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Abstract The use of iron catalysis to enable reactions with diazo
compounds has emerged as a valuable tool to forge carbon-carbon or
carbon-heteroatom bonds. While diazo compounds are often encoun-
tered with toxic and expensive metal catalysts, such as Rh, Ru, Pd, Ir,
and Cu, a resurgence of Fe catalysis has been observed. This short re-
view will showcase and highlight the recent advances in iron-mediated
reactions of diazo compounds.
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chemistry and among its significant contributors has been
catalysis. Catalysis has emerged as a powerful tool for real-
izing sustainability through chemistry. Transition metals
are among the most commonly employed catalysts, and
that can be attributed to the variety and facile interchange-
ability of their stable oxidation states. However, the scarcity
and toxicity of certain transition metals render them unat-
tractive picks as catalysts. For this, iron has received consid-
erable attention as an efficient and appropriate catalyst for
a wide variety of chemical transformations.>*

The fact that iron is abundant, cheap, environmentally
benign, and low in toxicity makes it an appealing choice, es-
pecially when it comes to replacing precious metals, such as
Rh, Ry, Pd, and Ir.>6 So, it is no surprise that it has been in-
vestigated in diazo chemistry. Diazo compounds are notori-
ous carbene precursors and are highly versatile compounds
in organic synthesis.”? They are potent compounds for cre-
ating carbon-carbon and carbon-heteroatom bonds that
would be arduous to attain otherwise.® Diazo compounds
can generate highly reactive metal carbene species in the
presence of a transition metal catalyst. A metal carbene can
then be used for a wide variety of reactions, notably cyclo-
propanation and insertion reactions.”-'# Since their initial
discovery until the present day, diazo compounds have
been the subject of constant research where numerous ad-
vancements have been made in this field. The most com-
monly employed transition metal catalysts with diazo com-
pounds are Rh and Cu, which have been highly efficient in
mediating carbene reactions with high selectivities and at
low loadings.”-131> However, these precious and toxic met-
als have shown equal, if not less, efficiency compared to
iron catalysts in certain transformations with diazo com-
pounds. The first iron-catalyzed reaction with diazo com-
pounds was reported in 1994 for the cyclopropanation of
olefins.'® The distinct Lewis acid character and redox prop-
erties of iron catalysts make them suitable for the activa-
tion of diazo compounds, whether through nitrogen elimi-
nation to create an iron carbene, coordination to the termi-
nal nitrogen usually leading to ylide formation, or
activation of electrophiles for nucleophilic addition
(Scheme 1).

The use of iron catalysis in diazo chemistry has received
mounting attention and is extensively researched for select-
ed diazo-promoted transformations. Iron-catalyzed C-H in-
sertion and cyclopropanation reactions are well known and
described as main routes for C-H functionalization with
many key developments in the field over the past decade.'%-14
Insertion reactions into C-H bonds catalyzed by iron com-
plexes are highly appreciated for their efficiency, selectivity,
and sustainability when compared to alternative methods
to functionalize activated and non-activated C-H bonds.?
In addition, cyclopropanation reactions of diazo com-
pounds have been significantly studied using iron catalysts
as better alternatives to precious metal catalysts.!' As a re-
sult, several reviews have comprehensively reported differ-
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ent aspects in the field, whereas iron-catalyzed cyclopro-
panation and C-H functionalization have been recently
covered in different publications.?419-13 Thus, to avoid repe-
tition with recent reviews on the topic, this short review
will only highlight recent developments in iron-catalyzed
transformations with diazo compounds that have been re-
ported since 2014 while excluding C-H insertion and cyclo-
propanation reactions. A review by Zhou and Zhu compre-
hensively covers work prior to 2014.17 As such, this work
provides a detailed and inclusive review of the most recent
developments in the following iron-catalyzed reactions
with diazo compounds: insertion into X-H bonds (X = B, Si,
N, and S), ylide formation and their subsequent transforma-
tions, three-component assembly reactions, and miscella-
neous reactions.
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Scheme 1 Modes of reactivity between diazo compounds and an iron
catalyst

2 Insertion Reactions

Upon activation with an iron catalyst, diazo compounds
can undergo insertion reactions into C-H or C-X (X = het-
eroatom) bonds.'>!7 This results in the facile introduction of
tailored functional groups onto the diazo center. Hence, in-
sertion reactions are considered as one the most efficient
and atom-economic methods to forge new C-X bonds.

2.1 Insertion into B-H Bonds

Among the least reported insertion reactions are those
involving boranes. The electron deficiency of B-H bonds
renders them poor substrates because they do not readily
react with Fischer-type, i.e. electron-deficient, metal car-
benes. In order to overcome this poor intrinsic reactivity,
borane adducts with amines or phosphines electronically
enrich the B-H bond and it can then efficiently undergo in-
sertion reactions with metal carbenes. The first metal-cata-
lyzed B-H insertion reaction was performed using a Rh(II)
catalyst with N-heterocyclic carbene (NHC) boranes.!’® A
few examples were later disclosed using chiral Cu(I) or Rh(I)
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complexes that afforded the desired chiral organoboranes
in yields as high as 96% and enantioselectivities that reach
99% ee.19.20

Iron catalysis was first employed for B-H insertion reac-
tions of diazo compounds in 2017. The seminal work by the
Arnold group repurposed and engineered heme enzymes
for use as catalysts to create C-B bonds at the carbon center
bearing the iron and produce abiological organoboron com-
pounds. Variants of a heme protein Rhodothermus marinus
cytochrome c (Rma cyt c) are very active and selective bio-
catalysts (Scheme 2). For diazo ester insertions into B-H
bonds, bacterial Escherichia coli BL21(DE3) cells harboring
wild-type Rma cyt ¢ (BORWT) were incubated with an NHC-
borane and a diazo substrate and subjected to site-satura-
tion mutagenesis targeting active-site amino acids closest
to the heme iron.2! It was found that, as for Si-H insertions
(see Section 2.2), a mutation M100D replacing the distal ax-
ial ligand substantially improves the catalytic activity. Two
additional rounds of mutations (V75R and M103T) result in
a generation Il Rmacyt c variant, termed BORR®!, that exhib-
its unmatched borylating activity. The iron-containing
BOR®! allowed insertion reactions of ethyl 2-diazopropa-
noate, with NHC-boranes to proceed on both a small scale
and gram scale with high yields, excellent enantioselectivi-
ties, and exceptional total turnover numbers (TTN, calculat-
ed with respect to concentration of Rma cyt c expressed in
E. coli) (Scheme 2a). The borylating bacterium tolerated
various NHC-boranes bearing different functionalities and
is even chemoselective in the presence of olefins.

The Arnold group then tackled a scope expansion to ob-
tain a biocatalytic platform that tolerated organofluorine
compounds for enantioselective B-H insertions to give
highly versatile a-CF; organoboranes, which, unless going
through a carbene B-H insertion, would be otherwise diffi-
cult to obtain (Scheme 2b).22 The use of trifluoromethylated
diazo compounds has been less investigated compared to
their ester counterparts. This work was based on the hy-
pothesis of an engineered active site that pockets the heme
CF; carbene intermediate in a way that the orientation of
the CF; group is restricted, and hence, stereoinduction of
the B-H insertion would occur. Indeed, site-saturated mu-
tagenesis at residue V75S, which is located close to the
heme co-factor, could enable expansion of the scope of di-
azo compounds, and so, it was used to parent additional
mutation rounds. An optimal quintuple mutant of Rma cyt
c at residues Y44I, V75S, M99A, M100L, and M103D, denot-
ed BOR-CF;, produced chiral organoboranes in turnovers
that reach 2870 and with enantioselectivities as high as
98.5:1.5 er (Scheme 2b). Molecular dynamics simulations
(MD) and DFT-optimized transition states showed that the
alkyl substituent of the heme CF; carbene intermediate is
directed towards the solvent-exposed face. This allows di-
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Scheme 2 Rma cyt c variant mediated B-H insertion of diazo esters,
ketones, and lactones

verse 2-diazo-1,1,1-trifluoroalkane derivatives to be ac-
ceptable substrates.

Cyclic lactone diazo compounds were the next choice of
compounds to experience the power of directed evolution
(Scheme 2¢).% The rigidity of the resulting iron carbene in-
termediate was expected to exhibit distinctive conforma-
tional and electronic properties when compared to acyclic
analogues. Indeed, when employing the variant BORR!
which was used for B-H insertions with ethyl 2-diazopro-
panoate, high turnover and yield of borylation was obtained
but with poor enantioselectivity (36% ee). A double mutant
borylating variant, BOR'C, showed a significant increase in
selectivity that reached 92% ee of 5-membered lactone di-
azo insertion with NHC-boranes. 6- and 7-Membered lac-
tone substrates were also tested where the former showed
high reactivity and selectivity (up to 1110 TTN and 92% ee);
however, the 7-membered lactones displayed reduced reac-
tivity where turnover numbers dropped to <50 TTN. Com-
putational studies revealed that iron carbenes derived from
7-membered lactones result in highly twisted conforma-
tions in both ground and triplet states, which is not the case
for 5- and 6-membered lactone carbenes and could explain
the difference in observed reactivity.
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2.2 Insertion into Si-H Bonds

A decidedly atom-economic and straightforward syn-
thesis of organosilicon compounds is the long-discovered
insertion reaction of diazo compounds into Si-H bonds.?*?>
It is a useful tool to incorporate a silane moiety selectively
and has been used as a key step in the synthesis of pharma-
ceutically relevant compounds.?® This reaction has been
scrutinized with various metal catalysts, such as Rh, Cu, Ru,
Ir, and Ag, and many pivotal developments have been made
during these studies which have led to an excellent under-
standing of its mechanism and influencing factors.?’

An iron-catalyzed Si-H insertion was disclosed in 2017
by the Ollevier group using a simple Fe(II) salt with a-diazo
esters (Scheme 3).28 With simple and mild conditions,
Fe(OTf), at a loading of 5 mol% produced the desired orga-
nosilicon compounds in high yields (up to 98%) and short
reaction times. The reaction tolerated a wide scope of diazo
compounds, and both alkyl- and arylsilanes could be used.
Similar to Si-H insertions with Rh and Cu catalysts, the re-
action is suggested to proceed through a concerted 3-mem-
bered pathway between the Si-H bond and the carbon cen-
ter of the iron carbene intermediate. This step was shown to
be facile where no kinetic isotope effect was observed in a
competition experiment with a deuterated silane. Next, the
Ollevier group continued their study on iron-catalyzed Si-H
insertions while opting for a greener solvent alternative to
replace the commonly required dichloromethane (DCM).?°
They found that dimethyl carbonate (DMC) could be used
for an Fe(OTf),-catalyzed insertion reaction of a-diazo com-
pounds which proceeds in high yields (up to 98%) for a wide
scope of diazo compounds and silanes. The reaction mecha-
nism of this iron-catalyzed Si-H insertion was further ex-
amined. In DMC, also no kinetic isotope effect was observed
(ky/kp KIE = 1.04) upon competition with deuterated Et;SiH.
However, a large and normal nitrogen kinetic effect
(kyan/kysn KIE = 1.022) was measured at natural abundance
by means of isotope ratio mass spectrometry. That, togeth-
er with a first-order initial rate to the diazo compound, in-
dicates that the formation of the iron carbene intermediate
is slow compared to the insertion step.

Enantioselective Si-H insertion reactions have been
rarely used to construct stereoselectively Si-C bonds in one
step. Enantiopure organosilicon compounds are highly per-
tinent to medicinal chemistry where Si is mainly incorpo-
rated as an isostere to C for biological activity evalua-
tion.263% For many years, chiral Rh(Il) carboxylates have
been the leading catalysts for this reaction.?” In 2018, Xie,
Lin and co-workers developed a novel chiral spiro-bisoxaz-
oline ligand (HMSI-BOX) which, when coupled with
Fe(OTf), in 5:6 mol% Fe/ligand loading, induced a high
yielding and highly enantioselective insertion of a-aryl-o-
diazoacetates into Si-H bonds (Scheme 4)3' The corre-
sponding enantiopure organosilicon compounds were ob-
tained in up to 99% yield and 96% ee. Interestingly, a-dia-
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Scheme 3 First example of an iron-catalyzed insertion into Si-H bonds
using a simple iron salt Fe(OTf),

zoalkylacetates showed no reactivity under the optimized
reaction conditions. The enantiocontrol of HMSI-BOX was
examined by DFT calculations, which revealed that a quin-
tet state of the complex and Fe(II) species have a lower en-
ergy barrier than singlet- or triplet-state structures and
that spin densities are mainly located on the Fe atom. The
R-insertion product formation was explained by the repul-
sion between the ester groups and the aryl group of the li-
gand in the transition state.

An exquisite example that makes one reflect at the pow-
er and mystery of mother nature as the greatest chemist
has been showcased in the cutting-edge work of the Arnold
group through the directed evolution of enzymes.?? Her
work has revolutionized the field by mimicking evolution
by natural selection to engineer enzymes through a se-
quence of mutations that can catalyze the insertion reac-
tion of diazo compounds into Si-H bonds. Even though sili-
con constitutes roughly 30% of the Earth’s crust, to date en-
zymes that can forge C-Si bonds are unknown in nature,
meaning that organosilicon compounds are non-existent in
the biological world. In this work, heme cytochrome c from
Icelandic, Gram-negative, thermo-halophilic bacterium
Rhodothermus marinus (Rma cyt c) was initially tested for
the insertion reaction of ethyl 2-diazopropanoate with di-
methylphenylsilane, which produced the a-silylated com-
pound in 97% ee but in <50 TTN turnover (calculated with
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Scheme 4 Enantioselective Si-H insertion of a-diazo esters using the
chiral HMSI-BOX ligand

respect to the concentration of Rma cyt c expressed in E. co-
li) which is comparable to the activity of existing synthetic
organometallic catalysts for this system. To better its activi-
ty, the team investigated the crystal structure of Rma cyt ¢
which shows that the iron is axially coordinated to a distal
methionine (M100). They hypothesized that displacing
M100 would facilitate the formation of the iron carbenoid.
This displacement can be made by mutating its encoding
amino acid and thus open up an active site in the biocata-
lyst and enhance its activity. After site-saturation mutagen-
esis of M100, the protein was expressed in E. coli which was
incubated with ethyl 2-diazopropanoate and the silane.
Each mutagenesis library was then cloned, screened for cat-
alytic activity, and used to parent the next rounds of muta-
tions. Finally, a triple mutated Rma cyt cvariant V75T
M100D M103E exhibited unprecedented activity where it
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4-NH,CgH,, 6080 TTN, >99% ee

Scheme 5 Rma cyt c variant mediated Si-H insertion
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catalyzed the insertion reaction in >1500 TTN with >99% ee
(Scheme 5). The optimized biocatalyst was tolerant to an
unmatched variety of diazo and silane substrates without
losing activity or selectivity. The catalytically active inter-
mediate was comprehensively evaluated through various
techniques that include XRD, DFT calculation, hybrid
QM/MM approach, and molecular dynamics simulations
(MD).33

These studies showed that the biocatalyst stabilized a
single conformation which gives it its selectivity and that
its conformational restraints favor the formation of a singlet
iron-carbene.

2.3 Insertion into N-H Bonds

The N-H insertion reaction of diazo compounds is a
widely applied, mild, and selective method to access
amines. It is highly versatile and used to synthesize a-ami-
no esters, nitrogen-containing heterocycles, and dipeptides.
It has also been applied for the modification of proteins by
alkylating N-terminal amino acids.343° This reaction is high-
ly dependent on the selectivity of the catalyst to proceed
well, especially in the case of primary amines where a sec-
ondary (bis-insertion) is possible.

An iron-catalyzed N-H insertion of amino acid deriva-
tives in aqueous conditions was disclosed by Simonneaux
and co-workers using an iron porphyrin complex TSPPFeCl
[5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin-iron(III)
chloride] (Scheme 6).36 It is a versatile water-soluble cata-
lyst for different transformations, such as oxidations, but
has been neglected for iron carbene chemistry even though
other iron porphyrin complexes have been used for N-H in-
sertions in organic solvents. N-H Insertions of diazo esters
and diazo phosphonates with amino esters were achieved
in high yields in 10 min under mild reaction conditions us-
ing 1 mol% of the iron porphyrin catalyst in a MeOH/citrate-
buffered saline (CBS) buffer solution at basic pH at room
temperature. The iron catalyst also allowed the functional-
ization of the NH, terminal of insulin and is selective to a
mono-insertion. Also, these reaction conditions were selec-
tive to N-H insertion over O-H insertion with MeOH or wa-
ter.

Fe-porphyrin microporous organic networks (FePMN)
were coated onto Fe;0, nanoparticles to create a magneti-
cally separable catalyst that was used for the carbene inser-
tion reaction of diazo compounds into N-H bonds (Scheme
7).37 The Fe;0,@FePMN catalyst was used in a 1 mol% load-
ing and mediated the insertion of ethyl diazoacetate (EDA)
with both primary and secondary amines in high yields.
This work is the first demonstration of an efficient hetero-
geneous catalyst system for the N-H insertion reaction. The
catalyst could then be easily retrieved by merely catching it
on a magnet.
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Scheme 7 Fe-porphyrin microporous organic network-catalyzed N-H
insertion with EDA

A novel class of Fe-porphyrin microporous organic
nanotube networks [Fe(TTP)CI-MONNSs] were synthesized
by in situ hyper-crosslinking of meso-tetraphenylporphyrin
iron(III) chloride [Fe(TPP)CI] with core-shell bottlebrush co-
polymers. The supported Fe-porphyrin catalyst was then
applied in the N-H insertion reaction of EDA with primary
and secondary amines (Scheme 8).38 The catalyst exhibits
excellent activity and is highly selective with primary
amines for mono-insertions with both aryl- and alkyl-
amines. It was observed that when using 3 equiv. of EDA,
yields were relatively low for both mono- and bis-insertion
products but dimerization dominated. This phenomenon
showed that a second insertion is relatively slower than a

Ny Fe(TPP)CI-MONNs HN”
o
)j\ + R-NH, (1 mol%) :
H” CO,Et EtO, 1, 10-20min . H” “CO,Et
X
R =Ph, 95%
_R 4-CICgHy, 96%
HN 4-BrCgHy, 97% N NEt,

4-CNCgH, 95%
COEt  3.CNCgH, 96% H~ TCOEt  H” “COE

Bn, 83% X =CHy, 90% 82%
Hex, 86% 0,91%
Bu, 84%

Scheme 8 Fe-porphyrin microporous organic nanotube network-
catalyzed N-H insertion with EDA
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mono-insertion. The rigidity of Fe(TTP)CI-MONNs made
them highly stable, and they can be recycled up to 12 times
with no leaching or loss of catalytic activity.

Quinoxalines, pyrazines, and benzoquinoxalines were
readily accessed via intermolecular iron-catalyzed tandem
annulation of 1,2-diamines and o-diazocarbonyl com-
pounds (Scheme 9).3° The reaction domino sequence is trig-
gered by the initial Fe(OTf);-catalyzed N-H mono-insertion
followed by cyclization and oxidation. The reaction was
performed in water and it was high yielding while being se-
lective towards N-H insertion. Fe(OTf); was used in 5 mol%
in water with no need for any additive and showed superior
activity compared to Cu, Ag, Rh, and even other Fe(IlI) salts.
This reaction was highly tolerant in terms of scope. Mecha-
nism elucidation shows that heating the reaction to 70 °C is
vital for the last oxidation step to occur and form the qui-
noxaline derivatives. Also, the Ollevier group reported
Fe(OTf),-mediated mono N-H insertions of methyl a-diazo-
o-phenylacetate with various primary and secondary
amines.?

CO,R?

NHy Nagy, GO _
2 2 Fe(OTa (5 mol%) _
T ho,70°C

DO
6-15h
(I j:COZF@ E@: ICOgEt
=Me, R®= Me, 95%

=Me, R®= /Pr, 75%
iPr, 94%

Et, 90%
(CHo)gCHa, 90% Pr, 90%
Bn, 82%

nBu, 89%
R? = Et, R%= Et, 93% Bu, 82%
Pr, 87%

Ph, 88%
Bu, 78% =Cl, R®= Me, 85%
Ph, 89% Pr, 80%

4-MeOCgH,, 93% Bu, 84%
4-NO,CgHy, 85% R'=CN, R®= Me, 53%

I I| ICozﬂ Et, 48%

Pr, 56%
=Me, R®= lPr 85%

Ph, 80%
4-MeOCgH,, 80%
R2 Et, R%= Pr, 93%
Ph, 88%

Scheme 9 Intermolecular tandem annulation of 1,2-diamines and di-
azocarbonyl compounds

The toxicity and explosibility of diazoacetonitrile have
rendered its carbene chemistry underdeveloped in organic
synthesis, despite the fact that it would serve as simple pre-
cursors to nitrile-containing compounds. Using an alternate
approach, hazardous diazoacetonitrile was generated in
situ in a safe and controlled continuous-flow process and
subsequently used in an iron-catalyzed N-H insertion
(Scheme 10).40

The reaction setup developed by the Koenigs group was
composed of a flow-batch protocol, i.e. a flow reactor was
used to synthesize diazoacetonitrile from aminoacetonitrile
hydrochloride and an aqueous solution of NaNO,. Then, the
outlet stream was slowly added to a batch of Fe(TPP)Cl and
the desired amine. This method allowed facile access to
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R

HN

Toluene, 1, 3h

N N

N
2 Fe(TPP)CI (1 mol%)
)J\ + R-NH, Fe(TPRICI (1 mol%)
CN

generated in
continuous flow

Bn. R Pho R
H/I\CN H/I\CN H)\CN H)\CN
R = Ph, 98% R=Me, 70% R =4-MeGCgHs, 71% 68%
4-MeCgHj, 99% Et, 68% 3-MeCgHa, 50%

3-MeCgHa, 99% Bu, 93% 4-CICgHa, 72%

Scheme 10 N-H Insertion reaction of in situ generated diazoaceto-
nitrile

a-aminonitrile compounds in excellent yields and could
also be performed on a gram scale, which would have been
unattainable if a strictly batch process was used. The inser-
tion into S-H bonds was also performed under the same
conditions allowing yields as high as 99% with alkane- and
arenethiols, as detailed in Section 2.4. In some cases, it was
even observed that the flow process enabled high yielding
N/S-H insertions with substrates that showed low reactivi-

ty in a batch process.
\/©/ COZEt
/©/<L CO,Et
47%, A/B = 98:2

\S/ COzE
i ,Et
Mb H64V V68A Y
HQSS e H
(PpIX) c
EDA + —> +
MeOH
buffer pH 7.2)
COzEt
Ssi D

36%, C/D = 96:4

H
/©/NYCOZB
~ H
NH, Mb :_—ies(4vl;(/)68A » Ssi E
EDA + _ebrn |
- MeOH
S buffer (pH 7.2)

HY 1,16 h

Mb H64V
V68A HI3F

EDA + ﬂ»
MeOH
buffer (pH 7.2)

, 16 h

J

72%, E/F = 76:1

Scheme 11 Myoglobin variants directed chemoselectivity for N-H and
Si-H insertions and cyclopropanation

After a report in 2014 of an exclusive cytochrome P450-
catalyzed N-H insertion reaction (i.e., preference over a
competing cyclopropanation reaction) with p-amino-
styrene with EDA by the Arnold group,*' a directed chemo-
selectivity was explored by the Fasan group in 2018
(Scheme 11).#? In this work, myoglobin (Mb) variants with
native histidine-ligated heme co-factor displayed the follow-
ing chemoselectivity upon intramolecular competition: N-H
insertion > Si-H insertion >> cyclopropanation, however,
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artificial engineered myoglobin with a serine-ligated co-
balt-porphyrin co-factor displayed a completely different
chemoselectivity: cyclopropanation > N-H insertion > Si-H
insertion. The latter mode of reactivity could not be at-
tained with other biocatalysts thus showing the direction-
ality of mutated and engineered biocatalysis.

Iron phthalocyanine complexes have also been investi-
gated for diazo insertions with amines. Using 0.05 mol% of
crown ether complexed iron(Ill) phthalocyanine
([(15C5),4PcFe]Cl) enabled the insertion of EDA with thi-
azole-, thiazoline-, and thiadiazole-substituted amines in
yields ranging from 36 to 77% (Scheme 12).4*> When apply-
ing an excess of EDA (2 equiv. instead of 1 equiv.), bis-inser-
tion was observed in poor to good yields. In certain cases
where the amine can tautomerize, such as with 2-amino-
thiazoline, two products were obtained from a bis-insertion
of the 2 amine/imine tautomers in the presence of 2 equiv.
of EDA.

Na [(15C5)4PcFe]Cl HN/F*
(0.05 mol%)
W oot T N N B0 °C H” > COLE
2 i ’ 2
(xequiv) o0 min
----------------------------- (1 equiv.)--mmmmmmmmm e
s _N_ _COEt
H
R— g COLE s COE
LG s e e
X =CH, R = H, 38% H
5 NO,, 52% 42% 69%
! X=N,R=H, 36%
S O 8 B8 s
---------------------------- (2equiv.)---------mmmmimiii oo
: H.__COEt CO,E
: s N._COEt COgEt
QR‘<\\lr YX:CH,R:H,N% \r \r
: x-N H NO,, 8% :
X=N,R=H, 16% 73%
CFg, 77%
H. _CO.Et
Amino-imino S N\/COQEt
Tautomery & N_ GOt </
\/’/ \|/ \—CO2Et
N o401 23%

Scheme 12 N-H Insertion mediated by an iron phthalocyanine com-
plex bearing crown ether substituents

¢(OTf)2 (5 mol%)
L* (5 mol%)
.)I\. NaBArF (12 mol%)
prIene 30 "C 24 h
(1.5 equlv ,
N N
Ar COzR Ph COQIPI’ I
Ar=Ph, A

R =Bn, 72%, 93% ee
R = Me, 79%, 78% ee

78%, 85% ee OO NN
R = iPr, 76%, 91% ee @

Ar = 4-CICgH,, R = Bn, 63%, 91% ee
Ar = 2-Naphthyl, R = Bn, 84%, 94% ee

Scheme 13 Enantioselective N-H insertion reaction of diazo esters
with carbazoles
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A highly efficient and enantioselective N-H insertion
reaction of a-aryl-o-diazoacetates with carbazoles was
achieved using a chiral iron complex with an axially chiral
2,2'-biimidazole ligand developed by Zhou and co-workers
(Scheme 13).* This novel ligand, synthesized in a single
step from readily available 2,2'-bis(bromomethyl)-1,1'-
binaphthalene and 2,2'-biimidazole, when coupled with
Fe(OTf), enabled the production of enantiopure o-amino
esters in up to 96% ee. The reaction conditions were mild
and used the catalyst in 5 mol% loading with NaBAr; in 12
mol% as an additive with p-xylene as the solvent at 30 °C.

2.4 Insertion into S-H Bonds

The insertion reaction of diazo compounds into S-H
bonds dates back to 19524 and since then, various metal
catalysts have been developed to mediate this reaction,
namely those based on In, Sc, Rh, and Cu. It is a facile meth-
od to access useful sulfur-containing building blocks. Iron
catalysis has been reported in a few examples which mainly
use iron(Ill) corroles and porphyrins. In 2019, the Ollevier
group were able to showcase a simple iron salt [Fe(OTf),] as
an efficient catalyst for the insertion reaction of a-diazo es-
ters and unprecedented a-diazo ketones with both alkane-
and arenethiols (Scheme 14).46 The reaction used Fe(OTf),
at 10-20 mol% loading at 40 °C in DCM to give the S-H in-
sertion products in up to 96% yield. Control experiments
and a H/D KIE study pointed towards a stepwise mecha-
nism that involves the attack of the thiol on the iron carbe-
ne intermediate leading to an ylide intermediate that disso-
ciates to give the targeted insertion product.

Ny SR
Fe(OTHf, mol%,
.)]\. + R DClsI 40)2"((:y 4A M)S o/ko
(x equiv) "24-481h
e Diazo esters. - -« -« -cceeeaaao
H Ar X =4 equiv. ~Ph i
s v s
)\ y =15 mol% )\
Ph COo,Me Ar COoMe
! Ar = Ph, 87% Ar = 4-MeCgHg, 80% |

4-MeCqgHj, 94% 4-MeOCgHj, 82% !
4-BrCgHg, 96% 4-BrCqHy, 63%
4-CICgHy, 88% 4-CICgHy, 35%

P R ELL R Diazo ketone. - - - =< ccccco N

S/Al’ x =5 equiv. S/R
: Ph/I\COMe Ph/kCOMe
i y=10mol% y =20 mol% H
i Ar=Ph, 60% R = CHp-4-CICgHy, 41% !

4-MeCgHy, 63%
2-MeCgHy, 42%
4-BrCgH,, 85%
4-ClCgH4, 70%
2-Pyridyl, 38%

CHy-2-CICeHa, 59%
iPr, 44% '
Bu, 31%

Scheme 14 S-H Insertion reaction of a-diazo esters and unprecedent-
ed a-diazo ketones

Multiple studies with various catalysts have shown that
the reaction proceeds stepwise and involves a sulfur ylide
intermediate that could easily dissociate from the metal
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catalyst.#’ This behavior has rendered the development of
an enantioselective S-H insertion difficult and requires the
design of specific ligands to transfer chirality.*® Besides, thi-
ols are reported to poison various chiral catalysts during
this reaction. Thus, only a handful of attempts have been
slightly successful in improving enantioselectivities, but
with limited effectiveness. Engineered myoglobin, harvest-
ed from whale sperm, was disclosed for this reaction by the
Fasan group but with best entries at 49% ee.*® Based on this
work, the Arnold group investigated cytochrome P450 vari-
ants as better candidates. Indeed, unmatched catalytic ac-
tivity and excellent enantioselectivities and turnover num-
bers were obtained using E. coli harboring cytochrome vari-
ant P450-G8S, which exhibited very distinct modes of
reactivity when used for S-H insertion reactions (Scheme
15).° The biocatalyst was employed for the S-H insertion of
diazo lactones with arenethiols to give 3-(arylthio)tetrahy-
drofuran-2-ones. DFT studies revealed that the reaction is
stepwise and involves a single hydrogen-atom transfer
(HAT) followed by the combination of heme-bound carbene
with a thiyl radical when an axial Cys-ligated P450 enzyme
is employed, thus leading to high selectivities. When the
axial Cys is replaced by Cys-to-Ser mutation, the axial Ser-
ligated P450 enzyme forms 3-(arylthio)tetrahydrofuran-2-
ones with low selectivity and efficiency and this is ex-
plained by a favored C-Fe homolytic cleavage due to the
higher electronegativity of oxygen (Ser) compared to sulfur
(Cys) and thus this erodes the stereoselectivity.

N, E. coli harboring
P450-G8S variant

SAr
é\.fo + AlSH —————— {YO
MO9-N buffer (pH 7.4), rt
(o] 40 min o
Ar= Ar = 4-CICgH4
Ph, 1610 TTN, 84% ee @10 mM scale, 1960 TTN, 86% ee
4-MeCgHg4, 1090 TTN, 75% ee @2.4 mmol, 80%, 2190 TTN, 88% ee
4-iPrCgHg4, 420 TTN, 45% ee
4-CF3CgHy, 300 TTN, 60% ee
4-FCgHgy, 1770 TTN, 86.5% ee @10 mM scale, 1820 TTN, 83.5% ee
3-MeOCgH4, 530 TTN, 84.5% ee  @1.5 mmol, 94%, 1980 TTN, 86.5% ee
3,4-(Me0),CgHs, 1820 TTN, 89% ee
2-Naphthyl, 330 TTN, 71.5% ee

Radical rebound

b o E
Phs\g&
H==~ 0

Ar= 4-BrCqH,

SMe SMe

Scheme 15 Cytochrome variant P450-G8S catalyzed S-H insertion of
diazo lactones

3 Ylide Formation and Subsequent Reac-
tions

Electrophilic metal carbene species can react with nuc-
leophilic heteroatom-containing species, such as sulfides,
ethers, selenides, amines, and halides, to prepare zwitter-
ionic, i.e. ylide species. Ylide preparation from transition-
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metal-catalyzed decomposition of diazo compounds is usu-
ally run under neutral conditions as opposed to other tradi-
tional methods which require basic conditions. Ylides are
highly reactive intermediates that are used for the con-
struction of highly functionalized building blocks. Ylides
from metal carbenes can undergo subsequent inter- or in-
tramolecular reactions in addition to cascade transforma-
tions leading to the assembly of complex organic com-
pounds starting from relatively simple reactants.>>! Thus,
ylide formation via diazo compounds is a powerful C-C
bond-forming method in organic synthesis, and, as such,
much work has been done to harvest their reactivity.

3.1 Doyle-Kirmse Rearrangement

Symmetry allowed [2,3]-sigmatropic rearrangements of
electrophilic metal carbene species with allyl or propargyl
nucleophiles have been mainly investigated with Rh, Cu,
and Co metal catalysts.>! Few reports of the Doyle-Kirmse
reaction were reported to involve iron-based catalysts that
could produce the desired homoallylic or allenic com-
pounds in high yields and selectivities. The Fasan group re-
ported the first biocatalytic Doyle-Kirmse rearrangement
of diazo esters with allyl sulfides in 2016 (Scheme 16).>2 Ac-
tive-site mutation of whale sperm myoglobin resulted in a
triple-mutant variant Mb L29S H64V V68F which showed
superior activity for an enantioselective catalytic Doyle-
Kirmse rearrangement. The desired allyl sulfides were ob-
tained with high turnover numbers (up to 8820 TTN); en-
antioselectivities varied highly from 0 to 71% ee depending
on the diazo substrate used. It is proposed that the enantio-
control stems from stereoretention during the rearrange-
ment step of the ‘chiral’ sulfonium ylide intermediate. The
Mb catalyst was assumed to be responsible for orienting the
attack of one of the sulfide’s lone pairs onto the heme-car-
bene and/or the other way around, i.e. enforce a single face

/

R

N>
Na3S,04, KPi (pH 8)
n,12h

H

|
R'S R?
"X Mb (L29S, He4V, V68F) H”
(2 equiv.)

S,

R2
e

(0.1-0.01 mol%) or
S>C-:

R
Ph8><—// ArS><—// R
H

H7 T COosR H7* > CO,Et > CO,Et
R=8Bu,8170 TNN Ar = 4-MeCgH,CHp, 5470 TNN R = Ph, 82%
6% ee 43% ee 15% ee
Bn, 8820 TNN

4-MeOCgH,, 5960 TNN 2-MeCgH4, 39%
40% ee 4-CICgHa, 71%,

4-ClCgH4, 5050 TNN 0% ee

20% ee

4-CF3CgHj, 1000 TNN
18% ee

Bn, 7040 TNN

10% ee

47% ee

Scheme 16 Enantioselective biocatalytic Doyle-Kirmse rearrange-
ment
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of the heme-carbene to be exposed to the sulfide. To date,
Mb L29S H64V V68F variant remains the superior iron cata-
lyst in terms of enantioselectivity for the Doyle-Kirmse re-
arrangement.

In 2017, the Koenigs group used Fe(TPP)Cl to catalyze an
on-water Doyle-Kirmse rearrangement of in situ generated
diazo compounds with allylic and propargylic sulfides
(Scheme 17).>3 In this work, diazoacetonitrile was prepared
in situ by the slow addition of aqueous NaNO, to a solution
of aminoacetonitrile hydrochloride, Fe(TPP)CI (1 mol%), and
the sulfide in a H,0/DCM mixture. The reaction scope of al-
iphatic, aromatic, and heteroaromatic allyl sulfides pro-
duced the desired homoallylic nitrile compounds in excel-
lent yields (up to 99%). Propargylic sulfides afforded the
corresponding allenes as rearrangement products in very
good to excellent yields. The reaction scope was also ex-
tended to various diazo compounds which tolerated 2,2,2-
trifluorodiazoethane, EDA, and other diazoacetates.

RS, /
RS
N H
2
Fe(TPP)CI (1 mol%)
* o H,O/DCM, 1t, 10 h o
H RS \/// 2! s RS
generated ]
in situ (2 equiv.) H
o ol en
H CN H X H CN
R =Ph, 87% X =CFg R =Ph, 97%
4-MeCgHg, 90% R = Ph, 83% 4-MeCgH, 96%

4-MeOCgHy, 90%
2-MeCgHy, 96%
3-MeCgHa, 86%
4-BuCeHg, 92%
4-CICgHy, 95%
4-FCgHy, 88%
2-FCgHa, 88%
Bn, 96%

Hex, 93%

4-EtCgHg, 96%
3-MeCgHy, 83%
4-ClCgH4, 83%
2-FCgHa, 92%
2-Naphthyl, 93%

4-MeOCgHj, 85%
3-MeCgHy, 95%
4-ClCgH4, 89%
4-FCgHy, 83%
Bn, 88%
Hex, 90%
X = COEt
R = 4-CICgHa, 79%

2-Naphthyl, 56%

Scheme 17 Fe(TPP)Cl-catalyzed Doyle-Kirmse rearrangement of in
situ generated diazo compounds in binary solvent mixture H,0/DCM

2,2,2-Trifluorodiazoethane was generated in situ from a
bench-stable crystalline surrogate, trifluoroacetaldehyde N-
[2-(trifluoromethyl)phenylsulfonyl]hydrazone (trifluoroac-
etaldehyde N-tfsylhydrazone, TFHZ-Tfs) by the Bi group.
Upon basic treatment, 2,2,2-trifluorodiazoethane was gen-
erated in a controlled manner and this bypasses the tradi-
tional need for slow addition procedures and acidic condi-
tions. This novel surrogate thus reduces exposure and ma-
nipulation of the toxic and explosive diazo compound in
batch conditions. The in situ generated diazo compound
was reacted with 3 mol% of Fe(TPP)CI and used for a Doyle-
Kirmse rearrangement with allylic and propargylic sulfides
(Scheme 18).>4 The reaction was performed in a NaOH/DCM
mixture at 40 °C to produce homoallyl and allenyl CF; sul-
fides in excellent yields while tolerating a broad range of
sulfides.
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Scheme 18 Doyle-Kirmse rearrangement of 2,2,2-trifluorodiazo-
ethane

Application was also extended to gem-difluoroalkenyla-
tion (see Section 3.5). The Bi group then investigated N-[2-
(trifluoromethyl)phenylsulfonyllhydrazones as surrogates
for diazoacetaldehyde and difluorodiazoethane for iron-
catalyzed Doyle-Kirmse rearrangements.>

Hemin is a native water-soluble iron porphyrin complex
that has also been reported as an efficient catalyst for a
[2,3]-sigmatropic rearrangement of diazo esters with allyl
sulfides under strictly aqueous conditions. The reaction
was reported with yields of up to 99% using 2.5 mol% of
hemin in H,0 at 40 °C.56

3.2 [1,2]-Stevens and Sommelet-Hauser Rear-
rangements

Carbene-derived ylides with benzyl migrating groups
result in competing [1,2]- and [2,3]-migrations, also known
as [1,2]-Stevens and Sommelet-Hauser rearrangements, re-
spectively. This competition is dependent on various factors
which include temperature, ring strain, solvent, and substi-
tution effects. Enhanced selectivity has been disclosed with
ammonium and iodonium ylides, but sulfonium ylides have
been less reported with improved rearrangement selectivi-
ty. In 2017, sulfonium ylides derived from an iron carbene
were used to advantage by the Pan group by employing he-
min, a native iron porphyrin complex, as the catalyst
(Scheme 19).°7 Upon optimization of the [1,2]-Stevens rear-
rangement, the heme catalyst, EDA, and benzyl phenyl sul-
fide allowed the formation of the desired rearranged prod-
uct in 85% in THF at 80 °C.

The heme biocatalyst showed superior reactivity and
selectivity compared to Cu, Pd, and Rh catalysts. The reac-
tion was tolerant to a variety of sulfides and showed the
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4-MeCgHg, 71% 4-CO,MeCgHy, 84%
3-MeCgHg, 72% 4-NO2CgHy, 91%
4-FCgH4, 89% 4-CF3CgHas, 31%
4-CICgHa, 87% 4-CNCgHy, 89%
4-CF3CgHa, 71% 2-CNCgHy, 82%
4-CNCgHy, 36%
2-CNCgHq, 53%
3,5-(CF3)2CeH3, 84%
3,5-F2CgHa, 89%
Ar?=Ph
Ar! = 4-EtCgHq, 79%
4-MeOCgHy, 67%
2-MeOC¢H,, 85%
4-CICgHa, 78%
2-Pyridyl, 28%
2-Naphthyl, 79%

E
10:C Hemin (2.5 mol%)

A= Ph
Ar' = 4-MeOCgHy, 0%
4-CICqHa, 0%

Scheme 19 Directed hemin-catalyzed [1,2]-Stevens and Sommelet-
Hauser rearrangements

opposite trend to ammonium ylides where aryl substitu-
ents with electron-withdrawing groups accelerated the
competing Sommelet-Hauser rearrangement. Then, in or-
der to favor the latter, a new set of reaction conditions were
examined. Using hemin with the same catalyst loading (2.5
mol%) and switching the reaction solvent for H,0 while
lowering the temperature to 40 °C directed a favored Som-
melet-Hauser rearrangement with electron-poor sulfides
in yields of up to 91%.

The Koenigs group have examined the in situ generation
of diazoacetonitrile for iron-mediated chemistries. After
successful N-H and S-H insertions to access hitherto inac-
cessible nitrile compounds and based on the previous work
of the Pan group® with selective hemin rearrangements,
the group explored the reactivity of diazoacetonitrile with
benzyl phenyl sulfide for [1,2]-Stevens and Sommelet-
Hauser rearrangements. However, when using iron(II)
phthalocyanine (FePc) in a biphasic H,0/CHCl; solution,
neither rearrangements were observed and instead, deal-
kylation of the sulfur ylide leading to a formal functional
group metathesis reaction was observed (Scheme 20).°8
This novel rearrangement interception led to (alkylthio)-
and (arylthio)acetonitriles in yields of up to 95%. A substitu-
tion effect was still observed, and the use of sulfides bear-
ing electron-withdrawing groups led to the Sommelet-
Hauser rearrangement in moderate to low yields, but no ef-
fect was observed with electron-donating groups. This ser-
endipitous reactivity was further investigated with other in
situ generated acceptor-only diazo compounds, and the in-
tercepted rearrangement products were obtained in mod-
erate to high yields despite the fact that substrates such as
EDA were reported to undergo [1,2]-Stevens rearrange-
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ment. It was hypothesized that this striking reactivity is
due to the in situ diazo generation approach which uses the
amine hydrochloride salt and aqueous NaNO,. Hence, it is
proposed that the H,0 protonates the ylide intermediate to
give a sulfonium salt that undergoes nucleophilic substitu-
tion with the chloride of the amine hydrochloride salt as a
result this intercepts the rearrangement step and thus re-
sults in the a-sulfanyl products and benzyl chloride. In
2020, the Pan group observed the dealkylative interception
of 2,2,2-trifluorodiazoethane and allyl sulfides using hemin
as the catalyst.>®

NaNO; (2.4 equiv.)
[ ] FePc (1 mol%) SR
+ BnCl
HZO/CHCI3 H)\.
generated (4 equiv.) 40 °C, 240 min
in situ
SR SPh
H/I\CN H X
R = Ph, 94% X = CF3, 48%
4-EtCgHa, 91% CO,Me, 74%
4-1BuCgHy, 74% CO,Et, 77%

2-MeCgHg, 95%
2-MeOCgHs, 95%
4-FCgHa, 76%
4-CICgH4, 89%
CH_Bn, 91%

Scheme 20 Iron(ll) phthalocyanine mediated dealkylation of sulfur
ylides

3.3 Olefination Reactions

An alternative to a direct Wittig reaction for the cre-
ation of C=C bonds from C=0 bonds is olefination with di-
azo compounds in the presence of a metal catalyst and a
phosphine. The reaction involves the attack of the phos-
phine species on the metal carbene which creates a phos-
phonium ylide that performs a ‘Wittig’ reaction with an al-
dehyde to produce the alkene. The use of iron porphyrins
has dominated in this area as efficient catalysts for high
yields and E/Z selectivities. Iron(IV) corroles were primarily
investigated for olefinations by Chang, Liu, and co-workers
(Scheme 21).%° In this work, the olefination of aldehydes
with EDA and PPh; efficiently produced E-alkenes with high
selectivities using 1 mol% of the iron(IV) corrole complex.
The use of various aldehydes was examined under optimal
conditions, and the reaction was generally high yielding
and E-selective. The reaction is proposed to proceed via a
phosphazine to ylide pathway as seen by 3'P NMR and as
previously suggested for molybdenum-mediated olefina-
tions. This mechanism was later elucidated by studies con-
ducted by Kiihn and co-workers.5!

Fe(TPP)CI functionalized microporous organic nanotube
networks [Fe(TPP)CI-MONNs] were revealed as novel cata-
lysts for carbene insertions with amines (for more details
see Section 2.3, Scheme 8) and were also efficient catalysts
for the olefination of aldehydes with EDA and PPh; (Scheme
22).38 The iron-functionalized microporous organic nano-
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Fe(IV) corrole
(1 mol%)

EDA + PPhg; + Ar—CHO DCM. 40°C, 12

(2 equiv.) (1.1 equiv.)

Ar/\”r CO,Et
(E>Z ratio)

Fe(lV) corrole Ar = Ph, 86%, 24:1

Ph 4-MeCgHg, 77%, 19:1
4-MeOCgHy, 81%, 24:1
2-MeOCgHg, 87%, 5:1
4-BrCgHy, 74%, 19:1
4-CICgHg, 81%, 13:1
2-CICgHg, 77%, 6:1
1-Naphthyl, 83%, 16:1
Bn, 33%, 99:1

Ph Ph

Scheme 21 Olefination of phosphonium ylides with iron(1V) corroles

Fe(TPP)CI-MONNs

(2 mol%) A X CO,Et

EDA —_
* PPhs + Ar—CHO Toluene 80 °C (E>Z ratio)
(1.2 equiv.) (1.2 equiv.) -6
- CO2Et COLEt COzEt

Ar

Ar=

Ph, 86%, 93:7
4-MeCgHy, 84%, 92:8
4-MeOCgH4, 88%, 93:7

4-BrCgHa, 90%, 94:6 56%, 89:11
1-Naphthyl, 78%, 92:8

CH,Bn, 84%, 90:10

Hex, 83%, 89:11

50%, 99:1

Scheme 22 Olefination of EDA with Fe(TPP)Cl functionalized micro-
porous organic nanotube networks

tube network catalyst exhibited exceptional performance
and recyclability in olefination reactions with high E/Z se-
lectivity.

3.4 Cycloaddition Reactions

A simple Fe(IIl) salt catalyzed a [2+2+1] cycloaddition of
diazo surrogates with hexahydro-1,3,5-triazines as formal
1,4-dipoles.%? This reaction was previously developed with
Au catalysis, but was strictly applicable only for cycloaddi-
tions with donor/acceptor diazo compounds. Continued re-
search found that Fe(acac); enabled cycloadditions of both
donor/acceptor diazo compounds and donor/donor diazo
surrogates (Scheme 23). Donor/donor hydrazones were
used as diazo surrogates by in situ oxidation using MnO,.
The diazo compound was subsequently reacted with
Fe(acac); in 5 mol% and hexahydro-1,3,5-triazines to gener-
ate the cycloaddition products in moderate to high yields
reaching 84%. Bench-stable donor/acceptor diazo com-
pounds were used directly in this reaction and generated
the cycloaddition products in high yields of up to 80%. The
reaction proceeds through the formation of a nitronium
ylide derived from the iron carbene and N-methyleneamine
(generated in situ from the hexahydro-1,3,5-triazine)
which subsequently undergoes a [2+2+1] cycloaddition
with a second N-methyleneamine to produce the target 5-
membered heterocycle.

An iron-aluminum porphyrin MOF (Fe-Al-PMOF) was
investigated with EDA and it was demonstrated that it leads
to the formation of pyrazoline in high yields by the cyclo-
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addition reaction of EDA with diethyl maleate and diethyl
fumarate.5® This type of reactivity is not observed with ho-
mogenous Fe porphyrin analogues and an unusual increase
in selectivity was observed after catalyst recycling.

R
|
N Rep N —-R
2 (NW Fe(acac)s (5 mol%) N N
—_—
o)l\. M. N, DCM,rt-40°C \_f‘
R™ "R 2-5h
(1.2 equiv.)

Diazo donor/donor ...
1 generated in situ

PMP~ N ~PMP  PMP— "™ ~PMP

N N
Me H
Ar Ar
Ar = Ph, 82% Ar=Ph, 77%

4-MeCgHa, 84%
4-BrCgHy, 65%
4-NO,CgHy, 63%
2-CICgH4, 50%
,,,,,,,,,,,,,, 2Fuyl 4% .

, Diazo donor/acceptor
i PMP— S PMP - PMP— ™S PMP A 27

N
‘ ~CO,Me ~CO,Et

4-MeCgHy, 79%
4-CICgH4, 63%
4-NO,CgHs, 52%
4-CO,MeCgHs, 56%

N,Ar

~COMe |

Ar R Ph

Ar = Ph, 80%
4-MeCgHg, 69%
3-CICeHq, 78%

R = Me, 62%

Ar =4-MeCgHy, 75%
H, 78% :

4-PPrCgHy, 68%
4-FCgHy, 55%
3-MeCeHg, 62% !
3-CICgH4, 58%

Scheme 23 [2+2+1] Cycloaddition of diazo surrogates
3.5 gem-Difluoroalkenylation

In an intriguing study to synthesize difluoroalkenes, the
difluoroalkenylation of S-H and Se-H bonds with trifluoro-
diazoethane [made in situ from a novel precursor, i.e. trifluo-
roacetaldehyde N-[2-(trifluoromethyl)phenylsulfonyl]-
hydrazone (TFHZ-Tfs)] was mediated by Fe(TPP)CI (Scheme
24).>* Treating the surrogate with base produced the diazo
compound in a controlled manner and eliminated the need
for slow addition, which is the usual protocol when han-
dling trifluorodiazoethane under batch conditions. The in
situ generated diazo compound was decomposed in the
presence of 1 mol% of Fe(TPP)Cl, 30 mol% of sodium dodec-
ylbenzenesulfonate (SDBS), and the thiol or selenol to pro-

Ny Fe(TPP)CI (1 mol%) XA
SDBS (30 mol%)
+RX-H =2
H)]\(;F3 KOH (aq.)/DCM (5:1) H/&CF
40°C, 18 h 2
generated
in situ
(2 equiv.)
R = 4-MeCgHg, 80%
4-MeOCgH,, 77%
SR 3-MeOCgHj, 86% SePh
2-MeOCgHa, 72%
H™ “CF2  2.Me,CeHa, 81% H® “CF;

.
4-BuCeHs, 75% 66%

4-PhCgHy, 50%
4-CF3CgHy, 58%
4-FCgHa, 51%
3-FCgHa, 54%
3-CICgHa, 62%
2-Naphthyl, 81%
2-Thienyl, 55%

Scheme 24 gem-Difluoroalkenylation of S-H and Se-H bonds with tri-
fluorodiazoethane
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duce the respective difluoroalkene in high yields. It was
postulated that the attack of the thiol/selenol on the iron
carbene gives the iron ylide intermediate which, upon
deprotonation, undergoes B-fluoride elimination to pro-
duce the observed difluoroalkene while regenerating the
iron catalyst.

4 Three-Component Reactions

Diazo compounds can be used to achieve high structural
complexity via three-component assembly reactions. These
atom-economic domino reactions are mainly triggered by
the metal-catalyzed decomposition of diazo compounds
which, in the presence of compatible and multifunctional
substrates, undergo subsequent additions, condensations,
cycloadditions, etc.54-%8 It is noteworthy to mention that the
three-component reactions listed here proceed through the
formation of ylide intermediates (even though they have
been given a separate class in this review) which then sub-
sequently react further.

The catalytic formation of pyridinium ylides from diazo
compounds and Fe(TPP)Cl with various pyridines was em-
ployed for the three-component stereoselective synthesis of
tetrahydroindolizines (Scheme 25).546> Using EDA in the
presence of 1 mol% of Fe(TPP)Cl in toluene at room tem-
perature, a three-component assembly with pyridines and
oxindoles produced the desired tetrahydroindolizines in
high yields and diastereoselectivities while releasing N, as
the only byproduct. Various pyridine derivatives and ox-
indoles underwent this pyridinium ylide triggered three-
component assembly. This study was conducted with either
iron or copper catalysts where both exhibited efficient cat-
alytic activity. The synthesis of tetrahydroindolizines starts
by the formation of the pyridinium ylide which undergoes
1,4-addition onto the alkenyloxindole and, finally, cycliza-
tion of the zwitterionic intermediate.

The diastereoselectivity arises from the minimization of
dipole-dipole repulsion. Also, during the ring-closing step,
the attractive interaction between the electron-deficient
pyridinium ring and electron-rich oxindole results in the
observed configuration of the products. The diazo com-
pounds were also generated in situ by basic treatment of its
tosylhydrazone surrogate, and the reaction proceeded in
moderate yield (57%). N-Methylmaleimide, as an alternate
electrophilic alkene to oxindoles, reacted in excellent yield
with 4-(trifluoromethyl)pyridine (94%) and good yield with
3-bromo-5-methoxypyridine (66%) to produce a single
cycloadduct diastereomer.

An iron-catalyzed multicomponent reaction of a-diazo
esters with N-benzylisatin derivatives and ammonia gave
facile access to polyfunctional primary amines bearing 3-
substituted 3-hydroxyoxindole moieties in high yields and
moderate diastereoselectivities (Scheme 26).56 Using 3
mol% of Fe(TPP)Cl mediated this three-component assem-
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R'(0)C
RT
/ . EDA(15equiv)
04 @ Fe(TPP)CI (1 mol%)

- —_—
N N’—\R3 Toluene, 1t, 3 h
\
R? (3 equiv.)

EtO,C

R?=Ac,R%=1,71% R'= Ph, R?=H, R®= COyMe, 57%
R?=H, R®=Br, 83% R'= Bu, R?= Ac, R%= CN, 90%, 20% de

Et0,C Et0,C

R'= OEt, R?= H, 92%, 60% de
Ac, 93%, 60% de
R'=Ph, R2=H, 73%

R=NO, 85%, 64% de
OMe, 92%, 72% de

EDA (1.5 equiv.)
O Fe( TPP Cl (1 mol%)
"\ “Tolwene, 1,30

(3 equiv.)

O R=CFs 94%

N- methylmalelmlde CN, 66%

Scheme 25 Iron-catalyzed three-component stereoselective synthesis
of tetrahydroindolizines

bly within 1 min at 65 °C in THF. The use of various alkyl
diazo compounds afforded similar diastereoselectivities of
the desired three-component products in good yields.

NH2
NHs3
Fe(TPP)CI
A 3 mol% OzEt
R coet T UA THF 65 °C
1 min

(1.5 equiv.)

NHg

NH2
©\‘< 00251 O\k ;COQEt R\©\‘< CO,Et

R = Me, 72% 20% de
Et, 74%, 16% de

R =Me, 77% 20% de
Br, 76%, 16% de
F, 73%, 14% de

71%, 24% de

Scheme 26 Multicomponent reaction of diazo esters with N-benzyl-
isatin derivatives

The reaction of EDA with 1-substituted benzimidazoles
in the presence of a catalytic amount of Fe(TPP)CI (2 mol%)
generated benzimidazolium N-ylides which underwent 1,3-
dipolar cycloadditions with electron-poor disubstituted
alkenes or alkynes (Scheme 27).%7 This one-pot, three-com-
ponent reaction allowed the facile construction of diversely
substituted pyrroles in high yields (up to 95%). The reaction
scope was general and accepted different diazoacetates or
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diazo ketones, N-benzylbenzimidazoles, and alkynes or
alkenes in high yields, in some case the yield was almost
quantitative. Control experiments and mechanistic studies
resulted in the proposal of a catalytically generated benz-
imidazolium N-ylide that undergoes a [3+2] cycloaddition
with the alkyne or alkene to produce the multisubstituted
pyrrole. Also, cycloadditions with alkenes required the use
of DDQ to favor the oxidative ring-aromatization of the pyr-
rolidine species to give the targeted pyrroles.

(0

(1.2 equiv.) Y. ; (1.5 equiv.)

I
Fe(TPP)CI (2 mol%)

R3 R®
EtO,C _ Rz/ RZ\/\ E10,G
2
N_ —R® 14-dioxane
4AMS, o, 121 DCM, 1t, 12 h
—
12) DDQ
’}‘H 1 (22 equiv.)
1 R1 :
R'=Bn H
R2, R® = CO,Me, 86% : R2, R3 = CO,Me, 95%
R2, R® = COLEt, 83% : R? = COMe, R® = H, 95%
R2 = COREL, R = H, 78% ' COzMe, R® = Ph, 88%
Me, 73% £O.C
= Me, R?, R® = CO,Me, 76% 2 COMe

CO,Me

EtO,C II iji
CoM
?\lé\COZMe eve
R-D:NH R=R'=Me, 70% i R'=Bn, R=R'=Me, 95%

te R=HR=Br76% R'=Me R=H, R'=Br,95%

................................ R

Benzimidazolium Ylide Formation

x—N
| :[ S Et0,C

Z~N N—H R®
(1:2equv) by Fe(rPRIGI ,?j 2% multisubstituted
K R polycyclic fused pyrrole
+ M, Ej: \> ———— derivatives
EDA DCM, 1t, 12 h N or
(1.5 equiv.) \R‘ Hz\/\ﬂ3
+DDQ

Scheme 27 1,3-Dipolar cycloaddition of benzimidazolium N-ylides

Fe(TPP)CI has been used in a three-component asym-
metric gem-difunctionalization of 2,2,2-trifluorodiazo-
ethane. In the presence of arylamines, the trifluoromethyl-
containing ammonium ylide is captured by an imine (made
in situ from the arylamine and aldehyde) activated by a chi-
ral BINOL-phosphoric acid co-catalyst (Scheme 28).58 The
trifluoromethyl-containing chiral syn-diamines were ob-
tained in high yields (up to 90%) and enantioselectivities
that exceed 90% ee when using Fe(TPP)Cl in 3 mol% and the
chiral BINOL-phosphoric acid co-catalyst in 10 mol% load-
ing at -10 °C in toluene. The iron catalyst was highly selec-
tive and no N-H insertion was observed with the starting
amines even though the catalyst has been reported as an ef-
ficient catalyst for such a transformation (see Section 2.3).
The mechanism was elucidated by DFT calculations and in-
dicates that the formation of a free ylide, after cleavage
from the iron center, is critical to react with the activated
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chiral BINOL-phosphoric acid . The BINOL-phosphoric acid
acts as a chiral proton shuttle which induces the observed
chirality.

Fe(TPP)CI
(3 mol%) 5
Na PPA cocatalyst NHAr
)J\. + Ar-CHO + ArP-NH, — (10 mol% At
H Toluene, -10 °C
(1.5 equiv.) (2.1 equiv.) 4 A MS, 30 min NHArR
> 90% de for all
; NHPMP PPA cocatalyst
Ar CF; R= 3,5-(CF3)205H%
At NHPMP OO
2-CO,MeCeHy, 78%, 87% ee 0.0
2-BnOCgHq, 80%, 90% ee o™oH

2-EtOCgHy, 85%, 92% ee
2-BrCgHa, 75%, 80% ee
2-CICgHy, 77%, 80% ee

L
2-Bn0O-3-MeOCgH3, 85%, 88% ee

O NHAr2 O NHPh
CF3 CxFy
NHAr? NHPh

A=

Ph, 81%, 93% ee CF,CFg, 90%, 88% ee
4-MeCgH,, 82%, 90% ee CF,CF,CF3, 86%, 80% ee
4-MeOCgH,, 85%, 82% ee CF2H, 0%

4-BnOCgHj, 80%, 82% ee
4-FCgHy, 78%, 96% ee
4-CICgH4, 82%, 92% ee
4-BrCgHy, 80%, 92% ee

Scheme 28 Three component asymmetric gem-difunctionalization of
2,2,2-trifluorodiazoethane

5 Miscellaneous

In certain cases, an iron catalyst can leave the dinitrogen
of a diazo compound intact, and this allows interesting re-
activity. Among these instances is the synthesis of hydra-
zones through an iron-catalyzed hydroamination as an al-
ternative to olefin hydroaminations that use NaN; (Scheme
29).%° This reaction used Fe(acac); (10 mol%) and PhSiH, for
the hydroamination of various alkenes with a wide scope of
acceptor/acceptor and donor/acceptor diazo compounds in
moderate and high yields. An intramolecular hydroamina-
tion of a variety of olefin-containing diazo compounds al-
lowed access to 6-, 7-, and 8-membered cyclic hydrazones
in good yields (up to 85%).

A mild and efficient halogenation of a-halomethyl ke-
tones starting from a-diazo ketones used FeX; salts and sili-
ca gel (Scheme 30).7° This interesting approach used 0.5
equiv. of the iron salt (FeCl; or FeBr;) in DCM at room tem-
perature and gave the respective o-chloro or o-bro-
momethyl ketones in high yields. It was suggested that the
formation of the iron carbene intermediate produced the
halogen anion which attacks the carbene center and is then
protonated by silica.

Short Review

N R2 Fe(acac)s (10 mol%) N

. 1\)\ PhSiH3 (2 equiv.) .Jk.
_PhSiHs (2 equiv.)_
.)j\. R\Z#~pgs ~EOH,60°C,6h

(2 equiv.)
{Olefins e
: R R R”ﬁ
: _NH _NH _NH
: N N
! MeO,C” COsMe MeO,C”~ CO,Me Me0,C” “CO,Me!
= OBn, 88% R' Me = CHoPMP, 81%:
OH, 83% = CH,CONHPh, 73% CHoTMS, 42%:

CH,OH, 90% R‘ R2=

Dlazo W Intramolecular Hydroamination
: R‘,R2 CO,Me, 92% EtOZC/d/ Ph

COMe, 56% : 78% 46% J
COEY, 64%
= CO,Et

R2 COPh, 63%
SO,Ph, 91%
PO(OEY),, 44%

=CO,Me

R2 = Bn, 58%
1-Naphthyl, 61%

CH,0H, 42%

n=1,85%
2, 43%

Scheme 29 Hydroamination of olefins with diazo compounds

Na FeXs ‘(9.5 equiv.)
R Silica gel R
H 'DCM, tt, 10 min \ﬂ/\x
(0] 0o

'R =Ph, 70%

| 4-MeCgHy, 56% &
4-MeOCgHy, 65% &
4-AcCeHy, 70% !
4-ICgH4, 73% 2-BrCgHa, 80%
4-CICgHs, 75% & 2-Naphthyl, 82%
4-NO,CgHa, 65% "  Bn, 68%
2-BrCgHa, 65% . Hex, 63%
2-ICgH4, 81% Y 2-Furyl, 55% H
2-Naphthyl, 82%  +~7"7TTTTTremmemes
Bn, 68% :
Hex, 40%

' R = Ph, 84%
4-MeCgH,, 86%
4-CICgHy, 85% !
4-NO,CgHs, 95% !

Scheme 30 Synthesis of a-halomethyl ketones from a-diazo ketones

6 Conclusion

Not only are diazo compounds extremely versatile, but
also their reactivity with iron catalysts demonstrates their
wide application range. There is no doubt that there has
been mounting interest in iron-mediated chemistry with
diazo compounds. This attention is due to its selectivity, ef-
ficiency, and availability. Numerous breakthroughs have
been made in the field of iron catalysis with diazo com-
pounds, and they have opened up doors to hitherto inacces-
sible transformations. Iron-catalyzed asymmetric transfor-
mations with diazo compounds remain one of the biggest
challenges. Catalysts based on abundant iron constitute at-
tractive alternatives to well-developed noble metal cata-
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lysts. The development of an even wider variety of iron cat-
alysts is certainly desirable in order to further complete the
organic chemist toolbox in sustainable catalytic processes.

After submission of this article, a similar review cover-
ing Fe-catalyzed transformations with diazo compounds
was published.”!

Note added in proof

After submission of this article, a similar review cover-
ing Fe-catalyzed transformations with diazo compounds
was published.”
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