Unlocking the Reactivity of Diazo Compounds on Red Light with the

Use of Photochemical Tools

Katarzyna Ortowska,*, Klaudia Luczak,>{ Piotr, Krajewski,*{ Jodao V. Santiago,* Katarzyna Rybicka-

Jasinska,** Dorota Gryko®*

3Institute of Organic Chemistry, Polish Academy of Sciences, Kasprzaka 44/52, 01-224 Warsaw, Poland

ABSTRACT: Photoinduced bioorthogonal reactions constitute a val-
uable class of chemical transformations that enable spatiotemporal
control of biomacromolecules. Among them, those involving carbenes
proved effective in various bioapplications, but they require ultraviolet
or blue-light irradiation. Using lower energetic radiation, however, of- — L4 G
fers deeper penetration and diminishes photodamages. Thus, herein, :
we describe the photochemistry of structurally diversified diazo rea-
gents under red light irradiation. Reactive intermediates can be gener-
ated via direct photolysis or taking advantage of porphyrin chemistry . iy iy .

via photosensitisation and photoredox catalysis.
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Bioorthogonal chemistry represents a collection of effi-
cient chemical transformations that can proceed selectively in
biological environments without perturbing the structure of del-
icate biomolecules and interfering with biochemical path-
ways. 123456 Sych perfectly designed approach enables specific
labelling, bioconjugations and deconjugation-based cargo de-
livery, among which photoinduced bioorthogonal reactions
constitute a valuable class ensuring spatiotemporal control of
biomacromolecules.”#910111213  Nymerous  photoactivated
methods have been designed, yet most of them relate to te-
trazole ligation or employ short-wavelength light emitting
sources.!*1516 The phototoxicity of high energetic photons and
low selectivity of UV-induced processes provide poor spatial
control and make it inappropriate for application in biological
systems. Therefore, switching to less energetic red or near-in-
frared (NIR) light, which efficiently penetrates various reaction
media (including tissues), is a desirable solution. Along this
line, tetrazole bioorthogonal chemistry was enabled on NIR ra-
diation via two-photon excitation process or the use of upcon-
version of nanoparticles.'”*® Rapid red light-mediated dihydro-
tetrazine oxidation in vivo was also reported.’® Yet, red light-
induced transformations in biorthogonal approaches are rare
and call for extensive research.?

Diazoalkanes are versatile reactants for light-induced syn-
thesis of small and complex structures,?*?22 as well as func-
tionalizations of bioactive compounds.?*?>2%27 |n biological
systems, they have been utilized in enzymatic enantioselective
cyclopropanation, ring expansion, cyclopropenation, and inser-
tion reactions.282930813288 gg far, however, photolabeling ap-
proaches relying on carbene precursors are mostly limited to 3-
aryl-3-(trifluoromethyl) diazirines that are activated on
UV/violet light.3435:%

Given the structural diversity of diazoalkanes, they can be
directly activated not only by light from ultraviolet and visible
regions but also by the less energetic red light or generate reac-
tive intermediates in photocatalytic processes (Figure 1A).
They have been indeed extensively explored under <500 nm
light irradiation but the benefits arising from the application of
low energetic photons, the exploration of red light-induced di-
azo chemistry is highly desirable. However, before moving to

complex biosystems, the photochemistry of diazo compounds
under red light irradiation has to be established.

Figure 1. Red light-induced Reactions of Diazoalkanes
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Driven by chemical curiosity, we wondered whether it is possi-
ble to unlock the potential of red light toward the generation of
reactive species from structurally diversified diazo compounds
utilizing various photochemical modes. While studying the
photocatalytic activity of porphyrins under red-light illumina-
tion, we have found that they enable photoalkylation of alde-
hydes with a-diazoacetate.®” Herein, we present our comprehen-
sive experimental study on the red-light-induced photolysis,
photosensitization as well as photoredox-driven generation of
reactive intermediates from diazo reagents (Figure 1B).

PHoTOLYSIS - Direct photolysis of a diazo compound en-
ables carbene generation with no need for a catalyst, which is
highly appreciated in terms of biological applications. Although
acceptor-only and acceptor/acceptor diazo compounds exhibit
light absorption beyond the visible range, replacing H/one of
the acceptor groups with an aryl substituent bathochromically
shifts the Amax toward the visible spectrum.?233° By increasing
the donating character of the phenyl ring Amax is shifted even

https://doi.org/10.26434/chemrxiv-2023-mfltj ORCID: https://orcid.org/0000-0002-5197-4222 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2023-mfltj
https://orcid.org/0000-0002-5197-4222
https://creativecommons.org/licenses/by-nc/4.0/

further and has a significant impact on the spin state of the car-
bene and the singlet-triplet splitting. For example, the local ab-
sorption maximum of electron-rich 4,4'-(diazomethylene)bis-
(methoxybenzene) (S1) is within the green region (Amax = 543
nm),*® but it also weakly absorb red light. Given the ubiquity of
free hydroxy-, amino- and thio- groups in molecules of bio-
chemical importance, we focus on red light-induced photolysis
of model diaryl diazoalkane S1 in the presence of alcohols,
amines, and thiols (Scheme 1). X-H (X =0, N, S). The insertion
reactions gave the desired products and no consumption of sub-
strate S1 was detected in the dark, proving that light is a crucial

factor. The method works well for primary alcohols of various
chain lengths efficiently affording ethers 1-5, with unactivated
alkene and alkyne moieties remaining intact in case of products
4 (85%) and 5 (71%). Incorporation into the phenolic O-H
bond, a tyrosine model, proved also successful, affording ether
6 in 72% yield. A slight decrease in reaction efficacy was ob-
served for secondary and tertiary alcohols (ethers 7, 8 and 10),
but cholesterol derive 9 formed almost quantitatively. On the
other hand, irradiation of diaryl diazoalkane S2 bearing amino
groups at para positions (Amax = 566 nm)*°

Scheme 1. Scope of Red Light-Induced Carbene Insertion into X-H Bonds
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Reaction conditions: 2diazo compound (0.2 mmol), alcohol (10 equiv.), MeCN (0.1 M), red LEDs (25 W), 135 min. 2.0 equiv. of diazo
compound was used. calcohol (0.1 mmol), diazo compound (5.0 equiv.), MeCN (0.03 M), red LEDs (25 W), 165 min. %alcohol (0.1 mmol),
diazo compound (5.0 equiv.), DCM (0.1 M), red LEDs (25 W), 120 min. €alcohol (0.2 mmol), diazo compound (2.0 equiv.), THF (0.08 M),
red LEDs (25 W), 60 min. famine (0.2 mmol), diazo compound (2.0 equiv.), DCMary (0.1 M), [Ar], red LEDs (25 W), 135 min. 93.0 equiv.
of diazo compound was used. "thiol (0.2 mmol), diazo compound (2.0 equiv.), DCMary (0.1 M), [Ar], red LEDs (25 W), 135 min. '4.0 equiv.
of thiol was used. i0.1 mmol scale, 4.0 equiv. of diazo compound was used.

in the presence of benzyl alcohol led to product 11 although in
a diminished yield (45%). It is noteworthy, when beneficial, a
substrate ratio could be reversed and diazoalkane can be used in
excess instead. Although experiments on O-H insertion re-
vealed a negligible effect of moisture and air atmosphere on ef-
ficiency, dry and oxygen-free conditions were required for
functionalizations of amines and thiols (for optimizations see
SI). For reactions with both alkyl and aromatic amines, a slight
decrease in yield was observed, in contrast with productive
amine 15 formation (84%). N-hydroxy pyridine gave a mixture
of O-H and N-H insertion products but, interestingly, upon iso-
lation, a complete conversion to amide 18 occurred. The scope

of tolerated thiols is also broad, even thiophenol and bulky ad-
amantanethiol efficiently furnished products 20 and 21.

Given the importance a-amino acids in biological systems,
the feasibility of the developed method was examined with N-
Boc protected cysteine methyl ester. Gratifyingly, insertion oc-
curred on the amide N-H and S-H bonds simultaneously, afford-
ing product 23 in 74% yield.

PHOTOSENSITIZATION - Most carbene precursors, includ-
ing diazo compounds, do not, however, absorb red light (Fig.
1A), and to generate reactive species from these reagents pho-
tocatalytic approaches have to been employed. Among these,
photosensitization with the use of a dye exhibiting a proper Ex
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level gives access to triplet excited states via triplet-triplet en-
ergy transfer (EnT).*%? Again, due to absorption properties of
commonly applied photocatalysts, already established methods
are rather limited to violet/blue light, and expanding the ap-
proach to red light remains challenging. Along this line, only
recently, a mild Ir-sensitized strategy to access triplet carbenes
from diazirines and 1,3,4-oksadiazolines under blue light irra-
diation, as reported by MacMillan et al., and our group re-
spectievly. %43

Taking into consideration that porphyrins are sensitizers
widely applied in photooxidations, photodynamic therapy and
artificial photosynthesis, %4647 we tested these red-light-ab-
sorbing organic dyes for photosensitization of diazo com-
pounds. When aryldiazoesters (Er = 1.36 eVV/mol, calculated us-
ing SMD(DCM)/M06/6-311++g(d,p)//B3LYP-D3/6-31g(d))
were irradiated with red light in the presence of H,TPP (Er =
1.45 eV/mol)*® and oxygen, B-ketoesters 24-26 formed (Scheme
2A). However, for more electrophilic aryl diazoalkane, a loss of
selectivity was observed, yielding product 26 in a modest yield
(40%). The experiment with the use of 1,3-diphenyl-1,3-dihy-
droisobenzofuran as the starting material resulted in the for-
mation of endoperoxide and its subsequent dehydratation prod-
uct,* evidencing generation of O, under developed conditions
(see SI).

Since porphyrins are well-known 10, sensitizers,*** main-
taining oxygen-free conditions was crucial to prevent competi-
tive oxidation pathways in consecutive O-H insertion (Scheme
2A) and cyclopropanation (Scheme 2B) (for details see Sl). The
insertion into O-H carboxylic bonds works for various aryldi-
azoesters leading to products 27-30.

Scheme 2. Red Light-induced Photosensitized Transfor-
mations of Diazo Compounds
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Reaction conditions: #H.TPP (1 mol%), diazo compound (0.1
mmol), DCMary (0.1 M), [O2], red LEDs (3 W, 660 nm), 1 h.
PH,TPP (1 mol%), diazo compound (0.1 mmol), benzoic acid (2.0
equiv.), DCMary (0.1 M), [Ar], red LEDs (40 W, 640 nm), 16 h.
°H2TPP (1 mol%), diazo compound (0.1 mmol), styrene (10.0
equiv.), DCMary (0.1 M), [Ar], red LEDs (40 W), 16 h.

Both the increase and decrease in electron density on the
phenyl ring affects the efficacy of the reaction, compared to the
high yield observed for the product bearing an unsubstituted
phenyl moiety (27, 84%). In contrast, electron-poor aryl diazo-
alkane reached the highest productivity of the cyclopropanation
reaction that afforded cyclopropane 34 in 90%. The method is
suitable for both electron-rich and -poor styrenes, with a better
outcome in the case of para-methoxy-styrene-derived product
35 (70%). A modest yield was observed when the internal olefin
was subjected to reaction conditions leading to cyclopropane 37
(55%). a-Diazo esters, diazomalonates, and aryl diazoketones
possessing higher Er values than porphyrin (Er =1.63 eV/mol
for ethyl diazoactetate, calculated using SMD(DCM)/MO06/6-
311++g(d,p)//B3LYP-D3/6-31g(d))) cannot, in principle, be
activated under the developed conditions.

Intuitively, the reaction rate for diazoalkane transformation
depends on the carbene rate formation, which if EnT-mediated,
should occur slower than via direct photolysis. In that manner,
comparative kinetics studies on catalyst-free, blue light-induced
and H,TPP-sensitized red light-mediated cyclopropanation
with the use of methyl phenyl diazoacetate and styrene, re-
vealed full consumption of diazoalkane in 0.5 h via direct pho-
tolysis, while the photosensitization protocol requires overnight
irradiation (see SI).

PHOTOREDOX CATALYSIS - To unlock the red-mediated
reactivity of yet unconquered a-diazo esters, we screened the
possibilities offered by photoredox catalysis. These acceptor-
only type of diazoalkanes are reduced to alkyl radicals via the
photon coupled electron transfer event (PCET) in oxidative
guenching or the photocatalyst recovery step of the (Erep = -
1.28 V vs SCE for EDA).* In this view, numerous blue light-
induced methodologies utilizing diazoesters as surrogates of al-

kyl radicals for organic transformations were re-
ported.49'5°'51'52'53'54

Recently, we have proved that free-base porphyrins are
suitable photo-oxidants and photo-reductants for red light-me-
diated organic transformations.®” Therefore, we harnessed their
photoredox abilities to tune already reported blue light-induced
protocols for radical-based transformations of a-diazoesters to
apply them on red illumination instead. Our studies were initi-
ated with the redesign of the photocatalyzed synthesis of
y-oximino esters, originally performed by Li and coworkers on
blue light with the use of Ru(bpy)s(PFs). catalyst and a-diaz-
oester, styrene and TBN as starting materials.*® Extensive opti-
mization studies substantially shortened the reaction time (re-
ported on blue: 60 h) to 37 h by thermally accelerating the isom-
erization of the nitroso compound to the final product when full
conversion of alkene was observed (see SlI). The optimized
method works well for various a-diazoesters giving esters 38,
40 and 41 in yields comparable to those reported by Li (Scheme
3A). A slight yield decrease was observed for trans-anethole,
though with a similar E/Z ratio (product 39). When a cis-isomer
was used instead, a lower efficacy was achieved. Due to solu-
bility problems, the synthesis of pregnenolone-derived ester 42
was less efficient, even at a prolonged irradiation time. For the
Ru-catalyzed reaction a key step relies on the reduction of diazo
ester by the photocatalyst in the excited state. In our case, as the
reduction potential of the porphyrin in the excited state (-0.91
vs. SCE)¥ is higher than that of EDA (1.28 V vs SCE), we as-
sume that the excited porphyrin oxidizes DIPEA, thus generat-
ing a strongly reducing porphyrin radical anion, similar to the
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mechanism reported for the generation of radicals from amino-
pyridinium salts.%

Scheme 3. Diazo Compounds as Radical Precursors in Red
Light-mediated Photocatalyzed Transformations
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(25 W), 18 h. TBN = t-butyl nitrite.
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Next, we examined an analogous PCET-based approach
for the phenanthridine formation utilizing isocyanobiphenyls
and diazoalkanes.®® Proper optimization of the red light- medi-
ated protocol enabled efficient synthesis of heterocycles 43-47
(Scheme 3B) with better productivity or at least comparable to
the Xuan methodology. Importantly, diazoalkanes of different
type - acceptor-only, acceptor/acceptor and alkyldiazo ester -
are well tolerated.

Finally, there are several valuable methodologies involv-
ing diazo reagents in which the diazo moiety remains intact or
does not generate reactive intermediates. To fill the picture of
the photochemistry of diazo compounds under red-light irradi-
ation, such transformations were studied. Given that sole
H>TPP is not able to photoreduce EDA, meaning the diazo func-
tionality should remain intact, we tested H,TPP as a photooxi-
dant of diversely substituted tetrahydroisoquinolines under red
light irradiation in the presence of EDA similarly to the reaction
developed by Zhou and coworkers.®” In fact, desired products
48-51 with intact diazo moiety were obtained in decent yields
(Scheme 4A).

Furthermore, diazo compounds have been shown to react
with radicals generated under photochemical conditions, in-
cluding alky! radicals generated from NHPI esters in the pres-
ence of Rose Bengal on yellow LEDs.%® Replacing these dyes
with H,TPP enabled the reaction of aryldiazo esters with NHPI
reagents under red light irradiation. A wide range of donor/ac-
ceptor diazoalkanes reacted under the developed conditions to
give hydrazones 52-56 (Scheme 4B). None of the red light-in-
duced protocols described herein proceed even residually with-
out the porphyrin catalyst added.

Scheme 4. Diazo Compounds as Radical Acceptors in Red
Light-mediated Photocatalyzed Transformations
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Reaction conditions: 2H2TPP (5 mol%), tetrahydroisoquinoline
(0.2 mmol), diazo compound (3.0 equiv.), DCM (0.2 M), red LEDs
(3 W), 48 h. °H2TPP (5 mol%), diazo compound (0.2 mmol), NHPI
ester (1.5 equiv.), HE (1.2 equiv.), DBU (2.3 equiv.), DCMagry (0.1
M), [Ar], red LEDs (25 W), 18 h. NHPI = N-hydroxyphthalimide.
HE = Hantzsch ester.

In summary, in this study we demonstrate that modern pho-
tochemistry provides tools for red light-driven activation of
structurally diversified diazo compounds. A proper structural
modification of diazoalkane results in a bathochromic shift of
the absorption maxima allowing for direct photolysis under
low-energetic, red-light irradiation. In this manner, carbenes re-
act with naturally abundant moieties, free hydroxy-, amino-,
and thio-groups. If this pathway is not possible, we induce
transformations of diazo compounds taking advantage of por-
phyrins, nature-inspired dyes, which are established as safe and
effective for photodynamic therapy and artificial photosynthe-
sis. The triplet energy level of the porphyrin excited state is suf-
ficient for productive EnT to aryl-diazo esters giving access to
triplet carbenes. Other diazoalkanes may be activated photo-
catalytically through porphyrin-mediated photoredox pro-
cesses, by undergoing reduction to alkyl radicals or by serving
as radical acceptors. The developed methods are either catalyst-
free or take place in the presence of nontoxic organic dye under
low-energy irradiation. Therefore, three-modes of activation of
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diazo compounds under red-light irradiation have been un-
locked giving the possibility of their adaptation to biorthogonal
chemistry.
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