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ABSTRACT: The last decades have seen an impressive development of iron complexes
involving organophosphorus ligands applied in homogeneous catalyzed hydrometalation of
olefins and alkynes. Two main topics will be covered in this review: (i) an overview of the
achievements in the area of iron-catalyzed hydrophosphination, and then (ii) hydrosilylation,
hydroborylation and hydromagnesiation reactions promoted by catalysts based on

organophosphorus ligands and iron.

The fine development of low toxic, sustainable and highly efficient transition metal catalysts is
one of the hottest research topics in modern synthetic chemistry. Nevertheless, this field was
mainly dominated by precious metals for decades. Their substitution by more benign first row
ones is thoroughly desired and nowadays is undoubtedly one of the meaningful challenges. As
the most abundant transition metal in the Earth’s crust, the application of iron in homogeneous
catalysis is a highly valuable target for various organic transformations,’ including the

chemoselective reduction and hydrofunctionalization of unsaturated compounds.?**



More particularly, in the area of functionalization of alkenes and alkynes, hydrometalation
reactions represent an attractive pathway enabling to produce functionalized alkyl and alkenyl
derivatives (e.g. with silicon, boron, magnesium or phosphorus) which have a wide range of
applications in organic transformations. To promote them in a chemo-, regio- and stereo-
selective manner, the use of metal catalysts is usually required for the addition of metal-hydride

bond to unsaturated C-C bonds.**?

Recently, iron catalysts, and more particularly
organophosphorus based ones, have emerged in this field exhibiting high activity and selectivity.
This review provides an overview of the recent developments in the area of iron-catalyzed
hydrometalation of olefins and alkynes. More particularly, it will report iron-catalyzed

hydrophosphination, hydrosilylation, hydroborylation and hydromagnesiation reactions

promoted by organophosphorus-iron catalysts.

1. Hydrophosphination

Selective formation of P-C bonds for the preparation of organophosphorus derivatives is still a
topical challenging area of research despite the universality of phosphines in synthetic and
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catalytic methodologies, which usually exhibited an impressive functional group tolerance

in comparison to classical routes.*?

Gaumont and Taillefer reported an interesting regioselective hydrophosphination of styrenes
(Scheme 1):* Indeed, the regioselectivity of the a- or B-phosphinylation of styrenes with
diphenylphosphine can be reached by selecting the iron salt (FeCls or FeCl,, respectively, 30
mol%). The borane adducts were isolated with 5-87% vyields, after reaction with BH3;-SMe,. The
difference of regioselectivity may be due to the difference of Lewis acidity between Fe salts, the

Fe(ll1)-salt generating a polarized and intramolecularly stabilized n-complex.



Scheme 1. Regioselective a- and B-hydrophosphinations of alkenylarenes
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1%4?® and the porphyrin p-oxo complex Fe-2%

Webster then described Salen-type complexes, Fe-
in the hydrophosphination of styrene, vinylpyridine and acrylate derivatives performed using Fe-
1 or Fe-2 (0.5 mol%) at r.t. leading selectively the anti-Markovnikov adducts (35-98% vyields,

Scheme 2).

Scheme 2. Hydrophosphination of alkenes with diphenylphosphine leading to R-CH,-CH,-PPh;
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Fe-1 0.5 mol%), alkene (1.8¢€q.) Fe-2 (0.5mol%), alkene (1.8 eq.)Fe-3 (5 mol%), alkene (1.8eq.)
rt., 24h, 6 ex., 43-98% yield rt., 24h 13 ex., 35-96% yield 70°C, 24h , 5 ex., 49-94% yield

Webster also described the iron(I1)-p-diketiminate Fe-3 (5 mol%) as a suitable catalyst for the
hydrophosphination of activated alkenes at 70°C leading to the corresponding tertiary phosphines
with an anti-Markonikov selectivity (49-94% yields).?” Notably, less active allylbenzene and 1-
hexene gave low amounts of phosphines. Additionally, styrene poorly reacted with hindered

phosphines or monophosphines.

Waterman found that [CpFe(CO),]. Fe-4 (5 mol%) was efficient for the hydrophosphination of

styrene and acrylic derivatives with Ph,PH (1 equiv.) under visible light irradiation (LED bulb,



hv>500 nm) at 25-28°C (2-99% conv.).”® Under these conditions, styrene led to only 11%

conversion.

Scheme 3. Double hydrophosphination of styrenes
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Starting with Fe-1 and Fe-2, the double olefin hydrophosphination reaction of substituted
styrenes (4 equiv.) with PPhH; led to the corresponding tertiary phosphines with 62-96% yields
(Scheme 3).% Interestingly, a two-step sequence was developed to prepare a racemic
unsymmetrical tertiary phosphine: the first catalyst free step was performed with H,PPh and
styrene at 80°C leading to secondary phosphines which then reacted with 4-chlorostyrene using
Fe-5 (0.5 mol%) (Scheme 4).

Scheme 4. Preparation of unsymmetrical phosphines.
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Webster also described the Fe-3 ability to catalyze the first intramolecular hydrophosphination of
nonactivated linear phosphinoalkenes leading to phospholanes and phosphinanes, respectively, in

20-86% vyields (Scheme 5).%°

Scheme 5. Phospholane and phosphinane synthesis
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Hydrophosphination of alkynes could be also performed. The first catalytic double
hydrophosphination of terminal arylalkynes was reported by Nakazawa (Scheme 6) by reaction
with diarylphosphines catalyzed by CpFe(CO),Me (Fe-6, 5 mol%).*° Notably, the reaction
proceeded regioselectively with various secondary arylphosphines (2 equiv.) and arylalkynes at

110°C to give 1,2-bisphosphinoethane derivatives. In contrast, n-(cyclo)hexyl-, benzylacetylene,

dicyclohexylphosphine and di-tert-butylphosphine did not undergo hydrophosphination.

Scheme 6. Double hydrophosphination of terminal arylalkynes
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Using [CpFe(CO),]2 (5 mol%, Fe-4), Waterman performed the double hydrophosphination of
terminal arylalkynes conducting the reaction with diphenylphosphine under visible-light or

thermal conditions (Scheme 6).3! The corresponding products were isolated in 66-99% yields.

The mono-hydrophosphination of terminal arylalkynes with secondary phosphines were also
selectively performed by Nakazawa using Cp*Fe(CO)(py)(Me) (Fe-7, 10 mol%) at 110°C
(Scheme 7a), yielding to (Z)-vinylphosphines.** The authors proposed a mechanism, involving a
Cp*Fe(CO)(PPhy) active species and the insertion of the coordinated C=C bond into the Fe-P
bond, controlling the regioselectivty. Additionally, using CpFe(CO),Me Fe-6 (5 mol%), the
hydrophosphination of vinyldiarylphosphines led to unsymmetrical 1,2-bis(phosphino)ethanes

bearing two different phosphine moieties (Scheme 7b).



Scheme 7. Synthesis of Z-vinylphosphines and unsymmetric diphosphines
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Webster also reported the preparation of vinyl phosphines from terminal (hetero)arylalkynes
using Fe-3. Remarkably, the nature of the solvent was crucial on the regioselectivity:
Markovnikov-selective products gem-vinylphosphines were obtained at 50°C in benzene,
whereas Z-selective-anti-Markovnikov products were obtained at 70°C in dichloromethane
(Scheme 8).%® Even if not fully rationalized, preliminary mechanistic studies suggested that the
regioselectivities may be linked to the oxidation state of the active species [Fe(ll) vs Fe(ll1)] and

the mode of the C-P bond-forming process.

Scheme 8. Markovnikov vs anti-Markovnikov hydrophosphination
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Even if iron-catalyzed hydrophosphination is a growing area of research, with nice
chemoselectivities and original regioselectivities, it is still described with limited examples of
organophosphorus moieties (mainly -PPh, and -PHPh) and the stereoselective preparation of

chiral phosphines is still a challenging point to be solved.

2. Hydrosilylation

The catalyzed hydrosilylation of olefins is an important research area in academy and industry

for the production of alkylsilanes, starting materials for high value silicon-based materials.***



Thus, there are numerous methods to perform hydrosilylation using noble transition metal
complexes such as Speier®® [H,PtCls]-6H,0 and Karstedt***" [Pt,(Me,SiCH=CH,),0]; catalysts.
With iron, the pioneering report published in 1962 by Nesmeyanov described the reaction of
alkenes with hydrosilanes in the presence of Fe(CO)s or colloidal iron catalysts, leading to
mixtures of alkyl- and vinyl-silanes. *® Using Fe,(CO), the reaction of styrene with triethylsilane
led specifically to (E)-Ph—CH=CH-SiEts, resulting from dehydrogenative hydrosilylation.*

During the last decades, iron catalyzed hydrosilylations of olefins have seen an increasing
interest. Noticeably, iron in association with organophosphorus ligands led to efficient
catalysts.>*® Based on the breakthrough made by Chirik with bisiminopyridine-Fe complexes

41-42

(e.g. Fe-8) highly efficient in olefin hydrosilylation, mixed structures bearing iminopyridine
or bipyridine moieties and organophosphorus motifs were designed. Thus, Huang described
pincer complexes having a phosphinite-iminopyridine skeleton and demonstrated their efficiency
in chemoselective hydrosilylation of functionalized olefins.*® Indeed, the catalyst (1.0 mol%)
generated from (Fe-9a) and NaBHEt; hydrosilylated numerous olefins with PhSiH3; or Ph,SiH,
(1.0 equiv., 23°C, 3h). This catalytic system exhibited good functional tolerance (ketones, esters,
amides). Interestingly, no reaction occurred with internal alkenes and styrenes (Scheme 9). It
should be underlined the divergent selectivity in the challenging hydrosilylation of unsaturated
ketones (e.g. 5-hexen-2-one). Whereas with Chirik’s complex Fe-8, the ketone was selectively

reduced with diphenylsilane, the chemoselectivity was reversed using Fe-9a with the

hydrosilylation of the C=C bond.

Scheme 9. Unsymmetrical pincer-iron complexes for hydrosilylation of terminal alkenes leading

to linear alkylsilanes



Chirik 2004 . .
= oi = f Huang 2013: Huang 2016:
Q@ \/N,Ipp Fe-8 (0.33 Mei%) @/N,Dlpp Fe0a (X 2 0. L0 molt)  F&90 (x = CHy, 0.6 moke)
_ Fe. PhSiH3 (1.0 equiv.) N Fe. NaHBE; (2.0 mol9%) NaHBEt; (1.0 mei%s)
N |'N2  pentame, 23 °C, 1-18 h @u;s\t; lﬁ €1 BhSiH; F Ph,SIHa (1.0 equiv)  PhSiH; (1.0 equiis)

Dipp 2 7 examples ! toluene, 23 °C, 3 h THE, 23°C, 24 h
Fe8 TOFs000-864h? FES# 21 examples, 46989 yields 22 examples, 60-94% yields

Although the Fe-9a/NaBEtsH system exhibited good chemoselectivity, these PONN ligands
were prone to degradation via P-O bond cleavage. Thus, Huang prepared more robust phosphine-
iminopyridine catalysts (Fe-9b, Scheme 9),** and evaluated them in hydrosilylation of alkenes
leading to linear products in good yields and regioselectivities (linear/branched up to >99:1).
Notably, lowering the catalytic loading to 0.02 mol% of Fe-9b/NaBEt;H (1:4), the
hydrosilylation of 1-octene with PhSiH; exhibited a TON=3950, which was significantly more

active than Fe-9a.
Scheme 10. PNN-pincer-iron complexes for hydrosilylation of alkenes

SR # HSIRs (1equiv) [FEL .~y SIRs

pph, Rauehiuss 2015; 7\ Rauchfuss 2018 Fe-11a (x= H, Y=Br, 1 mol%)
gr Fe-10 (0.1 mol%) N v NaHBEt; (2.0 mel%), 2 A
Ph ,9\’5, NaHBEt; (0.25 mei%) 7 -ée/ Ph,SiHy, F.t., 85% yield; (Et0)3SiH, 56 °C, 40% yield
N Ph,SiHr.t., THE, 0.5 h ~Y Kamitani 2020: Fe-11b (x=F, Y=CH,SIMej;, 0.1 moi9%)
- 8% yield X P 4., 20 h, Bh,SiH,, 389% yield: (EtO)sSiH, 48% yield

Similarly, Rauchfuss reported catalytic systems from phosphine-iminopyridine complexes (e.g.
Fe-10)* and NaBEt;H (0.1 mol%) for selective anti-Markovnikov addition of 1-octene or
vinylpentamethyldisiloxane with diphenylsilane. Fe-11la was also employed for the
hydrosilylation of 1-octene with Ph,SiH, (Scheme 10).*® Additionally, hydrosilylation was
performed with triethoxysilane at 55°C, with a lower selectivity due to isomerization to 2-octene.
Similarly, Kamitani described an even more active pre-catalyst (PNN)Fe(CH,SiMej3), Fe-11b for
hydrosilylation of terminal alkenes. Remarkably, hydrosilylation of 1-octene with phenylsilane
led to the anti-Markovnikov phenylsilyloctane with TON and TOF up to 480,000 and 10,000 h%,

respectively, (catalytic loading as low as 0.0001 mol%).*” Notably, these values are the highest



observed for iron catalyzed hydrosilylation of olefins, even if far away for the efficiency of

platinum based Karstedt catalyst.

Vinylsilanes are versatile synthetic building blocks in molecular synthesis.*® One of the efficient
access to such compounds is the hydrosilylation of alkynes. Using [Fe(H)(CO)(NO)(PPh3),] (Fe-
13), Plietker performed stereoselective hydrosilylations of internal alkynes to vinylsilanes
(Scheme 11).*° Of particular interest, the nature of the hydrosilane had a crucial effect on the
selectivity E vs Z. Indeed, with Fe-13 (1 mol%) and trimethylamine (50 mol%),
diphenylacetylene reacted with a primary silane to conduct selectively to Z-vinylsilanes (E/Z up
to 1/20; yields up to 98%). With tertiary silanes, the reverse stereoselectivity was obtained (E/Z
ratio of >20:1 and yields up to 97%). The regioselectivity can also be managed by the nature of
internal alkynes: for example, E-vinylsilane was generated from dialkylacetylene whatever the
hydrosilane [PhSiH3 or Ph(Me)(CH=CH,)Si-H].

Scheme 11. Stereoselective reduction of internal alkynes

Fe-13 (1,0 mol%) Fe-13 (1.0 mol%) 3 PPh,
NEt3 (50 mol%) NEt; (50 mol%) | o
Ph  SiHPh  THF, 40°C, 12 h THF. 40 °C, 12 h Pho~ | HT\NO
— Ph—=—=—Ph e |
! i = ‘ Ph
h PhSiHz (1.1 equiv.) PhSi(Me)(CH=CH2)H p h . 201; fots
(1.1 equiv.) | Plietker, ‘ Fe-

Zhan reported the anti-Markovnikov hydrosilylation of terminal aryl- and alkyl-alkynes leading
specifically to (E)-B-vinylsilanes, using an in situ catalyst from FeCl, (2 mol%), Xantphos (2
mol%) and NaHBEt; (4 mol%), with phenylsilane (1.1 equiv.) at 50°C (Scheme 12). Notably,

internal C=C, cyclopropyl, tosylate, cyano groups were tolerated.>

Scheme 12. Hydrosilylation of terminal alkynes
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Despite the progress made and the huge variety of silanes used, in terms of the application for the
production of organosilanes in fine and bulk synthesis, iron is still overshadowed by the

traditional noble-metal catalysts in terms of reactivity, selectivity and diversity.

3. Hydroborylation

Organoborane derivatives are of importance in synthesis, with an increasing use since the
discovery of Suzuki cross-coupling reactions. Among the main methodologies of preparation, the
catalyst-free or metal-catalyzed selective hydroboration of alkenes and alkynes are usually
efficient and sustainable pathways.>** In the area of transition metal catalyzed hydroboration,

by contrast with organoborane, organoboronate is an interesting class of compounds.>®®

Nowadays, Rhodium is far away the metal of choice for this reaction,>"®

and examples with iron
are scarce. Following the pioneering results of Ritter on diene,> Huang reported an efficient
catalyst, prepared from the bipyridyl-phosphine complex (Fe-14, 0.25-5.0 mol%) and NaHBEt;
(0.75-15 mol%), for the hydroborylation of terminal alkenes with HBpin (0.5 equiv.) at r.t.

leading to alkylboronates in 62-96% yields (Scheme 13).%°

Scheme 13. Hydroborylation of terminal alkenes
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R~ * HBpin r—~_-BPiN " HBpin = pinacolborane

7\ Huang, 2013: Fe-14 (0.25-5 mol%) Ph Rauchfuss, 2015: Fe-10 (9.1 mol%)
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h{ cl  alkene (2 equiv.), THF, 25°C, 10-30 min. _N_Z, PPh,  HBpin (1 eq.), THF, 23°C, 2 h

tBu,P— e—
| Fe-14 16 examples, 62-96% yields B “Br Fe-10 1example, 95% NMR yield
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Noticeably, this hydroborylation was efficiently conducted with linear terminal alkenes and
tolerated tosylate, amines, benzylethers, acetals and internal C=C bond. With styrenes, using Fe-
14 (2.0 mol%) and NaHBEt; (6.0 mol%) at 25°C, a mixture of products resulting from
hydroborylation, dehydrogenative borylation and hydrogenation was obtained. If adding
acetonitrile (20-40 mol%), the hydroborylation product was selectively obtained in 78-96%
yields. The quantity of acetonitrile was crucial: when conducted in acetonitrile, only 5% of the
hydroborated derivative was found. A mechanism was proposed (Scheme 14): after reduction of
Fe-14 by NaHBEt; then coordination of the olefin and oxidative addition of H-Bpin, the species
(11-2) was generated. The insertion of the C=C into the Fe-H bond led to the alkylboryl iron (11-
3), which produced the linear boronate via a final reductive elimination.

Scheme 14. Mechanism for hydroborylation of alkenes.

7N X Boin  (pNN)Fe” PP
_Bpi /
N N—7 = (panyrect, VB (PNN)FEﬂ(\ wH-Bel (PNN)Fe~ . H
\_/. R X
FeCl, 11-1 -2 3
BuP— I Il- ‘

Fe-14 !

R/\/BPin R X

Rauchfuss reported another efficient catalyst prepared from phosphine-iminopyridine complex
(Fe-10, 0.1 mol%) and NaHBEt; (0.25 mol%) for the hydroborylation of 1-octene with HBpin
(1.0 equiv.) at r.t. (Scheme 13).°

Using a N-phosphinoamidinate complex (Fe-15), the isomerization/hydroborylation of internal
alkenes leading to linear terminal alkyl diazaborolanes was reported (Scheme 15). Interestingly,

1,3-dimethyl-1,3-diaza-2-boracyclopentane gave better results than HBpin.®*

Scheme 15. Isomerization/hydroborylation of internal olefins

11
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Nishibayashi demonstrated that the diphosphinopyrrolide complex (Fe-16, 1.0 mol%) was active

in hydroboration of terminal alkynes with HBpin (1.1 equiv.) at r.t. leading selectively to the E-

vinylboronates in 84-94% yields (Scheme 16).%* Nevertheless, the reactivity was inhibited using

hindered alkynes, and lowered with internal alkynes. Using 0.1 mol% of Fe-16, at 60°C, TONs

up to 710 were obtained.

Scheme 16. Hdroboration of alkynes

‘ P'Bu,
Fe |
R H + HBpin [Fe] R BPin 3 = —!LefH
Nishibayashi, 2017: Fe-16 (1.0 mol%), HBPIn (a1 equw) = \

hexane, r.t., 16 h, 15 examples, 21-94% yields - f;BUZ
~

Interestingly, the modification of the structure of the iron complex have a strong influence on the

transformation stereoselectivity as described by Kirchner using the [Fe(PNP)(H)a(n*~H.)]

complex (Fe-17, 0.4-4.0 mol%): the hydroboration of terminal alkynes with pinacolborane (1.1

equiv.) at r.t conducted to vinylboronates with high Z-selectivity (Scheme 17).°* The

transformation was then rationalized via a Fe-C/H-B o-bond metathesis followed by the selective

syn insertion of the resulting coordinated alkynylboronate into the formed iron-hydride bond,

thus explaining the (2)-stereoselectivity.®*

Scheme 17. Z-Hydroboration of alkynes

R . Me
Fe . \ .

R—H + HBpin*» K/BPm i N*P'PI’Z y
Kirchner, 2017: Fe-17 (0.4-4.0 mol%), HBpin (1.1 equiv.) | / N e T
CeDs, It 3-16 h,13 examples, 87-96% yields, E:Z : 29:71-1:99 ,l, N\ H

‘ —pipr, H
Me’ Fe-17
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Another attractive pathway to access to vinyl boronate esters is the catalytic dehydrogenative
borylation of styrenes,® scarcely reported at iron. Ge®® described such transformation using
Fe(PMes), (Fe-18, 3.0-5.0 mol%), in the presence of mono- and di-substituted vinylarenes,
HBpin (0.83 equiv.) and norbornene (2.0 equiv.) at 50°C. The resulting E-vinyl-boronate esters
were obtained in 60-94% vyields with a good group tolerance (imines, amino, boronate, Ph,P...).
The use of norbornene as hydrogen acceptor was crucial for the reaction selectivity (Scheme

18).%

Scheme 18. Dehydrogenative borylation of alkenes

[Fe] XfPiPrz
* HBpin
Ar& P

R R :
—_— i ' cO
AN BPIN ! eico
Ge, 2016: Fe(PPh3)4 Fe-18 (3.5 mol%), vinylarene (1.2 equiv.) —ILiPrZH

norbornene (2 equiv.), hexane, 50 °C, 18 h, 37 examples, 60-94% = Fe-19
Sortais & Darcel, 2016: Fe-19/20 (5 mol%), HBpin (1 equiv.), styrene ' § - S'H eF_e-zo
neat conditions, r.t., 72 h, UV (350 nm), up to 80% isolated yields ' ’

Simultaneously, our group has shown that PCP-iron-hydride complexes (Fe-19-20, 5 mol%),
were selective for the dehydrogenative borylation of styrene,®” using HBpin (1 equiv.), without
hydrogen scavenger at r.t., under UV-irradiation, leading to the vinylboronate ester with up to
80% yield (Scheme 18).°

Noticeably, the performance obtained by Nishibayashi (TON up to 700) is among the best
obtained at iron and has to be placed in perspective with the one reported by Thomas using a
bis(imimo)pyridine iron catalyst (TOF up to 30,000 h™).%® Nevertheless, one notable limitation
of the known iron catalysts is the lack of catalytic activity for hydroboration of internal alkenes

and alkynes.

13



4. Hydromagnesiation

Grignard reagents are one of the class of organometallic derivatives of great importance in
molecular synthesis thanks to their availability, ease of handling and impressive reactivity.*
They are obtained (i) by mixing the alkylhalide with magnesium or (ii) by magnesium-halide
exchange of a organohalide with AlkylMgX.” Noteworthy, the hydromagnesiation may provide
an interesting alternative to the traditional techniques. It is thus consisting in a Grignard-
alkene/alkyne exchange via a metal catalyzed B-elimination affording the alkyl or vinyl Grignard

reagents.’"?

At iron, after the pioneering contributions of Cooper, Finkbeiner, and Kochi,”>"® Shirakawa and
Hayashi described the hydromagnesiation of olefins with a Grignard reagent using a catalytic
system associating tributylphosphine (10 mol%), FeCl; (2.5 mol%) and CuBr (5 mol%) (Scheme
19).” The exchange between terminal olefins and cyclopentylmagnesium bromide led to linear
Grignard reagents in high yields, and cyclopentene, which could not be hydromagnesiated, thus
making the reaction irreversible, and the cyclopentylmagnesium bromide, the reagent of choice.

The obtained 1-alkylmagnesium halides could then react with various electrophiles.

Scheme 19. Hydromagnesiation of alkenes

FeCl; (2.5 mol%)

CuBr (5 mol%) electrophile / H* E
R Y &MgBr ( ~ > RNMgBr B RN
PBuj (10 mol%) + 30°C,2h

Et,0, - 20 OC, 1h 12 examples
1 equlv. @ 33-91% isolated yields
side-product E = SiH,Ph, CO,H, CH(OH)Ph, !

The alkylmagnesiation was also extended to alkynes. Using a similar catalytic system (5 mol%
Fe(acac)s, 10 mol% CuBr, 40 mol% PBus), arylmagnesium halides (2 equiv.) could react with

internal alkynes at 60°C to produce after hydrolysis the trisubstituted olefins in 36-90% vyields
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and E/Z-selectivity up to 97:3.”” To promote the reaction of 1-alkyl Grignard reagents with
internal alkynes, a modified catalytic system was used [Fe(acac)s (5 mol%), CuBr (10 mol%),
PBus (20 mol%), and TMEDA] leading to p-alkylvinylmagnesium reagents, then the
corresponding tri-substituted alkenes in 57-93% vyields after methanolysis (Scheme 20).”® By

contrast, dialkylacetylenes were unreactive.

Scheme 20. Alkylmagnesiation of alkynes

Fe(acac)s (5 mol%) _;

1 1 3
CuBr (10 mol%) MgBr R* H R® R
Rl-pMgBr ¥ R2=—=—R3 ————— — — + —
PBu3 (20 mol%) R2 3 MeOH R2 3 R2
0,
1 equiv. TMEDA (20 mol%) 18 examples

E,0,-20°C, 1 h 57-93% isolated yield

Using this iron/copper catalytic system, a sequential reaction involving the alkene-Grignard
exchange then the alkylmagnesiation of internal alkynes were conducted by adding 1-
phenyloctyne to the reaction mixture obtained from 1-hexene and cyclopentylmagnesium
bromide and 79% of the tri-substituted alkene was isolated (Scheme 21). It was proposed that
iron promoted the hydrometalation step, and the copper assisted the transmetalation step from

iron to magnesium.”®

Scheme 21. One-pot synthesis of tri-substituted alkenes

Fe(acac)s (5 Mol%) Hex——=—Ph . Hex "
CuBr (10 mol%) (0.5 equiv.) H -
SN T E}MgBr ))—<
PBu3 (20 mol%) 20°C 3h He Ph
TMEDA (20 mol%) 79% yield

lequiv.  Et,0,-20 °c, 10 min
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Overall, these hydromagnesiation reactions paved the way to extend this strategy for the easy

in-situ preparation of other organometallic reagents from zinc, aluminum...

In summary, among the variety of ligands associated to iron able to perform efficiently catalytic
transformations, the combination with organophosphorus, mainly arylphosphines, provides
versatile catalysts, particularly for hydrometalation of olefins and alkynes. The fine design of the
organophosphorus iron complexes led to divergent chemo-, regio- or stereo-selectivities in
comparison with other families of iron catalysts, as highlighted in hydrosilylation and
hydroborylation areas. A special focus was also made on iron-catalyzed hydrophosphination
leading selectively to alkyl- and alkenyl-phosphines. Such reaction constitutes an interesting and
powerful tool for the synthesis of organophosphorus derivatives, even if the diversity of the
phosphorus substituents has still to be enlarged. Iron-catalyzed hydromagnesiation is another
exciting area of research; even if discovered in the 60’s, it has emerged since only less than a

decade.

There are still interesting challenges associated to iron-catalyzed hydrometalation, including
hydromagnesiation, hydrozincation or hydroalumination leading to the preparation of
synthetically valuable organometallic reagents. The chiral version of hydroborylation,
hydrosilylation and hydrophosphination is another quite virgin area to be developed. The study
of iron-phosphine based catalysts is thus believed to be a promising area of research and more

new reactivity should be reported in the near future.
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