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The 'H nmr spectra a t  30" of the complexes [Ir(dppe),X,]Cl (X, = 0,, S,, Se,), cis-[M(dppe),(CO),] (M = Cr, Mo, W), 
[Ir(dppe),C,S,] C1, and cis-[Ru(dppe),(CH,)Cl] (dppe = 1,2-bis(diphenylphosphino)ethane) all show a 1 :2: 1 triplet of 
intensity 4 protons or, in the case of the last two complexes, two triplets each of intensity 2 protons in the range 7 3.5- 
4.3. From the decoupling behavior and temperature dependence of the triplets, together with the known X-ray structure 
of [Ir(dppe),S,]Cl, it is shown that they are due to the resonance of certain ortho phenyl hydrogen atoms shifted upfield 
from the main phenyl multiplet by interaction with the two nonphosphorus cis groups. It is suggested that the presence of 
such a triplet in the spectrum of a six-coordinate bis(dppe) complex is conclusive evidence for cis geometry, but  its absence 
is only tentative evidence for trans geometry. 

Introduction 
A recent X-ray structure determination' on the complex 

[Ir(dppe),S,] C1 [dppe = 1,2-bis(diphenylphosphino)ethane] 
has shown that two ortho phenyl hydrogen atoms are, 
respectively, 2.54 and 2.57 a distant from the sulfur atoms, 
while no other S. . .H contact in the cation is less than 2.8 
A. It was suggested that there might be a significant interac- 
tion between the Sz ligand and the two closest hydrogens. 
In this paper we report proton nmr evidence for such an inter- 
action and show that it is present in all of the complexes 
[Ir(dppe),X,]Cl (X, = 02, Sz, and Se,) as well as [Ir(dppe),- 
C3Sz]C1, cis- [R~(dppe)~(CH,)Cl], and cis-[M(dppe)z(CO)z] 
(M = Cr, Mo, and W). Furthermore, we find no evidence of 
ortho phenyl hydrogen interactions in trans isomers of 
[M(dppe),XY] (M = Ir, X = Y = I; M = Ru or Os, X = Y = 
Cl). Our results therefore suggest a convenient method of 
distinguishing cis and trans isomers of [M(dppe)?XY] com- 
plexes. 

Although the hydrogen-cis-ligand interactions elucidated 
in the present work exert an important effect on the phenyl 
region 'H nmr spectrum, they are much weaker than the 
ortho phenyl hydrogen-metal interactions found in a num- 
ber of tertiary phosphine-metal complexes.' In particular, 
there is no evidence of internal addition to the cis ligand or of 
deuterium exchange with the phenyl hydrogen atoms. 
Experimental Section 

The following compounds were prepared by the procedure in the 
reference cited: [Ir(dppe),]CL3 [Ir(dppe)2CO]C1,3 [ Ir(dppe),O,]Cl,' 

(1) W. D. Bonds and J .  A. Ibers, J. Amer. Chem. Soc., 94, 3413 

(2) See, for example, G. W. Parshall, Accounts Chem. Res., 3, 139 

( 3 )  (a) L.  Vaska and D. L. Catone, J. Amer. Chem. SOC., 8 8 ,  5324 

(1972). 

( 19 70). 

(1966); (b) A. Sacco, M. Rossi, and C .  F. Nobile, Chem. Commun., 
589 (1966). 

[Ir(dppe),S,]C1,4 [Ir(dppe)2Se,]Cl,4 [Ir(dppe),C,S,]Cl,s cis-[ C i p  

(dppe),(CH,)C1],6 cis-[M(dppe),(CO),] (M = Cr, Mo, W),' frans- 
[Cr(dppe),(CO),],' trans-[M(dppe),Cl,] (M = Ru,  OS).^ The identi- 
ty of the products was confirmed by ir spectroscopy and melting point 
determinations and, where necessary, by microanalysis. 

frans- [Ir(dppe),I,]CI was prepared by adding dropwise a solution 
of I, (49.5 mg, 0.195 mmol) in methylene chloride (25 ml) to [Ir- 
(dppe),]C1(200 mg, 0.195 mmol) in degassed methylene chloride (15 
ml) under N,. After 2 hr -100 ml of ether was added to give an 
orange-yellow precipitate. The product was collected, washed with 
ether, and dried in vacuo, yield 0.20 g (80%). Anal. Calcd for 
C5zH48ClI,IrP4: C, 48.86; H, 3.78; C1, 2.77; I ,  19.86; P, 9.69. 
Found: C, 48.81; H, 4.25; C1, 2.65; I, 20.72; P, 9.05. Conductivity 
measurements over the concentration range 5 X 10-3-10-4 N in 
acetonitrile solution_at 25.0 f 0.1" confirm the formulation as a 1: 1 
electrolyte; A us. & gave a linear plot with an intercept A, = 141 
and a slopeA = 406 (calcd, 334). Infrared spectra in the range 4000- 
250 cm-' (CsI disk) showed only bands due to  dppe, consistent with 
Cl'being the anion. The "P nmr spectrum of [Ir(dppe),I,]Clwas 
obtained on a Varian HA-100 at 40.5 MHz with broad-band proton 
decoupling. The sample, a concentrated solution of the complex in 
methylene chloride, was in a 5-mm 0.d. nmr tube fitted with a 
coaxial capillary containing 85% H,PO,. A search to 8000 Hz on 
both sides of the phosphoric acid line revealed only a single absorp- 
tion at S t 6 . 7 4  ppm. This supports the assignment of trans geometry 
to [Ir(dppe),I,]Cl. 

H nmr spectra were determined at 100 MHz with a Varian HA- 
100 spectrometer and, where necessary, a t  300 MHz on an HR-300 
machine. On the HA-100, temperatures were measured with a copper- 
constantan thermocouple; on the HR-300 the temperature was deter- 
mined from the separation of the CH, and OH resonances in spectra 
of methanol, according to the calibration chart in the Varian manual. 
"P-'H decoupling of the HA-100 spectra was accomplished by 
irradiating the sample at  a nominal frequency of 40.5 MHz with a 
stabilized Model SD-60 NMR Specialties heteronuclear spin decoupler. 

(4) A. P. Ginsberg and W. E. Lindsell, Chem. Commun., 232 

( 5 )  A. P. Ginsberg and W. E. Silverthorn, Chem. Commun., 8 2 3  

(6) J .  Chatt and R. G. Hayter, J. Chem. SOC., 6017 (1963). 
( 7 )  J .  Chatt and H. R. Watson, J.  Chem. SOC., 4980 (1961). 
(8) J. Chatt and R. G. Hayter, J.  Chem. Soc., 896 (1961). 
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Table I. Ortho Phenyl Hydrogen Nmr Shifts in Bis(l,2-bis(diphenylphosphino)ethane)-Metal Complexes 

A. I?. Ginsberg and W. E. Lindsell 

I__- -.. - 
T = 30" T=-120" - ~ _ _  

Complex 7 Intensitya J ~ H ,  Hz JH-H, Hz T Intensity4 
-_I_ 

IIr(dppe),S,lClb 3.89f 3.6 9 8 4.98h 2.0 
[Ir(dppe),O,l Clb 3.67f 3.8 9 8 5.12h 1.8 
[Ir(d~pe),Se,lCl* 3.82f 3.9 8 8 4.3h i 
[Ir(dppe),C, S,l Clc 3.48f*g 1.9 9 8 

4.31fJ3 2.2 9 8 
cis-[Ru(dppe), (CH,)Cl] d 3.62f9k 2.1 8 

4.0Sf 2.1 8 7 4.11fJ 2.1 
cis-[Wdppe),(CO),l e 3.791' 3.9 8 8 

cis-[Cr(dppe),(CO),] e 3.10f 3.5 8 8 
cis-[Mo(dppe),(CO),] e 3.83f 4.0 8 8 

Number of protons; determined from intensity = 8(area under triplet/area under CYCH, absorption) and 40[area under triplet/(area under 
triplet + area under main phenyl multiplet)]. b In CD,Cl, 4 -14% CF,Cl,. C In CD,CN. d In deuterated tetrahydrofuran. e In CDC1,. 
f 1:2:1 triplet. g At -26"; this compound decomposes in solution at  30". h Broad, structureless. i Could not be measured because of inter- 
ference by solvent CHDCI, peak. j At -103". k 300-MHz spectrum; not resolved at 100 MHz. 

Figure 1. The phenyl region 'H nmr spectrum at 100 MHz of (A) 
[I;(dppe),S,]Ciin cDCl,-at 30" and (s') [Ir(dppe),C,S,]CI in 
CD,CN at .- 26". 

Results 

[Ir(dppe)zS2]C1 in CDC13 at 30". At r 3.94 there is a 1:2: 1 
triplet of intensity corresponding to 4 protons while the 
main phenyl multiplet, centered at r -2.7: corresponds to 
36 protons. A similar triplet of intensity 4, with a main 
phenyl multiplet of intensity 36, is also found in the spectra 
of the complexes [Ir(dppe)?,02]C1, [Ir(dppe),Sez]C1, and 
~is-[M(dppe),(CO)~] (M = Cr, Mo, W). The shifts and 
measured intensities are given in Table I. In the case of 
[Ir(dppe),C3S,]C1 and cis- [Ru(dppe),(CH3)C1], instead of a 
single triplet of intensity 4 there are two triplets, each of 
intensity 2 ,  together with a main phenyl multiplet of intensi- 
ty  36;  this is shown in Figure 1B for [Ir(dppe)2C3S2]C1. The 
r 3.62 triplet (Table I) of the ruthenium complex cannot be 
distinguished in the 100-MHz spectrum, but at 300 MHz it 
is fully resolved from the main phenyl multiplet. 

31P-'H heteronuclear spin decoupling collapses the triplets 
described above to  doublets. The triplets are unaffected by 
irradiation frequencies other than that at which collapse to a 
doublet occurs. A single phosphorus atom must therefore 
be coupled to the protons giving the triplet resonance; the 
1 : 2 :  1 triplet structure arises from partial overlap of a pair of 
doublets, each of which results from 31P splitting of one 
member of the doublet seen in the decoupled spectrum. The 
separation between the central member and either end m e m  
ber of a triplet is therefore JPmH (Table I). Since the triplet 
structure is the same at 100 and at 300 MHz, the separation 
between the two lines of the doublet in the decoupled spectra 
cannot be due to a chemical shift but must result from proton 

Figure 1A shows the phenyl region 'H nmr spectrum of 

coupling. The doublet splittings are listed in Table I asJH-H. 

lapses to a doublet at a different irradiation frequency. The 
protons which give the two triplets must therefore be coupled 
to  noriequivalent phosphorus atoms. The relative chemical 
shift of the latter is 6 = [(vl - v2)/40.5] - 6~ = 18.1, where 
v1 and v 2  are, respectively, the irradiation frequencies re- 
quired to decouple the first and second triplets and 6 H  is the 
shift of the first triplet with respect to the second. For cis- 
[R~(dppe)~(CHs)Cl] ~ the T 4.05 triplet has been decoupled 
in the 100-MHz spectrum, but this has not been done for the 
T 3.62 triplet because of the lack of a decoupler for the HR- 
300 spectrometer. 

A marked temperature dependence was found for the [Ir- 
(dppe)2SzJC1 triplet resonance. As the temperature is 
lowered the triplet moves to higher field and broadens; by 
about -90' it has completely collapsed and by -100' a new 
band has appeared at still higher field. At - 120", the lowest 
temperature studied, a limiting spectrum has not yet been 
achieved, and the new band, now at 7 4.98, is still broad and 
structureless; it has intensity corresponding to  two protons. 
The triplet bands of intensity 4 in the [Ir(dppe),OJCl and 
[Ir(dppe),Se2]C1 spectra show a similar temperature depen- 
dence. The shifts and measured intensities at - 120" are 
given in Table I .  

A temperature dependence study on the 100-MHz spec- 
trum of cis- [Ru(dppe)1(CH3)Cl] gave less dramatic results. 
As the temperature was lowered the T 4.05 triplet moved to 
higher field, and by - 103', the lowest temperature studied, it 
had reached 7 4.7 1 without collapsing; although broadened, 
its triplet structure was still visible. The r 3.62 triplet could 
not be discerned in the 100-MHz spectrum even at -103"; a 
shift of r -0.3 upfield should have made it easily visible. 

Examination of the 'H nmr spectra of the following com- 
plexes gave no evidence for a triplet on the high-field side 
of the phenyl multiplet: [Ir(dppe)JCl, [ I r (d~pe)~CO] C1, 
mans- [Ir(dppe)212]C1, and trans- [M(dppe)zC12] (M = Ru, Os). 
The 'H nmr spectrum of trans-[Cr(dppe),(CO),] in CDC13 
was identical with the spectrum obtained from a solution of 
the cis isomer, but this is due to  isomerization. Thus, a 
chloroform (ethanol free) solution of tr~~s-[Cr(dppe)~(CO)~. 
gives, after a short time, the same infrared spectrum in the 
CO stretching region as a solution prepared from the cis 
isomer: v ( C 0 )  = 1840 (s), 1789 (s) cm-', consistent with cis 
geometry. 

Finally, we mention that we were unable t o  prepare the 
complex cis- [Os(dppe),Cl,] described in ref 8, although the 
trans isomer described in the same paper was easily obtained. 
Repeated attempts failed to give a product with a satisfactory 

In the spectrum of [Ir(dppe),C3S2]C1, each triplet col- 
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analysis or with the crystal form or solubility behavior 
described for the cis isomer. 'H nmr spectra of the unknown 
products showed complex phenyl multiplets but gave no 
evidence of the triplet expected for the cis complex. 
Discussion 

The results in the preceeding section may be understood 
in terms of the structure of [Ir(dppe)2S2]C1. Figure 2 is a 
drawing of the complex cation as given by Bonds and Ibers.' 
H(2) on ring 3 (3 H(2)) and H(6) on ring 6 (6 H(6)) are cal- 
culated to be 2.57 and 2.54 A from S(2) and S(1), respective- 
ly, and it has been suggested that there may be an interaction 
between these hydrogen atoms and the sulfur atoms.' In 
solution rapid rotation of the phenyl rings can make the 
time-average environment on the nmr time scale the same for 
3 H(2) and 3 H(6) and for 6 H(6) and 6 H(2). We assign the 
7 3.9 triplet in the 30" spectrum of [Ir(dppe)2S2]C1 to the 
four hydrogen atoms 3 H(2), 3 H(6), 6 H(2), and 6 H(6). 
The relatively close approach of these atoms to S( 1) and S(2) 
apparently permits a weak interaction which shifts their 
resonance upfield from the main phenyl multiplet. Each of 
the four ortho hydrogen atoms is coupled by J H - H  to the 
adjacent meta hydrogen on the same ring and by JP-H to the 
phosphorus atom to which the ring is attached; the two 
phosphorus atoms, P(2) and P(4), are equivalent as required 
by the observation of a single decoupling frequency. 

The temperature dependence of the triplet shift in [Ir- 
( d ~ p e ) ~ S ~ ]  C1 confirms that rapid rotation of the phenyl 
rings is taking place.' As the temperature is lowered the 
triplet shift increases due to increasing concentration of the 
conformer with 3 H(2) and 6 H(6) close to S(2) and S(1) 
(Figure 2 ) ,  at the expense of less stable conformers in which 
the ortho hydrogen atoms of rings 3 and 6 are not close to 
S(2) and S( 1). Below --goo the rate of ring rotation has 
slowed sufficiently that the signal from 3 H(2) and 6 H(6) is 
no longer coalesced with the signal from 3 H(6) and 6 H(2). 
At -120" the 7 4.98 band of intensity 2 is attributed to 3 
H(2) and 6 H(6) in the conformer of Figure 2; the resonance 
from 3 H(6) and 6 H(2) is at lower fields, overlapped with 
other phenyl hydrogen absorptions. This separation of the 
ortho hydrogen resonances shows that the upfield shift must 
be due to an interaction with the environment and is not an 
effect transmitted via the C-H bond. 

Since the other complexes in Table I have 1:2: 1 triplets of 
the type found for (Ir(dppe),S,] C1, their stable conformation 
is inferred to have the protons analogous to  3 H(2) and 
6 H(6) close to and interacting with the nonphosphine cis 
ligands. For [Ir(dppe)20z]C1 an X-ray structure determina- 
tion" leads to 2.42 and 2.57 A for the appropriate He a e 0  

distances in the solid. 

cis- [R~(dppe)~(CH~)Cl ] ,  the phosphorus atoms analogous 
In two of the complexes in Table I, [Ir(dppe)2C3Sz]C1 and 

(9) See, for example, J .  A. Pople, W. G. Schneider, and H. J .  
Bernstetn, "High-Resolution Nuclear Magnetic Resonance," McGraw- 
Hill, New York,  N. Y . ,  1959, p 381. 

(10)  J .  A. McGinnety, N. C. Payne, and J .  A. ibers, J. Amer. 
Chern. Soc., 91,  6301 (1969). 
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Figure 2. The structure of [Ir(dppe),S,] ' according to Bonds and 
Ibers.' 

to P(2) and P(4) of Figure 2 are nonequivalent. For the car- 
bon subsulfide complex, the idealized structure o f  which is 
believed to be 

/P 

the shift between these two phosphorus atoms (one trans to 
C the other trans to S )  was found to be 18.1 ppm. Two 
1:2: 1 intensity 2 triplets are found in the proton spectra of 
these compounds because the rings bearing the interacting 
ortho hydrogen atoms are linked to nonequivalent phos- 
phorus atoms, in addition to the difference in the interaction 
of the two pairs of hydrogen atoms with the cis groups. 

We suggest that in dealing with six-coordinate bis(dppe) 
complexes of uncertain stereochemistry, the presence in the 
'H nmr spectrum of a 1 :2: 1 triplet of the type described may 
be taken as conclusive evidence for cis geometry. The ab- 
sence of such a triplet points to trans geometry but is not 
conclusive since, as evidenced by the near overlap o f  one of  
the triplets of cis- [R~(dppe)~(CH~)Cl ]  with the phenyl 
multiplet, the interaction with a cis group can sometimes be 
insufficient to shift the triplet out of the phenyl multiplet. 

Registry No. Iz, 7553-56-2; [Ir(dppe),]Cl, 15390-38-2; 
trans- [ I r ( d ~ p e ) ~  12] C1,4063 5-58-3; [ I r ( d p ~ e ) ~  S,] C1, 40603- 
50-7; [Ir(dppe)202]C1, 40603-52-9; [ I r ( d ~ p e ) ~  Se,]Cl, 40603- 
5 1-8, [Ir(dppeX C3S2] C1, 40635-59-4; cis- [ Ru(dppe), (CH3)- 
CI], 40633-53-2; cis-[W(dppe),(CO),], 17523-43-2; cis-[Mo- 
(dppe)2(CO)2], 17523-42-1; cis-[Cr(dppe)2(CO)2], 40603- 
55-2. 
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