyanide), azalkenes, and 
tertiary amines. Insofar as this reviewer can determine, literature 
coverage is comprehensive and errors are infrequent. Furthermore, 
the usual orderly presentation and clear typescript make the 
information readily accessible. This volume deserves a place on 
the library shelf along with its predecessors as part of a valuable 
reference tool. 


A Supplemental volume on perfluorohalogenoorgano compounds 
of the main-group elements is promised to update the literature 
coverage to a uniform level over the entire field. 


Carl G. Krespan, E .  I .  du Pont de Nemours & Co., Inc. 





