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ABSTRACT:	Generation	of	reactive	intermediates	and	interception	of	these	fleeting	species	under	physiological	conditions	is	
a	common	strategy	employed	by	Nature	to	build	molecular	complexity.	However,	formation	of	these	species	under	mild	con-
ditions	using	traditional	synthetic	techniques	can	present	a	challenge.	Here,	we	demonstrate	the	utility	of	biocatalysis	in	gen-
erating	ortho-quinone	methide	intermediates	under	aqueous	conditions	and	at	reduced	temperatures.	Specifically,	we	ap-
plied	α-ketoglutarate-dependent	non-heme	iron	enzymes,	CitB	and	ClaD,	in	the	selective	modification	of	benzylic	C–H	bonds	
of	ortho-cresol	substrates.	In	this	transformation,	these	biocatalysts	directly	hydroxylate	a	benzylic	C–H bond	to	afford	a	ben-
zylic	alcohol	product	which,	under	the	reaction	conditions,	is	in	equilibrium	with	the	corresponding	ortho-quinone	methide.	
Interception	of	the	ortho-quinone	methide	by	a	nucleophile	or	a	dienophile	allows	for	one-pot	conversion	of	benzylic	C–H	
bonds	into	C–C,	C–N,	C–O,	and	C–S	bonds	in	a	chemoenzymatic	cascade.	The	versatility	of	this	method	is	demonstrated	through	
preparative-scale	reactions,	selective	modification	of	peptides,	and	chemoenzymatic	synthesis	of	the	chroman	natural	prod-
uct	(–)-xyloketal	D.

INTRODUCTION	
Nature	has	developed	strategies	for	the	generation	of	highly	
reactive	 intermediates	 for	 the	 control	 of	 reactions	 in	 the	
synthesis	 of	 complex	 secondary	 metabolites.1-2	 Synthetic	
approaches	 that	 mimic	 biosynthetic	 pathways	 often	 en-
counter	 challenges	 in	 reproducing	 the	 elegance	 of	 these	
evolved	 methods,	 at	 times	 requiring	 blocking	 groups	 to	
achieve	 site-selectivity,	 protection	 of	 sensitive	 functional	
groups,	and	harsh	or	 forcing	conditions	to	access	reactive	
intermediates.3-6	Ortho-quinone	methide		species	(o-QM,	4)		
have	been	implicated	in	the	biosynthesis	of	multiple	fami-
lies	of	natural	products,	as	these	versatile	intermediates	can	
readily	participate	in	inverse	electron-demand	Diels-Alder	
(IEDDA)	or	1,4-addition	reactions.3-5	These	valuable	and	re-
active	intermediates	have	been	used	in	the	synthesis	of	a	di-
verse	array	of	natural	products	and	bioactive	compounds.3-
6	Several	synthetic	strategies	have	been	developed	to	access	
o-QMs	through	the	oxidative	 functionalization	of	phenolic	
substrates	 to	 generate	 o-QM	 precursors	 (Fig.	 1A,	 2-3).3-6	
These	methods	 typically	 involve	 the	 installation	of	a	ben-
zylic	 leaving	 group,	 followed	 by	 prolonged	 heating	 of	 the	
precursor	 to	 generate	 the	 corresponding	 o-QM.7-9	 This	
route	can	also	require	super-stoichiometric	reagents	to	ac-
tivate	the	benzylic	leaving-group,	leading	to	reduced	atom	
economy.7	Efforts	to	access	o-QMs	more	efficiently	have	led	
to	direct	oxidation	methods	using	 transition	metals	or	or-
ganic	 oxidants,	 to	 generate	 o-QMs	 in	 a	 one-pot	 system	

without	the	need	for	pre-functionalization	of	the	substrate	
(Fig.	1A,	5-6).3-6,	10-16	However,	this	approach	is	generally	re-
stricted	 to	electron-rich	compounds	and	does	not	provide	
control	over	the	site-selectivity	of	the	benzylic	oxidation.3-6,	
10-16	Furthermore,	one-pot	generation	and	functionalization	
of	o-QMs	requires	a	delicate	balance	between	reactivity	of	
the	oxidant	and	compatibility	with	reagents	for	o-QM	diver-
sification.3,	15	Often,	the	harsh	oxidizing	reagents	which	are	
required	 for	 o-QM	 generation	 can	 interfere	 with	 down-
stream	 functionalization	 of	 o-QMs	 or	 prove	 incompatible	
with	sensitive	moieties	on	the	substrate.3	As	a	result,	signif-
icant	reagent	 screening	 campaigns	are	often	necessary	 to	
optimize	direct	oxidation	reactions,	creating	additional	con-
straints	 on	 the	 application	 of	 this	 approach.3,	 10-11,	 13-15	
Therefore,	a	one-pot	method	for	the	chemo-	and	site-selec-
tive	generation	and	diversification	of	o-QMs	would	address	
key	challenges	in	exploiting	these	useful	synthetic	interme-
diates	in	synthesis.	
Inspired	 by	 the	 efficiency	 of	 Nature’s	 approach	 for	 the	

generation	of	o-QMs,	we	sought	to	exploit	enzymatic	mech-
anisms	 for	o-QM	creation.17	 In	 these	systems,	 the	o-QM	is	
proposed	 to	 arise	 from	 ortho-cresol	 precursors	 (see	7,	 9,	
Fig.	1B)	through	hydroxylation	of	the	benzylic	position,	fol-
lowed	by	loss	of	water	to	directly	form	an	o-QM	under	mild	



 

intracellular	 conditions.17	 These	 intermediates	 are	 subse-
quently	functionalized	with	bioavailable	dienophiles	or	nu-
cleophiles,	generating	the	associated	natural	products,	such	
as	peniphenone	D	(11).17	We	anticipated	that	a	biocatalytic	
approach	to	oxidative	o-QM	generation	could	afford	numer-
ous	advantages	in	the	development	of	a	selective	and	sus-
tainable	method	 (Fig.	 1C).	 This	 approach	would	 combine	
the	selectivity	advantages	of	biocatalytic	pre-functionaliza-
tion	with	the	ability	to	generate	and	diversify	the	o-QM	in	
the	same	vessel	under	mild	conditions.	We	also	anticipated	
that	 the	 reactive	 nature	 of	 o-hydroxybenzylic	 alcohols	
would	 reduce	 required	 reaction	 times	 and	 temperatures,	
leading	to	efficient	functionalization	of	the	resulting	o-QM.		
Nature	has	evolved	numerous	tools	for	the	oxidation	of	

benzylic	 C–H	 bonds.	 Several	 reports	 have	 highlighted	 the	
utility	 of	 whole	 microorganism	 biotransformations	 in	 ac-
complishing	 this	 challenging	 transformation.18-23	 These	
methods	 rely	 on	 native	 monooxygenases	 present	 in	 mi-
crobes	to	accomplish	benzylic	oxidation	on	a	range	of	sub-
strates.18-23	Several	cytochromes	P450	have	also	been	iden-
tified	as	promising	in	vitro	catalysts	for	benzylic	C‒H	oxy-
genation.24-32	Whereas	these	biocatalytic	methods	do	not	of-
fer	 complete	 control	 over	 the	 final	 oxidation	 state	 of	 the	
product,	they	successfully	reduce	the	overall	environmental	

impact	of	the	transformation	by	using	earth-abundant	iron	
as	 the	 catalytic	 metal,	 molecular	 oxygen	 as	 the	 stoichio-
metric	oxidant,	and	water	as	the	bulk	solvent.24-32		
Motivated	by	the	advantages	of	an	enzymatic	approach	to	

benzylic	hydroxylation,	we	sought	to	demonstrate	the	site-	
and	chemoselectivity	of	biocatalytic	C–H	functionalization	
and	opportunities	for	cascade	reactions	under	biocatalytic	
reaction	conditions.	We	anticipated	that	an	α-ketoglutarate-
dependent	(α-KG)	non-heme	iron	oxygenase	could	be	em-
ployed	for	the	selective	oxidation	of	primary	benzylic	C–H	
bonds.	This	well-studied	 family	of	enzymes	has	precedent	
for	both	scalability33	and	substrate	scope	tunability	through	
protein	engineering.34	
By	coupling	the	activation	of	molecular	oxygen	to	the	de-

carboxylation	of	inexpensive	α-oxoacid	co-substrates,	these	
enzymes	 generate	 an	 iron(IV)-oxo	 species	 capable	 of	 H-
atom	abstraction	(Fig.	1C).35-36	α-KG-dependent	non-	heme	
iron	 oxygenases	 catalyze	 a	 wide	 variety	 of	 site-selective	
transformations	following	this	conserved	mechanism	of	ox-
ygen	 activation,	 including	 hydroxylation,	 halogenation,	
epoxidation,	 desaturation,	 epimerization,	 endo-peroxida-
tion,	ring-contraction,	and	ring-expansion.35-37	Unlike	many	
P450s,	α-KG-dependent	non-heme	iron	oxygenases	do	not	

Figure	1.	A.	Oxidative	methods	for	generation	of	ortho-quinone	methides	(o-QMs).	B.	Biocatalytic	oxidative	benzylic	functional-
ization.	C.	This	work:	One-pot	biocatalyst-initiated	o-QM	generation	and	diversification.	



 

require	an	exogenous	reductase	to	complete	their	catalytic	
cycle.35-36	We	anticipated	that	the	relatively	simple	reaction	
requirements	 of	 α-KG-dependent	 non-heme	 iron	 oxygen-
ases	 would	 provide	 distinct	 advantages	 in	 developing	 a	
widely	 applicable	 and	 practical	 approach	 to	 biocatalytic	
benzylic	C‒H	hydroxylation	and	subsequent	o-QM	genera-
tion.	
					Our	search	for	biocatalysts	for	selective	benzylic	C‒H	hy-
droxylation	 led	us	to	 two	homologous	 fungal	NHI	oxygen-
ases	(sharing	54%	sequence	identity):	(1)	CitB,	from	Monas-
cus	 ruber	 and	 (2)	 ClaD,	 native	 to	Penicillium	 crustosum.38	
Cox	 and	 coworkers	 demonstrated	 through	 in	 vivo	 experi-
ments	that	CitB	performs	a	benzylic	hydroxylation	in	the	bi-
osynthesis	of	the	mycotoxin	citrinin	(8,	Fig.	1B).38	ClaD	was	
shown	by	Li	and	coworkers	to	perform	a	similar	transfor-
mation	 in	 the	 biosynthesis	 of peniphenones	 and	 peni-
lactones	 (Fig.	 1B,	9-11).17	We	envisioned	 employing	CitB	
and	ClaD	as	general	catalysts	for	benzylic	hydroxylation	of	
ortho-cresol	substrates.	We	anticipated	that,	following	ben-
zylic	C–H	bond	oxidation,	an	o-QM	intermediate	(see	12-14	
Fig.	1C)	could	be	accessed	and	intercepted	with	a	variety	of	
nucleophiles	or	dienophiles	to	form	benzylic	C–O,	C–N,	C–S,	
and	C–C	bonds	in	a	biomimetic	fashion.17	Here,	we	demon-
strate	 this	approach	with	 two	biocatalysts,	 but	we	 antici-
pate	this	chemoenzymatic	platform	could	be	executed	with	
a	plethora	of	wild-type	enzymes	to	access	more	diverse	sub-
strates	and	complementary	selectivity.	

RESULTS	AND	DISCUSSION	
Toward	developing	a	chemoenzymatic	method	for	benzylic	
C–H	functionalization,	we	tested	the	 feasibility	of	biocata-
lytic	C–H	hydroxylation,	coupled	with	o-QM	formation	and	
derivatization	with	a	model	substrate	(see	16,	Fig.	2)	that	
captures	the	conserved	methyl	resorcinol	core	of	CitB	and	
ClaD’s	native	substrates.	This	model	compound	maintained	
the	redox-sensitive	aldehyde	moiety	and	hydroxyl	groups	
present	 in	 the	 citrinin	biosynthetic	 intermediate	 (7).	This	
model	 compound,	 16,	 was	 completely	 consumed	 in	 3	 h	
upon	exposure	to	0.4	mol	%	CitB	in	the	presence	of	α-KG,	an	
iron(II)	source	and	sodium	ascorbate	in	50	mM	TES	buffer	
at	pH	7.5	(Fig.	2). From	this	reaction,	a	single	benzylic	alco-
hol	product	(17)	was	isolated	in	82%	yield	without	any	ev-
idence	of	oxidation	of	either	the	aldehyde	or	the	resorcinol	
core.	This	result	demonstrated	that	CitB	could	function	on	a	
non-native	 substrate	with	 the	robustness	needed	 for	pre-
parative-scale	synthesis	with	precise	chemo-	and	site-selec-
tivity.	As	a	comparative	measure,	we	subjected	substrate	16	
to	 several	 chemical	 oxidation	 conditions	 and	 did	 not	 ob-
serve	conversion	to	desired	benzylic	alcohol	17	(see	Sup-
porting	Information,	Table	S1).	For	example,	attempts	to	ox-
idize	16	with	DDQ39	resulted	 in	over-oxidation	to	the	bis-
aldehdye	and	exposure	of	16	to	MnO240	or	Ag2O41	resulted	
in	no	observed	reaction.	Efforts	to	perform	a	benzylic	hy-
droxylation	with	 K2S2O842	 or	 cerium	 ammonium	 nitrate43	
led	to	decomposition	of	the	substrate.	Radical	bromination	
with	AIBN/NBS	resulted	 in	aromatic	bromination	and	did	
not	generate	the	desired	benzylic	halide	for	subsequent	hy-
drolysis	to	 the	benzyl	alcohol.44	These	results	capture	 the	
challenge	 in	accomplishing	this	seemingly	simple	benzylic	
hydroxylation	in	the	presence	of	redox-sensitive	aldehyde	
and	phenolic	groups,	as	well	as	the	advantages	provided	by	
biocatalytic	benzylic	C–H	hydroxylation.	Next,	the	reactivity	

of	benzylic	alcohol	17	was	investigated	under	aqueous	con-
ditions.	Gratifyingly,	upon	gentle	heating	in	the	presence	of	
thiophenol,	alcohol	17	was	quantitatively	transformed	into	
thioether	 20	 through	 an	 anticipated	 o-QM	 intermediate	
(18-19).	 These	 experiments	 provided	 evidence	 for	 o-QM	
formation	under	remarkably	mild	conditions	compared	to	
previous	reports	for	the	generation	of	o-QMs	from	ortho-hy-
droxy	benzylic	alcohols.4,	45-46	
					Evidence	that	CitB	is	sufficiently	robust	to	perform	pre-
parative-scale	reactions	and	provide	access	to	o-QMs	under	
mild	 conditions	 spurred	 further	 investigation	 of	 this	 che-
moenzymatic	 strategy	 for	 benzylic	 functionalization,	 in-
cluding	studies	with	the	homologous	NHI	enzyme,	ClaD.		To	
investigate	the	substrate	scope	of	CitB	and	ClaD,	a	panel	of	
substrates	was	synthesized	possessing	an	ortho-cresol	core	
(Fig.	3).47	This	panel	was	designed	to	define	the	electronic	
and	steric	parameters	of	substrates	that	undergo	a	produc-
tive	reaction	with	the	NHI	biocatalysts.	Compounds	9,	16,	
and	23-42	were	subjected	to	analytical-scale	reactions	with	
CitB	 and	 ClaD,	 using	 standard	 conditions	 for	 α-KG-
dependent	non-heme	 iron	oxygenases.37	These	 analytical-
scale	reactions	were	performed	 in	 vitro	with	purified	 en-
zyme	(Supporting	Information,	Fig.	S5),	as	well	as	in	whole	
cell		or	crude	cell	lysate	format	(Fig.	3).	For	CitB,	a	whole	cell	
reaction	platform	was	shown	to	affect	benzylic	C–H	hydrox-
ylation	 in	 an	 efficient	manner.	However,	whole	 cell	 reac-
tions	were	not	effective	for	ClaD,	leading	us	to	perform	re-
actions	using	filtered	crude	cell	lysate.	Both	of	these	reac-
tion	platforms	provide	an	operationally-simple	method	for	
preparing	and	using	NHI	biocatalysts	 in	a	manner	 that	 is	
amenable	to	preparative-scale	reactions,	avoiding	arduous	
protein	purification	steps.48-50	Analytical-scale	reactions	re-
vealed	that	CitB	and	ClaD	each	selectively	hydroxylate	com-
pounds	with	 a	 variety	 of	 steric	 and	 electronic	 properties	
(Fig.	 3).	 Introducing	bulky,	 electron-withdrawing	 or	 elec-
tron-donating	groups	at	either	the	C5	or	C6	position	did	not	
prevent	 productive	 reactions	 with	 CitB.	 However,	 ClaD	
demonstrated	 limitations	 in	 its	 ability	 to	 accept	 larger	
groups,	such	as	phenyl	substituents	at	C5	and	C6.	The	com-
plementarity	of	substrate	scopes	between	CitB	and	ClaD	is	
also	observed	in	the	substitution	at	C4.	For	CitB,	the	formyl	
group	 at	 C4	 can	 be	 substituted	with	 alternative	 electron-
withdrawing	 substituents	 such	 as	 a	 nitro	 group	 (25)	 or	

Figure	2.	Initial	experiments	to	assess	feasibility	of	NHI	bio-
catalyst-initiated	ortho-quinone	methide	formation	and	func-
tionalization.	



 

imine	(24).	However,	substrates	with	greater	steric	bulk	at	
C4,	such	as	ketone	substrates,	were	generally	not	hydrox-
ylated	by	CitB.	In	contrast,	ClaD	can	productively	react	with	
a	variety	of	ketones	(see	9,	27-30).		The	importance	of	this	
C4	substituent	is	also	highlighted	by	the	lack	of	reaction	ob-
served	with	2,5-dimethylresorcinol	(23).	Based	on	prelimi-
nary	analysis	of	models	of	these	biocatalysts,	we	anticipate	
that	a	hydrogen	bond	acceptor	is	critical	at	the	C4	position	
to	 achieve	 a	 catalytically	 active	 conformation	 of	 the	 sub-
strate-enzyme	complex.	Current	efforts	are	focused	on	ob-
taining	engineered	enzyme	variants	that	do	not	require	sub-
strates	bearing	a	hydrogen	bond	acceptor,	such	as	an	alde-
hyde,	for	a	productive	reaction	to	occur.	To	probe	the	sub-
strate	 scope	 of	 our	 biocatalysts	 beyond	 resorcinol	 sub-
strates,	phenolic	compounds	39	and	S5	(see	Supporting	In-
formation)	 were	 subjected	 to	 CitB	 hydroxylation	 condi-
tions.	Phenol	39	was	converted	to	the	corresponding	ben-
zylic	alcohol;	however,	the	position	of	 the	hydroxyl	group	
proved	to	be	important	for	catalysis	as	phenol	S5	was	not	
oxidized	by	either	CitB	or	ClaD.		These	results	motivated	us	
to	synthesize	an	additional	panel	of	phenolic	substrates	to	
further	assess	 the	scope	of	NHI	biocatalytic	hydroxylation	
(40-42).	In	the	case	of	CitB,	increasing	the	steric	bulk	at	the	
C5	position	 increased	 the	conversion	of	 substrates	 to	hy-
droxylated	 products	 except	 for	 2-naphthyl	 substrate	 42,	
which	 demonstrated	 decreased	 conversion,	 possibly	 re-
flecting	the	steric	limitations	of	the	CitB	active	site.	ClaD	was	
unable	to	hydroxylate	phenolic	substrates	40-42.	
					As	a	next	step	in	the	evaluation	of	the	synthetic	utility	of	
the	NHI	dioxygenase-catalyzed	benzylic	C‒H	hydroxylation,	
we	performed	reactions	on	preparative-scale	using	whole	
cell	 (CitB)	and	crude	cell	 lysate	(ClaD)	conditions	(Fig.	4).	
This	method	enabled	routine	performance	of	reactions	on	
>500	mg	scale	without	the	requirement	for	protein	purifi-
cation.	Isolation	and	characterization	of	C5-substituted	ben-
zylic	 alcohol	 products	 17	 and	 46-48	 was	 achieved	 with	
yields	that	corresponded	to	starting	material	consumption.	
For	example,	benzylic	alcohol	17	was	isolated	in	82%	yield.	
However,	poor	isolated	yields	were	obtained	for	substrates	
with	C6-substituents,	despite	nearly	complete	consumption	
of	 starting	 material	 (see	 49-53).	 Further	 analysis	 of	 the	
crude	product	mixture	from	these	reactions	revealed	a	sec-
ond	product,	in	which	a	molecule	of	ascorbic	acid	had	been	
incorporated,	presumably	through	interception	of	an	inter-
mediate	o-QM	(see	Supporting	Information	Fig.	S63).		
The	 observed	 reactivity	 of	 C6-substituted	 alcohols	was	

explored	computationally	and	can	be	explained	by	thermo-
dynamics	 of	 the	 reaction	 sequence	 of	43	 to	45	 (Fig.	 4A),	
which	includes	hypothetical	substrates	to	explore	the	elec-
tronic	effects	at	both	the	C5	and	C6	positions	(see	Support-
ing	Information	Part	XIV	for	detailed	analysis).	We	identi-
fied	a	relationship	between	inductive	effects	and	Gibbs	free	
energy.	The	thermodynamic	trends	indicated	that	benzylic	
alcohols	with	electron-withdrawing	substituents	at	the	C6-
position	were	less	thermodynamically	stable,	making	these	
substrates	more	reactive	and	prone	to	generation	of	an	o-
QM. This	computational	data	supported	our	experimental	
observations.	Therefore,	we	hypothesized	that	higher	yields	
could	be	achieved	if	the	reactive	benzylic	alcohol	products	
were	first	transformed	into	more	stable	benzylic	thioethers	
by	interception	of	intermediate	o-QMs	with	thiophenol.	The	
corresponding	 thermodynamic	 analysis	 of	 thiophenol	

adducts	49-53	revealed	that,	regardless	of	substitution,	the	
benzylic	 thioethers	are	 lower	 in	energy	than	their	respec-
tive	benzylic	alcohol	precursor	(Fig.	4C	and	Supporting	In-
formation	Figs.	S88	and	S89).	To	test	this	hypothesis,	we	de-
veloped	an	in	situ	functionalization	protocol,	demonstrating	
that	increasing	the	reaction	temperature	to	40	°C	and	add-
ing	two	equivalents	of	thiophenol	led	to	the	isolation	of	the	
desired	benzylic	thioethers	49-53	and	62	as	the	sole	prod-
uct	in	each	reaction.		
Motivated	by	this	initial	success	in	generating	and	diver-

sifying	o-QMs	under	mild	conditions,	we	assessed	the	range	
of	 products	 accessible	 through	 this	 biocatalyst-initiated	
cascade.	First,	a	panel	of	nucleophiles	was	evaluated	in	1,4-
additions	to	the	in	situ-generated	o-QMs	(Fig.	5,	18	and	19).	
Both	linear	and	branched	alcohols	were	competent	nucleo-
philes,	 affording	 the	 desired	 products	 (73-75)	 in	 good	
yields.	A	secondary amine	nucleophile	was	also	well	toler-
ated	(77);	however,	reactions	with	several	primary	amines	
resulted	 in	 an	 undesired	 condensation	 reaction	 with	 the	
pendant	 aldehyde	 to	 form	 imines.	 Thiol	 nucleophiles	 re-
acted	 smoothly	 to	provide	 the	desired	conjugate	addition	
products	(20	and	76)	in	excellent	yields.	The	comparatively	
high	 yield	 of	 thioether	 adducts	 relative	 to	 alkyl	 ether	 ad-
ducts	is	likely	due	to	the	increased	nucleophilicity	of	sulfur	
as	well	as	stability	of	the	sulfur	adducts	compared	to	the	al-
cohol	precursor.		

Figure	3.	Substrate	 scope	 for	CitB	and	ClaD-catalyzed	ben-
zylic	 C‒H	 hydroxylation.	 Reaction	 conditions:	 2.5	 mM	 sub-
strate,	45	mg/mL	CitB	wet	cell	pellet	or	10%	v/v	ClaD	crude	
cell	lysate,	50	mM	TES	pH	7.5,	5	mM	α-ketoglutaric	acid	(α-
KG),	8	mM	sodium	ascorbate	(NaAsc),	0.1	mM	ferrous	sulfate	
(FeSO4),	30	°C,	100	rpm	shaking,	3	h.	[*]	with	15%	acetonitrile	
as	 cosolvent.	 [**]	 with	 15%	 tetrahydrofuran	 as	 cosolvent.	
Conversion	to	product	was	quantified	by	UPLC-DAD	analysis.	



 

The	 feasibility	 of	 benzylic	 C–C	 bond	 formation	 was	
probed	 through	 inverse	 electron-demand	 Diels-Alder	
(IEDDA)	reactions.	The	reactivity	of	biocatalyst-generated	
benzyl	alcohol	17	with	various	dienophiles	was	evaluated	
through	a	one-pot	reaction	sequence.	Following	generation	
of	17	by	CitB,	the	reaction	mixture	was	heated	to	45	°C	in	
the	 presence	 of	 ethyl	 vinyl	 ether.	 Gratifyingly,	 chroman	
products	78	and	79	were	produced	in	64%	and	27%	yield,	
respectively.	Reactions	with	electron-rich	dienophiles	(78-
83)	 proceeded	 smoothly	 to	 deliver	 mixtures	 of	 two	 iso-
meric	products	derived	from	the	two	possible	o-QM	inter-
mediates	 (18	 and	19).	 Reactions	 employing	 electron-rich	
dienophiles	 typically	 afforded	 4:1	 mixtures	 of	 isomeric	
products,	favoring	the	product	derived	from	reaction	with	
the	C1	o-QM	(19).	Reactions	with	styrenes	84-89	were	also	
carried	out.	Due	to	the	electron-deficient	character	of	these	

dienophiles,	these	reactions	required	a	higher	temperature,	
65	°C,	to	undergo	a	productive	reaction.	The	major	products	
of	these	IEDDA	reactions	resulted	from	reaction	with	the	o-
QM	formed	at	the	C3	hydroxyl	group	(18),	while	the	minor	
isomers	were	formed	from	reaction	with	the	C1	o-QM	spe-
cies	 (19).	 This	 operationally-simple,	 one-pot	 protocol	 ac-
complishes	the	direct	conversion	of	benzylic	C–H	bonds	to	
C–O,	C–N,	C–S	and	C–C	bonds,	allowing	for	direct	access	to	
diverse	chemical	scaffolds	and	demonstrating	the	synthetic	
utility	of	this	biocatalyst.			

Upon	the	observation	that	o-QM	generation	occurs	at	re-
duced	temperatures,	we	hypothesized	that	these	reactions	
likely	proceed	through	low	barrier	processes.	This	was	as-
sessed	and	confirmed	computationally	using	benzylic	alco-
hol	17.	We	generated	models	for	both	C1	and	C3	o-QMs	and	

Figure	4.	A.	General	scheme	for	CitB	and	ClaD-catalyzed	benzylic	hydroxylation	and	in	situ	functionalization	with	thiophenol.	B.	
Preparative	scale	reaction	isolated	yields	for	CitB-catalyzed	hydroxylation	and	functionalization.	Reaction	conditions:	2.5	mM	
substrate,	[a]45	mg/mL	CitB	wet	cell	pellet	or	[b]10%	v/v	ClaD	clarified	cell	lysate,	50	mM	TES	pH	7.5,	5	mM	α-ketoglutaric	acid	
(α-KG),	8	mM	sodium	ascorbate	(NaAsc),	0.1	mM	ferrous	sulfate	(FeSO4),	30	°C,	100	rpm	shaking,	3	h.	[c]	PhSH	was	added	directly	
to	reaction	mixture	after	conversion	to	benzylic	alcohol	and	incubated	at	40	°C,	3	h,	100	rpm	shaking.	C.	Thermodynamic	analysis	
of	C6-methyl	(green)	and	C6-nitro	(blue)	substrates.	Structures	represent	the	starting	material,	benzylic	alcohol	product,	o-QM,	
and	thiophenol	adducts	(left	to	right).	The	energies	are	mass	balanced	with	a	truncated	2-His-1-Asp	non-heme	iron	system	(see	
Supporting	Information	Fig.	S86).	Geometry	optimizations	and	frequency	calculations	were	performed	at	B3LYP	6-311++G**	
and	6-31G**	for	iron.	



 

modelled	the	subsequent	IEDDA	reactions	(Supporting	In-
formation	 Fig.	 S82).	 In	 this	 model,	 o-QM	 generation	was	
found	to	proceed	through	a	concerted,	 low	barrier	 transi-
tion	state,	while	reactions	with	ethyl	vinyl	ether	and	styrene	

were	 found	 to	 proceed	 through	 concerted,	 asynchronous	
transition	 states	 that	 are	 typically	 proposed	 for	 IEDDA	
mechanisms	(Supporting	Information	Figs.	S83	and	S84).		

Figure	5.	One-pot	NHI	biocatalyst-initiated	o-QM	generation	and	diversification.	A.	Yields	of	one-pot	Michael	addition	reactions.	
B.	Yields	of	one-pot	IEDDA	reactions.	C.	One-pot	functionalization	of	cysteine-containing	peptide.	D.	One-pot	chemoenzymatic	
synthesis	of	(–)-xyloketal	D	(15).	HPLC	yields	determined	by	analysis	of	isolated	product	standard	curves.	

	



 

Additionally,	we	 envisioned	that	 this	method	could	be	
extended	 to	 the	 functionalization	 of	 biomolecules	 under	
physiological	conditions	to	selectively	modify	cysteine	resi-
dues	 in	 peptides	 and	 proteins.	 Two	 complementary	 pep-
tides	were	synthesized:	one	peptide	that	contained	a	cyste-
ine	residue	(90)	and	another	in	which	the	cysteine	was	re-
placed	with	a	lysine	residue	(S14).	Substrate	16	was	sub-
jected	to	in	vitro	CitB-catalyzed	hydroxylation	conditions	in	
the	presence	of	either	peptide	90	or	S14.	After	an	18	h	in-
cubation	the	cysteine-containing	peptide	was	converted	to	
singly-modified	 peptide	91	 (61%	 conversion).	 Under	 the	
same	conditions,	the	peptide	containing	a	lysine	in	place	of	
cysteine	(S14)	was	not	modified	through	imine	condensa-
tion	or	through	addition	to	the	o-QM.	These	cascade	reac-
tions	demonstrate	the	utility	of	this	biocatalytic	method	in	
providing	 a	 platform	 for	 in	 situ	 functionalization	 of	 pep-
tides.	

Finally,	 to	 demonstrate	 the	 utility	 of	 this	 biocatalytic	
method	 for	 the	 synthesis	 of	 a	 secondary	 metabolite,	 we	
aimed	to	develop	a	chemoenzymatic	route	to	the	chroman	
natural	product	(–)-xyloketal	D	(15).	Xyloketal	D	is	a	fungal	
natural	product	 from	Xylaria	sp.	 found	 in	the	South	China	
Sea.51	Synthetic	strategies	have	been	developed	previously	
for	the	synthesis	of	(–)-xyloketal	D	including	a	Diels-Alder	
cycloaddition	by	Wilson	and	co-workers,7	a	sequential	Mi-
chael-addition	 ketalization	 sequence	 by	 Flörke	 and	 co-
workers52	and,	more	recently,	a	gold-catalyzed	cycloisom-
erization	reported	by	Sarkar	and	co-workers	in	2013.53	The	
latter	two	syntheses	report	high	diastereoselectivity	(19:2	
and	 >20:1,	 respectively);	 however,	 the	 Michael-addition	
ketalization	yields	a	mixture	of	regioisomers	and	the	gold-
catalyzed	cycloisomerization	requires	a	lengthy	precursor	
synthesis.	The	approach	developed	by	Wilson	and	co-work-
ers	provided	the	required	o-QM	precursor	in	a	single	step;	
however,	their	conditions	for	o-QM	generation	led	to	a	low	
overall	yield	due	in	part	to	undesired	isomerization	of	the	
dienophile	 under	 the	 requisite	 conditions	 for	 o-QM	 for-
mation.	Ultimately,	this	approach	provided	a	2:1	mixture	of	
the	desired	 chroman	ketal	 and	undesired	 chroman	 spiro-
ketal	products.7	Our	chemoenzymatic	strategy	controls	the	
site-selectivity	of	the	oxidation	and	provides	a	more	active	
o-QM	precursor	 (see	 Supporting	 Information	Fig.	S93)	al-
lowing	for	more	mild	cycloaddition	conditions	and	circum-
venting	any	dienophile	isomerization	challenges.	After	syn-
thesis	of	chiral	dienophile	93,	according	to	Wilson’s	estab-
lished	 procedure,	 we	 subjected	 methyl	 ketone	92	 to	 our	
conditions	for	biocatalytic	benzylic	C–H	hydroxylation	with	
ClaD	 crude	 lysate,	 obtaining	 complete	 conversion	 to	ben-
zylic	alcohol	60.	Following	the	enzymatic	C–H	benzylic	hy-
droxylation	step,	benzene	was	added	directly	to	the	biocat-
alytic	reaction	mixture,	along	with	dienophile	93.	The	reac-
tion	tube	was	sealed	and	heated	to	80	°C	for	16	h.	This	pro-
cess	generated	(–)-xyloketal	D	(15)	in	a	64%	yield	(2:1	ra-
tio)	with	the	diastereomer	(95,	28%	yield)	and	no	detecta-
ble	 formation	of	unwanted	 spiroketal	 products.	 Thus,	 our	
approach	enabled	a	one-pot	chemoenzymatic	synthesis	of	
(–)-xyloketal	 D	 (15),	 with	 improved	 yields	 and	 under	
milder	conditions	compared	to	a	previous	o-QM-based	ap-
proach	 to	 this	molecule.7	We	anticipate	 this	 one-pot	 che-
moenzymatic	 strategy	will	 facilitate	 the	 streamlined	 syn-
thesis	of	a	variety	of	natural	products.	

CONCLUSIONS	
We	have	demonstrated	the	utility	of	biocatalysis	for	chemo-	
and	 site-selective	C–H	 functionalization	 through	NHI	 bio-
catalyst-initiated	benzylic	functionalization	of	ortho-cresol	
substrates.	This	was	accomplished	by	establishing	scalable	
biocatalytic	 reaction	 methods	 to	 provide	 an	 inexpensive	
and	highly	accessible	platform	for	benzylic	hydroxylation.	
Using	 this	 platform,	we	have	 leveraged	NHI	dioxygenase-
catalyzed	hydroxylation	 for	 further	diversification	of	phe-
nolic	 scaffolds.	Chemoenzymatic	 formation	of	o-QM	 inter-
mediates	 was	 followed	 by	 reactions	 with	 small-molecule	
and	 peptide	 nucleophiles	 as	 well	 as	 electron-rich	 dieno-
philes,	leading	to	the	synthesis	of	the	fungal	natural	product	
(–)-xyloketal	D.	Thus,	direct	access	to	a	diverse	set	of	com-
pounds	though	this	simple	chemoenzymatic	cascade	is	pos-
sible.	We	 anticipate	 that	 our	method	 for	biocatalyst-initi-
ated	o-QM	generation	can	be	broadly	applied	to	other	che-
moenzymatic	systems	capable	of	performing	benzylic	C–H	
hydroxylation	and	will	enable	transformations	complemen-
tary	to	small	molecule	catalysts	and	reagents.	

ASSOCIATED	CONTENT		

Supporting	Information.	Experimental	details,	NMR	spec-
tra,	full	compound	characterization,	UPLC	and	LCMS	traces,	
details	of	protein	expression	and	purification	and	peptide	
synthesis.	This	material	is	available	free	of	charge	via	the	In-
ternet	at	http://pubs.acs.org.	

AUTHOR	INFORMATION	

Corresponding	Author	

*arhardin@umich.edu	

Author	Contributions	

[+]	These	authors	contributed	equally.		

Notes	
The	authors	declare	no	competing	financial	interest.	

ACKNOWLEDGMENT		

This	work	was	supported	by	 funds	 from	the	University	of	
Michigan	Life	Sciences	Institute	and	Department	of	Chemis-
try.	 T.J.D.	 thanks	 the	 National	 Science	 Foundation	 for	 a	
Graduate	Research	Fellowship.	S.A.B.D.	acknowledges	a	Na-
tional	 Institutes	 of	 Health	 Chemistry	 Biology	 Interface	
Training	 Grant	 (T32	 GM	 008597).	 K.C.S	 acknowledges	 a	
Rackham	Merit	Fellowship	from	the	University	of	Michigan	
Rackham	Graduate	School.	P.M.Z.	acknowledges	partial	sup-
port	from	NIH	R35GM128830.	The	authors	thank	Dr.	Steven	
Sturlis	(University	of	Michigan)	for	his	assistance	in	peptide	
synthesis	 and	 purification.	 The	 authors	 also	 thank	 Shuri	
Francis	(University	of	Michigan)	for	her	assistance	in	sub-
strate	synthesis	and	Attabey	Rodríguez	Benítez	for	her	as-
sistance	in	figure	design.	

	

	



 

ABBREVIATIONS	

TES:	 N-[Tris(hydroxymethyl)methyl]-2-aminoethanesul-
fonic	acid,	UPLC:	ultra	performance	liquid	chromatography,	
LCMS:	liquid	chromatography	mass	spectrometry.	
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