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ABSTRACT: The intermolecular reductive radical coupling of aldehydes 
with non-activated alkenes, employing metal hydride atom transfer 
(MHAT) catalysis with a combination of FeII and FeIII salts, is described. 
This constitutes the first use of aldehydes as viable acceptor groups in 
MHAT reactions. The insights gained in this study led to the reexamina-
tion of the previously reported intramolecular version of the reaction, 
and the addition of FeII salts allowed the development of a more efficient 
second-generation approach. 

A long-standing challenge in the field of radical chemistry 
is the use of C=O bonds (aldehydes or ketones), one of the 
most common functionalities in organic chemistry, as ac-
ceptor groups. Despite the feasibility of radical addition, the 
thermodynamic instability of the resulting alkoxyl radical1 
rapidly leads to homolytic cleavage of the coupled product, 
which reverts back to the more stable initial carbon-cen-
tered radical via -fragmentation.2 Indeed, the proclivity to 
this reverse reaction is such that it is often used to cleave 
alcohols across adjacent C−C bonds to generate carbonyl 
compounds3 (Figure 1A). 

Various strategies to overcome this energetically unfa-
vourable addition have been devised, as outlined in Figure 
1B. One of the most successful approaches is to tether the 
carbonyl to the radical precursor,4 which we illustrated 
when demonstrating that ketones5 can serve as viable radi-
cal acceptors under metal hydride atom transfer (MHAT)6 

conditions (Scheme 1Bi).7 However, our initial attempts to 
carry out the intermolecular variant of this reaction were 
unsuccessful. Moreover, very few examples of intermolecu-
lar radical coupling have been reported in the literature. 
Glorius was able to carry out the intermolecular radical ad-
dition to aldehydes by using visible-light photoredox initi-
ated hole catalysis in combination with in situ Brønsted acid 
activation of the carbonyl (Figure 1 Bii).8  This resulted in a 
favourable thermodynamic driving force while also kinet-
ically improving the rate of the electron transfer step. Fi-
nally, a third possible approach involves transmetalation of 
the initially formed radical, which circumvents the for-
mation of the unfavourable alkoxyl radical species alto-
gether. For example, the Shenvi group developed a radical 
polar crossover strategy using a MHAT reaction to form a 
putative organocobalt species, which then was transmeta-
lated with chromium to allow a subsequent Nozaki-Hiyama 
type coupling reaction (Scheme 1Biii).9 Interestingly, as we 
had previously observed, their attempts to carry out the 

MHAT coupling without the transmetalation step provided 
only trace amounts of the coupled product. 

 
Figure 1. Using carbonyls as radical acceptors.   
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After our subsequent experience in developing a success-
ful MHAT intermolecular coupling of Cbz hydrazones to ac-
cess amines10 as well as tosylhydrazones11 as a general al-
kylation reaction, we decided to revisit the intermolecular 
MHAT coupling reaction of aldehydes. Based on both exper-
imental observations and mechanistic considerations,12 we 
proposed a new strategy involving the addition of FeII, 
which could play multiple positive roles within the catalytic 
cycle of the reaction (Figure 2). It was envisaged that the ad-
dition of FeII would facilitate the SET process, enabling a 
faster reduction and rapid entrapment of the formed 
alkoxyl radical, and thus pre-empt a reverse reaction via -
fragmentation (option A). Secondly, by reacting with the in-
itially formed carbon radical species (option B), FeII would 
stabilize the radical via the persistent radical effect 
(P.R.E)12b,13 and prevent its loss before the desired reaction 
could take place. Finally, FeII may act as a Lewis acid, lower-
ing the activation energy of the reaction8 and subsequently 
facilitating a direct SET process (option C). We report here 
the validation of this theory and the first successful use of 
aldehydes as radical acceptors in MHAT reactions. 

 
Figure 2. Possible beneficial roles of FeII in the MHAT cou-
pling reaction of non-activated alkenes with aldehydes. 

To evaluate the reaction parameters, based on our inter-
molecular MHAT couplings of alkenes with hydrazones,10 4-
cyanobenzaldehyde 1a was chosen as the acceptor group 
and 4-phenyl-1-butene 2a as the radical precursor. As can 
be seen, the use of FeIII alone in EtOH gave the coupled prod-
uct 3a in very low yields (7%) (Table 1, entry 1), which were 
moderately improved using stoichiometric quantities of 
Fe(acac)3 in EtOH (entry 2). As in all our previously devel-
oped intermolecular MHAT coupling reactions,9,10 heating 
was found to be detrimental (entry 3). We then began to 
evaluate the effect of adding FeII to the reaction, observing a 
slight increase in yield to 32% when using stoichiometric 
iron in a 2:8 FeIII/FeII ratio (entry 4), although the improve-
ment was far less than expected.  

However, after changing the solvent from EtOH to THF 
with MeOH as an additive (2 equiv),14 a synthetically useful 
yield (48%) was obtained for the first time (entry 5). Chang-
ing the Fe ratio to 1:1 led to a minor improvement (entry 6). 
In further tests, increasing the amount of MeOH to 10 equiv 
resulted in a higher yield (entry 7), but 20 equiv led to only 
a slight improvement compared to 2 equiv. 

 

Table 1. Screening of reaction conditions   
 

 
 

aHeated at 60 °C. b2 equiv of MeOH as additive. c10 equiv 
of MeOH as additive. dOpen to air.         

The use of FeII alone, open to the air, gave a lower yield 
(entry 8), probably due to competing Mukaiyama oxida-
tion.15 Next, when evaluating the acceptor 1a/donor 2a ra-
tio, the yield was found to be unaffected by increasing the 
amounts of 1a (entry 9). Unexpectedly, however, adding 
more alkene 2a proved detrimental, likely because the al-
kene is the least stable component in the reaction mixture 
and more prone to side reactions before the coupling takes 
place (entry 10). Cutting the reaction time from 24 h to 8 h 
produced almost identical results (entry 11), whereas a fur-
ther reduction to 3 h proved unfeasible. Reducing the quan-
tity of Fe to substoichiometric amounts (0.2:0.2 of FeIII/FeII) 
resulted in a respectable 59% yield (entry 12). Extending 
the reaction time to compensate for the expected loss of re-
activity from using less catalyst led to a lower rather than 
higher yield. Once the optimum reaction conditions were 
established (Table 1, entries 7 and 11), we began to explore 
the scope of the reaction (Scheme 1).  

Modifying the alkene component revealed that the reac-
tion worked with a wide range of functional groups (2a-k) 
(Scheme 1), although slight modifications of the reaction 
time and equivalents were required for more optimal re-
sults (see Scheme 1 footnotes). For example, the very low 
yield of 3g under the optimized conditions shown in Table 
1 was greatly improved by increasing the reaction time to 
48 h. On the other hand, the presence of a Lewis basic sub-
stituent on the alkenes, as in the synthesis of 3c and 3e,16 
generally accelerated the reaction, which was usually com-
pleted within 8 h. As might be expected, more substituted 
alkenes fared worse, the increased stability of the carbon-
centered radical favouring the reverse process.  

entry 1a 2a FeIII/FeII solvent time yield 

1 1 1 0.2:0 EtOH 24 h 7% 

2 1 1 1:0 EtOH 24 h 25% 

3a 1 1 1:0 EtOH 24 h 10% 

4 1 1 0.2:0.8 EtOH 24 h 32% 

5 1 1 0.2:0.8 THFb 24 h 48% 

6 1 1 0.5:0.5 THFb 24 h 50% 

7 1 1 0.5:0.5 THFc 24 h 70% 

8d 1 1 0:1 THFc 24 h 35% 

9 2 1 0.5:0.5 THFc 24 h 69% 

10 1 2 0.5:0.5 THFc 24 h 58% 

11 1 1 0.5:0.5 THFc 8 h 69% 

12 1 1 0.2:0.2 THFc 8 h 59% 
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Scheme 1. Reaction Scope  

a3.8 mmol scale. b48 h instead of 24 h. c2 equivalents of alkene used. d2 equivalents of aldehyde used. e2.9 mmol scale. 

 

Compound 3k needed extensive reaction optimisation to 
achieve a relatively moderate 40% yield, whilst 3l (derived 
from the tertiary radical intermediate) gave a disappoint-
ingly low 13% yield. 

Variations in the acceptor showed that aromatic alde-
hydes (3m-s) with both electron-donating and withdraw-
ing substituents are well tolerated. The results were strik-
ingly improved when the benzaldehyde counterpart incor-
porated an oxygenated ortho substituent (OH or OMe) that 
can act as a Lewis base in the reactions leading to com-
pounds 3r and 3s. Aromatic heterocycles were also feasible, 
such as thiophenes (3t) or pyridines (3u), as were aliphatic 
aldehydes (3v). 

Given the important role of FeII in the intermolecular cou-
pling reaction, we next sought to evaluate its effects on the 
intramolecular version with ketones.5 One of the drawbacks 
of our previously reported method is that the reaction often 
required the use of stoichiometric FeIII to be viable. Two ex-
amples were chosen to evaluate the utility of FeII addition 
(Scheme 2) and after extensive screening it was found that 
the intramolecular reaction could also be greatly improved 
by the addition of FeII. 

Scheme 2. Intramolecular couplings using FeII 

 

aPhSiH3 was added for 4 h with a syringe pump and left to react 
for an additional 1 h. bAll components were reacted for 24 h. 
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It was possible to carry out the reactions with catalytic 
amounts of iron, although with some modifications. In con-
trast with the intermolecular version, ethanol was found to 
be an optimal solvent. Moreover, heating gave better out-
comes, as did the controlled addition of phenylsilane via a 
syringe pump, which was key to minimizing the competing 
alkene reduction reaction in 4a. For keto alkene 4b, the re-
action was slower and syringe pump addition of the silane 
afforded no beneficial effect; however, the addition of FeII 
had a more notable impact, significantly improving the cat-
alytic reaction yield from 20% to 60%.   

In summary, we have developed an intermolecular reduc-
tive C−C coupling reaction of non-activated alkenes with al-
dehydes under MHAT conditions using both FeII and FeIII 
salts. The use of carbonyls as intermolecular radical accep-
tors has long been hampered by reaction reversibility 
caused by the thermodynamically unstable alkoxyl radical 
intermediate. The good results obtained here hinged on the 
use of FeII, which is believed to play multiple beneficial syn-
ergistic roles in the reaction mechanism. Its application also 
allowed us to improve the conditions of our previous intra-
molecular version of the reaction, which often required stoi-
chiometric iron to be effective. We hope that the ability to 
couple together two of the most common functional groups 
in synthetic chemistry (alkenes and aldehydes) in stoichio-
metric ratios, using cheap non-toxic reagents under opera-
tionally straightforward conditions, will prove useful for a 
great many applications. Mechanistic studies to elucidate 
the different functions of FeII in the reaction are underway 
and will be reported in due course. 
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