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ABSTRACT:	Advances	in	personalized	medicine	are	prompting	the	development	of	multimodal	agents,	i.e.,	molecules	that	
combine	properties	promoting	various	diagnostic	and	therapeutic	applications.	General	approaches	exploit	chemical	conju-
gation	of	therapeutic	agents	with	contrast	agents	or	the	design	of	multimodal	nanoplatforms.	Here	we	report	the	design	of	a	
single	molecule	that	exhibits	potential	for	different	diagnostic	modes	as	well	as	the	ability	to	sensitize	oxygen	thus	offering	
potential	for	photodynamic	therapy.	Exceptionally,	this	work	involves	the	synthesis	and	chiral	resolution	of	an	enantiomeric	
pair	of	chiral	monofluoroborates	that	contain	a	stereogenic	boron	atom.	Combining	experimental	and	theoretical	chiroptical	
studies	allowed	the	unambiguous	determination	of	their	absolute	configuration.	Photophysical	investigations	established	the	
ability	of	this	compound	to	sensitize	oxygen	even	in	the	absence	of	heavy	atoms	within	its	structure.	The	synthesis	of	a	chiral	
benzothiazole	monofluoroborate	paves	a	way	to	multimodal	diagnostic	tools	(fluorescence	and	nuclear	imaging)	while	also	
featuring	potential	therapeutic	applications	owing	to	its	ability	to	activate	oxygen	to	its	singlet	state	for	use	in	photodynamic	
therapy.

INTRODUCTION 
Organoboronates	now	feature	prominently	in	the	devel-

opment	of	fluorescent	probes,	Positron	Emission	Tomogra-
phy	(PET)	imaging	agents,	sensors,	and	chiroptical	materi-
als.1-5	 A	 long-term	 application	 of	 these	 constructs	will	 be	
their	use	in	personalized	medicine	that	in	turn	necessitates	
the	 tandem	 advance	 of	 multimodality	 probes	 and	
theranostic	compositions	as	key	components	to	unlock	the	
full	potential	of	precision	treatments.6,	7	Multimodal	probes	
that	 enable	 both	 fluorescence	 and	 PET	 imaging	 advanta-
geously	expand	the	possibility	of	assessing	biological	events	
at	a	cellular	and	organismal	level.		
Indeed	fluorescence	imaging	finds	applications	in	fluores-

cent-guided	surgery	to	evaluate	tumour	margins,	whilst	the	
ability	to	label	the	identical	molecule	to	be	labelled	with	18F-
fluoride	allows	spatio-temporal	evaluation	of	pharmacody-
namic	uptake	and	clearance	by	PET.8-10	An	early	example	of	
such	combination	has	been	achieved	by	18F-labeled	BODIPY	
derivatives.11,	 12	 The	 fascinating	 role	 that	 boron	 plays	 in	
BODIPY-type	 fluorophores	 including	 facile	 applications	 in	

18F-radiolabelling	 suggests	 that	 boron	 based	 heterocycles	
may	be	of	considerable	interest	in	an	expanded	role	for	sen-
sors,	 photosensitizers	 and	 latent	 18F-radioprosthetic	
groups.	
Furthermore,	the	diagnostic	value	of	BODIPY	probes	can	

be	further	enhanced	with	a	therapeutic	component	through	
their	 potential	 for	 sensitizing	 3O2	 to	 1O2	 thereby	 allowing	
photodynamic	 therapy	 (PDT).13-15	 Notwithstanding	 estab-
lished	 extensive	 applications,	 well-known	 limitations	 of	
BODIPY	 fluorophores	 include	 very	 narrow	 Stokes	 shifts,	
which	lead	to	inner	filter	effects	as	well	as	Raman	and	Ray-
leigh	scattering.	Thus,	larger	Stokes	shifts	would	be	highly	
desirable	 to	 enable	 proper	 and	 uncompromised	 imaging	
with	higher	 signal-to-noise	 ratios.	 Such	has	been	 recently	
achieved	by	breaking	the	symmetry	of	the	electronic	struc-
tures	of	fluorophores.16	This	induces	a	strong	internal	con-
version	 through	 vibronic	 contributions	 to	 the	HOMO	 and	
the	LUMO.		
Since	desymmetrization	 is	strongly	associated	with	and	

readily	 achievable	 by	 the	 introduction	 of	 chirality,	 the	
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generation	of	a	novel	chiral	borate	would	envelope	new	mo-
lecular	 architectures	 for	 expanding	 multi-modal	 applica-
tions.	In	the	context	of	a	fluoroborate	probe,	the	desymme-
trization	of	a	central	boron	atom	with	four	different	substit-
uents	represents	an	entirely	unexplored	means	of	achieving	
such	chirality	 for	which	there	are	but	scant	examples.17-20	
Notably,	 the	 desymmetrization	 of	 a	 central	 boron	 atom	
would	also	establish	a	new	approach	to	the	design	and	de-
velopment	of	circularly	polarized	 luminescence	 from	sim-
ple	 organic	 molecules	 by	 expanding	 the	 structural	 diver-
sity.21,	22	
Our	on-going	interest	on	applications	of	fluoroborates	for	

applications	 in	(radio)chemistry,23-25	as	well	as	our	report	
on	straightforward	approaches	to	2-aryl	substituted	benzo-
thiazole	fluorophores,26,	27	led	us	to	unveil	a	new	benzothia-
zole-based	fluoroborate	probe	1	(Figure	1)	where	the	addi-
tion	of	a	single	fluorine	atom	to	create	the	ate-salt	will	en-
gender	 stereogenicity	 at	 the	 boron	 atom	 in	 a	 unique	 6,7-
fused	 ring	 system	with	 a	 tridentate	 borate,	 opening	 new	
routes	for	the	design	of	probes	featuring	novel	chiroptical	
properties.	

	

Figure	 1.	 Structure	 of	 the	 target	 stereogenic	 borate	 1	
shown	in	racemic	form,	with	selected	atom	numbering.	

Furthermore,	as	the	2-arylbenzothiazole	scaffold	is	itself	
known	for	its	photosensitizing	properties,28-30	we	expected	
that	 a	 benzothiazole	 based	 tridentate	 ligand	 for	 boron	
would	 induce	a	strong	differentiation	of	 the	nature	of	 the	
donor	and	acceptor	moieties	of	the	fluorophore,	potentially	
promoting	Stokes	shift	enlargement.	Finally,	tetrahedral	co-
ordination	at	B	critically	 induces	non-negligible	torsion	 in	
the	 polyaromatic	 ligand,	 known	 to	 favour	 spin-orbit	 cou-
pling,	which	enables	 1O2	generation.31-33	Eyeing	the	poten-
tial	for	these	unique	chiroptical	properties,	here	we	report	
our	first	results	on	the	synthesis	of	1,	the	potential	for	ex-
changing	its	fluoride	substituent	and	its	enantiomeric	reso-
lution	by	chiral	chromatography,	as	well	as	the	photophysi-
cal	 and	chiroptical	 properties	 of	 the	 stereoisomers	which	
have	been	investigated	and	fully	rationalized	by	theoretical	
calculations.	

RESULTS AND DISCUSSION 

Synthesis of Racemic Benzothiazole Monofluoroborate Com-
plex 1. 
In	pursuit	of	a	stable	and	 isolable	chiral	borate,	 the	 fol-

lowing	design	principles	were	considered	necessary	struc-
tural	features	of	the	unsymmetrical	ligand	and	complex:	(i)	
the	ligand	must	contain	coordinating	heteroatoms	 for	bo-
ron	chelation	on	a	relatively	rigid	scaffold	to	enforce	stabil-
ity	and	disfavour	racemization	by	substituent	exchange	at	
boron	and	(ii)	 the	complex	should	exhibit	sufficient	steric	

congestion	about	the	boron	center	to	facilitate	chiral	reso-
lution	of	enantiomers.	To	this	end,	the	benzothiazole	heter-
ocycle	was	found	to	be	a	suitable	scaffold	given	its	unsym-
metrical	nature	and	facile	synthesis.	Additionally,	the	ability	
to	functionalize	the	heterocycle	at	the	C2	and	C4	positions	
would	allow	the	introduction	of	chelating	motifs	to	produce	
a	tridentate	ligand	for	boron.	
Starting	from	2-bromoaniline	2,	the	corresponding	thiou-

rea	3	was	synthesized,	which	was	then	oxidatively	cyclized	
with	Br2	to	give	2-amino-4-bromobenzothiazole	4	(Scheme	
1).	Iodination	under	Sandmeyer	conditions,	using	catalytic	
CuI,	 provided	 access	 to	 4-bromo-2-iodobenzothiazole	5.27	
Ligand	6	was	then	obtained	via	the	one-pot	double	Suzuki-
Miyaura	cross-coupling	of	5	with	2-hydroxyphenylboronic	
acid.	 Finally,	 complex	1	 was	 obtained	by	 reacting	6	 with	
BF3×OEt2	 in	 the	presence	of	DIPEA	as	a	base.	All	 products	
were	 fully	 characterized	 by	 multinuclear	 NMR	 spectros-
copy,	IR	spectroscopy	and	HRMS	spectrometry	(see	SI).	

	

Scheme	1.	Synthesis	of	complex	1	and	fluoride	abstraction	
from	1	

a,	BzCl,	NH4SCN,	acetone,	reflux,	1	h,	75%;	b,	Br2,	CHCl3,	re-
flux	1.5	h,	93%;	c,	(i)	p-TsOH·H2O,	MeCN,	room	temperature,	
(ii)	t-BuONO,	-5	°C,	30	min,	(iii)	KI,	cat.	CuI,	H2O,	0	°C	then	room	
temperature,	 18	 h,	 90%;	 d,	 2-hydroxyphenylboronic	 acid,	
Pd(PPh3)4,	Na2CO3,	DMF/H2O,	microwave,	120	°C,	1	h,	55%;	e,	
DIPEA,	BF3×OEt2,	CH2Cl2,	room	temperature,	2	h,	88%;	f,	TMS-
OTf,	CDCl3,	room	temperature,	10	min.	

Formation	of	fluoroborate	complex	1	was	established	by	
19F-NMR	spectroscopy	where	a	signal	centered	at	d	-132.09	
ppm	with	a	1:1:1:1	splitting	pattern	was	observed	(1JF-B	=	
34.5	Hz);	consistent	with	the	nuclear	spin	of	a	boron	atom	
(S	=	3/2)	coupling	to	a	fluorine	atom.	The	presence	of	only	
one	fluorine	atom	(S	=	1/2)	bound	to	boron	was	confirmed	
by	the	observation	of	a	doublet	with	the	same	1JB-F	coupling	
constant	centered	at	d	1.9	ppm	in	 the	 11B-NMR	spectrum.	
This	has	been	further	confirmed	in	IR	by	the	disappearance	
of	OH	bands,	in	1H	NMR	by	a	downfield	shift	of	most	signals,	
especially	 the	ones	 for	protons	ortho	 to	the	hydroxyl	sub-
stituents	 related	 to	 the	 inductive	 electron	 withdrawal	
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induced	by	the	BF	complex	formation,	and	by	the	molecular	
formula	corroborated	by	HR-MS.	

Structure of Monofluoroborate Complex 1. 
Single	crystals,	suitable	for	X-ray	crystallographic	analy-

sis,	were	grown	by	slow	vapor	diffusion	of	cyclohexane	into	
saturated	CHCl3	solutions	of	6	and	1,	which	crystallised	in	
the	monoclinic	C2/c	and	P21/c	space	groups,	respectively	(Fig-
ure	2).	Selected	structural	parameters	for	1	are	listed	in	Ta-
ble	S1	and	for	6	in	Table	S2).	To	the	best	of	our	knowledge,	
1	is	the	first	mono-fluoroborate	benzothiazole	complex	that	
exemplifies	a	stereogenic	boron	atom	and	is	a	new	addition	
to	 rare	 examples	 of	 boron-chelated	 seven-membered	
ring.34-37	
Interestingly,	1	forms	a	crystalline	racemate	in	which	the	

two	 enantiomers	 are	 present	 in	 equal	 quantities	 in	 the	
asymmetric	unit	with	inverted	configurations	at	the	boron	
center	(Figure	2).	The	molecule	with	R	or	S	configuration	at	
boron	is	designated	1R	or	1S,	respectively	in	Table	S1.	In	1,	
the	 boron	 atom	 is	 internally	 coordinated	by	 the	 nitrogen	
atom	of	the	benzothiazole	ring,	and	the	oxygen	atoms	(O1	
and	O1’)	of	both	phenols	at	positions	C2	and	C4	of	the	benzo-
thiazole	core,	 forming	six-	and	seven-membered	rings,	re-
spectively.	The	final	coordination	site,	completing	the	tetra-
hedral	geometry	at	boron,	 is	occupied	by	a	 fluorine	atom.	
For	 1R,	 the	 B-N,	 B-F,	 B-O1	 and	 B-O1’	 bond	 lengths	 are	
1.586(5),	1.389(4),	1.434(3)	and	1.427(4)	Å,	 respectively;	
similar	 bond	 lengths	 are	 found	 in	1S	 except	 for	 the	 B-O1	
bond	which	is	slightly	elongated	to	1.450(4)	Å.	The	boron	
centers	 in	 both	 molecules	 are	 highly	 tetrahedral,	 as	 ob-
served	from	the	reported	bond	angles	and	calculated	Tetra-
hedral	Characters	(THC),	according	to	Höpfl’s	equation,38	of	
88	and	89%	for	1R	and	1S,	respectively.		
Complex	1	is	highly	planar	across	the	benzothiazole	core	

and	 the	 phenol	 ring	 at	 C2,	 the	 angle	 between	 these	 two	
planes	is	3.3°,	and	this	planarity	is	supported	by	a	small	N-
C2-C2’-C1’	torsion	of	2.3(4)°	in	1R.	However,	1S	displays	less	
planarity	with	an	angle	between	the	benzothiazole	and	phe-
nol	 planes	 of	 6.1°	 and	 increased	 N-C2-C2’-C1’	 torsion	 of	 -
5.1(5)°.	In	both	enantiomers,	the	phenol	ring	at	C4	is	signif-
icantly	twisted	away	from	the	benzothiazole	core,	with	an-
gles	between	the	planes	of	these	two	ring	systems	at	21.4°	
and	20.7°	for	1R	and	1S,	respectively.	Despite	the	presence	
of	an	intramolecular	hydrogen-bond	between	the	proton	of	
O1	and	N	in	the	benzothiazole	ring	in	ligand	6,	the	system	is	
significantly	less	planar	with	an	angle	between	the	planes	of	
both	 ring	 systems	 of	 11.2°	 and	 a	 N-C2-C2’-C1’	 torsion	 of	
9.8(2)°	highlighting	the	structural	rigidity	and	planarity	in-
duced	by	B-F	complexation.	

	

Figure	2.	X-ray	crystal	structure	of	1	with	thermal	ellipsoids	at	
50%	probability:	 asymmetric	 unit	 (left)	with	 1R	 and	 1S;	 in-
plane	(top	right)	and	top-face	(bottom	right)	views	of	1R.	Bo-
ron	in	pink,	carbon	in	grey,	nitrogen	in	blue,	oxygen	in	red,	flu-
orine	in	green	and	sulfur	in	yellow;	H	atoms	omitted	for	clarity.	

Fluorine exchange studies of 1 
In	 line	 with	 prospective	 applications	 in	 radiolabelling	

with	18F	for	PET	probe	synthesis,	the	ability	to	exchange	a	
fluoride	anion	from	complex	1	was	investigated.	Significant	
developments	have	been	reported	in	the	synthesis	and	19F–
18F	isotope	exchange	(IEX)	of	BODIPY	dyes	for	the	genera-
tion	of	bi-modal	imaging	agents.11,	12,	39,	40	Such	IEX	reactions	
are	inherently	thermoneutral	which	can	compromise	both	
radiochemical	 yields	 or	molar	 activity	 values	 or	both.	 By	
contrast,	one	particularly	attractive	strategy	 involves	pre-
activation	 of	 the	 BODIPY	 core	 with	 TMS-OTf,	 which	 re-
moves	a	fluorine	atom	to	generate	a	good	leaving	group	for	
subsequent	 radiofluorination.	 This	would	 be	 the	 simplest	
methodology	to	test	fluoride	abstraction	and	would	give	a	
potentially	 stable	 intermediate	upon	which	radiofluorina-
tion	conditions	could	be	investigated.	
Treatment	of	1	with	TMS-OTf	in	CDCl3	resulted	in	quanti-

tative	fluoride	anion	abstraction	to	provide	7,	as	observed	
by	1H-,	19F-	and	11B-NMR	spectroscopy	(Figure	S1).	The	B-F	
signal	 in	the	 19F	NMR	spectrum,	centered	at	 -132.07	ppm,	
completely	disappears	and	a	new	peak	attributed	to	TMS-F,	
centered	at	-157.77	ppm	(3JF-H	=	7.4	Hz)	is	observed.	In	the	
11B-NMR	spectrum,	the	doublet	centered	at	1.9	ppm	(1JB-F	=	
34.4	Hz)	evolves	into	a	broad	singlet	centered	at	2.2	ppm,	
confirming	fluoride	abstraction	(loss	of	B-F	coupling)	while	
maintaining	a	quaternary	boron	center.	Complete	conver-
sion	of	1	was	also	substantiated	by	1H-NMR	spectroscopy,	
where	 all	 aromatic	 proton	 signals	 are	 shifted	 downfield	
with	respect	 to	1	 and	the	 free	 ligand	6.	As	 single	crystals	
suitable	for	X-ray	crystallographic	analysis	could	be	eventu-
ally	obtained	upon	standing	in	solution	under	inert	atmos-
phere,	 the	 structure	 of	7	 could	be	 confirmed	 in	 the	 solid	
state.	 Compound	 7	 crystallised	 in	 the	 triclinic	 P-1	 space	
group	 (Figure	 S20).	 Interestingly	 exchanging	 the	 fluoride	
for	a	triflate	on	boron	exhibited	minimum	impact	on	the	B-
N,	B-O1	and	B-O1’	bond	lengths	which	are	measured	in	7	at	
1.559(1),	1.422(1)	and	1.410(1)	Å	respectively.	The	B-OTf	
bond	 is	 expectedly	 significantly	 longer	 in	7	 (1.572(1)	 Å)	
compared	the	B-F	bond	in	1,	which	together	with	the	lower	
THC	of	80%	are	predicting	a	higher	reactivity	at	boron.	An-
gles	between	 the	aromatic	ring	appear	 to	be	 significantly	
more	 affected	as	 the	one	between	the	benzothiazole	core	
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and	the	phenol	at	C2	 is	now	12.2°,	while	the	one	with	 the	
phenol	ring	at	C4	reaches	26.5°.		
As	the	structural	data	were	indicative	of	a	high	reactivity	

at	boron,	we	first	attempted	the	fluorination	of	7	to	revert	
to	1	 by	 slow	addition	of	TBAF	 (1M	 in	THF)	 in	CDCl3.	Alt-
hough	trace	amount	of	1	were	observed	by	19F	NMR,	the	ob-
tained	spectrum	mainly	showed	decomplexation	of	boron	
and	formation	of	BF4-	which	was	further	confirmed	by	11B	
NMR	spectroscopy.	To	mimic	higher	dilution	that	could	pre-
vent	 such	 degradation,	 we	 envisioned	 a	 reaction	 at	 the	
solid-liquid	 interface	 by	 adding	 CsF	 to	 a	 solution	 of	7	 in	
CDCl3.	Unfortunately,	no	reactivity	was	observed	even	after	
prolonged	mixing.	Finally	it	should	also	be	pointed	out	that	
upon	 exposure	 to	 air	moisture,	7	 was	 shown	 to	 progres-
sively	degrade,	thus	illustrating	its	high	reactivity.	
Although	this	result	 is	 indicative	that	7	would	probably	

not	be	an	appropriate	precursor	for	radiofluorination,	it	is	
also	indicative	of	the	ability	to	exchange	fluoride	on	boron	
thus	 potentiating	 in	 situ	 isotope	 exchange	 as	 viable	 ap-
proach	for	future	radiolabelling	of	1	through	the	in	situ	for-
mation	of	an	analog	of	7.	

Chiral Resolution, and Configurational Stability. 
To	 determine	 the	 stereochemical	 relationship	 of	 these	

molecules,	and	since	they	do	not	crystallise	as	a	conglomer-
ate	(i.e.	no	spontaneous	resolution),	their	resolution	was	at-
tempted	by	chiral	HPLC,	as	this	has	been	recently	reported	
for	azobenzene	boron	complexes.41	Using	an	analytical	Chi-
ralPak	IA	column	(5x250	mm,	5	µm)	and	eluting	with	MeOH	
(100%),	the	enantiomers	could	be	separated	by	~4	minutes	
in	elution	sequence	in	a	1:1	ratio	(see	Figure	S2).	Resolution	
was	 then	 effected	 on	 a	 preparative	 scale	 (ChiralPak	 IA	
20x250	mm,	5	µm)	allowing	the	isolation	of	39.8	and	40.9	
mg	of	enantiopure	fractions	1A	and	1B,	respectively.	As	ex-
pected,	NMR	spectra	of	both	enantiomers	are	identical	(see	
Figure	S3).	
The	 stability	 of	 the	 enantiomers,	 towards	racemization,	

was	also	investigated.	Repeated	analytical	HPLC	injections	
of	each	enantiomer	over	several	days	(stored	under	ambi-
ent	conditions:	room	temperature,	exposed	to	light	and	air)	
gave	 only	 single	 peaks	 (see	 Figure	 S2).	 The	 enantiomers	
were	also	found	to	be	stable	under	more	forcing	conditions,	
after	3	hours	at	50	°C	in	CHCl3	no	degradation	was	observed	
by	 NMR	 spectroscopic	 analysis	 and	 no	 racemization	 de-
tected	by	chiral	HPLC;	this	highlights	the	stability	of	the	en-
antiomers	 towards	 racemization	 via	 inversion.	 Addition-
ally,	no	racemization	was	observed	when	the	enantiomers	
were	 stored	 in	MeOH	at	 ambient	 conditions	 over	 several	
days;	although	trace	hydrolysis	 to	the	 free	 ligand	was	de-
tected.	Notably,	complex	1	also	displayed	impressive	stabil-
ity	(over	289	hours)	in	the	presence	of	water,	as	determined	
by	NMR	spectroscopic	studies	in	an	aqueous	medium	(see	
Figure	S4).	The	configurational	 stability	has	 also	been	 as-
sessed	in	the	presence	of	PBS	buffer	by	repeated	recording	
of	CD	spectra	of	a	solution	of	1	in	a	1:6	mixture	MeCN:PBS.	
No	evolution	of	the	CD	spectrum	and	the	UV	absorbance	in-
dicate	maintenance	of	structural	integrity.	

Optical and chiroptical Properties. 
As	 Circularly	 Polarized	 Luminescence	 (CPL)	 currently	

represents	 a	 topic	 of	 high	 interest	 due	 to	 potent	

applications	 in	 numerous	 fields,42-45	 the	 photophysical	
properties	of	1	were	investigated	and	their	spectra	and	data	
are	shown	in	Figures	3-4	and	Table	1	(and	Figure	S5-S13).	
Complex	 1	 maintains	 the	 same	 absorption	 profile	 as	 the	
parent	ligand	6,	with	two	main	transitions	centered	at	~300	
and	~350	nm	that	can	be	associated	to	π-π*	type	transitions	
which	are	 typically	solvent-independent	(Table	1	and	Fig-
ures	S5,	S6	 and	 S7).	Complex	1,	 however,	 shows	a	batho-
chromic	shift	of	~20	nm	in	absorption	maximum	(λabs)	(Fig-
ure	3	and	Table	1).	As	observed	in	the	solid	state,	B-F	com-
plexation	induces	rigidity	across	the	entire	molecular	scaf-
fold,	 extending	 the	 π-conjugation	 responsible	 for	 the	 ob-
served	bathochromic	shift.44,	46	
Table	1.	Photophysical	properties	of	ligand	6	and	com-
plex	1	in	CH2Cl2	solutions.	

	 λab
s	
(n
m)	

ε		
(10
3	M-

1.	
cm-

1)	

λem	
(n
m)	

ΔSS	
(cm-1)	

ΦF[a]	 ES0-0	
(eV)[
b]	

ET0-0	
(eV)[
b]	

ΦΔ	
[c]	

6	 33
9	

15.
8	

530	 10,630	 <0.0
1	

-	 -	 -	

1	 36
0	

31.
6	

530	 8,910	 0.11	 3.03	 2.55	 0.3	

[a]	Measured	using	Coumarin	–	153	as	a	reference	(ΦF	=	0.45	
in	MeOH).	[b]	Measured	at	the	0-phonon	transition.	 [c]	Meas-
ured	using	Phenalenone	as	a	reference	(ΦΔ	=	0.95	in	CH2Cl2).	

Upon	excitation,	ligand	6	is	essentially	non-emissive	(ΦF	
<	 0.01).	 This	 behaviour	may	be	 explained	by	 an	Excited-
State	Intramolecular	Proton	Transfer	(ESIPT)46,	47	resulting	
in	 non-radiative	 energy	 loss	 due	 to	 structural	 rearrange-
ments	in	the	excited	state,	accounting	for	the	large	Stokes	
shift	ΔSS	(10,630	cm-1)	and	the	low	quantum	yield	(Table	1).	
Since	this	mechanism	is	blocked	by	borate	formation,	a	nice	
green	emission	at	530	nm	can	be	easily	observed	in	the	case	
of	1	 (see	Figure	 S8),	and	a	 greater	quantum	yield	of	 0.11	
could	be	determined	(Table	1	and	Figures	S9	and	S10).	Im-
portantly,	1	also	presents	a	significant	ΔSS	of	8,911	cm-1	in	
contrast	 to	 previously	 reported	 BF2	 dyes.48	 Its	 emission	
properties	 certainly	 resemble	 those	 of	 highly	 conjugated	
systems	or	systems	with	significant	Donor-π-Acceptor	ar-
chitectures.49-51	
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Figure	3.	Normalized	absorption	for	6	(black	trace)	and	1	(red	
trace),	emission	of	1	(blue	trace)	and	phosphorescence	of	sin-
glet	oxygen	(green	trace)	in	a	CH2Cl2	solution.	

The	emission	of	1	was	also	measured	at	low	temperature	
in	organic	glass	(77	K,	MeOH-EtOH	v/v	1:4,	Figure	S12,	see	
Figure	S11	for	comparison	with	6).	After	applying	a	50	µs	
delay	 the	 short-lived	 fluorescence	 emission	 at	 545	 nm	
(MeOH	at	 RT)	 disappears	 and	 is	 replaced	by	 a	 long-lived	
well-structured	phosphorescence	emission	at	486	nm	that	
can	be	assigned	to	the	emission	from	the	lowest	triplet	state	
(T1)	with	an	energy	of	2.55	eV	(20,576	cm-1).	Given	the	de-
scribed	criteria	for	photosensitizer	dyes,	namely	that	the	T1	
state	is	long-lived	and	of	appropriate	energy	(≥0.98	eV),52-54	
we	postulated	that	1	may	function	as	a	photosensitizer	and	
convert	3O2	to	1O2.	We	therefore	studied	the	ability	of	1	to	
sensitize	singlet	oxygen	by	directly	observing	the	phospho-
rescent	emission	of	1O2	at	1268	nm	(Figure	3).55,	56	Indeed,	
complex	1	was	found	to	be	an	efficient	photosensitizer,	in	
the	absence	of	heavy	atoms,	with	a	phosphorescence	quan-
tum	yield	of	oxygen	(ΦΔ)	of	0.30	by	direct	comparison	with	
phenalenone	as	a	reference,	in	CH2Cl2	(Figure	S13).	
The	enantiomeric	nature	of	1A	and	1B	was	unequivocally	

confirmed	by	circular	dichroism	(CD)	spectroscopy	as	 the	
spectra	of	1A	and	1B	were	mirror	images	(Figure	4a)	while	
1,	as	a	racemic	mixture,	did	not	interact	with	circularly	po-
larized	light.	1A	and	1B	also	display	the	emission	of	opposite	
circularly	 polarized	 luminescence	 (CPL),	 where	 the	 CPL	
emission	 maximum	 perfectly	 matches	 the	 fluorescence	
emission	band	(Figure	4b).	The	maximal	glum	value	 is	esti-
mated	to	be	0.2·10-3	in	the	classical	range	for	chiral	boron	
containing	dyes.18,	43	

	

Figure	4.	a)	CD	spectra	and	b)	CPL	spectra	of	racemic	1	(grey	
trace),	1A	(purple	trace)	and	1B	(green	trace)	in	CH2Cl2	at	25	°C.	

Theoretical Calculations. 
Density	 functional	 theory	 (DFT),	 time-dependent	 DFT	

(TDDFT)	and	wave-function	theory	(WFT)	were	employed	
to	further	understand	and	rationalize	the	photophysical	and	
photosensitizing	 properties	 of	 complex	 1	 (see	 computa-
tional	details).	Firstly,	the	diabatic	(vertical)	and	adiabatic	
(relaxed)	energies	of	the	lowest	excited	states	of	complex	1s	
were	calculated	(see	Table	S3);	a	schematic	representation	
of	the	Jablonski	diagram	based	on	these	calculations	is	rep-
resented	 in	 Figure	 S14.	 In	 both	 cases,	 the	 lowest	 excited	
state	 corresponds	 to	 a	 triplet	 spin	 state	 lying	 above	 the	
ground	state	S0	by	2.7	and	2.0	eV	using	the	diabatic	and	ad-
iabatic	energies,	respectively.	The	ordering	of	the	next	ex-
cited	states	strongly	depends	on	whether	structural	relaxa-
tions	are	performed	or	not.	The	vertical	excitations,	using	
the	structure	of	the	ground	state	S0	for	the	calculations,	lo-
cate	the	excited	triplet	spin	states	T2	and	T3	lower	in	energy	
than	the	first	excited	singlet	spin	state	S1	(see	ΔEvertical	in	Ta-
ble	S3).	On	the	other	hand,	S1	is	found	lower	in	energy	than	
T2	and	T3	after	structural	relaxations	of	the	excited	states	
(see	ΔErelax	in	Table	S3).		
The	 main	 calculated	 absorption	 and	 CD	 properties	 of	

complex	1S,	obtained	with	the	hybrid	functional	PBE0,	are	
given	in	Table	2	(for	full	data	see	Table	S4).	Additional	data	
obtained	with	 the	hybrid	B3LYP	 functional	 and	 its	range-
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separated	version	CAM-B3LYP	are	provided	 in	the	SI	 (Ta-
bles	S5	and	S6).	The	lowest	transitions	to	S1	and	S2	are	cal-
culated	at	367	and	350	nm,	respectively,	in	excellent	agree-
ment	with	the	first	absorption	band	measured	experimen-
tally	at	360	nm.	These	transitions	correspond	to	excitations	
from	 the	highest	 occupied	molecular	 orbital	 (HOMO)	 and	
the	HOMO-1	into	the	lowest	unoccupied	molecular	orbital	
(LUMO)	of	complex	1.	A	second	set	of	two	transitions	is	then	
calculated	at	ca.	310	nm,	again	in	excellent	agreement	with	
the	experimental	data;	these	transitions	correspond	to	ex-
citations	from	the	HOMO-2	and	HOMO-3	into	the	LUMO,	re-
spectively.	 The	 natural	 transition	 orbitals	 (NTOS)	 associ-
ated	 with	 these	 transitions	 are	 shown	 in	 Figure	 5.	 They	
principally	correspond	to	π-π*	type	transitions	with	orbit-
als	mostly	delocalized	over	the	entire	system.	However,	the	
transition	calculated	at	367	nm	is	an	exception	(Figure	5,	
left).	The	HOMO	orbital	electron	density	is	concentrated	on	
the	benzothiazole	core	as	well	as	the	phenol	ring	at	position	
C4,	whereas	 in	the	LUMO,	there	 is	a	significant	rearrange-
ment	of	electron	density	from	the	C4	to	C2	phenol	ring.	This	
considerable	 redistribution	 of	 electron	 density	 may	 be	 a	
plausible	explanation	 for	 the	 large	Stokes	shift,	while	also	
being	a	factor	in	the	quantum	yield	observed	for	1.50	
Table	2.	Energy	(ΔE	in	eV	and	(nm)),	oscillator	strength	
(f),	 rotatory	 strength	 (R	 in	 cgs),	 electric	 dipole	 (D	 in	
cgs),	absorption	dissymmetry	factor	(gabs),	and	assign-
ment	(in	per-cent)	of	the	lowest	absorption	transitions	
calculated	in	1S	at	the	PBE0/TZ2P	level.	

ΔE	 f	 R	
(×	
10-
40)	

D	
(×	 10-
40)	

gabs	
(×	
103)	

Nature[a]	

3.38
0	
(367
)	

0.40
4	

-
22.
1	

31558
0	

-
0.27
9	

HOMO®LUMO	
(84%)	
HOMO-1®LUMO	
(14%)	

3.54
0	
(350
)	

0.41
5	

57.
6	

30970
6	

0.74
3	

HOMO-1®LUMO	
(84%)	
HOMO®LUMO	
(14%)	

4.01
4	
(309
)	

0.01
9	 -6.1	 13127	

-
1.86
5	

HOMO-2®LUMO	
(93%)	

4.03
4	
(307
)	

0.37
9	 -7.2	 24223

4	

-
0.11
8	

HOMO-3®LUMO	
(92%)	

4.40
6	
(281
)	

0.52
7	

-
67.
7	

31542
2	

-
0.85
8	

HOMO®LUMO+
1	(93%)	

[a]	Only	contributions	larger	than	5%	are	given.	

	

	

Figure	5.	Selected	occupied	(top	row)	and	vacant	(bottom	row)	
natural	 transition	 orbitals	 for	 the	 lowest	 excitations.	
PBE0/TZ2P	results.	Iso-surface	values	=	±	0.03	au.	

The	chiroptical	properties	associated	to	the	lowest	exci-
tations	of	complex	1	are	also	given	in	Table	2,	while	the	cor-
responding	calculated	CD	spectrum	is	shown	in	Figure	6.	A	
Cotton	effect	is	calculated	for	the	first	absorption	band	at	ca.	
360	nm,	which	exhibits	positive	and	negative	bands	in	CD.	
The	rotatory	strength	of	the	former	excitation	is	calculated	
twice	 larger	 in	absolute	magnitude	 than	of	the	latter.	The	
second	 largest	CD	band	 is	calculated	at	 281	nm;	 it	 corre-
sponds	 to	an	excitation	 from	the	HOMO	into	the	LUMO+1	
and	gives	rise	to	a	strong	negative	rotatory	strength.	The	en-
ergy	 of	 this	 calculated	 transition	 is	 probably	 underesti-
mated	and	could	correspond	to	the	negative	band	measured	
experimentally	at	ca.	240	nm	(see	Figure	4a).	As	visible	in	
Figures	S15	and	S16,	the	energies	and	the	magnitude	of	the	
calculated	R	 are	 strongly	 functional	 dependent.	However,	
the	sign	of	the	calculated	rotatory	strengths	was	confirmed	
with	the	help	of	multi-reference	CASPT2	calculations	(see	
Table	S4).	

	

Figure	6.	Calculated	CD	spectrum	of	1S,	PBE0/TZ2P	results.	A	
Gaussian	broadening	was	used	with	a	σ	value	of	0.13	eV.	

Calculations	of	 emission	 and	CPL	properties	 of	1S	were	
performed	on	the	relaxed	structure	of	the	S1	state,	and	these	
results	 are	given	 in	Table	3	 and	the	 corresponding	calcu-
lated	CPL	spectrum	is	shown	in	Figure	S17.	The	calculated	
transition	(542	nm	with	B3LYP)	formally	corresponds	to	a	
relaxation	from	the	LUMO	to	the	HOMO	of	the	correspond-
ing	 S0	 state	 (Figure	7)	 and	 is	 in	excellent	agreement	with	
emission	observed	experimentally	at	530	nm.	The	rotatory	
strength	associated	to	the	S0¬S1	emission	is	calculated	pos-
itive	with	the	different	functional	tested	as	well	as	with	the	
CASSCF/CASPT2	calculations.		
Combining	calculated	CD	and	CPL	properties	gave	a	clean	

chiroptical	 fingerprint	 of	 compound	1S.	 Comparison	 with	
the	experimental	spectra	of	the	two	enantiopure	fractions	
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1A,B	(Figure	4a)	permits	the	unambiguous	determination	of	
their	absolute	configuration.	1A	correspond	to	1S,	and	con-
sequently	its	mirror	isomer	1B	to	1R.	
Table	3.	Energy	(ΔE	in	eV	and	nm),	oscillator	strength	
(f),	 rotatory	 strength	 (R	 in	 cgs),	 electric	 dipole	 (D	 in	
cgs),	 emission	 dissymmetry	 factor	 (gems),	 and	 assign-
ment	(in	per-cent)	of	the	lowest	fluorescence	transition	
of	1s.	

	 ΔE	 f	 R	
×10-
40	

D	
×10-40	

Gems	
×103	

Na-
ture[a]	

B3LYP	

2.28
8	
(542
)	

0.13
9	 11.7	 16012

2	
0.29
1	

HO¬	
LU	
(99%)	

PBE0	

2.51
7	
(492
)	

0.19
1	 15.5	 20002

3	
0.31
1	

HO¬	
LU	
(99%)	

CAM	
B3LYP	

3.08
5	
(402
)	

0.45
4	 45.2	 38820

1	
0.46
6	

HO¬	
LU	
(79%)	
HO-
1¬	
LU	
(16%)	

CAS	
(10,10
)	
SCF	

2.83
1	
(438
)	

0.15
4	 6.4	 14321

5	
0.17
0	 -	

CAS	
(10,10
)	
PT2	

2.26
3	
(548
)	

0.08
9	 7.7	 10353

3	
0.30
0	 -	

Expt.	

2.29
6	
(540
)	

-	 +	 -	 -	 -	

[a]	Only	contributions	larger	than	5%	are	given.	

	

	

Figure	7.	Selected	occupied	(left)	and	vacant	NTOS	for	the	low-
est	fluorescence	transition.	PBE0/TZ2P	results.	Iso-surface	val-
ues	=	±	0.03	au.	Overlap	(right)	of	the	optimized	structure	of	S0	
(orange)	and	S1	(blue).	

CONCLUSION 
In	 summary,	we	have	defined	 a	new	molecular	 scaffold	

comprising	a	stereogenic	fluoroborate	for	generating	chiral	
photosensitizers	based	on	a	novel	chromophore.	The	struc-
ture	 of	1	 allows	 a	 significant	 increase	 of	 the	 Stokes	 shift	
compared	to	regular	boron	derived	fluorophores,	as	well	as	
light	 harvesting	 and	 intersystem	 crossing	 to	 efficiently	

populate	its	triplet	state,	along	with	the	potential	for	gener-
ation	of	reactive	singlet	oxygen	species.	This	compound	also	
features	a	fluoride	atom	that	can	be	selectively	activated	for	
displacement	by	reaction	with	TMS-OTf,	leading	us	to	antic-
ipate	that	while	IEX	was	not	attempted	here,	radiofluorina-
tion	of	1	by	IEX	is	an	alternative	means	for	introducing	ra-
dioactive	18F-fluoride	for	future	use	in	PET	imaging.	At	the	
same	 time,	 the	 potential	 for	 a	 unique	 structure	 to	 poten-
tially	act	as	an	imaging	probe	in	two	modes,	fluorescence	for	
cell-based	cytology	to	whole	body	PET,	combined	with	the	
added	 therapeutic	 potential	 by	 PDT	makes	 this	 approach	
unique	for	addressing	developments	of	innovative	tools	for	
health	sciences.	Investigations	towards	these	goals	includ-
ing	enhanced	photophysical	properties	and	in	vivo	imaging	
are	currently	underway	in	our	groups.	Other	applications	in	
chirality	transfer	to	and	from	a	stereogenic	borate	for	use	in	
sensing	and	catalysis	along	with	chiroptical	applications	in	
solid-state	materials	and	molecular	medicine	are	readily	an-
ticipated	by	these	results	and	will	be	pursued	in	due	course.	

EXPERIMENTAL SECTION 

General information. 
Solvents	and	Reagents:	All	chemicals	were	purchased	from	com-

mercial	sources	and	used	as	received	unless	otherwise	noted.	All	
solvents	used	were	commercial	grade	and	used	as	received	with	no	
drying	 unless	 otherwise	 noted;	 dry	 CH2Cl2	was	 obtained	 from	 a	
PureSolv	 solvent	 purification	 system.	 All	 reactions	 were	 per-
formed	 in	oven-dried	glassware	 under	argon	atmosphere	 unless	
otherwise	stated.	All	chemicals	were	purchased	from	commercial	
sources	and	used	as	received	unless	otherwise	stated.	Deuterated	
solvents	 for	 NMR	 spectroscopic	 analysis	 were	 purchased	 from	
Euriso-top.	Analysis:	NMR	experiments	were	performed	in	deuter-
ated	solvents.	1H	NMR,	13C	NMR,	11B	NMR	and	19F	spectra	were	rec-
orded	on	300	Avance	(300	MHz),	400	Avance	(400	MHz)	and	400	
AvanceIII	(400	MHz)	Bruker	spectrometers.	All	spectra	were	rec-
orded	at	ambient	temperature	(298	K).	Chemical	shifts	(δ)	are	re-
ported	in	parts	per	million	(ppm)	relative	to	the	residual	protium	
in	the	solvents	(1H)	or	the	solvent	carbon	(13C)	as	internal	stand-
ards.	Multiplicity	of	signals	is	indicated	using	the	following	abbre-
viations:	 s	 (singlet),	 br	 (broad),	 d	 (doublet),	 dd	 (doublet	of	 dou-
blet),	ddd	(doublet	of	doublet	of	doublet),	dt	(doublet	of	triplets),	t	
(triplet),	td	(triplet	of	doublet),	q	(quartet),	qB	(1:1:1:1	set	of	peaks	
arising	 from	 coupling	 to	 11B	 with	 S=3/2,	 midpoint	 of	 signal	 re-
ported)	and	m	(multiplet).	Reactions	were	monitored	using	Merck	
Silica	 gel	 60	 F254	 or	 Aluminium	 Oxide	 (Basic)	 60	 F254	 glass	
backed	plates.	TLC	plates	were	visualized	by	UV	fluorescence	(λ=	
254,	365	nm)	and	one	of	the	following	stains:	KMNO4	or	HBQ.	Flash	
column	chromatography	was	performed	using	VWR	Chemicals	Sil-
ica	gel	60	–	200	µm,	Acros	Aluminium	Oxide	(Basic)	Brockmann	I	
50-200	µm	or	on	an	automated	Interchim	puriFlash	system	using	
pre-packed	Interchim	30	µm	Silica	gel	cartridges.	IR	spectra	were	
recorded	on	a	PerkinElmer	Spectrum	One	or	Frontier	FT-IR	spec-
trometer	with	frequencies	expressed	in	cm-1.	Circular	Dichroism	
spectra	were	recorded	on	a	Jasco	J-815	CD	Spectropolarimeter	us-
ing	a	10	mm	Quartz	cuvette,	with	D.I.T	=	0.5	sec,	Scanning	Speed	=	
100	nm/min,	Band	width	=	1.00	nm	at	25	°C.	High-resolution	mass	
spectra	 (HRMS)	were	 recorded	 using	 either	 electrospray	 ioniza-
tion	(ESI)	or	desorption	chemical	ionization	(DCI)	using	a	Waters	
GCT	Premier	or	Sciex	QTRAP	4500	AB	or	Thermo	Fisher	Scientific	
DSQ	II	spectrometers.	X-ray	crystallography	was	performed	on	sin-
gle	 crystal	 diffractometers:	 Agilent	 Gemini,	 Bruker	 Nonius	 and	
Bruker	Kappa	Apex	II.	

2-bromophenylthiourea (3) 
A	two-necked	250	mL	round-bottom	flask	was	 charged	with	a	

stir	bar,	condenser,	NH4SCN	(10.9250	g,	0.13	mol)	and	acetone	(50	
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mL).	Benzoyl	chloride	(13.93	mL,	0.12	mol)	was	added	dropwise	
via	 syringe	 to	 the	 rapidly	 stirring	 reaction	mixture.	The	mixture	
was	 heated	 at	 reflux,	 using	 a	 heating	 block,	 for	 15	minutes,	 and	
then	cooled	back	down	to	room	temperature.	In	an	addition	funnel,	
2-bromoaniline	(22.63	mL,	0.1	mol)	was	dissolved	in	acetone	(25	
mL),	 this	solution	was	added	dropwise	to	the	vigorously	stirring	
reaction	mixture	over	15	minutes.	The	reaction	mixture	was	then	
heated	at	reflux,	using	a	heating	block,	for	1	hour.	The	crude	mix-
ture	was	then	dropped	onto	excess	water	and	vigorously	stirred.	A	
yellow	 precipitate	 formed	 and	 was	 collected	 by	 filtration	 and	
washed	with	water	until	washes	were	colourless.	The	precipitate	
was	then	washed	with	cold	MeOH/H2O	solution	(1:1).	In	a	1L	Er-
lenmyer	flask,	10%	aq.	NaOH	solution	(400	mL)	was	prepared	and	
heated	to	80	°C	using	a	heating	block.	The	washed	precipitate	was	
then	added	to	this	base	solution	for	hydrolysis.	The	precipitate	dis-
solved	into	the	base	solution	producing	a	clear	yellow	solution,	this	
was	stirred	at	80	°C	for	15	minutes.	The	solution	was	then	acidified	
to	pH	2	using	 concentrated	HCl	 (37%,	 12	M),	producing	a	white	
precipitate.	The	solution	was	then	basified	to	pH	9	using	a	25%	aq.	
NH4OH	solution.	The	white	precipitate	was	collected	and	washed	
with	water	until	washes	were	neutral;	product	was	then	dried	un-
der	high	vacuum	(17.3748	g,	75%).	IR	νmax/cm-1	(neat	film):	3425,	
3253,	 3245,	 3124,	 3002,	 1619,	 1500,	 1466,	 1427,	 1290,	 1063,	
1039,	1025,	818,	758,	706.	1H	NMR	(400	MHz,	Acetone-d6)	δ	8.66	
(br	s,	1H),	7.72	(dd,	J	=	8.0,	1.4	Hz,	1H),	7.66	(dd,	J	=	8.0,	1.4	Hz,	1H),	
7.40	(td,	J	=	7.9,	1.4	Hz,	1H),	7.20	(td,	J	=	7.8,	1.6	Hz,	1H),	7.09	(br	s,	
2H).	13C{1H}NMR	(101	MHz,	Acetone-d6)	δ	184.2	(Cq),	138.2	(Cq),	
133.8	(CH),	130.1	(CH),	128.9	(CH),	128.9	(CH),	121.1	(Cq).	HRMS	
(ESI)	m/z:	[M79Br+H]+	Calcd	for	C7H8N2S79Br	230.9592;	Found	
230.9595,	[M81Br+H]+	Calcd	for	C7H8N2S81Br	232.9572;	Found	
232.9574.	

2-amino-4-bromobenzothiazole (4) 
A	50	mL	two-necked	round-bottom	flask	was	charged	with	a	stir	

bar,	2-bromophenylthiourea	 (2.3204	 g,	 10	mmol)	 and	CHCl3	 (10	
mL).	Bromine	(0.51	mL,	10	mmol)	was	dissolved	in	CHCl3	(5	mL)	
in	 an	addition	 funnel	 and	affixed	 to	 the	main	neck	of	 the	 round-
bottom	flask,	the	second	neck	was	connected	to	a	base	trap	to	neu-
tralize	HBr	fumes	developed	during	the	course	of	the	reaction.	The	
flask	was	 cooled	 to	0	 °C	 in	 an	 ice-bath	and	 the	bromine	 solution	
was	 added	 dropwise	 to	 the	 vigorously	 stirring	 reaction	mixture	
(note:	often	the	sides	needed	to	be	scraped	down	as	the	bromine	
solution	would	coagulate	on	the	bottom	and	sides	of	the	flask).	The	
addition	funnel	was	then	replaced	with	a	condenser	and	the	reac-
tion	mixture	heated	at	reflux,	using	a	heating	block,	for	1.5	hours	
until	complete	conversion	of	starting	material	was	determined	by	
TLC	(with	heating	HBr	gas	evolution	became	consistently	rapid).	
During	the	course	of	the	reaction	a	fine	yellow	precipitate	evolved	
in	a	clear	red/brown	solution.	After	cooling	to	room	temperature,	
solvent	was	removed	under	reduced	pressure.	The	remaining	res-
idue	was	dissolved	in	EtOAc	(100	mL)	and	washed	with	saturated	
aq.	NaHCO3	(2	x	100	mL),	5%	aq.	Na2S2O3	(2	x	50	mL)	and	finally	
brine	 (2	x	50	mL).	The	organic	phase	was	dried	over	anhydrous	
MgSO4	the	filtered	and	concentrated	under	reduced	pressure	and	
further	dried	under	high	vacuum	overnight	to	furnish	the	product	
as	 a	 yellow	 powder	 (2.1296	 g,	 93%).	 IR	 νmax/cm-1	 (neat	 film):	
3446,	3277,	3073,	2926,	1635,	1531,	1415,	1269,	882,	750,	725.	1H	
NMR	(400	MHz,	Acetone-d6)	δ	7.64	(d,	J	=	7.7	Hz,	1H),	7.51	(br	s,	
2H),	7.45	(d,	 J	=	7.8	Hz,	1H),	6.96	(t,	 J	=	7.8	Hz,	1H).	 13C{1H}	NMR	
(101	MHz,	Acetone-d6)	δ	168.2	(Cq),	151.8	(Cq),	132.9	(Cq),	129.7	
(CH),	 123.1	 (CH),	 121.0	 (CH),	 111.9	 (CH).	 HRMS	 (ESI)	 m/z:	
[M79Br+H]+	Calcd	for	C7H6N2S79Br	228.9435;	Found	228.9440,	
[M81Br+H]+	Calcd	for	C7H6N2S81Br	230.9419;	Found230.9418,.	

4-bromo-2-iodobenzothiazole (5) 
A	 500	mL	 round-bottom	 flask	was	 charged	with	 a	 stir	 bar,	 2-

amino-4-bromobenzothiazole	 (9.85	 g,	 42	 mmol),	 p-TsOH·H2O	
(24.9	g,	129	mmol)	and	MeCN	(172	mL).	The	heterogenous	reac-
tion	mixture	was	stirred	and	cooled	in	an	ice-brine	bath	to	0	°C,	at	

which	point	t-BuONO	(15.3	mL,	129	mmol)	was	added	dropwise,	
over	10	min,	 via	 an	addition	 funnel;	 after	 the	addition	was	 com-
plete	the	reaction	mixture	was	stirred	at	0	°C	for	30	minutes.	An	
additional	funnel	was	then	charged	with	a	water	(43	mL)	solution	
of	KI	(21.4	g,	129	mmol)	and	CuI	(819	mg,	4.3	mmol).	The	KI	solu-
tion	was	added	dropwise	to	the	vigorously	stirred	reaction	mixture	
at	0	°C	over	20	minutes;	the	reaction	mixture	was	then	allowed	to	
warm	to	room	temperature	overnight.	The	crude	reaction	mixture	
was	 concentrated	 under	 reduced	 pressure	 to	 ~70	mL	 and	 then	
dropped	on	saturated	aq.	NaHCO3	(150	mL)	and	the	aqueous	phase	
extracted	with	EtOAc	(4	x	150	mL),	the	combined	organic	phases	
were	then	washed	with	a	5%	aqueous	Na2S2O3	solution	(4	x	150	
mL).	The	organic	phase	was	dried	over	anhydrous	MgSO4,	filtered,	
and	concentrated	under	reduced	pressure	to	 furnish	the	product	
as	 a	brown	powder	 (13.1607	g,	90%).	 IR	νmax/cm-1	 (neat	 film):	
3089,	3064,	2931,	2851,	1442,	1391,	1203,	952,	842,	764,	732.	1H	
NMR	(400	MHz,	DMSO-d6)	δ	8.12	(dd,	J	=	8.1,	1.0	Hz,	1H),	7.72	(dd,	
J	=	7.8,	1.0	Hz,	1H),	7.37	(t,	J	=	7.9	Hz,	1H).	13C{1H}	NMR	(101	MHz,	
DMSO-d6)	δ	152.0	(Cq),	139.8	(Cq),	129.7	(CH),	126.9	(CH),	121.1	
(CH),	114.6	(Cq),	112.8	(Cq).	HRMS	(ESI)	m/z:	[M79Br+H]+	Calcd	
for	C7H4NS79BrI	339.8293;	Found	339.8298,	 [M81Br+H]+	Calcd	
C7H4NS81BrI	341.8272;	Found	341.8279.	

2,4-di(2-hydroxyphenyl)benzothiazole (6) 
A	35	mL	microwave	vial	was	charged	with	a	stir	bar,	2-iodo-4-

bromobenzothiazole	 (368.5	 mg,	 1.1	 mmol),	 2-hydroxyphenyl-
boronic	acid	 (383	mg,	2.8	mmol),	Pd(PPh3)4	(132	mg,	10	mol%),	
Na2CO3	(1.07	g,	10	mmol),	DMF	(9	mL)	and	water	(3	mL).	The	re-
action	 mixture	 was	 degassed	 (freeze-pump-thaw	 x	 3)	 and	 then	
purged	with	Ar.	The	vial	was	loaded	into	a	microwave	reactor	and	
programmed	 to	 be	 heated	 at	 120	 °C	 for	 1	 hour,	 after	which	 the	
crude	was	dropped	onto	water	(50	mL)	and	the	aqueous	phase	was	
extracted	with	EtOAc	(3	x	25	mL).	The	 combined	organic	phases	
were	dried	over	anhydrous	MgSO4,	filtered	and	concentrated	onto	
Celite.	The	 crude	 residue	was	purified	 by	Silica	 gel	 flash	 column	
chromatography	 using	 cyclohexane/EtOAc	 (4:2	 to	 1:1).	 Desired	
fractions	were	 collected	 and	 concentrated	 to	 furnish	 the	 desired	
product	as	a	tan	foam	which	was	further	dried	under	vacuum	over-
night	(189.5	mg,	55%).	Single	crystals,	suitable	for	X-ray	crystallo-
graphic	analysis,	were	grown	by	slow	vapor	diffusion	of	cyclohex-
ane	into	a	saturated	CHCl3	solution	of	6.	IR	νmax/cm-1	(neat	film):	
3377,	2926,	2855,	1613,	1583,	1489,	1470,	1450,	1350,	977,	743,	
716.	1H	NMR	(400	MHz,	Chloroform-d)	δ	11.97	(br	s,	1H,	-OH),	7.95	
(dd,	J	=	7.8,	1.4	Hz,	1H),	7.69	(dd,	J	=	7.9,	1.6	Hz,	1H),	7.58	(dd,	J	=	
7.5,	1.4	Hz,	1H),	7.53	(t,	J	=	7.6	Hz,	1H),	7.43	(dd,	J	=	7.5,	1.7	Hz,	1H),	
7.37	(ddd,	J	=	8.7,	7.3,	1.6	Hz,	2H),	7.14	–	7.07	(m,	2H,	H16,	H18),	
7.04	(dd,	J	=	8.4,	1.1	Hz,	1H),	6.95	(ddd,	J	=	8.2,	7.3,	1.2	Hz,	1H),	5.53	
(br	s,	1H,	-OH).	13C{1H}	NMR	(101	MHz,	Chloroform-d)	δ	169.9	(Cq),	
157.9	(Cq),	153.0	(Cq),	150.0	 (Cq),	133.5	(Cq),	133.3	 (CH),	131.6	
(Cq),	131.3	(CH),	130.2	(CH),	128.6	(CH),	128.4	(CH),	126.3	(CH),	
125.4	(Cq),	121.4	(CH),	121.1	(CH),	119.8	(CH),	118.1	(CH),	116.9	
(CH),	116.8	(Cq).	HRMS	(ESI)	m/z:	[M+H]+	Calcd	for	C19H14NO2S	
320.0745;	Found	320.0753.	

Complex 1 
A	10	mL	Wheaton	vial	was	charged	with	a	stir	bar,	2,4-di(2-hy-

droxyphenyl)benzothiazole	(33.8	mg,	0.1	mmol),	dry	CH2Cl2	(2	mL)	
and	DIPEA	(53	µL,	0.3	mmol).	The	mixture	was	allowed	to	stir	at	
room	temperature	for	10	minutes	at	which	point	BF3·OEt2	(100	µL,	
4.8	mmol)	was	added.	The	 clear	brown	reaction	mixture	was	al-
lowed	to	stir	at	room	temperature	for	2	hours,	at	which	point	com-
plete	 consumption	 of	 starting	 material	 was	 determined	 by	 TLC	
(basic	 Alumina,	 cyclohexane/CH2Cl2	 1:1).	 The	 mixture	 was	 then	
dropped	 onto	 excess	 pentane,	 causing	 precipitation	 of	 a	 white	
solid.	The	precipitate	was	collected	by	filtration,	washed	with	pen-
tane	and	finally	dissolved	into	CHCl3;	the	filtrate	was	collected	and	
concentrated	onto	Celite	and	purified	by	basic	Alumina	flash	 col-
umn	chromatography	using	cyclohexane/CH2Cl2	(1:1)	as	the	elu-
ent.	 Fractions	 were	 collected	 and	 concentrated	 to	 furnish	 the	
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desired	product	as	a	light-yellow	powder	which	was	further	dried	
under	high	vacuum	(32.4	mg,	88%).	Single	crystals,	suitable	for	X-
ray	crystallographic	analysis,	were	grown	by	slow	vapor	diffusion	
of	cyclohexane	into	a	saturated	CHCl3	solution	of	1.	IR	νmax/cm-1	
(neat	film):	1611,	1509,	1480,	1468,	1291,	1275,	1076,	1009,	846,	
823,	747.	1H	NMR	(400	MHz,	Chloroform-d)	δ	7.98	(dt,	J	=	7.8,	0.9	
Hz,	1H),	7.86	(dd,	J	=	8.0,	1.1	Hz,	1H),	7.75	(dd,	J	=	8.0,	1.6	Hz,	1H),	
7.68	–	7.54	(m,	3H),	7.44	(ddd,	J	=	8.1,	7.1,	1.6	Hz,	1H),	7.36	(dd,	J	=	
8.0,	1.5	Hz,	1H),	7.31	(dd,	J	=	8.5,	1.0	Hz,	1H),	7.20	(ddd,	J	=	7.9,	7.1,	
1.5	Hz,	1H),	7.04	(ddd,	J	=	8.0,	7.3,	1.1	Hz,	1H).	13C{1H}	NMR	(101	
MHz,	 Chloroform-d)	 δ	 166.2	 (Cq),	 156.3	 (Cq),	 156.1	 (Cq),	 140.7	
(Cq),	136.8	 (CH),	131.4	 (Cq),	131.2	 (Cq),	131.0	 (CH),	129.6	 (CH),	
129.3	(CH),	127.6	(CH),	126.9	(CH),	126.8	(Cq),	124.1	(CH),	123.2	
(CH),	121.1	(CH),	120.9	(CH),	120.7	(CH),	114.4	(Cq).	19F	NMR	(377	
MHz,	Chloroform-d)	δ	 -132.09	 (qB).	 11B	NMR	 (128	MHz,	Chloro-
form-d)	 δ	 1.90	 (d,	 1JB-F	 =	 34.5	 Hz).	 HRMS	 (ESI)	 m/z:	 [M+Na]+	
Calcd	for	C19H11BFNNaO2S	370.0480;	Found	370.0491.	

Complex 7 
In	a	glovebox,	a	J-Young	NMR	tube	was	charged	with	1	(41.7	mg,	

0.12	mmol)	 and	CDCl3	 (1.2	mL).	After	 all	 solids	were	 completely	
dissolved,	TMS-OTf	(1.0	eq.,	21.6	μL,	0.12	mmol)	was	added	to	the	
NMR	 tube	 and	 the	mixture	 vigorously	 shaken.	 NMR	 spectra	 col-
lected	after	10	minutes	showed	complete	conversion	of	1	to	7.	Af-
ter	 approximately	 6	 hours	 at	 room	 temperature,	 single	 crystals,	
suitable	for	X-ray	crystallographic	analysis,	spontaneously	depos-
ited	 in	 the	NMR	 tube	 from	 the	CDCl3	 solution.	 In	 a	 glovebox,	 the	
reaction	mixture	was	transferred	to	a	20	mL	Schlenk	flask,	and	all	
volatiles	 removed	 under	 reduced	 pressure.	 The	 residue	 was	
washed	with	pentane	 (3	x	3	mL)	and	dried	under	vacuum	over-
night	to	provide	the	product	as	a	light	yellow/green	powder	(36.3	
mg,	63%).	1H	NMR	(500	MHz,	CD2Cl2)	δ	8.09	(d,	 J	=	7.9	Hz,	1H),	
8.00	(d,	J	=	7.9	Hz,	1H),	7.83	(ddd,	J	=	7.9,	6.5,	1.8	Hz,	2H),	7.74	(t,	J	
=	7.9	Hz,	1H),	7.72	(td,	J	=	8.7,	8.0,	1.7	Hz,	1H),	7.49	–	7.44	(m,	1H),	
7.33	(d,	J	=	8.1	Hz,	1H),	7.30	–	7.24	(m,	2H),	7.21	(t,	J	=	7.6	Hz,	1H).	
13C{1H}	NMR	 (126	MHz,	 CD2Cl2)	 δ	 168.3	 (Cq),	 155.2	 (Cq),	 154.7	
(Cq),	140.0	 (Cq),	138.0	 (CH),	131.5	 (Cq),	131.4	 (CH),	130.6	 (Cq),	
130.1	(CH),	129.8	(CH),	128.5	(CH),	127.4	(CH),	126.7	(Cq),	124.3	
(CH),	124.1	(CH),	122.5	(CH),	122.1	(CH),	120.5	(CH),	114.5	(Cq).	
Signal	for	CF3	not	observed.	19F	NMR	(471	MHz,	CD2Cl2)	δ	-78.09	
(s).	11B	NMR	(160	MHz,	CD2Cl2)	δ	2.30	(br	s).	HRMS	(ESI)	m/z:	[M-
OTf]+	Calcd	for	C19H11BNO2S	328.0604;	Found	328.0608.	
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