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The formyl complex [(H20)5CrCH0]2+ is formed in aqueous solution via the reaction sequence: Cr2+(aq.) + .CH(OH)2 
-+ [(H20)5CrCH(OH)2]2+ -+ [(H20)&rCHO+2] + H20, and reduces formaldehyde (k  = 1 mot-1 dm3 s-I), yielding CO + 
CH,OH; the spectra of [(H20)&rCH(OH)2]*+ and [(H20)5CrCH012+ are reported. 

Metal-complexed formyl species have been intensively studied 
as possible intermediates in the metal-catalysed hydrogena- 
tion of CO.1 Most metal formyl complexes have been 
prepared by hydride reduction of metal carbonyl precursors .2 
Other methods, such as carbonylation of a metal hydride 
~omplex ,~a  or formylation of a nucleophilic metal centre,3b are 
also known but appear to lack generality. We report here 
observations that are consistent with the formation of a Cr"' 
formyl complex, [(H20)5CrCH0]2+, (2), from the reaction of 
aqueous Cr" with the dihydroxymethyl radical, CH(OH)2. 
The formyl complex reacts with excess of formaldehyde via 
hydride transfer to yield CO and methanol. The results thus 
describe the first observation of an unstable formyl species in 
aqueous solutions and the kinetics of hydride transfer from it 
to an oxidant. 

Aqueous CrII is known to react with a wide range of organic 
free radicals.4 These reactions, which are characterized by 
very large bimolecular rate constants, 107-2 x 108 mol-1 dm3 
s-1 produce Cr"1 alkyl complexes, [ (H20)5CrR]2+, wherein 
chromium is bound to the carbon atom that had previously 
carried the unpaired electron. The required free radicals are 
usually generated via hydrogen abstraction from the parent 
hydrocarbon by * O H  or O H  radicals. In our procedure, 
aqueous formaldehyde is generated by the acid-catalysed 
depolymerization of paraformaldehyde (BDH Lab Rg). 
Aqueous formaldehyde exists almost exclusively in the acetal 
form,5 H2C(OH)2, and previous work has shown that formal- 
dehyde reacts with the .OH radical in water to yield the 
dihydroxymethyl radical, CH(OH)2.6 

Pulse radiolysis of aqueous mixtures of CrI* and formal- 
dehyde between pH 2.8 and 6t  generates a transient species, 
(1) whose u.v.-visible spectrum shows maxima at 280 and 380 
nm, Figure 1, features which indicate that it contains a CrIIJ-C 
bond.4 The rate of formation of (l), which is independent of 
pH, [CH2(OH),], and monitoring wavelength ( I ) ,  agrees with 
the rate law given by equation (1). These observations suggest 
that (1) is best formulated as the simple adduct: [(H20)&r- 
CH(OH)2]2+, a hydrated formyl complex. 

d[(l)l = k[CrII][ CH(OH),] (1) dt k =  (1.3 k 0.2) x 108mol-1dm3s-1 

The hydrated formyl complex (1) decomposes rapidly under 
these reaction conditions and a second chromium complex (2) 
is formed, which then persists for several minutes.The rate of 
formation of this second transient species, (2), obeys the rate 
law given by equation (2) and is independent of [Cr"], 

t Pulse radiolysis experiments were carried out at the LINAC 
laboratory of the Hebrew University in Jerusalem. The experimental 
setup and techniques used are reported in detail in ref. 4(b). The 
6oCo-y source was a Gammacell Model 3500 produced by Noratom. 
The g.c. used was a Varian TCD 1420 and the i .r .  spectrophotometer 
used was model MX-S produced by Nicolet. 

[H2C(OH)2], pH, and ionic strength. However, lowering the 
pH below 2.8 does appear to accelerate the conversion of (1) 
into (2). The absorption spectrum of (2) shows a maximum at 
310 nm and a shoulder at 380 nm, Figure 1, again typical of a 
complex containing a Cr1II-C bond.4 We propose that (2) is 
the Cr"' formyl complex [(H20)5CrCH0]2+, formed by the 
dehydration of (1). The kinetics of the decomposition rate, 
which does depend on [H2C(OH),], conforms to the rate law 
given in equation (3). 

d[(2)1 = k[(l)] k = (1.0 k 0.3) x 10%-1 (2) dt 

--- d[(2)1 - k[(2)][H2C(OH)2] k -1 mol-1 dm3 s-1 (3) 
dt 

Further support for the proposed structure of (2) and insight 
into its reactivity is provided by an analysis of the products 
obtained from the decomposition of (2). The same products 
are obtained regardless of the methods used in generating the 
required radical precursors to the formyl complex: pulse 
radiolysis, WCo-y radiation, or a Fenton-type reagent (Cr" + 
H202). The only observed products from the decomposition 
of the formyl complex, (2), are Cr"1 and CO. $ The yield of CO 
is 95 k 10% of that of the CH(OH)2 free radicals.$ No H2 or 
C 0 2  was detected in the product mixture. 

The stoicheiometry of the decomposition of (2) to CO and 
CrIII necessitates the formation of H- as well. The absence of 
H2 from the decomposition of (2) demonstrates that neither 
H+ nor the CrIII centre can be acting as hydride acceptors; 
[(H20)5CrH]2+ is known to generate H2 in aqueous solutions 
in a rapid reaction.7 The rate law for the decomposition of 
formyl complex (2) can be rationalized if formaldehyde acts as 
a hydride acceptor in a reaction that would produce methanol. 
Unfortunately, we are unable to observe methanol formation 
since some methanol is invariably present in depolymerized 
paraformaldehyde. 

All of our observations can be rationalized by the reaction 
scheme given by equations (4)--(6). 

CrI1 (aq.) + CH(OH)2 -+ [(H20)5CrIWH(OH)2]2+ (4) 
(1) 

(1) --* H20 + [ ( H20)5CrIWH0]2+ ( 5 )  
(2) 

(2) + H2C=O(aq.) + H30+ + 
CH30H + CO + Cr"1 (aq.) ( 6 )  

$ Crtrr was identified by its characteristic u.v.-visible spectrum. 
Volatile components of the product mixture were analysed using 
Fourier transform i.r., g.c.,  and mass spectroscopic techniques. 
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Figure 1. Spectra of [(H20)5CrCH(OH)2]2+: measured 200 ps after 
the pulse and of [(H20)&rCH0]2+: A measured 30 ms after the 
pulse. Solution composition: 0 . 3 ~  CH2(0H)2, 0 . 3 ~  NaC104, 1 X 
l o - 3 ~  Cr*+(aq.), pH 3.6 and N20  saturated. 

Formyl radicals have been proposed as intermediates in the 
hydrogenation of CO catalysed by C O ~ ( C O ) ~ . ~  Presumably, 
the formyl radical that is formed then couples to the transition 
metal in a reaction analogous to that proposed for the 
'hydrated' formyl radical in equation (4). 

We have previously observed that CrIII alkyl complexes 
containing a P-hydroxy group readily dehydrate yielding 
CrIILalkene complexes characterized by a strong alkene 
donor-Cr"' acceptor interaction .9 CrIIJ-alkyl complexes con- 
taining a single a-hydroxy group are not susceptible to 
dehydration presumably owing to the inability of the weakly 
donating Cr"' centre to stabilize the positive charge that would 
develop on the adjacent carbon atom. a-Hydroxyalkyl ligands 
containing their own donor group [a second hydroxy group in 
the case of the hydrated formyl complex, (l)] should undergo 
facile dehydration in a manner analogous to equation ( 5 ) .  

The preference of the formyl ligand for the aldehyde form 
(2) over the hydrated form (1) stems mainly from the large 
steric requirements of the (H20)5Cr moiety. A pattern of 
decreasing hydrate stability with increasing substituent bulk is 
well known for organic aldehydes and ketones.5 

Hydride transfer from metal formyl complexes to a variety 
of hydride acceptors, including formaldehyde, has been 
reported.10 Most of these cases involve anionic, or at least, 
electron-rich metal centres and a stable metal-carbonyl 
complex is usually obtained as a product.The cationic formyl 
complex (2), contains an electron-poor metal centre but still 

functions as an efficient hydride donor. No chromium- 
carbonyl complex, such as [(H20)5CrC0]3+, is observed 
during the decomposition of (2), but such a complex would be 
expected to be short-lived owing to the weak acceptor ability 
of CrIII. 

Preliminary results reveal that between pH 0 and 1 only the 
transient formyl complex (2) is observed, consistent with acid 
enhancement of the dehydration of complex (l), equation (5). 
Under these conditions (2) appears to be somewhat more 
stable though the same decomposition products that were 
obtained at higher pH are also observed here. 
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