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Light alkanes are natural organic carbon sources and widely distributed in nature. Transforming them into
value-added fine chemicals affords attractively economic and ecological benefits as well as enormous
chemical challenges. Herein, we report a practical iron-catalysed photoredox system for C(sp®)—H trans-
formation of ethane, propane, and other light alkanes to C—N and C-C bonds under ambient tempera-
ture. The present method with abundant and inexpensive iron salts as photocatalysts exhibits high cata-
lytic efficiency (turnover number up to 8000), mild conditions, and the convenience of being purified and
scaled up without chromatography. A photo-induced ligand-to-metal charge transfer between Fe(i) and
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Cl™ generates a highly active chlorine radical that sequentially acts as hydrogen atom transfer catalyst.
Therefore, the sustainable, convenient, and environmentally friendly system will find wide applications in
high-value-added transformation of natural alkanes with novel inspiration not only for organic synthesis,

rsc.li/greenchem but also for designing catalytically active organic/inorganic materials.
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Introduction

Light alkanes (mainly including C,-C¢) are widely distributed
and abundant in nature, but these organic carbon sources are
usually applied as fuels more than as economical chemical
feedstocks." The main reason for the case is the great difficulty
in direct activation of C(sp®)-H bonds in light alkanes due to
their intrinsic inertness, uncontrollable chemoselectivity, and
low solubility in most solvents.”® The great scientific chal-
lenges and the additional economic and ecological benefits of
transforming natural alkanes into value-added liquid fine
chemicals by homogeneous catalytic reactions have attracted
substantial attention in recent years.> To avoid the harsh con-
ditions (high temperature, strong oxidants, and superacid
media) used before,> noble metal-catalysed (Pd, Ir, Rh, Ru)
systems>** and biomimetic (Fe, Mn, and Co porphyrins) cata-
Iytic systems® have been developed, but it is a big challenge to
exploit efficient catalytic systems without complicated
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ligands for convenient C(sp®)-H functionalisation under mild
conditions.

Recently, photocatalysis, which is an environmentally
friendly, sustainable, and unique process, has received signifi-
cant attention.® Owing to the high activities of radicals, photo-
generated oxygen,” nitrogen,® sulphur® and bromine' radicals
have been enabled to activate unattainable C-H bonds via
hydrogen atom transfer (HAT) processes. Recently, Zuo,"'*
Wu''” and Noél'™* groups respectively realised direct functio-
nalisation of gaseous alkanes with excellent yields and novel
catalytic systems by photo-induced HAT processes; high oxi-
dation potential and high price of the used photocatalysts
limit the further development and industrial application of
these system to a certain extent. Chlorine radicals are another
heteroatom-centred radical capable of processing HAT with
unactivated aliphatic C-H bonds,*'? but little attention has
been focused on its application in photocatalysis'? due to its
high oxidation potential (E°*(CI7/Cl") = + 2.03 V vs. SCE).
Photo-dissociation of molecular chlorine in old processes is an
effective measure to give chlorine radicals; however, use of
toxic, corrosive, and hazardous molecular chlorine affords
great application limitation.

Photo-induced ligand-to-metal charge transfers (LMCT),
instead of traditional redox processes, seems to be an effective
solution to solve this problem."” Of all transition metal
elements, iron is the most abundant one in the earth’s crust,
and its low oxidation potential and application in photo-cata-
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lysed organic synthesis through photo-induced LMCT**'*
afford benefits to overcome this key challenge. From the per-
spective of sustainability, we hope to employ the chlorine rad-
icals generated from photo-induced LMCT of Fe-Cl complexes
instead of additional HAT catalysts. Years ago, photooxidation
and oxy-chlorination of cyclohexane in homogeneous phase
were realised with this strategy,"*“ but the functionalisation
type and substrate scope were quite limited. Very recently,
Rovis Research Group successfully realised C(sp®)-H bond
alkylation via copper'* and iron'*”" photocatalysis with great
substrate scope. However, direct C-H activation of gaseous
alkanes with a similar chlorine-radical-mediated gaseous-
liquid system met great difficulty due to their low solubility in
most solvents and the little bond dissociation energy (BDE)
difference between gaseous alkanes (such as ethane,
101.1 keal mol™)"® and hydrogen chloride (103 kcal mol™").*
Therefore, developing a concise and efficient system—that can
transform C(sp®)-H bonds, particularly of ethane and other
gaseous alkanes, to diverse high value-added compounds
under ambient temperature with high catalytic efficiency, low
cost, low-oxidizability catalyst, and the convenience of being
purified and scaled up—remains significantly challenging to
scientists. As part of our continuing development on the
photo-induced synthetic reactions,'® we report here an extre-
mely simple and highly efficient photo-induced catalytic
system for selective C-H functionalisation of ethane, propane,
and other light alkanes with the only-added iron catalyst (as
cheap as $USD 12 kg™") (Scheme 1). Many desired coupling
products were obtained by a simple aqueous wash without
chromatography; the reactions were consequently reliably
scaled up and conveniently purified.

Results and discussion

First, the direct C-H transformation of cyclohexane (1d, a
typical example of alkanes) to C-N bond was chosen as the
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Scheme 1 Photo-induced C(sp®)—H functionalisation via iron-catalysed
LMCT/HAT processes. SCE = Saturated calomel electrode, EWG = elec-
tron withdrawing group.
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Table 1 Optimisation of conditions for photo-induced Fe-catalysed C—
N bond formation between cyclohexane (1d) and DBAD (2a)®

- H
¥ " BOG~N—.N\B [Fe catalyst] b ,H‘
= solvent = N” "Boc
hv, rt Boc
cyclohexane DBAD
(1d) (2a) o
Time

Entry Fe catalyst Solvent (h) Yield” (%)

1 Fe,(S0,);-H,0 CH,CN 5.0 0
2 Fe(NO;);-9H,0 CH;CN 5.0 0
3 FeCl;-6H,0 CH;CN 1.0 97
4 Anhydrous FeCl, CH;CN 1.0 94
5 FeSO,-7H,0 CH,CN 5.0 0
6 Fe(NOs)3-9H,0 + TEAC CH;CN 1.0 96
7 FeSO,4-7H,0 + TEAC CH;CN 1.0 46
8 TEAC CH;CN 5.0 Trace
9 CuCl, CH,CN 1.0 28
10 MnCl,-4H,0 CH;CN 1.0 Trace
11 NiCl, CH;CN 1.0 Trace
12 FeBr; CH;CN 1.0 Trace
13¢ — CH,CN 1.0 5.5
14 FeCl;-6H,0 DMSO 1.0 0
15 FeCl;-6H,0 CH,Cl, 1.0 25
16 FeCl;-6H,0 (0.001 equiv.) CH3;CN 4.0 95
+ TEAC
17 FeCl;-6H,0 (0.0001 equiv.) CH3;CN 10.0 80 (TON = 8000)
+ TEAC

189 FeCl;-6H,0
19°  FeCl;-6H,0
20/ FeCl;-6H,0

CH;CN 50 0
CH;CN 50 56
CH;CN 50 17

“Reaction conditions: N, atmosphere and irradiation with 30 W
365 nm LED, cyclohexane (1d) (5 mmol, 10 equiv.), DBAD (2a)
(0.5 mmol, 1 equiv.), Fe catalyst (5 pmol, 0.01 equiv.), additive (TEAC,
15 pmol, 0.03 equiv. if needed) solvent (5 mL), temperature (rt,
~25 °C), time (1-10 h) in a 10 mL quartz tube. ?Yields of 3da were
determined by '"H NMR using dibromomethane as the internal stan-
dard. ¢ Cl, atmosphere. ¢ No light. ¢ Irradiation with 30 W 395 nm LED.
fTrradiation with 30 W 405 nm LED. DBAD = ditertbutyl azodicarboxy-
late. TEAC = tetraethylammonium chloride. DMSO = dimethyl sulfox-
ide. TON = turnover number.

model to investigate the iron-catalysed photoredox system.
Table 1 shows several Fe(m) and Fe(u) salts screened with
CH;CN as the solvent under N, atmosphere and irradiation of
30 W 365 nm LED (entries 1-5). Only iron salts with chloride
ions as anions could catalyse the C(sp®)-H activation reaction
and provide remarkable results (entries 3 and 4). To further
investigate this phenomenon, extra chloride ions (tetraethyl-
ammonium chloride, TEAC) were added into the unreacted
systems (entries 2 and 5). The result systems became effective
for the model reaction (entries 6 and 7) in which the catalytic
activity of Fe(m) seemed to be a little higher than Fe(u). The
removal of iron ions will terminate the catalytic activities
(entry 8) emphasising the need for both iron and chloride
ions. Other metal chlorides and iron halides were also tried
and no better results were observed (entries 9-12). The solvent
in entry 3 was removed to confirm whether trace amount of
other transition metals, especially noble metals with high
activities of photocatalysis, catalysed this reaction instead of
iron. The ICP mass spectrometry of the residue proved the low

Green Chem., 2021, 23, 6984-6989 | 6985
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enough concentration of other transition metals."” Cl, atmo-
sphere instead of iron catalysts under N, atmosphere was also
tried, obtaining a somewhat messy system and a low yield of
target product (entry 13, Fig. S217). Next, the effect of the sol-
vents was explored. Here, CH;CN had the highest yield
(compare entries 3, 14, 15). To survey the catalytic efficiency of
iron catalyst, the catalyst loading was lowered to 0.001 equiv.
(entry 16) and even 0.0001 equiv. (entry 17) resulting in longer
reaction times and slightly decreased yields; the turnover
number (TON) could be up to 8000. The reaction could not
proceed without light irradiation (entry 18) and longer wave-
lengths reduced the yields of desired C-N bond formation
product (entries 19 and 20). Importantly, the water-soluble
ferric trichloride hexahydrate catalyst was the only additive
inside the catalytic system except for the two substrates; the
conversion rate of substrates to products was high enough,
and thus a simple aqueous wash after reaction finishing pro-
duced the desired pure Boc-protected alkylhydrazine.

The Boc-protected alkylhydrazine is a valuable building
block with economic and practical value.''®® The substrate
scope for the iron-catalysed photoredox C-H functionalisation
of alkanes was surveyed with the optimised C-N bond for-
mation conditions (Table 2). First, many familiar liquid and
solid alkanes were attempted as substrates, and the corres-
ponding C-N bond formation products (see 3da-3ia) with
ditertbutyl azodicarboxylate (DBAD) as radical trap were
obtained in good to excellent yields. The regiomeric ratios (rr)
of functionalisation products at different positions of alkanes
were also investigated, and the results (such as 1:1.8:1 for
3fa, 1.8:1.7:1 for 3ga) showed that the regioselectivities
depended on stabilities of the corresponding generated carbon
radicals (3°/2°/1°) and quantities of hydrogens with a same
chemical environment.'®® Later calculations showed that the
HAT regioselectivity (rs) among one 3°, 2°, and 1° hydrogen of
alkanes in this catalytic system was close to 6:3:1;'* thus,
the real regiomeric ratio among H;(2°): H,(2°) : H3(1°) of 3fa
(1:1.8:1) was close to (3 x 2):(3 x 4):(1 x 6) = 1:2:1.
Different types of radical traps were also applied, and both C-
N (see 3da-3dd) and C-C bond formation (see 3de-3dp) with
alkanes provides good to excellent reaction efficiency.

Fixing natural gaseous alkanes and transforming them into
valuable fine chemicals is a fundamentally intriguing chal-
lenge in organic synthesis."® This emphasises the benefits and
importance of this approach. Here, n-butane is a major com-
ponent of liquid petroleum gas (LPG). It offered an excellent
yield under standard conditions and ambient pressure (see
3ca). Meanwhile, the regioselective properties were similar to
the values discussed above. Propane—the other major com-
ponent of LPG—was then used as a substrate with a slightly
lower yield of C-N bond formation product than that of
butane due to the decreasing solubility in acetonitrile (see
3ba). Another strong radical trap 2h was applied and provided
a more satisfactory result (see 3bh). Ethane functionalisation
is an enormous challenge according to the tiny solubility
under ambient temperature and pressure. Lowering the con-
centration of the reaction, that means increasing the relative
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concentration of ethane, was an effective solution to promote
the reaction yield (see Table S51). We also employed different
traps (see 3aa, 3ab, and 3ah), and 2h exhibited the best reactiv-
ity (see 3ah).

Although various organic compounds with C(sp®)-H bonds
have been successfully functionalised by other groups,”**
trying these compounds with the practical catalytic method
remains a tool to expand the substrate scope and, importantly,
further investigate the regioselective properties of HAT pro-
cesses. Table 2 shows that alkyl C(sp*)-H bonds assembled
with diverse functional groups, including arene (see 3ja), ether
(see 3ka-3na, 3vh), thioether (see 3qh), ketone (see 3o0a),
amide (see 3pa), heteroarene (see 3th), aliphatic (see 3rh), and
aromatic halogens (see 3sh, 3uh), can also be efficiently func-
tionalised by photo-induced iron catalysis under standard con-
ditions. Moreover, introduction of functional groups results in
marked differences on the stabilities of HAT-generated rad-
icals® such as the enhanced radical stabilities at alpha position
of oxygen and nitrogen atoms (see 3ka-3na, 3pa), and the atte-
nuated radical stabilities at the alpha position of ketone carbo-
nyl (see 30a). This led to the different regiomeric ratios of each
product. A low yield of 3ja, 3sh and 3uh was obtained due to
the well-known stability and dimerisation of the benzyl
radical.’® Another reason for affording unidentified by-pro-
ducts may be due to electrophilic reaction between intermedi-
ate chlorine radicals and arenes.”’ It should be mentioned
that, for most gaseous (see 1a-1c) and liquid alkanes (see 1d-
1g), the high enough yields and convenience of removing
excess alkane substrates afford the purification of desired pro-
ducts without chromatography (see 3ah, 3bh, 3ca-3ga, 3db-
3dd, 3dh-3do). However, this strategy is always not suitable for
substrates with functional groups due to their high boiling
points and increase of by-products.

Whether a synthetic reaction can be conveniently scaled
up and purified is a key factor to evaluate the synthetic prac-
ticability of the system. To demonstrate the outstanding prac-
ticability of the present Fe-catalysed photoredox C(sp’)-H
functionalisation protocol, a 10 mmol-scale synthesis with
n-butane and a 50 mmol-scale synthesis with cyclohexane
were performed (Scheme 2). After the reactions were com-
pleted, a simple aqueous wash toward the reaction mixture
yielded 2.53 g of 3ca in 87.8% yield and 14.79 g of 3da in
94.1% yield without obvious loss of efficiency (more details
see Fig. S3-S77). It should be mentioned that although excess
alkane substrates were added, little amount of them trans-
formed to other by-products depending on GC analysis after
reaction (Fig. S227). Both excess liquid and gaseous alkane
substrates could be recycled by after treatment for the next
reaction.

Depending on the inspiration of previous work, some
mechanistic experiments were performed to explore the
mechanism of the photoredox C(sp*)-H functionalisation sys-
tematically. Firstly, UV-visible absorption studies showed the
coexistence of Fe>" and Cl~ was responsible for the character-
istic absorption peak near 365 nm, consistent with the data
reported previously'**” (more details see Fig. $14). No similar

14e,h
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Table 2 Substrate scope for the photo-induced Fe-catalysed C(sp®)—H functionalisation®

. H Rz
0.01 equiv. FeCl3-6H;0
R-H  +  RingNe o pe SEWG i T2 e o EWG
W R 3 CH4CN, tt, hv ! - .
Rs BRI Ry Rs
1 2 3
3 (yield, regiomeric ratio and time) (HAT regioselectivity)”
gaseous alkanes
1 +2a: 3aa (79%, 0.5 h)° gz +2a: 3ba (86%, 1:1 r.r., 1h) HyC gﬁ +2a: 3ca (2%, 2.1:1 1. Thy?

HyC-CHs  +2b: 3ab (84%, 0.5 h)° HaC™y CHy +2h:3bh (98%, 1:1 rr., 2h)’ G GH 2l

+2h; 3ah (98%, 2 h)*7 2 2:1°=3:1rs. 2 2 ) -

other alkanes (+2a)

01 E>1 PR SN
1 3 1 3

3fa (94%, 1:1.8:1 rr, 1h)? 3ga (96%, 1.8:1.7:1 rr, 1h)’ 3ha(34% 1:1.2 rr, 2h) aia(TB% 114rr 3hy*
21 = 32T s et | : =51 rs

1
1 0 2 0 1
-
S | ( p
? o
+2a: 3na (91%, 4.2:1 rr., 0.6h)
Pla)iPiH=481rs.

+2h: 3sh (63%,10h)

3da (97%, 1h)” 3ea (98%, 1h)’

other compounds
o8

+2a: 3ja (60%, 12h)

+2a: 3ka (87%, 11.2:1 r.r., 0.8h) +2a: 3la (89%, 4.1:1 r.r.,, 0.6h)

: +2a: 3ma (93%, 0.6h)"
() 1°(8) = 16.8:1 r.s. 1%(e): 1) = 12.3:1 s

1 1 1
O§Oz BocN 7 § 72

+2h: 3qh (98%, 5.6:1 r.r.,
+2a: 3oa (83%, 1:3.2 r.r, 2h) 141 dr, 2h)
Pla):2(f) =1:3.2r15.

1
O
2 B0, 31 +2h: 3rh (42%, 1:1 d.r.,5h)
b L T B e A 5 A etk etk fob o b AL R et

. ! radical trap scope (+1d)
F 1 3 : o
@j% [ TN N COOCH,
N ]
F b 3 COOCH
\ ' o} 3

+2h: 3th (73%, 10h)
+2h; 3vh (91%, 3h) R = Et (2¢): 3dc (98%, 0.6h)’

R = CHPh (2d): 3dd (98%, 1h)”

| R=#Pr(2b): 3db (98%, 1h)’
' +2e: 3de (63%, 12h)

1 3 : 0
= [0} L3
Ph 0 0" Ph /©/\I/ R = OBu (2j): 3dj (97%, 15h)"' N s
| R CN R = OPh (2k): 3dk (98%, 15h)°" \I\;\‘/:C' ’f %
R R = OCH,Ph (21): 3dI (98%, 15h)"'

R =H (2h): 3dh (98%, 2h)’ +2p: 3dp (20%, 15h)’

R = Me (2i): 3di (98%, 8h)’

R = NHPh (2m): 3dm (95%, 14h)""
R = N(Me)Ph (2n): 3dn (96%, 14h)"¢

R =H (2f): 3df (52%, 12h) +20: 3do (98%, 2h)"7

R =Me (2g): 3dg (77%, 12h)

“Reaction conditions: N, atmosphere and irradiation with 30 W 365 nm LED, alkanes (1) (5 mmol, 10 equiv.), radlcal trap (2) (0.5 mmol, 1
equiv.), FeCl3-6H20 (5 pmol, 0.01 equiv.), CH3CN (5 mL), temperature (rt, ~25 °C), time (0.5-12 h) in a 10 mL quartz tube. ” Yields of 3 were deter—
mined by "H NMR analysis with internal standard; regiomeric ratios (rr) of 3 were determined by GC analysis; diastereo ratios (dr) were deter-
mined by GC/'H NMR analysis; HAT regloselectwltles (rs) were calculated by (regiomeric ratio)/(number of hydrogen). ‘ The reaction was per-
formed in 0.1 mmol scale with 0.03 equiv. catalyst and 7 mL CH;CN. ¢ The pure products can be obtained by aqueous wash without chromato-
graphy. ° Regiomeric ratios (rr) were determined by "H NMR analysis./ The reaction was performed with 0.2 equiv. catalyst. ¢ The reaction was per-
formed with 0.1 equiv. catalyst.

absorption peak was found in UV-visible spectrum of pure
FeCl, (see Fig. S15%). Time tracking of UV-visible spectrum
reflected the obvious decomposition of FeCl;-6H,O under
365 nm LED irradiation (see Fig. S167). Next, Stern-Volmer
fluorescence quenching experiments were carried out. Among
the components existing in the catalytic system, only CI~ could
quench the fluorescence of Fe® excited at 421 nm (see
Fig. S17-S207). This indicated a LMCT process instead of a tra-
ditional redox process between Fe** and Cl™. The density of
functional theory (DFT) calculation results also proved the

This journal is © The Royal Society of Chemistry 2021

LMCT process to take place according to the thermodynamic
law (more details see Table S67). Next, the radicals produced
in the iron-catalysed system were surveyed by electron para-
magnetic resonance (EPR) in the presence of 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) as the spin trapping agent. The EPR
spectrum of mixture of FeCl;-6H,O (40 mM), cyclohexane
(1 M), and DMPO (200 mM) in CH3CN under dark condition
showed no signal of trapped radicals. After irradiation for 60 s,
the EPR spectrum became a combination of a triplet-signal (ay
=1.496 mT, g = 2.0035) and a sextet-signal (ay = 1.436 mT, ay =

Green Chem., 2021, 23, 6984-6989 | 6987
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0.01 equiv. FeCl;-6H:0
BOC‘NI'N‘BOC n-butane (1¢, 1 atm)

CHiCN, rt, 4 h
3"30 W 365 nm LED

Boc. N
oc“lil' “Boc

2a (10 mmol, 2.3 g) 3
3ca (8.78 mmol, 2.53 g, 87.8%)

0.01 equiv. FeCly-6H,0 \ H
EOC‘N"N‘BOC cyclohexane (1d, 10 equiv.) .\I‘:I’N‘BDC
2a (50 mmol, 11.5 g) CHiCN, i, 12 h Boc

330 W 365 nm LED

3da (47.1 mmol, 14.79 g, 94.1%)

Scheme 2 Gram-scale synthesis of 3ca and 3da.

1.733 mT, g = 2.0039). The results indicated the appearance of
chlorine and carbon radicals trapped by DMPO>* (more details
see Fig. S8-97). The radical trapping experiments with 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) also demonstrated the
appearance of carbon radicals generated from alkanes with 'H
NMR and GC-MS analysis (see Fig. S10-117). To further study
the photo-induced radical-intermediated system, the quantum
yields (QY) of the reaction systems generating 3da and 3dh
were 0.211 and 0.070 (see Fig. S12-13, Scheme S2-37t). This
showed that radical chain processes made little contribution
to generate the target C-N and C-C bond formation pro-
ducts.>® The kinetic isotope effect (KIE) was evaluated by
applying (a) cyclohexane/d;,-cyclohexane respectively as sub-
strates or (b) a 1:1 mixture of cyclohexane and d;,-cyclohexane
as substrates to produce 3da. The magnitude of the KIE value
given by ku/kp>* and Py/Pp>* was 0.98 and 1.53 respectively for
C-N bond formation (see Scheme S17). These values indicated
a chlorine-radical-intermediated HAT process to be a “product-
determining step”, but not the “rate-determining step” in this
catalytic system.**

The above results suggest a possible mechanism for the iron-
catalysed photoredox C(sp’)-H functionalisation (Scheme 3).

S
; [LoFe"-Cip*
[LoFe'-Cl] LMCT
Cl
cr
Boc El) SET I ®H
“N” "Boc [LaFeT] HAT

@ Cl—H
Boc.. N.
o e —~ @)

. DBAD

Scheme 3 Proposed mechanism for the iron-catalysed photoredox C—
N bond formation between alkanes and DBAD. TP = Target product.
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First, the Fe(u)-Cl complex transforms into its excited state
under light irradiation. A subsequent LMCT provides an inter-
mediate Fe(n) complex and a highly active chlorine radical.
Next, a HAT process between the chlorine radical and C(sp®)-H
bond of alkane generates the corresponding alkyl radical and
HCL. The alkyl radical is trapped by radical trap DBAD (chosen
as an example) generating a new nitrogen radical. Sequentially,
a single electron transfer (SET) occurs between the nitrogen
radical and intermediate Fe(u) complex affording the final C-N
bond effectively accelerated thanks to the high reducibility and
coordination ability of Fe(u) intermediate compared to other
catalytic systems.

Conclusions

We developed a highly efficient, green, and concise system for
C(sp®)-H functionalisation by iron photocatalysis. Alkanes
including gaseous ethane, propane, and butane, as well as
compounds with diverse functional groups, can be activated
through this method by chlorine radicals generated from Fe
(u)-Cl LMCT processes. It is a rare example of realising
gaseous alkane functionalisation in gaseous-liquid phases
with a chlorine radical-mediated process. This method exhibits
many significant advantages including mild conditions, high
reaction efficiency, low cost, and convenience of purification
and amplification. We believe that this sustainable, convenient
and environmentally friendly system will find wide appli-
cations in high value-added transformation of natural alkanes
and offer novel inspiration for not only organic synthesis, but
also design of catalytically active organic/inorganic materials
(such as metal-organic frameworks, and zeolites).
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