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The reactions of a series of transition metal hydride complexes with Dz, CzD4, and 1-butene were studied by mass spectro- 
scopic and gas chrorfiatographic techniques. Exchange of DZ and CzD4 with the metal-hydrogen bond was observed and the 
degree of exchange varied with the nature of the complex. The activity of the complexes in the isomerization of 1-butene 
generally paralleled the activity toward exchange with C Z D ~  except in the cases of [(C~H~)ZPCH~CHZP(C~H~)~]ZR~H and 
[(C5H5)3P]aIr(CO)H. Ligand-metal hydrogen transfer was observed in the Dz and C2D4 exchange studies of [(C~H50)aP]4- 
CoH, [(coH~O)d?]&o(cO)H, [(CeH&)sP]sCo(Nz)H, [(CeH5)3P]sRuHCl(CO), and [ ( C & K ) ~ P ] ~ R U H C ~ .  C E H ~ C H ~ .  The syn- 
thesis and properties of the new metal-hydride complexes [(CH~)~PCH~CH~P(CH~)Z]ZC~H, [(CaHaO)sP]tCo(CO)H, and 
[ (CeH&PCHzCHzP(CeH&]zIrH are described. 

Introduction 
The significant role of transition metal to hydrogen 

bonds in catalytic processes has become increasingly 
a p ~ a r e n t . ~ - ~  The reversible reaction of a metal hydride 
with an unsaturated hydrocarbon to give a metal-alkyl 
intermediate has been proposed as a step in the hydro- 
genation,6 isomerization,? hydroformylation8, hydro- 
silation, and dimerization'O of unsaturated hydrocar- 
bons. 

Studies which have demonstrated the reversible 
addition of a metal-hydrogen bond to a simple olefin 
include the reactions of ethylene with [(c~H5)&']2- 

(OCOCFa), l3 and [(C2H5)aP]2PtHCI,l4 the thermal 
decomposition of [ (C2H5)3Pl2Pt(CD2CH~)Br, 16a and the 
deuteration of CzH4 in the presence of [(Cs&)aP]&- 
(CO)C1.15b However, thermal decomposition of ?r-Ch- 
H6Mo (CO)3C2Ha1 and C2H5Mn(CO) produced [n-Cs- 
H ~ C ~ H S M O ( C O ) ~ ] ~  and Mnp(CO)lo + n-C4Hlo, respec- 
tively. The reaction of HMn(C0)6 with ethylene has 
been reported]' to give Mn2(CO)lo and C2H8. The 
isomerization of 1-butene has been shown to involve 
the reversible addition of a metal-hydrogen bond to the 

RhHC12, l1 [ (CeH6)3P ]3RUHC1, lZ [ (C6Hs)aP 13RuH- 

olefin. 2 l 8  
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The catalytic activation of hydrogen by transition 
metal complexes1g is basic to the hydrogenation of 
unsaturated hydrocarbons but few examples of hydro- 
gen activation by metal hydride complexes have been 
reported. For example, [(CsH~)~P]31r(CO)H,z0 [(c6- 

H6)3P]3RuHC1,12 and [(C&)3P]3Rh(CO)H21 have been 
shown to  exchange the metal-hydrogen bond with 
deuterium gas. It has been proposedz0 that the ex- 
change occurs through an MHD2 intermediate formed 
by the oxidative addition2zJ3 of Dz to the metal. 

In this paper the results of a study of the interaction 
of a series of transition metal hydride complexes with 
deuterium, ethylene-d4, and 1-butene under comparable 
conditions are presented. These studies were under- 
taken in an effort to  define more closely the relative 
reactivity of various metal hydrides in these catalyti- 
cally important reactions. In  addition, several new 
transition metal hydride complexes were synthesized. 

H ~ ) ~ P ] ~ R U H C I ( C O ) , ~ ~  [ ( C ~ H ~ ) ~ P ] ~ O S H C ~ ( C O ) , ~ ~  [(C6- 

Experimental Section 
The following hydride complexes were prepared by procedures 

[ (CeH6)zPCHzCHzP- similar to those described in the literature: 
(CeHs)z1zCOHjz4 [ ( C ~ H K ) ~ ~ ~ H Z ~ H Z P ( C ~ ~ K ~ Z ] ~ ~ ~ H , ~ ~  [(CzH60)3- 
P ] ~ C O H , * ~ ' ~ ~  [ ( C ~ H K O ) ~ P ] ~ C O H , ~ " ~ *  [ ( C ~ H E ) ~ P ] ~ C O ( N ~ ) H , ~ ~  [(Ce- 
H5)3P]aRh(CO)H,30~81 [(CeHs)aP]31r(CO)H,31 [(CsH&P]~Ir- 
(CO)ClzH,*Z [ ( C2H5)~CeH5PI3RuHBr( CO),ss [ (CEH5)3P]3R~- 
(CO)C1H,34 [(C~H~)~P]~RUC~H*C~H~CH~,'~ [ ( C Z H ~ ) ~ P ] Z P ~ C ~ H , ' ~  
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CSHjMo(C0)3H,36 and (CO)jMnH.36 Procedures for the prepa- 
ration of the new hydride complexes are described below. The 
reagents used were as follows: deuterium, Matheson Co. CP 
grade; C2D4, Merck Sharp and Dohme of Canada, dried and 
degassed over P z O ~  before using; 1-butene, Phillips Petroleum, 
dried and degassed over PZOS before using; benzene, reagent 
grade, dried on molecular sieves and deoxygenated by several 
freeze-thaw cycles under vacuum; tetrahydrofuran, distilled 
from LiAlH4. Proton nmr spectra were obtained a t  60 MHz on a 
Varian Associates A-60 or HR60 spectrometer using (CH3)aSi 
as an internal reference. Infrared spectra were recorded on a 
Perkin-Elmer 237 spectrometer. Mass spectra were obtained 
using a CEC 21-103C mass spectrometer. 

Preparation of [ (CH3)2PCH2CH2P(CH3)z]2CoH Using HzO .- 
The entire procedure was performed in a dry nitrogen atmosphere. 
A mixture of 6.2 g (0.048 mol) of naphthalene and 2.7 g 10.12 g- 
atom) of sodium chips in 75 ml of tetrahydrofuran was stirred a t  
25" for 2.5 hr to give a dark green solution of sodium naphthal- 
enide. This solution was added in portions to  a suspension of 
[(CH3)zPCHzCH2P1CH3)2]2CoBrz which had been prepared in 
sztu from 3.1 g (0.014 mol) of CoBr2 and 4.7 g (0.031 mol) of 
(CH~)ZPCHZCHZP(CH~)Z~ '  in 100 ml of tetrahydrofuran. The 
green color of the sodium naphthalenide solution was rapidly dis- 
charged to give a dark red solution containing a brown solid. 
After the mixture was stirred for 15 min, 0.31 g (0.017 mol) of 
HzO was added and the mixture rapidly became brownish yellow. 
The mixture was stirred a t  40" for 0.5 hr, the solvent was re- 
moved under vacuum, and the residue was extracted with a total 
of 300 ml of n-hexane. The filtered extracts were evaporated 
under vacuum and naphthalene was removed from the orange 
residue by sublimation a t  30" (0.5 p ) .  The remaining residue 
was sublimed a t  90" (0.6 p )  to  give 3.7 g (64%) of yellow [(CH3)2- 
PCHZCHZP(CH~)Z]ZCOH, mp 99-101". An analytical sample 
was prepared by recrystallization from n-hexane a t  -78" fol- 
lowed by two additional sublimations and melted a t  101-103". 
Anal. Calcd for C I Z H ~ ~ C O P ~ :  C, 40.0; H,  9.2; Co, 16.4; P, 
34.4. Found: C, 39.6; H,9.4; Co, 15.9; P ,  34.5. 

The product is a yellow, pyrophoric solid which inflames when 
crushed in air; it  is also decomposed by water. The infrared 
spectrum of a Nujol mull showed VC,,-H a t  1855 em-'. The use of 
D20 in the preparation gave the corresponding deuteride (mp 
101-103") which showed VC,,-D a t  1337 cm-'. The 'H nmr spec- 
trum of the hydride complex showed a quintet Co-H resonance 
a t  T 17.8 in tetrahydrofuran and T 23.4 in benzene with JPH = 25 
Hz. 

Preparation of [ (CH3)2PCH2CHzP(CH3)z]2CoH Using Hz.-A 
solution was prepared as above from 4.2 g (0.0280 mol) of 
(CH3)zPCH2CH~P(CH3)~, 3.0 g (0.0137 mol) of CoBrz, 5.4 g 
(0.0422 mol) of naphthalene, and 1.8 g (0.0782 g-atom) of sodium 
in a total of 200 ml of tetrahydrofuran. Hydrogen gas was 
passed through the solution a t  a rate of ca. 80 ml/min for 7.0 hr  
a t  25'. During this time, the solution changed from red-brown 
to orange and a brown solid formed. After solvent removal 
under vacuum, the residue was extracted with petroleum ether 
(bp 30-60°), the brown extracts were evaporated, and the naph- 
thalene was removed a t  40" (0.1 mm). Sublimation of the 
brown residue a t  80-90" (3 p )  gave 3.0 g (757,) of [ (CH~)ZPCHZ- 
CHZP(CH~)Z]ZCOH which was identified by its infrared spectrum. 

Reaction of [ (CH3)2PCH2CH2P(CH3)z]2CoH with Potassium.- 
I n  a nitrogen atmosphere, a mixture of 0.64 g (0.00178 mol) of 
[(CH~)~PCH~CHZP(CH~)~]~C~H, 0.2 g (0.00512 g-atom) of potas- 
sium chips, and 100 ml of tetrahydrofuran was refluxed for 1.0 
hr. After cooling, the solution was filtered and the solvent was 
removed under vacuum. The yellow, pyrophoric residue had an 
infrared spectrum identical with that of the starting compound. 

Preparation of [ (CBH~O)~P]~CO(CO)H.-A 110-ml stainless 
steel autoclave containing a solution of 2.2 g (0.00169 mol) of 
[ ( C ~ H S O ) ~ P ] ~ C O H  in 50 ml of toluene was pressured to 150 psig 
with carbon monoxide and the mixture was heated to 100" for 1 

(35) R. B. King and F. G. A. Stone, Inorg.  Syn., 7, 107 (1963). 
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hr. The resulting pale yellow solution was filtered in air and the 
solvent was removed from the filtrate under vacuum. Addition 
of ethanol to  the residual yellow oil gave an off-white solid which 
was recrystallized from n-hexane (300 ml) to give 0.7 g (417,) of 
[(C&O)~P]~CO(CO)H, mp 126-128'. A n d .  Calcd for CjgH46- 
cOo1oP3: C, 65.8; H,  4.5; Co, 5.8; P ,  9.1. Found: C, 
66.2; H,  4.8; Co, 5.4; P, 9.2. 

The complex is an off-white solid which only slowly decom- 
poses in air. It is soluble in benzene, acetone, tetrahydrofuran, 
and dichloromethane, slightly soluble in hexane, and insoluble in 
ethanol and water. .4n aqueous slurry showed no detectable pH 
change a t  25 or 80". The infrared spectrum of a Kujol mull 
showed YCO a t  2004 cm-l (s); weak bands a t  1949, 1938, and 1919 
cm-l probably arise from the phosphite ligands and V C ~ - H  could 
not be assigned. The 'H nmr spectrum in benzene solution 
showed a quartet Co-H resonance a t  T 22.3 with JPH = 41 Hz. 

When [(C~HSO)&']~COH and CO were allowed to react in 
toluene solution a t  860 atm and 100' for 12 hr or a t  11 atm and. 
100' for 12 hr, [(C6H&)3PC~(C0)3]2 was isolated in 50y0 yield 
and identified by comparison of its infrared spectrum with that  
of an authentic sample. X o  reaction occurred a t  900 atm and 
25' for 12 hr  or a t  1 atm and 110" for 16 hr. 

Preparation of [ (C6Hs)2PCH2CH2P(C6Hs)z]2~rH.-Iii a nitrogen 
atmosphere, a mixture of 8.0 g (7.3 "01) of [(CF,HS)$]~I~- 
(CO)H' CbH5CH3 and 8.5 g (21.4 mmol) of (C~H~)ZPCHZCHZP-  
(CsH6)z in 175 ml of toluene was refluxed for 10 hr. The initially 
yellow solution became orange and then red; a gas was slowly 
evolved. The clear, red solution was concentrated under vacuum 
to ca. 75 ml and the orange-red, crystalline solid which formed 
was collected and washed with toluene. The crude product 
was crystallized from 300 ml of toluene to give 2.7 g of red, 
crystalline solid; an additional 1.8 g was obtained on concen- 
tration of the filtrate to ca. 75 ml. These two fractions were 
combined and recrystallized from 120 ml of toluene to give 3.3 g 
(46%) of orange-red, crystalline [ ( C ~ H S ) Z P C H Z C H Z P ( C ~ H ~ ) ~ ~ ~ I ~ H ,  
mp 265-270". Anal. Calcd for Cs2HtuIrP4: C, 63.1; H ,  
5.0; P, 12.5. Found: C,63.2; H,5.1; P,12.4. 

The solid complex decomposes after a few minutes of exposure 
to air and with more rapidity in solution. It has slight to  
moderate solubility in toluene, tetrahydrofuran, dichlorome- 
thane, and acetone and is insoluble in water, hexane, and ethanol. 

The infrared spectrum of a Nujol mull showed W-H a t  2016 
cm-1 (m) in addition to bands characteristic of the phosphine 
ligand. The 1H nmr spectrum of a CDzCl2 solution showed the 
Ir-H resonance as a broad, weak, structureless line a t  T 23.0. 

The reaction of CzHjMgBr with [ (C~H~)ZPCHZCHZP(C~H~)Z]Z- 
IrC138*38 in diethyl ether-tetrahydrofuran gave [(csH~)zPcHz- 
C H ~ P ( C ~ H ~ ) Z ] Z I ~ H  as the only isolable product. KaBH4 and 
[ ( C ~ H ~ ) ~ P C H Z C H Z P ( C R H ~ ) Z ]  JrCl in ethanol also gave the irid- 
ium hydride (from infrared spectrum) but the product was dif- 
ficult to purify. 

Exchange Studies of the Metal Hydride Complexes with Dz.- 
Round-bottom single-necked glass flasks were calibrated to  
contain 15 ml when sealed on the IO-mm neck. The flasks were 
charged in a nitrogen atmosphere with 2.0 X mol of the 
metal hydride complex, 5.0 ml of dry, deoxygenated benzene, 
and a micro stirring bar. The flasks were cooled in liquid nitro- 
gen and evacuated and then were filled with deuterium to a pres- 
sure of 370 mm (ca. 2.0 X mol). The flasks were sealed 
and warmed and were either tumbled slowly end over end for 5 
days a t  room temperature or stirred in an oil bath a t  100' for 
24 hr. The flasks were then stored in Dry Ice until they were 
opened for analysis. 

After the tubes were immersed in liquid nitrogen, the 10-mm 
necks were inserted in a tube opener and the tubes were opened 
into an evacuated system. The gases thus obtained were ana- 
lyzed by mass spectrometry, and infrared spectra were obtained 
of the residues remaining after solvent removal. The results of 
these experiments are given in Table I. The results given are 

(38) A. Sacco, M. Rossi, and C. F. Nobile, Chem. Commun.,  589 (1966). 
(39) L. Vaska and D. L. Catone, J .  Amer. Chem. Soc., 88, 5324 (1966). 



TRANSITION METAL HYDRIDE COMPLEXES 

TABLE I 
MASS SPECTROMETRIC ANALYSIS OF THE GASEOUS PRODUCTS 

FROM THE REACTION OF DZ WITH METAL HYDRIDE 
COMPLEXES I N  CeHe 

-25O for 5 days- -loo0 for 1 day- 
Complexa Da HD HZ Dz HD Ha 

[(CHs)zPCHzCHaP(CHs)zlaCoH 76 22 2 66 30 4 
[(CsHs)zPCHaCHzP(CeHs)~]zCoH 98' 2 0 90 10 0 
[(CeHs)zPCHzCHzP(CeHs)zlaRhH 76' 22 2 73 25 2 
[(CsHa~zPCHzCHzP(CeHs)zlzIrH 69f 28 3 74 24 2 
[(CzHaO)sP]rCoH 90 10 0 64 32 4 
[ (CsHs0)aPIrCoH 89 11 0 3 24 73 
[(C~HsO)sPIsCo(CO)H 94 6 0 7 38 55 
[(C8Hs)aPlaCo(Na)HC Sb 37 53 d , . .  . . .  
[(CsHs)sP]sRh(CO)H 74 24 2 75' 23 2 
[ (CsHs) sP I sIr(C0) H 74 24 2 75 23 2 
[(CsHa)aP]aIr(CO)ClzH 96' 4 0 82 17 1 
[ (CaHs) zCsHsP IsRuBr(C0) H 76 22 2 72 26 2 
[(CsHs)sP]aRu(CO)ClH 62 33 5 13 44 43 
[ (CsHs)sP]sRuClH~ CsHsCHs 11 17 82 2 22 76 
[(CzHs)aP]aPtClH 95 5 0 78 21 1 
CsHsMo (CO) aH 98 2 0 9 1  8 1 
(C0)sMnH 9Qe 0 0 9Z6 6 2 

TheoryforMnHexchangeonly 44.5 44.5 11 44.5 44.5 11 
Blank 99 1 0 9 9  1 0  

Q The original hydride complex and/or the corresponding deu- 
teride was identified by infrared spectroscopy after the reaction 
period except in the cases noted. The infrared spectrum of the 
residue indicated extensive decomposition of the original complex. 
0 Nz (2%) was also observed in the recovered gases. Reproduc- 
ible results were not obtained under these conditions. e The 
complex was not recovered after the reaction. The solution 
was saturated with the complex under these conditions. 

the average of two or more separate experiments that were 
reproducible to within &2%. A binomial distribution of Ha, 
HD, and Dz was assumed and the fractions of Hz, HD, and Dz 
representing complete exchange were calculated from the ex- 
pressions [Hz] = x 2 ,  [HD] = 2x(1 - x) ,  and [Dz] = (1 - where 
x is the atom fraction of hydrogen ( l / 3 )  and 1 - x is the atom 
fraction of deuterium ( 2 / 3 ) .  Isotope effects due to differences 
in M-H and M-D bond strengths were disregarded. 

Exchange Studies of Metal Hydride Complexes with C2D4.- 
Flasks similar to those used in the DZ exchange experiments 
were charged in a nitrogen atmosphere with 2.0 X mol of the 
metal hydride complex, 5.0 ml of dry, deoxygenated benzene, and 
a micro stirring bar, The flasks were cooled in liquid nitrogen 
and evacuated, and 2.0 X mol of CZD4 was condensed in. 
The flasks were sealed and the mixtures were tumbled a t  25' for 
5 days or stirred a t  100' for 24 hr. The flasks were then stored 
in Dry Ice until the contents could be analyzed. 

The flasks were immersed in liquid nitrogen and opened into 
an evacuated system. The mixtures were then distilled at 25';  
the volatile gases which passed a -78' trap were collected in 
liquid nitrogen and submitted for mass spectrometric analysis. 
The mass spectra were analyzed using American Petroleum In- 
stitute reference spectra for the various deuterated ethylene and 
ethane species. 

Infrared spectra of the residues remaining in the reaction 
flasks were obtained. The results of the C2D4 exchange experi- 
ments are given in Table 11. The results given are the average 
of two or more separate experiments which were reproducible to  
within 3 ~ 2 % .  A binomial distribution of ethylene species was 
assumed and the fractions of C2D4, CaDaH, etc., representing 
complete exchange were calculated from the expressions [CsDa] = 

4x(1 - x ) ~ ,  and = (1 - x)4, wherex is the atom fraction of 
deuterium ( 4 / ~ )  and 1 - x is the atom fraction of hydrogen ( l / b ) .  

Isotope effects due to differences in M-H and M-D or C-H and 
C-D bonds were disregarded. 

Nmr Studies of the Reaction of the Metal Hydride Complexes 
with ClH, .-Saturated solutions of the metal hydride complexes 
in CeD6 were prepared in a nitrogen atmosphere. Each solution 
(0.5 ml) was charged into each of two standard-wall precision 
nmr tubes and the solutions were degassed on the vacuum line. 

x4, [GDaH] = 4x3(1 - x ) ,  [ C ~ D ~ H Z ]  = 6x2(1 - x)', [CzDHa] = 
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One tube was sealed and used as a reference; the other tube 
was charged with ca. 50 mm (310 ml) of C2H4 and also sealed. 
All the nmr tubes were pressure tested at 50' for 8 hr and cooled, 
and nmr spectra were obtained. The tubes were then heated to 
100' for 16 hr and cooled, and the spectra were again obtained, 
External (CHs)tSi was used as a reference. 

New resonances characteristic of M-C&b groups were observed 
only for [ (C~H&P]~RUHC~.CC.H~CH~ (t 9.82, t, J = 7 Hz; T 
8.73, q, J = 7 Hz) a t  50" and for C6H5Mo(CO)3H (7 9.73, t, 
J = 7 Hz; T 8.75, q, J = 7 Hz) after heating to 100". Heating 
of the [ ( C B H ~ ) ~ P ] ~ R U H C ~ .  CeHsCH3-CzH4 solution destroyed the 
Ru-CZH~ resonances. All the other complexes listed in Table I1 
exhibited only minor changes in their nmr spectra in the pres- 
ence of CZH4. 

Interaction of Metal Hydride Complexes with 1-Butene.- 
The round-bottom glass flasks described above were charged in a 
nitrogen atmosphere with 1.2 X mol of the metal hydride 
complex, 3.0 ml of dry, degassed benzene, and a micro stirring 
bar. The flasks were cooled in liquid nitrogen and evacuated, 
and 1.2 X mol of 1-butene was added. The flasks were 
sealed and maintained a t  25' for 5 days or 100" for 24 hr as before. 
The reaction mixtures were then stored in Dry Ice until analyzed. 

The flasks were immersed in liquid nitrogen and opened into 
an evacuated system. The mixture was then distilled a t  25'; 
the volatile gases which passed a -78" trap were collected in 
liquid nitrogen and analyzed by gas chromatography on a 6-ft, 
20% ester amide/60-80 mesh Gas-Chrom RA column main- 
tained a t  0" using a helium flow rate of 10 cm3/15.0 min and a 
detector temperature of 50". 

Infrared spectra were obtained of the residues in the reac- 
tion flasks. The results of the 1-butene isomerization experi- 
ments are given in Table 111. The results given in the table are 
the average of two or more separate experiments which agreed 
to within +2%.  

Results and Discussion 
Synthesis of New Metal Hydride Complexes.- 

The cobalt hydride complex, [ (CH&PCH&H2P- 
(CH&]2CoH, has been prepared from the reaction of 
water or hydrogen with the solution obtained by the 
reduction of [(CH3)2PCH2CH2P(CH3)2]2CoBrz with 
excess sodium napthalenide. The hydride complex is a 
yellow, volatile, pyrophoric solid. The presence of the 
Co-H bond was confirmed by preparation of the corre- 
sponding deuteride, by observation of v c o - ~  and V C ~ - D  

in the infrared spectra, and by the presence of a quintet 
Co-H resonance in the high-field 'H nmr spectrum. 
Formation of the hydride complex may be explained by 
the reaction of a cobalt(0) species with hydrogen which 
is either supplied directly or formed in the reaction of 
water with the excess sodium naphthalenide. In sev- 
eral attempts to isolate a product from the reduced 
solutions before addition of water or hydrogen only low 
yields of the cobalt hydride complex were obtained. 

The reduction of [(CH3)2PCH2CH2P(CH&]2CoCl2 
with sodium napthalenide has previously been re- 
ported40 to produce a cobalt(0) complex, [(CH8)2PCH2- 
C H ~ P ( C H ~ ) ~ ] ~ C O .  However, the reported melting 
point and color of the proposed cobalt(0) complex are 
similar to those found for the cobalt hydride. It is 
likely that the product previously identified as a co- 
balt(0) complex was actually the cobalt hydride species 
reported here. 

The synthesis of [(C~H60)3P]aCo(CO)H from 
[ (CaHaO)aP ]CoH and carbon monoxide completes the 
(40) J. Chatt and H. R. Watson, J. Chem. SOC., 2545 (1062). 



2570 Inorganic Chemistry, Vol. 9, No. 11, 1970 R. A. SCHUNN 

TABLE I1 

REACTION OF CzD4 WITH METAL HYDRIDE COMPLEXES IN CeHea 
MASS SPECTROMETRIC ANALYSIS OF THE cz HYDROCARBONS RESULTING FROM THE 

r 25O for 5 days 7 ,  -looo for 1 day- 7 

Complexb C2D4 CzDaH C ~ D Z H Z  CzDHs CaHa Ethanesc C2D4 CzDaH CZDZHZ CzDHa CaHa EthanesC 

[(CHa)zPCHzCHzP(CH3)zlzCoH 99h 1 . . .  . . .  . . .  . . .  85 14 1 , . .  . , .  
[ (CeHs)zPCHzCHzP(CeHj)z]zCOH 100 . . .  * . .  . . .  95 5 

[ (C~H~)ZPCH~CHZP(CBHS)Z] zIrH 98 2 * . .  87 13 . . .  . . .  
[(CzH50)3Pl 4CoH 97 3 . . .  , . *  . . .  . . .  6 1 . . .  . . .  
[(CeH60)&'] 4CoH 96 4 . . .  . . .  . . .  . . .  9 22 30 39 . .  . d  3-8 
[(CsH&))sPl sCo(CO)H 98 2 . . .  . . .  . . .  . . .  9 22 29 38 Zd 3-10 
[( Ce&)aPI 3Co(Nz)H 13e 20 29 23 14 3-10 f . . .  . . .  . . .  . . .  . . .  

(CeHd3P 1 d r  (CO )ClzH 100h . . .  . . .  . . .  98h 2 . . .  . . .  

[(CsHs)zPCHzCHzP (C6Hs)zI zRhH 56h 9 1 , . .  42 40 . . .  
62 31 

(CeHs)sP 1 aRh (eo )H 53" 38 8 1 1-4 4Se 40 9 3 3-10 
[(CIHS)BPI aIr(CO)H 48 39 12 1 5 39 41 17 3 1-3 

. . .  . . .  . . .  1 [ (CzHj)2C6HjPI aRu(CO)BrH 77 21 . . .  41 40 
[ (CeH5)3P] sRu(CO)C1H 48 38 12 2 , . .  . . .  20 34 26 20 . . . "  5-20 
[ (CeHs)sP] sRuClH * CeHjCH3 2 h  3 9 32 54 1-3 7 19 29 45 d 5-20 
[(CzHs)3P] zPtClH 100 # . .  98 2 . . .  
C ~ H ~ M O (  CO)3H 100 . . .  . . .  . . .  . . .  . . .  f . . .  . . .  . . .  . . .  . . .  
(C0)6MnHB 100 . . * . . .  . . .  . . .  . . .  53 38 9 . . .  . . .  6 
Blank 100 . . .  . . .  . . .  . . .  . . .  100 . . .  . , .  . . .  . . .  , . .  
Theory for complete M-H exchange 41 41 15 3 0 0  41 41 15 3 0 0  

a Reference patterns were obtained both from these laboratories and from the American Petroleum Institute. The original hydride 
complex and/or the corresponding deuteride was identified by infrared spectroscopy after the reaction period except in the cases noted. 
c These values are less accurate than those for the ethylene species due to overlap of the fragmentation patterns and represent the 
amount of ethane present relative to the total amount of ethylene; all ethanes except CaDHs and CzHe were detected. These low 
values for C2H4 are best explained by inaccuracies introduced by overlap of the fragmentation patterns of the deuterated ethanes. 
e The infrared spectrum of the residue indicated extensive decomposition of the original complex. f Reproducible results were not ob- 
tained under these conditions. The solution was saturated with the complex 
under these conditions. 

0 The complex was not recovered after the reaction. 

TABLE I11 
GAS CHROMATOGRAPHIC ANALYSIS OF THE C4 HYDROCARBONS RESULTING FROM THE 

REACTION O F   B BUTENE WITH METAL HYDRIDE COMPLEXES I N  '&He 
,-- -25' for 5 days--------- 7 looo for 1 day------ 

trans- Cis- trans- cis- 
Complexa n-C4H1o l-CaHs 2-CaHs 2-CaHs n-CaHm l-CaHs 2-CaHs 2-C4Hs 

[(CH~)ZPCH~CHZP(CH~)ZIZCOH . . .  99.9+ . . .  . . .  0 . 2  90.8 4 .3  4.7 
[ (CeHj)zPCHzCHzP( CeHs)z] &OH . . .  99.7 . . .  0.3  . . .  92.2 3 . 3  
[(CeHa)zPCHzCHzP(CeHs)z]zRhH 99.8 . . .  0 . 2  0 . 2  87.3 5.6 
[(CaH5)zPCHzCHzP(CeHj)zI 2IrH 98.4 1 .o 0 .6  . . .  92.9 3 . 4  
(CzHs0)3P14CoH 96.2 2 .1  1.7 29.1 33.5 37.4 

e 4 . 5  
e 6 . 9  
e 3 . 7  

[(CsHs0)3P]4CoH 0 . 1  99.9 6.2 27.1 32.1 34.6 
[(CeHsO)sPIaCo(CO)H 0 . 1  99.4 0 . 3  0 . 2  4 .0  45.2 25.2 25.6 
[(CeH6)3PI sCO(Kz)H 1 . 2 6  2 . 8  66.9 29.1 c 
[ICeHj)aPl3Rh(CO)H 0.4b 2 . 8  68.2 28.6 0.2b 6 3 
[(ceHs)3p] Jr(C0)I-I 0 .7  97.9 0 . 8  0 .6  0 .8  9.4 45.4 44.4 
[ ( C ~ H ~ ) ~ P I Z I ~ ( C O ) C ~ Z H  e 99.9+ e 97.3 1 . 2  1 . 5  

[(CsHa)aP] 3RuCIH. CeHaCH3 . . .  e 2.8  66.7 30.5 1.8 5 . 8  61.1 31.3 
[ (C& )3P I zPt ClH . . .  99.9+ . . .  . . .  . . .  99.8 . . .  0.2 
CsHdMo (CO)3H . . .  98.1 1 . 7  0.2 c . . .  . . .  
( CO)jMnHd 99.9+ . . .  . . .  G . . .  . . .  . . .  
Blank 99.9+ . . .  . . .  . . .  99.9+ . . .  . . .  

[(CzHj)zCeHjPl 3Ru(CO)BrH 65.1 6 . 0  62.1 31.9 
[(CeHj)d'IaRu(CO)CIH . . .  2 . 9  68.5 28.6 4 .5  62.9 30.7 

Q The original hydride complex and/or the corresponding deuteride was identified by infrared spectroscopy after the reaction period 
Repro- 

e The solution was 
except in the cases noted. 
ducible results were not obtained under these conditions. 
saturated with the complex under these conditions. 

b The infrared spectrum of the residue indicated extensive decomposition of the original complex. 
The complex was not recovered after the reaction. 

series of compounds [ ( C ~ H ~ ~ ) ~ P ] , C O ( C ~ ) ~ - . H  (n = complex [(C&15)BPCH2CHZP(C6H5)2]21rH was pre- 
0 , 3  1,3 2,41 3, 427,28), and its stability and lack of acidity pared by the reaction of (CsH~)zPCHzCH2P(CcH& 
are consistent with the trend previously n ~ t e d . ~ ? ~ ~  with [ ( C ~ H S ) ~ P ] ~ I ~ ( C O ) H  and is characterized as a 
Although V C ~ - H  was not observed, the appearance of a hydride on the basis of its characteristic infrared and 'H 
quartet resonance in the high-field lH nmr spectrum nmr spectra. The complex is similar in stability to the 
confirms the presence of the Co-H bond. The iridium Co and Rh analogs.24 

Reaction of Metal Hydride Complexes with Deu- (41) W. Hieberand H. Duchatsch, Chem. Be?., 98, 2933 (1965). 
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terium.-The results of the mass spectrometric analysis 
of the gaseous products from the reaction of the various 
metal hydride complexes with deuterium are sum- 
marized in Table I. The presence of Hz and HD in 
the recovered gases indicates the exchange of the 
metal-hydrogen bonds with deuterium. Since it was 
not determined if the data represent equilibrium values, 
only broad comparisons of relative activities are valid. 

Although the extent of exchange varied significantly 
with the nature of the complex and the conditions, no 
clear correlations of activity with ligand type or metal 
are apparent. The degree of exchange more clearly 
reflects the relative ease of the various metal hydride 
reactants to undergo oxidative a d d i t i ~ n ~ ~ ~ ~ ~  to give 
MHDz  intermediate^^^^^^ and is not directly related to 
the reactivity of the original metal-hydrogen bonds. 

In  previous studiesP0 of deuterium exchange with 
[(C6H5)3P]31r(CO)H and [(C6H5)3P]3MHC1(CO) (M = 
Ru, Os), formation of the seven- and eight-coordinate 
intermediates [ (C6Ha)3P]31r(CO)HD~ and [ (c6Ha)d']3- 
M(C0) ClHD2, respectively, was postulated. However, 
ligand dissociation is likely to be an important processs 
especially a t  higher temperatures and the higher co- 
ordination numbers for the MHDz intermediates are 
not essential. Exchange with the five-coordinate 
chelated complexes (Table I) is more likely to occur 
through seven-coordinate (PP)zMHDz intermediates. 
In  the series [(C~H~)PPCHPCHPP(C~HS)Z]~MH, the 
degree of deuterium exchange increases in the order M 
= Co < Rh < Ir which is the order expected for the 
ease of formation of seven-coordinate intermediates. 

The deuterium exchange results (Table I) show that 
in some cases the amounts of HP and HD observed are 
higher than the theoretical values calculated for com- 
plete exchange of the original M-H bond. Complexes 
which exhibited this behavior are [ (COH~O)~P]~COH,  
[(CaH5O)3P]aC0(CO)HJ [(CaHa)3P]3Co(Nz)HJ [(CaHs)s- 
P]3RuHCl(CO), and [ ( C ~ H ~ ) ~ P ] ~ R U H C ~ -  CeHaCHs. 
The excess hydrogen appearing in these systems results 
from a ligand-to-metal hydrogen-transfer process 
involving oxidative addition of an ortho-phenyl carbon- 
hydrogen bond to the metal. Details of the study of 
the ligand-metal hydrogen-transfer reaction in these and 
related systems have been described elsewhere. 42-44 

The occurrence of ligand-metal hydrogen transfer with 
the other complexes exhibiting exchange with deuterium 
and having ligand hydrogen atoms cannot be excluded 
on the basis of the data obtained. Exchange with the 
solvent is also possible but has been excluded for 
[(CsH60)3P]4CoH and [ ( C ~ H S ) ~ P ] ~ R U H C ~  under compar- 
able  condition^.^^ 

Reaction of Metal Hydride Complexes with C2D4 and 
CzH4.-The results of the mass spectroscopic analysis 
of the CP hydrocarbons recovered from the reaction of 
the various metal hydride complexes with C2D4 are 
summarized in Table 11. The appearance of hydrogen- 

(42) G. W. Parshall, J .  Amer. Chem. Soc., 90, 1669 (1968). 
(43) W. H. Knoth and R. A. Schunn, $bid., 91, 2400 (1969). 
(44) G. W Parshall, W. H. Knoth, and R.  A. Schunn, ibid. ,  91, 4990 

(45) E. K.  Barefield, private communication. 
(1969). 

containing ethylene species (CPD~H, C2D2H2, etc.) 
indicates the occurrence of a reversible interaction 
between the M-H bond of the complex and C2D4 to give 
an intermediate metal-ethyl complex. 

The exchange studies with CZD4 provide a sensitive 
probe for detecting the interaction of M-H bonds with 
ethylene and are especially useful for those systems 
which do not form stable ethyl derivatives under ordi- 
nary conditions. For example, the reaction of [(C6&)2- 
P C H P C H Z P ( C ~ H ~ ) ~ ] ~ I ~ C ~  with CzHsMgBr gives the hy- 
dride complex [(C6H6)2PCH2CH2P(CeHs)zlZIrH as the 
only isolable product. Additionally, lH nmr studies of 
solutions of the hydride complex and C2H4 gave no 
evidence for the formation of an ethyl complex. How- 
ever, the exchange results of the reaction of the hydride 
with CzD4 show that exchange occurs a t  100' and that 
an unstable iridium-ethyl derivative must be present 
under these conditions. 

The observed lack of exchange with C2D4 for some of 
the complexes (Table 11) at 25' may be explained by 
assuming either no reaction or an irreversible reaction 
giving a stable ethyl derivative. The former postulate 
seems preferable for those complexes which showed 
some exchange activity a t  100" while the latter may 
better explain the results for CbH5Mo(C0)3H. In this 
case, 'H nmr studies of solutions of the hydride complex 
and C2H4 showed the formation of the ethyl complex at  
100' while thermal decomposition16 of C ~ H ~ M O ( C O ) ~ -  
CzH5 did not produce CzH4, indicating the irreversibility 
of the reaction. The CzD4 exchange experiments a t  
100' indicated some exchange but the results were not 
reproducible, presumably because of thermal decompo- 
sition of the molybdenum hydride complex. 

For certain hydride complexes, reduction of ethylene 
to ethane was a competitive but slow process in the 
C Z D ~  exchange studies, and evidence was obtained 
(Table 11) for the presence of all possible ethanes except 
CZDHS and CZH6. For example, a t  100' [(C~HSO)BP]~- 
CoH produced ca. 6% of mixed ethanes. The reaction 
of (C0)aMnH and CzD4 produced ca. 6% ethanes a t  
100' but extensive MnH-CzD4 exchange also occurred; 
such exchange with Mn(C0)5H had not been observed 
in previous studies.17 The ethane species could arise 
either from thermal decomposition of the hydride 
complexes to give Hz followed by an "ordinary" hydro- 
genation of ethylene or, in the case of those complexes 
containing aryl phosphite or arylphosphine ligands, 
from a ligand-metal hydrogen-transfer process as 
described below. 

Reaction of Metal Hydride Complexes with 1-Butene. 
-The gas chromatographic analyses of the C4 hydro- 
carbons recovered from the reaction of the metal 
hydride complexes with 1-butene are summarized in 
Table 111. A comparison of these results with those 
obtained for CPD4 exchange (Table 11) shows that the 
activity of the metal hydride complexes toward isomeri- 
zation of 1-butene generally parallels that of exchange 
with C2D4. Exceptions to this behavior were observed 
for [(C~H~)zPCH2CHzP(C6H~)z]2RhH a t  25 or 100' and 
for [(CsH6)3P]31r(CO)H a t  25'; both complexes ex- 
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hibited extensive exchange with C2D4 but were poor 
isomerization catalysts for 1-butene under these 
conditions. Assuming that isomerization occurs 
through an insertion-elimination mechanism,’ these 
results imply that under conditions where olefin inser- 
tion into the M-H bond is favorable (cf. C2D4 results), 
either a preferred addition of the M-H bond to l-bu- 
tene to give an n-butyl-M intermediate (la) or the 
preferred abstraction of a primary hydrogen in a sec- 
butyl-M intermediate (Ib) occurs. Neither of these 
processes would result in isomerization. l8 

1 7 1  I 
l l l I / ’ I I I I  

I 7 I I 
l & l  I 

M-C-C-C-C- 

M-H + -C-C-C=C- 

I I  \H-C-C--C-C- 

l b  

Although the activity of the metal hydride complexes 
toward isomerization or CzD4 exchange varies greatly 
with the nature of the complex, no clear correlation of 
activity with ligand type or metal is apparent. The 
rate-determining step in the exchange or isomerization 
reactions may be the coordination of the olefin and in 
some cases this may require prior ligand dissociation. 
Reduction of the butenes to n-butane was also ob- 
served and the results generally parallel those obtained 
in the CzD4 exchange experiments. 

Ligand-Metal Hydrogen Transfer in the Hydro- 
genation of Olefins.-The results of the exchange 
studies with CzD4 (Table 11) show that the percentages 
of hydrogen-containing ethylenes (C%D3H, CzDzHz, 
C2DH3> and CzH4) are in some cases much higher than 
the theoretical values calculated for exchange of the 
metal-hydrogen bond only. A ligand-metal hydrogen- 
transfer process similar to that observed in the deu- 
terium exchange studies is very likely also involved in 
these CzD4 exchange reactions. The complexes which 
exhibited ligand-metal hydrogen transfer in the 
deuterium and CzD4 exchange experiments also catalyze 
the isomerization of 1-butene and the formation of 
alkanes. 

Scheme I which explains the results reported here for 
Dt and C2D4 exchange including ligand-metal hydrogen 
transfer is shown below for [(C6HsO)sP]rCoH. The 
value of n, the number of coordinated phosphite 
ligands, appears to be less than 4 since the addition of 
excess triphenyl phosphite inhibits the ligand-metal 
hydrogen-transfer process with deuterium.44 The 
equilibrium 2 3 represents the normal, oxidative 
addition process20,23 for exchange of a metal-hydrogen 
bond with hydrogen. The sequence of equilibria 2 * 4 
and 4 * 5 combined with 2 * 3 results in exchange of 
the ortho-phenyl hydrogen atoms of the coordinated 
phosphite ligands.44 Combination of the equilibria 
2 Ft 6 and 6 * 7 represents the coordination and 
insertion of the olefin into the metal-hydrogen bond. 
A combination of the steps 2 $ 6 ,  6 7, and 2 $ 4  is 
sufficient to account for exchange of the ortho-phenyl 
hydrogen atoms in the reactions of the metal hydrides 

SCHEME I 

+H, 
L,,CoH3 LnCoH 

-H, 2 3 

5 
f 

LnCoH + C2HG 

L =  (C6HbO)aP 
with CzD4. If some of the metal hydride complex has 
decomposed to give hydrogen, 7 may react irreversibly 
to give CZH6. 

An alternate process for ligand-metal hydrogen 
transfer in the C2D4 exchange reactions results from the 
equilibrium 7 e 8. The irreversible reaction 8 5 
would then account for the formation of ethanes. The 
two steps 7 4 8 and 8 -+ 5 have been previously 
postulated46 in the conversion of [ ( C S H & P ] ~ R ~ C H ~  to 

[ ( C ~ H ~ ) ~ P ] Z ( C ~ H ~ ) Z P C ~ H ~ R ~  and CHI. An ortho- 
phenyl-bonded ruthenium phosphite complex analogous 

to 5, [ ( C ~ H ~ ~ ) ~ P ] ~ ( C B H ~ ~ ) ~ P O C B H ~ R U C ~ ,  has also 
recently been described. 4 4  

An alternate mechanism for the hydrogenation of 
olefins which includes ligand-metal hydrogen transfer 
is thus possible. The sequence of steps 2 + 6 + 7 ---t 8 
+ 5 + 4 + 2 represents such a process and cannot a 
priori be eliminated from any hydrogenation process 
involving aryl phosphite or arylphosphine ligands. 

This sequence of steps could also explain the hydro- 
genation of olefins by phosphine or phosphite complexes 
in the absence of hydrogen, e.g., methyl linoleate by 
[ ( C ~ H & P ] Z N ~ B ~ ~ . ~ ~  It seems likely that under condi- 
tions in which the ligand-metal hydrogen-transfer 
process is operative, all the steps shown occur. How- 
ever, the results of this work do not permit an assign- 
ment of the relative rates or equilibrium constants of the 
various steps. 
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