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ABSTRACT:	A	new	polymerization	system	is	reported	that	provides	aliphatic	polyurethanes	with	novel	structures	from	the	
anionic	ring-opening	polymerization	of	5-membered	carbamates.	By	use	of	a	bifunctional	initiating	system,	the	anionic	ring-
opening	polymerization	of	cyclic	carbamates	gives	unimodal	polymers	with	Đ	values	generally	narrow.	A	series	of	PUs	with	
controlled	molecular	weights	were	synthesized	by	changing	the	reaction	conditions.	Detailed	analysis	of	the	reaction	demon-
strates	that	repeated	acylations	of	in	situ	formed	urethane	anions,	leads	to	the	formation	of	the	polyurethane.		

Introduction	
Due	to	their	flexible	structures	and	peculiar	properties,	pol-
yurethanes	 (PUs)	 have	 been	 extensively	 exploited	 for	 a	
wide	range	of	applications	such	as	foams,	high-performance	
coatings,	 adhesives.1	 These	 versatile	 polymeric	 materials	
can	 exhibit	 thermoplastic,	 elastomeric	 and	 thermosetting	
behavior	 by	 tuning	 their	 chemical	 composition	 and	mor-
phological	 structure.3-5	 Consequently,	 the	worldwide	 pro-
duction	of	these	polymers	increases	each	year	and	accounts	
for	nearly	5	wt	%	of	total	worldwide	polymer	production.6	
Inspired	by	the	pioneering	work	of	Bayer,2	several	research	
groups	have	directed	investigative	efforts	toward	the	syn-
thesis	of	a	variety	of	PUs.	Generally,	PUs	are	obtained	by	pol-
yaddition	of	diols	(or	polyols)	with	diisocyanates	(or	polyi-
socyanates).	 This	 method	 requires	 drastic	 conditions	 to	
drive	 the	reaction	 toward	high	 conversion	and	uses	 toxic	
and	 highly	 moisture	 sensitive	 isocyanates,	 thus	 limiting	
their	medical	applications.	
In	 this	overall	context,	 several	 isocyanate-free	synthetic	

routes	were	 developed	 to	 solve	 this	 problem.7-9	 The	 four	
most	common	approaches	are	(Figure	1):	(1)	polyaddition	
of	 cyclic	 dicarbonates	 and	 diamines	 (i.e.,	 cyclic	 carbonate	
route);	 (2)	 polycondensation	 of	 linear	 activated	 dicar-
bonates	 and	 diamines	 (i.e.,	 bis(dialkyl	 carbonate)	 route);	
(3)	polycondensation	of	linear	activated	carbamates	and	di-
ols	 (i.e.,	 transurethanization	 route);	 (4)	 ring	 opening	
polymerization	 (ROP)	 of	 cyclic	 carbamates	 (i.e.,	 ROP	
route).7,8	Among	these	methods,	the	cyclic	carbonate	route	
enables	the	production	of	poly(hydroxyurethane)s	(PHU)s,	
which	 are	 more	 hydrophilic	 than	 conventional	 PUs	 and	
therefore	can	undergo	higher	water	absorption.10	 In	addi-
tion,	most	cyclic	carbonates	are	poorly	reactive	and	neces-
sitate	 harsh	 conditions.11,12	 The	 second	 and	 third	

approaches	make	use	of	precursors	or	reagents	that	can	be	
toxic.	In	addition,	the	reactions	with	diols	usually	require	an	
efficient	catalyst.	
	

	
Figure	1.	Main	isocyanate-free	routes	to	PUs.	
	
Although	 ROP	 has	 important	 advantages	 over	 conven-

tional	syntheses	(e.g.,	atom	economy,	waste	reduction	and	
energy	consumption),	it	is	much	less	developed	due	to	the	
limited	reactivity	of	the	corresponding	monomers	(i.e.,	cy-
clic	carbamates).	To	date,	there	is	only	few	examples	in	the	
literature	in	which	cationic	initiators	have	been	reported	to	
prepare	PUs.13-16	To	develop	an	efficient	synthesis	of	PUs,	
we	propose	that	anionic	systems	capable	of	ROP	of	lactams	
might	also	exhibit	interesting	activity	for	the	ROP	of	cyclic	
carbamates.	Herein	we	report	a	new	strategy,	based	on	ani-
onic	ring-opening	polymerization,	to	obtain	aliphatic	poly-
urethanes	from	cyclic	carbamates.	This	anionic	process	pro-
vides	practical	access	to	polymers	from	5-membered	cyclic	
carbamates	in	high	yields.		
	
	



 

Results	and	Discussion	
We	have	initially	synthesized	the	cyclic	carbamate	mono-

mers	a-d	(Figure	2)	and	investigated	the	use	of	these	mon-
omers	in	the	presence	of	different	anionic	initiators	(e.g.,	so-
dium	 hydride,	 yttrium	 tris(isopropoxide)).	 In	 accordance	
with	previous	observations,17	we	found	them	to	be	unreac-
tive.	By	 analogy	with	cyclic	carbonates,	we	 then	hypothe-
sized	 that	cyclohexyl	carbamate	derivatives	would	have	a	
better	potential	for	ROP	due	to	a	more	significant	ring	strain.	
Indeed,	the	five-membered	ring	of	the	aliphatic	propylene	
carbonate	 is	perfectly	planar,18	while	 the	ring	on	 the	 five-
membered	cyclohexyl	carbonate	is	non-planar,	in	order	to	
accommodate	the	conformational	requirements	of	 the	ali-
cyclic	cyclohexyl	ring.		
To	confirm	the	influence	of	the	ring	strain,	a	control	ex-

periment	was	therefore	carried	out	with	monomer	e	in	the	
presence	of	Y(OiPr)3	(Figure	2).	As	expected,	we	were	able	
to	convert	cyclohexyl	carbamate	e	into	PU	but	the	molecular	
weights	of	the	resulting	polymers	were	relatively	low	(c.a.	
1000	g/mol).	In	addition,	the	obtained	PUs	were	insoluble	
in	most	common	organic	solvents.	As	already	observed	by	
Bayer,2	this	low	solubility	is	probably	related	to	a	high	pack-
ing	density	of	the	polymer	chains	due	to	the	density	of	hy-
drogen	bonds	between	these	chains.	 In	 order	 to	 facilitate	
the	reorientation	of	the	polymer	chains,	we	chose	to	target	
our	 following	efforts	on	monomer	 f.	 In	 this	case,	 the	vinyl	
side-group	of	each	cyclohexyl	ring	may	prevent	every	ure-
thane	group	to	participate	in	a	hydrogen	bond.	In	addition,	
the	introduction	of	functional	groups	is	highly	desirable	in	
order	to	allow	post-polymerization	derivatization,19	that	is	
often	desired	to	modify	physical	properties,	or	chemical	re-
activity	 of	 a	 polymer.	 Satisfyingly,	 we	 observed	 the	 for-
mation	 of	 PUs	 in	 the	 presence	 of	 Y(OiPr)3,	 even	 if	 the	
polymerization	rate	and	control	were	low.	As	the	obtained	
PUs	displayed	a	good	solubility	in	most	organic	solvents,	we	
decided	to	focus	on	monomer	f	for	the	rest	of	the	study.		
	

	
Figure	2.	Cyclic	carbamates	prepared	for	ROP.	
	
In	 order	 to	 develop	 a	 straightforward	 methodology	 to	

prepare	monomer	 f	 on	a	 large	 scale,	we	 followed	a	 three	
step	procedure	starting	 from	commercially	available	4-vi-
nyl-1-cyclohexene-1,2-epoxide	 (1).	 Firstly,	 epoxide	 1	 un-
derwent	oxirane	ring	opening	to	give	a	mixture	of	regioiso-
mers	when	reacted	with	an	excess	of	ammonia	 in	an	SN2-
type	reaction	(isolated	yield	98%).20,21	Secondly,	amino	al-
cohols	(2)	and	(3)	reacted	with	ethyl	chloroformate	to	yield	
the	expected	hydroxy	urethanes	(4)	and	(5)	(isolated	yield	
92%).	Finally,	regioisomers	(6)	and	(7)	produced	by	ring-
closing	reaction	of	4	and	5	in	the	presence	of	excess	sodium	
hydride	were	readily	purified	by	silica	gel	chromatography	
(isolated	yield	70%).	Assignment	of	structures	to	these	re-
gioisomers	utilized	NMR	experiments	(1H,	13C,	COSY, NOESY,	
HSQC	and	HMBC)	(Figures	S1-S5).22	Although	the	reactivity	

of	both	cyclic	carbamates	was	similar,	we	decided	to	focus	
on	7	(CHU)	as	it	was	obtained	in	a	better	yield.		
	

	
Figure	3.	Synthetic	route	to	5-membered	cyclic	carbamate	
monomer	with	a	vinyl	group	(CHU).	
	
With	an	efficient	synthesis	of	cyclic	carbamates	in	hand,	

we	were	then	 interested	 in	 investigating	 the	ring-opening	
polymerization	 of	 CHU	 using	 anionic	 initiators	 (Table	 1).	
Taking	into	account	prior	developments	in	the	anionic	ROP	
of	lactams,	we	set	out	to	capitalize	on	these	polymerization	
schemes	 to	 synthesize	 PUs	 with	 activated	 monomers.	
Firstly,	the	activation	mechanism	comprises	the	formation	
of	an	anionic	monomer	species.	In	this	regard,	strong	bases	
capable	of	forming	a	free	urethane	anion	may	initiate	an	an-
ionic	polymerization.	Then,	the	propagation	consists	in	re-
peated	acylations	of	the	urethane	anions,	similarly	to	what	
was	reported	in	the	ROP	of	lactams.	Therefore,	the	propaga-
tion	rate	of	the	polymerization	reaction	should	be	efficiently	
enhanced	by	the	 introduction	or	 in	situ	generation	of	acyl	
derivatives	(e.g.,	N-acylurethanes)	which	may	act	as	growth	
centers.	 These	 acyl	 compounds	 are	 called	 co-initiators	 in	
this	work	(Figure	4).	
We	first	evaluated	the	reactivity	of	a	strong	base	(i.e.,	n-

BuLi)	in	the	presence	of	the	co-initiator	I1	(Table	1,	Entry	
1).	The	resulting	initiating	system	was	able	to	convert	CHU	
into	PU	and	showed	monomodal	distribution	with	experi-
mental	number-average	molecular	weights	(Mn,	calculated	
by	NMR)	close	to	the	theoretical	ones.	In	addition,	the	dis-
tribution	 observed	 by	 SEC	 was	 much	 narrower	 than	 the	
ones	described	in	the	literature.16	These	data	indicate	that	
the	polymerization	proceeded	 in	a	controlled	 fashion	(i.e.,	
without	 any	 significant	 side	 reactions),	 as	 confirmed	 by	
MALDI-TOF	mass	spectrometry	(vide	infra).	As	a	control	ex-
periment,	the	reactivity	of	n-BuLi	in	the	absence	of	co-initi-
ator	was	then	investigated	and	we	observed	that	only	oligo-
mers	were	formed	(Table	1,	Entry	2).	Polymerizations	were	
also	performed	either	with	lithium	bis(trimethylsilyl)amide	
(Table	1,	Entry	3)	or	sodium	hydride	(Table	1,	Entry	4)	in	
the	presence	of	I1.	These	systems	were	less	efficient	and	the	
resultant	polymers	revealed	broader	molecular-weight	dis-
tributions.	 Also,	 we	 performed	 a	 polymerization	 reaction	
using	a	clean	combination	of	1	equiv	benzoyl	chloride	(I2)	
with	2	equiv	of	n-BuLi	 in	order	 to	 in	situ	generate	the	co-
initiator	I1	(Table	1,	Entry	5).		



 

	
Figure	 4.	 Ring-opening	 polymerization	 of	 CHU	 promoted	
by	different	initiator/co-initiator	systems.	
	
These	results	showed	that	benzoyl	chloride	was	less	effi-

cient	 than	I1.	 Indeed,	we	observed	that	n-BuLi/I2	 system	
reacted	 more	 slowly	 and	 produced	 polymers	with	 lower	
molecular	 weights.	 As	 commercially	 available	 N-acetyl-
caprolactam	was	already	used	for	the	anionic	ROP	of	e-ca-
prolactam,	it	was	interesting	to	observe	that	it	was	also	ac-
tive	in	the	presence	of	n-BuLi	(Table	1,	Entry	6)	but	less	ef-
ficient	 than	 I1	 (Table	 1,	 Entry	 1).	 Several	 reactions	were	

performed	by	changing	the	monomer-to-initiator	ratio	and	
we	found	that	n-BuLi/I1	polymerized	up	to	50	equiv	of	CHU	
(Table	1,	 Entry	9).	We	observed	that	 the	addition	of	LiBr	
was	 required	 in	 order	 to	 obtain	a	 conversion	higher	 than	
50%	(Table	1,	Entry	9).	We	assume	that	the	longer	chains	
restrict	the	solubility	of	PU	and	therefore	 its	reactivity.	 In	
this	regard,	Li	salts	are	known	to	effectively	break	the	inter-
molecular	hydrogen	bonds	of	polymers.	
The	 synthesized	 PUs	 were	 characterized	 by	 infrared	

spectroscopy,	TGA	and	DSC	(Figures	S15-S17).	On	the	basis	
of	 prior	 IR	 assignments	 of	 classical	 polyurethanes,23	 our	
CHU-derived	PUs	featured	two	strong	characteristic	peaks	
which	can	be	attributed	to	carbonyl	groups	and	secondary	
amines	 (Figure	S15).	TGA	analysis	 confirmed	 that	 the	ali-
phatic	PUs	are	stable	below	200	°C	(Figure	S16).	DSC	meas-
urements	of	a	selected	PU	sample	(Table	1,	entry	1)	showed	
the	presence	of	a	high	glass	transition	temperature	(Tg)	at	
150	°C	(Figure	S17).	Finally,	we	were	also	able	to	prepare	
an	 amphiphilic	 PU-g-PEG	 graft	 copolymer	 by	 the	 radical-
mediated	 thiol-ene	 functionalization	of	a	linear	PU	homo-
polymer	backbone	and	a	mPEG12-SH	(Figures	S20-S24).	
	

Table	1.	AROP	of	CHU	monomer	to	prepare	PUs.	

Entrya Initiator	 Co-initiator Monomer/Initia-
tor/Co-initiator 

Time	
(h) 

Conv. 
(%)b 

Mn,theo	
(g/mol) 

Mn,NMR	

(g/mol)b DPb Mn,SEC	

(g/mol)c	 PDIc 

1	 n-BuLi	 I1	 20/1/1	 5	 91%	 3300	 3900	 23	 5400	 1.23	
2	 n-BuLi	 -	 20/1/1	 5	 8%	 540	 ND	 ND	 ND	 ND	
3	 LiN(TMS)2	 I1	 20/1/1	 5	 84%	 2900	 4600	 27	 4400	 1.55	
4	 NaH	 I1	 20/1/1	 5	 47%	 1800	 3600	 21	 2100	 1.50	
5 n-BuLi	 I2 20/2/1 5 73% 2600 2300	 12	 2800	 1.33	
6 n-BuLi	 I3	 20/1/1 5 79% 2800 ND ND 5300	 1.22 
7	 n-BuLi	 I1	 10/1/1	 4	 83%	 1700	 2400	 14	 3200	 1.29	
8 n-BuLi	 I1 30/1/1 6 81% 4300 4400 26 6100	 1.28 
9d n-BuLi	 I1 50/1/1 24 81% 7100 7800 46 7500	 1.32 

a	The	concentration	of	co-initiators	were	all	0.0188	M;	b	Conversion	of	monomers,	degree	of	polymerization	(DP)	and	Mn,NMR	were	
calculated	by	1H	NMR;	c	Mn,NMR	and	PDI	were	obtained	by	SEC	with	THF	as	eluent	and	PS	as	calibration;	d	LiBr	(1	wt%)	was	added	in	
the	polymerization	solution.	

	

	
Figure	5.	Mechanism	of	anionic	ROP	of	CHU	with	I1	as	the	co-initiator.	



 

	
Mechanistic	 studies.	 The	 preactivation	 pathway	 de-

picted	in	Figure	5	explains	the	observed	reactivity	for	the	n-
BuLi/I1	system.	The	initiation	process	involves	an	intermo-
lecular	 transurethanization	 (i.e.,	 disproportionation)	 be-
tween	the	co-initiator	 I1	and	the	urethane	anion.24	Acyla-
tion	 of	 the	 urethane	 nitrogen	 increases	 the	 electron	 defi-
ciency	of	the	urethane	linkage,	and	this	increases	the	reac-
tivity	of	the	ring	urethane	carbonyl	toward	nucleophilic	at-
tack	by	the	urethane	anion.	The	obtained	amido	anion	is	im-
mediately	neutralized	by	a	monomer	proton	to	regenerate	
the	 urethane	 anion	 (or	 polymer	 urethane	 anion)	 and	 to	
form	an	amidoacylurethane	derivative.	Evidence	of	this	ini-
tiation	 mechanism	 was	 confirmed	 by	 MALDI-TOF	 mass	
spectrometry	analysis	that	consistently	showed	a	distribu-
tion	of	peaks	corresponding	to	polymer	chains	terminated	
by	the	expected	end-groups	(Figure	6).	Finally,	the	resulting	
N-acylated	terminal	urethane	center	can	react	with	a	mon-
omer	anion	to	give	a	new	anionic	oligomeric	species.	The	
propagation	 consists	 in	 successive	 reactions	 of	monomer	
anions	and	N-acylated	center	at	the	polymer	chain	end.		
In	order	to	verify	the	mechanistic	pathway,	online	ATR-IR	

spectroscopy	was	used	to	study	the	 formation	of	PU	with	
the	 n-BuLi/I1	 system.	 Rates	 of	 polymerization	 of	 CHU	 at	
0	°C	in	THF	solution	were	monitored	by	in	situ	IR	spectros-
copy	using	a	ReactIR	instrument	fitted	with	an	immersible	
diamond	probe.	The	reaction	progress	was	monitored	every	
minute	for	16	h.	We	first	monitored	a	1/1/1	(monomer,	in-
itiator,	 co-initiator)	 reaction.	 A	 representative	 stack	 plot	
showing	 the	 change	 in	 IR	 spectra	with	CHU	 conversion	 is	
shown	in	Figure	7.	The	rate	of	formation	of	a	new	urethane	
species	(1723	cm-1,	1642	cm-1)	rapidly	increases	during	the	
first	 2	min.	 This	 fits	 well	with	 the	 concentration	 of	 CHU	
(1776	cm-1,	C=O	group	1),	which	decreases	over	the	same	
time	 until	 it	 is	 fully	 consumed	 (Figure	 S18).	We	also	 ob-
served	that	the	C=O	groups	2	and	3	 (1798	cm-1	and	1690	
cm-1	 respectively)	 from	the	 co-initiator	disappeared	 com-
pletely	after	16	h	(Figures	7b,	c).	In	addition,	by	comparing	
the	spectra	of	monomer,	co-initiator	and	the	crude	product	
after	in	situ	IR	experiment	(Figure	7c),	we	clearly	observed	
the	disappearance	of	co-initiator	signals	in	the	crude	prod-
uct	and	appearance	of	signals	attributed	to	the	PU	oligomers.	
By	comparing	the	13C	NMR	spectra	of	monomer,	co-initiator	
and	the	crude	product,	we	could	see	the	appearance	of	new	
carbonyl	signals	(Figure	S14)	attributed	to	the	PU	oligomers.	
	

	
Figure	6.	MALDI-TOF	mass	 spectrometry	of	 PU	 (Table	1,	
Entry	 1).	 The	molecular	weight	 of	 the	 repeating	unit	 corre-
sponds	to	167.1	Da.	

	

	
Figure	7.	In	situ	IR	experiments	of	the	anionic	ROP	mecha-
nism.	 (a)	Model	reaction	equation	with	the	molar	ratio	of	
monomer,	initiator	and	co-initiator	being	1/1/1.	(b)	In	situ	
IR	spectra	of	the	reaction	mixture	from	0-16	h.	(c)	IR	spectra	
of	monomer,	co-initiator	and	the	crude	product.		
	
Using	the	ATR-IR	method,	we	studied	the	variation	of	the	

monomer	concentration	during	the	polymerization	process.	
As	already	reported,25	the	absorbance	intensity	of	the	char-
acteristic	peaks	in	IR	spectrum	is	closely	related	to	the	con-
centrations	 of	 both	 reagents	 and	 products.26,27	 Therefore,	
we	were	able	to	obtain	the	real-time	concentration	values	
by	knowing	the	real-time	absorbance	intensities	of	the	car-
bonyl	group	attributed	to	CHU	(1776	cm-1	in	the	in	situ	IR	
spectra)	and	the	initial	monomer	concentration.	To	this	end,	
we	carried	out	one	polymerization	experiment	with	the	mo-
lar	ratio	of	monomer,	initiator	and	co-initiator	being	30/1/1 
monitored	by	 in	 situ	 IR	(Figure	S19).	For	 this	polymeriza-
tion,	we	found	that	the	monomer	concentration	decreased	
linearly	with	time	(i.e.,	first-order	kinetics).	In	addition,	we	
were	able	to	determine	that	the	apparent	ROP	rate	constant	
(kapp)	 of	 this	 30/1/1	 reaction	 was	 3.5·10-3	 min-1	 (Figure	
S19b).	



 

	
Conclusions	
The	ROP	described	here	enables	direct	access	to	polyure-

thanes	in	mild	conditions.	This	new	method	is	operationally	
facile	and	provides	a	distinct	advance	towards	the	develop-
ment	of	an	atom-economical	approach	 for	 isocyanate-free	
synthesis	of	PUs.	A	series	of	PUs	with	different	molecular	
weights	were	synthesized	by	changing	the	reaction	condi-
tions.	We	have	shown,	with	the	help	of	mechanistic	studies	
that	the	origin	of	the	polymerization	activity	of	our	system	
in	 carbamate	 ROP	 is	 very	 likely	 to	 be	 caused	 by	 the	 for-
mation	of	highly	active	anionic	species.	Efforts	directed	at	
the	study	of	the	physical	properties	of	these	new	aliphatic	
PUs	are	ongoing	in	our	laboratories.		
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