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Blue LED Irradiation of lodonium Ylides Gives Diradical
Intermediates for Efficient Metal-free Cyclopropanation with

Alkenes

Tristan Chidley, P! Islam Jameel, @ Shafa Rizwan, © Philippe A. Peixoto,™ Laurent Pouységu,®
Stéphane Quideau,*™ W. Scott Hopkins*® and Graham K. Murphy*

Abstract: A facile and highly chemoselective synthesis of doubly
activated cyclopropanes is reported where mixtures of alkenes and
B-dicarbonyl-derived iodonium ylides are irradiated with light from
blue LEDs. This metal-free synthesis gives cyclopropanes in yields
up to 96%, is operative with cyclic and acyclic ylides, and proceeds
with a variety of electronically-diverse alkenes. Computational
analysis explains the high selectivity observed, which derives from
exclusive HOMO to LUMO excitation, instead of free carbene
generation. The procedure is operationally simple, uses no
photocatalyst, and provides access in one step to important building
blocks for complex molecule synthesis.

Recently, the use of hypervalent iodine(lll) (HVI) reagents in
organic chemistry has undergone tremendous growth, owing to
the inherent advantages of mild reaction conditions and broad
reactivity, and of recyclable, environmentally-benign by-
products.' Cutting edge strategies towards reactions that are
catalytic in iodoarene have been developed, including catalytic
asymmetric variants.” In addition, recent efforts to merge visible
light-mediated photochemistry with HVI-based reactions has
revealed new and exciting potential for organic synthesis.”!
However, compared with the major achievements realized for
photoredox catalysis with transition metal complexes/ .the
intersection of HVI-mediated reactions and 'visible light
photoredox catalysis or photoactivation is still in its infancy.

Our interest in HVI-mediated reactions’ stems from the
movement towards safer and more sustainable organic
synthesis practices. By developing new processes in which
iodonium vylides serve as diazonium ylide surrogates,” we
exploit the increased and often complementary reactivity that
they display, which originates<from their hypervalent bonding.
lodonium ylides are synthetically versatile,”” readily undergoing
ionic reactions,” and serving as precursors in C—H insertion,®
cycloaddition,”  cyclopropanation” or tandem reactions
thereof,""! as both racemic and asymmetric processes.'”'? The
reliance on the use of B=dicarbonyl or similarly B-distabilized
species to generate iodonium ylides render these unique
carbene precursors ideally functionalized for the synthesis of
important synthetic’ motifs, such as doubly activated
cyclopropanes.'*'
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lodonium ylides can be converted to singlet carbenes under
irradiation using a mercury (Hg) lamp, and the groups of
Hadijiarapoglou,®  Matveeva,”®"® and Spyroudis®™'®. have
reported examples of cyclopropanation and related-cycloaddition
events. These reactions thus proceed via free carbenes, which
are formed upon cleavage of the ylide C—IPh bond, but the heat
generated by the lamp is often an unavoidable source of
technical complications and chemical selectivity issues. For
example, Hadjiarapoglou showed that iirradiating a iodonium
ylide 1a with a Hg lamp ‘leads exclusively to a dihydrofuran in
96% yield, in part due to the heat generated during the reaction,
which is sufficient to isomerize any of cyclopropane 3a formed
(Scheme 1a). In this. regard, light-emitting diodes (LEDs)
constitute_new tools for testing the reactivity of iodonium ylides,
as light irradiation.in the lower-energy 400-500 nm (violet-blue)
range can be easily achieved without significant heating, hence
enabling the practical, convenient and selective generation of
reactive intermediates under much milder conditions. Recently,
Davies and Jurberg reported the photochemical decomposition
of aryldiazoacetates with blue LEDs in the presence of
styrene.l'”'® however, these cyclopropanation reactions were
only successful with donor/acceptor diazo derivatives, as both
monostabilized ethyl diazoacetate and distabilized dimethyl 2-
diazomalonate derivatives did not absorb in the blue light region.
Though they often exhibit similar chemical reactivity, iodonium
ylides are zwitterionic and structurally distinct from diazo
compounds, because their ylene resonance forms contribute
little to their C—I bonding.'® Thus, we envisioned that irradiating
distabilized iodonium ylides with lower-energy visible light could
provide an entry into metal-free carbenoid-type reactivity. Herein,
UV-Visible  spectroscopy, computational analysis and
experimentation were used to elucidate how distabilized cyclic
and acyclic iodonium ylides could react with alkenes under blue
LED irradiation to provide cyclopropanes (Scheme 1b).
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Scheme 1. Light-mediated reactions of iodonium ylides.



We began this study by recording the UV-Vis absorption
spectra of the dimedone-derived iodonium ylide 1a at 0.1 M and
0.03 mM concentrations (Figure 1a and 1b, also see Figure SI-
1). When overlaid with the emission spectrum of the RGB LEDs,
it is clear that excitation of 1a can only occur in the blue region
(see inset). We then tested a series of related iodonium ylides
possessing substituents on the phenyl ring of the iodoarene
motif, but we found little-to-no variation in their UV-Vis
absorption spectra at 0.1 M with iodoarenes equipped with p-
tolyl (1b), p-Cl (1¢), p-CN (1d), 2,6-dimethoxy-4-methyl (1g) and
even with the 2-naphthyl (1h) as compared to that of the parent
iodonium ylide 1a (see Figure SI-10). Changing the B-dicarbonyl
region of the ylide resulted in more significant changes in their
absorption spectra. Progressing from the dimedone-(1a), to the
ketoester-(1i), to the diester-(1j) derived ylides showed an
increasing blue shift (see Figure SI-11), and we anticipated that
the decreasing overlap with the blue LED emission spectrum
would result in increasingly longer reaction rates for these ylides.

To explore the electronic spectroscopy from a fundamental
standpoint, we conducted a computational study of selected
iodonium ylides at the time-dependent (TD) DFT level of
theory.?” First, a search for optimal molecular geometry was
performed at the B3LYP/6-311+G(d,p) level of theory.”" Upon
identifying the global minimum geometry for each ylide, the
optimal ground state structure was employed for TD-DFT
calculations of the ten lowest-energy excited electronic states.
An example of the output from these calculations is provided in
Figure 1c, which plots the predicted UV-Vis spectrum for 1a as
relative absorption cross-section versus wavelength. In this, and
all other cases examined, we found that the blue LED irradiation
drives HOMO to LUMO excitation. For 1a, the HOMO to LUMO
band system is predicted to be the most intense of those
calculated (332 nm), and it is well separated from those of
higher energies (i.e., shorter wavelengths). While the relative
intensity and absorption maximum of the HOMO- to LUMO
excitation did vary somewhat across the series’ of iodonium
ylides (see Figures SI-1 to SI-6), the nature of the electronic
excitation was essentially the same for each iodonium ylide.
Specifically, for 1a, the HOMO of the ylide is predominantly
associated with electron density at the.carbonyl oxygens and the
ylide carbon (Figure 1d). Excitation to the LUMO promotes one
electron from the HOMO to an.orbital that is predominantly
associated with the iodine centre. This interpretation is
supported by natural population analysis,” which indicates that
0.26e of electron density is transferred to iodine upon irradiation
of the ylide (average determined from ylides 1a,b,g-j; see Table
SI-1). Therefore, unlike related diazo compounds, f-dicarbonyl-
derived iodonium ylides are expected to absorb blue light and to
generate 1,2-diradical species, such as A (with unpaired
electron density predominantly on the iodine atom and the ylidic
carbon), instead of undergoing heterolytic cleavage to produce
free carbenes.

To test the chemical reactivity of iodonium ylides under
blue LED (Amax 461 nm) irradiation, we constructed a multi-slot
reactor (see Figure SI-15) in which the reaction vial is placed
directly above the LED, thus minimizing and standardizing the
distance between the two. We found that irradiating ylide 1a in
the presence of 1 equiv of styrene for 2.5 h in CDCl; gives
cyclopropane 3a in 71% NMR yield, without formation of the free
carbene-derived dimer product 2a (Table 1, entry 1; see also
Table SI-2). Using 2 equiv of styrene led to 3a in 96% yield, and
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Figure 1. a) UV-Vis spectrum of 1a at 0.1 M, overlaid with emission spectra of
RGB LEDs and their Anax values. b) UV-Vis spectrum of 1a at 0.03 mM. c)
Calculated UV-Vis spectrum of 1a; the dominant 332 nm absorption
corresponds to a HOMO to LUMO transition. d) Calculated HOMO of 1a
(bottom), showing electron density predominantly on the p-dicarbonyl motif,
and calculated LUMO of 1a (top), showing predominantly orbital density on the
iodine atom. Upon blue LED irradiation, the LUMO becomes populated with a
single electron, generating the diradical species A depicted in b).

very little improvement was realized when using 4 equiv of
styrene (entries 2,3). We found CHCI;, CH,Cl, or CH;CN to be
also effective solvents, giving 3a in similar yields within 2 h;
however, when the polar protic solvent MeOH was used, neither
2a, 3a or O-H insertion products was observed (entries 4-7).
Since 1a was much more soluble in CH3CN than in the other
solvents, it was chosen as the optimal reaction solvent. Using
CH3CN, 3a was produced and isolated in 95% vyield (Table 1,
entry 6). As expected (see Figure 1a), irradiating the reaction
mixture with either red or green LEDs for 24 h resulted in no
ylide consumption, although subsequent irradiation with blue
LEDs afforded 3a in 63% and 79% yields, respectively (entries
8,9). Irradiating 1a with blue LEDs for 72 h in the absence of



styrene led to complete ylide decomposition (entry 10), again
without formation of the free carbene-derived dimer product
2a.® Attempting the reaction under ambient light for 24 h, or in
the dark for 72 h, resulted in quantitative recovery of 1a (entries
11,12). Therefore, irradiating 1a with blue light leads to a mild
and highly efficient metal-free cyclopropanation that, unlike
related processes employing UV lamps, is entirely
chemoselective for the formation of cyclopropane 3a without any
evidence of free carbene intermediates or of isomerisation to the
dihydrofuran product (see Scheme 1a).

We then evaluated the impact of the iodoarene substitution
pattern on the rate and efficacy of the cyclopropanation reaction
by subjecting the dimedone-derived iodonium ylides 1a-1h to the
optimized reaction conditions (Scheme 2). In each case, the
ylide was consumed within 2.5 h, affording 3a in yields ranging
from 59 to 95%. It is worth noting that no correlation was
observed between reaction rates or yields and either the
electron-rich or electron-poor character of the substrates. For
example, 3a was observed in 87% and 89% yields when using
either the iodonium ylide 1f (p-OMe) or 1e (p-CF3). These results
are consistent with

Table 1. Optimization of the cyclopropanation reaction.

Me Me Me Me
styrene
Q _ biuelED
1) (o) solvent time
IgPh
1a
Entry  Styrene Solvent Time Yield®™ Yield®
(equiv) (h) 2a 3a
1 1.0 CDCl, 25 - 71
2 2.0 CDCl, 15 - 96
3 4.0 CDCl, 15 - 98
4 2.0 CHClI, 2 - 95
5 2.0 CH,Cl, 2 P 92
6 2.0 CHZCN 15 - 98 (95)™
7 2.0 CH;OH 8 - -
8t 2.0 CH5CN 24 - 0%;" 63%"
off 2.0 CH5CN 24 - 0%;" 79%"
10 - CHsCN 72 - -
119 2.0 CHZCN 24 - -
120 2.0 CHZCN 72 - -

[a] "H NMR yields using HMDSO as internal standard. [b] Isolated yield.
[c] Irradiation with red LED. [d] Quantitative observation of 1a by H
NMR vyield. [e] "M NMR yield after subsequent blue LED irradiation. [f]
Irradiation with green LED. [g] Reaction performed in ambient light. [h]
Reaction performed in the dark.

the minimal deviations observed in the UV-Vis absorption
spectra of these compounds compared with that of 1a (see
Figure SI-10).

We next submitted the ketoester (1i) and diester (1j)
analogues of 1a to the same optimized reaction conditions. A
significant decrease in reaction rate was observed, with 1i being
consumed in 4 h and 1j only after 24 h, though the yields

remained excellent. We were pleased to observe that these
ylides did not suffer from decomposition upon prolonged
irradiation. Interestingly, both the experimental and predicted
UV-Vis spectra of 1a, 1i and 1j showed a blue shift upon
increasing ester function incorporation (See Figure SI-11). To
probe this effect, we conducted another experiment in which
ylide 1j was subjected to the optimal reaction conditions, but
irradiating instead with violet LEDs (Amax 397 nm, see Figure SI-
12). In this case, ylide 1j was consumed within 1 h, and the
expected cyclopropane product 3d was observed in 67% 'H
NMR yield, along with 33% of the Meldrum’s acid dimer 2b (see
Scheme 2). Thus, the chemoselectivity observed using blue light
irradiation derives from exclusive photoexcitation into-a diradical
intermediate, whose generation is not possible when irradiating
with either violet LEDs or Hg lamps.

1a, Ar=Ph, 1.5 h, 95%

Me  Me 1b, Ar = p-tolyl, 2 h, 70%
2 equiv styrene 1¢, Ar = 4-CI-Ph, 2.5 h, 70%
blue LED 1d, Ar = 4-CN-Ph, 1.5 h, 80%
38 1e Ar=4:CF,-Ph, 1.5h, 89%
(0] CHCN, rt 1f, Ar = p-anisyl, 2.5 h, 87%
OI—Ar 1g, Ar = 2,6-diOMe-4-Me-Ph, 2 h, 59%
1a-h 1h, Ar = 1-naphthyl, 1.5 h, 85%
Me_ Me Me Me Me, Me
2 equiv styrene o (0]
blue LED
. .
CHCN, o o 0 o
1 ©1—Ph Ph 4, 94%1 Ph
Me_ Me My"e o
OXO . o) (o) M (0]
2 equiv styrene e><
Me
X0 CHLCN, rt o%o o
@1— 0/ 2
I—Ph s P 26

a) blue LED: 24 h, 3d, 95%; 2b, 0%
b) violet LED: 1 h, 3d, 67%; 2b, 33%

Scheme 2. Testing the various iodonium ylide derivatives. "H NMR yields
using HMDSO as the internal standard. [a] Isomerization to 4 occurred during
"H NMR analysis.

The scope of this cyclopropanation reaction was then
evaluated with the aim of demonstrating the viability of our
iodonium ylides with various alkenes (Scheme 3).”! Ylide 1a
could be efficiently coupled with other styrene derivatives in 1.5
h, and only a modest decrease in yield was observed with the
electron-deficient m-NO, styrene derivative (see 3b). The
Meldrum’s acid-derived ylide 1j was coupled with other
additional styrene derivatives bearing either electron-donating or
electron-withdrawing groups. The expected cyclopropane
products 3d-i were obtained in yields ranging from 72 to 96%,
with the fastest reaction rates occurring with the most electron-
rich alkene. Two other styrenes featuring a biphenyl motif were
also viable, leading to 3j and 3k in 68% and 75% yields after 24
h of irradiation. Additional substitution on the alkene was also
tolerated, with both trans- and cis-g-methylstyrene reacting to
give exclusively the trans-substituted cyclopropane 3l in 85%
and 81% vyield, respectively.?**® Ylide 1j was then reacted with
a variety of non-styrenyl alkenes to varying degrees of success.
Cyclopentene and cyclohexene led to cyclopropanes 3m and 3n
in 28% and 35% yields, while allylbenzene and 1-dodecene
respectively gave 3o in 34% yield and 3p in 56% yield. In each
case, full conversion of 1j was observed, but we were unable to
account for the missing mass balance. Ylide 11, which is derived



from barbituric acid, was also effectively coupled with styrene
derivatives, affording 3q-s in 80-84% yields after slightly longer
reaction times than those observed for ylide 1j. Acyclic iodonium
ylides were then investigated, and the methyl acetoacetate-
derived ylide 1m was coupled with styrene in 19 h to give 3t in
82% yield. The dimethyl malonate-derived ylide 1n was coupled
with styrene in 17 h or with N-phenylmaleimide in 7 h to furnish
3u and 3v in 64 and 46% yields. We observed this ylide 1m to
undergo significant decomposition upon standing at room
temperature, which could be overcome by using 20 equiv of
styrene, hence affording 3u in 81% vyield over 3 h. In the aim of
consuming the ylide at a faster rate, we repeated the experiment
using violet LED (Amax 397 nm) irradiation, but 3u was observed
in only 25% vyield after 1 h, along with 27% of the corresponding
free carbene dimer. We also attempted this reaction using the o-
iodoanisole-derived iodonium vylide of methyl acetoacetate
(10),%® which is fully soluble in the reaction mixture, but no
improvement was achieved compared with running the reaction
as a slurry (64% yield, 22 h). The ensemble of the results of this
experimental work, even if not exhaustive, clearly shows that
this cyclopropanation reaction

Me><l\/|e (o} vy
M M (o] (o] 2 equiv alkene
X~ X e\NJ\N/ © blue LED e
or o Meo” NNy XX
o Ng PO ® CHACN, 1t
I—Ar 15-24h O o
® I—Ph ® I—Ph
1a, X = CH, 11 1m, X = Me, Ar = Ph R R
1j,X=0 1n, X = OMe, Ar = Ph 3a-v
10, X = OMe, Ar = o-anisyl
Me Me Me Me

OXO
o o o o
AN AN
R R
= =

3a,R=H,1.5h,95% 3d, R=H, 24 h, 96%
3b, R=3-NO,, 1.5h,80% 3e, R=4-tBu, 24 h, 94%
3c,R=4-Cl,1.5h, 91% 3f, R=4-Ph, 27 h, 73%

3j, Ry = NO,, Ry = H; 24 h, 68%

39, R=4-F, 24 h, 72% 3k, Ry =H, R, = OBn, 24 h, 75%
3h, R =4-NO,, 28 h, 82%
3i, R = 3,4,5-triOMe, 16 h, 89% Me ' Me
Me Me
Me M
X e of o
o~ o 0”6
[¢) o]
o o o o R
Ph “Me 30, R=Ph, 24 h, 34%
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3
Me\ )’L M .

3u, 17 h, 64%
3u, 3 h, 81%C
3u, 1 h, 25%¢
3u, 22 h, 64%*

3t, 19 h, 82%
R (syn:anti 1.3:1)
3q, R = H, 30 b, 84%
3r, R =Ph, 30'h, 80%
3s, R = tBu, 28'h, 82%

3v, 7 h, 46%

Scheme 3. LED-mediated cyclopropane synthesis. [a] Using trans-f-
methylstyrene. [b] Using cis-B-methylstyrene. [c] 20 equiv of styrene. [d] Violet
LED used. Also 27% of malonate dimer by "H NMR. [e] Using soluble ylide 1o0.

between B-dicarbonyl iodonium ylides and alkenes under blue
LED irradiation constitutes an efficient and general
transformation, which can be performed with either cyclic or
acyclic ylides, and with either styrenyl or non-styrenyl alkenes as
reaction partners. Reaction rates were generally faster with

increasingly electron-rich alkenes, and reaction yields lower
using non-styrenyl alkenes.

Further improvements of these cyclopropanation reactions of
iodonium ylides were possible through their in situ synthesis
from activated methylene compounds and Phl(OAc),.["0110:27]
The rationale behind this possibility is that unstable ylides, which
usually decompose upon standing at room temperature, can
thus be generated and directly reacted with their alkene partners.
To test the feasibility of this experimental option in the context of
our photo-initiated process, dimedone (5, X = CH;) or Meldrum’s
acid (6, X = O) were combined base-free with 1 equiv of
PhI(OAc), and two equivalents of styrene, then submitted to blue
LED irradiation (Scheme 4). Under these conditions, 3a was
generated in 86% yield over 1.5 h, and 3d in 62% yield over 20
h. Finally, the methyl p-nitrophenylacetate derivative. 7 was also
tested to check if ylides that would be unstable to isolation and
purification would also work. The reaction failed in the absence
of base, presumably due to the decreased ‘acidity of the
methylene protons relative to that of methylene protons of a -
dicarbonyl scaffold. Nevertheless, when 4 equiv of NaH was
added, the expected cyclopropane 3w was obtained in 42%
yield, as a 1.7:1 mixtureof diastereomers.®

Me Me
Me Me 1 equiv Phl(OAc),
X 2 equiv styrene X X
X X 3a, X =CHy, 1.5 h, 86%
M blue LED o) [e) 3d, X=0, 20 h, 62%
o o] CH3CN, rt
5,6 Ph
O,N 1 equiv Phi(OAc),  OpN 3w, 3 h, 42%
\©\/ﬁ\ 2 equiv styrene (syn:anti 1.7:1)
OMe 4 equiv NaH OMe
7 blue LED
CHsCN,0°Ctort Ph

Scheme 4. Testing the tandem in situ ylide formation / cyclopropanation
reaction.

Our working hypothesis for the mechanism of this reaction
derives from the information gleaned through our computational
and experimental studies. As irradiation of an iodonium ylide
with blue LEDs does not lead to homodimerization or O-H
insertion products with MeOH!"" (see Table 1), it is improbable
that free carbenes are operative in this reaction. Furthermore,
we observed an increase of reaction rates when using more
electron-rich alkenes, and decreased rates with ylides
expressing blue-shifted UV-Vis spectra. We propose that
photoexcitation of ylide 1a leads to reversible formation of the
diradical intermediate A that may encounter the alkene to forge
the diradical B (Scheme 5). The higher rates and yields
observed with electron-rich alkenes could be attributed to
increased stabilization of any benzylic radical character
generated in the process. Also, bond rotation within B could
account for the isomerization required for the formation of 3l
from cis-p-methylstyrene (see Schemes 3 and 5). Ring closure
would give iodocyclobutane C, and reductive elimination of
iodobenzene would furnish the cyclopropane end-product 3a. A
drawback of this proposal is that it would require the excited
state A to be sufficiently long-living to encounter the alkene.
Alternatively, given that natural population analysis and adaptive
natural partitioning""®® both concluded that iodonium ylides hold
a full positive charge on the iodine atom in the ground state (eg
1a), the reaction could instead be initiated by the alkene acting



as a Lewis base toward the iodonium, giving complex D.I'® |f
this were to absorb a photon, it could also serve as a precursor
of the diradical B, which again would need to undergo bond
reorganization, relaxation to the ground state, and reductive
elimination to generate cyclopropane 3a.

/ —Ph
—hv
G blue LED
0 o) 0 o
© o N
R
3a

Scheme 5. Proposed reaction mechanism.

In conclusion, irradiating mixtures of iodonium ylides and
alkenes with blue LEDs leads to a mild, metal-free and highly
efficient synthesis of cyclopropanes. Computational analysis
suggests that photoexcitation leads to a diradical species
instead of free carbenes, which accounts for the excellent
chemoselectivity observed. Styrenes and non-styrenyl alkenes
were both viable, as were both cyclic and acyclic iodonium
ylides, showing the potential generality of this new process.
Furthermore, a one-pot reaction was developed starting from
activated methylene ylide precursors. It is anticipated that this
study will open the door to new opportunities for developing blue
light-initiated reactions of hypervalent iodine reagents, possibly
including catalytic and/or asymmetric variants.

Experimental Section

Into a dry 1 dram (4.0 mL) vial was added iodonium ylide (0.1 mmol, 1
equiv) and CH3;CN (1.0 ml, 0.1 M), and this loaded into photo-reactor #2
and stirred at room temperature for 2 min, giving either a clear solution or
a slurry. Styrene (0.023 mL, 0.2 mmol, 2 equiv) was added in one portion
and after stirring for 1 min, the blue LED was turned on. The reaction
mixture was stirred at room temperature until the reaction was observed
to be complete by TLC or NMR analysis. The mixture was then
evaporated to dryness and purified by column chromatography, eluting
with mixtures of ethyl acetate and hexanes.
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