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Abstract	

	 	

Amide	reduction	has	a	long,	important	history	in	pharmaceutical	and	related	

chemical	 industries.	 Traditional	 stoichiometric	 reduction	 methods	 suffer	 from	

numerous	 drawbacks	 such	 as	 limited	 functional	 group	 tolerance,	 poor	 atom	

economy,	 and	 environmental	 issues.	 Over	 the	 past	 two	 decades,	 significant	 effort	

has	been	dedicated	 to	 the	development	 of	 greener	 synthetic	 approaches	 to	 amide	

reduction.	Several	transition	metal	(Ru,	Fe,	Ir,	and	Mn),	bifunctional,	and	pincer	type	

catalysts	were	developed	for	the	hydrogenation	of	amides.	These	catalysts	typically	

hydrogenate	 amides	under	10–50	atm	H2	 at	 80–150	 °C	 in	 acidic,	 neutral,	 or	basic	

conditions	 to	 produce	 C–O,	 or	 C–N	 cleavage	 products.	 This	 dissertation	 describes	

three	 independent	 projects	 on	 amide	 hydrogenation.	 Chapter	 2	 describes	 a	 base-

free	 catalytic	 system	containing	 [Ru(η3-C3H5)(Ph2P(CH2)2NH2)2]BF4	 and	NaBH4	 for	

the	hydrogenation	of	amides	(0.1–1	mol%	Ru,	0.2–2	mol%	NaBH4,	50	atm	H2,	100	°C	

in	 24	 hours)	 to	 produce	 the	 corresponding	 alcohol	 and	 amine	 products	 of	 C–N	

cleavage.	A	variety	of	functional	groups	tolerated	the	hydrogenation.		

Recent	mechanistic	studies	show	that	Noyori's	hydrogenation	catalyst,	trans-

RuH2((R)-BINAP)((R,R)-dpen),	 can	 be	 deprotonatonated	 at	 the	 N–H	 position,	 and	

the	resulting	catalysts	are	extremely	active	(–80	°C	under	~2	atm	H2)	towards	the	

hydrogenation	of	 imide	 and	 amide	 functional	 groups.	These	 results	motivated	 the	

development	 of	 an	 enantioselective	 catalyst	 for	 the	 hydrogenation	 of	 amides	

reported	 in	 this	dissertation.	A	detailed	 study	of	high	 throughput	 rapid	 screening,	

lab-scale	screening,	and	optimization	are	described	in	Chapter	3.	The	moderately	air	
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stable,	 crystalline	 dichloride	 precursor	 trans-RuCl2((S,S)-skewphos)((R,R)-dpen)	

was	 utilized	 with	 2-PrONa	 as	 base	 in	 the	 presence	 of	 2-PrOH	 to	 hydrogenate	

racemic	α-chiral	amides	to	form	chiral	primary	alcohols	in	high	yields	and	excellent	

ee	(up	to	99%	yield,	99%	ee)	via	dynamic	kinetic	resolution	at	room	temperature.		

An	unexpected	hydrogenolysis	of	an	sp3–sp2	C–C	bond	with	a	phosphine	free	

homogeneous	 catalysis	 under	mild	 condition	 (4	 atm	 H2,	 room	 temperature,	 4–24	

hours,	 1	 mol%	 Ru,	 15	 mol%	 KOtBu	 in	 THF)	 is	 also	 described.	 For	 example,	 the	

catalysts	 prepared	 by	 reacting	 cis-[Ru(η3-C3H5)(MeCN)2(COD)]BF4	 with	 diamine	

ligands	 transforms	 the	 trifluoroacetylamide,	 2,2,2-trifluoro-1-(piperidin-1-

yl)ethanone	 into	 the	 formylated	 amine,	 1-formylpiperidine,	 and	 fluoroform	 via	 a	

catalytic	C–C	bond	hydrogenolysis.	
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Chapter	1	

Introduction	
	

Catalysis	is	a	vital	component	of	the	economy	and	of	all	life	on	the	planet.1	Catalysis	

contributes	to	over	35%	of	the	global	domestic	product	(GDP),2	and	it	plays	a	role	in	

the	 production	 of	 80–90%	 of	 industrial	 chemicals.1,3	 The	 term	 catalysis	 was	

introduced	by	Jons	Jacob	Berzelius	in	1835,	who	defined	catalysis	as	a	process	that	

increases	the	rate	of	a	chemical	reaction	using	a	substance	called	a	catalyst.4	In	1895	

Ostwald	defined	catalyst	 as	 “a	 substance	 that	accelerates	 the	 rate	of	 a	 reaction	by	

lowering	the	activation	energy	without	being	consumed	in	the	reaction.”5	According	

to	 IUPAC,	 a	 catalyst	 is	 a	 substance	 that	 increases	 the	 rate	 of	 a	 reaction	 without	

modifying	the	overall	standard	Gibbs	energy	change	in	the	reaction.6	

	 Catalysis	 is	a	natural	phenomenon	that	 is	billions	of	years	old.	Enzymes	are	

one	example	of	a	catalyst,	and	they	are	critical	for	all	life	on	the	planet.	The	earliest	

form	of	life	on	earth	is	believed	to	have	formed	around	3.5–3.7	billion	years	ago.7,8	

Thousands	of	years	ago,	dating	back	to	6000	BC	or	earlier,9	the	origins	are	hard	to	

track,	 human	 beings	 used	 fermentation	 to	 produce	 ethanol.	 Industrial	 catalytic	

processes	 began	 in	 the	 late	 nineteenth	 century.4	 The	 development	 of	 catalysis	 is	

often	 influenced	by	political	 and	 societal	demands.	For	example,	World	War	 I	 and	

World	 War	 II	 had	 a	 significant	 impact	 on	 catalysis.	 Among	 the	 most	 significant	

processes	 developed	 during	 those	 periods	 were	 the	 Haber-Bosch	 process,10	 the	

Fischer-Tropsch	 process,11	 the	 synthesis	 of	 methanol	 from	methane	 and	 water,12	

steam	 reforming,13	 the	 catalytic	 cracking	 of	 petroleum,14	 and	 the	 large-scale	



π
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Figure	 1.1:	 Illustration	 of	 resonance	 delocalization	 and	 overlap	 of	 π	 orbitals	 in	

amides.21	

	

The	π	donation	from	both	oxygen	and	nitrogen	decreases	the	electrophilic	nature	of	

the	carbonyl	carbon,	making	 it	 less	reactive	 towards	hydridic	reducing	agents	 like	

LiAlH4.	This	delocalization	stabilizes	the	amide	carbonyl	group	more	than	aldehydes,	

ketones,	and	esters.21,24	

	 Amide	 reduction	 is	 mostly	 carried	 out	 with	 stoichiometric	 amounts	 of	

hydride	 reagents	 like	 LiAlH4,	 DIBAL,	 RedAl,	 B2H6	or	 silanes.	 The	 driving	 force	 for	

these	reaction	is	partially	the	formation	of	strong	Al–O,	B–O,	or	Si–O	bonds.	Silanes	

reduce	amides	via	catalytic	hydrosilylation.20,21,25	These	reducing	agents	react	with	

the	 amide	 carbonyl	 group	 to	 form	 the	 corresponding	 Al,	 B,	 or	 Si	 oxygen-bonded	

hemiaminal	(Scheme	1.1),25	which	can	produce	a	higher	amine	by	breaking	the	C–O	

bond	(Path	A),	or	it	can	produce	an	alcohol	as	the	final	product	by	breaking	the	C–N	

bond	(Path	B).	The	reduction	products	depend	on	the	nature	of	the	reducing	agent	

and	the	substituent	groups	on	the	nitrogen.25	
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Scheme	1.1:	Reduction	of	amide	products	via	C–O	cleavage	(path	A)	or	C–N	cleavage	

(path	B).	

	

In	2006,	a	survey	was	conducted	to	analyze	the	reaction	types	used	in	the	synthesis	

of	 128	 drug	 candidates	 from	 three	 pharmaceutical	 companies,	 AstraZeneca,	

GlaxoSmithKline,	 and	 Pfizer.26	 These	 complete	 syntheses	 required	 1039	 chemical	

transformations	including	94	reduction	steps.	Most	of	the	reductions	used	hydride	

reagents	 (42%,	 e.g.,	 imine	 to	 amine,	 amide	 to	 amine,	 ester	 to	 alcohols,	 alkyne	 to	

alkane,	 etc.)	 and	 catalytic	 hydrogenation	 over	 precious	metal	 catalysts	 (47%,	 e.g.,	

imine	to	amine,	NOx	to	NH2,	alkene/alkyne	to	alkane).	Notably,	the	reduction	of	all	

the	 carboxylic	 acid	 derivatives	 was	 carried	 out	 using	 a	 stoichiometric	 amount	 of	

hydride	reagents	alone.	

	 Hydrides	are	the	reagents	of	choice	for	small	to	medium-scale	reductions	of	

amides.27	An	example	is	the	following	synthesis	of	verapamil	(2).	Verapamil	is	used	

to	 treat	 cardiovascular	 ailments.	 Brookes	 and	 coworkers	 at	 Celltech-Chiroscience	

reported	a	synthesis	of	2	in	which	a	stoichiometric	amount	of	BH3•SMe2	was	used	to	

reduce	 the	 functionalized	 amide	1	 to	 its	 higher	 amine	 via	 C–O	 cleavage	 (Scheme	

1.2).28	
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Scheme	1.2:	Amide	reduction	step	in	the	synthesis	of	verapamil.	

	

The	authors	 stated	 that	 the	amide	 reduction	was	 the	most	 challenging	 step	of	 the	

synthesis.	Extensive	optimization	was	required	to	find	the	suitable	hydride	reagent	

and	work-up	procedure	for	the	reduction.	Other	hydride	reagents	such	as	BH3•THF	

showed	poor	selectivity	by	reducing	both	the	amide	and	nitrile	group,	while	lithium	

aluminium	hydride	tended	to	cleave	the	C–N	bond.	BH3•SMe2	reduced	the	amide	1	

with	 minimum	 side	 products,	 but	 afforded	 the	 product	 as	 a	 BH3	 adduct,	 which	

required	forcing	conditions	(heating	at	80–100	°C	in	1	M	HCl)	to	liberate	the	target	

verapamil	2.	The	authors	cautioned	that	a	large-scale	reaction	is	not	worthwhile	due	

to	 the	 high	 cost	 of	 the	 BH3•SMe2	reagent,	which	 also	 needed	 specialized	 handling	

equipment	 for	 large	 volumes.	 It	 is	 noteworthy	 that	 the	 atom	 economy	 of	 this	

process	is	low,	and	it	produces	toxic	Me2S.	

	 Recently,	 Alimardanov	 and	 coworkers	 described	 a	 synthesis	 of	 the	

medicinally	important	trifluoromethyl	amino	alcohol	4.	In	the	penultimate	synthetic	

step,	a	stoichiometric	amount	of	LiBH4	was	used	to	remove	the	Evans	auxiliary	from	

3	by	reduction	(Scheme	1.3).29	This	is	an	example	of	an	amide	reduction	with	C–N	

cleavage	 to	 prepare	 an	 active	 pharmaceutical	 ingredient	 (API).	 The	 reduction	
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produced	 4	 along	 with	 the	 side	 products	 5	 and	 6.	 The	 authors	 stated	 that	 a	

significant	amount	of	the	mono	defluouro	impurity	5	formed	while	adding	substrate	

3	to	a	solution	of	LiBH4.	However,	changing	the	order	of	addition,	with	LiBH4	added	

to	the	substrate	3,	suppressed	the	formation	of	5.		

	

	
Scheme	1.3:	Amide	reduction	to	alcohol	using	LiBH4	hydride	reagent.	

	

Limiting	the	amount	of	impurity	6	was	challenging	and	important	because	6	would	

react	 in	 the	 final	 step	 of	 the	 synthetic	 route	 to	 form	 further	 side	 products.	

Maintaining	 the	 temperature	 between	 –10	 and	 0	 °C	 limited	 the	 amount	 of	 6	 to	

between	2–3%.		

	 Although	 usually	 effective,	 the	 use	 of	 hydride	 reagents	 and	 other	 reducing	

agents	 has	 several	 disadvantages	 and	 creates	 environmental	 issues.	 The	 metal	

hydrides	 produce	 stoichiometric	 amounts	 of	 inorganic	 by-products20	 (such	 as	

aluminium	hydroxide,	B(OH)n,	 etc.),	which	 are	hard	 to	 separate	 from	 the	product.	
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These	 by-products	 are	 either	 dissolved	 in	 water	 and	 sent	 to	 a	 waste	 water	

treatment	plant	or	they	are	precipitated	out	and	then	sent	to	a	solid	waste	dump.20	

Also,	BH3•SMe2	produces	the	toxic	by-product	Me2S.	To	illustrate	the	difficulties	in	

the	workup,	 additional	 cost,	 and	 considerable	 environmental	 impact	 of	 the	 use	 of	

hydride	reagents,	it	is	instructive	to	discuss	in	detail	the	amide	reduction	involved	in	

the	preparation	of	4	(Figure	1.2).		

	 	

	
Figure	1.2:	Reaction,	work-up,	and	purification	steps	in	the	medium	scale	reduction	of	

the	amide	3	by	LiBH4.	
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An	important	concept	of	green	chemistry	is	that	the	best	solvent	for	a	reaction	is	no	

solvent.	When	there	is	no	alternative,	an	environmentally	friendly	solvent	should	be	

used.	Traditional	organic	solvents	such	as	chlorinated	alkanes	(CH2Cl2,	CHCl3,	etc.)	

and	 benzene,	 pose	 health	 and	 safety	 issues.	 The	 solvents	 used	 in	 industry	 are	

typically	recycled	and	reused	as	much	as	possible,	but	with	a	percentage	of	loss	that	

ends	up	 in	 the	atmosphere	or	ground	water.30	 If	we	assume	an	upper	 limit	of	one	

percent	of	solvents	is	lost	during	the	synthesis	of	4,	then	about	1.7	kg	of	CH2Cl2	and	

1.6	 kg	 of	 toluene	would	 be	 released	 into	 the	 environment.	 The	 CH2Cl2	was	 likely	

required	 to	 extract	 the	 product	 from	 the	 boron-oxide	 residues.	 Jimenez-Conzales	

and	 coworkers	 at	 GlaxoSmithKline	 studied	 the	 Cradle-to-Gate	 life	 cycle	 of	 active	

pharmaceutical	 ingredients.	They	reported	that	solvent	usage	accounts	 for	75%	of	

the	energy	used,	about	80%	of	the	life	cycle	mass	excluding	water,	about	70%	of	the	

life	cycle	photochemical	ozone	creation	potential,	and	about	50%	of	the	greenhouse	

gases	 released.31	 A	 major	 requirement	 for	 solvents	 in	 stoichiometric	 amide	

reduction	is	for	the	hydrolysis	and	work-up	steps.	

	 Hydride	reagents	are	often	flammable	and	react	explosively	with	water,	and	

so	must	be	transported	on	the	ground	using	trucks,	trains,	or	ships.	Table	1.1	shows	

the	results	of	a	 survey	by	 the	United	States	Department	of	Commerce,	Economics,	

and	 Statistics	 Administration	 on	 the	 average	 transport-related	 air	 emissions	 per	

1000	kg	of	chemicals	transported	a	distance	of	528	km.32	It	is	notable	that	33.5	kg	of	

CO2,	considered	to	be	one	of	the	major	causes	of	global	warming,	is	released	to	the	

environment	 when	 this	 much	 material	 is	 transported	 (Table	 1.1,	 entry	 3).	 Thus	

transportation	 not	 only	 increases	 the	 cost	 of	 the	 API	 but	 it	 also	 has	 a	 negative	
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environmental	 impact.	 Especially	 considering	 a	 multi-ton	 scale	 synthesis,	 which	

often	 require	 that	 the	 reagents	 are	 transported	 to	 the	 site,	 and	 that	 waste	 is	

transported	from	the	site.	

	

Table	1.1:	Air	emission	and	energy	per	1000	kg	of	material	transported	528	km	using	

a	diesel-fuel	vehicle.	

	

Substances	emitted	 kg/1000	kg	of	material	transported	

CH4	 0.033	

CO	 0.185	

CO2	 33.5	

Non-methane	volatile	organic-	

compounds	(NMVOC)	
0.216	

NOx	 0.627	

SOx	 0.043	

	

	

Another	 problem	 with	 stoichiometric	 hydride	 reducing	 agents	 is	 their	 universal	

reducing	 properties,	 which	 often	 results	 in	 poor	 selectivity	 over	 unsaturated	

functional	 groups.	 The	 amide	 reduction	 step	 in	 the	 synthesis	 of	 2	 is	 an	 example	

where	a	nitrile	group	was	also	reduced	with	BH3•THF,	while	LiAlH4	led	to	C–N	bond	

cleavage.		

	 Another	green	chemistry	concept	is	to	prevent	waste	in	the	first	place,	rather	

than	look	for	remediation.	It	is	obvious	that	the	source	of	the	waste	in	the	synthesis	

of	4	is	not	only	the	hydride	reagents,	but	also	the	enormous	amount	of	solvents	used	

in	 the	work-up.	 In	 fact,	 to	 prepare	 5.59	 kg	 of	4	 required	 about	 422	 kg	 of	 organic	
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solvents	 and	 260	 kg	 of	 aqueous	 solutions.	 As	 well,	 the	 hydrolysis	 of	 amide	

reductions	 often	 evolves	 hydrogen	 gas	 by	 an	 exothermic	 reaction.	 In	 short,	 it	 is	

important	 to	 find	 environmentally	 benign,	 safe,	 and	 economic	methods	 to	 reduce	

amides.		

	 The	 catalytic	 reduction	 of	 organic	 functional	 groups	 using	 molecular	

hydrogen	 is	 among	 the	 largest-volume	 human-made	 chemical	 reactions	 in	 the	

world.33,34	 Even	 though	 hydrogen	 gas	 is	 flammable	 and	 often	 needs	 specialized	

equipment,	 there	 are	 many	 good	 reasons	 to	 use	 it	 in	 industry.	 Catalytic	

hydrogenation	is	a	well-established	and	reliable	reaction.35	It	is	an	atom-economical	

reaction,	with	excess	H2	often	as	the	only	byproduct,	that	can	be	reused	or	burned	to	

produce	 useful	 heat	 and	 pure	 H2O.	 Hydrogen	 also	 can	 be	 produced	 on	 site	 by	

electrolysis	 of	 water.	 Hydrogen	 is	 environmentally	 benign,	 and	 hydrogenations	

often	 require	 minimal	 work-up,	 with	 less	 solvent	 required	 for	 purification	 than	

hydrolysis	 based	 work-ups.	 Hydrogenation	 also	 typically	 affords	 high	 turnover	

numbers	(TON)	with	high	purity.35	Two	decades	ago,	the	catalytic	hydrogenation	of	

ketones	was	 as	 challenging	 a	 reaction	 as	 the	 catalytic	 hydrogenation	 of	 amides	 is	

today.	 Then,	 a	 ground-breaking	 discovery	 by	 Noyori	 and	 coworkers	 showed	 that	

RuCl2(diphosphine)(diamine)	 complexes	 in	 the	 presence	 of	 a	 base	 are	 active	 and	

selective	catalysts	for	the	hydrogenation	of	ketones.36–38	For	example,	only	109	mg	

of	 catalyst	 [RuCl2((S)-xyl-PhanePhos)(R,R)-dpen]	 (7)	was	 required	 to	hydrogenate	

1.38	kg	of	4-fluoroacetophenone	to	the	corresponding	alcohol	product	in	93%	yield	

with	98.3%	ee	in	two	hours	(Eq.	1.1).39	
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It	is	notable	that	only	3.6	L	of	2-PrOH	was	required	for	the	hydrogenation.	After	the	

hydrogenation,	the	excess	base	was	neutralized	using	dilute	HCl	(2	N,	~50	mL).	The	

precipitated	 potassium	 chloride	 was	 filtered	 off,	 and	 the	 organic	 solvent	 was	

removed	 in	 vacuo	 to	 give	 a	 crude	 product.	 Distillation	 of	 the	 crude	 product	

produced	(bp	77	°C,	0.33	mbar)	1.31	kg	of	(S)-1-(4-fluorophenyl)ethanol	as	a	clear,	

colorless	 liquid.39	 There	 are	 many	 examples	 of	 commercial	 asymmetric	 ketone	

hydrogenations	resulting	 from	Noyori’s	discovery.27,40,41	Attention	 in	 the	 literature	

is	now	turning	towards	the	catalytic	hydrogenation	of	amides.		

	

Catalytic	hydrogenation	of	amides	

	 In	 principle,	 amide	 hydrogenation	 can	 proceed	 by	 C–O	 or	 C–N	 cleavage	

(Scheme	 1.4).	 The	 first	 addition	 of	 H2	 to	 the	 amide	 will	 theoretically	 form	 the	

corresponding	hemiaminal.	Elimination	of	H2O	will	 form	 the	corresponding	 imine,	

(Path	A)	that	would	be	hydrogenated	to	the	higher	amine.	Elimination	of	the	amine	

from	the	hemiaminal	would	form	the	corresponding	aldehyde,	(Path	B)	that	would	

be	 hydrogenated	 to	 the	 alcohol.	 Of	 course,	 the	 actual	 pathway	 a	 particular	

hydrogenation	follows	will	likely	be	different	from	this	simple,	illustrative	model.		
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Scheme	 1.4:	 Hydrogenation	 of	 amides	 via	 C–O	 cleavage	 (path	 A)	 or	 C–N	 cleavage	

(path	B).	

	

Heterogeneous	catalytic	hydrogenation	of	amides	

	 Although	 the	 first	 reference	 for	 an	 amide	 hydrogenation	 dates	 back	 to	

1908,21	 the	 first	key	development	 is	 the	pioneering	work	of	Adkins	and	Wojcik	 in	

1934.42,43		Adkins	and	Wojcik	demonstrated	that	copper-chromium	oxide	catalyzes	

the	 hydrogenation	 of	 various	 of	 amides	 under	 forcing	 conditions	 (~6–21	 mol%	

CuCr2O4	under	200–300	atm	H2	at	250	°C	in	dioxane).42	For	example,	dodecanamide	

was	 hydrogenated	 to	 give	 a	 mixture	 of	 dodecylamine	 (48%	 yield,	 ~4	 TON)	 and	

didodecylamine	(49%	yield,	~4	TON)	after	0.8	hours	(Eq.	1.2).	

	

Over	 the	 six	 decades	 since	 Adkins	 and	 Wojcik’s	 discovery,	 copper	 chromite	

catalysts,	with	modifications,	remained	the	standard	heterogeneous	catalysts	for	the	

hydrogenation	 of	 amides	 despite	 the	 harsh	 conditions.21,44,45	 Significant	 progress	
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alkyne	groups.	Also,	it	has	not	been	demonstrated	that	they	tolerate	a	wide	variety	

of	functional	groups.		

	

Homogeneous	catalytic	amide	hydrogenation	via	C–O	cleavage	

	 There	are	many	reports	describing	homogeneous	catalytic	hydrogenations	of	

amides	with	C–O	or	C–N	cleavage	using	Ru,	Fe,	Ir,	and	Mn-based	catalysts.	Figure	1.3	

shows	the	homogeneous	catalyst	system	available	for	the	hydrogenation	of	amides	

via	C–O	cleavage	pathway.		

	

	

Figure	1.3:	Catalyst	system	for	the	hydrogenation	of	amides	via	C–O	cleavage.	
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The	first	homogeneous	hydrogenation	of	amides	was	reported	in	2003	by	Crabtree	

and	 coworkers	 using	 Ru(acac)3	 (8,	 acac	 is	 acetylacetonate)	 and	 TriphosPh	 (9,	

TriphosPh		is	1,1,1-tris(diphenylphosphinomethyl)ethane)	in	THF	under	48	atm	H2	at	

164	°C.54	Cole-Hamilton	reported	a	similar	catalytic	system	with	a	1:2	ratio	of	8	 to	

9.55,56	The	hydrogenation	of	butanamide	yielded	a	~	1:1	mixture	of	(C4H9)2NH	and	

(C4H9)3N	under	40	atm	H2	at	164	°C	in	14	hours	(Eq.	1.3).		

	

The	addition	of	NH4OH(aq)	to	THF	(5	mL	of	NH4OH(aq)	and	10	mL	of	THF	)	provided	

the	primary	 amine,	n-butylamine,	 and	also	n-butanol	with	85%	selectivity.	Higher	

concentrations	of	NH4OH(aq)	 increased	 the	 amount	of	water	 in	 the	 reaction,	which	

increased	the	rate	of	hydrolysis	of	the	amide	and	the	putative	imine	intermediate	to	

result	 in	 poor	 selectivity	 for	 the	 n-butylamine	 over	 n-butanol	 (Scheme	 1.6).	 For	

example,	when	 the	NH4OH(aq):THF	 ratio	 (10	mL/10	mL)	was	~1,	 only	 73%	of	 the	

primary	amine	formed	along	with	25%	of	alcohol	product.		

	

Scheme	1.6:	Possible	hydrolysis	of	amide	and	imine	intermediates	by	excess	water.		
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	 Breit	 and	 coworkers	 subsequently	 reported	 that	 they	 were	 unable	 to	

reproduce	 these	 results	 using	 the	 conditions	 reported	 by	 Cole-Hamilton	 and	

coworkers.50	 Later,	 Cole-Hamilton	 and	 coworkers	 reported	 an	 amendment	 to	 the	

original	 report	 in	which	 the	hydrogenation	was	 carried	out	 at	 200	 °C	 rather	 than	

164	°C.57	Shortly	after,	these	authors	reported	another	catalytic	system	consisting	of	

8/9	and	catalytic	amounts	of	methane	sulfonic	acid	(MSA).58	The	hydrogenation	of	

several	2°	and	3°	amides	occurred	with	1.0	mol%	8,	2.0	mol%	9,	and	1.0–1.5	mol%	

MSA	under	10	atm	H2	at	200–220	°C.58	

	 The	 nature	 of	 the	 autoclave	 determined	 whether	 the	 phenyl	 rings	 were	

hydrogenated.	 The	 authors	 state	 that	 HastollyTM	 C	 was	 ideal,	 and	 that	 use	 of	

stainless	 steel	 tends	 to	 hydrogenate	 the	 aromatic	 rings,	 which	 is	 a	 common	

drawback	 of	 heterogeneous	 catalysts.	 Using	 a	 glass	 liner	 in	 a	 stainless	 steel	

autoclave	 prevented	 this	 problem,	 but	 there	 was	 no	 explanation	 for	 how	 or	 why	

hydrogenation	of	the	arenes	occurred.	To	investigate	the	nature	of	the	catalyst,	the	

8/9	system	was	heated	with	MSA	(1.5	equivalents)	in	THF	at	210	°C	under	15	atm	

H2	pressure.	Many	RuII-triphos	complexes	with	coordinated	MSA	anions	(bridging,	

monodentate,	or	chelating)	were	identified	in	solution,	but	none	of	them	contained	

hydride	ligands.		

	 	

Figure	 1.4:	 Representatives	 of	 chelating,	 bridging,	 and	 monodentate	 Ru-MSA	

complexes	identified	by	Cole-Hamilton	and	coworkers.	
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The	authors	believe	 these	complexes	are	 in	equilibrium	and	are	precursors	 to	 the	

active	 catalysts	 (Figure	1.4).	 There	 are	no	direct	mechanistic	 investigations	of	 the	

Cole-Hamilton	 system	 in	 the	 literature.	 There	 are,	 however	 studies	 of	 related	

hydrogenations.	 In	 2002,	 Bianchini	 and	 coworkers	 reported	 a	 hydrogenation	 of	

indole	to	indoline	using	the	related	catalyst	[Ru(MeCN)3(TriphosPh)](SO3CF3)2	(10)	

(30	 atm	 H2	 at	 60–100	 °C	 in	 THF)	 in	 the	 presence	 of	 triflic	 acid	 (TfOH,	 10	

equivalents).59	 NMR	 studies	 revealed	 that	 the	 MeCN,	 triflate,	 and	 solvent	 all	

underwent	fast	exchange	in	10.	Bianchini	proposed	that	ruthenium	(II)	ions	such	as	

[Ru(OTf)2(THF)(TriphosPh)]	(11)	could	be	considered	as	the	resting	state	during	the	

catalysis.	This	proposal	 likely	 relates	 to	Cole-Hamilton’s	proposed	ruthenium-MSA	

precursor.		

	 Bianchini	 and	 coworkers	 proposed	 the	 following	 mechanism	 for	 the	

hydrogenation	of	IN	(Scheme	1.7).	A	dihydrogen	molecule	replaces	the	THF	in	11	to	

form	 the	 ruthenium-η2-H2	 intermediate	12.	The	η2-H2	 ligands	 in	Ru(II)	 complexes	

like	12	are	believed	to	be	acidic,60	and	the	authors	proposed	that	loss	of	triflic	acid	

forms	 the	 hydride	 intermediate	 13.	 Protonated	 indole	 then	 replaces	 the	 solvent	

molecule	 in	 13	 to	 generate	 the	 intermediate	 14.	 Hydride	 insertion	 leads	 to	 15,	

followed	by	protonolysis	of	 the	resulting	 indolene,	and	coordination	of	H2	 to	 form	

12.	The	fundamental	steps	in	this	mechanism	are	deprotonation	of	an	acidic	η2-H2	

ligand	(or	proton	transfer	from	an	acidic	η2-H2),	a	substrate-hydride	insertion,	and	

protonolysis	of	the	catalyst-product	bond	to	regenerate	the	catalyst.		
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Scheme	 1.7:	 Proposed	 mechanism	 for	 the	 hydrogenation	 of	 indole	 under	 acidic	

conditions.		

	

	 Leitner	recently	proposed	a	mechanism	with	the	same	fundamental	steps	for	

the	 hydrogenation	 of	 levulinic	 acid	 (LA)54,61–63	 	 using	 the	 [(TriphosPh)Ru(CO)(H)2]	

(16)	carbonyl-hydride	under	acidic	conditions.61	In	a	control	experiment,	16	reacted	

with	LA	to	form	the	Ru-carboxylate	species	17	by	protonolysis	of	a	hydride	ligand	

and	loss	of	CO	(Scheme	1.8,	top).	However,	under	high	pressure,	the	authors	believe	

that	the	ruthenium-η2-H2	intermediate	19	provides	a	more	plausible	entry	into	the	

catalytic	cycle	(Scheme	1.8,	bottom).61		
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Scheme	 1.8:	 Proposed	 mechanism	 for	 the	 hydrogenation	 of	 levulinic	 acid	 to	 γ-

valerolactone	in	acidic	conditions.	

	

Based	 upon	 DFT	 calculations,	 it	 is	 proposed	 that	 the	 ketone-hydride	 migratory	
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heating	(Eq.	1.4).	Compound	27	is	an	unusual	Ru(I)	species,	formally	with	a	Ru–Ru	

bond.		

	

Complexes	25	and	26	converted	into	[(TriphosPh)Ru(CO)(H)2]	(16)	under	9	atm	CO	

at	 room	 temperature.	 Compound	 16	 is	 observed	 during	 the	 hydrogenation	 of	

amides,	and	presumably	forms	by	decarbonylation	of	an	aldehyde.66	The	CO	ligand	

in	16	 blocks	 the	 coordination	 site	 for	 the	 neutral	 hydrogenation	mechanism	 and	

reduces	 the	 catalytic	 activity.	 However,	 acid	 (HNTf2)	 converts	 16	 to	 the	 cationic	

species	[(TriphosPh)Ru(THF)(H)(H2)]+	(28)	which	can	undergo	the	cationic	catalytic	

cycle	consistent	with	the	previous	studies.58,61		

	 Based	on	 these	 findings	 it	 is	plausible	 that	 the	hydrogenation	of	amides	by	

Ru(Triphos)	 compounds	 under	 acidic	 conditions	 proceeds	 via	 the	 Ru(II)-cationic	

species	 [(TriphosPh)Ru(S)3]2+	 where	 S	 is	 counter	 anion	 or	 solvent.	 This	 species	

generates	the	ruthenium	hydride	[(TriphosPh)Ru(H)(S)2]+	as	shown	in	Scheme	1.10	

(top).	 This	 ruthenium	 hydride	 would	 be	 in	 equilibrium	with	 dihydride	 28	 under	

hydrogen	 (Scheme	1.10,	 top).	These	amide	hydrogenations	 then	 likely	proceed	by	

the	 same	 fundamental	 steps	 as	 the	 previous	 mechanisms:	 substrate	 hydride	

insertion	and	protonolysis	of	a	catalyst	product	bond	by	an	acidic	η2-H2	ligand.	One	

proposed	mechanism	is	shown	in	Scheme	1.10	(bottom).	
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Scheme	1.10:	Plausible	mechanism	for	the	hydrogenation	of	amides	via	C–O	cleavage	

under	acidic	condition.	

	

As	 shown	 in	Scheme	1.10	 (bottom),	 the	 reaction	may	 involve	 two	 catalytic	 cycles.	

The	 first	 is	 hydrogenation	 of	 the	 amide	 to	 the	 hemiaminal.	 The	 second	 is	

dehydration	of	the	hemiaminal	followed	by	hydrogenation	of	the	resulting	iminium	

ion.	 One	 function	 of	 the	 added	 acid	 would	 be	 to	 catalyze	 the	 dehydration	 of	 the	

hemiaminal	 to	 iminium	 species.	 Protonation	 of	 hydroxyl	 group	 in	 the	hemiaminal	

induces	the	elimination	of	water	and	form	the	corresponding	iminium	ion.		
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The	concentrations	of	these	C–N	cleavage	products	then	drop,	and	the	concentration	

of	 N-benzylaniline	 increases.	 The	 complete	 consumption	 of	 the	 starting	 material	

occurs	in	~5	hours.	These	results	show	that	benzyl	alcohol	and	aniline	are	produced	

as	 the	 initial	 amide	 hydrogenation	 products	 that	 are	 then	 converted	 to	 N-

benzylaniline.	

	 From	a	series	of	control	experiments,	the	authors	showed	that	Yb(OTf)3·H2O	

alone	is	not	able	to	catalyze	this	reaction,	nor	is	8/9.	It	is	notable	that	even	without	

hydrogen	the	benzyl	alcohol	and	aniline	are	converted	into	N-benzylaniline.	Scheme	

1.11	shows	the	mechanism	proposed	by	the	authors	for	these	hydrogenations.	First,	

the	 amide	 is	 hydrogenated	 to	 generate	 the	 hemiaminal,	 which	 eliminates	 H2O	 to	

generate	the	aldehyde	and	the	non-alkylated	amine.	Hydrogenation	of	the	aldehyde	

generates	benzyl	alcohol.	These	compounds	then	produce	the	higher	amine	via	the	

borrowing	hydrogen	pathway	outlined	in	Scheme	1.11	(bottom).	

	

	

Scheme	 1.11:	 Plausible	mechanism	 for	 the	 hydrogenation	 of	 amides	 via	 borrowing	

hydrogen	pathway	to	produce	C–O	cleavage	products.	
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In	this	mechanism,	the	alcohol	is	dehydrogenated	to	form	aldehyde	and	a	dihydride	

ruthenium	 species.	 Condensation	 of	 the	 aldehyde	 and	 amine	 forms	 the	

corresponding	imine,	which	is	hydrogenated	by	the	ruthenium	dihydride	to	form	N-

benzylaniline.	 This	 result	 raises	 the	 possibility	 that	 many	 amide	 hydrogenations	

might	first	proceed	through	C–N	cleavage,	and	longer	reaction	times	lead	eventually	

to	the	higher	amine.		

	 Zhou	and	coworkers	reported	the	hydrogenation	of	secondary	amides	to	the	

corresponding	amine	using	the	precursor	16	under	50	atm	H2	at	120	°C	in	THF	in	

the	presence	 of	 both	 a	Bronsted	 acid	 (TsOH⋅H2O)	 and	 a	 Lews	 acid	 (BF3⋅OEt2)	(Eq.	

1.6).68	

	

The	hydrogenation	gives	the	corresponding	higher	amine	products	in	80–95%	yield	

(40–48	 TON)	 with	 92–98%	 selectivity.	 Halides,	 alcohols,	 pyridine,	 and	 a	 furan	

functional	group	tolerated	the	reaction	conditions.	Interestingly,	ethyl/methyl	ester	

functional	groups	on	the	aromatic	ring	were	left	intact	during	these	hydrogenations.	

The	 selectivity	 towards	 amides	 over	 esters	 was	 justified	 by	 the	 formation	 of	 an	

amide-BF3	adduct	that	activates	the	amide	carbonyl	group	in	 favor	of	an	ester-BF3	

adduct.69		

	 More	recently,	Klankermayer	and	coworkers	reported	a	catalytic	system	35,	

containing	8	 and	 a	 modified	 version	 of	 Triphos,	 1,1,1-tris(di(3,5-dimethylphenyl)	

phosphinomethyl)ethane	 (36).	 The	 catalytic	 system	35	 hydrogenates	 γ,	 δ,	 and	 ε–

R1

O

N
H

R2

R1 = aromatic
R2 = aromatic/alkyl

16 (2 mol%)

BF3•OEt2 (10 mol%)
50 atm H2, 120 °C, 16 h

R1 N
H

R2
+ H2O Ph2P

P
Ph2

PPh2

Ru
H

CO
H

16

TsOH•H2O (3 mol%)
(1.6)



	 28	

lactams	 to	 corresponding	 cyclic	 amines	 under	 100	 atm	 H2	 at	 160–180	 °C	 in	 the	

presence	of	MSA	(Eq.	1.7).70		

	

	 Recently,	Zhou	and	coworkers	reported	an	iridium-based	pincer	complex	37	

that	hydrogenates	a	variety	of	secondary	amides	to	the	corresponding	amines	under	

50	atm	H2	at	120	°C	in	toluene	in	the	presence	of	a	catalytic	amount	of	NaBArF	(BArF	

is	 tetrakis[3,5-bis(trifluoromethyl)phenyl]borate)	 and	 a	 stoichiometric	 amount	 of	

the	 Lewis	 acid	 B(C6F5)3	 (Eq.	 1.8).71	 Secondary	 amides	 were	 converted	 to	 the	

corresponding	 amines	 by	 C–O	 cleavage	 in	 a	 72–98%	 yield	 and	 with	 88–100%	

selectivity.	It	is	likely	that	this	compound	undergoes	halide	metathesis	to	generate	a	

cationic	Ir	catalyst	and	NaCl	precipitate.	

	

Only	 one	 tertiary	 amide	 was	 reactive	 towards	 this	 hydrogenation:	 N-phenyl-2-

pyrolidinone	 was	 hydrogenated	 in	 29%	 yield	 with	 100%	 selectivity	 for	 C–O	

cleavage.	Primary	amides	were	inactive.		

	

Homogeneous	catalytic	hydrogenation	of	amides	via	C–N	cleavage	

	 A	number	of	homogeneous	catalysts	have	been	developed	that	hydrogenate	

amides	via	C–N	cleavage	to	produce	the	corresponding	alcohol	and	amine	products.	
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(benzylic	 arm)	 during	 this	 addition.	 De-coordination	 of	 the	 pyridyl	 arm	 in	 44	

provides	a	vacant	site	to	coordinate	the	amide	and	form	45.		

			 	

Scheme	1.12:	Proposed	mechanism	for	the	hydrogenation	of	amides	via	C–N	cleavage	

using	a	pincer	type	catalyst	41.	

	

Hydride	transfer	to	the	amide	carbonyl	group	leads	to	the	ruthenium-hemiaminoxy	

intermediate	 46.	 Milstein	 then	 proposed	 that	 46	 eliminates	 amine	 via	 a	 ligand-

assisted	mechanism	 to	 form	 the	dearomatized	 ruthenium	complex	47	 bearing	 the	

coordinated	aldehyde.	Addition	of	dihydrogen	 to	47,	 followed	by	hydride	 transfer	
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product.	The	authors	emphasized	that	 the	catalytic	cycle	does	not	 involve	 the	 free	

hemiaminal,	 thereby	 avoiding	 water	 elimination	 to	 give	 the	 imine,	 and	 the	 C–O	

cleavage	product.	

	 Cantillo	performed	DFT	calculations	to	investigate	C–O	versus	C–N	cleavage	

during	 the	 hydrogenation	N-ethylacetamide	 using	41.	N-Ethylacetamide	was	 used	

as	 the	model	 substrate	 because	Milstein	 and	 coworkers	 hydrogenated	 it	with	 the	

catalyst	41.	The	calculated	energy	barrier	for	C–O	cleavage	is	~12	kcal	mol–1	higher	

than	that	for	C–N	cleavage	(Scheme	1.13).78	

		 	

Scheme	 1.13:	 The	 energy	 barriers	 for	 C–N	 and	 C–O	 cleavage	 during	 the	

hydrogenation	of	N-ethylacetamide	by	41.	
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for	the	hydrogenation	of	activated	amides	(50	atm	H2,	100	°C).79,80	The	activity	of	50	
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insertion.	 These	 alkoxides	 are	 stable	 at	 room	 temperature,	 essentially	 providing	

thermal	protection	 for	 the	catalyst.	Amides	do	not	react	with	50	 in	 the	absence	of	

base	 at	 room	 temperature.	 It	 was	 likely	 then	 that	50	 decomposed	 at	 the	 100	 °C	

typically	 required	 for	 amide	 hydrogenations,	 perhaps	 by	 dissociation	 of	 the	 dpen	

ligand.	 It	 was	 hypothesized	 that	 introducing	 a	 P–N	 ligand	 that	 would	 maintain	

catalytic	 activity	at	higher	 temperature	by	preventing	diamine	 ligand	dissociation.	

	 Bergens	 and	 coworkers	 discovered	 that	 the	 catalyst	 [Ru(η3-

C3H5)(Ph2P(CH2)2NH2)2]BF4	 (51)	 is	 highly	 active	 for	 the	 hydrogenation	 of	 amides	

and	 lactams	under	50	atm	H2	at	100	 °C	 in	 the	presence	of	 the	base	KN[Si(CH3)3]2	

(potassium	bis(trimethylsilyl)amide)	(Scheme	1.14).	Turnover	numbers	up	to	7200	

were	 obtained	 after	 24	 hours.	 At	 the	 time,	 these	 were	 the	 highest	 reported	

turnovers	 for	 amide	 hydrogenations	 at	 moderate	 temperatures	 and	 pressure.	

Secondary	 and	 tertiary	 amides	 were	 hydrogenated	 with	 good	 yield	 and	 turnover	

numbers	as	well	(Scheme	1.14;	bottom).	
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Scheme	1.14:	Hydrogenation	of	amides	and	substrate	scope	by	catalysts	51.	

	

In	preliminary	mechanistic	experiments,	 the	allyl	precursor	51	was	 found	to	react	

with	H2	(~1–2	atm)	at	60	°C	with	3	equivalents	of	KN[Si(CH3)3]2	to	form	a	mixture	of	

Ru-amide	 monohydrides	 and	 propylene.	 At	 higher	 pressures	 (~4	 atm	 H2)	 these	

amides	form	the	dihydride	as	the	major	product,	and	the	active	catalyst	is	proposed	

to	be	 trans-[Ru(H)2(Ph2P(CH2)2NH2)2]	 (53).	The	dichloride	RuCl2(Ph2P(CH2)2NH2)2	

(52)	 forms	the	same	ruthenium	dihydride	under	these	conditions.	 Indeed	both	51	

and	52	 hydrogenated	 the	 lactam	 in	 up	 to	 7200	 turnovers	 under	 these	 conditions	

using	sodium	methoxide	(NaOMe)	as	base.	

	 Recently,	 Bergens	 and	 coworkers	 reported	 the	 only	 experimental	

mechanistic	 study	 on	 an	 amide	 hydrogenation	 with	 the	 active	 catalyst.85	 In	 prior	

work,	 the	 Bergens	 group	 showed	 that	 the	 BINAP-dpen	 catalyst	 50	 hydrogenates	

mesocyclic	 imides	 by	 desymmetrization	 in	 up	 to	 97%	 de	 at	 0	 °C.84	 During	 these	

investigations	 it	 was	 found	 that	 unexpectly	 the	 bifunctional	 addition	 between	50	

and	the	imide	did	not	occur	in	the	absence	of	base.	Remarkably,	even	at	–80	°C	the	

presence	of	trace	base	(<	amount	Ru)	effectively	catalyzed	this	bifunctional	addition	

(Scheme	1.15).	
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Scheme	 1.16:	 Top:	mono,	 or	 di-deprotonation	 of	50	 to	 form	 the	 electron-rich	54-K	

and	54-Li2.	Bottom:	the	products	observed	for	the	bifunctional	addition	of	54-K	to	55	

and	56.	

	

It	 is	 notable	 that	 the	 addition	 of	54-K	 to	55	 or	56	 resulted	 in	 the	 Ru-amide	58,	

which	is	an	intermediate	proposed	in	the	hydrogenation	of	ketones	by	50.81,82	These	

results	 show	that	an	acidic	N–H	bonded	 to	 the	metal	 center	of	 the	catalyst	 can	be	

deprotonate	 with	 base	 to	 form	 highly	 active	 amide	 hydrogenation	 catalysts.	 This	

design	 feature	 has	 been	 incorporated	 into	 several	 base-assisted	 catalysts	 in	 the	

recent	literature	(vide	infra).	

	 The	 Bergens	 group	 developed	 a	 base-free	 version	 of	 the	 catalyst,	 trans-
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between	the	allyl-precursor	51	and	two	equivalents	of	NaBH4	(with	respect	to	B)	at	
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Fe-PNP	 catalyst	73	 operates	under	60	 atm	H2	 at	 140	 °C	 in	dioxane	 solvent	 in	 the	

presence	of	a	catalytic	amount	of	the	strong	base	KN[Si(CH3)3]2	(Eq.	1.17).		

	

Quantitative	conversion	(up	to	50	TON)	was	obtained	with	the	N-phenyl	secondary	

amide.	Placement	of	N,N-dimethyl	(58%	yield,	29	TON	in	12	hours)	or	a	nitro	group	

(25%	yield,	13	TON	in	36	hours)	at	the	para	position	of	the	N-phenyl	group	reduced	

the	 activity	 of	 the	 amide.	 Only	 one	 tertiary	 amide,	 2,2,2-trifluoro-N,N-

diphenylacetamide	 was	 hydrogenated.	 This	 sole	 example	 underwent	 complete	

conversion	(20	TON)	in	36	hours	with	5	mol%	of	the	catalyst.	

	 In	 a	 control	 experiment,	 the	 hydrogenation	 of	 2,2,2-trifluoro-N-

phenylacetamide	 did	 not	 occur	 with	 the	 catalyst	 73	 (5	 mol%)	 in	 the	 absence	 of	

added	base.	The	dihydride	version	74,	however,	hydrogenated	~32%	(7	TON)	of	the	

amide	 over	 24	 hours.	 Complete	 conversion	 (50	 TON)	 was	 obtained	 with	 73	 (2	

mol%)	 in	 the	presence	of	base	 in	only	12	hours,	demonstrating	 the	 importance	of	

excess	base	in	this	reaction.		

	 The	 authors	 proposed	 a	 mechanism	 based	 on	 NMR	 analysis,	 and	

experimental	 data	 from	 a	 similar	 tert-butyl	 version	 of	 the	 Fe-PNP	 dihydride	 75	

(Scheme	 1.19).	 The	 authors	 stated	 that	 75	 did	 not	 react	 with	 excess	 KOtBu	 and	

suggested	 that	 an	 anionic	 iron	 dihydride	 complex	 is	 not	 involved	 in	 the	 catalytic	

cycle.	So	a	dihydride	such	as	76	 is	a	plausible	entry	to	the	catalytic	cycle,	which	is	

generated	 by	 removing	 BH3	 from	 74.	 The	 outer-sphere	 attack	 by	 Fe–H	 in	 the	

N

P

Fe
PiPr2

CO

H

Br
iPr2

F3C N

O
R1

R2

73 (2–5 mol%)

+ HN
R1

R2

+ H2

(60 atm) 140 °C, dioxane, 12–36 h

R1 = H, aromatic

R2 = alkyl, aromatic
23–99% yield

N

P

Ru
PtBu2

CO

H

Cl

73

KN[Si(CH3)3]2 (6–15 mol%)

F3C

OH
(1.17)

8–50 TON



	 44	

dihydride	76	on	the	carbonyl	of	the	amide	generates	the	iron-alkoxide	intermediate	

78	via	transition	state	77.		

		 	

	 	

Scheme	 1.19:	 Proposed	 mechanism	 for	 the	 hydrogenation	 of	 an	 amide	 to	 C–N	

cleavage	products	using	pincer-type	catalysts	73	and	74.	

	

The	metal-ligand	cooperative	 (MLC)	elimination	of	 the	hemiaminal	 from	78	 forms	

the	so-called	dearomatized	intermediate	79.	The	dihydride	76	 is	 then	regenerated	

by	a	dihydrogen	addition	to	79	via	MLC.	The	details	of	these	MLC	eliminations	and	

additions	were	not	addressed	by	the	authors.	

N

P

Fe
PiPr2

CO

H

Br
iPr2

73

N

P

Fe
PiPr2

CO

H

HBH3
iPr274

N

P

Fe
PiPr2

CO

H

H
iPr276

dioxane - BH3•dioxane

N

P

Fe
PiPr2

CO

H

iPr2

79

base

dioxane

N

P

Fe
PiPr2

CO

H

H
iPr2

F3C NR2

O

CF3

NR2
O

N

P

Fe
PiPr2

CO

H

iPr2
CF3

NR2O

77

78

H2

N

P

Fe
PtBu2

CO

H

H
tBu275

F3C NR2

OH

F3C
-HNR2

O

HF3C NR2

OH

F3C

OH
76

H2

no reaction

KOtBu

N

P

Fe
PiPr2

CO

H

Br
iPr2

73

N

P

Fe
PiPr2

CO

H

HBH3
iPr274

N

P

Fe
PiPr2

CO

H

H
iPr276

dioxane - BH3•dioxane

N

P

Fe
PiPr2

CO

H

iPr2

88

base

dioxane

N

P

Fe
PiPr2

CO

H

H
iPr2

F3C NR2

O

CF3

NR2
O

N

P

Fe
PiPr2

CO

H

iPr2
CF3

NR2O

86

78

H2

N

P

Fe
PtBu2

CO

H

H
tBu275

F3C NR2

OH

F3C
-HNR2

O

HF3C NR2

OH

F3C

OH
76

H2

no reaction

KOtBu



	 45	

	 During	the	same	time	period,	Langer	and	coworkers.	reported	the	synthesis,	

stability,	 and	 catalytic	 activity	 of	 iron	 pincer	 complexes	 of	 the	 type	 [(R-PNH-

P)Fe(H)(η1-BH4)(CO)],	in	which	R	represents	ethyl,	isopropyl,	cyclohexyl,	phenyl,	or	

tert-butyl	 groups	 (Scheme	 1.20).92	 Based	 upon	 the	 results	 from	 spectroscopic	

studies,	 the	 authors	 claimed	 that	 the	 steric	 demand	 and	 electronic	 nature	 of	 the	

ligands	have	a	strong	impact	on	the	stability	of	these	precatalysts	in	solution.	

	

Scheme	1.20:	Synthetic	route	to	[(R-PNH-P)Fe(X)2(CO)]	and	[(R-PNH-P)	Fe(H)(CO)(η1-

BH4)]	complexes.	

	

The	authors	proposed	that	sterically	less	demanding,	and	strong	σ-donating	ligands	

would	 results	 in	 the	 most	 active	 catalysts.	 Compound	 84	 catalyzed	 the	

hydrogenation	of	secondary	and	tertiary	amides	in	up	to	50	TON	under	50	atm	H2	at	

100	°C	in	THF	(Eq.	1.18).	
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Selectivity	for	C–O	vs.	C–N	cleavage	in	catalytic	amide	hydrogenation	

	 The	 origins	 of	 the	 preference	 for	 C–O	 or	 C–N	 cleavage	 have	 not	 been	 fully	

investigated	 in	 catalytic	 amide	 hydrogenation.	 They	may	 partially	 result	 from	 the	

higher	 temperatures	 utilized	 by	 the	 heterogeneous	 or	 acidic	 homogeneous	

hydrogenations.	 Higher	 temperatures	 promote	 the	 elimination	 of	 water.	 The	

heterogeneous	 catalysts	 often	 possess	 a	 Lewis	 acid	 cocatalyst.	 As	 well,	 the	

homogeneous	 catalysts	 that	 favor	 C–O	 cleavage	 also	 often	 utilize	 acid	 cocatalysts.	

Figure	 1.8	 shows	 possible	 intermediates	 and	 pathways	 for	 hemiaminal	

decomposition	in	the	presence	of	acid.	

	 They	 are	 closely	 related	 to	 the	 mechanism	 for	 the	 acid-catalyzed	 imine	

formation	 from	 aldehydes	 and	 amines.96	 Figure	 1.8	 shows	 that	 the	 putative	

hemiaminal	 can	 be	 protonated	 at	 either	 nitrogen	 or	 oxygen.	 In	 reality,	 the	 actual	

cation	likely	contains	a	proton	H-bonded	between	nitrogen	and	oxygen.	Protonation	

at	oxygen	promotes	elimination	of	water.	This	pathway	is	extremely	unlikely	in	the	

absence	of	acid,	and	likely	explains	why	C–N	cleavage	is	favored	in	base	(vide	infra).	

Elimination	of	H2O	forms	the	iminium	cation	that	would	be	readily	hydrogenated	to	

the	protonated	higher	amine	from	net	C–O	cleavage.	Conversely,	protonation	of	the	

hemiaminal	 at	 nitrogen	 would	 promote	 the	 elimination	 of	 R2R3NH	 followed	 by	

proton	transfer	 to	generate	 the	corresponding	aldehyde	and	the	protonated	 lower	

amine	 from	 net	 C–N	 cleavage.	 Hydrogenation	 of	 the	 aldehyde	 then	 produces	 the	

alcohol.	
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Figure	 1.8:	 Illustration	 of	 possible	 intermediates	 from	a	 representative	 hemiaminal	

under	acidic	conditions.	

	

As	 well,	 C–N	 cleavage	 can	 occur	 to	 generate	 the	 amine	 and	 aldehyde	 (Figure	 1.8	

middle).	 This	 process	 can	 be	 reversible	 (See	 example	 in	 Figure	 1.5),67	 or	 the	

aldehyde	may	 condense	with	 the	 higher	 amine	 to	 eventually	 lead	 to	N,N-product	

(Figure	1.8	bottom	pathway).58	So	it	appears	then	that	amide	hydrogenations	in	the	

presence	of	acid	proceed	through	a	balance	of	competing	equilibria/pathways.	The	

net	 pathway	 traversed	 by	 a	 reaction	 would	 depend	 upon	 the	 specifics	 of	 the	

reactants,	conditions,	and	catalyst	 that	affect	 the	balance.	Figure	1.9	 illustrates	 the	
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hemiaminal	at	oxygen	is	favorable,	and	leads	to	elimination	of	R2R3N(–)	(Figure	1.9	

bottom).	

	 	

Figure	 1.9:	 Illustration	 of	 possible	 intermediates	 formation	 from	 a	 representative	

hemiaminal	under	basic	conditions.	

	

The	 R2R3N(–)	would	 then	 deprotonate	 the	 alcohol	 to	 regenerate	 the	 alkoxide	 base	

and	R2R3NH.	Hydrogenation	 of	 the	 aldehyde	 then	 forms	 the	 alcohol	 product	 from	

net	C–N	cleavage.	These	interpretations	serve	as	general	conceptual	models	for	the	

reported	 preferences	 for	 C–O	 or	 C–N	 cleavage	 in	 amide	 hydrogenations.	 They	

predict	that	base	and	lower	temperatures	favor	C–N	cleavage,	and	that	C–O	cleavage	

is	favored	by	the	presence	of	acid	and	higher	temperatures.	
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Asymmetric	hydrogenation	

	 Louis	Pasteur	was	one	of	the	pioneers	who	recognized	the	omnipresence	of	

chirality.	 Pasteur’s	 separation	 of	 racemic	 tartaric	 acid	 into	 its	 opposite-handed	

isomers	 made	 it	 possible	 to	 understand	 enantiomers	 at	 the	 molecular	 level.97	

Enantiomers	 exhibit	 different	 chemical	 and	 physical	 properties	 in	 a	 chiral	

environment	 and	 play	 a	 prominent	 role	 in	 biological	 processes.	 A	 well-known	

example	is	the	racemic	drug	thalidomide,	which	was	prescribed	to	pregnant	women	

to	alleviate	morning	 sickness.98	Though	one	enantiomer	had	a	 soothing	effect,	 the	

other	caused	severe	congenital	disabilities.	As	this	case	illustrates,	there	is	a	strong	

need	 to	 produce	 enantiopure	 compounds	 in	 the	 pharmaceutical	 and	 related	

industries.	

	 Currently,	the	majority	of	enantiopure	compounds	are	made	from	the	chiral	

pool	 or	 by	 resolution	 of	 racemic	 mixtures.99	 For	 example,	 58	 of	 167	 single	

enantiomer	 drugs	 that	 were	 introduced	 between	 1985–2004	 contained	 only	 one	

stereogenic	 center.	 Of	 these,	 26	 were	 produced	 using	 natural	 or	 unnatural	

aminoacids	 or	 glycidol	 derivatives.	 Of	 the	 remaining,	 27	 were	 prepared	 by	

resolution	 of	 racemates.	 The	 remaining	 five	 drugs	 were	 prepared	 by	 asymmetric	

synthesis.100	

	 Resolution	 is	 a	 process	 in	 which	 a	 racemic	 mixture	 is	 separated	 into	 its	

components	 enantiomers.	 Examples	 include	 spontaneous	 resolution	 (e.g.	 induced	

crystallization),	 resolution	by	 the	 formation	of	 diastereomers,	 and	 resolution	by	 a	

substrate	selective	reaction	(e.g.	kinetic	resolution	(KR)).101	An	industrial	example	is	
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the	synthesis	of	(S)-naproxen	(91),	which	is	used	to	prepare	thousands	of	tons	per	

year	(Scheme	1.21).101,102	

	 	

Scheme	 1.21:	 Resolution	 of	 naproxen	 using	 N-methyl-D-glucamine	 as	 the	 resolving	

agent.	

	

In	 the	 Pope-Peachy	 resolution,	 one	 equivalent	 of	 racemic	acid	 is	 treated	with	 0.5	

equivalent	of	an	achiral	amine	base	and	0.5	equivalent	of	a	chiral	base.	The	(S)-acid	

produces	 the	 insoluble	 salt	 with	 the	 chiral	 amine,	 and	 the	 (R)-acid	 produces	 a	

soluble	salt	with	the	achiral	amine.	The	insoluble	salt	is	filtered,	and	the	(S)-acid	is	

liberated	by	reaction	with	base.	The	mother	liquor	is	heated	to	racemize	the	(R)-acid	

by	the	achiral	amine,	and	the	racemic	acid	is	recycled	into	the	resolution	loop.102		
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synthesize	targeted	molecules.103	However,	the	availability	of	certain	optically	pure	

natural	compounds	on	large	scale	is	limited.104,105		

	 In	 response	 to	 these	 challenges,	 it	 is	 important	 to	 develop	 new	 synthetic	

methods	 that	 are	 efficient,	 atom	 economical,	 environmentally	 benign,	 and	 with	 a	

broad	 substrate	 scope	 to	 obtain	 the	 optically	 pure	 compounds.	 In	 this	 regard,	

asymmetric	hydrogenation	is	arguably	one	of	the	mature	catalytic	methodologies.	In	

1968,	 the	 Knowles	 and	 Horner	 groups	 independently	 reported	 the	 asymmetric	

hydrogenation	of	simple	prochiral	olefins	using	a	rhodium-phosphine	catalyst.106,107	

Eventually,	 these	 findings	 enabled	 the	 first	 commercial	 application	 of	 asymmetric	

catalytic	 hydrogenation,	 the	 production	 of	 L-dopa	 (95)	 (Scheme	 1.22).	 Knowles	

developed	the	L-dopa	process	at	Monsanto	in	the	early	1970s.108	

	

Scheme	1.22:	Asymmetric	hydrogenation	and	deprotection	steps	in	the	synthesis	of	L-

dopa.	

	

The	 key	 step	 in	 the	 synthesis	 of	 95	 is	 the	 enantioselective	 hydrogenation	 of	 an	

enamide	 intermediate	93	 using	 [Rh((R,R)-DIPAMP)(COD)]BF4	 as	 the	 catalyst	 (96,	

(R,R)-DIPAMP:	 (R,R)-1,2-bis[(2-methoxyphenyl)(phenyl)phosphino]ethane,	 COD:	1,	

5-cyclooctadiene)	under	10	atm	H2	at	25	°C	in	EtOH/H2O.109,110	After	hydrogenation,	

acid	promoted	hydrolysis	produced	the	target	compound	95.	

OAc
MeO

AcHN CO2H

OAc
MeO

AcHN CO2H

OH
HO

H2N CO2H

[Rh((R,R)-DIPAMP)(COD)]BF4 (96)

EtOH/H2O, 25 °C, 10 atm H2

TON 20 000, TOF 1000 h–1, 95% ee

93 L-dopa (95)94

 HBr/H2O

-CH3COOH
-MeBr

95% ee



™ ™

>

>



>

β

α β



β



	 58	

DKR	is	an	extension	of	KR	that	theoretically	allows	for	quantitative	conversion	of	a	

racemate	 into	 the	 desired	 product	 enantiomer.	 In	 DKR,	 the	 enantiomers	 of	 the	

racemate	 are	 in	 rapid	 pre-equilibrium,	 so	 that	 the	 faster-reacting	 enantiomer	 is	

converted	 into	 an	 optically	 pure	 product	 at	 the	 expense	 of	 the	 slower-reacting	

enantiomer	(Figure	1.11).121	

	

Figure	1.11:	Illustration	of	energy	diagram	and	reaction	scheme	for	DKR.	

	

These	are	Curtin-Hammett	conditions,	where	the	ee	of	the	product	is	determined	by	

the	 difference	 in	 diastereomeric	 transition	 state	 energies.122	Table	 1.2	 shows	 the	

equations	used	 for	 the	determination	of	%ee	of	 the	product	 in	an	enantioselective	

reaction.123,124	Additionally,	differences	in	free	energy	required	for	certain	ee	values	

are	also	shown.		

	

	

	

	

TSR

TSS

SMS SMR
PS PR

∆Gs

∆Grac

∆Gr

∆∆Gs

SMS SMR

Krac
PS PR

kRkS

∆Grac < ∆Gr, ∆Gs



	 59	

Table	1.2:	Relationship	between	the	diastereomeric	transition	state	energies	and	their	

corresponding	ee	values.		

	

	

	 Ro	 67-8867	 is	 an	N-methyl-D-aspartate	 (NMDA)	 receptor	 antagonist.	 This	

high-affinity,	selective,	and	activity-dependent	antagonist	was	a	proposed	treatment	

for	 acute	 ischemic	 stroke.125	 The	 original	 synthesis	 involved	 crystallization	 of	 a	

diastereomeric	 salt	 to	obtain	 intermediate	106	 from	 its	 racemate.	This	 traditional	

resolution	by	crystallization	yielded	only	10–15%	of	the	optically	pure	intermediate	

106	 after	 three	 to	 four	 crystallizations.	 The	 poor	 efficiency	 of	 this	 resolution	

prevented	this	reaction	 from	being	scaled	up	 for	 technical	development.	However,	

an	 alternative	 asymmetric	 hydrogenation	 of	 the	 ketone	105	 via	 DKR	 allowed	 the	

production	of	Ro	67-8867	on	a	multikilogram	scale	 (Scheme	1.25).125	The	 catalyst	

was	the	Ru(bisphosphine)(diamine),	108	(0.001	mol%),	and	150	mol%	of	the	base	

KOtBu	to	promote	both	the	hydrogenation	and	DKR	of	105.	
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Scheme	1.25:	Asymmetric	hydrogenation	of	105	to	106	by	108	in	the	synthesis	of	Ro	

67-8867.	

	

The	hydrogenation	of	105	via	DKR	provided	the	diastereomeric	alcohol	106	in	97%	

ee	(cis/trans	>99%).	The	hydrogenolysis	of	the	benzyl	group	in	106	and	subsequent	

crystallization	provided	the	 intermediate	107	 in	81%	yield	(based	on	106)	and	 in	

over	99.5%	ee.	In	the	final	step,	107	was	coupled	with	a	chlorosulfone	to	afford	the	

antagonist	Ro	67-8867	in	85%	yield.	The	overall	yield	of	this	reaction	sequences	is	

53%	compared	to	3.5%	yield	with	resolution.125	

	 Despite	enormous	progress,	the	application	of	asymmetric	hydrogenation	in	

the	 industry	 is	 limited.	 It	 is	 believed	 that	 only	 ~20	 asymmetric	 hydrogenation	

processes	 are	 employed	 at	 a	 production	 scale.126,127	 The	 exact	 number	 of	

asymmetric	 hydrogenation	 processes	 at	 scale	 is	 unclear	 because	 companies	 are	

reluctant	 to	 disclose	 this	 information.114	 In	 the	 current	 era	 of	 green	 chemistry,	

industries	 are	 under	 pressure	 to	 adapt	 environmentally	 benign	 methods.	 Also,	

increasing	competition	between	companies	forces	them	to	bring	products	to	market	

faster.128		
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conversion.	The	overall	yield	of	the	product	was	40%	(based	on	109).	This	method	

enabled	 the	 production	 of	111	 on	 a	multikilogram	 scale.126	The	 authors	 reported	

that	the	diastereoselectivity	of	111	was	improved	during	the	step	converting	110	to	

111	but	did	not	provide	a	 final	value.	The	 increment	of	ee	 increased	 from	94%	to	

99%	in	111	via	the	dissolution	of	111.	

	 Asymmetric	 hydrogenation	 provides	 a	 tremendous	 environmental	 benefit	

over	 traditional	 synthetic	methods.	The	notable	 examples	 are	 the	 synthesis	of	 the	

active	 pharmaceutical	 ingredients	 sitagliptin	 (Januvia™)	 and	 laropiprant	

(Cordaptive™).	 Merck	 modified	 their	 existing	 synthetic	 route	 of	 both	 APIs	 by	

incorporating	 an	 asymmetric	 hydrogenation	 step.126,132	 The	 new	 synthetic	 route	

generated	220	kg	less	waste	and	660	kg	less	waste,	respectively,	for	each	kilogram	

of	 sitagliptin126,132	and	 laropiprant.126	 Remarkably,	 the	 new	 synthetic	 route	 in	 the	

case	of	sitagliptin	also	totally	eliminated	the	aqueous	waste.	
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Research	objectives	

	 The	 development	 of	 sustainable	 and	 efficient	methods	 for	 the	 reduction	 of	

amides	that	avoid	hydride	reagent	are	of	utmost	importance	to	both	academia	and	

industry.	Chapter	1	briefly	describes	the	challenges	in	amide	reduction	with	hydride	

reagents	 and	 greener	 approaches	 that	 employ	 catalytic	 hydrogenation.	 Chapter	 2	

presents	the	catalytic	hydrogenation	of	amides	under	both	base-assisted	and	base-

free	conditions.	

	 One	of	the	challenges	the	industry	faces	in	the	development	of	a	new	catalytic	

system	 is	 that	often	 there	 is	 little	 or	no	precedent	 in	 the	 literature	of	 asymmetric	

hydrogenation	 for	 a	 substrate	 of	 interest.	 Without	 a	 doubt,	 developing	 a	 new	

catalytic	 system	 or	modifying	 existing	 reactions	with	 a	 catalytic	 system	will	 have	

many	benefits.	Recent	advances	in	asymmetric	catalytic	hydrogenation	have	made	it	

easy	to	obtain	chiral	secondary	alcohols	from	prochiral	ketones	with	excellent	yield	

and	 selectivity.	 In	 contrast,	 there	 are	 only	 a	 handful	 of	 reports	 for	 the	

enantioselective	 hydrogenation	 of	 α-chiral	 aldehydes	 and	 esters	 with	 DKR	 that	

provide	β-chiral	primary	alcohols.	In	Chapter	3,	I	will	discuss	the	development	of	a	

novel	catalytic	system	for	the	enantioselective	hydrogenation	of	amides	to	produce	

chiral	primary	alcohols	via	DKR	at	room	temperature	and	low	pressure.	
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Chapter	2	

Catalytic	Hydrogenation	of	Functionalized	Amides	Under	

Basic	and	Neutral	Conditions1	

	

Introduction	

	 As	described	in	Chapter	1,	amides	are	one	of	the	least	reactive	carboxylic	acid	

derivatives,	 and	 their	 reduction	 requires	 forceful	 conditions	 or	 stoichiometric	

reducing	agents	that	are	oxophilic.	Amide	reductions	are	typically	carried	out	with	

stoichiometric	 hydride	 reducing	 agents	 such	 as	 LiAlH4,	 DIBAL,	 RedAl,	 B2H6,	 and	

silane	 (catalytic).20,21,25	 In	 the	 current	 era	 of	 green	 chemistry,	 amide	 reduction	 by	

catalytic	hydrogenation	has	many	environmental	 and	economical	 advantages	over	

stoichiometric	 reduction.20	 In	 response,	 many	 heterogeneous	 and	 homogeneous	

catalytic	systems	are	being	developed	for	the	catalytic	hydrogenation	of	amides.	The	

recent	advances	 in	homogeneous	amide	hydrogenation	can	be	 found	 in	Chapter	1.	

Homogeneous	 catalytic	 systems	operate	under	 acidic,	 neutral,	 or	basic	 conditions.	

These	 conditions	 often	 control	 the	 chemoselectivity	 of	 the	 reaction,	 and	 are	 a	

deciding	factor	in	which	functional	groups	can	tolerate	the	hydrogenation.	In	other	

words,	whether	 the	 functional	groups	are	acid	or	base	sensitive.	 In	2011,	Bergens	

and	 coworkers	 reported	 that	 the	 cationic	 allyl	 precursor	 [Ru(η3-

C3H5)(Ph2P(CH2)2NH2)2]BF4	 (51)	with	 base	 in	 THF	 hydrogenate	 a	wide	 variety	 of	
																																																								
1	A	version	of	this	chapter	has	been	published.	John,	J.	M.;	Loorthuraja,	R.;	Antoniuk,	E.;	Bergens,	S.	H.	
Catal.	Sci.	Technol.	2015,	5,	1181-1186.	
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simple	amides	with	C–N	cleavage	and	with	high	TON’s	up	to	~7200	(100	°C,	50	atm,	

4–5	mol%	base,	24	h).79	

	 The	objective	of	 the	 research	described	 in	 this	 chapter	was	 to	prepare	and	

evaluate	a	base-free	version	of	this	catalyst.	At	the	time,	there	were	no	reports	of	a	

high	 TON	 (>300),	 neutral	 amide	 hydrogenation	 catalyst,	 nor	 of	 an	 amide	

hydrogenation	catalyst	that	tolerates	a	wide	variety	of	functional	groups.	Herein,	We	

report	such	a	neutral	catalyst,	and	demonstrate	its	functional	group	tolerance	under	

neutral	 and	 basic	 conditions.	 We	 also	 illustrate	 the	 utility	 of	 the	 system	 as	 a	

relatively	 mild,	 catalytic	 method	 to	 liberate	 amines	 by	 hydrogenation	 of	 the	

corresponding	acetyl	amides.		

	

Results	and	discussion	

Noyori	and	coworkers	reported	that	BH4–	adducts	of	bifunctional	catalysts	such	as	

trans-[RuH(η1-BH4)((S)-xyl-BINAP)((S,S)-dpen)]	 (113;	 xyl-BINAP:	 (S)-(–)-2,2′-

bis[di(3,5-xylyl)phoshino]-1,1′-binaphthyl),	 are	 active	 catalysts	 for	 ketone	

hydrogenations	 under	 base-free	 conditions.133,134	 Morris,135	 Milstein,136,137	 and	

Kuriyama138,139	 subsequently	 reported	 other	 bifunctional,	 and	 pincer	 ketone	

hydrogenation	catalysts	containing	η1-BH4–.		

	 For	 this	 study,	 we	 found	 that	 the	 cationic,	 η3-allyl	 precursor	 [Ru(η3-

C3H5)(Ph2P(CH2)2NH2)2]BF4	(51)	and	2	equivalents	of	NaBH4	react	under	H2	in	THF	

(~2	atm,	60	°C,	30	min)	to	form	a	catalyst	that	hydrogenates	N-phenylpyrrolidin-2-

one	 (114)	 via	 C–N	 cleavage	 under	 50	 atm	H2,	 100	 °C	with	 high	 TON	 (910)	 in	 24	

hours	(Eq.	2.1).	
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catalyst	generated	from	51	and	BH4–	is	more	susceptible	to	steric	crowding	than	the	

catalyst	38	described	by	Ikariya	and	coworkers.		

	 Control	experiments	were	performed	to	investigate	the	identity	of	the	active	

catalyst.	The	use	of	Ru	black	as	 catalyst	 resulted	only	 in	 the	hydrogenation	of	 the	

arene	 ring	 in	 114.	 It	 is	 therefore	 unlikely	 that	 Ru	 nanoparticles	 are	 the	 active	

catalyst	 in	these	amide	hydrogenations.	 	 In	control	NMR	experiments,	 I	 found	that	

51	 reacts	with	2	 equivalents	 of	NaBH4	 after	 30	min	 at	 60	 °C	under	~2	 atm	H2	 to	

form	in	95%	yield	trans-Ru(H)(η1-BH4)(Ph2P(CH2)2NH2)2	(61)	(Eq.	2.2).		

	

Propylene	and	excess	NaBH4	were	also	present.	The	trans-H–Ru–BH4	complex	was	

identified	 using	 1H,	 1H{31P},	 31P,	 11B,	 1H–15N	 HSQC,	 gTOCSY,	 gCOSY	 NMR	

experiments.	Based	upon	 this	observation,	we	propose	 that	 the	catalyst	generated	

under	base-free	conditions	is	trans-Ru(H)2(Ph2P(CH2)2NH2)2	(53),	made	from	trans-

Ru(H)(η1-BH4)(Ph2P(CH2)2NH2)2	 (61).	 Related	 η1-BH4	 compounds	 have	 been	

reported	in	the	literature	before134	and	after	this	research	was	published.89,91–93	

	

Conclusions	

The	 new	 base-free	 catalyst	 system	 and	 the	 base-promoted	 catalyst	 system	

hydrogenate	a	synthetically	useful	variety	of	functionalized	and	heterocyclic	amides.	

The	absolute	configurations	are	preserved	at	stereogenic	carbon	centres	in	groups	
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attached	 to	 nitrogen,	 and	 in	 groups	 alpha	 to	 the	 carbonyl	 group	 under	 base-free	

conditions.		Certain	olefins	tolerate	the	hydrogenation,	and	the	system	is	a	catalytic,	

clean	method	to	deprotect	amines	from	acetyl	amides.						

	

Materials	and	methods	

All	pressurized	reactions	were	carried	out	 in	a	 steel	pressure	reactor	 (50	atm	H2)	

equipped	with	a	magnetic	stir	bar.	Deuterated	solvents	were	obtained	from	Aldrich	

and	Cambridge	Isotope	Laboratories.	Common	laboratory	solvents	were	dried	over	

appropriate	drying	agents	before	each	experiment.	For	example	CH2Cl2,	THF	and	2-

PrOH	were	distilled	over	CaH2,	Na/benzophenone	and	anhydrous	Mg,	respectively.		

2-Oxazolidinone,	 4S-(–)-isopropyl-2-oxazolidinone,	 4-chlorobenzoyl	 chloride,	 4-

fluorobenzoyl	chloride,	2-furoyl	chloride	and	1-phenyl-pyrrolidin-2-one	(114)	were	

obtained	 from	 Alfa	 Aesar.	 Acetyl	 chloride,	 benzoyl	 chloride,	 4-fluoroaniline,	 4-

chloroaniline,	 aniline,	 potassium	 bis(trimethylsilyl)amide,	 lithium	 bis(trimethyl	

silyl)amide,	 (4S,5R)-(–)-4-methyl-5-phenyl-2-oxazolidinone,	morpholine,	 propionyl	

chloride,	 2-piperazin-1-yl-1-piperidin-1-yl-ethanone,	 tris(triphenylphosphine)	

ruthenium(II)	 dichloride	 and	 N-phenylbenzamide	 (118f)	 were	 obtained	 from	

Aldrich.	 N,N-Diphenylacetamide	 (118a),	 N-methylacetanilide	 (118b)	 and	 N,N-

dimethylacetamide	 (118e),	 were	 obtained	 from	 TCI	 America.	 2-

(Diphenylphosphino)ethylamine	 (116)	 and	 sodium	 borohydride	 were	 obtained	

from	 Strem	 and	 BDH	 Chemicals,	 respectively.	 1H,	 13C,	 and	 31P	 NMR	 spectra	 were	

recorded	 using	 400	 and	 600	MHz	 Varian	 Inova,	 and	 500	MHz	 Varian	DirectDrive	

spectrometers.	1H	and	13C	NMR	chemical	shifts	are	reported	in	parts	per	million	(δ)	
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relative	to	TMS	with	the	deuterated	solvent	as	the	internal	reference.	31P	chemical	

shifts	 are	 reported	 in	 parts	 per	million	 (δ)	 relative	 to	 85%	H3PO4	 as	 the	 external	

references.	NMR	peak	 assignments	were	made	using	 1H–1H	 gCOSY,	1H–13C	 gHSQC,	

1H–15N	gHSQC	and	TOSCY	NMR	experiments.	Abbreviations	used	 for	NMR	spectra	

are	 s	 (singlet),	 d	 (doublet),	 dd	 (doublet	 of	 doublet),	 ddd	 (doublet	 of	 doublet	 of	

doublet),	 dt	 (doublet	 of	 triplet),	 t	 (triplet),	 tt	 (triplet	 of	 triplet),	 q	 (quartet),	 m	

(multiplet)	 and	 br	 (broad).	 High-resolution	mass	 spectra	were	 recorded	 using	 an	

Agilent	 6220	 oa	 TOF	 Mass	 Spectrometer.	 Elemental	 analysis	 data	 were	 obtained	

using	a	Carlo	Erba	CHNS-O	EA1108	elemental	analyzer.		

	

General	procedures	used	to	synthesize	amides141b		

The	amine	(76.0	mmol)	was	dissolved	in	150	mL	of	CH2Cl2	and	cooled	to	0	°C	using	

an	 ice	 bath.	 NEt3	 (83.6	 mmol,	 1.1	 equivalents)	 was	 added	 to	 the	 amine	 solution	

followed	by	the	corresponding	acid	chloride	(76.0	mmol,	1.0	equivalent)	drop-wise	

over	30	min.	Then	the	mixture	was	stirred	for	3–24	hours	at	RT.	The	mixture	was	

then	 poured	 into	 a	 separatory	 funnel	 and	 washed	 with	 3	 ×	 40	 mL	 of	 saturated	

NaHCO3(aq)	followed	by	washing	with	50	mL	of	saturated	NaCl(aq).	The	organic	layer	

was	 then	 dried	 over	 anhydrous	 Na2SO4,	 filtered	 and	 concentrated	 in	 vacuo.	 The	

crude	amide	was	obtained	in	90–98%	yield.	The	product	suitable	for	hydrogenation	

was	 obtained	 from	 distillation	 (liquid	 amides),	 trituration	 in	 n-hexanes	 or	 from	

recrystallization	using	EtOH	as	a	recrystallization	solvent	(solid	amides).	
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temperature.	 The	mixture	was	 then	 heated	 at	 60	 °C	 for	 20	min	 under	~2	 atm	H2	

with	periodic	mixing.	The	mixture	turned	orange/brown	during	this	 time	and	was	

then	 used	 for	 the	 base-free	 amide	 hydrogenations	 described	 in	 the	 next	 section	

(Method	A	or	B).	

	

General	 procedure	 for	 base-free	 hydrogenations	 using	 in	 situ	 prepared	 catalysts	

derived	from	115	or	117,	2	equivalents	of	Ph2P(CH2)2NH2	(116)	and	5	equivalents	of	

NaBH4		

115	or	117	(8.4	mg,	20	μmol	115	or	9.7	mg,	20	μmol	117)	and	NaBH4	(3.8	mg,	0.10	

mmol,	 5.0	 equivalents	 based	 on	 Ru)	 were	 weighed	 out	 into	 two	 respective	 NMR	

tubes	in	a	glove	box.	THF	(1.0	mL)	was	then	added	by	cannula	under	argon	pressure	

to	the	NMR	tube	containing	the	Ru-precursor	at	room	temperature.	116	(7.8	μL,	40	

μmol,	 2.0	 equivalents	 based	 on	 Ru)	 was	 then	 added	 to	 the	 THF	 solution	 of	 Ru-

precursors.		The	contents	of	the	NMR	tube	were	then	heated	at	60	°C	for	0.5	hours	

under	 argon	with	 periodic	mixing.	 This	 solution	was	 then	 transferred	 by	 cannula	

under	~2	atm	H2	pressure	at	room	temperature	 into	the	NMR	tube	containing	the	

5.0	 equivalents	 of	NaBH4.	 The	mixture	was	 then	 heated	 at	 60	 °C	 for	 20	min	with	

periodic	shaking.	The	mixture	turned	orange/brown	during	this	time	and	was	then	

used	for	the	base-free	amide	hydrogenation	described	in	the	next	section	(Method	

A).	

General	procedures	for	hydrogenation	

Method	A:	Solid	amides		
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The	 amide	 (2.0–20.0	mmol,	 100–1000	 equivalents)	was	 added	 to	 a	 stainless	 steel	

autoclave	equipped	with	a	magnetic	stir	bar.	The	autoclave	was	then	purged	with	H2	

for	10	min	at	room	temperature.	4.0–5.0	mL	of	THF	was	then	added	to	the	autoclave	

using	 a	 gas	 tight	 syringe.	 The	 catalyst/NaBH4	 or	 catalyst/base	mixture,	 prepared	

above,	was	then	added	by	cannula	under	H2	pressure	followed	by	a	2.0–4.0	mL	THF	

wash.	The	autoclave	was	then	pressurized	to	50	atm	H2.	The	reaction	mixture	was	

stirred	at	50–100	°C	for	23	hours.	The	autoclave	was	then	allowed	to	cool	over	the	

course	of	1	hour	before	venting	at	room	temperature.	The	percent	conversions	were	

determined	by	 1H	NMR	spectroscopy.	The	yields	were	 confirmed	with	 an	 internal	

standard.	

Method	B:	Liquid	amide	or	N-acyloxazolidinones	(120a	and	120b)	

The	 atmosphere	 of	 a	 stainless	 steel	 autoclave	 was	 purged	 with	 H2	 for	 10	min	 at	

room	 temperature.	A	 solution	of	 the	 amide	or	N-acyloxazolidinone	 (0.2–20	mmol,	

10–1000	equivalents)	in	THF	(1.0	mL),	prepared	under	argon,	was	then	added	by	a	

cannula	 under	 H2	 pressure	 followed	 by	 a	 4.0	 mL	 THF	 wash.	 The	 catalyst/NaBH4	

mixture,	prepared	above,	was	then	added	by	cannula	under	H2	pressure	followed	by	

a	2.0	mL	THF	wash.	The	autoclave	was	then	pressurized	to	50	atm	H2.	The	reaction	

mixture	was	stirred	at	50–100	°C	for	23–47	hours.	The	autoclave	was	then	allowed	

to	cool	over	the	course	of	1	hour	before	venting	at	room	temperature.	The	percent	

conversions	were	determined	by	1H	NMR	spectroscopy.	The	yields	were	confirmed	

with	an	internal	standard.	
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Figure	2.2:	1H	NMR	spectrum	(δ	6	to	0.4	ppm)	of	trans-61	formed	by	the	reaction	of	

51	and	NaBH4	in	~2	atm	H2	in	THF-d8.	

Residual	solvent	=	δ;	ligand	116;	NH	=	l*,	CH	=	l*;	propylene	=	φ;	Free	hydrogen	gas	=	

H.	

Top:	1H	NMR;	middle:	1H–15N	HSQC	as	1D	trace;	bottom:	zTOCSY1D,	sel.excite	@	2.24	

ppm	(Coordinated	ligand,	116).	

	

	

	

Figure	2.3:	1H	NMR	spectrum	(δ	0.4	to	–20	ppm)	of	trans-61	formed	by	the	reaction	of	

51	 and	NaBH4	in	 ~2	 atm	H2	 in	 THF-d8.	 (Top:	 1H	NMR	of	 trans-61;	 bottom:	 1H	 {31P}	

NMR	of	trans-61).	

Ruthenium	hydride	=	Δ;	BH4	bonded	to	ruthenium	=	β;	free	BH4–	=	β∗.	
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Spectroscopic	identification	of	products	

All	 hydrogenation	 products	 except	 from	120a	 and	120b	 are	 known	and	will	 not	 be	

reproduced	here.	The	product	1H	NMR	spectra	for	the	base-assisted	hydrogenation	of	

functionalized	amides	are	reproduced	here	for	convenience.	

alcohol	 product	 denoted	 by	 (*); amine	 product	 denoted	 by	 (n); starting	 material	

denoted	by	(+); internal	standard	denoted	by	(IS); C–O	cleavage	product	denoted	by	

(x) 

Figure	2.4:	The	δ	region	from	8	to	4	ppm	of	1H	NMR	spectrum	showing	the	products	

from	the	hydrogenation	of	4-fluorobenzanilide	(119a)	under	base-assisted	conditions.	
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Figure	 2.5:	 The	 δ	 region	 from	 7.5	 to	 3.0	 ppm	 of	 1H	 NMR	 spectrum	 showing	 the	

products	 from	 the	 hydrogenation	 of	 4-chloro-N-methyl-N-phenylbenzamide	 (119b)	

under	base-assisted	conditions.	

	
Figure	2.6:	The	δ	region	from	8	to	4	ppm	of	1H	NMR	spectrum	showing	the	products	

from	 the	 hydrogenation	 of	N-(4-fluorophenyl)benzamide	 (119c)	 under	 base-assisted	

conditions.	

	
	
Figure	2.7:	The	HRMS	 (ESI+)	 spectrum	showing	the	product	mixture	resulting	from	

the	 hydrogenation	 of	 N-(4-fluorophenyl)benzamide	 (119c)	 under	 base-assisted	

conditions.	
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Figure	2.8:	The	δ	region	from	8	to	4	ppm	of	1H	NMR	spectrum	showing	the	products	

from	the	hydrogenation	of	N-(4-bromophenyl)benzamide	 (119d)	under	base-assisted	

conditions.	

	
Figure	2.9:	The	δ	region	from	8	to	1	ppm	of	1H	NMR	spectrum	showing	the	products	

from	the	hydrogenation	of	N-phenyl-2-furancarboxamide	(119e)	under	base-assisted	

conditions.	
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Chapter	3	

A	Highly	Enantioselective	Hydrogenation	of	Amides	via	

Dynamic	Kinetic	Resolution	Under	Low	Pressure	and	

Room	Temperature2	

	

Introduction	

	 Catalytic	 hydrogenations	 are	 an	 atom-economic	 and	 efficient	 alternative	 to	

stoichiometric	 reducing	 agents.	 The	 Chapter	 1	 reviewed	 the	 recent	 advances	 in	

homogeneous	 catalytic	 hydrogenation	 of	 amides.	 Depending	 on	 the	 conditions,	

amide	 reduction	 proceeds	 to	 give	 the	 C–O	 cleavage	 product	 or	 the	 C–N	 cleavage	

product	(Scheme	3.1).		

	

Scheme	3.1:	Hydrogenation	of	amides	via	C–O	cleavage	or	C–N	cleavage	pathway	

As	discussed	in	detail	in	Chapter	1,	heterogeneous	and	acidic	catalytic	systems	favor	

C–O	cleavage,	while	neutral	and	basic	homogeneous	systems	favor	C–N	cleavage.	

	 Recently	 Bergens	 and	 coworkers	 reported	 a	mechanistic	 investigation	 into	

the	desymmetrization	of	cyclic	imides	using	Noyori's	hydrogenation	catalyst,	trans-

RuH2((R)-BINAP)((R,R)-dpen)	 (50).	 During	 this	 study	 they	 found	 that	mono	 or	 di	

																																																								
2	A	version	of	this	chapter	has	been	published.	Loorthuraja,	R.;	John,	J.	M.;	Elanna,	S.;	Riley,	E.;	Suneth,	
K.;	Roxane,	C.;	Bergens,	S.	H.	J.	Am.	Chem.	Soc.	2017,	139,	3065–3071.	
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	 In	 2007,	 Zhou	 and	 coworkers	 reported	 a	 bifunctional	 catalyst	 [RuCl2((S)-

DMM-SDP)((R,R)-DACH)]	 (121,	 DACH	 is	 1,2-diaminocyclohexane)	 for	 the	

enantioselective	hydrogenation	of	 racemic	α-chiral	 aldehydes.148	The	 catalyst	121	

hydrogenates	 several	 α-arylaldehydes	 at	 room	 temperature	 under	 50	 atm	 H2	

pressure	in	2-PrOH	to	give	chiral	primary	alcohols	with	quantitative	yields	(TON	up	

to	1000)	and	in	78–96%	ee	after	8	hours	(Scheme	3.3).	

	

	

		

Scheme	 3.3:	 Enantioselective	 hydrogenation	 of	α-arylaldehydes	 by	 catalyst	121	 via	

DKR.		

	

Placement	 of	 methyl	 and	 ethyl	 groups	 at	 the	 α-position	 gave	 78%	 and	 86%	 ee,	

respectively,	 while	 an	 isopropyl	 group	 provided	 96%	 ee	 of	 the	 corresponding	

primary	alcohol	product.	The	electronic	nature	and	position	of	substituents	on	the	

aryl	 ring	did	not	significantly	affect	 the	ee.	 In	2009,	Zhou	and	coworkers	reported	

another	enantioselective	hydrogenation	of	α-aryloxy	type	aldehydes	via	DKR	using	

the	 same	 bifunctional	 catalyst	 121	 under	 the	 conditions	 in	 his	 previous	 report	

(Scheme	3.4).149	
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Scheme	 3.4:	 Enantioselective	 hydrogenation	 of	α-aryloxyaldehydes	 by	 catalyst	121	

via	DKR.		

	

The	 hydrogenation	 of	 α-aryloxy	 aldehydes	 produced	 chiral	 β-aryloxy	 primary	

alcohols	with	 92–98%	 yield	 and	with	 reasonably	 good	 ee’s	 ranging	 40–81%.	 The	

electronic	property	or	position	of	substituents	on	the	aryl	ring	did	not	affect	the	ee	

significantly.	Placement	of	a	methyl	or	ethyl	group	at	 the	α-position	gave	 low	ee’s	

(40%	and	53%	respectively)	while	bulky	alkyl	groups	gave	higher	ee’s	ranging	from	

71–81%.		

	 List	 and	 coworkers	 reported	 the	 hydrogenation	 of	 α-arylaldehydes	 using	

[RuCl2((R)-xyl-BINAP)((R,R)-dpen)]	 (122,	 xyl-BINAP	 is	 2,2’-Bis[di(3,5-

xylyl)phosphino]-1,1’-binaphthyl)	 under	 20	 atm	 H2	 in	 n-hexanol	 with	 20	 mol%	

KOtBu	at	room	temperature	(Scheme	3.5).150	
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Scheme	3.5:	Enantioselective	hydrogenation	of	α-arylaldehydes	by	List’s	122	via	DKR.		

	

In	 most	 cases,	 the	 results	 followed	 the	 trends	 reported	 previously	 by	 Zhou	 and	

coworkers.148	For	example,	the	enantioselectivity	of	the	catalyst	increased	with	the	

size	of	the	alkyl	group	at	the	α-position.	

	 Ikariya	and	coworkers	reported	the	DKR	hydrogenation	of	the	lactone,	rac-α-

phenyl-γ-butyrolactone	using	the	Cp*RuCl(diamine)	catalyst	123	at	80	°C	under	50	

atm	H2	to	give	(S)-2-phenylpropane-1,	3-diol	in	up	to	32%	ee	with	quantitative	yield	

(Scheme	3.6).74	

	
	
Scheme	3.6:	Enantioselective	DKR	hydrogenation	of	rac-α-phenyl-γ-butyrolactone	by	

Ikariya’s	catalyst	123.		
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The	 authors	 also	 tested	 three	 other	 chiral	 diamine	 ligands	 that	 were	 less	

enantioselective	 than	 123.	 A	 preliminary	 result	 in	 a	 book	 chapter	 describes	 the	

hydrogenation	of	alkyl	2-phenylpropanoate	 (alkyl:	methyl,	 isobutyl	and	 isopropyl)	

by	 catalyst	 [RuCl2((R)-xyl-BINAP)((S,S)-dpen)]	 (124)	 at	 40	 °C	 in	 THF	 (Scheme	

3.7).151		

	

	
	

Scheme	3.7:	Enantioselective	hydrogenation	of	α-phenylesters	by	catalyst	124.		

	

The	 primary	 alcohol	 product,	 (R)-2-phenylpropan-1-ol,	 was	 obtained	 in	 near	

quantitative	 yield	 with	 ee's	 ranging	 from	 46	 to	 60%	 for	 methyl,	 isobutyl	 and	

isopropyl	 ester	 substituents	 respectively.	 It	 is	 notable	 that	 the	 authors	 did	 not	

provide	the	hydrogen	pressure	for	these	hydrogenations.151	

	 There	are	no	 reports	of	 the	asymmetric	hydrogenation	of	 amides.	Herein,	 I	

report	 the	 use	 of	 high	 throughput	 rapid	 screening	 to	 develop	 the	 highly	

enantioselective	 hydrogenation	 of	 racemic	α-phenoxy	 amides	 via	DKR	under	mild	

conditions.		

	

	

	

124 (0.25 mol%)
NaOMe (5 mol%)

 40 °C, 20 h, THF

Me

Ph

OH
Me

Ph
OR

O

R =

%ee

Me iBu iPr

46 52 60

P

P
Ru

Cl

Cl

N

N

Ph

Ph
Ar2

Ar2

H2

H2

124
Ar  = 3,5-Me2C6H3

%conv 99 95 98

TON up to 400



°

°



	 98	

	

Figure	 3.1:	 Strategy	 for	 the	 high	 throughput	 screening	 process;	 in-situ	 catalyst	

preparation	 (structures	 shown	 inside	 the	 square-bracket	 are	 proposed),	 and	

hydrogenation	of	56.		

	

Solutions	of	117,	1	equivalent	of	a	P–P	ligand,	and	(R,R)-dpen	were	allowed	to	react	

for	 30	 min	 at	 60	 °C	 to	 displace	 the	 MeCN	 and	 COD	 ligands	 before	 the	

hydrogenations.79,152	Solutions	of	117,	P–N	(2	equivalents)	or	P–N–P	(1	equivalent),	

or	 P–N–N–P	 (1	 equivalent)	 ligands	were	 allowed	 to	 react	 in	 the	 absence	 of	 (R,R)-

dpen.	 The	 resulting	 allylic-Ru	 precursors	 were	 then	 mixed	 at	 room	 temperature	

with	KOtBu	(5	equivalents),	the	rac-56	(10	equivalents),	and	placed	under	4	atm	H2	

for	4	hours.	Bergens	and	coworkers	previously	reported	that	allylic	Ru	precursors	

like	 [Ru(η3-C3H5)(P–N)2]BF4,	 (125)	 react	 with	 H2	 and	 base	 in	 THF	 to	 form	 the	

dihydride	catalysts	trans-RuH2(P–N)2	(126)	and	propylene	(Eq.	3.2).79	

	

PP
NN
+ PN

PN
+ PNNP

Ru
N

P

P
N

BF4

Ru
N

P

N
P

BF4

60 °C, 30 min
THF/CH2Cl2

or or

P

P
Ru
H

H

N

N

P

N
Ru
H

H

P

N
N

P
Ru
H

H

N

P

KOtBu
H2

(117)

+

2 MeCN
+

COD

OPh

O

NPh2

OPh
OH*

+ HNPh2
H2 (4 atm), RT, THF

H2 H2

96 Well plate

H2

H2

H2
H2

H
(rac-56)

putative monodeprotonated active catalysts

BF4

H

N
P

Ru

N
P

H

K

K

KH

H

BF4

N
C
Me

NCMe
Ru

[Ru(�3-C3H5)(COD)(MeCN)2]BF4

Ru

N

P
N

P

BF4

+

125

H2
Base

THF
Ru

H

H
N

P

126

P

N
+ (3.2)



	 99	

The	 large	 excess	 of	 KOtBu	 ensured	 that	56	 underwent	 rapid	 tautomerization	 and	

that	 the	 putative	 catalysts,	 like	126,	were	 activated	 by	 deprotonation	 of	 the	N–H	

groups.	The	results	from	the	rapid	screening	are	arranged	into	four	categories.		

I. Ligands	showing	little	or	no	activity	for	the	hydrogenation	(38	ligands).	

II. Those	 with	 moderate	 to	 low	 amounts	 of	 starting	 materials	 remaining	 (12	

ligands).	

III. No	 starting	materials	 remaining	 but	 varying	 amounts	 of	 products	 and	 side	

products	(7	ligands).	

IV. Complete	 conversion	 to	 diphenylamine	 and	 2-phenoxypropan-1-ol	 (17	

ligands).	

It	was	noteworthy	that	the	amide	56	was	present	as	a	racemic	mixture	in	the	wells	

with	 starting	material	 remaining,	 showing	 that	 the	 hydrogenations	 proceeded	 via	

dynamic	kinetic	resolution.153	The	products	in	categories	II	and	III	were	mixtures	of	

the	expected	diphenylamine	and	2-phenoxypropan-1-ol,	but	to	our	surprise,	the	tBu-	

and	2-phenoxyprop-1-yl	esters	(4	diastereomers)	of	the	parent	amide	56	were	also	

formed	(Eq.	3.3).			

	

A	 control	 reaction	 between	 56	 and	 KOtBu	 in	 THF	 resulted	 in	 exchange	 of	

diphenylamine	to	form	the	tBu	ester	rac-CH3(PhO)CHCO2tBu	(127)	on	the	timescale	

of	the	hydrogenation	(Eq.	3.4).		
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Thus	 the	 rapid	screening	occurred	 to	 some	extent	via	hydrogenation	of	 the	esters	

formed	by	the	reaction	between	56	and	KOtBu	or	the	alkoxide	of	the	product	alcohol	

KOCH2CH(OPh)CH3.	 Indeed,	 the	 tBu	ester	127	 and	diphenylamine	were	present	 to	

some	 extent	 in	 the	 reactions	 that	 did	 not	 go	 to	 completion.	 The	 results	 from	 the	

screening	are	therefore	indicative	and	not	definitive.		

	 The	 catalysts	 in	 category	 IV	 produced	 only	 2-phenoxypropan-1-ol	 and	

diphenylamine.	 Figure	 3.2	 shows	 the	 catalysts	 (128–132)	 from	 category	 IV	 that	

were	the	most	enantioselective.	They	consisted	of	(P–P)(N–N),	(P–N)2,	and	(P–N–N–

P)	catalyst	systems,	and	formed	the	product	with	ee's	ranging	from	17	to	~60%.	The	

hydrogenation	was	then	optimized	with	these	category	IV	catalysts	on	larger	scale	

individual	reactions.		

	

Figure	3.2:	Putative	dihydride	catalysts	of	active	category	IV	(with	100%	conversion)	

and	their	ee	(%)	for	the	hydrogenation	of	rac-56	and	rac-133.	

	

We	 employed	 rac-2-phenoxy-1-(morpholine)-1-propanone	 (133)	 to	 minimize	

displacement	of	the	amine	group	by	alkoxides.	In	control	NMR	experiments,	rac-133	
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KOCH2CH(OPh)CH3	under	the	hydrogenation	conditions.	Figure	3.2	also	shows	the	

activity	and	selectivity	of	128–132	towards	the	hydrogenation	of	rac-133.	This	N,N-

dialkyl	amide	was	less	reactive	than	the	N,N-diphenyl	amide	56,	and	12	equivalents	

of	 KOtBu	 (per	 Ru)	 were	 required	 to	 hydrogenate	 rac-133	 at	 room	 temperature	

under	4	atm	H2	(Eq.	3.5).	

	

Catalyst	 132	 was	 inactive	 under	 these	 conditions.	 The	 dixyl-(131),	 and	

diphenylphosphino-(130)	 (R,R)-(P–N–N–P)	 catalysts	 required	 23	 and	 17	 hours,	

respectively,	 to	 form	 2-phenoxypropan-1-ol	 in	 35	 and	 44%	 ee.	 The	 (R,R)-

norphos/(R,R)-dpen	catalyst	129	also	required	a	similar	amount	of	time	(16	hours),	

but	was	 less	 enantioselective	 (16%).	 The	 (S,S)-skewphos/(R,R)-dpen	 catalyst	128	

was	significantly	more	active	and	the	reaction	went	to	completion	after	3	hours	with	

25%	ee.	In	all	cases,	esters	and	aldehydes	could	not	be	detected	by	NMR.	The	most	

active	 phosphine,	 (S,S)-skewphos	 in	 catalyst	 128,	 was	 used	 for	 subsequent	

optimizations	with	the	diamines	shown	in	Figure	3.3.	

	

Figure	3.3:	Structures	of	diamine	ligands	used	for	catalyst	optimization.	

During	 these	 optimization	 studies,	 we	 found	 that	 a	 piperidine	 amide,	 rac-2-
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The	 potassium	 alkoxide,	 2-PrOK,	 is	 more	 difficult	 to	 prepare,	 and	 its	 use	 did	 not	

improve	 the	performance	of	 the	hydrogenation	compared	 to	2-PrONa	under	 these	

conditions.	 Table	 3.2	 shows	 the	 amides	 that	 were	 hydrogenated	 under	 our	

optimized	conditions.	Most	of	the	phenoxy	amides	were	hydrogenated	in	yields	that	

ranged	from	87	to	99%.	The	ee's	of	the	product	2-aryloxy-1-propanols	ranged	from	

95	to	>99%.	

Table	3.2:	Enantioselective	hydrogenation	of	functionalized	racemic	amides.(a)	

	

entry	

	

structure	of	

substrate		

%	yield(b)	 %	ee(c)	

	

1	 	

	

87	

	

97	(R)(i)	

	

2	
	

	

87	

(92.6)(d)	

	

96	

(95)(d)	

	

3	 	

	

91.7	

	

>99	(R)(j)	

	

4	 	
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We	 recently	 reported	 a	 similar	 catalytic	 C–C	 cleavage	 reaction	 under	 these	 mild	

conditions.160	 Further	 research	 is	 required	 to	 investigate	 this	 phenomenon.	 2-

Phenylthio-1-(1-piperidinyl)-1-propanone	 (entry	 14)	 	was	 hydrogenated	 using	 25	

mol%	 of	 KOtBu	 at	 room	 temperature	 under	 30	 atm	 H2	 to	 give	 the	 chiral	 β-thio	

alcohol	in	16%	yield	and	74%	ee.		

	 The	build	up	of	secondary	amine	product	may	limit	the	turnover	number	of	

these	reactions	under	these	mild	conditions.	As	well,	the	2-PrOH	and	the	buildup	of	

primary	 alcohol	 product	 will	 also	 inhibit	 the	 catalyst.	 These	 alcohols	 will	 form	

secondary	and	primary	Ru	alkoxides	by	 reaction	with	Ru	amides	 such	as	58.	This	

process	is	reversible	in	the	presence	of	base	(Eq.	3.8).81	

	

We	propose	that	2-PrOH	and	product	alcohols	slow	the	hydrogenations	by	reducing	

the	steady-state	concentration	of	Ru-amides	such	as	58	during	catalysis.81	We	note	

that	alkoxides	such	as	136	do	not	undergo	net	reactions	with	H2,	ketones,	and	nor	

do	 they	 hydrogenate	 ketones	 under	 mild	 conditions.161	 A	 second	 potential	

mechanism	in	which	2-PrOH	and	the	product	alcohol	may	hinder	the	hydrogenation	

is	by	shifting	the	deprotonation	equilibrium	of	50	towards	the	dihydride	(Eq.	3.9).	
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Although	the	basicity	of	both	the	RO–	and	50–	would	be	affected	by	the	presence	of	

alcohol,	Eq.	3.9	would	still	shift	to	the	left	with	the	increase	in	alcohol	concentration	

that	occurs	as	 the	hydrogenation	proceeds.	Both	of	 these	mechanisms	predict	 that	

higher	turnover	numbers	will	be	achieved	if	the	pressure	of	H2	is	increased,	which	

would	increase	the	steady-state	concentration	of	50,	but	not	significantly	affect	the	

ee.83	Bergens	and	coworkers	also	showed	that	the	hydrogenation	of	the	ester,	ethyl	

hexanoate	is	catalyzed	by	50	at	–20	°C	under	4	atm	H2	in	THF	with	KOtBu,	but	slows	

as	 the	 concentration	 of	 n-hexanol	 builds	 up.83	 Therefore,	 we	 carried	 out	 the	

hydrogenation	 of	 100	 equivalents	 of	 2-(4-fluorophenoxy)-1-(1-piperidinyl)-1-

propanone	at	50	atm	H2	and,	as	predicted,	the	reaction	proceeded	in	92.6%	yield	in	

95%	 ee	 (Table	 2,	 entry	 2,	 parenthesis).	 The	 product	 of	 this	 hydrogenation	 is	 an	

intermediate	for	a	treatment	of	glaucoma	in	canines.162,163	The	hydrogenation	of	1-

(N-phenyl-alanyl)-piperidine	at	50	atm	H2	and	0	°C	increased	the	yield	from	47.5	to	

71%	without	significantly	affecting	the	ee	(Table	2,	entry	12,	parenthesis).	

	 Figure	 3.4	 shows	 our	 proposed	 structure	 of	 the	 active	 catalyst	137	 in	 the	

presence	 of	 2-PrOH	 and	 2-PrONa.	 This	 proposal	 is	 based	 upon	 our	 earlier	

observation	 that	 deprotonating	 one	 N–H	 group	 of	 the	 BINAP-dpen	 dihydride	 50	

substantially	 increased	 its	 activity	 towards	amide	 reductions.85	The	mechanism(s)	

by	which	2-PrOH	increases	the	ee	of	these	hydrogenations	is	not	obvious.	
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Figure	 3.4:	 Proposed	 structure	 of	 the	active	 catalyst	137	with	possible	 interactions	

with	 2-PrOH,	 primary	 alcohol	 products,	 etc.	 The	 skewphos	 is	 in	 the	 δ-skew	

configuration.	

	

We	recently	published	the	solid-state	structure	of	the	dichloride	135	 that	contains	

(S,S)-skewphos	 in	 a	 chair	 conformation	 with	 one	 methyl	 group	 equatorially	

disposed,	 the	 other	 methyl	 group	 axial,	 and	 with	 the	 phenyl	 rings	 in	 a	 pseudo-

achiral	 spatial	 disposition.160,164–166	(S,S)-Skewphos	 also	 adopts	 a	C2-dissymetric	 δ-

skew	conformation	with	both	methyl	groups	in	equatorial	orientations	and	with	the	

phenyl	rings	in	a	chiral	spatial	disposition.164–168	It	 is	believed	that	the	asymmetric	

induction	of	the	skew	conformation	is	higher	than	the	chair.	Skewphos	adopts	either	

the	chair	or	skew	conformation	in	Rh,	Pd,	and	Pt	compounds	in	the	solid	state,167,168	

and	 the	 conformations	 of	 skewphos-Rh	 complexes	 are	 fluxional	 at	 room	

temperature	 in	 alcohol	 solutions.167	Thus	 there	 is	 no	 obvious	 correlation	 between	

the	 conformation	 of	 (S,S)-skewphos	 in	 solid	 135	 and	 the	 active	 catalyst	 137	 in	

solution.	 One	 possible	 mechanism	 that	 2-PrOH	 increases	 the	 ee	 of	 the	 amide	

hydrogenations,	 therefore,	 is	by	favoring	the	δ-skew	conformation	in	137,	 thereby	

increasing	the	net	asymmetric	induction	of	the	catalyst.		

	 As	discussed	above,	 it	 is	 likely	the	active	catalyst	 is	the	mono-deprotonated	

species	 137.	 Similar	 mono-deprotonated	 catalysts	 were	 first	 proposed	 by	 Chen	
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Conclusion	

In	 this	 chapter	 I	 have	 shown	 how	 high	 throughput	 screening	 and	 optimization	

reactions	 were	 used	 to	 discover	 the	 first	 asymmetric	 catalytic	 system	 for	 the	

hydrogenation	of	amides	via	DKR.	The	combination	of	the	mechanistic	observation	

that	deprotonation	of	the	N–H	bonds	in	these	bifunctional	catalysts	increases	their	

reducing	 power,	 along	with	 rapid	 screening	 and	 optimization	 lead	 to	 remarkably	

high	ee's	for	hydrogenation	of	a	variety	of	functionalized	amides	via	DKR	under	mild	

conditions.	High	ee's	are	obtained	by	the	addition	of	2-PrOH.	 It	 is	probable	that	2-

PrOH	 bonds	 to	 the	 diastereomeric	 transition	 states	 of	 the	 enantioselective	 step,	

favoring	 one	 pathway	 over	 the	 other.	 Further	 studies	 are	 required	 to	 investigate	

these	mechanistic	inferences	and	the	origins	of	enantioselection.	

	

Materials	and	methods	

The	rapid	screening	hydrogenation	reactions	were	carried	out	in	a	96-well	plate	(96	

separate	glass	vials,	each	equipped	with	a	magnetic	stir	bar)	sealed	within	a	brass	

reactor	block	at	Center	for	Catalysis	Research	and	Innovation	(CCRI),	Ottawa.	All	of	

the	individual	large-scale	pressurized	reactions	were	carried	out	in	a	stainless	steel	

pressure	 reactor	 equipped	 with	 a	 magnetic	 stir	 bar	 at	 University	 of	 Alberta.	 The	

solvents	tetrahydrofuran	(Na/benzophenone),	2-propanol	(Mg),	methylene	chloride	

(CaH2)	and	hexanes	 (CaH2)	were	dried	by	distillation	 from	the	appropriate	drying	

agent	 under	 argon	 or	 N2.	 	 Argon	 or	 N2	 was	 bubbled	 through	 all	 solvents	 for	 a	

minimum	of	45	min	before	their	use.	The	2-bromopropanoic	acid,	4-fluorophenol,	4-

chlorophenol,	4-bromophenol,	4-methoxyphenol,	and	2-phenoxypropionyl	chloride	
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were	 all	 obtained	 from	 Alfa	 Aesar.	 The	 3-fluorophenol	 and	 α-bromophenylacetic	

acid	 were	 obtained	 from	 TCI.	 The	 piperidine,	 2,5-norbornadiene,	 morpholine,	

potassium	 tert-butoxide,	and	diisobutylaluminum	hydride	 (1.0	M	 in	 toluene)	were	

all	obtained	from	Sigma-Aldrich.	The	thionyl	chloride	was	obtained	from	Fluka,	the	

sodium	hydride	 from	BDH,	 and	 the	phenol	 from	EM	Science.	 LiAlH4	was	obtained	

from	Anachemia.	The	 liquid	 reagents	were	distilled	before	use.	Table	3.3–3.5	 lists	

the	suppliers	of	 the	 ligands	used	in	this	study.	The	1H	NMR	spectra	were	acquired	

using	both	400	MHz	and	500	MHz	Varian	Inova,	and	Varian	DD2	M2	400	MHz	NMR	

spectrometers.	The	13C	NMR	spectra	were	acquired	using	a	Varian	VNMRS	500	MHz	

NMR	spectrometer.	The	chemical	shifts	are	reported	in	parts	per	million	relatives	to	

TMS	with	 the	 deuterated	 solvent	 as	 the	 internal	 standard.	 Abbreviations	 used	 in	

reporting	of	NMR	data	are	s	(singlet),	d	(doublet),	t	(triplet),	q	(quartet),	dd	(doublet	

of	doublet),	dq	(doublet	of	quartet)	and	m	(multiplet).	Elemental	Analysis	data	was	

acquired	with	a	Carlo	Erba	EA1108	Elemental	Analyzer.	Optical	 rotation	data	was	

acquired	 at	 591	 nm	 with	 a	 Perkin	 Elmer	 241	 Polarimeter.	 HRMS	 spectra	 were	

acquired	 using	 either	 electrospray	 ionization	 in	 an	 Agilent	 6220	 ao	 TOF	 mass	

spectrometer	or	electron	 ionization	on	a	Kratos	Analytical	MS50G	double	 focusing	

sector	 mass	 spectrometer.	 GC-MS	 analysis	 was	 performed	 by	 using	 a	 Hewlett	

Packard	5890	chromatograph	equipped	with	a	5970B	mass	selective	detector	and	

Supelco	Beta	DEX	225	capillary	column	(30	m	×	0.25	mm	×	0.25	µm	film	thickness).	

HPLC	 analysis	was	 performed	using	 a	Waters	 600E	multi-solvent	 delivery	 system	

equipped	 with	 Waters	 715	 ultra	 WISP	 sample	 processor,	 Waters	 temperature	

control	system,	Waters	990	photodiode	array	detector,	and	a	Daicel	CHIRALPAK	IB	
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(4.6	mm	i.d.	x	250	mm)	chiral	column.	All	of	the	ee's	were	confirmed	by	comparing	

retention	 times	 and	 mass	 spectra	 or	 UV-Vis	 data	 to	 authentic	 racemic	 samples	

prepared	separately.		

Table	 3.3–3.5:	 Sources,	 CAS	 number,	 and	 vial	 numbers	 for	 the	 ligands	 used	 in	 the	

rapid	screening.	Figures	3.19–3.22	show	the	structures	of	these	ligands.		
Vial	 CAS	 Supplier	 Vial	 CAS	 Supplier	 Vial	 CAS	 Supplier	

A1	 	 	 B1	 71042-55-2	 Strem	 C1	 96183-46-9	 Strem	

A2	 256390-47-3	 Strem	 B2	 610304-81-9	 Strem	 C2	 	 	

A3	 505092-86-4	 Strem	 B3	 503538-69-0	 Strem	 C3	 184095-69-0	 Solvias	

A4	 	 	 B4	 866081-62-1	 Strem	 C4	 360048-63-1	 Solvias	

A5	 55739-58-7	 Strem	 B5	 	 	 C5	 292638-88-1	 Solvias	

A6	 729572-46-7	 Strem	 B6	 133545-24-1	 Strem	 C6	 166172-63-0	 Solvias	

A7	 	 	 B7	 868851-47-2	 Strem	 C7	 158923-11-6	 Solvias	

A8	 917377-74-3	 Strem	 B8	 1020670-88-5	 Strem	 C8	 155830-69-6	 Solvias	

A9	 917377-75-4	 Strem	 B9	 244261-66-3	 Strem	 C9	 167416-28-6	 Solvias	

A10	 149968-36-5	 Strem	 B10	 145214-57-9	 Strem	 C10	 387868-06-6	 Solvias	

A11	 255897-36-0	 Strem	 B11	 192463-40-4	 Strem	 C11	 	 	

A12	 37002-48-5	 Strem	 B12	 261733-18-0	 Strem	 C12	 77876-39-2	 Strem	

	

Vial	 CAS	 Supplier	 Vial	 CAS	 Supplier	 Vial	 CAS	 Supplier	

D1	 6737-42-4		 TCI	 E1	 50777-76-9	 Strem	 F1	 10150-27-3	 Strem	

D2	 	 	 E2	 		 	 F2	 1493790-73-0	 Strem	

D3	 13991-08-7	 Strem	 E3	 452304-59-5	 Strem	 F3	 		 Strem	

D4	 99646-28-3	 Strem	 E4	 164858-78-0	 Strem	 F4	 500103-26-4	 Strem	

D5	 76858-94-1	 Strem	 E5	 1237588-12-3	 Strem	 F5	 736158-72-8	 Strem	

D6	 137219-86-4	 Strem	 E6	 	 	 F6	 1150113-66-8	 Strem	

D7	 76189-55-4	 Strem	 E7	 422509-53-3	 Strem	 F7	 174758-63-5	 Strem	

D8	 64896-28-2	 Strem	 E8	 	 	 F8	 208248-67-3	 Strem	

D9	 443150-11-6	 Strem	 E9	 799297-44-2	 Strem	 F9	 	 	

D10	 	 	 E10	 192057-60-6	 Strem	 F10	 494227-35-9		 Solvias	

D11	 2622-14-2	 Aldrich	 E11	 960128-64-7	 Strem	 F11	 	 	

D12	 1259-35-4	 Aldrich	 E12	 1091606-68-6	 Strem	 F12	 		 Strem	

	

Vial	 CAS	 Supplier	 Vial	 CAS	 Supplier	 Vial	 CAS	 Supplier	

G1	 1086138-36-4	 Strem	 H1	 	 	 	 	 	

G2	 338800-13-8	 Strem	 H2	 849923-88-2	 Solvias	 	 	 	

G3	 550373-32-5	 Strem	 H3	 SL-J010-1	 Solvias	 	 	 	

G4	 851870-89-8	 Strem	 H4	 494227-30-4	 Solvias	 	 	 	
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G5	 1133149-41-3	 Strem	 	 	 	 	 	 	

G6	 1101230-28-7	 Strem	 	 	 	 	 	 	

G7	 1003012-96-1	 Solvias	 	 	 	 	 	 	

G8	 1357562-70-9	 Strem	 	 	 	 	 	 	

G9	 PNNP	(J1)	 	 	 	 	 	 	 	

G10	 PNNP	(J2)	 	 	 	 	 	 	 	

G11	 PP	1	(OP)	 	 	 	 	 	 	 	

G12	 PP	2	((rax)-ONP*)	 	 	 	 	 	 	 	

	

	
General	procedure	for	DKR	screening	
	
Between	 1.0	 and	 3.5	mg	 (2.4–6.2	µmol)	 of	 the	 P,	 P–P,	 P–N,	 P–N–P,	 and	 P–N–N–P	

ligands	were	weighed	into	separate	wells	(vials)	of	a	96-well	plate	inside	a	glove	box	

(Refer	the	Table	3.3–3.5	and	Figures	3.19–3.22	for	ligand	information).	A	standard	

solution	of	(R,R)-dpen	in	THF	(50.6	mg	in	5.00	mL	of	THF,	0.047	mol	L–1)	was	then	

added	 to	 the	 vials	 containing	 the	monophosphines	 (0.5	 equivalent	 of	 dpen	per	P)	

and	 the	diphosphines	 (1	equivalent	of	dpen	per	P–P).	Then	a	standard	solution	of	

the	catalyst	precursor	117	(0.12	mol	L–1,	250.6	mg	of	117	 in	0.20	mL	of	CH2Cl2	and	

4.80	mL	of	THF)	was	added	to	each	vial	(0.5	equivalent	per	P	or	P–N	ligands;	and	1	

equivalent	 for	 all	 the	 other	 ligands).	 The	 resulting	 solutions	 in	 the	 96-well	 plate	

were	covered,	heated	at	60	°C	for	30	min	under	N2,	and	then	allowed	to	cool	to	room	

temperature.	Five	equivalents	of	KOtBu	 in	THF	 (268.3	mg	dissolved	 in	4.00	mL	of	

THF,	0.6	mol	L–1)	and	10	equivalents	of	 the	amide	substrate	rac-56	 in	THF	(908.5	

mg	dissolved	 in	24.00	mL	THF,	0.12	mol	L–1)	were	added	 to	each	vial.	Finally,	 the	

appropriate	volume	of	THF	was	added	to	each	vial	 to	bring	the	total	volume	to	be	

400	µL.	 All	 the	 standard	 solutions	 and	 THF	were	 added	 using	 the	 Freeslate	 first-

generation	 core	 module.	 The	 96-well	 plate	 was	 encased	 in	 brass	 reactor	 block,	



×

×

°

× μ × μ

° ° °
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held	 for	0.25	min]–[25	°C/min	to	275	°C	held	 for	0.50	min]–[35	°C/min	to	300	°C	

held	for	1.0	min]).		

	

Representative	 UV-Vis	 spectra	 of	 peaks	 in	 the	 HPLC	 chromatograms	 from	 the	

hydrogenation	wells	and	of	control,	authentic	samples			

Figure	 3.6:	 UV-Vis	 spectrum	 of	 authentic	 sample,	 tert-butyl	 2-phenoxypropanoate,	

127,	 (left)	 vs.	product	mixture	 from	rapid	 screening	 (right).	The	enantiomers	of	 this	

compound	did	not	separate	under	these	conditions.	

	
	

	

Figure	 3.7:	 UV-Vis	 spectrum	 of	 authentic	 sample,	 diphenylamine	 (left)	 vs.	 product	

mixture	from	rapid	screening	(right).		
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Figure	 3.8:	 UV-Vis	 spectrum	 of	 authentic	 sample,	 rac-2-phenoxypropan-1-ol,	 both	

enantiomers	separated	(left)	vs.	product	mixture	from	rapid	screening	(right).	

	

	

	
	

Figure	 3.9:	 UV-Vis	 spectrum	 of	 authentic	 sample,	 N,N-diphenyl-2-

phenoxypropionamide	(left)	vs.	product	mixture	from	rapid	screening	(right).	

	

	

	

	
	

	

Figure	3.10:	UV-Vis	spectrum	obtained	from	the	authentic	sample	of	2-phenoxypropyl	

2-phenoxypropanoate,	showing	three	separated	diastereomers.	
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Figure	 3.11:	 Representative	 UV-Vis	 spectrum	 of	 2-phenoxypropyl	 2-phenoxy-	

propanoate	from	the	rapid	screening	product	mixture.	

	

	

	

	
	

Figure	 3.12:	 Gas	 chromatogram	 of	 the	 rapid	 screening	 hydrogenation	 product	

mixture	from	the	reaction	well	D7.	
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Figure	 3.13:	Mass	 spectrum	 for	 the	peak	at	 8.794	minutes	 showing	 the	presence	 of	

tert-butyl	2-phenoxypropanoate	in	the	reaction	product	mixture.	
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Figure	3.14:	Mass	spectrum	for	the	peak	at	14.189	minutes	showing	the	presence	of	2-

phenoxypropyl	2-phenoxypropanoate	in	the	reaction	product	mixture.	

	

	

Representative	HPLC	chromatograms	of	product	wells	from	the	rapid	screening	

Figure	3.15:	Representative	chromatogram	of	well	A2	for	Category	I	((R,R)-dpen	and	

(R)-3,4,5-MeO-MeOBIPHEP).	
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Categorization	of	ligands	based	upon	their	activity	in	the	rapid	screening	

	

I. Ligands	showing	little	or	no	activity	for	the	hydrogenation	(38	ligands).	

II. Those	 with	 moderate	 to	 low	 amounts	 of	 starting	 materials	 remaining	 (12	

ligands).	

III. No	 starting	materials	 remaining	 but	 varying	 amounts	 of	 products	 and	 side	

products	(7	ligands).	

IV. Complete	 conversion	 to	 diphenylamine	 and	 2-phenoxy-1-propanaol	 (17	

ligands).	

	
	

Figure	3.19:	Structures	of	the	ligands	in	category	I	
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Figure	3.20:	Structures	of	the	ligands	in	category	II	
	

	
	

	
	

	
	

	
	
Figure	3.21:	Structures	of	the	ligands	in	category	III	
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Figure	3.22:	Structures	of	the	ligands	and	ee's	for	the	hydrogenations	of	rac-56	in	

category	IV.	
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Optimization	experiments		
	

	

	
	
	
General	procedure	for	in	situ	catalyst	preparation	in	lab-scale	hydrogenations	
	
	[Ru(η3-C3H5)(COD)(MeCN)2]BF4	(117,	12.6	mg,	30	µmol),	(S,S)-skewphos	(13.2	mg,	

30	 µmol),	 (R,R)-dpen	 (6.4	 mg,	 30	 µmol),	 and	 KOtBu	 (40.4	 mg,	 360	 µmol,	 12	

equivalents)	were	weighed	 into	4	 separate	NMR	 tubes	 inside	a	 glove	box.	 Freshly	

distilled	 THF	 was	 cannulated	 into	 the	 NMR	 tubes	 containing	 phosphine,	 diamine	

ligands	 (0.3	 mL	 each),	 and	 the	 base	 (0.4	 mL)	 under	 argon	 pressure.	 The	 THF	

solution	 of	 phosphine	 was	 then	 cannulated	 into	 the	 NMR	 tube	 containing	 the	

ruthenium	precursor	117	 under	H2	pressure,	 followed	by	 the	THF	 solution	of	 the	

diamine.	 The	 resulting	 solution	 was	 allowed	 to	 react	 at	 60	 °C	 for	 30	 min	 with	

occasional	shaking	(at	least	five	times	during	the	heating	process).	During	this	time	

a	clear,	dark	yellow	solution	 formed.	After	30	min,	 the	THF	solution	of	KOtBu	was	
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cannulated	into	the	dark	yellow	solution	under	H2	pressure.	The	mixture	turned	red	

in	color	and	was	then	used	for	the	subsequent	hydrogenation.	

	

General	procedure	for	lab-scale	hydrogenation	(Table	3.1)	

	

Solid	amide,	rac-2-phenoxy-1-(morpholine)-1-propanone	(rac-133)	

The	 amide	 (70.6	mg,	 300	 µmol,	 10	 equivalents)	 was	 added	 to	 the	 stainless	 steel	

autoclave	equipped	with	a	stir	bar	and	purged	with	H2	for	15–20	min.	The	prepared	

catalyst	was	 then	 transferred	 to	 the	 autoclave	 under	H2	 pressure	 using	 a	 cannula	

followed	by	4.0	mL	of	freshly	distilled	THF	wash.	The	autoclave	was	then	sealed	and	

pressurized	to	4	atm	H2.	The	reaction	mixture	was	stirred	at	room	temperature	for	3	

to	45	hours.	The	reaction	was	stopped	by	depressurizing	the	autoclave	and	opening	

it	 to	 air.	 The	 catalyst	was	 removed	by	passing	 the	 solution	 through	 a	 florisil	 plug	

using	 CH2Cl2	 as	 the	 rinse	 solvent.	 	 The	 solvent	was	 then	 removed	 under	 reduced	

pressure	 using	 a	 rotary	 evaporator.	 The	 reaction	 products	 were	 analyzed	 using	

NMR	and	GC-MS	or	HPLC.	

	

Liquid	amide,	rac-2-phenoxy-1-(pipyridine)-1-propanone	(rac-134)	

The	stainless	steel	autoclave	was	purged	with	H2	 for	10	min.	The	amide	(69.9	mg,	

300	µmol,	10	equivalents)	in	freshly	distilled	THF	(1.0	mL)	was	cannulated	into	the	

autoclave	and	purged	with	H2	 for	another	10	min.	The	prepared	catalyst	was	then	

transferred	to	the	autoclave	under	H2	pressure	using	a	cannula	followed	by	3.0	mL	

of	 freshly	distilled	THF	wash.	The	autoclave	was	 then	sealed	and	pressurized	 to	4	

atm	H2.	The	reaction	mixture	was	stirred	at	room	temperature	for	3.5–21	hours.	The	



μ μ

μ μ
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Reduction	of	isolated	amide	134	with	LiAlH4		

LiAlH4	(90	mg,	0.8	mmol,	3.1	equivalents)	was	weighed	into	a	side	arm	flask	inside	a	

glove	 box.	 Freshly	 distilled	 THF	 (5	 mL)	 was	 added	 to	 the	 flask	 under	 an	 N2	

atmosphere	and	cooled	to	0	°C	using	an	ice	bath.	The	isolated	substrate	134	(60	mg,	

0.26	mmol)	 in	 THF	 (5	mL)	was	 then	 cannulated	 into	 the	 flask	 containing	 LiAlH4-

THF.	 The	 resulting	 solution	 was	 allowed	 to	 warm	 to	 room	 temperature	 and	 stir	

overnight.	After	16	hours,	2	mL	of	reaction	mixture	was	transferred	to	another	side	

arm	 flask.	 The	 reaction	 mixture	 was	 quenched	 with	 slow	 addition	 of	 water	 and	

stirred	for	30	min	under	N2	atmosphere.	The	resulting	mixture	was	passed	through	

a	celite	bed	using	CH2Cl2	(50	mL)	as	the	eluent.	The	organic	solvent	was	evaporated	

under	 reduced	 pressure	 to	 give	 the	 alcohol	 2-phenoxypropan-1-ol.	 The	 resulting	

product	was	analyzed	by	both	1H	NMR	and	GC-MS.	

		

Figure	3.23:	The	δ	region	from	8	to	1	ppm	(top)	is	corresponds	to	134.	The	δ	region	

from	10	 to	1	ppm	 (bottom)	 showing	major	products	 obtained	 from	 the	 reduction	of	

isolated	 134	 by	 LiAlH4	 (Table	 3.1,	 entry	 9).	 Alcohol	 product	 denoted	 by	 (∗),	 134	

denoted	by	(♦),	Residual	solvent	denoted	by	(δ),	aldehyde	product	denoted	by	(α)	
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115.3	 (aromatic),	 121.9	 (aromatic),	 129.8	 (aromatic),	 157.3	 (aromatic),	 202.5	

(carbonyl).	 HRMS	 (EI)	 m/z:	 Calcd	 for	 C9H10O2	 (M+,	 27.29%)	 150.0680;	 Found	

150.0681.	 121.0655	 (100%),	 97.1019	 (22.13%),	 93.0701	 (29.61%),	 69.0700	

(18.62%).	

	

Synthesis	of	ruthenium	precursor	

trans-RuCl2((S,S)-skewphos)((R,R)-dpen)	 (135)	 was	 prepared	 as	 reported	

previously.183	

	

General	procedure	for	the	synthesis	of	racemic	alcohol	products	from	the	parent	

amides	

The	 racemic	 alcohols	 were	 prepared	 by	 a	 modified	 version	 of	 our	 previously	

reported	 hydrogenation	 procedure.86	 The	 achiral	 amide	 hydrogenation	 catalyst	

[Ru(η3-C3H5)(Ph2PCH2CH2NH2)2]BF4	(51,	6.8	mg,	0.010	mmol),	and	KOtBu	(11.2	mg,	

0.1	mmol)	 were	 weighed	 out	 into	 two	 separate	 NMR	 tubes	 inside	 the	 glove	 box.	

Freshly	distilled	THF	 (1.0	mL)	was	 then	added	 to	 the	NMR	 tube	 containing	51	 by	

using	a	cannula	under	argon	pressure.	The	argon	was	replaced	by	purging	with	H2	

gas.	The	 solution	of	 the	 ruthenium	precursor	51	was	 then	 transferred	by	 cannula	

into	the	tube	containing	the	KOtBu	under	H2.	The	tube	was	then	pressurized	to	~2	

psi	gauge	pressure.	The	resulting	reddish-yellow	solution	was	then	transferred	with	

a	cannula	under	H2	to	the	autoclave	containing	the	amide	substrate	(0.5	mmol,	50	

equivalents).	 	A	THF	solution	(4.0	mL)	was	used	to	rinse	the	NMR	tube	containing	

the	catalyst	into	the	autoclave.		The	autoclave	containing	the	amide	was	purged	with	
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H2	gas	 for	15–20	min	prior	 to	 transfer	of	 the	Ru	 catalyst.	The	autoclave	was	 then	

pressurized	to	50	atm	H2	and	stirred	at	80	°C	overnight.	After	24	hours,	the	reaction	

mixture	 was	 allowed	 to	 cool	 to	 room	 temperature	 and	 the	 autoclave	 was	 then	

slowly	depressurized	and	opened	to	the	atmosphere.	The	catalyst	was	removed	by	

passing	 the	 solution	 through	a	 florisil	plug	using	CH2Cl2	 as	 the	 rinse	 solvent.	 	The	

solvent	was	then	removed	under	reduced	pressure	using	a	rotary	evaporator.	The	

1H	NMR	spectra	(CDCl3)	were	identical	to	those	of	the	2-aryloxy	propanols	obtained	

from	 the	 asymmetric	 hydrogenations.	 The	 NMR	 yields	 of	 these	 racemic	

hydrogenations	with	51	were	100%.	 	The	racemic	products	were	also	analyzed	by	

GC-MS	or	HPLC.		

	

Synthesis	of	sodium	isopropoxide	

0.1–0.2	g	 (4.35–8.7	mmol)	of	 freshly	cut	sodium	metal	was	placed	 into	a	side	arm	

flask	and	purged	with	N2	gas.	Freshly	distilled	anhydrous	isopropyl	alcohol	(20	mL)	

was	then	transferred	to	the	flask	containing	the	sodium,	using	a	cannula	under	N2.	

The	solution	was	stirred	at	room	temperature	overnight.	The	resulting	solution	was	

decanted	 into	 another	 side	 arm	 flask	 and	 concentrated	 under	 reduced	 pressure	

using	a	schlenk	line	to	yield	a	white	powder.	This	powder	was	then	dried	under	high	

vacuum	 overnight.	 The	 remaining	 sodium	 particles	 were	 deactivated	 by	 careful	

addition	 of	 isopropyl	 alcohol,	 ethanol,	 and	 water	 respectively	 under	 the	 N2	

atmosphere.	
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Note:	 the	 color	 of	 the	 sodium	 isopropoxide	 changed	 from	white	 to	 pale	 pink	 over	 a	

period	of	time	inside	the	glove	box,	so	freshly	prepared	sodium	isopropoxide	was	used	

for	every	hydrogenation	reaction.	

	

General	procedure	for	lab-scale	enantioselective	hydrogenations	(Table	3.2)	

trans-135	 (24.5	 mg,	 30	 µmol)	 and	 the	 base	 2-PrONa	 (123.0	 mg,	 1500	 µmol,	 2.5	

equivalents	 to	 substrate)	were	weighed	 into	2	 separate	NMR	 tubes	 inside	 a	 glove	

box.	 Freshly	 distilled	 THF	 (1.0	 mL	 each)	 was	 cannulated	 into	 the	 NMR	 tubes	

containing	135	 and	 the	base	under	 argon	pressure.	 2-PrOH	 (1200	µmol,	 90	µL,	 2	

equivalents	to	substrate)	was	also	added	to	the	NMR	tube	containing	the	base	using	

a	gas-tight	syringe.	

Solid	amides:	An	amide	(600	µmol,	20	equivalents)	was	added	to	a	stainless	steel	

autoclave	equipped	with	a	stir	bar.	The	autoclave	was	then	assembled	and	purged	

with	H2	(~1	atm)	for	15–20	min.	A	THF	solution	of	the	catalyst	precursor	(prepared	

above)	was	transferred	into	the	autoclave	under	H2	pressure	using	a	cannula.	This	

was	followed	by	the	2-PrONa	/2-PrOH/THF.	Freshly	distilled	THF	(3.0	mL)	was	then	

used	 to	 rinse	 the	 NMR	 tubes	 to	 ensure	 quantitative	 transfers.	 The	 autoclave	was	

then	sealed	and	pressurized	to	4	atm	H2.	The	reaction	mixture	was	stirred	at	room	

temperature	 for	 24	 hours.	 The	 reaction	 was	 stopped	 by	 depressurizing	 the	

autoclave	and	opening	 it	 to	air.	The	catalyst	was	 removed	by	passing	 the	 solution	

through	 a	 florisil	 plug	 using	 CH2Cl2	 as	 the	 rinse	 solvent.	 	 The	 solvent	 was	 then	

removed	under	 reduced	pressure	using	a	 rotary	evaporator.	The	 reaction	product	

was	analyzed	by	NMR,	GC-MS	or	HPLC	spectroscopy.		
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Liquid	amides:	The	autoclave	was	fitted	with	a	magnetic	stir	bar	and	then	purged	

with	 H2	 for	 10	 min.	 	 The	 pre-weighed	 amide	 (600	 µmol,	 20	 equivalents)	 was	

dissolved	 in	 freshly	 distilled	 THF	 (1.0	 mL)	 under	 argon.	 The	 amide	 was	 then	

transferred	into	the	autoclave	using	a	cannula.		The	autoclave	was	then	purged	with	

H2	 for	 another	10	min.	The	THF	 solution	of	 the	 catalyst	 precursor	135	 (prepared	

above)	was	then	transferred	into	the	autoclave	under	H2	pressure	using	a	cannula.	

This	 was	 then	 followed	 by	 the	 2-PrONa/2-PrOH/THF	 solutions.	 Freshly	 distilled	

THF	 (2	 mL)	 was	 then	 used	 to	 rinse	 the	 NMR	 tubes	 to	 ensure	 the	 quantitative	

transfers.	The	autoclave	was	then	sealed	and	pressurized	to	4	atm	H2.	The	reaction	

mixture	was	stirred	at	room	temperature	for	24	hours.	The	reaction	was	stopped	by	

depressurizing	 the	 autoclave	 and	 opening	 it	 to	 air.	 The	 catalyst	 was	 removed	 by	

passing	 the	 solution	 through	a	 florisil	plug	using	CH2Cl2	 as	 the	 rinse	 solvent.	 	The	

solvent	was	then	removed	under	reduced	pressure	using	a	rotary	evaporator.	The	

reaction	product	was	analyzed	by	NMR,	GC-MS	or	HPLC	spectroscopy.		

	

	High	turnover	number	enantioselective	hydrogenation	of	2-(4-fluorophenoxy)-

1-(1-piperidinyl)-1-propanone	

The	procedure	 for	 liquid	amide	was	 followed	with	4.95	mg	(6	µmol)	of	 trans-135	

123.0	mg	 of	 2-PrONa	 (1500	µmol,	 2.5	 equivalents	 to	 substrate),	 50	µL	 of	 2-PrOH	

(600	µmol,	1	equivalent	to	substrate)	and	150.8	mg	of	amide	substrate	(600	µmol,	

100	 equivalents	 to	 catalyst).	 The	 hydrogenation	was	 performed	 at	 50	 atm	H2	and	

room	temperature	for	24	hours.	The	pressure	was	released	and	the	reactor	opened	

to	air.	The	reaction	mixture	was	then	passed	through	the	florisil	plug	using	CH2Cl2	as	
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Chapter	4	

A	Fortuitous,	Mild	Catalytic	Carbon-Carbon	Bond	Hydrogenolysis	

by	a	Phosphine-Free	Catalyst3	

	
	

Introduction	

	 Carbon-carbon	 (C–C)	 bonds	 are	 ubiquitous.	 While	 there	 are	 a	 myriad	 of	

methods	 to	prepare	C–C	bonds,	 relatively	 few	methods	exist	 to	 cleave	 them.190–192	

Oxidative	 addition	 is	 the	 most	 common	 transition	 metal-promoted	 C–C	 bond	

cleavage	reaction.	Transition	metal-alkyl	bonds,	however,	are	relatively	weak	(ca.	30	

kcal/mol),	whereas	C–C	bonds	 in	 alkanes	 are	 typically	 stronger	 (ca.	 90	kcal/mol),	

and	they	are	sterically	shielded	by	the	groups	on	the	carbon	centers.	Further,	C–H	

bonds	 usually	 undergo	 oxidative	 addition	 more	 readily	 than	 C–C	 bonds.193	 The	

reported	oxidative	additions	of	C–C	bonds	are	often	driven	by	strain	and/or	they	are	

assisted	 by	 chelation.	 For	 example,	 the	 ring	 strain	 energies	 of	 cyclopropane	 and	

cyclobutane	are	~28	and	~25	kcal/mol	higher	than	cyclohexane	(Scheme	4.1).		

	

Scheme	4.1:	Transition	metal	assisted	strain-driven	C–C	bond	activation	by	oxidative	

addition.	

																																																								
3	A	version	of	 this	 chapter	has	been	published.	Rasu,	 L.;	R.;	Rennie,	B.;	Bergens,	 S.	H.	Aust.	 J.	Chem.	
2016,	69,	561–564.	
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As	a	result,	the	C–C	activations	of	cyclopropane	and	cyclobutane	by	transition	metal	

complexes	 are	 much	 more	 common	 than	 cyclohexane.194	 There	 are	 examples	 of	

transition	metal	catalyzed	cleavage	of	unstrained	C–C	bonds	in	the	literature.	These	

unstrained	C–C	bond	are,	however,	activated	by	an	adjacent	 functional	group	such	

as	 C–CN,	 C–C(O)H,	 C–C–OR,	 etc.195	 The	 Bergens	 group	 recently	 reported	 the	

bifunctional	 catalysts	 [Ru(η3-C3H5)(Ph2PCH2CH2NH2)2]BF4	 (51)79	 and	 trans-

Ru(H)(η1-BH4)(Ph2PCH2CH2NH2)2	 (61)86	 for	 the	 hydrogenation	 of	 amides	 under	

basic	 and	 neutral	 conditions,	 respectively	 (Chapters	 1	 and	 2).	 During	 the	

development	of	 these	 catalysts,	 it	was	discovered	 that	 the	hydrogenation	of	2,2,2-

trifluoro-1-(piperidin-1-yl)ethanone	 (138)	 unexpectedly	 produced	 the	 formylated	

amine,	1-formylpiperidine	as	the	only	detectable	product	(NMR)	via	a	catalytic	C–C	

bond	cleavage	reaction	(Scheme	4.2).	

	
Scheme	 4.2:	 Catalytic	 C–C	 bond	 hydrogenolysis	 of	 2,2,2-trifluoro-1-(piperidin-1-

yl)ethanone	(138).	

	

This	chapter	details	the	discovery	and	preliminary	investigation	of	this	unexpected	

catalytic	hydrogenolysis	of	an	sp3–sp2	C–C	bond.	

	 Formamides	 are	 used	 as	 solvents,	 protecting	 groups,	 and	 intermediates	 in	

the	 syntheses	 of	 pharmaceutically	 important	 compounds.196,197	They	 are	 typically	

prepared	by	formylation	reactions	catalyzed	by	acidic-,	organic-,	or	transition	metal	

compounds.197		

N CF3

O

+ H2
(50 atm)

51 (0.1 mol%)

 THF, 100 °C, 24 h

N H

O

KOtBu (4 mol%)NH CF3CH2OH+

138
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	 In	1952,	Blicke	and	coworkers	reported	the	formylation	of	amines	by	adding	

one	equivalent	of	chloral	to	a	precooled	solution	of	the	amine	(Eq.	4.1).198		

	

Formic	acid	is	extensively	used	as	a	formylation	reagent	to	prepare	formamides.197	

Recently,	Majee	and	coworkers	reported	that	 formamides	are	prepared	by	heating	

formic	acid	and	the	amine	at	80	°C	(Eq.	4.2).199	The	reaction	is	low	yielding	below	80	

°C,	and	impurities	form	above	100	°C,	leaving	a	narrow	temperature	window	for	the	

preparation.	Further,	aliphatic	amines	formed	the	product	in	poor	yields.		

	
In	2015,	Wu	and	coworkers	reported	an	interesting	base-catalyzed	formylation	with	

CO	 as	 the	 formylating	 reagent.	 Various	 amines	 were	 converted	 into	 their	

corresponding	 formylated	 products	 under	 10	 atm	 CO	 in	 the	 presence	 of	 10–40	

mol%	of	KOH	or	K2CO3	in	MeOH	(Eq.	4.3).200		 	 	 	 	 	

	 	 	 	 	 	

	

Secondary	 and	 primary	 amines	 were	 formylated	 in	 70–90%	 yield.	 Aniline	 and	

related	aromatic	amines	reacted	 in	only	~12%	yield.	An	optically	pure	amine,	 (S)-

phenylethan-1-amine	 was	 formylated	 to	 the	 corresponding	 formamide	 without	

racemization.	 The	 authors	 proposed	 the	 following	 mechanism	 for	 these	

formylations	in	methanol	solvent	(Scheme	4.3).	
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Scheme	4.3:	The	proposed	mechanism	for	base	assisted	formylation	of	amines	by	CO.	

	

There	are	several	reports	of	transition	metal	catalyzed	formylation	of	amines	using	

methanol,	 and	CO2/H2	as	 the	 source	 of	 the	 formyl	 group.201–203	Recently,	Ding	 and	

co-workers	 reported	 such	 a	 formylation	 reaction	 using	 pincer	 type	 ruthenium	 or	

iron	catalyst	under	35	atm	of	CO2	and	H2	at	120	°C.	Various	secondary	and	primary	

amines	were	formylated	with	yields	ranging	from	60	to	99%	(TON	up	to	1000)	(Eq.	

4.4).	204	 	

	
	

Results	and	discussion	

As	discussed	in	Chapters	2	and	3,	the	compound	cis-[Ru(η3-C3H5)(MeCN)2(COD)]BF4	

(117)	 is	 a	 useful	 starting	 material	 to	 prepare	 Ru-dihydride	 catalysts	 of	 the	 type	

trans-Ru(H)2(P–P)(N–N).79,86	Typically,	117	is	allowed	to	react	with	the	P–P	and	N–

N	 ligands	 at	 60	 °C	 for	 30	min	 in	THF	 to	 displace	 the	MeCN	and	COD	 ligands.	 The	
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orientation	and	 the	other	equatorial.	This	 conformation	holds	 the	phenyl	 rings	on	

phosphorus	in	a	pseudo	achiral	spatial	array.	

	
	

Figure	 4.1:	 Solid	 state	 structure	 of	 trans-Ru(Cl)2((S,S)-skewphos)((R,R)-dpen)	 (135)	

as	determined	by	X-Ray	diffraction	with	30%	probability	of	non-hydrogen	atoms.		

	

Perhaps	 the	 exigencies	 of	 crystal	 packing	 prevented	 the	 ligand	 from	 adopting	 the	

expected,	more	stable	δ-skew	conformation	which	would	place	both	methyl	groups	

equatorial	and	the	phenyl	rings	in	a	chiral	disposition.165	As	expected,	the	backbone	

of	(R,R)-dpen	is	puckered	in	the	λ-conformation	with	both	phenyl	rings	equatorially	

disposed.		

	 Remarkably,	a	phosphine-free	catalyst,	140	 could	be	prepared	by	replacing	

the	 (S,S)-skewphos	with	another	equivalent	of	 (R,R)-dpen.	This	putative	bis(dpen)	

compound	 catalyzed	 the	 conversion	 of	138	 into	 the	 formyl	 amine	 in	 100%	 yield	

after	23	hours	under	the	same	mild	conditions.	The	corresponding	ethylenediamine	
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catalyst,	made	by	reacting	117	with	 two	equivalents	of	ethylenediamine,	was	also	

active,	but	with	only	11%	conversion	after	15	hours.		

	 To	investigate	the	nature	of	the	catalyst	and	it’s	reactivity,	we	monitored	the	

reaction	between	the	bis(acetonitrile)	precursor	117	with	two	equivalents	of	(R,R)-

dpen	 and	 8	 equivalents	 of	 KOtBu	 under	 ~1	 atm	 H2	 in	 THF-d8	 at	 –78	 °C.	 At	 this	

temperature,	 the	 MeCN	 ligands	 were	 displaced	 by	 1	 equivalent	 of	 (R,R)-dpen	 to	

form	 the	 η3-C3H5	 -	 amido	 complex	 141,	 with	 one	 NH2	 group	 in	 (R,R)-dpen	

deprotonated	by	the	excess	KOtBu	(Eq.	4.6).	The	compound	was	fully	characterized	

in	 solution	 by	 1H	 NMR,	 1H–1H	 gCOSY,	 1H–13C	 gHSQC,	 1H–15N	 gHSQC	 and	 TOSCY,	

ROESY	NMR	experiments	(Figures	4.2	and	4.3).	

	
Notably,	 the	 1H	NMR	chemical	 shift	 for	 the	amido	N–H	 group	was	–1.37	ppm.	The	

shifts	for	the	NH2	protons	were	4.87	and	5.13	ppm.	The	allyl,	COD,	and	deprotonated	

diamine	 ligands	 in	142	were	 identified	by	 the	one	spin	system	obtained	 in	TOCSY	

NMR.	 Compound	 141	 loses	 propylene	 upon	 slow	 warming	 to	 ~	 –20	 °C.	 We	

tentatively	propose	that	the	transition	metal	product	is	the	hydride	142,	with	the	C8	

ring	 bonded	 to	 Ru	 through	 an	 olefin	 and	 a	η3-	allyl	 group	 (Eq.	 4.7).	 Bergens	 and	

coworkers	showed	a	related	pathway	showing	that	the	allylic	activation	of	the	COD	

ring	followed	by	the	elimination	of	propylene	and	the	resulting	C8H11	fragment	is	in	

part	bonded	to	Ru	as	an	η3-allyl.152	
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The	 NMR	 peaks	 for	 142	 overlapped	 extensively,	 preventing	 its	 conclusive	

identification.	The	proposed	structure	would	result	from	allylic	activation	of	the	1-5	

cyclooctadiene	ring	in	141,	followed	by	elimination	of	propylene.	Further	warming	

of	 the	 solution	 of	 142	 to	 room	 temperature	 resulted	 in	 the	 hydrogenation	 of	

propylene	to	propane,	the	hydrogenation	of	the	acetonitrile	to	ethylamine,	and	the	

formation	 of	 unidentified	 ruthenium-containing	 products.	 All	 attempts	 to	 identify	

the	ruthenium-containing	products	formed	by	warming	the	mixture	142	and	(R,R)-

dpen	failed.	The	addition	of	the	trifluoroacetyl	amide	138	to	this	mixture,	however,	

resulted	 in	 the	 formation	 of	 fluoroform,	 CHF3,	 as	 the	 major	 fluoride-containing	

product	 (identified	 by	 19F	 NMR	 and	 by	 a	 headspace	 analysis	 by	 GC-Mass	

Spectrometry).	Thus	 the	net	catalytic	reaction	between	138	and	 the	catalysts	 128	

and	140	 is	 hydrogenolysis	 of	 the	 C–C	 bond	 to	 form	 1-formylpiperidine	 and	 CHF3	

(Eq.	4.8).	

	
While	 investigating	 the	 nature	 of	 140,	 we	 found	 that	 elemental	 mercury	 (200	

equivalents)	did	not	inhibit	the	hydrogenolysis	catalyzed	by	140,	and	the	activity	of	

reduced	Ru	black	was	miniscule	 (~1%	conversion)	under	 these	conditions.	Taken	

together,	these	results	suggest	that	140	is	a	homogeneous	Ru-H-dpen	compound.		
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Conclusion	

To	our	knowledge,	the	catalytic	transformation	of	138	into	1-formylpiperidine	and	

fluoroform	is	the	first	catalytic	hydrogenolysis	of	the	sp3–sp2	C–C	bond	in	a	trifluoro	

amide.	 The	 mild	 conditions,	 along	 with	 the	 absence	 of	 phosphine	 ligands	 are	

attractive	 features	 of	 this	 novel	 transformation.	 Efforts	 are	 underway	 in	 our	

laboratories	 to	 investigate	 the	 scope,	 the	 identity	 of	 the	 catalysts,	 and	 the	

mechanism	of	this	reaction.		

	

Materials	and	methods	

Deuterated	 solvents	 were	 obtained	 from	 Aldrich	 and	 Cambridge	 Isotope	

Laboratories.	Both	THF-d8	and	THF	were	dried	using	Na/benzophenone	just	before	

each	 experiment.	 All	 pressurized	 reactions	 were	 carried	 out	 in	 a	 steel	 pressure	

reactor	 equipped	with	 a	magnetic	 stir	 bar.	 Potassium	 tert-butoxide	was	 sublimed	

before	 use.	 Piperidine,	 potassium	 tert-butoxide,	 trifluoroacetic	 anhydride	 were	

obtained	 from	 Aldrich	 and	 	 (1R,2R)-1,2-diphenylethylenediamine	 was	 obtained	

from	Alfa	Aesar.	1H,	13C,	and	19F	NMR	spectra	were	recorded	using	400	and	600	MHz	

Varian	Inova,	500	MHz	and	700	MHz	Varian	DirectDrive	spectrometers.	1H	and	13C	

NMR	chemical	shifts	are	reported	in	parts	per	million	(δ)	relative	to	TMS	with	the	

deuterated	 solvent	 as	 the	 internal	 reference.	 19F	 chemical	 shifts	 are	 reported	 in	

parts	 per	 million	 (δ)	 relative	 to	 CFCl3	 as	 the	 external	 references.	 NMR	 peak	

assignments	were	made	using	1HNMR,	1H–1H	gCOSY,	1H–13C	gHSQC,	1H–15N	gHSQC	

and	 TOSCY,	 ROESY	 NMR	 experiments.	 GC-MS	 analysis	 was	 performed	 by	 using	 a	

Hewlett	 Packard	 5890	 chromatograph	 equipped	 with	 a	 5970B	 mass	 selective	
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detector	and	Supelco	Beta	DEX	225	capillary	column	(30	m	×	0.25	mm	×	0.25	µm	

film	thickness).	Elemental	analysis	data	were	obtained	using	a	Carlo	Erba	CHNS-O	

EA1108	elemental	analyzer.	

	

Hydrogenation	procedure	

Cis-[Ru(η3-C3H5)(COD)(MeCN)2]BF4	 (117,	 0.025	 mmol,	 10.5	 mg),	 2	 equivalents	 of	

(R,R)-dpen	(0.05	mmol,	11.0	mg)	(or	1	equivalent	of	(R,R)-dpen	and	1	equivalent	of	

(S,S)-skewphos)	 and	 	 KOtBu	 (0.375	mmol,	 42.1	mg)	were	weighed	 out	 into	 three	

NMR	tubes	in	a	glove	box.	Freshly	distilled	THF	(0.8	mL)	was	then	added	by	cannula	

under	 argon	 pressure	 into	 the	 tube	 containing	 (R,R)-dpen.	 The	 resultant	 solution	

was	 then	 cannulated	 into	 the	NMR	 tube	 containing	117	 under	 argon.	 It	was	 then	

heated	 at	 60	 °C	 for	 30	 min	 with	 occasional	 shaking	 (pale	 brown,	 clear	 liquid).	

Meanwhile,	the	substrate	(453	mg,	2.5	mmol,	100	equivalents)	was	dissolved	in	THF	

(1.0	mL)	in	an	NMR	tube,	and	added	to	a	stainless	steel	autoclave	under	H2	pressure	

and	purged	with	hydrogen	for	20	minutes.	After	30	minutes	KOtBu	in	THF	(0.7	mL)	

was	 added	 to	 the	 pre-heated	 NMR	 tube.	 The	 resulting	 orange/red	 solution	 was	

transferred	 to	 the	 autoclave	 under	 hydrogen	 pressure	 followed	 by	 a	 2.5	mL	 THF	

wash.	 The	 autoclave	 was	 then	 pressurized	 to	 4	 atm	 H2	 and	 stirred	 at	 room	

temperature	for	4	to	24	hours.	The	reaction	was	stopped	by	slowly	depressurizing	

the	 autoclave	 and	 opening	 it	 to	 the	 atmosphere.	 The	 percent	 conversions	 were	

determined	 by	 1H	 NMR	 spectroscopy.	 	 The	 catalyst	 was	 removed	 by	 passing	 the	

solution	 through	 a	 florisil	 plug	using	CH2Cl2	 as	 the	 rinse	 solvent.	 The	 solvent	was	
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then	 removed	 under	 reduced	 pressure	 using	 a	 rotary	 evaporator	 and	 the	 NMR	

recorded	using	CDCl3.	

	

NMR	study	of	the	reaction	between	117,	((R,R)-dpen)	,	KOtBu	,	H2,	and	138	

Allylic	precursor	117	 (0.03	mmol,	12.6	mg),	 	(R,R)-dpen	(0.06	mmol,	12.7	mg)	and	

KOtBu	(0.24	mmol,	26.9	mg)	were	weighed	into	three	separate	NMR	tubes	inside	the	

glove	 box.	Distilled	THF-d8	(0.5	mL)	 added	 to	 (R,R)-dpen	 by	 cannula	 under	 argon	

and	1H	NMR	spectrum	was	recorded.	Then	the	solution	transferred	to	the	NMR	tube	

containing	117	under	argon.	Then	the	resulting	solution	was	heated	at	60	°C	for	30	

minutes	with	occasional	shaking.	After	30	minutes	the	1H	and	19F	NMR	spectra	were	

recorded.	Then	the	solution	temperature	was	decreased	to	–80	°C	by	immersing	the	

NMR	 tube	 in	dry	 ice/acetone	mixture.	The	base	 in	THF-d8		 (0.2	mL)	was	added	 to	

Ru-dpen	mixture	under	hydrogen	at	–80	°C.	The	product	was	characterized	by	using	

1H,	 19F,	 1H–15N	HSQC,	 gTOCSY,	 gCOSY	 and	 gROESY	NMR	 experiments	 in	 THF-d8	at	

variable	 temperatures	 (–80	 °C	 to	 room	 temperature).	 The	 cis-117/(R,R)-dpen/	

KOtBu	 precatalyst	 was	 prepared	 again	 at	 –80	 °C	 as	 described	 above	 and	 10	

equivalents	of	138	was	added	at	–60	°C.	The	reaction	was	monitored	from	–60	°C	to	

room	temperature.	

	

Synthesis	 of	 2,2,2-trifluoro-1-(piperidin-1-yl)ethanone	 (138):205,206	 This	 is	 a	

modification	of	a	literature	procedure.		10.9	mL	(7.9	g,	77.9	mmol)	of	triethylamine	

and	 8.4	mL	 (7.3	 g,	 84.9	mmol)	 of	 piperidine	were	 dissolved	 in	 150	mL	 of	 stirred	

dichloromethane	 cooled	 in	 an	 ice/water	 bath.	 10	 mL	 (14.9	 g,	 70.8	 mmol)	 of	



× ×

° °

°
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Residual	 solvent	 =	δ;	 coordinated	 (R,R)-dpen	 ligand,	NH2	=	•,	NH–	=	Θ	 CH	=	ο	 ;	Non	

coordinated	(R,R)-dpen		ligand	=	⊗,	propylene	=	φ;	Free	hydrogen	gas	=	H;		(η3-C3H5	)	=	

α;	(η1,5-C8H12)	=	∗	

	
	

Figure	 4.3a:	 1H	 NMR	 and	 zTOCSY1D	 spectrum	 (δ	 6.5	 to	 –2.0	 ppm)	 of	

[Ru(H2NCH(Ph)CH(Ph)NH–)(η1,5-C8H12)(	η3-C3H5)]BF4	(141)	formed	by	the	reaction	of	

117,	(R,R)-dpen,	and	KOtBu		in	~1	atm	H2	in	THF-d8	at	–80	°C.	Spectrum	top	to	bottom;	

Spectrum	1:	zTOCSY1D,	sel.excite	@	–1.34	ppm.(Coordinated		(R,R)-dpen	ligand)																																			

Spectrum	2:	zTOCSY1D,	sel.excite	@	2.94	ppm.	(η1,5-C8H12)																																																										

Spectrum	3:	zTOCSY1D,	sel.excite	@	–1.34	ppm.	(η3-C3H5	)																																																								

Spectrum	4:	1H	NMR	of		[Ru(H2NCH(Ph)CH(Ph)NH–)(η1,5-C8H12)(	η3-C3H5)]BF4	
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Figure	 4.3b:	 1H–1H	 gCOSY	 (vs.	 zTOCSY1D)	 of	 the	 product	 (141)	 formed	 by	 the	

reaction	between	117,	(R,R)-dpen,	and	KOtBu		in	~1	atm	H2	in	THF-d8.	

Top:	 gCOSY	vs.	 zTOCSY1D	of	H2NCH(Ph)CH(Ph)NH–;	middle:	 gCOSY	vs.	 zTOCSY1D	of	

COD;	bottom:	gCOSY	vs.	zTOCSY1D	of	η3-C3H5	
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Figure	4.4:	1H	NMR	spectrum	(δ	6.5	to	–2.0	ppm)	of	the	product	(142)	formed	by	the	

reaction	between	117,	(R,R)-dpen,	and	KOtBu		in	~1	atm	H2	in	THF-d8	at	–20	°C.	

Top:	@	–20	°C;	middle:	@	–20	°C	(after	an	hour);	bottom:	@	–20	°C	(after	4	hours)	
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Figure	 4.5:	 1H	 NMR	 spectrum	 (δ	 9.0	 to	 –12.0	 ppm)	 of	 the	 product	 formed	 by	 the	

reaction	between	117,	(R,R)-dpen,	and	KOtBu	in	~1	atm	H2	in	THF-d8	at	RT.	

	
	

Figure	4.6:	1H	NMR	spectrum	(δ	5.0	to	0.0	ppm)	of	the	product	formed	by	the	reaction	

between	117,	(R,R)-dpen,	and	KOtBu		in	~1	atm	H2	in	THF-d8	at	RT.	

Residual	 solvent	 =	 δ;	 Non-coordinated	 (R,R)-dpen	 ligand	 =	 ⊗,	 propane	 =	 P;	 Free	

hydrogen	gas	=	H;	Ethylamine	=	E	
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Figure	 4.7:	 1H	 NMR	 and	 1H–15NNMR	 of	 a	 gHSQC	 spectrum	 (6	 to	 –2	 ppm)	 of	

[Ru(H2NCH(Ph)CH(Ph)NH–)(η1,5-C8H12)(	η3-C3H5)]BF4	(141)	formed	by	the	reaction	of	

117,	(R,R)-dpen,	and	KOtBu		in	~1	atm	H2	in	THF-d8	at	–80	°C.		

Coordinated	(R,R)-dpen	ligand,	NH2	=	•,	NH–	=	Θ;	Non	coordinated	(R,	R)-dpen		ligand	

=	⊗	

Top:	Only	the	first	increment	of	1H–15NNMR	of	a	gHSQC	was	recorded	to	show	proton	

directly	attached	to	nitrogen.	The	data	were	acquired	at	–80	°C	using	1J1H–15N	=	90	Hz	

with	the	15N	decoupler	set	at	90	ppm;	Bottom:	1H	NMR	of	the	mixture	containing	141.	
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Figure	 4.8:	 19F	NMR	spectrum	(δ	–65.0	 to	–85.0	ppm)	of	 the	product	 formed	by	 the	

reaction	between	the	catalyst	and	10	equivalents	of	substrate	138	 in	THF-d8	at	room	

temperature	at	different	times.	(Unidentified	intermediate	=	U)	

Top:	After	15	min;	middle:	after	16	hours;	bottom:	after	20	hours.	

	
	

Control	experiments	

Hydrogenation	using	ruthenium	nanoparticles	

20.7	 mg	 of	 Ruthenium	 black	 (0.014	 mmol	 assuming	 7%	 of	 Ru	 atoms	 are	 on	 the	

surface)	 were	 weighed	 into	 a	 test	 tube	 equipped	 with	 a	 magnetic	 stir	 bar	 and	 a	

rubber	 septum.	 After	 purging	 with	 hydrogen	 gas	 for	 10	 minutes	 the	 ruthenium	

black	was	reduced	by	heating	at	60	°C	for	30	minutes	under	hydrogen.210	After	30	

minutes	the	test	tube	placed	inside	the	stainless	steel	autoclave	equipped	with	the	

test	 tube	 holder	 and	 flushed	 with	 hydrogen	 using	 cannulas,	 needle	 lines,	 and	
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bubblers.	138	(1.25	mmol,	90	equivalents)	in	THF	(1.0	mL)	and	KOtBu	(0.187	mmol,	

14	equivalents)	in	THF	(0.5	mL)	were	added	using	gas	tight	syringes	under	1	atm	H2.	

Additional	THF	added	to	make	the	final	volume	to	be	2.5	mL.	Hydrogenated	at	4	atm	

H2	and	stirred	for	22	hours	at	room	temperature.		

	

Hydrogenations	in	the	presence	of	Hg	metal	

117	(0.007	mmol,	3	mg),	and	2	equivalents	of	(R,R)-dpen	(0.014	mmol,	3.0	mg)	were	

weighed	 out	 into	 a	 test	 tube	 equipped	with	 stir	 bar	 and	 septum.	 Freshly	 distilled	

THF	(0.5	mL)	was	then	added	by	cannula	under	argon	pressure	into	the	test	tube.	It	

was	then	heated	at	60	°C	for	30	min	while	stirring	(pale	brown,	clear	liquid).	After	

30	minutes	 the	 resulting	 solution	 transferred	 to	 another	 test	 tube	 containing	200	

equivalents	of	Hg	(282.9	mg,	1.41	mmol)	under	1	atm	H2	atmosphere.		The	substrate	

138	 (129.6	mg,	 0.715	mmol,	 100	 equivalents)	 in	THF	 (1.0	mL)	 and	KOtBu	 (0.107	

mmol,	15	equivalents)	in	THF	(0.5	mL)	were	added	using	gas	tight	syringe	under	1	

atm	H2	atmosphere.	Additional	THF	added	 to	make	 the	 final	volume	to	be	2.5	mL.	

Hydrogenated	at	4	atm	H2	and	stirred	for	22	hours	at	room	temperature.			

	
	
Table	4.1:	Crystallographic	experimental	details	for	trans-135	

A.		Crystal	Data	

Formula	 C45H50Cl6N2P2Ru	

Formula	weight	 994.58	

Crystal	dimensions	(mm)	 0.19	×	0.08	×	0.03	

Crystal	system	 orthorhombic	
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N2	 H2NB	 0.85(9)	 C44	 C45	 1.384(10)	

N2	 C7	 1.491(7)	 C45	 C46	 1.390(8)	

C1	 C2	 1.535(8)	 C51	 C52	 1.389(8)	

C1	 C4	 1.529(8)	 C51	 C56	 1.389(7)	

C2	 C3	 1.537(8)	 C52	 C53	 1.404(9)	

C3	 C5	 1.535(9)	 C53	 C54	 1.384(11)	

C6	 C7	 1.540(7)	 C54	 C55	 1.387(11)	

C6	 C51	 1.514(7)	 C55	 C56	 1.377(9)	

C7	 C61	 1.520(6)	 C61	 C62	 1.380(8)	

C11	 C12	 1.398(8)	 C61	 C66	 1.390(9)	

C11	 C16	 1.386(8)	 C62	 C63	 1.393(8)	

C12	 C13	 1.388(9)	 C63	 C64	 1.372(11)	

C13	 C14	 1.389(12)	 C64	 C65	 1.390(10)	

C14	 C15	 1.380(12)	 C65	 C66	 1.388(8)	

C15	 C16	 1.393(9)	 	 	 	

	

	

Table	4.3:	Selected	interatomic	angles	(deg)	for	135	

(a)	within	the	[RuCl2{2,4-(Ph2P)2-pentane}{1,2-diphenylethylenediamine}]	molecule	

	

Atom1	 Atom2	 Atom3	 Angle	 Atom1	 Atom2	 Atom3	 Angle	

Cl1	 Ru	 Cl2	 163.58(5)	 P1	 C1	 C2	 110.4(4)	

Cl1	 Ru	 P1	 90.17(5)	 P1	 C1	 C4	 115.4(4)	
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Cl1	 Ru	 P2	 94.35(5)	 C2	 C1	 C4	 109.5(5)	

Cl1	 Ru	 N1	 86.05(16)	 C1	 C2	 C3	 116.8(5)	

Cl1	 Ru	 N2	 83.17(15)	 P2	 C3	 C2	 111.4(4)	

Cl2	 Ru	 P1	 97.15(5)	 P2	 C3	 C5	 114.6(4)	

Cl2	 Ru	 P2	 100.20(5)	 C2	 C3	 C5	 112.1(5)	

Cl2	 Ru	 N1	 85.06(16)	 N1	 C6	 C7	 108.4(4)	

Cl2	 Ru	 N2	 81.55(15)	 N1	 C6	 C51	 112.5(5)	

P1	 Ru	 P2	 90.85(5)	 C7	 C6	 C51	 111.0(5)	

P1	 Ru	 N1	 172.98(14)	 N2	 C7	 C6	 108.1(4)	

P1	 Ru	 N2	 95.16(13)	 N2	 C7	 C61	 112.7(4)	

P2	 Ru	 N1	 95.32(13)	 C6	 C7	 C61	 110.7(4)	

P2	 Ru	 N2	 173.49(13)	 P1	 C11	 C12	 118.4(5)	

N1	 Ru	 N2	 78.53(18)	 P1	 C11	 C16	 122.5(4)	

Ru	 P1	 C1	 114.0(2)	 C12	 C11	 C16	 118.4(5)	

Ru	 P1	 C11	 109.75(16)	 C11	 C12	 C13	 120.6(6)	

Ru	 P1	 C21	 121.8(2)	 C12	 C13	 C14	 120.4(7)	

C1	 P1	 C11	 103.7(3)	 C13	 C14	 C15	 119.4(6)	

C1	 P1	 C21	 102.6(3)	 C14	 C15	 C16	 120.2(7)	

C11	 P1	 C21	 103.1(3)	 C11	 C16	 C15	 121.0(6)	

Ru	 P2	 C3	 117.49(18)	 P1	 C21	 C22	 119.1(5)	

Ru	 P2	 C31	 118.64(18)	 P1	 C21	 C26	 122.7(5)	

Ru	 P2	 C41	 115.23(17)	 C22	 C21	 C26	 118.1(6)	
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C3	 P2	 C31	 102.2(3)	 C21	 C22	 C23	 121.0(6)	

C3	 P2	 C41	 100.6(2)	 C22	 C23	 C24	 120.1(7)	

C31	 P2	 C41	 99.7(2)	 C23	 C24	 C25	 120.3(7)	

Ru	 N1	 H1NA	 106(5)	 C24	 C25	 C26	 119.1(7)	

Ru	 N1	 H1NB	 113(6)	 C21	 C26	 C25	 121.4(7)	

Ru	 N1	 C6	 112.5(4)	 P2	 C31	 C32	 117.1(4)	

H1NA	 N1	 H1NB	 105(8)	 P2	 C31	 C36	 125.0(5)	

C6	 N1	 H1NA	 109(5)	 C32	 C31	 C36	 117.9(5)	

C6	 N1	 H1NB	 111(6)	 C31	 C32	 C33	 121.0(6)	

Ru	 N2	 H2NA	 105(4)	 C32	 C33	 C34	 120.5(6)	

Ru	 N2	 H2NB	 102(5)	 C33	 C34	 C35	 119.6(6)	

Ru	 N2	 C7	 111.3(3)	 C34	 C35	 C36	 120.2(6)	

H2NA	 N2	 H2NB	 114(7)	 C31	 C36	 C35	 120.7(6)	

C7	 N2	 H2NA	 111(4)	 P2	 C41	 C42	 119.5(4)	

C7	 N2	 H2NB	 114(6)	 P2	 C41	 C46	 122.5(4)	

C42	 C41	 C46	 117.9(5)	 C53	 C54	 C55	 119.2(6)	

C41	 C42	 C43	 121.4(6)	 C54	 C55	 C56	 120.8(6)	

C42	 C43	 C44	 119.9(6)	 C51	 C56	 C55	 120.8(6)	

C43	 C44	 C45	 119.6(6)	 C7	 C61	 C62	 120.5(5)	

C44	 C45	 C46	 120.9(6)	 C7	 C61	 C66	 121.2(5)	

C41	 C46	 C45	 120.2(6)	 C62	 C61	 C66	 118.3(5)	

C6	 C51	 C52	 120.8(5)	 C61	 C62	 C63	 120.9(6)	
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C6	 C51	 C56	 120.4(5)	 C62	 C63	 C64	 120.1(7)	

C52	 C51	 C56	 118.8(5)	 C63	 C64	 C65	 120.1(6)	

C51	 C52	 C53	 120.3(6)	 C64	 C65	 C66	 119.2(6)	

C52	 C53	 C54	 120.0(7)	 C61	 C66	 C65	 121.4(6)	
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than	 3°	 amides.	 The	 hydrogenation	 of	 a	 less	 reactive	 oxazolidone	 (Evan’s	 chiral	

auxiliaries)	 by	 61	 also	 showed	 that	 the	 absolute	 configurations	 are	 preserved	 at	

stereogenic	carbon	centres	in	groups	attached	to	nitrogen,	and	in	group	alpha	to	the	

carbonyl	group	under	base-free	conditions.	

	 Chapter	3	describes	 the	high	 throughput	 screening	 (HTS)	 and	optimization	

reactions	 performed	 to	 discover	 the	 first	 asymmetric	 catalytic	 system	 for	 the	

hydrogenation	of	α-chiral	amides	via	DKR.	Recently	Bergens	and	coworkers	 found	

that	mono	or	di	deprotonation	at	the	N–H	groups	of	the	50	occurred	with	the	excess	

base.	 They	 also	 found	 that	 the	 trans-K+[RuH2((R)-BINAP)(R,R)-

H2NCH(Ph)CH(Ph)NH(–))]	(54-K)	is	extremely	active	for	the	bifunctional	addition	as	

low	 as	 at	 –80	 °C	 under	 ~2	 atm	 H2	 towards	 cyclic	 imide	 and	 amide	 substrates.85	

These	 results	 showed	 that	 a	 racemic	α-chiral	 amide	 (with	 acidic	 hydrogen	 at	α-	

position)	could	be	hydrogenated	at	low	temperature	and	pressure	in	the	presence	of	

excess	base	via	DKR.	Motivated	by	these	results,	a	high	throughput	screening	(HTS)	

experiment	was	designed	to	find	the	catalysts	candidates.	With	the	results	from	the	

HTS	and	extensive	lab-scale	optimization	reactions,	a	novel	catalytic	system,	trans-

RuCl2((S,S)-skewphos)((R,R)-dpen)	(135),	 	was	developed.	The	trans-135	operates	

under	 only	 4	 atm	 H2	 pressure	 at	 room	 temperature	 to	 give	 the	 chiral	 primary	

alcohols	by	hydrogenation	of	amides	with	>99%	ee	in	the	presence	of	2-PrONa	and	

2-PrOH.	 It	 is	 shown	 that	 high	 ee's	 can	 be	 obtained	 with	 the	 addition	 of	 2-PrOH.	

Previous	studies	 show	that	alcohols	 inhibit	 the	catalyst	by	 forming	secondary	and	

primary	 Ru	 alkoxides	 by	 reacting	 with	 Ru	 amides	 such	 as	 58,	 but	 his	 process	 is	

reversible	in	the	presence	of	the	base.81,161	At	low	pressure,	a	higher	amount	of	base	



	 186	

ensured	 both	 racemization	 of	 the	 substrate	 and	 activity	 of	 the	 catalyst.	 A	 large	

amount	 of	 base	 also	 probably	 deprotonate	 the	 N–H	 at	 135	 to	 form	 an	 active	

deprotonated	 species.	 A	 higher	 turnover	 numbers	 reaction	 (TON~93)	 was	

demonstrated	by	increasing	the	H2	pressure	from	4	atm	to	50	atm	without	affecting	

the	ee	significantly.	

	 Chapter	4	describes	an	unforeseen	hydrogenolysis	of	sp3–sp2	C–C	bond	with	

a	 phosphine-free	 homogeneous	 catalyst	 under	 mild	 conditions.160	 During	 the	

development	of	the	amide	hydrogenation	catalytic	system,	we	observed	an	unusual	

reaction.	 Hydrogenation	 of	 an	 amide,	 2,2,2-trifluoro-1-(piperidine-1-yl)ethanone	

produced	 1-formylpiperidine	 and	 fluoroform	 via	 hydrogenolysis	 of	 sp3–sp2	 C–C	

bond	 instead	 of	 the	 expected	 C–N	 cleavage	 products.	 Preliminary	 mechanistic	

studies	 ensured	 a	 homogeneous	 ‘Ru–H’	 complex	 is	 responsible	 for	 this	

hydrogenolysis.	However,	all	the	attempts	for	the	definitive	identification	of	the	Ru-

H	species	responsible	for	this	transformation	were	unsuccessful.	

		

Future	work	

Green	 Chemistry	 is	 a	 key	 theme	 in	 the	 current	 era	 and	 catalysis	 often	 provides	

greener	 strategies	 over	 conventional	 approaches.	 Indeed,	 the	 recent	 advances	 in	

catalytic	hydrogenation	of	amides	allow	the	reduction	of	amides	under	≤50	atm	H2	

and	 at	 100	 °C.	 There	 are	 however	 many	 challenges,	 and	 questions	 need	 to	 be	

addressed	 to	 make	 this	 reaction	 a	 viable	 pilot	 process.	 Traditional	 reduction	 of	

amides	 using	 stoichiometric	 reagents	 generally	 gives	 the	 C–O	 cleavage	 products.	

The	 current	 catalytic	 systems,	 however,	 produce	 both	 C–O	 and	 C–N	 cleavage	
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products.	The	catalytic	 selectivity	 for	 these	products	needs	 to	be	studied	 in	detail.	

Although,	heterogeneous	catalysts	favor	net	C–O	cleavage,	a	system	with	functional	

group	 tolerance	 and	 that	 operates	 under	 mild	 conditions	 is	 yet	 to	 be	 developed.	

[Ru(Triphos)]	catalyst	do	hydrogenate	amides	with	a	preference	 for	C–O	cleavage.	

However,	 the	 actual	 catalytic	 species	 that	 participate	 in	 these	 hydrogenations	 are	

yet	to	be	identified.	The	identification	and	understanding	of	this	active	species	will	

help	to	develop	catalytic	systems	with	higher	activity	and	utility.	

	 I	performed	some	preliminary	experiments	to	develop	a	catalytic	system	for	

the	hydrogenation	of	amides	via	C–O	cleavage.	I	used	the	catalytic	system	containing	

117/9/bis(trifluoromethanesulfonyl)methane	 with	 benzanilide	 as	 the	 model	

substrate.	 Table	 5.1	 shows	 the	 reaction	 conditions	 and	 selectivity	 for	 the	

hydrogenation	of	benzanilide.	

	

Table	5.1:	Screening	studies	 for	 the	hydrogenation	of	benzanilide	under	acidic	

condition.(a)	

	

entry	 Cat:acid:sub	 P/atm	 t/h	 THF:IPA	 %Conv(b)	
%Conv	

C–O	

%Conv	

C–N	

Selectivity	

for	C–O	

1	 1:3:50	 30	 18	 8:0	 63.4	 13.8	 49.5	 21.8	

2	 1:10:50	 10	 20	 8:0	 54.8	 21.2	 33.6	 38.6	

3	 1:20:50	 10	 22	 8:0	 54.8	 20	 34.8	 36.5	

Ph N

O

H

Ph Ph N
H

Ph
Ph OH Ph NH2+ +

117 (2 mol%)
9 (2 mol%)

10–50 atm H2, 100 °C, t (h)
CH2(SO2CF3)2 (2–50 mol%)
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cannula	under	argon	into	the	NMR	tube	containing	117	at	room	temperature.	The	

mixture	was	then	heated	at	60	°C	for	30	min	under	with	periodic	mixing.	After	30	

min,	the	mixture	was	then	added	to	the	NMR	tube	containing	the	acid	and	was	then	

used	for	the	hydrogenations	described	below.	

	

General	 procedures	 for	 hydrogenation:	 The	 benzanilide	 (1500	 μmol,	 50	

equivalents)	was	added	to	a	stainless	steel	autoclave	equipped	with	a	magnetic	stir	

bar.	The	autoclave	was	 then	purged	with	H2	 for	20	min	at	room	temperature.	The	

catalyst,	117/9/acid	prepared	above	was	then	added	by	cannula	under	H2	pressure	

followed	by	a	THF	or	2-PrOH	washes	using	a	gas	 tight	syringe.	The	autoclave	was	

then	pressurized	 to	10–50	atm	H2.	The	reaction	mixture	was	stirred	at	70–100	°C	

for	16–24	hours.	The	autoclave	was	then	allowed	to	cool	over	the	course	of	1	hour	

before	 venting	 at	 room	 temperature.	 The	%	 conversions	 were	 determined	 by	 1H	

NMR	spectroscopy.	

	 In	Chapter	2,	the	alcohols	from	the	hydrogenation	could	inhibit	the	catalytic	

activity.	Developing	a	catalytic	system	that	could	be	used	in	a	flow	reactor	may	help	

to	 reduce	 the	 build-up	 of	 alcohol	 during	 the	 hydrogenation	 and	 thus	 allow	 high	

turnovers.	 Preliminary	NMR	 studies	 showed	 the	 clean	 formation	 of	 trans-RuH(η1-

BH4)(Ph2P(CH2)2NH2)2	from	the	reaction	between	the	allyl-precursor	51	and	NaBH4.	

Isolation	of	61	and	the	characterization	of	its	stability	could	allow	the	preparation	of	

several	pre-catalyst	analogs.			

	 In	Chapter	3,	the	addition	of	2-PrOH	increased	the	ee	of	the	alcohol	products	

but	also	 inhibit	 the	catalytic	activity	by	 forming	 the	Ru-alkoxide.	Another	possible	
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role	of	 the	2-PrOH	 is	 increasing	 the	polarity	of	 the	 reaction	medium	and	 thus	 the	

rate	of	racemization	of	the	amides	substrates.	Understanding	the	role	of	the	2-PrOH	

will	 help	 to	 choose	 the	 proper	 type	 (e.g.	 a	 bulky	 alcohol)	 of	 alcohol	 that	 doesn’t	

compete	 with	 the	 active	 catalyst.	 The	minimum	 quantity	 of	 alcohol	 required	 will	

reduce	the	amount	of	base	for	the	hydrogenation.	

	 Chapter	 4	 describes	 hydrogenolysis	 of	 an	 sp3–sp2	 C–C	 bond	 with	 a	

phosphine-free	 homogeneous	 catalyst.	 Understanding	 the	 active	 catalyst	 and	 the	

mechanism	will	help	to	widen	the	application	of	the	challenging	C–C	bond	cleavage.	
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