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The syntheses of [Rh(diol)(formamidine)]z complexes (diol = cycloocta-1,5- 
diene (1); diol = norbornadiene (2); formamidine = N,N’-di-p-tolylformam- 
idine) are reported. These complexes are dimeric and contain the bridging 
formamidino ligand. They react with CO, dppe and PPh3 with displacement of 
the-diene ligand to yield the known [Rh(C0)2(formamidine)]2, [Rh(dppe),l’ 
and [Rh(PPh&(formamidine)], respectively; the last complex, in which the 
formamidine acts as a chelating ligand, was isolated only as the O2 adduct. With 
HCl or HBF4 aqueous 1 and 2 do not form hydrides but instead the formam- 
idino cation Cp-tolyl-NH=CHNH-tolyl-p]* and the complexes [Rh(diol)X]* 
(X = Cl, F); a possible scheme for the reaction with HCl is proposed. The 
[Rh(C~H,,)(formamidine)]z complex reacts with heterocumulenes as CS2, SO*, 
PhNCS and PhNCO with diene displacement; the only product isolated was 
[Rh(CS&(formamidine)], to which a polymeric structure is assigned. 

Introduction 

Formamidino ligands, R-N=CH-NHR, in their deprotonated form, lead to 
an interesting series of transition metal complexes which exhibit a variety of 
structural types. Thus, being potentially one- or three-electron donors towards 
low valent transition metals, they can bond in a monodentate (I), bidentate (II) 
or bridging (III) fashion: 
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Compounds of all three types have been isolated, but in most previous investi- 
gations spectroscopic and structural studies have indicated that the formam- 
idinato anion prefers to act as a three-electron donor ligand, leading to chelate 
Cl-33 or bridging [4,5] o-bonded derivatives, II or III; compounds of type I 
appear limited to a few cases [6,7]. A remarkable feature of these ligands 
pointed out by Vrieze is their ability to stabilize metal-metal bonds to give 
five membered bimetallic rings [8,9], and Cotton showed that the amidinato 
anion is an useful ligand in the preparation of compounds with multiple metal- 
metal bonds [lo] _ 

In contrast to the extensive literature on the preparation and characteriza- 
tion of formamidinato-metal complexes there appear to be no reports on the 
chemical reactions of such compounds. Our work has involved investigation of 
a number of such reactions, and has led to the isolation of previously un- 
reported diolefin and phosphine formamidinato complexes of rhodium(I) and 
provided some information on the factors which effect the formation of 
chelate or bridging structures. We performed also some reactions in order to 
compare the reactivity of the obtained compounds with the isostructural 
triazenido and carboxylato derivatives_ 

Results and discussion 

The formarnidino diolefin complexes [Rh(diol)(formamidine)l, (diol = 
cycloocta-1,5-diene (1); diol = norbomadiene (2); formamidine = di-p-tolyl- 
formamidine) were prepared by treating [Rh(diol)Cl], at room temperature, 
with a toluene solution containing an equimolar amount of Cp-tolyl-NZCHZ 
NH-tolyl-p] K generated in situ. After working up the resultant orange solution 
the complexes 1 and 2 were obtained in good yields, as air stable, yellow- 
orange or red crystals. Analytical data and molecular weight measurements in 
chloroform (Table 1) indicate that these compounds, like the analogous car- 
boxylato, but different from the triazenido complexes, are dimeric, with the 
formamidino ligand bridging two rhodium atoms. The ‘H NMR spectra show, 
beside other signals arising from the olefinic and aromatic hydrogens, a single 
sharp band at 2.25 T arising from the protons of the tolyl groups. This suggests, 
as found for related derivatives 151, that the formamidinato anion is bonded 
symmetrically. A notable feature of the IR spectra is a strong band at 1660 
cm-’ which can be assigned to the stretching N;;;C;;N. The value of 110 for Au 
with respect .to the free ligand, may, as previously suggested [ 61, be taken as an 
approximate indicator of extensive electronic delocalization. 

The chelate complex [Rh(PPh&(formamidine)OJ (3) was obtained, as 
monomer, by refluxing a benzene solution of Lp-tolyl-NXCHXN-tolyl-3 ] K 
and [Rh(PPh&Cl] in equimolar ratio. Recrystallization of the crude product 
from benzene/diethyl ether gave orange needles, with analytical data in agree- 
ment with the above formulation. The IR spectrum of complex 3 shows 
v(N-rr.C=N) at 1635 cm-‘, and a medium band at 900 cm-* which can be 
assigned to the stretching ~(0-0). A high value forv(Ca) has been also 
reported for the isostructural complex [Rh(PPh&(ArNNNAr)OJ [l_l], and 
these values can be explained in terms of the strong a-don& powers.of the 
formamidinato and the triazenido anions. The ‘H NMR spectrum of 
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[Rh(PPh-,)2(formamidine)Oz] shows no evidence for magnetic nonequivalence 
for the methyl groups, suggesting once again that the ligand is symmetrically 
bonded to the metal. Compound 3 was also obtained by treating [Rh(diol)- 
(formamidine)], with an excess of PPh, in refluxing toluene for several hours. 
Although PPhB is known to be able to bring about bridge splitting, we did not 
observe bond breaking of the bridged ligand with formation of a pendand struc- 
ture, which emphasizes the stability and strength of the M-N bond in these 
complexes. 

If the phosphine complex is rigorously prepared under N1, a compound with- 
out bands attributable to the stretching ~(0-0) is obtained. We could not get a 
satisfactory analysis for this compound, which we formulate as [Rh(PPh& 
(formamidine)] , because it probably contains small amounts of the dioxygen 
derivative_ When the crude product is treated under nitrogen with iodine, a 
rapid reaction takes place with formation of a black neutral compound: the IR 
spectrum of the product shows the same pattern of the formamidino ligand 
stretching frequencies, as that exhibited by the starting complex, but does not 
show any bands assignable to the v(O-O), lending further support to the formu- 
lation of the starting phosphine complex as [Rh(PPh&(formamidine)] . Unfor- 
tunately, in spite of performing several repeated elemental analyses, we could 
not reliably assign a formula to the iodine compound because of the variable 
iodine content, but, by analogy with the compound obtained by Connelly [12] 
from the reaction of ~Rh(CO),-~-(RNzXzNR)]z (X = N, CMe) with iodine, we 
tentatively formulate the product as [Rh(PPh3)2-~-(formamidine)I]z, containing 
a rhodium metal--metaI bond. 

Reaction of [Rh(diol)(formamidine)]. with CO, dppe and dipyridyl 
The diene ligands are easily displaced in compounds 1 and 2 by reaction with 

carbon monoxide and bis(l,2&phenylphosphino)ethane (dppe), while dipyr- 
idyl has no effect even at the reflux temperature. When a toluene solution of 
[Rh(diol)(formamidine)] 2 was refluxed for 4 h with dppe a yellow compound 
was obtained from which the known [Rh(dppe),]’ was isolated as the tetra- 
phenylborate salt. By reaction with carbon monoxide, 1 and 2 gave the 
recently reported [Rh(CO),(formamidine)]. [4]. Attempts to cleave the form- 
amidino bridges by treating [Rh(CO),(formamidine)] 2 with an excess of PPhB 
failed; after chromatography on alumina, a red product was isolated whose ana- 
lytical data, molecular weight measurements and IR bands suggest that it is 

CRh&‘Ph,)(COMf ormamidine),] (4). An analogous compound, in which the 
formamidine is [RNC(Me)NR] (R = Ph or p-tolyl), has been reported [12]. 

Reactions with acids 
When 1 or 2 were treated with HCl gas or aqueous HBF4 no hydride com- 

pounds were isolated. Bubbling HCl gas through a benzene solution of 
[ Rh(diol)(formamidine)] 2 gave a white microcrystalline precipitate, which was 
found te contain the cation j-ptolyl-NH=CHNH-tolyl-p]’ (7). Work up of the 
benzene solution led to the isolation of the complex [Rh(diol)Cl] *_ For this 
reaction the mechanisms shown in Scheme 1 can be considered. Species I result 
from an initial oxidative addition of HCl to the rhodium atoms; with these 
Rh”’ species, transfer of hydrogen from the metallic atoms to the nitrogen 
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EME 1 

HHR-CHzNHR] Cl + [Rh(DIOL)C$ _Hc& kRh 2’ 

I’ ‘N=CH-NHR 
i2 

II 
CW) <II) 

= COD, NOR : R = p-TOLYL. 

ii 

s leads to formation of the intermediate II. It is more likely, however, that 
ties II is formed by simple protonation of the nitrogen atom of the coordi- 
ed formamidine of the starting substrate. Further attack of HCL on species II 
?S the formamidino cation and complex III. Since formation of rhodium(II1) 
lride compounds is generally unfavourable [13] and since we observed that 
diene complexes 1 and 2 do not react with H, or CH&we think that for- 
;ion of species (I) is unlikely or that at best it is formed only reversibly. In 
case formation of the complex II is necessary to explain the final products; 
existence of the intermediate II is supported by a report [14] of the isola- 
1 of the cationic complex [Rh(PPh,),(CO)(RN=CMe-NHR) j.++, in which the 
ylacetamidino ligand is monodentate. 
Yhe acetone solutions of 1 and 2 also react with an aqueous solution of 
F4 to give [Rh(diol)F] 2 along with the formamidino cation as the tetrafluo- 
ate salt_ 

&ions with etherocumulenes 
be reagents CSz, SO*, PhNCO and PhNCS react with complex 1 to displace 
diene ligand, as shown also by ‘H NMR spectroscopy_ Only in the case of 
: could we isolate the product in a pure form. Thus refluxing a carbon disul- 
le solution of [Rh(CsH1l)(formamidine)]z for 48 h gave a deep-red solu- 
L, from which was isolated a red-black compound whose elemental analysis is 
&tent with the formulation [Rh(CS,),(formamidine)1, (5). Molecular 
ght measurements show it to be a polymer, while the IR and ‘H NMR spec- 
display very broad bands which do not permit reasonable speculation about 
polymer structure. 
Ceaction of the complex 5 with the methylating agent [(CHs)sO]+PF& 
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recovered the cation [Rh(C!$)(CSMe)(formamidine)]+ which was isolated 
analytically pure as the PFs and BPh4 salts. Since the ‘H NMR spectrum of 
the polymeric material does not show any bands attributable to a methyl 
group bonded to the metal we suggest that the reaction involves alkylation 
of sulphur, but in the absence of suitable spectroscopic data or an X-ray anal- 
ysis we cannot with any confidence suggest formula for the polymer_ 

These reactions can be understood by taking into account the high tram 
effect of the formamidino ligand. Probably the reactions occur with initial for- 
mation of an adduct between the complex 1 and the heterocumulene, and 
labilization of the diene in this intermediate leads to the formation of poly- 
mers, or inseparable product mixtures. 

Experimental 

N,N’-Di-p-tolylformamidine [ 151, [ Rh(diol)Cl] 2 (diol = cycloocta-1,5cliene 
1161; diol = norbomadiene [17]) and [Rh(PPh,)&l] [l8] were prepared by 
published procedures. Elemental analyses were by the Laboratory of Organic 
Chemistry, Institute of Milan, Italy, and by Bernhardt Mikroanalytisches Labo- 
ratorium, Elbach, Germany. Infrared spectra were recorded on a Perkin-Elmer 
457 spectrometer calibrated with polystyrene. The ‘H NMR spectra were 
recorded on a 60 MHz Perk&Elmer R 24B. Molecular weights measurements 
were determined with a Knauer vapour-pressure osmometer. All reactions were 
carried out under dry nitrogen. 

Preparation of [Rh(C~~~(CH(NC~~-p-CH3)2)Iz. K[CH(NC6H4-p-CH&] 
was prepared by stirring for ca. 2 h a toluene solution of NJ’&-p-tolylform- 
amidine with an equimolar ratio of freshly prepared KOBut . To this solution 
which contained 0.53 g (2.02 mmol) of potassium formamidinate, was added 
O-5 g (l-01 mmol) of [Rh(CBH,,)C1]2, and the mixture was stirred for 6 h at 
room temperature_ The resultant yellow-orange solution was filtered and 
reduced in volume to ca. 20 ml. Hexane was added until a yellow-range com- 
pound began to precipitate_ Cooling gave O-45 g of complex, which was filtered 
off and recrystallized from benzene&ethyl ether. 

Preparation of [Rh(C7H8)(CH{NC61,--p-CH,)d / 2. To a benzene solution of 
K[CH(NC6H4-p-CH3)2] (0.39 g, 1.3 mmol), prepared as before, was added 
0.56 mmol of [Rh(C,H,)ClJ *_ The resulting deep-red solution was stirred at 
room temperature for 5 h and then all the solvent was removed in vacua. The 
red solid residue was washed with pentane and dissolved in benzene, and the 
solution was cbromatographed on a neutral alumina column (activity 3) satu- 
rated with benzene. Pentane was used as eluant to give the desired compound 
in 40% yield. 

Preparation of [Rh(PPh,),(CH{NC&-p-CH&)(Od]. A solution of potas- 
sium formamidinate (0.12 g, 0.48 mmol) in benzene, prepared in the usual 
way, was reflnxed for 3 h with 0.45 g (O-48 mmol) of [Rh(PPh,),Cl]_ After fil- 
tration the red solution was evaporated to dryness, and the red-brown solid 
residue was washed with diethyl ether and recrystallized twice from benzene/ 
diethyl ether, to give orange crystals. 

The same compound was obtained by refluxing 0.49 g (0.46 mmol) of 
[Rh(C,H,,)(.CH{NC,H,-CH&)], for 5 h with 0.72 g (2-7 mmol) of PPh; 
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n toluene. Work up as before gave 0.17 g of the dioxygen adduct. 
Preparation of CRh(CO)dCHINC~~-p-CH,1~~, Carbon monoxide was 

mbbled for 2 h through a dichloromethane solution of [Rh(CsH12)- 
CH{NC6H4-p-CH,},)12. Removal of the solvent left a red solid, from which 
#he dicarbonyl compound was isolated by chromatography on A1203 saturated 
vith benzene. 

Preparation of [Rh2(CO)3(PPh3)(CH{NC&14-p-CH3}&J. To a solution of 
Rh(C0)2(CH{NC6H4-p-CH3}2)]2 (0.2 g, 0.26 mmol) in diethyl ether was 
idded 0.41 g (1.5 mmol) of PPhB, and the mixture was stirred for 24 h at room 
emperature. After removal of the solvent the red solid obtained was chroma- 
ographed on a neutral Al,03 column saturated with CH&&. Eluting with 
lentane gave the pure dimer. 

Reactions with HCZ. HCl gas was bubbled into a benzene solution of 
Rh(C8H12)(CH{NC6H,-p-CH,),)], (0.25 g, 0.28 mmol) for 3 h during which 
he solution turned yellow and a white microcrystalline solid separated. The 
olid was filtered off, washed with benzene, and crystallized from CH,OH/ 
liethyl ether to give Cp-tolyl-NH=CH-NH-tolyl-p]Cl. The complex 
Rh(C!,H12)Cl] 2 was obtained from the supernatant liquor. 

Similarly, the reaction of [Rh(C7H,)(CH{NC!,H,-p-CH,},)], with HCl gave 
he chloride of formamidino cation and the complex [Rh(C,H,)Cl] 2. 

Reactions with HBF4. To a suspension of [Rh(diol)(CH{N&H,-p-CH,),)]. 
n acetone were added a few drops of aqueous HBF4 48%. After stirring for 5 h 
he resultant pale-yellow solution was filtered and evaporated to dryness. The 
olid residue was extracted with benzene to leave a white solid, which was 
ecrystallized from CH30H/diethyl ether to give ~-tolyl-NH-CH=NH- 
olyl-p]BF4. The benzene solution was found to contain [Rh(diol)F] p 

Preparation of [Rh(CS,),(CH{NC,H,--p-CH3}d],. A solution of 0.3 g (0.34 
Imol) of [Rh(C8H12)(CH{NC,H,-p-CH,),)] 2 in carbon disulphide was refluxed 
or 35 h. The deep-red solution was filtered and the filtrate to leave a black 
esidue, which was washed several times with benzene, then recrystallized twice 
corn CH,Cl,/hexane to give an almost black product. 

Preparation of [Rh(CS2)(CSiWe)(CH{NC&~-p-CH3}z)]PF6. To a stirred solu- 
ion of [Rh(CS,),(CH{NCJ&-p-CH,}J, (0.2 g, 0.4 mmol) in CH2ClZ was 
dded a suspension of [(CH3)30]PF6 in the same solvent, and the mixture was 
&red for 6 h at room temperature_ The red solution was then filtered, and 
3e filtrate was reduced in volume to ca. 10 ml. Addition of diethyl ether and 
ooling gave 0.05 g of the red desired complex. 
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