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ABSTRACT: Iron-catalyzed hydromagnesiation of styrene derivatives offers a rapid and efficient method to generate benzylic 
Grignard reagents, which can be applied in a range of transformations to provide products of formal hydrofunctionalization. Whilst 
iron-catalyzed methodologies exist for the hydromagnesiation of terminal alkenes, internal alkynes and styrene derivatives, the un-
derlying mechanisms of catalysis remain largely undefined. To address this issue, and determine the divergent reactivity from estab-
lished cross-coupling and hydrofunctionalization reactions, a detailed study of the bis(imino)pyridine iron-catalyzed hydromagne-
siation of styrene derivatives is reported. Using a combination of kinetic analysis, deuterium labelling and reactivity studies, as well 
as in situ 57Fe Mössbauer spectroscopy, key mechanistic features and species were established. A formally iron(0) ate complex 
[iPrBIPFe(Et)(CH2=CH2)]− was identified as the principle resting state of the catalyst. Dissociation of ethene forms the catalytically 
active species which can reversibly coordinate the styrene derivative and mediate a direct and reversible β-hydride transfer, negating 
the necessity of a discrete iron-hydride intermediate. Finally, displacement of the tridentate bis(imino)pyridine ligand over the course 
of the reaction results in the formation of a tris-styrene-coordinated iron(0) complex, which is also a competent catalyst for hydro-
magnesiation.  

1. INTRODUCTION 
 
Hydrofunctionalization of unsaturated carbon-carbon bonds 

represents a powerful method for building molecular complex-
ity from inexpensive and widely accessible chemical feed-
stocks. Recently, the iron-catalyzed hydromagnesiation of al-
kenes and alkynes has emerged as an effective and widely ap-
plicable method for their formal hydrofunctionalization in high 
yield and with control of regio- and stereochemistry.1–4 The re-
sulting Grignard reagents are highly reactive and versatile nu-
cleophiles which can be exploited in synthesis, by way of their 
direct reaction with a range of electrophiles as well as their ap-
plication in subsequent catalytic reactions such as Kumada-
Tamao-Corriu cross-coupling.5 

Iron-catalyzed alkene hydromagnesiation was first reported 
by Copper and Finkbeiner in 1962,6 later being observed by Ko-
chi and coworkers during their pioneering work on cross-cou-
pling.7,8 However, whilst illustrating the principle, the yields in 
these early reports were poor and therefore did not represent vi-
able synthetic procedures. It was not until 2012 that the poten-
tial of iron-catalyzed hydromagnesiation was truly exploited, 
with three complementary procedures reported (Scheme 1).9–11 
Shirakawa and Hayashi reported an iron and copper co-cata-
lyzed system for the linear selective hydromagnesiation of ter-
minal alkyl-substituted alkenes;9 Thomas reported the 
branched-selective hydromagnesiation of styrene deriva-
tives;11–13 and Nakumura reported the hydromagnesiation of di-
aryl alkynes. Despite these synthetic advances, the mechanistic 
underpinnings of iron-catalyzed hydromagnesiation remains 
largely unknown. An in-depth mechanistic understanding of 
these reactions would not only allow further development of 

these methods, but also provide valuable insight into other iron-
catalyzed reactions that are carried out under similar, highly re-
ducing conditions such as cross-coupling, carbometallation and 
dehalogenation.14–21 Importantly, the insight gathered would 
also extend to general hydrofunctionalization chemistry, an area 
in which bis(imino)pyridine iron complexes have been exten-
sively applied, including under activation using EtMgBr.2,22 

At present, mechanistic insight has been limited to that 
gained as part of methodology development. Net hydride trans-
fer is the key step in the hydromagnesiation reaction and has 

Scheme 1. Iron-catalyzed hydromagnesiation of alkyl-al-
kenes, aryl-alkenes and alkynes.  



 
 

been proposed to proceed by alkene hydrometallation by an 
iron-hydride. Kochi originally proposed a discreet iron-hydride 
as the catalysts for hydromagnesiation.8 Shirakawa and Hayashi 
also proposed the intermediacy of an iron-hydride in the iron 
and copper co-catalyzed isomerization of Grignard reagents,23 
and by extension hydromagnesiation. Likewise, Thomas 
favored a hydrometallation pathway.11 The intermediacy of an 
iron-hydride has also been proposed for the isomerization of 3-
coordinate iron(II)-alkyl complexes.24,25 In contrast, a recent 
DFT study proposed the reaction proceded by a direct β-hydride 
transfer between ethyl and styrene ligands on iron, without the 
intermediacy of an iron-hydride.26 This type of hydride transfer 
has also been proposed for nickel-catalyzed hydromagne-
siation.27–29 However, it should be noted that these computions 
were based on an iron(II) cycle, which is unlikely under the 
highly reducing conditions of the reaction.  

Thus, we sought to gain molecular-level insight into the 
mechanism of bis(imino)pyridine-iron-catalyzed hydromagne-
siation of styrene derivatives. In the current study, key questions 
were addressed through the combined use of kinetic analysis, 
deuterium labelling studies and in situ 57Fe Mössbauer spectros-
copy. These questions included the mechanism of hydride 
transfer, whether direct or proceeding through an intermediate 
iron-hydride; iron speciation in stoichiometric and catalytic re-
actions as well as the identity of these key intermediates and 
their implication during catalysis. 

 
2. RESULTS AND ANALYSIS 
2.1. Hydride Transfer: Reversibility, Selectivity and Mech-
anism  

We began by investigating the homogeneity of the hydro-
magnesiation reaction using bis(imino)pyridine ligated iron 
pre-catalysts by selective inhibition studies30–36 and a three-
phase test37,38(see Supporting Information, Section 3). Hydro-
magnesiation of a polymer-bound styrene substrate was suc-
cessful; whilst the addition of dibenzo[a,e]cyclooctatetraene 
(DCT) to a model reaction resulted in almost instanteous inhi-
bition. Both of these studies are consistent with the operation of 
a homogeneous iron catalyst. 

The hydromagnesiation of 2-methoxystyrene catalyzed by 
FeCl2/iPrBIP with a variety of Grignard reagents was used to ex-
amine the initial rates of reactions and regioselectivity of hy-
dride transfer over the course of the reaction (Scheme 2). Nota-
bly, the intial rate of reaction and product regioselectivity was 
highly dependent on the structure of the Grignard reagent used 
(see Supporting Information, Section 4). Whilst EtMgBr effi-
ciently catalyzed the reaction, the use of i-BuMgBr provided an 
initital rate of reaction three orders of magnitude lower. This is 
in stark contrast to titanium-catalyzed hydromagnesiation, 
where i-BuMgBr was reported to be most efficient at forming 
the key Ti-H intermediate.39 For all the Grignard reagents 
tested, the branched to linear regioselectivity (a-aryl- to b-aryl, 
respectively, as determined by trapping with DMF) of the prod-
uct increased over the course of the reaction, suggesting that 
any b-aryl Grignard reagent formed was isomerized to the ther-
modynamically favored a-aryl Grignard reagent.  

To investigate this possibility, a b-aryl Grignard reagent was 
used. This resulted in efficient hydromagnesiation of 2-meth-
oxystyrene, albeit with decreased regioselectivity, showing the 
competence of the linear Grignard reagent as a hydride donor 

(Scheme 2). In all cases an initial preference for the a-aryl Gri-
gnard reagent was observed, suggesting the a-aryl Grignard re-
agent is kinetically and thermodynamically favored. The obser-
vation that the Grignard reagent structure has a significant in-
fluence on regioselectivity is not easily reconcilable with the 
proposal of a common iron-hydride intermediate being opera-
tive.9,11,23 

The hydromagnesiation of 2-methoxystyrene using d5-
EtMgBr and d7-iPrMgBr was used to confirm the influence of 
the Grignard reagent on the selectivity of hydride transfer and  
reversibility of this process (Scheme 3, see Supporting Infor-
mation, Section 5). 

Using d5-EtMgBr, the incorporation of 0 or 1 deuterium at 
the terminal carbon of the trapped hydromagnesiation product, 
α-aryl aldehyde, was observed from the outset of the reaction, 
with 2 or 3 deuterium observed only as the reaction progressed. 
Very little deuterium incorporation was observed at the a-posi-
tion (< 2%). In contrast when d7-iPrMgBr was used the major 
products were those with only 0 or 1 deuterium in the b-posi-
tion, whilst significantly higher deuterium incorportation was 
observed at the a-position. These observation are consistent 
with the regioselectivity of hydromagnesiation observed using 
different Grignard reagents, and the ability of the b-aryl Gri-
gnard reagent to undergo isomerization to the a-aryl Grignard 
reagent. For both Grignard reagents, the concentration of each 
deuterium-incorporated a-aryl Grignard reagent increased to a 
constant concentration, suggesting that the a-aryl Grignard re-
agent did not re-enter the catalytic cycle. Additionally using ei-
ther deuterated Grignard reagent, deuterated styrene derivatives 
were observed during the early stages of reaction, with their 
subsequent consumption over time. These observations demon-
state that both hydride transfer and styrene coordination are re-
versible. 

Scheme 3. Hydromagnesiation of 2-methoxystyrene using 
deuterated Grignard reagents. 
 

Scheme 2. Hydromagnesiation of 2-methoxystyrene using 
different Grignard reagents. 



 
 

Additionally, using d5-EtMgBr, a kinetic isotope effect of 
1.3 was observed for the hydromagnesiation of 4-tert-butylsty-
rene and 3-methoxystyrene (see Supporting Information, Sec-
tion 6). The observation of a kinetic isotope effect indicates that 
hydride transfer occurs prior to the rate-limiting step but its 
magnitude, along with the observed reversibility of hydride 
transfer, excludes hydride transfer as the rate-limiting step. Ki-
netic isotope effects of this magnitude have previously been re-
ported with reversibility of the process accounting for the ob-
served value.40 

Two mechanisms of hydride transfer have been proposed 
for hydromagnesiation using other metals. The titanium-cata-
lyzed hydromagnesiation of alkenes, dienes and alkynes was 
proposed to proceed through a titanium-hydride intermediate, 
generated by β-hydride elimination of a titanium-alkyl precur-
sor.6,39,41–49 In contrast, nickel-catalyzed alkene hydromagne-
siation has been proposed to proceed by direct β-hydride trans-
fer from a nickel-alkyl species.28 Thus we wished to gain defin-
itive insight into the mechanism of hydride transfer in iron-cat-
alyzed hydromagnesiation. As the observation that the Grignard 
reagent had a significant influence on the regioselectivity con-
trasts proposals of a common iron-hydride intermediate (vide 
supra), the isomerization of a β-aryl Grignard reagent was in-
vestigated (Scheme 4). In principle, if an iron-hydride interme-
diate was the active hydromagnesiation species, the b-aryl Gri-
gnard reagent would isomerize to the corresponding a-aryl Gri-
gnard reagent in the presence of the iron catalyst alone (Scheme 
4, A). In contrast, if hydromagnesiation proceeded by a direct 
hydride transfer mechanism, then isomerization would only 
take place in the presence of a styrene (or alkene) derivative 
capable of undergoing hydromagnesiation (Scheme 4, B). 

The reaction of Ph(CH2)2MgBr with iPrBIPFeCl2 (0.1 mol%) 
gave only 1% isomerization to the a-aryl Grignard reagent over 
5 hours (Figure 1, l).50 Significantly, the addition of styrene 
(10 mol%, Figure 1, l) promoted the isomerization to provide 
23% of a-aryl Grignard reagent in the same time period. Alter-
natively, the isomerization could also be promoted by 1-octene 
(100 mol%, Figure 1, l). To ensure an alkene was not simply 
required for catalyst stabilization, alkenes (including styrene 
derivatives) unable to undergo hydromagnesiation were added 
to the reaction with no isomerization observed.51 The observa-

tion that isomerization only occurred in the presence of an al-
kene capable of undergoing hydromagnesiation supports the 
operation of a direct β-hydride transfer mechanism (Scheme 4. 
B). A similar mechanism has been suggested by Ziegler and 
coworkers as the main chain transfer process in bis(imino)pyri-
dine iron-complex catalyzed polymerization.52 

2.2 In situ Iron Speciation in Reactions with Grignard Rea-
gent 

The reaction of iPrBIP57FeCl2 with EtMgBr was carried out 
in THF at −17 °C, with samples freeze-quenched in liquid ni-
trogen after two minutes. On reaction with 2 and 3 equivalents 
of EtMgBr, Mössbauer spectra showed complex mixtures of ≥ 
3 species (see Supporting Information Section 8.1). However, 

Scheme 4. Possible mechanisms for the iron-catalyzed isom-
erization of (2-phenylethyl)magnesium bromide. 
 

Figure 1. Isomerization of (2-phenylethyl)magnesium bro-
mide. l = no alkene added (0.5 mol% styrene present in Gri-
gnard reagent); l = Styrene (10 mol%) added; l = 1-Octene 
(100 mol%) added. 

Figure 2. 80 K frozen solution Mössbauer spectrum of the reac-
tion of iPrBIP57FeCl2 with A) 4 equiv. EtMgBr at for 2 minutes; 
B) 10 equiv. Ph(CH2)2MgBr for 5 minutes. 



 
 

adding 4, 5 or even 20 equivalents of EtMgBr resulted in almost 
identical Mössbauer spectra, which showed only two species 
(Figure 2, A). 

The major species 1, in all cases, constitutes ~80% of all 
iron in solution and has Mössbauer parameters of δ = 0.16 mm/s 
and ΔEQ = 1.72 mm/s (Figure 2, A, red). The second species 2, 
which constitutes the remaining ~20% of iron in solution, dis-
played Mössbauer parameters of δ = 0.11 mm/s and ΔEQ = 1.18 
mm/s (Figure 2, A, blue).53 Carrying out the analogous reaction 
using 57FeCl2 and iPrBIP, rather than the preformed complex, re-
sulted in the same two species being observed and in similar 
quantities. Both species have Mössbauer parameters in the re-
gion of previously reported reduced formally iron(0) to 
iron(−II) bis(imino)pyridine iron complexes.54–56 

Reaction of iPrBIPFeCl2 with 4 equivalents EtMgBr at −17 
°C followed by addition of hexane and standing at −30 °C gave 
the iron-ethyl-ethene complex 
[iPrBIPFe(Et)(H2C=CH2)][MgX(THF)5], as characterized by 
single crystal X-ray diffraction (Figure 3, A). Mössbauer pa-
rameters of the isolated crystalline material were consistent 
with complex 1, the major species generated in situ from the 
reaction of iPrBIPFeCl2 with ≥ 4 equivalents of EtMgBr (Table 
1). The slight changes in parameters suggest a slight structural 
distortion between solid and solution states. A similar reaction 
of iPrBIPFeCl2 with excess Ph(CH2)2MgBr (10 equiv.) gave sin-
gle crystals suitable for X-ray diffraction, identified as the iron-
alkyl-dinitrogen complex 
[iPrBIPFe(N2)(CH2CH2Ph)][MgX(THF)5] 3 (Figure 3, B). Möss-
bauer spectroscopy of isolated, crystalline 3 exhibited the same 
parameters to that of the major species observed in situ on reac-
tion with Ph(CH2)2MgBr (Table 1; Figure 2, B, blue). The re-
maining 11% of iron in solution for the in situ reaction corre-
sponding to a species with Mössbauer parameters δ = 0.88 mm/s 
and ΔEQ = 1.63 mm/s (Figure 2, B, green). 

The electronic structure of iron complexes of this ligand 
class, including their reduced forms, have been extensively 
studied by Chirik and coworkers.54–58 Based on these studies, 
complexes 1 and 3 are designated as formal iron(0) complexes, 
where the redox activity of the ligand may result in some con-
tribution from resonance hybrid structures. Consistent with this 
assignment, both complexes display the characteristic elonga-
tion of Cimine-Nimine bonds (1.274(3) Å to 1.3647(18) and 
1.3624(19) Å for complex 1; and 1.381(9) and 1.384(10) Å for 
complex 3),54 and contraction of the Cimine-Cipso bonds (1.489(3) 
and 1.487(3) Å to 1.409(2) and 1.408(2) Å for complex 1 and 
1.385(14) and  1,428(12) complex 3). The degree of asymmetry 
in complex 3 is more pronounced than in previously isolated 
formally iron(0) complexes, the origin of which would require 
a detailed electronic structure study to understand. Additionally 
of note is the elongation of the ethene bond in complex 1 (from 
1.330 to 1.406(2) Å) illustrating the high degree of π-backbond-
ing present.59 The dinitrogen bond length in complex 3 is con-
sistent with minimal activation by the iron center as previously 
reported by Chirik et al., which they additionally corroborated 
using infrared spectroscopy.57 

The fact that complex 3 exhibits the same Mössbauer pa-
rameters as complex 2, the minor species generated on reaction 
of iPrBIPFeCl2 with EtMgBr, suggests that complex 2 is analo-
gous to complex 3, with an ethyl moiety bound as well as a mol-
ecule of dinitrogen. The fact that a species analogous to com-
plex 1 was not observed upon reaction of iPrBIP57FeCl2 with 

Ph(CH2)2MgBr suggests that styrene coordination to an iron-al-
kyl complex is thermodynamically unfavorable, potentially due 
to the increased steric hindrance introduced by styrene, relative 
to ethene. 

Ethene being bound to the iron center in complex 1 indicates 
that reduction of iPrBIPFeCl2 occurs through a β-hydride elimi-
nation process. This can be envisioned to take place by initial 
rapid transmetallation of iPrBIPFeCl2 with two equivalents of 
the relevant Grignard reagent, which is added in excess and rap-
idly, to produce the iron bis-alkyl species. β-hydride elimination 
would give an iron-hydride species and an equivalent of the ap-
propriate alkene. Subsequent reductive elimination of the hy-
dride and alkyl moiety would provide the required two-electron 
reduction as well as the alkane byproduct. An analogous reduc-
tion pathway was proposed by Tamura and Kochi, where the 
alkene and alkane byproducts of the reaction were tracked.7,8 
This type of reduction has also been proposed for the reaction 

Figure 3. X-Ray crystal structures of A) 
[iPrBIPFe(Et)(CH2=CH2)][MgX(THF)5] 1 and B) 
[iPrBIPFe(N2)(CH2CH2Ph)][MgX(THF)5] 3. Structures drawn 
with thermal displacement ellipsoids at 50 % probability level. 
Iron shown in red; nitrogen atoms in blue; carbon in grey and 
hydrogen atoms omitted for clarity. Note: magnesium counter-
cation omitted for clarity. 

 



 
 

of bis(diisopropylphosphino)propane iron(II) chloride with ex-
cess EtMgBr.60,61 In contrast to the iron-ethyl-ethene complex 
formed here, the bisphosphine iron(0) complex gave a bis eth-
ylene complex, albeit in excess ethylene. The contrasting spe-
ciation points towards the iPrBIP ligand influencing the relative 
affinity of the iron center towards binding either an alkyl or al-
kene moiety. 

It is noteworthy that during the development of the catalytic 
protocol, it was demonstrated that reactivity was not observed 
at temperatures ≤ 0 °C.11 Reaction of iPrBIP57FeCl2 with EtMgBr 
(20 equiv.) at 10 °C and 20 °C revealed the same two iron spe-
cies as those observed at −17 °C, with complex 1 constituting 
68% and 60% of iron in solution at 10 and 20 °C, respectively, 
and complex 2 accounting for the remaining iron in solution in 
both cases. 

At slightly longer time-points (80 seconds at 20 °C), both 1 
and 2 are present in roughly equal ratios, although broadening 
of the Mössbauer spectrum is observed. This broadening is in-
dicative of decomposition of 1 and 2 at elevated temperatures 
and excess EtMgBr. 

 
2.3 In situ Iron Speciation During Catalysis 

Beyond stoichiometric reactions of iPrBIP57FeCl2 with Gri-
gnard reagents, it was also important to evaluate iron speciation 
during catalysis. Preliminary investigations towards interrogat-
ing reaction kinetics found that the shape of the reaction profile 
was significantly affected by the choice of styrene derivative 
(see Supporting Information, Section 10). On this basis, in situ 
freeze-quenched Mössbauer spectroscopy was undertaken us-
ing two representative styrene derivatives: 3-methoxystyrene 
and 4-tert-butylstyrene. Representative samples using each sty-
rene derivative were prepared for Mössbauer spectroscopy by 
freeze-quenching analogous reactions at specific time points to 
provide a picture of how the iron speciation varies over time 
(see Supporting Information, Section 8.3).  

In the reactions with 3-methoxystyrene, three species were 
observed over the course of the reaction (Figure 4). Initially the 
major species, constituting 71% of iron in solution, is the iron-
ethyl-ethene complex 1. The concentration of complex 1 grad-
ually decreases to 40% over the course of 30 minutes (Figure 
4A→D, red). Also present during catalysis is the iron-ethyl-di-
nitrogen complex 2, the concentration of which remains rela-
tively consistent throughout the reaction (10–14%) after de-
creasing slightly over the first few minutes (Figure 4A→D, 
blue). 

A previously unobserved species, 4, with Mössbauer param-
eters significantly different to those already identified (Table 1; 
δ = 0.44 mm/s and ΔEQ = 0.88 mm/s) was observed to increase 
significantly over the course of the reaction (Figure 4, A→D, 
orange). Towards the end of the reaction (Figure 4, D) slight 
broadening of the Mossbauer spectrum is observed, consistent 
with decomposition to multiple, low concentration species. 

Despite the difference in kinetic behavior for the hydromag-
nesiation of 4-tert-butylstyrene, the same three iron species 
were observed over the course of the reaction. However, their 
relative changes in concentration were much less pronounced 
(see Supporting Information, Section 8.3). Complex 1 was iden-
tified as the major species, representing ~70% of iron in solu-
tion at all time points. Complex 2 constituted ~20% at early 
time-points, with its concentration gradually decreasing over 
the course of the reaction. The unidentified species 4 was ob-
served to gradually increase during catalysis. Whilst initially 
constituting ~5 % of iron in solution, ~20% of species 4 was 
present at later time-points (7-10 min; ~36% yield). Broadening 
of the Mössbauer spectrum at later time points (30 minutes, 
~68% yield) was observed to a much greater extent than that 
observed with 3-methoxystyrene. 

Table 1. Summary of 80 K 57Fe Mössbauer parameters of 
identified iron complexes. 

Figure 4. 80 K frozen solution Mössbauer spectra taken during 
hydromagnesiation of 3-methoxystyrene. 

 



 
 

Having established the speciation of iron for the hydromag-
nesiation of different styrene derivatives, we next examined the 
effect of using a different Grignard reagent. Ph(CH2)2MgBr was 
chosen as it was the second most kinetically competent Gri-
gnard reagent (Scheme 2), and the species generated by reaction 
with iPrBIPFeCl2, iron-alkyl-dinitrogen complex 3, had already 
been established. Freeze-quenched samples taken during the 
hydromagnesiation reaction showed the major species to be the 
iron-alkyl-dinitrogen complex 3. Whilst initially constituting 
85% of iron in solution, complex 3 decreased to 63% after 20 
minutes (Figure 5, blue). The remaining iron in solution at both 
time-points was made up by the unidentified species 4, previ-
ously observed during the hydromagnesiation reactions using 
EtMgBr (Figure 5, orange). The lack of a species analogous to 
iron-ethyl-ethene complex 1 being observed is consistent with 
the stoichiometric reaction studies and indicates the unfavora-
ble nature of coordinating both a phenethyl group and a styrene 
derivative to the iron complex simultaneously (see Section 2.2). 

As only these two species were observed during the hydro-
magnesiation reaction using Ph(CH2)2MgBr, crystallization at-
tempts were undertaken to isolate complex 4. Reaction of 
iPrBIPFeCl2 with Ph(CH2)2MgBr (10 equiv.) and an excess of 
styrene (20 equiv.) for 2 minutes at room temperature, followed 
by rapid cooling and storing at −80 °C gave crystalline material 
which was identified as a tris-styrene ligated iron(0)alkyl com-
plex [Fe(η2-styrene)3(κ1-CH(CH3)Ph)][MgX(THF)5], by single 
crystal X-ray diffraction (Figure 6). Unexpectedly, the iPrBIP 
ligand had been displaced in favor of three molecules of styrene, 
bound to an α-aryl-iron species, presumably formed as a result 
of styrene hydrometallation. 57Fe Mössbauer spectroscopy of 
the crystalline complex exhibited parameters corresponding to 
the previously unidentified complex 4, which was observed to 
increase in concentration during the catalytic hydromagne-
siation reactions using either EtMgBr or Ph(CH2)2MgBr (Table 
1). 

The observation of complex 4 in greater quantities during 
hydromagnesiation reactions using 3-methoxystyrene is at-
tributed to the greater binding affinity of more electron deficient 
styrene derivatives, which better stabilize the iron(0) center and 
prevent catalyst deactivation by aggregation.62 By comparison, 
styrene derivatives bearing electron-donating groups, such as 4-
tert-butylstyrene, would not be expected to stabilize an iron(0) 
species as effectively. As a result, aggregation occurs more 
readily, corresponding to the more pronounced broadening of 

Mössbauer spectra and the rapid decrease in catalytic activity 
(see Supporting Information, Section 8.3). The stronger binding 
of more electron-deficient styrene derivatives was supported by 
a competition experiment between 3-methoxystyrene and 4-
tert-butylstyrene. While the hydromagnesiation of 3-meth-
oxystyrene itself is slower than 4-tert-butylstyrene, when the 
hydromagnesiation reaction was carried out with a 1:1 mixture 
of the two, 3-methoxystyrene reacted preferentially (see Sup-
porting Information, Section 11). 

 
2.4 Reactivity of Complexes 1 and 4 

As the two significant species observed during the opti-
mized catalytic reaction, it was important to evaluate the reac-
tivity of complexes 1 and 4. Use of complex 1 as a pre-catalyst 
(3.3 mol%) for the hydromagnesiation of  4-tert-butylstyrene 
with EtMgBr under standard catalytic conditions gave near 
quantitative yield after just 20 minutes at room temperature 
(Figure 7). The iron(0)-tris-styrene complex 4 exhibited com-
parable reactivity over the first three minutes of the reaction, 
after which its rate dropped off compared with reactions using 
iPrBIP. However, complex 4 was demonstrated to be a minor 
component in the reactions using iPrBIP, 13% of the iron in so-
lution by freeze-quenched 57Fe Mössbauer spectroscopy (see 
Supporting Information Section 9.4). This establishes that, in 
the presence of  iPrBIP, the major reaction pathway proceeds 
through complex 1. 

Despite complex 4 being a minor component, we were curi-
ous whether effective catalysis could be achieved in the absence 
of iPrBIP. Carrying out the analogous reaction with FeCl2 alone 
proved ineffective, affording ~15% yield even after one hour 
(Figure 7). Consistent with this the reaction of 57FeCl2 with 
Ph(CH2)2MgBr in the presence of styrene, even at –17 °C, re-
sulted in a complex mixture of species by 57Fe Mössbauer spec-
troscopy which may contain some small quantity of complex 4. 

Figure 6. X-Ray crystal structure of [Fe(η2-styrene)3(κ1-
CH(CH3)Ph)][MgX(THF)5] 4 and representative bond distances 
and angles. Structure drawn with thermal displacement ellip-
soids at 50% probability level. Iron shown in red, carbon in grey 
and hydrogen atoms omitted for clarity. Note: magnesium coun-
ter-cation omitted for clarity. 

Figure 5. 80 K frozen solution Mössbauer spectrum taken 20 
minutes into the hydromagnesiation reaction of 4-tert-butylsty-
rene using Ph(CH2)2MgBr. 



 
 

This suggests that iPrBIP is not only necessary for achieving ef-
fective catalysis through generation of complex 1, but also plays 
a role in the formation of complex 4. 

As the major reactive species present during catalysis in the 
presence of iPrBIP, the reactivity of complex 1 was further ex-
amined. Stoichiometric reaction of complex 1 with 4-tert-bu-
tylstyrene or 3-methoxystyrene (6 equiv.), gave only trace prod-
uct. However, carrying out the analogous reaction (5 equiv. 4-
tert-butylstyrene) in the presence of EtMgBr (1 equiv.) gave 
114 % product formation, with respect to iron. It should be 
noted that complex 1 did not react further with EtMgBr alone 
(Section 2.5). This precludes a different species, such as coor-
dination of additional EtMgBr, being responsible for the ob-
served reactivity. That turnover is only achieved in the presence 
of additional EtMgBr, in combination with this observation, 
suggests that additional EtMgBr is required for release of the 
product Grignard reagent. 

Isolation of the iron-alkyl-dinitrogen complex 3, devoid of 
a coordinated styrene, suggests that the coordination of both an 
alkyl moiety and styrene-derivative is disfavored due to steric 
constraints. To probe whether a styrene-coordinated intermedi-
ate can be observed and whether such a species precedes turno-
ver, complex 1 was generated in situ in the presence of styrene 
(10 equiv.). No new iron species were observed. Upon warm-
ing, the concentration of iron-ethyl-dinitrogen complex 2 in-
creased significantly to 45% of iron in solution after 5 minutes 
(see Supporting Information, Section 9.4). Approximately 2-
3% of the iron(0)-tris-styrene complex 4 was also detected 
throughout the reaction. Analogous speciation was observed, 
albeit without complex 4 being detected, when the equivalent 
reaction was carried out in the absence of styrene (47% 2 after 
5 minutes), demonstrating that styrene has no effect on ethene 
dissociation from complex 1 and that a discrete iron-ethyl-sty-
rene analogue is not observed. This observation is consistent 
with reactions of iPrBIPFeCl2 with excess Ph(CH2)2MgBr to 
form complex 3, suggesting steric interactions impede the for-
mation of an iron-alkyl-styrene complex, with any coordination 
being only transient. Low concentrations of iron(0)-tris-styrene 
complex 4 observed in the presence of styrene suggests that hy-
dride transfer does take place and occurs through the reversible 
reaction of iron-ethyl-dinitrogen complex 2 with styrene. These 

low quantities of complex 4 are consistent with the requirement 
of additional EtMgBr to promote catalyst turnover. The revers-
ibility of hydride transfer suggests that complex 2 is also in 
equilibrium with the α-aryl-iron( iPrBIP) complex formed fol-
lowing hydride transfer. The fact that this α-aryl-iron( iPrBIP) 
complex is not observed indicates that this equilibrium lies in 
favor of complex 2, presumably due to the increased and unfa-
vorable sterics of any purported (iPrBIP)iron-ethene-α-aryl com-
plex. Interception of this intermediate with additional EtMgBr, 
by exchange of the α-aryl for an ethyl moiety, would result in 
the effective turnover observed with additional EtMgBr. 

 
2.5 Reaction Kinetics 

In order to probe whether a deactivation or inhibition pro-
cess occurs over the course of the reaction, reaction progress 
kinetic analysis was carried out under “same excess” condi-
tions.63,64 Namely, a series of experiments were carried out in 
which the difference in concentration between EtMgBr and the 
styrene derivative was kept constant. This analysis was carried 
out for 2-methoxy-, 4-tert-butyl- and 3-methoxystyrene. For all 
three styrene derivatives there was no overlay between rate pro-
files across the series of experiments, indicating deactivation or 
inhibition during the reaction, consistent with the observed 
broadening of freeze-quenched Mössbauer spectra taken during 
catalysis (Section 2.3). 

Despite this issue of catalyst decomposition, an initial rates 
approach was used to study the concentration dependence of 
each reagent in order to obtain some insight into the kinetics of 
this reaction. For all styrene derivatives studied, the reaction 
was found to be first order in iron catalyst, iPrBIPFeCl2. Styrene 
derivatives bearing electron-donating substituents, 2-methoxy 
and 4-tert-butyl (σ = −0.10),65,66 displayed saturation kinetics in 
both EtMgBr and styrene derivative. The positive effect of both 
reagents at lower concentrations is consistent with the reversi-
ble coordination of the styrene derivative to complex 2 (after 
ethene dissociation from complex 1) followed by the reversible 
hydride transfer. In this case, turnover is limited by the inter-
ception of the disfavored α-aryl-iron( iPrBIP) species with addi-
tional EtMgBr, as indicated by reactivity studies (see Section 
2.4). At higher concentrations, the observed saturation kinetics 
in both reagents arises from ethene dissociation becoming turn-
over limiting, consistent with the observation of iron-ethyl-eth-
ene complex 1 being the principle resting state during catalysis 
(see Section 2.3). By contrast, when bearing an electron-with-
drawing group on the styrene derivative, 3-methoxy (σ = 
0.12)65,66, the reaction displays zero order kinetics with respect 
to EtMgBr and negative order kinetics with respect to the sty-
rene derivative. This behavior is consistent with an inhibitory 
effect for the more strongly binding styrene derivative, as seen 
by the greater reactivity of 3-methoxy styrene in the competi-
tion experiment previously discussed (see Section 2.3). The ob-
servation of similar resting states during catalysis, by Möss-
bauer spectroscopy (see Section 2.3), indicates that inhibition 
does not occur by sequestering iron to an off-cycle species, but 
potentially by disrupting the hydride transfer equilibrium by 
substitution of the interacting alkene. The observation of 
roughly equimolar concentrations β-deuterostyrene, and non-
deuterated product, at early time points in catalysis supports this 
inhibitory affect (see Supporting Information, Section 6). 

 

Figure 7. Hydromagnesiation of 4-tert-butylstyrene using iso-
lated iron sources. l = complex 1; l = iPrBIPFeCl2; l = com-
plex 4; l = FeCl2 



 
 

2.6 Mechanism of Catalysis 
Based on the kinetic, reactivity and spectroscopic/structural 

studies, a molecular-level mechanistic picture of the iPrBIP-iron 
catalyzed hydromagnesiation of styrene derivatives can be pro-
posed (Scheme 5). The catalytic mechanism is initiated by re-
duction of the pre-catalyst with EtMgBr to produce iron-ethyl-
ethene complex 1, which has been isolated, characterized and 
shown to be the principle resting state during catalysis. Disso-
ciation of ethene occurs to form intermediate A, which can re-
versibly bind dinitrogen to form the iron-ethyl-dinitrogen com-
plex 2, which was observed by freeze-quench Mössbauer spec-
troscopy. At higher concentrations of styrene and EtMgBr and 
as the reaction proceeds, the reversible binding of ethene (the 
byproduct of the hydride transfer reaction) becomes turnover-
limiting, highlighted by the observation of complex 1 as the 
principle resting state during catalysis as well as large-scale re-
actions requiring nitrogen sparging for effective yields to be ob-
tained.13 Intermediate A can then reversibly coordinate a sty-
rene derivative to provide key intermediate B, which undergoes 
a highly reversible, direct β-hydride transfer from the iron-
bound ethyl group to the styrene derivative to give the iron-eth-
ene-α-aryl species C. Binding both a styrene derivative and an 
alkyl moiety simultaneously to form a discrete and isolable spe-
cies is unfavorable, as demonstrated by the isolation of iron-
alkyl-dinitrogen complex 3, as well as the observation of the 
analogous complex 2 in stoichiometric reactions of iron-ethyl-
ethene complex 1 with styrene. By analogy, the additional 
sterics of the proposed α-aryl iron intermediate, complex C, 
would also be disfavored, resulting in the equilibria between 
these species (A↔B↔C) lying in favor of intermediate A. 
However, release of the product Grignard reagent from inter-
mediate C is made effective by exchange with EtMgBr and re-
turning to the more favorable iron-ethyl-ethene complex 1, as 
supported by stoichiometric reaction studies demonstrating the 
requirement of EtMgBr for turnover. This exchange of an α-aryl 
for an ethyl moiety, which is turnover-limiting at low concen-
trations of styrene and EtMgBr, is irreversible. The irreversibil-
ity of this step was demonstrated by deuterium labelling exper-
iments in which all deuterated products increased in concentra-
tion before plateauing, indicating that the α-aryl Grignard rea 
gent does not re-enter the catalytic cycle. 

Over time the displacement of the iPrBIP ligand by the sty-
rene derivative can take place to generate the iron(0)-tris-sty-
rene complex 4, which is proposed to occur from complex C. 
Formation of complex 4 is promoted when styrene derivatives 
bearing electron-withdrawing groups are used. Whilst removed 
from the principle catalytic cycle this species is similarly active 
for the hydromagnesiation of styrene derivatives. The observa-
tion of such a species suggests that styrene-stabilized iron(0) 
complexes may be accessible in situ in the absence of iPrBIP 
ligand. This type of species and the associated displacement of 
the bis(imino)pyridine ligand by an alkene could have implica-
tions for other alkene functionalization reactions using this lig-
and class. Further studies of this type of iron species, as well as 
the hydromagnesiation, in the absence iPrBIP and with other lig-
and frameworks will be the focus of future work. 

 
3. CONCLUSIONS 

The combination of detailed kinetic analysis, isotopic label-
ling and 57Fe Mössbauer spectroscopy were used to examine the 
bis(imino)pyridine iron-catalyzed hydromagnesiation of sty-
rene derivatives. These studies revealed 
[iPrBIPFe(Et)(CH2=CH2)]− 1 as the key resting state, which can 
undergo loss of ethene, and coordination of dinitrogen, to gen-
erate [iPrBIPFe(Et)(N2)]− 2. Upon loss of N2 this complex can 
transiently coordinate the styrene derivative and mediate a rapid 
and highly reversible direct β-hydride transfer, the equilibrium 
for which lies in favor of [iPrBIPFe(Et)(N2)]− 2. Catalyst turno-
ver is only achievable by exchange with an additional equiva-
lent of EtMgBr to regenerate the catalyst resting state 
[iPrBIPFe(Et)(CH2=CH2)]− 1. The unfavorable steric constraints 
of the proposed α-aryl-iron intermediate, over the course of the 
reaction, result in displacement of the bis(imino)pyridine ligand 
to form the iron(0) complex [Fe(η2-styrene)3(κ1-CH(CH3)Ph)]− 
4, which is itself catalytically active via an alternative reaction 
pathway. Overall, these studies provide a critical mechanistic 
framework for iron-catalyzed hydromagnesiation to facilitate 
future methods development of this important class of reactions 
as well as other related alkene functionalization reactions.  

 
 

Scheme 5. Proposed catalytic cycle for the BIPFe-catalyzed hydromagnesiation of styrene derivatives 
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