
DISSERTATION	

	

SYNTHESIS	AND	EXPLORATION	OF	BIOLOGICALLY	IMPORTANT,	HYDROPHOBIC,	REDOX-ACTIVE	

MOLECULES:	INVESTIGATION	OF	PARTIAL	SATURATION	OF	MYCOBACTERIAL	ELECTRON	

TRANSPORT	LIPIDS	

	

Submitted	by		

Jordan	T.	Koehn	

Department	of	Chemistry	

	

	

In	partial	fulfillment	of	the	requirements	

For	the	Degree	of	Doctor	of	Philosophy	

Colorado	State	University	

Fort	Collins,	Colorado	

Summer	2019	

	

Doctoral	Committee:	

	 Advisor:		Debbie	C.	Crans	

Melissa	M.	Reynolds	
Yian	Shi	
Dean	C.	Crick

1	

Text



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Copyright	by	Jordan	Tyler	Koehn	2019	

All	Rights	Reserved	

	

	



ii	
	

ABSTRACT	

	

SYNTHESIS	AND	EXPLORATION	OF	BIOLOGICALLY	IMPORTANT,	HYDROPHOBIC,	REDOX-ACTIVE	

MOLECULES:	INVESTIGATION	OF	PARTIAL	SATURATION	OF	MYCOBACTERIAL	ELECTRON	

TRANSPORT	LIPIDS	

	

There	are	many	types	of	molecules	that	are	biologically	important	because	they	either	carry	

out	crucial	functions	or	exhibit	exploitable	biological	activity.	Some	of	the	most	interesting	and	

challenging	molecules	to	work	with	are	those	that	are	redox-active	and	hydrophobic	or	water	

insoluble.	 Herein,	 the	 synthesis	 and	 investigation	 of	 two	 classes	 of	 hydrophobic	 redox-active	

molecules	are	explored.	Chapter	one	provides	background	on	menaquinone	(MK)	and	vanadium	

chemistry	 and	 primes	 the	 reader	 for	 the	 subsequent	 chapters.	 Chapter	 two	 describes	 the	

synthesis	 and	 characterization	 of	 truncated	MK	 derivatives	 with	 varying	 isoprenyl	 side	 chain	

length	and	degrees	of	 saturation.	Chapter	 three	explores	 the	conformational	 flexibility	of	 the	

isoprenyl	 side	 chain	 of	MK	 and	 shows	 that	 a	 truncated	MK	 analog,	MK-2,	 can	 adopt	 folded	

conformations	 in	 hydrophobic	 environments	 and	within	 a	model	membrane	 system.	Chapter	

four	isolates	the	conformational	and	chemical	effect	of	saturation	of	the	isoprenyl	side	chain	on	

MK	 and	 shows	 that	 saturation	 minimally	 affects	 folded	 conformations	 of	 truncated	 MK	

derivatives	 but	 remarkably,	 a	 20	 mV	 redox	 potential	 difference	 was	 observed	 between	

unsaturated	MK-1	and	the	saturated	analog	MK-1(H2).	Then	in	chapter	five,	hydrophobicity	and	

steric	bulk	are	explored	as	properties	to	enhance	membrane	affinity	and	anti-cancer	properties	

of	 Schiff	 base	 vanadium(V)	 catecholate	 complexes,	 where	 the	 hydrophobic	
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[VO(Hshed)(ditertbutylcatechol)]	complex	was	found	to	have	enhanced	hydrolytic	stability	and	

potent	activity	against	a	bone	cancer	cell	 line.	Together,	the	findings	of	the	studies	presented	

herein	help	 to	 further	understand	how	the	conformation	and	 the	degree	of	 saturation	 in	 the	

isoprenyl	 side	 chain	 of	MK	 affects	 the	 recognition,	 reactivity,	 and	 function	 of	MK	within	 the	

electron	 transport	 system	 of	 pathogenic	 bacteria.	 These	 studies	 are	 important	 because	 they	

begin	to	explain	and	provide	a	working	model	behind	the	chemical	rationale	as	to	why	partially	

saturated	MK-9	 is	observed	 in	pathogenic	M.	 tuberculosis.	Furthermore,	 the	 studies	with	 the	

hydrophobic	 vanadium(V)	 catecholate	 metallo-complexes	 underpin	 a	 drug	 design	 concept	

exploiting	 hydrolytic	 stability	 imparted	 by	 hydrophobicity	 and	 steric	 bulk	 of	 a	 non-innocent	

ligand.	
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Chapter	1:	Hydrophobic	Redox-Active	Molecules	of	Biological	

Importance	

	
	
	
1.1	 Lipoquinones	and	The	Electron	Transport	System	

The	first	class	of	redox-active	and	hydrophobic	compounds	explored	in	this	dissertation	are	

menaquinones	 (MK).	 Quinones	 are	 a	 unique	 type	 of	 a,b-unsaturated	 ketones	 existing	 as	

metabolites	in	numerous	pathways	where	they	have	many	functions	in	nature.1-6	The	importance	

of	quinone	chemistry	has	been	recognized	since	the	mid-1800s.	Quinone	containing	compounds	

can	be	anti-oxidants,	anti-tumoral	or	carcinogenic	agents	and	are	the	inherent	components	of	

biological	systems	such	as	photosystem	II.1-6	Two	major	structural	groups	of	lipoquinones	(lipid	

containing	 a	 quinone	 moiety)	 are	 recognized;	 ubiquinones	 (or	 benzoquinones,	 UQ)	 typically	

found	 in	 eukaryotes	 and	 Gram-negative	 prokaryotes	 and	MK	 (or	 naphthoquinones)	 typically	

found	 in	 Gram-positive	 prokaryotes,	 including	 many	 pathogens	 such	 as	 Mycobacterium	

tuberculosis	(M.	tuberculosis).	The	roles	and	applications	of	lipoquinone	derivatives	are	currently	

being	explored	where	a	range	of	different	approaches	are	used	for	combatting	human	diseases.7-

19	MKs	are	essential	components	of	the	respiratory	electron	transport	system	(ETS),	where	they	

shuttle	 electrons	 and	 protons	 between	 protein	 complexes	 by	 acting	 as	 electron	 donors	 and	

acceptors	(Figure	1.1.1).6	The	1943	Nobel	Prize	in	Physiology	or	Medicine	was	awarded	to	Henrik	

Dam	and	Edward	Doisy	for	the	discovery	and	characterization	of	vitamin	K	(a	MK),	a	key	cofactor	

in	blood	coagulation.20	Interestingly,	MKs	role	in	humans	as	a	blood	coagulation	factor	(MK-4)	is	

vastly	different	from	its	role	as	an	electron	transport	lipid	within	bacteria	(MK-9	or	MK-9(II-H2).	
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eight	 chiral	 centers.28-29	 Woodward	 reported	 the	 cyclization	 of	 this	 polyisoprenoid	 squalene	

epoxide	 forming	 only	 one	 stereoisomer	 out	 of	 the	 possible	 256	 (28)	 in	 1953.28-29	 The	

stereospecificity	of	this	reaction	requires	preorganization	of	the	epoxide	before	protonation	in	a	

specific	 conformation,	 and	 such	 a	 conformer	 is	 not	 the	 extended	 conformation	 commonly	

depicted	in	the	literature.	In	addition,	MK-9	and	UQ-10	are	too	long	to	be	accommodated	within	

the	 hydrophobic	 region	 of	 the	 phospholipid	 bilayer	 unless	 the	 isoprenyl	 side	 chain	 is	 folded	

(Figure	1.1.2).	

	
Figure	 1.1.2	 Illustration	 of	 (A)	 a	 flat-extended	 conformation	 of	 MK-9	 (B)	 a	 folded	 ball	
conformation	of	MK-9	obtained	from	a	simple	molecular	mechanics	simulation	followed	by	an	
energy	optimization	carried	out	on	a	flat-extended	MK-9	conformation	and	(C)	Ubiquinone-10	
(UQ-10)	in	a	phospholipid	bilayer	adapted	from	Trumpower.30		
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Currently,	there	are	various	MK	compounds	known	with	interesting	biological	activities.	The	

most	widely	known	MK	compound	 is	Vitamin	K2	 (or	MK-4),	which	as	mentioned	previously	 is	

essential	for	life	in	humans	as	it	is	a	key	cofactor	in	blood	coagulation.20	MK-4	was	recently	shown	

to	be	biosynthesized	in	humans17	and	as	a	part	of	the	ETS	in	Drosophila.16	MK-4	has	been	the	

subject	of	interesting	reports	demonstrating	its	biological	roles	and	applications	over	the	last	ten	

years.16-17,	 31-32	 The	 second	 most	 widely	 known	MK	 compound	 is	 Vitamin	 K1,	 also	 known	 as	

phylloquinone,	which	 is	 found	 in	green	plants,	 contains	 four	 isoprene	units	with	 the	 terminal	

three	saturated	and	functions	as	an	electron	acceptor	during	photosynthesis	within	photosystem	

I.33	The	simplest	1,4-naphthoquinone	derivative	known	lacking	the	isoprenyl	side	chain	is	Vitamin	

K3	 (or	 menadione)	 and	 has	 been	 reported	 to	 have	 significant	 anti-tumoral	 properties.2	 N-

alkylated	MK	derivatives	have	also	been	synthesized	and	characterized	in	literature	with	several	

exhibiting	 interesting	 biological	 properties.34-37	 In	 2017,	 the	 potent	 cyclic	 peptide	 antibiotic,	

Lotilibcin,	was	demonstrated	to	be	effective	against	Gram-positive	bacteria	including	methicillin-

resistant	Staphylococcus	aureus	(MRSA).38	Interestingly,	the	activity	of	Lotilibcin	was	attributed	

to	 lysis	 of	 the	bacterial	membrane,	where	 its	membrane	disrupting	 effects	 depended	on	 the	

presence	of	MK,	and	leaves	the	question	if	other	MK	derivatives	produce	the	same	membrane	

disrupting	 effect	 in	 the	 presence	 of	 Lotilibcin.38	 This	 report	 underlines	 the	 importance	 in	

understanding	the	relationship	between	MK	structure,	its	biological	role,	and	biological	function.	

MK	analogs	that	contain	partially	and	fully	saturated	isoprenyl	side	chains	of	various	lengths	

are	found	in	eubacteria	and	Archaea.	These	characteristics	are	evolutionarily	conserved	and	have	

long	been	used	in	taxonomic	classification	efforts	and	phenotypic	organization	of	bacteria.23-24,	39	

MK	analogs	with	one	or	more	saturated	isoprene	units	are	found	in	some	members	of	Gram-
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positive	and	Gram-negative	bacteria.23,	39-41	In	contrast	to	partial	saturation,	the	fully	saturated	

MK-7(14H)	has	been	observed	in	Archaea,	which	are	single-celled	microbes	that	typically	live	in	

extreme	environments	and	were	recently	shown	to	comprise	part	of	the	human	microbiota.42-43	

It	is	thought	that	the	full	saturation	of	the	isoprenyl	side	chain	observed	in	Archaea	makes	the	

cellular	membrane	more	tolerant	to	extreme	environments	(e.g.,	high	temperature,	high	salinity	

and	low/high	pH).42	Thus,	many	MK	homologs	that	contain	various	degrees	of	saturation	in	their	

isoprenyl	 side	 chains	 have	 been	 isolated	 but	 there	 is	 a	 limited	 understanding	 of	 the	 role	 or	

function	of	the	partially	saturated	MK	derivatives.40,	44	

The	conformation	of	the	isoprenoid	moiety	in	MK	derivatives	is	likely	important	to	its	function	

as	an	electron	transporter	molecule	and	its	other	important	biological	roles.	The	shape,	and	thus	

the	 conformation	 of	 these	 molecules	 is	 relevant	 for	 molecular	 recognition	 motifs	 and	 the	

processing	of	 these	molecules	within	 the	membrane	by	 respiratory	 enzymes.	 Currently,	 little	

information	is	available	regarding	the	conformation	of	MKs	in	solution	or	within	cell	membranes	

and	how	partial	saturation	of	the	isoprenyl	side	chain	on	MK	affects	conformation	and	quinone	

reactivity,	even	though	the	structures	and	biological	significance	of	lipoquinones	and	isoprenoids	

have	been	known	for	over	50	years.6,	25,	39,	45-47	It	is	a	well-known	fact	that	evolutionary	conserved	

structural	differences	in	lipoquinone	head	group	alter	quinone	redox	potential1	but	it	remains	

unknown	 how	 partial	 saturation	 of	 the	 isoprenyl	 side	 chain	 affects	 quinone	 redox	 potential.	

Partial	saturation	of	the	isoprenyl	side	chain	may	affect	electron	transfer	efficiency	within	the	

membrane	of	M.	 tuberculosis.	 The	 conformation	and	electronic	properties	of	 a	molecule	 can	

affect	 both	 the	 reactivity	 and	 function	 of	 a	 molecule	 in	 solution	 and	 within	 biological	

environments	and	 it	may	be	possible	 that	 the	conformation	of	 the	 isoprenyl	 side	chain	could	
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affect	 the	 quinone	 redox	 potential	 of	 MK.	 Alternatively,	 partial	 saturation	 could	 be	 solely	

responsible	for	recognition	by	respiratory	enzymes	and	may	have	no	influence	on	redox	potential	

and	electron	transfer	efficiency	within	the	ETS.	

Importantly,	the	longer	partially	saturated	isoprenyl	side	chain	MK	analog,	MK-9(II-H2)	(Figure	

1.1.3)	is	an	electron	transporter	within	M.	tuberculosis	and	the	synthesis	of	MK-9(II-H2)	was	found	

observed	in	pathogenic	M.	tuberculosis.15,	48	MenJ	is	an	oxidoreductase	that	selectively	saturates	

the	second	isoprene	unit	of	MK-9	(Figure	1.1.3)	and	mycobacterial	electron	transport	efficiency	

was	decreased	3-fold	when	MenJ	expression	was	disrupted.15,	48	Thus,	the	role	of	the	partially	

saturated	MKs	should	be	determined,	where	partial	saturation	of	the	isoprenyl	side	chain	may	

be	essential	for	proper	substrate	recognition	by	respiratory	enzymes,	or	may	enhance	electron	

transfer	efficiency	with	the	ETS	or	may	be	a	novel	virulence	factor.15,	48	Studies	are	ongoing	to	

determine	whether	partially	saturated	MKs	or	MenJ	are	virulence	factors	for	mycobacteria.	MenJ	

is	 a	 contextually	 essential	 enzyme	 and	 may	 provide	 a	 realistic	 target	 for	 therapeutic	 drug	

development.	Partial	saturation	of	MK	in	these	biological	systems	appears	necessary	for	other	

organisms	to	survive	as	well.15,	39,	48	In	addition	to	mycobacteria,	partially	saturated	MK	analogs	

have	 been	 reported	 in	 other	 organisms	 such	 as	 members	 of	 the	 genera	 Streptomyces	 and	

Actinomadura	to	name	a	few.39	These	selected	examples	demonstrate	a	need	to	understand	the	

role	 and	 necessity	 of	 partial	 saturation	 observed	 in	 the	 isoprenyl	 side	 chain	 of	MK	 observed	

within	different	organisms.		
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chain	of	MK,	it	could	be	biologically	important	and	could	reflect	the	biological	function	of	these	

molecules.	

Access	to	MK	compounds	that	contain	a	varying	number	of	 isoprene	units	and	degrees	of	

saturation	in	the	isoprenyl	side	chain	is	crucial	for	a	fundamental	understanding	of	the	chemistry	

of	MK.	Unfortunately,	most	of	these	MK	analogs	are	not	commercially	available	but	fortunately	

can	 be	 accessed	 through	 chemical	 synthesis.	With	 these	 compounds	 in	 hand,	 the	 effects	 of	

conformation	and	saturation	of	the	isoprenyl	side	chain	can	be	isolated	and	their	influence	on	

quinone	 redox	 potential	 can	 be	 determined.	 Carrying	 out	 electrochemistry	 experiments	 to	

determine	the	quinone	redox	potential	of	these	MK	derivatives	with	varying	number	of	isoprene	

units	and	degrees	of	saturation	in	the	isoprenyl	side	chain	will	allow	us	to	examine	our	hypothesis	

that	saturation	of	the	isoprenyl	side	chain	can	affect	MK	quinone	redox	potential.	These	results	

will	 shed	 light	on	the	perplexing	biological	activity	exhibited	 in	MenJ	knockout	mutants	of	M.	

tuberculosis	that	can	no	longer	survive	inside	macrophages	and	have	reduced	electron	transport	

efficiency.15,	48	Importantly,	partial	saturation	of	MK	is	observed	in	a	pathogen	that	is	responsible	

for	the	infection	of	~1/3	of	the	global	human	population	and	the	deaths	of	~1.3	million	people	

annually.15,	48-49	

The	 physiologically	 relevant	 environment	 for	 MKs	 is	 in	 association	 with	 hydrophobic	

membranes;	therefore,	it	is	important	to	study	the	interaction	and	conformation	of	MKs	within	

model	 membrane	 systems.	 Several	 membrane	 models	 exist	 including	 Langmuir	 monolayers,	

liposomes,	 micelles,	 and	 reverse	 micelles	 (RM)	 (Figure	 1.1.4).50-56	 Each	 model	 system	 has	

advantages	and	disadvantages,	and	we	have	chosen	herein	to	investigate	mainly	the	RM	system	

because	RMs	are	well	 characterized,	well	behaved,	and	allow	 for	determination	of	molecular	
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placement,	 orientation,	 and	 conformation	 of	 MK	 derivatives	 with	 regard	 to	 the	 membrane	

interface.50-56		

	
Figure	1.1.4	Schematic	diagram	of	a	reverse	micelle	present	in	a	microemulsion.	Labelling	for	the	
reverse	 micelle	 is	 as	 follows:	 (A)	 the	 water	 pool,	 (B)	 the	 Stern	 layer,	 (C)	 the	 hydrophobic	
surfactant	tails,	and	(D)	the	organic	solvent,	isooctane.	Figure	adapted	from	Koehn	et	al.57	
	

One	major	objective	herein	was	to	characterize	the	molecular	details	of	MKs	association	with	

membrane-like	interfaces.	Therefore,	we	used	a		RM	model	membrane	system	to	determine	the	

location	 and	 conformation	 of	MK	 derivatives	 (Figure	 1.1.4).55,	 58-62	 In	 a	 RM	 system,	 a	 ternary	

microemulsion	system	forms	when	a	surfactant	is	dissolved	in	an	organic	solvent	and	the	addition	

of	water	creates	nanosized	water	droplets	encased	in	surfactant	(such	as	Aerosol-OT	(AOT)).51,	59,	

61-64	This	dynamic,	yet	simple,	model	can	provide	molecular	detail	on	location	and	conformation	
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of	 MK	 at	 an	 interface	 using	 NMR	 spectroscopy.62,	 65-68	 The	 use	 of	 phospholipids	 such	 as	

dipalmitoylphosphatidylcholine	(DPPC)	have	overlapping	hydrogen	signals	with	key	MK	hydrogen	

signals	 making	 interpreting	 conformational	 information	 very	 complex	 by	 NMR	 spectroscopy	

unless	 expensive	 deuterated	 lipids	 are	 used.	 RM	 systems	 provide	 information	 regarding	 the	

location,	 conformation,	 and	physical	 interactions	of	MK	 lipids	with	membrane-like	 interfaces,	

which	 allowed	 us	 to	 examine	 our	 hypothesis	 that	 MKs	 adopt	 folded	 conformations	 within	

membrane-like	environments.	

	
1.2	 Hydrophobic	Vanadium(V)	Catecholates	Containing	Redox-Active	Ligands-	

The	second	class	of	redox-active	and	hydrophobic	compounds	explored	in	this	dissertation	

are	vanadium(V)	catecholate	complexes.	Medicinal	applications	of	metal	complexes	in	the	past	

has	been	dominated	by	the	anti-cancer	platinum	drugs,	as	well	as	a	range	of	complexes	used	for	

imaging	diagnostics	and	nuclear	medicinal	applications.69-75	However,	several	additional	metal-

based	classes	of	complexes	have	been	of	interest	for	decades	and	are	increasing	in	importance.	

Anti-cancer	 activities	 of	 vanadium	 compounds	 have	 generated	 recent	 interest	 because	 of	 a	

combination	of	desirable	properties	for	chemotherapy,	i.e.,	strong	cytotoxicities,	anti-metastatic	

activities	 and	 relatively	 low	 systemic	 toxicities.	 Certain	 hydrophobic	 vanadium(V)	 Schiff	

base/catecholate	 compounds	 display	 a	 range	 of	 interesting	 redox	 properties	 and,	 as	 shown	

herein,	have	increased	stability	in	aqueous	media	and	affinity	for	membrane	interfaces	(Figure	

1.2.1).	Depending	on	their	hydrophobicity,	the	V-complexes	may	be	able	to	enter	cells	intact	due	

to	 increased	hydrolytic	 stability	 imparted	by	 the	 steric	bulk	and	hydrophobic	 repulsion	by	an	

appropriately	substituted	catechol	ligand	(Figure	1.2.2).	
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Figure	1.2.1	Structures	of	various	mixed	ligand	Schiff	base	vanadium(V)	catecholate	complexes	
with	different	substituted	catechol	ligands.	
	

	
Figure	 1.2.2	 Illustration	 showing	 solvent	 accessible	 volume	 for	 the	 two	 V-complexes,	
[VO(Hshed)(catechol)]	(left)	and	[VO(Hshed)(ditertbutylcatechol)]	(right).	Steric	bulk	imparted	by	
the	hydrophobic	ditertbutylcatechol	(dtb)	ligand	may	increase	hydrolytic	stability	allowing	the	V-
complex	to	enter	cancer	cells	intact	and	exhibit	potent	cytotoxicity	toward	the	cancer	cells.76	
	

Vitamins	and	nutritional	additives	often	include	metal-ion	containing	supplements.77-81	Some	

metal	 complexes	 can	 contain	 hydrophobic	 ligands,	 which	 can	 make	 solubility	 in	 biological	

systems	challenging.	However,	the	large	number	of	different	formulations	for	iron	and	vanadium	

are	testament	to	the	existence	of	a	range	of	methodologies	that	can	be	applied	to	increase	the	

efficacy	 of	 absorption.82	 Furthermore,	 Lipinski’s	 rules83	 based	 on	 an	 empirical	 and	 statistical	

evaluation	 of	 efficacy	 suggest	 that	 statistically	 successful	 drugs	 are	 of	 certain	 size,	
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hydrophobicity,	polarity,	or	reactivity,	which	thus	limits	the	chemical	space	to	search	for	available	

drugs.	However,	some	of	the	more	successful	drugs	do	not	follow	these	empirical	rules,	such	as	

cisplatin;	therefore,	drug	and	supplement	design	continues	to	include	the	entire	chemical	space.	

For	 example,	 recent	 investigations	 have	 introduced	 promising	 hydrophobic	 titanium	 and	

vanadium	drugs.84-88	The	water	solubility	of	these	compounds	and	other	hydrophobic	drugs	 is	

very	 limited,	 and	 as	 a	 result,	 the	methods	 for	 in	 vivo	 studies	with	 these	 compounds	 involve	

dissolving	 the	 compounds	 in	methanol,	 ethanol,	 or	DMSO	or	dissolution	 in	 assays	 containing	

surfactants	and/or	DMSO.	Direct	injection	of	the	V-complex	into	the	tumor	via	endoscopy	would	

circumvent	 solubility	 and	 delivery	 issues	 of	 the	 drug.	 These	 hydrophobic	 V-complexes	 show	

promise	as	potential	metallo-drug	candidates.	Therefore,	the	cytotoxicity	in	cancer	cell	lines	and	

the	 stability/degradation	 of	 hydrophobic	 V-complexes	 in	 model	 membrane	 systems	 will	 be	

determined	and	discussed	herein.	

	
1.3	 Dealing	and	Working	with	Poorly	Soluble	and	Hydrophobic	Molecules	

Generally,	most	biologically	relevant	environments	are	aqueous	based	and	are	hydrophilic	in	

nature.	This	presents	certain	challenges	for	studying	molecules	that	are	native	to	hydrophobic	

environments	such	as	within	a	lipid	bilayer	as	they	are	generally	very	hydrophobic	molecules	and	

sparingly	soluble,	 if	at	all.	Not	only	does	this	make	solubilizing	the	hydrophobic	compounds	a	

challenge	 in	 aqueous	 systems,	 it	 is	 also	 imperative	 to	 study	 the	 hydrophobic	 compounds	 in	

environments	 that	 resemble	 their	native	environment	as	well,	 such	as	 in	 systems	 that	mimic	

biological	 environments.	 For	 example,	 carrying	 out	 electrochemical	 analysis	 in	 hydrophobic	
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environments	 such	 as	 in	 organic	 solvents	 or	 within	 model	 membrane	 systems	 like	 micelles,	

liposomes,	or	reverse	micelles.	

Problems	and	challenges	faced	can	consist	of	solubility	affecting	interpretation	of	enzymatic	

assay	results	where	the	researcher	is	not	able	to	test	native	substrates.	This	problem	can	usually	

be	circumvented	by	using	surfactants	and/or	DMSO	(Figure	1.3.1)	to	assist	in	solubilization	when	

the	compound	is	not	too	hydrophobic.	The	interaction	between	a	hydrophobic	solid	(insoluble	

drug)	with	the	hydrophobic	tails	of	dissolved	surfactant	decreases	the	energy	required	to	wet	

and	dissolve	the	solid,	thereby	increasing	drug	solubility.89	Further	enhancement	of	solubility	can	

be	achieved	through	subsequent	partitioning	of	dissolved	species	into	the	hydrophobic	core	of	

surfactant	 micelles.89	 The	 naturally	 occurring	 lipoquinones	 discussed	 herein	 generally	 have	

longer	isoprenyl	side	chains	and	very	low	water	solubility,	which	causes	problems	for	evaluation	

in	 biological	 assays;	 therefore,	 the	 use	 of	 truncated	MK	derivatives	 can	 circumvent	 solubility	

issues	 in	 aqueous	 assays	 and	 activity	 can	 then	 be	 measured.	 This	 trait	 allows	 rigorous	

characterization	of	truncated	MKs	in	aqueous	assays	where	the	analysis	of	native	substrates	(e.g.,	

MK-9	or	UQ-8)	was	not	possible	due	to	the	lack	of	solubility	even	with	the	use	of	detergents	and	

DMSO.48	The	use	of	surfactants	or	DMSO	can	create	problems	such	as	denaturing	proteins	or	

slowing	catalytic	activity	of	enzymes	or	may	even	alter	the	conformation	of	some	molecules	and	

therefore,	these	problems	should	be	taken	into	consideration.	Poorly	soluble	and	hydrophobic	

drugs	 can	 present	 difficulties	 in	 delivering	 the	 drug	 to	 the	 desired	 biological	 target.	 Drug	

formulation	chemistry	has	made	great	strides	in	developing	methods	for	effective	drug	delivery	

such	as	the	use	of	 liposomes	or	vesicles	to	deliver	drugs.	Drug	formulation	can	be	avoided	all	

together	 if	 an	 alternative	 approach	 is	 used.	 For	 instance,	 direct	 injection	 of	 the	 drug	 to	 the	
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biological	target	would	help	circumvent	formulation	and	stability	issues.	This	method	would	be	

advantageous	 for	 compounds	 like	 the	 hydrophobic	 and	 unstable	 vanadium(V)	 catecholate	

complexes	outlined	 in	 the	previous	 section.	One	 could	 envision	preparing	 a	 fresh	 solution	of	

intact	 V-complex	 right	 at	 the	 bedside	 of	 the	 patient	 and	 then	 direct	 injecting	 the	 cytotoxic	

solution	into	the	tumor	via	endoscopy	to	exhibit	a	cytotoxic	effect.	

	
Figure	 1.3.1	 Illustration	 of	 (A)	 a	 surfactant	monomer	 and	 (B)	 examples	 of	 different	 types	 of	
surfactant	molecules.	Figure	adapted	from	Poorly	Soluble	Drugs.	Dissolution	and	Drug	Release.89	
	

In	summary,	although	organic	compounds	or	metal	complexes	that	are	very	hydrophobic	and	

poorly	soluble	in	aqueous	systems	present	unique	challenges,	sufficient	workarounds	exist	such	

as	the	use	of	surfactants	or	DMSO	for	solubilizing	the	compounds.	These	compounds	should	also	

be	studied	 in	their	native	environments	such	as	 in	hydrophobic	solvents	or	model	membrane	

systems.	 However,	 care	 should	 be	 taken	 to	 make	 sure	 the	 use	 of	 such	 systems	 to	 aid	 in	
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solubilizing	the	compounds	does	not	alter	the	experimental	results	and	if	they	do,	interpretations	

and	conclusions	should	be	made	with	such	an	understanding.	

	
1.4	 Studies	of	the	Subsequent	Chapters		

Within	these	studies,	the	synthesis	and	investigation	of	two	classes	of	biologically	important,	

hydrophobic,	 redox-active	 molecules	 is	 explored.	 Chapter	 two	 describes	 the	 synthesis	 and	

characterization	of	truncated	MK	derivatives	with	varying	isoprenyl	side	chain	length	and	degrees	

of	saturation.	Chapter	three	explores	the	conformational	flexibility	of	the	isoprenyl	side	chain	of	

MK	 and	 shows	 that	 a	 truncated	 MK	 analog,	 MK-2,	 can	 adopt	 folded	 conformations	 in	

hydrophobic	 environments	 and	within	 a	model	membrane	 system.	 Chapter	 four	 isolates	 the	

conformational	and	chemical	effect	of	saturation	of	the	isoprenyl	side	chain	on	MK	and	shows	

that	 saturation	 minimally	 affects	 folded	 conformations	 of	 truncated	 MK	 derivatives	 but	

remarkably,	a	20	mV	redox	potential	difference	was	observed	between	unsaturated	MK-1	and	

the	saturated	analog	MK-1(H2).	Then	in	chapter	five,	hydrophobicity	and	steric	bulk	are	explored	

as	 properties	 to	 enhance	 membrane	 affinity	 and	 anti-cancer	 properties	 of	 Schiff	 base	

vanadium(V)	catecholate	complexes,	where	 the	hydrophobic	 [VO(Hshed)(ditertbutylcatechol)]	

complex	was	 found	 to	 have	 enhanced	 hydrolytic	 stability	 and	 potent	 activity	 against	 a	 bone	

cancer	cell	line.	Finally,	chapter	six	contains	concluding	remarks	and	future	directions	or	studies	

that	the	author	believes	should	be	carried	out.	 	
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Chapter	2:	Synthesis	and	Characterization	of	Menaquinone	Derivatives1

2.1	 Synthesis	of	Truncated	Menaquinone	Derivatives	

Menaquinones	(or	naphthoquinones,	MK)	belong	to	the	class	of	lipoquinones,	which	are	a	

type	 of	 lipid-quinone	 containing	 isoprenoids	 that	 have	 a	 variety	 of	 biological	 roles.1	 These	

molecules	contain	both	a	redox	active	quinone	moiety	and	a	hydrophobic	repeating	isoprenyl	

side	chain	of	varying	length	and	degrees	of	saturation	(Figure	2.1.1)	depending	on	the	organism.	

Although	the	naturally	occurring	lipoquinones	generally	have	longer	isoprenyl	side	chains,	these	

MK	 analogs	 have	 very	 low	 water	 solubility,	 which	 causes	 problems	 for	 biological	 assays;	

therefore,	the	use	of	truncated	MK	derivatives	can	circumvent	solubility	issues	in	aqueous	assays.	

The	1943	Nobel	Prize	in	Physiology	or	Medicine	was	awarded	to	Henrik	Dam	and	Edward	Doisy	

for	the	discovery	and	characterization	of	vitamin	K	(a	MK),	a	key	cofactor	in	blood	coagulation.2	

The	interest	in	and	the	importance	of	MK/vitamin	K,	its	derivatives	and	vitamers	(e.g.,	vitamins	

K1,	K2	and	K3)	has	remained	strong.	Vitamin	K1,	also	known	as	phylloquinone,	is	found	in	green	

plants,	 contains	 four	 isoprene	 units	 with	 the	 terminal	 three	 saturated	 and	 functions	 as	 an	

electron	 acceptor	 during	 photosynthesis	 within	 photosystem	 I.3	 Vitamin	 K2,	 also	 known	 as	

menaquinone-4	(MK-4),	has	been	the	subject	of	interesting	reports	demonstrating	its	biological	

roles	and	applications	over	the	last	ten	years.4-7	Vitamin	K3	(or	menadione)	is	the	simplest	1,4-

naphthoquinone	derivative	 that	 lacks	 the	 isoprenyl	 side	 chain	and	non-naturally	occurring	N-

alkylated	MK	derivatives	have	also	shown	interesting	biological	properties.8-12	These	examples	of	

1This chapter is published in part or in full in ACS Omega.1
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different	 biological	 MK	 analogs	 underline	 the	 importance	 in	 understanding	 the	 relationship	

between	MK	structure,	its	biological	role	and	biological	function.		

Figure	2.1.1	Structures	of	unsaturated	and	partially	and	fully	saturated	MK	derivatives	explored.	
	

MK	analogs	that	contain	partially	and	fully	saturated	isoprenyl	side	chains	of	various	lengths	

are	found	in	eubacteria	and	Archaea.	These	characteristics	are	evolutionarily	conserved	and	have	

long	been	used	in	taxonomic	classification	efforts	and	phenotypic	organization	of	bacteria.13-15	

MK	analogs	with	one	or	more	saturated	isoprene	units	are	found	in	some	members	of	Gram-

positive	 and	 Gram-negative	 bacteria	 and	 therefore,	 the	 systematic	 preparation	 and	

characterization	 of	 a	 few	 selected	 truncated	 partially	 and	 fully	 saturated	MK	 derivatives	 are	

described	in	this	chapter.14-17	In	contrast	to	partial	saturation,	the	fully	saturated	MK-7(14H)	has	

been	observed	in	Archaea,	which	are	single-celled	microbes	that	live	in	extreme	environments	

and	interestingly,	comprise	part	of	the	human	microbiota.18-19	It	is	thought	that	the	full	saturation	

of	the	isoprenyl	side	chain	observed	in	Archaea	makes	the	cellular	membrane	more	tolerant	to	
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extreme	environments	(e.g.,	high	temperature,	high	salinity	and	low/high	pH).18	Thus,	many	MK	

homologs	 that	 contain	 various	degrees	of	 saturation	 in	 their	 isoprenyl	 side	 chains	have	been	

isolated	but	there	is	a	limited	understanding	of	the	role	and	function	of	the	partially	saturated	

MK	derivatives.16,	20	Menaquinone-9(II-H2)	(abbreviated	as	MK-9(II-H2),	Figure	2.1.1A),	which	is	

saturated	 at	 the	 second	 isoprene,	 has	 been	 observed	 in	 a	 number	 of	 bacteria	 including	

Mycobacterium	phlei	and	pathogenic	M.	tuberculosis.
14,	16-17,	21-22	The	biological	significance	of	

partial	saturation	of	MK-9	has	remained	unclear	50	years	after	its	first	description.20	Interestingly,	

the	synthesis	of	MK-9(II-H2)	catalyzed	by	the	enzyme	MenJ	was	observed	in	M.	tuberculosis	and	

when	MenJ	was	muted,	M.	 tuberculosis	 survival	 in	 host	macrophages	was	 lost	 and	 electron	

transfer	efficiency	decreased	3-fold;	therefore,	the	role	of	MenJ	and	MK-9(II-H2)	in	tuberculosis	

disease	progression	should	be	investigated.23	

Part	of	our	ongoing	studies	includes	why	partial	saturation	of	MK-9	is	observed	in	pathogens	

such	as	M.	tuberculosis.23	Therefore,	we	needed	access	to	MK	analogs	containing	partially	and	

fully	saturated	isoprenyl	side	chains.	However,	they	are	generally	not	commercially	available	nor	

sold	as	a	mixture	of	geometric	isomers	as	in	the	case	of	vitamin	K1.	The	potential	for	formation	

of	cis	and	trans	MK	isomers	and	the	separation	and	characterization	of	these	geometric	isomers	

is	sometimes	overlooked	in	literature	but	it	is	critical	for	their	applications	in	biological	systems.	

The	 use	 of	 cis/trans	 MK	 mixtures	 in	 biological	 systems	 would	 lead	 to	 inaccurate	 biological	

activities.	 Recently,	 the	 separation	 and	 NMR	 analysis	 of	 cis/trans	 mixtures	 of	 the	 dietary	

supplement	 menaquinone-7	 (MK-7)	 was	 reported	 demonstrating	 the	 importance	 in	

understanding	 the	 different	 chemical,	 biochemical,	 conformational,	 and	 physical	 properties	

exhibited	between	cis	and	trans	MK	isomers.24-25	Truncated	MK	analogs	(i.e.,	1-3	isoprene	units)	
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have	 the	 advantage	 of	 being	 less	 hydrophobic,	 which	 can	 improve	 their	 biological	 activity	

compared	 to	 longer	 isoprenyl	MK	 analogs	 (e.g.,	MK-7	 and	MK-9)	 and	 can	 be	 prepared	 using	

similar	methodology	described	in	this	chapter	and	reports	elsewhere.26-27		

In	this	chapter,	we	present	the	synthesis	and	characterization	of	eight	truncated	isoprenyl	

side	chain	MK	derivatives	of	varying	chain	length	and	degrees	of	saturation	(Figure	2.1.1),	as	well	

as	separated	and	characterized	geometric	isomers	formed	in	the	reactions.	We	have	adopted	the	

simple	 naming	 system	 where	 menaquinone-2	 with	 a	 saturated	 double	 bond	 at	 the	 second	

isoprene	 unit	 is	 denoted	 as	 menaquinone-2(II-H2)	 and	 abbreviated	 as	 MK-2(II-H2),	 where	 II	

denotes	 the	 second	 isoprene	 unit	 and	 H2	 denotes	 saturation	 of	 one	 double	 bond	 (Figure	

2.1.1E).23,	28	This	naming	system	follows	for	higher	degrees	of	saturation	such	as	menaquinone-

2(I,II-H4)	that	is	saturated	at	isoprene’s	I	and	II	and	menaquinone-3(I,II,III-H6)	that	is	saturated	at	

isoprene’s	 I,	 II,	 and	 III	 (Figure	 2.1.1F,I).	 Although	 MK-2(II-H2)	 and	 menaquinone-3(II-H2)	

(abbreviated	as	MK-3(II-H2))	are	known	in	literature	reports	mostly	in	the	1950s29-34	and	MK-2(II-

H2)	was	considered	in	a	computational	model	study,35	there	are	no	modern	syntheses	reported	

and	 these	analogs	have	not	been	extensively	 characterized	nor	have	 their	 geometric	 isomers	

been	resolved	and	characterized	in	literature.	Evidence	supports	the	trans	MK	isomer	as	the	only	

biologically	active	isomer.27	Therefore,	the	separation	and	isolation	of	geometric	isomers	of	MK	

derivatives	is	critical	when	testing	these	compounds	in	biological	assays.	

The	synthesis	and	characterization	of	truncated	isoprenyl	MK	analogs	such	as	the	two	novel	

fully	 saturated	 MK	 derivatives	 described	 in	 this	 work	 is	 important	 for	 understanding	 their	

requirement	in	biological	systems,	as	little	is	known	about	their	physical	properties,	reactivity	nor	

3D-conformation	within	solution	or	cell	membranes.	Access	to	these	truncated	MK	analogs	 in	
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pure	geometric	form	is	critical	considering	the	recent	discovery	and	timeliness	for	understanding	

why	 partially	 saturated	MKs	 (e.g.,	MK-9(II-H2),	 Figure	 2.1.1A)	 are	 observed	 in	 pathogenic	M.	

tuberculosis,	 when	 currently	 around	 one-third	 of	 the	 world’s	 population	 is	 infected	 with	

Tuberculosis	(TB)	and	over	1.3	million	people	worldwide	die	annually	from	TB.36		

2.2	 Materials	and	Methods	

2.2.1	 Materials	and	Information	

Menadione	(crystalline),	sodium	hydrosulfite	 (85.0%),	1,4	dioxane	(anhydrous,	99.9%),	BF3	

etherate	 (≥46.5%),	 Luperox	 A98	 benzoyl	 peroxide	 (>98%),	 methanol	 (99.9%),	 magnesium	

(powder,	 ≥99%),	 polyene	 carbonate	 (anhydrous,	 99.7%),	 n-heptane	 (anhydrous,	 99%),	 ethyl	

acetoacetate	 (≥99%),	 tert-Butanol	 (ACS	 reagent,	 ≥99%),	 Red-Al®	 sodium	 bis(2-

methoxyethoxy)aluminium	 hydride	 solution	 (vitride	 reagent,	 ≥60	 wt.	 %	 in	 toluene),	 sodium	

iodide	(anhydrous,	free-flowing,	Redi-Dri™,	ACS	reagent,	≥99.5%),	potassium	permanganate	(ACS	

reagent,	 ≥99.0%,	 low	 in	 mercury),	 potassium	 tert-butoxide	 (reagent	 grade,	 ≥98%),	 sodium	

bicarbonate	(ACS	grade),	potassium	hydroxide	(ACS	reagent,	≥85%,	pellots),	sodium	methoxide	

(purum,	≥97%),	aluminum	oxide	(activated	neutral,	Brockman	I,	standard	grade,	~150	mesh,	58	

Å),	 potassium	 carbonate	 (ACS	 reagent,	 anhydrous,	 ≥99.0%),	 farnesol	 (95%),	 3,7-dimethyl-1-

octanol	(≥98%),	(±)b-citronellol	(95%),	methanesulfonyl	chloride	(≥99.7%),	ammonium	formate	

(97%),	celite®	545	filter	agent,	Pd/C	(10%	Pd	basis),	trimethylamine	(≥99%),	GC	grade	n-pentane,	

benzene,	and	 triethyl	phosphonoacetate	 (98%)	were	purchased	 from	Sigma-Aldrich	and	were	

used	as	received	unless	otherwise	noted.	3,7-Dimethyl-1-octen-3-ol	(isophytol)	was	purchased	

from	Santa	Cruz	Biotechnology.	Ultra-high	purity	argon	gas	(99.9%)	was	acquired	from	Airgas.	

SiliCycle®SiliaFlash®	 F60,	 43-60	 µm	 60	 Å	 silica	 gel	 was	 purchased	 from	 SilliCycle.	 Anhydrous	
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sodium	 sulfate	 (Certified	 ACS,	 Granular),	 HPLC	 grade	 ethyl	 acetate	 (EtOAc)	 and	 HPLC	 grade	

dichloromethane	 (DCM)	 stabilized	 with	 50	 ppm	 amylene	 (unstabilized	 DCM	 can	 degrade	

menaquinones)	was	purchased	from	Fisher	Chemical.	Merck	TLC	Silica	gel	60	F254	TLC	plates	and	

GC	grade	acetone	were	purchased	 from	Merck.	Washed	sea	sand	was	purchased	 from	Fisher	

Scientific.	 Hydrofluoric	 (HF)	 solution	 (48	 wt.	 %)	 was	 purchased	 from	 Mallinckrodt	

Pharmaceuticals.	 Deuterated	 NMR	 solvents	 of	 CDCl3	 (chloroform-d,	 99.8%	 atom	 %	 D),	

dimethylsulfoxide	 (DMSO)	 (D	 99.9%,	 +	 0.05%	 V/V	 tetramethylsilane),	 and	 C6D6	 (benzene-d6,	

99.6%	atom	%	D)	were	acquired	from	Sigma-Aldrich.	Distilled	Deionized	Water	(DDI	H2O)	was	

purified	with	 a	 Barnstead	 E-pure	 system	 (18.2	MΩ-cm).	 Absolute	 ethanol	was	 acquired	 from	

Pharmco-Aaper.	

All	non-aqueous	 reactions	were	carried	out	under	an	atmosphere	of	argon	 in	 flame-dried	

glassware	and	were	stirred	on	a	magnetic	stir	plate	using	anhydrous	solvent	unless	otherwise	

noted.	All	solvents	were	purchased	from	commercial	sources	and	either	used	directly	or	after	

drying.	Solvents	were	dried	either	by	passing	through	an	alumina	drying	column	(Solv-Tek	Inc.)	

under	 argon	 pressure	 (i.e.	 benzene,	methanol,	 and	 trimethylamine),	 or	 by	 passing	 through	 a	

column	packed	with	activated	neutral	alumina	under	argon	pressure	(i.e.	n-pentane),	or	dried	

over	activated	3	Å	molecular	sieves	for	48-72	h	under	argon	atmosphere	(i.e.	tertbutanol,	10	g	

sieves	 /	100	mL	 solvent).37	Reactions	were	monitored	by	 thin	 layer	 chromatography	 (TLC)	on	

Whatman	Partisil®	K6F	TLC	plates	(silica	gel	60	Å,	0.250	mm	thickness)	or	Merck	TLC	Silica	gel	60	

F254	 plates	 and	 visualized	 using	 a	 UV	 lamp	 (366	 or	 254	 nm),	 Seebachs	 stain	 (and	 heated	 to	

visualize),	or	KMnO4	stain	(and	heated	to	visualize)	and	preparative	TLC	was	carried	out	using	full	

size	20	X	20	cm	Merck	TLC	Silica	gel	60	F254	plates	and	visualized	using	a	UV	lamp.	Products	were	
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purified	by	flash	chromatography	(SiliCycle®SiliaFlash®	F60,	43-60	µm	60	Å).	Yields	refer	to	dried,	

chromatographically	 and	 spectroscopically	 (1H	NMR)	homogenous	materials	 unless	otherwise	

noted.	All	chemicals	were	used	without	purification	unless	otherwise	noted.	1H	and	13C	spectra	

were	recorded	on	a	400	MHz	Varian	Model	MR400	or	a	Bruker	Model	Avance	Neo400	equipped	

with	BBFO	smart	probe	operating	at	400	MHz	or	101	MHz,	respectively.	Chemical	shift	values	(δ)	

are	reported	in	ppm	and	referenced	against	the	internal	solvent	peaks	in	1H	NMR	(CDCl3,	δ	at	

7.26	ppm;	benzene-d6,	δ	at	7.16	ppm)	and	in	13C	NMR	(CDCl3,	δ	at	77.16	ppm;	benzene-d6,	δ	at	

128.06	 ppm).	 All	 NMR	 spectra	 were	 acquired	 either	 at	 25	 or	 26	 °C.	 Integral	 values	 were	

determined	using	standard,	uncalibrated	NMR	experiments	and	should	be	viewed	accordingly.	

1H	 NMR	 spectra	 are	 reported	 as	 follows:	 chemical	 shift	 (multiplicity,	 coupling	 constant,	

integration).	The	following	abbreviations	are	used	to	indicate	multiplicities:	s,	singlet;	d,	doublet;	

t,	 triplet;	q,	quartet;	m,	multiplet;	br,	broad.	NMR	spectra	were	processed	using	MestReNova	

version	 10.0.1.	 or	 12.0.2.	 Details	 of	 NMR	 experiments	 are	 provided	 in	 representative	

experimental	sections	and	captions	of	figures.	

	
2.2.2	 NMR	Spectroscopic	Studies	

Synthesized	compounds	were	dried	under	vacuum	 for	~2-4	days	 (~150-200	mTorr)	unless	

otherwise	noted	to	ensure	as	much	residual	solvent	from	purification	was	removed	as	possible.	

Samples	 for	 NMR	 studies	 were	 prepared	 immediately	 prior	 to	 running	 the	 samples	 using	

deuterated	solvents	sealed	under	inert	atmosphere	in	glass	ampules.	The	NMR	sample	solutions	

were	placed	under	an	argon	atmosphere	immediately,	capped,	and	then	spectra	were	acquired	

unless	otherwise	noted.	NMR	samples	of	MKs	were	protected	from	light	by	wrapping	the	samples	

in	aluminum	foil	while	not	in	the	NMR	instrument	due	to	potential	degradation;	however,	we	
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have	not	observed	degradation	due	to	light	exposure.	1H	and	13C	spectra	were	recorded	using	a	

Varian	Model	MR400	or	a	Bruker	Model	Avance	Neo400	equipped	with	BBFO	smart	probe	and	

automated	 tuning	module	 (ATM)	operating	at	400	MHz	or	101	MHz,	 respectively.	 1H	and	 13C	

spectra	were	recorded	using	a	Varian	Model	MR400	or	Model	Inova400	operating	at	400	MHz	

and	100	MHz,	respectively.	Chemical	shift	values	(δ)	are	reported	in	ppm	and	referenced	against	

the	internal	solvent	peaks	in	1H	NMR	(d6-DMSO,	δ	at	2.50	ppm,	CDCl3,	δ	at	7.26	ppm;	benzene-

d6,	δ	at	7.16	ppm)	and	in	13C	NMR	(d6-DMSO,	δ	at	39.52	ppm,	CDCl3,	δ	at	77.16	ppm;	benzene-d6,	

δ	at	128.06	ppm).	All	NMR	spectra	were	 recorded	at	either	25	or	26	 °C.�	NMR	spectra	were	

processed	using	MestReNova	version	10.0.1.	or	12.0.2.	See	Supporting	Information	for	1D	&	2D	

NMR	spectra	and	NMR	experimental	details.	

2.2.3	 Mass	Spectrometry	and	Elemental	Analysis	

High	resolution	mass	spectrometry	(HRMS)	experiments	were	conducted	either	on	an	Agilent	

6224	TOF	LC/MS	(O-TOF)	interfaced	with	Direct	Analysis	in	Real	Time	(DART)	source	(IonSense	

DART-100)	or	were	conducted	on	a	Bruker	MaXis	TOF	MS	(Q-TOF)	interfaced	with	DART	source	

(IonSense	DART-SVP)	or	were	conducted	on	an	Agilent	6220	TOF	LC/MS	(“OTOF”)	interfaced	to	

an	Agilent	1200	HPLC	with	electrospray	(ESI)	mode.	Low	resolution	mass	spectrometry	(LRMS)	

experiments	were	conducted	by	Electron	Spray	Ionization	Mass	Spectrometry	(ESI)	on	an	Agilent	

technologies	6130	Quadrupole	LCMS.	A	standard	of	Jeffamine	was	used	as	an	internal	standard	

calibration	 for	HRMS	DART	experiments	 carried	out	 in	 positive	mode.	 Combustion	 elemental	

analysis	was	carried	out	by	ALS	Environmental	located	in	Tucson,	AZ.	
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2.2.4	 Preparation	of	Menaquinone-1	

2-methyl-3-(3-methylbut-2-en-1-yl)naphthalene-1,4-dione,	 MK-1	 (2.4).	Menadiol	 (2.2)	 was	

synthesized	 as	 previously	 described26	 from	menadione	 (2.1)	 and	MK-1	 (2.4)	was	 synthesized	

previously.38	However,	here	the	reaction	to	form	MK-1	(2.4)	was	scaled	up	and	characterization	

reported	data	in	CDCl3.	To	a	100	mL	Schlenk	flask	was	added	a	stir	bar,	EtOAc	(16	mL),	and	1,4	

dioxane	(16	mL),	which	was	then	purged/evacuated	with	argon	repeatedly.	Then,	crude	menadiol	

(2.2)	(2.50	g,	4:1	menadiol:menadione	by	NMR	integration,	note	that	menadiol	is	prone	to	auto-

oxidation	in	CDCl3,	11.48	mmol)	was	added	followed	by	3-methyl-2-buten-1-ol	(2.3)	(1.08	g,	12.52	

mmol)	and	then	dropwise	addition	of	distilled	BF3	etherate	(0.8	mL).	The	reaction	solution	turned	

dark	orange	and	was	refluxed	at	70	°C	for	3	h	under	argon.	The	reaction	was	quenched	with	ice-

H2O	(100	mL)	and	then	extracted	with	diethyl	ether	(3	x	100	mL).	The	yellow	organic	extracts	

were	washed	with	 sat.	NaHCO3	 (100	mL),	washed	with	brine	 (100	mL),	dried	with	anhydrous	

Na2SO4,	and	then	concentrated	under	reduced	pressure	at	ambient	temperature	to	yield	3.50	g	

of	crude	red	oil.	The	crude	oil	was	purified	by	flash	column	chromatography	(1000	mL	of	230-400	

mesh	SiO2,	70	mm	column,	20:1	n-pentane/EtOAc).	The	red	oil	obtained	was	dried	under	reduced	

pressure	(~125	mTorr)	overnight	to	yield	0.628	g	(2.61	mmol,	22.7%	yield)	as	a	deep	red	oil.	1H	

NMR	(400	MHz,	CDCl3)	δ:	8.06-8.08	(m,	2H),	7.67-7.69	(m,	2H),	5.02	(t,	J	=	7.0	Hz,	1H),	3.36	(d,	2H,	

J	=	7.0	Hz),	2.19	(s,	3H),	1.79	(s,	3H),	1.69	(s,	3H).	13C	NMR	(101	MHz,	CDCl3)	δ:	185.6,	184.7,	146.2,	

143.4,	134.1,	133.47,	133.42,	132.33,	132.30,	126.4,	126.3,	119.3,	26.3,	25.9,	18.2,	12.8.	HRMS	

(DART)	m/z:	[(M+H)+]	Calcd	for	C16H17O2	241.1223;	Found	241.1222.	
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2.2.5	 Preparation	of	Menaquinone-1(H2)		

2-isopentyl-3-methylnaphthalene-1,4-dione,	MK-1(H2)	(2.6).	To	a	dry	100	mL	round	bottom	

Schlenk	flask	was	added	a	stir	bar	and	dry	and	degassed	benzene	(30	mL)	followed	by	1-Iodo-3-

methylbutane	(2.5)	(1.98	g,	10.0	mmol,	1	equiv.),	which	was	then	purged/evacuated	with	argon	

repeatedly.	To	a	dry	20	mL	vial	was	added	dry	benzene	(15	mL),	which	was	then	degassed	via	

argon	needle	purge,	followed	by	addition	of	menadione	(2.1)	(1.72	g,	10.0	mmol),	and	benzoyl	

peroxide	 (2.42	g,	10.0	mmol,	1	equiv.).	This	 solution	was	sonicated	until	dissolution	occurred	

under	argon.	The	naphthoquinone-benzoyl	peroxide	solution	was	added	dropwise	over	2	h	15	

min	 to	 the	 refluxing	 prenyl	 iodide	 solution,	 which	 was	 under	 argon	 atmosphere	 during	 the	

reaction.	After	the	addition	was	complete,	the	solution	refluxed	for	an	additional	1	h.	The	solution	

was	then	diluted	with	sat.	NaHCO3	(100	mL)	and	diethyl	ether	(100	mL)	and	then	the	two	phases	

were	 separated.	 The	 aqueous	 layer	 was	 extracted	 with	 diethyl	 ether	 (3	 x	 100	 mL)	 and	 the	

combined	organic	extracts	were	washed	with	sat.	NaHCO3	(100	mL),	washed	with	brine	(100	mL),	

dried	 with	 anhydrous	 Na2SO4,	 and	 then	 concentrated	 under	 reduced	 pressure	 at	 ambient	

temperature	to	yield	a	crude	yellow	powder.	The	crude	powder	was	purified	by	flash	column	

chromatography	(10:1.5	n-pentane/EtOAc)	to	yield	0.493	g	as	a	yellow	solid	(2.03	mmol,	20.3	%	

yield).	1H	NMR	(400	MHz,	C6D6)	δ:	8.05-8.07	(m,	2H),	7.04-7.06	(m,	2H),	2.41-2.45	(m,	2H),	1.92	

(s,	3H),	1.45-1.55	(m,	1	H),	1.16-1.21	(m,	2H),	0.89	(d,	J	=	6.6	Hz,	2H).	13C	NMR	(101	MHz,	C6D6)	δ:	

184.9,	184.3,	147.5,	142.7,	133.09,	133.08,	132.74,	132.71,	126.26,	126.21,	37.8,	28.9,	25.2,	22.5,	

12.3.	HRMS	(DART)	m/z:	[(M+H)+]	Calcd	for	C16H19O2	243.1380;	Found	243.1378.	
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2.2.6	 Preparation	of	Menaquinone-2	

(E)-2-(3,7-dimethylocta-2,6-dien-1-yl)-3-methylnaphthalene-1,4-dione,	MK-2	 (2.8).	 Here	we	

report	an	improvement	on	our	previously	reported	method26	for	synthesizing	menadiol	where	

thorough	and	extensive	stirring	while	triturating	in	n-pentane	leads	to	practically	pure	menadiol	

with	very	residual	menadione	(mendione:menadione	>30:1	by	NMR	integration).	To	a	500	mL	

round	bottom	Schlenk	flask	was	added	a	stir	bar,	diethyl	ether	(100	mL),	and	menadione	(5.00	g,	

29.0	mmol).	Then,	10%	aq.	Na2S2O4	(100	mL,	57.4	mmol)	was	added	and	the	solution	immediately	

turned	dark	red.	After	30	min.	of	stirring	at	ambient	temperature,	the	solution	was	clear	yellow.	

The	aqueous	layer	was	separated	and	extracted	with	diethyl	ether	(3	x	100	mL).	The	combined	

organic	extracts	were	washed	with	sat.	NaHCO3	(100	mL),	followed	by	DDI	H2O	(100	mL),	and	

lastly	with	brine	(100	mL).	The	combined	organic	extracts	were	dried	with	anhydrous	Na2SO4	and	

then	 concentrated	 under	 reduced	 pressure	 at	 room	 temperature.	 The	 crude	 powder	 was	

triturated	thoroughly	in	n-pentane	(50	mL),	vacuum	filtered,	and	washed	with	n-pentane	(100	

mL)	 to	 yield	 a	 pale	 purple	 solid	 (~quantitative).	Menadiol	 formation	 is	 indicative	 by	 1H	NMR	

(CDCl3)	by	the	presence	of	a	peak	at	6.65	ppm	and	is	consistent	with	literature.39		

To	a	100	mL	round	bottom	Schlenk	flask	was	added	ethyl	acetate	(16	mL)	and	1,4-dioxane	(16	

mL),	which	was	purged/evacuated	with	argon	repeatedly.	Then,	crude	menadiol	(2.2)	(2.50	g,	4:1	

menadiol:menadione	by	NMR	integration,	11.5	mmol,	residual	menadione	 is	 likely	due	to	not	

triturating	 in	pentane	 thoroughly	enough)	was	added	 followed	by	geraniol	 (2.7)	 (1.92	g,	12.5	

mmol)	and	then	drop	wise	addition	of	fresh	BF3	etherate	(0.8	mL).	The	solution	was	allowed	to	

reflux	at	70-72	°C	for	3	hrs.	under	argon.	The	dark	orange	colored	reaction	mixture	was	quenched	

with	 ice-H2O	(100	mL)	and	then	extracted	with	diethyl	ether	(3	x	100	mL).	The	yellow	organic	
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extracts	were	washed	with	sat.	NaHCO3	(100	mL),	washed	with	DDI	H2O	(100	mL),	washed	with	

brine	(100	mL),	dried	with	anhydrous	Na2SO4,	and	then	concentrated	under	reduced	pressure	at	

room	temperature	to	yield	3.71	g	of	crude	red	oil.	The	crude	oil	was	purified	by	flash	column	

chromatography	(1000	mL	of	230-400	mesh	SiO2,	70	mm	column,	20:1	n-pentane/ethyl	acetate).	

The	yellow	oil	obtained	was	dried	under	reduced	pressure	(~125	mTorr)	overnight	to	yield	0.713	

g	(2.31	mmol,	20.1%	yield)	as	a	yellow	solid.	The	scale	of	this	reaction	was	~14	times	larger	than	

the	previously	 reported	 synthesis	with	 the	deuterated	MK-2	analog.40	 1H	NMR	 (400	MHz,	d6-

DMSO)	δ:	7.96-8.01	(m,	2H),	7.80-7.84	(m,	2H),	4.96-5.00	(m,2H),	3.30	(d,	2H,	J=4	Hz),	2.10	(s,	

3H),	1.92-2.04	(m,	4H),	1.73	(s,	3H),	1.53	(s,	3H),	1.49	(s,	3H).		13C	NMR	(100	MHz,	d6-DMSO)	δ:	

184.7,	183.6,	145.3,	142.9,	136.4,	133.9,	131.5,	130.7,	125.9,	125.8,	123.9,	119.4,	26.0,	25.4,	25.4,	

17.5,	16.1,	12.4.	LRMS	(ESI	70	eV,	EtOAc)	m/z:	[(M+H)+]	Calcd	for	C21H25O2	309.2;	found	309.2.	

HRMS	(ESI,	OTOF)	m/z:	[(M+H)+]	Calcd	for	C21H25O2	309.1849;	found	309.1851.	

	
2.2.7	 Preparation	of	Menaquinone-2(II-H2)	

2-(3,7-dimethyloct-2-en-1-yl)-3-methylnaphthalene-1,4-dione,	 Menaquinone-2(II-H2)	 (2.10).	

To	a	dry	150	mL	round-bottom	thick-walled	pressure	flask	was	added	a	dry	stir	bar,	dry	heptane	

(21	mL)	and	polyene	carbonate	(21	mL).	The	solution	was	bubbled	with	argon	for	several	min.	

Then,	menadiol	(2.2)	(1.22	g,	7.00	mmol)	was	added	and	stirred	until	dissolution	occurred	under	

argon	bubbling.	Then,	isophytol	(2.9)	(1.09	g,	7.00	mmol)	was	added	followed	by	MgF2-48	(350	

mg).	The	biphasic	reaction	mixture	was	bubbled	with	argon	for	~1	min	and	then	sealed	tightly	

with	a	Teflon	screw	cap.	The	sealed	reaction	mixture	was	covered	in	aluminum	foil	to	minimize	

light	exposure	and	was	stirred	for	5	h	at	100	°C	under	argon	atmosphere.	The	yellow	biphasic	

suspension	was	then	cooled	to	ambient	temperature.	The	1H	NMR	spectrum	of	the	crude	product	
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confirmed	product	formation	by	the	presence	of	a	doublet	at	3.37	ppm	(CDCl3).	The	layers	were	

separated	and	the	polyene	carbonate	layer	(bottom	layer)	was	extracted	with	n-pentane	(3	x	100	

mL).	The	combined	yellow	organic	extracts	were	washed	with	DDI	H2O	(100	mL),	washed	with	

sat.	 NaHCO3	 (100	 mL),	 washed	 with	 brine	 (100	 mL),	 dried	 over	 anhydrous	 Na2SO4,	 and	

concentrated	under	reduced	pressure	at	ambient	temperature.	The	crude	oil	was	dried	overnight	

under	 reduced	pressure	 to	 yield	1.31	g	 crude	 red	oil.	 The	 crude	 red	oil	was	purified	by	 flash	

column	chromatography	(300	mL	of	230-400	mesh	SiO2,	20:1	n-pentane/EtOAc,	40	mm	column)	

to	yield	0.235	g	(0.757	mmol,	10.8%	yield)	as	a	yellow/red	oil	after	drying	under	vacuum	(200	

mTorr).	The	C2	 isomeric	side	product	was	 readily	 separated	by	 flash	column	chromatography	

eluting	after	the	C3	desired	product.	The	product	was	obtained	as	a	mixture	of	trans:cis	isomers	

(ratio	of	trans:cis	=	2.7:1	by	NMR	integration	of	alkene	peaks)	as	has	similarly	been	reported	for	

vitamin	K1	analogs41	and	various	MK	analogs.27	1H	NMR	(400	MHz,	C6D6)	d:	8.00-8.06	(m,	2H),	7.0-

7.06	(m,	2H),	5.12	(t,	J	=	7.0	Hz,	1H,	trans	isomer),	5.06	(t,	J	=	7.0	Hz,	1H,	cis	isomer),	3.28	(d,	J	=	

7.7	Hz,	2H,	cis	isomer),	3.26	(d,	J	=	7.1	Hz,	2H,	trans	isomer),	2.19	(t,	J	=	7.8	Hz,	2H,	cis	isomer),	

1.98	(s,	3H),	1.92	(t,	J	=	7.5	Hz,	2H,	trans	isomer),	1.72	(s,	3H,	trans	isomer),	1.63	(s,	3H,	cis	isomer),	

1.50-1.58	(m,	1H,	cis	isomer),1.40-1.49	(m,	1H,	trans	isomer),	1.40-1.48	(m,	2H,	cis	isomer),	1.31-

1.39	(m,	2H,	trans	isomer),	1.21-1.27	(q,	2H,	cis	isomer),	1.06-1.11	(q,	2H,	trans	isomer),	0.93	(d,	

J	=	6.6	Hz,	6H,	cis	 isomer),	0.83	(d,	 J	=	6.6	Hz,	6H,	trans	 isomer).	 13C	NMR	(101	MHz,	C6D6)	δ:	

184.99,	184.97,	184.24,	184.16,	145.97,	145.95,	143.21,	143.18,	137.93,	137.62,	133.09,	133.06,	

132.68,	132.66,	126.31,	126.22,	120.31,	119.82,	40.36,	39.34,	38.95,	32.56,	28.35,	28.20,	26.25,	

26.15,	 26.08,	 25.98,	 23.54,	 22.87,	 22.81,	 16.32,	 12.62,	 12.58.	 HRMS	 (DART,	Q-TOF)	 calcd	 for	

C21H27O2	[(M+H)+]	311.2006,	found	311.2018.	
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A	sample	for	analytical	characterization	of	trans-MK-2(II-H2)	was	purified	by	normal	phase	

preparative	 TLC	 (see	 experimental	 below)	 on	 silica	 gel	 using	 (30:1)	 n-pentane/EtOAc	 as	 the	

eluting	solvent;	Rf	cis:	0.37,	Rf	trans	0.32;	ratio	of	trans:cis	before	separation	was	2.7:1	(the	ratio	

was	measured	from	the	NMR	integration	of	alkene	peaks).	Although	we	isolated	the	pure	trans	

isomer,	the	cis	isomer	co-eluted	with	the	trans	isomer	and	efforts	to	obtain	a	sample	of	the	pure	

cis	isomer	were	not	successful.	The	cis	and	the	trans	isomers	have	different	NMR	spectra	in	C6D6	

for	the	hydrogens	and	carbons	within	the	isoprenyl	side	chain.	Data	for	trans-MK-2(II-H2):	1H	NMR	

(400	MHz,	C6D6)	d:	8.00-8.07	(m,	2H),	7.00-7.05	(m,	2H),	5.12	(t,	J	=	7.0	Hz,	1H),	3.26	(d,	J	=	7.0	Hz,	

2H),	1.98	(s,	3H),	1.92	(t,	J	=	7.5	Hz,	2H),	1.72	(s,	3H),	1.40-1.49	(m,	1H),	1.31-1.39	(m,	2H),	1.06-

1.11	(q,	2H),	0.83	(d,	J	=	6.6	Hz,	6H).	13C	NMR	(101	MHz,	C6D6)	δ:	184.98,	184.24,	145.97,	143.21,	

137.62,	133.09,	133.05,	132.69,	132.66,	126.31,	126.22,	119.82,	40.36,	38.95,	28.20,	26.25,	26.08,	

22.81,	16.32,	12.58.	HRMS	(DART,	Q-TOF)	calcd	for	C21H27O2	[(M+H)+]	311.2006,	found	311.1991.	

NMR	data	for	the	cis	isomer	(obtained	from	spectra	with	both	cis	and	trans	isomers	present):	1H	

NMR	(400	MHz,	C6D6)	d:	8.00-8.06	(m,	2H),	7.00-7.06	(m,	2H),	5.06	(t,	J	=	7.0	Hz,	1H),	3.28	(d,	J	=	

7.7	Hz,	2H),	2.19	(t,	J	=	7.8	Hz,	2H),	1.98	(s,	3H),	1.63	(s,	3H),	1.50-1.58	(m,	1H),	1.40-1.48	(m,	2H),	

1.21-1.27	(q,	2H),	0.93	(d,	J	=	6.6	Hz,	6H).		

A	sample	for	analytical	characterization	of	trans-MK-2(II-H2)	was	prepared	by	using	normal	

phase	preparative	TLC.	First,	8.0	mg	of	cis/trans-MK-2(II-H2)	(dissolved	in	a	minimal	amount	of	

DCM)	was	loaded	onto	a	preparative	TLC	plate	via	capillary	tube,	then	eluted	once	using	30:1	n-

pentane/EtOAc	and	an	elution	time	of	45	min.	The	TLC	plate	was	briefly	air	dried	and	then	eluted	

a	second	time	under	the	same	conditions.	The	yellow	band	was	illuminated	under	UV	light	and	

while	illuminated,	the	band	was	divided	into	a	top	two-thirds	and	a	bottom	one-third.	The	bottom	
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one-third	was	 carefully	 removed	with	 a	 razor	 blade,	 extracted	with	 DCM,	 filtered	 through	 a	

disposable	Pasteur	pipette	filled	with	glass	wool	(pre-rinsed	with	DCM)	and	concentrated	under	

reduced	pressure	at	ambient	temperature	and	dried	for	4	days	at	reduced	pressure	(200	mTorr)	

to	provide	2.5	mg	trans-MK-2(II-H2)	as	a	yellow	oil	(31.3%	recovery).	

	
2.2.8	 Preparation	of	Menaquinone-2(I,II-H4)	

Menaquinone-2(I,II-H4)	 (2.13)	 was	 accessed	 through	 compound	 (2.12)	 from	 commercially	

available	compound	(2.11).		

1-Iodo-3,7-dimethyloctane	(2.12).	To	a	dry	250	mL	round-bottom	Schlenk	flask	was	added	a	

dry	 stir	 bar,	 3,7-dimethyl-1-octanol	 (2.11)	 (8.61	 g,	 54.4	mmol),	 dry	 DCM	 (100	mL)	 and	 then	

purged/evacuated	with	argon,	repeatedly.	The	solution	was	cooled	to	0	°C	in	an	ice-H2O	bath.	

Then,	methanesulfonyl	chloride	(2.16	mL,	3.20	g,	27.9	mmol,	1.2	equiv)	was	added	under	argon	

atmosphere	followed	by	drop-wise	addition	of	dry	triethylamine	(11.39	mL,	8.26	g,	81.6	mmol,	

1.5	equiv)	over	5	min	at	0°	C.	The	resulting	solution	was	stirred	at	ambient	temperature	for	1.5	h	

under	argon.	The	reaction	was	quenched	with	sat.	NaHCO3	(100	mL)	and	then	the	phases	were	

separated.	 The	 aqueous	 layer	was	 extracted	with	 diethyl	 ether	 (3	 x	 100	mL).	 The	 combined	

organic	extracts	were	washed	with	sat.	NaHCO3	(100	mL),	washed	with	brine	(100	mL),	dried	over	

anhydrous	 Na2SO4,	 and	 then	 concentrated	 under	 reduced	 pressure	 at	 ambient	 temperature	

(residual	triethylamine	can	be	removed	by	vacuum	pumping	for	~1	h)	to	yield	9.65	g	crude	yellow	

oil.	The	crude	mesylate	was	dissolved	in	dry	and	degassed	acetone	(100	mL,	dried	over	anhydrous	

K2CO3	 immediately	prior	 for	~10	min)	 in	a	dry	250	mL	 round-bottom	Schlenk	 flask.	 Then,	NaI	

(16.50	g,	110.0	mmol,	2.0	equiv)	was	added	and	the	solution	was	refluxed	for	2	h	under	argon.	

The	white	reaction	mixture	was	diluted	with	ice-DDI	H2O	(100	mL)	and	diethyl	ether	(100	mL)	and	
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then	the	phases	were	separated.	The	aqueous	layer	was	extracted	with	diethyl	ether	(3	x	100	

mL).	The	combined	organic	extracts	were	washed	with	sat.	NaHCO3	(100	mL),	washed	with	brine	

(100	 mL),	 dried	 over	 anhydrous	 Na2SO4,	 and	 then	 concentrated	 under	 reduced	 pressure	 at	

ambient	temperature	to	yield	9.83	g	crude	clear	and	yellow	oil.	The	crude	product	was	purified	

by	flash	column	chromatography	(800	mL	of	230-400	mesh	SiO2,	10:1	n-pentane/EtOAc,	70	mm	

column)	to	yield	6.91	g	(25.8	mmol,	47.4%	yield)	as	a	clear	and	colorless	oil	after	drying	under	

vacuum	(150	mTorr).	1H	NMR	(400	MHz,	CDCl3)	d:	3.14-3.28	(m,	2H),	1.83-1.92	(m,	1H),	1.60-1.69	

(m,	1H),	1.48-1.58	(m,	2H),	1.21-1.35	(m,	3H),	1.06-1.21	(m,	3H),	0.87	(d,	J	=	6.6	Hz,	9H).	13C	NMR	

(101	MHz,	CDCl3)	δ:	41.13,	39.33,	34.04,	28.10,	24.68,	22.85,	22.75,	18.89,	5.58.	Anal.	Calcd	for	

C10H21I:	�C,	44.79;	H,	7.89.	Found:	C,	44.81;	H,	7.72.	

2-(3,7-dimethyloctyl)-3-methylnaphthalene-1,4-dione	MK-2(I,II-H4)	 (2.13).	 To	 a	 dry	 100	mL	

round-bottom	Schlenk	 flask	was	added	a	dry	 stir	bar	and	dry	and	degassed	benzene	 (30	mL)	

followed	by	1-Iodo-3,7-dimethyloctane	(2.12)	(2.68	g,	10.0	mmol,	1	equiv).	To	a	dry	20	mL	vial	

was	added	dry	and	degassed	benzene	(15	mL)	followed	by	menadione	(2.1)	(1.72	g,	10.0	mmol)	

and	benzoyl	peroxide	(2.42	g,	10.0	mmol,	1	equiv)	and	then	sonicated	until	dissolution	occurred	

under	argon.	The	naphthoquinone-benzoyl	peroxide	solution	was	added	drop-wise	over	2	h	15	

min	 to	 the	 refluxing	 prenyl	 iodide	 solution,	 which	 was	 under	 argon	 atmosphere	 during	 the	

reaction.	After	the	addition	was	complete,	the	solution	was	refluxed	for	an	additional	1	h.	The	

solution	was	diluted	with	sat.	NaHCO3	(100	mL)	and	diethyl	ether	(100	mL)	and	then	the	phases	

were	separated.	The	aqueous	layer	was	extracted	with	diethyl	ether	(3	x	100	mL).	The	combined	

organic	extracts	were	washed	with	sat.	NaHCO3	(100	mL),	washed	with	brine	(100	mL),	dried	over	

anhydrous	Na2SO4,	and	then	concentrated	under	reduced	pressure	at	ambient	temperature	to	



37	
	

yield	a	crude	yellow	powder.	The	crude	powder	was	purified	by	flash	column	chromatography	

(10:1.5	n-pentane/EtOAc)	to	yield	0.539	g	(1.73	mmol,	17.3%	yield)	after	drying	under	vacuum	

(150	mTorr)	as	a	yellow	oil.	1H	NMR	(400	MHz,	CDCl3)	d:	8.05-8.09	(m,	2H),	7.66-7.70	(m,	2H),	

2.55-2.68	(m,	2H),	2.18	(s,	3H),	1.12-1.58	(m,	10H),	0.98	(d,	J	=	6.6	Hz,	3H),	0.87	(d,	J	=	6.6	Hz,	6H).	

13C	NMR	(101	MHz,	CDCl3)	δ:	185.51,	184.81,	148.13,	143.02,	133.44,	133.40,	132.40,	132.34,	

126.38,	 126.32,	 39.45,	 37.08,	 35.90,	 33.58,	 28.11.	 HRMS	 (DART,	 O-TOF)	 calcd	 for	 C21H29O2	

[(M+H)+]	313.2162,	found	313.2158.	

	
2.2.9	 Preparation	of	Menaquinone-3	

2-methyl-3-((2E,6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-yl)naphthalene-1,4-dione,	 MK-3	

(2.15).	To	a	dry	100	mL	round	bottom	Schlenk	flask	were	added	a	dry	stir	bar,	ethyl	acetate	(16	

mL)	and	1,	4-dioxane	(16	mL),	which	was	then	evacuated/purged	with	argon,	repeatedly.	Then,	

crude	 menadiol	 (2.2)	 (2.20	 g,	 10:1	 menadiol:menadione,	 11.5	 mmol	 accounting	 for	 residual	

menadione)	and	trans-trans-farnesol	(2.14)	(2.78	g,	12.5	mmol,	1.09	equiv.)	was	added	followed	

by	drop	wise	addition	of	distilled	BF3	etherate	(0.8	mL).	The	reaction	mixture	was	refluxed	at	75-

80	°C	for	3	h	under	argon.	The	red/orange	reaction	mixture	was	quenched	with	ice	DDI-H2O	(100	

mL)	and	extracted	with	diethyl	ether	(3	x	100	mL).	The	combined	yellow	organic	extracts	were	

then	washed	with	saturated	NaHCO3	(100	mL),	DDI	H2O	(100	mL),	and	saturated	NaCl	(100	mL),	

dried	 over	 anhydrous	 Na2SO4,	 and	 then	 concentrated	 at	 reduced	 pressure	 at	 ambient	

temperature	to	yield	4.67	g	of	crude	red	oil	after	drying	under	vacuum	overnight.	The	crude	red	

oil	was	purified	by	flash	column	chromatography	(1000	mL	of	230-400	mesh	SiO2,	70	mm	column,	

20:1	n-pentane:EtOAc).	The	red/yellow	oil	was	dried	under	reduced	pressure	(~100	mTorr)	for	4	
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days	to	yield	0.930	g	(2.47	mmol,	21.5%	yield)	as	an	orange	oil.	1H	NMR	(400	MHz,	CDCl3)	d:	8.05-

8.10	(m,	2H),	7.66-7.71	(m,	2H),	5.00-5.06	(m,	3H),	3.37	(d,	J	=	7.0	Hz,	2H),	2.19	(s,	3H),	1.88-2.09	

(m,	8H),	1.79	 (s,	3H),	1.65	 (s,	3H),	1.56	 (s,	6H).	 13C	NMR	 (101	MHz,	CDCl3)	δ:	185.62,	184.68,	

146.31,	143.51,	137.69,	135.34,	133.48,	133.42,	132.34,	132.31,	131.40,	126.46,	126.34,	124.45,	

124.00,	119.25,	39.85,	39.82,	26.87,	26.61,	26.17,	25.83,	17.79,	16.57,	16.16,	12.83.	

	
2.2.10	Preparation	of	Menaquinone-3(II-H2)	

Menaquinone-3(II-H2)	 (2.21)	 was	 accessed	 through	 compounds	 (2.17),	 (2.18),	 (2.19),	 and	

(2.20)	starting	from	commercially	available	compound	(2.16).	

8-iodo-2,6-dimethyloct-2-ene	(2.17).	To	a	dry	500	mL	round-bottom	Schlenk	flask	was	added	

a	dry	stir	bar,	(±)b-citronellol	(2.16)	(17.00	g,	108.8	mmol),	dry	dichloromethane	(200	mL),	and	

dry	trimethylamine	(22.8	mL,	16.52	g,	163.2	mmol,	1.5	equiv),	which	was	then	purged/evacuated	

with	 argon,	 repeatedly.	 Then,	methanesulfonyl	 chloride	 (10.4	mL,	 15.33	 g,	 133.8	mmol,	 1.23	

equiv)	was	added	drop-wise	over	5	min	at	0°	C	under	argon.	The	resulting	solution	was	stirred	at	

ambient	temperature	for	1.5	h	under	argon.	The	reaction	was	quenched	with	sat.	NaHCO3	(200	

mL)	and	then	the	phases	were	separated.	The	aqueous	layer	was	extracted	with	diethyl	ether	(3	

x	100	mL).	The	combined	organic	extracts	were	washed	with	sat.	NaHCO3	(100	mL),	washed	with	

brine	 (100	mL),	 dried	 over	 anhydrous	 Na2SO4,	 and	 concentrated	 under	 reduced	 pressure	 at	

ambient	temperature	(residual	triethylamine	can	be	removed	by	vacuum	pumping	for	~1	h)	to	

yield	a	crude	orange	oil.	The	crude	mesylate	was	dissolved	in	dry	acetone	(200	mL)	in	a	dry	500	

mL	round-bottom	Schlenk	flask.	Then,	NaI	(33.00	g,	220.2	mmol,	2.02	equiv)	was	added	and	the	

solution	was	refluxed	for	3	h	under	argon.	The	resulting	white	reaction	mixture	was	diluted	with	

ice-DDI	 H2O	 (200	mL)	 and	 diethyl	 ether	 (100	mL)	 and	 then	 the	 phases	 were	 separated.	 The	
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aqueous	layer	was	extracted	with	diethyl	ether	(3	x	100	mL).	The	combined	organic	extracts	were	

washed	with	sat.	NaHCO3	(100	mL),	washed	with	brine	(100	mL),	dried	over	anhydrous	Na2SO4,	

and	then	concentrated	under	reduced	pressure	at	ambient	temperature	to	yield	22.56	g	crude	

yellow	oil.	The	crude	yellow	oil	was	purified	by	flash	column	chromatography	(800	mL	of	230-400	

mesh	SiO2,	10:1	n-pentane/EtOAc,	70	mm	column)	to	yield	19.10	g	(71.8	mmol,	66.0%	yield)	after	

vacuum	pumping	(150	mTorr)	overnight	as	a	clear	and	colorless	oil.	1H	NMR	(400	MHz,	CDCl3)	d:,	

5.09	(t,	J	=	7.0	Hz,	1H),	3.13-3.28	(m,	2H),	1.92-2.02	(m,	2H),	1.84-1.92	(m,	1H),	1.69	(s,	3H),	1.62-

1.67	(m,	1H),	1.61	(s,	3H),	1.51-1.59	(m,	1H),	1.29-1.39	(m,	1H),	1.13-1.22	(m,	1H),	0.89	(d,	J	=	6.6	

Hz,	3H).	13C	NMR	(101	MHz,	CDCl3)	δ:	131.63,	124.60,	41.06,	36.47,	33.73,	25.87,	25.47,	18.81,	

17.84,	5.32.	HRMS	(DART,	Q-TOF)	calcd	for	C10H20I	[(M+H)+]	267.0604,	found	267.0613.	

6,10-dimethylundec-9-en-2-one	 (2.18).	 To	 a	 dry	 250	 mL	 round-bottom	 Schlenk	 flask	 was	

added	a	dry	stir	bar	and	dry	tert-Butanol	(60	mL,	dried	over	activated	3	Å	molecular	sieves	10	g	

sieves	/	100	mL	solvent)	followed	by	t-BuOK	(4.92	g,	40.3	mmol,	1.2	equiv)	and	the	solution	was	

refluxed	for	30	min	under	argon	to	dissolve	the	t-BuOK	and	then	cooled	to	60	°C.	Then,	ethyl	

acetoacetate	(4.81	g,	36.9	mmol,	1.1	equiv)	was	added	drop-wise	and	the	reaction	mixture	was	

stirred	for	30	min	at	60	°C	under	argon.	Then,	8-iodo-2,6-dimethyloct-2-ene	(2.17)	(8.94	g,	33.6	

mmol)	 was	 added	 drop-wise.	 The	 reaction	 mixture	 was	 refluxed	 for	 25	 h	 under	 argon.	 The	

reaction	mixture	was	then	vacuum	filtered	and	washed	with	diethyl	ether	(50	mL).	The	filtrate	

solvent	was	removed	under	reduced	pressure	at	ambient	temperature.	To	the	crude	residue	was	

added	2	N	KOH	(128	mL)	and	the	reaction	mixture	was	stirred	for	3	h	at	80	°C	under	argon.	The	

reaction	mixture	was	cooled	to	ambient	temperature	and	then	the	alkaline	solution	was	acidified	

with	acetic	acid	(20	mL).	The	acidified	solution	was	extracted	with	diethyl	ether	(3	x	100	mL).	The	
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combined	organic	extracts	were	washed	with	sat.	NaHCO3	(100	mL),	washed	with	brine	(100	mL),	

dried	 over	 anhydrous	 Na2SO4,	 and	 then	 concentrated	 under	 reduced	 pressure	 at	 ambient	

temperature	to	yield	6.37	g	crude	clear	and	colorless	oil.	The	crude	oil	was	purified	by	vacuum	

distillation	(bp:	108-111	°C	/	4	mmHg)42	to	yield	5.82	g	(29.6	mmol,	88.1%	yield)	as	a	clear	and	

colorless	oil	after	drying	under	vacuum	(150	mTorr).	1H	NMR	(400	MHz,	CDCl3)	d:	5.09	(t,	J	=	7.2	

Hz,	1H),	2.40	(t,	J	=	7.5	Hz,	2H),	2.13	(s,	3H),	1.87-2.03	(m,	2H),	1.68	(s,	3H),	1.60	(s,	3H),	1.49-1.63	

(m,	2H),	1.34-1.43	(m,	1H),	1.23-1.34	(m,	2H),	1.05-1.17	(m,	2H),	0.87	(d,	J	=	6.5	Hz,	3H).	13C	NMR	

(101	MHz,	 CDCl3)	 δ:	 209.43,	 131.26,	 125.00,	 44.26,	 37.09,	 36.58,	 32.42,	 30.01,	 25.87,	 25.66,	

21.54,	19.58,	17.79.	HRMS	(DART,	O-TOF)	calcd	for	C13H25O	[(M+H)+]	197.1905,	found	197.1894.	

Methyl	3,7,11-trimethyldodeca-2,10-dienoate	(2.19).	To	a	50	mL	dry	round-bottom	Schlenk	

flask	that	was	purged/evacuated	with	argon	was	added	NaOMe	(4.87	g,	90.2	mmol,	1.36	equiv	

to	triethyl	phosphonoacetate)	followed	by	MeOH	(12.51	g)	and	this	solution	was	stirred	for	5	min	

under	argon.	To	this	solution	was	added	triethyl	phosphonoacetate	(14.86	g,	66.3	mmol,	1.54	

equiv)	drop-wise	and	allowed	to	stir	at	ambient	temperature	for	30	min	under	argon.	To	a	dry	

250	mL	round-bottom	Schlenk	flask	was	added	dry	pentane	(80	mL,	dried	by	passing	through	an	

activated	 neutral	 alumina	 column	 under	 argon	 immediately	 prior)	 followed	 by	 6,10-

dimethylundec-9-en-2-one	(2.18)	(8.45	g,	43.0	mmol).	Then,	the	phosphonium	ylide	solution	was	

added	drop-wise	over	10	min	under	argon.	The	reaction	mixture	was	stirred	for	4	h	at	ambient	

temperature	under	argon.	Then,	DDI	H2O	(100	mL)	was	added	to	terminate	the	reaction.	The	

reaction	mixture	was	extracted	with	pentane	(3	x	100	mL).	The	combined	organic	extracts	were	

washed	with	sat.	NaHCO3	(100	mL),	washed	with	DDI	H2O	(100	mL),	washed	with	brine	(100	mL),	

dried	 over	 anhydrous	 Na2SO4,	 and	 then	 concentrated	 under	 reduced	 pressure	 at	 ambient	
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temperature	to	yield	9.60	g	crude	oil	after	vacuum	pumping	overnight.	The	crude	oil	was	purified	

by	flash	column	chromatography	(95:5	n-pentane/EtOAc)	to	yield	6.71	g	(26.6	mmol,	61.9%	yield)	

as	a	clear	and	colorless	oil	after	drying	under	vacuum	(150	mTorr).	1H	NMR	(400	MHz,	CDCl3)	δ:	

5.66	(s,	1H),	5.09	(t,	J	=	7.1	Hz,	1H),	3.68	(s,	3H),	2.15	(s,	3H),	2.11	(t,	J	=	7.6	Hz,	2H),	1.90-2.00	(m,	

2H),	1.68	(s,	3H),	1.60	(s,	3H),	1.37-1.57	(m,	3H),	1.24-1.33	(m,	2H),	1.08-1.17	(m,	2H),	0.87	(d,	J	=	

6.6	Hz,	3H).	13C	NMR	(101	MHz,	CDCl3)	δ:	167.44,	160.87,	131.27,	125.01,	115.16,	50.91,	41.37,	

37.14,	 36.57,	 32.38,	 25.87,	 25.68,	 24.97,	 19.64,	 18.88,	 17.78.	 HRMS	 (DART,	 O-TOF)	 calcd	 for	

C15H32NO	[(M+NH4)+]	242.2478,	found	242.2484.	

3,7,11-trimethyldodeca-2,10-dien-1-ol	 (2.20).	To	a	dry	250	mL	 round-bottom	Schlenk	 flask	

was	added	a	dry	stir	bar,	dry	pentane	 (85	mL,	dried	over	an	activated	alumina	column	under	

argon	immediately	prior),	and	methyl	3,7,11-trimethyldodeca-2,10-dienoate	(2.19)	(8.31	g,	32.9	

mmol).	 The	 flask	 was	 purged/evacuated	with	 argon,	 repeatedly.	 Then,	 Vitride	 reagent	 (Red-

Al®	sodium	bis(2-methoxyethoxy)aluminum	hydride	solution,	32.1	mL	of	≥60	wt.	%	solution	 in	

toluene,	98.7	mmol,	3.0	equiv)	was	added	drop-wise	via	a	dry	glass	syringe.	The	reaction	mixture	

turned	milky	white	upon	addition	of	Vitride	reagent.	The	reaction	mixture	was	stirred	for	1.75	h	

at	ambient	temperature	under	argon	and	was	complete	by	TLC	analysis	(10:1	n-pentane/EtOAc,	

stain	with	KMnO4	to	visualize)	and	by	1H	NMR	analysis.	A	Fieser	method	quench	was	used	as	

follows.43	The	reaction	solution	was	cooled	to	-78	°C	(dry	ice/acetone)	and	then	DDI	H2O	(20	mL)	

was	slowly	added	(drop-wise)	under	argon	purge	to	quench	the	reaction.	The	reaction	solution	

was	removed	from	the	-78	°C	(dry	ice/acetone)	bath	and	then	15%	aq.	NaOH	(20	mL)	was	added	

slowly	followed	by	DDI	H2O	(60	mL)	and	n-pentane	(100	mL).	The	solution	was	stirred	at	ambient	

temperature	for	30	min.	The	solution	was	filtered	through	a	pad	of	Celite,	washed	with	n-pentane	
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(200	mL),	and	then	the	phases	were	separated.	The	aqueous	layer	was	extracted	with	n-pentane	

(3	x	100	mL).	The	combined	organic	extracts	were	washed	with	sat.	NaHCO3	(100	mL),	washed	

with	DDI	H2O	 (100	mL),	washed	with	brine	 (100	mL),	dried	over	anhydrous	Na2SO4,	and	 then	

concentrated	 under	 reduced	 pressure	 at	 ambient	 temperature.	 The	 crude	 oil	 was	 vacuum	

pumped	over	night	to	yield	6.34	g	as	a	crude	opaque	colorless	oil.	The	crude	oil	was	purified	via	

flash	 column	chromatography	 (1000	mL	of	 230-400	mesh	SiO2,	 5:1	n-pentane/EtOAc,	 70	mm	

column)	to	yield	6.09	g	(27.2	mmol,	82.7%	yield)	as	an	opaque	colorless	oil	after	drying	under	

vacuum	(150	mTorr).	1H	NMR	(400	MHz,	CDCl3)	d:	5.41	(t,	J	=	7.5	Hz,	1H),	5.10	(t,	J	=	7.1	Hz,	1H),	

4.15	(d,	J	=	7.0	Hz,	2H),	1.90-2.07	(m,	4H),	1.73	(s,	3H,	cis	isomer*),	1.68	(s,	3H),	1.67	(s,	3H,	trans	

isomer*),	1.60	(s,	3H),	1.33-1.47	(m,	3H),	1.23-1.32	(m,	2H),	1.06-1.17	(m,	2H),	0.87	(d,	J	=	6.6	Hz,	

3H).	 13C	NMR	 (101	MHz,	CDCl3)	δ	140.40,	131.18,	125.14,	123.28,	59.58,	40.01,	37.23,	36.74,	

32.47,	 25.87,	 25.70,	 25.25,	 19.72,	 17.78,	 16.33.	 HRMS	 (DART,	 Q-TOF)	 calcd	 for	 C15H32NO	

[(M+NH4)+]	242.2478,	found	242.2473.	*Determined	from	the	1H-13C	2D	HSQC	and	1H-1H	2D	COSY	

NMR	spectra	(data	not	shown).	

2-methyl-3-(3,7,11-trimethyldodeca-2,10-dien-1-yl)naphthalene-1,4-dione,	 MK-3(II-H2)	

(2.21).	To	a	100	mL	 round-bottom	Schlenk	 flask	was	added	a	 stir	bar,	EtOAc	 (16	mL)	and	1,4	

dioxane	 (16	 mL)	 and	 then	 the	 flask	 was	 purged/evacuated	 with	 argon,	 repeatedly.	 Then,	

menadiol	 (2.2)	 (2.50	 g,	 11.5	 mmol,	 4:1	 menadiol:menadione	 by	 NMR	 integration	 in	 CDCl3,	

menadiol	is	unstable	in	CDCl3	and	requires	trituration	in	n-pentane	for	purification)	and	3,7,11-

trimethyldodeca-2,10-dien-1-ol	(2.20)	(2.81	g,	12.5	mmol,	1.09	equiv)	were	added	followed	by	

drop-wise	 addition	 of	 distilled	 BF3	 etherate	 (0.8	mL,	 fresh	 bottle)	 under	 argon.	 The	 reaction	

mixture	refluxed	at	70	°C	for	3	h	under	argon.	The	reaction	mixture	turned	dark	orange	and	was	
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quenched	with	 ice-DDI	H2O	(100	mL)	and	then	extracted	with	diethyl	ether	(3	x	100	mL).	The	

combined	yellow	organic	extracts	were	washed	with	sat.	NaHCO3	(100	mL),	washed	with	DDI	H2O	

(100	mL),	washed	with	brine	 (100	mL),	dried	with	anhydrous	Na2SO4,	 and	 then	 concentrated	

under	reduced	pressure	at	ambient	temperature	to	yield	5.06	g	crude	red	solid.	The	crude	solid	

was	 purified	 by	 flash	 column	 chromatography	 (1000	 mL	 of	 230-400	 mesh	 SiO2,	 20:1	 n-

pentane/EtOAc)	to	yield	1.28	g	(yield	at	this	stage	=	29.4%,	3.38	mmol)	as	a	red	oil	but	further	

purification	was	needed	as	evidenced	by	 1H	NMR	analysis.	 The	C2	 isomeric	 side	product	was	

readily	separated	by	flash	column	chromatography	eluting	after	the	C3	desired	product.	The	red	

oil	was	subjected	to	a	second	column	chromatography	purification	using	the	same	conditions	as	

the	 first	 purification	 and	 then	 the	 material	 was	 dried	 under	 reduced	 pressure	 (150	 mTorr)	

overnight	to	yield	0.501	g	(1.32	mmol,	11.5	%	yield)	as	a	yellow	oil.	Similar	to	vitamin	K1	analogs,41	

various	MK	analogs27	and	MK-2(II-H2)	(2.10),	the	product	was	obtained	as	a	mixture	of	trans:cis	

isomers	(ratio	of	trans:cis	=	2.7:1	by	NMR	integration	of	alkene	peaks).	1H	NMR	(400	MHz,	C6D6)	

d:	8.00-8.07	(m,	2H),	7.01-7.06	(m,	2H),	5.27	(t,	J	=	7.1	Hz,	1H,	cis	isomer),	5.19	(t,	J	=	7.1	Hz,	1H,	

trans	isomer),	5.13	(t,	J	=	7.0	Hz,	1H,	trans	isomer),	5.07	(t,	J	=	7.0	Hz,	1H,	cis	isomer),	3.29	(d,	J	=	

7.2	Hz,	2H,	cis	isomer),	3.26	(d,	J	=	7.1	Hz,	2H,	trans	isomer),	2.21	(t,	J	=	7.5	Hz,	2H,	cis	isomer),	

1.98	(s,	3H),	1.94	(t,	J	=	7.5	Hz,	2H,	trans	isomer),	1.73	(s,	3H,	trans	isomer),	1.71	(s,	3H,	cis	isomer),	

1.67	 (s,	 3H,	 trans	 isomer),	 1.64	 (s,	 3H,	 cis	 isomer),	 1.61	 (s,	 3H,	 cis	 isomer),	 1.56	 (s,	 3H,	 trans	

isomer),	1.01-1.51	(m,	9H),	0.95	(d,	J	=	6.6	Hz,	3H,	cis	isomer),	0.86	(d,	J	=	6.5	Hz,	3H,	trans	isomer).	

13C	NMR	 (101	MHz,	 C6D6)	 δ:	184.99,	 184.96,	 184.23,	 184.15,	 145.96,	 143.20,	 143.18,	 137.93,	

137.59,	133.08,	133.05,	132.68,	132.66,	130.97,	130.89,	126.31,	126.22,	125.58,	125.51,	120.32,	

119.87,	40.40,	37.60,	37.58,	37.39,	36.92,	32.80,	32.66,	32.60,	26.27,	26.12,	26.06,	25.99,	25.95,	



44	
	

25.91,	25.80,	25.67,	23.55,	19.86,	19.81,	17.79,	17.73,	16.33,	12.63,	12.59.	HRMS	(DART,	Q-TOF)	

calcd	for	C26H35O2	[(M+H)+]	379.2632,	found	379.2643.	

A	 sample	 for	 analytical	 characterization	 of	 trans-MK-3(II-H2)	 was	 prepared	 similarly	 as	

described	(see	experimental	below)	for	trans-MK-2(II-H2)	above	by	normal	phase	preparative	TLC	

on	silica	gel	using	(30:1)	n-pentane/EtOAc	as	the	eluting	solvent;	Rf	cis:	0.35,	Rf	trans	0.30;	ratio	

of	trans:cis	before	separation	was	2.7:1	(ratio	by	NMR	integration	of	alkene	peaks).	Importantly,	

the	bottom	one-half	of	the	band	was	isolated,	instead	of	isolating	the	bottom	one-third	of	the	

band	as	was	done	to	obtain	trans-MK-2(II-H2).	This	purification	provided	3.7	mg	trans-MK-3(II-

H2)	as	a	yellow	oil	(43.5%	recovery)	from	the	initial	8.5	mg	cis/trans	mixture	loaded	onto	the	TLC	

plate	after	drying	under	vacuum	(200	mTorr)	for	4	days.	Similar	to	MK-2(II-H2)	(2.10),	we	isolated	

the	pure	trans	 isomer;	however,	the	cis	 isomer	co-eluted	with	the	trans	 isomer	and	efforts	to	

obtain	a	sample	of	the	pure	cis	isomer	were	not	successful.	Similar	to	MK-2(II-H2)	(2.10),	the	cis	

and	 trans	 isomers	 of	MK-3(II-H2)	 have	 different	 NMR	 spectra	 in	 C6D6	 for	 the	 hydrogens	 and	

carbons	that	belong	to	the	isoprenyl	side	chain.	Data	for	trans-MK-3(II-H2):	1H	NMR	(400	MHz,	

C6D6)	d:	8.00-8.07	(m,	2H),	7.00-7.06	(m,	2H),	5.19	(t,	J	=	7.1	Hz,	1H),	5.13	(t,	J	=	7.0	Hz,	1H),	3.27	

(d,	J	=	7.1	Hz,	2H),	1.98	(s,	3H),	1.94	(t,	J	=	7.5	Hz,	2H),	1.73	(s,	3H),	1.67	(s,	3H),	1.56	(s,	3H),	1.01-

1.47	(m,	9H),	0.86	(d,	J	=	6.5	Hz,	3H).	13C	NMR	(101	MHz,	C6D6)	δ:	184.97,	184.24,	145.96,	143.21,	

137.59,	133.08,	133.05,	132.69,	132.67,	130.89,	126.31,	126.22,	125.51,	119.87,	40.40,	37.58,	

36.91,	32.60,	26.27,	26.06,	25.91,	25.67,	19.81,	17.73,	16.33,	12.59.	HRMS	(DART,	Q-TOF)	calcd	

for	C26H35O2	[(M+H)+]	379.2632,	found	379.2639.	NMR	data	for	the	cis	 isomer	(obtained	from	

spectra	with	both	cis	and	trans	isomers	present):	1H	NMR	(400	MHz,	C6D6)	d:	8.00-8.06	(m,	2H),	

7.01-7.06	(m,	2H),	5.27	(t,	J	=	7.1	Hz,	1H),	5.07	(t,	J	=	7.0	Hz,	1H),	3.29	(d,	J	=	7.2	Hz,	2H),	2.21	(t,	J	
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=	7.5	Hz,	2H),	1.98	(s,	3H),	1.71	(s,	3H),	1.64	(s,	3H),	1.61	(s,	3H),	1.01-1.51	(m,	9H),	0.95	(d,	J	=	6.6	

Hz,	3H).		

	
2.2.11	Preparation	of	Menaquinone-3(I,II,III-H6)	

Menaquinone-3(I,II,III-H6)	(2.25)	was	accessed	through	compounds	(2.23)	and	(2.24)	starting	

from	commercially	available	compound	(2.22).	

3,7,11-trimethyldodecan-1-ol	(2.23).	To	a	dry	500	mL	round-bottom	Schlenk	flask	was	added	

a	dry	stir	bar,	dry	methanol	(200	mL),	ammonium	formate	(29.15	g,	462.3	mmol,	9.28	equiv),	and	

farnesol	(2.22)	(11.08	g,	49.83	mmol)	followed	by	careful	addition	by	funnel	of	palladium	catalyst	

on	 carbon	 (2.14	 g,	 20.1	 mmol,	 0.4	 equiv).	 The	 reaction	 mixture	 was	 stirred	 at	 ambient	

temperature	 for	 5	 days	 under	 positive	 pressure	 from	an	 argon	 balloon	 and	 1H	NMR	 analysis	

showed	only	residual	alkene	present.	The	reaction	mixture	was	filtered	through	a	pad	of	Celite	

and	washed	with	MeOH	(600	mL).	The	MeOH	was	remove	under	reduced	pressure	at	ambient	

temperature.	The	crude	product	was	then	filtered	through	a	silica	plug	(4:1	n-pentane/EtOAc,	

500	mL	eluent)	and	washed	with	EtOAc	(300	mL).	The	organic	filtrate	was	concentrated	under	

reduced	pressure	at	ambient	temperature	to	yield	a	crude	clear	and	colorless	oil.	The	crude	oil	

was	suspended	in	diethyl	ether	(200	mL),	washed	with	sat.	NaHCO3	(200	mL),	washed	with	brine	

(100	 mL),	 dried	 over	 anhydrous	 Na2SO4,	 and	 then	 concentrated	 under	 reduced	 pressure	 at	

ambient	temperature	to	yield	a	crude	clear	and	colorless	oil.	The	crude	oil	was	purified	by	flash	

column	chromatography	(1000	mL	of	230-400	mesh	SiO2,	4:1	n-pentane/EtOAc,	70	mm	column)	

to	yield	9.99	g	(43.7	mmol,	87.8%	yield)	as	a	clear	and	colorless	oil	after	drying	under	vacuum	

(150	mTorr).	 1H	NMR	(400	MHz,	CDCl3)	δ:	3.63-3.73	(m,	2H),	1.49-1.63	(m,	3H),	1.01-1.42	(m,	

14H),	0.89	(d,	J	=	6.5	Hz,	3H),	0.86	(d,	J	=	6.6	Hz,	6H),	0.84	(d,	J	=	6.8	Hz,	3H).	13C	NMR	(101	MHz,	
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CDCl3)	δ:	61.43,	40.21,	40.12,	39.51,	37.64,	37.60,	37.51,	37.47,	37.41,	32.94,	29.67,	29.65,	28.13,	

24.97,	 24.94,	 24.52,	 22.87,	 22.78,	 19.89,	 19.84,	 19.82,	 19.77.	 HRMS	 (DART,	Q-TOF)	 calcd	 for	

C15H36NO	[(M+NH4)+]	246.2791,	found	246.2796.	

1-Iodo-3,7,11-trimethyldodecane	 (2.24).	 To	 a	 dry	 250	mL	 round-bottom	Schlenk	 flask	was	

added	a	dry	stir	bar,	3,7,11-trimethyldodecan-1-ol	(2.23)	(9.41	g,	41.2	mmol)	and	dry	DCM	(125	

mL).	The	flask	was	purged/evacuated	with	argon,	repeatedly.	The	solution	was	cooled	to	0	°C	in	

an	ice-H2O	bath.	Then,	dry	triethylamine	(8.61	mL,	6.25	g,	61.8	mmol,	1.5	equiv)	was	added	to	

the	flask	followed	by	drop-wise	addition	of	methanesulfonyl	chloride	(3.82	mL,	5.66	grams,	49.4	

mmol,	1.2	equiv)	at	0	°C	over	five	min	while	stirring	under	argon.	The	reaction	mixture	was	stirred	

at	ambient	temperature	for	40	min	under	argon.	The	off-white	reaction	mixture	was	quenched	

with	sat.	NaHCO3	(100	mL)	and	then	the	phases	were	separated.	The	aqueous	layer	was	extracted	

with	diethyl	ether	(3	x	100	mL).	The	combined	organic	extracts	were	washed	with	sat.	NaHCO3	

(100	mL),	washed	with	brine	(100	mL),	dried	over	anhydrous	MgSO4,	vacuum	filtered,	and	then	

concentrated	under	 reduced	pressure	at	ambient	 temperature	 (residual	 triethylamine	can	be	

removed	by	vacuum	pumping	for	~1	h)	to	yield	12.98	g	crude	clear	and	light-yellow	oil.	To	another	

dry	250	mL	round-bottom	Schlenk	flask	was	added	dry	and	degassed	acetone	(100	mL,	dried	over	

anhydrous	K2CO3	for	~10	min	immediately	prior)	and	the	crude	mesylate	followed	by	NaI	(15.44	

g,	103.0	mmol,	2.5	equiv).	The	reaction	mixture	turned	bright	yellow	upon	addition	of	NaI	and	

was	refluxed	for	1	h	and	40	min	under	argon.	The	yellow	reaction	mixture	was	diluted	with	diethyl	

ether	(100	mL)	and	DDI	H2O	(100	mL)	and	then	the	phases	were	separated.	The	aqueous	layer	

was	extracted	with	diethyl	ether	(3	x	100	mL).	The	combined	organic	extracts	were	washed	with	

sat.	 NaHCO3	 (100	 mL),	 washed	 with	 brine	 (100	 mL),	 dried	 over	 anhydrous	 MgSO4,	 vacuum	
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filtered,	and	then	concentrated	under	reduced	pressure	at	ambient	temperature	to	yield	a	crude	

yellow	murky	oil.	To	remove	the	salt	impurities,	the	crude	oil	was	suspended	in	n-pentane	(100	

mL),	washed	with	DDI	H2O	(100	mL)	and	then	the	phases	were	separated.	The	aqueous	layer	was	

extracted	with	n-pentane	(3	x	100	mL).	The	combined	organic	extracts	were	washed	with	sat.	

NaHCO3	(100	mL),	washed	with	brine	(100	mL),	dried	over	anhydrous	MgSO4,	vacuum	filtered,	

and	then	concentrated	under	reduced	pressure	at	ambient	temperature	to	yield	13.19	g	crude	

clear	and	light-yellow	oil.	The	crude	oil	was	purified	by	flash	column	chromatography	(1000	mL	

of	230-400	mesh	SiO2,	100%	n-pentane,	Rf	=	0.71,	70	mm	column)	to	yield	6.52	g	(19.3	mmol,	

46.8%	yield)	after	drying	under	vacuum	(200	mTorr)	as	a	clear	and	colorless	oil.	 1H	NMR	(400	

MHz,	CDCl3)	δ:	3.14-3.28	(m,	2H),	1.83-1.92	(m,	1H),	1.60-1.69	(m,	1H),	1.47-1.57	(m,	2H),	1.01-

1.41	(m,	13H),	0.84-0.88	(m,	12H).13C	NMR	(101	MHz,	CDCl3)	δ:	41.19,	41.12,	39.52,	37.52,	37.46,	

37.42,	37.40,	36.76,	36.70,	34.07,	34.04,	32.93,	32.91,	28.15,	24.98,	24.96,	24.38,	24.37,	22.89,	

22.79,	19.90,	19.83,	18.95,	18.89,	5.55.	Anal.	Calcd	for	C15H31I:	C,	53.25;	H,	9.24.	Found:	C,	53.78;	

H,	9.38.	

2-methyl-3-(3,7,11-trimethyldodecyl)naphthalene-1,4-dione,	MK-3(I,II,III,H6)	(2.25).	To	a	dry	

100	mL	round-bottom	Schlenk	 flask	was	added	under	argon,	a	dry	stir	bar,	dry	and	degassed	

benzene	(30	mL)	and	1-iodo-3,7,11-trimethyldodecane	(2.24)	(3.38	g,	10.0	mmol,	1.00	equiv).	To	

a	 dry	 20	mL	 vial	 was	 added	 benzene	 (15	mL),	 which	 was	 degassed	 via	 argon	 needle	 purge,	

followed	by	menadione	(2.1)	(1.72	g,	10.0	mmol,	1.00	equiv)	and	benzoyl	peroxide	(2.42	g,	10.0	

mmol,	 1.00	 equiv)	 and	 then	 sonicated	 until	 dissolution	 occurred	 under	 argon.	 The	

naphthoquinone-benzoyl	peroxide	solution	was	added	drop-wise	to	the	refluxing	prenyl	iodide	

solution	over	2	h	and	15	min	while	the	reaction	mixture	was	refluxing	under	argon.	The	solution	
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was	then	refluxed	for	an	additional	1	h.	The	reaction	mixture	was	diluted	with	sat.	NaHCO3	(100	

mL)	and	DDI	H2O	(100	mL)	and	then	the	phases	were	separated.	The	aqueous	layer	was	extracted	

with	diethyl	ether	(3	x	100	mL).	The	combined	yellow	organic	extracts	were	washed	with	sat.	

NaHCO3	(100	mL),	washed	with	brine	(100	mL),	dried	over	anhydrous	MgSO4,	and	concentrated	

under	reduced	pressure	at	ambient	temperature	to	yield	6.63	g	crude	yellow	powder.	The	crude	

product	was	purified	by	flash	column	chromatography	(1000	mL	of	230-400	mesh	SiO2,	10:1	n-

pentane/EtOAc,	70	mm	column)	 to	yield	0.555	g	 (1.45	mmol,	14.5%	yield)	after	drying	under	

vacuum	(200	mTorr)	as	a	yellow	oil.	1H	NMR	(400	MHz,	CDCl3)	δ:	8.05-8.09	(m,	2H),	7.66-7.70	(m,	

2H),	2.55-2.68	(m,	2H),	2.18	(s,	3H),	1.02-1.57	(m,	17H),	0.98	(d,	J	=	6.6	Hz,	3H),	0.84-0.87	(m,	

9H).13C	NMR	(101	MHz,	CDCl3)	δ:	185.53,	184.82,	148.14,	143.03,	133.45,	133.42,	132.41,	132.34,	

126.40,	126.33,	39.52,	37.55,	37.52,	37.44,	37.20,	37.17,	35.95,	35.86,	33.59,	32.94,	28.14,	24.98,	

24.95,	 24.57,	 22.88,	 22.79,	 19.90,	 19.85,	 19.69,	 19.62,	 12.65.	 HRMS	 (DART,	Q-TOF)	 calcd	 for	

C26H39O2	[(M+H)+]	383.2945,	found	383.2935.	

	

2.3	 Results	and	Discussion	

2.3.1	 Synthesis	and	Characterization	of	Menaquinone-1	

We	 have	 previously	 synthesized	MK-138	 and	 it	 has	 been	 synthesized	 by	 other	 reported	

routes;27,	44-47	however,	here	we	present	a	scaled-up	version	and	NMR	spectral	characterization	

in	chloroform-d	 (Scheme	2.3.1).	Menadiol	 (2.2)	was	synthesized	as	previously	described	 from	

menadione	(2.1).26,	40,	48	To	introduce	the	isoprenyl	side	chain,	menadiol	(2.2)	was	treated	with	3-

methyl-2-buten-1-ol	(2.3)	in	the	presence	of	the	Lewis	acid	catalyst,	boron	trifluoride.26,	40	MK-1	
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(2.4)	was	obtained	as	a	red	oil	in	a	23%	yield	(Scheme	2.3.1).	See	Supporting	Information	for	NMR	

spectra.	

	
Scheme	2.3.1.	Synthetic	scheme	for	the	allylic	alcohol	coupling	reaction	to	obtain	MK-1	(2.4).26,	
40	
	
2.3.2	 Synthesis	and	Characterization	of	Menaquinone-1(H2)	

Although	the	route	to	obtain	MK-1(H2)	has	been	reported	in	literature49	(Scheme	2.3.2),	the	

product	was	not	isolated	in	pure	form	or	characterized	by	NMR	spectroscopy.	We	modified	and	

optimized	the	reported	route	to	increase	the	yield	and	scaled	the	reaction	up	to	a	preparatory	

scale	using	similar	methodology	we	recently	reported.1	MK-1(H2)	(2.6)	was	synthesized	by	a	one-

step	radical	alkylation	reaction	where	menadione	(2.1)	and	1-iodo-3,7-dimethylbutane	(2.5)	were	

coupled	 using	 benzoyl	 peroxide	 as	 the	 radical	 initiator.1,	 49	MK-1(H2)	 (2.6)	was	 obtained	 as	 a	

yellow	powder	 in	 a	 20%	yield	 (Scheme	2.3.2).	 The	menadione-benzoyl	 peroxide	 solution	was	

added	 drop	 wise	 over	 ~2	 h	 to	 the	 refluxing	 prenyl	 iodide	 solution	 to	 keep	 the	 stationary	

menadione	 (2.1)	 concentration	 sufficiently	 low	 in	 the	 reaction	 to	 ensure	 good	 selectivity	 of	

alkylation,	favoring	alkylation	at	C3	over	C2	(Scheme	2.3.2).1,	49	See	Supporting	Information	for	

NMR	spectra.	
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Scheme	 2.3.2.	 Synthetic	 scheme	 for	 the	 radical	 alkylation	 of	 menadione	 (2.1)	 and	 1-iodo-3-
methylbutane	(2.5)	to	form	MK-1(H2)	(2.6).1,	49	
	
2.3.3	 Synthesis	and	Characterization	of	Menaquinone-2	

MK-2	was	synthesized	using	an	adapted	procedure	from	literature	(Scheme	2.3.3).40,	48	First,	

menadione	(2.1)	was	reduced	to	menadiol	(2.2)	using	aqueous	sodium	dithionite.26,	40,	48	Geraniol	

(2.7)	 was	 coupled	 to	 menadiol	 (2.2)	 using	 the	 Lewis	 acid	 catalyst,	 boron	 trifluoride.	 This	

preparation	 produced	MK-2	 (2.8)	 in	 a	 yield	 of	 20%,	 which	 is	 lower	 than	 the	 reported	MK-2	

preparation	with	 the	deuterated	 analog	 in	 literature.40	 The	 lower	 yield	 appears	 to	be	due	 to	

extensive	 alkylation	 at	 the	C2	position	 instead	of	 the	desired	C3	position;	 however,	 this	 side	

product	is	readily	separated	using	column	chromatography.	Highly	pure	material	yields	a	yellow	

solid	upon	crystallization	at	 -20	°C	and	retains	this	state	when	warmed	to	room	temperature,	

while	 material	 with	 impurities	 does	 not	 crystallize	 and	 remains	 a	 red	 oil.	 See	 Supporting	

Information	for	NMR	spectra.	

	

	



51	
	

	
Scheme	2.3.3.	Synthetic	route	to	prepare	MK-2	(2.8),	from	menadiol	(2.2)	and	geraniol	(2.7)	using	
Lewis	acid	catalyst	conditions.40	
	
2.3.4	 Synthesis	and	Characterization	of	Menaquinone-2(II-H2)	

The	partially	saturated	MK	analog,	MK-2(II-H2)	(2.10)	was	synthesized	in	a	single	step	using	a	

Friedel-Crafts	coupling	between	menadiol	(2.2)	and	isophytol	(2.9)	(Scheme	2.3.4).	The	precursor	

menadiol	 (2.2)	 was	 synthesized	 as	 previously	 described	 from	 menadione.26,	 40	 The	 partly	

hydroxylated	 heterogeneous	 Lewis–Brønsted	 acid	 catalyst,	 MgF2-48,	 was	 synthesized	 as	

previously	described.50-52	We	chose	MgF2-48	over	other	catalysts	because	it	was	readily	prepared	

from	 inexpensive	 methanol	 and	 Mg0	 powder	 as	 well	 as	 commonly	 available	 48%	 aqueous	

Hydrofluoric	acid.50-52	Furthermore,	the	partly	hydroxylated	MgF2	catalyst	was	recently	used	with	

a	 biphasic	 n-heptane:polyene	 carbonate	 solvent	 system	 to	 synthesize	 vitamin	 K1	 and	 K1-

chromanol.51	Therefore,	we	thought	this	catalyst	would	be	an	excellent	choice	to	synthesize	the	

partially	saturated	MK-2(II-H2),	which	has	an	analogous	(but	truncated)	structure	of	vitamin	K1	

(or	MK-4(II,III,IV-H6)).	
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Scheme	2.3.4.	Synthetic	scheme	for	the	coupling	reaction	using	a	MgF2-48	catalyst	to	obtain	MK-
2(II-H2)	(2.10)	from	menadiol	(2.2)	and	isophytol	(2.9).51		

	

The	Friedel-Crafts	alkylation	of	(2.2)	and	(2.9)	(Scheme	2.3.4)	followed	by	in	situ	oxidation	of	

dihydro-MK-2(II-H2)	 formed	 the	desired	product	 (2.10)	 in	an	11%	yield.	The	 low	yield	may	be	

attributed	to	the	formation	of	the	undesired	C2	isomeric	side	product	(see	Scheme	2.3.4),	which	

was	readily	separated	using	column	chromatography.	The	inherent	instability	of	menadiol,	which	

is	prone	to	auto-oxidation	even	when	purified	immediately	before	use	may	also	contribute	to	the	

low	yield.	MK-2(II-H2)	(2.10)	was	obtained	a	yellow/red	oil.	The	reaction	was	carried	out	in	the	

dark	 and	 the	 product	 was	 exposed	 minimally	 to	 light	 as	 previous	 studies	 have	 shown	 that	

interconversion	to	undesirable	geometric	isomers	can	occur	through	photo-oxidation	if	exposed	

to	light;	however,	we	did	not	observe	isomerization	or	decomposition	due	to	light	exposure.16,	53-

54	

We	considered	other	possible	 catalysts	 to	 carry	out	 the	 transformation	 shown	 in	Scheme	

2.3.4.	 For	 instance,	 we	 also	 explored	 a	 commercially	 available	 strong	 Brønsted	 acid	 catalyst	

(Nafion	perfluorinated	powdered	resin	and	Nafion	perfluorinated	ion-exchange	resin	in	10	wt.	%	

dispersion	in	water);	however,	the	yields	were	significantly	lower	with	an	increased	formation	of	

the	C2	prenylated	isomeric	side-product	(see	Scheme	2.3.4).	Furthermore,	we	were	concerned	

about	 the	 Nafion	 catalyst	 (containing	 super	 acidic	 sites)	 dehydrating	 isophytol	 to	 form	

undesirable	phytadienes,51	which	presumably	contributes	to	it	being	a	less	desirable	catalyst	for	

this	purpose.		
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An	interesting	feature	of	MKs	is	the	possibility	of	geometric	isomer	formation	(Figure	2.3.1A-

B).	The	biologically	active	trans	isomer	of	vitamin	K1	is	the	natural	biological	form	of	vitamin	K1.27	

Evidence	also	demonstrates	 that	biological	MKs	have	an	all-trans	 configuration	of	 the	double	

bonds	within	the	isoprenyl	side	chain.27	The	geometric	isomers	of	vitamin	K1,	MK-7	and	MK-9(II-

H2)	 (isolated	 from	 Mycobacterium	 phlei,	 Figure	 2.1.1A)	 have	 been	 successfully	 separated;	

therefore,	efforts	to	isolate	the	trans	isomer	of	MK-2(II-H2)	from	its	cis	isomer	byproduct	(Figure	

2.3.1B)	were	 carried	 out.16,	 24,	 27	MK-2(II-H2)	 (2.10)	was	 initially	 isolated	 as	 a	 2.7:1	mixture	 of	

trans/cis	 isomers	 (by	 NMR	 integration	 of	 alkene	 peaks	 in	 benzene-d6)	 after	 column	

chromatography.	The	trans	 isomer	of	MK-2(II-H2)	(2.10)	can	be	isolated	using	preparative	thin	

layer	chromatography	(TLC),	similar	to	reports	for	vitamin	K1	analogs41	and	MK	analogs.16	
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Figure	2.3.1.	Comparison	of	the	1D	1H	NMR	(400	MHz)	spectra	for	the	mixture	of	cis/trans-MK-
2(II-H2)	and	trans-MK-2(II-H2)	in	C6D6	at	25	°C.	(A)	Structure	of	trans-MK-2(II-H2)	with	hydrogen	
labeling	scheme	key,	(B)	Structure	of	cis-MK-2(II-H2),	(C)	1D	1H	NMR	spectrum	of	the	cis/trans	
mixture	of	MK-2(II-H2)	in	C6D6	and	(D)	1D	1H	NMR	spectrum	of	trans-MK-2(II-H2)	in	C6D6.	
	

The	 successful	 separation	 of	 the	 trans	 isomer	 of	 (2.10)	 by	 preparative	 TLC	 allowed	 for	

characterization	of	a	 single	pure	geometric	 isomer	of	MK-2(II-H2),	 Figure	2.3.1.	The	structural	

assignment	 of	 trans-MK-2(II-H2)	 (Figure	 2.3.1)	 was	 elucidated	 using	 2D	 NMR	 spectroscopic	

methods	(1H-1H	COSY,	and	1H-13C	HSQC,	see	Supporting	Information	for	spectra,	Figures	A2.7-
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10.1	and	A2.13-14.1).	Spectra	obtained	in	benzene-d6	(C6D6)	results	in	less	overlap	of	the	NMR	

signals	for	the	cis/trans	isomer	mixture	(Figure	2.3.1C-D),	compared	to	CDCl3	where	some	of	the	

geometric	 isomer	 peaks	 overlap	 (e.g.,	 cis/trans	 alkene	 hydrogens	 coalesce	 in	 CDCl3)	 and	 the	

formation	of	isomers	is	not	obvious.	Therefore,	the	use	of	C6D6	as	a	diagnostic	NMR	solvent	for	

the	evaluation	of	cis/trans	mixtures	 for	MK	analogs	was	 critical	 and	 is	 in	 line	with	a	 recently	

reported	NMR	analysis	of	cis/trans	 isomer	mixtures	of	MK-724	(see	Supporting	Information	for	

spectra	in	CDCl3	vs.	C6D6,	Figure	A2.50).		

	
2.3.5	 Synthesis	and	Characterization	of	Menaquinone-2(I,II-H4)	

The	fully	saturated	isoprenyl	MK	analog,	MK-2(I,II-H4)	(2.13),	was	synthesized	in	three	steps	

from	 commercially	 available	 3,7-dimethyloctan-1-ol	 (2.11)	 (Scheme	 2.3.5).	 The	 first	 step	

converted	 the	 aliphatic	 alcohol	 (2.11)	 to	 the	mesylate,	 which	 was	 then	 subjected	 to	 an	 SN2	

reaction	using	NaI	to	yield	1-Iodo-3,7-dimethyloctane	(2.12)	in	47%	yield	over	two	steps.40	The	

alkyl	 iodide	 (2.12)	was	then	coupled	to	menadione	 (2.1)	via	a	 radical	alkylation	using	benzoyl	

peroxide49	as	a	radical	 initiator	to	yield	MK-2(I,II-H4)	7	 in	17%	yield.	The	yield	for	the	coupling	

reaction	is	close	in	the	range	with	that	reported	in	literature	for	other	coupling	reactions	for	the	

synthesis	of	MK	analogs.26-27,	40	The	unreacted	alkyl	iodide	(2.12)	can	be	recovered	during	column	

chromatography.	In	an	effort	to	ensure	selectivity	of	prenylation	at	C3	vs	C2	(Scheme	2.3.5),	the	

slow	 addition	 of	 the	 napthoquinone	 (2.1)	 during	 the	 reaction	 was	 carried	 out	 so	 that	 the	

naphthoquinone	stationary	concentration	in	the	reaction	mixture	is	low	compared	to	the	prenyl	

iodide	concentration.49	MK-2(I,II-H4)	(2.13)	was	obtained	as	a	yellow	oil.	This	is	the	first	report	of	

the	synthesis	and	characteriation	of	MK-2(I,II-H4)	(2.13)	(see	Supporting	Information	for	2D	NMR	

spectra,	Figures	A2.19-20.1),	the	fully	saturated	analog	of	MK-2	(2.8).	
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Scheme	2.3.5	Synthetic	scheme	for	the	3-step	synthesis	to	obtain	MK-2(I,II-H4)	(2.13).	The	first	
step	forms	the	mesylate	from	(2.12).	The	second	step	forms	the	aliphatic	iodide	(2.12)	via	a	SN2	
reaction.	The	final	step	couples	menadione	(2.1)	and	the	aliphatic	iodide	(2.12)	using	a	radical	
alkylation	initiated	by	benzoyl	peroxide.	
	

2.3.6	 Synthesis	and	Characterization	of	Menaquinone-3	

MK-3	(2.15)	was	synthesized	using	an	adapted	procedure	from	literature	(Scheme	2.3.3).40,	48	

First,	 menadione	 (2.1)	 was	 reduced	 to	 menadiol	 (2.2)	 using	 aqueous	 sodium	 dithionite	 as	

previously	described	in	this	dissertation	and	elsewhere.26,	40,	48	Trans,trans-Farnesol	(2.14)	was	

coupled	 to	 menadiol	 (2.2)	 using	 the	 Lewis	 acid	 catalyst,	 boron	 trifluoride.	 This	 preparation	

produced	MK-3	 (2.15)	 as	 a	 red	 oil	 in	 a	 yield	 of	 22%,	which	 is	 lower	 than	 the	 reported	MK-3	

preparation	with	 the	deuterated	 analog	 in	 literature.40	 The	 lower	 yield	 appears	 to	be	due	 to	

extensive	alkylation	at	 the	C2	position	 instead	of	 the	desired	C3	position	 (see	Scheme	2.3.6);	

however,	this	side	product	is	readily	separated	using	column	chromatography.	Importantly,	we	

tried	this	reaction	using	commercially	available	farnesol	(purity	of	95%),	which	would	always	give	

rise	to	erroneous	NMR	peaks	and	off	integrations	in	the	aliphatic	region.	We	suspected	this	might	

be	due	 to	cis-farnesol	 impurity	present	 in	 the	commercially	available	material.	 Therefore,	we	

sought	out	and	were	able	to	purchase	trans,trans-farnesol,	which	we	used	in	the	synthesis	and	

yielded	a	clean	NMR	spectrum	with	accurate	integrations.	See	Supporting	Information	for	1D	and	

2D	NMR	spectra,	Figures	A2.21-24.1.	



57	

Scheme	2.3.6	Synthetic	route	to	prepare	MK-3	(2.15)	from	menadiol	(2.2)	and	trans,trans-
farnesol	(2.15)	using	Lewis	acid	catalyst	conditions.1,	26,	40	

2.3.7	 Synthesis	and	Characterization	of	Menaquinone-3(II-H2)	

The	 partially	 saturated	 isoprenyl	MK	 analog,	MK-3(II-H2)	 (2.21),	was	 synthesized	 in	 seven	

steps	from	commercially	available	b-citronellol	(2.16)	(Scheme	2.3.7)	via	a	modified	adaptation	

of	 a	 combination	 of	 a	 reported	 synthesis	 of	 menaquinone-4(II-H2)40	 and	 a	 less	 recent	 1965	

synthesis	of	MK-3(II-H2).33	First,	the	hydroxyl	group	of	b-citronellol	(2.16)	was	converted	into	the	

iodide	(2.17)	through	the	methane	sulfonate	in	66%	yield	over	two	steps.40	The	introduction	of	a	

carbonyl	group	to	produce	citronellylacetone	(2.18)	was	accomplished	under	basic	conditions	in	

88%	yield	over	two	steps.42	This	was	followed	by	a	Horner–Wadsworth–Emmons	(HWE)	reaction	

to	give	the	methyl	ester	(2.19)	in	62%	yield.40	Reduction	of	(2.19)	with	Vitride	reagent	produced	

6,7-dihydrofarnesol	(2.20)	in	83%	yield.40,	43	Finally,	MK-3(II-H2)	(2.21)	was	obtained	from	the	BF3	

catalyzed	 coupling	 between	 the	 partially	 saturated	 allylic	 alcohol	 (2.20)	 and	 menadiol	 (2.2)	

(prepared	from	menadione)26,	40	in	12%	yield.40	The	low	yield	may	be	attributed	to	the	formation	

of	the	undesired	C2	isomeric	side	product	(see	Scheme	2.3.7),	which	was	readily	separated	using	

column	chromatography	and	the	requirement	of	multiple	column	chromatography	purifications	
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due	to	purity	concerns.	MK-3(II-H2)	(2.21)	was	obtained	as	a	yellow	oil.	Scheme	2.3.7	Synthetic	

scheme	for	the	7-step	synthesis	to	obtain	MK-3(II-H2)	(2.21)	from	b-citronellol	(2.16).	

	

	
Scheme	2.3.7.	 Synthetic	 scheme	 for	 the	7-step	 synthesis	 to	obtain	MK-3(II-H2)	 (2.21)	 from	b-
citronellol	(2.16).33,	40	

	
Similar	to	MK-2(II-H2)	 (2.10),	MK-3(II-H2)	 (2.21)	was	 initially	 isolated	as	a	2.7:1	mixture	(by	

NMR	integration	of	alkene	peaks	in	C6D6)	of	trans/cis	isomers.	However,	the	trans	isomer	(Figure	

2.3.2A)	 can	 be	 isolated	 from	 the	 cis	 isomer	 byproduct	 (Figure	 2.3.2B)	 using	 preparative	 TLC,	

similar	 to	 a	 report	 on	 cis/trans	 vitamin	 K1	 analogs.41	 MK	 analogs	 can	 be	 very	 sensitive,	 for	

example,	during	purification	we	observed	degradation	of	trans-MK-3(II-H2)	(Figure	2.3.2A)	within	

a	solution	of	dichloromethane	(DCM)	that	was	not	stabilized	with	amylene.	This	was	evidenced	

by	a	decreased	integration	value	for	the	alkene	at	5.19	ppm	and	the	appearance	of	two	extra	

peaks	~1.3	ppm	and	a	peak	at	1.12	ppm	in	C6D6.	Amylene	is	a	radical	scavenger	and	it	is	likely	

that	the	alkene	is	undergoing	a	radical	reaction	with	chloride	radicals	present	in	the	unstabilized	
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The	structural	assignment	of	trans-MK-3(II-H2)	(Figure	2.3.2)	was	elucidated	using	2D	NMR	

spectroscopic	methods	(1H-1H	COSY,	1H-13C	HSQC,	and	1H-1H	ROESY,	see	Supporting	Information	

for	spectra,	Figures	A2.35-36.1	and	A2.39-40.1).	The	assignment	of	the	alkene	hydrogen	Hh	at	

5.13	ppm	was	determined	by	the	following:	the	observation	of	a	cross	peak	in	the	COSY	spectrum	

at	5.13	ppm	and	1.73	ppm	(assignment	Hw,	Figure	2.3.2),	the	observation	of	a	cross	peak	at	5.13	

ppm	and	1.94	ppm	(assignment	Hn,	Figure	2.3.2),	and	the	lack	of	an	observed	cross	peak	at	5.19	

ppm	and	1.73	ppm	(Hw).	The	assignment	of	alkene	hydrogen	Hi	at	5.19	ppm	was	determined	by	

the	observation	of	a	cross	peak	at	5.19	ppm	and	1.67	ppm	and	the	lack	of	a	cross	peak	at	5.19	

ppm	and	1.73	ppm	(Hw).	1H-1H	2D	ROESY	NMR	spectroscopy	(see	Supporting	Information)	also	

supported	the	alkene	assignment	by	the	observation	of	a	ROE	cross	peak	at	5.19	ppm	and	1.67	

ppm	 (Hi	 -	 Hz	 interaction)	 and	 the	 lack	 of	 a	 ROE	 cross	 peak	 at	 5.19	 ppm	 and	 1.56	 ppm.	 The	

assignment	of	the	terminal	methyl	groups,	Hy	and	Hz,	was	also	determined	by	1H-1H	2D	ROESY	

NMR	spectroscopy.	It	is	anticipated	that	a	ROE	cross	peak	would	be	observed	between	the	alkene	

hydrogen	Hi	and	the	methyl	group	that	is	cis	to	Hi	due	to	the	close	spatial	proximity	and	a	ROE	

cross	 peak	 is	 observed,	 as	 expected,	 at	 5.19	 ppm	 and	 1.67	 ppm	 (Hi	 –	 Hz	 interaction)	 (see	

Supporting	Information).	Although	Hy	and	Hi	are	within	the	spatial	limits	of	an	expected	ROE	cross	

peak	observation,	an	ROE	cross	peak	is	not	observed	at	5.19	ppm	and	1.56	ppm.	This	supports	

the	structural	assignment	of	Hy	as	trans	to	alkene	hydrogen	Hi	as	Hy	is	further	away,	spatially,	

from	Hi	compared	to	Hz.	

2.3.8	 Synthesis	and	Characterization	of	Menaquinone-3(I,II,III-H6)	

The	fully	saturated	isoprenyl	MK	analog,	MK-3(I,II,III-H6)	(2.25),	was	synthesized	in	four	steps	

(Scheme	2.3.8)	from	the	commercially	available	allylic	alcohol,	farnesol	(2.22).	The	first	step	was	
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the	Pd	catalyzed	transfer	hydrogenation	of	farnesol	to	yield	the	fully	saturated	alcohol	(2.23)	in	

88%	yield.55	Subsequent	mesylation	of	the	alcohol	of	product	(2.23)	followed	by	substitution	with	

NaI	gave	the	aliphatic	iodide	(2.24)	in	47%	yield	over	two	steps.40,	56	The	final	step	was	the	radical	

coupling	of	menadione	(2.1)	and	the	aliphatic	iodide	(2.24)	using	benzoyl	peroxide49	as	the	radical	

initiator	to	yield	the	desired	final	product,	MK-3(I,II,III-H6)	(2.25)	in	15%	yield.	This	yield	is	similar	

to	that	attained	for	the	coupling	reaction	to	obtain	MK-2(I,II-H4)	(2.13).	The	unreacted	aliphatic	

iodide	(2.24)	can	be	recovered	during	purification.	Similar	to	MK-2(I,II-H4)	(2.13),	in	an	attempt	

to	 ensure	 good	 selectivity	 of	 prenylation	 (C3	 over	 C2,	 Scheme	 2.3.8),	 slow	 addition	 of	 the	

napthoquinone	(2.1)	to	the	prenyl	iodide	solution	during	the	course	of	the	reaction	was	carried	

out.49	Similar	to	the	synthesis	of	MK-2(I,II-H4)	(2.25)	above,	this	is	the	second	report	of	this	type	

of	primary	alkyl	radical	coupling	reaction	to	access	MK	and	the	first	report	at	a	preparatory	scale.	

MK-3(I,II,III-H6)	(2.25)	was	obtained	as	a	yellow	oil.	This	is	the	first	report	of	the	synthesis	and	

characteriation	of	MK-3(I,II,III-H6)	(2.25)	(see	Supporting	Information	for	2D	NMR	spectra,	Figures	

A2.48-49.1),	the	fully	saturated	analog	of	MK-3	(2.15).	
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Scheme	2.3.8.	Synthetic	scheme	for	the	4-step	synthesis	to	obtain	MK-3(I,II,III-H6)	(2.25).	The	first	
step	is	a	transfer	hydrogenation	to	produce	the	fully	saturated	alcohol	(2.23)	from	farnesol	(2.22).	
The	second	step	forms	the	mesylate	from	(2.23).	The	third	step	forms	the	aliphatic	iodide	(2.24)	
via	a	SN2	reaction.	The	final	step	couples	menadione	(2.1)	and	the	aliphatic	iodide	(2.24)	using	a	
radical	alkylation	initiated	by	benzoyl	peroxide.	

2.4	 Summary	and	Conclusions	

The	results	of	these	studies	will	allow	for	the	synthesis	of	various	MK	analogs	and	gives	access	

to	previously	unexplored	compounds	with	unknown	biological	activity.	In	summary,	this	chapter	

described	 the	 synthesis	 and	 characterization	 of	 eight	 truncated	 MK	 analogs	 with	 varying	

isoprenyl	 side	chain	 length	and	degrees	of	 saturation,	as	well	as	 separated	and	characterized	

geometric	isomers	formed	in	the	reactions.	The	fully	unsaturated	MK	derivatives,	MK-1,	MK-2,	

and	 MK-3	 were	 successfully	 from	 menadione	 in	 two	 steps	 using	 a	 Lewis	 acid	 catalyst	 and	

respective	 corresponding	 allylic	 alcohol	 isoprenoid.	MK-1(H2)	 was	 successfully	 synthesized	 in	

single	step	from	1-iodo-3-methylbutane	utilizing	a	key	radical	alkylation	reaction.	The	partially	

saturated	MK-2(II-H2)	was	successfully	synthesized	in	a	single	step	from	menadiol	and	isophytol,	

and	the	trans	isomer	was	separated	from	the	cis	isomer	byproduct	by	preparative	TLC,	followed	

by	characterization.	The	novel	fully	saturated	MK-2(I,II-H4)	was	successfully	synthesized	in	three	

steps	 from	 3,7-dimethyloctan-1-ol.	 The	 partially	 saturated	 MK-3(II-H2)	 was	 successfully	
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synthesized	in	seven	steps	from	b-citronellol,	and	the	trans	isomer	was	readily	separated	from	

the	cis	isomer	byproduct	by	preparative	TLC,	followed	by	characterization.	Finally,	the	novel	fully	

saturated	MK-3(I,II,III-H6)	was	successfully	 synthesized	 in	 four	steps	 from	 farnesol.	The	use	of	

benzene-d6	 as	 a	 diagnostic	 NMR	 solvent	 for	 the	 rapid	 evaluation	 of	 cis/trans	 mixtures	 for	

MK/vitamin	K	analogs	was	essential	as	cis/trans	peaks	often	coalesce	in	chloroform-d.	

The	separation	and	characterization	of	an	MK	analog’s	trans	 isomer	 is	essential	 for	use	of	

these	compounds	in	biological	systems	or	understanding	biological	systems	that	use	MK,	since	

evidence	 shows	 the	 cis	 isomer	 is	 not	 biologically	 active.	 The	MK	 analogs	 synthesized	 in	 this	

chapter	 are	 substrate	 analogs	 for	 enzymes	 involved	 in	 MK/vitamin	 K	 metabolism	 and	 are	

essential	for	understanding	structure-activity	relationships	of	these	biological	systems.	They	are	

also	critical	for	understanding	the	function,	reactivity,	and	conformation	of	partially	saturated	

MK	analogs	as	little	is	currently	known.	These	MK	analogs	are	also	of	interest	from	a	therapeutic	

and	medicinal	standpoint.	For	instance,	MK-4	(vitamin	K2)	was	recently	shown	to	be	a	potential	

new	 therapeutic	 strategy	 to	 treat	 rheumatoid	 arthritis,	 is	 a	 proposed	 drug	 for	 the	 effective	

treatment	of	osteoporosis	and	has	anticancer	properties.	Nevertheless,	the	synthesis	of	partially	

saturated	 MK	 analogs	 remains	 a	 challenge	 as	 there	 is	 currently	 not	 a	 suitable	 catalyst	 to	

selectively	saturate	an	individual	isoprene	unit	on	an	MK	analog	while	leaving	the	other	double	

bonds	unaffected.	Importantly,	the	synthesis	and	characterization	of	these	MK	substrate	analogs	

containing	 varying	 isoprenyl	 side	 chain	 length	 and	 degrees	 of	 saturation	 is	 essential	 for	

understanding	 why	 they	 are	 necessary	 for	 various	 organisms	 to	 survive.	 These	 studies	 are	

important	for	understanding	the	reason	MK-9(II-H2)	(i.e.,	saturated	at	the	second	isoprene	unit)	
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is	observed	 in	pathogenic	M.	 tuberculosis,	which	 is	 responsible	 for	 the	deaths	of	~1.3	million	

people	annually.	 	
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Chapter	3:	Investigation	of	the	Conformational	Flexibility	of	the	

Isoprenyl	Side	Chain	on	Menaquinone1	

3.1	 Conformation	of	the	Isoprenyl	Side	Chain	of	Mycobacterial	Menaquinone	

Isoprenoids	are	among	the	most	numerous	and	diverse	compounds	found	in	nature.1-4	It	was	

reported	that	55,000	of	these	naturally	occurring	compounds	had	been	identified	by	20074;	an	

estimate	that	increased	to	70,000	in	2015.2	Classes	of	isoprenoids	include	lipoquinones,	sterols,	

carotenoids,	 prenylated	 proteins,	 dolichols,	 monoterpenes,	 and	 sesquiterpenes.	 These	

compounds	 are	 involved	 in	 diverse	 functions	 such	 as	 electron	 transport,	 hormone	 function,	

membrane	 structure	 and	 fluidity,	 vision,	 photoprotection,	 insect	 reproduction,	 fragrance	 and	

defense.	 The	 solution	 structures	 of	many	 of	 these	 compounds,	 such	 as	 the	 sterols,	 are	well	

studied.	However,	 the	 conformations	of	 long	 linear	polymers	of	 isoprene	units	 such	as	 those	

found	in	the	side	chains	of	lipoquinones	involved	in	bacterial	and	eukaryotic	electron	transport	

systems	 (ETS)	 have	not	been	 characterized.5-8	 Lipoquinones	 are	 small	 hydrophobic	molecules	

that	 shuttle	 electrons	 between	 the	 membrane-bound	 protein	 complexes	 acting	 as	 electron	

acceptors	and	donors	 in	the	respiratory	ETS.	Two	major	structural	groups	of	 lipoquinones	are	

recognized;	 ubiquinones	 (or	 benzoquinones,	 UQ)	 typically	 found	 in	 eukaryotes	 and	 Gram-

negative	 prokaryotes	 and	menaquinones	 (or	 naphthoquinones,	MK)	 typically	 found	 in	Gram-

positive	 prokaryotes,	 including	 many	 pathogens	 such	 as	 M.	 tuberculosis.	 The	 roles	 and	

applications	of	lipoquinone	derivatives	are	currently	being	explored	where	a	range	of	different		
1This chapter is published in part or in full in The Journal of Organic Chemistry.1
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approaches	are	used	for	combatting	human	diseases.9-21	This	chapter	aims	to	characterize	the	

conformation	 of	 a	 synthetic	 truncated	 MK	 analog	 in	 organic	 solution	 and	 within	 a	 model	

membrane	interface,	as	well	as	document	the	redox	potential	of	these	systems	accompanying	

the	conformational	studies.		

Here,	we	use	an	abbreviation	system	where	MK	with	two	isoprene	units	 is	MK-2	and	with	

nine	isoprene	units	is	MK-9,	Figure	3.1.1.	Naturally	occurring	lipoquinones	are	characterized	by	

the	presence	of	an	isoprenyl	side	chain	of	varying	length	from	1-14	isoprene	units22-23	depending	

on	the	species	of	origin;	a	characteristic	long	used	to	assist	taxonomic	efforts.	Textbooks	often	

represent	UQ	and	MK	as	“Q”	or	“MQ”	in	illustrations	of	the	ETS	and	in	primary	literature	they	are	

generally	 shown	 in	 an	 extended	 conformation,	 which	 is	 not	 a	 realistic	 conformation	 as	 the	

lipoquinone	would	have	to	fold	to	be	confined	within	the	hydrophobic	region	of	the	phospholipid	

bilayer	(Figure	3.1.1).8,	24-25	

Figure	3.1.1.		Structure	of	menaquinone-9	(MK-9),	present	in	small	quantities	in	Mycobacterium	

tuberculosis	 (top)	 and	MK-2,	 a	 simplified	MK	 analog	 (bottom),	 is	 also	 shown.	 Hydrogens	 are	
labelled	on	MK-2	for	spectral	interpretation.	
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Small	angle	X-ray	diffraction	experiments	with	the	isoprenoid	dolichol,	an	alcohol	with	18-20	

isoprene	units,	indicated	that	the	molecule	adopted	a	helical	structure	in	organic	solvent.26	The	

conformation	of	the	isoprenoid	moiety	in	MK	derivatives	is	likely	important	to	its	function	as	an	

electron	 transfer	 agent	 and	 other	 biological	 roles.	 Although	 nothing	 is	 known	 about	 the	

conformation	of	MK	derivatives,	limited	conformational	analysis	is	available	on	different	classes	

of	compounds	including	alkanes,	alkenes,	and	fatty	acids	with	much	simpler	structures.27-41	The	

all-trans	conformations	of	alkanes	are	generally	considered	the	most	stable	and	therefore,	it	is	

expected	that	the	most	prevalent	conformation	of	an	alkane	is	the	fully	extended	alkyl	chain.27	A	

few	 studies	 have	 been	 reported	 with	 simple	 alkanes	 and	 a	 range	 of	 other,	 more	 complex	

compounds	with	large	alkane-components	such	as	in	polyenes	and	fatty	acids.28,29		The	U-shape	

in	fatty	acids	were	described	when	bound	to	a	fatty	acid	binding	protein	(FABP),	where	the	alkyl	

chain	region	of	two	fatty	acids,	palmitic	and	oleic	acids,	folds	over	in	the	shape	of	a	U.38-39	In	2008,	

X-ray	 crystal	 structure	 analysis,	 as	 well	 as	 NMR	 spectroscopy,	 also	 supported	 the	 U-shaped	

conformation	of	amphiphilic	alkyl	chains	bound	to	a	synthetic	receptor	where	the	folded	C8,	C10,	

and	C12	conformations	have	anticlinal	as	well	as	gauche	arrangements.38-39Based	on	these	few	

examples,	we	 hypothesized	 that	MKs	will	 adopt	 folded	 conformations	 depending	 on	 specific	

environmental	conditions.	

In	 this	 chapter,	 we	 describe	 the	 characterization	 of	 a	 truncated	MK	 derivative	 with	 two	

isoprene	units.	MK-2	(Figure	3.1.1)	can	be	characterized	in	detail	and	serves	as	a	representative	

MK	reference	compound	as	 it	 is	 the	simplest	MK	containing	a	naphthoquinone	and	repeating	

isoprenyl	 side	 chain	 allowing	 comparison	 to	 more	 complex	 MK-derivatives	 found	 in	 various	

microorganisms.7,	42-43	First,	the	conformation	of	MK-2	was	investigated	in	organic	solvents	(polar	
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and	 hydrophobic).	 Next,	 because	 we	 are	 ultimately	 interested	 in	 the	 function	 of	 these	

derivatives,	we	measured	the	electrochemical	potential	of	MK-2	in	the	organic	solvents	where	

the	conformations	were	determined.	Finally,	the	location	and	conformation	of	MK-2	in	simple	

membrane	model	systems	was	examined.	Combined,	our	results	show	that	MK-2	folds	into	a	U-

shaped	 conformation	 in	 solution	 contrary	 to	 common	 perception,	 and	 that	 a	 folded,	 slightly	

different	U-shaped	conformation	also	exists	in	the	presence	of	a	simple	model	lipid	membrane	

interface.		

	
3.2	 Materials	and	Methods	

3.2.1	 Materials	

Bis(2-ethylhexyl)	sulfosuccinate	sodium	salt	(AOT,	97.0%),	isooctane	(2,2,4-trimethylpentane,	

≥99.0%),	 chloroform	 (99.8%),	 methanol	 (99.9%),	 disodium	 phosphate	 (anhydrous),	 trisodium	

phosphate	 (96.0%),	 tetrabutylammonium	 perchlorate	 (TBAP,	 ≥	 99.0%),	 ferrocene	 (Fc,	

anhydrous),	silver	nitrate	(AgNO3,	≥	99.0%),	and	activated	charcoal	were	purchased	from	Sigma	

Aldrich.	Absolute	ethanol	and	ultra-high	purity	argon	gas	(99.9%)	were	acquired	from	Pharmco-

Aaper	 and	 Airgas,	 respectively.	 Deuterated	 solvents	 of	 acetonitrile	 (CH3CN)	 (D	 99.8%),	

dimethylsulfoxide	(DMSO)	(D	99.9%,	+	0.05%	V/V	tetramethylsilane),	and	deuterium	oxide	(D2O,	

99.9%)	were	acquired	from	Cambridge	Isotope	Laboratories,	Inc.	Deuterated	pyridine	(D	99.8%)	

was	 purchased	 from	 Arcos	 Organics.	 DPPC	 (1,2-dipalmitoyl-sn-glycero-3-phosphocholine,	 ≥	

99.0%)	and	DPPE	(1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine,	≥	99.0%)	were	purchased	

from	Avanti	Polar	Lipids	Inc.	Distilled	Deionized	Water	(DDI	H2O)	was	purified	with	a	Barnstead	
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E-pure	system	(18.2	MΩ-cm).	All	chemicals	were	used	without	purification	except	AOT,	and	the

organic	solvents	where	AOT	was	purified	by	using	previously	reported	methods.44	

3.2.2	 NMR	Spectroscopic	Studies	

1D	and	2D	1H	studies	were	carried	out	both	in	organic	solvents	and	more	complex	media	(see	

below	for	RM	studies).	1H	and	13C	spectra	were	recorded	using	a	Varian	Model	MR400	or	Model	

Inova400	operating	at	400	MHz	and	100	MHz,	respectively.	Chemical	shift	values	(δ)	are	reported	

in	ppm	and	referenced	against	the	internal	solvent	peaks	in	1H	NMR	(d6-DMSO,	δ	at	2.50	ppm;	

CDCl3,	δ	at	7.26	ppm;	d5-pyridine,	δ	at	8.74	ppm;	d3-acetonitrile	δ	at	1.94	ppm;	D2O,	δ	at	4.79	

ppm;	C6D6,	δ	at	7.16	ppm)	and	in	13C	NMR	(d6-DMSO,	δ	at	39.52	ppm).	All	NMR	spectra	were	

recorded	either	at	22	°C	or	26	°C.	

3.2.3	 Solution	1D	1H	NMR	Spectroscopic	Studies	

Samples	were	prepared	by	dissolving	~5	mg	of	MK-2	in	either	0.5	mL	of	isooctane,	d5-pyridine,	

C6D6,	 d3-acetonitirle,	 d6-DMSO,	 or	 D2O.	 The	MK-2	 sample	 in	 D2O	was	 vortexed	 for	 ~1	 hr.	 to	

dissolve	maximum	amount	of	MK-2.	The	NMR	spectrum	was	collected	by	running	32	scans	and	

was	locked	onto	the	deuterated	solvent	except	for	isooctane,	which	was	ran	unlocked	using	CDCl3	

as	a	spectral	window	reference.	

3.2.4	 Sample	Preparation	 for	Solution	 1H-1H	2D	NOESY	and	ROESY	NMR	Spectroscopic	

Studies	

To	prepare	the	samples	in	d6-DMSO	and	d5-pyridine,	0.0031	g	of	MK-2	was	dissolved	in	0.5	

mL	of	solvent	to	yield	a	20	mM	solution	of	MK-2.	The	NMR	tubes	containing	the	MK-2	solution	

were	purged	with	argon	prior	to	data	collection.	
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3.2.5	 1H-1H	2D	NOESY	and	ROESY	NMR	Spectroscopic	Studies	in	Organic	Solution	

2D	NMR	spectroscopic	studies	in	organic	solution	were	carried	out	on	a	Varian	model	MR400	

400	MHz	magnet	at	26	°C.	A	standard	NOESY	pulse	sequence	was	used	consisting	of	either	200	

or	256	transients	with	16	scans	in	the	f1	domain	using	a	500	ms	mixing	time,	45°	pulse	angle,	and	

a	1.5	sec.	relaxation	delay.	A	standard	ROESYAD	pulse	sequence	was	used	consisting	of	either	

200	or	256	transients	with	16	scans	in	the	f1	domain	using	a	400	ms	mixing	time,	45°	pulse	angle,	

and	a	2.0	sec.	 relaxation	delay.	The	NMR	was	 locked	onto	either	d6-DMSO	or	d5-pyridine	and	

referenced	 to	 the	 internal	 solvent	 peak.	 The	 resulting	 spectrum	 was	 processed	 using	

MestReNova	NMR	software	version	10.0.1.	

3.2.6	 Molecular	Mechanics	Calculations	

To	 obtain	 visual	 aids	 of	MK-2	 conformations,	Merck	Molecular	 Force	 Field	 94	 (MMFF94)	

Molecular	Mechanics	gas	phase	simulations	were	conducted	using	ChemBio3D	Ultra	12.0	at	25°C.	

Starting	conformations	were	obtained	from	ChemDraw	structures	or	by	rotating	desired	bonds	

and	 then	 either	 had	 simulations	 run	 or	 simply	 an	 energy	 minimized	 to	 achieve	 the	 desired	

conformation.	Conformations	A-B	 in	Figure	3.3.3	were	generated	and	 then	energy	minimized	

with	a	root	mean	square	(RMS)	gradient	of	0.1	and	up	to	50	iterations	to	obtain	conformations	

that	agreed	with	our	interpretation	of	the	cross	peak	observations	in	the	1H-1H	2D	NOESY	and	

ROESY	 NMR	 spectral	 data.	 One	 simulation	 was	 run	 for	 10,000	 iterations	 and	 then	 energy	

minimized	using	an	MMFF994	energy	minimization	calculation	using	500	iterations	with	a	RMS	

gradient	of	0.001	to	achieve	conformation	C	in	Figure	A3.10C.	Conformations	D-H	in	Figure	A3.10	

were	generated	by	rotating	bonds	to	achieve	the	desired	conformation	followed	by	an	energy	

minimization	 using	 20-50	 iterations	 and	 an	 RMS	 gradient	 of	 0.1.	 For	 a	 table	 of	 structural	
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parameters	such	as	selected	distances	between	hydrogen	atoms	within	the	conformations	and	

energies	calculated	for	the	3D	conformations	can	be	found	in	the	Supporting	Information	section.	

3.2.7	 Sample	Preparation	for	Reverse	Micelle	NMR	Spectroscopic	Studies	

A	0.50	M	AOT	stock	solution	was	made	by	dissolving	AOT	(5.56	g,	12.5	mmol)	in	isooctane	

(25.0	mL).	RMs	were	prepared	by	mixing	the	0.50	M	AOT	stock	solution	with	D2O	(pH	7.0,	pD	7.4),	

and	then	vortexed	until	clear.	MK-2	RMs	were	made	in	a	similar	manner	except	an	11.2	mM	MK-

2	stock	solution	was	prepared	by	directly	dissolving	MK-2	in	the	0.50	M	AOT/isooctane	solution.	

Then,	the	MK-2-AOT-isooctane	stock	solution	along	with	D2O	(pH	7.0,	pD	7.4)	were	used	to	make	

RMs.	

3.2.8	 1D	1H	NMR	Spectroscopic	Studies	of	AOT/Isooctane	that	contain	Menaquinone-2	

1D	 1H	 NMR	 spectroscopic	 experiments	 were	 carried	 out	 using	 a	 Varian	 Inova	 400	 MHz	

instrument	using	routine	parameters	(pulse	angle:	45°,	relaxation	delay	of	1	sec.)	at	22	°C.	The	

RM	spectra	were	internally	referenced	using	the	isooctane	methyl	peak	set	to	0.904	ppm.45	Data	

analysis	and	spectrum	workup	was	done	using	the	NMR	software,	MestReNova	version	10.0.1.	

3.2.9	 Sample	Preparation	 for	Solution	 1H-1H	2D	NOESY	and	ROESY	NMR	Spectroscopic	

Studies	in	Reverse	Micelles	

To	prepare	 the	AOT/isooctane	 stock	 solution,	 0.22	g	AOT	 (0.50	mmol)	was	dissolved	 into	

isooctane	(1.0	mL)	for	a	final	0.50	M	AOT	stock	solution.	Then	0.035	g	(1.10	mmol)	of	MK-2	was	

dissolved	into	the	0.50	M	AOT	stock	solution	for	a	final	concentration	of	110	mM	MK-2.	Then,	

892.6	µL	of	MK-2	AOT/isooctane	stock	solution	was	mixed	with	107.3	µL	of	D2O	(pH	=	7,	pD	=	7.4)	

and	then	vortexed	until	clear.	This	final	mixture	results	 in	a	w0	12	RM	microemulsion	with	an	

overall	concentration	of	MK-2	being	100	mM	(~29	molecules	per	RM).	
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3.2.10	1H-1H	 2D	NOESY	 and	 ROESY	NMR	 Spectroscopic	 Studies	 in	 AOT/isooctane	w0	12	

Reverse	Micelles	

2D	NMR	samples	were	ran	using	similar	conditions	used	previously46	using	a	Varian	model	

MR400	400	MHz	magnet	at	26	°C	similar	to	conditions	used	previously.	A	standard	NOESY	pulse	

sequence	was	used,	256	transients	with	16	scans	in	the	f1	direction	using	a	200	ms	mixing	time,	

45°	pulse	angle,	and	a	relaxation	delay	of	1.5	sec.	A	standard	ROESY	pulse	sequence	was	used,	

256	transients	with	16	scans	in	the	f1	direction	using	a	200	ms	mixing	time,	45°	pulse	angle,	and	

a	 relaxation	 delay	 of	 2.0	 sec.	 The	 NMR	 was	 locked	 onto	 10%	 D2O	 and	 the	 spectrum	 was	

referenced	to	the	isooctane	methyl	peak	at	0.904	ppm	as	previously	reported.45	The	resulting	

spectrum	was	 processed	 using	MestReNova	 NMR	 software	 version	 10.0.1.	 The	 3D	 structure	

illustration	within	a	RM	was	drawn	using	ChemBioD	Ultra	12.0	and	ChemBio3D	Ultra	12.0	based	

on	spectral	parameters	described	under	results.	

	
3.3	 Results	and	Discussion	

3.3.1	 1D	1H	NMR	Spectroscopic	Studies	of	Menaquinone-2	in	Different	Organic	Solvents	

MK-2	was	 first	 characterized	using	 1D	 1H	NMR	 spectroscopy.	 Figure	 3.3.2	 shows	 1H	NMR	

spectra	of	MK-2	in	isooctane	(2,2,4-trimethylpentane),	d5-pyridine,	d6-benzene,	d3-acetonitrile,	

d6-DMSO,	 and	 D2O.	 The	 observed	 chemical	 shifts	 of	MK-2	 vary	 dramatically	 in	 the	 different	

solvents	shown.	Hydrophobic	solvent	environments	including	aliphatic	(isooctane)	and	aromatic	

(d5-pyridine	 and	 d6-benzene)	 as	 well	 as	 hydrophilic	 (d3-acetonitrile,	 d6-DMSO,	 and	 H2O/D2O)	

solvent	environments	generate	very	different	spectroscopic	signatures.	For	example,	the	pairs	of	

aromatic	hydrogens,	Ha/Hb	and	Hc/Hd,	are	significantly	different	in	the	two	different	classes	of	
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solvents.	This	observed	variation	in	chemical	shift	could	be	attributed	to	conformational	changes	

of	MK-2	in	the	various	solvent	environments	investigated,	alterations	of	the	electronic	state	due	

to	interaction	with	the	solvent,	or	most	likely,	a	combination	of	both.	Focusing	on	the	1H	NMR	

spectra	 of	 MK-2	 in	 the	 three	 hydrophilic	 solvents,	 d3-acetonitrile,	 d6-DMSO,	 and	 D2O,	 some	

differences	 and	 similarities	 are	 observed	 (Figure	 3.3.2).	 The	MK-2	 spectrum	 in	 D2O	 required	

significantly	more	scans	to	produce	a	reasonable	spectrum	because	of	the	poor	solubility	in	D2O.	

The	 hydrogen	 chemical	 shifts	 generally	 are	 observed	 further	 up	 field	 in	 D2O,	 presumably	

indicative	of	more	aggregation	 in	 this	 solvent.	The	alkene	Hh	and	Hi	hydrogen	signals	are	not	

observed	in	the	D2O	spectrum	because	of	overlap	with	the	HOD	peak.	However,	the	HOD	signal	

in	the	d6-DMSO	spectrum	is	observed	at	3.3	ppm,	which	allows	for	observation	of	 the	alkene	

hydrogens,	Hh	and	Hi,	at	4.9	ppm.	The	spectrum	of	MK-2	in	d6-DMSO	is	very	similar	to	that	in	d3-

acetonitrile	and	both	also	have	some	similarities	 to	 the	MK-2	spectrum	 in	D2O.	The	aromatic	

hydrogens,	Ha/Hb,	shifted	about	0.2	ppm	from	the	Hc/Hd	signals	in	both	solvents.	This	suggests	

that	 these	 hydrogens	 remain	 in	 similar	 chemical	 environments	 in	 these	 two	 solvent	

environments.	Combined,	these	three	spectra	provide	a	representation	of	the	properties	of	the	

MK-2	in	a	hydrophilic	solvent	environment.	
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However,	information	from	2D	NMR	techniques	is	needed	to	elucidate	if	this	change	in	chemical	

shift	is	due	to	conformational	variations	or	solvent	effect.	

3.3.2	 1H-1H	2D	NOESY	and	1H-1H	2D	ROESY	NMR	Spectroscopic	Studies	of	Menaquinone-

2	in	d6-DMSO	and	d5-pyridine	

Differences	 between	 the	 conformations	 observed	 in	 d6-DMSO	 vs.	 d5-pyridine	 are	 likely	

manifested	 by	 the	 conformation	 minimizing	 the	 unfavorable	 interactions	 with	 the	 solvent	

environment	and	maximizing	favorable	intramolecular	interactions	with	the	isoprenyl	side	chain.	

To	 investigate	 the	 conformation	 of	 MK-2	 in	 organic	 solvents,	 we	 utilized	 two	 different	 but	

complementary	2D	NMR	methods,	1H-1H	2D	NOESY	and	1H-1H	2D	ROESY.	Figure	3.3.2	shows	the	

1H-1H	2D	NOESY	and	ROESY	NMR	spectra	of	MK-2	in	d6-DMSO	and	portions	of	the	spectrum	in	

d5-pyridine.	Figure	3.3.2A	shows	the	complete	1H-1H	2D	NOESY	spectrum	of	MK-2	in	d6-DMSO	

and	 Figure	 3.3.2B-C	 shows	 zoomed	 in	 regions	 of	 interest	 in	 the	 NOESY	 and	 ROESY	 spectra	

collected	 in	d6-DMSO,	 respectively	 (See	 Figure	A3.1-2	 for	 full	 spectra).	 Figure	3.3.2D-F	 shows	

zoomed	 in	 regions	 of	 interest	 in	 the	 NOESY	 and	 ROESY	 spectra	 collected	 in	 d5-pyridine,	

respectively	(see	Figures	A3.4-5	for	full	spectra).	Figure	3.3.2B	and	Figure	3.3.2D	illustrates	that	

alkene	hydrogens,	Hh	and	Hi,	are	in	similar	environments	in	d5-pyridine	and	d6-DMSO	due	to	the	

observance	of	similar	NOE	cross	peaks.	In	both	solvents,	Figure	3.3.2B	and	Figure	3.3.2D	show	

NOE	cross	peaks	illustrating	that	Hh	and	Hi	interact	with	Hn/Hm,	Hq,	Hr	and	Hz.	Figure	3.3.2B	and	

Figure	3.3.2D	show	NOE	cross	peaks	demonstrating	hydrogen	Hw	interacts	with	hydrogens	Hh/Hi	

and	Hm/Hn	in	both	d6-DMSO	and	d5-pyridine.	Figure	3.3.2C	and	Figure	3.3.2E	shows	partial	1H-1H	

2D	ROESY	NMR	spectra	where	 the	 focus	 is	on	hydrogen	Hw	 in	d6-DMSO	and	d5-pyridine	 (see	

Figure	A3.2	&	A3.5	for	full	spectra	and	Figure	A3.7	for	NOE/ROE	correlation	traces	(slices)).	Figure	
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3.3.2B-C	for	MK-2	in	d6-DMSO,	NOE	and	ROE	cross	peaks	indicate	the	Hw	hydrogen	interacts	with	

Hq,	Hr,	Hy,	and	Hz.	However,	the	lack	of	ROE	cross	peaks	in	Figure	3.3.2E	shows	Hw	does	not	interact	

with	Hy	or	Hz	 in	d5-pyridine	(observed	cross	peaks	between	Hw	and	Hy	or	Hz	 in	d5-pyridine	are	

likely	 due	 to	 TOCSY	 exchange).	 The	 observation	 of	 cross	 peaks	 show	 that	 there	 are	 similar	

interactions	between	the	aromatic	and	alkene	hydrogens	in	the	two	solvents;	however,	there	is	

a	 twist	around	 the	C-C	bond	 leading	 to	closer	proximity	of	 the	Hw	with	 the	Hq,	Hr,	Hx,	and	Hy	

hydrogens	in	d6-DMSO.	The	NOE	and	ROE	cross	peaks	in	the	d6-DMSO	spectrum	in	Figure	3.3.2	

clearly	supports	a	folded,	U-shaped	conformation	for	MK-2	in	d6-DMSO.	However,	evidence	of	a	

folded	conformation	for	MK-2	is	not	as	definitive	in	d5-pyridine	due	to	the	lack	of	NOE	and	ROE	

cross	peaks	between	Hw	and	Hy	or	Hz.	If	MK-2	did	adopt	a	U-shaped	conformation	in	d5-pyridine,	

it	would	have	a	conformation	as	shown	in	Figure	3.3.3B,	where	the	distance	between	Hw	and	

Hy/Hz	 is	 beyond	 observation	 in	 the	 1H-1H	 2D	 NOESY	 and	 ROESY	 NMR	 experiment.	 This	

conformation	for	MK-2	in	d5-pyridine	is	based	on	other	NOE/ROE	cross	peaks	observed	(i.e.	Hw	

to	Hh,	Hw	to	Hq	or	Hr,	Hw	to	Hx)	Figure	3.3.2F	illustrates	p-p	stacking	between	pyridine	and	part	of	

the	naphthoquinone	ring,	which	could	possibly	explain	the	cross	peak	phase	or	lack	of	interaction	

between	Hw	and	Hy	or	Hz.	
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Figure	3.3.2.		1H-1H	2D	NOESY	and	1H-1H	2D	ROESY	NMR	(400	MHz)	spectra	of	20	mM	MK-2	in	d6-
DMSO	and	d5-pyridine	at	26	°C.	(A)	Full	1H-1H	2D	NOESY	NMR	spectrum	of	MK-2	in	d6-DMSO,	(B)	
Partial	 1H-1H	2D	NOESY	NMR	spectrum	of	MK-2	 in	d6-DMSO,	 (C)	Partial	 1H-1H	2D	ROESY	NMR	
spectrum	of	MK-2	in	d6-DMSO,	(D)	Partial	1H-1H	2D	NOESY	NMR	spectrum	of	MK-2	in	d5-pyrdine,	
(E)	Partial	1H-1H	2D	ROESY	NMR	spectrum	of	MK-2	in	d5-pyrdine	(F)	Partial	1H-1H	2D	ROESY	NMR	
spectrum	 of	 MK-2	 in	 d5-pyridine	 illustrating	 stacking	 interactions.	 Blue	 intensity	 contours	
represent	negative	NOE’s	or	ROE’s	and	red	intensity	contours	represent	positive	NOE’s	or	ROE’s.	
A	standard	NOESY	pulse	sequence	was	used	consisting	of	200	or	256	transients	with	16	scans	in	
the	f1	domain	using	a	500	ms	mixing	time	and	1.5	sec.	relaxation	delay.	A	standard	ROESY	pulse	
sequence	was	used	consisting	of	200	or	256	transients	with	16	scans	in	the	f1	domain	using	a	400	
ms	mixing	time	and	2.0	sec.	relaxation	delay.	The	structure	of	MK-2	is	shown	with	a	hydrogen	
labelling	 scheme	 key.	 Green	 arrows	 indicate	 hydrogen	 Hw,	 where	 the	 observed	 cross	 peaks	
differed	the	most	between	the	two	solvents	studied.	
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3.3.3	 Illustrating	Menaquinone-2	Conformations	using	Molecular	Mechanics	

MK-2	has	a	short	repeating	isoprenyl	chain	(C10)	but	enough	carbons	with	numerous	degrees	

of	 rotational	 freedom;	 therefore,	even	 the	 truncated	version	of	MK,	MK-2,	can	assume	many	

different	 conformations.	 Using	 molecular	 mechanics	 calculations,	 we	 explored	 the	 energy	

surface	and	visualized	specific	conformations	defined	by	the	1H-1H	2D	NOESY	and	ROESY	NMR	

experiments	of	MK-2	in	d6-DMSO	and	d5-pyridine.	Specific	conformations	were	generated	based	

on	distances	imposed	by	the	NMR	spectral	data	and	then	energy	optimized	to	produce	realistic	

bond	lengths	and	angles	for	these	conformations.	Finally,	an	energy	was	calculated	to	assure	that	

the	conformation	was	at	a	reasonable	energy.	Longer	molecular	mechanics	calculations	generally	

lead	to	rotations	around	bonds	and	conformations	not	exactly	as	those	suggested	from	the	NMR	

data	 (see	 below	 and	 Supporting	 Information).	 The	 intent	 with	 the	 molecular	 mechanics	

calculations	was	to	 illustrate	conformations	corresponding	to	the	1H-1H	2D	NOESY	and	ROESY	

NMR	 spectral	 data	 in	 d6-DMSO	 and	 d5-pyridine	 constrained	 by	 all	 cross	 peak	 interactions	

observed	as	well	as	to	provide	visual	aids	(Figure	3.3.3).	One	of	the	low	energy	conformations	

generated	for	MK-2	has	a	conformation	(Figure	3.3.3A,	66.8	kcal/mol,	Hw-Hy:	2.6	Å)	consistent	

with	the	NOESY	and	ROESY	spectral	parameters	observed	in	d6-DMSO.	Figure	3.3.3B	illustrates	a	

potential	conformation	of	MK-2	that	is	consistent	with	NOESY	and	ROESY	spectral	parameters	

observed	in	d5-pyridine	(66.7	kcal/mol,	Hw-Hy:	6.1	Å).	See	Table	A3.1	for	selected	hydrogen	to	

hydrogen	distances	 for	 conformations	 seen	 in	 Figure	3.3.3A-B	 consistent	with	2D	NOESY	and	

ROESY	 NMR	 spectral	 parameters.	 The	MK-2	 conformation	 determined	 in	 d6-DMSO	 adopts	 a	

folded,	U-shaped	conformation.	
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Figure	 3.3.3.	 MK-2	 conformations	 generated	 using	 MMFF94	 calculations	 to	 illustrate	 the	
conformations	elucidated	by	the	NMR	studies.	(A)	Illustrates	the	MK-2	conformation	in	d6-DMSO	
determined	from	1H-1H	2D	NOESY	and	ROESY	NMR	spectral	data	cross	peak	interactions	(66.8	
kcal/mol,	 and	 internuclear	 distance	 Hw-Hy:	 2.6	 Å),	 (B)	 Illustrates	 a	 potential	 U-shaped	 MK-2	
conformation	in	d5-pyridine	consistent	with	the	1H-1H	2D	NOESY	and	ROESY	NMR	spectral	data	
cross	peak	interactions	(66.7	kcal/mol,	and	internuclear	distance	Hw-Hy:	6.1	Å).	See	Supporting	
Information	for	a	table	of	selected	hydrogen	to	hydrogen	distances	for	conformations	A	and	B.	
	

Fewer	NOE	and	ROE	cross	peaks	were	observed	in	d5-pyridine	that	would	indicate	a	folded	

conformation	and	although	this	does	not	preclude	a	U-shaped	conformation,	it	does	suggest	that	

the	Hw-Hy	internuclear	distance	is	longer	and	outside	the	observable	range	using	the	1H-1H	2D	

NOESY	and	ROESY	NMR	experiment.	We	based	this	folded	conformation	off	other	NOE	and	ROE	

cross	peaks	observed,	which	were	suggestive	of	folding	(see	Figure	3.3.2	and	related	discussion).	

However,	 a	U-shaped	 conformation	has	been	observed	by	NMR	analysis	 in	 another	aromatic	

solvent,	d6-benzene,	for	n-dodecane.33	The	U-shaped	conformations	shown	in	Figure	3.3.3	are	

representative	of	many	possible	stable	conformations	MK-2	could	adopt.	For	comparison,	Figure	

A3.10C	shows	another	favorable	conformation	for	MK-2	that	has	a	characteristic	U-shape.	The	

energy	 of	 the	 conformation	 shown	 in	 Figure	 A3.10C	 was	 the	 lowest	 energy	 we	 found.	 This	

conformation	was	obtained	by	subjecting	an	extended	MK-2	conformation	to	10,000	iterations	
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followed	by	an	energy	minimization,	 illustrating	 that	non-extended	conformations	are	 readily	

reached	and	energetically	favorable.	

Combined,	the	stability	of	the	U-shaped	conformations	shown	by	these	simple	calculations	

are	in	line	with	work	reported	that	showed	1H	NMR	spectra	of	n-pentane	and	n-hexane	measured	

in	polar	and	spherical	solvents	such	as	DMSO	favor	gauche	conformations	as	well	as	the	reported	

U-shaped	 conformations	 of	 alkyl	 chains	 bound	 to	 synthetic	 receptors.38-39,	 47	 The	 folded	

conformations	 demonstrated	 herein	 from	 experiment	 for	 MK-2	 align	 with	 reported	

computationally	 determined	 conformations	 for	MK	 analogs.48	 However,	 it	 is	 contrary	 to	 the	

general	expectation	that	the	all-trans	conformations	of	alkanes	or	alkyl	components	are	most	

stable.8,	24-25,	27				

In	addition	to	the	U-shaped	conformations	seen	in	conformations	A	and	B	in	Figure	3.3.3,	a	

series	 of	 alternative	 conformations	 of	MK-2	 (Figure	A3.10D-E)	were	 also	 generated	 from	 the	

structures	 most	 often	 depicted	 by	 representations	 in	 the	 literature	 and	 then	 were	 energy	

optimized.	Conformations	D-H	in	Figure	A3.10	were	generated	to	compare	these	conformations	

energetically	 to	 the	 two	 U-shaped	 conformations	 shown	 in	 Figure	 3.3.3A-B.	 The	 energies	 of	

conformations	D-H	in	Figure	A3.10	were	all	higher	(~11	to	~23	kcal/mol)	than	the	conformations	

found	in	d6-DMSO,	d5-pyridine,	and	conformation	C.	Additional	analysis	of	conformations	and	a	

table	 of	 selected	 internuclear	 distances	 of	MK-2	 conformations	 from	 Figure	 3.3.3	 and	 Figure	

A3.10	are	given	in	Table	A3.1.		

Selected	simple	alkanes	and	a	few	other,	more	complex	compounds	with	long	alkyl-segments	

such	as	in	polyenes	and	fatty	acids	report	that	the	extended	and	folded	forms	are	comparable	in	

energy	 to	 the	all-trans	 form.28,29	The	“pentane	effect”	 for	 longer	chains	destabilizes	 the	 trans	
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conformations	because	of	unfavorable	g+g-	arrangements,	which	increases	the	energy	by	~0.55	

kcal/mol	with	each	kink	in	the	chain.28,29	In	contrast,	gauche	arrangements	are	often	energetically	

favored	because	of	entropic	contributions.30-31	This	is	in	part	due	to	the	spatial	requirements	that	

all	 molecules	 exert	 and	 can	 be	 justified	 using	 limited	 sphere-considerations.32	 Gauche	

arrangements	tend	to	favor	folded	conformations	where	the	degree	of	folding	of	n-alkanes	(C5-

C32)	in	solution	depends	on	the	strength	of	the	dispersion	force	of	the	solvent34	and	the	degree	

of	folding	increases	with	increasing	chain	length	of	the	solute.33,	35	Other	molecules	that	contain	

alkyl	chains	such	as	fatty	acids	and	polyethylene	derivatives	have	also	been	reported	as	either	

extended	 chains	 or	 in	 folded	 conformations	 depending	 on	 physical	 and	 environmental	

conditions.30-31,	 36-37	 Conformational	 analysis	 of	 long	 chain	 allylic	 polyunsaturated	 fatty	 acid	

chains	using	Hartree-Fock	calculations	showed	that	conformational	differences	between	the	all-

trans	 and	helical	 folded	 structures	are	only	a	 few	kcal/mol.36	Ultimately,	 there	are	a	 few	but	

strongly	 convincing	 examples29,	 38-41	 that	 folded	 and/or	U-shaped	 conformations	 are	 likely	 to	

become	much	more	 important	 than	have	been	 recognized	previously.	 The	 studies	 presented	

herein	represent	a	new	class	of	compounds	that	adopt	a	U-shaped	conformation,	illustrating	that	

these	folded	conformations	are	likely	to	be	important	and	may	impact	the	biological	function	of	

these	lipoquinone	systems.	It	is	very	important	to	recognize	the	molecular	plasticity,	which	allows	

the	alkyl	chain	to	assume	shapes	depending	on	the	complementary	structures	or	influences	of	

the	immediately	surrounding	environment.	

	
3.3.4	 Electrochemistry	of	Menaquinone-2	in	Different	Organic	Solvents	

Our	interest	in	these	systems	relates	to	the	fact	that	the	redox	potential	of	MK	is	important	

in	shuttling	electrons	between	protein	complexes.	Although	the	focus	of	this	chapter	thus	far	has	
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been	 on	 the	 conformations	 of	 these	 compounds,	 we	 are	 particularly	 interested	 in	 redox	

properties	because	we	are	aiming	to	investigate	the	function	and	reactivity	of	these	systems	as	

well.	For	MKs	to	carry	out	this	process,	MKs	must	associate	with	the	transmembrane	proteins	

involved	in	the	electron	transfer	processes.49	The	electron	transfer	processes	all	take	place	within	

or	near	the	membrane	interface	with	two	one	electron	reduction	processes	sequentially	forming	

the	 radical	anion	 (semiquinone)	and	 then	 the	dianion.50-52	Even	 though	 there	has	been	many	

reports	in	literature	on	the	redox	potentials	of	MK	derivatives,	the	origin	of	these	changes	are	

not	well	understood.50-52	These	processes	are	particularly	poorly	understood	when	the	quinones	

are	present	in	a	hydrophobic	molecule	that	is	entirely	or	partly	 located	in	the	membrane	of	a	

biological	system.	Although,	it	is	premature	to	correlate	conformation	with	redox	potential,	we	

are	seeking	systematic	 information	where	redox	potentials	and	conformations	are	known	(i.e.	

within	 different	 organic	 solvents)	 and	 the	 electrochemical	 data	 on	 this	 system	 becomes	 an	

important	 frame	of	 reference	because	 the	 conformational	 analysis	 has	 been	 carried	out.	We	

hypothesized	that	the	redox	potential	of	MK-2	will	vary	based	on	organic	solvent	environment.		

Although	this	hypothesis	would	be	anticipated	to	be	confirmed,	it	is	important	to	measure	how	

and	if	the	magnitude	of	the	redox	potential	changes	as	the	solvent	environment	changes	because	

the	function	of	MK-2	is	tied	to	the	redox	potentials.	Initially,	redox	studies	were	planned	to	be	

carried	out	in	DMSO,	acetonitrile,	and	benzene;	however,	because	of	low	solubility	of	all	of	the	

electrolytes	 examined	 in	 benzene,	 benzene	 was	 replaced	 with	 pyridine	 as	 a	 representative	

aromatic	solvent.53	The	electrolyte	tetrabutylammonium	perchlorate	(TBAP)	was	chosen	because	

1D	1H	NMR	studies	showed	that	the	addition	of	TBAP	to	MK-2	solutions	(solvents:	d6-DMSO,	d5-

pyridine,	d3-acetonitrile)	did	not	affect	the	observed	chemical	shifts	of	the	MK-2	hydrogens	and	
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thus	no	evidence	for	artifacts	due	to	ion	pairing	would	be	observed	(see	Supporting	Information	

for	further	description	of	the	electrochemical	analysis,	and	for	MK-2/TBAP	NMR	studies).		

MK-2’s	 first	 electrochemical	 potential	 is	 the	 one	 electron	 reduction	 of	 the	 quinone	 to	

semiquinone	(Q/Q•-)	and	the	second	 is	 the	one	electron	reduction	of	 the	semiquinone	to	the	

dianion	(Q•-/Q2-),	(see	Supporting	Information).50-52	The	cyclic	voltammogram’s	(CVs)	of	MK-2	and	

an	internal	standard	of	ferrocene	(Fc+/Fc)	 in	the	three	solvents	are	shown	in	Figure	3.3.4.	The	

Q/Q•-	E1/2	vs	Fc+/Fc	for	MK-2	in	DMSO,	CH3CN,	and	pyridine	were	measured	to	be	-1.155	(±0.001)	

V,	-1.230	(±0.003)	V,	and	-1.331	(±0.001)	V,	respectively.	As	shown	in	Figure	3.3.4,	we	included	

the	Fc+/Fc	reference	in	the	data	presented.	These	results	are	consistent	with	Q/Q•-	E1/2	vs	Fc+/Fc	

values	given	for	1,4-naphthoquinone.50,	54	The	values	determined	experimentally	for	Q•-/Q2-	E1/2	

vs.	Fc+/Fc	for	MK-2	in	DMSO,	CH3CN,	and	pyridine	were	measured	to	be	-1.863	(±0.008)	V,	-1.902	

(±0.012)	V,	and	-2.075	(±0.003)	V,	respectively	(see	Supporting	Information).	In	Figure	3.3.5,	the	

half-wave	potentials	are	plotted	showing	the	trend	that	both	redox	processes	are	more	readily	

reduced	 in	DMSO	 than	CH3CN	or	 pyridine	 similar	 to	 the	 trend	observed	 in	 literature	 for	 1,4-

napthoquinone	potentials.54	
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Figure	3.3.4.		Three	representative	cyclic	voltammogram’s	(CVs)	of	2	mM	MK-2	in	CH3CN,	DMSO,	
and	pyridine.	 The	potentials	 are	 referenced	 to	 the	Fc+/Fc	 couple	 (2	mM)	determined	 in	each	
solvent.	From	left	to	right,	redox	processes	are	Q•-/Q2-,	Q/Q•-,	and	Fc+/Fc.	Each	sample	has	0.1	M	
TBAP	and	was	degassed	with	argon	gas	 for	10	minutes	at	ambient	 room	temperature	before	
spectra	were	recorded.	Current	sweeps	are	in	the	anodic	direction	from	-2V	to	1V	and	back	to	-
2V.	A	100	mV	scan	rate	was	used.	
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Figure	3.3.5.	 	Measured	E1/2	(vs	Fc+/Fc	 in	V)	of	MK-2	Q/Q•-	and	Q•-/Q2-	redox	processes	versus	
solvent.	Added	 lines	show	the	distinction	between	each	solvent	 for	each	redox	process.	Each	
solvent	 was	 run	 in	 triplicate	 with	 error	 bars	 shown	 as	 standard	 deviations.	 Statistics	 were	
performed	using	a	Student’s	t	test	that	indicated	the	half	wave	potentials	of	each	redox	process	
are	significantly	different	in	each	solvent	(p<0.01	for	Q•-/Q2-	CH3CN-DMSO	and	p<0.0001	for	all	
other	comparisons).	See	Supporting	Information	for	details.	
	

In	summary,	during	the	first	electrochemical	process	producing	the	semiquinone,	MK-2	has	

the	most	positive	potential	in	DMSO	and	the	most	negative	potential	in	pyridine,	showing	MK-2	

is	slightly	more	reducible	in	DMSO	than	pyridine	or	CH3CN.	The	observation	of	differing	redox	

potentials	between	organic	solvents	supports	the	second	hypothesis	that	the	redox	potential	of	

MK-2	is	influenced	by	the	specific	organic	solvent,	where	a	contributing	factor	to	the	observed	

changes	is	due	to	the	differences	between	the	dielectric	constant	of	each	solvent.	The	different	

organic	solvents	influence	the	observed	redox	potential	of	MK-2	and	from	the	2D	NMR	studies	

on	 the	 conformation	 of	MK-2,	 slight	 differences	 in	 conformation	were	 observed,	which	may	

suggest	that	a	combination	of	solvent	effect	and	conformational	differences	of	MK-2	may	affect	

redox	potential.		
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3.3.5	 Interaction	of	Menaquinone-2	with	Langmuir	Phospholipid	Monolayers	

The	 physiologically	 relevant	 environment	 for	 MKs	 is	 in	 association	 with	 membranes;	

therefore,	we	also	studied	the	interaction	of	MK-2	with	a	more	direct	model	membrane	interface,	

a	 phospholipid	 monolayer.	 Several	 membrane	 models	 exist	 including	 Langmuir	 monolayers,	

liposomes,	 micelles,	 and	 reverse	 micelles	 (RM)	 (Figure	 3.3.6).46,	 55-60	 Each	model	 system	 has	

advantages	and	disadvantages,	and	we	have	chosen	to	investigate	the	phospholipid	monolayer	

because	of	their	direct	association	with	a	cellular	membrane	and	the	RM	system	because	RMs	

allow	for	molecular	placement	of	MK-2	with	regard	to	the	interface.46,	55-60	
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Figure	3.3.6.		Schematic	diagram	of	(A)	a	Langmuir	phospholipid	monolayer	and	(B)	a	RM	present	
in	a	microemulsion.	Labelling	for	the	RM	is	as	follows:	(A)	the	water	pool,	(B)	the	Stern	layer,	(C)	
the	hydrophobic	surfactant	tails,	and	(D)	the	organic	solvent,	isooctane.	
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the	1:1	mixture	of	DPPC	and	MK-2	shows	a	disappearance	of	the	gas	to	liquid	phase	transition	at	

8	 mN/m,	 suggesting	 there	 is	 a	 condensing	 effect	 of	 MK-2	 with	 DPPC	 at	 a	 high	 area	 per	

molecule/low	surface	pressure.	Moving	to	DPPE,	the	1:1	mixture	of	MK-2	with	DPPE	reduces	the	

collapse	pressure	of	the	film	to	50	mN/m	showing	destabilization	of	the	DPPE	film.	The	pure	MK-

2	 films	had	 limited	 stability	 shown	by	a	maximum	surface	pressure	of	~20	mN/m.	This	 result	

suggests	MK-2	forms	a	less	stable	film	than	the	phospholipids.65-67	To	understand	the	interactions	

of	MK-2	with	DPPE	and	DPPC	further,	the	compression	moduli	were	calculated	using	eq.	(4)	(see	

Supporting	Information)	where	the	compression	modulus	is	the	measure	of	the	compressibility	

of	the	film.		

Our	results	are	interpreted	as	MK-2	having	a	condensing	effect	on	DPPC	phospholipid	films	

at	 high	 area	 per	molecule/low	 pressure	 and	 destabilization	 of	 DPPE	 phospholipid	 films.	 The	

resulting	 mixed	 films	 (DPPC/MK-2	 or	 DPPE/MK-2)	 were	 also	 consistent	 with	 reported	 UQ	

suggesting	 similar	 trends	 where	 UQ	 was	 shown	 to	 be	 “squeezed”	 out	 of	 the	 phospholipid	

interface.65-66,	 68	 In	 summary,	 MK-2	 has	 a	 condensing	 effect	 on	 DPPC	 phospholipid	 films,	 a	

destabilization	of	DPPE	phospholipid	films,	and	is	most	likely	compressed	out	of	the	phospholipid	

film	similar	to	UQ.65-66,	68	Unfortunately,	these	studies	do	not	directly	show	whether	a	folded	or	

extended	conformation	of	MK-2	exists.	A	folded	conformation	occupies	a	larger	volume	than	the	

extended	 conformation,	 which	 would	 affect	 packing	 within	 the	 phospholipid	 interface.	 Our	

studies	do	demonstrate	that	MK-2	interacts	with	the	phospholipid	model	membrane	interfaces	

of	 DPPC	 and	 DPPE	 even	 above	 physiologically	 relevant	 pressures.	 It	 is	 possible	 that	 the	

observation	of	the	destabilization	of	the	DPPE	phospholipid	films	(not	observed	for	DPPC)	by	the	
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presence	of	the	MK	may	suggest	a	folded	MK-2	conformation	that	does	not	fit	in	the	organization	

of	the	DPPE	film	(possibly	related	to	packing	of	the	phospholipid).	

	
3.3.6	 1D	1H	NMR	Spectroscopic	Studies	of	Menaquinone-2	in	Reverse	Micelles	

One	of	our	ultimate	objectives	was	to	characterize	the	molecular	details	of	MK-2’s	association	

with	 membrane-like	 interfaces.	 This	 characterization	 includes	 determining	 the	 location	 and	

conformation	of	MK-2;	therefore,	the	RM	model	system	was	investigated	(Figure	3.3.6B).60-64,	69	

In	the	RM,	a	ternary	microemulsion	system	forms	when	a	surfactant	is	dissolved	in	an	organic	

solvent	and	the	addition	of	water	creates	nano-sized	water	droplets	encased	in	surfactant.56,	62,	

64,	 69-71	 This	 dynamic,	 yet	 simple,	 model	 can	 provide	 molecular	 detail	 on	 location	 and	

conformation	of	MK	at	an	interface	using	NMR	spectroscopy,	whereas	the	use	of	phospholipids	

such	 as	 DPPC	 have	 overlapping	 hydrogen	 signals	 with	 key	 MK	 hydrogen	 signals	 making	

interpreting	conformational	information	very	complex.69,	72-75	RM	systems	provide	information	

regarding	 the	 location,	 conformation,	 and	 physical	 interactions	 of	 MK	 with	 lipid	 films	 and	

potentially	membranes,	which	allowed	us	to	examine	our	third	hypothesis	that	the	membrane	

interface	influences	the	conformation	of	the	MK	derivative.	

To	explore	the	location	of	MK-2	at	a	lipid/water	interface	further,	studies	were	conducted	

using	 a	 simple	microemulsion	 interfacial	 system,	which	 allows	 for	 identification	 of	molecular	

placement.	Figure	3.3.8	shows	a	stack	plot	of	1D	1H	NMR	spectra	for	the	aromatic	hydrogens	

(Ha/Hb	 and	 Hc/Hd)	 of	 MK-2	 in	 solutions	 of	 D2O,	 isooctane,	 or	 isooctane	 solutions	 of	 MK-2	

containing	RMs	(D2O/AOT/isooctane	microemulsions)	of	various	sizes	(w0:	4,	8,	12,	16,	and	20	

where	w0=[D2O]/[AOT])	and	for	comparison	with	an	empty	AOT/isooctane	RM.	The	aromatic	MK-

2	hydrogens	in	the	AOT/isooctane	RMs	are	similar	to	the	signals	observed	in	isooctane	but	very	
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significantly	 upon	 the	 addition	 of	 MK-2.	 This	 was	 carried	 out	 by	 measuring	 the	 sizes	 in	 the	

presence	and	absence	of	MK-2	and	confirming	that	the	size	was	as	those	reported	previously	

(data	not	shown).62	Overall,	these	results	are	consistent	with	MK-2	penetrating	the	RM	model	

membrane	 interface;	 however,	 2D	 studies	 are	 described	 below	 to	 get	 more	 information	

regarding	the	placement	and	conformation	of	MK-2	within	the	RM	system.		

	
3.3.7	 1H-1H	 2D	NOESY	 and	 ROESY	NMR	 Spectroscopic	 Studies	 of	Menaquinone-2	 in	 a	

Reverse	Micelle	Model	Membrane	System	

To	provide	further	evidence	regarding	the	location,	orientation,	and	conformation	of	MK-2	

within	RMs,	we	obtained	 the	 1H-1H	2D	NOESY	NMR	 spectrum	and	 the	 1H-1H	2D	ROESY	NMR	

spectrum	of	MK-2	in	a	w0	12	RM,	Figure	3.3.9	and	Figure	3.3.10.	Figure	3.3.9	shows	a	partial	1H-

1H	2D	NOESY	and	ROESY	NMR	spectra	indicating	both	AOT	and	MK-2	hydrogens,	whereas	Figure	

3.3.10	 focused	 in	 on	 selected	 hydrogen	 interactions	 specifically	 in	 the	 NOESY	 spectrum	 (see	

Figure	A3.8-9	for	full	spectra).	Figure	3.3.10A	shows	cross	peaks	between	the	aromatic	Ha/Hb	and	

Hc/Hd	and	parts	of	the	AOT	CH2	and	CH3	tail	groups	(i.e.	H8’	and	H10’	hydrogens,	see	Figure	3.3.11	

for	AOT	hydrogen	labeling	key).	Figure	3.3.10B	shows	cross	peaks	between	alkene	hydrogens,	Hi	

and	 Hh,	 with	 HOD	 and	 AOT’s	 H1,	 H1’,	 H3,	 and	 H3’	 hydrogens	 and	 only	 evidence	 of	 a	 weak	

interaction	between	MK-2	and	isooctane.	These	interactions	are	consistent	with	placement	of	

MK-2	between	the	AOT	tails	as	shown	using	a	depth	perception	drawing	in	Figure	3.3.11.	
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Figure	3.3.11.		Illustration	of	MK-2’s	proposed	folded,	U-shaped	conformation	and	placement	in	
the	RM	interface.	This	arrangement	is	consistent	with	1H-1H	2D	NOESY	and	ROESY	NMR	spectral	
data	 obtained	 in	 w0	 12	 RM;	 however,	 MK-2	 likely	 tumbles	 freely	 within	 the	 interface	 but	
maintains	interactions	with	the	region	of	AOT	shown	in	the	illustration.	Color	depth	fading	legend	
shows	dark	red	as	closer	in	distance	and	dark	blue	as	farther	in	distance	from	the	reader.	AOT	
hydrogen	labelling	scheme	key	is	shown.	
	

Regarding	the	conformation	of	MK-2	associated	with	the	RM	water-interface,	the	NOE	and	

ROE	cross	peaks	in	Figure	3.3.9	show	interactions	between	Hw	and	Hz/Hy	and	between	Hw	and	the	

alkene	 hydrogens,	 Hh/Hi,	 which	 is	 consistent	 with	 a	 folded,	 U-shaped	 conformation.	 In	 the	

proposed	conformation,	 the	C2-C6	atom	to	atom	distance	 in	MK-2’s	 isoprenyl	 side	chain	was	

found	to	be	3.6	Å,	which	is	consistent	with	a	U-shape	(g+g-	conformation,	Figure	3.3.12)	for	MK-

2	placed	at	the	RM	interface	(see	Supporting	Information	for	further	discussion	and	internuclear	

distances	of	different	MK-2	conformations).	An	illustration	of	an	MK-2	conformation	consistent	

with	these	observations	is	shown	in	Figure	3.3.12.	This	U-shaped	conformation	observed	when	

MK-2	 is	 associated	with	 the	 RMs	 changed	 slightly	 from	 that	 observed	 in	 d6-DMSO	 regarding	
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where	the	double	bond	overlaps	with	the	naphthoquinone	moiety.	The	overlap	of	the	alkene	and	

naphthoquinone	 functionalities	 in	 the	 conformation	 associated	 with	 the	 interface	 is	 best	

illustrated	by	the	top	view	in	Figure	3.3.12B.	Importantly,	the	U-shape	fold	remains,	but	slight	

rotation	around	the	C-C	bond	facilitates	the	conformational	changes	in	the	U-shape.	

	
Figure	3.3.12.		MK-2	conformation	at	an	interface	visualized	using	Merck	Molecular	Force	Field	
94	(MMFF94)	calculations.	Molecular	mechanics	simulations	generating	the	3D	conformation	of	
MK-2	in	a	RM	that	is	consistent	with	1H-1H	2D	NOESY	and	ROESY	NMR	spectral	data.	(A)	Side	view	
of	 energy	 minimized	 conformation	 (63.5	 kcal/mol,	 and	 internuclear	 distance	 Hw-Hz:	 4.0	 Å)	
showing	MK-2’s	 isoprene	chain	adopting	a	hook-like	shape	also	known	as	a	 folded,	U-shaped	
conformation.	 (B)	Top	view	of	energy	minimized	conformation	showing	the	terminal	 isoprene	
methyl-groups	overlapping	the	carbonyl	groups	on	the	naphthoquinone.		
	
3.3.8	 Implications	of	Folded	Conformations	for	Menaquinone	Derivatives	

Natural	 MKs	 contain	 a	 naphthoquinone	 and	 an	 isoprenyl	 side	 chain	 with	 some	 variable	

number	of	repeating	isoprene	units,	where	MKs	support	the	electron	transfer	reactions	in	a	range	

of	systems.7,	42	MK-2	was	synthesized	allowing	for	detailed	characterization	of	the	molecule.	The	

results	presented	here	 for	MK-2	 suggests	 that	other	 important	MK	derivatives	 in	biology	will	
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adopt	 folded	 conformations	 as	 well	 and	 demonstrates	 the	 need	 to	 prepare	 and	 study	 such	

derivatives	both	experimentally	and	computationally.		

The	 extended	 conformations	 of	 long	 chain	 biological	 molecules	 such	 as	 fatty	 acids	 and	

polyenes	are	generally	shown	in	the	literature	if	the	structure	is	presented.8,	24-25	However,	a	few	

studies	 of	 isoprene	 conformers	 and	 1,3	 acyclic	 dienes	 show	 the	 extended	 trans	 alkane	

conformations	compare	in	energy	with	folded	or	helical	conformations.78-79	Although	the	folded	

conformations	in	those	studies	may	be	slightly	higher	in	energy	than	unfolded	conformations,	

the	 difference	 is	 surprisingly	 small.	 The	 C-C	 single	 bond	 lengths	 reported	 for	 stearic	 acid	

decreases	 under	 high	 pressure.41	 These	 bond	 shrinkages	 cause	 conformational	 and	 shape	

changes	in	stearic	acid	favoring	folded	conformations.41	Previous	studies	using	high	temperature	

UV-absorption	spectroscopy,	molecular	orbital	calculations,	and	gas-phase	electron	diffraction	

found	that	isoprene	and	chloroprene	conformations	did,	in	fact,	favor	folded	conformations.80-81	

Although	these	conditions	are	non-physiological,	they	do	demonstrate	that	changes	in	a	physical	

parameter	can	affect	the	preferred	conformation.	Previous	work	has	been	carried	out	with	fatty	

acids	where	the	experimental	studies	showed	that	the	conformations	of	the	alkane	portion	of	

the	fatty	acids	can	and	do	change	similar	to	conformations	of	MK-2	as	shown	in	this	work.36	Our	

studies	confirm	the	first	hypothesis	that	MKs	have	different	conformations	depending	on	specific	

environmental	 conditions,	 which	 was	 achieved	 by	 first	 synthesizing	 MK-2	 and	 then	

demonstrating	 that	 a	 U-shaped,	 folded	 conformation	 was	 adopted	 in	 d6-DMSO,	 which	 was	

different	from	the	conformation	in	d5-pyridine.		

Conformations	 can	 affect	 reactivity,	 and	 as	 in	 this	 case,	 the	 electron	 transfer	 reactions	

facilitated	 by	 MK.	 MK	 forms	 complexes	 with	 several	 enzymes	 during	 the	 electron	 transfer	
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processes,	and	although	kinetic	characterization	of	these	systems	have	been	reported,82-84	less	is	

known	structurally.	The	redox	potentials	of	MK-2	depicted	in	Figure	3.3.4-5	illustrate	the	trend	

where	 the	most	positive	potential	 is	 in	DMSO	and	 the	most	negative	potential	 is	 in	pyridine,	

which	agrees	with	literature	reports	on	menadione.50,	54	These	results	have	identified	that	the	

redox	 potential	 of	 MK-2	 changes	 as	 a	 function	 of	 solvent,	 and	 the	 origin	 of	 this	 change	

(presumably	in	part	due	to	a	change	in	dielectric	constant	between	solvents)	and	whether	these	

observed	solvent	effects	can	be	associated	with	changes	in	conformation	should	be	investigated	

in	the	future	using	both	suitable	high	level	computational	methods	as	well	as	electrochemistry.	

Indeed,	the	change	in	redox	potential	is	likely	to	be	important,	and	since	there	is	no	conjugation	

between	the	 isoprenyl	side	chain	and	naphthoquinone,	 these	effects	are	very	 interesting	and	

may	reflect	that	the	energy	required	for	the	reduction	is	determined	by	the	energy	difference	of	

the	HOMO-LUMO	gap	in	the	two	different	conformations.85	Orbital	analysis	of	the	HOMO-LUMO	

gap	could	potentially	be	 informative	and	describe	the	origin	of	the	observed	varied	biological	

effects	 of	 a	 series	 of	 N-alkyl	 MK	 derivatives	 that	 have	 been	 reported.86-87	 For	 example,	

replacement	 of	 a	 CH2	 group	 with	 a	 N-atom	 modifies	 the	 parent	 system	 creating	 a	 class	 of	

compounds	with	a	nitrogen	bound	directly	 to	 the	 “naphthoquinone	group.”	These	molecules	

have	 dramatically	 different	 biological	 properties	 than	 the	 parent	MK	derivatives86-87	 and	 it	 is	

possible	that	these	activities	could	be	related	to	the	change	in	fundamental	physical	and	chemical	

properties	 that	 occurs	 with	 N-alkyl	 isoprenoid	 substitution	 of	 the	 naphthoquinone	 ring.	

Combined,	 these	 results	 confirm	 the	 second	 hypothesis	 that	 the	 redox	 potential	 of	MK-2	 is	

influenced	by	organic	solvent	environment,	which	is	likely	to	be	important	for	understanding	the	

mechanistic	details	in	MK	metabolism.	
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The	 third	 hypothesis	 involved	 determining	 if	 the	 association	 of	 MK	 with	 the	 membrane	

interface	influences	the	conformation	of	the	MK	derivative.	We	investigated	the	interaction	of	

MK-2	with	a	phospholipid	Langmuir	monolayer,	which	is	a	simple	2D	model	of	a	single	leaflet	of	

a	 cell	 membrane.59,	 88-89	 The	 fact	 that	 MK-2	 interacts	 with	 the	 phospholipid	 monolayer	 is	

consistent	with	the	expected	MK	affinity	for	the	hydrophobic	phospholipids	that	make	up	the	cell	

membrane.	 Langmuir	 monolayer	 studies	 support	 interaction	 of	 MK-2	 with	 the	 phospholipid	

monolayer	interface;	however,	the	lipoquinone	is	likely	pushed	out	of	the	interfacial	portion	of	

the	 phospholipid	 monolayer	 into	 the	 more	 hydrophobic	 alkyl	 tail	 groups	 on	 the	 top	 of	 the	

monolayer	as	the	pressure	increases.	Unfortunately,	Langmuir	phospholipid	monolayer	studies	

could	 not	 determine	 the	 conformation	 of	 MK-2;	 however,	 the	 RM	 surfactant	 interface	

complements	studies	with	the	phospholipid	monolayer	 interface.	The	question	of	 folding	was	

further	investigated	by	combining	1H	NMR	spectroscopic	studies	of	MK-2	in	organic	solution	and	

in	 a	 simple	model	membrane	 system,	 RMs.	 The	 conformation	 of	MK-2	was	 characterized	 in	

organic	solvents	and	was	found	to	differ	slightly	from	the	conformation	when	it	was	associated	

with	the	surfactant	interface	within	RMs.	It	is	to	be	expected	that	MK-2	would	have	an	affinity	

for	the	 interface	because	of	 its	hydrophobicity,	which	agrees	with	results	observed	in	the	RM	

system.	The	RM	interface	is	known	to	be	penetrated	by	water	molecules	and	thus	less	packed	

than	 a	 biological	membrane,	 and	 therefore	 has	 a	 lower	 interface	 pressure	meaning	MK-2	 is	

unlikely	to	be	squeezed	out	once	inside.62,	69,	90	The	1H	NMR	spectroscopic	studies	in	RMs	allowed	

us	to	observe	the	association	of	MK-2	with	the	interface	molecules	as	well	as	with	itself	 in	 its	

folded	state.	The	 1H-1H	2D	NOESY	and	ROESY	NMR	spectral	data	 indicates	 that	 the	U-shaped	

conformation	 of	MK-2	 (Figure	 3.3.12)	 remained	 intact	 while	 associating	 with	 the	 RM	model	
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membrane	interface;	however,	the	overlap	between	the	alkene	and	the	naphthoquinone	varies	

with	the	specific	environment.	The	small	changes	in	the	U-shaped	conformation	document	the	

environmental	influence	on	the	conformational	folding	of	MK-2.	These	results	are	very	important	

because	they	document	the	possibility	that	MK	derivatives	in	the	cell	membrane	environment	

may	be	folded	and	if	so,	such	folds	will	impact	the	interaction	with	proteins	in	the	ETS	and	affect	

reactivity	and	function.	

Naturally	occurring	lipoquinones	are	characterized	by	the	presence	of	an	isoprenyl	side	chain	

of	varying	length	and	degree	of	saturation	depending	on	the	species	of	origin.	MK-2’s	isoprenyl	

side	chain	is	shorter	than	most	lipoquinones	involved	in	electron	transport;	therefore,	it	may	not	

fully	mimic	the	interactions	generated	by	MK	derivatives	with	longer	isoprene	chains	with	the	

membrane	or	the	enzyme	systems.	However,	these	results	show	that	the	folding	of	MK-2	is	very	

important	and	may	suggest	that	MK	derivatives	with	the	longer	isoprenyl	side	chains	may	adopt	

folded	 conformations	 as	 well.	 Understanding	 how	MK-2	 and	 other	 MK	 derivatives	 fold	 in	 a	

hydrophobic	environment	is	critical	to	gauge	how	these	molecules	will	behave	within	a	biological	

membrane	associated	with	the	ETS.	Folded	MK	conformations	may	be	important	for	substrate	

recognition	by	respiratory	enzymes	within	the	ETS.	

Investigation	of	the	conformation	of	a	particular	MK	derivative’s	location	and	conformation	

will	 also	allow	 for	a	more	 realistic	 interpretation	of	data	obtained	with	 the	novel	 fluorogenic	

probe,	a	vitamin	K	analog,	reported	to	fluoresce	after	reduction	to	the	quinol.91	Studies	with	this	

new	probe	may	help	provide	information	on	the	role	that	vitamin	K	plays	in	key	redox	processes.	

Accurate	 information	 obtained	 from	 the	 use	 of	 this	 probe	would	 provide	 better	 quality	 data	

regarding	 photosynthesis	 and	 cellular	 respiration	 and	 future	 consideration	 of	MK	 derivatives	
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location	and	conformation	will	be	 important	 for	proper	 interpretation	of	 the	results	obtained	

from	the	use	of	this	probe.91	

3.4	 Summary	and	Conclusions	

Conformations	 exhibited	 by	 alkanes	 and	 alkenes	 are	 essential	 for	 explaining	 trends	 in	

reactivity	and	manifestation	of	physical	properties	but	little	is	understood	regarding	biological	

systems	with	hydrophobic	small	components	containing	alkyl-segments.	The	studies	presented	

in	this	chapter	describes	the	chemical	and	biochemical	properties	of	MK,	which	is	an	essential	

component	 of	 the	 ETS	 in	 many	 Gram-positive	 bacteria,	 including	 pathogens	 such	 as	 M.	

tuberculosis,	Mycobacterium	leprae,	and	Staphylococcus	aureus,	to	name	a	few.	We	report	for	

the	 first	 time	 in	 this	class	of	molecules	 that	MK-2	adopts	a	 folded,	U-shaped	conformation	 in	

organic	solution.	The	specific	nature	of	the	conformation	varied	within	different	organic	solvents	

and	 thus	 confirmed	 our	 first	 hypothesis	 that	MK-2	 conformations	 are	 very	 sensitive	 to	 their	

environment.	These	 findings	contrast	with	 the	simple,	extended	conformation	represented	 in	

textbooks	and	the	literature	that	is	shown	for	MK	derivatives	as	well	as	the	more	common	“Q”,	

belonging	to	the	UQ	family	of	lipoquinones.		

The	 change	 in	 the	 observed	 redox	 potentials	 of	 MK-2	 with	 different	 organic	 solvents	

confirmed	our	second	hypothesis.	This	is	important	for	future	studies	probing	the	function	of	the	

substrate	and	potential	correlation	between	conformation	and	redox	potential	of	MK	derivatives	

and	although	most	of	 the	studies	 in	 this	chapter	are	of	a	 structural	nature,	 it	 is	 important	 to	

recognize	 that	 the	 function	 is	 likely	 related	 to	 the	 conformation	 of	 the	 MK-derivative.	 The	

discovery	that	MK-2	adopts	a	folded	conformation	may	suggest	that	other	MK	derivatives	will	

have	similar	conformations,	which	ultimately	will	impact	all	the	biological	systems	in	which	MKs	
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have	a	role	such	as	within	the	ETS	in	specific	Gram-positive	bacterial	pathogens.	The	result	of	a	

stable	U-shape	conformation	in	solution	and	within	an	interface	is	important	as	little	information	

is	available	on	these	essential	hydrophobic	biological	components.		

Although	 the	 NMR	 spectral	 data	 illustrated	 using	 molecular	 mechanics	 allowed	 for	 the	

conclusion	that	MK-2’s	conformation	is	environment	dependent,	it	was	important	to	investigate	

if	this	U-shaped	conformation	remained	at	a	membrane	like	interface.	We	used	two	membrane	

model	 systems	 to	 investigate	 this	 question.	 The	 more	 physiologically	 relevant	 DPPC/DPPE	

phospholipid	monolayers	confirmed	that	MK-2	interacted	with	the	phospholipid	interface	similar	

to	UQs;	however,	the	conformation	of	MK-2	remained	unspecified.	Complementary	studies	using	

the	AOT-RM	model	membrane	system	allowed	determination	of	the	molecular	location	of	MK-2	

as	penetrating	the	water-surfactant	interface	as	well	as	the	conformation	of	MK-2	within	the	RM	

interface.	 We	 found	 that	 the	 folded,	 U-shaped	 conformations	 observed	 in	 organic	 solution	

remained	upon	association	with	the	AOT-RM	interface	but	the	U-shaped	conformation	differed	

slightly	 indicating	 the	 interface’s	 environmental	 influence	 on	 conformation.	 Together,	 these	

results	support	the	interpretation	that	the	MKs	conformation	remains	folded	in	a	U-shape	even	

in	contact	with	a	model	membrane	interface,	which	agrees	with	our	third	hypothesis.		

More	 broadly,	 the	 results	 of	 this	 study	 will	 also	 enhance	 our	 understanding	 of	 folded	

conformations	 for	 chemically	 and	 biologically	 important	 hydrophobic	 small	 molecules	 in	

solutions	 and	 confined	 hydrophobic	 environments.	 The	 shape,	 and	 thus	 the	 conformation	 of	

these	 molecules,	 are	 relevant	 for	 molecular	 recognition	 motifs	 and	 the	 processing	 of	 these	

molecules	within	the	membrane.	This	chapter	represents	the	first	attempt	to	characterize	the	

conformation	 as	 well	 as	 the	 chemical	 and	 biochemical	 properties	 manifested	 by	 the	
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conformation	of	any	electron	transferring	lipoquinone	derivative.	Although	many	studies	have	

been	 carried	 out	with	 these	 systems	 kinetically,	 the	 conformation	 and	 how	 this	 impacts	 the	

biological	chemistry	has	not	yet	been	addressed.	
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Chapter	4:	Isolating	the	Influence	of	Saturation	of	the	Isoprenyl	Side	

Chain	on	Menaquinone	on	Conformation	and	Quinone	Redox	Potential1

4.1	 Role	 of	 Partial	 Saturation	 of	 the	 Isoprenyl	 Side	 Chain	 of	 Mycobacterial	

Menaquinone	

Quinones	are	a	unique	type	of	unsaturated	a,b-ketones	existing	as	metabolites	in	numerous	

pathways	where	they	have	many	functions	 in	nature.1-7	The	importance	of	quinone	chemistry	

has	been	recognized	since	the	mid-1800s.	Quinone	containing	compounds	can	be	anti-oxidants,	

anti-tumoral,	or	carcinogenic	agents	and	are	the	inherent	components	of	biological	systems	such	

as	photosystem	II.2-7	Menaquinones	(or	naphthoquinones,	MK)	are	a	member	of	the	lipoquinone	

(lipid-quinone)	 class	 of	 molecules	 and	 are	 essential	 components	 of	 the	 respiratory	 electron	

transport	system	(ETS),	where	they	shuttle	electrons	and	protons	between	protein	complexes	by	

acting	as	electron	donors	and	acceptors.7	Partial	saturation	of	the	isoprenyl	side	chain	of	MK	has	

been	known	 for	a	 long	 time	but	 recently	MenJ	was	 shown	 to	 selectively	 reduce	MK-9	at	 the	

second	isoprene	unit	demonstrating	the	origin	of	partially	saturated	MKs	within	mycobacteria.8-

9	 Currently,	 little	 is	 known	 regarding	 the	 conformation	 of	 MKs	 in	 solution	 or	 within	 cell	

membranes	 and	 how	 partial	 saturation	 of	 the	 isoprenyl	 side	 chain	 affects	 conformation	 and	

quinone	reactivity,	even	though	the	structures	and	biological	significance	of	 lipoquinones	and	

isoprenoids	have	been	known	 for	over	50	years.7,	 10-14	Partial	 saturation	may	affect	 substrate	

recognition	by	respiratory	enzymes	within	the	ETS	or	it	may	be	able	to	affect	quinone	redox		
1This chapter is published in part or in full in Biochemistry.1
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potential,	 or	 a	 combination	 of	 both.	 Interestingly,	 disruption	 of	 expression	 of	MenJ	 reduces	

mycobacterial	electron	transfer	efficiency	by	3-fold	but	the	mycobacteria	were	able	to	maintain	

ATP	levels	by	increasing	the	total	levels	of	the	total	menaquinone	in	the	membrane.8	It	is	a	well-

known	fact	that	evolutionary	conserved	structural	differences	in	lipoquinone	head	group	alter	

quinone	redox	potential2	but	 it	remains	uncertain	how	partial	saturation	of	the	isoprenyl	side	

chain	 affects	 quinone	 redox	 potential.	 Therefore,	 this	 chapter	 aims	 to	 characterize	 the	

conformation	 of	 the	 most	 fundamental	 MKs	 containing	 one	 isoprene	 unit	 (unsaturated	 vs	

saturated	side	chain)	in	organic	solution	and	a	model	membrane	interface	as	well	as	determine	

the	quinone	redox	potentials	of	unsaturated	MK-1	and	saturated	MK-1(H2)	in	organic	solution.			

MKs	are	structurally	characterized	by	a	naphthoquinone	moiety	and	a	repeating	 isoprenyl	

side	chain	of	varying	length	(Figure	4.1.1),	where	the	latter	is	a	characteristic	that	has	long	been	

used	to	assist	taxonomic	efforts.15-16	The	most	widely	known	MK	analog	is	Vitamin	K2	(or	MK-4),	

which	 is	 essential	 for	 life	 in	 humans	 as	 it	 is	 a	 key	 cofactor	 in	 blood	 coagulation.17	MK-4	was	

recently	shown	to	be	biosynthesized	in	humans18	and	as	a	part	of	the	ETS	in	Drosophila.19	Vitamin	

K3	(or	menadione),	the	simplest	1,4-naphthoquinone	derivative	lacking	the	isoprenyl	side	chain,	

has	been	reported	to	have	significant	anti-tumoral	properties.3	N-alkylated	MK	derivatives	have	

also	been	synthesized	and	characterized	in	literature	with	several	exhibiting	interesting	biological	

properties.20-23	The	truncated	MK	analogs,	menaquinone-1	(MK-1)	and	menaquinone-1(H2)	[MK-

1(H2)],	are	vital	to	study	as	they	are	the	simplest,	most	fundamental	MKs,	where	they	retain	the	

core	requirements	(i.e.,	a	naphthoquinone	moiety	and	a	one	unit	isoprenyl	side	chain).	MK-1(H2)	

is	 crucial	 to	 study	 as	 it	 lacks	 the	 double	 bond	 in	 the	 isoprenyl	 side	 chain	 and	 importantly,	

biologically	 isolated	 MK	 analogs	 containing	 partial	 saturation	 (reduced	 double	 bond)	 in	 the	
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isoprenyl	side	chain	have	been	reported	(Figure	4.1.1).7-9	Truncated	MK	analogs	are	more	soluble	

than	 the	 natural	 MK	 substrate,	 thus	 allowing	 rigorous	 characterization	 in	 aqueous	 assays.9	

Furthermore,	 MK-9	 contains	 eighty	 hydrogens	 with	 significant	 spectral	 overlap	 making	

conformational	 analysis	 non-trivial.	 Therefore,	 the	 conformational	 analysis	 of	 these	 two	

truncated	MK-1	analogs	is	essential	as	the	conformation	of	the	first	isoprene	unit	will	influence	

the	conformation	of	the	rest	of	the	isoprenyl	side	chain	in	naturally	occurring	longer	MK	analogs	

(e.g.,	MK-4,	MK-9	or	MK-9(II-H2),	Figure	4.1.1).	

	
Figure	4.1.1.		Structures	of	(A)	MK-9(II-H2),	present	within	Mycobacterium	tuberculosis,	(B)	the	
unsaturated	MK	analog,	MK-1,	and	(C)	the	saturated	MK	analog,	MK-1(H2).	

	
The	synthesis	of	truncated	MK	analogs	is	necessary	as	it	allows	experimental	conformational	

analysis	to	be	carried	out.	Molecular	conformations	are	significant	for	manifesting	physical	and	

chemical	reactivity,	as	well	as	recognition	in	biological	systems.	MKs	contain	an	alkyl	side	chain	

of	varying	lengths	and	conformations	have	been	reported	for	various	alkanes,	alkenes,	and	fatty	

acids,	which	all	contain	alkyl	chains	of	varying	length.24-36	For	example,	the	degree	of	folding	of	

C5-C32	n-alkanes	in	solution	depends	on	the	strength	of	the	dispersion	force	of	the	solvent	and	

increases	with	increasing	chain	length.28-30	Furthermore,	studies	on	n-hexane	and	n-pentane	in	

various	 solvents	 suggested	 that	 the	 solvent	 environment	 had	 only	 minor	 effects	 on	 the	

conformational	 equilibrium.36	 Interestingly,	 conformations	 observed	 in	 polar	 and	 spherical	

solvents	 such	 as	 DMSO	 favored	 gauche	 conformations.36	 Computational	 studies	 have	 been	
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carried	 out	 on	 MK	 analogs	 where	 folded	 conformations	 were	 found	 to	 be	 favorable.35,	 37	

Importantly,	we	demonstrated	in	chapter	three	that	menaquinone-2	(MK-2)	adopts	a	folded,	U-

shaped	 conformation	 in	 solution	 and	within	 a	model	membrane	 interface.38	 However,	MK-1	

contains	 only	 one	 isoprene	 unit	 and	 presents	 the	 best	 opportunity	 for	 a	 flat-extended	

conformation	to	exist,	and	therefore	it	is	important	to	determine	if	a	flat-extended	(i.e.,	trans	or	

extended	configuration	of	the	side	chain	and	isoprene	planar),	folded-extended	(i.e.,	 isoprene	

folded	 upwards),	 or	 u-shaped	 conformation	 (i.e.,	 isoprene	 folded	 up	 and	 back	 towards	 the	

naphthoquinone	in	a	u-shape)	is	preferred	(see	Figure	4.1.2).	Based	on	these	selected	examples,	

we	 hypothesized	 that	MK-1	 analogs	 adopt	 folded	 conformations	 regardless	 of	 the	 degree	 of	

saturation	in	their	isoprenyl	side	chain.	

Figure	4.1.2.	Illustration	showing	MK-1	conformations	for	flat-extended	(i.e.,	trans	or	extended	
configuration	 of	 the	 side	 chain	 and	 isoprene	 planar),	 folded-extended	 (i.e.,	 isoprene	 folded	
upwards),	 or	 u-shaped	 conformation	 (i.e.,	 isoprene	 folded	 up	 and	 back	 towards	 the	
naphthoquinone	in	a	u-shape).	

The	conformation	and	electronic	properties	of	a	molecule	can	affect	both	the	reactivity	and	

function	 of	 a	 molecule	 in	 solution	 and	 within	 biological	 environments.	 The	 longer	 partially	

saturated	isoprenyl	side	chain	MK	analog,	MK-9(II-H2)	(Figure	4.1.1A)	is	an	electron	transporter	

within	 Mycobacterium	 tuberculosis	 (M.	 tuberculosis)	 and	 the	 synthesis	 of	 MK-9(II-H2)	 was	
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observed	in	pathogenic	M.	tuberculosis.8-9	In	addition,	partially	saturated	MK	analogs	have	been	

reported	in	other	organisms	such	as	members	of	the	genera	Streptomyces	and	Actinomadura.
12	

It	 is	unclear	whether	hydrogenation	of	the	double	bond	in	specific	isoprene	units	changes	the	

reactivity	of	the	quinone	system.	The	double	bonds	present	within	the	isoprenyl	side	chain	are	

not	conjugated	to	the	quinone	system	within	MK.	Therefore,	it	would	not	be	anticipated	that	a	

significant	change	in	the	quinone	redox	potential	would	occur	upon	reduction	of	an	 isoprenyl	

unit.	However,	it	has	been	reported	that	even	when	there	is	no	direct	conjugation	between	the	

quinone	 system	and	a	 substituent	group,	electrochemical	 reduction	of	 the	quinone	 system	 is	

sensitive	 to	 the	 electronic	 perturbation	 of	 the	 substituents.2	 Thus,	 it	 is	 possible	 that	 partial	

saturation	 in	 the	 isoprenyl	 side	 chain	 could	 influence	 the	quinone	 redox	potential,	where	 an	

indirect	through	bond	effect	could	be	a	contributing	factor	and/or	conformational	effects	of	the	

substituent.	Therefore,	we	hypothesized	that	the	quinone	redox	potential	of	MK-1	is	influenced	

by	the	degree	of	saturation	in	the	isoprenyl	side	chain.	

In	 this	 chapter,	 the	 conformations	 of	 MK-1	 and	 MK-1(H2)	 (Figure	 4.1.1)	 within	 organic	

solvents	 were	 elucidated	 by	 1D	 and	 2D	 1H	 NMR	 spectroscopy.	MK-1	 and	MK-1(H2)	 adopted	

similar	 folded-extended	 conformations	 in	 each	 solvent	 but	 the	 preferred	 folded-extended	

conformations	differed	slightly	between	solvent	environments.	The	quinone	redox	potentials	of	

MK	and	MK-1(H2)	were	measured	in	three	organic	solvents,	where	a	solvent	effect	(presumably	

due	to	a	change	in	dielectric	constant)	was	observed	and	most	interestingly,	a	~20	mV	difference	

in	semiquinone	redox	potential	was	observed	between	MK-1	and	MK-1(H2).	The	interaction	of	

MK-1	and	MK-1(H2)	with	phospholipid	monolayers	was	characterized	using	Langmuir	monolayers	

and	the	two	MK-1	analogs	were	found	to	interact	with	the	phospholipid	interface.	Finally,	using	
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a	 complementary	 study,	 the	 location,	 orientation,	 and	 conformation	 of	 MK-1	 and	 MK-1(H2)	

within	a	reverse	micelle	(RM)	model	membrane	interface	was	determined	using	1D	and	2D	NMR	

spectroscopy.	The	two	MK-1	analogs	interacted	similarly	with	the	RM	model	membrane	interface	

and	MK-1	adopted	a	slightly	different	folded	conformation	within	the	RM	interface	compared	to	

that	observed	in	organic	solution.		

	
4.2	 Materials	and	Methods	

4.2.1	 Materials	and	General	Information/Methods	

Most	 reagents	were	 used	without	 further	 purification.	 Dioctyl	 sulfosuccinate	 sodium	 salt	

(AOT,	 97.0%),	 isooctane	 (2,2,4-trimethylpentane,	 ≥99.0%),	 chloroform	 (99.8%),	 methanol	

(99.9%),	 sodium	 phosphate	 monobasic	 monohydrate	 (NaH2PO4,	 98%)	 tetrabutylammonium	

perchlorate	 (TBAP,	 ≥99.0%),	 ferrocene	 (Fc,	 anhydrous),	 silver	 nitrate	 (AgNO3,	 ≥99.0%),	 and	

activated	charcoal	were	purchased	from	Sigma	Aldrich	and	used	as	received	unless	otherwise	

noted.	Absolute	ethanol	and	ultra-high	purity	argon	gas	(99.9%)	were	acquired	from	Pharmco-

Aaper	and	Airgas,	respectively.	Deuterated	solvents	of	acetonitrile	(d3-ACN,	CD3CN)	(D	99.8%),	

dimethylsulfoxide	(d6-DMSO)	(D	99.9%,	+	0.05%	V/V	tetramethylsilane,	and	d6-benzene	(>99.6%)	

were	acquired	from	Sigma-Aldrich.	Deuterium	oxide	(D2O,	99.9%),	d2-dichloromethane	(99.9%),	

d4-methanol	 (99.8%)	 were	 acquired	 from	 Cambridge	 Isotope	 Laboratories,	 Inc.	 Deuterated	

pyridine	 (D	 99.8%)	 was	 purchased	 from	 Arcos	 Organics.	 DPPC	 (1,2-dipalmitoyl-sn-glycero-3-

phosphocholine,	 ≥99.0%)	 and	 DPPE	 (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine,	

≥99.0%)	 were	 purchased	 from	 Avanti	 Polar	 Lipids	 Inc.	 Monosodium	 phosphate	 (96.0%)	 and	
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sodium	 phosphate	 dibasic	 anhydrous	 (Na2HPO4)	 was	 purchased	 from	 Fisher	 Scientific	 and	

Distilled	Deionized	Water	(DDI	H2O)	was	purified	with	a	Barnstead	E-pure	system	(~18	MΩ-cm).	

All	chemicals	were	used	without	purification	except	AOT	and	the	organic	solvents.	AOT	was	

purified	 using	 activated	 charcoal	 and	methanol	 to	 remove	 acidic	 impurities	 using	 previously	

reported	methods.39	Organic	solvents	dimethylsulfoxide	(DMSO),	acetonitrile	(CH3CN,	ACN)	and	

pyridine	were	purified	by	distillation	and	then	dried	over	activated	3	Å	molecular	sieves	(40	g	/	

200	mL	solvent)	for	three	days.	When	preparing	samples	for	RM	NMR	experiments,	deuterium	

oxide	was	used	instead	of	H2O	and	the	pH	was	adjusted	to	consider	the	presence	of	deuterium	

(pD	=	0.4	+	pH).40	1H	and	13C	spectra	were	recorded	on	a	400	MHz	Varian	Model	MR400,	400	MHz	

Varian	iNova400	or	a	500	MHz	Varian	iNova500.	Chemical	shift	values	(δ)	are	reported	in	ppm	

and	referenced	against	the	internal	solvent	peaks	in	1H	NMR	(CDCl3,	δ	at	7.26	ppm;	d3-acetonitrile	

δ	at	1.94	ppm;	d6-DMSO,	δ	at	2.50	ppm;	d4-methanol,	δ	at	4.87	ppm;	d2-methylene	chloride,	δ	at	

5.32	ppm;	d6-benzene,	δ	at	7.16	ppm;	d5-pyridine,	δ	at	8.74	ppm;	D2O,	δ	at	4.79	ppm;)	and	in	13C	

NMR	(CDCl3,	δ	at	77.16	ppm;	d6-benzene,	δ	at	128.06	ppm).		

4.2.2	 NMR	Spectroscopic	Studies	

1D	and	2D	1H	NMR	spectroscopic	studies	were	carried	out	both	in	organic	solvents	and	a	RM	

model	membrane	system.	1H	and	13C	spectra	were	recorded	using	either	a	Varian	Model	MR400,	

Model	 Inova400,	or	Model	 Inova500	operating	at	either	400	MHz	or	500	MHz	and	101	MHz,	

respectively.	Chemical	shift	values	(δ)	are	reported	in	ppm	and	referenced	against	the	internal	

solvent	peaks	in	1H	NMR	(CDCl3,	δ	at	7.26	ppm;	d3-ACN	δ	at	1.94	ppm;	d6-DMSO,	δ	at	2.50	ppm;	

d4-methanol,	δ	at	4.87	ppm;	d2-methylene	chloride,	δ	at	5.32	ppm;	d6-benzene,	δ	at	7.16	ppm;	

d5-pyridine,	δ	at	8.74	ppm;	D2O,	δ	at	4.79	ppm;)	and	 in	 13C	NMR	 (CDCl3,	δ	at	77.16	ppm;	d6-
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benzene,	δ	at	128.06	ppm).	All	NMR	spectra	were	recorded	at	either	22	°C,	25	°C,	or	26	°C.	See	

figure	captions	and	Supporting	Information	for	more	details.	

4.2.3	 Solution	1D	1H	NMR	Spectroscopic	Studies	

Samples	 were	 prepared	 by	 dissolving	 ~5.0	 milligrams	 of	 MK-1	 in	 0.5	 mL	 of	 either	 d1-

chloroform,	d2-methylene	chloride,	d4-methanol,	d6-DMSO,	d5-pyridine,	d3-ACN,	and	d6-benzene,	

respectively.	 The	 NMR	 instrument	 was	 locked	 onto	 the	 respective	 deuterium	 signal	 in	 the	

deuterated	solvent	used.	NMR	spectra	were	then	collected	using	32	scans	for	each	sample.	The	

data	was	processed	using	MestReNova	NMR	processing	 software	 version	10.0.1.	 The	 spectra	

were	manually	 phased	and	 then	 the	baseline	was	 corrected	using	 a	Bernstein	Polynomial	 Fit	

(polynomial	order	3).	The	obtained	spectra	were	referenced	to	the	proper	internal	solvent	peak.	

4.2.4	 Sample	Preparation	for	1H-1H	2D	NOESY	and	1H-1H	2D	REOSY	NMR	Spectroscopic	

Studies	

To	prepare	the	solutions	of	MK-1	or	MK-1(H2)	in	d5-pyridine,	d3-ACN,	and	d6-DMSO,	0.0024	g	

of	MK-1	or	0.0024	g	of	MK-1(H2)	was	dissolved	in	0.5	mL	of	deuterated	solvent	to	produce	a	20	

mM	solution	of	MK-1	or	MK-1(H2).	The	NMR	samples	containing	either	MK-1	or	MK-1(H2)	solution	

were	purged	with	argon	and	capped	prior	to	data	collection.	

4.2.5	 1H-1H	2D	NOESY	and	1H-1H	2D	ROESY	NMR	Spectroscopic	Solution	Studies	

1H-1H	2D	NOESY	NMR	and	1H-1H	2D	ROESY	NMR	spectroscopic	experiments	were	conducted	

using	a	400	MHz	Varian	MR400	NMR	operating	at	26	°C.	A	standard	NOESY	pulse	sequence	was	

used	consisting	of	256	transients	with	16	scans	in	the	f1	domain	using	a	500	ms	mixing	time,	45°	

pulse	 angle,	 and	 a	 1.5	 sec.	 relaxation	 delay.	 A	 standard	 ROESYAD	 pulse	 sequence	 was	 used	

consisting	of	256	transients	with	16	scans	in	the	f1	domain	using	a	400	ms	mixing	time,	45°	pulse	
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angle,	and	a	2.0	sec.	relaxation	delay.	The	NMR	was	locked	onto	either	d5-pyridine,	d3-ACN,	or	

d6-DMSO.	 The	 resulting	 spectrum	 was	 processed	 using	 MestReNova	 NMR	 software	 version	

10.0.1	 (see	 Supporting	 Information	 for	 further	 details).	 The	 spectra	 were	 referenced	 to	 the	

proper	internal	solvent	peak.	

4.2.6	 Molecular	Mechanics	Calculations	

To	 illustrate	 conformations	 for	 MK-1	 and	 MK-1(H2),	 Merck	 Molecular	 Force	 Field	 94	

(MMFF94)	molecular	mechanics	gas	phase	simulations	were	conducted	using	ChemBio3D	Ultra	

12.0	at	25	°C.	Starting	conformations	were	obtained	by	building	ChemDraw	structures,	rotating	

desired	bonds,	and	then	either	had	simulations	run	followed	by	energy	optimization	or	simply	an	

energy	minimization	to	achieve	the	desired	conformation.	Conformations	A-A1,	B-B1,	and	C-C1	

in	Figure	4.3.4	were	 constructed	and	 then	energy	minimized	with	a	 root	mean	 square	 (RMS)	

gradient	of	0.1	and	up	to	50	iterations	to	obtain	MK-1	and	MK-1(H2)	conformations	that	agreed	

with	our	interpretation	of	the	cross	peak	observations	and	intensities	in	the	1H-1H	2D	NOESY	and	

ROESY	 NMR	 spectral	 data.	 Two	 simulations	 were	 run	 for	 10,000	 iterations	 and	 then	 energy	

minimized	using	an	MMFF94	energy	minimization	calculation	using	500	 iterations	with	a	RMS	

gradient	of	0.001	to	achieve	conformations	D-D1	in	Figure	A4.23.	Conformations	E-E1	and	F-F1	

in	Figure	A4.23	were	generated	by	rotating	bonds	to	achieve	the	desired	conformation	followed	

by	 an	 energy	minimization	using	 20-50	 iterations	 and	 an	RMS	gradient	 of	 0.1.	 For	 a	 table	 of	

structural	parameters	such	as	selected	distances	between	hydrogens	within	the	conformations	

in	Figure	4.3.4	and	Figure	A4.23	and	energies	calculated	for	the	3D	conformations	can	be	found	

in	 the	 Supporting	 Information.	 Tables	 of	 Cartesian	 coordinates	 for	 the	 MK-1	 analog	

conformations	can	be	found	in	the	Supporting	Information.	
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4.2.7	 Sample	Preparation	for	Reverse	Micelle	NMR	Spectroscopic	Studies	

A	0.50	M	AOT	stock	solution	was	prepared	by	dissolving	AOT	(5.56	g,	12.5	mmol)	in	isooctane	

(25.0	mL).	Empty	RMs	were	prepared	by	mixing	0.50	M	AOT	stock	solution	with	a	D2O	water	pool,	

and	then	vortexed.	MK-1	and	MK-1(H2)	RMs	were	made	in	a	similar	matter.	The	only	difference	

being	a	14.3	mM	stock	solution	for	MK-1	and	MK-1(H2)	was	prepared	by	dissolving	MK-1	or	MK-

1(H2)	in	a	0.50	M	AOT/isooctane	solution.	The	RM’s	were	then	prepared	using	the	MK-1	or	MK-

1(H2)	AOT/isooctane	stock	solution.	First,	2.0	mL	samples	were	made	using	specific	amounts	of	

MK-1	or	MK-1(H2)	AOT/isooctane	stock	solution	and	then	diluting	the	sample	to	2.0	mL	with	the	

0.50	M	AOT/isooctane	solution.	From	the	2.0	mL	solutions,	1.0	mL	RM	samples	were	prepared	

using	designated	amounts	of	the	2.0	mL	sample	and	then	adding	the	proper	amount	of	D2O	with	

pH	6.65	(see	General	Methods	for	pH	measurements)	for	MK-1	(D2O	pH	was	6.71	for	the	MK-

1(H2)	samples)	to	form	the	desired	size	RM.	The	samples	were	then	vortexed	until	the	solution	

was	clear.	The	overall	concentrations	for	the	1.0	mL	MK-1	RM	samples	are	as	follows:	w0	4,	13.8	

mM;	w0	8,	6.5	mM;	w0	12,	3.5	mM;	w0	16,	1.9	mM;	and	w0	20,	1.3	mM.	The	overall	concentrations	

for	the	1.0	mL	MK-1(H2)	RM	samples	are	as	follows:	w0	4,	13.8	mM;	w0	8,	6.4	mM;	w0	12,	3.5	mM;	

w0	16,	2.0	mM;	and	w0	20,	1.4	mM.	

4.2.8	 1D	 1H	NMR	Spectroscopic	Studies	of	AOT/isooctane	Reverse	Micelles	Containing	

Menaquinone-1	or	Menaquinone-1(H2)	

NMR	spectra	of	MK-1	and	MK-1(H2)	in	various	size	RMs,	isooctane	and	D2O	were	obtained	

using	a	Varian	 Inova	400	MHz	 instrument	operating	at	22	 °C	using	 routine	parameters	 (pulse	

angle:	45°,	relaxation	delay	of	1	sec.)	and	64	scans.	The	NMR	instrument	was	locked	onto	10%	

D2O	 signal	 for	 the	RM	samples	and	 locked	onto	100%	D2O	 for	 the	 sample	 in	D2O.	The	1D	 1H	
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spectra	 of	 MK-1	 or	 MK-1(H2)	 in	 isooctane	 were	 doped	 with	 ~5%	 d6-benzene	 for	 the	 NMR	

instrument	 to	 lock	 onto	 and	 to	 achieve	 properly	 shimmed	 spectra.	 The	 spectral	 data	 was	

processed	 using	 MestReNova	 NMR	 processing	 software	 version	 10.0.1.	 The	 spectra	 were	

manually	 phased	 and	 then	 the	baseline	was	 corrected	using	 a	multipoint	 baseline	 correction	

(cubic	splines).	The	spectrum	in	D2O	was	referenced	to	the	internal	D2O	peak	and	the	spectra	in	

isooctane	and	RMs	were	 referenced	 to	 the	 isooctane	methyl	peak	 (0.904	ppm)	as	previously	

reported.40	

4.2.9	 Sample	Preparation	for	1H-1H	2D	NOESY	and	1H-1H	2D	ROESY	NMR	Spectroscopic	

Studies	in	AOT/isooctane	Reverse	Micelles.	

RM	samples	of	MK-1	and	MK-1(H2)	were	prepared	in	the	following	manner.	A	0.50	M	AOT	

stock	solution	was	first	prepared	by	dissolving	AOT	(5.56	g,	12.5	mmol)	in	isooctane	(25.0	mL).	A	

1.0	mL	stock	solution	of	112	mM	MK-1	in	AOT/isooctane	was	prepared	by	dissolving	27.7	mg	of	

MK-1	in	1.0	mL	of	0.50	M	AOT/isooctane	stock	solution.	To	prepare	a	w0	12	RM,	894.68	µL	of	112	

mM	MK-1	AOT/isooctane	stock	solution	and	105.32	µL	of	D2O	at	pH	7.03	were	mixed	together	

and	then	vortexed	until	the	solution	was	clear.	The	MK-1(H2)	w0	12	RM	sample	was	prepared	

similarly	to	MK-1	using	a	112	mM	stock	solution	and	D2O	(pH	of	7.01).	This	final	mixture	results	

in	a	w0	12	RM	microemulsion	with	an	overall	concentration	of	MK-1	or	MK-1(H2)	~100	mM	(~29	

molecules	per	RM).	The	NMR	samples	containing	the	MK-1	or	MK-1(H2)	RM	solution	were	purged	

with	argon	and	capped	prior	to	data	collection.	
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4.2.10	1H-1H	 2D	 NOESY	 and	 1H-1H	 2D	 ROESY	 NMR	 Spectroscopic	 Studies	 in	 a	 w0	 12	

AOT/isooctane	Reverse	Micelles	

2D	NMR	spectra	of	MK-1	and	MK-1(H2)	in	RMs	were	obtained	using	similar	conditions	and	

methods	used	previously38,	41-42	using	a	400	MHz	Varian	MR400	NMR	operating	at	26	°C	for	MK-

1	 and	were	 obtained	 using	 a	 500	MHz	 Varian	 Inova	 500	 operating	 at	 25	 °C	 for	MK-1(H2).	 A	

standard	NOESY	pulse	sequence	was	used	consisting	of	200	or	256	transients	with	either	16	or	

32	scans	in	the	f1	direction	using	a	200	ms	mixing	time,	45°	pulse	angle,	and	a	relaxation	delay	of	

1.5	sec.	A	standard	ROESYAD	pulse	sequence	was	used	consisting	of	256	transients	with	16	scans	

in	the	f1	direction	using	a	200	ms	mixing	time,	45°	pulse	angle,	and	a	relaxation	delay	of	2.0	sec.	

The	NMR	 instrument	was	 locked	onto	10%	D2O	signal.	The	resulting	spectrum	was	processed	

using	MestReNova	NMR	software	version	10.0.1	(see	Supporting	Information	for	further	details).	

The	 spectrum	 was	 referenced	 to	 the	 isooctane	 methyl	 peak	 at	 0.904	 ppm	 on	 both	 axes	 as	

previously	reported.40		The	3D	conformation	illustration	within	a	RM	interface	was	constructed	

using	 ChemDraw	 Professional	 15.0	 and	 ChemBio3D	Ultra	 12.0	 based	 on	 spectral	 parameters	

described	under	results.	

4.2.11	Dynamic	Light	Scattering	Studies	

RMs	for	DLS	studies	were	prepared	as	described	for	the	NMR	spectroscopic	studies	except	

that	distilled	deionized	(DDI)	H2O	was	used	as	the	water	pool	instead	of	D2O	and	the	0.50	M	AOT	

was	diluted	with	isooctane	after	the	RM	had	formed	to	a	final	concentration	of	0.1	M	AOT.	The	

hydrodynamic	radius	of	the	RMs	was	determined	by	DLS	measurements	performed	on	a	Malvern	

Zetasizer	Nano	ZS	instrument	(Malvern	Instruments,	Malvern,	UK).	The	DLS	cuvette	(1	cm	X	1	cm,	

glass)	was	washed	three	times	with	 isooctane	followed	by	three	washes	with	the	RM	sample.	
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Then,	 the	cuvette	was	 filled	with	1	mL	of	 the	RM	sample	and	closed	with	a	Teflon	cap.	Each	

experiment	was	 conducted	at	25	 °C	 	 and	 consisted	of	 a	700	 sec.	 sample	equilibration	period	

followed	 by	 10	measurements	 consisting	 of	 15	 scans	 each.41	 Each	 sample	 was	 measured	 in	

triplicate	and	the	radius	and	polydispersity	(PDI)	were	recorded.	The	data	were	analyzed	using	

Malvern	Zetasizer	Software	Version	7.11	and	compared	to	values	reported	 in	 literature.43	See	

Supporting	Information	for	data	and	interpretation.	

4.3	 Results	and	Discussion	

4.3.1	 1D	1H	NMR	Spectroscopic	Studies	of	Menaquinone-1	in	Organic	Solvents	

The	 synthesis	 of	 MK-1	 and	 MK-1(H2)	 provided	 material	 to	 investigate	 if	 the	 solvent	

environment	 induced	chemical	 shift	 changes.	NMR	spectra	of	MK-1	were	collected	 in	various	

organic	solvents	ranging	from	aromatic	to	non-aromatic	and	of	differing	polarity	(Figure	4.3.1).	

The	most	 drastic	 chemical	 shift	 change	 observed	 for	MK-1	was	 in	 the	 aromatic	 solvents,	 d6-

benzene	and	d5-pyridine,	compared	to	the	other	solvents	in	Figure	4.3.1.	This	is	seen	by	focusing	

on	the	chemical	shift	differences	observed	between	the	MK-1	aromatic	hydrogens,	Ha/Hb	and	

Hc/Hd.	The	chemical	shift	difference	is	nearly	one	ppm	in	d6-benzene	compared	to	0.2-0.4	ppm	

differences	 in	 the	 other	 solvents.	 The	methylene	 hydrogens,	 Hr/Hs,	 and	 the	 naphthoquinone	

methyl,	Hx,	also	shifts	in	d6-benzene	compared	to	the	other	solvents.	It	is	clear	by	examining	the	

chemical	 shift	 differences	 in	 the	 spectra	 in	 Figure	 4.3.1	 that	 MK-1	 is	 influenced	 by	 solvent	

environment	 but	 it	 remains	 unclear	 whether	 MK-1	 adopts	 different	 conformations	 in	 these	

organic	solvent	environments.	
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the	2D	NMR	data	for	MK-1(H2)	in	Figure	4.3.3,	and	the	3D	conformations	for	MK-1	and	MK-1(H2)	

are	shown	in	Figure	4.3.4.	We	used	a	semi-quantitative	approach	for	the	2D	NMR	conformational	

analysis	where	NOE/ROE	 distance	 intensities	 are	 as	 follows:	 a	 strong	 cross	 peak	 is	 ~2-3	 Å,	 a	

medium	cross	peak	is	~3-4	Å,	and	a	weak	cross	peak	is	>4	Å	distance.44	We	standardized	the	signal	

intensities	on	the	basis	of	the	intensity	of	the	Ha-Hc	cross	peak	of	MK-1	or	MK-1(H2),	which	was	

used	as	the	internal	intensity	calibrant	(the	actual	distance	is	2.5	Å,	which	indicates	a	strong	cross	

peak).	 Figure	 4.3.2	 shows	 1H-1H	 2D	NOESY	 and	 1H-1H	 2D	ROESY	NMR	 spectra	 of	MK-1	 in	 d5-

pyridine,	d3-acetonitrile	(d3-ACN),	and	d6-DMSO	(see	Figures	A4.1-9	and	Figures	A4.12-20	for	full	

2D	NMR	spectra	and	Figure	A4.22	for	ROE/NOE	correlation	traces).	These	organic	solvents	were	

chosen	because	they	differed	sufficiently	regarding	shape,	polarity,	aromatic	vs	non-aromatic,	

and	are	well	behaved	in	electrochemical	studies.	
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The	conformation	of	MK-1	in	d5-pyridine	was	determined	by	analyzing	the	1H-1H	2D	NOESY	

and	ROESY	NMR	spectra	(Figure	4.3.2A-C,	Figures	A4.1-2).	Figure	4.3.2B	shows	a	strong	NOE	cross	

peak	observed	between	hydrogens	Hr/s	and	Hz	and	a	weak	NOE	cross	peak	between	Hr/s	and	Hy	

(see	Supporting	Information	for	hydrogen	peak	assignments	of	Hz	and	Hy).	Weak	NOE/ROE	cross	

peaks	are	also	observed	between	Hx	and	Hy	(Figure	4.3.2B-C),	which	supports	a	folded-extended	

conformation	where	the	terminal	methyl	groups	orient	themselves	in	a	manner	to	fold	upward	

(C-C	bond	rotation	allows	the	methyl	groups	to	rotate	upwards)	positioning	Hy	close	enough	to	

Hx	to	observe	a	NOE/ROE	cross	peak.	The	weak	cross	peak	(same	phase	as	diagonal)	observed	

between	Hx	and	Hz	 is	 likely	due	to	TOCSY	or	chemical	exchange.	The	weak	NOE	cross	peak	 in	

Figure	3B	between	Hx-Hk	has	a	similar	intensity	as	the	NOE	cross	peak	observed	between	Hx-Hy,	

which	is	not	explained	by	a	flat-extended	conformation	(see	Figure	A4.23E	and	Table	A4.1	for	

structure	and	internuclear	distances	of	MK-1	flat-extended	conformation).	Together,	the	above	

observations	 provide	 evidence	 that	 MK-1	 adopts	 a	 conformation	 in	 d5-pyridine	 where	 the	

isoprenyl	side	chain	folds	upwards.		

Regarding	the	conformation	of	MK-1	in	d3-ACN,	Figure	4.3.2D-E	(Figure	A4.4-5)	shows	a	weak	

NOE/ROE	cross	peak	observed	between	Hx	and	Hz	and	no	cross	peak	observed	between	Hx	and	

Hy	 (the	 cross	 peak	 observed	 is	 opposite	 in	 phase	 to	 the	 diagonal	 and	 likely	 due	 to	 chemical	

exchange	or	TOCSY	exchange	where	the	latter	is	more	reasonable).	There	is	a	weak	NOE	cross	

peak	between	Hx	and	Hk	that	 is	only	visible	 in	the	spectrum	upon	zooming	 in	to	 lower	floors,	

which	is	not	consistent	with	an	extended-flat	conformation	and	is	different	from	that	observed	

in	 d5-pyridine,	 indicating	 slightly	 different	 conformations	 adopted	 between	 solvent	

environments.	However,	the	cross	peak	intensity	between	Hr/s	and	Hz	or	Hy	is	similar	to	that	in	
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d5-pyridine.	There	is	also	a	NOE/ROE	cross	peak	observed	between	Hy	and	HOD	and	between	Hy	

and	the	solvent,	d3-ACN,	and	interactions	between	MK	and	solvent	were	not	observed	in	the	2D	

NMR	spectra	of	MK-1	in	d5-pyridine	or	d6-DMSO.	Based	on	the	above	observations,	MK-1	likely	

adopts	a	folded-extended	conformation	in	d3-ACN	that	differs	slightly	from	the	folded-extended	

conformation	in	d5-pyridine.	

Finally,	the	conformation	of	MK-1	in	d6-DMSO	was	determined.	Figure	4.3.2F-G	(Figure	A4.7-

8)	shows	a	weak	NOE	cross	peak	between	Hx	and	Hk	and	a	medium	NOE/ROE	cross	peak	between	

Hx	and	Hz,	with	no	NOE/ROE	cross	peak	observed	between	Hx	and	Hy.	This	is	similar	to	the	cross	

peaks	observed	in	d3-ACN,	but	the	Hx	to	Hz	cross	peak	is	stronger	in	d6-DMSO,	indicating	slightly	

different	 conformations.	 The	 above	 observations	would	 not	 be	 explained	 by	 a	 flat-extended	

conformation	and	MK-1	likely	adopts	a	folded-extended	conformation	in	d6-DMSO	more	similar	

to	that	in	d3-ACN	than	in	d5-pyridine.			

To	 investigate	whether	 saturation	of	 the	alkene	 in	 the	 isoprenyl	 side	chain	 influences	 the	

conformation	of	MK-1(H2),	1H-1H	2D	NOESY	and	1H-1H	2D	ROESY	NMR	spectra	were	collected	in	

d5-pyridine,	d3-ACN,	and	d6-DMSO	(Figure	4.3.3).	Similar	NOE/ROE	cross	peaks	were	observed	for	

MK-1(H2)	 in	 d5-pyridine	 compared	 to	MK-1	 in	 d5-pyridine	 (Figure	 4.3.3A-C,	 Figure	 A4.12-13).	

Specifically,	a	weak	NOE/ROE	cross	peak	between	Hx	and	Hz/Hy,	a	medium	NOE/ROE	cross	peak	

between	Hx	and	Hr/s,	and	a	medium	NOE/ROE	cross	peak	between	Hr/s	and	Hy	was	observed.	There	

is	also	no	NOE/ROE	cross	peak	observed	between	Hx	and	Hl,	which	further	supports	a	folded-

extended	conformation.	This	is	suggestive	of	a	similar	conformation	for	MK-1(H2)	and	MK-1	in	d5-

pyridine,	 where	 both	 adopt	 a	 similar	 folded-extended	 conformation.	 Similar	 NOE/ROE	 cross	

peaks	were	 observed	 for	MK-1(H2)	 in	 d3-ACN	 compared	 to	MK-1	 in	 d3-ACN	 (Figure	 4.3.3D-E,	
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Figure	 A4.15-16).	 Specifically,	 the	 lack	 of	 an	 observable	 cross	 peak	 between	 Hx	 and	 Hz/Hy	

(compared	to	a	weak	NOE/ROE	cross	peak	in	the	case	of	MK-1),	a	medium	NOE/ROE	cross	peak	

between	Hx	 and	 Hr/s,	 a	medium	NOE/ROE	 cross	 peak	 between	Hr/s	 and	 Hy,	 and	 a	 very	weak	

NOE/ROE	cross	peak	between	Hx	and	Hk	was	observed.	There	 is	also	no	NOE/ROE	cross	peak	

observed	between	Hx	and	Hl.	This	is	suggestive	of	a	similar	conformation	for	MK-1(H2)	and	MK-1	

in	 d3-ACN,	where	 both	 adopt	 a	 similar	 folded-extended	 conformation.	 Comparable	NOE/ROE	

cross	 peaks	were	 observed	 for	MK-1(H2)	 in	 d6-DMSO	 compared	 to	MK-1	 in	 d6-DMSO	 (Figure	

4.3.3F-G,	Figure	A4.18-19).	For	instance,	a	medium	NOE/ROE	cross	peak	between	Hx	and	Hz/Hy,	

a	medium	NOE/ROE	cross	peak	between	Hx	to	Hr/s,	a	medium	NOE/ROE	cross	peak	between	Hr/s	

to	Hy/Hz,	a	medium	NOE/ROE	cross	peak	between	Hx	and	Hk	was	observed.	There	was	also	no	

NOE/ROE	 cross	 peak	 observed	 between	 Hx	 and	 Hl.	 This	 is	 suggestive	 of	 a	 comparable	

conformation	for	MK-1(H2)	and	MK-1	in	d6-DMSO,	where	both	adopt	a	similar	folded-extended	

conformation.	
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Considering	the	similar	trends	in	cross	peaks	and	intensities	observed	for	MK-1	and	MK-1(H2)	

in	d5-pyridine,	d3-ACN,	and	d6-DMSO,	it	appears	that	saturation	does	not	affect	the	conformation	

significantly.	 The	 subtle	 differences	 observed	 for	MK-1	 and	MK-1(H2)	 in	 the	different	 organic	

solvents	 suggests	 that	 slightly	different	 folded-extended	conformations	are	adopted	between	

each	of	the	organic	solvents,	but	MK-1	and	MK-1(H2)	have	very	similar	conformations	 in	each	

solvent.	This	 suggests	 that	 there	could	be	a	correlation	between	a	preferred	conformation	 in	

each	solvent	environment	and	that	a	simple	change	such	as	saturation	of	a	double	bond	only	

slightly	influences	this	preferred	conformation.	Overall,	these	truncated	MK	analogs	appear	to	

adopt	folded-extended	conformations	 in	organic	solution	based	on	the	2D	NMR	data	and	the	

folded-extended	 conformations	 differ	 slightly	 between	 solvent	 environments.	 However,	 it	 is	

possible	 that	 an	 equilibrium	 population	 exists	 between	 multiple	 conformations	 (e.g.,	 folded	

and/or	non-folded	 conformations).	 The	observations	 from	 the	2D	NMR	 spectroscopic	 studies	

support	 our	 first	 hypothesis	 that	 the	 most	 fundamental	 MK-1	 analogs	 adopt	 folded	

conformations	regardless	of	the	degree	of	saturation	in	their	isoprenyl	side	chain.	

	
4.3.3	 Illustrating	 Menaquinone-1	 and	 Menaquinone-1(H2)	 Conformations	 using	

Molecular	Mechanics		

To	clearly	show	illustrations	of	MK-1	and	MK-1(H2),	conformations	were	generated	based	on	

our	 interpretation	of	observed	cross	peak	 intensities	 in	 the	 1H-1H	2D	NOESY	and	ROESY	NMR	

spectral	 data	 using	 a	 semi-quantitative	 approach.	We	used	molecular	mechanics	 calculations	

(MM)	to	illustrate	and	model	these	conformations.	This	allowed	us	to	explore	the	energy	surface	

of	conformations	corresponding	to	MK-1	or	MK-1(H2)	in	either	d5-pyridine,	d3-ACN,	or	d6-DMSO	



TcR*

@?>?D<=F?@* KDC<* >I?* LJ?P>DEM* @E>E* EF@* JDCQ=@?@* E* <?EFL* KCD* E* Q=L:EM* PC<JED=LCF* ;?>X??F*

PCFKCD<E>=CFL* Y0=O:D?* dGcGdZG* #J?P=K=P* PCFKCD<E>=CFL* X?D?* O?F?DE>?@* ;A* PCFL>DE=F=FO*

=F>?DF:PM?ED* @=L>EFP?L* PCFL=L>?F>* X=>I* >I?* R!* )4%* LJ?P>DEM* @E>E* C;L?DQE>=CFL5* >I?F* ?F?DOA*

CJ>=<=[?@*>C*PEMP:ME>?*EF*?F?DOA*QEM:?*EL*X?MM*EL*JDC@:P?*D?EM=L>=P*;CF@*M?FO>IL*EF@*EFOM?LG*

0=O:D?* dGcGdG* * 4H6T* EF@* 4H6TY,RZ* PCFKCD<E>=CFL* O?F?DE>?@* :L=FO* 4400Ud* PEMP:ME>=CFL* >C*
=MM:L>DE>?* >I?* JCLL=;M?* PCFKCD<E>=CFL* PCFL=L>?F>* X=>I* >I?* T,6T,* R!* )($#+* EF@* %($#+* )4%*
LJ?P>DEM* L>:@=?L* XI?D?* PCFKCD<E>=CFL* EOD??* X=>I* C;L?DQ?@* PDCLL* J?EV* =F>?DEP>=CFL* EF@
=F>?FL=>=?LG*4H6T*#?D=?L9*Y'Z*"MM:L>DE>?L*JDCJCL?@*4H6T*PCFKCD<E>=CF*=F*@e6JAD=@=F?*@?>?D<=F?@*
KDC<*T,6T,*R!*)($#+*EF@*%($#+*)4%*LJ?P>DEM*@E>E*PDCLL*J?EV*=F>?DEP>=CFL*YeTGh*VPEMi<CM5*,W6
,A9* dGc* |Z5* Y1Z* "MM:L>DE>?L* JDCJCL?@*4H6T* PCFKCD<E>=CF* =F* @c6'3)* @?>?D<=F?@* KDC<* T,6T,* R!*
)($#+*EF@*%($#+*)4%*LJ?P>DEM*@E>E*PDCLL*J?EV*=F>?DEP>=CFL*YdhGf*VPEMi<CM5*,W6,[9*cGU*|ZG*Y3Z*
"MM:L>DE>?L* JDCJCL?@*4H6T* PCFKCD<E>=CF* =F* @f6!4#(* @?>?D<=F?@* KDC<* T,6T,* R!* )($#+* EF@*
%($#+*)4%*LJ?P>DEM*@E>E*PDCLL*J?EV*=F>?DEP>=CFL*YdgGc*VPEMi<CM5*,W6,[9*cGR*|ZG*4H6TY,RZ*#?D=?L9*
Y'TZ*"MM:L>DE>?L*JDCJCL?@*4H6TY,RZ*PCFKCD<E>=CF*=F*@e6JAD=@=F?*@?>?D<=F?@*KDC<*T,6T,*R!*)($#+*
EF@*%($#+*)4%*LJ?P>DEM*@E>E*PDCLL*J?EV*=F>?DEP>=CFL*YdRGT*VPEMi<CM5*,W6,[9*cGf*|Z5*Y1TZ*"MM:L>DE>?L*
JDCJCL?@*4H6TY,RZ*PCFKCD<E>=CF*=F*@c6'3)*@?>?D<=F?@*KDC<*T,6T,*R!*)($#+*EF@*%($#+*)4%*
LJ?P>DEM*@E>E*PDCLL*J?EV*=F>?DEP>=CFL*YdcGS*VPEMi<CM5*,W6,[9*dGS*|ZG*Y3TZ*"MM:L>DE>?L*JDCJCL?@*4H6
TY,RZ*PCFKCD<E>=CF*=F*@f6!4#(*@?>?D<=F?@*KDC<*T,6T,*R!*)($#+*EF@*%($#+*)4%*LJ?P>DEM*@E>E*
PDCLL*J?EV*=F>?DEP>=CFL*YdTGU*VPEMi<CM5*,W6,[9*cGd*|ZG*

(F?*CK*>I?*MCX*?F?DOA*PCFKCD<E>=CFL*O?F?DE>?@*KCD*4H6T*IEL*E*PCFKCD<E>=CF*Y0=O:D?*dGcGd'5*

eTGh* VPEMi<CM5* ,W6,A9* dGc* |Z* PCFL=L>?F>*X=>I* >I?* R!*)($#+i%($#+* LJ?P>DEM* JEDE<?>?DL* =F* @e6

JAD=@=F?G*'* MCX?D*?F?DOA*PCFKCD<E>=CF*KCD*4H6T*Y0=O:D?*dGcGd15*dhGf*VPEMi<CM5*,W6,[9*cGU*|Z* =L*



133	
	

consistent	with	 the	 2D	NOESY/ROESY	 spectral	 parameters	 in	 d3-ACN.	 A	 slightly	 lower	 energy	

conformation	 for	MK-1	 (Figure	 4.3.4C,	 47.3	 kcal/mol,	 Hx-Hz:	 3.2	 Å)	 is	 consistent	with	 the	 2D	

NOESY/ROESY	spectral	parameters	in	d6-DMSO.	One	of	the	low	energy	conformations	generated	

for	MK-1(H2)	has	a	conformation	(Figure	4.3.4A1,	42.1	kcal/mol,	Hx-Hz:	3.6	Å)	consistent	with	the	

NOESY/ROESY	spectral	parameters	in	d5-pyridine.	A	conformation	with	slightly	higher	energy	for	

MK-1(H2)	 (Figure	4.3.4B1,	43.0	kcal/mol,	Hx-Hz:	4.0	Å)	 is	consistent	with	the	2D	NOESY/ROESY	

spectral	parameters	in	d3-ACN.	A	lower	energy	conformation	for	MK-1(H2)	(Figure	4.3.4C1,	41.9	

kcal/mol,	Hx-Hz:	3.4	Å)	is	consistent	with	the	2D	NOESY/ROESY	spectral	parameters	in	d6-DMSO.	

All	 six	 of	 these	 conformations	 exhibit	 folding	 of	 the	 isoprenyl	 side	 chain	 upward	 out	 of	 the	

quinone	 plane	 (Figure	 4.3.4)	 and	 can	 be	 described	 as	 a	 folded-extended	 conformation.	

Conformations	for	MK-1(H2)	are	very	similar	to	that	of	MK-1	in	each	organic	solvent	environment	

examined	based	on	2D	NMR	studies.		

For	 comparison,	 conformations	 seen	 in	 Figure	 A4.23D-D1	 are	 the	 lowest	 energy	

conformations	 we	 found	 for	 MK-1	 or	 MK-1(H2),	 where	 a	 flat-extended	 conformation	 was	

subjected	to	a	MM	simulation	using	10,000	iterations	followed	by	an	energy	minimization,	which	

illustrates	that	folded	conformations	are	easily	reached	and	energetically	favorable.	In	addition	

to	the	folded	conformations	shown	in	Figure	4.3.4,	a	series	of	alternative	flat	conformations	for	

MK-1	and	MK-1(H2)	(Figure	A4.23E-E1	&	F-F1)	were	also	generated	based	on	what	is	commonly	

seen	in	life	science	textbooks	and	literature	and	then	subjected	to	energy	optimization.13,	45-46	

These	 flat-extended	 conformations	 are	 ~11-20	 kcal/mol	 higher	 than	 the	 lowest	 energy	

conformations	 of	 MK-1	 and	 MK-1(H2).	 A	 table	 of	 selected	 internuclear	 distances	 for	

conformations	seen	in	Figure	4.3.4	and	Figure	A4.23	is	shown	in	the	Supporting	Information.	
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Importantly,	 the	 folded-extended	 conformations	 for	MK-1	determined	 in	 organic	 solution	

closely	 resemble	 the	 folded	 conformation	 of	 the	 first	 isoprene	 unit	 of	MK-2	 (containing	 two	

isoprene	units),	which	we	determined	previously	in	the	same	organic	solvent	environments.38	

	
4.3.4	 Reactivity	of	Menaquinone-1	and	Menaquinone-1(H2)	in	Different	Organic	Solvents:	

Electrochemistry		

To	determine	the	effect	of	saturation	of	the	MK	isoprenyl	side	chain	on	the	quinone	redox	

potential,	we	used	cyclic	voltammetry	to	measure	the	redox	potentials	of	MK-1	and	MK-1(H2).	

Both	MK-1	and	MK-1(H2)	have	 two	 reversible	 single	electron	 redox	processes,	 the	 first	 is	 the	

quinone	 to	 semiquinone	 (Q/Q•-)	 and	 the	 second	 is	 the	 semiquinone	 to	 the	 dianion	 (Q•-/Q2-)	

(Scheme	4.3.1).	The	half-wave	potentials	for	each	redox	process	Q/Q•-	and	Q•-/Q2-	in	each	solvent	

for	MK-1	and	MK-1(H2)	are	listed	in	the	Supporting	Information	and	cyclic	voltammograms	(CVs)	

are	shown	in	Figure	4.3.5.	The	electrolyte,	tetrabutylammonium	perchlorate	(TBAP),	was	chosen	

because	of	the	excellent	solubility	in	all	organic	solvents.	Furthermore,	the	addition	of	TBAP	to	

MK-1	solutions	in	each	solvent	did	not	affect	the	observed	chemical	shifts	of	the	MK-1	hydrogens	

and	thus	no	evidence	for	ion	pairing	was	found	(see	Supporting	Information).	The	water	content	

of	 the	 solvents	 can	 affect	 the	 semiquinone	 Q•-/Q2-	 process	 as	 acidic	 protons	 influence	

hydroquinone	production,	which	results	in	potentials	that	approach	the	quinone	Q/Q•-	half-wave	

potentials	and	therefore,	we	only	compared	the	first	redox	process,	Q/Q•-	in	our	analyses.47-48	

Thus,	it	was	important	that	we	carried	out	our	electrochemical	experiments	in	anhydrous	aprotic	

organic	solvents	as	 this	 issue	 is	 then	avoided	and	organic	solvents	more	closely	 resemble	the	

native	MK	environment	within	a	cellular	membrane	compared	to	aqueous	solutions.	
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Scheme	 4.3.1.	 Illustration	 of	 the	 one	 electron	 reduction	 of	 the	 quinone	 (Q)	 of	 MK-1	 to	 the	
semiquinone	radical	anion	(Q•-)	and	the	second	one	electron	reduction	to	the	dianion	(Q2-).	
	

	
Figure	4.3.5.	Six	cyclic	voltammogram’s	(CVs)	of	2	mM	MK-1	and	MK-1(H2)	in	ACN,	DMSO,	and	
pyridine.	The	potentials	are	referenced	to	the	Fc+/Fc	couple	internal	standard	(2	mM)	determined	
in	each	solvent.	From	left	to	right,	redox	processes	are	Q•-/Q2-,	Q/Q•-,	and	Fc+/Fc.	Each	sample	
has	0.1	M	TBAP	and	was	degassed	with	argon	gas	 for	10	min	at	ambient	temperature	before	
spectra	were	recorded.	Current	sweeps	are	in	the	anodic	direction	from	-2V	to	1V	and	back	to	-
2V	vs	Ag/AgCl.	A	100	mV/s	scan	rate	was	used.	
	

As	 shown	 in	Figure	4.3.5,	 the	 ferrocene	couple,	 Fc+/Fc,	was	used	as	an	 internal	 reference	

standard	so	that	the	half-wave	potentials	are	set	to	0	V	vs	Fc+/Fc.	The	Q/Q•-	E1/2	vs	Fc+/Fc	for	MK-

1	in	ACN,	DMSO,	and	pyridine	were	measured	to	be	-1.227	(±	0.002)	V,	-1.158	(±	0.002)	V,	and	-



136	
	

1.319	(±	0.001)	V,	respectively.	The	Q/Q•-	E1/2	vs	Fc+/Fc	for	MK-1(H2)	in	ACN,	DMSO,	and	pyridine	

were	measured	to	be	-1.247	(±	0.007)	V,	-1.179	(±	0.002)	V,	and	-1.343	(±	0.001)	V,	respectively.	

The	results	for	the	Q/Q•-	E1/2	vs	Fc+/Fc	values	are	near	those	reported	for	1,4-naphthoquinone	

and	those	previously	reported	by	our	group	for	MK-2.38,	49-50	The	Q•-/Q2-	E1/2	vs	Fc+/Fc	for	MK-1	in	

ACN,	DMSO,	and	pyridine	were	measured	to	be	-1.882	(±	0.014)	V,	-1.949	(±	0.006)	V,	and	-2.037	

(±	0.005)	V,	respectively.	The	Q•-/Q2-		E1/2	vs	Fc+/Fc	for	MK-1(H2)	in	ACN,	DMSO,	and	pyridine	were	

measured	to	be	-1.912	(±	0.009)	V,	-1.9947	(±	0.0008)	V,	and	-2.109	(±	0.005)	V,	respectively.	The	

measured	 quinone	 half-wave	 redox	 potential	 differences	 in	 these	 solvents	 are	 statistically	

significant	as	they	are	distinctly	different	from	each	other	at	high	confidence	intervals	(see	Figure	

4.3.6	caption	and	Supporting	Information). 	

The	difference	 in	mV	between	 the	unsaturated	MK-1	vs.	 the	 saturated	MK-1(H2)	quinone	

redox	potential	in	each	solvent	of	the	less	variable	Q/Q•-	process	are	of	the	same	magnitude	of	

~20	mV	with	specific	values	of	20.033	(±	0.007)	mV,	21.333	(±	0.002)	mV,	and	23.917	(±	0.001)	

mV	for	ACN,	DMSO,	and	pyridine,	respectively	(Figure	4.3.6).	The	Q/Q•-	process	potentials	are	

less	variable	as	the	presence	of	acidic	protons	and/or	water	can	create	the	hydroquinone	species,	

which	results	in	the	Q•-/Q2-		process	coalesced	onto	the	first	redox	potential.	Our	previous	work	

on	MK-2	 demonstrated	 that	 the	 isoprenyl	 side	 chain	 folds	 over	 toward	 the	 naphthoquinone	

moiety	and	that	the	solvent	environment	can	influence	the	preferred	conformation.38	The	mixing	

of	molecular	orbitals	(MOs)	on	the	naphthoquinone	moiety	with	the	isoprenyl	side	chain	may	

potentially	result	in	different	energies	of	the	electrochemical	band	gap	(or	HOMO	to	LUMO	gap)	

needed	to	reduce	the	quinone	carbonyl	oxygen	to	an	anionic	oxygen	radical.	The	electrochemical	

band	gap	is	suggestive	of	the	potential	observed	or	the	energy	required	to	reduce	or	oxidize	an	
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electrochemical	process.	This	difference	in	the	band	gap	results	in	unique	half-wave	potentials	

as	energy	(E)	and	potential	difference	(V)	are	directly	proportional	as	evident	by	the	electrostatic	

equation	E	=	V*Q	where	Q	is	charge.	The	saturation	or	unsaturation	of	the	isoprenyl	side	chain	

can	therefore	potentially	influence	these	MOs	and	may	alter	the	quinone	redox	potential	in	this	

manner.	The	semiquinone	redox	potential	difference	of	~20	mV	between	MK-1	and	MK-1(H2)	

could	indicate	the	band	gap	energy	difference	between	the	saturated	and	unsaturated	double	

bond	in	the	one	unit	isoprenyl	side	chain.	However,	the	difference	of	~20	mV	is	most	likely	due	

to	an	indirect	effect	manifested	by	a	through	bond	electronic	change	by	the	isoprenyl	substituent	

on	the	quinone.	An	indirect	substituent	effect	was	used	to	explain	a	redox	potential	change	for	

an	 N-aromatic	 substituent	 on	 a	 quinone.2	 The	 conformational	 differences	 of	 MK-1	 between	

solvents	 were	 small	 and	 the	 short	 isoprenyl	 side	 chain	 has	 limited	 spatial	 reach	 toward	 the	

naphthoquinone.	If	such	an	effect	existed	between	conformation	and	redox	potential,	it	may	not	

be	 evident	 in	 the	 one	 isoprene	 unit	 system.	 However,	 suitable	 high	 level	 computational	

calculations	 should	 be	 carried	 out	 to	 characterize	 the	 HOMO-LUMO	 gap	 of	 this	 system	 and	

determine	the	exact	contributions	to	the	observed	~20	mV	difference.	
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Figure	4.3.6.	Measured	E1/2	(vs	Fc+/Fc	in	V)	of	MK-1	and	MK-1(H2)	Q/Q•-	and	Q•-/Q2-	redox	process	
versus	solvent.	Each	solvent	was	run	in	triplicate,	with	error	bars	shown	as	standard	deviations.	
Added	horizontal	 lines	show	the	distinction	between	each	solvent	 for	each	redox	process.	All	
solvent	comparisons	(ACN	vs	DMSO,	etc.)	for	each	redox	process	half-wave	potential	for	MK-1	or	
MK-1(H2)	are	statistically	different	with	Student’s	t	test	confidence	intervals	of	99.9%	(p	<	0.0001)	
except	 the	ACN	vs	DMSO	Q/Q•-	 	of	MK-1,	which	was	99.5%	 (p	<	0.0016),	 (at	 four	degrees	of	
freedom).	Comparisons	between	MK-1	vs	MK-1(H2)	half-wave	potentials	of	Q/Q•-	and	Q•-/Q2-	for	
each	solvent	were	at	the	99.9%	(p	<	0.0001)	confidence	level	except	for	ACN,	which	were	98%	(p	
<	 0.0089)	 and	 95%	 (p	 <	 0.0355),	 respectively,	 (at	 four	 degrees	 of	 freedom).	 See	 Supporting	
Information	for	data.	
 

We	also	observed	a	 trend	 in	 the	data	of	 the	potential	difference	 for	 the	Q/Q•-	process	as	

compared	by	solvent	versus	degree	of	saturation	(see	Supporting	Information).	For	both	MK-1	

and	MK-1(H2),	the	potential	difference	of	the	Q/Q•-	process	between	ACN	and	DMSO	is	69.250	

(±	0.003)	mV	and	67.950	(±	0.008)	mV,	respectively.	The	other	solvent	comparisons	also	have	

values	that	agree	with	each	other.	For	MK-1	and	MK-1(H2),	the	potential	difference	of	the	Q/Q•-	

process	 between	 DMSO	 and	 pyridine	 is	 161.050	 (±	 0.002)	 mV	 and	 163.633	 (±	 0.002)	 mV,	

respectively.	 Similarly,	 MK-1	 and	MK-1(H2)	 have	 a	 potential	 difference	 of	 the	 Q/Q•-	 process	
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between	ACN	and	pyridine	is	91.800	(±	0.003)	mV	and	95.683	(±	0.008)	mV,	respectively.	This	

conserved	 difference	 of	 the	 Q/Q•-	 half-wave	 potentials	 between	 MK-1	 vs	 MK-1(H2)	 in	 each	

solvent	may	signify	that	how	the	isoprenyl	side	chain	folds	is	truly	solvent	dependent	and/or	it	

may	also	suggest	that	the	conformation	of	the	short	isoprenyl	side	chain	(5	carbons)	of	MK-1	has	

little	effect	on	the	observed	quinone	redox	potential	in	the	one	isoprene	unit	system.	

In	summary,	both	MK-1	and	MK-1(H2)	during	the	first	electrochemical	process	producing	the	

semiquinone	 has	 the	 most	 positive	 potential	 in	 DMSO	 and	 the	 most	 negative	 potential	 in	

pyridine,	 demonstrating	 MK-1	 or	 MK-1(H2)	 is	 slightly	 more	 reducible	 in	 DMSO	 than	 ACN	 or	

pyridine.	Remarkably,	the	observation	of	a	~20	mV	change	in	quinone	Q/Q•-	E1/2	between	MK-1	

and	MK-1(H2)	supports	our	second	hypothesis	that	saturation	of	the	isoprenyl	side	chain	of	MK-

1	affects	the	observed	quinone	redox	potential.	This	is	the	first	time	this	has	been	demonstrated	

in	a	quinone/MK	system	and	the	difference	is	presumably	most	in	part	due	to	a	through	bond	

indirect	effect,	where	there	is	an	electronic	perturbation	of	the	quinone	system	upon	saturation	

of	 the	 isoprenyl	 side	 chain.	 There	 was	 not	 a	 large	 difference	 between	 the	 MK-1	 analog	

conformations	 and	 therefore	 changes	 in	 the	 observed	 redox	 potentials	 are	 not	 likely	 due	 to	

conformational	differences.	However,	a	potential	correlation	should	be	 investigated	using	the	

appropriate	 fully	 unsaturated	 and	 partially	 saturated	 MK-2	 analogs	 in	 combination	 with	

computational	methods	to	determine	if	conformational	folding	of	the	second	isoprene	unit	can	

alter	 the	 quinone	 redox	 potential	 in	 MK	 analogs	 with	 an	 unsaturated	 vs	 partially	 saturated	

isoprenyl	side	chain.	
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4.3.5	 Interaction	 of	 Langmuir	 Phospholipid	 Monolayers	 with	 Menaquinone-1	 and	

Menaquinone-1(H2)	

To	 understand	 the	 interaction	 and	 conformation	 of	 fundamental	 MK	 analogs	 within	 a	

membrane	 environment,	 we	 focused	 on	 characterizing	 the	 interaction	 of	 the	 most	 simple,	

truncated	MK	analogs,	MK-1	and	MK-1(H2),	with	model	membrane	interfaces.	Model	membrane	

systems,	 such	 as	 Langmuir	 phospholipid	 monolayers,	 liposomes,	 micelles,	 and	 RM	

microemulsions,	have	been	used	to	characterize	the	interaction	and	location	of	probe	molecules	

with	membrane-like	interfaces	(Figure	4.3.7).43,	51-59	Langmuir	phospholipid	monolayers	and	RMs	

are	 two	 complementary	 model	 membrane	 systems	 that	 together	 can	 characterize	 the	

interaction,	location,	placement,	and	conformation	of	MKs	within	a	model	membrane	interface.	

Using	 these	 two	model	membrane	 systems	 together	 allowed	us	 to	determine	whether	MK-1	

analogs	interact	with	model	membrane	interfaces	and	if	a	folded	conformation	is	adopted	within	

the	RM	model	membrane	interface.	
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Figure	4.3.7.	Schematic	diagram	of	(A)	a	Langmuir	phospholipid	monolayer	(top)	and	(B)	a	RM	
(bottom)	present	in	a	microemulsion	with	labeling	as	follows:	the	water	pool	(A),	the	Stern	layer	
(B),	 the	hydrophobic	surfactant	tails	 (C),	and	the	organic	solvent,	 isooctane	(D).	Adapted	with	
permission	 from	 J.	Org.	Chem.,	2018,	83	 (1),	pp	275–288.	Copyright	2018	American	Chemical	
Society.		
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Surface	 pressure	 compression	 isotherm	 experiments	 using	 Langmuir	 monolayers	 (Figure	

4.3.7A)	have	been	useful	in	characterizing	interactions	between	lipids	and	other	lipids,	lipids	and	

fatty	 acids38,	 60-63,	 and	 lipids	 and	 hydrophilic	 molecules.41,	 51,	 60	 During	 a	 surface	 pressure	

compression	isotherm	experiment,	condensing	and	expanding	effects	caused	by	the	presence	of	

another	lipid	(such	as	MK)	can	be	observed	and	changes	in	phase	transitions	of	the	phospholipids	

can	indicate	an	interaction	between	the	two	lipids.	To	establish	that	the	two	MK	analogs	interact	

with	 membrane	 interfaces,	 compression	 isotherms	 of	 Langmuir	 monolayers	 were	 used	 to	

characterize	 the	 interactions	 of	MK-1	 and	MK-1(H2)	with	 phospholipid	 interfaces	 of	 common	

phospholipids	 found	 in	 biological	 systems	 such	 as	 dipalmitoylphosphatidylcholine	 (DPPC)	 or	

dipalmitoylphosphatidylethanolamine	 (DPPE).64-66	 Therefore,	 surface	 pressure	 compression	

isotherms	of	Langmuir	monolayers	consisting	of	DPPC,	DPPE,	MK-1,	MK-1(H2),	or	a	mixture	of	

phospholipid	and	MK	analog	were	performed	to	determine	if	the	MK	analogs	had	any	effect	on	

the	packing	and	compressibility	of	the	phospholipids.	The	resulting	compression	isotherms	are	

shown	in	Figure	4.3.8.	The	control	monolayers	of	DPPC	and	DPPE	are	comparable	to	what	has	

been	found	in	literature.61,	67	The	DPPC	monolayers	both	show	a	characteristic	gas-liquid	phase	

transition	at	5	mN/m	and	collapse	at	55	mN/m.	The	DPPE	monolayers	also	collapsed	at	55	mN/m,	

which	aligns	well	with	literature.61,	67	
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Figure	4.3.8.	 	Compression	 isotherms	of	MK-1	and	MK-1(H2)	 films	(dashed	red	 lines),	DPPC	or	
DPPE	phospholipid	monolayers	(solid	black	lines),	or	a	50:50	mixture	of	MK-1	or	MK-1(H2)	and	
phospholipid	(dotted	blue	lines).	On	the	top	left	(A)	are	the	resulting	compression	isotherms	of	
MK-1	and	DPPC,	on	the	top	right	(B)	are	the	resulting	compression	isotherms	of	MK-1	and	DPPE,	
on	the	bottom	left	(C)	are	the	resulting	compression	isotherms	of	MK-1(H2)	and	DPPC,	and	on	the	
bottom	right	(D)	are	the	resulting	compression	isotherms	of	MK-1(H2)	and	DPPE.	
 

The	MK-1	and	MK-1(H2)	pure	films	were	compressed	in	the	same	manner	as	the	phospholipid	

films.	Both	MK-1	and	MK-1(H2)	monolayers	did	not	reach	a	pressure	above	20	mN/m	similar	to	

findings	reported	for	ubiquinone-10	(UQ-10)	and	plastoquinone.61-62,	68	The	films	were	not	able	

to	reach	a	high	pressure	similar	to	other	lipoquinones,	suggesting	that	the	MK	films	were	either	

slightly	soluble	in	the	sub	phase	(similar	to	UQ-261)	as	the	pressure	was	increased	or	aggregation	

was	occurring,	which	has	been	 shown	 for	 lipoquinones	with	 longer	 isoprenyl	 side	 chains.61-62	

Most	likely,	the	MK-1	analogs	are	aggregating	as	neither	analog	was	soluble	in	D2O	(see	solution	

1D	NMR	studies	section).	
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When	the	MK’s	are	mixed	with	DPPC	or	DPPE	phospholipids,	differences	in	phase	transitions	

and	 compression	moduli	 indicate	 that	 an	 interaction	with	 the	MK	analogs	 and	phospholipids	

occurred.	First	of	which,	the	gas	to	liquid	phase	transition	for	DPPC	is	non-existent	when	either	

MK-1	or	MK-1(H2)	is	present.	This	suggests	a	condensing	effect	at	low	pressures.	Within	all	the	

compression	isotherms	of	the	mixed	monolayers,	a	change	in	slope	occurs	at	about	20	mN/m	

[similar	to	collapse	pressure	of	MK-1	and	MK-1(H2)],	which	follows	the	pattern	in	literature	with	

the	MK	analogs	being	compressed	out	of	the	monolayer	to	the	top	of	the	monolayer	similar	to	

UQ.61-62	 To	determine	 if	 the	MK-1	analogs	 still	 affected	 the	phospholipid	monolayers	even	at	

higher	 surface	 pressures,	 the	 compression	 moduli	 of	 each	 curve	 were	 compared	 in	 the	

Supporting	 Information	 (see	 Supporting	 Information	 for	 compression	 moduli	 data	 and	

interpretation).	In	each	case,	the	mixed	monolayer	exhibited	a	decrease	in	compression	modulus	

(easier	 to	 compress)	 than	 the	pure	phospholipid	monolayers,	 indicating	 that	 the	MK	analogs	

affect	 the	 phospholipid	 monolayer	 throughout	 compression	 even	 at	 physiologically	 relevant	

surface	pressures	(~30-35	mN/m).69		

Overall,	the	MK	analogs	do	not	form	stable	monolayers	at	high	pressures	(above	20	mM/m),	

have	a	 compressing	effect	on	 the	phospholipid	monolayers,	 and	at	higher	pressures,	 the	MK	

analogs	most	likely	are	compressed	out	of	the	monolayer	onto	the	phospholipid	tails	similar	to	

previously	reported	 lipoquinones	with	 longer	 isoprenyl	side	chains.38,	61-62,	68	 It	 is	 important	to	

note	that	the	Langmuir	phospholipid	monolayer	studies	do	not	provide	evidence	for	a	folded	MK	

conformation	due	to	the	nature	of	the	experiment;	however,	they	do	demonstrate	that	MK-1	

and	MK-1(H2)	 interact	with	the	phospholipid	model	membrane	interface	even	at	physiological	
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surface	 pressures	 similarly	 to	 other	 quinones	 and	 there	was	 not	 a	 large	 difference	 observed	

between	the	unsaturated	and	saturated	MK-1	analog.38,	61-62,	68		

	
4.3.6	 1D	 1H	NMR	Spectroscopic	 Studies	of	Menaquinone-1	and	Menaquinone-1(H2)	 in	

Reverse	Micelles	

The	studies	carried	out	using	Langmuir	phospholipid	monolayers	established	that	 the	 two	

MKs	 interacted	 with	 the	 phospholipid	 interface.	 However,	 the	 placement,	 orientation,	 and	

conformation	 of	 the	MK-1	 analogs	within	 an	 interface	was	 still	 uncertain.	 Therefore,	 to	 fully	

characterize	the	location,	orientation,	and	conformation	of	the	MKs	within	a	model	membrane	

interface,	 we	 used	 RMs	 (Figure	 4.3.7B),	 which	 are	 a	 ternary	microemulsion	 system	 in	which	

surfactant	is	dissolved	in	an	organic	solvent	and	the	addition	of	water	creates	nano-sized	water	

droplets	encased	in	surfactant.43,	54-56,	70-71	MK-1	or	MK-1(H2)	were	placed	in	RMs	of	various	sizes	

(w0	4,	8,	12,	16,	20;	where	w0	=	[H2O]/[AOT])	and	then	1D	1H	NMR	spectra	were	obtained	for	each	

RM	size	as	well	as	a	spectrum	in	isooctane	(2,2,4-trimethylpentane),	Figure	4.3.9.	
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Figure	4.3.9.		1D	1H	NMR	(400	MHz)	spectra	of	(A)	MK-1	and	(B)	MK-1(H2)	aromatic	hydrogens	
Ha,	Hb,	Hc,	and	Hd	in	different	sized	RMs	(w0	4,	8,	12,	16,	and	20).	MK-1	or	MK-1(H2)	in	isooctane	
is	used	as	a	comparison	reference	spectrum	and	w0	12	Empty	is	a	control	spectrum	where	MK-1	
or	MK-1(H2)	is	absent.	Peaks	are	labeled	with	corresponding	hydrogens	for	MK-1	and	MK-1(H2)	
(refer	to	Figure	4.3.2	and	Figure	4.3.3	for	hydrogen	labelling	scheme	key).	Hydrogens,	Ha,	Hb,	Hc,	
and	Hd,	undergo	a	shift	upon	insertion	into	the	RMs	for	both	MKs.	

The	chemical	shift	difference	between	MK-1	aromatic	hydrogens,	Ha/Hb	and	Hc/Hd,	is	greater	

with	a	value	of	0.55	ppm	in	isooctane	versus	that	of	MK-1	in	w0	20	=	0.47	ppm	or	w0	4	=	0.45	ppm	

RMs,	 which	 is	 diagnostic	 of	 a	 change	 in	 the	 environment	 surrounding	 MK-1	 (Figure	 4.3.9).	

Similarly,	the	chemical	shift	difference	between	MK-1(H2)	aromatic	hydrogens,	Ha/Hb	and	Hc/Hd,	

is	greater	with	a	value	of	0.56	ppm	in	isooctane	versus	that	of	MK-1(H2)	in	w0	20	=	0.47	ppm	or	

w0	 4	=	0.45	ppm	RMs	 (Figure	4.3.9).	 The	 loss	of	 splitting	 (peak	broadening)	observed	 for	 the	

aromatic	hydrogens	as	the	RM	size	decreases	is	attributed	to	the	reduced	ability	of	MK-1	or	MK-

1(H2)	to	tumble	freely	within	the	RM	interface.	We	were	unable	to	obtain	a	spectrum	in	D2O	as	

neither	MK	was	soluble	even	after	extended	sonication	due	to	the	hydrophobicity	of	the	two	MK	

analogs	and	it	is	not	likely	that	either	of	the	MKs	are	in	the	water	pool	due	to	the	very	poor	water	

solubility	of	these	compounds.	Together,	the	results	demonstrated	that	there	was	a	significant	

chemical	shift	difference	between	the	aromatic	hydrogens	in	isooctane	vs.	the	RMs	for	both	MK-
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1	analogs.	Therefore,	it	can	be	concluded	that	neither	of	the	MK-1	analogs	are	interacting	with	

the	isooctane	and	are	either	residing	at	the	RM	interface	or	within	the	AOT	hydrophobic	alkyl	tail	

region.	 Furthermore,	 dynamic	 Light	 Scattering	 (DLS)	 experiments	 were	 carried	 out	 and	

demonstrated	that	inserting	MK-1	or	MK-1(H2)	into	the	RM	does	not	alter	the	size	of	the	RM	nor	

destroy	 the	 RMs	 once	 inside	 and	 are	 stable	 over	 the	 time	 course	 of	 NMR	 experiments	 (see	

Supporting	 Information).	Overall,	we	concluded	that	MK-1	and	MK-1(H2)	 interacted	with	RMs	

and	resided	within	the	RM	model	membrane	interface.	

	
4.3.7	 1H-1H	2D	NOESY	and	1H-1H	2D	ROESY	NMR	Spectroscopic	Studies	of	Menaquinone-

1	and	Menaquinone-1(H2)	in	a	Reverse	Micelle	Model	Membrane	System	

The	1D	1H	NMR	spectra	of	MK-1	and	MK-1(H2)	demonstrated	that	MK-1	analogs	reside	within	

the	 interface	of	 RMs.	However,	more	 information	was	 needed	 to	 determine	 the	orientation,	

position,	and	conformation	while	residing	inside	the	RM	interface.	MK-1	was	placed	inside	a	w0	

12	RM	and	 1H-1H	2D	NOESY	and	 1H-1H	2D	ROESY	NMR	spectra	were	obtained	 (Figure	4.3.10,	

Figure	 4.3.11,	 and	 Figures	 A4.10-11).	 NOE/ROE	 cross	 peaks	 between	MK-1	 and	 AOT	 provide	

evidence	for	the	location,	orientation,	and	conformation	within	the	RM	interface.		
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4.3.13.	The	phase	of	the	MK-1	to	MK-1	cross	peaks	observed	 in	the	NOESY	spectrum	(Figures	

4.3.10-11)	 within	 the	 RM	 interface	 are	 opposite	 phase	 of	 the	 diagonal,	 indicating	 MK-1	 is	

behaving	as	a	small	molecule	within	the	RM	interface	and	likely	tumbling	freely	but	maintaining	

interactions	with	the	AOT	regions	shown	in	Figure	4.3.12.	

	
Figure	4.3.12:	Illustration	of	the	placement	and	proposed	conformation	of	MK-1	inside	the	RM	
interface.	This	arrangement	 is	consistent	with	the	 1H-1H	2D	NOESY	and	1H-1H	2D	ROESY	NMR	
spectral	data	obtained	in	a	w0	12	RM.	However,	MK-1	likely	tumbles	freely	within	the	interface	
but	 maintains	 interactions	 with	 the	 region	 of	 AOT	 shown	 in	 the	 illustration.	 AOT	 hydrogen	
labelling	scheme	key	is	shown.	
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Figure	 4.3.13:	 Proposed	 conformation	 of	 MK-1	 at	 an	 RM	 interface	 illustrated	 using	 Merck	
Molecular	Force	Field	94	(MMFF94)	calculations	that	is	consistent	with	1H-1H	2D	NOESY	and	1H-
1H	2D	ROESY	NMR	spectral	data.	(A)	Side	view	of	energy	minimized	folded	MK-1	conformation	
(50.3	kcal/mol,	and	 internuclear	distance	Hx-Hz:	2.8	Å).	 (B)	Top	view	of	 the	energy	minimized	
proposed	MK-1	conformation	showing	the	isoprene	methyl	groups	positioned	folded	upwards.	

To	determine	if	saturation	of	the	isoprenyl	side	chain	affects	location	and	orientation	within	

the	RM	interface,	the	same	experiment	was	carried	out	with	MK-1(H2)	(Figure	A4.21).	NOE	cross	

peaks	are	observed	between	MK-1(H2)	aromatic	hydrogens,	Ha,	Hb,	Hc,	and	Hd,	and	AOT’s	CH2	and	

CH3	 alkyl	 tail	 groups	 (Figure	 A4.21).	 NOE	 cross	 peaks	 are	 observed	 between	 methylene	

hydrogens,	Hr/Hs,	and	HOD,	H1/H1’,	H3/H3’,	and	H4/H4’.	NOE	cross	peaks	are	observed	between	

the	naphthoquinone	methyl,	Hx,	and	HOD,	H1/H1’,	H3/H3’,	and	H4/H4’	(Figure	A4.21).	The	AOT	

and	isooctane	hydrogens	overlapped	with	MK-1(H2)’s	terminal	methyl	hydrogens,	Hz	and	Hy,	and	

the	 methine	 hydrogen,	 Hl,	 signals	 in	 the	 spectrum	 for	 MK-1(H2)	 within	 the	 RM	 interface;	

therefore,	we	were	unable	to	determine	the	conformation	of	MK-1(H2)	within	the	interface	with	

confidence.	Despite	this,	we	would	anticipate	that	MK-1(H2)	adopts	a	similar	folded	conformation	

as	MK-1	within	the	RM	interface	based	on	similar	interactions	observed	in	the	1D	and	2D	NMR	

experiments	 carried	 out	 for	MK-1.	 Together,	 these	 observations	 demonstrate	 that	MK-1(H2)	
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interacted	with	the	interface	and	has	a	similar	position	and	orientation	as	MK-1,	indicating	that	

saturation	 of	 the	 isoprenyl	 side	 chain	 does	 induce	 an	 observable	 change	 in	 the	 position	 and	

orientation	within	the	RM	interface.		

Overall,	the	1H-1H	2D	NOESY	and	ROESY	NMR	spectral	data	of	MK-1	inside	a	RM	interface	is	

consistent	with	MK-1	adopting	a	folded	conformation	within	a	RM	model	membrane	interface.	

Interestingly,	 the	 conformation	 of	 MK-1	 inside	 the	 RM	 interface	 remains	 folded	 but	 differs	

slightly	from	the	folded	conformations	observed	in	organic	solution.	The	observation	that	MK-1	

adopts	 a	 folded	 conformation	 within	 the	 RM	 model	 membrane	 interface	 is	 important	 as	

understanding	the	conformational	preferences	of	the	first	isoprene	unit	of	MK	will	be	crucial	in	

determining	 and	 understanding	 conformations	 of	 the	 naturally	 occurring	 longer	MK	 analogs	

within	cellular	membranes.			

	
4.4	 Summary	and	Conclusions	

Lipoquinones	such	as	MK,	are	special	types	of	lipid-quinones	and	are	essential	components	

of	the	ETS.	Partial	saturation	of	MK	in	these	biological	systems	is	necessary	for	some	organisms	

to	survive	such	as	pathogenic	M.	tuberculosis.8-9,	12	The	rationale	for	the	observation	of	partially	

saturated	 MK	 derivatives	 in	 various	 organisms	 remains	 unclear	 and	 may	 be	 responsible	 for	

proper	 recognition	 by	 respiratory	 enzymes	 within	 the	 ETS	 or	 may	 affect	 electron	 transfer	

efficiency	within	the	ETS.	It	is	intriguing	as	the	double	bonds	present	in	the	isoprenyl	side	chain	

of	MK	are	not	conjugated	with	each	other	nor	to	the	redox	active	quinone	system	and	therefore	

would	not	be	expected	to	affect	the	redox	potential.	Interestingly,	we	showed	in	chapter	three	

that	MK-2	adopts	a	folded	conformation	where	the	double	bond	in	the	second	isoprene	unit	lies	
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in	close	proximity	to	the	quinone	carbonyl	groups	on	the	naphthoquinone	and	may	potentially	

have	an	influence	on	the	reactivity	of	the	quinone.38	The	studies	described	in	this	chapter	help	to	

further	understand	the	chemical,	conformational,	and	biochemical	properties	on	an	important	

class	 of	 quinone	 containing	 compounds	 involved	 in	 electron	 transfer	 processes.	 The	 partially	

saturated	MKs	represent	an	unrecognized	group	of	biologically	significant	molecules	essential	for	

pathogenic	taxonomic	classification.		

In	 this	 chapter,	 we	 first	 demonstrated	 using	 a	 semi-quantitative	 2D	 NMR	 spectroscopy	

approach	that	the	two	simplest	most	fundamental	MK	analogs,	unsaturated	MK-1	and	saturated	

MK-1(H2),	adopt	similar	folded-extended	conformations	in	each	organic	solvent	but	differ	slightly	

between	each	organic	solvent	environment.	We	also	observed	that	the	degree	of	saturation	in	

the	 isoprenyl	 side	 chain	 of	 MK-1	 only	 slightly	 alters	 the	 conformation.	 Importantly,	 the	

conformations	observed	for	MK-1	closely	resembled	the	conformation	of	the	first	isoprene	unit	

in	MK-2,	which	we	previously	showed	adopted	 folded	conformations	 in	solution	and	within	a	

model	membrane	 interface.38	 Together,	 these	 results	 support	 the	 first	 hypothesis	 that	MK-1	

analogs	adopt	folded	conformations	regardless	of	the	degree	of	saturation	in	their	isoprenyl	side	

chain	

The	quinone	redox	potentials	of	MK-1	and	MK-1(H2)	were	measured	 in	various	anhydrous	

organic	solvent	environments.	The	organic	solvent	environments	studied	more	closely	resemble	

the	environment	of	the	cellular	membrane	where	native	MKs	are	 located	and	serve	as	better	

comparisons	 for	 biological	 reactivity	 than	 those	 carried	 out	 in	 aqueous	 solutions.	 We	

demonstrated	that	the	measured	quinone	redox	potentials	of	MK-1	and	MK-1(H2)	varied	with	

the	solvent	environment	(presumably	due	to	differences	in	dielectric	constants)	where	the	ease	
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of	 quinone	 reduction	 for	 the	 Q/Q•-	 process	 follows	 the	 trend:	 DMSO	 >	 ACN	 >	 pyridine.	

Remarkably,	we	report	for	the	first	time	that	the	degree	of	saturation	in	the	isoprenyl	side	chain	

of	MK-1	influences	the	observed	quinone	redox	potential,	where	unsaturation	in	the	isoprenyl	

side	chain	of	MK-1	makes	the	quinone	easier	to	reduce	by	~20	mV	and	the	difference	is	conserved	

across	several	organic	 solvents	 (pyridine,	ACN,	DMSO).	The	observed	~20	mV	redox	potential	

difference	is	presumably	due	mostly	in	part	by	a	perturbation	of	the	electronics	of	the	quinone	

system	upon	saturation	of	the	double	bond	by	an	indirect	through	bond	effect.	The	observation	

of	a	20	mV	difference	in	the	redox	potential	between	the	two	MK-1	derivatives	with	a	saturated	

and	unsaturated	isoprenyl	side	chain	observed	in	three	different	solvents	is	unexpected	and	may	

reflect	 some	 important	 general	 reactivity	pattern	of	 this	 system.	We	 speculate	 that	 if	 such	a	

difference	is	also	observed	for	the	MKs	with	longer	isoprenyl	side	chains	that	it	may	reflect	the	

biological	function	of	these	molecules	and	provide	evidence	for	the	possibility	that	such	a	small	

difference	in	redox	potential	may	be	biologically	significant.	However,	in	the	simple	MK-1	system	

containing	one	isoprene	unit,	the	side	chain	may	not	have	the	spatial	reach	needed	present	in	

the	 MK-9	 system	 and	 therefore,	 more	 data	 is	 needed	 to	 properly	 evaluate	 the	 longer	 MK	

derivatives.	The	consistent	redox	potential	difference	observed	is	small	in	magnitude	but	may	be	

relevant	in	a	biological	context.	The	electrochemical	results	confirm	our	second	hypothesis	that	

saturation	of	the	isoprenyl	side	chain	of	MK-1	affects	the	observed	quinone	redox	potential.		

Finally,	combining	results,	MK-1	and	MK-1(H2)	both	interacted	with	Langmuir	phospholipid	

monolayers	and	RM	model	membrane	 interfaces,	where	MK-1	and	MK-1(H2)	had	very	similar	

interactions	with	 the	 Langmuir	phospholipid	monolayers	 (DPPC	and	DPPE	phospholipids)	 and	

similar	placement	and	location	within	the	RM	interface.	Importantly,	MK-1	also	adopted	a	folded	
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conformation	within	the	RM	model	membrane	interface	further	supporting	our	first	hypothesis.	

The	results	combined	from	all	the	conformational	analysis	studies	presented	in	this	chapter	for	

MK-1	 and	MK-1(H2)	 indicated	 a	 folded-extended	 conformation	 to	 be	 a	 favorable	 and	 stable	

conformation	for	MK-1	analogs.	All	together,	these	results	are	significant	as	the	conformation	

and	reactivity	of	these	MKs	in	organic	solution	and	model	membrane	interfaces	provides	a	first	

prediction/consideration	 of	 the	 form	 that	 exists	 within	 the	 native	 hydrophobic	 cellular	

membrane	interface.	

Overall,	 the	 findings	 of	 the	 studies	 presented	herein	 help	 to	 further	 understand	how	 the	

conformation	and	the	degree	of	saturation	in	the	isoprenyl	side	chain	affects	the	reactivity	and	

function	of	biologically	relevant	molecules.	The	elucidation	of	MK-1	and	MK-1(H2)	conformation	

in	solution	and	at	a	model	membrane	interface	is	essential	and	necessary	as	understanding	the	

conformational	preferences	of	the	first	isoprene	unit	of	MK	is	useful	for	predicting	conformations	

of	 the	 naturally	 occurring	 longer	 MK	 analogs	 within	 solution	 and	 cellular	 membranes.	 We	

observed	 that	 partial	 saturation	 in	 the	 isoprenyl	 side	 chain	 only	 minimally	 alters	 the	

conformation	of	MK-1	but	may	potentially	affect	the	recognition,	reactivity,	and	function	within	

biologically	relevant	environments	because	a	difference	in	the	redox	potential	is	observed.	MK	

analogs	 with	 longer	 isoprenyl	 side	 chains	 (e.g.,	 MK-9)	 may	 also	 adopt	 folded	 conformations	

although	much	more	complex.	Saturation	of	the	double	bond	 in	the	first	 isoprene	unit	of	 the	

isoprenyl	side	chain	serves	to	only	minimally	alter	the	preferred	conformation	although	distinctly	

affecting	the	redox	function.	The	results	of	the	studies	in	this	chapter	provide	a	working	model	

involving	the	role	of	structure	and	redox	potential	that	explains	why	partial	saturation	of	MK	is	



156	

observed	in	pathogenic	M.	tuberculosis,	which	is	responsible	for	the	deaths	of	~1.3	million	people	

annually.8-9,	72	
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Chapter	5:	Hydrophobicity	May	Enhance	Membrane	Affinity	and	Anti-

Cancer	Effects	of	Schiff	Base	Vanadium(V)	Catecholate	Complexes1

5.1	 Hydrophobic	and	Redox-Active	Vanadium(V)	Catecholate	Complexes	

Medicinal	applications	of	metal	complexes	in	the	past	has	been	dominated	by	the	anti-cancer	

platinum	 drugs,	 as	 well	 as	 a	 range	 of	 complexes	 used	 for	 imaging	 diagnostics	 and	 nuclear	

medicinal	 applications.1-8	However,	 several	 additional	metal-based	 classes	of	 complexes	have	

been	of	interest	for	decades	and	are	increasing	in	importance.	Vitamins	and	nutritional	additives	

often	include	metal-ion	containing	supplements.9-13	The	large	number	of	different	formulations	

for	iron	and	vanadium	are	testament	to	the	existence	of	a	range	of	methodologies	that	can	be	

applied	 to	 increase	 the	 efficacy	 of	 absorption.14	 Furthermore,	 Lipinski’s	 rules15	 based	 on	 an	

empirical	and	statistical	evaluation	of	efficacy	suggest	that	statistically	successful	drugs	are	of	

certain	size,	hydrophobicity,	polarity,	or	reactivity,	which	thus	limits	the	chemical	space	to	search	

for	available	drugs.	However,	some	of	the	more	successful	drugs	do	not	follow	these	empirical	

rules,	such	as	cisplatin;	therefore,	drug	and	supplement	design	continues	to	include	the	entire	

chemical	 space.	 For	 example,	 recent	 investigations	 have	 introduced	 promising	 hydrophobic	

titanium	 and	 vanadium	 drugs.16-20	 The	 water	 solubility	 of	 these	 compounds	 and	 other	

hydrophobic	drugs	 is	very	 limited,	and	as	a	 result,	 the	methods	 for	 in	vivo	 studies	with	 these	

compounds	involve	dissolving	the	compounds	in	methanol,	ethanol,	or	DMSO	or	dissolution	in	

assays	containing	surfactants	and/or	DMSO.	In	this	chapter,	we	examine	the	solubility,	stability,	
1This chapter was reproduced by permission of The Royal Society of Chemistry and is published 
in Dalton Transactions.1
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and	interactions	of	representative	hydrophobic	metal	complexes	(Figure	5.1.1)	and	free	ligand	

H2shed	with	a	model	membrane	interface	and	their	anti-cancer	effects.	

	
Figure	 5.1.1.	 	 The	 structures	 are	 labelled	 as	 follows:	 (a)	 H2cat;	 (b)	 H2dtb;	 (c)	 H2shed,	 (d)	
[V(O)2(Hshed)],	 (e)	 [VO(Hshed)(cat)],	 (f)	 [VO(Hshed)dtb],	 (g)	Example	of	a	hydrolytically	 stable	
titanium	complex,21	(h)	Example	of	a	hydrolytically	stable	vanadium	complex,22	and	(i)	AOT.	
	

Identification	 of	 inhibitors	 for	 signal	 transduction	 remains	 an	 important	 target	 in	 drug	

discovery.	 Phosphatase	 inhibitors	 that	 are	 particularly	 potent,	 or	 effective	 in	 animal	 studies,	

include	 a	 series	 of	 titanium,	 vanadium,	 and	 zinc	 coordination	 complexes.18,	 23-27	 In	 several	

studies,21-22,	28-29	series	of	compounds	were	tested,	and	a	correlation	with	hydrophobicity	and	

stability	with	potency	was	highlighted,	 for	example,	see	a	 representative	compound	 in	Figure	

5.1.1g.21	 The	 Tshuva	 group	 used	 this	 approach	 with	 vanadium	 compounds	 and	 prepared	 a	

hydrophobic	vanadium	complex	(Figure	5.1.1h),	which	was	found	to	have	anti-cancer	properties	

as	well.22	The	high	hydrophobicity	of	these	compounds	tend	to	protect	the	complexes	against	

initial	hydrolysis	making	them	more	likely	to	penetrate	membranes	and	extend	their	lifetime	and	

get	 into	 cells	 intact.	 An	 example	 of	 such	 a	 compound	 is	 shown	 in	 Figure	 5.1.1h;	 a	 vanadium	

complex	that	was	more	effective	in	growth	inhibition	than	cisplatin	of	human	colon	HT-29	and	
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ovarian	 OVCAR-3	 cells.22	 Studies	 using	 data	 mining	 of	 vanadium-containing	 phosphatase	

complexes27	and	synchrotron	studies	indicate	most	vanadium	complexes	lose	their	ligands	when	

binding	to	phosphatases27	or	transferrin,	30	in	blood,	and	in	cell	medium.31-38	In	contrast,	these	

same	 complexes	 interact	with	 human	 serum	 albumin	 and	 in	 some	 cases	 can	 form	 a	 protein	

adduct	that	maintains	the	 ligands.37,	39-40	 It	 is	possible	that	complexes	containing	hydrophobic	

ligands	with	steric	hindrance	preventing	substitution	reactions	may	enable	uptake	of	the	intact	

complex	and	delivery	to	the	cellular	target	and	thus	be	a	particularly	potent	cytotoxin	to	breast	

and	pancreatic	cancer	cells.41	

To	explore	how	these	hydrophobic	complexes	will	 interact	with	membrane	 interfaces,	we	

have	 investigated	 the	 behavior	 of	 V(V)	 complexes	 with	 an	 ideal	 representation	 of	 a	 simple	

microemulsion	ternary	model	membrane	system	shown	in	Figure	5.1.2.42-43	The	reverse	micelle	

(RM)	 is	 a	 ternary	 system,	 H2O/AOT/organic	 solvent,	 where	 AOT	 =	 sodium	 bis[2-

ethylhexyl]sulfosuccinate,	is	used	as	a	simple	but	effective	model	system	to	explore	the	ability	of	

these	hydrophobic	coordination	complexes	to	penetrate	the	interface,	Figure	5.1.2.	These	self-

assembled	 structures	 form	 in	 a	 region	 of	 the	 phase	 diagram	 where	 there	 is	 little	 H2O,	 but	

significant	amounts	of	surfactant	and	organic	solvent.44-48	The	interface	system	is	dynamic,	but	

the	 overall	 stability	 of	 the	 system	 is	 governed	 by	 thermodynamic	 considerations	 rather	 than	

kinetic	ones	and,	thus,	the	most	thermodynamically	stable	arrangements	are	preserved.	In	the	

past,	 we	 have	 used	 mainly	 iso-octane	 or	 cyclohexane	 (or	 d16-cyclohexane)	 as	 the	 organic	

solvent49,	but	others	have	used	pentane,	benzene,	chloroform,	and	carbon	tetrachloride.50	The	

microemulsion	 forms	 RMs,	 but	 the	 interfacial	 chemistry	 enables	 studies	 of	 how	 such	 metal	

complexes	will	transverse	interfaces51-52	and	NMR	spectroscopy	provides	evidence	on	whether	
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the	 complexes	 decompose	 and	where	 they	 interact	with	 the	 interfaces	 in	 this	 simple	model	

system.	

	
Figure	5.1.2.		Schematic	diagram	of	an	RM	present	in	a	microemulsion.	The	four	distinct	locations	
for	 potential	 solutes	 are	 labelled	 as	 follows:	 (a)	 the	 water	 pool,	 (b)	 the	 Stern	 layer,	 (c)	 the	
surfactant	hydrophobic	layer,	and	(d)	the	organic	solvent	layer,	iso-octane.	
	

Studies	with	 the	BMOV/[VO2(ma)2]-	 system53	 and	 the	V-dipic	 systems	have	demonstrated	

remarkable	differences	in	how	even	simple	compounds	interact	with	model	membrane	systems.	

The	BMOV/[VO2(ma)2]-	compounds	hydrolyze	as	they	approach	the	interface,53	whereas	the	V-

dipic	 complexes	 react	 differently	 depending	 on	 the	 oxidation	 state.54	 The	 V(V)	 complex	

[VO2dipic]-	is	able	to	penetrate	the	interface,	whereas	the	V(III)	complex	[V(dipic)2]-	is	found	in	

the	water	pool	associating	with	the	interface.54	The	V(IV)-dipic	system	can	form	two	complexes,	
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a	neutral	1:2	complex	 [VO(dipic)2]-	 that	 is	generally	prepared	upon	synthesis,	as	well	as	a	1:1	

complex	[VO(H2O)2(dipic)]-.	The	former	readily	associates	with	the	interface	partially	penetrating	

the	surface,	whereas	the	1:1	complex	 is	 interacting	further	up	 in	the	hydrophobic	part	of	 the	

interface	similarly	to	the	V(V)-dipic	complex.	These	studies	demonstrate	the	versatile	modes	of	

actions	of	these	complexes,	55-56	and	considering	that	V-complexes	are	known	to	cycle	between	

redox	states	in	the	biological	systems,	this	factor	undoubtedly	is	involved	in	the	mode	of	action	

of	the	vanadium	complexes.11,	13,	20,	55-59	Indeed,	the	redox	chemistry	of	vanadium	compounds	is	

likely	to	be	associated	with	the	generation	of	reactive	oxygen	species	(ROS),	which	have	been	

implicated	in	the	mode	of	action	of	vanadium	compounds.	This	topic	is	beyond	the	scope	of	this	

chapter	and	we	refer	the	reader	elsewhere	on	more	information	on	this	important	topic.55-56	

Using	 this	 simple	 model	 membrane	 system,	 the	 chemistry	 of	 the	 ternary	 V(V)	 complex	

[V(O)2(Hshed)]	 and	 two	 more	 hydrophobic	 analogs	 prepared	 from	 its	 complexation	 with	

catecholate	(cat)	or	di-tert-butylcatecholate	(dtb)	(Figure	5.1.1).	These	compounds	belong	to	the	

family	of	complexes	formed	from	non-innocent	ligands,	and	as	a	result,	exhibit	a	broad	spectrum	

of	redox	chemistry.60	It	is	well	known	that	V-compounds	redox	cycle	upon	administration,	and	a	

number	of	studies	have	been	done	exploring	the	details	of	these	processes.	For	the	V-catecholate	

complexes	described	in	this	chapter,	the	redox	chemistry	is	mainly	metal	centred.60	There	have	

only	been	a	few	studies	with	vanadium-catechol	complexes	exploring	their	biological	activities.61-

64	A	recent	study	demonstrated	that	these	compounds	affected	cell	growth	in	MDA-MB-231	and	

PANC-1	 cells	 with	 varying	 amounts	 of	 effectiveness.41	 Furthermore,	 a	 number	 of	 vanadium	

compounds	 have	 been	 reported	 with	 naturally	 occurring	 non-polar	 flavonoids	 including	

mechanistic	studies	probing	the	redox	chemistry	involved	in	these	processes.65	It	is,	therefore,	
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important	to	investigate	how	these	hydrophobic	complexes	interact	in	interface	model	systems	

to	explore	how	this	may	impact	their	anti-cancer	activities.		

	
5.2	 Materials	and	Methods	

5.2.1	 Chemicals,	Biochemicals,	and	General	Methods	

Most	reagents	were	used	without	further	purification	including	2,2,4-trimethyl-pentane	(iso-

octane,	Sigma-Aldrich,	≥99.0%),	deuterium	oxide	(D2O,	Cambridge	Isotope	Laboratories,	99.9%),	

Acetone	HPLC	grade,	n-pentane,	and	argon.	Sodium	bis(2-ethylhexyl)sulfosuccinate	(AOT,	Sigma-

Aldrich,	99.8%)	was	purified	using	activated	charcoal	and	methanol	to	remove	acidic	impurities	

using	a	modified	procedure	of	that	previously	reported	(see	below).11,	66-67	Salicylaldehyde	(SalA)	

was	 purified	 via	 vacuum	 distillation	 to	 remove	 impurities	 prior	 to	 synthesis.	 [V(O)2(Hshed)],	

H2shed,	 [VO(Hshed)(cat)],	 and	 [VO(Hshed)(dtb)]	 were	 prepared	 according	 to	 literature	

procedures.68-70	All	pH	measurements	were	conducted	using	a	Thermo	Orion	2	Star	pH	meter	

with	 a	 VWR	 semi-micro	 pH	 probe.71	 When	 samples	 were	 prepared	 for	 RM	 or	 D2O	 NMR	

experiments,	deuterium	oxide	was	used	instead	of	H2O	and	the	pH	was	adjusted	to	consider	the	

presence	of	deuterium	(pD	=	pH	+	0.4)	and	therefore,	we	report	values	for	both	pD	and	pH	for	

clarity.67,	72	Pre-sterilized	media	and	sterile	plastic	ware	used	in	cell	culture	were	purchased	from	

Life	 Technologies	 Australia.	 Human	 chondrosarcoma	 SW1353	 cells	 were	 purchased	 from	 the	

American	 Type	 Culture	 Collection	 (ATCC,	 Cat.	 No.	 HTB-94)	 and	 cultured	 using	 standard	

techniques73-74	 in	 Advanced	 DMEM	 (where	 DMEM	 =	 Dulbecco’s	 modified	 Eagle’s	 medium;	

Thermo	 Fischer	 Scientific,	 Cat.	 No.	 12491-015).	 Abbreviations	 are	 as	 follows:	 aot,	 bis(2-

ethylhexyl)	 sulfosuccinate	 sodium	 salt;	 cat,	 catecholate;	 dtb,	 di-tert-butylcatecholate;	 DLS,	
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dynamic	 light	 scattering;	HEPES,	 (4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic	acid;	H2shed,	

condensation	 product	 of	 salicylaldehyde	 and	 N-(2-hydroxyethyl)-1,2-ethanediamine;	 pdi,	

polydispersity	index;	SalA,	salicylaldehyde;	HyDA,	N-(2-hydroxyethyl)-1,2-ethanediamine;	CCR2,	

CC	chemokine	receptor	2;	CCL2,	CC	chemokine	ligand	2;	CCR5,	CC	chemokine	receptor	5.	

5.2.2	 Purification	of	NaAOT	

NaAOT	was	purified	by	a	slightly	modified	procedure	from	that	reported	previously.44,	75	AOT	

(60.0	g)	was	dissolved	 in	methanol	 (150	mL)	and	the	solution	was	shaken	for	a	period	of	two	

weeks	in	the	presence	of	mesh	activated	charcoal	(15.0	g).44,	75	The	suspension	was	then	vacuum	

filtered	through	a	bed	of	celite	and	then	the	methanol	was	removed,	first	via	rotary	evaporation	

under	reduced	pressure	at	room	temperature	and	then	via	high	vacuum	(~150	milliTorr)	until	

desired	dryness	was	achieved.	The	residual	water	content	ranged	from	0.019	to	0.300	waters	per	

AOT	and	was	measured	as	previously	reported	by	NMR	analysis.	

5.2.3	 Preparation	of	AOT/iso-octane	Stock	Solution	and	Reverse	Micelle	Samples	

The	750	mM	AOT/iso-octane	stock	solution	was	prepared	by	dissolving	AOT	(8.333	g,	18.80	

mmol)	 in	 iso-octane	 in	a	volumetric	flask	(25.00	mL),	diluting	to	the	mark,	and	vortexing	until	

clear.	For	all	six	probe	molecules	studied,	a	52.75	mM	stock	solution	was	used	to	prepare	RM	

containing	 suspensions.	 The	 stock	 solution	 was	 prepared	 by	 dissolving	 the	 probe	 molecule	

(0.5275	mmol)	 in	750	mM	AOT/iso-octane	stock	 in	a	volumetric	 flask	 (10.00	mL),	mixing	until	

solubilized,	and	then	diluting	to	the	mark.	The	probe	AOT/iso-octane	stock	solutions	containing	

either	vanadium	or	 the	H2shed	 ligand	were	mixed	by	hand	and	not	vortexed	 to	have	as	 little	

outside	impact	on	hydrolysis	as	possible.	Before	the	preparation	of	the	1	mL	RM	samples,	2	mL	

solutions	of	varying	concentrations	of	probe	stock	were	created	by	diluting	various	aliquots	of	
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the	52.75	mM	probe	stock	with	the	750	mM	AOT/iso-octane	stock.	Then,	the	1	mL	RM	samples	

(w0	=	6,	8,	12,	16,	and	20)	were	made	by	diluting	specific	aliquots	of	 the	2	mL	solutions	with	

various	amounts	of	D2O	(pH	=	6.6,	pD	=	7.0,	see	General	Methods	for	pH	measurements).	The	

addition	of	the	D2O	resulted	in	the	formation	of	a	white	flocculent	at	the	bottom	of	the	samples	

and,	when	 shaken,	 a	homogenous	 solution	 resulted.	 For	 the	 free	H2cat	 and	H2dtb	 ligand	RM	

samples,	NMR	studies	were	done	immediately	after	preparation	while	the	free	H2SHED	ligand,	

[V(O)2(Hshed)],	 [VO(Hshed)dtb],	 and	 [VO(Hshed)cat]	RM	samples	were	allowed	 to	equilibrate	

before	the	NMR	spectroscopic	studies	were	performed.	The	total	V-concentration	for	the	1.0	mL	

[V(O)2(Hshed)]	RM	samples	are	as	follows:	w0	20,	2.41	mM;	w0	16,	5.17	mM;	w0	12,	11.05	mM;	

w0	8,	23.53	mM;	and	w0	6,	36.72	mM.	The	overall	 concentrations	 for	 the	1.0	mL	H2shed	RM	

samples	are	as	follows:	w0	20,	2.71	mM;	w0	16,	5.65	mM;	w0	12,	11.77	mM;	w0	8,	24.48	mM;	and	

w0	6,	37.87	mM.	The	total	V-concentration	for	the	1.0	mL	[VO(Hshed)(dtb)]	RM	samples	are	as	

follows:	w0	20,	2.46	mM;	w0	16,	5.23	mM;	w0	12,	11.09	mM;	w0	8,	23.55	mM;	w0	6,	36.78	mM.	

The	total	V-concentration	for	the	1.0	mL	[VO(Hshed)(cat)]	RM	samples	are	as	follows:	w0	20,	2.41	

mM;	w0	16,	5.17	mM;	w0	12,	11.05	mM;	w0	8,	23.53	mM;	w0	6,	36.72	mM.	

5.2.4	 Stability	of	Probe	in	Aqueous	Solution	and	Reverse	Micelles	

The	 stability	 of	 the	 precursor	 complex	 [V(O)2(Hshed)],	 vanadium(V)	 catecholates	

[VO(Hshed)dtb]	 and	 [VO(Hshed)cat],	 and	 the	 free	 ligand	 H2shed	 in	 aqueous	 solution	 was	

determined	by	solution	NMR	spectroscopy.	NMR	measurements	of	the	hydrolysis	of	each	probe	

molecule	in	D2O	(pH	=	6.6,	pD	=	7.0,	see	General	Methods	for	pH	measurements)	were	done	until	

the	 probe	 molecule	 had	 reached	 equilibrium	 as	 evidenced	 by	 the	 NMR	 peak	 integrations	

changing	over	time.	Similar	equilibrium	stability	measurements	were	taken	for	each	V-compound	
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in	a	w0	=	12	RM.	Once	the	equilibrium	had	been	determined	for	each	probe	molecule	in	a	RM	

system,	complete	RM	studies	were	performed	at	the	determined	equilibrium	time	point.	

5.2.5	 1H	and	51V	NMR	Spectroscopic	Studies	on	Reverse	Micelles	

All	 51V	 solution	 NMR	 spectra	 were	 taken	 on	 a	 Varian	 400MR	 NMR	 spectrometer	 with	 a	

spectral	window	of	-700	ppm	to	700	ppm,	4096	scans,	RD	=	0.001	sec,	and	90°	pulse	angle	at	26	

°C.	The	1H	NMR	spectroscopic	experiments	on	the	RMs	were	performed	using	a	400	MHz	Varian	

iNova	NMR	spectrometer	or	a	400	MHz	MR400	spectrometer,	using	standard	parameters	at	22	

or	26	°C,	respectively.	The	1D	1H	spectra	in	CDCl3	or	d6-DMSO	were	referenced	to	the	internal	

solvent	peak	at	7.26	ppm	and	2.50	ppm,	respectively.	The	1D	1H	spectra	in	RMs	were	referenced	

to	the	iso-octane	methyl	peak	(0.904	ppm)	as	previously	reported.67	51V	solution	chemical	shifts	

in	 DMSO	 are	 determined	 relative	 to	 external	 neat	 liquid	 VOCl3	 reference	 (0.00	 ppm).76	 51V	

solution	 chemical	 shifts	 in	 D2O	 or	 RMs	 are	 measured	 relative	 to	 an	 external	 1	 M	 sodium	

metavanadate	reference	(pH	=	12)	which,	 in	aqueous	solution,	produces	two	signals	at	-535.7	

ppm	 (used	 as	 auxiliary	 reference)	 and	 -560.4	 ppm,	 relative	 to	 VOCl3.77	 Spectral	 data	 was	

processed	using	MestReNova	NMR	processing	software	version	10.0.1.	

5.2.6	 Reverse	Micelle	Sample	Preparation	for	Dynamic	Light	Scattering	(DLS)	Studies	

RMs	 for	 DLS	 studies	 were	 prepared	 in	 a	 similar	 manner	 to	 those	 used	 for	 the	 NMR	

spectroscopic	experiments	except	that	Distilled	Deionized	(DDI)	H2O	(pH	=	6.6)	was	used	as	the	

water	pool	instead	of	D2O,	and	the	0.750	M	AOT/RM	solution	was	diluted	to	a	0.1	M	AOT/RM	

solution	with	iso-octane	after	the	RMs	were	formed.	
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5.2.7	 Dynamic	Light	Scattering	(DLS)	Measurements	

The	hydrodynamic	radius	of	w0	=	12	and	w0	=	20	RMs	was	determined	by	DLS	measurements	

performed	on	a	Malvern	Zetasizer	Nano	ZS	instrument	(Malvern	Instruments,	Malvern,	UK).	The	

DLS	 cuvette	 (1	 cm	X	 1	 cm,	 glass)	was	washed	 three	 times	with	 iso-octane	 followed	by	 three	

washes	with	the	RM	sample	(prepared	at	pH	6.6).	Then,	the	cuvette	was	filled	with	1	mL	of	the	

RM	sample	and	closed	with	a	Teflon	cap.	Each	experiment	was	conducted	at	25	°C		and	consisted	

of	a	700	sec.	sample	equilibration	period	followed	by	10	measurements	each	made	of	15	scans.78	

Each	sample	was	measured	in	triplicate,	and	the	diameter	and	pdi	were	recorded	and	compared	

to	 those	 values	 in	 the	 literature.79	 The	 data	were	 analyzed	 using	Malvern	DLS	 Software.	 See	

Supplementary	Information.	

5.2.8	 Stability	Studies	by	Electronic	Absorption	Spectroscopy	

Freshly	prepared	stock	solutions	of	[VO(Hshed)(cat)]	or	[VO(Hshed)(dtbc)]	(10	mM	V-complex	

in	DMSO)	were	diluted	100-fold	either	with	DMSO	or	with	cell	culture	medium	(Advanced	DMEM,	

containing	2.0%	vol.	of	fetal	calf	serum	and	10	mM	HEPES	buffer,	pH	7.4)31.	The	spectra	in	the	

350-1200	nm	range	(resolution,	1	nm;	acquisition	rate,	600	nm	min-1)	were	acquired	on	an	Agilent	

Cary	5000	spectrometer	at	295	K.	The	corresponding	solvents	were	used	in	background	scans.	

5.2.9	 Cytotoxicity	Experiments	

Advanced	 DMEM	medium	 (Thermo	 Fisher	 Scientific	 Cat.	 No.	 12491-015,	 where	 DMEM	 =	

Dulbecco’s	modified	Eagle’s	medium)	was	supplemented	with	L-glutamine	(2.0	mM),	antibiotic-

antimycotic	 mixture	 (100	 U	 mL-1	 penicillin,	 100	 mg	 mL-1	 streptomycin	 and	 0.25	 mg	 mL-1	

amphotericin	 B)	 and	 fetal	 calf	 serum	 (FCS;	 heat-inactivated;	 2%	 vol.).	 For	 proliferation	

experiments,	cells	were	seeded	in	96-well	plates	at	an	initial	density	of	1.0´103	viable	cells	per	
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well	(counted	using	Invitrogen	Countess	device	with	trypan	blue	staining)73-74	in	100	µL	medium	

and	left	to	attach	overnight.	Freshly	prepared	10	mM	stock	solutions	in	DMSO	([VO(Hshed)(dtb)]	

or	[VO(Hshed)(cat)])	or	in	Milli-Q	H2O	(Na3VO4,	99.98%,	Aldrich	Cat.	No.	450243)	were	used	for	

cell	assays.	All	the	cell	treatments,	including	controls,	contained	0.50%	(vol.)	of	DMSO.80	Stock	

solutions	of	the	treatment	compounds	were	diluted	with	fully	supplemented	cell	culture	media	

to	 the	 required	 final	 concentrations,	 and	 the	 resultant	media	were	 either	 added	 to	 the	 cells	

within	one	minute	(fresh	solutions)	or	left	in	cell	culture	incubator	(310	K,	5%	CO2)	for	24	prior	to	

the	 cell	 treatments	 (aged	 solutions).	 For	 end-point	 viability	 assays,	 cells	were	 incubated	with	

fresh	or	aged	treatment	compounds	 for	72	h,	after	which	WST-8	reagent	 (Cell	counting	kit-8,	

Dojindo	 Molecular	 Technologies)	 or	 Alamar	 Blue	 reagent	 (Thermo	 Fisher	 Scientific	 Cat.	 No.	

DAL1025)	was	added	at	10	µL/well.	The	cells	were	then	incubated	for	further	six	hours,	and	the	

absorbance	at	450	nm	(WST-8)	or	 fluorescence	at	570/585	nm	(Alamar	Blue)	were	measured	

using	Victor	V3	multi-well	plate	reader.	For	each	treatment,	six	replicate	cell-containing	wells	and	

two	background	wells	 (containing	 all	 the	 components	 except	 cells)	were	used,	 and	 statistical	

analysis	of	the	data	was	performed	using	Origin	software.81	Preliminary	calibration	experiments	

with	WST-8	assay	have	shown	that	the	A450	values	in	the	entire	working	range	(0.25-1.5)	were	

linearly	dependent	on	the	number	of	viable	SW1353	cells	(~102-104	cells	per	well).	

5.3	 Results	and	Discussion	

5.3.1	 Synthesis	

[V(O)2(Hshed)],	 [VO(Hshed)(cat)],	 and	 [VO(Hshed)(dtb)]	 and	 free	 ligand	 H2shed	 were	

synthesized	as	previously	described	and	the	spectroscopic	data	was	found	to	be	consistent	with	
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that	 in	 literature.68-70	 The	 free	 ligand,	H2shed,	 is	 the	 condensation	product	of	 salicylaldehyde	

(SalA)	and	N-(2-hydroxyethyl)-1,2-ethanediamine	(NH2CH2CH2NHCH2CH2OH,	abbreviated	HyDA).	

5.3.2	 Solubility	of	Free	Ligands	and	V(V)	Complexes	and	Stability	of	Free	Ligand	H2shed	

and	[V(O)2(Hshed)]	in	Reverse	Micelle	Samples	

The	 three	 free	 ligands	 (Hshed	 and	 cat	 and	 dtb	 catechols)	 were	 all	 dissolved	 in	 aqueous	

solution	 and	 iso-octane.	 The	 three	 complexes,	 [V(O)2(Hshed)],	 [VO(Hshed)(cat)],	 and	

[VO(Hshed)(dtb)]	are	all	soluble	in	dimethylsulfoxide	(DMSO),	but	have	less	solubility	in	aqueous	

solution	 and	 no	measurable	 solubility	 in	 iso-octane	 (2,2,4-trimethylpentane)	 as	 confirmed	by	

NMR	spectroscopy.	All	three	complexes	had	to	be	forced	into	aqueous	solvents	such	as	D2O	via	

vortexing	and	at	that	point,	the	Schiff	base	ligand	is	subject	to	hydrolysis	as	shown	in	eq.	(1)	and	

the	[V(O)2(Hshed)]	complex	as	shown	in	eq.	(2).		

The	 stability	 of	 the	 precursor	 V(V)	 complex,	 [V(O)2(Hshed)],	 was	 measured	 in	 aqueous	

solution	prior	to	the	addition	to	the	model	membrane	RM	microemulsion	system.	We	observed	

that	the	vanadium	complexes	hydrolyzed	as	shown	in	eq.	(2)	at	a	faster	rate	in	aqueous	solution	

than	in	the	RM	mixture.	Due	to	the	presence	of	the	Schiff	base	in	the	ligand,	once	the	complex	

hydrolyzed,	 the	 ligand	 could	 continue	 to	 fragment	 into	 salicylaldehyde	 (SalA)	 and	 N-(2-

hydroxyethyl)-1,2-ethanediamine	(HyDA)	as	shown	in	eq.	(1)	below.	The	equilibrium	mixture	of	

both	the	ligand	and	[V(O)2(Hshed)]	complex	in	aqueous	solution	was	reached	as	evident	by	the	

NMR	spectra	recorded.	

Hshed-		+		H3O+	®	SalA	+	HyDA	 	 	 (1)	

2[V(O)2(Hshed)]	+	4HO-	®	2	H2VO4
-	+	2	Hshed-	 (2)	
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Once	the	equilibrium	mixture	of	H2shed	ligand	had	been	reached	in	aqueous	solution,	the	

solution	 was	 added	 to	 form	 RMs	 from	 two	 concentrations	 of	 AOT/iso-octane	 stock	 solution	

(0.200	and	0.750	M).	Since	the	highest	resolution	1H	NMR	spectra	were	obtained	using	0.750	M	

AOT	 stock	 solution,	 the	 rest	 of	 the	 studies	 were	 carried	 out	 using	 this	 stock	 solution	

concentration	(see	below).	51V	NMR	spectra	recorded	for	the	precursor	complex	[V(O)2(Hshed)]	

in	D2O	confirmed	that	it	hydrolyzed	in	aqueous	solution,	and	that	equilibrium	was	reached	by	20	

min	after	sample	preparation	(see	below).	Compared	to	the	aqueous	solution,	the	equilibrium	

reaction	was	reached	slower	 in	RMs	and	the	equilibrium	concentration	was	achieved	after	40	

min.	These	studies	provided	the	time-scale	of	the	experiments	of	the	precursor	[V(O)2(Hshed)]	

complex	sample	and	provided	guidelines	for	the	timeframe	of	the	studies	with	this	complex	as	

well	as	the	vanadium	complexes	with	the	catechol	ligands	studied,	where	the	lower	solubility	is	

problematic	and	causes	issues	with	detecting	the	V-complex.		

5.3.3	 51V	NMR	Spectra	of	the	[V(O)2(Hshed)]	Complex	

In	aqueous	solutions,	 the	equilibrium	concentration	of	 [V(O)2(Hshed)]	 is	about	60%	of	 the	

total	vanadium.	51V	NMR	spectra	of	[V(O)2(Hshed)]	in	DMSO,	D2O,	and	in	a	series	of	RMs	(w0	=	6,	

8,	12,	16	and	20	prepared	from	0.750	M	AOT/iso-octane	stock	solution)	are	given	in	Figure	5.3.1.	

Upon	placement	 into	 the	RM,	 the	stability	 ratio	was	changed	significantly	and	 the	amount	of	

[V(O)2(Hshed)]	complex	in	the	RM	environment	is	much	smaller	than	in	D2O	(H2O),	Figure	5.3.1.	

These	studies	convincingly	show	that	[V(O)2(Hshed)]	is	destabilized	by	the	RM	environment	more	

so	than	in	aqueous	solution.	Slightly	more	[V(O)2(Hshed)]	complex	was	observed	in	larger	RMs	

over	smaller	RMs.	
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Figure	5.3.1.		51V	NMR	spectra	of	[V(O)2(Hshed)]	in	D2O	and	in	a	series	of	RMs	(w0	=	6,	8,	12,	16	
and	20	prepared	form	a	in	0.750	M	AOT/iso-octane	stock	solution).	The	spectra	were	recorded	
after	equilibration	was	reached	after	20	min	for	D2O	samples	and	after	40	min	in	RM	samples.	
The	pH	for	D2O	and	RMs	was	6.6	and	the	pD	was	7.0.	The	total	V-concentration	for	the	1.0	mL	
[V(O)2(Hshed)]	RM	samples	are	as	follows:	w0	20,	2.41	mM;	w0	16,	5.17	mM;	w0	12,	11.05	mM;	
w0	8,	23.53	mM;	and	w0	6,	36.72	mM.	
	
5.3.4	 1H	NMR	Spectra	of	[V(O)2(Hshed)]	and	H2shed	

A	series	of	1H	NMR	spectroscopic	studies	in	RMs	were	carried	out	using	[V(O)2(Hshed)]	and	

the	 corresponding	 free	 ligand,	 H2shed.	 The	 RM	 studies	 with	 the	 [V(O)2(Hshed)]	 complex	

confirmed	that	the	free	H2shed	ligand	was	formed	from	hydrolysis	of	complex,	which	was	then	

followed	by	subsequent	hydrolysis	of	the	H2shed	ligand	to	SalA	and	HyDA.	The	hydrolysis	was	

confirmed	in	the	D2O	spectra	by	the	imine	hydrogen	signal	(HC=N)	at	8.81	ppm	converting	into	

an	aldehyde	hydrogen	(HC=O)	at	9.98	pm	(Figure	5.3.2).	These	peaks	are	not	present	in	the	d6-

DMSO	 spectrum	 for	 [V(O)2(Hshed)]	 (Figure	 5.3.2).	 The	 spectra	 are	 shown	 for	 RM	 sizes	w0	 8	

through	w0	 20	and	although	 the	 ligand	hydrolysis	 is	 complete,	 increased	 reactions	are	 taking	
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place	because	increasing	SalA:	[V(O)2(Hshed)]	(the	latter	measured	by	Hk)	ratio	is	observed	in	the	

spectra	as	the	RM	size	continues	to	increase	(see	spectrum	at	w0	20).	

	
Figure	5.3.2.		1H	NMR	spectra	of	[V(O)2(Hshed)]	in	D2O	and	in	a	series	of	RMs	(w0	=	8,	12,	16,	and	
20	prepared	from	0.750	M	AOT/iso-octane	stock	solution.	The	spectrum	in	D2O	was	recorded	
after	 20	 min	 and	 the	 RM	 spectra	 were	 recorded	 after	 40	 min	 once	 equilibrium	 had	 been	
established.	SalA	=	salicylaldehyde.	The	pH	for	D2O	and	RMs	was	6.6	and	the	pD	was	7.0.	The	
total	V-concentration	for	the	1.0	mL	[V(O)2(Hshed)]	RM	samples	are	as	follows:	w0	20,	2.41	mM;	
w0	16,	5.17	mM;	w0	12,	11.05	mM;	w0	8,	23.53	mM;	and	w0	6,	36.72	mM.	
	

To	further	confirm	the	formation	of	the	ligand	hydrolysis	product,	SalA,	a	study	of	the	non-

complexed	free	ligand,	H2shed,	in	a	series	of	RMs	was	carried	out	(Figure	5.3.3).	By	monitoring	

the	1H	NMR	chemical	shifts,	it	is	apparent	that	the	free	ligand	is	hydrolyzing	upon	contact	with	

the	water	pool	(Figure	5.3.3).	Formation	of	an	aldehyde	group	signal	(HC=O)	at	9.90	ppm	and	a	

decrease	 in	 the	 imine	 signal	 (HC=N)	near	8.5	ppm	readily	 shows	 the	 formation	of	one	of	 the	

starting	 materials	 of	 the	 Schiff	 base,	 SalA	 and	 almost	 complete	 conversion	 is	 seen	 after	 an	
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equilibrium	 time	 of	 45	min	 in	 D2O.	 The	 1H	 NMR	 spectra	 demonstrated	 that	 the	 equilibrium	

mixture	was	different	in	the	RMs	compared	to	the	H2shed	ligand	in	aqueous	solution,	and	that	

the	 Schiff	 base	 is	 more	 stable	 in	 the	 environment	 of	 the	 smaller	 RMs	 in	 contrast	 to	 the	

[V(O)2(Hshed)]	complex.	Combined,	these	results	show	that	the	SalA	and	the	H2shed	begin	to	

form	both	in	solutions	with	uncomplexed	free	ligand	H2shed	(Figure	5.3.3)	and	with	the	precursor	

[V(O)2(Hshed)]	complex	(Figure	5.3.2).	

	
Figure	5.3.3.		1H	NMR	spectra	of	H2shed	in	D2O	and	in	a	series	of	RMs	(w0	=	6,	8,	12,	16,	and	20	
prepared	from	0.750	M	AOT/iso-octane	stock	solution.	The	spectrum	in	D2O	was	recorded	after	
35	 min	 and	 the	 spectra	 in	 RMs	 were	 recorded	 after	 45	 min	 once	 equilibrium	 had	 been	
established.	Hydrogen	labelling	scheme	is	found	in	Figure	5.1.1.	SalA	=	salicylaldehyde.	The	pH	
for	D2O	and	RMs	was	6.6	and	the	pD	was	7.0.	The	overall	concentrations	for	the	1.0	mL	H2shed	
RM	samples	are	as	follows:	w0	20,	2.71	mM;	w0	16,	5.65	mM;	w0	12,	11.77	mM;	w0	8,	24.48	mM;	
and	w0	6,	37.87	mM.	
	

There	is	a	chemical	shift	change	observed	for	[V(O)2(Hshed)]	hydrogens	Ha,	Hb,	Hc,	Hd,	and	Hk	

upon	addition	to	the	RM,	which	showed	a	change	in	chemical	environment	and	supported	the	
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interpretation	 that	 the	 [V(O)2(Hshed)]	 complex	 penetrated	 at	 least	 partially	 into	 the	 RM	

interfacial	layer	(Figure	5.3.2).	The	free	ligand	H2shed	hydrolyzed	as	evidenced	by	a	peak	at	9.94	

ppm	in	D2O	and	at	9.89	ppm	in	w0	8	RM	(Figure	5.3.2).	There	is	a	chemical	shift	change	observed	

for	H2shed	hydrogens	Ha,	Hb,	Hc,	Hd,	and	Hk,	which	also	showed	a	change	in	chemical	environment	

and	supported	significant	interaction	of	the	H2shed	ligand	with	the	RM	interface	(Figure	5.3.3).			

	
5.3.5	 NMR	 Spectra	 of	 [VO(Hshed)(dtb)]	 in	 Aqueous	 Solution	 and	 in	 Reverse	 Micelle	

Samples	

51V	NMR	spectra	were	recorded	to	determine	if	the	[VO(Hshed)(dtb)]	complex	hydrolyzed	in	

aqueous	solution	and	within	RMs.	This	was	non-trivial	considering	the	 low	solubility	of	the	V-

complex	 in	 aqueous	 solution;	 therefore,	 these	 samples	 were	 prepared	 by	 dissolving	 the	

compound	 into	 the	AOT/iso-octane	 stock	 solution	 rather	 than	 in	 the	D2O	 stock	 solution.	 The	

equilibrium	 for	 the	 hydrolysis	 products	 was	 observed	 in	 a	 saturated	 [VO(Hshed)(dtb)]/D2O	

sample	that	was	sonicated	for	5	min,	then	vortexed	for	~1	min,	and	then	allowed	to	sit	for	60	min	

(Figure	5.3.4).	 [VO(Hshed)(dtb)]	hydrolyzed	to	form	[V(O)2(Hshed)]	 first	and	further	hydrolysis	

formed	vanadate	and	the	H2shed	 ligand	according	 to	eq.	 (3)	and	 (4).	The	sample	 in	d6-DMSO	

(Figure	5.3.4)	contained	three	signals	for	[VO(Hshed)(dtb)],	the	major	peak	signal	is	consistent	

with	 literature68	 and	 in	 addition,	 we	 also	 observed	 two	minor	 peaks,	 which	 we	 attribute	 to	

association	 and	 concentration	 phenomena.	 When	 placed	 in	 RMs,	 the	 equilibration	 was	

established	slightly	faster	in	this	system	(~50	min)	after	which	time	point	the	spectra	no	longer	

changed.	
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Figure	5.3.4.		51V	NMR	spectra	of	[VO(Hshed)(dtb)]	in	d6-DMSO,	iso-octane,	and	in	a	series	of	RMs	
(w0	=	6,	8,	12,	16,	20	prepared	from	0.750	M	AOT/iso-octane	stock	solution).	The	spectrum	in	
D2O	 was	 recorded	 after	 60	 min	 and	 the	 spectra	 in	 RMs	 was	 recorded	 after	 50	 min	 once	
equilibrium	had	been	established.	The	pH	for	D2O	and	RMs	was	6.6	and	the	pD	was	7.0.	The	total	
V-concentration	for	the	1.0	mL	[VO(Hshed)(dtb)]	RM	samples	are	as	follows:	w0	20,	2.46	mM;	w0	

16,	5.23	mM;	w0	12,	11.09	mM;	w0	8,	23.55	mM;	w0	6,	36.78	mM.		
	

[VO(Hshed)(dtb)]	+	H2O	®	[V(O)2(Hshed)]+H2dtb	 (3)	

[V(O)2(Hshed)]+3H2O	®	SalA+HyDAH++H2VO4
-	 (4)	

	
The	51V	NMR	spectra	recorded	for	[VO(Hshed)(dtb)]	in	d6-DMSO,	D2O,	and	in	RMs	(RMs	(w0	=	

6,	8,	12,	16,	and	20)	are	shown	in	Figure	5.3.4.	The	spectrum	in	d6-DMSO	shows	three	signals	(see	

above).	No	complex	 is	observed	 in	the	D2O	spectrum	documenting	that	this	compound	 is	not	

soluble	but	does	form	vanadate	oligomers	when	attempting	to	dissolve	the	material.	In	the	RM	

samples,	more	vanadate	oligomers,	possibly	a	little	[V(O)2(Hshed)],	and	two	signals,	which	are	
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attributed	to	the	[VO(Hshed)(dtb)]	complex	are	observed	(Figure	5.3.4).	Both	51V	and	1H	NMR	

spectra	confirm	that	in	RMs	at	higher	concentration	of	the	complex,	more	[VO(Hshed)(dtb)]	is	

observed	 than	 in	 pure	 D2O.	 When	 placing	 [VO(Hshed)(dtb)]	 in	 RMs,	 some	 of	 the	 complex	

hydrolyzed,	and	there	was	a	large	change	in	chemical	shifts	from	the	d6-DMSO	sample	and	the	

distribution	 of	 signals	 varied	 depending	 on	 the	 size	 of	 the	 RM.	 This	 suggests	 that	 the	

[VO(Hshed)(dtb)]	complex	is	in	an	environment	different	from	aqueous	solution.	As	the	size	of	

the	RM	changed,	the	chemical	shifts	did	not	significantly	change	consistent	with	the	possibility	

that	 the	 compound	 is	 in	 similar	 environments	 in	 the	 different	 sized	 RMs.	 These	 results	 are	

consistent	with	an	interpretation	that	the	[VO(Hshed)(dtb)]	complex	increases	stability	through	

association	or	interactions	with	the	interface	and	although	still	separated	from	the	water	pool,	

the	water	 reaches	 the	 complex,	 initiating	 hydrolysis	 of	 [VO(Hshed)(dtb)]	 and	 resulting	 in	 the	

formation	of	vanadate	oligomers	and	[V(O)2(Hshed)]	(Figure	5.3.4).	As	the	RM	size	increases,	the	

amount	of	hydrolysis	increases	because	the	[VO(Hshed)(dtb)]	complex	signal	decreases	and	the	

increase	in	vanadate	oligomers	formed	is	observed	(as	evidenced	by	the	changes	in	the	metal	

speciation).82		

The	 1H	 NMR	 spectra	 of	 [VO(Hshed)(dtb)]	 in	 D2O,	 d6-DMSO,	 and	 various	 sized	 RMs	 were	

collected	(see	Supporting	Information	Figure	A5.1).	The	spectrum	in	D2O	does	not	show	all	the	

hydrogen	peaks	present	in	the	[VO(Hshed)(dtb)]	complex	due	to	limited	solubility	of	the	complex;	

however,	the	ligand	of	the	complex	was	also	hydrolyzed	as	evidenced	by	an	aldehyde	peak	at	

10.04	ppm	in	D2O	and	at	9.91	ppm	in	RMs.	These	peaks	are	not	present	in	the	d6-DMSO	spectrum.	

There	 is	 a	 chemical	 shift	 change	 for	 [VO(Hshed)(dtb)]	 aromatic	 hydrogens	Hb,	Hd,	He,	 and	Hf,	

which	showed	a	change	in	environment	of	the	complex	and	supports	the	interpretation	based	
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on	the	51V	NMR	spectra	of	an	association	and	possible	penetration	of	the	complex	into	the	RM	

interface.	Combined,	these	studies	show	that	the	aqueous	insoluble	[VO(Hshed)(dtb)]	complex	

can	 solubilize	 and	 partition	 in	 a	 heterogeneous	 environment,	 but	 such	 an	 environment	 also	

facilitates	increased	hydrolysis	of	the	complex	and	its	Schiff	base	ligand.	

	
5.3.6	 NMR	 Spectra	 of	 [VO(Hshed)(cat)]	 in	 Aqueous	 Solution	 and	 in	 Reverse	 Micelle	

Samples	

51V	NMR	spectra	were	recorded	as	a	function	of	time	to	determine	if	the	[VO(Hshed)(cat)]	

complex	hydrolyzed	after	it	was	dissolved	in	aqueous	solution,	as	well	as	in	AOT/iso-octane	RMs	

(Figure	5.3.5).	The	solubility	of	[VO(Hshed)(cat)]	was	limited	in	aqueous	solution;	therefore,	~1	

min	of	 vortexing	was	needed	 to	prepare	a	 saturated	 sample	of	 [VO(Hshed)(cat)]	 in	D2O.	This	

system	 also	 had	 the	 potential	 of	 forming	 [V(O)2(Hshed)]	 and	 the	 H2shed	 ligand	 according	 to	

equations	(5)	and	(6).	
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Figure	5.3.5.		51V	NMR	spectra	of	[VO(Hshed)(cat)]	in	D2O	and	in	a	series	of	RMs	(w0	=	6,	8,	12,	
16,	and	20	prepared	from	0.750	M	AOT/isooctane	stock	solution).	The	spectra	were	recorded	
after	equilibration	was	reached	after	50	min	for	D2O	samples	and	after	40	min	for	RM	samples.	
The	pH	for	D2O	and	RMs	was	6.6	and	the	pD	was	7.0.	The	total	V-concentration	for	the	1.0	mL	
[VO(Hshed)(cat)]	RM	samples	are	as	follows:	w0	20,	2.41	mM;	w0	16,	5.17	mM;	w0	12,	11.05	mM;	
w0	8,	23.53	mM;	and	w0	6,	36.72	mM.	
	

[VO(Hshed)(cat)]+H2O	®	[V(O)2(Hshed)]+H2cat	 (5)	

[V(O)2(Hshed)]+3H2O	®	SalA+HyDAH++H2VO4
-	 	 (6)	

		
[VO(Hshed)(cat)]	was	dissolved	in	d6-DMSO	and	in	aqueous	solution	as	well	as	 in	AOT/iso-

octane	RMs.	By	51V	NMR,	no	[VO(Hshed)(cat)]	remained	after	being	added	to	the	D2O	solution	or	

the	RM	mixture	and	intact	[VO(Hshed)(cat)]	was	only	observed	in	d6-DMSO	(Figure	5.3.5).	These	

results	suggest	that	the	equilibrium	favors	complex	hydrolysis	upon	dissolution	in	D2O	and	that	

the	energetics	are	not	sufficiently	favorable	for	the	complex	to	reform	in	RM	samples.	1H	NMR	
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spectra	shows	that	the	H2shed	ligand	from	the	complex	does	hydrolyze	more	slowly,	because	

some	C=NH	signal	remains	in	w0	8-12	samples	(see	Figure	A5.2).	These	studies	do	confirm	that	

the	 [VO(Hshed)(cat)]	 complex	has	 significantly	different	properties	 than	 the	 [VO(Hshed)(dtb)]	

complex.	

	
5.3.7	 Examining	the	AOT/iso-octane	Reverse	Micelles	Containing	H2shed,	[V(O)2(Hshed)],	

[VO(Hshed)(cat)],	[VO(Hshed)(dtb)],	using	Dynamic	Light	Scattering	

To	determine	if	RMs	formed	in	the	AOT/RM	samples,	w0	=	12	and	w0	=	20	RM	samples	were	

investigated	using	Dynamic	Light	Scattering	(DLS).	In	Table	A5.1	the	RM	samples	are	listed	with	

the	no	cargo,	with	H2shed,	with	[V(O)2(Hshed)],	with	[VO(Hshed)(cat)]	or	with	[VO(Hshed)(dtb)].	

The	 results	 show	 that	 AOT/iso-octane	 RM	 structures	 form	 in	 all	 cases	 and	 that	 the	 sizes	 are	

comparative	 with	 literature	 values.79	 Furthermore,	 there	 were	 no	 significant	 differences	

observed	between	the	hydrodynamic	radii	of	the	empty	RM	samples	and	those	containing	cargo.	

This	 suggests	 that	 no	 significant	 changes	 in	 the	 structures	 of	 the	 RMs	 are	 induced	 upon	

placement	of	any	of	the	probe	molecules	inside	the	RMs.	

	
5.3.8	 The	 Anti-Cancer	 Effects	 of	 V(V)	 Catecholate	 Complexes	 on	 Bone	 Cancer	 Cells	

(SW1353	cells).	

The	 hydrophobicity	 of	 the	 [VO(Hshed)(dtb)]	 complex	 may	 enhance	 complex	 stability	 to	

hydrolysis	 and	 thus	 increase	 the	 ability	 of	 the	 compound	 to	 enter	 cells	 intact.	 The	 question	

whether	increased	uptake	due	to	hydrophobicity	will	be	reflected	in	increased	cytotoxicity	was	

investigated	 in	 human	 chondrosarcoma	 cells,	 SW1353.	 However,	 before	 these	 studies	 were	

carried	 out	 we	 determined	 the	 stability	 of	 the	 compounds	 in	 cell	 culture	 media	 (Advanced	
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DMEM,	supplemented	with	2.0%	vol.	of	fetal	calf	serum	and	10	mM	of	HEPES	buffer	to	maintain	

pH	=	7.4	under	ambient	atmosphere)31	using	electronic	absorption	spectroscopy,	because	both	

[VO(Hshed)(cat)]	and	[VO(Hshed)(dtb)]	showed	strong	absorbance	bands	in	the	visible	and	near-

IR	range	in	accord	with	literature.68		

As	shown	in	Figure	5.3.6,	the	absorption	spectra	of	the	[VO(Hshed)(dtb)]	complex	show	intact	

complex	in	DMSO	and	fresh	media	(DMSO	shown	with	black	lines	in	Figure	5.3.6;	fresh	media	are	

red).	Although	 the	 complex	 is	 intact	 in	DMSO,	 the	 [VO(Hshed)(dtb)]	 complex	 is	 only	partially	

stable	over	time	in	cell	media	where	it	ultimately	undergoes	hydrolysis.	However,	after	24	h	the	

[VO(Hshed)(dtb)]	complex	had	degraded	 (shown	with	green	 lines	 in	Figure	5.3.6).	 In	contrast,	

addition	 of	 [VO(Hshed)(cat)]	 (0.10	 mM	 V-complex)	 to	 cell	 culture	 medium	 instantly	 caused	

disappearance	of	the	characteristic	absorbance	bands	of	the	complex	at	~530	nm	and	~870	nm	

(red	line	in	Figure	5.3.6a).	The	[VO(Hshed)(cat)]	complex	is	therefore	much	less	stable	than	the	

[VO(Hshed)(dtb)]	complex.	These	results	are	consistent	with	the	results	by	NMR	spectroscopic	

studies	described	above	 (Figures	5.3.4-5).	Both	complexes	decomposed	after	24	h	 incubation	

with	the	cell	culture	medium	at	310	K.	The	following	cell	culture	studies	were	therefore	done	

with	both	fresh	(1-2	min.)	and	aged	solutions	(24	h).	This	allowed	us	to	compare	the	effects	over	

time	for	the	two	different	V(V)	Schiff	base/catecholate	compounds	and	vanadate	in	bone	cancer	

cells	 (human	 chondrosarcoma,	 SW1353	 cells).	 This	 also	 permitted	 us	 to	 explore	 when	

[VO(Hshed)(dtb)]	was	still	intact	and	when	both	complexes	were	hydrolysed.	
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Figure	5.3.6.		Representative	electronic	absorption	spectra	of	fresh	(2	min	after	dissolution)	and	
aged	 (24	 h	 after	 dissolution)	 of	 (A)	 [VO(Hshed)(cat)]	 and	 (B)	 [VO(Hshed)(dtb)]	 (0.10	 mM	 V-
compound)	in	DMSO	solutions	or	in	cell	culture	medium	(Advanced	DMEM,	containing	2.0%	vol.	
of	fetal	calf	serum	and	10	mM	HEPES	buffer,	pH	7.4).	

	
Initial	 experiments	 on	 the	 anti-proliferative	 activities	 of	 the	 [VO(Hshed)(cat)]	 and	

[VO(Hshed)(dtb)]	 complexes	 in	 SW1353	 cells	 (Figure	 5.3.7a)	 were	 carried	 out	 with	 the	

consideration	of	their	different	hydrolysis	rates	in	aqueous	solutions,	in	cell	culture	media	and	in	

artificial	membrane	systems	(Figures	5.3.4-7).	Stock	solutions	of	both	complexes	in	DMSO,	which	
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were	 stable	 for	 at	 least	 24	 h	 under	 ambient	 conditions	 (verified	 by	 electronic	 absorption	

spectroscopy,	 Figure	 5.3.6)	 were	 added	 to	 cell	 culture	 medium	 to	 the	 required	 final	

concentrations	(typically,	5.0	µM	V).	The	resultant	medium	was	either	immediately	added	to	the	

cells	(within	1	min.	fresh	medium),	or	allowed	to	age	for	24	h	(310	K,	5%	CO2)	prior	to	addition	to	

the	cells.38,	83	Vanadate	(Na3VO4,	either	fresh	or	aged	in	the	medium)	was	used	as	a	reference	

compound.33	Previous	studies	by	XANES	spectroscopy35	and	EPR	spectroscopy84	have	shown	that	

vanadate	 converts	 to	 a	 mixture	 of	 V(V)	 (predominantly)	 and	 V(IV)	 complexes	 with	 medium	

components	upon	aging.	As	shown	in	Figure	5.3.7a,	[VO(Hshed)(cat)]	was	moderately	active	at	

5.0	µM	V-complex	(cell	viability	after	72	h	treatment	was	40-50%	of	control),	while	Na3VO4	added	

to	the	media	resulted	in	70-75%	of	the	control.	For	[VO(Hshed)(cat)]	and	vanadate,	no	significant	

difference	 in	anti-proliferative	activity	was	observed	between	 fresh	and	aged	solutions	 in	cell	

culture	medium.	
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Figure	 5.3.7.	 	 Anti-proliferative	 activity	 of	 [VO(Hshed)(cat)],	 [VO(Hshed)(dtb)]	 and	 Na3VO4	 in	
human	chondrosarcoma	(SW1353)	cells:	(A)	comparative	effects	of	V(V)	complexes	at	5.0	µM	V;	
and	 (B)	 concentration-dependent	 effects	 for	 fresh	 solutions	 of	 [VO(Hshed)(dtb)].	 Treatment	
media	were	added	to	cells	either	within	1	min.	after	the	addition	of	V(V)	complexes	(fresh	media),	
or	pre-incubated	with	the	V(V)	complexes	for	24	h	at	310	K	and	5%	CO2	before	the	addition	to	
cells	 (aged	 media).	 In	 both	 cases,	 cells	 were	 treated	 for	 72	 h	 (310	 K,	 5%	 CO2)	 before	 the	
determination	of	cell	viability	by	endpoint	colorimetric	assays	(WST-8	or	Alamar	Blue).	All	 the	
treatments,	including	controls,	contained	0.50%	vol.	DMSO.	Error	bars	represent	the	mean	values	
and	standard	deviations	of	six	replicate	wells.	The	#	sign	shows	highly	significant	difference	(P	<	
0.001)	in	activity	between	fresh	and	decomposed	solutions	of	[VO(Hshed)(dtb)].	
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The	[VO(Hshed)(dtb)]	complex	showed	much	stronger	anti-proliferative	activity	when	freshly	

added	to	the	medium	(only	~2%	of	control),	compared	with	the	aged	solution	(50-60%	of	control)	

(Figure	5.3.7a).	Furthermore,	compared	to	the	less	hydrophobic	[VO(Hshed)(cat)]	complex	or	the	

ionic	vanadate,	the	fresh	solution	of	the	more	hydrophobic	and	intact	[VO(Hshed)(dtb)]	complex	

was	significantly	more	potent.		As	a	result,	we	were	interested	in	exploring	the	anti-proliferative	

activity	of	[VO(Hshed)(dtb)]	further.	Concentration-dependent	studies	of	fresh	[VO(Hshed)(dtb)]	

solutions	using	two	different	assays	for	cell	viability,	WST-885	and	Alamar	Blue,86	gave	consistent	

results	with	IC50	=	1.3	±	0.3	µM	V	and	a	plateau	is	seen	at	high	V-concentrations	(5-10	µM)	(Figure	

5.3.7b).	This	level	of	activity	is	similar	or	higher	compared	to	that	of	well-established	Pt(II)	anti-

cancer	drugs	 in	typical	human	cancer	cell	 lines	(IC50	~1-5	µM	Pt)87.	Taken	together,	data	from	

Figures	5.3.4-6	shows	that	higher	stability	of	[VO(Hshed)(dtb)]	compared	with	[VO(Hshed)(cat)]	

in	cell	culture	medium	and	in	the	hydrophobic	environment	of	cell	membranes	is	likely	to	lead	to	

its	significant	cellular	uptake	before	hydrolysis	in	aqueous	medium	is	complete.88	The	observed	

higher	cytotoxicity	of	fresh	solutions	in	cell	culture	medium	compared	to	aged	ones	correlates	

with	 the	 greater	 stability	 of	 the	 [VO(Hshed)(dtb)]	 complex.	 High	 hydrolysis	 rates	 of	

[VO(Hshed)(cat)]	in	cell	culture	medium	(Figure	5.3.6)	are	likely	to	prevent	cellular	uptake	of	the	

intact	complex,	which	means	that	the	anti-proliferative	activity	is	due	to	decomposition	products	

as	have	been	recognized	previously	 in	multiple	biological	 systems.5,	11,	33,	89-96	 	Similar	 relation	

between	 aqueous	 stability,	 cellular	 uptake,	 and	 anti-proliferative	 activity	 was	 observed	

previously	 for	 Ru	 complexes.97-98	We	 conclude	 that	 the	 increased	 hydrophobicity	 of	 the	 dtb	

catechol	ligand	is	preventing	early	hydrolysis	leading	to	the	enhanced	cellular	uptake	of	intact	

[VO(Hshed)(dtb)]	complex.	
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5.3.9	 Discussion	

Numerous	studies	were	carried	out	with	different	V	compounds	exploring	the	mode	of	action	

and	 the	 identity	 of	 the	 active	 species	when	 V-compounds	were	 considered	 for	 treatment	 of	

diabetes.5,	 57,	 71,	 93,	 99	 It	 is	 well-known	 that	 V-compounds	 are	 protein	 tyrosine	 phosphatase	

inhibitors,57,	100-101	however,	much	work	has	been	done	on	the	transport	of	V-compounds	from	

the	administration	site	to	the	site	of	action.40,	102-104	Specifically,	studies	have	been	done	exploring	

the	transport	of	V-compounds	in	blood,37,	39,	103,	105-106	and	the	speciation	of	these	compounds14,	

57,	107	have	been	investigated	in	detail	both	in	model	systems,39,	106	in	blood,37,	103,	105	in	animal	

model	studies108	and	in	human	studies.12	Interaction	of	V-compounds	with	transferrin,	human	

serum	albumin,	or	other	blood	components	have	demonstrated	that	V-compounds	can	lose	one	

or	more	of	their	ligands	and	remain	active.37,	103,	105,	109	How	the	vanadium	compounds	enter	and	

what	properties	dictate	entrance	into	the	cells	remains	an	important	question.		

These	 studies	 have	 shown	 that	 the	 interface	 dramatically	 impacted	 the	 stability	 of	 the	

vanadium	precursor	complex,	[V(O)2(Hshed)],	as	well	as	two	hydrophobic	vanadium	complexes,	

[VO(Hshed)(cat)]	and	[VO(Hshed)(dtb)].	Both	ternary	mixed-ligand	complexes	are	soluble	in	the	

polar	 organic	 solvents	 such	 as	 DMSO	 and	 less	 so	 in	 nonpolar	 organic	 solvents	 (e.g.,	 2,2,4-

trimethylpentane).	 However,	 the	 inhomogeneous	 environment	 of	 a	 microemulsion	 supports	

these	V-complexes	even	if	they	have	been	hydrolyzed	in	the	presence	of	interfacial	water.	Based	

on	the	NMR	spectroscopic	studies	presented	in	this	work,	the	interaction	with	the	RM	interface	

protects	the	V-compound	against	rapid	initial	hydrolysis.	The	slowed	hydrolysis	effect	was	more	

pronounced	for	the	more	sterically-hindered	hydrophobic	dtb	ligand.	This	effect	could	be	due	to	

sterics	 or	 hydrophobicity	 of	 the	 ligand	 or	 a	 combination	 of	 both	 and	 studies	with	 additional	
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compounds	will	shed	light	as	to	the	origin	of	this	observation.	Alternatively,	it	may	be	possible	

that	 pKa	 values	 of	 the	 catechols	 can	 affect	 the	 inherent	 thermodynamic	 stability	 of	 the	

coordination	complexes.	The	pKa	value	of	the	parent	catechol	is	higher	than	that	of	the	t-butyl	

substituted	catechol	and	thus,	the	coordinated	complex	of	the	latter	would	be	more	stable.	Initial	

V-complex	stability	may	be	important	for	the	anti-cancer	activity	of	the	compounds	as	shown	by	

the	 study	 in	human	bone	 cancer	 cells	 (chondrosarcoma).	The	anti-cancer	effects	 reduce	with	

decreased	hydrophobicity	and	decreased	hydrolytic	stability	of	the	V-compounds.	Future	studies	

with	additional	related	V-compounds	will	shed	further	light	on	the	exact	origin	of	the	anti-cancer	

effects.	

The	 kinetic	 stability	 of	 [VO(Hshed)(dtb)]	 in	water	 and	 aqueous	media	 is	 unusual	 for	 a	 V-

complex	but	in	this	case,	provides	sufficient	stability	to	enable	this	complex	to	enter	cancer	cells	

intact.	 The	 hydrophobic	 environment	 of	 the	 cell	 membrane	 is	 likely	 to	 further	 stabilize	 this	

compound.41	 This	 unusual	 short-term	 stability	 of	 this	 highly	 cytotoxic	 V-complex	 may	 show	

considerable	 promise	 in	 cancer	 treatment,	 particularly	 against	 aggressive	 cancers	 such	 as	

prostate	 cancer.	 Since	 such	 hydrophobic	 complexes	 are	 likely	 to	 undergo	 cellular	 uptake	 via	

passive	diffusion	through	the	cell	membrane,	it	is	important	to	investigate	if	hydrophobicity	or	

hydrolytic	stability	of	these	compounds	correlates	with	uptake	in	membrane	model	systems.		

The	results	presented	here	with	two	different	hydrophobic	catecholate	complexes	based	on	

studies	 in	 AOT-iso-octane	 microemulsion	 system	 shows	 that	 although	 the	 [VO(Hshed)(dtb)]	

complex	may	be	stabilized,	the	membrane	system	is	not	able	to	completely	prevent	hydrolysis	

from	the	water	penetrating	the	interface.	If	a	complex	remains	intact	for	some	limited	time,	this	

will	allow	the	drug	to	reach	the	cellular	target	intact.	Importantly,	the	current	results	show	that	
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the	intact	complexes	indeed	interact	with	the	interface	and	hence,	the	results	are	consistent	with	

the	 observation	 of	 increased	 cytotoxicity	 of	 fresh	 versus	 aged	 drug	 preparation.	 That	 is,	 the	

freshly	 prepared	 solution	 contains	 more	 intact	 complex	 and	 the	 hydrolyzed	 aged	 solution	

contains	 less	 intact	 complex.	 Accordingly,	 the	 solution	 with	 more	 intact	 [VO(Hshed)(dtb)]	

complex	 is	 much	 more	 cytotoxic	 compared	 to	 the	 aged	 solution	 with	 degraded	 V-complex	

towards	 the	 bone	 cancer	 cells	 investigated.	 Importantly,	 the	 results	 with	 the	 aged	 solutions	

shows	 dramatically	 decreased	 cytotoxic	 effect	 for	 both	 V-complexes	 against	 SW1353	 bone	

cancer	cells,	consistent	with	the	free	ligands	having	no	significant	cytotoxicity	(free	ligands	alone	

are	significantly	less	cytotoxic	(unpublished	data)).	

Given	the	fact	that	humans	are	largely	composed	of	water	and	cell	assay	studies	generally	

are	 done	 using	 water-based	 approaches,	 administration	 of	 hydrophobic	 drugs	 remains	 a	

challenge.	However,	there	are	ways	of	delivering	a	drug	into	the	body	that	does	not	require	water	

solubility	but	in	the	case	of	these	very	hydrophobic	drugs,	cell	assays	in	aqueous	solution	remains	

problematic.	The	studies	described	herein	may	imply	that	hydrophobic	metallo-compounds	with	

increased	 hydrolytic	 stability	 will	 continue	 to	 be	 of	 interest	 and	 suggests	 that	 alternative	

approaches	for	effective	drug	delivery	that	will	circumvent	significant	decomposition	should	be	

developed.	

5.4	 Summary	and	Conclusions	

The	[VO(Hshed)(cat)]	complex	is	found	to	have	lower	thermodynamic	stabilities	in	both	water	

and	cell	culture	medium	compared	to	the	[VO(Hshed)(dtb)]	complex.	Although	the	complexes	

show	limited	stability	in	the	presence	of	model	membrane	systems,	this	may	be	a	consequence	

of	 the	 pre-equilibrium	 that	 resulted	 in	 partial	 hydrolyzed	 complex(es).	 The	 greater	 activities	



191	
	

observed	 in	 fresh	 solutions	 of	 V-catecholate	 complexes	 containing	 higher	 amounts	 of	 intact	

compound	in	in	vitro	cytotoxicity	assays	in	bone	cancer	cells	and	are	in	line	with	additional	studies	

in	 MDA-MB-231	 and	 PANC-1	 cells.41	 Importantly,	 the	 membrane	 model	 results	 shown	 here	

demonstrate	 that	 the	 intact	V(V)	catacholate	complexes	will	penetrate	 the	membrane,	which	

supports	the	cell	cytotoxicity	assays	that	indicate	the	intact	complexes	are	taken	up	before	they	

are	decomposed	in	the	cell	medium.	

In	 summary,	 the	 hydrophobic	 V(V)	 catecholate	 compounds	 presented	 here	 are	 found	 to	

interact	with	model	membrane	systems	and	the	V-complex	with	the	highest	stability	is	found	to	

have	 the	 most	 potent	 anti-cancer	 properties.	 It	 is	 possible	 that	 complexes	 containing	

hydrophobic	 ligands	 with	 sterically	 hindered	 V-atom	 preventing	 substitution	 reactions	 may	

enable	 uptake	 of	 the	 intact	 complex	 and	 delivery	 to	 the	 cellular	 target.	 Alternatively,	 similar	

behavior	 could	 arise	 from	 different	 thermodynamic	 stabilities.	 Regardless	 of	 the	 origin,	 the	

hydrophobic	V(V)	 catecholate	 complexes	were	 found	 to	be	 a	particularly	 potent	 cytotoxin	 to	

bone	cancer	cells.	These	results	warrant	future	studies	of	these	and	similarly	stable	hydrophobic	

vanadium	compounds	as	potential	anti-cancer	agents.	
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	Chapter	6:	Summary,	Concluding	Remarks,	and	Future	Directions	

	
	
	
6.1	 Summary	and	Concluding	Remarks	

The	 research	 presented	 in	 this	 dissertation	 builds	 a	 foundation	 for	 further	 research	 into	

understanding	biologically	important,	hydrophobic,	redox-active	molecules.	

Chapter	two	described	the	synthesis	and	characterization	of	eight	truncated	MK	analogs,	as	

well	as	the	separation	and	characterization	of	geometric	isomers	formed	in	the	reactions.	The	

fully	 unsaturated	MK	 derivatives,	MK-1,	MK-2,	 and	MK-3	were	 successfully	 synthesized	 from	

menadione	 in	 two	 steps	 using	 a	 Lewis	 acid	 catalyst	 and	 the	 respective	 corresponding	 allylic	

alcohol	isoprenoid	side	chain.	MK-1(H2)	was	successfully	synthesized	in	single	step	from	1-iodo-

3-methylbutane	utilizing	a	key	radical	alkylation	reaction.	The	partially	saturated	MK-2(II-H2)	was	

successfully	synthesized	in	a	single	step	from	menadiol	and	isophytol,	and	the	trans	isomer	was	

separated	from	the	cis	 isomer	byproduct	by	preparative	TLC	followed	by	characterization.	The	

novel	 fully	 saturated	 MK-2(I,II-H4)	 was	 successfully	 synthesized	 in	 three	 steps	 from	 3,7-

dimethyloctan-1-ol.	 The	 partially	 saturated	MK-3(II-H2)	 was	 successfully	 synthesized	 in	 seven	

steps	 from	 b-citronellol	 and	 the	 trans	 isomer	 was	 readily	 separated	 from	 the	 cis	 isomer	

byproduct	by	preparative	TLC	followed	by	characterization.	Finally,	the	novel	fully	saturated	MK-

3(I,II,III-H6)	was	successfully	synthesized	in	four	steps	from	farnesol.	The	use	of	benzene-d6	as	a	

diagnostic	NMR	solvent	for	the	rapid	evaluation	of	cis/trans	mixtures	for	MK/vitamin	K	analogs	

was	essential	as	cis/trans	peaks	often	coalesce	in	chloroform-d.	Access	to	these	MK	derivatives	

containing	varying	isoprenyl	side	chain	length	and	degrees	of	saturation	is	crucial	for	determining	
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why	partial	saturation	of	MK	is	observed	in	pathogenic	M.	tuberculosis	and	why	mycobacterial	

electron	transport	efficiency	was	decreased	3-fold	when	MenJ	expression	was	disrupted.	

Chapter	three	characterized	the	conformational	and	chemical	properties	of	the	hydrophobic	

MK-2	molecule.	Using	2D	NMR	spectroscopy,	we	established	for	the	first	time	that	MK-2	has	a	

folded	conformation	defined	by	the	isoprenyl	side	chain	folding	back	over	the	naphthoquinone	

in	a	U-shape,	which	depends	on	the	specific	environmental	conditions	found	in	different	solvents.	

We	used	molecular	mechanics	to	illustrate	the	conformations	found	by	the	NMR	experiments.	

The	measured	redox	potentials	of	MK-2	differed	in	three	organic	solvents,	where	MK-2	was	most	

easily	reduced	in	DMSO,	which	may	suggest	a	combination	of	solvent	effect	(presumably	in	part	

because	 of	 differences	 in	 dielectric	 constants)	 and/or	 conformational	 differences	 of	MK-2	 in	

different	organic	solvents.	Furthermore,	MK-2	was	found	to	associate	with	the	interface	of	model	

membranes	represented	by	Langmuir	phospholipid	monolayers	and	RMs.	MK-2	adopts	a	slightly	

different	 U-shaped	 conformation	within	 RMs	 compared	 to	within	 solution,	which	 is	 in	 sharp	

contrast	 to	 the	 extended	 conformations	 illustrated	 in	 literature	 for	 MKs.	 These	 findings	 are	

important	because	they	show	that	even	a	truncated	MK	analog	adopts	a	folded	conformation	

within	 hydrophobic	 environments,	 which	 may	 be	 important	 for	 recognition	 by	 respiratory	

enzymes	within	the	ETS	or	may	affect	electron	transfer	efficiency.		

In	chapter	four,	the	conformations	of	the	simplest	MK	analogs,	MK-1	and	MK-1(H2),	within	

organic	 solvents	 were	 elucidated	 by	 1D	 and	 2D	 1H	 NMR	 spectroscopy.	 MK-1	 and	 MK-1(H2)	

adopted	 similar	 folded-extended	 conformations	 in	 each	 solvent	 but	 the	 preferred	 folded-

extended	 conformations	 differed	 slightly	 between	 solvent	 environments.	 The	 quinone	 redox	

potentials	of	MK	and	MK-1(H2)	were	measured	in	three	organic	solvents,	where	a	solvent	effect	



201	
	

(presumably	due	to	a	change	in	dielectric	constant)	was	observed	and	most	interestingly,	a	~20	

mV	difference	in	semiquinone	redox	potential	was	observed	between	MK-1	and	MK-1(H2).	The	

interaction	 of	 MK-1	 and	 MK-1(H2)	 with	 phospholipid	 monolayers	 was	 characterized	 using	

Langmuir	phospholipid	monolayers	and	the	two	MK-1	analogs	were	found	to	interact	with	the	

phospholipid	 interface.	 Finally,	 using	 a	 complementary	 study,	 the	 location,	 orientation,	 and	

conformation	of	MK-1	and	MK-1(H2)	within	a	RM	model	membrane	interface	was	determined	

using	1D	and	2D	NMR	 spectroscopy.	 The	 two	MK-1	analogs	 interacted	 similarly	with	 the	RM	

model	membrane	interface	and	MK-1	adopted	a	slightly	different	folded	conformation	within	the	

RM	interface	compared	to	that	observed	in	organic	solution.	The	elucidation	of	MK-1	and	MK-

1(H2)	conformation	in	solution	and	at	a	model	membrane	interface	is	essential	and	necessary	as	

understanding	 the	 conformational	 preferences	 of	 the	 first	 isoprene	 unit	 of	 MK	 is	 useful	 for	

predicting	 conformations	 of	 the	 naturally	 occurring	 longer	 MK	 analogs	 within	 solution	 and	

cellular	 membranes.	 We	 observed	 that	 partial	 saturation	 in	 the	 isoprenyl	 side	 chain	 only	

minimally	alters	the	conformation	of	MK-1	but	may	potentially	affect	the	reactivity	and	function	

within	biologically	relevant	environments	because	a	difference	in	the	redox	potential	is	observed.	

MK	analogs	with	longer	isoprenyl	side	chains	(e.g.,	MK-9)	may	also	adopt	folded	conformations	

although	much	more	complex.	Saturation	of	the	double	bond	 in	the	first	 isoprene	unit	of	 the	

isoprenyl	side	chain	serves	to	only	minimally	alter	the	preferred	conformation	although	distinctly	

affecting	the	redox	function.	The	results	of	the	studies	herein	provide	a	working	model	involving	

the	role	of	structure	and	redox	potential	that	explains	why	partial	saturation	of	MK	is	observed	

in	pathogenic	M.	tuberculosis,	which	is	responsible	for	the	deaths	of	~1.3	million	people	annually.	



202	
	

Chapter	 five	 demonstrates	 that	 certain	 hydrophobic	 vanadium(V)	 Schiff	 base/catecholate	

compounds,	shown	herein,	have	increased	stability	in	aqueous	media	and	affinity	for	membrane	

interfaces.	 Depending	 on	 their	 hydrophobicity,	 they	 may	 be	 able	 to	 enter	 cells	 intact.	 Two	

hydrophobic	 V(V)	 catecholate	 substituted	 analogues,	 [VO(Hshed)(cat)]	 and	 [VO(Hshed)(dtb)],	

(Hshed	=	N-(salicylideneami-	nato)-N’-(2-hydroxyethyl)-1,2-ethanediamine,	cat	=	pyrocatechol,	

and	 dtb	 =	 3,5-di(tert-butyl)catechol	 and	 the	 vanadium(V)	 precursor	 [V(O)2(Hshed)])	 were	

synthesized	for	their	ability	to	interact	with	membranes	and	their	anti-cancer	effects.	Using	51V	

and	1H	NMR	spectroscopy,	the	presence	and	location	of	the	free	ligand,	H2shed,	and	the	three	

V(V)	complexes	were	examined	in	a	model	membrane	microemulsion	system.	The	stability	of	the	

three	 complexes	 was	 measured	 in	 aqueous	 solution,	 cell	 media,	 and	 an	 inhomogeneous	

microemulsion	 system.	Our	 results	demonstrated	 that	 free	 ligand	H2shed	and	 the	 intact	V(V)	

complexes	associated	with	the	 interface	but	that	the	V-complexes	hydrolyzed	to	some	extent	

because	 oxovanadates	 were	 observed	 by	 51V	 NMR	 spectroscopy	 and	 decreasing	 complex	 by	

electronic	 absorption	 spectroscopy	 in	 cell	 media.	 When	 determining	 the	 effects	 of	 V(V)	

catecholate	complexes	on	bone	cancer	cells,	the	strongest	effects	were	observed	with	the	more	

stable	hydrophobic	complex	[VO(Hshed)(dtb)]	that	was	able	to	best	associate	and	penetrate	the	

model	membrane	system	intact.	These	studies	are	consistent	with	the	membrane	permeability	

studies	being	a	good	predictor	for	in	vitro	cytotoxicity	assays	because	[VO(Hshed)(dtb)]	can	pass	

through	the	cellular	membrane	intact,	which	may	enhance	its	anti-cancer	activities.	Importantly,	

the	 model	 membrane	 results	 shown	 herein	 demonstrate	 that	 the	 intact	 V(V)	 catacholate	

complexes	will	penetrate	the	membrane,	which	supports	the	cell	cytotoxicity	assays	that	indicate	

the	intact	complexes	are	taken	up	before	they	are	decomposed	in	the	cell	medium.	In	summary,	
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the	 hydrophobic	 V(V)	 catecholate	 compounds	 presented	 herein	 are	 found	 to	 interact	 with	

membrane	model	systems	and	the	V-complex	with	the	highest	stability	is	found	to	have	the	most	

potent	anti-cancer	properties.	It	is	possible	that	complexes	containing	hydrophobic	ligands	with	

sterically	hindered	V-atom	preventing	 substitution	 reactions	may	enable	uptake	of	 the	 intact	

complex	and	delivery	to	the	cellular	target.	Alternatively,	similar	complex	stability	behavior	could	

arise	from	different	thermodynamic	stabilities.	Regardless	of	the	origin,	the	hydrophobic	Schiff	

base	V(V)	catecholate	complexes	were	found	to	be	a	particularly	potent	cytotoxin	to	bone	cancer	

cells.	These	results	warrant	future	studies	of	these	and	similarly	stable	hydrophobic	vanadium	

compounds	 as	 potential	 anti-cancer	 agents,	 where	 one	 could	 envision	 cytotoxic	 V-complex	

solutions	being	directly	injected	into	the	tumor	via	endoscopy	to	exhibit	potent	cytotoxic	activity.	

Overall,	the	findings	of	the	studies	presented	in	this	dissertation	help	to	further	understand	

how	the	conformation	and	the	degree	of	saturation	in	the	isoprenyl	side	chain	of	MK	affects	the	

recognition,	reactivity,	and	function	of	MK	within	the	ETS	of	bacterial	pathogens.	These	studies	

are	 important	 because	 they	 begin	 to	 elucidate	 and	 provide	 a	 working	model	 to	 explain	 the	

chemical	rationale	as	to	why	partially	saturated	MK-9	is	observed	in	pathogenic	M.	tuberculosis,	

which	 is	 responsible	 for	 the	 infection	 of	 ~2	 billion	 people	worldwide	 and	 the	 deaths	 of	 ~1.3	

million	 annually.	 Furthermore,	 the	 studies	 with	 the	 hydrophobic	 vanadium(V)	 catecholate	

metallo-complexes	underpin	a	drug	design	concept	exploiting	hydrolytic	 stability	 imparted	by	

hydrophobicity	 and	 steric	bulk	of	 a	non-innocent	 ligand.	Metal	 complexes	designed	on	 these	

principles	may	be	successful	anti-cancer	drug	candidates	utilizing	non-conventional	drug	delivery	

strategies	 that	 circumvent	 solubility	 and	 stability	 issues	 such	 as	 direct	 injection	 of	 cytotoxic	

solution	into	the	tumor	via	endoscopy.	
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6.2	 Future	Directions	

The	following	discusses	an	amalgam	of	future	studies	that	would	provide	more	fundamental	

information	on	the	MK	and	MenJ	system.	These	studies	should	shed	further	light	on	the	role	and	

function	 of	 partial	 saturation	 of	 MK	 that	 is	 observed	 in	 pathogenic	M.	 tuberculosis.	 Partial	

saturation	of	the	isoprenyl	side	chain	of	MK	may	be	necessary	for	proper	substrate	recognition	

by	respiratory	enzymes	within	the	ETS,	or	may	be	able	to	affect	electron	transport	efficiency	of	

the	MK	within	 the	ETS,	or	may	be	a	combination	of	both.	The	 following	also	discusses	 future	

studies	that	would	explore	hydrophobic	vanadium(V)	catecholate	complexes	as	potential	anti-

cancer	drugs.	

We	have	 carried	 out	 a	 lot	 of	 electrochemical	 studies	 on	 truncated	MK	 analogs.	We	have	

demonstrated	that	saturation	of	the	isoprene	unit	on	MK-1	affects	the	redox	potential	by	~20	

mV,	which	was	discussed	in	chapter	four.	We	have	carried	out	further	preliminary	studies	on	the	

eight	synthesized	MK	derivatives	as	well	as	MK-7	and	MK-9	and	have	observed	an	effect	on	redox	

potential	 based	 on	 isoprenyl	 side	 chain	 length	 and	 degree	 of	 saturation	 for	 the	 longer	 MK	

derivatives.	 These	 studies	 are	 the	 topic	 of	 a	 manuscript	 in	 preparation.	 An	 extract	 of	

mycobacterial	 MK-9(II-H2)	 would	 be	 of	 great	 interest	 to	 characterize	 by	 electrochemistry	 to	

determine	how	much	the	redox	potential	differs	from	that	of	MK-9.	This	experiment	would	shed	

light	on	the	3-fold	decrease	observed	in	mycobacterial	electron	transport	efficiency	when	MenJ	

expression	is	disrupted.		

Preliminary	structure-activity	relationship	studies	with	MenJ	have	been	carried	out	by	the	

Crick	 group	 using	 our	 synthesized	MK	 derivatives	 and	 some	 interesting	 in	 vitro	 results	 were	

observed.	These	studies	are	the	topic	of	a	manuscript	in	preparation.	Further	structure	activity	
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relationship	studies	are	warranted.	 It	would	be	 interesting	 if	MenJ	 took	a	 fully	 saturated	ring	

system	on	the	naphthoquinone	of	a	MK	analog	as	a	substrate	because	such	a	substrate	would	

have	no	redox	functioning	capacity	and	may	be	a	potential	 inhibitor	of	the	electron	transport	

system	or	attenuate	electron	transport	efficiency	enough	to	compromise	the	bacteria.	Another	

MK	analog	that	would	be	of	interest	to	study	would	be	to	replace	the	branched	methyl	group	on	

the	second	 isoprene	unit	of	MK-2	or	MK-3	with	a	C-F	group	 to	determine	 if	 this	affected	 the	

catalytic	activity	of	MenJ.	Truncated	MK	analogs	should	be	evaluated	to	determine	their	capacity	

as	electron	transfer	reagents	in	vivo	within	the	mycobacterial	ETS.	

The	studies	presented	within	this	dissertation	concern	the	oxidized	forms	of	MK	derivatives.	

This	 is	mostly	 in	part	because	the	reduced	form	or	quinol	 form	of	MK	 is	highly	susceptible	to	

spontaneous	 oxidation	 by	 atmospheric	 oxygen,	which	makes	 isolation	 or	 synthetic	 access	 to	

these	MK	derivatives	challenging.	We	speculate	that	the	quinol	form	has	different	physical	and	

chemical	properties,	may	adopt	different	conformations,	and	have	different	placement	within	

the	cellular	membrane.	Interestingly,	the	quinol	form	of	UQ	is	much	more	stable	and	may	be	a	

good	alternative	to	study	than	the	air	sensitive	MK-quinol	form.	Efforts	should	be	carried	out	to	

synthesize	the	quinol	analogs	of	UQ	and	then	their	conformations	and	interactions	within	model	

membrane	systems	should	be	explored.	

The	synthetic	procedures	to	carry	out	the	C-C	bond	formation	between	the	 isoprenyl	side	

chain	and	the	naphthoquinone	head	group	could	be	optimized	to	improve	the	yield.	The	current	

routes	provide	adequate	material	and	in	pure	form;	therefore,	extensive	time	and	effort	was	not	

spent	optimizing	the	procedures	beyond	the	yields	shown	herein.	Efforts	should	be	put	forth	to	
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optimize	synthetic	coupling	procedures	to	access	MK	analogs	where	current	yields	are	less	than	

30%.	

Efforts	should	be	put	 forth	 to	 further	purify	 synthetic	MK	analogs	 to	a	crystalline	state	or	

recrystallization	efforts	should	be	carried	out	to	obtain	suitable	crystals	for	single	crystal	x-ray	

diffraction	analysis.	MK-1(H2),	MK-2,	MK-4,	MK-7	and	MK-9	are	crystalline	powders	and	efforts	

should	be	carried	out	to	determine	their	solid	state	crystalline	structure.	These	studies	would	

provide	valuable	information	as	to	the	solid-state	conformation	of	MKs	derivatives,	which	would	

be	useful	for	understanding	solution	conformations	or	the	conformation	adopted	within	cellular	

membranes	for	MKs.	

The	synthesis	of	partially	saturated	MK	derivatives	leads	to	the	formation	of	the	undesirable	

cis	isomer.	We	could	effectively	purify	the	trans	MK	isomer	from	the	cis/trans	MK	isomer	mixture.	

However,	efforts	to	obtain	the	cis	 isomer	from	the	cis/trans	 isomer	were	unsuccessful.	Efforts	

should	 be	 carried	 out	 to	 isolate	 the	 cis	 isomer	 from	 the	 trans/cis	 isomer	mixture.	 It	may	 be	

worthwhile	to	try	reverse	phase	preparative	tlc,	silver	 impregnated	silica	column,	or	gravitron	

centrifugation	tlc.	The	cis	MK	isomer	would	be	desirable	to	have	because	cis	and	trans	isomers	

may	 have	 very	 different	 conformational,	 chemical,	 and	 biological	 properties.	 It	 would	 be	

interesting	to	know	if	activity	is	observed	with	MenJ	for	the	cis	isomer	of	any	fully	unsaturated	

truncated	MK	analog.	

Inhibitor	 development	 should	 be	 explored	 for	 MenJ	 if	 the	 catalytic	 function	 of	 MenJ	 is	

determined	to	be	what	is	necessary	for	M.	tuberculosis	survival	in	macrophages.	If	the	survival	of	

M.	tuberculosis	is	dependent	upon	the	presence	of	the	protein	and	not	related	to	the	enzymatic	

function,	then	development	of	an	inhibitor	may	be	very	challenging.	High-throughput	screening	
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efforts	should	be	carried	out	such	as	fragment	based	screening	for	inhibitor	development.	The	

synthesis	of	a	 tethered	MK	analog	where	the	methyl	 is	 tethered	 in	a	 ring	system	back	 to	 the	

isoprenyl	side	chain	may	lock	the	molecule	in	a	conformation	where	it	is	no	longer	able	to	fit	into	

the	active	site	and	redox	cycle	and	may	inhibit	the	ETS	or	provide	us	more	information	on	what	

conformation	of	MK	MenJ	recognizes.	

MenJ	 knockout	 rescue	 experiments	 should	 be	 pursued	 where	 mutant	 variants	 of	 M.	

tuberculosis	that	 lack	expression	of	MenJ	are	 infected	inside	a	macrophage	and	then	partially	

saturated	 MK	 is	 introduced	 to	 see	 if	 it	 rescues	 the	 bacteria	 and	 restores	 survival.	 These	

experiments	 are	 challenging	 from	 the	 standpoint	 that	 the	 hydrophobic	 MK	 derivative	 must	

traverse	two	membranes	to	observe	an	effect,	where	one	is	the	almost	wax	like	membrane	of	M.	

tuberculosis	made	up	of	very	hydrophobic	structural	lipids	such	as	the	mycolic	acids.	This	may	be	

circumvented	 by	 pre-soaking	 the	 bacteria	 with	 cell	 media	 containing	 partially	 saturated	MK	

derivative	and	then	carrying	out	the	macrophage	infection	experiments	to	see	if	rescue	occurs.	

However,	experiments	are	currently	being	pursued	where	mutants	of	MenJ	that	fold	correctly	

but	have	no	catalytic	activity	will	be	expressed	in	M.	tuberculosis	while	infecting	a	macrophage	

to	determine	exactly	if	the	virulence	factor	is	the	enzyme	MenJ	or	partially	saturated	MK-9.	It	

would	be	interesting	to	synthesize	an	MK	analog	that	is	substituted	on	the	MK	ring	system	that	

has	a	small	redox	change	magnitude	(~20	mV)	and	see	it	rescues	M.	tuberculosis	MenJ	knockouts	

infecting	macrophage	like	cells	or	increases	electron	transfer	efficiency	within	the	ETS.	

MK	 analogs	 of	 interest	 not	 already	 synthesized	 or	 commercially	 available	 should	 be	

synthesized.	Efforts	were	carried	out	and	we	were	able	to	successfully	synthesize	MK-2(I-H2)	that	

is	 saturated	 at	 the	 first	 isoprene.	 However,	 the	 yield	 was	 less	 than	 1%	 and	 we	 have	 since	



208	
	

developed	a	better	proposed	synthetic	method	 that	 should	be	carried	out	 in	 the	 future.	This	

molecule	is	thought	to	not	function	properly	in	electron	transport	and	it	would	be	interesting	to	

explore	 the	 chemical	 rationale	 behind	 this	 observation	 further.	 Other	MK	 analogs	 that	 have	

substituents	 on	 the	 naphthoquinone	 ring	 that	 would	 perturb	 the	 redox	 potential	 would	 be	

interesting	to	study.	Benzophenone	has	been	showed	to	mimic	the	structure	of	an	isoprene	unit	

within	the	isoprenyl	side	chan.	Therefore,	MK-benzophenone	analogs	could	be	synthesized	and	

investigated	 for	 their	 chemical	 and	 biochemical	 properties.	 It	 would	 be	 very	 informative	 to	

synthesize	a	MK	analog	that	could	covalently	link	to	the	active	site	of	MenJ	once	bound,	which	

may	provide	information	on	the	interactions	of	MK	with	MenJ	and	the	active	site	since	a	crystal	

structure	of	MenJ	still	has	not	been	obtained.	

Preliminary	conformational	analysis	of	partially	saturated	MK	analogs	such	as	MK-2(II-H2)	and	

MK-3(II-H2)	 should	 be	 extended	 to	 other	 organic	 solvents	 and	 further	 into	model	membrane	

systems.	Preliminary	studies	show	these	partially	saturated	MK	analogs	can	also	adopt	folded	

conformations	in	organic	solution.	These	compounds	are	crucial	to	study	as	they	are	truncated	

mimics	of	the	partially	saturated	MK	product	of	the	MenJ	catalyzed	reaction.	

Computational	studies	should	be	carried	out	on	these	MK	derivatives.	Rigorous	calculation	

and	 comparison	of	 the	 energies	 of	 conformations	 should	be	 carried	out.	NMR	 chemical	 shift	

calculations	 should	be	carried	out	 to	determine	how	closely	 the	experimental	 chemical	 shifts	

match	 predicted	 chemical	 shifts	 based	 on	 a	 proposed	 conformation.	 Computational	 studies	

characterizing	the	HOMO-LUMO	band	gap	energy	should	be	carried	out	on	the	MK	derivatives	

described	herein.	



209	
	

Studies	 in	 model	 membrane	 systems	 should	 extended	 to	 more	 physiologically	 relevant	

environments.	Conformational	analysis	of	truncated	MKs	 in	deuterated	 liposomes	would	be	a	

logical	next	step.	

Rigorous	 studies	 on	 the	 chromatographic	 separation	 of	MK	 homologs	 (varying	 side	 chain	

length)	would	be	very	beneficial	from	both	a	synthetic	standpoint	and	a	fundamental	chemical	

information	standpoint.	HPLC	work	with	truncated	MK	analogs	for	separation	analysis	(retention	

times	on	a	reverse	phase	column)	based	on	isoprenyl	side	chain	length	and	degree	of	saturation	

would	be	very	valuable.	

We	have	begun	characterizing	the	MK	derivatives	by	spectroelectrochemistry	looking	at	the	

absorbance	 spectra	 under	 reduced	 and	 oxidized	 conditions	 and	 determining	 diffusion	

coefficients	of	the	MK	analogs,	which	is	the	topic	of	a	manuscript	in	preparation.	However,	UV-

Vis	experiments	should	be	carried	out	on	truncated	MK	analogs	for	absorbance	characterization	

and	 at	 varying	 concentrations	 to	 study	 aggregation	 and	 possible	 stacking	 interactions.	 These	

experiments	would	provide	valuable	 information	on	the	solution	and	association	chemistry	of	

these	compounds.	

Studies	should	be	extended	to	other	essential	to	life	lipoquinones	such	as	ubiquinones.	We	

have	 already	 carried	 out	 a	 lot	 of	 studies	 in	 this	 area	 but	 due	 to	 length	 consideration	 of	 this	

dissertation,	this	chapter	was	omitted.	We	carried	out	a	6-step	synthesis	to	yield	gram	quantities	

of	ubiquinone-2	(UQ-2)	and	conformational	analysis	in	two	organic	solvents	and	a	reverse	micelle	

environment	was	carried	out.	Preliminary	 findings	 suggest	a	 folded	conformation	 for	UQ-2	 in	

organic	solutions	and	at	the	interface	of	RMs	similar	to	lipoquinone	analog,	MK-2.	These	studies	

are	the	topic	of	a	manuscript	that	is	in	preparation.	



210	
	

The	 chapter	 describing	 vanadium(V)	 catecholates	 set	 forth	 a	 concept	 exploiting	

hydrophobicity	and	steric	bulk	of	a	 ligand	to	slow	initial	hydrolysis	of	a	metal	complex,	which	

imparted	increased	stability	in	a	model	membrane	system	and	exhibited	potent	cytotoxic	effects	

against	 bone	 cancer	 cell	 lines.	 These	 studies	 should	 be	 extended	 to	 other	 vanadium(V)	

catecholate	 complexes	 with	 different	 substituents	 with	 varying	 amount	 of	 steric	 bulk	 and	

hydrophobicity	 to	 determine	 the	 best	 structure	 for	 cytotoxic	 activity.	 Studies	 should	 also	 be	

extended	 to	 exploring	 different	 tertiary	 stabilizing	 ligands	 other	 than	H2shed.	Many	 of	 these	

studies	are	currently	underway	and	will	be	the	topic	of	future	manuscripts.	These	vanadium(V)	

catecholate	 complexes	 exhibit	 very	 interesting	 redox	 chemistry	 and	 a	 wide	 range	 of	 NMR	

chemical	shifts,	which	we	have	studied	extensively	and	is	the	topic	of	a	manuscript	in	preparation.	

In	summary,	chapters	two	through	four	lay	a	solid	foundation	for	a	working	model	to	describe	

why	partial	saturation	is	observed	in	pathogenic	M.	tuberculosis,	which	has	infected	around	one	

third	of	the	global	population	of	humans	with	TB	and	is	responsible	for	the	deaths	of	~1.3	million	

worldwide.	 While	 these	 chapters	 have	 made	 significant	 discoveries	 such	 as	 truncated	 MK	

derivatives	adopting	folded	conformations	and	that	saturation	of	the	isoprenyl	side	chain	on	MK-

1	can	affect	the	redox	potential,	there	are	still	many	key	experiments	to	determine	the	chemical	

rationale	for	why	partial	saturation	is	observed	in	MK	within	M.	tuberculosis.	This	is	an	exciting	

field	 and	we	 hope	 that	 the	 studies	 presented	 herein	 and	 published	 elsewhere	will	 spark	 an	

interest	 in	 answering	 these	 perplexing	 biological	 questions.	 Chapter	 five	 explored	 a	 concept	

exploiting	hydrophobicity	and	steric	bulk	of	a	ligand	to	slow	initial	hydrolysis	of	a	metal	complex	

and	enhance	membrane	affinity	and	anti-cancer	effects	of	vanadium(V)	catecholate	complexes.	
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These	concepts	will	be	extended	to	other	vanadium	and	metal	complexes	 for	potential	novel	

metallo-drugs	to	target	hard	to	treat	cancers	such	as	pancreatic	cancer.	
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Appendix	I:	Contributions	to	Work	

	
	
	

The	material	in	chapter	one	is	primarily	from	literature,	background	knowledge,	or	insights	

gained	 from	 experience.	 Figures	 were	 prepared	 from	 original	 material	 or	 adapted	 for	 this	

dissertation.		

Some	of	the	material	in	chapter	two	is	published1	in	ACS	Omega	with	Jordan	T.	Koehn	as	the	

primary	author.	Coauthors	include	Dean	C.	Crick	and	Debbie	C.	Crans.	For	this	work,	Jordan	T.	

Koehn	carried	out	all	the	synthetic	and	experimental	work,	wrote	the	manuscript,	prepared	the	

figures,	and	prepared	the	supporting	information.	Dean	C.	Crick	gave	input	and	advice	on	what	

menaquinone	derivatives	would	be	of	interest	to	make	and	helped	with	editing	the	manuscript.	

Debbie	C.	Crans	gave	input	and	advice	on	what	menaquinone	derivatives	to	make	and	helped	

with	editing	of	the	manuscript.	

The	material	in	chapter	three	is	published2	in	the	Journal	of	Organic	Chemistry	with	Jordan	T.	

Koehn	as	the	primary	author.	Coauthors	include	Estella	S.	Magallanes,	Benjamin	J.	Peters,	Cheryle	

N.	Beuning,	Allison	A.	Haase,	Michelle	J.	Zhu,	Christopher	D.	Rithner,	Dean	C.	Crick,	and	Debbie	

C.	Crans.	For	this	work,	Jordan	T.	Koehn	helped	write	the	manuscript,	created	most	of	the	figures,	

prepared	the	supporting	information,	synthesized	menaquinone-2,	carried	out	and	analyzed	the	

organic	solution	2D	NMR	experiments	and	data,	and	carried	out	and	analyzed	the	2D	reverse	

micelle	NMR	experiments	and	data.	Estella	S.	Magallanes	helped	originally	obtain	1D	NMR	data	

in	reverse	micelles	and	outlined	a	rough	draft	of	the	manuscript.	Benjamin	J.	Peters	designed	the	

reverse	 micelle	 experiments	 and	 prepared	 and	 analyzed	 the	 Langmuir	 monolayer	 section.	
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Cheryle	N.	Beuning	acquired	the	electrochemical	data	and	contributed	to	the	electrochemistry	

section.	 Allison	 A.	 Haase	 also	 helped	 acquire	 the	 Langmuir	 monolayer	 data.	 Michelle	 J.	 Zhu	

helped	 acquire	 preliminary	 data	 of	 menaquinone-2	 within	 reverse	 micelles.	 Christopher	 D.	

Rithner	gave	valuable	help	for	NMR	interpretation	and	acquisition.	Debbie	C	Crans	helped	write	

the	manuscript	and	gave	valuable	input	on	experiments	and	writing.	Dean	C.	Crick	and	Debbie	C.	

Crans	gave	valuable	advice	and	help	preparing	and	editing	the	manuscript.	

The	material	in	chapter	four	is	published3	in	Biochemistry	with	Jordan	T.	Koehn	as	the	primary	

author.	Coauthors	include	Cheryle	N.	Beuning,	Benjamin	J.	Peters,	Sara	K.	Dellinger,	Cameron	Van	

Cleave,	Dean	C.	Crick,	and	Debbie	C.	Crans.	For	this	work,	Jordan	T.	Koehn	wrote	the	manuscript,	

created	most	of	the	figures,	synthesized	MK-1	and	MK-1(H2),	carried	out	and	analyzed	the	organic	

solution	2D	NMR	experiments	and	data,	carried	out	and	analyzed	the	1D	and	2D	NMR	data	in	

reverse	micelles,	 and	 prepared	 the	 supporting	 information.	 Cheryle	 N	 Beuning	 acquired	 the	

electrochemical	 data	 and	 contributed	 to	 the	 electrochemistry	 section.	 Benjamin	 J.	 Peters	

prepared,	analyzed,	and	helped	write	the	Langmuir	monolayer	section.	Sara	K.	Dellinger	helped	

acquire	 some	of	 the	original	 1D	 1H	NMR	spectra	of	MK-1	 in	different	 solvents.	Cameron	Van	

Cleave	also	helped	acquire	the	Langmuir	monolayer	data.	Dean	C.	Crick	gave	valuable	input	on	

the	project.	Debbie	C.	Crans	gave	valuable	input	and	helped	edit	the	manuscript.	

The	material	in	chapter	five	is	published4	in	Dalton	Transactions	with	Debbie	C.	Crans	as	the	

primary	author.	Coauthors	include	Jordan	T.	Koehn,	Stephanie	M.	Petry,	Caleb	M.	Glover,	Asanka	

Wijetunga,	 Ravinder	 Kaur,	 Aviva	 Levina,	 and	 Peter	 A.	 Lay.	 For	 this	 work,	 Jordan	 T.	 Koehn	

synthesized	 the	 vanadium	 complexes,	 trained	 and	 supervised	 undergraduate	 students	

(Stephanie	 and	 Caleb)	 in	 synthesis	 and	 how	 to	 make	 and	 run	 reverse	 micelle	 experiments,	
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prepared	the	figures,	prepared	the	supporting	information,	analyzed	data,	and	helped	write	and	

edit	the	manuscript.	Stephanie	M.	Petry	carried	out	the	NMR	experiments	in	solution	and	within	

reverse	 micelles	 and	 carried	 out	 the	 dynamic	 light	 scattering	 experiments.	 Caleb	 M.	 Glover	

carried	out	the	initial	experiments	in	reverse	micelles	and	helped	getting	the	project	running.	UV-

Vis	and	cytotoxicity	experiments	were	carried	out	by	Asanka	Wijetunga,	Ravinder	Kaur	and	Aviva	

Levina.	Peter	A.	Lay	and	Aviva	Levina	wrote	the	UV-Vis	and	cytotoxicity	sections,	gave	valuable	

advice,	and	helped	edit	the	manuscript.	Debbie	C.	Crans	wrote	the	original	outline	and	draft	of	

the	manuscript,	helped	edit	the	manuscript,	and	provided	valuable	advice	and	input.	

The	material	in	chapter	six	provides	a	summary	and	concluding	remarks	of	the	work	in	the	

preceding	chapters.	In	addition,	a	future	direction	sections	details	where	the	author	believes	the	

project	should	go	and	what	experiments	should	be	carried	out	in	the	future.		

The	following	appendices	state	contributions	to	the	published	works	that	are	not	discussed	

within	the	chapters	of	this	dissertation	or	are	supporting	figures	useful	for	further	interpretations	

of	the	data.	
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Appendix	II:		Supporting	Information	for	Chapter	2	

	
	
	
General	 Methods	 &	 Information.	 All	 non-aqueous	 reactions	 were	 carried	 out	 under	 an	
atmosphere	of	argon	in	flame-dried	glassware	and	were	stirred	on	a	magnetic	stir	plate	using	
anhydrous	solvent	unless	otherwise	noted.	All	solvents	were	purchased	from	commercial	sources	
and	either	used	directly	or	after	drying.	Solvents	were	dried	either	by	passing	through	an	alumina	
drying	column	(Solv-Tek	Inc.)	under	argon	pressure	(i.e.	benzene,	methanol,	and	trimethylamine),	
or	by	passing	through	a	column	packed	with	activated	neutral	alumina	under	argon	pressure	(i.e.	
n-pentane),	or	dried	over	activated	3	Å	molecular	sieves	for	48-72	h	under	argon	atmosphere	(i.e.	
tertbutanol,	 10	 g	 sieves	 /	 100	 mL	 solvent).	 Reactions	 were	 monitored	 by	 thin	 layer	
chromatography	(TLC)	on	Whatman	Partisil®	K6F	TLC	plates	(silica	gel	60	Å,	0.250	mm	thickness)	
or	Merck	TLC	Silica	gel	60	F254	plates	and	visualized	using	a	UV	lamp	(366	or	254	nm),	Seebachs	
stain	(and	heated	to	visualize),	or	KMnO4	stain	(and	heated	to	visualize)	and	preparative	TLC	was	
carried	out	using	full	size	20	X	20	cm	Merck	TLC	Silica	gel	60	F254	plates	and	visualized	using	a	UV	
lamp.	Products	were	purified	by	flash	chromatography	(SiliCycle®SiliaFlash®	F60,	43-60	µm	60	Å).	
Yields	refer	to	dried,	chromatographically	and	spectroscopically	(1H	NMR)	homogenous	materials	
unless	otherwise	noted.	All	chemicals	were	used	without	purification	unless	otherwise	noted.	1H	
and	13C	spectra	were	recorded	on	a	400	MHz	Varian	Model	MR400	or	a	Bruker	Model	Avance	
Neo400	 equipped	 with	 BBFO	 smart	 probe	 operating	 at	 400	 MHz	 or	 101	 MHz,	 respectively.	
Chemical	shift	values	(δ)	are	reported	in	ppm	and	referenced	against	the	internal	solvent	peaks	
in	1H	NMR	(CDCl3,	δ	at	7.26	ppm;	benzene-d6,	δ	at	7.16	ppm)	and	in	13C	NMR	(CDCl3,	δ	at	77.16	
ppm;	benzene-d6,	δ	at	128.06	ppm).	All	NMR	spectra	were	acquired	either	at	25	or	26	°C.	Integral	
values	were	determined	using	standard,	uncalibrated	NMR	experiments	and	should	be	viewed	
accordingly.	 1H	 NMR	 spectra	 are	 reported	 as	 follows:	 chemical	 shift	 (multiplicity,	 coupling	
constant,	integration).	The	following	abbreviations	are	used	to	indicate	multiplicities:	s,	singlet;	
d,	 doublet;	 t,	 triplet;	 q,	 quartet;	m,	multiplet;	 br,	 broad.	 NMR	 spectra	were	 processed	 using	
MestReNova	version	10.0.1.	or	12.0.2	Details	of	NMR	experiments	are	provided	in	representative	
experimental	sections	and	captions	of	figures.	
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Figure	A2.1:	1D	1H	NMR	(400	MHz)	spectrum	of	MK-1	(2.4)	at	26	°C	in	CDCl3.	
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Figure	A2.2:	1D	13C	NMR	(101	MHz)	spectrum	of	MK-1	(2.4)	at	26	°C	in	CDCl3.	
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Figure	A2.3:	1D	1H	NMR	(400	MHz)	spectrum	of	MK-1(H2)	(2.6)	at	26	°C	in	d6-benzene.	
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Figure	A2.4:	13C	NMR	(101	MHz)	spectrum	of	MK-1(H2)	(2.6)	at	26	°C	in	d6-benzene.	
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Figure	A2.5.		1H	NMR	(400	MHz)	spectrum	of	MK-2	(2.8)	at	26	°C	in	d6-DMSO.	
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Figure	A2.6.		13C	NMR	(400	MHz)	spectrum	of	MK-2	(2.8)	at	26	°C	in	d6-DMSO.	



223	
	

	
Figure	A2.7:	1D	1H	NMR	(400	MHz)	spectrum	of	30	mM	cis/trans	MK-2(II-H2)	(2.10)	at	25	°C	in	C6D6.	
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Figure	A2.8:	1D	13C	NMR	(101	MHz)	spectrum	of	64	mM	cis/trans	MK-2(II-H2)	(2.10)	at	25	°C	in	C6D6	using	2000	scans.	
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Figure	A2.9:	1H-1H	2D	gCOSY	NMR	(400	MHz)	spectrum	of	64	mM	cis/trans	MK-2(II-H2)	(2.10)	in	C6D6	at	25	°C.	A	standard	gCOSY	pulse	
sequence	was	used	consisting	of	128	t1	increments	with	8	scans	per	t1	increment.	
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Figure	A2.10:	1H-13C	2D	HSQC	NMR	(400	MHz)	spectrum	of	64	mM	cis/trans	MK-2(II-H2)	(2.10)	in	C6D6	at	25	°C.	A	standard	gHSQC	pulse	
sequence	was	used	consisting	of	128	t1	increments	with	8	scans	per	t1	increment.	Red	contour	peaks	correspond	to	methyl	(-CH3)	and	
methine	(>CH-)	groups	and	blue	contour	peaks	correspond	to	methylene	(-CH2	-)	groups.		
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Figure	A2.10.1:	1H-13C	2D	HSQC	NMR	(400	MHz)	spectrum	of	64	mM	cis/trans	MK-2(II-H2)	(2.10)	in	C6D6	at	25	°C.	A	standard	gHSQC	
pulse	sequence	was	used	consisting	of	128	t1	increments	with	8	scans	per	t1	increment.	Red	contour	peaks	correspond	to	methyl	(-
CH3)	and	methine	(>CH-)	groups	and	blue	contour	peaks	correspond	to	methylene	(-CH2	-)	groups.		
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Figure	A2.11:	1D	1H	NMR	(400	MHz)	spectrum	of	30	mM	trans-MK-2(II-H2)	(2.10)	at	25	°C	in	C6D6.	
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Figure	A2.12:	1D	13C	NMR	(101	MHz)	spectrum	of	30	mM	trans-MK-2(II-H2)	(2.10)	at	25	°C	in	C6D6.	
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Figure	A2.13:	1H-1H	2D	gCOSY	NMR	(400	MHz)	spectrum	of	30	mM	trans-MK-2(II-H2)	(2.10)	in	C6D6	at	25	°C.	A	standard	gCOSY	pulse	
sequence	was	used	consisting	of	128	t1	increments	with	8	scans	per	t1	increment.	
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Figure	A2.14:	1H-13C	2D	HSQC	NMR	(400	MHz)	spectrum	of	30	mM	trans-MK-2(II-H2)	(2.10)	in	C6D6	at	25	°C.	A	standard	gHSQC	pulse	
sequence	was	used	consisting	of	128	t1	increments	with	8	scans	per	t1	increment.	Red	contour	peaks	correspond	to	methyl	(-CH3)	and	
methine	(>CH-)	groups	and	blue	contour	peaks	correspond	to	methylene	(-CH2	-)	groups.	
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Figure	A2.14.1:	1H-13C	2D	HSQC	NMR	(400	MHz)	spectrum	of	30	mM	trans-MK-2(II-H2)	(2.10)	in	C6D6	at	25	°C.	A	standard	gHSQC	pulse	
sequence	was	used	consisting	of	128	t1	increments	with	8	scans	per	t1	increment.	Red	contour	peaks	correspond	to	methyl	(-CH3)	and	
methine	(>CH-)	groups	and	blue	contour	peaks	correspond	to	methylene	(-CH2	-)	groups.	
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Figure	A2.15:	1D	1H	NMR	(400	MHz)	spectrum	of	1-Iodo-3,7-dimethyloctane	(2.12)	at	26	°C	in	CDCl3.	



234	
	

	
Figure	A2.16:	1D	13C	NMR	(101	MHz)	spectrum	of	1-Iodo-3,7-dimethyloctane	(2.12)	at	26	°C	in	CDCl3.	
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Figure	A2.17:	1D	1H	NMR	(400	MHz)	spectrum	of	100	mM	MK-2(I,II-H4)	(2.13)	at	26	°C	in	CDCl3.	
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Figure	A2.18:	1D	13C	NMR	(101	MHz)	spectrum	of	100	mM	MK-2(I,II-H4)	(2.13)	at	26	°C	in	CDCl3.	
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Figure	A2.19:	1H-1H	2D	gCOSY	NMR	(400	MHz)	spectrum	of	100	mM	MK-2(I,II-H4)	(2.13)	in	CDCl3	at	26	°C.	A	standard	gCOSY	pulse	
sequence	was	used	consisting	of	128	t1	increments	with	8	scans	per	t1	increment.	
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Figure	A2.20:	1H-13C	2D	HSQC	NMR	(400	MHz)	spectrum	of	100	mM	MK-2(I,II-H4)	(2.13)	in	CDCl3	at	26	°C.	A	standard	HSQCAD	pulse	
sequence	was	used	consisting	of	128	t1	increments	with	4	scans	per	t1	increment.	Red	contour	peaks	correspond	to	methyl	(-CH3)	and	
methine	(>CH-)	groups	and	blue	contour	peaks	correspond	to	methylene	(-CH2	-)	groups.	
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Figure	A2.20.1:	1H-13C	2D	HSQC	NMR	(400	MHz)	spectrum	of	100	mM	MK-2(I,II-H4)	(2.13)	in	CDCl3	at	26	°C.	A	standard	HSQCAD	pulse	
sequence	was	used	consisting	of	128	t1	increments	with	4	scans	per	t1	increment.	Red	contour	peaks	correspond	to	methyl	(-CH3)	and	
methine	(>CH-)	groups	and	blue	contour	peaks	correspond	to	methylene	(-CH2	-)	groups.	
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Figure	A2.21:	1D	1H	NMR	(400	MHz)	spectrum	of	55	mM	MK-3	(2.15)	at	25	°C	in	CDCl3.	
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Figure	A2.22:	1D	13C	NMR	(101	MHz)	spectrum	of	55	mM	MK-3	(2.15)	at	25	°C	in	CDCl3.	
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Figure	A2.23:	1H-1H	2D	gCOSY	NMR	(400	MHz)	spectrum	of	55	mM	MK-3	(2.15)	in	CDCl3	at	25	°C.	A	standard	gCOSY	pulse	sequence	
was	used	consisting	of	128	t1	increments	with	8	scans	per	t1	increment.	
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Figure	A2.24:	1H-13C	2D	HSQC	NMR	(400	MHz)	spectrum	of	55	mM	MK-3	(2.15)	in	CDCl3	at	25	°C.	A	standard	HSQCAD	pulse	sequence	
was	used	consisting	of	128	t1	increments	with	8	scans	per	t1	increment.	Red	contour	peaks	correspond	to	methyl	(-CH3)	and	methine	
(>CH-)	groups	and	blue	contour	peaks	correspond	to	methylene	(-CH2	-)	groups.	
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Figure	A2.24.1:	1H-13C	2D	HSQC	NMR	(400	MHz)	spectrum	of	55	mM	MK-3	(2.15)	in	CDCl3	at	25	°C.	A	standard	HSQCAD	pulse	sequence	
was	used	consisting	of	128	t1	increments	with	8	scans	per	t1	increment.	Red	contour	peaks	correspond	to	methyl	(-CH3)	and	methine	
(>CH-)	groups	and	blue	contour	peaks	correspond	to	methylene	(-CH2	-)	groups.	



245	
	

	
Figure	A2.25:	1D	1H	NMR	(400	MHz)	spectrum	of	8-iodo-2,6-dimethyloct-2-ene	(2.17)	at	26	°C	in	CDCl3.	
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Figure	A2.26:	1D	13C	NMR	(101	MHz)	spectrum	of	8-iodo-2,6-dimethyloct-2-ene	(2.17)	at	26	°C	in	CDCl3.	
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Figure	A2.27:	1D	1H	NMR	(400	MHz)	spectrum	of	6,10-dimethylundec-9-en-2-one	(2.18)	at	26	°C	in	CDCl3.	



248	
	

	
Figure	A2.28:	1D	13C	NMR	(101	MHz)	spectrum	of	6,10-dimethylundec-9-en-2-one	(2.18)	at	26	°C	in	CDCl3.	



249	
	

	
Figure	A2.29:	1D	1H	NMR	(400	MHz)	spectrum	of	Methyl	3,7,11-trimethyldodeca-2,10-dienoate	(2.19)	at	26	°C	in	CDCl3.	
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Figure	A2.30:	1D	13C	NMR	(101	MHz)	spectrum	of	Methyl	3,7,11-trimethyldodeca-2,10-dienoate	(2.19)	at	26	°C	in	CDCl3.	
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Figure	A2.31:	1D	1H	NMR	(400	MHz)	spectrum	of	3,7,11-trimethyldodeca-2,10-dien-1-ol	(2.20)	at	26	°C	in	CDCl3.	
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Figure	A2.32:	1D	13C	NMR	(101	MHz)	spectrum	of	3,7,11-trimethyldodeca-2,10-dien-1-ol	(2.20)	at	26	°C	in	CDCl3.	
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Figure	A2.33:	1D	1H	NMR	(400	MHz)	spectrum	of	53	mM	cis/trans	MK-3(II-H2)	(2.21)	at	25	°C	in	C6D6.	



254	
	

	
Figure	A2.34:	1D	13C	NMR	(101	MHz)	spectrum	of	53	mM	cis/trans	MK-3(II-H2)	(2.21)	at	25	°C	in	C6D6	using	2000	scans.	
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Figure	A2.35:	1H-1H	2D	gCOSY	NMR	(400	MHz)	spectrum	of	53	mM	cis/trans	MK-3(II-H2)	(2.21)	in	C6D6	at	25	°C.	A	standard	gCOSY	pulse	
sequence	was	used	consisting	of	128	t1	increments	with	8	scans	per	t1	increment.	



256	
	

	
Figure	A2.36:	1H-13C	2D	HSQC	NMR	(400	MHz)	spectrum	of	53	mM	cis/trans	MK-3(II-H2)	(2.21)	in	C6D6	at	25	°C.	A	standard	gHSQC	
pulse	sequence	was	used	consisting	of	128	t1	increments	with	8	scans	per	t1	increment.	Red	contour	peaks	correspond	to	methyl	(-
CH3)	and	methine	(>CH-)	groups	and	blue	contour	peaks	correspond	to	methylene	(-CH2	-)	groups.	
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Figure	A2.36.1:	1H-13C	2D	HSQC	NMR	(400	MHz)	spectrum	of	53	mM	cis/trans	MK-3(II-H2)	(2.21)	in	C6D6	at	25	°C.	A	standard	gHSQC	
pulse	sequence	was	used	consisting	of	128	t1	increments	with	8	scans	per	t1	increment.	Red	contour	peaks	correspond	to	methyl	(-
CH3)	and	methine	(>CH-)	groups	and	blue	contour	peaks	correspond	to	methylene	(-CH2	-)	groups.	
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Figure	A2.37:	1D	1H	NMR	(400	MHz)	spectrum	of	20	mM	trans-MK-3(II-H2)	(2.21)	at	25	°C	in	C6D6.	
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Figure	A2.38:	1D	13C	NMR	(101	MHz)	spectrum	of	20	mM	trans-MK-3(II-H2)	(2.21)	at	25	°C	in	C6D6	using	2000	scans.	
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Figure	A2.39:	1H-1H	2D	gCOSY	NMR	(400	MHz)	spectrum	of	20	mM	trans-MK-3(II-H2)	(2.21)	in	C6D6	at	25	°C.	A	standard	gCOSY	pulse	
sequence	was	used	consisting	of	128	t1	increments	with	8	scans	per	t1	increment.	
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Figure	A2.40:	1H-13C	2D	HSQC	NMR	(400	MHz)	spectrum	of	20	mM	trans-MK-3(II-H2)	(2.21)	in	C6D6	at	25	°C.	A	standard	gHSQC	pulse	
sequence	was	used	consisting	of	128	t1	increments	with	8	scans	per	t1	increment.	Red	contour	peaks	correspond	to	methyl	(-CH3)	and	
methine	(>CH-)	groups	and	blue	contour	peaks	correspond	to	methylene	(-CH2	-)	groups.	
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Figure	A2.40.1:	1H-13C	2D	HSQC	NMR	(400	MHz)	spectrum	of	20	mM	trans-MK-3(II-H2)	(2.21)	in	C6D6	at	25	°C.	A	standard	gHSQC	pulse	
sequence	was	used	consisting	of	128	t1	increments	with	8	scans	per	t1	increment.	Red	contour	peaks	correspond	to	methyl	(-CH3)	and	
methine	(>CH-)	groups	and	blue	contour	peaks	correspond	to	methylene	(-CH2	-)	groups.	
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Figure	A2.41.		1H-1H	2D	ROESY	NMR	(400	MHz)	spectrum	of	20	mM	trans-MK-3(II-H2)	(2.21)	at	25	°C	in	C6D6.	A	standard	ROESY	pulse	
sequence	was	used	consisting	of	256	transients	with	16	scans	in	the	f1	domain	using	a	400	ms	mixing	time	and	2.0	sec.	relaxation	
delay.	 Blue	 intensity	 contours	 represent	 negative	 ROE’s	 and	 red	 intensity	 contours	 represent	 positive	 ROE’s.	 A	 sine	 square	 90°	
weighting	function	was	used	in	the	F1	and	F2	dimensions.	
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Figure	A2.42:	1D	1H	NMR	(400	MHz)	spectrum	of	3,7,11-trimethyldodecan-1-ol	(2.23)	at	26	°C	in	CDCl3.	
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Figure	A2.43:	1D	13C	NMR	(101	MHz)	spectrum	of	3,7,11-trimethyldodecan-1-ol	(2.23)	at	26	°C	in	CDCl3.	
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Figure	A2.44:	1D	1H	NMR	(400	MHz)	spectrum	of	80	mM	1-iodo-3,7,11-trimethyldodecane	(2.24)	at	26	°C	in	CDCl3.	
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Figure	A2.45:	1D	13C	NMR	(101	MHz)	spectrum	of	80	mM	1-iodo-3,7,11-trimethyldodecane	(2.24)	at	26	°C	in	CDCl3.	
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Figure	A2.46:	1D	1H	NMR	(400	MHz)	spectrum	of	80	mM	MK-3(I,II,III-H6)	(2.25)	at	25	°C	in	CDCl3.	
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Figure	A2.47:	1D	13C	NMR	(101	MHz)	spectrum	of	80	mM	MK-3(I,II,III-H6)	(2.25)	at	25	°C	in	CDCl3.	
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Figure	A2.48:	1H-1H	2D	gCOSY	NMR	(400	MHz)	spectrum	of	MK-3(I,II,III-H6)	(2.25)	in	CDCl3	at	25	°C.	A	standard	gCOSY	pulse	sequence	
was	used	consisting	of	128	t1	increments	with	8	scans	per	t1	increment.	
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Figure	A2.49:	1H-13C	2D	HSQC	NMR	(400	MHz)	spectrum	of	80	mM	MK-3(I,II,III-H6)	(2.25)	in	CDCl3	at	25	°C.	A	standard	gHSQC	pulse	
sequence	was	used	consisting	of	128	t1	increments	with	8	scans	per	t1	increment.	Red	contour	peaks	correspond	to	methyl	(-CH3)	and	
methine	(>CH-)	groups	and	blue	contour	peaks	correspond	to	methylene	(-CH2	-)	groups.	
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Figure	A2.49.1:	1H-13C	2D	HSQC	NMR	(400	MHz)	spectrum	of	80	mM	MK-3(I,II,III-H6)	(2.25)	in	CDCl3	at	25	°C.	A	standard	gHSQC	pulse	
sequence	was	used	consisting	of	128	t1	increments	with	8	scans	per	t1	increment.	Red	contour	peaks	correspond	to	methyl	(-CH3)	and	
methine	(>CH-)	groups	and	blue	contour	peaks	correspond	to	methylene	(-CH2	-)	groups.	
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Figure	A2.50:	Comparison	between	1H	NMR	(400	MHz)	spectrum	of	cis/trans-MK-2(II-H2)	in	CDCl3	vs	C6D6	and	comparison	between	1H	
NMR	(400	MHz)	spectrum	of	cis/trans-MK-3(II-H2)	in	CDCl3	vs.	C6D6.	The	NMR	spectra	were	recorded	typically	using	32	scans,	at	25	or	
26	°C	and	referenced	to	the	internal	solvent	peak	(see	experimental	for	details).	Not	all	the	cis	isomer	peaks	are	labelled.	
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Appendix	III:		Supporting	Information	for	Chapter	3	

	
	
	
General	2D	NMR	Methods.	Spectra	were	processed	using	MestReNova	version	10.0.1.	Details	of	
experiments	 are	 provided	 in	 representative	 experimental	 sections	 and	 captions	 of	 figures.	
Spectra	were	collected	both	at	500	MHz	and	400	MHz	giving	consistent	results;	however,	all	the	
data	presented	herein	was	at	400	MHz	due	to	less	noise	in	the	spectrum.	The	interpretations	of	
distances	from	NOE	and	ROE	data	were	based	off	semi-quantitative	examination	of	cross	peak	
intensity	and	then	a	distance	extrapolated	by	using	a	modeled	3D	energy	minimized	molecular	
mechanics	 MK-2	 conformation.	 Conformations	 were	 matched	 based	 off	 our	 interpretations;	
however,	more	sophisticated	methods	need	to	be	executed	in	the	future	to	further	confirm	our	
suggested	conformations.	
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Figure	A3.1.		

1
H-

1
H	2D	NOESY	NMR	(400	MHz)	spectrum	of	20	mM	MK-2	at	26	°C	in	d6-DMSO.	A	standard	NOESY	pulse	sequence	was	

used	consisting	of	256	transients	with	16	scans	in	the	f1	domain	using	a	500	ms	mixing	time	and	1.5	sec	relaxation	delay.		
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Figure	A3.2.		

1
H-

1
H	2D	ROESY	NMR	(400	MHz)	spectrum	of	20	mM	MK-2	at	26	°C	in	d6-DMSO.	A	standard	ROESYAD	pulse	sequence	

was	used	consisting	of	256	transients	with	16	scans	in	the	f1	domain	using	a	400	ms	mixing	time	and	2.0	sec.	relaxation	delay.	
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Figure	A3.3.		

1
H-

1
H	2D	gCOSY	NMR	(400	MHz)	spectrum	of	MK-2	in	d6-DMSO	at	26	°C.	A	standard	gCOSY	pulse	sequence	was	used	

consisting	of	200	t1	increments	with	8	scans	per	t1	increment.	
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Figure	A3.4.		

1
H-

1
H	2D	NOESY	NMR	(400	MHz)	spectrum	of	20	mM	MK-2	at	26	°C	in	d5-pyridine.	A	standard	NOESY	pulse	sequence	was	

used	consisting	of	200	transients	with	16	scans	in	the	f1	domain	using	a	500	ms	mixing	time	and	1.5	sec	relaxation	delay.		
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Figure	A3.5.		

1
H-

1
H	2D	ROESY	NMR	(400	MHz)	spectrum	of	20	mM	MK-2	at	26	°C	in	d5-pyridine.	A	standard	ROESYAD	pulse	sequence	

was	used	consisting	of	200	transients	with	16	scans	in	the	f1	domain	using	a	400	ms	mixing	time	and	2.0	sec.	relaxation	delay.	
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Figure	A3.6.		

1
H-

1
H	2D	gCOSY	NMR	(400	MHz)	spectrum	of	20	mM	MK-2	in	d5-pyridine	at	26	°C.	A	standard	gCOSY	pulse	sequence	was	

used	consisting	of	200	t1	increments	with	8	scans	per	t1	increment.	
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Figure	A3.7.	NOE/ROE	slices	for	MK-2	correlation	Hw	to	Hy.	(A)	NOE	slice	for	MK-2	correlation	Hw	to	Hy	in	d6-DMSO,	(B)	ROE	slice	for	

MK-2	correlation	Hw	to	Hy	in	d6-DMSO,	(C)	NOE	slice	for	MK-2	correlation	Hw	to	Hy	in	d5-pyridine,	(D)	ROE	slice	for	MK-2	correlation	Hw	

to	Hy	in	d5-pyridine.	
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Figure	A3.8.		

1
H-

1
H	2D	NOESY	NMR	(400	MHz)	spectrum	of	100	mM	MK-2	in	w0	12	reverse	micelle	at	26	°C.	A	standard	NOESY	pulse	

sequence	was	used	consisting	of	256	transients	with	16	scans	in	the	f1	domain	using	a	200	ms	mixing	time	and	1.5	sec.	relaxation	

delay.	
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Figure	A3.9.		

1
H-

1
H	2D	ROESYAD	NMR	(400	MHz)	spectrum	of	100	mM	MK-2	in	w0	12	reverse	micelle	at	26	°C.	A	standard	ROESY	pulse	

sequence	was	used	consisting	of	256	transients	with	16	scans	in	the	f1	domain	using	a	200	ms	mixing	time	and	2.0	sec.	relaxation	

delay.	
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Molecular	Mechanics:	MK-2	Conformational	Analysis,	Energies,	and	Hydrogen	Distances.	
Conformational	analysis	methods.	These	calculations	were	done	to	provide	visual	aids	to	help	

interpret	the	NMR	results.	Specifically,	calculations	were	done	to	characterize	the	local	minima	
with	parameters	 similar	 to	 that	obtained	by	 the	 solution	NMR	studies.	All	 the	 conformations	
(Figure	A3.10)	were	 constructed	by	 drawing	 the	molecule	 and	 rotating	 bonds	 until	 a	 desired	
conformation	 was	 obtained	 (except	 for	 conformation	 C).	 An	 energy	 minimization	 was	 then	
carried	out	to	obtain	a	conformation	with	realistic	bond	lengths	and	angles.	Finally,	a	molecular	
mechanics	energy	calculation	was	done	to	determine	if	the	resulting	conformation	had	similar	
stability	as	the	 local	minima	obtained.	Conformation	C	was	obtained	by	drawing	an	extended	
conformation	and	then	10,000	iterations	were	run	leading	to	a	sampling	of	different	parts	of	the	
energy	surface	for	MK-2.	These	calculations	were	followed	by	an	energy	minimization	and	finally	
a	Molecular	Mechanics	energy	calculation.	It	is	important	to	note	that	conformations	A	and	B	(in	
d6-DMSO	 and	 d5-pyridine,	 respectively)	 were	 generated	 and	 then	 the	 internuclear	 distances	
between	6-8	hydrogens	(i.e.	Hw-Hy,	Hw-Hz,	Hw-Hx,	etc.,	see	Table	A3.1)	were	matched	(i.e.	bonds	
rotated	to	move	selected	hydrogen	of	interest	closer	or	farther	away	until	internuclear	distance	
agreed	with	observed	NOE	or	ROE	intensity)	to	the	interpreted	NOE	and	ROE	cross	peak	intensity	
observed	from	experiment.	As	seen	in	Table	A3.1,	the	conformations	in	d6-DMSO	and	d5-pyridine	
differed	in	energy	by	less	than	0.5	kcal/mol.		
	
Table	 A3.1.	 	 Conformation	 energies	 of	 MK-2	 and	 selected	 internuclear	 distances	 between	
hydrogens.	

	
aAll	 internuclear	 distances	 were	 determined	 using	 the	 closest	 hydrogens.	 For	 example,	 the	
closest	Hw	hydrogen	was	used	to	determine	the	distance	to	the	closest	Hq	hydrogen.	
	
Supplemental	Conformational	Analysis.	The	following	discussion	relating	to	the	details	of	the	U-
shape	was	omitted	 from	the	main	paper	due	 to	 space	constraints.	 It	 is	 included	here	 for	 the	
readers	 interested	 in	more	details.	When	starting	 from	an	energy	minimized	extended	planar	
conformation	of	MK-2,	kinks	in	the	isoprenyl	chain	were	observed	in	as	little	as	200	iterations	
and	folding	of	the	isoprenyl	chain	was	observed	in	as	few	as	500	iterations	in	most	simulations.	
The	 folded,	 U-shaped	 segment	 in	 the	 isoprenyl	 chain	 of	 MK-2	 contains	 at	 least	 one	 g+g-	

conformation.	MK-2’s	alkyl	chain	carbons,	C2-C6,	distance	was	3.5	Å	in	d6-DMSO.	Conformational	
analysis	of	pentane	is	a	logical	comparison	as	it	takes	five	carbons	in	the	isoprenyl	chain	of	MK-2	
to	 create	 the	 U-shaped	 fold	 observed	 in	 experiment	 and	 computation.	 Pentane’s	 C1-C5	 g+g-	
conformation	distance	was	reported	to	be	3.42	Å,	whereas	the	g+g+	conformation	was	3.72	Å	
(and	for	comparison	the	tg	conformation	distance	was	4.57	Å).1	The	g+g-	conformation	in	pentane	
is	energetically	unfavorable	due	to	the	destabilizing	“pentane	effect.”1	This	destabilizing	effect	
describes	the	steric	hindrance	present	in	a	conformation	with	gauche	interactions,	where	one	of	
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the	hydrogens	 distance	between	 the	 ends	of	 the	 chain	 is	 2.24	Å	 in	 pentane.	 This	 distance	 is	
minimized	in	MK-2	due	to	the	presence	of	the	two	double	bonds	in	the	isoprenyl	chain.	These	
double	bonds	decrease	the	amount	of	hydrogen	atoms	present	in	the	chain	and	increases	the	
end	to	end	distance	between	the	two	alkene	hydrogens.	Furthermore,	 favorable	p-p	 stacking	
within	the	alkenes	in	the	isoprenyl	chain	may	also	stabilize	the	g+g-	conformation	more	with	a	
larger	favorable	enthalpy	contribution	over	entropic	considerations.	It	was	demonstrated	using	
microwave	spectroscopy	and	computational	calculations	for	the	conformational	isomers	of	1,6-
heptadiyne	 that	 the	 presence	 of	 p	 bonds	 favors	 the	 molecule	 acquiring	 the	 gauche	
conformations	that	are	disfavored	by	steric	repulsion	in	alkanes;	this	observation	was	attributed	
to	a	stabilizing	CH/p	interaction	(mostly	dispersive	in	nature	rather	than	electrostatic).2	In	MK-2,	
two	 possibilities	 for	 this	 type	 of	 stabilization	 occur	 in	 a	 folded	 isoprenyl	 chain	 conformation	
because	of	the	presence	of	the	two	alkene	units.		
	

	
Figure	A3.10.	 	MK-2	conformations	generated	using	MMFF94	calculations	 in	 the	gas	phase	at	
300°	K.	(A)	MK-2	conformation	in	d6-DMSO	determined	from	NOESY	and	ROESY	spectrum	(66.8	
kcal/mol,	and	internuclear	distance	Hw-Hy:	2.6	Å),	(B)	Potential	MK-2	conformation	in	d5-pyridine	
consistent	with	NOESY	and	ROESY	spectrum	(66.7	kcal/mol,	and	internuclear	distance	Hw-Hy:	6.1	
Å),	(C)	Low	energy	structure	of	MK-2	found	using	10,000	iterations	and	energy	minimization	(60.2	
kcal/mol,	 and	 internuclear	 distance	Hw-Hy:	 2.6	 Å),	 (D)	 Commonly	 drawn	MK	 conformation	 in	
literature	with	MK-2	planar	and	chain	extended	(83.5	kcal/mol,	and	internuclear	distance	Hw-Hy:	
7.9	 Å),	 	 (E)	 Planar	MK-2	 conformation	with	 extended	 chain	 extended	 up	 (83.1	 kcal/mol,	 and	
internuclear	distance	Hw-Hy:	11.4	Å),	(F)	MK-2	conformation	with	extended	chain	out	of	quinone	
plane	out	of	the	plane	of	paper	(78.0	kcal/mol,	and	internuclear	distance	Hw-Hy:	10.0	Å),	(G)	MK-
2	conformation	with	extended	chain	out	of	quinone	plane	into	the	plane	of	paper	(77.7	kcal/mol,	
and	internuclear	distance	Hw-Hy:	9.9	Å),	(H)	MK-2	conformation	with	bent	extended	chain	(80.3	
kcal/mol,	and	internuclear	distance	Hw-Hy:	8.3	Å).	
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Refer	 to	 the	 published	 manuscript3	 and	 corresponding	 supporting	 information	 for	
Electrochemistry	Experimental,	Methods,	and	Data.	
	
Refer	 to	 the	 published	 manuscript3	 and	 corresponding	 supporting	 information	 for	 Langmuir	
Monolayer	Studies	Experimental,	Methods,	and	Data.	
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Appendix	IV:		Supporting	Information	for	Chapter	4	

	
	
	

Further	 Information	 for	 Processing	 of	 2D	 NMR	 Spectra.	 Spectra	 were	 processed	 using	
MestReNova	version	10.0.1.	Details	of	experiments	are	provided	in	representative	experimental	
sections	and	captions	of	figures.	Spectra	were	collected	both	at	500	MHz	and	400	MHz	giving	
consistent	 results;	however,	all	 the	data	presented	herein	was	at	400	MHz	 (unless	otherwise	
noted)	due	to	 less	noise	 in	the	spectrum.	The	 interpretations	of	distances	from	NOE	and	ROE	
data	were	based	off	qualitative	examination	of	observed	cross	peak	intensity	and	then	a	distance	
extrapolated	by	using	a	modeled	3D	energy	minimized	molecular	mechanics	MK-1	or	MK-1(H2)	
conformation.	 Conformations	 were	 created	 based	 on	 our	 interpretations;	 however,	 more	
sophisticated	 methods	 need	 to	 be	 executed	 in	 the	 future	 to	 further	 confirm	 our	 suggested	
conformations.		

1H-1H	 2D	 NOESY	 and	 1H-1H	 2D	 ROESY	 NMR	 spectra	 collected	 in	 organic	 solutions	 were	
processed	using	MestReNova	version	10.0.1.	A	Sine	Square	90°	weighting	function	was	applied	
in	 the	 f2	 (t2)	 dimension	 and	 a	 Sine	 Bell	 90°	 weighting	 function	 was	 applied	 in	 the	 f1	 (t1)	
dimension.	The	 spectra	were	 then	phased	and	a	Bernstein	Polynomial	 Fit	was	applied	with	a	
polynomial	 order	 of	 3	 in	 both	 dimensions	 separately.	 Symmeterize->Cosy-like	 command	was	
then	applied	to	clean	up	the	small	amount	of	t1	noise	in	the	spectra.	We	were	cautious	and	the	
use	of	this	command	did	not	introduce	artifacts	and	did	not	seem	to	distort	the	cross	peaks	in	
the	spectra	as	the	background	noise	was	not	strong	but	was	necessary	as	t1	noise	overlapped	
cross	 peaks	 in	 most	 spectra.	 Spectra	 worked	 up	 using	 simple	 processing	 were	 compared	 to	
spectra	worked	up	using	simple	processing	plus	the	symmeterize	command	and	the	cross	peaks	
appeared	 identical	 except	 the	 t1	 noise	 was	 removed	 thus	 making	 the	 spectra	 much	 more	
interpretable.	The	 symmeterize	 command	or	 function	 replaces	 the	 larger	of	 two	 symmetrical	
points	with	a	point	that	has	the	same	magnitude	as	the	smaller	one	(as	stated	in	the	MestReNova	
2015	MESTRELAB	 Research	manual	 on	 pgs.	 207-208).	 Unsymmetrically	 positioned	 noise	 and	
artifacts	are	removed	by	this	command	but	symmetrical	noise	or	artifacts	will	be	preserved.	Most	
importantly,	 the	 complementary	 experiments	 of	 1H-1H	 2D	 NOESY	 and	 1H-1H	 2D	 ROESY	 NMR	
spectra	in	organic	solution	produce	the	same	results	and	agree	with	each	other,	demonstrating	
the	spectra	were	processed	reliably.	

1H-1H	2D	NOESY	and	1H-1H	2D	ROESY	NMR	spectra	collected	in	reverse	micelle	solutions	were	
processed	using	MestReNova	version	10.0.1.	These	spectra	are	more	complex	and	much	more	
challenging	to	process	compared	to	spectra	in	simple	organic	solutions.	A	Sine	Square	90°	and	
Gaussian	 weighting	 function	 was	 applied	 in	 the	 f2	 (t2)	 dimension	 and	 a	 Gaussian	 weighting	
function	 was	 applied	 in	 the	 f1	 (t1)	 dimension.	 We	 used	 these	 weighting	 functions	 as	 they	
appeared	to	produce	the	best	signal/noise	in	the	spectra.	The	spectra	were	then	phased	and	a	
Bernstein	Polynomial	Fit	was	applied	with	a	polynomial	order	of	3	in	both	dimensions	separately.	
Symmeterize->Cosy-like	was	then	applied	to	the	spectra	as	the	background	noise	 in	the	1-4.5	
ppm	range	made	the	cross	peaks	undiscernible	without	applying	this	command.	There	are	several	
internal	 controls	 that	 demonstrate	 the	 reverse	 micelle	 spectra	 were	 processed	 reliably.	 For	
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instance,	 lack	of	a	cross	peak	between	Hk	and	Hz,	which	agrees	with	expected	results	and	the	
results	from	the	organic	solution	spectra.	Also,	there	is	a	cross	peak	observed	between	Hr/s	and	
Hz	and	not	between	Hr/s	and	Hy	(Hy	is	overshadowed	by	H4/H4’	but	a	cross	peak	is	not	observed	
where	 one	would	 expect	 one),	which	 agrees	with	 expected	 results	 and	 that	 observed	 in	 the	
organic	 solution	 spectra.	 Most	 importantly,	 the	 1H-1H	 2D	 NOESY	 and	 1H-1H	 2D	 ROESY	 NMR	
spectra	in	reverse	micelles	produce	the	same	results	and	agree	with	each	other,	demonstrating	
the	spectra	were	processed	reliably.	

Further	Information	on	the	Assignment	of	the	MK-1	Terminal	Methyl	Hydrogens	(Hy	&	Hz).	
The	ambiguity	in	the	hydrogen	peak	assignment	for	the	terminal	methyls	on	the	isoprenyl	side	
chain	of	MK-1	was	clarified	using	1H-1H	2D	NOESY	and	1H-1H	2D	ROESY	NMR.	In	all	three	solvents,	
a	strong	NOE/ROE	cross	peak	(expected	for	a	cis	relationship)	was	observed	between	the	alkene	
hydrogen,	 Hk,	 and	 the	 methyl	 singlet	 further	 up	 field,	 while	 a	 very	 weak	 or	 no	 cross	 peak	
(expected	 for	 a	 trans	 relationship)	 was	 observed	 between	 Hk	 and	 the	methyl	 singlet	 further	
downfield.	In	addition,	Hr/s	only	interacts	with	the	methyl	singlet	that	is	further	downfield	and	
not	the	methyl	singlet	that	is	further	up	field.	This	led	to	the	determination	that	Hz	is	the	methyl	
further	downfield	and	Hy	is	the	methyl	further	up	field.		
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Figure	A4.1:	1H-1H	2D	NOESY	NMR	(400	MHz)	spectrum	of	MK-1	in	d5-pyridine	at	26	°C.	A	standard	NOESY	pulse	sequence	was	used	
consisting	of	256	transients	with	16	scans	in	the	f1	domain	using	a	500	ms	mixing	time	and	1.5	sec.	relaxation	delay.	
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Figure	A4.2:	1H-1H	2D	ROESY	NMR	(400	MHz)	spectrum	of	MK-1	in	d5-pyridine	at	26	°C.	A	standard	ROESYAD	pulse	sequence	was	used	
consisting	of	256	transients	with	16	scans	in	the	f1	domain	using	a	400	ms	mixing	time	and	2	sec.	relaxation	delay.	
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Figure	A4.3:	1H-1H	2D	gCOSY	NMR	(400	MHz)	spectrum	of	MK-1	in	d5-pyridine	at	26	°C.	A	standard	gCOSY	pulse	sequence	was	used	
consisting	of	200	t1	increments	with	8	scans	per	t1	increment	
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Figure	A4.4:	1H-1H	2D	NOESY	NMR	(400	MHz)	spectrum	of	MK-1	in	d3-acetonitrile	at	26	°C.	A	standard	NOESY	pulse	sequence	was	used	
consisting	of	256	transients	with	16	scans	in	the	f1	domain	using	a	500	ms	mixing	time	and	1.5	sec.	relaxation	delay.	
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Figure	A4.5:	1H-1H	2D	ROESY	NMR	(400	MHz)	spectrum	of	MK-1	in	d3-acetonitrile	at	26	°C.	A	standard	ROESYAD	pulse	sequence	was	
used	consisting	of	256	transients	with	16	scans	in	the	f1	domain	using	a	400	ms	mixing	time	and	2.0	sec.	relaxation	delay.	
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Figure	A4.6:	1H-1H	2D	gCOSY	NMR	(400	MHz)	spectrum	of	MK-1	in	d3-acetonitrile	at	26	°C.	A	standard	gCOSY	pulse	sequence	was	used	
consisting	of	200	t1	increments	with	8	scans	per	t1	increment.	
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Figure	A4.7:	1H-1H	2D	NOESY	NMR	(400	MHz)	spectrum	of	MK-1	in	d6-DMSO	at	26	°C.	A	standard	NOESY	pulse	sequence	was	used	
consisting	of	256	transients	with	16	scans	in	the	f1	domain	using	a	500	ms	mixing	time	and	1.5	sec.	relaxation	delay.	
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Figure	A4.8:	1H-1H	2D	ROESY	NMR	(400	MHz)	spectrum	of	MK-1	at	in	d6-DMSO	at	26	°C.	A	standard	ROESYAD	pulse	sequence	was	used	
consisting	of	256	transients	with	16	scans	in	the	f1	domain	using	a	400	ms	mixing	time	and	2	sec.	relaxation	delay.	
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Figure	A4.9:	1H-1H	2D	gCOSY	NMR	(400	MHz)	spectrum	of	MK-1	in	d6-DMSO	at	26	°C.	A	standard	gCOSY	pulse	sequence	was	used	
consisting	of	200	t1	increments	with	8	scans	per	t1	increment.	
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Figure	A4.10:	1H-1H	2D	NOESY	NMR	(400	MHz)	spectrum	of	MK-1	in	a	w0	12	reverse	micelle	at	26	°C.	A	standard	NOESY	pulse	sequence	
was	used	consisting	of	256	transients	with	16	scans	in	the	f1	domain	using	a	200	ms	mixing	time	and	1.5	sec.	relaxation	delay.	
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Figure	A4.11:	 1H-1H	2D	ROESY	NMR	(400	MHz)	 spectrum	of	MK-1	 in	a	w0	12	 reverse	micelle	at	26	 °C.	A	standard	ROESYAD	pulse	
sequence	was	used	consisting	of	256	transients	with	16	scans	in	the	f1	domain	using	a	200	ms	mixing	time	and	1.5	sec.	relaxation	
delay.	
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Figure	A4.12:	1H-1H	2D	NOESY	NMR	(400	MHz)	spectrum	of	MK-1(H2)	in	d5-pyridine	at	26	°C.	A	standard	NOESY	pulse	sequence	was	
used	consisting	of	256	transients	with	16	scans	in	the	f1	domain	using	a	500	ms	mixing	time	and	1.5	sec.	relaxation	delay.	
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Figure	A4.13:	1H-1H	2D	ROESY	NMR	(400	MHz)	spectrum	of	MK-1(H2)	in	d5-pyridine	at	26	°C.	A	standard	ROESYAD	pulse	sequence	was	
used	consisting	of	256	transients	with	16	scans	in	the	f1	domain	using	a	400	ms	mixing	time	and	2	sec.	relaxation	delay.	
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Figure	A4.14:	1H-1H	2D	gCOSY	NMR	(400	MHz)	spectrum	of	MK-1(H2)	in	d5-pyridine	at	26	°C.	A	standard	gCOSY	pulse	sequence	was	
used	consisting	of	200	t1	increments	with	8	scans	per	t1	increment.	
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Figure	A4.15:	1H-1H	2D	NOESY	NMR	(400	MHz)	spectrum	of	MK-1(H2)	in	d3-acetonitrile	at	26	°C.	A	standard	NOESY	pulse	sequence	was	
used	consisting	of	256	transients	with	16	scans	in	the	f1	domain	using	a	500	ms	mixing	time	and	1.5	sec.	relaxation	delay.	
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Figure	A4.16:	1H-1H	2D	ROESY	NMR	(400	MHz)	spectrum	of	MK-1(H2)	in	d3-acetonitrile	at	26	°C.	A	standard	ROESYAD	pulse	sequence	
was	used	consisting	of	256	transients	with	16	scans	in	the	f1	domain	using	a	400	ms	mixing	time	and	2.0	sec.	relaxation	delay.	
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Figure	A4.17:	1H-1H	2D	gCOSY	NMR	(400	MHz)	spectrum	of	MK-1(H2)	in	d3-acetonitrile	at	26	°C.	A	standard	gCOSY	pulse	sequence	was	
used	consisting	of	200	t1	increments	with	8	scans	per	t1	increment.	
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Figure	A4.18:	1H-1H	2D	NOESY	NMR	(400	MHz)	spectrum	of	MK-1(H2)	in	d6-DMSO	at	26	°C.	A	standard	NOESY	pulse	sequence	was	used	
consisting	of	256	transients	with	16	scans	in	the	f1	domain	using	a	500	ms	mixing	time	and	1.5	sec.	relaxation	delay.	
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Figure	A4.19:	1H-1H	2D	ROESY	NMR	(400	MHz)	spectrum	of	MK-1(H2)	at	in	d6-DMSO	at	26	°C.	A	standard	ROESYAD	pulse	sequence	was	
used	consisting	of	256	transients	with	16	scans	in	the	f1	domain	using	a	400	ms	mixing	time	and	2	sec.	relaxation	delay.	
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Figure	A4.20:	1H-1H	2D	gCOSY	NMR	(400	MHz)	spectrum	of	MK-1(H2)	in	d6-DMSO	at	26	°C.	A	standard	gCOSY	pulse	sequence	was	used	
consisting	of	200	t1	increments	with	8	scans	per	t1	increment.	
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Figure	A4.21:	1H-1H	2D	NOESY	NMR	(500	MHz)	spectrum	of	MK-1(H2)	 in	a	w0	12	reverse	micelle	at	25	°C.	A	standard	NOESY	pulse	
sequence	was	used	consisting	of	200	transients	with	32	scans	in	the	f1	domain	using	a	200	ms	mixing	time	and	a	1.5	sec.	relaxation	
delay.	
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Figure	 A4.22:	 ROE/NOE	 traces	 for	 MK-1	 and	 MK-1(H2)	 correlations.	 (A)	 ROE	 trace	 for	 MK-1	
correlation	Hx	to	Hy	in	d5-pyridine,	(B)	ROE	trace	for	MK-1	correlation	Hx	to	Hz	in	d3-ACN,	(C)	ROE	
trace	for	MK-1	correlation	Hx	to	Hz	in	d6-DMSO,	(D)	ROE	trace	for	MK-1(H2)	correlation	Hx	to	Hy/z	
in	d5-pyridine,	(E)	ROE	trace	for	MK-1(H2)	correlation	Hx	to	Hy/z	in	d3-ACN,	(F)	ROE	trace	for	MK-
1(H2)	correlation	Hx	to	Hy/z	in	d6-DMSO,	(G)	NOE	trace	for	MK-1	correlation	Hx	to	Hz	in	a	w0	12	RM,	
(H)	ROE	trace	for	MK-1	correlation	Hx	to	Hz	in	a	w0	12	RM.	
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Molecular	 Mechanics:	 MK-1	 and	 MK-1(H2)	 Conformational	 Analysis,	 Energies,	 Hydrogen	
Distances,	&	Cartesian	Coordinates.	

Conformational	Analysis.	Molecular	mechanics	(MM)	calculations	were	carried	out	to	provide	
visual	aids	to	understand	the	2D	NMR	spectral	results.	Specifically,	calculations	were	carried	out	
to	characterize	the	local	minima	with	parameters	similar	to	that	obtained	by	the	solution	2D	NMR	
spectroscopic	 studies.	 All	 the	 conformations	 (Figure	 A4.23)	were	 constructed	 by	 building	 the	
molecule	 and	 then	 rotating	 bonds	 until	 a	 desired	 conformation	 was	 obtained	 (except	 for	
conformation	D	and	D1).	An	energy	minimization	was	then	performed	to	obtain	a	conformation	
with	 realistic	bond	 lengths	and	angles	as	well	as	provide	an	energy	value	 to	determine	 if	 the	
resulting	conformation	had	similar	stability	to	other	conformations	obtained.	Conformations	D	
and	D1	were	obtained	by	building	an	extended-flat	conformation	and	then	subjecting	it	to	10,000	
iterations	(leading	to	a	sampling	of	different	parts	of	the	energy	surface	for	MK-1	or	MK-1(H2)	
conformations)	 and	 then	 an	 energy	 minimization	 was	 carried	 out	 to	 produce	 realistic	 bond	
lengths	and	angles	and	to	provide	an	energy	value	for	the	conformation.	As	seen	in	Table	S1,	the	
conformations	 of	 MK-1	 in	 d5-pyridine,	 d3-acetonitrile,	 and	 d6-DMSO	 differed	 by	 less	 than	 5	
kcal/mol	and	for	MK-1(H2)	by	~1	kcal/mol.		
	
Table	 A4.1.	 	 Conformation	 energies	 of	 MK-1	 and	 MK-1(H2)	 and	 selected	 distances	 between	
hydrogens.	

	
aAll	distances	were	determined	using	the	closest	hydrogens.	For	example,	the	closest	Hx	hydrogen	
was	used	to	determine	the	distance	to	the	closest	Hz	hydrogen.	
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Figure	A4.23.	MK-1	and	MK-1(H2)	conformations	 illustrated	using	MMFF94	calculations.	MK-1	
Series:	 (A)	 Illustrates	proposed	MK-1	conformation	 in	d5-pyridine	determined	 from	2D	NOESY	
and	ROESY	NMR	spectra	(51.8	kcal/mol,	Hx-Hy:	4.3	Å),	(B)	Illustrates	proposed	MK-1	conformation	
in	d3-acetonitrile	determined	from	2D	NOESY	and	ROESY	NMR	spectra	(48.6	kcal/mol,	Hx-Hz:	3.9	
Å),	 (C)	 Illustrates	 proposed	MK-1	 conformation	 in	 d6-DMSO	 determined	 from	 2D	NOESY	 and	
ROESY	NMR	spectra	 (47.3	kcal/mol,	Hx-Hz:	3.2	Å),	 (D)	 Low	energy	MM	conformation	of	MK-1	
found	 using	 10,000	 iterations	 and	 energy	 minimization	 (46.0	 kcal/mol,	 Hx-Hz:	 2.5	 Å),	 (E)	
Commonly	 illustrated	MK	conformation	 in	 literature	with	MK-1	extended-flat	side	chain	 (65.8	
kcal/mol,	Hx-Hz:	5.1	Å),		(F)	MK-1	conformation	with	extended	planar	side	chain	rotated	up	(63.4	
kcal/mol,	Hx-Hz:	4.1	Å).	MK-1(H2)	Series:	(A1)	Illustrates	proposed	MK-1(H2)	conformation	in	d5-
pyridine	determined	from	2D	NOESY	and	ROESY	NMR	spectra	(42.1	kcal/mol,	Hx-Hz:	3.6	Å),	(B1)	
Illustrates	proposed	MK-1(H2)	conformation	in	d3-acetonitrile	determined	from	2D	NOESY	and	
ROESY	 NMR	 spectra	 (43.0	 kcal/mol,	 Hx-Hz:	 4.0	 Å),	 (C1)	 Illustrates	 proposed	 MK-1(H2)	
conformation	in	d6-DMSO	determined	from	2D	NOESY	and	ROESY	NMR	spectra	(41.9	kcal/mol,	
Hx-Hz:	3.4	Å),	(D1)	Low	energy	MM	conformation	of	MK-1(H2)	found	using	10,000	iterations	and	
energy	minimization	(41.9	kcal/mol,	Hx-Hz:	5.0	Å),	(E1)	Commonly	illustrated	MK	conformation	in	
literature	with	MK-1(H2)	extended-flat	 side	chain	 (56.1	kcal/mol,	Hx-Hz:	4.7	Å),	 	 (F1)	MK-1(H2)	
conformation	with	extended	planar	side	chain	rotated	up	(53.2	kcal/mol,	Hx-Hz:	3.3	Å).	
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Table	A4.2.	Cartesian	coordinates	for	the	proposed	conformation	of	MK-1	in	d5-pyridine	obtained	
from	the	xyz	file.	
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Table	 A4.3.	 Cartesian	 coordinates	 for	 the	 proposed	 conformation	 of	 MK-1	 in	 d3-acetonitrile	
obtained	from	the	xyz	file.	
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Table	A4.4.	Cartesian	coordinates	for	the	proposed	conformation	of	MK-1	in	d6-DMSO	obtained	
from	the	xyz	file.	
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Table	 A4.5.	 Cartesian	 coordinates	 for	 the	 proposed	 conformation	 of	MK-1(H2)	 in	 d5-pyridine	
obtained	from	the	xyz	file.	
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Table	A4.6.	Cartesian	coordinates	for	the	proposed	conformation	of	MK-1(H2)	in	d3-acetonitrile	
obtained	from	the	xyz	file.	
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Table	 A4.7.	 Cartesian	 coordinates	 for	 the	 proposed	 conformation	 of	 MK-1(H2)	 in	 d6-DMSO	
obtained	from	the	xyz	file.	
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Table	A4.8.	Cartesian	coordinates	 for	 the	proposed	conformation	of	MK-1	 in	a	w0	 12	 reverse	
micelle	obtained	from	the	xyz	file.	
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Refer	 to	 the	 published	 manuscript1	 and	 corresponding	 supporting	 information	 for	
Electrochemistry	Experimental,	Methods,	and	Data.	
	
Refer	 to	 the	 published	 manuscript1	 and	 corresponding	 supporting	 information	 for	 Langmuir	
Monolayer	Studies	Experimental,	Methods,	and	Data.	
	
Dynamic	Light	Scattering	Data	for	MK-1	and	MK-1(H2).	
	
Table	 A4.9.	 Dynamic	 Light	 Scattering	 measurements	 on	 MK-1	 and	 MK-1(H2)	 in	 0.1	 M	
AOT/isooctane	RMs.	

	
aRadius	measurements	were	taken	from	the	volume	distribution	
b	Ref.	2.		

	
	
Interpretation	of	DLS	measurements	on	MK-1	or	MK-1(H2)	Containing	AOT/isooctane	RMs.	DLS	
established	the	formation	of	RMs.	Samples	of	MK-1	or	MK-1(H2)	RMs	were	prepared	using	0.10	
M	AOT/isooctane	and	the	results	are	shown	in	Table	A4.9.	The	average	radius	obtained	from	w0	
sizes	4,	12,	and	20	compared	favorably	with	those	reported	previously	in	the	literature.2,	3,	4	These	
results	were	observed	with	RMs	prepared	with	and	without	MK-1	or	MK-1(H2).	These	 results	
showed	that	RMs	formed,	and	that	the	presence	of	MK-1	or	MK-1(H2)	did	not	significantly	affect	
the	size	or	stability	of	the	RM.	
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Table	 A5.1.	 Dynamic	 Light	 Scattering	 measurements	 on	 [V(O)2(Hshed)],	 H2shed,	
[VO(Hshed)(cat)],	H2cat,	[VO(Hshed)(dtb)],	and	H2dtb	in	0.1	M	AOT/isooctane	RMs.	

	
aRadius	measurements	were	taken	from	the	volume	distribution	
b	Ref.	1.		

	
Interpretation	 of	 DLS	 measurements	 on	 [V(O)2(Hshed)],	 H2shed,	 [VO(Hshed)(cat)],	 H2cat,	
[VO(Hshed)(dtb)],	and	H2dtb	Containing	AOT/isooctane	RMs.		

DLS	established	the	formation	of	RMs.	Samples	of	[V(O)2(Hshed)],	H2shed,	[VO(Hshed)(cat)],	
H2cat,	 [VO(Hshed)(dtb)],	 or	 H2dtb	 RMs	 were	 prepared	 using	 0.10	M	 AOT/isooctane	 and	 the	
results	are	shown	in	Table	A5.1.	The	average	radius	obtained	from	w0	sizes	12,	and	20	compared	
favorably	with	those	reported	previously	in	the	literature.1,	2,	3	These	results	were	observed	with	
RMs	 prepared	 with	 and	 without	 [V(O)2(Hshed)],	 H2shed,	 [VO(Hshed)(cat)],	 H2cat,	
[VO(Hshed)(dtb)],	or	H2dtb.	These	results	showed	that	RMs	formed,	and	that	the	presence	of	
[V(O)2(Hshed)],	H2shed,	[VO(Hshed)(cat)],	H2cat,	[VO(Hshed)(dtb)],	or	H2dtb	did	not	significantly	
affect	the	size	or	stability	of	the	RM.	
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Appendix	VI:		Synthesis	and	Characterization	of	Partially	and	Fully	

Saturated	Menaquinone	Derivatives	

	
	
	

This	is	the	manuscript	that	corresponds	to	chapter	two	and	is	published	in	ACS	Omega.1 
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Appendix	VII:		A	Synthetic	Isoprenoid	Lipoquinone,	Menaquinone-2,	

Adopts	a	Folded	Conformation	in	Solution	and	at	a	Model	Membrane	

Interface	

	
	
	

This	is	the	manuscript	that	corresponds	to	chapter	three	and	is	published	in	the	Journal	of	

Organic	Chemistry.1	
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Appendix	VIII:		Investigating	Substrate	Analogs	for	Mycobacterial	MenJ:	

Truncated	and	Partially	Saturated	Menaquinones	

	
	
	

This	is	the	manuscript	that	corresponds	to	chapter	four	and	is	published	in	Biochemistry.1		
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Appendix	IX:	Hydrophobicity	May	Enhance	Membrane	Affinity	and	Anti-

Cancer	Effects	of	Schiff	Base	Vanadium(V)	Catecholate	Complexes	

	
	
	
This	is	the	manuscript	that	corresponds	to	chapter	five	and	is	published	in	Dalton	Transactions.1	
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Appendix	X:	Mycobacterial	MenJ:	An	Oxidoreductase	Involved	in	

Menaquinone	Biosynthesis	

	
	
	
This	manuscript	concerns	the	kinetic	characterization	of	Mycobacterial	MenJ	using	menaquinone-1	we	
synthesized	and	is	published	in	ACS	Chemical	Biology.	1	
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List	of	Abbreviations	

	
	
	
ACN	 Acetonitrile	

AcOH	 Acetic	acid	

AOT	 Bis(2-ethylhexyl)	sulfosuccinate	sodium	salt	

C6D6	 Benzene-d6		

Bz	 Benzoyl	

br	 Broad	

Calcd		 Calculated	

cat	 catecholate	

CCR2	 CC	chemokine	receptor	2	

CCR5	 CC	chemokine	receptor	5	

CCL2	 CC	chemokine	ligand	2	

CDCl3	 Chloroform-d	

COSY	 Correlation	spectroscopy	

d	 Doublet	

DCM	 Dichloromethane	

DDI-H2O	 Distilled	Deionized	Water	

DMF	 Dimethylformamide	

DMSO	 Dimethylsulfoxide	

DLS	 Dynamic	light	scattering	

DPPC	 Dipalmitoylphosphatidylcholine	

DPPE	 Dipalmitoylphosphatidylethanolamine	
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dtb	 Di-tert-butylcatecholate	

Et	 Ethyl	

ETS	 Electron	transport	system	

EtOAc	 Ethyl	acetate	

Et2O	 Diethyl	ether	

EtOH	 Ethanol	

Equiv.	 Equivalent	

Fc	 Ferrocene	

H2shed	 Condensation	product	of	salicylaldehyde	and	N-(2-

hydroxyethyl)-1,2-ethanediamine	

HEPES	 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic	acid	

HSQC	 Heteronuclear	single	quantum	correlation	

HRMS	 High	resolution	mass	spectrometry	

HyDa	 Ethanediamine	

Hz	 Hertz	

m	 Multiplet	

Me	 Methyl	

MeOH	 Methanol	

MHz	 Megahertz	

MK	 Menaquinone	

Ms	 Methanesulfonyl	(mesylate)	

MsCl	 Methanesulfonyl	chloride	

Mtb	 Mycobacterium	tuberculosis	

M.	tuberculosis	 Mycobacterium	tuberculosis	
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NOESY	 Nuclear	Overhauser	effect	spectroscopy	

NMR	 Nuclear	magnetic	resonance	

pdi	 Polydispersity	index	

PTLC	 Preparative	thin	layer	chromatography	

i-Pr	 Isopropyl	

Py.	or	Pyr	 Pyridine	

q	 Quartet	

ROESY	 Rotating	frame	Overhauser	effect	spectroscopy	

Rf	 Retention	Factor	

r.t.	 Room	temperature	

s	 Singlet	

SalA	 Salicylaldehyde	

t	 Triplet	

TB	 Tuberculosis	

TBAP	 Tetrabutylammonium	perchlorate	

t-BuOK	 Potassium	tert-butoxide	

THF	 Tetrahydrofuran	

TLC	 Thin	layer	chromatography	

UQ	 Ubiquinone	

V	 Volts	




