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ABSTRACT: The ability to correlate the structure of a molecule to its properties is the key to a rational and accelerated design 
of new functional compounds and materials.  Taking photoswitches as an example, the thermal stability of meta-stable state 
is a crucial property that dictates their application in molecular systems.  Indigos have recently emerged as an attractive motif 
for designing photoswitchable molecules due to their red-light addressability, which can be advantageous in biomedical and 
material applications.  The lack of synthetic techniques to derivatize the abundant parent dye and a thorough understanding 
of the impact of structural factors on the photochemical and thermal properties hinder a broad application of this emerging 
photoswitch class.  Herein, we report an efficient copper-catalyzed indigo N-arylation that enables the installation of a wide 
variety of aryl moieties carrying useful functional groups.  The exclusive selectivity for mono-arylation likely originates from 
a bimetallic cooperative mechanism through a binuclear copper-indigo intermediate.  Functional N-aryl-N′-alkylindigos were 
prepared and shown to photoisomerize efficiently under red light.  Moreover, this design allows for the modulation of thermal 
half-lives through N-aryl substituents, while the N′-alkyl groups enable the independent attachment of functional moieties 
without affecting the photochromic properties.  Strong correlation between the structure of N-aryl moiety and the thermal 
stability of the photogenerated Z-isomers was achieved by multivariate linear regression models obtained through a data-
science workflow.  This work thus builds an avenue leading to versatile red-light photoswitches and a general method for 
structure-property correlation that is expected to be broadly applicable to the design of photoresponsive molecules. 

INTRODUCTION 
    Introducing photocontrol with high spatial, temporal, 
and spectral resolution has become an attractive strat-
egy to build advanced functions into molecular systems.  
By incorporating an effective mediator, the light-energy 
can be directed to modulate the targeted physical, chem-
ical, and biological properties of the system.  Among all 
mediators, photoswitches, molecules that undergo re-
versible light-induced structural changes, have emerged 
as popular candidates across numerous scientific fields.1  
For example, azobenzenes and diarylethenes are the two 
most widely used classes of photoswitches, where the 
steric or electronic changes upon either E/Z isomeriza-
tion or electrocyclization can be exploited in designing 
photoresponsive systems for various applications. 
    Two characteristics are crucial for implementing pho-
toswitches in molecular systems.  First, the absorption 
wavelength, typically at its maximum (λmax), determines 
the light energy required to induce the 

photoisomerization process.  Eyeing on applications in 
biomedicine2 and material science3, recent attention has 
shifted to photochromic moieties that can be operated 
using visible and, more preferably, red and near-infrared 
(NIR) light.4  These long-wavelength photons possess 
less energy and thus a lower propensity to cause damage 
while at the same time, displaying superior penetration 
through tissue and living organisms.5  Second, the stabil-
ity of the switched state, as denoted by the thermal half-
life of the meta-stable isomer or the rate of the thermal 
back-reaction, dictates how long the photogenerated 
form remains active or inactive depending on the type of 
system, i.e. OFF→ON and ON→OFF, respectively.  Ideally, 
the thermal stability can be tuned within a wide range to 
match the particular kinetics dictated by the chosen de-
sign. 
 



 

     
Figure 1. Development of new N-arylindigos as red-light 
photoswitches. 
 
    Indigo is one of the most ancient and abundant dyes 
utilized in our daily lives, most notably in denim for blue 
jeans.6  As opposed to many dye molecules that require 
extended π-systems to even reach visible-light absorp-
tion, this blue dye of small molecular structure absorbs 
naturally in the red-light region, thanks to its two push-
pull, nitrogen/carbonyl pairs around the central double 
bond.  Since the 1950’s, it has been known that N,N´-di-
substituted indigos can undergo red-light-induced E/Z 
isomerization.7  Recently, interest in utilizing the photo-
chromic properties of indigos has been rekindled be-
cause of their multifaceted merits.  Indigo photoswitches 
can function as alternative geometrical switches due to 
their ~180° rotation during E/Z isomerization, as com-
pared to azobenzenes, which undergo bending from the 
extended E to the kinked Z configuration.  In addition, in-
digos are negative photochromic molecules, which 
means that upon irradiation, the spectra become hypso-
chromically shifted.8  In combination with their intense 
absorption in the red region of the spectrum associated 
with the biological window, this feature has significant 
implications in biomedical applications, as it allows to 
penetrate human tissue depth over time.  Their red/NIR 
addressability has made indigos an emerging class of 
photoswitches for biomedical applications.  Thus, it is 
imaginable that E/Z photoisomerization of indigos can 
be used to tune the properties of biomolecules via selec-
tive binding to receptors or modulate the transport of 
cargos through ion channels and membranes.  In this 
context, their non-toxic nature proves advantageous as 
well.9  Last but certainly not least, the availability of syn-
thetic methods to prepare a wide variety of indigo deriv-
atives from readily available and inexpensive dyestuffs 
will facilitate their exploration and ultimate use. 
    Although the parent indigo does not undergo pho-
toisomerization due to competing excited-state proton 
transfer (ESPT),10 its derivatives carrying substituents 
on either one or both nitrogen atoms function as efficient 
photoswitches.  As a result, the N-substituents play a 

crucial role in modulating the photochemical properties 
of indigos.  Most of the studied indigo photoswitches pos-
sess either N-acyl or N-alkyl substituents.6  However, 
whereas N-acyl groups shift the absorption too far to the 
blue region of the spectrum, i.e. away from the biological 
window, N-alkyl groups lead to extremely short thermal 
half-lives of the photogenerated Z-isomer. 
    In 2017, we reported on N-arylindigos and demon-
strated that upon proper N-aryl substitution, the thermal 
stability of the corresponding Z-isomers can be tuned 
while maintaining their absorption in the red region of 
the spectrum.11  We found that the rates of the thermal 
back-reaction are directly correlated with the electronic 
properties of the N-aryl groups, where electron-with-
drawing arenes result in slower reactions, i.e., longer 
thermal half-lives.  We also showed that this important 
electronic effect of N-aryl substituents originates from 
their perpendicular geometry to the indigo plane, which 
allows them to modulate the chromophore through in-
ductive rather than resonance effects (as opposed to N-
acyl groups).12 
    For these reasons, we have engaged to incorporate N-
arylindigos in functional materials.13  However, one of 
the remaining obstacles relates to the lack of efficient 
synthetic methodologies to prepare these structural mo-
tifs in an efficient and flexible manner (Figure 1).  Direct 
N-arylation of indigo has been reported, albeit in unbear-
ably low yields and/or requiring harsh conditions.11,14  
Consequently, on the one hand, N-aryl moieties with 
functional groups for selective and mild post-functional-
ization could not be included.  On the other hand, the se-
lectivity for mono-arylation can sometimes be low under 
forcing reaction conditions, generating at the same time 
bis-arylated products along with an array of side prod-
ucts.  To overcome this challenge, we sought to identify a 
suitable catalytic system that would enable efficient and 
selective indigo N-arylation.  Here, we report our devel-
opment of a copper-catalyzed protocol for the installa-
tion of key indigo N-aryl groups leading to a collection of 
attractive functional red-light photoswitches.  Further-
more, the construction of multivariate linear regression 
models allows for the correlation between their molecu-
lar structures and the rates of thermal back-reaction. 
 
Table 1. Screening of Cu-catalyzed indigo N-arylation 
conditions 
 

 
 

entry variables conditions yielda 

1 

ligandb 

2,2’-bipyridine (bpy) 77% 

2 diamine 63% 

3 diketone 30% 



 

4 BPMO 55% 

5 

basec 

K3PO4 77% 

6 Cs2CO3 or CsF 50% 

7 Na2CO3, K2CO3, or KOAc <5% 

8 

solventd 

toluene, dioxane, DME, or DCE  <50% 

9 DMA, DMF, DMSO, or pyridine 62-79% 

10 NMP 84% 

11 
equive 

bpy=0.30, K3PO4=3.0, ArI=3.0 82% 

12 bpy=0.15, K3PO4=1.5, ArI=1.5 77% 

13 ArBr or ArOTf instead of ArI <5% 

14 25-40 ℃ instead of 80 ℃ <5% 
aIsolated yields or LC yields using indigo carmine as standard; see 
SI for more optimizations; Ar = p-F-C6H4.  b10 mol% CuI, 30 mol% 
ligand, 3.0 equiv K3PO4, 3.0 equiv ArI, pyridine (0.10 M), 80 ℃.  c10 
mol% CuI, 30 mol% bpy, 3.0 equiv base, 3.0 equiv ArI, pyridine 
(0.10 M), 80 ℃.  d10 mol% CuI, 30 mol% bpy, 3.0 equiv K3PO4, 3.0 
equiv ArI, solvent (0.10 M), 80 ℃.  e10 mol% CuCl2, 
bpy/K3PO4/ArI (equiv), NMP (0.10 M), 80 ℃. 

 

 
 
RESULTS AND DISCUSSIONS 
    Synthetic Protocol.  We commenced our synthetic ex-
ploration by evaluating various transition metal cata-
lysts able to forge the C–N bond with the parent indigo 
dye.  The predominant choices for amination catalysts in-
clude Pd (Buchwald-Hartwig) and Cu (Ullmann-Gold-
berg) complexes.15  We presumed that Cu-based cata-
lysts would be more effective than the Pd variant, as the 
former in general favor electron-poor amines and am-
ides, which more appropriately describes the nature of 
indigo nitrogen atoms as they are in conjugation with 
carbonyl groups.  Indeed, while the Pd catalysts in com-
bination with various classical ligand classes were inef-
fective, by switching to Cu catalysts, the desired mono-
arylated product 2a was obtained when an aryl iodide 
was used as the coupling partner (Table 1).  Further-
more, ligand screening revealed that 2,2’-bipyridine-
type ligands are most effective (entries 1−4), and we 
chose the most inexpensive 2,2’-bipyridine (bpy) for fur-
ther optimization.  Bases play a crucial role in this proto-
col, and K3PO4 was found to afford the highest yield (en-
tries 5−7).  On the other hand, the low solubility of the 
indigo dye requires a sufficiently polar solvent for high 
yields (entries 8−10).  By employing these parameters, 
we further reduced the loadings of the ligand, the base, 
and the aryl iodide to arrive at a more economical and 
scalable protocol without much compromise in yields 
(entries 11 and 12).  As a result, using these conditions 
involving solely inexpensive and commercially available 
reagents, the desired N-arylindigo (2a) could be ob-
tained in 77% yield.  Note that when aryl bromides or 
triflates were used as the coupling partner, only trace 

amounts of arylated product were observed, presumably 
due to a less facile oxidative addition to the Cu-catalyst 
as compared to aryl iodides (entry 13).  Attempts to 
lower the reaction temperature resulted in diminished 
reactivities (entry 14). 
 
    Synthetic Scope.  With the optimized conditions in 
hand, the reaction scope was subsequently examined 
(Scheme 1).  Both electron-withdrawing (2a, 2e, 2h, 2j) 
and -donating (2b, 2l, 2o) aryl groups can be tolerated, 
as well as heterocyclic substituents (2c, 2d, 2p, 2t).  Grat-
ifyingly, the utility of this method could be demonstrated 
by the successful inclusion of further derivatizable func-
tional entities, such as halide (2g, 2m), ester (2i), alde-
hyde (2n), olefin (2q), and alkyne (2s) groups.  Aiming 
to show compatibility with complex molecule synthesis 
for biomedical applications, loratadine, an anti-allergic 
agent, was successfully coupled to indigo (2u).  Overall, 
under these mild conditions, a wide variety of indigos 
functionalized with synthetically attractive motifs can be 
constructed.  One limitation of this protocol relates to the 
low reactivity found for ortho-substituted aryl sub-
strates (see SI for details). 
 
Scheme 1. Reaction scope of Cu-catalyzed indigo N-
arylationa 

 
aYields are the average of two runs, 0.50 mmol scale. 



 

 
    Isolating the visually apparent blue band during col-
umn chromatography typically yielded analytically pure 
product in an operationally simple protocol (see SI for 
details).  To further demonstrate the practicality of our 
method, we performed a gram-scale reaction to afford 
the p-bromophenyl derivative (2v) in 79% yield 
(Scheme 2).  Moreover, we could exploit the orthogonal 
reactivity between Cu- and Pd-catalysis to perform a 
subsequent Suzuki-Miyaura coupling to prepare an elon-
gated indigo derivative (2w). 
 

 
Scheme 2. Gram-scale reaction of indigo N-arylation 
and subsequent Suzuki-Miyaura derivatization

 
 

Scheme 3. Computed energy landscape of copper-catalyzed indigo N-arylation suggesting a minimum energy 
path via a bimetallic cooperative mechanism in the first N-arylation onlya 

 

aComputed at DFT level of theory (RB3LYP-D3/6-311G(d,p)//RB3LYP-D3/6-311G(d,p), SDD basis sets used for Cu and I) with the implicit 
IEF-PCM solvation model (solvent = DMF).   bOptimized geometry of Cu2 shown in top left. cBarriers of 111.3 or 114.1 kJ/mol were obtained 
for the non-cooperative pathway (see Figure S10 for details). dBarriers were computed to be 112.6 or 122.3 kJ/mol for the second N-aryla-
tion (see Figure S11 for details) 
 

 
    Mechanistic Considerations.  An outstanding feature 
of our method is its surprising selectivity: Despite the 
presence of a second available N-nucleophile in the in-
digo core, only mono-arylated products were isolated to 
afford a clean reaction profile, even when using large ex-
cess of aryl halides.  As reported in previous indigo N- 
arylation reactions under Ullmann-Goldberg conditions, 
double arylation was only observed under extremely 
forcing conditions.14  To gain additional insights into the 
origin of this selectivity, we decided to take advantage of 
computational modelling. 
    By using p-fluoroiodobenzene as the model electro-
phile, DFT (density-functional theory) calculations at 
B3LYP-D3/6-311G(d,p) level of theory (while SDD 

pseudo-potential basis sets were used for Cu and I) were 
performed to explore the energy levels of potentially rel-
evant intermediates and transition states along the reac-
tion paths.  In all cases, the oxidative addition of a cop-
per-indigo complex to the aryl iodide was identified as 
the step with the highest activation barrier.16,17  After 
testing various mechanistic scenarios in silico, we discov-
ered that a binuclear Cu-indigo species (Cu2) effectively 
lowers the free energy barrier of the first oxidative addi-
tion to the level of 92.4 kJ/mol.  Once the first N−H has 
been arylated, the second N-arylation, where the bime-
tallic structure is not feasible, was found to have an ele-
vated barrier of 112.6 kJ/mol (Scheme 3).18  This signifi-
cant difference in energy would explain the reactivity dif-
ferentiation for the two N-arylation steps.  Further 



 

inspection of the electronic structure of the oxidative ad-
dition product, Cu2-Int2B, strongly suggests the exist-
ence of an electronic coupling between the two copper 
centers through the π-system of the indigo core.  As 
shown in Figure 2, the Cu(III)/Cu(I) species formed via 
the oxidative addition is unstable and will thus be trans-
formed into a Cu(II)/Cu(II) system with a free energy 
drop of 36.8 kJ/mol, therefore significantly stabilizing 
the product of oxidative addition and pushing the reac-
tion towards the product side.19  This equilibrium be-
tween the two copper centers likely involves the closed-
shell singlet, open-shell triplet, and the open-shell singlet 
species.  Similar studies on the ferromagnetic and anti-
ferromagnetic dicopper species are not rare in litera-
ture.20 

 

Figure 2. Electronic coupling of two Cu centers observed 
for Cu2-Int2B 

 

    Detailed DFT calculation demonstrated that the HOMO 
of this complex has contributions from the orbitals of 
both Cu-atoms.  Moreover, the triplet state of Cu2 and 
Cu2-TSIB were also investigated, and the results indi-
cate that the charge transfer happens after the oxidative 
addition (see SI for details).  Experimentally, the pres-
ence of Cu2 is supported by its observation in mass spec-
trometry (see SI for details).  Further investigation of 
these binuclear metal-indigo complexes21 as well as the 
application of bimetallic cooperative catalysis in indigo 
functionalization is currently underway.  On the other 
hand, this mechanism explains the failure of aryl bro-
mides and triflates as coupling partners due to their ex-
cessive activation barriers for oxidative addition (see SI 
for details). 

 

    Photochromic Properties.  Next, we proceeded to 
study the influence of these N-aryl groups on the photo-
chromic properties.  In order to be able to nicely com-
pare all the compounds, we first alkylated the mono-N-
arylindigos (2a-u) using a previously developed proto-
col to obtain N-aryl-N´-alkylindigos (3a-u) (Figure 3a).11  
The photoisomerization behavior of these molecules was 
then studied in MeCN and toluene upon illumination 
with a red-LED (660 nm, 20 nm full width at half-maxi-
mum).  All compounds could be photoswitched with 
moderate to excellent efficiency in both solvents, as 
judged by the composition (Z-content) at the photosta-
tionary state (PSS), typically amounting to 40−70% in 
MeCN and 50−80% in toluene (Scheme 4).  The photo-
chromism is also visible to the naked eye with a color 
change from a blue to a purple PSS solution as a 

consequence of the 50−70 nm difference between the ab-
sorption maxima (λmax) of the E- and Z-isomers (Figure 
3b).  Analysis of the structure of the selected derivative 
3j as well as the precursor 2j reconfirmed the perpendic-
ular geometry of the N-aryl groups relative to the indigo 
plane (Figure 3c and SI).  Comparison between the struc-
tures of E-3j (X-ray) and Z-3j (computed) reveals that 
upon photoisomerization, the relative spatial arrange-
ment of the two N-substituents changes dramatically. 

 
Figure 3. (a) Preparation of N-aryl-N´-alkylindigo pho-
toswitches, (b) UV-vis spectrum and the color change in 
the photochromic study of indigo 3j (a 5.8  10-5 M solu-
tion in toluene irradiated with 660 nm LED with spectra 
recorded every 30 s at 25℃), (c) X-ray structures of in-
digo E-3j and a DFT-computed structure of Z-3j. 
 

    Importantly, despite the significant variations in Z-iso-
mer thermal stability, the absorption maxima of the E-
isomers remain relatively unaffected (λmax = 616-631 
nm), and there is only a very weak correlation between 
t1/2 and λmax (Scheme 4).  Practically, all compounds re-
gardless of their thermal half-lives could be efficiently 
switched using the same red LED (660 nm).  Therefore, 
these N-aryl substituents serve as key modulators for in-
digo photoswitches with variable thermal half-lives 
while maintaining their advantageous red-light address-
ability.  This character is in stark contrast to N-acyl or N-
Boc-indigos, where their λmax and t1/2 are inevitably cou-
pled, and consequently the red-light addressability is 
lost.  Note that compounds with higher thermal stability 
of their Z-isomer also tend to afford higher Z content in 
their PSS, reflecting the fact that under current irradia-
tion conditions, the kinetics of the thermal back-reaction 
have a significant influence on the photothermal-equilib-
rium. 
 
 



 

Scheme 4. Photochromic and thermal behavior of in-
digo photoswitches 3a−u in MeCN and toluene: (a) 
Overview plot and (b) tabulated data. 
(a) 

 
(b) 
 

Compounda λmax, E (nm) λmax, Z (nm) t1/2 (min) PSS Z%b 

3a 
625 575 2.2 58% 
625 562 6.0 76% 

3b 
631 580 1.3 25% 
630 568 3.1 35% 

3c 
619 569 5.1 34% 
616 559 13.9 56% 

3d 
618 567 8.5 68% 
619 551 22.0 81% 

3e 
623 569 6.5 66% 
623 555 12.5 78% 

3f 
630 575 2.0 52% 
629 566 6.2 71% 

3g 
623 573 2.9 59% 
620 564 6.5 74% 

3h 
623 570 8.0 69% 
622 551 14.9 78% 

3i 
626 572 4.0 62% 
626 562 9.8 75% 

3j 
623 570 4.0 63% 
624 554 10.1 79% 

3k 
626 574 2.6 58% 
625 560 7.6 77% 

3l 
629 577 2.8 53% 
629 565 6.3 65% 

3m 
630 580 1.9 50% 
630 568 4.8 63% 

3n 
625 572 4.6 62% 
626 556 8.2 72% 

3o 
624 570 2.7 61% 
623 556 7.2 78% 

3p 
629 584 1.3 45% 
628 566 4.1 69% 

3q 
631 580 1.6 28% 
630 570 4.8 39% 

3r 
626 574 2.3 55% 
626 563 5.4 67% 

3s 
625 571 2.3 60% 
625 562 5.8 76% 

3t 
625 570 3.8 64% 
626 564 9.7 82% 

3u 
629 576 1.6 47% 
629 570 3.0 53% 

aExperiments were carried out by irradiating 4.0~5.0  10-5 M so-
lutions with 660 nm LED.  Bold numbers in the bottom half of the 
rows are results obtained in toluene, whereas the top half are in 
MeCN. bContent of Z-isomers at photostationary state (PSS). 

 
 

Scheme 5. Attachment of functional moieties 
through CuAAC and the photochromic properties of 
4b−4d and 4a (pure and in reaction mixture) meas-
ured in MeCN. 
 

 
 
    These novel compounds thus represent a new design 
strategy for indigo photoswitches: By utilizing a single N-
aryl substituent to control the thermal half-lives, the N’-
alkyl group remains available to independently attach 
functional moieties without affecting their photochromic 
properties.  To illustrate this concept, we prepared com-
pound 4a, which contains an alkyne for further conjuga-
tion through click chemistry.  Copper-catalyzed azide-al-
kyne cycloaddition (CuAAC)22 was used to introduce 
three different molecules bearing biologically relevant 
components to afford the desired compounds, as con-
firmed by mass spectrometry (see SI for details).  To 
mimic the real application case, where the desired indigo 
photoswitches would be generated and isomerized in 
situ, we directly irradiated the diluted reaction mixture 
with a red LED.  With this procedure, photoswitching 
was observed and, more to our delight, all three com-
pounds despite having drastically different structures of 
the attached functional moieties, their indigo cores dis-
play nearly identical λmax and thermal half-lives (Scheme 
5).  The switching efficiency was modest, presumably 
due to the remaining components in the mixture that 
could interfere with the photochemistry, but these pre-
liminary experiments nicely demonstrate our N-aryl- N’-
alkylindigos as photoswitches that enable red-light oper-
ation while allowing for thermal half-life modulation and 
covalent attachment to the target entity of choice.  To fur-
ther apply these indigos in biological context, a prereq-
uisite is the successful switching in aqueous environ-
ment.2e  To this end, we embedded indigo compounds in 
micelles and were able to observe sufficient solubility in 
pure water as well as modest photoswitching (see SI for 
details).  Note that although indigo photoswtiches stud-
ied in this work have shorter thermal half-lives (<30 
minutes) as compared to azobenzenes, this character can 



 

be advantageous in the scenario where instant deactiva-
tion is required after the irradiation is turned off. 
 
    Multivariate Linear Regression Modeling.  Given 
the impact of N-aryl substituents on the thermal half-
lives of Z-isomers, we have been aiming to develop a 
quantitative model for correlating indigo structures with 
the rate of their thermal back-reactions.  Such correlative 
models would aid in the future design of indigo pho-
toswitches with desired properties.  To capture the elec-
tronic and steric properties of the N-aryl groups, we de-
cided to carry out DFT featurization by using the corre-
sponding benzoic acids as computationally low-cost yet 
effective surrogates (Figure 4).  The parameters of the 
substituted benzoic acids were then extracted and im-
plemented as descriptors in multivariate linear regres-
sion models.  This modern version of linear free energy 
analysis (Hammett plot23) was recently pioneered by the 
Sigman group for structure-reactivity/selectivity corre-
lation in various catalytic reactions.24  However, to the 
best of our knowledge, this simple while powerful meth-
odology has yet to be applied to the area of pho-
toswitches.25 
    We initially tested this workflow on our previously de-
veloped N,N´-diarylindigos.  In addition to the para-sub-
stituted arenes, five new meta-derivatives were included 
to test the generality (see SI for the complete list of in-
vestigated compounds).  The benzoic acid surrogate of 
each aryl group was computed by DFT, and the relevant 
parameters were tabulated.  Specifically, the natural 
bond orbital (NBO) of C1 and C2 carbons, C=O stretching 
frequency and intensity, dipole moments, polarizability, 
as well as HOMO/LUMO energies were applied as inputs 
to construct linear regression models.  When we limited 
the selection to only two variables, high level of correla-
tions (R2>0.90) could be obtained with various parame-
ters.  For example, by utilizing the C=O stretching fre-
quency of one arene (Ar1_v_C=O) and the LUMO energy 
of the other (Ar2_LUMO), R2=0.95 was observed with 
this dataset, along with Q2=0.91 for the leave-one-out 
(LOO) validation (Figure 5a).  It is not surprising that 
multiple combinations are able to provide outstanding 
correlations as these descriptors are interrelated to each 
other through their connection to the electronic proper-
ties of the arenes.  Importantly, the fact that both para- 
and meta-series can be included in a single model 
demonstrates the encouraging generality of this ap-
proach. 
    Subsequently, we turned our attention to the dataset 
containing our novel N-aryl-N´-alkylindigos developed in 
this work.  Their structural diversity, both sterically and 
electronically, potentially poses a challenge to develop-
ing a suitable model for capturing all these variations.  
Following the same workflow, we additionally per-
formed a conformational search to identify the lowest 
energy structures prior to parameter extraction.  Fur-
thermore, we expanded the parameter selection to bet-
ter accommodate the structure variations.  Thus, with 
four descriptors, decent levels of correlation were 

obtained (R2>0.85).  Among all descriptors, C1–C2 bond 
length (L_C1-C2) and NBO charge of C2 (Ar_NBO_C2) ap-
pear crucial in every single of the outperforming models 
(see SI for more details).  For instance, along with the 
LUMO energy (LUMO) and the NBO charge of the car-
bonyl oxygen (Ar_NBO_=O), a correlation of R2=0.89 
(Q2=0.75 for LOO) could be obtained (Figure 5b).  When 
the same model was applied to the rates of thermal back-
reaction in toluene, a good level of correlation was ob-
served (see SI for details).  Notably, in contrast to the 
electronic parameters, steric descriptors, i.e., Sterimol 
values, do not contribute significantly, suggesting that 
for these compounds, electronic effects imposed by N-
aryl substituents dominate the rate of their thermal 
back-reaction. 
 
 

 
Figure 4. Workflow for correlating the N-aryl structures 
and rate of thermal back-reaction. 
 
    This general data-science workflow consisting of 
structural representation, DFT featurization/parametri-
zation, and construction of multivariate linear regres-
sion models is unequivocally demonstrated successful 
here for correlating the rate of thermal back-reaction of 
the N-aryl indigos.  In our opinion, the key to success is 
the ability to quantitatively describe the electronic prop-
erties of N-aryl substituents using measurable parame-
ters.  As an example, electron-donating groups result in 
stronger C1–C2 bonds as well as weaker C1=O bonds in 
the benzoic acid surrogates, which are reflected by their 
shorter C1–C2 bond length (L_C1-C2) and lower C1=O 
stretching frequency (Ar_v_C=O).  Another additional 
advantage of this strategy is that it eliminates the need to 
perform calculations on the entire indigo structure or 
any transition state species, thus bypassing tedious and 
expensive computation process.  Importantly, as com-
pared to our previous Hammett analysis,11 this workflow 
is more universal and is expected to be advantageous 
when moving towards structurally complex, real-world 
applicable indigo compounds that contain N-aryl substit-
uents lacking the available Hammett σ-values.  We envis-
age that this approach will also be generalizable to other 
families of molecular photoswitches, in which the main 
photochromic core is conserved and only peripheral sub-
stituents are varied. 
 
 



 

(a) 

 
(b) 

 
Figure 5. Multivariate regression models for thermal 
back-reaction rates (k) of (a) N,N´-diarylindigos (R = p-
OMe, H, p-F, p-CF3, p-CN, p-NO2, m-OMe, m-CHO, m-CF3, 
m-CN, m-NO2)  and (b) N-aryl-N´-alkylindigos (3a-3u).  
See SI for more information. 

 
CONCLUSION 
    In this work combining metal catalysis, photochemis-
try, computation, and data science, we developed a syn-
thetic method for preparing functionalized N-arylindigo 
photoswitches as well as quantitative models to corre-
late their structures and thermal half-lives.  A copper-
catalyzed N-arylation of indigo dye was achieved using 
inexpensive reagents to afford a wide array of syntheti-
cally useful functional groups.  Moreover, this method is 
completely selective for mono-N-arylation despite the 
presence of a second indigo nitrogen.  Computational 
studies suggest that the selectivity originates from a bi-
metallic cooperative mechanism, where a binuclear cop-
per-indigo complex is responsible for lowering the over-
all reaction barrier. 
      By using this methodology, a collection of functional 
N-aryl-N´-alkylindigos containing N-aryl substituents of 
varying electronic and steric properties was prepared.  

All compounds underwent efficient red-light-triggered 
photoisomerization, and the thermal half-lives of Z-iso-
mers can be modulated by the structures of N-aryl 
groups.  A proof-of-concept experiment demonstrated 
that the N´-alkyl groups can be utilized to attach func-
tional moieties without changing the photochromic 
properties.  A data-science workflow including represen-
tation, DFT featurization, and parametrization was car-
ried out, where the molecular parameters extracted from 
computational outcomes were utilized to yield multivar-
iate linear regression models with high level of correla-
tivity.  This approach thus represents a bridge for con-
necting the structures of indigo photoswitches with their 
thermal half-lives, which is an essential property for fu-
ture applications.  Beyond indigo photoswitches, we ex-
pect that this simple workflow can be generalized to cor-
relative modelling of other types of photoresponsive 
molecules.  Further efforts to explore these new func-
tional indigo photoswitches in various biomedical and 
material science applications are currently underway.  
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