POLYCARBONATE POLYOL COMPOSITIONS AND METHODS Priority Claim This application
claims priority to United States Provisional Patent Application Serial No. 61/095,178, filed September
8, 2008, the entire contents of which are 5incorporated herein by reference. Background Aliphatic
polycarbonates (APCs) have utility as polyol building blocks for the construction of co-polymers such
as flexible urethane foams, urethane coatings, rigid urethane foams, urethane/urea elastomers and
plastics, adhesives, polymeric coatings and 10 surfactants among others. Examples of such APCs
include poly(propylene carbonate) (PPC); poly(ethylene carbonate) (PEC); poly(butylene carbonate)

(PBC); and poly(cyc ) Ww I f two or more of these.

To have utility in thesll%3 g@%@ﬁaﬁg S(ré erable tha a@él)‘il&%n %ﬁ@%ﬁ RRain ends
terminate with hydroxyl groups. Such hydroxyl groups serve as reactive 15moieties for cross-linking
reactions or act as sites on which other blockd’ E)‘Pé“ébcﬂél?mer can be constructed. It is problematic if
a portion of the chain ends on the APC are not hydroxy groups since this results in incomplete
cross-linking or terrfiimatipplivhtive bloieks popdlyretindy sicat spesifieatiorfenaliphatiapelycarbonate
polyol resins I| m]D Wgst %W 0.0r in some es greater than 99% of
chain ends 25%%%515@%%%@ grou%cIe n adg TR TSRS ﬁ%a YRFEA call for relatively
low moletula¢rErgiiiefderaarsyestrpriymers having average molecular weight numbers (Mn)
between about 500 and about 15,000 Wmol). It is also desirable that the polyols have a narrowly
defined molecular weight distribution---for exargaléeaqglidispersity index less than about 2 is
desirable, but much narrower distributions (i.e. PDI <1.2) can be 25advantageous. Furthermore, for

certain applications, iyl ROINGAIBINRLE BARRILI Ol a5 polyol building blocks for the

construction of co-polymers such as flexible urethane foams, urethane coatings, rigid

urethane foams, urethane/urea clastomers and plastics, adhesives, polymeric coatings and
10 surfactants among others. Examples of such APCs include poly(propylene carbonate)
(PPC); poly(ethylene carbonate) (PEC); poly(butylene carbonate) (PBC); and

poly(cyclohexene carbonate) (PCHC) as well as copolymers of two or more of these.

To have utility in these applications, it is preferable that all polycarbonate polymer

chain ends terminate with hydroxyl groups. Such hydroxyl groups serve as reactive

15  moieties for cross-linking reactions or act as sites on which other blocks of a co-polymer
can be constructed. It is problematic if a portion of the chain ends on the APC are not
hydroxy groups since this results in incomplete cross-linking or termination of the block
copolymer. A typical specification for aliphatic polycarbonate polyol resins for use in
such applications is that at least 98% or in some cases greater than 99% of chain ends

20 terminate in hydroxy! groups. In addition, these applications typically call for relatively.
low molecular weight oligomers (e.g. polymers having average molecular weight numbers
(Mx) between about 500 and about 15,000 g/mol). It is also desirable that the polyols have
a narrowly defined molecutar weight distribution—-for example, a polydispersity index
less than about 2 is desirable, but much narrower distributions (i.e. PDI <12} can be

25 advantageous. Furthermore, for certain applications, polyol polycarbonates having little or

no contamination with ether linkages are desirable.



no contamination with ether linkages are desirable. Aliphatic polycarbonates can be conveniently
synthesized by copolymerization of carbon dioxide and epoxides as shown in Scheme 1. SCHEME 1
5Currently, there are several catalytic systems utilized for such syntheses, namely: heterogeneous
catalyst systems based on zinc or aluminum salts; double metal cyanide (DMC) catalysts; and
homogenous catalysts based on coordination complexes of transitio metals or aluminum. The catalytic
systems using heterogeneous zinc or aluminum salts are typified by 10those first described by Inoue
in the 1960s (for examgle in US Pat. Nos. 3,900,424 and 3,953,383. Further improvements to these

catalysts have beef iREME GobrogsBopaisscbbesampreaddeathitsigdbycorelareiratiniCiem.

Macromot ChaabnRiedd 948 cfokid i d dhodlh andfatreki, et al. J. Polym. Sc!. Pan C 1985, 23, pp.

299 - 304). Nonetheless, these catalyst systems are generally not suitable for producing polyol resins
with the low 15 molecular weights and narrow poékldispersity demanded by many applications. The
I%%

catalysts are of relatively low a@&yity_@n&raodu@ EH% folecyllar \@e{’ olymer with broad

polydispersity. Additionally, the po?lycar tes produced by theke catalgst e a significant
proportion of ether linkages in the chain which can be undesirable in certain applications. 20A second
class of catalysts for the polymerization of epoxides and CO2 are the double metal cyanide (DMC)
catalysts Such catalysts are exemplified by those #€p@E®RERy 1Cruper and Smart in US Patent No.
4,500,704. Compared to the Inoue-type catalysts, the DMC systems are better suited to the foimation

of low mblecular wEigREEbly hRFENF Yrgheral dis eabmmhahce dfarasrisswathassaimtend groups.

Howeyelr, tﬁﬁé@r@%&@%&é‘a &%W@@%@rﬁ?ﬁ%@&?ﬁé@% ﬁ@ﬂﬂ%{%@%}%ﬁfﬁhﬁ% @9@3@3 and trf]‘e )
materials t eé&@ uce are moye properly regarded. as polycar onate-po yet er COPO ymers rather than
(LS ﬁ%@[iﬂéﬂ

as aliphatic Fg ogenous catalysts based on coordination complexes of transition

metals or aluminum,

The catalytic systems using heterogeneous zinc or aluminum salts are typified by

10 those first described by Inoue in the 1960s (for example in US Pat. Nos. 3,900,424 and
3,953,383, Further improvements to these catalysts have been made over the years (for
example as described in W. Kuran, et al. Chem. Macromol. Chem. Phys, 1976, 177, pp 11
~ 20 and Gorecki, et al. J. Polym. Sci. Part C 1985, 23, Pp. 299 - 304). Nonetheless, these
catalyst systems are generally not sujtable for producing polyol resins with the low

15 molecular weights and narrow polydispersity demanded by many application;s. The
catalysts are of relatively low activity and produce high molecular weight polymer with
broad pelydispersity. Additionally, the polycarbonates produced by these catalysts have a
significant proportion of ether linkages in the chain which can be undesirable in certain

applications.

20 A second class of catalysts for the polymerization of epoxides and CO; are the
double metal cyanide (DMC) catalysts. Such catalysts are exemplified by those reported
by Kruper and Smart in US Patent No. 4,500,704, Compared to the Inoue-type catalysts,
the DMC systems are better suited to the formation of low molecular weight polymers and
produce a predominance of chains with kydroxyl end groups. However, these catalysts

25 produce polymers having a high proportion of ether linkages and the materials they
produce are more properly regarded as polycarbonate-polyether copolymers rather than as

aliphatic polycarbonates per se.



A more recently developed class of catalysts is based on coordination complexes of aluminum or a
variety of transition metals, particularly complexes of cobalt, chromium and manganese. Examples of
such catalysts are disclosed in US Patent Nos. 6,870,004 and 7,304,172. In some cases these
catalytic systems are highly active and are capable of 5 providing aliphatic polycarbonate with narrow
polydispersity, a high percentage of carbonate linkages and good regioselectivity (e.g. high head-to-tail
ratios for incorporation of monosubstituted epoxides). However, at high conversions under standard
conditions, these catalysts produce high molecular weight polymers that are not suitable for many
polyol applications ANBefitisieamly sirdoprssdasy sierntslisil as tetber noprdintidn congdyrthesize
polycarbonage nehvmlishavingacRIBT PeiceRtAeek NYSHRNLENEHIARS of coblR BrkRf Rydroxy!

end-groups is due to the fact that anion(s) associated with the metal center of the catalyst complex

become covaITTRFSIRIE fo #2050 Ohsir L rRtrbatiing dhitiatshio M soRRar BaniA-8TBRRA a1is is true
also of aniong3ggsoviatadaonitcasty opboBallyHraseniraalionicg-satalyms ueadjabese reactions.
Without wishing ta be 15bound by theory or.thereby limit the scope of the present inyention, the
sequen§g sl%cv%ﬁd?ﬁk gsaél}%ﬁnlé: E?Ié{g%ﬂ%?é‘ %ep%%arbafgoéé’&l%égsggﬁﬁgh%%‘ é’ﬁﬁ?ﬁ‘%ﬁf’%e anions
(denoted -Xyradsoeialedagithaivbgrathtysiocolmpley(depdiadl peddcarbdnatirchiaitcheoamercovalently
inked o the ojigign ASGHEMER) 1l SOWNRIons X rplcallyused ot fsg catalysts include
halides, sulfonates, phenolates, carboxylates an azide. Because poFymerlzatlon IS Mitiated when one

of these aniBfscEpEhsaneposidéchngsndantishé achpetyther ahaist gthbhitiationsnd) is
necessarily canRednith.aRoNshufrlyRisty sueh dsadalpgenanalkyisulionate. a phenylether, an
acyl group, or an azide, respectively.
10" synthesize polycarbonate poiyols having a high percentage of hydroxyl end-groups.
The lack of hydroxyl end-groups is due to the fact that anjon(s) associated with the
metal center of the catalyst complex become covalently bound to the polymer chain during
initiation of polymer chain growth. This is frue also of anions associated with any
optionally present cationic co-catalysts used in these reactions. Without wishing to be
15  bound by theory or thereby limit the scope of the present invention, the sequence shown in

Scheme 2, depicts a probable reaction sequence showing why the anions {denoted —X)

associated with the catalyst complex (denoted ) become covalently linked to the

polycarbonate chain.
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20 SCHEME 2

The counterions X typically used for these catalysts include halides, sulfonates,

phenolates, carboxylates and azide. Because polymerization is initiated when one of these



The other factor disfavoring the use of these catalytic systems to produce polyol 5resins is the fact that
they produce high molecular weight polymer when taken to high conversions. Typical molecular
weights are in the range of 20,000 to 400,000 g/molvalues well above the molecular weight range
desired for most polyol resin applications. Potential strategies to produce lower molecular weight
materials include: stopping the polymerization at low conversion; using high catalyst concentrations;
degrading the high 10 molecular weight polymer to shorter chains, or using chain transfer agents
(CTAs) such as alcohols during the polymerization. Stopping the reaction at low conversion or

increasing tH8 At AR B RSKE TS B TS FAPIP IS Eodp B SRIGRAR8F8 A8 added difficulties

in purificationcoesasionreshby Wh incoadsaiicghewiitatiothokeialystar iy kamtamiants in the crude
polymer. Dec rade}ti%n of higher molecular w?ight ol¥m?rs to produce low 15molecular weight resins
the aj ective

leads to incréased porydisperdty: xdd< adaitens

o8l sfceps t0 the production process, and leads to
contamination with.cyclic by-products. Chain transfer agents can be successfully employed to lower

the molecular weightsoftise iseRmdistavionaattbesishmi chercintid sise Syreost erisoditepriplxibn. However,
this strategyrdoes: Dtaliaviaiedbe peobierniah RN hYAIRXYLENHBrRIPS AIRCRIRR MG Chains initiated

by chain transfer 20agent will_still have one end capped with a non-h droff&)l moiety (I.e. an ether
correspondif§HE RS dSREL Ritesu! tha eigiiy are ingledgppe el DM edRircatalysts and
methods thataieseapbiievelieffinigailiprodigbingngolyearbpratanelysisohaadngpriagbgangonate content.
Summary of the Invention.25In one aspect, the present disclosure encompasses polymerization
systems for ﬁée%%%{gf{/%e leséEﬂé)ﬁogfl &Bg Vand 8%?8%%%@%%%&%?@%%%&%@#& “including a
metal coordipaiomrcampoinaksheving sqee usiapéighliganigssebardadtioast duaenligaritethizhis a
polymerizatign init In.fransf ent having two or rpore site t can jnitiate
polymZgatigﬁ.ggﬁﬁﬁm%%ﬁ&%ﬁn%eﬁ%%?ﬂag%gsﬁ }iﬁgitr\{?é&amﬁ%@?ﬁ%nczrg 8#?3%%%5 ﬁ%%ht%o or more
sites capablélethipltiduregpohpabriairiioniStoppiag dhelsadsdn 3 dyc arbsertenpoloisasity an
extremely high praRRIIORRRHARLANCAARGCRIANEPRIdime NS ntng shalR{'aRs(gkagent and the

ligand that is a pqltymerization‘initiator are the same molecule (or 5ionic Ruins of the same molecule).
i purification occasioned by the increased concentration of catalyst-derived contaminants

in the crude polymer. Degradation of higher moiecular weight polymers to produce low
15  molecular weight resins leads to increased polydispersity, adds additional steps to the
production process, and leads to contamination with cyclic by-products. Chain transfer
agents can be successfully employed to lower the molecular weight of the polymer without
a significant increase in cost or contamination. However, this strategy does not alleviate
the problem of non-hydroxy! end groups since polymer chains initiated by chain transfer
20 agent will still have one end capped with a non-hydroxyl moiety (i.e. an ether

corresponding to the alcohol used as the CTA).

As such, there remains a need for catalysts and methods that are capable of

efficiently producing polycarbonate polyols having high carbonate content.
Summary of _th-é’ Iﬁv’enﬁon '

25 In one aspect, the present disclosure encompasses polymerization systems for the
copolymerization of CO; and epoxides comprising 1) a metal complex including a metal
coordination compound having a permanent ligand set and at least one ligand that is a
polyrnerization initiator, and 2) a chain transfer agent having two or more sites that can

initiate polymerization.



In certain embodiments, a polymerization system further includes a co-catalyst. In some embodiments,
the co-catalyst is a cationic organic molecule. In certain embodiments, an anion present to balance the
charge of a cationic co-catalyst is also a polymerization initiator having two or more sites that can
initiate polymerization. In 10certain embodiments, the ligand that is a polymerization initiator, and the
counterion of the co-catalyst are the same molecule. In certain embodiments, the chain transfer agent,
the ligand that is a polymerization initiator, and an anion associated with a co-catalyst are the same
molecule (or ionic forms of the same molecule). In some embodiments, the present disclosure

encompasses mettBISTE LR HinA Lig2Bf Sl iS4 BORAIS NS Hakerhas drbermegnts, a method
includes the steps:piblt)gfraitding poisasivatnixtute Jaekiding:anapdRRRHRRAXIESARd at least one

chain transfer.agent havin or more sit abée of initiating polymerization, 2) contacting the
reaction mixtur ?eg %tﬁxaevﬁfﬁ’g{\{r%e% BB é’?(SE%%rgﬁrﬁ g ‘?%Z‘laﬂ%&ﬂ’raﬁﬁg‘féﬁ“@g% Raving a
permanent ligassdes egenidmsl fembtoniatigand thiatisrzgdiyivatizatiare 2Qinittaéanciedid)@llowing the
cingth of time sufficient for the average molecular weight of

polymer'szati?&h{m%&%&)%r&%d@%?&a% !

the polycarbonate p med to reach’a desired value. In some embodiments the method further
includes contacting the reaction mixture with a co-catalyst. In some embodiments, the present

disclosure encompHsSEEHSRRAHEIER pERIBMSERaRBouTem ebrnienderirrtRaepslyFer chains

have a high gercentagénétiens graulps: ankloadiigh prrasptagreficabaepate linkages. Such
compositions aggafyrterrll?r characterized in E@E&‘?Ol meglchain contain within them a_polyfimetional

* moiety linked0 & PIUTaITty of INavIGUAY pORE AP EH S & RS 4 RRESRSiA ARG S Foolycarbonate
polyol comppslfiorsizatefunthetotiardotarizas mohasitagthate ar imosecgblhefaliewdadinfeatures: a
carbon%e-to-&]tgﬁréi%%% o] 0;1, a head-to-tail ratio of at least 5:1, or a pplydispersity
index of Iesscthan 2.1n certéﬁ#’g%bﬁ m%ﬁi%sl% l%qgrglseﬁlezggog ﬁ%fiﬁé?%‘éﬁr%%o%?ﬂ%tﬁ% ?Lﬁfﬁt\({ecr
characterizegPifatiahishapotheemsonedsasle bludatiin shpolimentshdincdyie s differentiatetidy the

presence of giffgrant noly functionalRpalmesizatianniiniers Sahegdes wWithinfechaim o by
differences in the end-groups
same molecule (or ionic forms of the same molecule).

In some embodiments, the present disclosure encompasses methods for the

I3 synthesis of polycarbonate polyols. In some embodiments, 2 method includes the steps of:
1) providing a reaction mixture including one or more epoxides and at least one chain
transfer agent having two or more sites capable of initiating polymerization, 2) contacting |
the reaction mixture with a with a metal complex comprising a metal coordination
compound having a permanent ligand set and at least one ligand that is a polymerization

20 initiator, and 3) allowing the polymerization reaction to proceed for-a length of time
sufficient for the average molecular weight of the polycarbonate polyol formed to reach a
desired value. In some embodiments the method further includes contacting the reaction

mixture with a co-catalyst.

In some embodiments, the present disclosure encompasses polycarbonate polyol
25  compositions characterized in that polymer chains have a high percentage of ~OH end
gﬁroups and a high percentage of carbonate linkéges. Such compositions are further
characterized in that polymer chains contain within them a polyfunctional moiety linked to
a plurality of individual polycarbonate chains. In certain embodiments, polycarbonate

polyol compositions are further characterized by having one or more of the following



present on the polymer chains. In certain embodiments, polycarbonate polyol compositions of the
present disclosure are further characterized in that they contain a mixture of two or more chain types,
wherein the chain different chain types are differentiated from one another by 10 differences in the
identity of the embedded polyfunctional polymerization initiators, the absence of embedded
polyfunctional polymerization initiators, or the presence of non-hydroxyl end groups on certain chains.
Definitions Definitions of specific functional groups and chemical terms are described in more 15detail
below. For purposes of this invention, the chemical elements are identified in accordance with the

Periodic Tabl& 0 e EERRHtE I HRey Rknsis TRiiRbRidrast thbmisig-tmiribryisief aviesed., inside

cover, and speLific fpadtinargrouis-aseeenanlly detinedrasndrcribed sharrin,fdditionally, general
principles of or nal moieties and reactivity, are described in

anic chemistry, as.well as specific functjo
Organic Che%?%?%?ﬁ%%s]riﬁg’% ggwgﬁr 8"%@%&&’8&%@@?@?&%?& Alg5ditsAfith and March
March's Advanied:Origaniy Shdifftstntdth Editio predehee \Miliff&-onsyfaceridlesv York, 2001; Larock,
CompreRens] E‘J%Tﬁ g{o mations, VCH Publishers, Inc., New York, 1989; Carruthers, Some
Modern Metﬁégggég%rg}"a%l{c %yﬂ{%@%@é{ ggl %r"%lh %gn%]l:rﬁiaglgy hiversity Prets“Eatitiftige, 1987,
the entire coRtesi endeepodifghiditiase incorporated 25herein by reference. Certain compounds of the
present invention can comprise one or more asymmetric centers, and thus can exist in various

sterecisomeric forms,cesginQAVINMALS, pIAFKHasIS RAFELSMPBMEcVENH¥S, cempounds and
compositions Ih?reof ma ' e form o arégglgigidual enantiomer, diastereomer or geometric

| y. be in
isomer, or m%lf/’ao S‘llrlietﬁréjﬁﬂg?%rfc RIS OFSOPRBTR A BB OL SRR FSFR SR compounds
of the inventigneasevbaaintibputainciffpeuindsan seriainotieenmbrdimanieambdies,9f enantiomers or

diasterqgmeg_& re R viﬁi& .Furthermore erfjI in,compounds, .as described herein may have one or
more double S%Engée%at c%ahdeé%(tl1 %@%?tﬁ%r? ge% %?[%?flélg%oé]rg?z@ﬂ SLETHAMPR SEH0R%. The
invention  absence of embedded polyfunctional polymerization initiators, or the presence of non-

hydroxyl end groups on certain chains.
Definitions

Definitions of specific functional groups and chemical terms are described in more |

15 detail below. For purposes of this invention, the chemical elements are identified in
accordance with the Perjodic Table of the Elements, CAS versior, Handbook of
Chemistry and Physics, 75" Ed., inside cover, and specific functional groups are generally
defined as described therein. Additionally, gencral principles of organic chemistry, as
well as specific functional moieties and reactivity, are described in Organic Chemistry,

20 Thomas Sorrell, University Science Books, Sausalito, 1999; Smith and March March’s
Advanced Organic Chemistry, 5t Edition, John Wiley & Sons, Inc., New York, 2001;
Larock, Comprehensﬁve Organic Transformations, VCH Publishers, Inc., New York,
1989; Carruthers, Some Modern Methods of Organic Synthesis, 3* Edition, Cambridge
Untversity Press, Cambridge, 1987; the entire contents of each of which are mcorporated

25  herein by reference.

Certain compounds of the present invention can comprise one or more asymmetric
centers, and thus can exist in various stereoisomeric forms, e.g., enantiomers and/or
diastereomers. Thus, inventive compounds and compositions thereof may be in the form

of an individual enantiomer, diastereomer or geometric isomer, or may be in the form of a

6



additionally encompasses the compounds as individual isomers substantially free of other isomers and
alternatively, as mixtures of various isomers, e.g., racemic mixtures of enantiomers. In addition to the
above-mentioned compounds per se, this invention also encompasses compositions comprising one
or more compounds. 10As used herein, the term "isomers" includes any and all geometric isomers and
stereoisomers. For example, "isomers" include cis- and trans-isomers, E- and Z-isomers, R- and
S--enantiomers, diastereomers, (D)-isomers, (0-isomers, racemic mixtures thereof, and other mixtures
thereof, as falling within the scope of the invention. For instance, a stereoisomer may, in some

embodimentE B 5 IR\TtFEP LOBETnta ik SROCSTmETSY, thsrovpruiiadisgsterteissmers, and may

also be refereashtivparésigrpochémicalbrenrishedmbieRaaticulas smantiomerispreferred, it may,

in some emb(ﬁggw%gtsepsea erO}_/ci)de ubstantially free of the opposite enantiomer, and may also be
referred to as opflcéﬂy &firicned ptically enriched," as used herein, means that the compound is

20 made up of a significantly greater proportion of one enantiomer. In certain embodiments the
compound is madeUpsTaCIEact D e mDoRIs e e abed hreatéaredydrantiomer mnrotheble

embodimentsdits aurRAuAkisIeRAs e of Sashaboni A n a3t HALILVHEIDLAIG Preferred
(0]

enantiomer. Preferred enantiomers may be isolated from racemic mixtures by any me nown to
those skilledPFREAIY FORRIMGSER RS JAER Predsst @ Suntnal s Ao RS IPE ol the

formation andwenysiakizationafehirak sakaaspepaiet Boasynmelicsythesesos€, for example,
[ iley Interscience, New York, 1981);

Jacques, et g.|. énl%réantiorrh({:'rsd le%acengte and_Resqut%ils étw

Wilen, S.H., et af. Tetranedfsn 3397 %ﬁ"f?ﬁ{%ﬁ'@? cogypeutthah P BrESTBER &l¥mpounds
(McGraw-Hiknbbhh86R2 j;otvilesitiGnkicobapien @ bResotuing dgenismand Optical Resolutions p. 268 (E.L.
Elie, Ed., Univ. of Notre Dame Press, Notre Dame, IN 1972). The terms "halo" and "halogen" as

used hegein refer to\ansatoRe-slaged oA Harne dHeL0. ) GNarREEhlarg, »6b: d&{@mine (bromo,
-Br), and iodine (iodo, -1). 5The term "aliphatic” or "aliphatic group", as used herein, denotes a
hydrocarb orptereosomers. For example, “isomers” include cis— and frans—isomers, E— and 7

isomers, R— and S--enantiomers, diastereomers, (D)-isomers, (L)}-isomers, racemic

mixtures thereof, and other mixtures thereof, as falling within the scope of the invention.

For instance, a stereoisomer may, in some embodiments, be provided substantially free of
I5  one or more corresponding stereoisomers, and may also be referred to as

“stereochemically enriched.”

Where a particular enantiomer is preferred, it may, in some embodiments be
provided substantially free of the opposite cnantiomer, and may also be referred to as
“optically enriched.” “Optically enriched,” as used herein, means that the compound is

20 made up of a significantly greater proportion of one enantiomer. Tn certain embodiments
the compound is made up of at least about 90% by weight of a preferred enantiomer. In
other embodiments the compound is made up of at least about 95%, 98%, or 99% by
weight of a preferred enantiomer. Preferred enantiomers may be isolated from racemic
mixtures by any method known to those skilled in the art, including chiral high pressure

25 Hquid chromatography (HPLC) and the formation and crystallization of chiral salts ot
prepared by asymmetric syntheses. Sée, for example, Jacques, et al., Enantiomers,
Racemates and Resolutions (Wiley Interscience, New York, 1981); Wilen, S.H., et al,
Tetrahedron 33:2725 (1977); Eliel, E.L. Stereochemistry of Carbon Compounds



moiety that may be straight-chain (i.e., unbranched), branched, or cyclic (including fused, bridging, and
spiro-fused polycyclic) and may be completely saturated or may contain one or more units of
unsaturation, but which is not aromatic. Unless otherwise specified, aliphatic groups contain 1-30
carbon atoms. In certain embodiments, aliphatic groups 10 contain 1-12 carbon atoms. In certain
embodiments, aliphatic groups contain 1-8 carbon atoms. In certain embodiments, aliphatic groups
contain 1-6 carbon atoms. In some embodiments, aliphatic groups contain 1-5 carbon atoms, in some
embodimentésma' hatig%ﬂ;goups contain 1-4 carbon atoms, in yet other embodiments aliphatic groups

contain 1-3 CAIBEH %St Mhaliftgdt Bifidr eriibbaihs Atd aiphsci§rata e sEid!s or 2 carbon atoms.

15 Suitable diphiatiorgrp yes iU dUEAI@TAGL BiieRdDalineRf B, Diansnechalkyh @ikgnyl, and
allcynyl groups, and hybrids thereof such as (cycloalkyDalkyl, (cycloalkenyDaticyl or

(cycloaliyalkenyl.ry. Jhg et peatuiaiedh-as sk eleiR.ipeas 413k moty as one or more

double or triple bonds. 20The tells "cycloaliphatic”, "carbocycle”, or "carbocyclic”, used alone or as part

of a larger meHeEPeETPHR afatiHarsy Gihirriafly) ubisstinadeosyelidBaliphdtiednotiodgcti®or polycyclic
ring systems, as described herein, having from 3 to 12 members, wherein the aliphatic ring system is
optionalfy substitutéteasraefnptabove wpiescribes’haraird Gyepaliphats growRsdAgiyde, without

limitation, cyclopropyl, cyclobutyl, cyclopentyt, 25cycl tenyl, cyclohexyl, cyclohexenyl, cycloheptyl,
cyclohepte n;ﬁL &08&%%%@% cgyec %ﬁ%ﬁﬁ %%?B%‘f‘r}l)% Paéaér{?%%a%f%ﬂfy%&g i)?&g(,)%{&m 18 Wde
embodimente dgmgyaid ahioyHhers 8p lpaybbnisiiiheate bnsotoyiehipttatittd ‘warheeypalainasicarbocyclic”
also include BRI VAP JHalk i (ie8e 9:0e LIPS ARG pAnAIaMalic dngs. such as

decahydronaphthyl or tetrahydronaphthyl, where the ra or point 0 ISon the aliphatic

ring. In certaAHRBASCANRS RSNIHE MiPR carben @tamesmbe retiaiaoydimtnisteléptatic 8raup8-membered
saturategl ordaafaialIwmmatﬁafﬁgon@%ﬁﬂﬁlwp&ﬁmﬁﬁQﬂgﬁat&egéms%mm@&%rﬁﬁﬁ teims "3- to
“me

14-membered carbocycle' and "C3-14 carbocycle" refer to a 3- to mbered saturated or partially

unsaturated F8Ho AR BLBERGERC Hing iBhatie 2teups oAb dréradei atetor Barsadly unsaturated

polycyclic c&ninbc&‘i@iaxtb;gii;blhaiﬁf@'tmpmbﬁdimM&aﬂb@d@f@&:ﬁ%&@%ﬂ%ﬁl@ﬁt@%&éﬁ@ 3- 10 8-
membered saturated ?rhp?ﬂall unsaturated mo%%%yclic carbocyclic ring, or a 7- to 20- membered

saturated orSArRAMy THE At Ata0 PoR IR ¢5H BB SRRAeHT TS ARRS BIUPHETEER hetein, refers to
saturated, straight-atmiyandhe gahein kRhiydiocatbahipadicateoderivekiionen Aliphasicmoiety
Containligg b§£‘{¥8§@ a%}ﬁa%ﬂdg&iﬁps include, but are not limited to, linear or branched, .alkyl, alkenyl,
and alkynyl groups, and hybrids thereof such as (cycloalkyl)alkyl, (cycioalkenyl)alkyl or
{cycloalkylalkenyl.

The term "unsaturated”, as used herein, means that a moiety has one or more

double or triple bonds.

b I

20 The terms “cycloaliphatic”, “carbocycle”, or “carbocyclic”, used alone or as part of
a larger moiety, refer to a saturated or partially unsaturated cyclic aliphatic monocyelic or
polycyclic ring systems, as described herein, having from 3 to 12 members, wherein the
ahiphatic ring system is optionally substituted as defined above and described herein.
Cycloaliphatic groups include, without limitation, cyclopropyl, cyclobutyl, cyclopentyl,

25  cyclopentenyl, cyclohexyl, cyciohexenyl, cycloheptyl, cycloheptenyl, cyclooctyl,
cyclooctenyl, norbornyl, adamantyl, and cYclooctadienyl. In some embodiments, the
cycloalkyl has 36 carbons. The terms “cy.cloaliphatic”, “carbocycle” or “carbocyclic”
also include aliphatic rings that are fused to one or more aromatic or nonaroratic rings,

such as decahydronaphthyl or tetrahydronaphthyl, where the radical or point of attachment

8



carbon atoms by removal of a single hydrogen atom. Unless otherwise specified, alkyl groups contain
1-12 carbon atoms. In certain embodiments, alkyl groups contain 1-8 carbon atoms. In certain
embodiments, alkyl groups contain 1-6 carbon atoms. In some embodiments, alkyl groups contain 1-5
carbon atoms, in some embodiments, alkyl _groups 15contain 1-4 carbon atoms, in yet other
embodiments alkyl groups contain 1-3 carbon atoms, and in yet other embodiments alkyl groups
contain 1-2 carbon atoms. Examples of alkyl radicals include, but are not limited to, methyl, ethyl,

n-propyl, isopropyl, n-butyl, iso-butyl, sec-butyl,.sec-pentyl, iso-pentyl, tert-butyl, n-pentyt, neopentyl,
ey, sech ORISR TBo AT R MR SOHEE R OTIREAG BT alkenyl.” as
used hereinrdendtesia mbnoualentdsaupdd i pdrfraly enstraghdd onboapdiedsdoairlidiphatic moiety
having at least onge ¢ - n.doupl dby.the,r f a single hydrogen atom. Unless
otherwise s%?&?ig%,cea%ﬁ%gr%ﬁér%%& %b%é%%%%l; ctér %r%l g]f%}éﬁgi?%ir‘?aée?t i(rﬁieer% Cgéi%frﬁlégnts, allcenyl
groups contgibecgctarbuer &cnds Mrbdestahsrefrisbuiisd s paikethy hgselupsasoneaprgcBecarbon atoms.
In 25 some embpJiments, 3ikenviPreups AL L Cah AR i GAME FiTpodiments, alkenyl

groups contain 2-4 carbon atoms, in yet other embodiments alkenyl groups contain 2-3 carbon atoms,

and in yet offErasHbE difte s SR IROlpS Mo tsifeat aftion HERTT ClkIKERE dedubseritiude, for
example, ethemerRipRemtebuienylialymativirebuisRobybiRnd MR YR ring, of RE-teyny_allcynyl,” as

used herein, ref rzég a mongvalent %Jloup derive frim a straight- or branched-chain aliphatic moiety

having at le&SBHEEBEHED AT TSR BI %%%F%gpﬁcgﬁ@@%drogen atom. Unless

otherwise specified, alkynyl groups contain 2-12 carbon atoms. In certain embodiments, allcynyl
groups contain 2-8tbarison rdkohisad msedhaipiamiiodinepsratdRy stydightupsheemtaid-2MBisarbon atoms.

In somprempogimenis: Allua arsvRerre iR AR AEOR S ainRs N somE ERbRUmeRts. allcyny!

groups contain 2-4 carbon atoms, in yet other embodiments allcynyl groups contain 2-3 carbon atoms,

and in yet o fEPBRBEMMEIRR AR YRy eBrenieBarkBlesoh v srssEndieralkynyl groups
include, but axgpotdimited-tor etyykarRrapyerE0RIeRaraM s LRI RYGHs aRd b ike.  The term

"aryl" used alone or as part of a larger moiety as in "arallcyl", "aralkoxy", or "aryloxyalkyl", refers to

monocyclic SISl %tﬁ%ﬁ\?@?&‘%?ﬁ@%@ﬁﬁﬁ%‘ &8I at least one

ring in the sysibodiiacatamikyc godpyberain eatbaring indhs, Jusiam eoialisdispalitol etys ring
memb?rbs.' TQ@en ae1g 1—2r¥slrbrgna tg%s??g 9et other embodiments alkyl groups contain 1-3 carbon

atoms, and in yet other embodiments alkyl groups contain 12 carbon atoms. Examples of

alkyl radicals include, but are not limited to, methyl, ethyl, n~propyl, isopropyl, n—butyl,

1so-butyl, sec~butyl, sec-pentyl, iso~pentyl, tert-butyl, n—penty!, neopentyl, n—hexyl, sec—

hexyl, n—heptyl, n—octyl, n—decyl, n—undecyl, dodecyl, and the like.

20 The term “alkenyl,” as used herein, denotes a monovalent group derived from a
straight— or branched—chain aliphatic moiety having at least one carbon—carbon double
bond by the removal of a single hydrogen atom. Unless otherwise specified, alkenyl
groups contain 2—12 carbon atoms. In certain embodiments, alkenyl groups contain 2-8
carbon atoms. In certain embodiments, alkenyl groups contain 26 carbon atoms. In

25  some embodiments, alkenyl groups contain 2-5 carbon atoms, in some embodiments,
alkenyl groups contain 2—4 carbon atoms, in yet other embodiments atkenyl! groups
contain 2—3 carbon atoms, and in yet other embodiments alkenyl groups contain 2 carbon
atoms. Alkenyl groups include, for example, ethenyl, propenyl, butenyl, I-methyl-2-
buten—1-yl, and the like.



15interchangeably with the term "aryl ring". In certain embodiments of the present invention, "aryl"
refers to an aromatic ring system which includes, but is not limited to, phenyl, biphenyl, naphthyl,
anthracyl and the like, which may bear one or more substituents. Also included within the scope of the
term "aryl", as it is used herein, is a group in which an aromatic ring is fused to one or more additional
rings, such as 20 benzofuranyl, indanyl, phthalimidyl, naphthirnidyl, phenantriidinyl, or
tetrahydronaphthyl, and the like. In certain embodiments, the terms "6- to 10-membered aryl" and
"C510 aryl" refer to_a phenyl or an 8- to 10-membered polycyclic aryl ring. In certain embodiments, the
term "6- to 12-membEr S A YR rsA PRSI o 11580 trHATAIH SOY L ERASSEIREA ring. In
certain embadufgntsrihertelini-GH11 4iahdticefeistiohayphenyloai an S0 ddc boempeieapolycyclic
aryl ring. The terms "heteroaryl” gnd "heteroar-" H&i alone or.as part of a larger moiety, e.g.,
"heteroaralky?/JP/', o “he g?ogrglélg %', P’éjfré)rg% 8%3;?8 éjelsnogﬂ?%li%fsﬁen%fget%r%sﬁl p}’(ﬁa\%?gg 5,6, or 9 ring
atoms; having@do 2ot 2 i@e emenénsieaen émbodyokotarrdlgyahdrnapsngpinimdditionttancarbon

atoms, f5om AREL0 IV REIPLARIMRA T SIS HNBIIGRIONY. IPIEiBIP A0SR Gifyaen, or sulfur,

and includes any oxidized form of nitrogen’or sulfur, and any quaternized fo asic nitrogen.
Heteroaryl gFgtissimenieie iammogronnseansHn s opr b aleynspi copl: imitrdioigitpytbratyL, triazolyl,

tetrazolyi, oxaral cispuznlyl:awarliagnly|itazaiv sptbinaniis iisiazelyh P, pysidazinyl
pyrimidinyl, pyrazinyl, indolizinyl, purinyl, naphthyridinyl, benzofuranyl and 5pteridinyl. The terms
"heteroaryl” SHAYh SRS BeyGsRiG SPRR LR Rl LFERIpS RINHTER S eferifdPdmatic ring is

fused to oneRupraqia:AIvd Oy EIOBLRRAH QLG IRroaycivt HRgRdubieiey#E, rAdicsd i point of attachment
is on thﬁ)het roarom titf ring. Nonlién#tiiggé%xamples include indolyl, isoindolyl, benzothienyl,

benzofuranyt, (it Uréﬁg/ ; ?’ﬁléf%iz‘r’l y %imidazolyl, benzthiazolyl, quinolyl, isoquinolyl, cinnolinyl,

phthalazinyl, 10quinazolinyl, quinoxalinyl, 4H-quinolizinyl, carbazolyl, acridinyl, phenazinyl,

phenothiazinyl, pheriexXasmyartbtisag arorfuni eRmgr etealaghionoquineimykraisl”. “aralkoxy”,
pyrido[2,3-bs1 Afgy@gimg’ow,l@fe@% HRISIOREYETOLR NAY. BEIMORGHOLRIGYSUGH LN e
e use

"heteroaryl" me%:)é ) interchangeably with the terms "heteroaryL ring", "heteroaryl group”, or

"heteroaromRit®, H% BRI N BT MdRideonR ge Biaths s velap ioHameee Bed tibse it secherm
"heteroaralkylhgehets b asnodisptgroupsilbstitiad-bys mbaiieayie wieraipitheAlkylaed heteroaryl
portions independently are optignally sybstituted. In certain embodiments, the tent! "5- to

10-mer$1 eré tﬁg%eelp ?;%{yre%lrg%t%‘g- e ﬂﬁgmtk]ér%%tﬂ%t%?’&gfi}){%ﬂg ﬂggfﬁﬁrfsf'ﬁl% heteroatoms
independentlyweateotethfytinefitsagen, soxygen riog sukfiern erharh 8:cdadbd; e isberddnitiealic heteroaryl
ring having 4.2 Qa independently.sel d from nitragen, oxygen, or sulfur. In certain
embodimené%l%[ él’tgﬁﬁgﬁgg’tég%%ﬁér%ﬁ%@g %e%%?@%%%’r‘g elégtmoafgga obg?rﬁ%%%rgred heteroaryl ring
having 1 to 3thstérsatonidsndupetrdenitlisdie srepdroithaitetgesrybxyg éris used herein, is a

group in which an aromatic ring is fused to one or more additional rings, such as _

20 benzofuranyl, indanyl, phthalimidyl, naphthimidyl, phenantriidinyl, or tetrahydronaphthyl,
and the like. In certain embodiments, the terms “6- to 10-membered aryl” and “Ce.;0 aryl”
refer to a phenyl or an 8- to 10-membered polycyclic aryl ring. In certain embodiments,
the term “6- to 12-membered aryl” refers to a phenyl or an 8- to 12-membered polycyclic
aryl ring. In certain embodiments, the term “Ce.q aryl” refers to a phenyl or an 8- to 14-

25  membered polycyclic aryl ring,

The terms “heteroaryl” and “heteroar—", used alone or as part of a larger moiety,
e.g., “heteroaralkyl”, or “heteroaralkoxy”, refer to groups having 5 to 14 ring atoms,
preferably 3, 6, or 9 ring atoms; having 6, 10, or 14 7 electrons shared in a cyclic array;
and having, in addition to carbon atoms, from one to five heteroatoms. The term

36 “heteroatom” refers to nitrogen, oxygen, or sulfur, and includes any oxidized form of
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or sulfur, or an 8- to 12-membered bicyclic heteroaryl ring having 1 to 4 heteroatoms independently
selected from nitrogen, oxygen, or sulfur. 25As used herein, the terms "heterocycle", "heterocyclyl",
"heterocyclic radical”, and "heterocyclic ring" are used interchangeably and refer to a stable 5- to
7-membered monocyclic or 7-14-membered polycyclic heterocyclic moiety that is either saturated or
partially unsaturated, and having, in addition to carbon atoms, one or more, preferably one to four,
heteroatoms, as defined above. When used in reference to a ring atom of a 30heterocycle, the term
"nitrogen” includes a suhstitute nit(ré)?%en. Asﬂa{éexa ple, in a saturated or partially unsaturated ring

having 0-3 hEYAPEEI P SEAlA 48 SR EEDIER [QTRGY B PHtFIYEASTRTRIFERIEH §18™e N (as in
3,4-dihydro-2tdipyerelitiduNirhiasdn, dyienofid fuyihyorpidtR (asnidNoBUbsitutes pyiselitinyl). In some
embodiments, the terin "3-,t0 7-me red heterocyelic” refers to a 3- to, 7-mempered.saturated or
partially unsgc?[’g?g?éﬁ’r%aﬁ 818/?/&?8%é%gc%/%?&ar%ﬁg%éyﬁa{fl‘tés%[?%@%ia 3}%33?%%%&?)3 Hﬂgﬁ ly selected
from nitrogettyosggen, pysuifinylnpsormiedmbédimeritputieyieraplitytalByimbenbeieanibtedocycle”

refers tosa Sylacfrmerihetathsahualod ¢ pRNalHRaQIRd MONAEKELE MEIEIOGNSIC NG haying 1
odiments, the

to 2 heteroatoms independently selectéd from nitrogen, oxygen, or sulfur. In'some’e

term "3- to 12hiférhbeiEer upte FES iksrdfisr 618 & 3o Fyhenviraiirvhaneupateicorayaltially
unsaturated QROGKSHCRAIRMREYSHEIINM PaviRarhif: hateroatans depends niyselgsied from

nitrogen, oxygen, or sul[ur, or a 7- to 12-membered saturated or partiall_%unsaturated polycyclic

heterocyclic IRTREViIFG 193 Retbrbamdeixbbsarmibry skraedy s dserirdgen, or sulfur. In
soine tembodmm' ? l‘iglﬂﬂls&:t&tﬁiﬁatz’ééﬁn Mnmsmmygl_ ! :d;&iﬁtﬁﬁlg@w&@_ ‘1'nr$3§@,r§ii??i%y%%§tha5[m mbered
saturated or partially unsatura cyclic.heterocyglic ring haying 1 to 2 heteroatoms
indepeggent u?@?éﬁ?cﬂﬁ%r%%ﬁ%@%?% bneorlll,zg}ysf’ucf%g,a@jﬁ’ﬁcfbé{’f L SPREY saturated or partially
unsaturated WWMtphenyxﬂ@mgﬁ?wﬂ@mqﬁmwpmm%memw,aﬁgacted from nitrogen,
oxygen, or s eter ; at endant.group at any. heteroatom or
20carbon atgqrr&q t%?g% ?:éﬁé%%%@ﬂ@aﬁﬁ? a%rgge %)r% (f)%lt%%prfﬁgﬁeo}rﬁ(ggano ﬁé}%fﬁillghgﬁ‘)?

substituted. ExamMpososrisl s aarsne dosirpaamizthp sl ha sdnetbetayeatid raditals include, without
limitation, tetighyginfuranyl tefrahydrathianvi. Purolidiny RyrralideaykRiperdinyl, pyrrolinyl,

tetrahydroquinolinyl, tetrahydroisoquinolinyl, decahydroquinolinyl, oxazolidinyl, piperazinyl, dioxanyl,
di oxolélrﬁllfqo‘?gfigﬁgw ’substi%;ted. Th% term “geteroaralk%z}.” rgfers 1o a%‘i alkyl group s%bsgitgted by Z Y

heteroaryl, wherein the alkyl and heteroaryl portions independently are optionally
substituted. In certain embodiments, the term *5- to 10-membered heteroaryl” refers to a
5~ to 6-membered heteroaryl ring having 1 to 3 heteroatoms independently selected from
nitrogen, oxygen, or sulfur, or an 8- to 10-membered bicyclic heteroary! ring having 1 to 4

20 heteroatoms independentiy selected from nitrogen, oxygen, or sulfur. In certain
embodiments, the term “5- to 12-membered heteroaryl” refers to a 5- to 6-membered
heteroaryl ring having 1 to 3 heteroatoms independently selected from nitrogen, oxygen,
or sulfur, or an 8- to 12-membered bicyclic heteroaryl ring having 1 to 4 heteroatoms

mdependently selected from nitrogen, oxygen, or sulfur,

25 As used herein, the terms “heterocycle”, “heterocyclyl”, “heterocyclic radical”, and
“heterocyclic ring” are used interchangeably and refer to a stable 5— to 7-membered
monocyclic or 7-14-membered polycyclic heterocyclic moiety that is either saturated or
partially unsaturated, and having, in addition to carbon atoms, one or more, preferably one
to four, heteroatoms, as defined above. When used in reference to a ring atom of a

30 heterocycle, the term "nitrogen” includes a substituted nitrogen. As an example, in a
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250xazepinyl, thiazepinyl, morpholinyl, and quinuclidinyl. The terms "heterocycle", "heterocyclyl1",
"heterocyclyl ring", "heterocyclic group”, "heterocyclic moiety", and "heterocyclic radical", are used
interchangeably herein, and also include groups in which a heterocyclyl ring is fused to one or more
aryl, heteroaryl, or cycloaliphatic rings, such as indolinyL, 3H-indolyl, chromanyl, phenanthridinyl, or
tetrahydroquirtolinyl where the 30radical or point of attachment is on the heterocyclyl ring. A
heterocyclyl group may be mono- or bicyclic. The term "heterocyclylallcyl” refers to an alkyl group
substituted by a hetagroc clyl, wherein the alkyl and heterocyclyl portions independently are optionally

substituted. KEHEEH HHd; E}l’[ﬂé‘%%aﬁgﬁi%% DR Rstprestens SlactdTomiety 8Bt 5 includes at
least one dowddierar tnipiezbarink Tinedet indpastalysinsaiudaieioiRteneer 1 KRCRRPAass rings having
multiple sites of unsaturati t is not intended to include aryl or hetergaryl moieties, as herein
defined. Ond of ordin y%ﬁfﬁ‘.‘ﬁ Sé“ﬁ"\?\‘fi ﬁa’%“ﬁ‘r’gé’u%ﬁ#é%yémﬁﬁﬁﬁ‘ﬁ SRac: tidh&ods, as
described héeikitn Aapbitizd betariatytol pritsdtingdgrolpse Bidhe termakd protedting group,” as used

e as = ruEaRbal SRR IICLONRI MO BN 91 0o BB TASKS S Sl cKed, bermiting

if desired, a reaction to be carried out s at arfother reactive site in Fuftitunctional
compound. StialsRBEEHgERTESaes birknowams erbadimertindletientitsdcdescribed in detail in

Protecting GrouiselBiREaaBis RYheaisy 1 3Wo S18ERER0M B oV fuls. R drediiap.John Wiley &

15Sons, 1999, the entirety of which is incorporated herein by reference. In certain embodiments, a

protecting gr3aRORSEI SEIRGIGRIRBSIEiL g folGhR A prstEd sy sdegied foostable to the

projected reaélions:, e grotecting:groupoisdeaiaraihe el antively remevable-Rydeadily available,
prefera{ady n n{é%cicclhecagepts thalgdg &ot attatlfckt e other functio,nﬁl groups; the protecting group forms
a separdble Qervatve (mors SDBrerst BT MRS AR Yeh ar usrAlY HBf el HeRRC iters): and the
protecting griotigrevittchrefegablyitmy co intimatoms fiadigitiokalfundepaltytonaveiddusiheesites of
reaction. As led herei \Y ulfur, nitrogen, and.carbon protecti roups may he utilized. By
way of non-I%ﬁ%ﬁi}%gg_é%f{%I%?%% r%{g(l;}/)l%ﬁ(éj ggﬁﬁtgegg%apsglﬁ%%ﬁu game%ﬁgl?%%ﬁ%%ﬁ%t@fﬂ%(‘( OoM),
methylthiom&ike/hgNimavi) 3 thstenpbiormatistiendently selected from nitrogen, oxygen, or sulfur., In

some embodiments, the term “3- to 14-membered heterocycle” refers to a 3- to &-

15  membered saturated or partially unsaturated monocyclic heterocyclic ring having 1 to 2
heteroatoms independently selected from nitrogen, oxygen, or sulfur, or a 7- to 14-
membered saturated or partially unsaturated polycyclic heterocyclic ring having 1-3

heteroatoms independently selected from nitrogen, oxygen, or sulfur,

A heterocyclic ring can be attached to its pendant group at any heteroatom or

20 carbon atom that results in a stable structure and any of the ring atoms can be optionally
substituted. Examples of such saturated or partially unsaturated heterocyclic radicals
include, without limitation, tetrahydrofuranyl, tetrahydrothienyl, pyrrolidinyl,
pyrrolidonyl, piperidinyl, pyrrolinyl, tetrahydroquinolinyl, tetrahydroisoquinolinyl,
decahydroquinolinyl, oxazolidinyl, piperazinyl, dioxany!, dioxolanyl, diazepinyl,

25  oxazepinyl, thiazepinyl, morpholinyl, and quinuclidinyl. The terms “heterocycle”,
“heterocyclyl”, “heterocyclyl ring”, “heterocyclic group”, “heterocyclic moiety”, and
“heterocyclic radical”, are used interchangeably herein, and also include groups in which a
heterocyclyl ring is fused to one or more aryl, heteroaryl, or cycloaliphatic rings, such as
indolinyl, 3#-indolyl, chromanyl, phenanthridinyl, or tetrahydroquinolinyl, where the

30  radical or point of attachment is on the héterocyclyl rmg. A heterocyclyl group may be
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25 (phenyldimethylsilyOmethoxyrnethyl (SMOM), benzyloxymethyl (BOM),pmethoxybenzyloxymethyl
(PMBM), (4-methoxyphenoxy)methyl (p-AOM), guaiacolmethyl (GUM), t-butoxymethyl,
4-pentenyloxymethyl (POM), siloxymethyl, 2- methoxyethoxymethyl (MEM),
2,2,2-trichloroethoxymethyl, bis(2-chloroethoxy)methyl, 2-(trimethylsilyBethoxymethyl (SEMOR),
tetrahydropyranyl (THP), 3- 30bromotetrahydropyranyl, tetrahydrothiopyranyl, 1-methoxycyclohexyl, 4-
methoxytetrahydropyranyl (MTH)), 4-methoxytetrahydrothiopyranyl, 4- methoxytetrahydrothiopyranyl

gt itk g E R SR SR e e
2,3,3a,4,5,6 [xZoactahyeherF8Betrie tnghetFonedyhpobrmzdfidepandeyt] setlopyatiyl,
51-(2-chlorogthgxyleshyl, 1-methyl-I-methoxyethyl, 1-methyl-I-benzyloxyethyl, 1-methyl-
1-benzyloxy-2-fluoroethyl, 2,2,2-trichloroethyl, 2-trimethylsilylethyl, 2- (phenylselenypethyl, t-butyl, allyl,
p-chlorophenyl, p-methoxyphenyl, 2,4-dinitrophenyl, benzyl, p-methoxybenzyl, 3,4-dimethoxybenzyl,
o-nitrobenzyl, p-nit%%ﬁ?%lgﬁéml,@,‘@?&%EW%I,rﬁfEV&Héﬁéﬁz%?lﬁ%ﬁ@ﬁylbenzyl,
S-aibenzosubeny tipheryimethyl &naphiydiahenyImetn | el oy peny e heneihy
-dibenzosuberyl, triphenylmethyl, a-napht enylmethyl, p-methoxyphenyldiphenylmethyl,
ci(pmetnony SRS ERR, HLEE R SR ReT TR g Pt i cced 1 mdlude
bromophenaeyiexyphehylydipbe nylaetinyds #ndl4"-tris(4,5- dichlorophthatimidophenyl)methyl,
4.4' 4"-tris(levulinoyloxyphenyl)methyl, 4,4',4"- 15tris(benzoyloxyphenyl)methyl,

3-(imidazol-1-y1)bigfs 4t SHime asmptzpaaxl&maﬁwapgrgeimg%mmp@w;?a&@weny'm_ethy'z
9-anthryl, 9-(9-phenyl)xanthenyl, 9-(9-phenyl- 10-oxo)anthryl, 1,3-benzodithiolan-2-yl, benzisothiazolyl
S,S-dioxido, ‘éféﬁqﬁéifiﬂ%’f‘l@@)????é%%ﬂﬂ%ﬁé)\ﬁﬁ%ﬁﬁ#ﬁﬁﬁ@ﬁwwwﬁdﬁﬁéhwg@propy|si|y|
20butylciphaySiyl (LELES). Hbenzyisly b, ERhenyisi, CIpbermety ety (DPMS)
utyldipheny . teibenzyisilyl, .tri-p-xylyisilyl, triphenylsilyl, diphenylmethylsily ,
t-butylmeth%%?%hél%ﬁkfﬁé’l{ﬂggﬁg%rpﬁ ?ﬁ%hgo%fb%ﬂaﬁf’%%@&f&bﬁm&e, dichloroacetate,
trichloroacetatertivilyorvasetatecmethoiyacetaidsifiphemdinethpayatcsaiebphsnexgtagetate,
p-chlorophen ceta - phenylpropipnate. 4-gxopentanoate (levulinate) .
4,4-(ethylenedit io?%ge\r%;%aiﬁi({)négtg%g(%\?l?ﬁﬁ%ly éﬁﬁ%ggc%%(?ﬂg,ggig\%o%%é{l gggﬁn@rﬁggfeﬁng%tonate,
4-methoxycrotomate? beaeoatsyphekienyiBerZsats, 24 B-Ginéthitte 37 cait (m ésito 3dkyatky| methyl

carbongge, & fluorenylmettiv.carenaien Emesk,aliod ibvlicarbanals,alkyl %éa%-trich'omethy'
carbonate (Troc), 2-(trimethylsilypethyl carbonate (TMSEC), 2-§§h_e}%ylsulfony et?wyl carbonate (Psec),

2-(tripheny|ﬁ?ﬂ%%%ﬁs&ﬁﬂ%ﬁ%&ﬁﬁ&ﬁé%ﬁ%k%é&@ ghaite amptsareg carbonate alkyl
ally! carbonaigsalieykpnitrapbenylcarRenaie Rliedons; the protecting group is preferably

selectively removable by readily available, preferably non-toxic reagents that do not attack
the other functional groups; the protecting group forms a separable derivative (more

20  preferably without the generation of new stereogenic centers); and the protecting group
will preferably have a minirmum of additional functionality to avoid further sites of
reaction. As detailed herein, oxygen, sulfur, nitrogen, and carbon protecting groups may
be utilized. By way of non-limiting example, hydroxyl protecting groups include methyl,
methoxylmethyl (MOM), methylthiomethyl (MTM), -butylthiomethyl,

25 (phenyldimethylsilyhmethoxymethyl (SMOM), Benzyioxymethyi (BOM}, p-
methoxybenzyloxymethyl (PMBM), (4-methoxyphenoxy)methyl (p-AOM),
guaiacolmethyl (GUM), t-butoxymethyl, 4-pentenyloxymethyl (POM), siloxymethyl, 2-
methoxyethoxymethyl (MEM), 2,2, 2-trichloroethoxymethyl, bis(2-chloroethoxy)methyl,
2-(trimethylsilylethoxymethyl (SEMOR), tetrahydropyrany! (THP), 3-

30 bromotetrahydropyranyl, tetrahydrothiopyranyl, 1-methoxyeyclohexyl, 4-
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benzyl carbonate, alkyl p-methoxybenzyl carbonate, alkyl 3,4-dimethoxybenzyl carbonate, alkyl
o-nitrobenzyl carbonate, alkyl p-nitrobenzyl carbonate, alkyl S-benzyl thiocarbonate,
4-ethoxy-1-napththyl carbonate, methyl dithiocarbonate, 2-iodobenzoate, 4-azidobutyrate,
4-nitro-4-methylpentanoate, o-(dibromomethyl)benzoate, 2-foimylbenzenesulfonate, 2-
(methylthiomethoxy)ethyl, 4-(methylthiomethoxy)butyrate, 2- 5(methylthiomethoxymethyl)benzoate,
2,6-dichloro-4-methylphenoxyacetate, 2,6-dichloro- 4-(1,1,3,3-tetramethylbutyl)phenoxyacetate,
2,4-bis(1,1-dimethylpro ylc)jghenox acetate, chlorodiphenylacetate, isobutyrate, monosuccinoate,
(E)-2-methyF%” Bi‘éﬁ%ﬁ?& ?%?HBWQFB{%ﬁr}ﬁ%ﬂ?é&iﬁ?aﬁ%‘gﬁm‘ﬁ@éﬁ@}%tﬁate, alkyl
N,AT,CAPtetnathethipitospbbiosiemit .cdydd) pheryvatama By atie)-4-
10dimethylphasphinathioyl, alkyl 2.4-dinitrgphenylsulfenate, sylfate, methanesutfonate (mesylate),
benzylsulfon%lé}?) é‘ﬁ’&‘?ggﬁg‘%&%{ éé%%%gt'é@?ﬁgni%ﬁbﬁf@ﬁg? e protd ﬁ#‘&%ﬁ%ﬁ‘ﬁ%ﬂﬁﬁzlude
methylene agétak, bthlidenectubetah-1.8-butytethylideheibtaloienpbiamdethylidenimketalyl,
(4-methexyph ' tal -1r] %]({ idene acetal, acetonide, cyclopentylidene
ketal, cyg():lo%gﬁﬁ?&%&ﬁ%@?ﬁ%ﬁﬁe&@ g'{)gigl b’e?ng%?agnz %ece atlfj,x -er%ig%hg?%% %ylidene

acetal, 2,4-dinvetsiyensriesbiketal 23 rchipmethoiybsimstictailslebetal- 2-nitrobenzylidene acetal,
methoxyme @@%@Eﬁﬁkﬁ%pﬁ%ﬁ@ﬁs@m@pﬁmaqs%abm%%&msl&@ﬂaﬂﬁ, QEHJQiﬁh henyl,
- y

1-methoxyethylidene ortho ester, 1-ethoxyethylidine ortho ester, 1,2-dimethoxyethyliderie ortho ester,
arnethoxybe At SPD BRIY! P (rd N TR ASYSTA TR e VIR L (NI -
(20dimethYIamlﬂﬁb:bﬁﬁ?-ﬂ@%ﬁld%éﬁ%?p%ﬁ?ﬁ@ﬁ&ﬁi@?%&%W,@?@WLqj:ﬁiéél’ﬁ/,@”y'ene group
DTBS),.1,3-(1,1,3,3-tetraisopro jsijoxanylidene) derivative (TTPD X
tetra—t-%Pjtoxycﬁis%ﬁlgéé%%?%ggggff%)éh lpélgﬁ\’lpé%ﬁ%y?r éﬁS‘f’ﬁ%ﬁ’&%éé@fbﬁéﬂ@ﬁ%nates, ethyl
boronate, ardyilenyhttbrhnatephinikidsheoyéetitiy g retpshinclphia: pidithivhearkamiaté(ethyl carbamante,
9-fluorenyl 0 -(2- 25sulfo)fluarenylmethy| carbamate,

o P A PR RS DA (7

9-(2,7-dibromo amate,

butyl-[9-(10, t>aimphsuboyiox yohearistheitepoogilodahhyp]mesiibearbamate (DBDTmoc),
4-meth -§Fi - frimethylsilylethyl
me oxypfa%wggammlaéﬁl{f%%ﬁ@@ﬂy&?@ Aﬂ@%@{ﬁ%@ﬂ@%@&&ﬂ%@h% ripethyisilylethy

carbamate (Teoc), 2-phenylethyl carbamate _(hZ), 1-(1-adamanty]] yI carbamate (Adpoc),
1,1-dimlethy Tis(heagstiyrehmmshiagdy, 1-amdarsitLyDbattiviofissthor hpaharthpsLBOC),
1,1-dimethy hig22s#skipteainylicafhampiriblC Bkl metd-{A-hinhanyvn garbamate
(Bpoc), 1-(3,5-di-t-but Iphelngl%)-l- dmj{}(]a,tr{yleéhyil carbamate (t-Bumeoc), 2-(2’- an 4_—pyridyl)ethyl
carbamate (,yg/-gég) _%/@r ,3-benzodithiolan-2-¥1, benzisothiazolyl S,S-dioxido, trimethylsilty’

(TMS), triethylsilyl (TES), triisopropylsilyl (TIPS), dimethylisopropylsilyl IPDMS),

dicthylisopropylsilyl (DEIPS), dimethylthexylsilyl, +-butyldimethylsilyl (TBDMS), -

20 butyldiphenylsilyl (TBDPS), tribenzylsilyl, tri-p-xylylsilyl, triphenylsilyl,
diphenylmethylsilyl (DPMS), #-butylmethoxyphenylsilyl (TBMPS), formate,

benzoylformate, acetate, chloroacetate, dichloroacetate, trichioroacetate, trifluoroacetate,

methoxyacetate, triphenylmethoxyacetate, phenoxyacetate, p-chlorophenoxyacetate, 3-
phenylpropionate, 4-oxopentanoate (levulinate), 4,4-(ethylenedithio)pentanoate

25 (levulinoyldithioacetal), pivaloate, adamantoate, crotonate, 4-methoxycrotonate, benzoate,
p-phenylbenzoate, 2,4,6-trimethylbenzoate (mesitoate), alkyl methyl carbénate, 9-
fluorenylmethyl carbonate (Fmoc), alkyl ethyl carbonate, alkyl 2,2,2-trichioroethyl
carbonate (Troc), 2-(trimethylsilylethyl carbonate (TMSEC), 2-(phenylsulfonyl) ethyl
carbonate (Psec), 2-(triphenylphosphonio) ethyl carbonate (Peoc), alkyl isobutyl

30 carbonate, alkyl vinyl carbonate alkyl allyl carbonate, alkyl p-nitrophenyl carbonate, alkyl
benzyl carbonate, alkyl p-methoxybenzyl carbonate, alkyl 3,4¥dimeth0xybenzy1 carbonate,
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dicyclohexylcarboxamido)ethyl carbamate, t-butyl carbamate (BOC), 1-adamantyl carbamate (Adoc),
vinyl carbamate (Voc), allyl carbamate (Alloc), 1-isopropylallyl carbamate (Ipaoc), cinnamyl
carbamate (Coc), 4-nitrocinnamyl carbamate (Noc), 8- 5quinolyl carbamate, N-hydroxypiperidinyl
carbamate, alicyldithio carbamate, benzyl. carbamate (Cbz),p-methoxybenzyl carbamate
(Moz),p-nitobenzyl carbamate, pbromobenzyl carbarnate,p-chlorobenzyl carbamate,
2,4-dichlorobenzyl carbamate, 4- methylstdfinylbenzyl carbamate (Msz), 9-anthryltnethyl carbamatc,

diphenylmethyl carbamate, 2-methylthioethyl carbamate, 2-methylsulfonylethyl carbamate, 2-(p-
10to|uenesu%ﬁ@ﬂ@fﬂ@’%%@%fg@a@&%qéﬁmgﬂ R‘?‘H&ﬁ?%ﬁ%@éﬁ?@%ﬁlﬁc?ﬁ@?ﬁ%fhiophenyl
carbamate (Mtpio)x 2-4disthehiyy taibplweayheandatitite(Bopg), 2ighbsphanioetyicabamate (Peoc),
2-triphenylphosphopigisopropyl carbamate (Ppoc), 1,1-dimethy.l-2-cyanoethyl carbamate,
m-chIoro-p-z?'é{/li%)?i/ﬁf;l_temr?z))lFi Egrégr%aa%é?% é?ﬁé%%&%g%%g%az{% %la@?br%@g%,z @%&n?&%&aﬁz‘olylmethyl
carbamate, ematbytitifiaordhoaiiiag. dntontariihmetthocaipamate 2Tcroc), m-nitrophenyl carbamate,
3.5 dimehouhenes cibaiale.oruliohensyl calbamate L Ainainec lispenafarbamate,

phenyl(o-nitrophenyOmethyl carbamate, phenothiazinyl-(10)-carbony Ivative,
N'-p-toluene$tiifdmstateiissnsabs By ol rrgmvacHeipefpiahinctimstarper bk oarivasctatmy |
- carbamate, snhepyhthinearhamaleui-eyanahenay ratkanate.A0eyeiohut.satbgmate, cyclohexyl

carbamate, gyclopentyl carbamate, cyclopropylmethyl carbamate, p-decyloxybenzyl carbamate,
2,2-dimetho TORTY g8 TBRRE %@%%m&grﬁﬁt%ﬁénzyl carbamate,
1,1-dimethyi=Ba(h:iNdisheipideathmxdmidaliorONybiearfedrtate atk, balisagthylpropynyl carbamate, di(2-
pyridyL)methyl car ate, 2-furanylmethyl carbamate, 2-iodoethyl carbamate, isgborynl 25carbamate,
Ry Ul S b S e SR R R Y
1-methylcyclomsibcarbanmdse]ituatethpttipsidhex{lst afrapatestingnsthydr tyctbpip tydmethyl carbamate,
1-methyl-1-( iR , -1-(p-phenyl henyeethyl carbamate,
ety L e S et
p-(phenylazdfisernEidiimnetieid, Gonaisoipkputpheidinsatyehatd, U tieitaetsisahdamsnium)benzyl

carbamate, 2.4 tmetvlsprylsarhameaiedotinamidey aesiamide . hIOTOACHIRMIGE,,

trichlorpacetamide, trifluoroacetamide, phenylacetamide, 3-phenylpropananiide, picolinamide, 3-
pyridyldarboREHAIdEeRs-tRstr o prrd sty IS ARt ph RO peprranl e Xstal db 4-
o-nitophenygieetamideseyliskaphesaxyasatanceidestorcalamigsits iMethylene acetal,
b2y e 3 e R P T 3o 2 ortho
ester, 1-ethoxyethylidine ortho ester, 1,2-dimethoxyethylidene ortho ester, o-
tnethoxybenzylidene ortho ester, 1-(N, N-dimethylamino)ethylidene derivative, o-(N,N -
20 dimethylamino)benzylidene derivative, 2-oxacyclopentylidene ortho ester, di-z-
butylsilylene group (DTBS), 1,3—(1,1,3,3~tetraisopropyldisiloxanyiidene) derivative
(TIPDS), tetra-t-butoxydisiloxane-1,3-diylidene derivative (TBDS), cyclic carbonates,
cyclic.boronates, ethyl boronate, and phenyl boronate. Amino-protecting groups include
methyl carbamate, ethyl carbamante, 3-fluorenylmethyl carbamate (Fmoc), 9-(2-
25 sulfo)luorenylmethyl carbamate, 9-(2,7-dibromo)fluoroenylmethyl carbamate, 2,7-di-z-
butyl-[9-(10,10-dioxo-10,10,10,10-tetrahydrothioxanthyl)methyl carbamate (DBD-
Tmoc), 4-methoxyphenacyl carbamate (Phenoc), 2,2,2-trichloroethyl carbamate (Troc), 2-
trimethylsilylethyl carbamate (Teoc), 2-phenylethyl carbamate (hZ), 1-(1-adamantyl)-1-
methylethyl carbamate (Adpoc), 1,1-dimethyi-2-halocthyl carbamate, 1,1-dimethyf-2,2-
30  dibromoethyl carbamate (DB--BOC), 1,1-dimethyl-2,2 2-trichloroethyl carbamate
(TCBOC), 1-methyl-1-(4-biphenyiyljethyl carbamate (Bpoc), 1-(3,5-di-t-butylphenyl)-1-
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5 nitrophenyl)propanamide, 2-methy1-2-(o-nitrophenoxy)propanamide,
2-methy1-2-(ophenylazophenoxy)propanamide, 4-chlorobutanamide, 3-methy1-3-nitrobutanamide,
onitrocinnamide, N-acetylmethionine derivative, o-nitrobenzamide, o(benzoyloxymethyl)benzamide,
4,5-dipheny1-3-oxazolin-2-one, N-phthalimide, N- dithiasuccinimide (Dts), N-2,3-diphenylmaleimide,
N-2,5-dimethylpyrrole, N-1,1,4,4- 10tetramethyldisilylazacyclopentane adduct (STABASE),
5-substituted 1,3-dimethy1-1,3,5- triazacyclohexan-2-one, 5-substituted

1,3-dibenzyl-1,3,5-triazacyclohexan-2-one, 1- substituted 3,5-dinitro-4-pyridone, N-methylarnine,
N-aIIyIamine?’ﬁfg)g%ﬁyﬁﬁ%%’%@&s#?&?ﬂﬁe%ﬁ%éﬁﬁ é (@EMM“@’L‘@&P&%?&B%P%%&N%
N-(1-isopropditydlohétrph@braBridphotiin Qspbramiebybteran @BOa)undatsiN-benzylamine,
N-di(4- 15 m nyQrnethylamine, N-5-dibenzosuberylami -friphen thylamine (Tr),

N[ meth o B e (e K e e
N2,7-di(;hIor%@%ﬁ@ﬂﬁ@hﬂ%&hﬁb@%fﬁ@%r&mmmbéﬂm@aﬂw_{Nop]c&qulamino N '-oxide,
N-l,1-d'5net@ah&m@ﬂh%ﬂ%&@@@%%@%%@%Mﬁ@&ﬁﬂ?&&%@éx@g%@m'”e’

N-diphenylmethyleneamine, pyridypmesityllmethylerieamine, _
N-(N',N'-dimetrRaa bR Ry s b eahmyAraPamsp (A eriisiaenmyé cabpmrittobenzylideneamine,
N-salicylidengasminen-sarshipiRs pliombeenaamingamate, 2,4-dichiorobenzyl carbamate, 4-
N-(5-chloro-2-h %’rs%)%?llﬁn I)%henylm%eneamme, Ncyclohexylideneamine,

N-(5,5-dimefﬂ§’/1¥ 2o GRE ?/%f@f CRIBAALE VISR N BB ER) SRR G SR B acid derivative,
N4phenyl(peatbaasho dyeiteitisrhor A imngstemedraenyliaming dtapres, chglate, N-zinc chelate,
N-nitrogmine, N-nitrgsoamine,, amine N-oxide,.diphen osphjnamide (Dpp),

dimethy thio%%%?ﬁﬁ?%%%@%ﬂmﬁﬁf fﬂ%hgfﬁgﬁﬁgﬂéﬁﬁ Irrrlﬁ§é/ I(E’aﬁrg%ralagﬂé&o%ﬂ%?séhoramidates,
dibenzyl phosghplthividae] dipbremsicihbisphSrévdidatey hénzengsuifdnanto@mpc), 2-

o-nitrobenz ' , IRQitsQ | mide, pcntachlorobenzenesulfenamide,
2-nitro-4- 3?&5&%@%&%@%&1%}%@tﬁtﬁ%@%ﬁ%ﬂﬁiﬁ%ﬁ@%ﬁnﬁ 2 , Cﬁ%ﬁ%ﬁ%ﬁ? Inesulfenamide
(Npys), p-tolbéribagtioharmiaaqatsy! serbeanes uitchiantidescy 8o baiand tayliamate, p-
mEthOXybenéﬁﬁﬁﬁawg&&%ﬂt&r@aﬁﬁé@ﬂ%ﬁﬁ@é&ﬁ%%&%ﬂ%%@%%ﬂ%,@tb)’ 2,6-

dimethyl--4-methoxybenzenesulfonamide (Pme), 2,3,5,6-tetramethy1-4- methoxybenzenesulfonamide
(Mte), AmetBRYBRTRRS MRS MBS, Shaatihkmabansirrahsmherenarsy:
2,6-dimethoxytdthogiibytoenzenesitonanmideibd sl §2ndis, 7, 8-penianstayichssman-6-sulfonamide
(Pmc), methangsulfton midf%M’Sg’ {§} trimgt Igil%l thanesulfon r_pide iSES),

9-anthracenSBARHTAE YA A RRREHBAINAE ﬁ‘?&‘}ﬁﬂ‘étﬂ AR Ry DNMBS),
benzylsulfordemiveeydriNtprarvetizpld tfonanmideadnoyp Heneaitsionaeivemincgimplabopyptecting
groups are gﬁgﬁgg@gpqﬂ{# Ig%g%g{é itSy;éiél be1 ﬁgggg,%@te that the resqrz:ta igven{ion is not intended to

10 be limited to thesé protecting groups; rather, a varlentlf/1 ST‘tgaH?tlllgn%}fquU|\7a?é%at Cfjrotecting groups can

be readfly idevtiradylshbrmetasoolekeketrahanaitlivadoetnd rcthiodtofhdoprepeimidinéntion.
Additionaly.carariety pUBEoIGEHN Oy PLRS:AE Sl oScRRT M R1PRA R Wi AHE Ak 3. described
Y

herein, compounds of the invention may contain “optiona
dimethylcarboxamido)benzyl carbamate, 1,1-dimethyl-3-(N,N-

dimethylcarboxamido)propyl carbamate, 1,1-dimethylpropynyl carbamate, di(2-

pyridyDmethyl carbamate, 2-furanylmethyl carbamate, 2-iodoethyl carbamate, isoborynl
25 carbamate, isobutyl carbamate, isonicotinyl carbamate, p-(p ~methoxyphenylazo)benzyl

carbamate, [-methylcyclobutyl carbamate, 1-methylcyclohexyl carbamate, 1-methyl-1-

cyclopropylmethyl carbamate, 1-methyl-1-(3,5-dimethoxyphenyl)ethyl carbamate, 1-

methyl-1-(p-phenylazophenylethyl carbamate, 1-methyl-1-phenylethyl carbamate, 1-

methyl-1-(4-pyridyl)ethyl carbamate, phenyl carbamate, p-(phenylazo)benzyl carbamate,
30 2,4,6-tri---butylphenyl carbamate, 4-(trimethylammonium)benzyl carbamate, 2,4,6-

trimethylbenzy] carbamate, formamide, acetamide, chloroacetamide, trichloroacetamide,
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15substituted" moieties. In general, the telt," "substituted”, whether preceded by the term "optionally" or
not, means that one or more hydrogens of the designated moiety are replaced with a suitable
substituent. Unless otherwise indicated, an "optionally substituted" group may have a suitable
substituent at each substitutable position of the group, and when more than one position in any given
structure may be substituted with 20more than one substituent selected from a specified group, the
substituent may be either the same or different at every position. Combinations of substituents
envisioned hy. this invention arg preferably those that result in.the formation of stable or chemically
feasible com%lc})%ﬂ?f cFﬁaénféj?h? gg%g&i%ﬁc’aggqﬁsga)%eéuly R T@I@%’éﬁﬁ%ﬁﬁtﬁﬁ?’tﬁm are not substantially
altered whempguttjéetbd:torddn diticmsdpl phitow! dbmifi el eqvatdics fienzdeiés tioph 2bdnadzimtértain
embodiments, thej purification, and use for one or more of the purposes disclosed herein.
Suitable moﬁpﬁ%%gg%ﬁ%%gr\%soo%%égﬁ Tg%lﬂétj%ﬁ e é%%rbaé:ﬁtg S%ao cE;leﬁhﬁgptionaIIy substituted" group
are independéhpiadgerratonBpinRaci@rijo ¥ORLyOICH0ANOBRINEH20-4CH(OR)2;
-(CH2)0;4S%E<(&I§§>‘ Abdhatichmay e SUSHIYGEL AW, Mo s (G20 AQ(GHA)0_1Ph which may
be substituted with ;QPCII-?:CaHPh, Whi_ch@?:]ale be sutxgﬁs]%it_utg%okg Wlft)hnls; NOZB&%:%%Q%N@)
-(CH2)04,ANRRET  eetioyps A TR O AR et RE a2 fomebor YOO NREDNII OIS )NR 2;

-(Cz H;)O_?N%Q&@ﬁﬁide%@b%&é &@AM&)&@M§M@ IEJ(R)C(O)OR; -(((§H2)0_4C(0)12,
-C(S)R; -(CHR2)0_4C(0)OR; -(CH2)o AC(DIN(R)2; -(CH2)o 4C(0)SR; -(CH2)0- 5 4C(0)0SIRS3;
-(CH2)0_A %Bﬁ%%%fﬁﬁ’éé&fiﬁ)i%é%%é@%ﬁf‘-3(619?5%1&‘495%)%@%@@36%%(0)NRz;

-C(N Ra; -(CH - 1 4 o 4 R; -(C1- 4 ))2R;
S0k, TCHDL S BN TN T etOhat: ORI AR piojoR: - 10
P(0)R2; -OP (OfRZy«dsHOHOR2e SiREst{®icd iraitpenoylbrdrichéctakylsne}@-2-ongri«(Ci_4 straight or
branched alkylene)C(0)Q:-N(R)2.wherein. eqc "L}%-p Qs ag defined below and is
independently hydro eﬁ, C1 8 alip aﬁ:%é%ﬁ%é%%a C%gj)u:’%ﬁ%lﬁ%c%’g -6-membered saturated,
partially uns&figsisulsgyaetiosngnvivienna FEodtonsciedepentbmipsdiddtéwirony ftrogen,
‘oxygen, or spfy 08 natpitbstansipg.indh e definiionARove. v iadensndant accurrgpges of R, taken

together with their intervening atom(s), fowl _a 3-12-membered saturated, partially unsaturated, or aryl
mono- bt pOWE%W??’?@HHQ#@’&Wﬁ%t@r6%%?ﬁ‘&é?§§ﬁ8§ﬁ?h/‘%€l@é?@ﬁ1%wwﬁ%ﬁéﬁ%%en, or
sulfur, which @ayhesubstiledas defined halawBvitah|ermoneyalenssabstiturnisnen B.(or the ring

formed by tai(,lﬂgiBﬁll%ro~9«ﬂuorenylmethylencamine, N-ferrocenylmethylamino (Fem), N-2-

picolylamino N '-oxide, N-1,1-dimethylthiomethylencamine, N-benzylideneamine, N-p-
methoxybenzylidencamine, N-diphenylmethyleneamine, N-{(2-

20 pyridyhmesitylimethyleneamine, N-(N", N -dimethylaminomethylene)amine, N,N'-
isopropylidenediamine, N-p-nitrobenzylideneamine, N-salicylideneamine, N-3-
chlorosalicylideneamine, N-(5-chloro-2-hydroxyphenyl)phenylmethyleneamine, N-
cyclohexylideneamine, N~(5,5-dimethyl-3-0x0-1-cyclohexenyl)amine, N-borane
derivative, N-diphenylborinic acid derivative, N-{phenyl(pentacarbonyichromium- or

25 tungsten)carbonyi]amine, N-copper chelate, N-zinc chelate, N-pitroamine, N-nitrosoamine,
amine N-oxide, diphenylphosphinamide (Dpp), dimethylthiophosphinamide (Mpt),
diphenylthiophosphinamide (Ppt), dialky! phosphoramidates, dibenzyl phosphoramidate,
diphenyl phosphoramidate, benzenesulfenamide, o-nitrobenzenesulfenamide (Nps), 2,4-
dinitrobenzenesulfenamide, pentachlorobenzenesulfenamide, 2-nitro-4-

30 methoxybenzenesulfenamide, triphenylmethyisulfenamide, 3-nitropyridinesulfenamide

(Npys), p-toluenesulfonamide (Ts), benzenesulfonamide, 2,3,6 ~trimethyl-4-
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20independent occurrences of R together with their intervening atoms), are independently halogen,
-(CH2)0-21e, -(haloR"), -(CH2)0_20H, -(012)0-20r, -(CH2)0_2CH(OR")2; - 0(haloR"), -CN, -N3,
-(CH2)0-2C(0)R", -(CH2)0-2C(0)0OH, -(CH2)0-2C(0)01e, -(CH2)- 4C(0)N(R )2; --(CH2)042SRe,
-(CH2)0-2SH, -(012)042NH2, -(CH2)0_2NHR', -(CH2)o -NO2, -SiR'3, -0SiR"3, -C(0)SR", -(C1_4
straight or branched 25allcylene)C(0)OR’, or -SSR" wherein each R' is unsubstituted or where
preceded by "halo" is substituted only with one or more halogens, and is independently selected from
Cl -4 aliphatic, -CH2Ph, -0(CH2)0_.iPh, or a 5-6-membered saturated, parti%nsaturated, or aryl

ring having C2F RETSRSARSRTS AU RIEH, Setebiamriirrirae@ssubR Mtk fsuitable divalent
substituents dimetibatyraiatosgtepraianiabRincipae 70, a8t FSrameti§uitable divalent substituents on

a saturated carbon atom of an."optignally substituted" group include the following: =0, =S, =NNR*2,

2 HC R PR RSB r o R E aer ENTEO S RS o derenn eath
independenttoostindhoealkielbeelekiébl fsn i, fyidregrx yCl mtithhRidastich fmayrbé: siNgtituted as
defined belo r-an | -o-membered satyrated, partially unsatyr r aryl ring having
0-4 hete?oatg%%ﬁﬁgé%%%%g%%g egg'?é? r%lm%%%%(g%ﬁ,%%gﬂé%gﬁesslﬁ%nﬁ gﬁﬁé’d@&amm substituents
that are boufdnesthidialctiossbeitneapie CaHsone-oithrecoptoHatiyrgdbsti{#ted™ group include:
-0(CR*2)2_18nuhslsin s iRaspeRdent agrLsRSe @I@@ﬁ%@ﬁé@%&[ﬁ%ﬂxa@gen’ C1 aliphatic

which may be substituted as defined below, or an unsubstituted 5-6-membered saturated, partially
unsaturated "B RAG SR RG0S 9 a0d BaTBRSE MG aRmifon R SEIR B PIRGTRLNRr BGERS &%y gen, or
sulfur. 15Suitabig-aulstii@ntecon thevaliphaticoraupnh R slidehalegsts ihoBalasheRH, -Or,
-O(haloR*), g%r\h -Cé%iOl—lﬁ-CS)gPé)R, -NH2, -NH11*, -NR*2, or -NQ2, wherein each r is unsubstituted or
where B)ece BYhiQ b STRET T M T DY BR RO 9415 gRH et RisiseiRently C1
aliphatic, -Cld2Rhs «a(Cll i1l mifedBinpembbied sattated, il unsatstiakeds gearyl ring
having 0-4 heteroatoms 20independently selected from nitrogen, oxygen, ot, sulfur. Suitable
substituents %ﬁsgnzﬁ St tﬁ?gb%%aletrlgaféry of 3h 6 ﬁgﬁé%}f%%%gsda%roﬁﬁﬁ%ﬁu&fe@%ﬁnﬁ\lRt2, -C(O)Rt,
-C(0)01e, -CHO¥CIOIR{s4@¢0)CH2C(0)Rt, - S(0)2Rt, -S(0)2NRt2, -C(S)NRt2, -C(NH)NRt2, or

-N(Rt)S(0)2Rt; wherein each Rt is independently hydrogen, C1_6 aliphatic which may be substituted
as defined below, #s described herein, compounds of the invention may contain “optionally

15 substituted” moieties. In general, the term “substituted”, whether preceded by the term
“optionally” or not, means that one or more hydrogens of the designated moiety are
replaced with a suitable substituent. Unless otherwise indicated, an “optionally
substituted” group may have a suitable substituent at each substitutable position of the
group, and when more than one position in any given structure may be substituted with

20 more than one substituent selected from a specified group, the substituent may be either
the same or different at every position. Combinations of substituents envisioned by this
invention are preferably those that result in the formation of stable or chemically feasible

_ -.‘."c'gmiapunds_._ The term “stable”, as used herein, refers to compounds that are not
o Sub'sténtiéﬂy _ai[téfed when subj ¢cté:cilt0. conditions to allow for their 'produ;:tion, defection,
25  and,in certain emb.odir'nents,-their recovery, purification, and usé.fer ‘one or more of the

purposes disclosed herein.

Suitable monovalent substituents on a substitutable carbon atom of an “optionally
substituted” group are independently halogen; «{CHz)9.4R®; ~(CH2)o+OR®; ~O—~(CHy)o
4C(O)OR°; ~(CH2)o4CH(OR®); {(CHz)o-4SR®; ~(CHy)o-4Ph, which may be substituted

30 with R®; (CH2)e4O(CHz)o.1Ph which may be substituted with R?; -CH=CHPh, which
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25unsubstituted -OPh, or an unsubstituted 5-6-membered saturated, partially unsaturated, or aryl ring
having 0-4 heteroatonts independently selected from nitrogen, oxygen, or sulfur, or, notwithstanding
the definition above, two independent occurrences of R.', taken together with their intervening atom(s)
fo,in an unsubstituted 3-12-membered saturated, partially unsaturated, or aryl mono- or bicyclic ring
having 0-4 heteroatoms independently selected from nitrogen, oxygen, or sulfur. Suitable
substituents on the aliphatic group of Rt are independently halogen, -12", -(haloR"), -OH, -OR’,
-O(haloRt), -CN, -C(0)0H, -C(0)0OR., -NH2, -NHR', 50r -NO2, wherein each R. is unsubstituted or where
preceded by ™A% futstiBeed e Bray Witk of®orihoréialogdiB hind((HndePERASHIMRE1=4 aliphatic,
-CH2Ph, -0(Gi2): &1 @ik - RAmReeAsetaie AL LSaiIAtod en ary) g having 0-4
heteroatoms independently seﬁected ffom nitrogen, oxygen, or sulfur. AS Used herein, the term
"tautomer” in{BAESEVEHP MoreNMberedRVEFEDIBRE: corfpoDiRFESOMRG; frivla 1€ )Be formal
migration of a eger-gtom lea e iR, val e ingl d to a double
bond, a tripleadbzogr% tbe(latsﬁi ﬁ%%czﬁ(g%o’r v%g%%?g@l%ﬁg g%(’agé;%%" (ﬁ(t%?estﬁad%@égzedepends on

several ﬁgcto«ﬁs‘(@d@&iﬂi?@ A bralire) BolveRC ENICEH) e BorRE(R MR s (CB2)ih8 Ceation providing a
cutomer e e e aiere, sy st e o oo
j[automerizat@(l@l\?{\@f&l%)@d;hﬂ@ﬂ@(@éﬁérﬁq@é@w@ﬁ& s@NORMEIaRCEThR pEEBENee of which
e R SO O R0 R BT o

sS(O)R®; -N(R®)S(O);NR%2; -N(R)S(0)R"; ~-N(OR°)R?; ~C(NH)NR®3; -P(O).R®; ~

10 P(O)R®y; —“OP(O)R°; ~OP(O)OR%)y; SiR°s; —{(Cy4 straight or branched alkylene)O-

N(R)s; or —(Cl;;i straight or branched alkylene)C(O)O-N(R°),, wherein each R° may be

substituted as defined below and 1s independently hydrogen, C;_s aliphatic, -CH,Ph, —

O(CHz)o-1Ph, or a 5—6—membered saturated, partially unsaturated, or aryl ring having 04

heteroatoms independently selected from nitrogen, oxygen, or sulfur, or, notwithstanding

15 the definition above, two independent occurrences of R®, taken together with their
intervening atom(s), form a 3—-12-membered saturated, partially unsaturated, or aryl
mono-— ot polycyclic ring having 0-4 heteroatoms independently selected from nitrogen,

oxygen, or sulfur, which may be substituted as defined below.

“Suitable monovalent substituents on R° (or the ring formed by taking two

20  independent occurrences of R° together with their intervening atoms), are independently

halogen, ~(CH)ooR®, ~(haloR*®), «(CH,);,0H, (CH;), ,0R®, ~(CH;).»CH(OR®),; —
 O(haloR®), ~CN, -Na, «CHa)o-2C(O)R®, «CHa)o-2C(OYOH, (CHa)o 2C(O)OR®, ~(CHz)e-

JCONR ), ~(CHz)e-2SR®, ~(CHz)o_2SH, ~(CHa)o.2NH;, {CHa)esNHR®, ~(CHy)o.
2NR®;, -NO,, ~-8iR®;, ~OSiR®;, —-C(O)SR® —(C)4 straight or branched

25 alkylene)C(O)OR®, or —SSR® wherein each R* is unsubstituted or where preceded by
“halo” is substituted only with one or more halogens, and is independently selected from
Ci4 aliphatic, -CH,Ph, ~O(CH,)o-:Ph, or a 5—-6-membered saturated, partiaily

unsaturated, or aryl ring having (-4 heteroatoms independently selected from nitrogen,
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Detailed Description of Certain Embodiments L Polymerization Systems of the Invention In one aspect,
the present invention provides polymerization systems for the copolymerization of CO2 and epoxides
to produce polycarbonate polyol resins with a high 5 proportion of-OH end-groups. A polymerization
system includes 1) a metal complex including a permanent ligand set and at least one ligand that is a
polymerization initiator, and 2) a chain transfer agent having a plurality of sites capable of initiating
polymer chains. In some embodiments, a polymerization system further includes a co-catalyst. In
certain embodiments, a ligand that is a polymerization initiator has a plurality of polymer 10initiation
sites. La. ChefyeFPaRsfeiinyetitiable dralpmtpahsiscagems saftadsisl farthe poesefiRwehtien include
any compounghayiag two or more sites capable of initiating chain growth in the co-polymerization of
an epoxide and carbon dioxide. Preferably such compounds do not have other functional 15groups
that interfere with t e.%%%rgerifatiorg Suitable chair;é]ransfer agents may have a broad array of

[ OB GRS ST RSR AT YR PR lRain transfer agent

chemical structures, 1 genell‘%
be capable chimitiatit praupirmiare folfcdrbonate@halnsNNR campaaarb)rSeveral mechanisms
including; by;liw' “amen [ ongmer, . cti ith.carbon digxj molecules to yield
a moiety capable of sugﬁt]gihing p%ﬁ@ezlgc’ha?ffr?‘ gro%ém?gr 9?;1 Soior 5ti85“§f(¢ﬁ§ség%ﬁs§ome
embodiment¥harefaech Sisemdgemonaieimel Rvdsoelrmed fimmtiydalgrouhs iditepeadently capable
of reacting wiltigeigrndigrida aLen aRexe RpBPIEEALGsRINFLAe e oL mted 0
molecules such as diacids, %Igcols, diols, trioLs, hydroxyacids, amino ac%\ ofs, dithiols,

) _ : e, cg%
mercapto al®SHALY dBsafuradidesrisiaehennp Siybhsiamstrms indermrdertibodieatdtiothe chain

transfer agent:ragsnirnslies somultiply aeivsunationalsiadriRahis iseliakee:igagt multiple times to
ain, Examples of the latter include, but are not limited to functional

initiate more than ong, polymer c

groups g?aviﬁs é%ét%%gégg ﬁ%%sa Ble BRI IHINISE #FE8 B5tHgis O(CR 2),20-,
wherein each independent occurrence of R is selected from hydrogen, C;.s aliphatic
which may be substituted as defined below, or an unsubstituted S—6-membered saturated,
partially unsaturated, or ary! ring having 0—4 heteroatoms independently selected from

nitrogen, oxygen, or sulfur.

15 Suitable substituents on the aliphatic group of R” include halogen, -R®, —(haloR®),
~OH, ~OR®, ~O(haloR*), -CN, -C(0)OH, ~C(O)OR®, -NH,, -NHR*, -NR*,, or -NOs,
~wherein each R® is unsubstituted or where preceded by “halo” is substituted only with one
or more halogens, and is independently Cy.4 aliphatic, —-CH,Ph, ~O(CH,)e_1Ph, or a 56—
membered saturated, partially unsaturated, or aryl ring having 04 heteroatoms

20 independently selected from nitrogen, oxygen, or sulfur.

Suitable substituents on a substitutable nitrogen of an “optionally substituted”
group include —RY, -NR', ~C(O)R, ~C(O)OR', ~C(O)C(O)RT, ~C(O)CH,C(OIR?, -
S(O:R', ~S(0)NR,, ~C(S)NR",, ~C(NHINR',, or ~N(R"S(O).R"; wherein each R is
independently hydrogen, C, s aliphatic which may be substituted as defined below,

25 unsubstituted ~OPh, or an unsubstituted 5-6—membered saturated, partially unsaturated, or
aryl ring having 0-4 heteroatoms independently selected from nitrogen, oxygen, or sulfur,
or, notwithstanding the definition above, two independent occurrences of R', taken

together with their intervening atom(s) form an unsubstituted 3—12-membered saturated,

20



ammonia, primary amines and water, as well as functional groups having more than one nucleophilic
atom such as amindines, guanidines, urea, boronic acids, ect. In certain embodiments, chain
transfer agents of the present disclosure have a structure Y-A-(Y)", where: 5each -Y group is
independently a functional group capable of initiating chain growth of epoxide CO2 copolymers and
each Y group may be the same or different, -A- is a covalent bond or a multivalent compound; and n is
an integer between 1 and 10 inclusive. In some embodiments each Y group is independently
selected from the group 10 consisting of: -OH, -C(0)OH, -C(ORY)OH, -0C(RY)OH,-NHC(0O)RY,
NHC=NRY; BB IR URIES 61 RFI90RH K R e e NS RyerRsy, -NHC(O)NRY2;
-C(O)NHRY,, is@¢EtMIeRTY seRC(E) RbHR Wi SHNEERY or SfinC (0)SH, B(ORY)OH,
-P(0),(R25b(01e),(0)dH, -0P(0),(RY)b(ORY),(0),71-1, -N(RY)OH, -ON(RY)H; =NOR, =NN(RY)H, where

each occurrence o 5.1 ' 1 ' i lectad from the
group consisti%offS Cﬁii].% B%%E%%%gﬁg%gg‘ aﬁ%{%@%ﬁ#&ﬂ t%:%% %gyl%%%%ﬁ%éégg ﬁé?eg?éé/?cﬁc, and 6- to

12-membered" R 2-arteth dAR eaP ks ndnty @It ¢ IS @)PRT. 2 NHis PBIR. amtRthe sum of a,
b, and c3s 1RrAidy sasiembRiMeNisuaiiacidichvdagsh atem Rounthinaawafitheidhave

functional groups may be replaced by a metal atom or an organic cation without departing from the
present 20inYEAGEH P& GoreheRAth Y drsiadpaerds fo- netpbetie o R R Cliyoy B2hen24)o0.5,
-C(0)0- PPNa%6-Smbtagtbanbdda bt suchaliematyesarmspecfically ineluslieshherein and
alternate embggim%nt%emplo 51 such salts are implicitly encompassed by the disclosure and

m e

examples herein. In Soma em %ﬁéﬁfg?%%né PRV rps are hydroxyl or a hydroxy salt. In

25certain embodiments, each hydroxyl group is a primary or secondary alcohol. In other embodiments,
a hydroxyl group is"ddifdehasEinthe seraticasiomsriosfofsativ ipnmmeatamnyntddiments, a hydroxyl

group isa PREARL RS ERRBRAIMEIMS: BraYHFAXY HGIRURIS RENRYEGRIMISRLRIApaIgYlic. In other
embodiments, hydroxy| groups are part of a carbohydrate. In other'embodiments, a hydroxyl group is
part of a polyﬁ?e%%ﬂiab}cﬁglmy (e.g., a singie bond t0”a double bond, a triple bond to a singic bond,
or vice versa). The exact ratio of the tautomers depends on several factors, including
temperature, solvent, and pH. Tautomerizations (i.e., the reaction providing a tautomeric
pair) may be catalyzed by acid or base. Exemplary tautomerizations include keto-to—enol;
15 amide-to-imide; lactam—to-lactim; enamine—to—imine; and enamine-to—{a different)

enaming tautomerizations,

As used herein, the term “catalyst” refers to a substance the presence of which
increases the rate and/or extent of a chemical reaction, while not being consumed or

undergoing a permanent chemical change itself.

20
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such as a polyether, a polyester, a polyvinyl alcohol or a hydroxy-functionalized or hydroxy-terminated
polyolefin. In some embodiments, a chain transfer agent is a polyhydric alcohol. In certain
embodiments, a polyhydric alcohol is a diol, while in other embodiments the polyhydric 5alcohol is a
triol, a tetraol or a higher polypi. In certain embodiments, nis 1, (i.e. two Y groups are present) and
both Y groups are hydroxyl groups (i.e the chain transfer agent is a did). In some embodiments, two
hydroxyl groups are on adjacent carbons (i.e. the chain transfer agent is a glycol). In some
embodiments, two hydroxyl grg}g3 s.are on non-adjacent carhons. In 10certain embodiments, two

hydroxyl groups are on the op e ResTRUANAh Ges AL TRt agent is an a-co diol). In

certain embodiments, such a-co diols include C3 to C20 aliphatic chains (i.e. -A- is an optionally
substituted d3F20kphetiencirstays a/déadinveartiodiments, such a-co dials comprise a polyether (i.e.
" -A- is a polyether chain). In certain embodiments, such a-co diols comprise a hydroxy-tenninated

polyolefin (i.e. -A- is b33 ppblefinehainlinnsastaiRdcerabosinanis sl iemdioisgomprise
paraformaldeh (F:l)?n(li.e. {A isi I)é?ééymet}aélene cfzjain . In, certain embodiments, -A- is a covalent
bond. For excé)%o e WRETPY Y (f%?? SREMERIG PRAVS PO DR HiS I AT SeTHs BHibbaiERents, one
-OH grotip ofraicids phdDiblmdiaebtips. ctheiys20aliphatictdm dibrdenihadimentsepieh hydroxy group
is phenolic. In in embodiments, a chain transfer agent is an optionally substituted catechol,
resorcinol or"%ﬁ‘r%ﬁ:ﬁﬁ g%a?}g?f\?h R}ﬁé? Sepaﬂﬁl?’l@%’%@ %er%'lgg ?rﬁgear% §p G (%Layéxgr@éjiro&u%%aﬁH, the -0I-1
group is an énéPlicutbaieiterisiragbonyare apimebioned stabodiabines intiermapslgnoup is -OH, the -OH
group is a 23aaHhoRYLAXHRALS R AR D LIBR CRBAPAIMEPIRIASLE RS duRalgne Y group is

-OH, and the other Y _ _
certain embodiments, a ligand that is a polymerization initiator has a plurality of polymer

10 initiation sites.
La. Chain Transfer Agents

Chain transfer agents suitable for the present invention include any compound
having two or more sites capable of initiating chain growth in the co-polymerization of an
epoxide and carbon dioxide. Preferably such compounds do not have other functional

15 groups that interfere with the polymerization.

Suitable chain transfer agents may have a broad array of chemical structures. In
general, the only requirement is that each molecule of the chain transfer agent be capable
of inifiating two or more polycarbonate chains, this can occur by several mechanisms
including: by ring-opening an epoxide monomer, by reacting with carbon dioxide

20 molecules to yield a moiety capable of sustaining polymer chain growth, or by a
combination of these. In some embodiments, a chain transfer agent may have two or more
functional groups independently capable of reacting with carbon dioxide or an epoxide;
examples of these include, but are not limited to molecules such as diacids, glycols, diols,
iriols, hydroxyacids, amino acids, amino alcohols, dithiols, mercapto alcohols,

25  saccharides, catechols, polyethers, etc. In some embodimenfs, the chain transfer agent may
include a multiply active functional group that is itself able to react multiple times to
initiate more than one polymer chain. Examples of the latter include, but are not limited to

functional groups having a single atom capable of reacting multiple times such as
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group is selected from the group consisting of: -C(0)0H, -C(OR)OH, -0C(1V')OH, NHRY,
-NHC(0)R3T, -NHC(0)ORY, -C(0)NHRY, -C(S)NHRY, -0C(0)NHR31 , -0C(S)NHRY, -SH, -C(0)SH,
-B(OR3)OH, -P(0),,(R3)b(0R31),0H, 0P(0),,(RY)b(ORY),OH, -N(RY)OH, -ON(R)H; =NOH,
=NINI(RY)H. In particular embodiments, nis 1, one Y group is -OH, and the other Y group is selected
from the 5 group consisting of -SH, -C(0)0OH, -NHRY, and -C(0)NHRY. In certain embodiments, 11 is
1, one Y group is -OH, and the other Y group is -C(0)OH. In other embodiments where nis 1, one Y

group is -OH and the other Y gr iS -SH. In othe}Lg bodiments where nis 1, one Y group is -OH

rou
and one Y gfoUP T ENIHRYY 1A lélﬁg EWHTamRS S100%) ERERASYGTBE RS EIRRPRE the chain
transfer agemuigearthidp) aiomparticalarmambiodingenirikwhese, hisRictwady, geaups are -OH, and the
third Y group is selected from the group consisting of -SH, -C(0)OH, -NHRY, and -C(0)NHRY. In other

embodiments wherg eizig RIYaRnEns HHP S QA G OISV Y 9LRHAS.arg independently
selected from the group consisting of -SH, -C(0)0H, -NHRY, and -C(0)NHRY. In some embodiments,

polyalcohol Sfafanstet Byeftsi&hcompass naturally 150ccurring materials such as sugar alcohols,
carbohydrates, saccharides, gﬁlﬁ/qsacchari es, starch, starch derivatives, I,iag_nins lignans, partially

hydrolyzed trighRERiae < SMR BHEIRRSP AR e SFORBHHECRR, SaRAOLe O Ay Bih e #2a%ifals. In certain

embodiments, a chefiafsaiisfEOagepblimstarehd ndetaimemhodinertsuachadifteansier agent is
isosorbide. In other embodiments, at least one Y group of a chain transfer agent is an amine. In 20
some embodimefitss acleakmohend efremis eajstinsaryramidicand other embodiments, at least one Y

group is a secondary amine In certain embodiments, at least one Y group is an aniline or aniline
derivative. In softi® BritemnRentsend andi 8 sieup is an N-H group that is part of a heterocycle. In

certain embOdimenItr? égm%he%%g?u?lg% gzgc%% igrgugglsy i%gy}?e%dlﬁ%t%? rsT;Ieected frorh the group

10 conmsisting of: -OH, -C(0)OH, -C{OR")OH, -OC(R")OH, -NHR”, ~NHC(O)RY,
-NHC=NR"; -NR’C=NH; -NRYC(NR*;)=NH; -NHC(NR";)=NR?; -NHC(O)OR?,
-NHC(O)NR";; -C(O)NHR, -C(S)NHRY, -OC(O)NHR?, -OC(S)NHR, -SH, -C(O)SH,
-B(OR")OH, -P(0)RY):(OR”)(O)H, —OP(O)a(Ry)b(ORy)a(O)dH, ~N(R"YOH, -ON(R")H;
=NOH, =NN(R”)H, where each occurrence of R’ is independently —H, or an optionally

15 substituted radical selected from the group consisting of Cy.y aliphatic, Ci.g9
heteroaliphatic, 3- to 12-membered heterocyclic, and 6- to 12-membered aryl, a and b are
each independently Oor 1, ¢is 0, lor 2, dis Oor 1, and the sumof g, b, and cis T or 2. In
some embodiments, an acidic hydrogen atom bound in any of the above functional groups
may be replaced by a metal atom or an organic cation without departing from the present

20 invention (e.g. ~C(O)YOH may instead be -C{O)0” Na”, -C(0)0 N'(R)4, -C(O)O (Ca* My,
-C(0)O PPN or -SH, may be —SNa" etc.) such alternatives arc specifically included.
herein and alternate embodiments employing such salts are impli ci.tiy encompassed by the

disclosure and examples herein.

In some embodiments, one or more Y groups are hydroxyl or a hydroxy sait. In
25 certain embodiments, each hydroxyl group is a primary or secondary alcohol. In other
embodiments, & hydroxyl group is bonded to an afomatic or heteroaromatic ring. In certain
embodiments, a hydroxyl group is a phenol. In some embodiments, a hydroxyl group is
benzylic, allylic or propargylic. In other embodiments, hydroxyl groups are part of a
carbohydrate. In other embodiments, a hydroxyl group is part of a polymer or oligomer
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25embodiments, a chain transfer agent is a diamine. In other embodiments, a chain transfer agentisa
triamine, tetraamine or a higher amine oligomer. In certain embodiments, at least one Y group is
an amine and one or more additional Y groups are independently selected from the group consisting of
-OH, -C(0)0H, -C(ORY)OH, -0C(R3)OH, -NHC(0)RY, -NHC(0)OR3, -C(0)NHRY, C(S)NHRY,
-0C(0)NHRY, -0C(S)NHRY, -SH, -C(0)SH, -B(0R31)OH, -P(0),,(RY)b(OR3),0OH,
-0P(0).(RY)b(ORY),0OH, -N(R3)OH, -ON(RY)H; =NOH, =NN(R)H. In certain embodiments, at least one
Y group is an amine and one or more additional Y groups are independently selected from the group
consisting of S8t 25RO ¢eiisH1z DRSSl IRV isohnd eiabidirianfuneiendinad ansfer agent is an
amino alcohdlydrosemerdnatddiohasltsina chain transfer agent is an amino acid. In some embodiments,
a chain transfer agent is an amino thiol. In some embodiments, a chain transfer agent is an amino

amide. In some emBAGMEDiSALEAR, 9%, 1, FRHR.S, A GRIPOXIG 610 0f 29t hereot 10In some

embodiments, all Y groups present are carboxylic acid salts thereof, while'in other emabodiments, one
or more carbBRYNEBERISY gruipedaiccatnelsd it akinl while ome therote dithertiuhe fohdiygraups that can
initiate the copaisneyization. 8:56ri fIRPHIMRN, BlieAsLABSNIIOUR, i§ & Penzoiepcid derivative.

In certain embodiments, a chain transfer agent is a diacid, a triacid or a higher 15polyacid. In some

embodimentSrERhEM LR RAtR ¥ granssiare Bvdaptaiheerips fifidsehan dransiprdesthisn groups

present are cashokykerecidsbdiiserts) ambadineptoupsdiacid ispbthalisasid éﬂé@ﬁl&tbﬁzﬂﬁ acid,

terephthalic %cid In cerl;[ain erinbo iments, a diacid is maleic acid, succinic acid, malonic acid, glutaric
. . alasfex a 12 aglye : : . . . .

acid, adipic acid, pinmelic acid, suberic acid, or azelaic acid. In some embodiments, a chain transfer

agent is a triacid. In certain 20embodiments, a triacid is citric acid, isocitric acid, cis- or trans-aconitic

acid, propane- 1,2, Bi#fEarisamaEragis o brsisiecadggoups ans cenainadinbodimdots,. doleast one Y

group ise caraxyliendsidRearRaxy I Ifi e-dndgpendently
selected from the groutp consisting o%ﬁ}?&%a %%E%%g?g%%%ﬁg{ﬁ&%%ﬁ{h@ 0?&(,

_NHC(0)OR ¥h2i BsRiinr 8ont iscpcoyan shoD: I equisinprebodisremsynsms v-ostipls dehgeiC:BIORY)OH,

~C29 aliphati¢ chains (i.e. —A- is an optionally substituted Cs.5 aliphatic chain). In certain

embodiments, such ¢~ diols comprise a polyether (i.e. ~A- is a polyether chain). In

certain embodiments, such a-o diols comprise a hydroxy-terminated polyolefin (i.e. ~A- is
15 apolyolefin chain). In certain embodiments, such a-o diols comprise paraformaldehyde

(i.e. —A- is a polyoxymethyliene chain).

In certain embodiments, -A- is a covalent bond. For example, when Y-A-(Y), is

oxalic acid, -A- is a covalent bond.

In some embodiments, one ~OH group of a diol is phenolic and the other is
20  aliphatic. In other embodiments each hydroxy group is phenolic. In certain embodiments,
a chain transfer agent is an optionally substituted catechol, resorcinol or hydroquinone

derivative,

In some embodiments where a Y-group is ~OH, the —OH group is an enol tautomer
of a carbonyl group. In some embodiments where a Y group is —OH, the ~OH group is a

25  carbonyl hydrate or a hemiacetal.

In other embodiments where 7 is 1, only one Y group is —OH, and the other Y

- group is selected from the group consisting of: ~C(0)OH, -C(ORY)OH, -OC(R¥)OH,
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-P(0)"(RY)b(ORY),0OH, -0P(0).(R3)b(ORY)cOH, -N(R3)OH, -ON(R3")H; =NOH, =-NN(RY)H. In certain
embodiments, at least one Y group is a carboxylic acid and one or more additional Y groups are
independently selected from the group consisting of-OH, - SH, -NHRY, and -C(O)NHRY. In some
embodiments, a chain transfer agent is an amino acid. In certain embodiments, amino acid chain
transfer agents include the naturally occurring amino acids. In certain embodiments, amino acid chain
transfer acids include peptides. In some embodiments, the peptides contain between 2 and about 20

amino acid resjdues i ts in tr er agent is a thiol acid. In some
embodiments, %%gtmeﬁﬁgfe%%ﬁgh%@ I;;d ﬁ@%@e%@%@ hydroxy acids are
alpha-hydrox@&ciisHR cefHin @R AiOR” 3D ENOhEIOXDREDIS, selected from the group
consisting of: lie, AC) Aactic. agid,.D-lactic, acid, L-lactic, citrig.acid and mandelic acid. In some
em bodimenté%ﬁi&@%%%%ﬁﬁs%@?gﬁygﬁ@ﬁg@d.Eﬁr%?(%rtgﬁrg gﬁ?%%é{ln M 1sc,gclsfl{oeta hydroxy acid
is selected f@nb@ﬁi@gmupﬂ mhﬂsﬁﬁ@@@u@%hyﬂ?ﬂxyptb@bnﬁbea&@@m B-hyldetd/framyiezacid, D-3
raroxyButryle. A Chrd S oXh 1t Bl IMI OO YRIGHE APl sshdimineis e actd
L-3-hydroxy Valeric acid, salicylic acid, and derivatives of salicylic acid. In some embodiments, a
hydroxy acidlian - E88Hydrokll eid te ¢éeain SMBodirkEAIOh-dp abprrirbryisngas akesalected from
the group consisting vhentioRally:sukstifsiieeC3-20@liphatiq are ey asids: R EeLain

embodiments, an a-co hydroxy acid is a polyester oligogeric ester. In some embodiments, where

one or more lf%gp%r?é‘%‘ﬁé‘%%ﬁfi@%‘p’,%o&’ﬁdﬁfﬁ fdP SGERTIETheVIER L & axylate salt. In
certain embedinanisoapdar@mylaiainath20isen gl updroid bmeid) sajertitdemnebsdpadirents, a

carboxylate salt is an ammopium salt. In tain, embodiments, an ammonjum cation is NH4 In some
b e s s B e RS b 2Eie. 1n Come
embodimentsymsistilty ©H-GatEtYERMMNGRIUmd af((HSHiRE Broledimdotsrea s ateerearyisammonium

cation of a salt | tr I@m.m_p i Moni In25certain embodiments,
a carboxylatg’ggﬁ%ﬁﬁ%ﬁﬁﬁ%&%ﬁ%@%@?& In ot%}g%%c%%rrﬁ%?&aﬁé%a%té %ﬁeﬁ%roup of a
chain transféhagenpiscasisisls of sShhe SAYIHIimUAIB, aandaS(@RE R group is a primary thiol. In other

embodiments, at least one Y group is a secondary or tertiary thiol. In certain embodiments, at least
one Y group is a thigpberahodhinphensidatvasiMhain trahRfeesiamboaiine atgurighain transfer
agent |§§;1 polgthiol. In's me em odiments, a ﬁhflin tr%nff%r %r%ent is, a djthiol. .In so:gne.gmbodiments, a
chain transfel %%lr?tgién 4 %?oﬁ%@ﬁé?%rio S |g°osrh%aﬁ Oy A e BT E é’aiﬁ%ﬁ? al¢&ast one Y
group is a thitdrahcseneh denvers addgoma g gupsadpehinttelyendailycsalisted drimlike group
consisting Ofaé%li'a%(lglgwn derivatives of any of these materials. In certain embodiments, a chain

transfer agent is starch. In certain embodiments, a chain transfer agent is isosorbide.

* Inother embodiments, at least one Y group of a chain transfer agent is an amine. In
20  some embodiments, at least one Y group is a primary amine. In other embodiments, at
leastone Y grorip i8 a secondary amine. In certain embodiments, at least one Y group is
an aniline or aniline derivative. In some embodiments, at least one Y group is an N-H

group that 1s part of a heterocycle.

In certain embodiments, a chain transfer agent is a polyamine. In some
25  embodiments, a chain transfer agent is a diamine, In other embodiments, a chain transfer

agent is a triamine, tetraamine or a higher amine oligomer.

In certain embodiments, at least one Y group is an amine and one or more
additional Y groups are independently selected from the group consisting of -OH,
-C(O)YOH, -C{OR")OH, -OC(R*)OH, -NHC(O)R?, -NHC(O)ORY, -C(O)NHRY,
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C(OR3)OH, -0C(RY)OH, -NHRY, -NHC(0)RY, -NHC(0)ORY, -C(0)NHRY, -C(S)Y, 0C(0)NHR31,
-0C(S)NHRY, -C(0)SH, -B(0R3)011, 4(0)"(R3)b(ORY),0OH, 0P(0)a(RY)b(OR3),0H, -N(R)OH,
-ON(R)H; =NOH, =NN(R3)H. In certain embodiments, at least one Y group is a thiol and one or more
additional Y groups are 10independently selected from the group consisting of -OH, -NHRY,
-C(0)01-1, and -C(0)NHRY. In some embodiments, a chain transfer agent is a thio alcohol. In some
embodiments, a chain transfer agent is an amino thiol. In some embodiments, a chain transfer agent is
a thiol carbox%gtlgic acid. In certain embodiments, a Y group of a chain transfer agent is an active NH-

15containing feREIBRal 6 NRE - ENMBRMeRES, 4 (RdemEMBM@Fthe NH- containing
functional grop(is(RUGIeRHIDE, LDeenRiR SIbRYMENSNERAgME NN ROpaing functional group is

selected from p,consisting of C-linked amides, N-linked amides, O-linked carbamates N-linked
carbamates,"tﬁﬁg%gamm? 5%’11?8 ﬂi@f‘f&/&ﬂ%ﬁ@g? AngFRID &F ELRMRRG AR GRS certain
embodimentsdditienat thereuls 26 grdepadsral prshaty affttehe grdBpcraitiemizodiments:,
polymerizatio s of ent invention include only one chajn transfer agent, while in other
em bodir?IZ e nts{;@)?t%r’&ngf %)%ﬁﬁrﬁﬁdréncﬁ?g} A ?Fé%%&é@%‘sénatg haia %%S(’;grl RSB AR iments,
polymerizatiélseysteInsohtimpedsesitineshtivninu (e gedSsetvenito avkich acehain transfer agent

dissolves. '”eﬁ%@%@ﬁ@@%@iﬁgﬁmﬁn&&@%@ﬁﬁéQﬁf%?t%ﬁm I8 ROQY.Soluble In the epoxide, but is
soluble in a mixture of epoxide and another solvent a ed to the Teaction mixture. 1 certain
embodimentE2HESHIRHS S8 dBER A& polymerizations system is chosen from the group consisting of

esters, nitrides, ketones, aromatic hydrocarbons, ethers, amines and combinations of two or more of
these. In some eninodimenthodipolys)erizationditigtonineludasamulinl @ctive: fupglignal group that
Is itselfl%ble fg s(gr%(e:terlp} zl:»t . nlr?e;[li s,%ﬁ @ égg%%tseplr'gsog& Etr}grc]ar nc?x I?é%rggrsaits thereof, while in

other embodiments, one or more carboxylic acid Y groups are present along with one or

more other functional groups that can initiate the copolymerization. In certain

embodiments, at least one Y group 1is a benzoic acid derivative.

In certain embodiments, a chain transfer agent is a diacid, a triacid or a higher
15 polyacid. In some embodiments, a chain transfer agent is a diacid. In certain embodiments,
nis 1, and both Y groups present are carboxylic acids. In certain embodiments, a diacid is
phthalic acid, isophthalic acid, terephthalic acid. In certain embodiments, a diacid is
maleic acid, succinic acid, malonic acid, glutaric acid, adipic acid, pimelic acid, suberic
acid, or azelaic a.cid. In some embodiments, a chain transfer agent is a triacid. In certain
20 embodiments, a triacid is citric acid, isocitric acid, cis- or trans-aconitic acid, propane-

1.2,3-tricarboxylic acid or trimesic acid.

In certain embodiments, at least one Y group is a carboxylic acid or carboxylate
and one or more additional Y groups are independently selected from the group consisting
of -OH, -C(OR")CH, -OC(R")OH, -NHR’, -NHC(O)R’, -NHC(O)OR?, -C(O)NHR?,

25 -C(S)NHR’, -OC(O)NHR®, -OC(S)NHRY, -SH, -C(O)SH, -B(ORMOH,
-P(0)o(R7):(ORY).OH, -OP(0).(R*):(ORY).OH, -NR")OH, -ON(RY)H; =NOH,
=NN(R")H. In certain embodiments, at lcast one Y group is a carboxylic acid and one or
more additional Y groups are independently selected from the group consisting of —OH, -
SH, -NHR?, and -C(O)NHR”.
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chain. One subset of such multiply-active functional groups react multiple times at the same atom.
Examples of such groups include, but are not limited to ammonia, primary 5amines, hydrogen sulfide
and water, all of which remain nucleophilic after the first addition and are thereby able to react again
initiating additional polymer chains. Another subset of multiply active functional groups can react at
different atoms in the functional group to initiate multiple chains. Examples of such groups include, but
are not limited to guanidines, areas, boronic acids, hydroxyl amines, and amidines. 10In some
embodiments, a chain transfer agent may contain a single multiply active functional group. In some

embodiments, the SRS SRS hTAS L ARSI 255RGH: haming sty enteeieiBnal group in addition
to one or masetekithentsgroipsadaisditie dabtvagtntcittid embasimentsca.ghaindmpsier agent may
contain two ogiggotrecrgr%l&!yrp%gg&vee% Qcatrigpgla%r&négsh I a%gfgain e boﬁiments, Eﬁc ain transfer agent
may contain Tho Thor more MuMply Actve Fahclonar Srets ST AoBH SR Rt S FL 8P ore of the Y
groups desctibbeliheseindboprentidsdetsdiCbettered Cathhpstst 20 amicedaihrestesliinentsr provided

metal C%mpl%%ﬁcﬁﬁ%ﬁ@ﬂﬁgi&{lﬂ‘ﬁ%@ﬂs?&@ﬁﬁﬁs IHHS[ %@i&ome embodiments, polymerization systems

of the present invention’incorporate 20 transition metal catalysts capable of catalyzing the
copolymerization of carbon dioxide and epoxides. In, certain embodiments, the polymerization systems

include any of the CARSRISE LSS ifle D BR M N AR 2 S5 Padhd B5878,004; in PCT
Application NibidreWORAGE136584 A, WEREAEIEHASIA In RGhik SA0/AARIR6 228 ha
PCT/US09/054773 and in Chinese Patent Application Numbers CN200710010706, and
CN2008102978) B SIS, BT AEmat Uhon s e o PR ip BT e B rdrence.  In
certain eu.ibbdﬁne«:itis,Iptalquinegizatim&mems@i&m:idtekemﬂmmwmﬁﬂmmmhm@wm@plexes _
denotefhlb-Nblis WARKS LRI hREHIANGHLIGANA Se M n A metal g, and J4 s g loand thatis a
polymerization initiator, arid in is an integer between 0 an Inclugive representing the number of
initiating ligagiganptemesting f: piretepamsapsonic sprddmeddniBodirhemss acidefabatom, M, is selected
from periodig faRig,BrayRs:3:d 3. NENSHEHIRERT @i@,%ﬂ@ﬂ%ﬁﬁ?v%ﬁc%{@,@@%@&?l selected

from periodic table groups 55-12, inclusive. In some embodiments, M is a transitiont metal selected °
from periodid¥5Bie%gtblps BVEORctisRe 25 i et dnAdnts iR aftrabsilisnditeial selected
from periodigdiablendaiips s 1O hinclisiveid i cartainisarbediuprNts, MisAcdagitiondetal selected
flora : L . .
15 hydroxy acids are selected from the group consisting of optionally substituted Ca_ag
aliphatic o~ hydroxy acids. In certain embodiments, an ¢-» hydroxy acid is a polyester

oligomeric ester.

In some embodiments, where one or more Y groups is a carboxyl group, a chain
transfer agent is provided as a carboxylate salt. In certain embodiments, a carboxylate salt
20  isagroup I or Il metal salt. In some embodiments, a carboxylate salt is an ammonium salt.
In certain embodiments, an ammonium cation is NH, . In some embodiments, an
ammonium cation 18 a protonated primary, secondary, or tertiary amine. In some
embodiments, a saltis a quéternary ammontum salt. In some embodiments, & quaternary
ammonium cation of a salt is tetramethyl, tetrabutyl, or trahexylammonium ammonium. In

25  certain emnbodiments, a carboxylate salt is a phosphonium carboxylate.

In other embodiments, at least one Y group of a chain transfer agent is a thiol. In
some embodiments, at least one Y group is a primary thiol. In other embodiments, at least
one Y group is a secondary or tertiary thiol. In certain embodiments, at least one Y group

18 a thiophenol or thiophenol derivative,
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periodic table groups 7-9, inclusive. In some embodiments, M is selected from the group consisting of
Cr, Mn, V, Fe, Co, Mo, W, Ru, Al, and Ni. In some embodiments, M is a metal 10atom selected from
the group consisting of: cobalt; chromium; aluminum; titanium; ruthenium, and manganese. In some
embodiments, M is cobalt. In some embodiments, M is chromium. In some embodiments, M is
aluminum. In certain embodiments, a metal complex is a zinc, cobalt, chromium, aluminum, titanium,
ruthenium, or manganese complex. In certain embodiments, a metal complex is 15an aluminum

complex. In other embodiments, a metal complex is.a chromium complex. In yet other embodiments, a
metal complex is a(? i %@rﬁ&%&ﬁfﬁ%&%ﬁ%@ﬁﬁ% B%%%méﬁ?s?(gm?Llfém?ex is a titanium

complex. In stibathernésbddimentsfa agetalcodipiex i aomthenhaniieeny|exhim earaisr embodiments,
a metal comp @E&iﬁ thﬁ{gggg{l%?gr %%m%lhe 0.Iggr(_:ertain embodiments, a metal complex is cobalt

complex. In 2Z0certain em ents where a metal complex is a cobalt complex, the cobalt metal has
an oxidation state of +3 (i.e., Co(11)). In other embodiments, the cobalt metal has an oxidation state of

2 (i.e., Co(ll)). Lb. 2T ERP AR SEe R OB BeMP ig &ribiekied M s BRaditABRE ligands that
remain 25covrginaiesniti-panetaligenterdhaugieuiihe eatatvic LyeloH hisigjomontrast to other

ot may part R TC CLA cylE o N G0 B R L e O e R Conrtons.

In certain ernBOGINEHES,, aPEXRIATERT, [IgAOUSSEL-BODIPYISEE aP¢impg(R Mp(dtidgmEte ligand that remains

moludes o oL e o O O S el G cataysis. in some
embodimentgnbodiaritecinishek Bsomnpisessa thisla atont coondimatititional Srgtenpetradentate ligand
while in @thegdependently selected from the group consisting of ~OH, -NHR, -C(0)OH, and

-C(O)NHR”. In some embodiments, a chain transfer agent is a thio alcohol. In some

embodiments, a chain transfer agent is an amino thiol. In some embodiments, a chain

transfer agent is a thiol carboxylic acid.

In certain embodiments, a Y group of a chain transfer agent is an active NH-

15 containing functional group. In certain embodiments, a nitrogen atom of the NH-
containing functional group is nucleophilic. In certain embodiments, a active NH-
containing functional group is selected from the group consisting of C-linked amides, N-
linked amides, O-linked carbamates N-linked carbamates, ureas, guanidines, amidines,
hydrazones, and N- or C-linked thioamides. In certain embodiments, one or more Y

20  groups is a primary amide.

In certain embodiments, polymerization systems of the present invention include
only one chain fransfer agent, while in other embodiments, mixtures of two or more chain

transfer agents are used.

In certain embodiments, polymerization systems of the present invention include a
25  solvent in which a chain transfer agent dissolves. In certain embodiments, a chain transfer
agent is poorly soluble in the epoxide, but is soluble in a mixture of epoxide and another
solvent added to the reaction mixture. In certain embodiments, the solvent added to the
polymerizations system is chosen from the group consisting of esters, nitriles, ketones,

aromatic hydrocarbons, ethers, amines and combinations of two or more of these.
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embodiments, a metal complex comprises a chelate containing a plurality of individual permanent
ligands. In certain embodiments, a metal complex contains two bidentate ligancis. In some
embodiments, a metal complex contains a tridentate ligand. In various embodiments, tetradentate
ligands suitable for metal complexes of the 10present invention may include, but are not limited to:
salen derivatives 1, derivatives of salan ligands 2, bis-2-hydroxybenzamido derivatives 3, derivatives
of the Trost ligand 4, porphyrin derivatives 5, derivatives of tetrabenzoporphyrin ligands 6, derivatives

of corrole ligands %lphthalcr)r@/z%ninate deriyatives 1{_3 andtdi%:)enzcl';’e rame{ﬂizltfztraaza[14]annuIene
(mina) derivatives 378" R 1%?%,“63% B SRR B RRERH B%Figé 19%5%0?‘%‘? Rl and R1l are
independentiynsetestegbirpmhdhie gydlpbéonsistingnoltzi; pte altytsubstiutedCintoptliBaliphatic;
optionally s i =10 14- C C -optionally substituted, 3;.t0_14-membered
heterocycle%%%{g}@%; bt2% érﬁ% %%?ﬁ%%%e%%%&ﬁ%ﬁﬁgﬁgg%ggﬁ Iéuégga%%%%s%isﬁ\eg of -H;

~ optionally Ssamstrigadizanple s alibrertepopubiispeimstitwitdmBed dormmenthersdacarbocycle;

optionally suBstitite éagen%%zmg@wg&,e;ﬁwﬁieh RBaRacROg AR LR AN RS are
independently selected from the group consisting of: - .
addition and are thereby able to react again initiating additional polymer chains, Another
subset of multiply active functional groups can react at different atoms in the functional
group to initiate multiple chains. Examples of such groups include, but are not limited to

guamdines, ureas, boronic acids, hydroxyl amines, and amidines.

10 In some embodiments, a chain transfer agent may contain a single multiply active
functional group. In some embodiments, the chain transfer agent may contain a single
multiply active functional group in addition to one or more of the Y-groups described
above. In certain embodiments, a chain transfer agent may contain two or more multiply
active functional groups. In certain embodiments, a chain transfer agent may contain two

I5  or more multiply active functional groups in combination with one or more of the Y

groups described hereinabove.
Lb Metal Centered Catalysts

In certain embodiments, provided metal complexes are transition metal catalysts,
Thus, in some embodiments, polymerization systems of the present invention incorporate
20 transitioﬁ metal catalysts capable of catalyzing the copolymerization of carbon dioxide and
epoxides. In certain embodiments, the polymerization systems include any of the catalysts
disclosed in US Patent Numbers 7,304,172, and 6,870,004; in PCT Application Numbers
WO2008136591A1, WO2008150033A1, PCT/US09/042926; and PCT/US09/054773 and
in Chinese Patent Application Numbers CN200710010706, and CN200810229276, the

25 entirety of each of which is hereby incorporated herein by reference.

In certain embodiments, polymerization systems of the present invention inciude
metal complexes denoted L,-M-(L7)., where L, is a permanent ligand set, M is a metal
atom, and L, is a ligand that is a polymerization initiator, and m is an integer between 0

and 2 inclusive representing the number of initiating ligands present.
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-H; optionally substituted C1 to C12 aliphatic, optionally substituted 3- to 14- 10membered carbocycle;
optionally substituted 3- to 14-membered heterocycle, and R21; V at each occurrence is independently
selected from the group consisting of: -H; optionally substituted C1 to C12 aliphatic; an optionally
substituted 3- to 14- membered carbocycle; an optionally substituted 3- to 14 membered
15heterocycle; R20; and R21,where two or more R™ groups may be taken together with intervening
atoms to fowl one or more optionally substituted rings and, when two Re groups are attached to the
same carbon atom, they may be taken together along with the carbon atom to which they are attached
to fowl a moiety selected from the group consisting of an optionally substituted 3- to 8- 20membered
spirocyclic ring, a carbonyl, an oxime, a hydrazone, and an imine; Rd at each occurrence is
independentiy?sklMetelddfiars the group consisting of: optionally substituted C1 to C12 aliphatic;
optionally substituted 3- to 14-membered. carbocycle; optionally substituted 3- to 14-mcmbered

heterocycle; R20; anddrik shoEHaas0r mere Rerilrounsmasderiakeriosrthanndtbgeinteyrvening
atoms to form 1ne or more Oi%%%’éha@{ subst'étbft.ed rings; and im represents an optignally substituted
RS

moiety coval@RthP kit EvY HSTEn Y e PRI PBFTRS) S RSO TRECHRAIREY FRIRE R2),

and [RR2I] mal2opithnally hestakenibgdiientiil intetuasingnatembstictosmiane mirmmeaatirgs which

may in turn be subéﬁti't{.ltled with ope or more(?r%gg %Elﬁcted from RH; R ncqeg%l' and.where Rm
[ rom

20: :
at each occiifrenice is ih é"lpuglﬁr 'enrtll§esre &cted f € gré%%%nﬁéﬁigﬁn%eé??%ea?ogen;%nﬁﬁgﬂ%
substituted Gibie gBaupsdtiphandusytiommibyreubsmbeaingdtsoM &-atembicrechcazbedyata] Hptionally
substituted Selfodd MATRSIed NSISIAGKAE: 12 Enc AR SO LLIMNRIATI2 CN: -
CNO; -C(R13),11(3,2); - (0)%13; *C(0)0R13; ~C(O)NRIR1Z; -NRITRL: - W g
consisting of Cr, Mn, V, Fe, Co, Mo, W, Ru, Al, and Ni. In some embodiments, M is a metal
10 atom selected from the group consisting of: cobalt; chromium; aluminum; titanium;
ruthenium, and manganese. In some embodiments, M is cobalt. In some embodiments, M is

chromium. In some embodiments, M is aluminum.

In certain embodiments, a metal complex is a zine, cobalt, chromium, aluminum,

titanium, ruthenium, or manganese complex. In certain embodiments, a metal complex is

15 an aluminum complex. In other embodiments, a metal complex is a chromium complex.
In yet other embodiments, a metal complex is a zinc complex. In certain other
embodiments, a metal complex is a titanium complex. In still other embodiments, a metal
complex is a ruthenium complex. -In.cértéiin:embodiments, a metal complex is a
manganese complex. In certain erribociiment_s, a met;ﬂ complex is cobalt complex, In

20 certain embodiments where a metal complex is a cobalt cbmplex, the cobalt metal has an
oxidation state of +3 (i.e., Co(III)). In other embodiments, the cobalt metal has an
oxidation state of +2 (1 e., Co{il}).

Lb.2 Permanent Ligand Sets

A permanent ligand set ‘L,” comprises one or more ligands that remain
25  coordinated with a metal center throughout the catalytic cycle, This is in contrast to other
ligands such as polymerization initiators, monomer molecules, polymer chains, and
solvent molecules that may participate in the catalytic cycle or may be exchanged under

the polymerization conditions.

30



NRIIC(0)R13; -NE!1C(0)0R13;IS02R1 3; -in' IRI2R13- P(R)3 K. -P(RI1)3=N1=P(R11)3r;
-As+1211R12R13 r; -NCO; -N3; - 10NO2; -S(0)R'3; and -SO2NRIIR12, R2 at each occurrence is
independently selected from the group consisting of: halogen; -ORI; -0C(0)R13; -0C(0)0R13;
-N-(R11)3r; -V1(R11)3- P(R11)3=1'1=P(R11)3-As*RIr; -OC(0)NRI 1R12; -CN; - CNO; -C(0)R13;
-C(0)0OR13; -C(0)NRI1R12; -C(R13)2fl0_7); -NE! 'R'2; - 15NRI1C(0)R13; -NE! | C(0)0R13; -NCO; -NRIlI
S021213; -S(0)"'R.13; -S(0)2NRI1R12; -NO2; -1'13; and -Si(R13)(3-4(CH2)kR141., R2I at each

occurrence is inde end ntI ted rom the consistin R20;

(CH2)k-Z"- (CH2)k ’%‘8( g/‘izfnf z‘}PCE‘}—% ﬁP zﬁ":tft%“f?s &w{g FELNER17)21/(3-2)i
-(CH2)k-Z"-Rigambihis enmmawoza@anmwwnmmkwsaidmgfmym @ncmpwonsstlng of
(Cr=CHa ol e et SAaNOR M SENNRISAZ 0 g0, CO- 0C00-

-N(RII)-; -N(C(0)R13)-; -C(0)NR13-; -N(C(0)R13)0-; INTR13 a polyether; and a
polyamine, Z2SacitehwiBeRdHEeTS r@em&%ﬂ%eﬁeéwmﬁ%@gﬁmpmﬁémgm -H;

optionally subsiiuied el abahasiaanepionallsihied g symamibaied carbocycle; an

optionally substit ted 3- to 14-membered heterocycle -S(0)2R13; -Si(Ri5)3; - éO)RlB and a hydroxyl
protecting grSBR° 1ments ametal complex comprises a chelate containing a plurality of individual

permanent figands. In certain embodiments, a metal complex contains two bidentate

ligands. In some embodiments, a metal complex contains a tridentate ligand.

In various embodiments, tetradentate ligands suitable for metal compiexes of the

10 present invention may include, but are not limited to: salen derivatives 1, derivatives of
salan ligands 2, bis-2-hydroxybenzamido derivatives 3, derivatives of the Trost ligand 4,
porphyrin derivatives 5, derivatives of tetrabenzoporphyrin ligands 6, derivatives of
corrole ligands 7, phthalocyaninate derivatives §, and
dibenzotetramethyltetraaza[ 1 4]Jannulene (tmtaa) derivatives 9 or 9°.

o /-\ . FH 1 R\m R
=N N ry
RZ hi'd R? R? N N / R P“‘\ N
Rt pleaglie s
:g: N 4 3 R\ N / o
R 1 ® W, 4 \,_\E/\
- : , RIE AngeN R
A N/M\N 78
IS
= She
REE Rd
7
r! = i RV /_/i{\c t
=N
4;/\ \Rz Rz;g\::”{\az
N N=H
R" b R' G R \_\ A o
d‘\ / R*
15 §

wherein,

Q, at each occurrence is independentty O or S;
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R11 and R12 at each occurrence are independently selected from the group consisting of: -H;
optionally substituted CI to C12 aliphatic; an optionally substituted 3- to 14-membered carbocycle; an
optionally substituted 3- to 14-membered heterocycle; where two or more R11 or R12 groups can
5optionally be taken together with intervening atoms to foilll an optionally substituted 3- to
10-membered ring, R12 at each occurrence is independently selected from the group consisting of: -H;
optionally substituted C1 to C12 aliphatic; an optionally substituted 3- to 14-membered carbocycle; and

optionally substituted 3s:t0 14- 10memhered heterocycle, where two or more R13 groups on the same
molecule may op igﬁg‘% 5E%E SR%% e?e??)c{%ﬁﬂﬂﬁhﬁg?ﬁ? LN BRR OFrehbOREMAEE endently
selected from the groupubstitsistitg af (Qptibptaitic sofisiitelied it phatid-aproptieaally substituted
3-to 14- membered ¢ &a- 9 n tionall ostituted 3-to 1d-membered 15heterocycle, a is
1,2,3,0r4,kis indepagg}ggﬁ%eé%gag %P{éﬁ%?ﬁ%gagﬁ ?ﬁtg%eé?%br%rﬁ(ﬁ%%ﬁ%ﬁg%i\%f?rpﬁ i$ 0 or an

integer from 1 tor8 sincRisive ifdiép D @man slegel from o g'a}oiﬂp&ﬁﬁgvﬁh%?sﬁisjz@; dptRiand zis |, 2, or
3. In certain embodimen s%.oftcgrgpleées ][.t%ro.ugh 4,is selected from t eégroup consisting of a C3-14
carbocyle, a C6.10 ant Grotis a 3146 A bR RATR IR Sy 2 4418 9BbiiErhbered heteroaryl

group; a polyether groepsbocgic? bptidionigl histthstid teddC2-20: aliphaticcgrow:lvwRefeirne or more
methylene units are and R?L:

R® and R* are independently selected from the group consisting of:
~H; optionally substituted C, to C;; aliphatic; optionally substituted 3- to 14-
10 membered carbocycle; optionally substituted 3- to 14-membered heterocycle,
and R*;

R® at each occurrence is independently selected from the group consisting of: ~H;,
optionally substituted C; to Ci2 aliphatic; an optionally substituted 3- to 14-
membered carbocycle; an optionally substituted 3- to 14 membered

15 N heterogycle; RZO; and R ,where two or more R® groups majr be taken together
| with intervening atoms to form one or more optionally substituted rings and,
when two R® groups are attached to the same carbon atom, they may be taken
together along with the carbon atom to which they are attached to form a
moiety selected from the group cbnsistin g of: an optionally substituted 3- to 8-
20 ' membered spirocyclic ring, a carbonyl, an oxime, a hydrazone, and an imine;

R? at each occurrence is independently selected from the group consisting of’
optionally substituted C, to C;; aliphatic; optionally substituted 3- to 14-
membered carbocycle; optionally substituted 3- to 14-membered heterocycle;
R?; and R*, where two or more R groups may be taken together with

25 intervening atoms to form one or more optionally substituted rings; and

N represents an optionally substituted moiety covalently linking two nitrogen

atoms,

where any of [R* and RS’}, [R? and R”], [R" and R?], and R" and R*] may optionally

be taken together with intervening atoms to form one or more rings which may
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optionally and independently replaced by -NR-, -N(RY)C(0)-, -C(0)N(RY)-, -0C(0)N(R)-, -N(RY)C(0)O0 -
-0C(0)0-, -0-, -C(0)-, -0C(0)-, -C(0)0-, -S-, -SO-, -502-, -C(=S)-, -C(=NRY)-, -C(=NOR))-or -N=N-.

In some embodiments, one or more of the substituents on metal complexes 1 through 9'is an
activating moiety, where "- "represents a covalent linker containing one or more atoms selected from
the group consisting of C, 0, N, S, and Si; "Z" is an activating functional group having co-catalytic
activity in epoxide CO2 5copolymerization, and p is an integer from 1 to 4 indicating the number of

individual activating functional grqu resent on a given activating moiety. 14,é%§_ert N,
embodiments, the linker Erhl%llg)t%/ v S%% g:s dascrived %‘%YS-%YSHHFn%q%&?gBﬁi‘éaﬂ ' r’lﬁﬁab%r’
PCT/US09/54773. In soreveenbodiments, the one or more Z group(s) present on the activating moiety
is independently selegted from the group 10consisting of PPN derivatives (-PR2=N fr-PR3);

ammonium salts; phdsph6AFIRCEETE Sris SR tetiast SR ARSI SRS fthiazolium, or
oxazolium group. In certaimgbyeadimentiasdbgianpd s an antiensibtsubsituiad Mdinkedpiperidine or
N-linked. pyrrolidine. In some embodiments, a Z group is an optionally substituted guapidine. In other
embodiorljnents, a Z group i?éﬁ%/% ecr)fné)ee T ggg?%’?&ﬁ?ﬁ@%%%@f@ﬁ%%&r‘iosso%ﬁge&?fﬁﬁrggiments,
provided metal complexesrtasmadtudirs sSEBRForOBOWPRID-DOKISIR] & WHerein: 20M, 14, In
RI, Rif, R2, R2', R3, R3" anehR{ fine Ve, | embedimants; a | pent ligand set
is a salen ligand. In certain emBo?if%ﬁzt%g?’m%@%%{orﬁplkgg(éﬁ’sagrﬁgg@sﬁg%;ﬁé. I%%cg}t%ih

embodiments, a metal comPexGECARobANRs &R KR pleVhn S8HBIT: ePodRm&nts a-metal complex is
a chromium salen complex, ik 8ther empodimenis R'metal camplexiganalurRgm galen
10 NO;; -S(0),R"; and ~SO,NR''RY,

R* at each occurrence is independently selected from the group consisting of:
halogen; ~OR'%, ~OC(O)RY; ~OC(O)OR™; -N' (R, X, P (RM); X, -
PR™)=N"=PR"); X; ~As'R'RZR" X'; ~OC(ONR''R'%; -CN;
CNO; -C(O)R”; ~C(OYOR'?; ~C(ONRMRY; ~C(R™),Hi0y -NRUR, —
15 NR'COR"; NRYC(0YORY; -NCO; -NR''SO,R"; -S(0),R**;
| ~S(0),NR'R'%; -NO; ~N; and -~Si(R ), [(CH)R 1.,
R*! at each occurrence is independently selected from the group consisting of: ~
(CH2)R™; ~(CH)-Z"-(CH )R, ~C(R' ) His.0 «(CH)CR ) Hiam
~(CH)m-Z"-(CH)mCR ) H 3.2 ~(CHo)-Z"-R ™,
20 X is any anion,

Z" is a divalent linker selected from the group consisting of -(CH=CH),-;
«(CH=CH)s; -C(O)-; -C(ENORM)-; -C(=NNR''R'?)-; -O—; ~OC(0)—;
-C(0)0-; -0C(0)0-; -NR -5 -N(C(OIR?)-; -C(OINR-; -N(C(O)R)0-;
-NRPC(ORPN-; -S(0),~; a polyether; and a polyamine,

25 R' at each occurrence is independently sclected from the group consisting of:
~H; optionally substituted Cll-;g aliphatic; an optionally substituted 3- to
14-membered carbocycle; an optionally substituted 3- to 14-membered
heterocycle —S(0),R"%; ~Si(R¥);: —~C(O)R'?; and a hydroxyl protecting
group,
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5 complex. In certain embodiments, metal complexes of the present invention have the formula:
wherein: 10M is the metal atom; Li is a nucleophile capable of ring opening an epoxide; in is an integer
from 0-2 inclusive; and N .4 It' is the permanent ligand set; whereinis as defined previously and each
A' independently represents one or 15more substituents optionally present on the phenyl rings. In
certain embodiments, each R' is independently an Rd group or agroup, where two or more adjacent R’
groups can be taken together to fouxi an optionally substituted saturated, partially unsaturated, or

aromatic 3- to 12- membeyed.ring containing 0 to 4 heteroatgrns,. In certain embodiments, the 1moiety
is selected from th(T[gro%Jnﬁ{ gon%ﬁst%ﬁ% Oocﬁtﬁggﬁ%a&e]ﬂd%’ee\n,;?aié’ S Wati(f;lfr% ?gﬁﬁé%p

consisting of: —H; optionally substituted C, to C,; aliphatic; an optionally
substituted 3- to 14-membered carbocycle; an optionally substituted 3- fo
14-membered heterocycle; where two or more R or R™ groups can

5 optionally be taken together with intervening atoms to form an optionally

substituted 3- to 10-membered ring,

R at each occurrence is independently seiected from the group consisting of:
~H, optionally substituted Cy to Cy; aliphatic; an optionally substituted 3-
to 14-membered carbocycle; and optionally substituted 3- to 14-
10 membered heterocycle, where two or more R groups on the same

molecule may optionally be taken together to form ring.

R" at each occurrence is independently selected from the group consisting of:
optionally substituted C;-1; aliphatic, an optionally substituted 3- to 14~
. membered carbocycle; and an optionally substituted 3- to 14-membered

15 heterocycle,

a 1s 1,2, 3, 0r4,

k 1s independently at each occurrence an integer from 1 to 8, inclusive,

m 18 0 or an integer from 1 to 8, inclusive,

g i8 0 or an integer from 1 to 5, inclusive,

20 x1is 0, I,0r 2, and

zi8 1,2, or3.

In certain embodiments, of complexes 1 through 4, Y\ s selected from the
group consisting of a Ci.14 carbocycle, a Ce.1o ary! group, a 3- to 14-membered
heterocycle, and a 5- to 10-membered heteroaryl group; a polyether group, or an

25  optionally substituted Cp aliphatic group, wherein one or more methylene units are
| optionally and independently replaced by -NR”-, -N(R*)C(O)-, -C{OIN(R")-,
~OC(O)N(R”}-, -N(R"C(D)O-, -0C(0)O-, -O-, -C(0)-, -0C(0)-, -C{O)O-, -S-, -SO-,
-SO2-, -C(=8S)-, -C(=NR")-, -C(=NOR")-or -N=N-.

34



Re and R’ are as previously defined, Y is a divalent linker selected from the group consisting of:
-N(Rn)-; -0-; 5-(CH2)a-; -C(0)-; -C(=NOR10)-; -C(Re)H2-; a polyether; an optionally substituted 3- to
8-membered carbocycle; and an optionally substituted 3- to 8-membered heterocycle, g is 0 or an
integer from 1 to 5 inclusive, and x is 0, 1, or 2, 10In certain embodiments provided metal complexes
have a structure selected from the group consisting of: wherein: 15M, Re,and In are as defined above;

R4a, R4al, R5a, R5a", R6a, R6a", R7, and R7af are each independently hydrogen, a (z),0
group, halogen. -NO2, -CN, -:SR13, -S(0 213 S NR" cogis M%Rl% -002R13,
“NCO, -N1, -ORI , P&‘B‘)"}\?ﬁl{"ﬂﬁﬁ &S %,S“_ RERRS 9% 050 SRIBIEEDIOR13: or an

optionally thsukgﬁtﬁutemraﬂma’thmgteota@ fmm(%hewgimm ‘consistingredetit a20-aliphadtiteC1 20
heteroallphal;l & embered aryI % mbered hete oar ry ﬁ to 7;membered
t I
heterocyclic, w elgégﬁ%la an aréaeﬁ %—? and ggﬁl)}ptv(\:/%nﬂlﬁ )i’%% a r§1 oar,
“Z” 18 an activating func’aonal group having co-catalytic activity in epoxide CO;
5  copolymerization, and p is an integer from ! to 4 indicating the number of individual

activating functional groups present on a given activating moiety.

In certain embodiments, the linker moiety “—~ " i3 as described in co-pending

PCT application nuwmber PCT/US09/54773. In some embodiments, the one or more Z
group(s) present on the activating moiety 1s independently selected from the group

10 consisting of PPN" derivatives (~PR;=N =PR3); ammonium salts; phosphonium salts; or
an optionally substituted N-linked imidazolium, thiazoiium, or oxazolium group. In certain
embodiments, a Z group is an optionally substituted N-linked piperidine or N-linked
pyrrolidine, In some embodiments, a Z group is an optionally substituted guanidine. In
other embodiments, a Z group is any of those described in PCT/US09/54773.

15 In some embodiments, provided metal complexes have a structure selected from the

group conststing of:

& <] Q}RZ

Lp

wherein:

20 M, L, mRY, RY, R%, R*, R®, RY and R are as defined above.
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adjacent R4a,R7, and Or groups can be taken together with intervening atoms to form one or more
optionally substituted rings optionally containing one or more heteroatoms; n is 0 or an integer from 1
to 8, inclusive; and 10p is 0 or an integer from Ito 4, inclusive. at In some embodiments, R1 Rh!, R4a,
Ra, R1,E. and R6atare each -H. In some embodiments, R5a, R5a., R7a and 127" are each optionally
substituted C1-C12 aliphatic. In some R4a, Raa’, R5a,Risa, embodiments,K R7a, and Fea' are each
independently selected from the group consisting of: -H, -SiR3; methyl, ethyl, n-propyl, i-propyl,
n-butyl, sec-butyl, t-butyl, 15isoamyl, t-amyl, thexyl, and trityl. In some embodiments, 12.18-, Rh, R4a,
R4a', K and R6" arB' 8805 ?ﬁﬂ?’ﬂ?’é’&?ﬂ@éﬁﬁ%ﬁﬂ?@ﬁf&%ﬁﬁé&%&%&%ﬁa RSP consisting of -H;
methyl; ethykrmbptpyitsipreel conmi iseexbulidsdrnad; Tis oamm; dnaadinthexy nangl trityl. In some
embodimentgénI? ‘and R7,§1 Erelinde(Perlder}tly select%%fr )m the group consisting of -H; methyl; ethyl;
n-propyl; i-propyi: A-butyl” secbutyF Bt TSR ﬁf%}nﬁﬁ‘&)%”%\ B SO I Lertain
embodimentsiomeuor saerecohREa, IR sdicRfabatithRits' ismetak (oyprienupainisameambadiments, R5a
and R5'Y ar%o%?é@x‘?‘ -Izlp group. In some embodiments, R5a is a 1z)p group and Rs': is C1..8 aliphatic.
In some embodiments, R7a and R7" are each a

In certain embodiments, metal complexes of the present invention have the

formula:
N Ne=
= I \Mf | x
' / ; -
R'/ O (LI)\H>O ’\RF
H
wherein:
10 M is the metal atom;

L;1s a nucleophile capable of ring opening an epoxide;

m is an integer from 0-2 inclusive; and

e
e
A WA

v " 18 the permanent ligand set;

-

R

wherein /) is as defined previously and each R’ independently represents one or

15 more substituents optionally present on the phenyl rings.

In certain embodiments, each R’ is independently an RY group or 2 @k group,
where two or more adjacent R’ groups can be taken together to form an
optionally substituted saturated, partially unsaturated, or aromatic 3- to 12-

membered ring containing 0 to 4 heteroatoms,
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-lz1p group. In some embodiments, RTh is alzlp group and R7a’" is Cl_g aliphatic. In certain
embodiments, provided metal complexes have a structure selected from the 25group consisting of: ;
and6 where Rla through R7a’ are as defined above. In certain embodiments, provided metal
complexes have a structure selected from the 5group consisting of: ; and where R5a, R5, R5a,
and Rmi are as defined above. In certain embodiments, each pair of substituents on the salicaldehyde
portions of the complexes above are the same (i.e. Rs' & R5a’ are the same and R2a & R7a' are the
same). In other embodiments, at least one of R5a & R5E6 or R7a & RTh are different from one

another. In certain embodiments, the moiety 18 selected from the group consisting of:

c

Rﬁw RQTLY*T;RC / _\/‘R }_‘i)q
S VR R & and P -‘“\J,where

R® and R’ are as previously defined,
Y is a divalent linker selected from the group consisting of: -N(R')~; ~O-; ~-S{(0Q),-;
5 «(CHay; -C(O)-; ~C(=NOR)-; -C(R*),H;.+-; a polyether; an optionally
substituted 3- to 8-membered carbocycle; and an optionally substituted 3-

to 8-membered heterocycle,
g is 0 or an integer from 1 to 5 inclusive, and
xis 0, 1, 0r2,

10 In certain embodiments provided metal compiexes have a structure selected from the

group consisting of:

wherein:
15 M, R®, R, Ly, and m are as defined above;

R*® R*¥™ R™ R* R® R®,R™ and R™ are each independently hydrogen, a
@) group, halogen. -NO,, -CN, -SR", -S(O)R ", -S(O),R ",
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wherein: 10IC', Rd, L1, m, and q are as described above, and R4, R41, R5, R6', R6, Rd', R2, and
1111" are each independently selected from the group consisting of: -H; -R20; -R21; optionally
substituted C1-C12 aliphatic, optionally substituted 3- to 14-membered carbocycle; and optionally
substituted 3- to 14-membered heterocycle; 15where [R1 and Rd], [R1' and R41 and any two adjacent
Rd, R4', R5, R5', Rd, Rdr, R2, and R2' groups can optionally be taken together with intervening atoms
to form one or more rings optionally substituted with one or more R2 groups. In certain
embodiments, wherein a metal complex has formula HI, fe, R11, R4, R'r, R6, and R6,.are each -H. In

tal ¢ ,
certain embodiments, \}ﬁerg@}ﬁmeﬁ%g Iei(ﬁgﬁgrﬁmr%RQPRSlQﬁ@oéNg‘ R¥i.are each
optionally substituted C3i@( pliphtie.?, -NR @R rmhodimeato)oRétein @ mataheomplex has
fointula Ill, R4, R41, R5 1, R6,.R61, R7 R71 are each independently selected, from the group
consisting of: -H, - Si(ﬁlﬁjb% ufgcli ﬁ@?%ffgfff?(%i@) B MetRYT P?gfb?ﬁﬁw EBtiy-Lec-butyl, -
butyl, isoamyl, t-amy|, ikexyd]iptiatlc:- G(OHSRERb(SHDHCR @H2)pR2RA(BYs@nadk and 3-

10Si(R15)(3.-4[(CHD 2 ' j A Jdnclusive apdhR22 is selected from the
group c](g?nsisting of: aktﬁié%gg%’%%ﬁ%{gr% gf,%%g“ﬁégg{%%]eégﬁjﬁe ﬁg r;%@%?l%@i\ﬁltgﬁmll)s X;

“As(R11)3 XT, and op#@iaeshy BUb&ituled: Byridiuf. iRCeradRértodmemtbewtiendireatimetal complex
has formula Ill, R7 is sgigcted-fomdheSRaumsansiting. o< b mety: Stivkpsprary: -propyl; n-butyl;

sec-butyl; t- . -
optionally containing one or more heteroatoms,

nis 0 or an integer from 1 to 8, inclusive; and
10 p s 0 or an integer from 1 to 4, inclusive,

In some embodiments, R**, R, R* R* R® and R®™ are each -H. In some
embodiments, R*® R*, R™ and R™ are each optionally substituted C;-C;» aliphatic. In some
embodiments, R*, R*, R™® R, R% R% R, and R’ are each independently selected from

~ the group consisting of: -H, -SiR3; methyl, ethyl, n-propyl, i-propyl, n-butyl, sec-butyl, t-butyi,

15 isoanyl, -amyl, thexyl, and trityl. In some embodiments, R™, R™, R*, R*, R%, and R® are
g:aph -H. In some embodiments, R™ is selected from the group consisting of -H; methyl,
ethyl; n-propyl; i-propyl; n-butyl; sec-butyl; +-butyl; isoamyl; -amyl; thexyl; and trityl. In
some embodiments, R™ and R™ are independently selected from the group consisting of -H;
methyl; ethyl; n-propyl; i-propyl; n-butyl; sec-butyl; £-butyl; iscamyl; r-amyl; thexyl; and

20  trityl. In certain embodiments, one or more of R R*, R™ and R™ isa —@)» group. In
some embodiments, R*® and R™ are each a @k group. In some embodiments, R* is a
@)% group and R* is C,.5 aliphatic. In some embodiments, R™ and R™ are cach a

=@ group. In some embodiments, R’ is a =@ group and R™ is C, aliphatic.

In certain embodiments, provided metal complexes have a structure selecied from the

25  group consisting of;
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15butyl; isoamyl; t-amyl; thexyl; and trityl; and R5 is selected from the group consisting of -
(CH2)pCF1(34(CH2)pR221.2 and -Si1R13)(3-4(CH2)itR22]2. In certain embodiments, a metal
complex has formula IV, R1, R1', R4, R41, R6, and R61 are each -H. In certain embodiments, wherein
the complex is a metallosalenate complex of formula IV, R5, R5', R7 and R7' are each optionally
substituted C1-C12 aliphatic. 20In certain embodiments, wherein a metal complex has formula IV, R4,
R41, R5, R51, R6, R61, R7, and R7f are each independently selected from the group consisting of: -H,
- Si(R13)3;-Si(11.13)(3,)[(CH2),<R22]2; methyl, ethyl, n-propyl, i-propyl, n-butyl, sec-butyl, /- butyl,
isoamyl, t-amyl, thexyl, trityl,-(CH2),, \RCH21pR22]=H0-7.). In ce embodiments, wherein a metal
i 5 ;Mg thyl; ethyl; n-propyl;
l;ected from the group

R7| are each optlonallyééubstlﬁffed C1- @7‘12 alﬂp‘ﬁatlc IREE rtalniﬂi‘nbodlm?éhts V\Iﬁéreln a metal
complex has formula V, R4, R4l, R5, R5l, 5R6, R61, R7, and 12.7I are each independéntly selected
from the group consisting of -H - SI(R13?3 -Si [(CH2)A21]Z(R13)(32); methyl, ethyl, n-propyl,
i-propyl, n-butyl, sec- %Jt)ﬂ but Tid0amy tamyl thexyl trltyl (CH2)pCH(3 4[(CF12)pR22]p and

sec butyl t- butyt;
(C§|2)pCH(3 2)[(CH

where R™ through R™ are as defined above.

In certain embodiments, provided metal complexes have a structure selected from the

5  group consisting of:

—N Ne=
\M/
RSa' O‘/ ! N RSa Rﬁﬂ / ! N
&y )m (Lf)m

R'?a'
) ; \ I \
....N\ / N Nz
M M
" o Mo
R",'a'

; and

k4

5 2 7 ' : .
where R™, R™, R7 and R™ are as defined above. In certain embodiments, sach

pair of substituents on the salicaldehyde portions of the complexes above are the same (i.e.
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In other embodiments, the permanent ligand set comprises a porphyrin ring and Lp5M has the
structure: XLVIII, wherein: M, L1, 12", and Rd are as defined above and any two adjacent le or Rd
groups can be taken together to form one or more rings optionally substituted with one or 10more R2
groups In certain embodiments where the peltanent ligand set comprises a porphyrin ring, M is a metal
atom selected from the group consisting of: cobalt; chromium; aluminum; titanium; ruthenium, and
manganese. As noted above, in some embodiments herein, the permanent ligand set may 15
comprise a plyrality,of discrete ligands, In certain embodiments the peimanent ligand set includes two
bidentate Iig%nc%lﬁxn S’éen%ﬁﬁgﬁ% MerttsR sl Bios eﬁfb‘éﬁﬂ%emg?_/dlﬁ%t% QBFET where Rd
and R1' are k¥ @ckitfast RétSiraBavedffetalt canplexasdilaing two such ligands may adopt one of
several geometries, and the present disclosure encompasses complex having any of the possible
geometries, as weth a3 mixteras, afiNR:0% MOLS JEOMSHEA R SOMEH S In certain embodiments,
metal complexes including two bidentate ligands may have structures selected from the group
consisting of: /XX

5
wherein:
10 R, R, Ly, m, and g are as described above, and
R* RY R®, RS', Rﬁ, RG', R7, and R” are each independently selected from the

group consisting of: ~H; -R%0. R?, optionally substituted C;-Cy;
aliphatic; optionally substituted 3- to 14-membered carbocycle; and
optionally substituted 3- to 14-membered heterocycle;

15 where [R1 and R"], [Rl' and R‘y] and any two adjacent RY RY, R°,R”, RS, RY, R,

and R groups can optionally be taken together with intervening atoms to
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rTh where each N O represents a ligand: La.3 Initiating Ligands 10In addition to a metal atom and a
permanent ligand set described hereinabove, metal complexes suitable for polymerization systems of
the present invention optionally include one or more initiating ligands -L1. In some embodiments, these
ligands act as polymerization initiators and become a part of a growing polymer chain. In certain
embodiments, there is one initiating ligand present (i.e. in = 1). In other embodiments, 15there are two
initiating ligands present (i.e. in = 2). In certain embodiments, an inflating ligand may be absent (i.e. in
= 0). In certain embodiments, a metal complex may be added to a reaction mixture \Mthout an initiating

ligand, but may form a spe¢lgg HSRUTAY 688‘%08& YoTRBHHR ARG MRdeo™ R In certain

- embodiments, -14 is any agioupdn certain embodiments, -14 is a nucleophile. In some embodiments,
initiating ligandsare nucleophiles capable of ring- opening an e%;mde In some embodiments, a

polymerization initifGEItHTE GBRociBE Mo ISE b0} @b ReTaRlsy bis AxmalaHioBs Rik{ shifonates,

carboxylatesp alieg@das.: angh -H. In certain embodiments, wherein a metal complex has formula
5 IIL R’ , R’ ', R’ and R” are each optionally substituted C,-C;, aliphatic.

In certain embodiments, wherein a metal complex has formula I, R*, RY, R®, R”,
RS, R%, R7, and R” are each independently selected from the group consisting oft —H, —
Si(R)3-Si [(CHaRR™LAR ). methyl, ethyl, n-propyl, i-propyl, n-butyl, sec-butyl, z-
butyl, isoamyl, t-amyl, thexyl, trityl, -C(CH;)Ph,, ~(CH2)pC{(CHZ);,RZE]ZH@_Z), and —
10 SRV Yal(CH)R™], where p is an integer from 0 to 12 inclusive and R* is selected
from the group consisting of: a heterocycle; an amine; a guanidine; -N'(R'); X, ~
PYRMYX, PR )=N"=P(R'); X7-As"(R")s X', and optionally substituted pyridinium.

In certain embodiments, wherein 2 metal complex has formula IT1, R’ is selected
from the group consisting of -H; methyl; ethyl; n-propyl; i-propyl; n-butyl; sec-butyl;
15 butyl; isoamyl; r-amyl; thexyl; and trityl; and R® is selected from the group consisting of -
(CH2),CH[(CH2)pR™]: and ~Si(R ®)a.{ CHo )R ™]..

In certain embodiments, a metal complex has formula TV, R, RY, R*, R*, R®, and
RY are each —H. Tn certain embodiments, wherein the complex is a metallosalenate

complex of formula 1V, R®, R%,R7 and R” are each optionally substituted C,-C;; aliphatic.

20 In certain embodiments, wherein a metal complex has formula IV, R, R, Rs, Rsf,
R® R% R/, and R” are each independently selected from the group consisting of: —H, -
Si(R'%)3:~Si(R ) [(CH2)R™L; methyl, ethyl, n-propyl, i-propyl, n-butyl, sec-butyl, -
butyl, isoamyl, t-amyl, thexyl, trityl,~(CH,),C[(CH), R Hs .

In certain embodiments, wherein a metal complex has formula IV, R7 is selected
25  from the group consisting of —H; methyl; ethyl; n-propyl; i-propyl; n-butyl; sec-butyl; -
butyl; isoamyl; t-amyl; thexyl; and trityl; and R’ is selected from the group consisting of —
(CHy),CH{(CH2),R ™, and ~Si(R™)a[(CH )R 2L
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5phenolates. In some embodiments, initiating ligands include, but are not limited to, -01r, -0C(0)1e,
-0C(0)01r, -0C(0)N(R52, -NWC(0)12:, -CN, halo (e.g., -Br, -1, -Cl.), -N3, and -0S0211.' wherein each
Fe is, independently, selected from hydrogen, optionally substituted aliphatic, optionally substituted
heteroaliphatic, optionally substituted aryl and 10optionally substituted heteroaryl and where two Fe
groups can be taken together to foini an optionally substituted ring optionally containing one or more
additional heteroatoms. In certain embodiments, -14 is -0C(0)12x, wherein le is selected from

optionally substituted aliphatic, fluorinated, aliphatic, optionally substituted heterqaliphatig, optionally
. Substituted aryl, flu%}iﬁcg%a %{]rny(,}'a%lrt{l I%?B‘t%%%{%ns%ﬁgfﬁ%fgﬁlﬁéég%mr? ciﬁé{n ’e%b%diments, -Li-
ish-OC(O)le, Rhersi gﬁsﬁhmﬁg I;t@fta?abéﬁpﬁr&iiowﬁmeﬂrtaﬁommgﬂimatsl,leéaéle'taat@%()o)le,
wherein R."is opfia st iyt or flwergalkyl, In cert in emhodi ts, -Li,.is -0C(0)CH3 or
-0C(0)CF3. Furt einiore, In certain’ embodiments, -Ll%s g%t%‘i%’ \%vulr?é%ﬁ%%gggdﬁé% %lﬁ?a{ﬁt)}cé,ubstituted
aryl, fluoroaryl, or heteroaryl. In certain embodiments, -Li is -0C(0)1e, 20wherein le is optionally

substituted aryl. In &?ﬁfﬁ%?ﬁ%&iﬁi‘%,“ﬂi‘?ﬁ%‘%cﬂ@ﬁ??WHE’%W%@WWH&W%U%% ted phenyl. In
certain embatiymeEnts), nidiR " Qe ) EOIHEpn@alt) ebcted fromlheerbain empadimentsy -Li is -Or,
wherein le is selected, from optienally;substituted aljphatic, optjonally substituted heteroaliphatic,
optionally suﬁslftémﬁ@a é.ll)?]@%l?l s ptisjﬁ'éirlf/ngiéﬁ' it ?—Eﬂ het 82#9!’.%’#@%5&%&@%%&&%
embodimentbytil4ifsamis, neimeteine oy istoption@L B IRtEHAR T s tdifRihhodiments, -1_,) is
-Ore, Whereig[l%ﬁzﬁﬁtkinally substituted

In certain embodiments, wherein a metal complex has formula V, R s selected
10 from the group consisting of —H; methyl; ethyl; n-propyl; i-propyl; n-butyl; sec-butyl; ¢
butyl; iscamyl; -amyl; thexyl; and trityl; and R s selected from the group consisting of —
(CH,);CH;s.[(CH),R ™Y, and ~Si(R ™) 4[(CH R ™1..

In some embodiments, a metal complex has a structure Lp-M-(L)m, where L,-M is

selected from the group consisting of;

m=NC N _NE‘ EN Vg

Co. o o
t—Bu—dD’ ‘o%’;}—z-au t-au—{_;go’ \O?@—t%u uau—Q:o’C"“*ob—mu
t-B t-By’ . t-By By X . .
> 2 »

u B 1-By

=

11 (R e N e N
4}
N N +Bu O"C 0 -Bu O’CO\O
ey
t-Bu QY O t-Bu Et £t

-Bu By . Et B . £t Et .
* > 3

Bu,”

" Buy” .
By ? N*Bu " 3
4 k]
e N _em P N N N e N
Col, =N D > Ca
it O D
O G 1-Bu
i

NTBuy Buy™ N*Bu, Bu;™N
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phenyl. In some embodiments, -14 is a 2,4-dinitrophenolate anion. In certain embodiments, -14 is
-006HS5. In certain embodiments, -14 is halo. In certain embodiments, -Lis -Br. In certain
embodiments, -L/ is -Cl. In certain embodiments,is -I. 5In certain embodiments, -14 is -0(S02)r. In
certain embodiments -14 is -0Ts. In certain embodiments -14 is -0S02Me. In certain embodiments -14
is -0S02CF3. In some embodiments, metal complexes Lp-M-(14)",, include one or more initiating
ligands -14 characterized in that each ligand is capable of initiating two or more polymer chains In
some embodiments, the initiating ligand is any e molecules described above 10as being suitable

as chain transfey’atjents. In certain embodiment .- a-lQitiating ligand is ar@mn derived from any of
the chain trafsf % bed heteifrakiove. Ir? .@- emiibag 2y @a@uon
initiatorcompfi com oft e formufa QjA (Z) " wherein: - x‘?or alkoxy group,
15-A'- is a covalent bond or a multivalent m e‘rltyw each Z'is independ jonal group that can
initiate a polymer cham and ri is an integer bétween 1 and 10%nclusive: In certain embodiments

wherein a polymerlzatpmnltlator comprises a cwound having the form%lzaBQ 42(t)", each -I', is a

functional grou %@J@Qted 2 5 consistin 0)OH, -C(0R3)OH,
-0C(RY)OH, NHC@)RY, -NKIC=NRY; K =\ %I\Fﬁﬁ “KHC ENRY;
-NHC(0)ORY, -NH '@wz -C(0)NHRY, - LENHR,&L/BC(O)NHRY OC(S)N RY) SH, -C(0)SH,
-B(0OR31)OH, -P(0)atR¥Y)b(ORY),(OH)d, OPWRY)E;(@?RY)C(,OH)d N(R)OH\QN(RY)H =NOH,
=NN(BY)H, where each occurrence of BY is independently - 25 H, or an optionally substituted radical
selected from the group consisting of C1_20 aliphatic, C1_20 heteroaliphatic, 3- to 12-membered
heterocyclic, and 6- to 12-membered awl, a and b are each independently Oor 1,cis0,10r2,dis O
or 1, and the sum dhajlier andielimdntr Ziegrananent ligand set comprises a porphyrin ring and L,

5 M has the structure;

XLVIL,

wherein;

M, Ly, RS, and R? are as defined above and any two adjacent R® or RY groups can be
taken together to form one or more rings optionally substituted with one or

10 more R* groups

In certain embodiments where the permanent ligand set comprises a porphyrin
ring, M is a metal atom selected from the group consisting of* cobalt; chromium;

aluminum; titanium; ruthenium, and manganese.

As noted above, in some embodiments herein, the permanent ligand set may
15 comprise a plurality of discrete ligands. In certain embodiments the permanent ligand set
includes two bidentate ligands. In certain embodiments, such bidentate ligands may have

the structure
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-A'- is selected from the group consisting of: a) C2-C20 aliphatic b ) a C3-Czo carbocycle; c) a 3- to
12-membered heterocycle; d) a saccharide; e) an oligosaccharide; f) a polysaccharide; and g) a
polymer chain, wherein any of (a) through (g) are optionally substituted with one or more R2 groups.
5In certain embodiments wherein a polymerization initiator comprises a compound having the formula
-0-A'-(2)", each -Z', is independently selected from the group consisting of: -OH; and -C(0)0OH-. In
some embodiments, -Ac is a covalent bond. In certain embodiments wherein a polymerization
initiator comprises a compound 10having the formulg -Q' -A- (Z) -A'- is a C2_20 aliphatic group, and n
is an integer from 1 to 5. In certain embodimentsg Wi‘}m%ln a polymerlzatlon initiator comprises a
compound having the formula -Q-A'(.Z1)", -Ac is a 2 12 aliphatic group, and n is an integer from 1 to
3. 15In certain embodiments wherein a polymeri @ﬁ initiator comprises a compound having the
formula -Qc.A'(2)", Q' is -0C(0)-; -A'- is a C2-20 aliph&tic group; Z' is -OH; and /7 is an integer from 1 to
3. In certain embodiments, where a polymerization initiater has more than one site capable of
coordinating with a metal atom, a single polymerization initiator may be shared 20 by multiple metal
complexes (ehete m%mﬁ&dﬁmb&imﬁmdmﬁﬁﬁwmat@éﬁt@mﬁﬁ@ ReFmaReHkligangasas). For
example, when 1 gngll s':dire%a h ach cart gegll groy g of the %iac d may be coordinated to a metal atom
of a separaté mi om ex (| C & imenic oF paeLaddrad S s HE T HARRaSac mnLe™
Lp-M-OZC-AM)@Z{ MiéLQﬁVh@p@s&beMgmm@bmsam asltlefinestpravidtistydr Giendadymattiiatid may be
coordinated 1, ane two or three 25metal centers, or a hydroxy acid, a dialkoxide, amino acid or other
polyfunctional compound can coordinate with two or more Lp-M groups.

In certain embodiments, metal complexes including two bidentate ligands may

have structures selected from the group consisting of:

(o

(o 0
NococV ! P N g N 0 v |
=40 =Cox CNegozN~>  CiCord™> —C
i N O N o
)P S SR e,
(.0 x X
X;C*D:w) X’°° Py TS and CRecofD
O L L
H lN.w
where each  (y represents aligand: N
'\Ra
La.3 Initiating Ligands
16 In addition to a metal atom and'a permanent ligand set described hereinabove,

metal complexes suitable for polymerization systems of the present invention optionally
include one or more initiating ligands -L;. In some embodiments, these ligands act as
polymerization initiators and become a part of a growing polymer chain. In certain
embodiments, there is one initiating ligand present (i.e. m = 1), In other embodiments,

15 there are two initiating ligands present (i.e. m = 2). In certain embodiments, an intiating
ligand may be absent (i.e. m = 0). In certain embodiments, a metal complex may be added
to a reaction mixture without an initiating ligand, but may form a species in sity that

includes one or two initiating ligands.
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In certain embodiments, an initiating ligand is a polycarboxylic acid having 2 to 4 carboxyl groups. In
certain embodiments, an initiating ligand is a C2-20 diacid. In certain embodiments, an initiating ligand
is selected from the group consisting of I-1 through I- 0 \OH_cywOH OH toti 10;01-11; 01-12; o OH
OH1-13; 0 - )rOH (\r'7...W™-AOH or 1-14; 0 0 1-15; 0 1-16; 0 0 OHO OH OHOO0 01-17; -H 1-18; -0 OH
1 19;

In certain embodiments, -1, is any anion. In certain embodiments, -L;is a
nucleophile. In some embodiments, initiating ligands -L; are nucleophiles capable of ring-
opening an epoxide. In some embodiments, a polymerization initiator L;is selected from
the group consisting of: azide, halides, alkyl sulfonates, carboxylates, alkoxides, and

5 phenolates.

In some embodiments, initiating ligands include, but are not limited to, -OR, -SR”,
-OC(O)R?, ~OC(O)ORF, ~OC(OMN(R™,, -NR*C(O)RY, -CN, halo (e.g., -Br, -1, -CI), -N3,
and -OSO,R" wherein each R” is, independently, selected from hydrogen, optionally
substituted aliphatic, optionally substituted heteroaliphatic, optionally substituted ary! and
10 optionally substituted heteroaryl and where two R” groups can be taken together to form

an optionally substituted ring optionally containing one or more additional heteroatoms.

In certain embodiments, -L; is ~-OC(O)R*, wherein R* is selected from optionally
substituted aliphatic, fluorinated aliphatic, optionally substituted heteroaiiphatic',
optionally substituted aryl, fluorinated aryl, and optionally substituted heteroaryl.

15 In certain embodiments, -Ly is -OC(O)R, wherein R” is optionally substituted
aliphatic. In certain embodiments, -L; is -OC(O)R”, wherein R” is optionally substituted
alky! or fluoroalkyl. In certain embodiments, -L; is -OC(O)CH; or -OC(O)CFs,

Furthermore, in certain embodiments, -L; is -OC(O)R*, wherein R* is optionally
substituted aryl, fluoroaryl, or heteroaryl. In certain embodiments, -L; is -OC(O)R”,
20 wherein R is optionally substituted aryl. In certain embodiments, -Ly is ~-OC(O)R*,
wherein R is optionally substituted phenyl. In certain embodiments, -L; is ~OC(0)YCeH;
or ~OC(O)CeFs.

In certain embodiments, -L; is -OR”, wherein R” is selected from optionally
substituted aliphatic, optionally substituted heteroaliphatic, optionally substituted aryl, and
25  optionally substituted heteroaryl.

For example, in certain embodiments, -L; is -OR”, wherein R” is optionally

substituted aryl. In certain embodiments, -L; is -OR*, wherein R* is optionally substituted
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c2" 1-24. In certain embodiments, an initiating ligand having a plurality of polymer initiation sites
may be a hydroxy acid. In certain embodiments, a hydroxy acid is selected from the group consisting
of: 0 OCCir-OHOH 1-41;1-42;1-43; OrOH Cy 0 1-44;1-45;1-46; In certain embodiments, a
polymerization initiator having a plurality of polymer initiation sites is a polyhydric phenol derivative. In
certain embodiments, a polymerization initiator is selected from the group consisting of: In some
embodiments, an initiating ligand is a potyalcohoL In certain embodiments, a polyalcohol is a diol.

Suitable d|oI |ncI dghbut are I|m|ted 2|2 anediol, 1,2-propanediol, 1,3-propanediol,

1,2- butaned %3%5&?8 liflet%a’fa é%ﬁl% fé’i{ﬂ}gﬁfg‘r’?@a feie Wﬁlﬂﬁﬁgﬁmopane 1,3-diol,
2-buty|-2-et|wiﬁmhmamﬂ,—&cho[)(ﬁ&155 hexanediol, 1,6-hexanediol, 1,8-octanediol, 1,10-decanediol,
1,12-dodecanediol, 2,2,4,4-tetramethylcyclobutane-1,3-diol, 1,3-cyclopentanediol,
1,2-cyclohexanedi@}, dkesin embodiments, -L; is halo. In certain embodiments, -L;is -Br. In certain

embodiments, -L;is ~Cl. In certain embodiments, -L; is -I.

5 In certain embodiments, -L; is -O(SO)R™. In certain embodiments '-L; 18 -OTs. In

certain embodiments -L; is -OSO,Me. In certain embodiments -L; is ~0S80,CFs.

In some embodiments, metal complexes 1.,-M-(Ly),., include one or more initiating
ligands -L; characterized in that each ligand is capable of initiating two or more polymer
chains. In some embodiments, the initiating ligand is any of the molecules described above

10 as being suitable as chain transfer agents. In certain embodiments, an initiating ligand is an

anion derived from any of the chain transfer agents described hereinabove.

In some embodiments, a polymerization initiator —L; comprises a compound of the
formula —Q'-A"-(Z"),, wherein:

—Q'- is a carboxy or alkoxy group,
15 -A’- is a covalent bond or a multivalent moiety,
each 7' is independently a functional group that can initiate a polymer chain, and

n 18 an integer between 1 and 10 inclusive.

In certain embodiments wherein a polymerization initiator comprises 2 compound
having the formula —Q'-A'(Z"),, each —Z’, is a functional group independently selected
20 from the group consisting of: -OH, -C(0)OH, -C{OR”)OH, -OC(R")OH, -NHR”,
“NHC(O)RY, -NHC=NR?; -NRYC=NH; -NRYC(NR’;)=NH; -NHC(NR’;)=NR?;
~NHC(O)OR’, -NHC(O)NRY,, -C(O)NHR?, -C(S)NHR?, ~-OC(O)NHR’, -OC(S)NHRY,
-SH, -C(0)SH, -B(OR”)OH, -P(0)(R¥)s(ORY)(OH)4, -OP(0)(R*)5(OR*)LOH),, —
N(RNHOH, -ON(RYH; =NOH, ﬁNN(Ry)H, where each occurrence of RY is independently -
25  H, or an optionally substituted radical selected from the group consisting of C; .5 aliphatic,
Cy.20 heteroaliphatic, 3~ to 12-membered heterocyclic, and 6- to 12-membered aryl, a and
b are gach independently Oor 1,¢is 0, 1 or 2, dis 0 or 1, and the sum of g, b, and ¢ is 1- or
2; and

46



cyclohexanediol, 1,4- cyclohexanediol, 1,2-cyclohexanedimethanol, 1,3- cyclohexanedimethanol,
1,4-cyclohexanedimethanol, and 1,4-cyclohexanediethanol. In some embodiments, an initiating
ligand is an alkoxide derived from a compound selected from the group consisting of: diethylene
glycaol, triethylene glycol, tetraethylene 5glycol, pentaethylene glycol, higher poly(ethylene glycol),
dipropylene glycol, tripropylene glycol, and higher poly(propylene glycol). In some embodiments,
higher poly(ethylene glycol) compounds are those having number average molecular weights of from

220 to about 2000 g/mol, In.some_empodiments, higher poly(propylene glycol) compounds are those
having number average mbi%é%ﬁ%%?g stEH SEfOm %?&‘%gué%é%ﬁféﬂzgﬁgﬁﬁ?gfcb 5111I?%é e
embodiments, suitable didisdpdiide @344 I hethyletylidenerpis{citohexanal}; ¢) an
2,21-methy|enebis[pheraﬁ 440 Q,y N fiQ %qul 4 4'- (phenylmethylene)bis[phenol
4,4‘-(diphenylinethylene)bggfpﬁer%gﬁi% aﬁ-cgg?et#ane Shbistph %}ﬁf“er CX&“"Z fgeri& ok
4,4'-(1,2-cyclohexanedi{iOthisiptietoIird spereHe suhediyobisibmsei more R™ groups.
4,4'-(1,4:cyclohexanediyObis[phenol], 4,4- ethylidenebis[phenol], 4,4'-(1-phenylethylidene)bis[phenol],
4,4'—pr08ylidenebi2][% %%n% ,e%f O-%SI/% %ﬁe‘i‘(’%ﬁl&gﬁae %W&%%?f%ﬁl@@%%ﬁﬁ?ﬁ?‘%ﬁ%ﬁg phenol],
4,4'-(1- methyipirapthciermebisiQheridl, A, didi-ethid prdpydidiene)bisphed rindigd-group

cyclohexylid tﬂ[ﬂ# n 1,4'-(2 A, jtetraoxaspiro[5.5]undecanc-3,9-diyldi-2, I-
20ethanediy%ﬁs p ﬁb%ﬁ%&ﬂng@g%éthanol, 1,3-benzenedimethanol, 1,4- benzenedimethanol,
4,4'[1,3-phenylenebis(1-methylethylidene)]bis[phenol], phenylenebis(1-methylethylidene)This[phenol],
phenolphthalein, 4250, i oisi2- el e hemd-
4,4'-(1-methylethylidene)bis[2-0-methylethypphenol], 2,2'-
methylenebis[4-meihydriéi( bmbetfiyietityyphenod] pebinsomee mbcdkmentsriaepalyahisantiiol. Suitable
trioLs mgy inglude. out are notdimited to: aliphalie-triols.having a molegular weight less than 500 such
as trimethylolethagne; tﬁmetﬁylg{prop%ri%’; gjll\yclegrogle;:zf,oz, Pbleﬁ}f t(?}lcﬁ‘?fl ,%l-sh%%g%%%?fo ;Qt?lls 2-
hydroxyethy®iSocyanurate; hexahydro-1,3,5-tris(hydroxyethyl)-s-triazine; 6- methylheptane-1,3,5-triol;
polypropylene oxide triol; and polyester triols. In certain embodiments, a polyol is a tetraol.
Examples of suitaliie detsaols-ibslitenuiinreinatliRied:iat eRikiieb pertaardbithound
2,2'-dihydroxymethyt-1, 3-propanedig); and,2,2'-(oxydimethylene) bis-(2-ethyl-1,3- propanediol).

In certain erﬁ%‘c’f ﬁn%e%%g%ﬁn%égl Y%)é%éi‘héi |dﬁscao§f%ﬁfe§gp%g§t ‘fe%rfé"é”f ”[H%aé/ﬂf}f?ﬁeégfﬂﬁi%ting of:

to 3.

15 In certain embodiments wherein a polymerization initiator comprises a compound
having the formula ~Q'-A'(Z"),, Q" is -OC{0)-; —A'- is & Ca.9¢ aliphatic group; Z’ is -OH;

and r is an integer from 1 to 3.

In certain embodiments, where a polymerization initiator has more than one site
capable of coordinating with a metal atom, a singie polymerization initiator may be shared
20 by multiple metal complexes (each metal complex including at one metal atom and a
permanent ligand set). For example, when L, is a diacid, each carboxyl group of the diacid
may be coordinated to a metal atom of & separate metal complex (i.c. a dimeric or
pseudodimeric complex having a formula L,-M-0,C-A'-CO,-M-L,, where A’, M, and L,
are as defined previously). Similarly, a triacid may be coordinated to one two or three
25 metal centers, or a hydroxy acid, a dialkoxide, amino acid or other polyfunctional

~ compound can coordinate with two or more L,-M groups.
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0 OOH 51:0 tBut-BuBut-Bu  N9-1Th-N_ 0"0

In certain embodiments, an initiating ligand is a polycarboxytic acid having 2 to 4
carboxyl groups. In certain embodiments, an initiating ligand is a Cy.5 diacid. In certain

embodiments, an initiating ligand is selected from the group consisting of I-1 through I-
0 -
-C\“)LOH O\Ir\IrOH _WH _%OH -%OH
© -1, © © I-2, ¢ ¢ -3; o 0O -4, ¢ ©

OH OH ¢

0 Y ‘Y\/\* Wﬁ*m
0 I-11; I-12; on on  [-13;
U e M 115, W L16:

W/\/\)L o
1-17; o@m I-18; Gmwlw

mOH _20; % 121 HOZC:C
'%1

COM 1-24.

I-22; COH 1-23; and

In certain embodiments, an initiating ligand having a plurality of polymer initiation
sites may be a hydroxy acid. In certain embodiments, a hydroxy acid is selected from the

group consisting of}

NI T SR

15 o 1-25; o 127, " 1-28; ©

o oy ) t o ou
'c\n/\/ou O\'(K,OH G\g)(,o’rf ; OH | -O/‘Hj
I-32; 1-33; 1-34; HN

-36; ¢© 31, ¢ &

48



In some some embodiments, a metal coordination complex is selected from compounds of formulae
XLIX through LW: _ (Bu)4 N N(Bu)3 o ,J1,,014

I-35;, © : -37; 1-38;, © 1-39;

NH3 -(YK/OH N
" OH
WOH d O\n/\/\/ O\n/\/\/\QH
—W\/\/\/OH —WOH OYV\/\/\/\OH
O

- o] 8}

B S o
a O -
5 50 OH 1-51; OH 1.52; and O 1-53.

In certain embodiments, 2 polymerization initiator having a plurality of polymer
initiation sites is a polyhydric phenol derivative. In certain embodiments, a polymerization

initiator i3 selected from the group consisting of:

HO I-54; I-35; NO: 1-56; }-57; and
HO
O 03
10 HO I-58.

In some embodiments, an initiating ligand is 2 polyalcohol. In certain
embodiments, a polyalcohol is a diol. Suitable diols include but are not limited to: 1,2~
ethanediol, [,2-propanediol, 1,3-propanediol, 1,2-butanediot, 1,3-butanediol, 1,4-
butanediol, 1,5-pentanediol, 2,2-dimethylpropane-1,3-diol, 2-butyl-2-ethylpropane-1,3-diol,

15 I,5-hexanediol, 1,6-hexanediol, 1,8-octanediol, 1,10-decanediol, 1,12-dodecanediol,

2,24 4-tetramethylcyclobutane-1,3-diol, 1,3-cyclopentanediol, 1,2-cyclohexanediol, 1,3-
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LIl; NPP NPP LM; and LIV. In some embodiments, polymerization systems of the present invention
further 5include at least one co-catalyst. In some embodiments, a co-catalyst is selected from the
group consisting of: amines, guanidines, amidines, phosphines, nitrogen-containing heterocycles,
ammonium salts, phosphonium salts, arsonium salts, bisphosphine ammonium salts, and a
combination of any two or more of the above. In embodiments where the co-catalyst is an conium’ salt,
there is necessarily an 10anion present to balance the charge of the salt. In certain embodiments, this

Is any anion. In rtaln |me the eophile. In some embodiments, the anion is a
nucleophlle & %13 &0 ‘F?‘ng ggéﬁ‘ﬁ& gg ?c %ﬁ%@%ﬁ'ﬁlgﬁﬁﬁgﬁ% i e anion is selected from the
group conSISﬂﬂ@hﬁxmdimdﬂm&i alkydleh&mmmmm]wmﬁxwﬂtéskuajkmdmﬁmnthnolates. c2'

Co t-But-B 54 In some embodiments, ionic co-catalyst include anions selected from the group

consisting of: -Or, 43 %m@&ﬁ@&ﬁn&%!@ﬂ%@ﬁﬁ%@%%{ﬂﬁ)&d NEGLAR 3N from a compound

selected from the group consisting of: diethylene glycol, triethylene glycol, tetraethyiene
5 glycol, pentacthylene glycol, higher poly(ethylene glycol), dipropylene glycol,
tripropylene glycol, and higher poly(propylene glycol). In some embodiments, higher
poly(ethylene glycol) compounds are those having number average molecular weights of
from 220 to about 2000 g/mol. In some embodiments, higher poly(propylene glycol)
compounds are those having number average molecular weights of from 234 to about
10 2000 g/mol.

In some embodiments, suitable diols include 4,4'-(}-methylethylidene)
bis[cyclohexanol], 2,2"-methylenebis[phenol], 4,4'-methylencbis[phenol], 4,4'-
(phenylmethylene)bis[phenol], 4,4'(dipheny Imethylene)bis[phenol], 4,4'-(1,2-
ethanediyl)bis[phenol]}, 4,4'-(},2-cyclohexanediyl)bis[phenol], 4,4'-(1,3-

15 cyclohexanediyl)bis[phenol], 4,4-(1,4-cyclohexanediyl)bis{phenol], 4,4'-
ethylidenebis[phenol], 4,4'-(I-phenylethylidenc)bis[phenot], 4.4"-propylidenebis[phenol],
4,4"-cyclohexylidenebis {phenol], 4,4'-(I-methylethytidene)bisfphenol], 4,4'-(1-
methylpropylidene)bis[phenol], 4,4'-(1-ethylpropylideneibis{phenol], 4,4'-
cyclohexylidenebis[phenol], 4,4'-(2,4,8,10-tetraoxaspiro[ 5.5 jundecane-3,9-diyidi-2, 1-

20 ethanediyDbis[phenol], 1,2-benzenedimethanol, 1,3-benzenedimethanol, 1,4-
benzenedimethanol, 4,4’~[I,3—phenyienebis(I-methylethy]idene)}bis[phenol], 4. 4'[1,4~
phenylenebis(l-methylethylidene)jbis[phenol], phenolphthalein, 4,4'-(I-methylidene)bis[2-
methylphenol], 4,4"-(I-methylethylidene)bis[2-{l-methylethyl)phenol], 2,2'-
methylenebis[4-methyl-6-(I-methylethyliphenol],

25 In some embodiments, a polyol is a triol. Suitable triols may mclude, but are not
limited to: aliphatic triols having a molecular weight less than 500 such as frimethyloleth-
ane; trimethyloipropane; glycerol; 1,2,4-butanetriol; 1,2,6-hexanetriol; tris(2-
hydroxyethyl)isocyanurate; hexahydro-1,3,5-tris(hydroxyethyl)-s-triazine; 6-
methylheptane-1,3 5-triol; polypropylene oxide triol; and polyester triols.
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halo (e.g., -Br, -I, -Cl), -N3, and -0S02R." wherein each le is, independently, selected from hydrogen,
optionally substituted aliphatic, optionally substituted heteroaliphatic, 5optionally substituted aryl and
optionally substituted heteroaryl and where two le groups can be taken together to foiin an optionally
substituted ring optionally containing one or more additional heteroatoms. In certain embodiments,
a co-catalyst anion is -0C(0)11', wherein R"- is selected from optionally substituted aliphatic,
fluorinated aliphatic, optionally substituted 10heteroaliphatic, optionally substituted aryl, fluorinated
aryl, and optionally, substltutedﬁ ?}fteroar certaln mbodiments, a co-catalyst anion is -OC(O)R’,

wherein R." is optidhiiy -l 5 Fpﬁgﬁé,yq l%ﬁﬁﬂﬁ rﬁﬁﬁ%@ﬂgsﬁt%%ﬁmgﬁlﬁﬁ%ﬁs -0C(0)1r,
wherein R" i‘etmptmmll;ﬁstddsmm@ﬂlatl@jll;mndaﬁl;vdmﬁllgyl,zLmiﬂ@ﬁmﬂyﬁmhgnmmﬁp@&ﬁcﬁatalyst
15anion is %%c@?'fg’x% HQ&(OP@%{%{ F EQ rrin |n certgunlembodlments a co-catalyst anion is

w

-0C(0)12% wherein'R."Is opt| na stitu e fﬁ’uoroaryl or heteroaryl. In certain embodiments,
a co-catalyst an|on is -0C(0)12", wherein A'is optlonally substituted aryl. In certain embodiments, a
co-catalyst anion i -6%%“%4@?’@&?%|@ﬁﬁil@?&ﬂ?§ﬁ%ﬁ&ﬁ@@’2@d§&?ﬁdIﬁ%@#ﬁir&’@lbrl’oodlments a
co-catalyst aﬁ@ﬂgiﬁngﬁ(O)Cﬁl 15 or -0C(0)C6F5. In certain embodiments, a co-catalyst anion is
-OR’, wherein fe is selected from optionally substituteg alighatic, optionally substituted heteroaliphatic,
optlonally substituted aryID and tlonally substltute he eroaryl For examfgle, in certain

embodiments, a Co-C stanion is -OW, whergh optionally substjtug
embodimentss afye §nidr @-O%Fdi@‘ﬁ%lﬂ ®2) -5
co-catalyst anion is halo In Certain embodimentd, a c6 :
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catalyst anion is -Br. In certain embodiments, a co-catalyst anion is -Cl. In certain embodiments, a
co-catalyst anion is -1. In certain embodiments, a co-catalyst anion is -0(S02)12.x. In certain
embodiments 5a co-catalyst anion is -0Ts. In certain embodiments a co-catalyst anion is -0S02Me. In
certain embodiments a co-catalyst anion is -0S02CF3. In some embodiments, a co-catalyst anion is a
2,4-dinitrophenolate anion. In certain embodiments, polymerization systems of the present
invention include a cationic co-catalyst having a counterion characterized in that the counterion is
capable of 10initiating polymerizgfion at two or more sites. In some embodiments, a counterion is any
of the molecules descri asbei itable as initiating ligands (L1). In certain embodiments,
an anion is derived from any of T g%tm transfer agents described hereinabove. In some
embodiments, an aniog) of.the.igrjc.€o-catalyst comprises an anion obthe 15foiuiula -12'-A'(.Z")",
wherein: -Q'-is a cangroup, -A'- is a covalent lg ultivalent moiety, each Z'is
independently a functi Qgroup that can initiate a polymerg; nd n is an integer between 1 and
10 inclusive,‘go ] iments, where an Canu:r(p) -catalyst is a polyfunctional
compound, it is pos llale for=at polyfunctional compound todee cousnerion to more than one cationic
co-catalyst, or to be associgted,with both a co- catalyst cation and a metal complex For example, if a
co-catalyst is an ammonigm galt and the counterionjjs dIaCId the dIaCId mayobe(goubly deprotonated
and maybe associated I ; 4. Similarly, two
PPN+ cations may he be associated with
both a co-cat&l pparent to the

NR 2
skilled artisan that many suc“h variations are p055|ble and it will also be uh%ierstb%‘d that the ionic
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compounds and coordination complexes described may be in equilibrium. As such that the active
species present at different times during the polymerization reactions may change. In some instances
known methods of producing mono salts of polyfunctional compounds can be used to influence the
stoichiometry of the polymerization system. 5In certain embodiments, anions present to balance the
charge of cationic co- catalysts, and the initiating ligand on the metal complex are selected to be the
same compound. In certain embodiments, an initiating ligand, a counterion present on a cationic
co-catalyst, and a chain transfer agent are chosen to be the samg, molegule. For instance, in one

example of this embodiment if glycolic acid were employeﬁ—a@g@lgcz%@@mmagent, the metal
alieHa

complex would be chosen to include glycolate as the initiating lig a cationic co-catalyst
including a gtycolate couliterion (suchas tetrabutylamphonium.glycotate) could be employed as the
co-catalyst. Such emb Mpresent inventipn provide palycarbonate polyol compositions
that are highly hom jQus-since virtually all chg#shavethe same chemical makeup. The details of
these compdSitidrstgfid 18fetiod® to pradiice=tRgh aré describ¥d in more detail hereinbelow. Ic.
Stoichiometty of the Polymerization Systems Having described in detail each Oﬁfjie components of
the polymerization systqg;g&%‘_!;m NG, g felative ratios of those components. In certain
embodiments, a metal complex+tyxifi=(34)", and a chain transfer agent Y-A-(Y), are present in a
defined ratio 20selected to maximizg' conversion of the epoxide monomers while achieving the desired
molecular weight polyg até pplyol. In embodiments, where a co-catalyst is present, the ratios
between a metal complgx, a co-catalyst and a chain transfer agent are selected to maximize
conversion of the e e-manomers while achieving the desired molecular weight polycarbonate
polyol. 25In $&m T uE)d‘i*r?]g dfhetal complex and a chain transfer agent are present in a molar
ratio ranging from about 1:10 to about 1:1000. In certain embodiments, the ratio is between about 1:50
and about 1:500. In certain embodiments, the ratio is between about 1:50 and about 1:250. In certain
embodiments, the fatioms setwdancatio amicb alabogn toropeinicelgdisbfrvodimentsdthe ratio is
between abytel 100, 2R AL 1230 Some embodiments, a metal complex and a chain transfer
agent are present in a molar ratjo greater than 1:1000. In some embodiments, a metal complex and a

chain transfdr agent are preseor;ﬁ\ir}@ molar ratig fess than 1:1000. In some embodiments, a metal
complex and d¢o-Catalyst ar&lgesent in/Aa Mol 1r( jl’\/%)
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Sratio ranging from about 0.1:1 to about 1:10. In certain embodiments, the ratio is from about 0.5:1 to
about 5:1. In other embodiments, the ratio is from about 1:1 to about 4:1. In certain embodiments the
ratio between the metal complex and the co-catalyst is about 1:1. In other embodiments, the molar
ratio between a metal complex and a co-catalyst is about 1:2. 10 H. Polyearbonate Polyol
Compositions As described above, there have not been methods heretofore available to produce
aliphatic polycarbonate polyol resins combining the features of high carbonate linkage content, a high
percentage of hydroxyl end groyps and low molecular weight (e.g. less than about 20 kg/mol). In one
aspect, the present invention gd’cgmpasses theke novel 15materials. In some embodiments, the
present inve tior’e ompasg%aepoxide 2 golﬁ%%g with a molecular weight number between
about 400 and aboz 2%%’@@, \r%iz_egin that\tie polymer chains have a carbonate content of
>90%, and at least 9095 fie el?l_g[, ups are hydroxyl groups. 20In certain embodiments, the
carbonate linkage content of the polycarbonate|chains of epoxide CO2 copolymers of the present
invention is dt least 90%. In some embodiments greater than 92% of linkages are carbonate linkages.
In certain embodiments, at least 95% of linkaggs are carbonate linkages. In certain embodiments, at
least 97% of linkages are carbonate linkages. In some embob’?rﬁents, greater than 98% of linkages are

carbonate 25tinkages in some @&diments aty
embodiments e tially all
carbonate linkages detect
certain embgdiment
copolymers of the pkesent ifiventich is legs thar]
are ether linkages'tn certain embodiments, les
embodiments, no more than 3% of Iinkrépg?es are
of linkages are ether linkages in some embodif
some embodiments essentiall
ether bonds fetgctable by typ
embodiments, thegaoxide C ngpolym@s of
=N | N
=SS =

leeast 99% of linkages are carbonate linkages. In some
carbanateilinkages (i.e. there are essentially only

i 8/1H or 13C NMR spectroscopy). In

of the polytarbonate chains of epoxide CO2

10%. In some embodiments, less than 8% of linkages
5 than 5% of linkages are ether linkages. In certain
ether 5linkages. In some embodiments, fewer than 2%
ents less thadli¥ef linkages are ether linkages. In

y ;one of the linkages are ether linkages (i.e. there are essentially no
Bzikn?éthods SHeh

) as.1H or 13C NMR spectroscopoy). In some
th%gjb\%n) invention have

LIV.

In some embodiments, polymerization systems of the present invention further

include at least one co-catalyst. In some

group consisting of> amines, guanidines,

embodiments, a co-catalyst is selected from the

amidines, phosphines, nitrogen-containing

heterocycles, ammonium salts, phosphonium salts, arsonium salts, bisphosphine

ammonium salts, and a combination of any two or more of the above.

In embodiments where the co-catalyst is an ‘onium’ salt, there is necessarily an

10

anion present to balance the charge of the salt. In certain embodiments, this is any anion.

In certain embodiments, the anion is a nucleophile. In some embodiments, the anion is a

nucleophile capable of ring-opening an epoxide. In some embodiments, the anion is

selected from the group consisting of: azide, halides, alkyl sulfonates, carboxylates,

alkoxides, and phenolates.
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10 average molecular weight numbers ranging from about 400 to about 400,000 g/mol. In some
embodiments, the epoxide CO2 copolymers of the present invention have average molecular weight
numbers ranging from about 400 to about 20,000 g/mol. In some embodiments, the copolymers have
an Mn between about 500 and about 5,000 g/mol. In other embodiments, the copolymers have an Mn
between about 800 and about 4,000 15 g/mol. In some embodiments, the copolymers have an Mn
between about 1,000 and about 3,000 g/mol. In some embodiments, the copolymers have an Mn of
about 1,000 g/mol..In somegﬁjrg odiments, the copolymers have an Mn of about 2,000 g/mol. In some
S

embodiments, the CoEBINTBICHERE S RIC SP a6 BSHYTAPIH Seitisn EoRbUGiRTEMS, epoxide
CO2 copolymerssthteifOBAIGR haGe bt A0} -ZAD ePeR WNKR T @ret 20embodiments,
the copolym e ghoyt 20.to-about,10Q kepeat units. some emhodiments, the. CO2 epoxide
copolymers gﬁ% g'é'r’eegi’rltil’ng\(/%)r’ltilgrz’f and fc%grr(?ezg f%an%rgﬁt’za%}ﬁ olrsl’eufgﬁ%e% EHSxi ?cfﬁ[&oﬁ?&
embodimentaydreebpoRendls wibsipdrdtdinbetior sntraalpestofispokitterrissmicembodiments, the

copolymers BredRiaNICOROIBIA QRS SRRIEWINIPRSEL AMPUNIS IR 8ol dditional 25

epoxides. In certain embodiments where two of more epoxides aré present, the copgf%qjesr is random
with respect ¥the pES iR Beie Braaaertenstissuhthinttd sieaaptianadherrssiiegiments where two
or more epoxigessaiaipresentréagggpolymer is a tapered copolymer with respect to the incorporation
of different epoxides. In some embodiments where two or more epoxides are present, the copolymer is

a block copolymerﬁ\{i spect 30to the incorporation of diff xides. Ip,certain embodiments,
the polymer chains m%r/[ %Sr?%glr? elr%lg%ta’dae%ppcg%i Sétr?zné?%hs iri?tlsaﬁgo)r%gg?vm%‘f}%g a{soﬁggﬁt%polymer with
a non-polycdrpormpieoseldnsahstitnted aidphasikafhpidsatidhbpkatimbpdimehtspthétstated total carbonate

conteni of the.ReMMALEL AR P SURERIBAR Nt AR AhonRle,sANENL Tlafigns described

above. In these cases, 5the carbonate content refers only to the epoxide 2 copolymeric portions of
the polymer }&?}ﬁﬁ%ghion. In other words, a polymer of the present invention may contain a polyester,
polyether or polyether-polycarbonate moiety embedded within or appended to it. The non-carbonate
linkages in such mbietiesiatenbotinchdeddn thalgarbaonte and(eirer finkage imitatiens.described
above. 10In certain e diments, polycarbonate polyols of the present invention are further
characterized in t é%c{ﬁgqﬁg%/éqﬁa%r{?\%%p%%&slpnéersﬁy% s E}'ﬁ%ﬁ‘g%bﬁﬁg?éﬁ@,g e BEEHt the provided
polymer confpasitisinaidyesdstiaie? alhys omkfambadivhehtsethinRBbislessthand aidlyather

embodiments,;the PBEBIRSS, Biabakeyes 4. In certain embodiments, the PDI is less than about
1.2.1n other embodiments, the PDI is léss than about 1.1. In certain 15embodiments, the

polycarbonate polylglrtom ositionsr?r_e fur h%r_ characterized in that they have a unimoldal molecular
weight distribution. urthermore, 1n certain embodiments, a co-catalyst anion is-OC(O)R”, wherein R

is optionally substituted aryl, fluoroaryl, or heteroaryl. In certain embodiments, a co-
catalyst anion is ~OC(O)R", wherein R” is optionally substituted aryl. In certain
embodiments, a co-catalyst anion is -OC(O)R¥, wherein R” is optionally substituted

20 phenyl. In certain embodiments, a co-catalyst anion is -OC(0)CsHs or —OC(O)CFs.

in certain embodiments, a co-catalyst anion is -OR*, wherein R* is selected from
optionally substituted aliphatic, optionally substituted heteroaliphatic, optionally
substituted aryl, and optionally substituted heteroaryl.

For example, in certain embodiments, a co-catalyst anion is -OR*, wherein R* is
25  optionally substituted aryl. In certain embodiments, a co-catalyst anion is ~OR®, wherein

R” is optionally substituted phenyl. In certain embodiments, a co-catalyst anion is ~-OCsHs
or ‘OCﬁH2(2,4”N02).



In certain embodiments, the polycarbonatc polyols of the present invention contain repeat units
derived from epoxides that are not C2 symmetric. In these cases, the epoxide can be incorporated into
the growing polymer chain in one of several orientations, The 20 regiochemistry of the enchainment of
adjacent monomers in such cases is characterized by the head-to-tail ratio of the composition. As
used herein the term "head-to-tail" refers to the regiochemistry of the enchainment of a substituted
epoxide in the polymer chain as shown in the figure below for propylene oxide: head CO2 catalyst tail)

In certain embodiments the disclosure encompasses polycarhonate polyol ositions characterized
in that, on averaggi,nn%%%]‘ %nrl]%g %%%b%c%ﬁ%als Sgte'r:lsr‘%)(relt ggn%%a%%ﬁé%@ﬁ%ﬁ@%ﬁbﬁgf units are
head-to-tail linfedgesnionce rin lembodineitsiioeBsaveageainoraitan 89%lottrkages between

adjacent epgﬁggd%%e&gEgggiﬁrfeapﬁgqétgtaiI linkages. In certain embodiments, on average, more
than 90% of linkages between adjacent epoxide monomer units are head-to-tail linkages. In certain

embodiments, more than 95%, of |linkages between adjacent e@oxide monomer units are head-to-tail

linkages. In certain RATEBHHBAIEHIGR: #F2A-865:brINAY e bR e iR BT RsIBE honomer
10units fire head-de-iall dinkagesDTs. Iteesaimendodiments-tha palysarbanae@aols of the present

invention cogéaiagnrggl%ggunét%degi\fea aﬁrogna egoxidgs gaﬁgor}tain a chirbal I)ilcenter. In these cases, the
epoxide can BE RCOrBo ATSE TS e BIWRG Bolymardhkin 1 AR SR SHERtA AL Palative to adjacent
monomer uris iyt certain erddedimepisitletadiaoent stereocenters are arranged 15randomly within

the polymer chains. In certain embodiments, the polycarbonate polyols of the present invention are

atactic. In other emhegimanisLnerethapARast S0k adiac et gRRmEr VRIS Aaue the same

stereochemistry. In certain embodiments, more than about 75% of adjacent monomer units have the
same stered@OM TRy i bEt AT RAARSUHEING ChIGHEHAR 4P it SsorospisaRrrfartiiopier units have
the same 2Qsiesiaghiiatizdiceeitain emhodinieniin Reke ¢hrraRestIbshadiaceakmonomer

of the molecules described above as being suitable as initiating ligands (Lj). In certain
embodiments, an anion is derived from any of the chain transfer agents described

hereinabove.

In some embodiments, an anion of the ionic co-catalyst comprises an anion of the

15 formula "Q"-A'(Z"),, wherein:

“Q'- is a carboxy or alkoxy group,
-A'-1s a covalent bond or a multivalent moiety,
each Z' 1s independently a functional group that can initiate a polymer chain, and

n i8 an integer between 1 and 10 inclusive,

20 In certain embodiments, where an anion of an ionic co-catalyst is a polyfunctional
compound, it is possible for a polyfunctional compound to be counterion to more than one
cationic co-catalyst, or to be associated with both a co-catalyst cation and a metal
complex. For example, if a co-catalyst is an ammonium salt and the counterion is a diacid,
the diacid may be doubly deprotonated and maybe associated with two ammonium

25  cations: N'RyO,C-A"-CO,N'R,. Similarly, two PPN+ cations may be associated with a
single diacid. Alternatively, the diacid may be associated with both a co-catalytic cation
and a metal complex: N'Ry "0,C-A"-CO, ML, It will be apparent to the skilled artisan

that many such variations are possible and it will also be understood that the ionic
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units have the same stereochemistry. In certain embodiments the polycarbonate polyols of the present
invention are isotactic. In other embodiments, more than about 60% of adjacent monomer units have
the opposite stereochemistry In certain embodiments, more than about 75% of adjacent monomer
units have the opposite stereochemistry In certain embodiments, more than about 85% of adjacent
monomer units have the opposite stereochemistry. In certain embodiments, more than about 95% of
adjacent monomer units have the opposite stereochemistry. In certain embodiments the polycarbonate
5polyols of the present inyentian are syndiotactic. .. In,certain embog'ments where a chiral epoxide
is incorporat%0 iRto Qééeaﬁéﬁ%%%ﬁ%%gt%éég@% xggrgwepsggi‘i’%dn%i%a?ﬁénpﬁ%% I”uﬂﬁ{}eﬁﬁ%‘fﬁ}ﬁ%ﬁ mers are
enantioenrici@tel spetimpernino diniéiatsnivinere duch g shepolyiderizsimorgatatedhntodina grotycarbonate
polyol comparligfe;elihe-RigReAt HNRNIO: SPANMSIRALA0QT BORAR: ARENIENST g, In certan
embodiments, the epoxide monomers incorporated Into po?ycar onate pofyols of ﬁﬂgpresent invention
have a structapele Reeg/fereilrpa RostoRPIMaY RO arveasivitide gesigantly selected from the group
15consisting of: -H; and an optionally substituted group selected from C1-30 aliphatic; C6.14 aryl; 3- to

12-mempered heterpeyglisn antdaiteis-memberedRvbarierons/bhwheks anibhnocer more of R21,
R22, R23,and 24 K can,be tak en.toqethe wi%?1 interveningiatoms to form o r more optionally

substituted 318 XS AEMBBIB HRGS BBHHERY BB AT Gherb ieTe Res iores

compound. In certain embodiments, an initiating ligand, a counterion present on a cationic
co-catalyst, and a chain transfer agent are chosen to be the same molecule. For instance, in
one example of this embodiment if glycolic acid were employed as the chain transfer

10 agent, the metal complex would be chosen to include glycolate as the mnitiating ligand 1;
and a cationic co-catalyst including a glycolate counterion (such as tetrabutylammonium
glycolate) could be employed as the co-catalyst. Such embodiments of the present
mvention provide polycarbonate pdlyol compositions that are highly homogenous since
virtually alf chains have the same chermical makeup. The details of these 66mpositions and

15 methods to produce them are described in more detail hereinbelow,
Ic. Stoichiometry of the Polymerization Systems

Having described in detail cach of the components of the polymerization system,
we turn now to the relative ratios of those components. In certain embodiments, a metal
complex L,-M-(L;), and a chain transfer agent Y-A-(Y), are present in a defined ratio

20 selected to maximize conversion of the epoxide monomers while achieving the desired
molecular weight polycarbonate polyol. In embodiments, where a co-catalyst is present,
the ratios between a metal complex, a co-catalyst and a chain transfer agent are selected to
maximize conversion of the epoxide monomers while achieving the desired molecular

weight polycarbonate polyol.

25 In some embodiments, a metal complex and a chain fransfer agent are present in a
molar ratio ranging from about 1:10 to about 1:1000. In certain embodiments, the ratio is
between about 1:50 and about 1:500. In certain embodiments, the ratio is between about
1:50 and about 1:250. In certain embodiments, the ratio is between about 1:20 and about

1:100. in certain embodiments, the ratio is between about 1:100 and about 1:250. In some
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20In certain embodiments, the polycarbonate polyols of the present invention incorporate one or more
epoxides selected from the group consisting of: wherein each 11'is, independently, selected from
optionally substituted aliphatic, optionally substituted heteroaliphatic, optionally substituted aryl
fluoroalkyl, and optionally substituted heteroaryl. 5In certain embodiments, polycarbonate polyols of
the present invention comprise poly(ethylene carbonate). In other embodiments, polycarbonate polyols
of the present invention comprise poly(propylene carbonate). In other embodiments, polycarbonate
poiyols of thelggg engni{gverr}'{g%&q com r;(sgn %l)éﬁ%Yr?L:?Q]% ene é:rfl?rb%n?te nItn ogher ambpdiments,
polycarbona?e po 3%]1 of the present invention comprise 10p0 ya(re[}?c%ﬁorolﬁydrﬁlﬁ car ?nate). In certain
embodimentgigatslyttarobhede . polswsts efipralimesisnt imvehtiompioorpd ratead giycithyl et rar glycidyl
ester. In certﬁg&gmgoadﬁgg&@t[%ﬁgq&g%m@g@@plyols of the present invention incorporate phenyl

glycidyl ether. In certain embodiments, polycarbonate polyols of the present invention incorporate

t-butyl glycidyl ether. 15In some embodiments, potycarbonate polyols of the present invention
Gt lexandcernbi

comprise poly(propyI &R HTRRHRTIS & PBERAETR theSrBGHITh ATHETS5R cRATBR%Te polyols of the

;c):resggé mvemémﬂcyiﬁgrfﬁﬁrpﬂ}y(pmpylan&ee:rbﬁ@sl&)da&ﬁﬁ?ﬁﬁaﬁﬂ?nf@m abestididfembout 10% of a
4- epoxide, Incertain emhodiments, arbonate ols.of t resent inventjon.comprise
aimut H'Sﬂ Qou@?qn %Qer er%%a/c? 6‘}&1{: Pagg ésbfra agp%t fz tgq )?%%,l)}lfie%hé

poly(propylene carbona 3) mcorporaﬂng ffom about 0.1 to 0 %0 0 . In certain
embodiments;ipatyeabodimatetptily ols obthecprabe matal emtiph:c enpitis epolyyropyienet darbonate)

incorporating,fia Aol 19, AR0ULAA% 81 B ANGIESIE L SEIIAI £TBORISNLS, pelycarbonate

polyols of the present invention comprise poly(ethylene carbonate) incorporatin out 0.1 to
about 10% o¥iéP-egcidyI ether. In certain embodiments, polycarbonate polyols of the present invention
comprise poly(ethylene carbonate) incorporating from about 0.1 to about 10% of a glycidyl ester. In
certain Embadieniariolycorbbpatespplydlsal the present invention Scomprise poly(ethylene
carbonate) incorporating from about 0.1 to about 10% of a C4-C30 epoxide.

As described above, there have not been methods heretofore availabie to produce
aliphatic polycarbonate polyol resins combining the features of high carbonate linkage
content, a high percentage of hydroxyl end groups and low molecular weight (c.g. less
than about 20 kg/mol). In one aspect, the present invention encompasses these novel

15  materials.

In some embodiments, the present invention encompasses epoxide CO,
copolymers with a molecular weight number between about 400 and about 20,000
characterized in that the polymer chains have a carbonate content of >90%, and at least

90% of the end groups are hydroxyl groups.

20 In certain embodiments, the carbonate linkage content of the polycarbonate chains
of epoxide CO, copolymers of the present invention is at least 90%. In some embodiments.
greater than 92% of linkages are carbonate linkages. In certain embodiments, at least 95%
of linkages are carbonate linkages. In certain embodiments, at least 97% of linkages are
carbonate linkages. In some embodiments, greater than 98% of linkages are carbonate

25 linkages in some embodiments at least 99% of linkages are carbonate linkages. In some
embodiments essentially all of the linkages are carbonate linkages (i.e. there are
essentially only carbonate linkages detectable by typical methods such as 'H or *C NMR

Spectroscopy).
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In certain embodiments, epoxide monomers incorporated into polycarbonate polyols of the present
invention include epoxides derived from naturally occurring materials such as epoxidized resins or oils.
Examples of such epoxides include, but are not 10 limited to: Epoxidized Soybean Oil; Epoxidized
Linseed Oil; Epoxidized Octyl Soyate; Epoxidized PGDO; Methyl Epoxy Soyate; Butyl Epoxy Soyate;
Epoxidized Octyl Soyate; Methyl Epoxy Linseedate; Butyl Epoxy Linseedate; and Octyl Epoxy
Linseedate. These and similar materials are available commercially from Arkema Inc. under the trade
name Vikoflex0. Examples ofﬁu h cogjgﬁeri&all)f. vailable Vikopaf(e mate:ri)gls include 15 Vikoflex 7170

Epoxidized Soybea% |?1{}i?<%1 ex 719 p?oexﬁlrze ﬁﬁscé’éﬁ%ﬂ(o %Q%ﬁ% %%?(ic 1284 ctyl Soyate,

Vikoflex 50 7®&pdaddizas iRGDeErs wikbi oxcyat iketioyl & poxyiiBo\als, Mikofex@bddBati, Epoxy
Soyate, Vicgfex 108 Eppsiger O, Sovale. ikl 0018delly| Eproy st Viofiex

9040 Butyl Epoxy Linseedate, and Vikofl ex 9080 Octyl Epoxy Linscedate. In certain embodiments, the
polycarbonai8Pepoi RIGF iHE s dnepEntBhomBamisr Breps e At fofitjnkesgs are efhegertain

embodimentseidhe Rreseotinventionalveatkanaie palvelsef fheargsankinventigdncorporate
epoxides derived from alpha olefins. Examples of such epoxides include, but are not limited to those

derived fronP@AUIGRYE tSsherh? gfginkasrsre e nipkassiedn sems S‘FB{P‘FEI%HW, C18 alpha olefin,
C20-C24 alpbamiefin nGR4CR8 Rialphalefierdnttds304 alphacalafinshhasemndmsimniagmaterials are

commercially available from Arkema.Inc. und theggag ame Vikoloxt. Commerically available
VikoloxC ma%ee%f:a%aﬁen% u 1%6%6%88?0 1éacbjlans %gfe ; gfloﬁwsfplenc%%?fgﬁ%)mbodiments, provided
aliphatic polycarbonates derived from alpha olefins are heteropolymers incorporating other simpler

epoxide monomertisemRiFabesiTEatsiimreprtddetiicnedxes popyise 0B iskobaykene oxide,
hexene @Xidg ey ORSIBLENS VXiER: AnS Kys AhexeRAXits  TIRFR Mf@mmgﬁ&aﬁﬂnéwde random
O SO, o oonlds CO, CobOIymerS oF he prosent arvenion have average. o
Oxirane Vik&fax foe » e ¢p 2 COpOLyMCTS OT e presen o ge
molecular weight numbers ranging from about 400 to about 20,000 g/mol. In some
embodiments, the copolymers have an Mn between about 500 and about 5,000 g/mol. In
other embodiments, the copolymers have an Mn between about 800 and about 4,000
15 g/mol. In some embodiments, the copolymers have an Mn between about 1,000 and about
3,000 g/mol. In some embodiments, the copolymers have an Mn of about 1,000 g/mol. In
some embodiments, the copolymers have an Mn of about 2,000 g/mol. In some
embodiments, the copolymers have an Mn of about 3,000 g/mol. In certain embodiments,
epoxide CO; copolymers of the invention have about 10 to about 200 repeat units. In other
20 embodiments, the copolymers have about 20 to about 100 repeat units.

In some embodiments, the CO; epoxide copolymers of the present invention are
formed from CO, and one type of epoxide. In other embodiments, the copolymers
incorporate two or more types of epoxide. In some embodiments, the copolymers
predominantly incorporate one epoxide with lesser amounts of one or more additional

25 epoxides. In certain embodiments where two or more epoxides are present, the copolymer
is random with respect to the position of the epoxide moieties within the chain. In other
embodiments where two or more epoxides are present, the copolymer is a tapered
copolymer with respect to the incorporation of different epoxides. In some embodiments
where two or more epoxides are present, the copolymer is a block copolymer with respect

30 to the incorporation of different epoxides.
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C10H200 9.0% Vikolox 12 C121-1240 7.8% Viko ox 14 C| 4E1280 6.8% Vikolox 16 C16H320 6.0%
Vikolox 18 C18H360 5.4% Vikolox 20-24 C20-241140-480 4.4%

In certain embodiments, the polymer chains may contain embedded polymerization
initiators or may be a block-copolymer with a non-polycarbonate segment. In certain
examples of these embodiments, the stated total carbonate content of the polymer chain
may be lower than the stated carbonate content limitations described above. In these cases,

5  the carbonate content refers only to the epoxide CO, copolymeric portions of the polymer
composition. In other words, a polymer of the present invention may contain a polyester,
polyether or polyether-polycarbonate moiety embedded within or appended to it. The non-
carbonate linkages in such moieties are not included in the carbonate and ether linkage

Himitations described above.

10 In certain embodiments, polycarbonate polyols of the present invention are further
characterized in that they have narrow polydispersity. In certain embodiments, the PDI of
the provided polymer compositions 18 less than 2. In some embodiments, the PDI is less
than 1.5. In other embodiments, the PDI is less than about 1.4. In certain embodiments, the
PDI is less than about 1.2. In other embodiments, the PDI is less than about 1.1. In certain

15 embodiments, the polycarbonate polyol compositions are further characterized in that they

have a unimoldal molecular weight distribution.

In certain embodiments, the polycarbonate polyols of the present invention contain
repeat units derived from epoxides that are not €2 symmetric. In these cases, the epoxide
can be incorporated into the growing polymer chain in one of several orientations. The

20 regiochemistry of the enchainment of adjacent monomers in such cases is characterized by
the head-to-tail ratio of the composition. As used herein the term “head-to-tail” refers io
the regiochemistry of the enchainment of a substituted epoxide in the polymer chain as

shown in the figure below for propylene oxide:
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Vikolox 24-28 C24-281148-560 3.25% Vikolox 30+ C304H600 2.25% 5In certain embodiments, the
present disclosure encompasses aliphatic polycarbonate compositions comprising a plurality of
polymer chain types. In certain embodiments these different chain types are derived from more than
one type of initiating moiety. These compositions are described in more detail below. In each case, the
polycarbonate chains contain one or more polymeric units arising from the alternating
10copolymerization of CO2 and one or more epoxides. In the descriptions that follow of the several
chain types that may be present in the comaposmons Q the present invention, these alternating
copolymeric units are denoted -Tywhere eachgn is a pylycarbgnate chain having a formula
independently selected from the grzgup on o.of: @\jﬁgsﬂ]\%@z Hed e 3andP wherein:

head
CG,

0 0
A
W ?\O)J\O/YOYOY\O)LO:?{' head-to-head
m;) O
3 NG 2 tail-to-tail
O 0”7 ™0
T

In certain embodiments the disclosure encompasses polycarbonate polyol

compositions characterized in that, on average, more than about 80% of linkages between
adjacent epoxide monomer units are head-to-tail linkages. In certain embodiments, on
5 average, more than 85% of linkages between adjacent epoxide monomer units are head-to-
tail linkages. In certain embodiments, on average, more than 90% of linkages between
adjacent epoxide monomer units are head-to-tail linkages. In certain embodiments, more
than 95% of linkages between adjacent epoxide monomer units are head-to-tail linkages.
In certain embodiments, more than 99% of linkages between adjacent epoxide monomer

10 units are head-to-tail linkages.

In certain embodiments, the polycarbonate poiyols of the present invention contain
repeat units derived from epoxides that contain a chiral center. In these cases, the epoxide
can be incorporated into the growing polymer chain in defined orientations relative to
adjacent monomer units. In certain embodiments, the adjacent stereocenters arc arranged

15 randomly within the polymer chains. In certain embodiments, the polycarbonate polyols
of the present invention are atactic. In other embodiments, more than about 60% of
adjacent monomer units have the same stereochemistry. In certain embodiments, more
than about 75% of adjacent monomer units have the same stercochemistry. In certain
embodiments, more than about 85% of adjacent monomer units have the same

20 stereochemistry. In certain embodiments, more than about 95% of adjacent monomer
units have the same stereochemistry. In certain embodiments the polycarbonate polyols of
the present invention are isotactic. In other embodiments, more than about 60% of

adjacent monomer units have the opposite stereochemistry. In certain embodiments, more
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E is an optionally substituted C2 unit derived from an epoxide, where E may represent a monomer unit
derived from one type of epoxide, or from a mixture of two or more types of epoxide, and p ranges
from about 5 to about 10,000. 5In some embodiments of polymers encompassed by the present
invention, -E- is: R21 R22 , where R2I, R22, R23, and R24 are as defined above. In certain
embodiments, -E- is selected from the group consisting of: C2F5C3F7 WO./ Rx0Ce. and mixtures of

any two or more of these. In certain embodiments, -E- includes units derived from naturally
occurring 10,materia ch.as epoxidized resins or oils. In certain embqdiments, -E- includes units
Gerhved 1200 AT B it B S CE S IS O RS WO R B BRECH 2 CHi.

un_its d_erive@xfymﬂimﬁmmmxm.abnceiﬁi/m(ﬁ"raxlj@ecﬁmeﬁmoﬁﬁf inﬁtm_ﬂe@eund:tspjmsiﬂed fro_m ethylene
oxide in cor@pé%g%}ﬁ%_ 'am%%%%logﬁ%?a%ﬁ%%?éﬁ(%ﬁé%&% Mvﬁerggg{ﬁ]}?g{o%%mdes In other

embodiments, -E- consists predominantly ‘ groups Ived from propylene oxide. In
certain embgiifhb#ts thEonnetifdssmarBaEsvEd fromtpropylerinmiiticlia paybibation -E- groups

derived thylghe Qxidg. IR CRHAINSMBAGINEAS; wEeipcludes units derived from propylene oxide in
combination with lesser amounts of more complex -E- groups derived from other epoxides. In certain

embodiments, the E}O{I%&g{é) gl’?l 5%1%%%%' %%@ %SCEHE:QIS eggﬁ%gtfg %&Qggg‘zed into the
polycarbonate polyol compositions of the present invention, the polymers are enantio-
enriched. In other embodiments, where a chiral epoxide is incorporated into the
polycarbonate polyol compositions of the present invention, the polymers are not enantio-

10 enriched.

In certain embodiments, the epoxide monomers incorporated into polycarbonate

polyols of the present invention have a structure:

where, R, R**, R®, and R*, are each independently selected from the group
15 consisting of: ~H; and an optionally substituted group selected from Ci-ap.
aliphatic; Cs.14 aryl; 3- to 12-membered heterocycle, and 5- to 12-membered
heteroaryl, where any two or more of Rﬂ, RZZ, R* and R** can be taken
-to gether with intervening atoms to form one or more optionally substituted 3-

to 12-membered rings, optionally containing one or mere heteroatoms.

20 In certain embodiments, the polycarbonate polyols of the present invention

incorporate one or more epoxides selected from the group consisting of:

62



10include mixtures of several chain types. In general, these chain types may be divided into two
categories: namely, a first category including chains denoted PI having two or more - OH end groups
and a second category of chains denoted P2 having only one -OH end group per chain. As described
above, in some embodiments compositions of the present invention have at least 90% of the polymer
chain ends terminating with -OH groups. As 15such, chains of the first category generally make up a
predominance of the chains present in the compositions. Polymer chains in a given composition
may arise from each of;several diffegent chgin-initiating mpietiespresegt in a ggaction mixture. In

certain cases edeh offhes i veladistidey struéthy dif mtiatgsc_)it from other
chain types present in 20the mixture that' derive‘from other chain inifiating it oietids< The structures of

each of several chain types are described below, and the ratios innwhich these components may be
present are then described.o  The aliphatic polycarlyponate 8mpositions of the presght invention

include polyr@zgspé%\in% g’(vr\,d f&g:p*fh%;c firtra ag eseribed gr@bg certain 25
embodiments, these poiymer chains are dgpoted Bidp sone em ents, re t hain transfer

agent has a formula Y-A-(Y)", as described above, polymer chains of type PI have the formula
T-Y-A-(Y-T)," wherein Y, 4, and /1 #te as defired above in the desgription of the chain transfer agents,
and each -T te ch

; ovaleitly bound4aa Y grédR, whereT is as defined
. , R s { ninitlig&ﬂ% 1.4 described
hereinabove. In Ce#ai hodi ere theyinitiating ligand a forasla Q'-A'42),, as described

deri
above, such chains have the follnula T-g-A.'(E-P)", wherein Q', A', Z', and n are as defined above in

the descriptigy.gfhe. % i0gdiaauie.ARd srcha ks AllIbalis aalyeeLhanate chain covalently

boundtoa Q'or Z romg;‘,s where -T is as defined above. Additionally, chains of’'type 131 may arise
13

from an anidiP}ees Huted dstarpativhriereaiiramibycubiénied wik flnereebioprdas a foimula

Q-A'-(T)" asgassiibedshavesHiehshains have the formula T-g-A'(T-T)", wherein Q', A, Z', and n are
as defined above in 10the description of the co-catalyst anions, and each -T is an aliphatic

polycarhonate chaif) oy alenly DRHITHO ARl SaR NG Re HIR 83 ASTned ABove: e

poly(ethylene carbonate). In other embodiments, polycarbonate polyols of the present

invention comprise poly(propylene carbonate). In other embodiments, polycarbonate
polyols of the present invention comprise poly(cyclohexene carbonate). In other
embodiments, polycarbonate polyols of the present invention comprise

10 poly(epichlorohydrin carbonate). In certain embodiments, polycarbonate polyels of the
present invention mcorporate a glycidyl ether or glycidyl ester, In certain embodiments,
polycarbonate polyols of the present invention incorporate phenyl glycidyl ether. In
certain embodiments, polycarbonate polyols of the present invention inéorporate -butyl

glycidyl ethes.

15 In some embodiments, polycarbonate polyols of the present invention comprise
poly(propylene-co-ethylene carbonate). In certain embodiments, polycarbonate polyols of
the present mvention comprise poly(propylene carbonate) incorporating from about 0.1 to
about 10% of a C4-Cs epoxide. In certain embodiments, polycarbonate polyols of the
present invention comprise poly(propylene carbonate) incorporating from about 0.1 to

20 about 10% of a glycidyl ether. In certain embodiments, polycarbonate polyels of the

present invention comprise poly(propylene carbonate) incorporating from about .1 to

about 10% of a glycidyl ester. In certain embodiments, polycarbonate polyols of the
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An additional category of PI chains may arise from water present in the reaction mixtures. In some
circumstances, under polymerization conditions the water will ring-open an epoxide leading to
foimation of a glycol corresponding to one or more epoxides 15present in the reaction mixture. In
certain embodiments, this glycol (or mixture of glycols if more than one type of epoxide is present) will
lead to formation of chains of type Pia having the structure: wherein -E- is an optionally substituted C2
unit derived from an epoxide, 20where E may represent a monomer unit derived from a single type of

epoxide or from a mixture of two or maqr % £s of egoxig .andpr es fro aP Lit 5 t% about 10,000.
gregent 1 VERLION, COINPIISE 80 i&? gen Caﬁ ONates 11C0; Ta m% CP%’L apo , t(,'t) aboui
In some embodiments; each of these sources of chains Pl may have a different structure and the

com positionsG%a;f_ mgludesevisnal Iuype@of et?ﬂbxhhme(msg p%@li@madEPMediQﬁfrﬁlHMheeuhain transfer
agent, type 'f’r}éQﬁ{éﬁe&ﬁﬁgﬂk@g&{@@%ﬂ@t&%ﬁg{}gﬂ&% ARG 8 VAL FRM Relyfenctional
anions present on a co-catalyst). In certain embodiments, the chain transfer agent, initiating ligand,
and co-catalygharishestiay havéth esbedenstHichale P HEate HR folas 1Bt fhessaniey shiifsture). In these

instances, tfl%xﬁﬁh/sf@ﬁsl_%éﬁ{?@éigQ&%&H@%)ﬁﬁ@%&%’i@tﬁ@ﬁ@ﬁ%ﬁﬁ?@f B ahrim @y, brpuatglds,present a

mixture of a single type of Pl chain along with some amount of Pla. In certain 5embodiments, a glycol
correspondiﬁ@"r’&din epoxide present in the reaction mixture may be used as a chain transfer agent in
which case, polymer chains PI arising from the chain transfer agent and Pia arising from water will be
indistinguishable. lincertain otfverdemitsdipesnis nwatensrrandsepdigocd isly mighadesidtom the

polymerizaligg Ps‘%‘fﬁ@g‘%@é%'?iﬁ@&ﬁi&ﬁ?ﬂ@ﬁlé’gt{?}éB%Eés"&%it?r@dsi"r’&itﬁ‘ﬁﬂ?ajh@%%%q{néop‘dditionally’ n

certain embodiments polymer compositions of the presen
materials such as epoxidized resins or oils. Examples of such epoxides include, but are not

10 limited to: Epoxidized Soybean Oil; Epoxidized Linseed Oil; Epoxidized Octyl Soyate;
Epoxidized PGDO; Methyl Epoxy Soyate; Buty! Epoxy Soyate, Epoxidized Octyl Soyate,
Methyl Epoxy Linscedate; Butyl Epoxy Linseedate; and Octyl Epoxy Linseedate. These
and similar materials are available commercially from Arkema Inc. under the frade name
Vikoflex®, Examples of such commerically available Vikoflex® materials include

15 Vikoflex 7170 Epoxidized Soybean Oil, Vikoflex 7190 Epoxidized Linseed, Vikoflex
4050 Epoxidized Octyl Soyate, Vikoflex 5075 Epoxidized PGDO, Vikoflex 7010 Methyl
Epoxy Soyate, Vikoflex 7040 Butyl Epoxy Soyate, Vikoflex 7080 Epoxidized Octyl
Soyate, Vikoflex 9010 Methyl Epoxy Linscedate, Vikoflex 9040 Butyi Epoxy Linseedate,
and Vikoflex 9080 Octyl Epoxy Linseedate. In certain embodiments, the polycarbonate

20  polyols of the present invention incorporate epoxidized fatty acids:

' In certain embodiments of the present invention, polycarbonate polyols of the
present invention incorporate epoxides derived from alpha olefins. Examples of such
epoxides inciude, but are not limited to those derived from Cjg alpha olefin, Cy, alpha
olefin, Ci4 alpha olefin, Cj¢ alpha olefin, C;z alpha olefin, Cy-Css alpha olefin, Cas-Cos

25 alpha olefin and Cyo. alpha olefins. These and similar materials are commercially available
from Afkema Inc. under the trade name Vikolox®. Commerically available Vikolox®
materials include those depicted in Table 4, beiow. In certain embodiments, provided ”
aliphatic polycarbonates derived from alpha olefins are heteropolymers incorporating
other sﬁmpler epoxide monomers including, but not limited to: ethylene oxide, propylene

30  oxide, butylene oxide, hexene oxide, cyclopentene oxide and cyclohexene oxide. These
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invention include polymer chains of type P2. These chains have only one OH end group. Chains of
type P2 may arise from monofunctional initiating ligands present on the metal complexes or from
monofunctional anions present on ionic co-catalysts. In certain cases, such chains may also arise from
spurious sources such as alcohols or halide ions present as 15impurities in the reaction mixtures. In
certain embodiments, chains of type P2 have a fotmula selected from the group consisting of: X 0 0
>E| 0 O/P and x O ,wherein: X is a bound form of an anion capable of initiating one polymer chain; E
is an optionally substituted C2 unit derived from an epoxide, where E may represent 20a monomer unit
derived from SIFERIEBTE FULIBLLT FEANE FRRRIESF I SietheieolyPes 8P 5i6He, and p ranges
from about Sctpallpoigts 0,000. In certain embodiments of polymer chains of type P2, X comprises a
halogen atom, an azide, an ester group, an ether group, or a sulfonic ester group. 25In some
embodiments, polymer compositions of the presantjavention are

Trade Name Formula Minimum Oxirane
~ Vikoiox 10 CioH2O 9.0%
Vikolox 12 CioH0 7.8%
Vikelox 14 C1eH20 6.8%
Vikolox 16 CisH3;0 6.0%
Vikolox 18 CisHzs0 | 5.4%
Vikolox 20-24 Cao.24 40480 4.4%
Vikolox 24-28 Cra28Haz 560 3.25%
Vikolox 30+ Csp:HgO 2.25%

5 In certain embodiments, the present disclosure encompasses aliphatic

polycarbonate compositions comprising a plurality of polymer chain types. In certain
embodiments these different chain types are derived from more than one type of initiating
moiety. These compositions are described in more detail below. In each case, the
polycarbonate chains contain one or more polymeric units arising from the alternating

10 copolymerization of CO; and one or more epoxides. In the descriptions that follow of the
several chain types that may be present in the compositions of the present invention, these
alternating copolymeric units are denoted ~T, where each -T is a polycarbonate chain

having a formula independently selected from the group consisting of:
0 O

E J‘L E Hf ~Ex )17~<§

\O O ~ oy O (8] -

Ho‘é , }P # and ? wherein:
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characterized in that at least 90% of the chains ends are -OH. In certain embodiments, at least 90% of
the chains in a polymer composition are of type P/. In certain embodiments, the chains of type P1 are
essentially all the same. In other embodiments, there are two or more distinct types of Pl chain
present. In certain embodiments, there are several types of Pl chains present, but at least 80% of the
P1 chains have one structure with lesser amounts of one or more PI chain types making up the
- remaining 20%. In certain embodiments, polymer compositions of the present invention include more
than 95% chains of type_PI. In other emb dimerflj; polymer compositions of the present invention
include more than 97% H%WSOBP%%@W%H}E&F ﬁf élﬁfgg é%?é%&?y?ﬁ@“é&ﬁ’ BtoE%f the
present invention include moredfras:899mohains ofitypeiRidIfishooid henetegdottias,iordastain
embodiments, polymer compoglntlﬁ)%sirgfo% &Opresergﬁégggrfntépgxa({ee gh&'xracterlzed in that at least 90%

of the chains ends are -OH groups may include mixtures Kav g 1e&s'than 90% chains of type PI, as

for example when a chaindrgastesrasnicapaie:of @iating three or more polymer chains is used.
For example, where a triol is used as the chain transfer agent, if 80% of the chains result from initiation
by the tdol (3-OH ehdsgmsusbedinetrdi et thesermeampass Dby tfecpraiesthanendoly-Baé:- 150H end
group, the composition as a whole will still contain greater than 90% OH end groups (92.3%). In
certain embodiments, ygolymer compositions of the present invention include chains of type Pl derived
from diol chain tran ggg nts. In certain embodiments, these 00 0 0 OEM+ H chains have the
formula:P ; where dﬁ‘gre as 20defined above and -A- is an optionally substituted radical selected

from the group con8stiR¢ of: Gd8@ aibheti R €2n3RkHelerealiphatic afsvi@ 12-membered aryl, 3- to 12-
membered heterocyclic, 5- to 12-membered heteroaryl. In other embodiments,-A- is a polymer

selected from the group, cansialing.of Rolyolefins. palvesters, PolyUigIs.RQygarbonates.
polyoxymethylene and mixtures o two or more of these.

gwﬁ;‘ﬁr*?i‘ﬁ/{-ifﬁ;ﬁj)fﬁ;?) a{;j/cri;‘i)/éi;
e P S S
IS "‘ st}
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and mixtures of any two or more of these.

In certain embodiments, -E- includes units derived from naturally occurring
10 materials such as epoxidized resins or oils. In certain embodiments, -E- includes units

derived Cia.30 alpha olefing,
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In certain embodiments, polymer compositions of the present invention include chains of type PI
derived from hydroxy acid chain transfer agents. In certain embodiments, 0 HfE //) ; where E and p
are as these chains have the formula: 0 defined above and -A- is an optionally substituted radical
selected from the group

In some embodiments, -E- consists predominantly of -CH,CHa- units derived from
ethylene oxide. In certain embodiments, -E- includes units derived from ethylene oxide in

combination with amounts of more complex -E- groups derived from other epoxides.

In other embodiments, -E- consists predomirantly of ~CH,CH{CHx)- groups
5 derived from propylene oxide. In certain embodiments, -E- includes units derived from
propylene oxide in-combination -E- groups derived ethylene oxide. In certain
embodiments, -E- includes units derived from propylene oxide in combination with lesser

amounts of more complex -E- groups derived from other epoxides.

In certain embodiments, the polycarbonate polyol compositions described above
10 - include mixtures of several chain types. In general, these chain types may be divided into
two categories: namely, a first category including chains denoted P' having two or more —
OH end groups and a second category of chains denoted P* having only one ~OH end
group per chain. As described above, in some embodiments compositions of the present
invention have at least 90% of the polymer chain ends terminating with —~OH groups. As
15 such, chains of the first category generally make up a predominance of the chains present

in the compositions.

Polymer chains in a given composition may arise from each of several different
cham-initiating moieties present in a reaction mixture. In certain cases each of these chain
types will have a distinct structure that differentiates it from other chain types present in

20 the mixture that derive from other chain initiating moieties. The structures of each of
several chain types are described below, and the ratios in which these components may be

present are then described.

The aliphatic polycarbonate compositions of the present invention include polymer
chains derived from the chain transfer agents described hereinabove. In certain
25  embodiments, these polymer chains are denoted P'. In some embodiments, where the
chain transfer agent has a formula Y-A-(Y),, as described above, polymer chains of type
P! have the formula T-Y-A-(Y-T),, wherein Y, A, and » are as defined above in the
description of the chain transfer agents, and each -T is an aliphatic polycarbonate chain

covalently bound to a Y group, where -T is as defined above.,
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consisting of: C2-30 aliphatic, C2,30 heteroaliphatic, 6- to 12-membered aryl, 3- to 12- membered
heterocyclic, 5- to 12-membered heteroaryl. 5In certain embodiments, polymer compositions of the
present invention include chains of type Pl derived from diacid chain transfer agents. In certain
embodiments, these o 0 chains have the foiula: 0"-\ H ; where E andp are as defined above and -A-
is a covalent bond or an optionally substituted radical selected from the group consisting of C2 30
aliphatic, C2-30 heteroaliphatic, 6- to 12-membered aryl, 3- to 121.0membered heterocyclic, 5- to
I2-membered hete&gagg.% certain embodiments, polymer compasitions of the present invention

include chains of t TRt U AR SRRGEPEh HRPLHLRS g Mt e giRds hbodiments, O
"V. H /19 thekearthathsehainebthve. froessis witersirzeandphare s defined HbevereasiTeisiadependently

Oor1,and _61}3%’5(‘2’53? etllsoéleasléyibsel“g)ast}g\%?guch chains have the formula T-Q'-A'(Z'-T),, wherein Q',
A’, 7', and n are as defined above in the description of the initiating ligands, and each -T is
5  an aliphatic polycarbonate chain covalently bound to a Q' or Z' group, where -T is as

defined above.

Additionally, chains of type P' may arise from an anion present on a co-catalyst. In
certain embodiments, where the anion has a formula Q'-A'~(Z"), as described above, such
chains have the formula T-Q'-A'(Z'-T),, wherein Q', A, Z’, and » are as defined above in

10 the description of the co-catalyst anions, and each -T is an aliphatic polycarbonate chain

covalently bound to a Q" or Z' group, where -T is as defined above.

An additional category of P! chains may arise from water present in the reaction
mixtures. In some circumstances, under polymerization conditions the water will ring-
open an ¢poxide leading to formation of a glycol corresponding to one or more epoxides

15 present in the reaction mixture. In certain embodiments, this glycol (or mixture of glycols
if more than one type of epoxide is present) will lead to formation of chains of type P'*

having the structure:

O O

H\(\O‘,E\O )J?;O,E\OAO,E\O %;H

>

wherein -E- is an optionally substituted C; unit derived from an epoxide,
20 where E may represent a monomer unit derived from a single type of

epoxide or from a mixture of two or more types of epoxide, and

p ranges from about 3 to about 10,000,

In some embodiments, each of these sources of chains P’ may have a different
structure and the compositions may include several types of P’ chain (e.g. type P* derived
25  from the chain transfer agent, type P derived from polyfunctional initiating ligands, and

type P! derived from polyfunctional anions present on a co-catalyst). In certain
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15radical selected from the group consisting of: C3_30 aliphatic, C2_30 heteroaliphatic, 6- to
12-membered aryl, 3- to 12-membered heterocyclic, 5- to 12-membered heteroaryl. In another
aspect, the present invention encompasses materials made by cross-linking any of the above
polycarbonate polyol polymers. In certain embodiments, such cross-linked materials comprise
polyurethanes. In certain embodiments such 20polyurethanes encompass thermoplastics, foams,
coatings and adhesives. Ill. Methods of Making Polycarbon ate Polyols In a third aspect, the
present invention encompasses methods for producing polycarbonate polyols. In some embodiments,

the methodsSHbRRIEERE ShesEar: s famy AvEatne HehahatearrelipgEbivaunmide epoxides and
one or more ghainsansienraganis badmsapirainaafsitas capablemi surpaitingdhe chain growth of

CO2 epoxide copolymers; b) contacting the reaction mixture with a metal complex, the metal complex
including a nﬁ’g{ﬁ?’@g&aﬁ%ﬂg@&é’?ﬁ%m%ﬁw SsehRantht ABARCPELE AW HE RIEEFB1e ligand that is
a polymerizatitwhinitidtosityihepresehckatf caowidicxide ag)caliowd péf the kogplymerization reaction
to procegd uQ%lbaipe%{{Edampl% uIan[ Weiggltnof olymer hdas bee for"@ed, qcnd d .terminatigg the
polymerization. PER. bo% es " Som em?oo?ﬁr.ﬁ{énﬁgf ?ﬁ%nelﬁoxf’ S HHono lé%rﬁr%fﬂ’ d at step
(a) include ansedkirechpoxidesaesenibed/hereirmbaueywith chgas @ terkiabiyméreadripositions of

matter. 151n same.Smhadinents: e SRS M NADE R RIRYHRH A S1EPR:0f i Above- described

method have a structure:
embodiments, water may be rigorously excluded from the polymerization mixture in

which case chains of type P™* will be substantially absent.

10 Additionally, in certain embodiments polymer compositions of the present
invention include polymer chains of type P*. These chains have only one OH end group.
Chains of type P? may arise from monofunctional initiating ligands present on the metal
complexes or from monofunctional anions present on ionic co-catalysts. In certain cases,
such chains may also arise from spurious sources such as alcohols or halide ions present as

15 impurities in the reaction mixtures. In certain embodiments, chains of type P* have a

formula selected from the group consisting of:

O o

E E. WH JEC K E
X “o@ko’ ‘oa' x‘()ko 0
P and P

X is a bound form of an anion capable of initiating one polymer chain;

, wherein;

E is an optionally substituted C; unit derived from an epoxide, where E may represent
20 a monomer unit dertved from one type of epoxide, or from a mixture of fwo or

more types of epoxide, and
p ranges from about 5 to about 10,000,

In certain embodiments of polymer chains of type P*, X comprises a halogen atom,

an azide, an ester group, an ether group, or a sulfonic ester group.

25 In some embodiments, polymer compositions of the present invention are
characterized in that at least 90% of the chains ends are ~OH. In certain embodiments, at

least 90% of the chains in a polymer composition are of type P'. In certain embodiments,

69



where, R21, R22, R23, and R24, are each independently selected from the group consisting of: -H;
and an optionally substituted group selected from C1-30 20aliphatic; C6-14 aryl; 3- to 12-membered
heterocycle, and 5- to 12-membered two or more of R21,, R22 R23,and n24 heteroaryl., where anyK
can be taken together with intervening atoms to form one or more optionally substituted 3- to
12-membered rings, optionally containing one or more heteroatoms. In certain embodiments,
reaction mixtures include one or more epoxides selected 25 from the group consisting of:  wherein
each 12."is, independently, sqlected from optionally substituted aliphatic, optionally substituted
heteroaliphatfs Bgmemﬁ [yReBstieiestrniplisnl Sistemalyseibstinmbadmentroheyt are tye certain

embodimentsuseagiionaisurseinokide Aniens QNde JRIRIET YD S iEACypn piHtures
(0]

include propylene oxide. In other embodiments, reaction mixtures include cyclohexene oxide. In other
embodiments, FEAERGH I FEL IR SRS Bh§ RS it R SCRIIBBIVHB ARss eeaistsmixtures

include a glysithrleesheroas H0glyeidyBsieikily eprieinembadiments, reaction mixtures include phenyl
glycidyl ether. In certain embodiments, reaction mixtures include t-butyl glycidyl ether. In certain

embodimgents, reactjpp. mixturas includ 1 é}e&%' and.pr lene oxide. In certain,embodiments,
reaction mixtures include propyleﬁe ox%lg Z%ﬁg withgﬁ%m&g %f&tggplr ?Sée%ﬁgﬁﬁtﬁj%%‘ﬁg 4-C30
epoxide. In c8REiIfhembodisheRtiaetonirstisterdeilicknie pelpyhereroriddietsied thith from about

0.1 to about 3Q%fia syt alasmin.caralverebadinaents. ieagtion mixiuyres daglude propylene

oxide along with from about 0.1 to about 10% of a glycidyl éster. In certain em_bodimentsi reaction
mixtures inclBRBERJRIARPELRRS afdht RAstNHoRicaHB it e REBLL L0908 BrehgRicyretier. In certain

embodiments, reaction mixtures include ethylene oxide along with from about 0.1 20to about 10% of a
glycidyl ester. In celtahewrhipouitae Hist eaction miktules:in|pdsmthylengoeiides albig with from about

0.1 to afgput ﬁx%%rﬁfi@v&%&?é%%gfggﬁrimd in that at least 90% of the chains ends are ~OH groups
may include mixtures having less than 90% chains of type P', as for example when a chain
transter agent capable of initiating three or more polymer chains is used. For example,
where a triol 1s used as the chain transfer agent, if 80% of the chains result from initiation
.by the triol (3-OH end groups per chain) and the remaining 20% of chains have only one -

15 OH end group, the composition as a whole will still contain greater than 90% OH end
groups (92.3%).

In certain embodiments, polymer compositions of the present invention include

chains of type P’ derived from diol chain transfer agents. In certain embodiments, these
Q

0
H E A E H
“{‘o" ‘OJL}O’ “o‘gj\o’ “0%'

‘D 7

20 defined above and —A- is an optionally substituted radical selected from the group

chains have the formula: ; where E and p are as

consisting of: Cy.3p aliphatic, Cy.3 heteroaliphatic, 6- fo 12-membered aryl, 3-to 12-

membered heterocyclic, 5- to 12-membered heteroaryl.

In other embodiments,~A- is a polymer selected from the group consisting of

polyolefins, polyesters, polyethers, polycarbonates, polyoxymethylene and mixtures of

25  two or more of these.

In certain embodiments, polymer compositions of the present invention include

chains of type P' derived from hydroxy acid chain transfer agents. In certain embodiments,
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In certain embodiments, reaction mixtures include epoxides derived from naturally occurring materials
such as epoxidized resins or oils. Examples of such epoxides include, but are not limited to:
Epoxidized Soybean QOil; Epoxidized Linseed Oil; Epoxidized Octyl Soyate; Epoxidized PGDO; Methyl
Epoxy Soyate; Butyl Epoxy Soyate; Epoxidized Octyl 5Soyate; Methyl Epoxy Linseedate; Butyl Epoxy
Linseedate; and Octyl Epoxy Linseedate. These and similar materials are available commercially from
Arkema Inc. under the trade name Vikoflex(r). Examples of such commerically available Vilcoflext
materials include Vikoflex 7170 Epoxidized Soybean Oil, Vikoflex 7190 Epoxidized Linseed, Vikoflex
4050 Epoxidized Octyl Soyate, Vikoflex ‘%;@n?po izcd PGDO, Vikoflex 7010 Methyl 10Epoxy

; oneX

Soyate, Vikoflex 7040 Butyl Epoxy Soya ' %ﬁb@d Octyl Soyate, Vikoflex 9010
Methyl Epo%ggggﬁggh%vgﬁgf}gén%ﬁ)%o Butyl Epoxy Linsgedate, ahd Vi ofle# 9080 %c'gl Epoxy

Linseedate. In certain embodiments, the polycarbonate polyols of the p‘r%s%% ifveRtion |Flcorporate
epoxidized faedjnadiakovn audtain Brabopienatis sobshitumésehitihsaetion freadhiogranixtures include

15epoxides dgrived froma@lpha; plefipscEx : epoxdes | K ot limited to those
derived from C?»Oﬁal|§rk19£nc§%e?i)r}},ﬁl 12 1215&%03%%%?& &%ﬁ%ﬁiﬁ%@%@%ﬁﬁeﬁﬁ%w alpha olefin,

C20-C24 alphg8ietid, keraceysamna Slenqmbricd botesmsih olefins. These and similar materials are
commercially available from Arkema Inc. under the trade name Vikolox(r). Commerically available
Vikolox®materials inckrdértkode depidte galy26Talpdkitiatow! fitgestain embodinmesisiereaction

mixtures inclé.i1 [ afl h% kefins alse include, other simpler epoxide monomers including, but not limited
to: ethylene o>(<1|gle9,0p‘r[lo’rBylfén((iemg)\gie eg rﬁtéﬂ‘écr%% %]% elE: né:)%I(ee:fna %lﬁdqen, %%/c?énp%rﬁ{)é)égn 8%3985%8
cyclohexene oxide. HU. Chain Transfer Agents 254n certain embodiments, a chain transfer agent
provided in step (a) of the above méthodis. iptfnsfer agents described hereinabove or
mixtures of tohaios ecaiaffiresda; n some é&mbodiments? thevdhairEtiansferagenismprovided in step
O myare s iR ofe IG5 AR 8EAL0'S BRHA A R BRAcE A RS QISR SRR 2

group consisting of: C,.3 aliphatic, Cy.3 heteroaliphatic, 6- to 12-membered aryl, 3~ to 12-

10 membered heterocyclic, 5- to 12-membered heteroaryl.

In certain embodiments, polymer compositions of the present invention include

chains of type P! derived from trifunctional chain transfer agents. In certain embodiments,

&)
o~ E“o’)’ f
P
O {Q z &

H‘é ~E /U}T yJ\ 7{”\ ~E %’H
™ O
07 0™ JXof, Tol o7,

as defined above each z is independently 0 or 1, and —A- 13 an optionally substituted

these chains have the formula: ; where E and p are
15  radical selected from the group consisting of: Cs 30 aliphatic, Cz 30 heteroaliphatic, 6- to

I2-membered aryl, 3- to 12-membered heterocyclic, 5- to 12-membered heteroaryl.

In another aspect, the present invention encompasses materials made by cross-
linking any of the above polycarbonate polyol polymers. In certain embodiments, such
cross-linked materials comprise polyurethanes. In certain embodiments such

20 polyurethanes encompass thermoplastics, foams, coatings and adhesives.
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alcohol is a diol. In certain embodiments, diols include but are not limited to: 1,2- ethanediol,
1,2-propanediol, 1,3-propanediol, 1,2-butanediol, 1,3-butanediol, 1,4- butanediol, 1,5-pentanediol,
2,2-dimethylpropane-1,3-diol, 2-butyl-2-ethylpropane-1,3-diol, 1,5-hexanediol, 1,6-hexanediol,
1,8-octanediol, 1,10-decanediol, 1,12-dodecanediol, 52,2,4,4-tetramethylcyclobutane-1,3-diol,
1,3-cyclopentanediol, 1,2-cyclohexanediol, 1,3- cyclohexanediol, 1,4- cyclohexanediol,
1,2-cyclohexanedimethanol, 1,3- cyclohexanedimethanol, 1,4-cyclohexanedimethanol, and
1,4-cyclohexanediethanol. Other examples include the polyalkylene glycols such as: diethylene glycol,

triethylene ghteotl edipas el Aefang fedreribrests &igtealylene glycol), such as those having 10 number
average molecular weights of from 220 to about 2000 g/mol, dipropylene glycaol, tripropylene glycol,
and higher poly(prdpyi¢nelgismat) theghasnthosentianvingommbearsavatage forgieetilanweights of from
234 to abou%ggggrgémé ol (m‘certain embodiments, diol chain transfer agents include
hydroxyl-terminate polygleﬁ/ns.'Such materials include polymers sold by Sartomer Inc. under the
trade name 15Krasol(r). In other embodjments, dial chain transfer agents can include hydroxyl-

terminated polyisoBBSABKSS RSB Hsdnsihedy GebHiathp skra i) 3HPsr PEREAIIFIFHRTrom Mitsubish
Chemical Conitinenexamples insludecydiosd ieininadeshprlvhutadionalsipenetbiiRS). Yet other

examples of suitable diols that may be provided in step (a) include 4,4- 20(I-methylethylidene)
bis[cyclohexgﬁr%ﬁ%&grsﬁ% cﬁ%%gei%?gs%‘ll?g)r?&f %I?Ae-cr%%fﬁégﬁgbé[ a/7Bf<ide copolymets; b)
j,j‘-ghzenykl]mmy. tereti ! ishebemofhixnd's ‘(\dibhe‘ﬂ@ﬂﬂ‘h. . edam@dme. l)biﬁﬁmﬁmgkhplex iﬁlcluding _ao s[phenol]
4'-(1,2-et | xanediyobis no 'é’a_ clohexanediyOpis[phenol],
cyclohexane%%%é%%ﬁé%%ﬁf%%%&%ﬁ%%% e%%%)ft}jll,%a'- -Sﬁtp%eﬁ)f%ﬁlﬁﬁﬁgeﬁe%lg p 5no|],
4,4'-propylideebis{piwatiol), aidatey siche rytidarrdis fitendibxild (ainetngléibylidene)bis[phenol],

4,4 41-meth¥@§%%@i@ﬁ)@z§m&?ﬂpﬂn&éé &ﬁf@?&é@(féﬂ%@ﬁﬁﬁ?ﬁ}]%&Qi%%{;%gp%lgnga/ ﬁugls %’6%-13

4,4'-cyclohex Ildenebis[g)henol], 4,4'-(2,4,8,10- tetraoxaspiro[5.5]und

ethanediyOBRPREMIL @ By BYdBrRRIaAMaE9% benzenedimethanol, 1,4-benzenedimethanol,
4,4'[1,3-
IilLa. Epoxides

In some embodiments, the epoxide monomers provided at step (a) include any of

the epoxides described hereinabove with regard to the polymer compositions of matter.

15 in some embodiments, the epoxide monomers provided at step (a) of the above-

described method have a structore:

R23 24

RW
O

R?.?_

where, R, R*, R”, and R, are each independently selected from the group
consisting of: ~H; and an optionally substituted group selected from C;-3,
20 aliphatic; Cs.14 aryl: 3- to 12-membered heterocycle, and 5- to 12-membered
heteroaryl, where any two or more of R*, R, R® ,and R* can be taken
together with intervening atoms to form one or more optionally substituted 3-

to 12-membered rings, optionally containing one or more heteroatoms.

In certain embodiments, reaction mixtures include one or more epoxides selected

25  from the group consisting of:
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phenylenebis(1-methylethylidene)This[phenol], 4,4'-[1,4-phenylenebis(1-
methylethylidene)This[phenol], phenolphthalein, 4,4'-(1-methylidene)bis[2-methylphenol],
4,41-(I-methylethylidene)bis[2-(I-methylethyl)phenol], 2,2'-methylenebis[4-methy1-6-(1-
methylethyl)phenol], 5In certain embodiments, a chain transfer agent provided at step (a) is a
polyhydric phenol derivative. In certain embodiments, a polymerization initiator is selected from the
group consisting of:
10step (a) of the above method is a triol, a tetraol or a higher polyol. Suitable triols may include, but
are not limited to: aliphatic triols having a molecular weight less than 500 such as trimethylolethane;
trimethylolprop

hexahydro-1,3,

In some embodiments, a polyhydric alcohol provided as a chain transfer agent in

aﬁ;%erol; 2,4-batanetridl; 1,2%- hexgnetriof tris(2ohydrogyethyDisocyanurate;
Hriseydroxyethyges trigzine; GaNethyfiEptane 1,3 ool ;f%ﬁc%péuén\e;oxide triol;
and polyester viols. 15In certain ther efbodiments, 60Iyo| i a tetrdol. Examples of suitable tetraols

include, but are not limited to: erythritol, pentaerythritol; 2,21-dihyd‘r"6?<y3r‘?1ethy1-1, 3- pr(g)panediol; and

2,2'-(0xydimet%e) bis}&thyl-l,gO ropagdiol). A . In Alill other efRbodifents, Apolyol is a
carbohydrate=Examplésot suitable carbohydratesyihclud Sugar ols,mades,
a

disaccharides, oligosaccharides 20and poRSacch&fié®s and high gomers s0ch

starch derivatives.

. . q . : . . : :

aliphatic. In otigr embodigents eagthhydroxy dyoup is,phenolic. Irpcertain g¢inbodimegts, the chain

transfer age n optionally su d ca L re j 0 oquj degivatjve. In some
R ro

embodiments

tarch and
In some embgdiments, one -OH group of a diol is phenolic and the other is

the - arbory group. In some

embodiments whéTe a Y group is -OH/The -OH p is a carbony 5f a hemiaCetal. In certain
embodiments, a chain transfer agent provided at step (a) includes a
wherein ecach R* is, independently, selected from optionally substituted aliphatic,

optionally substituted heteroaliphatic, optionally substituted aryl and optionally substituted

5 heteroaryl.

In certain embodiments, reaction mixtures include ethylene oxide. In other

embodiments, reaction mixtures include propylene oxide. In other embodiments, reaction

mixtures include cyclohexene oxide. In other embodiments, reaction mixtures include

epichlorohydrin. In certain embodiments, reaction mixtures include a glycidyl ether or

10 glyadyl ester. In certain embodiments, reaction mixtures include phenyl glycidyl ether. In

certain embodiments, reaction mixtures include #-butyl glycidyl ether.

In certain embodiments, reaction mixtures include ethylene oxide and propylene

oxide. In certain embodiments, reaction mixtures include propylene oxide along with

from about 0.1 to about 10% of a C4~Cy; epoxide. In certain embodiments, reaction

15 mixtures include propylene oxide along with. from about 0.1 to about 10% of a glycidyl

ether. In certain embodiments, reaction mixtures include propylene oxide along with from

about 0.1 to about 10% of a glycidyl ester. In certain embodiments, reaction mixtures

include ethylene oxide along with from about 0.1 to about 10% of a glycidyl sther. In

certain embodiments, reaction mixtures include ethylene oxide along with from about 0.1

20 to about 10% of a glycidyl ester. In certain embodiments, reaction mixtures include

ethylene oxide along with from about 0.1 to about 10% of a C4-Cag epoxide.
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5hydroxy acid. In certain embodiments, a chain transfer agent includes a diacid. In certain
embodiments, a chain transfer agent includes a compound selected from the group consisting of: 0. 0
OH; OH OH 0 QOHaOH HO OHFI HO 100 OHO00;0;0 OH OH 0 OHO0 0, ,OHO Os....... OHOOHO

In certain embodiments, reaction mixtures include epoxides derived from naturally
occurring materials such as epoxidized resins or oils. Examples of such epoxides include,
but are not limited to: Epoxidized Soybean Oil; Epoxidized Linseed Oil; Epoxidized Octyl
Soyate; Epoxidized PGDO; Methyl Epoxy Soyate; Butyl Epoxy Soyate; Epoxidized Octyl

5  Soyate, Methyl Epoxy Linseedate; Butyl Epoxy Linseedate; and Octyl Epoxy Linseedate.
These and similar materials are available commercially from Arkema Inc. under the trade
name Vikoflex®. Examples of such commerically available Vikoflex® materials inciude
Vikoflex 7170 Epoxidized Soybean Oil, Vikoflex 7190 Epoxidized Linseed, Vikoflex
4050 Epoxidized Octyl Soyate, Vikoflex 5075 Epoxidized PGDO, Vikoflex 7010 Methyl ‘

10 Epoxy Soyate, Vikoflex 7040 Butyl Epoxy Soyate, Vikoflex 7080 Epoxidized Octyl
Soyate, Vikoflex 9010 Methyl Epoxy Linseedate, Vikoflex 9040 Butyl Epoxy Linseedate,
and Vikoflex 9080 Octyl Epoxy Linseedate. In certain embodiments, the polycarbonate

polyols of the present invention incorporate epoxidized fatty acids.

In certain embodiments of the present invention, reaction mixtures include

15 epoxides derived from alpha olefins. Examples of such epoxides include, but are not
limited to those derived from Ci¢ alpha olefin, Cy; alpha olefin, Ci4 alpha olefin, Cy¢ alpha
olefin, Cq aipha olefin, Cap-Caa alpha olefin, Cpq-Cys alpha olefin and Caos alpha olefins,
These and similar materials are commercially available from Arkema Inc. under the trade
name Vikolox®. Commerically available Vikolox® materials include those depicted in

20 Table 4, below. In certain embodiments, reaction mixtures including alpha olefins atso
include other simpler epoxide monomers including, but not limited to; ethylene oxide,
propylene oxide, butylene oxide, hexene oxide, cyclopentene oxide and cyclohexene

oxide.
IILb. Chain Transfer Agents

25 In certain embodiments, a chain transfer agent provided in step () of the above
method is any of the chain transfer agents described hereinabove or mixtures of two or

more of these.

In some embodiments, the chain transfer agents provided in step (a) of the above

methods include one or more polyhydric alcohols. In certain embodiments, a polyhydric
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OH HOOH HOL-ILOH HOOH 50 ~In certain embodiments, diacid chain transfer agents
include carboxy terminated 15polyolefm polymers. In certain embodiments, carboxy terminated
polyolefins include materials such as NISSO-PB C-series resins produced by Nippon Soda Co. Ltd.
In certain embodiments, a provided chain transfer agent is a hydroxy acid. In certain embodiments, a
hydroxy acid is selected from the group consisting of: FIC))OH HOOH 0 HOrOH 0

alcohol is a diol. In certain embodiments, diols include but are not limited to: 1,2~
ethanediol, 1,2-propanediol, 1,3-propanediol, 1,2-butanediol, 1,3-butanediol, 1,4-
butanediol, 1,5-pentanediol, 2,2-dimethylpropane-1,3-diol, 2-butyi-2-cthylpropane-1,3-diol,
1,5-hexanediol, 1,6-hexanediol, 1,8-octanediol, 1,10-decanediol, 1,12-dodecanediol,

5 2,2 4 4-tetramethylcyclobutane-1,3-diol, 1,3-cyclopentanediol, 1,2-cyclohexanediol, 1,3-
cyclohexanediol, 1,4- cyclohexanediol, 1,2-cyclohexanedimethanol, 1,3-

cyclohexanedimethanol, 1,4-cyclohexanedimethanol, and 1,4-cyclohexanediethanol.

Other examples include fhe polyalkylene glycols such as: diethylene glycol,
triethylene glycol, tetracthylenc glycol, higher poly(ethylene glycol), such as those having
10 number average molecular weights of from 220 to about 2000 g/mal, dipropylene glycol,
tripropylene glycol, and higher poly(propylene glycol) such as those having number
average molecular weights of from 234 to about 2000 g/mol.

In certain embodiments, diol chain transfer agents include hydroxyl-terminated
polyolefins. Such materials include polymers sold by Sartomer Inc. under the trade name
15 Krasol®. In other embodiments, diol chain transfer agents can include hydroxyl-
terminated polyisobutylenes (PIB-diols and -triols) such as Polytail® H or Polytail ®HA
from Mitsubish Chemical Co. Other examples include hydroxyl-terminated
polybutadienelstyrene(HTBS).

Yet other examples of suitable diols that may be provided in step (a) include 4,4'-

20 (I-methylethylidene) bis[cyclohexanol], 2,2'-methylenebis{phenol], 4,4
methylenebis{phenol}, 4,4'-(phenylmethylene)bis[phenol], 4,4'-
(diphenylmethylene)bis[phenol], 4,4'-(1,2-cthanediyi)bis[phenol], 4,4'~(1,2-
cyclohexanediyl)bis{phenol], 4,4'-(1,3-cyclohexanediyl)bis[phenol], 4.4'-(1,4-
cyclohexanediyl)bis[phenol], 4,4'-ethylidenebis[phenol], 4,4'~(1-

25 phenylethylidene)bis[phenol], 4,4"-propylidenebis[phenol], 4,4'-cyclohexylidenebis
[phenol], 4,4'-(-methylethylidene)bis[phenol], 4,4'-(I-methylpropylidene)bis[phenol], 4,4'-
(1-ethylpropylidene)bis[phenol], 4,4'-cyclohexylidenebis[phenol], 4,4'-(2,4,8,10-
tetraoxaspiro[5.5Jundecane-3,9-diyldi-2, I- ethanediyl)bis[phenol], 1,2-

benzenedimethanol, 1,3-benzenedimethanol, 1,4-benzenedimethanol, 4,4'-[1,3-
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In certain embodiments where the provided chain transfer agent includes an acidic functional group,
the compound is provided as a salt. In certain embodiments a carboxylic chain transfer agent is
provided as an ammonium salt. 10 Ill.c. Polymerization Catalysts In some embodiments, a provided
metal complex is a polymerization catalyst. In certain embodiments, a polymerization catalyst with
which the reaction mixture is contacted in step (b) of the above-described method include any one or
more of the catalysts previously described herein. 15In certain embodiments, the metal complexes of
step (b) haveﬁhe for where Li, is a permanent ligand set, M is a metal atom, and Lis

p-M-
a ligand that B8E YR % f’?ﬁ B#%ﬁ%?e};hﬁ[ﬁ’}’@%.%&?@& Bisthd 2, inclusive representing
the number oféitiatingitigas)fisspyrseil. phwbmmatmﬁhnoutheemﬁar&aﬁ)ﬁ@itﬁeﬂh@mOi] In certain

embodimentg of d aye a ure lecte rom. th up consisting
of: 5; and 28 %QCP%%‘X lsglgd a%ém go?e?i e at%?/tgy A kélg:Ia %bg'ggents, each

pair of substmmhn@thﬂbméesali]@aldehyde portions of the complexes above are the same (i.e. R5a &
R5a’ are the same and R7a & R7a are the same). In other embodiments, at least one of R5a & R5al or

R7a & Rya are differeptiore-nnaianatier AR RaRAINSEPORHmMENts: adpeiplcopexdred in step
(b) of the method has formula Il1.
phenol dertvative. In certain embodiments, & polymenzatmn mitiator is selected from the

group consisting of’

HO. NO; HO,
HO HO, NG,
4o RO OH
HO . HO . 2 . . HO
; ; ; O, ; and

In some embodiments, a polyhydric alcohol provided as a chain transfer agent in
10 step (a) of the above method 1s a triol, a tetraol or a higher polyol. Suitable triols may
include, but are not limited to: aliphatic triols having a molecular weight less than 500
such as trimethylolethane; trimethylolpropane; glycerol; 1,2,4-butanetriol; 1,2,6-
hexanetriol; tris(2- hydroxyethyl)isocyanurate; hexahydro-1,3,5-tris(hydroxyethyl)-s-
triazine; 6-methylheptane-1,3,5-triol; polypmﬁylene oxide triol; and polyester triols.

I5 In certain other embodiments, a polyol is a tetraol. Examples of suitable tetraois
include, but are not limited to: erythritol, pentaerythritol; 2,2"-dihydroxymethyi-1, 3-
propanediol; and 2,2'-(oxydimethylene) bis~(2-ethyl-1,3- propanediol).

In still other embodiments, a polyol is a carbohydrate. Examples of suitable
carbohydrates include sugar alcohols, monosaccharides, disaccharides, oligosaccharides

20 and polysaccharides and higher oligomers such as starch and starch derivatives.

In some embodiments, one —O group of a diol is phenolic and the other is
aliphatic. In other embodiments each hydroxy group is phenolic. In certain embodiments,
the chain transfer agent is an optionally substituted catechol, resorcinol or hydroquinone

derivative.
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HI; In certain embodiments, a metal complex used in step (b) of the method has formula IV: 1V; In
certain embodiments, a metal complex used in step (b) of the method has formula V: 5wherein: R, Rd,
14,in, q, R4, R4', R5, R5', R6, -6', Ic R7, and R7' are as described above, and where
[R1 and R4], [Rv and R4l] and any two adjacent R4, 124", R5, R5', R6, R6', R7, and R7' groups can
optionally be taken together with intervening atoms to form one or more rings optionally substituted
with one or more 10R20 groups. In certain embodiments, wherein a provided metal complex has
foxuiula I, RI, Ryv, n4 R4l %%’.f%n 1%§'rare$§ch -H. In rtt in embodiments, Wgerein the metal
complex has formu aﬁgﬁnﬁ?ﬁ? ,?% ARG R7are SRR op |Onaﬁly SURSHES T f?lgnBﬂatic. In
certain methousoathenyirgrowrolridetiawethb domplex has foYngodar Hs RAIRHKE RY] E6Rb Is R6, R6f, R7,

and R7' are gaghJ endeptly, sglected from the group consisting of: -H, -Si(R13)3;--Si
[(CH2)kR22]z(R13)(3.z); methyl, ethyl, n-propyl, i-propyl, n-butyl, sec-butyl, t- '

In certain embodiments, a chain transfer agent provided at step (a) includes a

5 hydroxy acid. In certain embodiments, a chain transfer agent includes a diacid. In certain
embodiments, a chain transfer agent includes a compound selected from the group
consisting of

o} .
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In certain embodiments, diacid chain transfer agents include carboxy terminated
15 polyolefin polymers. In certain embodiments, carboxy terminated polyolefins include

materials such as NISSO-PB C-series resing produced by Nippon Soda Co. Ltd.

In certain embodiments, a provided chain transfer agent is a hydroxy acid. In

certain embodiments, a hydroxy acid is selected from the group consisting of:
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butyl, isoamyl, t-amyl, thexyl, trityl, -C(CH3)Ph2, -(CH2)pC[(CH2)pR22],H(3,), and -
Si(R13)(3-2)[(CH2)kR22k, where p is an integer from 0 to 12 inclusive and R22 is selected from the
group consisting of: a heterocycle; an amine; a guanidine; - N+(R11)3 201)3x-; 47,(R152=N+2=p(Rii)3
-, As+(R77)3 XI, and optionally substituted pyridinium. In certain methods wherein a provided
metal_ complex has formula Ill, R7 is selected from the group consisting of -H; methyl; ethyl; n-propyl;
i-propyl; n-butyl; sec-butyl; t-butyl; isoamyl; t-amyl; thexyl; and trityl; and R5 is selected from the group
consisting of -(CH2)pCH(3-4(CH2)pR22]2 and -Si(R13)(34(CH2)kR2212. 5In certain methods, a
provided metal complex has foimula 1V, RI, fe, R4, Rai, Re, and R6' are each -H In certain

embodiments, Whereim?@fl% is me;.alljlgxalenge C mpl&n\gx(ormula IV, R5, R51, R7 and R7r

are each optioF{)QI\)?}éybs tuted C1-£12lip ic"In ceoaiﬁHmeth ds whergii-r metal complex has
formula IV, R.4, R4, R5, R5', R6, §6', R7, and R7t are each+independently selected from the group
t

consisting of: -H .1 0Si(R13)3,-Si(R13)( D&’)[(CHZ)gRZ 2; methyl, ethyl, n-propyl, i-propyl, n-butyl,
sec-butyl, t- Bvﬁuhsoﬁm , i <ty -(GH2)PCR @21%% In certain methods
wherein a metal complex has foiinula I\, R7 is seleq; rom the group cofisisting of-H; methyl; ethyl;

n-propyl; i-propyl; n-butyl; sec-butyfl’ t-butyl; isoamyt; t-amyl; thexyl; arid trityl; and R5 is selected from
the group consisting of - 15 (CH2)pCH3_4(&H2)pR22b gnd -Si(R13)(34(CH2)kR22],. In methods
wherein a mg?aragﬁ)ﬁlexﬁwla VIPRARU R4, ~Rerand R6: h -H. In certain
embodiments, Wherein a complex is g m allosalenateccomplex of sormula V, R5, R5', 127 and R7" are
each optionally substituted C1-C 12 aliphatic. In certain methods wherein a metal complex has formula

V, R4, R4, REyR5s, ,@OF?%WMR’?F ar&’sachindepertdefitly selected from the group
consisting of: -H, - ; ;o ;

0
? HOY NO;
HO. oy HO
Y\/\/\/\/\ \n/\/WV\/\OH HO' Ho
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. O . HO . NO, .
* » E
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4O NOy gy &) 4]
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In certain embodiments where the provided chain transfer agent includes an acidic
functional group, the compound is provided as a salt. In certain embodiments a carboxylic

chain transfer agent is provided as an ammonium salt.
10 HlLc Polymerization Catalysts

In some embodiments, a provided metal complex is a polymerization catalyst. In
certain embodiments, & polymerization catalyst with which the reaction mixture 1s
contacted in step (b) of the above-described method include any one or more of the

catalysts previousty described herein.

15 © In certain embodiments, the metal complexes of step (b) have the formula L,-M-
(Lom, where L, is a permanent ligand set, M 1s a metal atom, and Lis a ligand that is a
polymerization initiator, and m 1s an integer between 0 and 2, inclusive representing the

number of initiating ligands present.
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Si(R13)3;-Si [(CH2)kR2I]2(R13)(3,); methyl, ethyl, n-propyl, i-propyl, n-butyl, sec-butyl, t-butyl, isoamyl,
t-amyl, thexyl, trityl, -(CH2)pCH3_,)[(CH2)pR22]2 and -Si(RI-3)(3. ,)[(CH2)kR22], In certain methods
wherein a metal complex has formula V, R7 is selected from the 25 group consisting of-H; methyl;
ethyl; n-propyl; i-propyl; n-butyl; sec-butyl; t-butyl; isoamyl; t-amyl; thexyl; and trityl; and R5 is selected
from the group consisting of - (CH2),,CH3,)[(CH2)pR22], and -Si(R13)(34(CH2)kR2212. In some
embodiments, a metal complex has a structure Lp-M-(Li)"" where Lp-M is selected from the group
consisting of: eneral aeswabl 0 majntain the concentration of a metal complex in a
polymerization at a &Vt R}‘ée%%ﬁl? é‘t%gi EESaREMBER e e RsiAR iDtatio of metal

complex to epoxige salegied from tbeuiul H:Gﬁ)si:mﬁ@oﬂttét st1080008 lihcertaincembeadimants, the ratio
ranges from about 1:5,000 to about 1:500,000. In some embodiments, the ratio ranges from about
1:10,000 to about 1:200,000. In other embodiments, the ratio ranges from about 1:20,000 to about
1:100,000. ILL d. Co- catalysts 15In som embodlments methods of the present invention include the

embodiments, a co- catalyst }gg.aany o_ pe r mere of the co cataﬁﬁtlc SpE desgribed above in the
description of the polyme#izationsysStems X, the peesent iguention. In in emlments a
co-catalyst is selected fromithe ing of amines, yuagidin g, phosphines,
nitrogen-containing hegéte , s pphogphal S) o hsalts, bisphosphine
ammonium salts, and a corjHs ##e(or 5more of the=above., In cerjain embodiments, a

co-catalyst is covalentlyRffiked t’the pereianen®ltgand setdf thepfretal copiplex. ré= In em Podiments
where a method includes a co-catalyst that is an "onlu’m" salt, there is necessarily an ani present to
balance the charge of the salt. In certain

la

4a

R
5 Réa
wherein:
M, RS R, L, mR® R*¥ R R*™ R R% R and R’* are as defined above.
In certain embodiments of metal complexes used in step (b), have a structure selected
from the group consisting of:
Q la
4z
RS5a
10 Rﬁa

n la




embodiments, this is any anion. In certain embodiments, an anion is a nucleophile. In 10some
embodiments, an anion is a nucleophile capable of ring-opening an epoxide. In some embodiments,
an anion is selected from the group consisting of: azide, halides, alkyl sulfonates, carboxylates,
allcoxides, and phenolates. In certain embodiments, methods include selected a catalyst and
co-catalyst such that the initiating ligand on the metal complex and an anion present to balance the
charge of a cationic co-catalyst are the same 15molecule. Me. Reaction Conditions In certain
embodiments, the stgé)s ﬁfaa{g%oft aaboveé’nf 8d%further comprise one or more solvents. In certain
other embodiments., the polymer ion sffeps are per ofmed in neat epoxide without the addition of
solvent. 20In certain methods, where a polymerlzatlon solvent is present, the solvent is an organic
solvent. In certain &hfSSaImERRimssREme el SomplRseatsen en ihempsamsmIss iRedolvent is
an aromatic hygraeaghen. dhegfiainembodiments, the solvent is an aliphatic hydrocarbon. In certain
embodiments, the solvent is a halogenated hydrocarbon. 25In certain embodiments, the solvent is an
ether. In certain embodiments, the,salvent is an ester. In certain empadiments the solvent is a ketone.
In certain embodiments suitable ts include, but are not Iimit ethylene Chloride,
Chloroform, 1,2-Dichloroethane, Pres Bir1ethylformamide,

N-Methyl-2-pyrrolidone, Dimety i topa L 4-Dioxane, and
1,3-Dioxane. 5In certain gfhe Qi ; ' | / _ but e ot limited to: Methyl
Acetate, Ethyl Acetat®]? , ( W i ide® -@ bfuran, Monoglyme
Triglyme, Propionitrile, 1- ~ ' erta{fﬁ)emb ents, any of the above

methods comprise aliphatic oxide preséﬁf in amounts concentré%lons beti/éen about 0.5 M to about 20

M or the neat
....N _..N Ne=
n / l N / , ~
(L!)m (L,’)m

5 ; and

b

where R™, R**, R™ and R"* are as defined above. In certain embodiments, each
pair of substituents on the salicaldehyde portions of the complexes above are the same (i.e.
R™ & R are the same and R’ & R™ are the same). In other embodiments, at least one of

R* & R or R’ & R are different from one another.

10 In certain embodiments, a metal complex used in step (b) of the method has

formula L
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10concentration of the aliphatic oxide. In certain embodiments, aliphatic oxide is present in amounts
between about 0.5 M to about 2 M. In certain embodiments, aliphatic oxide is present in amounts
between about 2 M to about 5 M. ha certain embodiments, aliphatic oxide is present in amounts
between about 5 M to about 20 M. In certain embodiments, aliphatic oxide is present in an amount of
about 20 M. In certain embodiments, liquid 15aliphatic oxide comprises the reaction solvent. In
certain embodiments, CO2 is present at a pressure of between about 30 psi to about 800 psi. In
certain embqdiments, CO2.is present at a pressure of between ahout 3 | to about 500 psi. In
certain embgai?ﬁgﬁ%?%@é%egl{’gégelﬁ?%i ey %%L}]Isée ‘gf%%%%@?gﬁw?gﬁ% %80 psi. In
certain embodiments, CO2 is pyésentiit.a pressure of 20between about 30 psi to about 300 psi. In
certain embodiments, COZ,.is pt at a pressure of between about 30 psi to about 200 psi. In
certain embodiments, £O2 s présent a/a pressure of between about 30 psi to about 100 psi. In
certain embodiments, CQ2 's""breégh “at\a pressure of between about 30 psi to about 80 psi. In certain
embodiments, CO2;ig .@. L @¥'d Presg pf glout 30 psi. In certain embodiments, CO2 is present
at a 25pressure of abouy-2€ psi. In, certalxembodiments, CO2 is present at a pressure of about 100
psi. In certain embodi _
the reaction is conducted at a temperature of between about 0 C to about 150 C. In certain
embodiments, (g AeRGHIRIRFANAHRIGH A3 IOMRE S A SMESA RSN hESEHIRARPUt 100 C. In
certain embodiments, the reaction is conducted at a temperature of between about 23 C and about 80
C. In certain embodimentsr'the ré&ction to be conducted at a temperature of between about 23 C to
about 50 C. 5In certaiq,el%odim_ ms, a polymerization step of any of the above methods produces
cyclic carbonate as aby -prod K untsOf less than about 20%. In certain embodiments, cyclic
carbonate is produced 7
cyclic carbonate is prod
embodiments, cyclic garbonigie is prodyeed g5 a by-

5 wherein:

R% R Ly m, ¢, R:, RY, R® R¥, RS, R, R7, and R” are as described above, and
where [R' and R*], [R" and R*] and any two adjacent R*, RY, R®, R¥, RS,
R, R’, and R” groups can optionally be taken together with intervening
atoms to form one or more rings optionally substituted with one or more

10 RY groups.

In certain embodiments, wherein a provided metal complex has formula III, RY,
RY, R*, R*, RS, and R® are each ~-H. In certain embodiments, wherein the metal complex

has formula I, R>, R¥, R” and R” are each optionally substituted C;-C1, aliphatic.

In certain methods wherein a provided metal complex has formula IIT, R*, RY R,
15 RS’, R(’, Rsr, R’ and R are each independently selected from the group consisting of: —H,
~Si(R"*)3;-81 [(CH R LAR ) 3.0; methyl, ethyl, n-propyl, i-propyl, n-butyl, sec-butyl, ¢-
butyl, isoamyl, f-amyl, thexyl, trityl, -C(CHs)Phs, «(CH,),C[(CH2)pR*1.Hs 0, and —
Si(Rl3)(3.z)[(CI—I2)kR22]Z, where p is an integer from 0 to 12 inclusive and R™ is selected
from the group consisting of: a heterocycle; an amine; a guanidine; -N*(R'); X, -

20 PIRMLX-PR™MENT=PR ™) X-As (R); X, and optionally substituted pyridinium.
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10product in amounts of less than about 5%. In certain embodiments, cyclic carbonate is produced as
a by-product in amounts of less than about 1%. In certain embodiments, the reaction does not produce
any detectable by-products (e.g., as detectable by 11-1-NMR and/or liquid chromatography (LC)). In
certain embodiments, a polymerization time is between about 30 minutes and 15 about 48 hours. In
some embodiments, the reaction is allowed to process for less than 24 hours. In some embodiments,
the reaction is allowed to progress for less than 12 hours. In some embodiments, the reaction is
allowed to process for betwee%%%o 4 and about éZ hoagrs. In.certain.embodiments, a polymerization

reaction is allowed fo FrEEERS S AR EICAVEFR SoRSE e Werita Bithe Bolymers folioed is
between aboeul:6@0 &t tloaubwOBGgMdI-I rettain ehybodrenis /ihegtmbetdyesage molecular

ight is all rea A 00 0,0 imal. In ot bodi ts, th b
verage moed I Nl s JEAth 2 el kLR S0l 250 B0 OB n certam

lar weight is alléwedt0 reach a va etween and
embodimentiiginanibét Hubfide sHOHRT leightSERITmeldGHreRtha value 25 between 500 and

10,000 g/mol. In other embodiments, the number average molecular weight is allowed to reach a value

betweers 500 and 5:08@:gimedtedetheranikadimenisrihexhiphanraveIee Mrleeularwgight is allowed
to reach a va\IALiljee lgetvveerhiggfnd 2,500 %4 ol. In other embodiments, the number average molecular
a

weight is all S8 t6TeRe fu eﬁ%’tr\li\fé’é ‘%’5’6&%\ SHBG GAmaIex s 2 eiRsHF eoodiments,
provided methogiefusfifemint e RAcRStER’ ahd @ pling:tieoperetitn andete Oiringdfaatelecular
weight of the polymer at a given time. In certain embodiments, this sampling and molecular weight

determination are pedormerhahdyOMHRAIe HRS IRRISHID £eHAIR AMRedimeptsya plot of molecular

weight gain oyer time is..5 constructed and the method further includes the step of détermining from

this plot the Bm&atihfthacdesh & rransienibr swisriet Fom e mmmbeopsssdatirEbrtain embodiments,
the timeoat vehigl iesalimesizationrs“gndreehis, deierminrg By IpeHethed:y, scmeesiain
embodimengs, a]ep.oflymegizatiorll r actf%oc@ih%w&giwgen about 20% and about 100% of the
provided ep Uil ROEBR L GrHTYS IR i 't E-1686tversion is between about 40% and
about 90%. In certain embodiments, the conversion is at least 50%. In other embodiments, the
conversion is at ledstceus metbedt 8horsbr amkiakt@sskxlhasdrainle b Rilisentsstad feast 80% of the

provided ep%(égoi%%gggg\g%&p _@QIMS?:I @tﬁ%@lﬂ I%qu%%ﬁﬂ?f?n ] IHW%%?] li\'lg}m?-rb. udes the step

of choosing the ratios at 15which the catalyst, the chain transfer agent an poxide Substrate are

provided. In'éRFRYH &ABBathremtsandddly hatRars serstd dramphssermgsrapiiEdsd conversion while
providing pofyet,9icthe desrerrfglesudlagueight ineesglreted length of time. In some embodiments,

this selection of ratios includes the substeps of: i) selecting a desired length of time for which the
reaction is to be rugy, {)MUIURYING NESSIRCGAIRIGI ALIME B R RY RY, RY, RS, and R arc
cach —H. In certain embodiments, wherein a complex is a metallosalenate complex of

formula V, R°, R*, R” and R” are each optionally substituted C;-Cjs aliphatic.

In certain methods wherein a metal complex has formula V, R*, R* R® R RS,
20 R% R’ and R” are each independently selected from the group consisting of: ~H, —
Si(R")s:~Si [(CH R LR )3.29; methyl, ethyl, n-propyl, i-propyl, n-butyl, sec-butyl, ¢
butyl, isoamyl, r-amyl, thexyl, trityl, (CHz)pCHu.o[(CH2),R™). and ~Si(R™);.
S[(CH)R?],, |

In certain methods wherein a metal complex has formula V, R is selected from the
25 group conswsting of —H; methyl; ethyl; n-propyl; i-propyl; n-butyl; sec-butyl; -butyl;
isoamyl; z-amyl; thexyl; and trityl; and R is selected from the group consisting of -
(CHL),CHg [(CT)R ™) and -Si(R ™) 5 [(CH)R™ ..
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20which the polymerization reaction is to run by the turnover frequency of the catalyst under the
reaction conditions iii) multiplying this result by the desired mol% conversion of epoxide, and iv) using
the inverse of this result as the ratio of catalyst to epoxide used for the reaction. In some
embodiments, the ratio of chain transfer agent to catalyst is determined by the additional following
steps; v) taking the value from step (iii) above and 25multiplying this result by the molecular weight of
the repeating unit of the polycarbonate; vi) selecting a desired molecular weight for the polyol and
dividing the result from step (v this number; and vij) subtracting the number of chains produced per
catalyst molecule #’%ﬁ? %eegf%%%fﬁ%?%feﬁmsagﬁ% %ﬁ% aﬁ‘]%Sr‘é"éfﬂf%ﬂﬁ@"ﬁéf?ﬁ’&%ﬁﬁﬁﬂﬁﬁ%fer agent to
catalyst usestincgtéfrét) the grotip enadigitizenfteps of the above-described method clear, the following

example is provided: in aolymerization of propylene oxide and CO2 using a catalyst that has a
badyces two polym al er catalyst molecule, a polymer with Mn of

TOF of 1000h1 and whisH pb hain

2,000 g/mol is tg"b _gﬁceq : S'desired-+igt 8098 d provided 5epoxide is converted during
a reaction time of 10 hours, one would perfoini the following steps’to obtain the required ratios:

First, perfoiunng taking 10 hours as the selectedtinge interval and performigg3tep (ii) of multiplying the

selected interval of 10iots, by the TQ HELgives 10,0 WEISRET t molecule;
next multiply4 mn%e%heidesired 8 1OcE ersion(step: (il thenkinverting (step (iv))

provides a value of 1%5 x 18-4 corresponding’to a catalyst to epoxide ratio of 178,000. Moving next to
deteimination of the chain trangfer agent Ioe‘}pEIiing at step (iv) one multiplies the sgsylt of step (iii) by the
gt e 1g i g/rnol) and

{ns per catalyst
from this result.in a chain transfer to catalyst ratio of : re, for this exampl¢ the molar ratio

of catalyst to epdiride to chaimtransfer. agentshould be approximatety-1:8,000:406x

B -2
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It is generally desirable to maintain the concentration of a metal complex in a
polymerization at a low level relative to the epoxide. In certain embodiments, the molar
10 ratio of metal complex to epoxide ranges from about 1:100 to about 1:1,000,000. In certain
embodiments, the ratio ranges from about 1:5,000 to about 1:560,000. In some
embodiments, the ratio ranges from about 1:10,000 to about 1:200,000. In other
embodiments, the ratio ranges from about 1:20,000 to about 1:100,000.

L d. Co-catalysts

15 In some embodiments, methods of the present invention include the use of at least
one co-catalyst. In some embodiments, a co-catalyst is present at step (b). In certain

embodiments, a co-catalyst is any one or more of the co-catalytic species described above
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It will be appreciated that the method described above is simplified in certain respects. For example,
the calculation described assumes that the reaction rate is linear 20throughout the duration of the
polymerization. The calculation described also dismisses the contribution that the mass of the chain
initiator adds to the molecular weight of the polymer chains. In certain embodiments, particularly those
where a polymeric chain transfer agent such as a polyether is used, or where a very low molecular
weight oligomer is produced, the contribution of the mass of the initiator to the Mn of the polymer may
be 255ignificg%@l will.b unq.(%gstoqd by .thase skilled in the art that additional chain transfer agent can

be added to AceS R TR IR L SR AR AP S SEEHES Ry R AT TR NGRS E Betfibed above can be
modified to zotsunntotthiseifesty Sinitdeliz oo detaitedpkioeatistiiataicaulddoggusediiegccount for
changes in the reaction r er.fime.a . ign_proceeds. For.instances, where a mixture of
epoxides is prelg%?lecté,’ 1%%’%0 é%lﬂg&%gflgﬁ?%?“t{ﬁgﬁ%ggéﬁgeﬁhﬁmrrllné}%lgl aslﬁ%%%r%s %eocril 1&51?1 using a
weighted aveérigasprhiErmsiecbikphoreijntsoitheleporiie st esenttindhenmbanygwphis could be

further refinegby anabazipe-copiymerMadawuader simdancenditions.imdeaigrmingdhe mole percent

incorporation of the different monomers (for example by using NMR spectroscopy) since all epoxides
may 5not bePFiEBRsBrdiethiet SOMATEFRIATBHIFA efficiency. These and other modifications will be
readily apprehended by the skilled artisan and are specifically encompassed by the methods provided
herein. In certain entbddimentshithambdeon fotmdethatdhetiynoier ifreqtemcyndksbme catalysts

decreases as, pe‘ i g}ﬁil{l transfer agent catalyst increases. This effect can 10be particularly
noticeable atréaﬁégﬁg%ﬁ%art_ gr? a 1c()mu_tp iﬁégﬁt (fr?%lllaenscg %ﬁr}gt%r% %?ﬁ‘i%éeg igv%-cgg%g}ibed methods may
not producegrahedissetsidbinig aandmeonbheerteornrebsibimnta, giverdiniesintetvapbife slich cases it may

be necegsany,ip-maasuisdhe, LORGh NS salalyshil %%%mgﬂﬁé}é%@_aﬂ% BLiatiaz pgr to

performing the calculations described above. In general, such cases require the reaction interval be

lengthened By 8PHERStnER 8FBPE AR ame ha st caraiyieaefiitta: habideataliret to chain transfer

agent ratio usembnafel) &ePoRyeROMImEAts, theicalalysioagine-ha BeRASaERY AgapRensatory
amount. AJS; noted above, wafter present in the reaction mixtures of the described methods can also

act as a chalf e A AC AR AR BT RIAR HAETaIR AT d18d (ioBa B8 %bove further
include the mathoek ah.thansuitngtenwvatbsieanient cidhe sfactigbnic co-catalyst are the same

15 molecule.
1 e Reaction Conditions

In certain embodiments, the steps of any of the above methods further comprise
one or more solvents. In certain other embodiments, the polymerization steps are

performed in neat epoxide without the addition of solvent.

20 In certain methods, where a polymerization solvent is present, the solvent is an
organic solvent. In certain embodiments, the solvent is a hydrocarbon. In certain
embodiments, the solvent is an aromatic hydrocarbon. In certain embodiments, the
solvent 1s an aliphatic hydrocarbon. In certain embodiments, the solvent is a halogenated

hydrocarbon.

25 In certain embodiments, the solvent 1s an ether. In certain embodiments, the

solvent is an ester. In certain embodiments the solvent is a ketone.
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(preferably after the reaction vessel has been charged with epoxide, chain transfer agent and any
solvent to be used, but prior to addition of the catalyst). The molar equivalents of water relative to
catalyst are then calculated and the ratio of chain transfer agent to catalyst can be decreased
accordingly. If this is not done and there is significant water present, the 25Mn will be lower than
expected at a given % conversion. V. Higher Polymers The present disclosure encompasses
higher polymers derived from the polycarbonate polyols described hereinabove. In certain

embodiments, such higher polymers are formed by reacting, the polyols with suitable cross-linking
agents. In certain %}ﬁgﬁ?ﬁ%& @@8@@ ﬁﬁ%{% ﬁ?g%ﬂfﬁ&fg%i(gﬁéﬁﬁraﬁ detireteRerdhydroxyl
groups are deléated, Ghicexfomple, FDinbdpoxhandisaoyanatcatr@ugps. Angeartail embodiments, such
cross finking-pgents are polyis tes, In some embodi s, a difunctional or higher-functionality
isocyanate is se%egé%r%lg%%eﬁfé%%gﬁﬁ%@ys{r ﬁl{e nl?f?épg S{rk?fl g}/%h%%?éﬁ%ﬁﬂ%to%%hates, and the

adducts of dfigpjasianeslid-pityers. Suitdbiddiacyanates have generally from 4 to 22 carbon atoms.
The diisocyanates are typically selected from aliphatic, cycloaliphatic and aromatic diisocyanatcs, for

example 1,4-thisocyaRateh dtanesibedhisacy anaiplkexdnatdif1giisasyanato: Zisitirimethylhexane,
1,6-diisocyanato-2,4,4-tri Ihexane, 1,2-, 1,3- and 101,4-diisocyanatocyclohexane, 2,4- and
2,6-diisocya%et%ﬁ-%?&ﬁt§@ SERE: A AP Stgyém&%mxﬁﬂ%ﬁ?ﬁ%?%phorone
diisocyanatelt=taisplrynatoNBo gl rite Sthyiishej focyamattin athyicysiopaxa 0}l chdcaab2,6-tolylene
diisocyanate, tetramethylene-p-xylylene diisocyanate (--1,4-bis(2-isocyanatoprop-2-yObenzene), 4,4'-

diisocyanatodiphenylpegthane,pigirrablinl, Briisesyanaiahs RacyaRgionex@ane and

15isophorone diisocyanate, and mixtures thereof. In certain embodiments, crosslinking compounds

comprise th@ & iRABS MRCANAREGPaR BREICHABEE &A b shesrEiMariBeartents, crosslinking

compounds asecte-diois ey wiphaansine bivretoh isapharansJispsyanataianddhedsacyanate and
the biuret of 1,6-diis§€c}§%1at hcx§n§ xaménleg of ?dducts of diispcyanates to polyols are the
20adducts o HIELb Shthd-unddRRREte Mo GIet SHRosiRBIE e iRt ithylolpropane,

for example phaad duehoftatlenedsoayandtesademtih aihyio prepaesbod henas dusks f
Bt 3 T R e SV SV A S LY
aliphatic oxide is present in an amount of about 20 M. In certain embodiments, liquid

15  aliphatic oxide comprises the reaction solvent.

In certain embodiments, CO; is present at a pressure of between about 30 psi to

about 800 psi. In certain embodiments, CO; is present at a pressure of between about 30
psi to about 500 psi. In certain embodiments, CO, is present at a pressure of between
about 30 psi to about 400 psi. In certain embodiments, CO, is present at a pressure of

20 between about 30 psi to about 300 psi. In certain embodiments, CO; is present at a
pressure of between about 30 psi to about 200 psi. In certain embodiments, CO, is present
at a pressure of between about 30 psi to about 100 psi. In certain embodiments, CO, is
present at a pressure of between about 30 psi to about 80 psi. In certain embodiments,
CO, 18 present at a pressure of about 30 psi. In certain embodiments, CQ; is present at a

25 pressure of about 50 psi. In certain embodiments, CO, is present at a pressure of about

100 psi. In certain embodiments, the CO; 18 supercritical.

In certain embodiments of the above methods the reaction is conducted at a

temperature of between about 0 °C to about 150 °C. In certain embodiments, the reaction
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In some embodiments, a polyisocyanate used, may, for example, be an aromatic 25 polyisocyanate
such as tolylene diisocyanate, diphenylmethane diisocyanate or polymethylene polyphenyl isocyanate,
an aliphatic polyisocYanate such as hexamethylene diisocyanate, xylylene diisocyanate,
dicyclohexylmethane diisocyanate, lysine diisocyanate or tetramethylxylylene diisocyanate, an alicyclic
polyisocyanate such as isophorone diisocyanate, or a modified product thereof In some
embodiments, a modified product of a polyisocyanate is a prepolymer modified product which is a

reaction product of a low molecular weight diol with a lgw molecular weight triol, g buret product which
is a reaction’ ?8‘&%&?}&%%5?@?%%%%5%%%3 Ogﬁ!éo?ﬁ %%HE} el toi?. BTRT isocyanate

group-termiratestiprepe)eetLanbr psadusalby waasting:f soichiomeitsally;excass amaunt of a
polyisocyanggfo 0 the polyol composition, It can be produced by theimally reactigg the polyol
compositionWith-the SERL SRR HE 4 he B IPPE FRUHGY @ 1 FoRPEwE T 258788 hours in a
dry nitrogen siseerm o thayygsanag, or absence of a solvent and optionally in the presence of a
urethane-forming 10catalyst. In some embodiments, a urethane-forming catalyst is an organometallic
compou§1d of tin, Iel‘gld %%tit%pr{ irgﬂasitgme glmbgrgzjrgl%ntssf_a ur E;[haggt-iflgra (i)n ca%%ydst is an organic tin
compound, such as aﬁauﬁl}ltln dilaurs e, giBuK}Rm dioCloate Br &tdnnols octoats. ns’lsocyanate
group-termimsducpy epdiyrrrsboiaiseprdsemidvetitiemoantbef bsedibbfdrous 88 %ndneritrtine art and
familiar to the giied-Adisan;dn50me € MOEMMEnts, 1tGARBEIBEA.IALHAUPIANLEH aRiG composition
which is cured by a reaction with moisture in air, a two-part curable composition to be reacted with a
curing agent-StichhgeEyyn RabadiEcRis ofyslio patlioRt s BadaewWaihbyanesive Engmeygioifurethane
elastomer, aeqthen aRRlicAlinNgn 20khe BresaRhinkeRlian Alsedavidss ARalyyigthane resin obtained
by rea(it(l)ng tpquuct in amounts of less than about 5%. In certain embodiments, cyclic carbonate is

produced as a by~product in amounts of less than about 1%. In certain embodiments, the
reaction does not produce any detectable by-products (e.g., as detectable by 'H-NMR
and/or liquid chromatography {LC)).

In certain embodiments, a polymerization time is between about 30 minutes and
15 about 48 hours. In some embodiments, the reaction is allowed to process for less than 24
hours. In some embodiments, the reaction is allowed to progress for less than 12 hours. In
some embodiments, the reaction is allowed to process for between about 4 and about 12

hours.

In certain embodiments, a polymerization reaction is allowed to proceed until the

20 number average molecular weight of the polymers formed is between about 500 and about
400,000 g/mol. In certain embodiments, the number average molecular weight is allowed
to reach a value between 500 and 40,000 g/mol. In other embodiments, the number
average molecular weight is allowed to reach a value between 500 and 20,000 g/mol. In
certain embodiments, the number average molecular weight is allowed to reach a value

25  between 500 and 10,000 g/mol. In other embodiments, the number average molecular
weight is allowed to reach a value between 500 and 5,000 g/mol. In other embodiments,
the number average molecular weight is allowed to reac.h a value between 500 and 2,500
g/mol. In other embodiments, the number average molecular weight is allowed to reach a
value between 1,000 and 5,000 g/mol.
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above polyol composition with a polyisocyanate. Such a polyurethane resin can be produced by a
known method, and a curing agent such as a polyamine or a low molecular polyol, or the above
mentioned urethane-forming catalyst may optionally be used. In the production of polyurethanes,
polyols of the invention may be reacted with 25the polyisocyanates using conventional techniques that
have been fully described in the prior art. Depending upon whether the product is to be a
homogeneous or microcellular elastomer, a flexible or rigid foam, an adhesive, coating or other to]lll,
the reaction mixtur r?ﬁa%"’ri:ogéﬁzil‘g other conventional additives, such as chain-extenders, for example

1,4-butanediol or h fraratsoreghiRetints A ethems Bt coRmad e iag#sctants, for
example siloxantenxyalkeytemmiehbymesy blomi i egRnispsofaxamPevVsRteRa M certain
trichlorofluorgmethane, cross-linking agents, for example friethanolamine, fillers, pigments,
fire-retardanfgsg;}r? nt%eélilsk(tagl Sl'%a%l&i:lé%Eriggen%ﬂlgCrl‘éléarcﬁfc?ﬁ%g%%W&?E@E@Bﬁ%?@%‘iég[i%ogﬁrou ps of the
polyol Sresinteid tivee istoyalsate griupsobddercrosslipilwer ihiseposibisdn ysa knawineadtalysts, for

example; di in di j Aol icyclof2. .2-9cta e, or.ami S ICIQ as
triethylzfrjninte)%tg'll}'{ %%%ﬁ@ggﬁ%%%ﬁ%%ggﬁ%t%n&g%%&g r?? gﬁ%r%i{%%%nﬂ)ggegmb%g (F’ gahf#e v%eig ht of the
crosslinker. TtheliFd<spiting melsspcanight pohtnstavbhonrsien. thectunitionktitirofttwethe

10polyisocyanaies heidRaiR e QIR PR MSeLYRRRISAR G RPINY fRFR Or by additional use of

monofiinctional compounds reactive toward isocyanate groups, such as monohydric alcohols, e.g.
ethylhexanol or pr ylhg tanal. .. A crosslinker is.generally used in an amount whjch corresponds
to an NCO:OH eqt?%gﬁzn%g Fg%o"g??r%ﬁ%6_%"?@‘5?%%%%%@%%&@@% UiE B RiB &P pYeterably from
20% and about 100% of the provided epoxide is consumed. In certain embodiments, the
10 conversion is between about 40% and about 90%. In certain embodiments, the conversion
is at least 50%. In other embodiments, the conversion is at [east 60%, at least 80% or at

least 85%. In certain embodiments, at least 80% of the provided epoxide is converted to

polymer.

In certain embodiments, a method firther includes the step of choosing the ratios at

15 which the catalyst, the chain transfer agent and the epoxide substrate are provided. In
certain embodiments, these ratios are selected to provide high epoxide conversion while
providing polyol of the desired molecular weight in a selected length of time. In some
embodiments, this selection of ratios includes the substeps of: i) selecting a desired length
of time for which the reaction is to be run, if) multiplying the selected length of time for

20 which the polymerization reaction is to run by the turnover frequency of the catalyst under
the reaction conditions iii) multiplying this result by the desired mol% conversion of
epoxide, and iv) using the inverse of this result as the ratio of catalyst to epoxide used for
the reaction. In some embodiments, the ratio of chain transfer agent to catalyst is
determuned by the additional following steps; v) taking the value from step (jii) above and

25 multiplying this result by the molecular weight of the repeating unit of the polycarbonate;
vi) selecting a desired molecular weight for the polyol and dividing the result from step (v)
by this number; and vii} subtracting the number of chains produced per catalyst molecule
from the result of step (vi) and taking the result as the ratio of chain transfer agent to

catalyst used in step (1).
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150.8 to 1.2. Suitable crosslinicing agents are also epoxy compounds having at least two epoxide
groups in the molecule, and their extension products foimed by preliminary extension (prepolymers for
epoxy resins, as described, for example in Ullmann's Encyclopedia of Industrial Chemistry, 6th edition,
2000, Electronic Release, in the chapter "Epoxy 20Resins"). Epoxy compounds having at least two
epoxide groups in the molecule include, in particular: (i) Polyglycidyl and poly(p-methylglycidyl) esters
which are obtainable by reacting a compound having at least two carboxyl groups, such as an aliphatic

or aromatic polycarboxylic acid, with.epichlorohydrin or beta-methylepichlorohydrin. The reaction is 25
effected, preferabl;f(fn“{#(@ %l%%ﬁgﬂ%%fg%a 8%%"%&% %7]E§ﬂgl%ﬁof§}8ﬂ%m S5 oxalic acid,
succinic acicyrghitedciaeichradypicraeithrpiieip pleid, addtaindCid, cimetzadiBrttimerized linolenic acid,
tetrahydrop i i, hexahydrophthalic acid or 4- methyvlhexahydrophthalic acid. Suitable aromatic
polycarbon a7
Polyglycidy! oith St ia rdedh eglotisl$e) bstherduatd cdldrives sfoedethan®ibl, dfdhe anyaticdalcohols, such as
ethylena alvegl-dieivsns.alveplRolyxrIlvIsnk by ales SHERARG brdlislRolyRipLopylene)

glycols, propane-1,3-diol, butane-1,4-diol, poly(oxytetramethylene) glycols, pentane-1,5
hexane-1,6-8ieps e RAE 312 Bavietd gijisiol, 1,1,1-trimethylolpropane, pentacrythritol, sorbitok or cyclic
alcohols such as 1,4- cyclohexanedimethanol, bis(4-hydroxycyclohexyl)methane or 2,2-bis(4-
hydroxycyclohexyl)pispansvonicgmphigel Atormatic ings]stohtaseNhNrbis @rd b Hydhmey etpyl)aniline or
D oSO AP, T I SIS MR RERAING TBREronooYele
phenols such as resor inol or Fly roquinone, or po ycycﬁslé henols, such as BIVES 55,
bis(4-hydroxippheriye pretiaiaipst aaledinydroxyiiphiehihdoiséaumyohoxy gretesy suffdie,

1,1,2 2rietralg{dsysiiienvhIBinanG - 0iakds ST mRSYDRIRRANE: 5 « 10~

2,2-bis(3,5-dibromo-4-hydroxyphenyl)propane, or from hovolaks 15which are obtainable by
condensing SHEpeRAEDS oA erasFhia R BEH8RBe, chloral or fading, with phenols, such as
phenol, 4-chlorophenol, 2-methylphenol, 4-tertbutylphenol or bisphenols. Poly(N-glycidyl)

compounds which aevalaaigabtedbydehydso cifldrindtingithefeagionqoducs afepiohiasohydrin with
amines Whicguiﬁ 1\Ily?1eastt %arggéyygfas@;gn&i?%gr%%%‘olecuiar weight of the repeating unit of the
polycarbonate (in this case CsHgO3 = 102 g/mol) and dividing by the desired Mn of 2,000
15 to give a value of 408. Subtracting the two chains per catalyst from this result in a chain
transfer to catalyst ratio of 406:1. Therefore, for this example the molar ratio of catalyst to

epoxide to chain transfer agent should be approximately 1:8,000:406.

It will be appreciated that the method described above is simplified in certain

respects. For example, the calculation described assumes that the reaction rate is linear

20  throughout the duration of the polymerization. The calculation described also dismisses
the confribution that the mass of the chain initiator adds to the molecular weight of the
polymer chains. In certain embodiments, particularly those where a polymeric chain
transfer agent such as a polyether is used, or where a very low molecular weight oligomer
18 produced, the contribution of the mass of the initiator to the Mn of the polymer may be

25 significant. It will be understood by those skilled in the art that additional chain transfer
agent can be added to account for this effect, and more specifically, that the calculations
described above can be modified to account for this effect. Similarly, more detailed kinetic
data could be used to account for changes in the reaction rate over time as the reaction

proceeds. For instances where a mixture of epoxides is present, the molecular weight of
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20 atoms, such as aniline, n-butylamine, bis(4-aminophenyOmethane, m-xylylenediamine or
bis(4-methylaminophenyOmethane. The poly(N-glycidyl) compounds also include triglycidyl
isocyanurates, N,N'-diglycidyl derivatives of allcyleneureas such as ethyleneurea or
1,3-propyleneurea, and the diglycidyl derivatives or hydantoins such as 5,5-dimethylhydantoin, 25(iv)
Poly(S-glycidyl) compounds such as di-S-glycidyl derivatives which derive from dithiols, such as
ethane-1,2-dithiol or bis(4-mercaptomethylphenyl) ether. (v) Cycloaliphatic epoxy compounds such

as bis(2,3-eppxycyclopentyl) ether, 2,3- epoxycyclopentyl glycidyl ether,
T bro(d. e T R R e P o Ve Sy BB e of the olcula
3',4'-epoxycyetitiexafiteapoiidatesonmixtd oysloatifiaticaliphatepoxy fompeundssuch as

limonene diepoxi 1. some smpodi the present disclosure encompasses higher polymers
fowled with po%)/% re%ir%aof the p?esent%%@ﬁ%ﬁ%%‘gg&%%%% I?‘?g %:ﬁglépéng%tf?gﬁﬁang)c%ymer S5which

comprises (HEtH)EeIbYIRaEES (ay farsmitiyuniss TNRsaksitiery o 0biasabl ety iermeadically
polymerizing (et hashdic M0RRIMesuRs WRHARMAE ARCTELS: ExAmRIes olisiiiable gapnomers are

styrene, ring-alkylated styrenes with preferably C14 alkyl radicals such as a-methylstyrene,
p-methylstyr8h &aHX BRI GHERARANEN A R AafeSBrRsa cryrammassl byl erylates and
methacrylatesdimdngriramdHe4n 10 carbon atoms in the alkyl radical, in particular methyl
methacrylate Preference is given to using monomers and monomer mixtures which give rise to a

e G PO hang AdiAss enslondsmpeiRie ol el LN JEa s sngiereranly more

than +50 C. The stiffening polymer may, asi meth)acrylic mon mers or vinylarornatic
monomers, ééthppisdlvarrsasandacriers! dhén(wesfyaeeplit tmondre iscorasiy [Broméec 5 monomers

make Lp genealialieRsi Ry MRIBh! RIGLRRAY.BL 036 50M MLVGiahh L RATIGI at Iast 70%

by weight, of the constituent monomers. The encompassed higher polymer compositions may

additionally dspReRELRInERY setruediecd b o piler\Binmd OB BeABRIPErsion in 2 Suitable fillers
are, for exanpplen sifiedneoliidalsticassesicinmy tarkenalen carhenstiackditaniyadigxige, mica and
the like. Suitable diluents are, fPr example, polybutene, liquid polybutadiene, hydrogenated
at various chain transter agent ratios prior to performing the calculations deseribed above,
In general, such cases require the reaction interval be lengthened by an amount
15 proportional to the falloff in catalyst activity at the catalyst to chain transfer agent ratio
used, or in some embodiments the catalyst loading be increased by a compensatory

amount.

As noted above, water present in the reaction mixtures of the described methods
can also act as a chain transfer agent. In certain embodiments, the calculations described
20 above further include the method of measuring the water content of the reaction
(preferably after the reaction vessel has been charged with epoxide, chain transfer agent
and any solvent to be used; but prior to addition of the catalyst). The molar equivalents of
water relative to catalyst are then calculated and the ratio of chain transfer agent to catalyst
can be decreased accordingly. If this is not done and there is significant water present, the

25 Mn will be lower than expected at a given % conversion.
IV. Higher Polymers

The present disclosure encompasses higher polymers derived from the
polycarbonate polyols described hereinabove. In certain embodiments, such higher

polymers are formed by reacting the polyols with suitable cross-linking agents. In certain
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polybutadiene, paraffin oil, naphthenenates, atactic polypropylene, diallcyl phthalates, reactive
diluents, for example, alcohols and oligoisobutenes. Suitable stabilizers are, for example,
2-benzothiazolyl sulfide, benzothiazole, 25thiazole, dimethyl acetylenedicarboxylate, diethyl
acetylenedicarboxylate, BHT, butylhydroxyanisole, vitamin E. Further higher polymeric materials
which may be obtained from the polyols of the invention include vinyl type polymers made by
polymerising ethylenically unsaturated derivatives of the polyols. Such derivatives may be obtained, for

example, by reacting the polyols, with ethylenjcally unsaturated carboxylic acids, for example acrylic,
ety B A e B PEr b G e LAV T EHBLY A IRUP SELh Fthod of
forming ethydenickiyednarratededérivatives afdheppiyels gsameehct saith polyalanwiits,organic
polyisocyari , iQ ve, and then to react the isocyanate group

e c¥8Es%tﬁ§Iilr%‘?di§%§t%E%ﬁg§%]g85‘ b

terminated products ob yallcyl acrylates or methacrylates, for example the
2-hydroxyethyl or 2- 10hydroxypropyl compounds. Alternatively, the Folyols may be reacted with

isocyanato- acrylatSS YBFSHE By FaLe AP e e SRS AP B ARGE At terbictsbthacry late.
The ethylenigatydimsatiiaieg, terdatvesmaf dradluarinatetkpoyeis-maydir-nalperized, preferably in
the presence.of co-monomers such as.acrylonitrile, styrene, ethyl acrylate, butyl acrylate or methyl
methaerylate TR e AN et AL GUSHHITG S S ARE N FEbhh SrcEp O
polymerisatidhs dliefulmoldedtpiéstifssaitittd Sy ehaiadeyiicdlighady and aforribier higher polymeric
materials whj ) ' romm, t lyols.of the invention include epoxy resins prepared in
conventionagi %Q%Er%r%?%%?ngte%%x ‘ g%a@ﬁsé%%gp ﬁ%&? %%y%lg’.%g%lbsﬁc %ﬁ%g(%}%ag?hgé be obtained, for
example, bydiggerifizing.pdhforssiimierepichfofohyerimitothd prbenbelodbasek2-, 1. Aricles of
manufagture; comRyisiagLRIQMARERRLy sarhopate palyQl andiox %%ﬁ%%h%ﬁ%@] Rogitions can be

e

made using known methods and procedure_s described in the art. The skilled artisan, after reading the
present disclb¥HRS RIftBEY sloRe iy e dsretaiencaiissstanaia f il rormswie grdideols and

techniques. #fnethyl-5-isocyanatomethylcyciohexane), 2,4- and 2,6-tolylene diisocyanate,
tetramethylene-p-xylylene diisocyanate (=1,4-bis(2-isocyanatoprop-2-ylbenzene), 4,4'-
ditsocyanatodiphenylmethane, preferably 1,6-diisocyanatohexane diisocyanatohexane and

15 isophorone diisocyanate, and mixtures thercof.

In certain embodiments, crosslinking compounds comprise the cyanurates and
biurets of aliphatic diisocyanates. In certain embodiments, crosslinking compounds are the
di-isocyanurate and the biuret of isophorone diisocyanate, and the isocyanate and the
biuret of 1,6¥diisoc:yanatohexane. Examples of adducts of diisocyanates to polyols are the

20 adducts of the abovementioned diisocyanates to glycerol, trimethylolethane and
trimethylolpropane, for example the adduct of tolylene diisocyanates to
trimethylolpropane, or the adducts of 1,6-diisocyanatohexane or isophorone diisocyanate

to trimethylpropane and/or glycerol.

In some embodiments, a polyisocyanate used, may, for example, be an aromatic
25 polyisocyanate such as tolylene diisocyanate, diphenylmethane diisocyanate or
polymethylene polyphenyl isocyanate, an aliphatic polyisocyanate such as hexamethylene
diisocyanate, xylylene diisocyanate, dicyclohexylmethane diisocyanate, Iysine
diisocyanate or tetramethylxylylene diisocyanate, an alicyclic polyisocyanate such as

isophorone diisocyanate, or a modified product thereof.
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Examples EXAMPLE 1 This example demonstrates the use of the polymerization system of the
present invention with a chain transfer agent Y-A-(Y)" and a catalyst Lp-M-(L/),,, utilizing a co-5catalyst
PPN-I- Cl-, where n1, 10-M-is Co(Jll), -L1 is a chain transfer agent -Q'-A'R")", where Q'is COO-, -A-
is -CH2-,and Z'is - OH, and nis 1. 24 mg of catalyst El (0.04 mmol), 045 g (3.1 15 mmol)
1,4-cyclohexanedimethanol and 20 mg (0.04 mmot) PPWCIT were held under vacuum in a
Fisher-Potter bottle. The bottle was filled with nitrogen and 20 ml propyleneBO 0 oxide was added.

The bottle was pressurized with. 100 psi CO2, After 41 h at 30C the bottle was opened and the
polymer was isoIati’ﬂSB?"BSH}]?%%?B%%{W&W}W@%%Qﬁ/%?éoly‘socya“ate 15 a prepolymer

modified product which is a reaction product of a low molecular weight diol with a low
molecular weight triol, a buret product which is a reaction product with water, or a trimer

having an isocyanurate skeleton.

5 The isocyanate group-terminated prepolymer can be produced by reacting a
stoichiometrically excess amount of a polyisocyanate to the polyol composition. It can be
produced by thermally reacting the polyol composition with the polyisocyanate at a
temperature of from 60 to 100 °C for from 1 to 30 hours in a dry nitrogen stream in the
presence or absence of a solvent and optionally in the presence of a urethane-forming

10 catalyst. In some embodiments, a urethane-forming catalyst is an organometallic
compound of tin, lead or titanium. In some embodiments a urethane-forming catalyst is an
organic tin compound, such as dibutyltin dilaurate, dibutyltin dioctoate or stannous

octoate.

An isocyanate group-terminated prepolymer of the present invention can be used
15 for uses known in the art and familiar to the skilled artisan. In some embodiments, it can
be used for a humidity curable composition which is cured by a reaction with moisture in
air, a two-part curable comﬁosition to be reacted with a curing agent such as a polyamine,
a polyol or a low molecular weight polyol, a casting polyurethane elastomer, or other

applications.

20 The present invention also provides a polyurethane resin obtained by reacting the
above polyol composition with a polyisocyanate. Such a polyurethane resin can be
produced by a known method, and a curing agent such as a polyamine or & low molecular

polyol, or the above mentioned urethane-forming catalyst may optionally be used.

In the production of polyurethanes, polyols of the invention may be reacted with

25  the polyisocyanates using conventional techniques that have been fully described in the

prior art. Depending upon whether the product is to be a homogeneous or microcellular
clastomer, a flexible or rigid foam, an adhesive, coating or other form, the reaction

mixture may contain other conventional additives, such as chain-extenders, for example

1,4-butanediol or hydrazine, catalysts, for example tertiary amines or tin compounds,
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20 showed foimation of a polymer of M0=4460, Kw-4610, PDI=1.035. The polymer has a carbonate
content of >97%. The polycarbonate polyol composition thus obtained consists predominantly of
three types of polymer chains: chains P1 arising from initiation by the cyclohexanedimethanol, chains
Pr arising from initiation by the glycolic acid (14) and chains P2 arising from the chloride counterion on
the PPN co-catalyst: 0 01 P-1HO 0))t Hee where each p is on average approximately 20-21. In this
particular composition, the ratio of P1 to PI' to P2 is approximately 89:1:1. The 10 polycarbonate polyol

composmon c taln roximately 99% OH rou s EXAMPLE 2 This example
demonstrates" 5 tge ﬁ%ﬁéa %‘fgﬁ&ﬁ%@%ﬁ’gfﬁﬁ oft (gm&hﬁgq%ﬁ%ﬂlﬁﬁqﬁeﬁﬂﬁmqransfer agent

Y-A-(Y)" andratentaly st dipetdf{dofpinediinm grassdidiSoatadyst RNgx Ghplhesdandtadigach -V is -OH,
fillers, pigments, fire-retardants and the like,

To accelerate the reaction between the isocyanate-reactive groups of the polyol
5  resin and the isocyanate groups of the crosslinker, it is possible to use known catalysts, for
example, dibutyltin dilaurate, tin(Il) octoate, 1,4-diazabicyclo[2.2.2]-octane, or amines
such as triethylamine. These are typically used in an amount of from 107 10 107 g, based

on the weight of the crosslinker.

The crosslinking density can be controlled by varying the functionality of the
10 polyisocyanate, the molar ratio of the polyisocyanate to the polyol resin, or by additional
use of monofunctional compounds reactive toward isocyanate groups, such as monohydric

al'c_ioho'is, e.g; ethythexanol or propylheptanol.

A crosslinker is generally used in an amount which corresponds to an NCO:0H
equivalents ratio of from 0.5 to 2, preferably from 0.75 to 1.5 and most preferably from
15 0.8t 1.2.

Suitable crosslinking agents are also epoxy compounds having at least two epoxide
groups in the molecule, and their extension products formed by preliminary extension
(prepolymers for epoxy resins, as described, for example in Ullmann's Encyclopedia of
Industrial Chemistry, 6th edition, 2000, Electronic Release, in the chapter "Epoxy

20 Resins"). Epoxy compounds having at least two epoxide groups in the molecule include,

in particular:

(1) Polyglycidyl and poly(B-methylglycidyl) esters which are obtainable by
reacting a compound having at least two carboxyl groups, such as an aliphatic or aromatic
polycarboxylic acid, with epichlorohydrin or beta-methylepichlorohydrin, The reaction is

25  effected, preferably, in the presence of a base. Suitable aliphatic polycarboxylic acids are
oxalic acid, succinic acid, giutaric acid, adipic acid, pimelic acid, azelaic acid, dimerized

or trimerized linolenic acid, tetrahydrophthalic acid, hexahydrophthalic acid or 4-
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Lp is a salcy ligand 20-M- is Co(lll), and Bu t-Bu -L1 is trifluoroacetate. 51 mg of catalyst E2 (0.07
mmol), 0.5 g (1.4 mmol) of propoxylated pentaerythritol and 41 mg (0.08 mmol) PP/X-Cr were held
under vacuum in a Fisher-Potter bottle. 5The bottle was filled with nitrogen and 20 ml propylene oxide
was added. The bottle was pressurized with 100 psi CO2. After 22 h at 30C the bottle was opened and
the polymer was isolated by pouring into methanol. GPC analysis showed formation of a polymer
formation of a polymer of Mu=13660, Mw=15420, PDI=1.129. The polymer has a carbonate content of
>97%. 10The polycarhonate polyol compasition thus obtajned. consists predominantly of three types of
polymer chaﬁ%gﬁg ﬁﬁfﬁ%y%%%l%ﬁgﬁﬁcf 0 ufﬁa[h%t%ﬂ%ﬁpﬁ\%gbfoaﬁgw P PSRTS ISR Ehains P2a
arising from phiiatioachly theltrifiboraad etatedhlijhahd shidins P2 arising from the chloride counterion on
the PPN co-catalyst: P-2 P where each p is on average approximately 30-32.

(i) Polyglycidyl or poly(p-methylglycidyl) ethers which derive, for example, from
acyclic alcohols, such as ethylene glycol, diethylene glycol, pely(oxyethylene) glycols,

5  propane-1,2-diol, poly(oxypropylene) glycols, propane-1,3-diol, butane-1,4-diol,
poly(oxytetramethylene) glycols, pentane-1,5-diol, hexane-1,6-diol, hexane-2,4,6-triol,
glycerol, 1,1,1-trimethylolpropane, pentaerythritol, sorbitol; or cyclic alcohols such as 1,4-
cyclohexanedimethanol, bis(4-hydroxycyclohexyl)methane or 2,2-bis(4-
hydroxycyclohexyl)propane; or comprise aromatic rings, such as N,N—bis(Z—

10 hydroxyethybaniline or p,p-bis(2-hydroxyethylamino)diphenylmethane, The glycidyl
cthers may aiso derive from monocyclic phenols such as resorcinol or hydroquinone, or
. polycyclic phenols, such as bis(4-hydroxyphenyl)methane, 4,4"-dihydroxybiphenyl, bis(4-
hydroxyphenyl) sulfone, 1,1,2,2-tetrakis(4-hydroxypheny! )ethane, 2,2-bis(4-
hydroxyphenyl)propane, 2,2-bis(3,5-dibromo-4-hydroxypheny!)propane, or from novolaks
15 which are obtainable by condensing aidehydes, such as formaldehyde, acetaldehyde,
chloral or furfural, with phenols, such as phenol, 4-chlorophenol, 2-methylphenol, 4-tert-
butylphenol or bisphenols.

(i11) Poly(N-glycidyl) compounds which are obtainable by dehydrochlorinating the
reaction products of epichlorohydrin with amines which have at least two amine hydrogen
20 atoms, such as aniline, n-butylamine, bis(4-aminophenylymethane, m-xylylenediamine or
bis{4-methylaminophenyl)methane. The poly(N-glycidy!) compounds also include
triglyeidyl isocyanurates, N,N'-diglycidyl derivatives of alkylencureas such as
ethyleneurea or 1,3-propylencurea, and the diglycidyl derivatives or hydantoins such as

5,5-dimethylhydantoin,

25 (iv) Poly(S-glycidyl) compounds such as di-S-glycidyl derivatives which derive
from dithiols, such as ethane-1,2-dithiol or bis(4-mercaptomethylphenyl) ether.

(v) Cycloaliphatic epoxy compounds such as bis(2,3-epoxycyclopentyl) ether, 2,3-
epoxycyclopentyl glycidyl ether, 1,2-bis(2,3-epoxycyclopentyloxy)ethane or 3,4-
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In this particular composition, the ratio ofP'a to P2a to P2 is approximately 20:1:1. The polycarbonate
polyol composition contains approximately 97% OH end groups. 20 EXAMPLE 3 Example 3 was
conducted using conditions similar to Example 2, except Poly(caprolactone) diol having an Mn of 530
g/mol was used as the chain transfer agent. EXAMPLE 4 Example 4 was conducted using conditions
similar to Example 3, except Poly(ethylene glycol) having an Mn of 400 g/mol was used as the chain
transfer agent. EXAMPLE 5 S5Example 5 was conducted using conditions similar to Example 3, except

Poly(propylene Eg%havm of 760 ol was u s the chain tra ent EXAMPLE 6
Example 6 vsgg)%gﬂg X gi%rl gg%diﬂ%%cg?%%%eﬁ%é g L éCXane diol was
used as the dijdiatitrapsfercagentnd® sty Ricknéne dichhisdexample demonstrates the use of the
polymerization system of the present invention with a chain transfer agent Y-A-(Y)" and a catalyst

Lp-M-(L/)", utilizingi@ Goscatat-hdbl e pradaar 8iftISshrel RAGDH a¥%d8 Rbr polymers formed
with polyol resins of the present invention that additionally comprise a stiffening polymer

5  which comprises {meth)acryloyl and/or vinylaromatic units. The stiffening is obtainable
by free-radically polymerizing (meth)acrylic monomers or vinylaromatic monomers,
Examples of suitable monomers are styrene, ring-alkylated styrenes with preferably Cy.4
alkyl radicals such as a-methylstyrene, p-methylstyrene, acrylonitrile, methacrylonitrile,
acrylamide or methacrylamide, atkyl acrylates and methacrylates having from 1 to 4

10 carbon atoms in the alkyl radical, in particular methyl methacrylate. Preference is given to

using monomers and monomer mixtures which give rise to a polymer or copolymer having

a glass transition temperature of more than +20 °C and preferably more than +50 °C.

The stiffening polymer may, aside from (meth)acrylic monomers or vinylaromatic
monomers, comprise various monomers. The (meth)acrylic monomers or vinylaromatic
15 monomers make up generally at least 20% by weight, preferably at least 50% by weight,

in particular at least 70% by weight, of the constituent monomers.

The encompassed higher polymer compositions may additionally comprise

customary assistants such as fillers, diluents or stabilizers.

Suitabie fillers are, for example, silica, colloidal silica, calcium carbonate, carbon

20 Dlack, titanium dioxide, mica and the like,

Suitable diluents are, for example, polybutene, liquid polybutadiene, hydrogenated
polybutadiene, paraffin oil, naphthenenates, atactic polypropylene, dialkyl phthalates,

reactive diluents, for example, alcohols and oligoisobutenes.

Suitable stabilizers are, for example, 2-benzothiazoly! sulfide, benzothiazole,
25  thiazole, dimethyl acetylenedicarboxylate, diethyl acetylenedicarboxylate, BHT,

butylhydroxyanisole, vitamin E.
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-A- is; -Lp is a salcy ligand t-Bu -M- is Co(lll), and -LI is trifluoroace ate. 20An oven dried glass vessel
was charged with 11.5 mg of catalyst E2 (0.016 mmol) and 9.2 mg of PPN+CT (0.016 mmol) The
vessel was purged with nitrogen and 1,4 butane diol (0.073g, 0.8 mmol) was added as a solution in
dry THF (0.5 mL). Propylene oxide (4.5 mL, 64 mmol) was then added. The reaction vessel was
pressurized with 300 psig dry carbon dioxide gas and stirred at 30 C for 3 hours. The reaction was
guenched with acid, diluted with 25 mL acetone and concentrated to yield 2.6g of crude polymer. The

[ 5had daPDI of 1,04, The mer tained n tectable ether
ﬁr?k);r;]:; an?j hea}lr(; Ig\;%rqelgger?héh W%%Féarr’%eﬁlrg Jyiuich gep{}{i%% %%P éhﬁ(ﬁ cf%ﬂfﬁ%%ltlon thus
obtained comsistsipnadominantiy t){pﬂpeﬂarnqmm@dqobjypnenmmmg edtpamplfmmsamﬂaﬁﬂﬁn t_)y the 1,4
butanediol, %ﬁ%{?&%ﬁ&% g iRl g@a&%ép%ﬁgﬂg@a%%%%at%@& NChgins B aRing from the

10chloride counterion on t N co-cata
polyols with ethylenically unsaturated carboxylic acids, for example acrylic, methacrylic

5  and #taconic acids or ester-forming derivatives thereof.

Another useful method of forming ethylenically unsaturated derivatives of the
polyols is to react said polyols with organic polyisocyanates, f6r example those mentioned’
above, and then to react the isocyanate group terminated products obtaincd with
hydroxyalky! acrylates or methacrylates, for example the 2-hydroxyethyl or 2-

10 hydroxypropyl compounds. Aliernatively, the polyols may be reacted with isocyanato-

acrylates obtained by reacting a diisocyanate with a hydroxalkyl acrylate or methacrylate.

The ethylenically unsaturated derivatives of the fluorinated polyols may be
polymerized, preferably in the presence of co-monomers such as acrylonitrile, styrene,
ethyl acrylate, butyl acrylate or methyl methacrylate, using conditions that have been fully

15  described in the prior art for vinyl polymertsations. Useful molded plastics articles may be

made in this way.,

Further higher polymeric materials which may be obtained from the polyols of the
invention include epoxy resins prepared in conventional manner from epoxy derivatives of
the polyols. Such derivatives may be obtained, for example, by reacting the polyols with

20 epichlorohydrin in the presence of bases.

Articles of manufacture comprising provided polycarbonate polyol and/or
polyurethane compositions can be made using known methods and procedures described
in the art. The skilled artisan, after reading the present disclosure, will be able to
manufacture such articles using well known protocols and techniques.

25
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15In this particular composition, the ratio of PI' to P2a to P2 is approximately 50:1:1. EXAMPLE 8

This example demonstrates the use of the polymerization system of the present invention with a chain
transfer agent Y-A-(Y)" and a catalyst Lp-M-(14)", utilizing a co-catalyst PPN+ Cl-, where 20nisi, each
-Y is -OH, -A-is t-Bu -Lp is a salcy ligand M- is Co(lll), and Ll is frifluoroacetate. t-Bu An oven dried
glass vessel was charged with 11.5 mg of catalyst E2 (0.016 rnmol) 5and 9.2 mg of PPNFC1- (0.016
mmol). The vessel was purged with nitrogen and 1,4

Examples
EXAMPLE |

This example demonstrates the use of the polymerization systemn of the present
invention with a chain transfer agent Y-A~(Y), and a catalyst L,-M-~(L,),, utilizing a co-
5 catalyst PPN+ Cl-, where

nedsel,.

each -Y 1s —OH,

SN
A-is R ;
t-Bu——C_gr(\;}i F“ob—pgu

-1, is a saley ligand Bu B ,
10 -M- is Co(I1I),

-1 is a chain transfer agent ~Q"-A'(Z"), where Q' is COO’, -A- 18 ~CHo-, and Z' is -
OH, and

nisl,

t-Bu t-Bu’

24 mg of catalyst E1 (0.04 mmol), 0.45 ¢ (3.1 -
15 mmol) 1,4-cyclohexanedimethanol and 20 mg (0.04 mmol) iﬁBu_QfEZT:E%;}_‘_BU
1

PPN'CI  were held under vacuum in a Fisher-Potter bottle.

The bottle was filled with nitrogen and 20 m! propylene el

oxide was added. The bottle was pressurized with 100 psi CO,. After 41 h at 30°C the

bottle was opened and the polymer was isolated by pouring into methanol. GPC analysis
20  showed formation of a polymer of M,=4460, M=4610, PDI=1.035. The polymer has a

carbonate content of >97%.
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propane diol (0.061g, 0.8 mmol) was added as a solution in dry THE (0.5 mL). Propylene oxide (4.5
mL, 64 mmol) was then added. The reaction vessel was pressurized with 300 psig dry carbon dioxide
gas and stirred at 30 C for 3X hours. The reaction was quenched with acid, diluted with 25 rnL acetone
and concentrated to yield 2.7g of crude polymer. 10 The polymer had an Mn of 4336 g/mol, and a PDI
of 1.04. The polymer contained no detectable ether linkages and had greater than 98% -OH end
groups. The polycarbonate polyol composition thus obtained consists predominantly of three types of
polymer chains: chains Pia arising from jnitiation by the 1,3 propanediol,  chains 131! arising from
itiation by the ol BACGERS T BT PLAEE PO B FT G 8L ARG B on the PP

co-catalyst: thivergreach pisroer akreragehaipp @ imatelyiah. idDlaithid pdricular composition, the ratio of

Pia to paa tg n% Bisaﬁp roxl at Iyﬁ'-SO:l:I;;.- EXA LE.Qt. tioh is example.dem rates the use of the
ey ahds ARARAALT e an o aion e ARG AL B e et

Lp-M-(Lj)," uihizhs @ sevsinmfriystir NG contierenamstic BENroMaldH, -A- is; An oven dried
glass vessel was charged with 11.5 mg of catalyst E2 (0.016 mmol) and 9.2 mg of PPN4C1- (0.016
mmol) The vessel was purged with nitrogen a(?;‘jo 1,4 butene diol (0.079g, 0.8 mmol) was added as a

solution in dry THE, (0.5 gy_) Prok |\e£@d’de 5\7193;,64 mmol) was then added. The reaction vessel
was pressurized with 38 PEig ry°
me - _fo j:)\ 9
H’{ \]/\{} po\/éLo/\rO};H
O
2 oa O(J\O OFH
/Y\ /Y Z where each p is on average approximately 20-21.

In this particular composition, the ratio of P! to P*' to P? is approximately 89:1:1. The
10 polycarbonate polyol composition contains approximately 99% OH end groups.

EXAMPLE 2

This example demonstrates the use of the polymerization system of the present
invention with a chain transfer agent Y-A-(Y), and a catatyst L,-M-~(L;),, utilizing a co-

15 catalyst PPN+ Cl-, where
nis 3,

each -Y 1s —~OH,

1-Bu—c§i2%§gf©—wu

-L, is a salcy ligand +-Bu B \

20 M- is Co(T1I), and
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15 carbon dioxide gas and stirred at 30 C for 3 hours. The reaction was quenched with acid, diluted
with 25 mL acetone and concentrated to yield 1.5g of crude polymer. The polymer had an Mn of 2431
g/mol, and a PD1 of 1.06. The polymer contained no detectable ether linkages and had greater than
98% -OH end groups. The polycarbonate polyol composition thus obtained consists predominantly of
20 three types of polymer chains: chains PI' arising from initiation by the 1,4 butenediol, chains P2a
arising from initiation by the trifluoroacetate (14) and chains P2 arising from the chloride counterion on
the PPN co-cataﬂést: n this particular composition, the ratio of Pia to Pa to P2 is approximately
50:1:1. EXAMPLE'1§* F§3§?ample demonstrates the use of the polymerization system of the
present invention with a chain transfer agent Y-A-(Y)" and a catalyst Lp-M-(1_4", utilizing a co-catalyst
PPN+ Cl-, where 19nmg ¢f ezfelystig (CG2pmoR. (516t mmBel) Lpisa sa%gand -M- is Co(lll),

and 15-L1 isyirifly GRIBIR Nt AR YRS dHed: \Rssghyvas charged withdd £ f catalyst E2
(0.016 mmog' %%25%99?1“ Pg?\ln+CI- (0.016 mmgl!l)?,gqs%ccinic gg% (0.0Q%@&@ oljar’0.5"mL TI-IF.
Propylene o R (4 57FrE hel4 MGy HrHeR A Bbed 9t betiltion vessel pressurized with 300

psig dryxarboR siexddeagasanehistines ah3aCion Bhepyenihe reaction was 20quenched with acid,
diluted with 25 mL aceéone and concentrated to, yield _3.0% of crude

oxide was added. The bottle was pressurized with 100 psi CO,. After 22 h at 30°C the

bottle was opened and the polymer was isolated by pouring into methanol. GPC analysis

showed formation of a polymer formation of a polymer of M,=13660, M,,=15420,

PDI=1.129. The polymer has a carbonate content of >97%.

10 The polycarbonate polyol composition thus obtained consists predominantly of
three types of polymer chains: chains P'* arising from initiation by the propoxylated
pentaerythritol, chains P** arising from initiation by the trifluoroacetate (L;) and chains P

arising from the chloride counterion on the PPN co-catalyst:

O
pia H’{DY\G)O%OROXO/-{)#OLO’YO};H
A
) b.2a f, Cio/\(\o(j}\g’\rOZH
O
- Cl/\(\ofu\O/YG);H where each p is on average approximately 30-32.

In this particular composition, the ratio of P to P** to P? is approximately 20:1:1. The

polycarbonate polyol composition contains approximately 97% OH end groups.
20 EXAMPLE 3

Example 3 was conducted using conditions similar to Exampie 2, except

Poly(caprolactone) diol having an Mn of 530 g/mol was used as the chain transfer agent.
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polymer. The polymer had an Mn of 13,933 g/mol, and a PDI of 1.04. The polymer contained no
detectable ether linkages and had greater than 98% -OH end groups. The polycarbonate polyol
composition thus obtained consists predominantly of three types of polymer chains: chains Pia arising
from initiation by the succinic acid, 5chains P2a arising from initiation by the trifluoroacetate (Li) and
chains P2 arising from the chloride counterion on the PPN co-catalyst: P-2 CI"-"----0(1LarOfri P where
each p is on average approximately 68. 10 In this particular composition, the ratio of PI' to P2a to P2 is
approximat A XAMPLE 11 This example demonstrates the use of the polymerization
system of tM@%vention with a chain transfer agent Y-A-(Y), and a catalyst Lp-M-(14),,, utilizing
a co-15catalyst PPN* Cl-, where nis 1, each -Y is -CO2H, -A- is;

Example 4 was conducted using conditions similar to Example 3, except

Poly(ethylene glycol) having an Mn of 400 g/mol was used as the chain transfer agent.

EXAMPLE 5

5 Example 5 was conducted using conditions similar to Example 3, except

Poly(propylene glycol) having an Mn of 760 g/mol was used as the chain transfer agent.

EXAMPLE 6

Example 6 was conducted using conditions similar to Example 3, except 1,2~

cyclohexane dio! was used as the chain iransfer agent.
10 EXAMPLE7

This example demonstrates the use of the polymerization system of the present
invention with a chain transfer agent Y-A-(Y), and a catalyst L,-M-(L,),, utilizing a co-
catalyst PPN+ Cl-, where

nis i,
15 each -Y is —~OH,
-A- 18 ""f\/\?{;
=
l«Eu—dO}& F{o%'_:}-‘_gu
—Lp is a salcy ligand +Bu By ,

-M- is Co(III), and
-L; 18 trifluoroacetate.

20 An oven dried glass vessel was charged with 11.5 mg of catalyst E2 (0.016 mmol)
and 9.2 mg of PPN"CI' (0.016 mmol). The vessel was purged with nitrogen and 1,4 butane
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20-M- is Co(lll), and -L1 is trifluoroacetate. An oven dried glass vessel was charged with 11.5 mg
of catalyst E2 (0.016 mmol); 9.2 mg of PPN+CT (0.016 mmol); adipic acid (0.12g, 0.8 mmol) and 0.5

mL THE. Propylene oxide (4.5 mL, 64 mmol) was then added The reaction vessel was pressurized 5

with 300 psig dry carbon dioxide gas and stirred at 30 C for 3 hours. The reaction was quenched with
acid, diluted with 25 mL acetone and concentrated to yield 3.0g of crude polyniet The polymer had an
Mn of 13,933 g/mol, and a PDI of 1.04. The polymer contained no detectable ether linkages and had

greater thant{'%gi’/f -OH end groulss. The palycarbonate polyol composition thus obtained consists

predominan 4 8thed-typrebrpsiier ehaisrtnamdns THE Qdgman iRRdeRsPBiFthe adipic acid,
chains P2' atisigulroi dinitiafioashiicheddifi aieacataten (lesst) RadrbainsB2wits i famathe chloride
counterion on the PE N.go-catala/st: 080 20446 P OP-1a00P-2aF CO : ‘
carbon dioxide gas and stirred at or 3 hours. The reaction was quenched with acid,
diluted with 25 mL acetone and concentrated to yield 2.6g of crude polymer. The polymer
5  had an Mn of 4072 g/mol, and a PDI of 1.04. The polymer contained no detectable ether

linkages and had greater than 98% -OH end groups.

The polycarbonate polyol composition thus obtained consists predominantly of
three types of polymer chains: chains P'® arising from initiation by the 1,4 butanediol,
chains P** arising from initiation by the triflucroacetate (L)) and chains P* arising from the

10 chloride counterion on the PPN co-catalyst:
0 &
e
j\ o
P.2a Oy
o
0
P2 04y
al /\'/\Oel\of\r ‘);

15 In this particular composition, the ratio of P' to P* to P? is approximately 50:1:1,

where each p is on average approximately 20.

EXAMPLE §

This example demonstrates the use of the polymerization system of the present
invention with a chain transfer agent Y-A~(Y), and a catalyst L,-M-(L),, utilizing a co-

catalyst PPN+ Cl-, where
20 nis 1,
gach -Y 15 —OH,

-A-is 2O
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P-2 cooO 15P where each p is on average approximately 68. In this particular composition, the ratio of
Pia to P2a to P2 is approximately 50:1:1. EXAMPLE 12 This example demonstrates the use of
the polymerization system of the present 20invention with a chain transfer agent Y-A-(Y)" and a

catalyst Lp-M-(L/)," utilizing a co- catalyst PPN+ Cl-, where each -Y is -CO2H,

5An oven dried glass

vessel was charged with 11.5 mg of catalyst E2 (0.016 mmol); 9.2 mg of PPN-C1- (0.016 mmol),
terephthalic acid (0.13g, 0.8 mmol) and 0.5 mL THE. Propylene oxide (4 5 mL, 64 nunol) was then
added The reaction vessel was pressurized with.300 psig dry carbon dioxide gas and stirred at 30 C
for 3 hours. The reaction was quenched wj jluted with 25 mL acetone and concentrated to
yield 1.52g of crude 10 polymer. Iﬁe%jh&"cb £4.3,621 g/mol, and a PDI of 1.35. The
polymer containggina detediabié ether linkgges anéhad greater than 98% -OH end groups. The
polycarbonate polyol composition thus obtained consists predominantly of three types of polymer

chains: chains pﬂp@dgﬁiﬁ}i%&)y the terephthalic acid, chains P2a arising from initiation by the
trifluoroacetate (Li) and chains P2 arising from the 15chloride counterion on the PPN co-catalyst:

-L:is trifluoroacetate,

An oven dried glass vessel was charged with 11.5 mg of catalyst B2 (0.016 memoly

5 and 92 mg of PPN'CI (0.016 mmol). The vessel was purged with nitrogen and 1,4
propane diol (0.061g, 0.8 mmol) was added as a solution in dry THF (0.5 mL). Propylene

oxide (4.5 mL, 64 mmol) was then added. The reaction vessel was pressurized with 300

psig dry carbon dioxide gas and stirred at 30 °C for 3X hours. The reaction was quenched

with acid, diluted with 25 ml acetone and concentrated to yield 2.7g of crude polymer.
10 The polymer had an Mn 0f 4336 g/mol, and a PDT of 1.04. The polymer contained no

detectable ether linkages and had greater than 98% -OH end groups.

The polycarbonate polyol composition thus obtained consists predominantly of

three types of polymer chains: chains P arising from initiation by the 1,3 propanediol,

chains P** arising from initiation by the trifluoroacetate (L;) and chains P? arising from the

15 chloride counterion on the PPN co-catalyst;
| o o
' Owﬁo/\%@f\ﬁo{l\oﬂﬂ};ﬂ
NS SOV B
0

e e i
P where each p 1s on average approximately 21.

20 In this particular composition, the ratio of P'* to P* to P* is approximately 50:1:1.
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00 P-2a F3C Cr-"'r Of ILp )-. P-2 CIO0 H P where each p is on average approximately 68. 20In this
particular composition, the ratio of Pia to p2a to ,-.2 r is approximately 50:1:1. EXAMPLE 13 This
example demonstrates the use of the polymerization system of the present invention with a chain
transfer agent Y-A-(Y)" and a catalyst Lp-M-(1_,/)", utilizing a co-catalyst PPN+ Cl-, where 5n s 1, each
-Y is -CO2H, -A- is ris\-,,-; t-Bu is a salcy ligand -M- is Co(lll), and 10-Li is trifluoroacetate. t-Bu

EXAMPLE 9

This example demonstrates the use of the polymerization system of the present
invention with a chain transfer agent Y-A~(Y),, and a catalyst L,-M-(L;),, utilizing a co-

catalyst PPN+ Cl-, where

5 nisl,
each -Y is —~OH,
A~ i HONNA
t-Bu«-C_geji #O%D—H%u
-L, is a salcy ligand -Bu By .

-M- is CofIIl), and
10 -1 is trifluoroacetate.

An oven dried glass vessel was charged with 11.5 mg of catalyst 2 (0.016 mmol)
and 9.2 mg of PPN'CI" (0.016 mmol). The vessel was pui'ged with nitrogen and 1,4 butenc
diol (0.079¢, 0.8 mmol) was added as a solution in dry THF (0.5 mL). Propylene oxide
(4.5 mL, 64 mmol) was then added. The reaction vessel was pressurized with 300 psig dry

15 carbon dioxide gas and stirred at 30 °C for 3 hours. The reaction was quenched with acid,
diluted with 25 mL acetone and concentrated to yield 1.5g of crude polymer. The polymer
had an Mn 0f 2431 g/mol, and a PDI of 1.06. The polymer contained no detectable ether
linkages and had greater than 98% -OH end groups.

The polycarbonate polyol composition thus obtained consists predominantly of
20 three types of polymer chains: chains P'* arising from initiation by the 1,4 butenediol,
chains P** arising from initiation by the triffuoroacetate (L;) and chains P* arising from the

chloride counterion on the PPN co-catalyst:
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An oven dried glass vessel was charged with 11.5 mg of catalyst E2 (0.016 mmol); 9.2 mg of PPIX'CI-
(0.016 mmol), maleic acid (0.095g, 0.8 mmol) and 0.5 mL THF. Propylene oxide (4.5 mL, 64 mmol)
was then added. The reaction vessel was pressurized with 300 psig dry carbon dioxide gas and stirred
at 30 C for 3 hours. The reaction was 15quenched with acid, diluted with 25 mL acetone and
concentrated to yield 3.3g of crude polymer. The polymer had an Mn of 5919 g/mol, and a PDI of 1.03.
The polymer contained no detectable ether linkages and had greater than 98% -OH end groups. The
polycarbonate polyol composition thus obtajned consists predominantly of three types of polymer
chains: chains Pla arising fro;ﬁﬁainitiation byietne ucciiic acid, 20chains P2a arising from initiation by
the trifluoroacetate E(ngagﬂ\o s RZatding f’rﬁom%%éhloride counterion on the PPN co-catalyst: P-2
P where each p is on average approximately 29. 5In this particular composition, the ratio of Pia to P2a
to P2 is approximately 50:£:1. EXAMPLE 14 This example demonstrates the use of the

polymerization systpé% ek o | H a chain transfer agent Y-A-(Y)" and a catalyst
Lp-M-(14)", utilizing a co-catalyst I(DJN Cl-, whefe 10nis 1,

e e

5 In this particular composition, the ratio of P'* to P* to P2 is approximately 50:1:1.

where each p 1s on average approximately 12.

EXAMPLE 10

This example demonstrates the use of the polymerization system of the present
invention with a chain transfer agent Y-A-(Y'), and a catalyst L,-M-(L),, utilizing a co-

catalyst PPN+ Cl-, where
10 nis 1,
each ~Y is ~-CO,H,

-A- 18 n‘i.A\:‘l’-,

"“‘NQN“"
thu-—C_g(:o’zi. 5”‘0%;}—1-511

-L, is a salcy ligand t-Bu 1-Bu

-M- 18 Co(1l1}, and
13 -L; 18 trifluoroacetate,

An oven dried glass vessel was charged with 11.5 mg of catalyst E2 (0.016 mmol);
9.2 mg of PPN'CI (0.016 mmol); succinic acid (0.095g, 0.8 mmol) and 0.5 mL THE.
Propylene oxide (4.5 mL, 64 mmol) was then added. The reaction vessel was pressurized
with 300 psig dry carbon dioxide gas and stirred at 30 °C for 3 hours. The reaction was
20 quenched with acid, diluted with 25 mL acetone and concentrated to yield 3.0g of crude
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each -Y is -OH, t-Bu-Lpis a salcy ligand -M- is Co(I11), and 15-LlI is trifluoroacetate. t-Bu An
oven dried glass vessel was charged with 1 | .5 mg of catalyst E2 (0.016 mmol) and 9.2 mg of PPI\F
CT (0.016 mmol). The vessel was purged with nitrogen and isosorbide (0.12g, 0.8 mmol) was added
as a solution in dry THF (0.5 mL). Propylene oxide (4.5 mL, 64 mmol) was then added. The reaction
vessel was pressurized with 300 psig dry carbon dioxide gas and stirred at 30 C for 3 hours. The
reaction was quenched with acid, diluted with 25 mf, acetone and concentrated to yield 1.53g of crude
polymer. The polymer had an Mn of 2342 g/mol, and a PDI of 1.05. The polymer contained no
detectable Tiﬁﬁheg%oéyé?ﬁﬁ @da&%]é‘tgfl {Raro8mebmead iS4 TheReBBRicarbonate polyol
compositiondintsinhtainestenidisitpréidbapinanthad theeetypesshpamekichains; chains Pia arising
from initiation by the isosorbide, chains P2a arising from initiation by the trifluoroacetate (1_,1) and

chains P2 arising fram dhe chipride 58%1%6%&%31?@@ NetQeatadElQ predominantly of
three types of polymer chains: chains P'* arising from initiation by the succinic acid,
5 chains P** arising from initiation by the triflucroacetate (L;) and chains P? arising from the

chloride counterion on the PPN co-catalyst:

H’(o\r\o)%ofl\/ﬂrﬁio/\ro‘@\o’\l/o};n
e F;CJLG/W/;O(JLO/YOZH
-2 CI/Y\ O()LO/\I/OZH

In this particular composition, the ratio of P** to P*® to P? is approximately 50:1:1.

where each p is on average approximately 68.
10

EXAMPLE 11

This example demonstrates the use of the polymerization system of the present
invention with & chain transfer agent Y-A-(Y), and a catalyst L,-M-(Lj),, utilizing a co-
15 catalyst PPN+ Cl-, where |

nisl,
each -Y 15 -CO-H,

A~ ig PO

5=
1-Bu t-Bu

-L» 18 2 salcy ligand

L

20 -M- 18 Co(I1I), and
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yOk L' 0 0 P-2a F3c:) 00()LoO-FI 0 P-2 CI P where each p is on average approximately 11. 15In this
particular composition, the ratio of P la to P2a to P2 is approximately 50:1:1. EXAMPLE 14 This
example demonstrates the use of the polymerization system of the present invention with a chain
transfer agent Y-A-(Y)" and a catalyst Lp-M-(14)", utilizing a co-catalyst PPN- Cl-, where 20nisi, each
-Y is -OH, t-Bu Lp is a salcy ligand -M- is Co(lll), and

-1 18 trifluoroacetate.

An oven dried glass vessel was charged with 11.5 mg of catatyst E2 (0.016 mmol);
9.2 mg of PPN'CI" (0.016 mmol); adipic acid (0.12g, 0.8 mmol) and 0.5 mL THF.
Propylene oxide (4.5 ml., 64 mmol} was then added. The reaction vessel was pressurized
5 with 300 psig dry carbon dioxide gas and stirred at 30 °C for 3 hours. The reaction was
quenched with acid, diluted with 25 mL acetone and concentrated to yield 3.0g of crude
polyter. The polymer had an Mn of 13,933 g/mol, and a PDI of 1.04. The polymer
contained no detectable ether linkages and had greater than 98% -OH end groups.

The polycarbonate polyol composition thus obtained consists predominantly of
10 three types of polymer chains: chains P** arising from initiation by the adipic acid, chains
P* arising from initiation by the trifluoroacetate (L) and chains P? arising from the

chloride counterion on the PPN co-catalyst:

s ey

In this particular composition, the ratio of P'* to P** to P? is approximately 50:1:1.

where each p is on average approximately 68.

EXAMPLE 12

This example demonstrates the use of the polymerization system of the present
20  invention with a chain transfer agent Y-A-(Y), and a catalyst L,-M-(L)),, utilizing a co-
catalyst PPN+ Cl-, where

nisl,

each -Y 1 -CO,H,
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L1 is trifluoroacetate. Bu 5An oven dried glass vessel was charged with 11.5 mg of catalyst E2 (0.016
mmol); 9.2 mg of PPN+CI. (0.016 mmol); paraformaldehyde ( 24mg, 0.04 mmol); and dry THE (0.5
mL). Propylene oxide (4.5 nit, 64 mmol) was then added. The reaction vessel was pressurized with
300 psig dry carbon dioxide gas and stirred at 30 C for 3 hours. The reaction was quenched with acid,
diluted with 25 mL acetone and concentrated to yield 101.0g of crude polymer. The polymer had an
Mn of 13,262 g/mol, and a PDI of 1.18. The polycarbonate polyol composition thus obtained
consists predominantly of three types of polymer chains: chains PI' arising from initiation by the
isosorbide, chains P2 g from initiation by the trifluoroacetate (14) and chains P2 arising from the
chloride cotmteridnion th& PPN co-catalyst: HOO 111 P OP-1a 00 F3C 0 P-2 ci..."-ro 11,0, where n
'is 10-30 and each p is on average

=
t»BudO)ﬁ F{O%D—t-]?;u

-L, is a salcy ligand -Bu By ,
-M- is Co(III), and
-Ls is trifluoroacetate,
5 An oven dried glass vessel was charged with 11.5 mg of catalyst E2 (0.016 mmol);

9.2 mg of PPN'CY (0.016 mmol); terephthalic acid (0.13g, 0.8 mmo!) and 0.5 mL THF.
Propylene oxide (4.5 mL, 64 mmol) was then added. The reaction vessel was pressurized
- with 300 psig dry carbon dioxide gas and stirred at 30 °C for 3 hours. The reaction was
quenched with acid, diluted with 25 mL acetone and concentrated to yield 1.52g of crude
10 polymer. The polymer had an Mn of 13,621 g/mol, and a PDI of 1.35. The polymer
contained no detectable ether linkages and had greater than 98% -OH end groups.

The polycarbonate polyol composition thus obtained consists predominantly of
three types of polymer chains: chains P'* arising from initiation by the terephthalic acid,
chains P* arising from initiation by the trifluoroacetate (L;) and chains P” arising from the

15 chloride counterion on the PPN co-catalyst:

o I 5 o(j)\o’Y O}p\l—l .
H,(o\r\o;gpourgi Y
P2a e J\o /\}:\Oeko/Yo);H
e o U

20 Inthis particular composition, the ratio of P** to P* to P? is approximately 50:1:1.

where each p is on average approximately 68.
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approximately 60. 20In this particular composition, the ratio of Pia to P2a to P2 is approximately 2:1:1.
EXAMPLE 15 This example demonstrates the use of the polymerization system of the present
invention with a chain transfer agent Y-A-(Y)" and a catalyst Lp-M-(14)," where, nis 1, each -Y is -OH,
5-A- is(mixture of isomers); xBu3N xBu3N -Lp is trifluoroacetate. -M- is Co(lll), and rifluoroacetate.
10In a glovebox, catalyst (5.4 mg, 1.0 equiv) was charged to an oven-dried 20 mL glass liner. The liner
was inserted into a stainless steel high pressure reactor. The system was purged with N2 five times
and purged with CO2 twice. While under the positive flow of CO2, a solution of dipropylene glycol (75

) in propyle ‘ , 25,000 equiv) was charged to the reaction vessel. The reaction was heated

to 50 C, then pressurized with 15carbon dioxide (300 psi) and stirred.
This example demonstrates the use of the polymerization system of the present

invention with a chain transfer agent Y-A-(Y), and a catalyst L,~M-(L;),, utilizing a co-

catalyst PPN+ Cl-, where
5 nis 1,
each -Y 18 -CQO,H,

A-is M

=
t-BudO;"; -E‘J‘Ob—t—l?m
t-Bu t-Bul

| -Lp 18 a salcy ligand ,
-M- is Co(Il1}, and
10 -L; is trifluoroacetate.

An oven dried glass vessel was charged with 1.5 mg of catalyst E2 (0.016 mmol);
9.2 mg of PPN'CI" (0.016 mmol); maleic acid (0.095g, 0.8 mmol) and 0.5 mL THF.
Propylene oxide (4.5 mL, 64 mmol) was then added. The reaction vessel was pressurized
with 300 psig dry carbon dioxide gas and stirred at 30 °C for 3 hours. The reaction was
quenched with acid, diluted with 25 mL acetone and concentrated to yield 3.3g of crude
polymer. The polymer had an Mn of 5919 g/mol, and a PDI of 1.03. The polymer
contained no detectable ether linkages and had greater than 98% -OH end groups.

The polycarbonate polyol composition thus obtained consists predominantly of
three types of polymer chains: chains P'* arising from initiation by the succinic acid,
20  chains P* arising from initiation by the trifluoroacetate (L) and chains P? arising from the

chloride counterion on the PPN co-catalyst:
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After 6 h the reaction was vented and quenched with acidic methanol (0.2 mL). The reaction was
cooled to room temperature, and the resulting polymer was diluted with acetone (5 mL) and
transferred to a foil pan. The unreacted propylene oxide and acetone were removed by evaporation to
produce 2.19 g of an off-white polymer (M=5,600, 20 M,"/M0=1.03. The polycarbonate polyol
composition thus obtained consists predominantly of two types of polymer chains: chains PI arising
from initiation by the dipropylene glycol, and chains P2 arising from initiation by the trifluoroacetate
(from 1,1 and X). OP-10 00 5P 2a F C (Y-M where eacg p is on average approximately 27. In this
particular composmo f Ploto P2is acppr Xi at)% . 10 Other Embodiments The foregoing
has been a descrlp'ﬁon\c};\ |t|n embo hE invention. Accordingly, it is to be
understood that the embodlments of tkﬂa jnyehtion 15herein described are merely illustrative of the
application of the prlnC|pIe$>of the mvengon Reference herein to details of the illustrated embodiments

is not intended to |IIPIﬂ‘Et pe\oé/?hg h themselves recite those features regarded as
essential to the mventlon CLAIM

m/\r‘o(*o'\r‘ﬁ:‘

5 In this particular composition, the ratio of P'* to P** to P* is approximately 50:1:1.

where sach p is on average approximately 29,

EXAMPLE 14

This example demonstrates the use of the polymerization system of the present
invention with a chain transfer agent Y-A~(Y), and a catalyst L,-M-(L;), utilizing a co-
catalyst PPN+ Cl-, where

10 nis 1,

each -Y is -OH,

\

o0

G
~A-is ~
=
i‘B”‘C—gog’ 5“{0%’3_1_&;

-L, is a salcy ligand -Bu +-Bu ’

-M- 15 Co(lll), and
15 -L1 18 trifluoroacetate.

An oven dried glass vessel was charged with 11.5 mg of cataiyst E2 (0.016 mmol)
and 9.2 mg of PPN'CI" (0.016 mmol). The vessel was purged with nitrogen and isosorbide
(0.12g, 0.8 mmol) was added as a solution in dry THF (0.5 mL). Propylene oxide (4.5 mL,
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What is claimed is: 1.A polymerization system for the copolymerization of CO2 and epoxides, the
system comprising: a metal complex having the formula Lp-M-(14)",, where Lp is a permanent ligand
set, M is a metal atom, 1_4 is a ligand that is a polymerization initiator, and m is an integer between 0
and 2, inclusive representing the number of initiating ligands present; and a chain transfer agent
having a plurality of sites capable of initiating copolymerization of epoxides and CO2; wherein -M has
a formula selected from the group consisting of:  wherein: Q, at each occurrence is independently 0
y, selected from the group consisting of; -H, optionally substituted C1

or S; Rl and ar mdepende
to Ci2 aliphatic mgﬁ%b‘ﬁfﬁﬁ e7&‘1§ f?ﬁcﬁﬁﬁrﬁmwmélgl%&%ﬂ@ &yisfibgied 3- to
14- memberelabhﬂmg@s:yﬁlﬂst&rwazm M@mmsammwmaglqm&@tem{mah@;m@@p consisting

optionally SODL A L LS RL DS Gr o e AN WS ST AP R e
independenty kél@ét@iﬂﬂgﬁm@h@gﬁ@mmé|§un@mfpdﬂnmmn&ﬂyesimgﬁ®t&6db¢é1¢tm{:12 aliphatic;
optionally sq%ﬂg&eﬂlghﬁ é_rﬁ&a{grem%gg C@EPQ&X?F@%E’UOMHV substituted 3- to 14-membered

heterocycle, an

The polycarbonate polyol composition thus obtained consists predominantly of
three types of polymer chains: chains P™* arising from initiation by the isosorbide, chains
P** arising from initiation by the frifluoroacetate (L;) and chains P* arising from the

chloride counterion on the PPN co-catalyst:

”(OY\ )9\

10 Q

¢l /W/\OGLO/\I/OTH
P where each p is on average approximately
11,

I5 In this particular composition, the ratio of P'* to P* to P? is approximately 50:1:1.
EXAMPLE 14

This example demonstrates the use of the polymerization system of the present
invention with a chain transfer agent Y-A-(Y), and a catalyst L,-M-(L)),, utilizing a co-
catalyst PPN+ Cl-, where

20 nis 1,

cach -Y is -OH,

109



7,21. (Th represents an optionally substituted moiety covalently linking two nitrogen atoms, where any
of [R2' and R3r], [R2 and R3], [R1 and R2], and [12.1 and R2r] may optionally be taken together with
intervening atoms to form one or more rings which may in turn be substituted with one or more groups
selected from R14; R20; and R21; and where R14 at each occurrence is independently selected from
the group consisting of: halogen; optionally substituted C1 to C12 aliphatic; optionally substituted 3- to
14- membered carbocycle; optionally substituted 3- to 14-membered heterocycle; - OR10;
-0C(0)12.13; -0C(0)OR1 RI1R12; -CN; -CNO; -C(R13),H(3.,a; -C(0)R13; -C(0)0R13;
-C(0O)NRI1R12; NRll‘R@&%QR,;L %f0)R13; - NR11C(0)OR13; -NR' SO2R13; -NR11R12R13-p+(R11)3
r, P(R11)3=N t=RRd1)3-As+RIlRi2R idsréduN{s 0)-38 3ndNR¥2vE (W 21Ri0angbt. SO2NR11R12, R2 at
each occurrence is independently selected from the group consisting of: halogen; -OR1; -0C(0)R13;
-0C(0)0R13; -N-(R11)3 X-, -P+(R11)3- P(R11 +:P(R11)3 X-; -As+RIIR1212.13-0C(0)NR111212;
-CN; -CNO; - C(0)R13; -C(0)0OR13; -C(0)NRH4 M= (R13)a(3 z); NR11R12; -NR11C(0)R13;

~ -NR'1C(0)0R13; -NCO; -NR11SO2R+3 - )3‘%253" : {R11R12; -NO2; -N3; and
-Si(12.13)(3)[(CEL D kRdldk iRk at each oc‘c‘fiﬁ‘rrenchrs independgntly selected from the group
consisting of: - (CH2)kR20; -(CH2)k-Z-(CH2)kR20; -C(R17)aH(3-a); -(Cf12)kC(R17)z11(3-2);
-(CH2),a-Z-(CHA)., GRIDIB\ R 42); -(CH2)k-Z-R16; X- is any anion, Z is a divalent linker selected from
the group consisting of -(CH=CH)a-; -(C11=-CH)a-; -C(0)-; -C(=NOR11)-; -C(=NNRI1R12)-; -0-;
-0C(0)-

-Ly 18 trifluoroacetate.

5 An oven dried glass vessel was charged with 11.5 mg of catalyst E2 (0.016 mmol):;
9.2 mg of PPN'CI" (0.016 mmol); paraformaldehyde ( 24mg, 0.04 mmol); and dry THF
(0.5 mL). Propylenc oxide (4.5 mL, 64 mmol) was then added. The reaction vessel was
pressurized with 300 psig dry carbon dioxide gas and stirred at 30 °C for 3 hours. The
reaction was quenched with acid, diluted with 25 mL acetone and concentrated to yield

10 1.0g of crude polymer. The polymer had an Mn of 13,262 g/mol, and a PDI of 1.18.

The polycarbonate polyol composition thus obtained consists predominantly of
three types of polymer chains: chains P™ arising from iitiation by the isosorbide, chains
p* arising from initiation by the trifluoroacetate (L;) and chains P* arising from the

chloride counterion on the PPN co-catalyst:

B A S

*o/\ro\ofko/ﬁ“
DA SN

approximately 60.

where n’ is 10-30 and each p is on average

20 In this particular composition, the ratio of P'* to P** to P? is approximately 2:1:1,

EXAMPLE 15

116



; -C(0)0-; -0C(0)0-; -N(R11)-; -N(C(0)R13)-; -C(0)NR13-; -N(C(0)R13)0-; -NR 13C(0)R13N-; -S(0),-; a
polyether; and a polyamine, at each occurrence is independently selected from the group consisting
of: -H; optionally substituted C1-12 aliphatic; an optionally substituted 3- to 14- membered carbocycle;
an optionally substituted 3- to 14-membered heterocycle -S(0)2R13; -Si(R15)3; -C(0)R13; and a
hydroxyl protecting group, RH and R12 at each occurrence are independently selected from the group
consisting of: -H; optionally substituted C1 to CI2 aliphatic; an optionally substituted 3- to 14-
membered carbocygle; an optiopally substituted 3- to 14-membered heterocycle; where two or more
RH or R2 groups can op ng?é)\lﬁ %18%&%6 JGBHRE> %l"? PRRTSHRI R SHE ™ G BisSBtionally
substituted 3atentiOrmetnbetadhringsiXlZaitéach@Cgutrenceatidyisidependentiyaelected from the group
consisting of: -H; optionally substituted CI to C12 aliphatic; an optionally substituted 3- to 14-
membered carbpgycle; and optionally substituted 3- to 14-membered heterocycle, where two or more
R13 oups on the same molecule may optionally be taken together to form ring. R15 at each
occurrence is inde eQden elected from the group consisting of: optionally substituted C1-12
aliphatic, an opﬁ%CnaTIy Substituted 3- to 14- membered carbocycle; and an optionally substituted 3- to
14-membered heterocycle, ais 1, 2, 3, or 4, k is independently at each occurrence an integer from 1 to
8 inclusive, mis 0 or an integerf om 1 to 8 inclusive, xis 0, I, or 2, and z is 1, 2, or 3; wherein the
chain transfer agent has arstrireture Y-A-(Y)", where: each -Y group is independently a functional
group céapable efinitiating'chain growithisfiepoikisen€®? copolymers and each Y group may be the

same or different;
XBugh-) —Mf ) _;\=“ { A-NBux
3 O,'E?_' sﬁ_o 3
- XBuNt) NBusX
3

L is . where cach X is

trifluoroacetate,
-M- is Co(II), and
-1;1s trfluoroacetate,

10 In a glovebox, catalyst (5.4 mg, 1.0 equiv) was charged to an oven-dried 20 mL
glass liner. The liner was inserted into a stainless steel high pressure reactor, The system
was purged with N; five times and purged with CO; twice. While under the positive flow
of CO,, a solution of dipropylene giycol (75 pl) in propylene oxide (5 mL, 25,000 equiv)
was charged to the reaction vessel. The reaction was heated to 50 °C, then pressurized with

15 carbon dioxide (300 psi) and stirred.

After 6 h the reaction was vented and quenched with acidic methanol (0.2 mL).
The reaction was cooled to room temperature, and the resulting polymer was diluted with
- acctone (5 mLj) and transferred to a foil pan. The unreacted propylene oxide and acetone
were removed by evaporation to produce 2.19 g of an off-white polymer (M=5,600,
20 M/M,=1.03.
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-A- is a covalent bond or a multivalent moiety; and n is an integer between 1 and 10, inclusive. 2. The
polymerization system of claim 1, wherein each Y group is independently selected from the group
consisting of: -OH, -C(0)0OH, -C(ORY)OH, -0C(R)OH, -NHRY, -NHC(0)R31, -NHC=NRY; -NRYC=NH; -
NRYC(NRY2)=NH; -NHC(NRY2)=NR31; -NHC(0)OR31, -NHC(0)NRY2; -C(0)NHRY, -C(S)NHRY,
-0C(0)NHRY, -0C(S)NHRY, -SH, -C(0)SH, -B(ORY)OH, -P(0),(RY)b(ORY),(0)dH, -0P(0),(RY
)b(ORY),(0)dH, -N(R)OH, -ON(R)H;=NN(RY)H, where each occurrence of RY is independently -H, or
an optionally substituted radical selected from the group consisting of C1-20 aliphatic, C1_20

heteroaliphatic, 3- tO"F PIHERMAEG PALVS! SOTUNRSILAR) tBus SoT st FeBEiRst AR PaRAR hof @ ach
independentty@osfpotyiadd chaing, lds O 1o akicing floenstieabab tang sripliak 21966 where an acidic

hydrogen atom boupd in any of the.above fynctignal groups ma tge replaced by a metal atom or an
organic catiocr1lg.‘1wi§.S h&'Bo %%rﬁ%lg ??ﬁ?y%e%‘n%ﬁ:ﬁﬁ?ﬁ%?%ﬁ@@% Ath %&roup is independently

selected from the group consisting of: -OH, and -C(0)OH. 4. The polymerization system of claim 1,
wherein -A- is an opti n/@xosu tit tegka/dj I§§%t d,from the group consisting of: C2_30 aliphatic,
C2-30 heteroaliphatici’- fo 1#~m mBered atyl, 37 to®l2-membered heterocyclic, 5- to 12-membered
heteroaryl, polyolefins, polgesters, pol’ii’gthers, polycarbonates, polyoxymethylene and mixtures of two
or more of these. 5;.[he BQIymerizati systemy chIaim 1, whereinnis 1 to 4. 6. The polymerization
system qf claim 1, whefein s 1.77. The Polyfmerization system of claim 1, wherein nis 2. 8. The
polymerﬁzatlon system of claim 1, wherein nis 3.~ 9. The polymerization system of claim 1, wherein

the chain transfera\g Qgi pol %ric ohal. 10, The.polymerization system of claim 1, wherein the
chain transfer agentiﬁ}s a oﬁgtli.p i%/g‘yr ‘éef) %ﬁ?é’?ﬁ’gﬁ‘é‘ﬁe@y% em of claim 1, wherein the chain transfer

agent s selected Tk Hag.aiekRonRIBlnG ol faeifaredioy 1. 2;1eRARGML 1.5-propanediol,
1,2-butanediol, 1,3- butanediol, 1,4-butanediol, 1,5-pentanediol, 2,2-dimethylpropane-1,3-diol,
2-buty]z;§- ethylpropane-1,3-diol, 1,5-hexanediol, 1,6-hexanediol, 1,8-octanediol, 1,10-decanediol,
1,12- dodecanediol, 2,2,4,4-tetramethylcyclobutane-1,3-diol, 1,3-cyclopentanediol, 1,2-
cyclohexanediol, 1,3-cyclohexanediol, 1,4- cyclohexanediol, 1,2-cyclohexanedimethanol, 1,3-
cyclohexanedimethanol, 1,4-cyclohexanedimethanol, and 1,4-cyclohexanediethanol. 12. The
polymerization system of claim 1, wherein the chain transfer agent is selected from the group

consisting of: diethylene glycol, triethylene glycahdetragibyigng:glycol, higher poly(ethylene glycol),
preferrably those having number average molecular weights of from 220 to about 2000 g/mol,

Sropiene Seol orenyeng S ATIOhEPUNDIEDE LSRN e P
mvention. Accordingly, it is to be understood that the embodiments of the invention
15 herein described are merely illustrative of the application of the principles of the
mvention. Reference herein to details of the illustrated embodiments is not intended to
limit the scope of the claims, which themselves recite those features regarded as essential

to the invention.

112



13. The polymerization system of claim 1, wherein the chain transfer agent is selected from the group
consisting of: 4,4'-(I-methylethylidene) bis[cyclohexanol], 2,2'-methylenebis[phenol],
4,4'-methylenebis[phenol], 4,4'-(phenylmethylene)bis[phenol], 4,4'- (diphenylmethylene)bis[phenol],
4,4'-(1,2-ethanediyObis[phenol], cyclohexanediyl)bis[phenol], 4,4'(l,3-cyclohexanediyObis[phenol],
4,4'-(1,4- cyclohexanediyl)bis[phenol], 4,4'-ethylidenebis[phenol], 4,4'-(1-phenylethylidene)bis[phenol],
4,4'-propylidenebis[phenol], 4,4'-cyclohexylidenebis [phenol], 4,4'41- methylethylidene)bis[phenol],
4.,4'-(1-methylpropylidene)bis[phenol], ethylpropylidene)bis[phenol], 4,4'-cyclohexylidenebis[phenol],
4,4'-(2,4,8,10- tetraoxaspiro[5.5]undecane-3,9dhERM S 1- ethanediyebis[phenol], 1,2-benzened
ethanol, 1,3- benzenedimethanol, 1,4-benzenedimethanol, 4,4'-[1,3-phenylenebis(1-
methyle%ﬁﬂ@rﬁ%ﬂ%ﬁ%‘fﬁﬁenol], 4,4'Nl,4-phenylenebisa-methylethylideneAbis[phenol], phenolphthalein,
4,4'-(1-methylidene)bis[2-methylphenol], 4,4'-(1-methylethylidene)bis[2-(1- methylethyl)phenol], and
2,2'-methylenebis[4-methy1-6-(1-methylethyl)phenol]. 14.The polymerization system of claim 1,
wherein the chain transfer agent is selected from the group consisting of: 15. The polymerization
system &f clain® POYRE/IAUPIRSERATA tPatkisrngbmas et eidfronnthergriles. demsisiimg of: 1,3
propaanl@rgiﬂé;utane diol, dipropylene glycol, diethylene glycol, and isosorbide. 16. The
polymerization system of claim 1, wherein the chain transfer agent is a hydroxy acid. 17. The
polymerizatiomsipé emgtxkimni6hevicensitn the Mydroxyvdeid is, anaapphaahyolrbgyreciet, M8s The
polymerization sys im 17 rej acid is.selected from. the group consisting of:
glycolic acid, DL-Ia@%ﬁ%ig , Drﬂigscﬁclzllv %ﬁ?{ﬁ?ﬁgﬁpg %fh%?g %Zc%oélnlg%aé%rdgﬁg ’gc%énl%t.e Ere
polymerization sysbstwofidizand 26inglheraincpreshydrathcanichks nad énitibyuigdigrads preomtTind
polymerization system of claim 19, wherein IEhe hydrox aci(? is selected from the group consisting of:
3-hydroxypropiiic4eR ?ﬂﬁ%ﬂ%%&ﬁﬁ%’éﬁg 1153 SH)AI0 A IR R SRP YRR Blityric acid,
DL-3-hydroxy valetpoadids ErBeydroxy valeric acid, L-3- hydroxy valeric acid, salicylic acid, and

derivatives of salicylic acid.
wherein L,-M has a formula selected from the group consisting of:

wherein:
Q, at each occurrence is independently O or S;

R! and R" are independently selected from the group consisting oft —H, optionally
substituted C, to Cy2 aliphatic; optionally substituted 3- to 14-membered carbocycle;
optionally substituted 3- to 14-membered heterocycle; and R*';

R” and R” are independently selected from the group consisting of: —H; optionally
substituted C; to C, aliphatic; optionally substituted 3- to I4-membered carbocycle;
optionally substituted 3- to 14-membered heterocycle; R'; R*’; and R,
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21. The polymerization system of claim 16, wherein the hydroxy acid is a cc-rn hydroxy acid. 22. The
polymerization system of claim 16, wherein the hydroxy acid is selected from the group consisting of:
of optionally substituted C3.20 aliphatic arce hydroxy acids and polyester oligomeric esters. 23. The
polymerization system of claim 16, wherein the hydroxy acid is selected from the group consisting of:
NH2 HO.l.c."OH 01 00 100HO-.OH Hy-OH 00;0 HOOHOH HOOH 24.The polymerization system of
claim 1, wherein the chain transfer agent is a polycarboxylic acid.

R’, and R are independently selected from the group consisting of:
~H; optionally substituted C; to C;;, aliphatic; optionally substituted 3- to 14~
membered carbocycle; optionally substituted 3- to 14-membered heterocycle, and
R2':

7 represents an optionally substituted moiety covalently linking two nitrogen atoms,

where any of [R* and R*], [R? and R’], [R1 and RZ], and [R" and R*] may optionally be
taken together with intervening atoms te form one or more rings which may in turn

be substituted with one or more groups selected from R'*; R?’; and R*'; and where

R at each occurrence is independently selected from the group consisting of: halogen;
optionally substituted C; to C,» aliphatic; optionally substituted 3- to 14-
membered carbocycle; optionally substituted 3- to 14-membered heterocycle; —
OR'%; ~OC(O)R; ~OC(OOR;-OC(ONR'R™; ~CN; ~CNO; —C(R '), H
~C(OR"; -C(O)OR"; -C(O)NR'R'% -NR'R ™ -NRUC(O)RY; -
NRMC(O)ORY; -NR''SO,R; -N'R'R"R"” X; -P'R'"); X", -
P(R')=N*=P(R'); X; ~As'R"RR" X'; -NCO; -N3; ~-NO»; ~S(0)R"; and —
SO.NRMR™,

R* at each occurrence is independently selected from the group consisting of:
halogen; ~OR'%; ~OC(O)R"; ~OC(0)OR"?; -N*(R!); X~ —P*(R'); X", -
PRM)=N"=P(R'"); X —~As'RIMR*R" X', ~OC(O)NR!'R'; -CN; -CNO; ~
C(O)R"; —C(OYORY; -C(ONRMRY; ~C(R™),H 5.00; ~NRIR%: -NRV'C(OIR;
-NR''C(0)OR"; -NCO; -NR"'s0.R"; -S(0),R";
~S(O)NR''R'%; -NOy; -Njy; and -Si(R'*)3 5 [(CH2R ).,

R*! at each occurrence is independently selected from the group consisting of: —
(CHR™; ~CHR)-Z-(CHIR; ~C(RY)His p; (CHCR ) H s
~(CH)m-Z-(CH2)mC(RY ) Hiz.; «(CHa)-Z-R;

X is any anion,

Z is a divalent linker selected from the group consisting of -(CH=CH),-;

~(CH=CH),~; -C(O)-; -C(=NOR'")-; -C(=NNR''R'?)-; -0— ~0C(0)-
s -CO)O-; -0C(0)O-; -NRM)-; -N(C(O)R")-: -C(OINR'*-; -N(C(O)RP)O-; -NR
13C(O)R13N~; -S(0)y~; a polyether; and a polvamine,
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25. The polymerization system of claim 1, wherein the chain transfer agent is diacid. 26. The
polymerization system of claim 25, wherein the chain transfer agent is selected from the group
consisting of: phthalic acid, isophthalic acid, terephthalic acid, maleic acid, succinic acid, malonic acid,
glutaric acid, adipic acid, pirnelic acid, suberic acid, and azelaic acid. 27. The polymerization system
of claim 1, wherein the chain transfer agent is selected from the group consisting of: 0 HOy.i.OH
HO{yOH HO ;00;0; HO OH HO 0 OOH. HO HOHOOH HO OH

R' at each occurrence is independently selected from the group consisting of:
~H; optionally substituted C;-1, aliphatic; an optionally substituted 3- to 14-
membered carbocycle; an optionally substituted 3- to 14-membered heterocycle
~S(0),R"?; —Si(R")3; —C(OIR*; and a hydroxyl protecting group,

R'" and R" at each occurrence are independently selected from the group consisting of:
~H; optionally substituted C; to C;; aliphatic; an optionally substituted 3~ to 14~
membered carbocycle; an optionally substituted 3- to 14-membered heterocycle;
where two or more R or R™ groups can optionally be taken together with

intervening atoms to form an optionally substituted 3- to 10-membered ring,

R" at each occurrence is independently selected from the group consisting of:
—H; optionally substituted C; to C;; aliphatic; an optionally substituted 3- to 14-
membered carbocycle; and optionally substituted 3- to 14-membered
heterocycle, where two or more R'* groups on the same molecule may

optionally be taken together to form ring.

R" at each occurrence is independently selected from the group consisting of:
optionally substituted C;-;; aliphatic, an optionally substituted 3~ to 14-
membered carbocycle; and an optionally substituted 3- to ] 4-membered

heterocycle,
ais1, 2,3, or4,
k is independently at each occurrence an integer from 1 to 8 inclusive,
m 18 0 or an integer from 1 to 8 inclusive,
xis(, 1,0r2, and
zis 1,2, 0r3;
wherein the chain transfer agent has a structure Y-A-(Y),,

where:
each —Y group is independently a functional group capabie of initiating chain growth of
epoxide CO, copolymers and each Y group may be the same or different;
-A-is a covalent bond or a multivalent moiety; and

n is an integer between ! and 10, inclusive.
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0;0 O. OHO OH OHOO0 '1-0 It; HO'OH. HO 28. The polymerization system of claim 1, wherein M is
selected from periodic table groups 3-13, inclusive. 29. The polymerization system of claim 1, wherein
M is selected from periodic table groups 5-12, inclusive. 30. The polymerization system of claim 1,
wherein M is selected from the group consisting of Cr, Mn, V, Fe, Co, Mo, W, Ru, Al, and Ni. 31. The
polymerization system of claim 1, wherein M is Cr. 32. The polymerization system of claim 1, wherein
M is Mn. 33. The polymerization system of claim 1, wherein M is Co.

2. The poiyméﬁzation system of claim I, wherein each Y group is independently selected
from the group consisting

of: -OH, -C(O)OH, -C(OR”)OH, -OC(R*)OH, -NHR", -NHC(O)RY, -NHC=NRY; -NR'C=NH,; -
NR'C(NR”;)=NH; -NHC(NR*)=NR?; -NHC(O)OR?, -NHC(O)NR";; -C(O)NHR", -C(S)NHR”,
-OC{ONHR?, -OC(S)NHR’, -SH, -C(O)SH, -B(ORMOH, -P(O)(R"),{ORNL0)H, -OP(0)(RY
J(ORNA(0)H, ~NRHOH, ~-ON(R"H; =NOH, =NN(R")H, where each occurrence of R” is
independently —H, or an optionally substituted radical selected from the group consisting of C;.59
aliphatic, Cy.50 heteroaliphatic, 3~ to 12-membered heterocyclic, and 6- to 12-membered aryl, a
and b are each independently Gor 1,cis 0,1l or2,disOor 1, and the sumofa, b, and cis 1 or2
and where an acidic hydrogen atom bound in any of the above functional groups may be replaced

by a metal atom or an organic cation.

3. The polymerization system of claim 1, wherein each Y group is independently selected

from the group consisting of: -OH, and -C(O)OH.

4. The polymerization system of claim 1, wherein —A- is an optionally substituted radical
selected from the group consisting of: Ca.3g aliphatic, Co30 heteroaliphatic, 6- to 12-membered
aryl, 3- to 12-membered heterocyclic, 5- to 12-membered heteroaryl, poiyolefins, potyesters,

polyethers, polycarbonates, polyoxymethylene and mixtures of two or more of these.

5. The polymerization system of claim 1, whereinnis 1 to 4.
6. The polymerization system of claim I, wherein n is 1.
7. The polymerization system of claim 1, wherein » is 2.
g. The polymerization system of claim 1, wherein n is 3.

116



34. The polymerization system of claim 1, wherein Lp-M-(1.4)", has a formula selected from the group
consisting of:  wherein: Re at each occurrence is independently selected from the group consisting
of: -H; optionally substituted CI to C[2 aliphatic; an optionally substituted 3- to 14-membered
carbocycle; an optionally substituted 3- to 14 membered heterocycle; R20; and R21,where two or
more Re groups may be taken together with intervening atoms to form one or more optionally
substituted rings and, when two Re groups are attached to the same carbon atom, they may be taken

togethergalongﬂ{g (t)lpe %nz on atom h ch tile% re at for a mol etsyaselfe% C{j .from the

SVYSICT Crein Lansicr agcty [8)
group consisting of an ( optlon y}éu%stltutedr?% -mem ere?fsplrocycll fing, a'carbonyr, an oxime,

a hydrazéedoand an imine; R41, R4a', R5a, R5ar, R6a, Roar, R7a, and -7a’ tc. are each
independently hydrogen, a (4, group, halogen, -NO2, -CN, -SR13, -S(0)R13, -S(0)2R13,
-NRI1C(0)R13, -0C(0)R13, -CO2R1 3, -NCO, -N3, -012./, -0C(0)NRIIR12, -Si(R13)3, -NR11R12,

-NRllC_lf@)Rfo@eggorM% 4&&%}9%}%&5951&9&@%%&%@%9 adisal %géﬁﬁ?% gm the group

consisting of C1 aliphatic; C120 heteroaliphatic; 6- to 10-mem ered aryl; 5- to 10- membered
heteroaryl; and 3- to 7-membered heterocyclic, where [Rla and R4a], [Rik and Kw] and any two
adjacent R4a,K.7a’ groups can be R4ar, R5a, R5a', R6a, lea’, -7a, and R taken together with
intervenidg atobhs rolfarsiiston sy ebtehally shbsituteochngseptionatisetorieliesied Howor more
heteroatgmsi Riaanskill ara hvdingemavhes prbiakan togsthrwituRia andigRaiol, 1,3-
butanediol, 1,4-butanediol, 1,5-pentanediol, 2,2-dimethylpropane-1,3-diol, 2-butyl-2-
ethylpropane-1,3-diol, 1,5-hexanediol, 1,6-hexanediol, 1,8-octanediol, 1,10-decanediol, 1,12-
dodecanediol, 2,2 4 4-tetramethylcyclobutane-1,3-diol, 1,3-cyclopentanediol, 1,2-
cyclohexanediol, 1,3-cyclohexanediol, 1,4- cyclohexanediol, 1,2-cyclohexanedimethanol, 1,3-

cyclohexanedimethanol, 1,4-cyclohexanedimethanol, and 1,4-cyclohexanediethanol.

12, The polymerization system of claim 1, wherein the chain transfer agent is selected from
the group consisting of: diethylene glycol, triethylene glycol, tetracthylene glycol, higher
poly(ethylene glycol), preferrably those having number average molecular weights of from 220
to about 2000 g/mol, dipropylene glycol, tripropylene glycol, and higher poly(propylene glycols)

preferrably those having number average molecular weights of from 234 to about 2000 g/mol.

13.  The polymerization system of claim 1, wherein the chain transfer agent is selected from
the group consisting of: 4,4'-(I-methylethylidene) bis[cyclohexanol], 2,2'-methylenebis[phenol],
4,4'-methylenebis[phenol], 4,4'-(phenylmethylene)bis{phenol], 4,4'-
(diphenylmethylene)bis[ phenol], 4,4'-(1,2-ethanediyl)bis[phenol], 4,4'-(1,2-
cyclohexanediyl)bis{phenol], 4,4'-(1,3-cyclohexanediy)bis[phenol], 4,4'-(1,4-
cyclohexanediyl)bis{phenol], 4,4'-ethylidenebis{phenol], 4,4'-(I-phenylethylidene)bis{phenol],
4,4'-propylidenebis[phenol], 4,4'-cyclohexylidenebis [phenol], 4,4'-(1-
methylethylidene)bis[phenol], 4,4"-(1-methylpropylidene)bis[phenol}, 4,4'-(1-
ethylpropylidene)bisfphenol], 4,4'-cyclohexylidenebis[phenol], 4,4'-(2,4,8,10-
tetraoxaspiro[5.5jundecane-3,9-diyldi-2, 1- ethanediyl)bis{phenol], I,2-benzenedimethanol, 1,3-

benzenedimethanol, 1,4-benzenedimethanol, 4,4'-[1,3-phenylencbis(l-
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R is Rd or a ---(z)p group, where two or more adjacent R' groups can be taken together to form an
optionally substituted saturated, partially unsaturated, or aromatic 3- to 12- membered ring containing
0 to 4 heteroatoms; Rd is selected from the group consisting of: optionally substituted Ci to CI2
optionally substituted 3- to 14-membered carbocycle; optionally substituted 3- to 14- membered
heterocycle; R20; and R21; n is 0 or an integer from 1 to 8, inclusive; p is 0 or an integer from 1 to 4,
inclusive; and where a(z)p group comprises a covalent linker " - "containing one or more atoms

selected{Eq1 e AIhE) BRISRING of £ 0i by AREhSY . FeivanAiaEgi Leigna! group having
Cos

co-catalytic activity in epoxi copolymerization, and p is an integer from 1to indicating the

numberMﬂh&l@éﬁffacwaﬁln@%ﬁwé%ﬁélbg%w@&é@aﬂ &ﬁa@%ﬁ&%@#&?ﬁew%@
polymerization Sysisnenol Claimn3A. MdmereinRia. Riay Rda. RadyRGanandKpa’ are each -H. 36. The

polymerization system of claim 34, wherein R5a, R5w, R7a and Reach optionally substituted C1-C12
aliphatic. 4at 37. The polymerization system of claim 34, wherein R4a, R, R5', R5&, R6a, R6a’, R7a,
and 127a are each independently selected from the group consisting of: -H, -SiR3; methyl, ethyl,
n-propyt t:propyte RBTRATEEB AR 2iED A n’fgl}e’f%% TheRyrAMT ARt SECEREDBRerization
system gfeCladmy 24nvhiaiedT:R7a is selected from the group consisting of-H; methyl; ethyl; n-propyl;
i-propyl; n-butyl; sec-butyl; t-but}g!); isoan;xll; t-amyl; thexyl; and trityl.

HO HO NO, HO:@/ . N
i HO OH
HO . HoO . NO, HO
? *

; NG, ;and

15. The poiymerization system of claim 1, wherein the chain transfer agent is selected from
the group consisting of: 1,3 propane diol, 1,4 butane diol, dipropylene glycol, diethylene glycol,

and isosorbide.
16. The polymerization system of claim 1, wherein the chain transfer agent is a hydroxy acid.

17.  The polymerization system of claim 16, wherein the hydroxy acid is an alpha-hydroxy

acid.

18. The polymerization system of claim 17, wherein the hydroxy acid is selected from the
group consisting of: glycolic acid, DI.-lactic acid, D-lactic acid, L-lactic, citric acid and mandelic

acid.
19, The polymerization system of claim 16, wherein the hydroxy acid is a beta-hydroxy acid.

20. The polymerization system of claim 19, wherein the hydroxy acid is selected from the
group consisting of: 3-hydroxypropionc acid, DL 3-hydroxybutryic acid, D-3 hydroxybutryic
acid, L 3-hydroxybutyric acid, DL-3-hydroxy valeric acid, D-3-hydroxy valeric acid, L-3-
hydroxy valeric acid, salicylic acid, and derivatives of salicylic acid.
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39. The polymerization system of claim 34, wherein one or more of R5a, R5a’', R7a and R7a' is a
----(z)P group. 40. The polymerization system of claim 34, wherein R5a and R5a’' are each a -(z)p
group. 41. The polymerization system of claim 34, wherein R5a is a ----- (z2)p group and R5a! is C1.3
aliphatic. 42. The polymerization system of claim 34, wherein Lp-M-(14)", has a formula selected from
the group consisting of:  ; and 43. The polymerization system of claim 42, wherein -M- is cobalt. 44.
The polymerization system of claim 1, wherein the initiating ligand (Li) is any anion. 45. The
polymerization system of claim 1, wherein the initiating ligand (Li) is selected from the group consisting
of: azide, halides, alkyl sulfonates, carboxylates, alkoxides, and phenolates. 46. The polymerization
system of clainTtl punarei-ifiedniiatingigand (Fhvscaledied;iamthei @ioup coRsistng 2id-:OW,
SRx,-0C(0)Rx, -0C(0)0W, -0C(0)N(Rx)2, -NleC(0)R", -CN, halo (e.g., -Br, -I, -Cl), -N3, and -0S02Rx
wherein each Rx is, independently, selected from hydrogen, optionally substituted aliphatic, optionally
substituted heteroaliphatic, optionally substituted ar>|(l and optjionally substituted heteroaryl and where

two Rx groups chPEe AR 18G SITETIS tSIATAN bpTihaiy MuBHRRE AT & SPISHAN EBMSining one or
more addiignabiieiengatdmBoptionally substituted Ca.pq aliphatic a-o hydroxy acids and polyester

oligomeric esters.

23, The polymerization system of claim 16, wherein the hydroxy acid is selected from the

group consisting of?

Tt NH,

: HO .
HO HG HO HO HO %DH HO o HO OH
W_I/'\OH OH OH \ﬂ/\OH OH i W
0 . 0 . s} . 0 . 0 . . 0 . o .
* 3 k) k) 1 -] H H
OH
NiL 0 o NH,
}IOYKJOH HO o HOW)YOH Ho\mog HOWOH
0O . O . HN- . o] . &) . O .
b b bl ? kS 3

NH,
HO HO\H/K/\ , HO\#,OH HO o HG

oH Ol \“/\/\/ Wm

?)i/\/\ - i : 4 : 3 : O ;

1

HO.
HOMOPi HO\H/\/\/\/\/OH \H/WV\/\OH
a . Is) . o .

bl

b4 3
o ' o o
i R S NOz w0
HOWOH Ho)ij N o
0 O . NO, Vo, . o8,
H * 2 ? E
o 0
HOJ\O\ 1:-{0J\©:N03
O - and o5

24, The polymerization system of claim 1, wherein the chain transfer agent is a

polycarboxylic acid.
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47. The polymerization system of claim 1, wherein the initiating ligand (Li) is -OC(0)R" , wherein Rx is
selected from optionally substituted aliphatic, fluorinated aliphatic, optionally substituted
heteroaliphatic, optionally substituted aryl, fluorinated aryl, and optionally substituted heteroaryl. 48.
The polymerization system of claim 1, wherein the initiating ligand (1,4) comprises a compound of the
formula -Q-AP(Zr)", wherein: -Q'- is a carboxy or alkoxy group, At is a multivalent moiety, each Z' is
independently a functional group that can initiate a polymer chain, and n is an integer between 1 and
10 inclusive. T |zati VS f.claim 1. wherein the ligand that is.a polymerization
initiator g?]{d thﬁ%&ﬁsﬁ%ﬁg&{%ﬁ%@ﬁﬁﬁ@é%gﬁ(‘3 g%lr%%\gig%éﬁglﬁ(E]rr%%:s?%rrﬁi’g%éfl%héaga%e molecule. 50.
The polymerization system of claim 1, wherein the chain transfer agent is present in a molar ratio of at
least 10:1 relative to the metal complex. 51. The polymerization system of claim 1, wherein the chain
transfer ¥gent ishpredsmeizativiotaktiratioiof batwéentabonthochantaistutage00sisebatidditonthe metal

completngoThediolmeizaion aiam RLalRInG JheIaln. e AbalRAANRIE AgenLis ptpsent In a

molar ratio of between about 50:1 and about 500:1 relative to the metal’complex. 53. The
polymeriilichadgiitersidf Shra atithetdivitreie npim thsrisir aupsrie iacshexsraei dcrmeidr ratio of
between about 50:1 and about 250:1 relative to the metal complex. 54. The polymerization system of
claim 1, wherein the chain transfer agent is present in a molar ratio of between about 20:1 and about
100:1 rejative tothe matal comP8Xen?8r dhePONMeHZAIRN SYStem gt clalh 1s whereindhe chain
transfer agent is present in a molar ratio of between about 100:1 and about 250:1 relative to the metal
complexttSBOHEWSISREHation system of claim 1, further comprising a co-catalyst. 57. The

polymerizati@n system of claim 56, wherein the co-catalyst.is selected frgqm the group cgnsisting of:
amines,Wﬁdmeﬁ?ﬁm@%s%ﬁolsﬁmeﬁoﬁgﬁéh-cdmfﬁw%e 5, afft j alts,
phosphonigm salts, arsonium salts, bisphosphine ammoniunvsalts, and & combination of any two or
more of these.

8} Q HO \ 0 OH OH ©

HDY\KU\OH HONGH m HOMOH Ho\(\/\)LOH HOW -

G OH . 0 . 07 oH. o o - O < 0 OH OH .

3 B » k] ) 4
a
HO O HO OH  HO
L S G ¢ os
(0] o] . O O . [s] .
» E H
8 o] CH Q OH Q OH
HGM m m m
OH OH
O . HO OH - HO OH - HOT OH -
* ] bl »
Oy OH HOLC

o 9 HO,C HOLC

I 1o
5 . HOC . CO,H . COH
o : p ; 2 : and pl

28. The polymerization system of claim 1, wherein M is selected from periodic table groups
3-13, mclusive.
29, The polymerization system of claim 1, wherein M is selected from periodic table groups
5-12, inclusive.
30. The polymerization system of claim 1, wherein M is selected from the group consisting

of Cr, Mn, V, Fe, Co, Mo, W, Ru, Al, and Ni.
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58. The polymerization system of claim 56, wherein the co-catalyst comprises an “onium' salt. 59. The
polymerization system of claim 58, wherein the 'onium’ salt includes a counterion that is a
polyfunctional polymerization initiator. 60. The polymerization system of claim 59, wherein the
counterion that is a polyfunctional polymerization initiator and the chain transfer agent are the same
compound, or ionic forms of the same compound. 61. The polymerization system of claim 59, wherein
the counterion that is a polyfunctional polymerization initiator and the chain transfer agent and the
ligand that is a polymerization initiator are the same compound, or ionic forms of the same compound.
62. The polymerization system of claim 56, wherein the co-catalyst is present in a molar ratio of from
about 0311 to AhepbHGidrialatve tadhe Metah dompdexn §8id e polymerization system of claim 56,
wherein the co-catalyst is present in a molar ratio of from about 0.5:1 to about 5:1 relative to the metal
complex. 64. The polymerization system of claim 56, wherein the co-catalyst is present in a molar ratio
of from ? out to bout4 1 relative tot e.m taI al comple .The polymerization system of claim 56,
whereintfie co- catpa?y%?l %%?ég%ﬁ%’ Ry mo(ieailrn%% fo c?fe 4Hoa is felative to the metal complex. 66.The
polymerization system of claim 56, wherein the co-catalyst is present in a molar ratio of about 2:1
relative to the metal complex. 67.A method for the synthesis of aliphatic polycarbonate polyols having
a high p&rcentate mfiidiend grevgsnibéaaathbdwdemprising the steps of: a) contacting a reaction
mixture comprising one or more epoxides with a polymerization system of any of claims 1-66 in the
presence of carbon dioxide;

34, The polymerization system of claim 1, wherein L,-M-(L),, has a formula selected from

the group consisting of:

la

wherein:

R® at each occurrence is independently selected from the group consisting of: ~H; optionally
substituted C to Cy; aliphatic; an optionally substituted 3- to 14-membered
carbocycle; an optionally substituted 3- to 14 membered heterocycle; R*; and
R* where two or more R® groups may be taken together with intervening atoms to
form one or more optionally substituted rings and, when two R® groups are attached
to the same carbon atom, they may be taken together along with the carbon atom to
which they are attached to form a moiety selected from the group consisting of: an
optionally substituted 3- to 8-membered spirocyclic ring, a carbonyl, an oxime, a

hydrazone, and an imine;
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b) allowing the polymerization reaction to proceed until a desired molecular weight aliphatic
polycarbonate polyol has formed, and c) terminating the polymerization. 68.The method of claim 67,
wherein at least 50% of epoxide in the reaction mixture is converted to aliphatic polycarbonate polyol.
69.The method of claim 67, wherein the molar ratio of chain transfer agent to metal complex is
between about 10:1 and 1,000:1. 70.The method of claim 67, wherein the molar ratio of chain transfer
agent to metal complex is between about 40:1 and 400:1. 71. The method of claim 67, wherein at

least 90% of thewend:grpupssof the palygarbonate polyol farmed are roups. 72. The method of
claim 67, Whe'r}e?;rf gt Iég;t’ %%f thﬁe éfgd ’gar%%%s 6% ?r%é‘“é‘&@r%%%‘%{ﬁ%%’%g y8 Fotfhed are OH groups.

73. The method of Cl&ifr@Foupherein at least 97% of the end groups of the polycarbonate polyol
formed are OH gr .. 74;Ahe methgdof claim 167 8N | e%@ % O d or jof the
polycarbonate po@%ﬁ%ﬁméﬂagéfe% %(;gu’ps.dayg Ih%@zﬁwo’d?g# clai ,’w‘%@@i at’legst2 9% of the
end groups of the pENE@rbdnat@RClyOIGHMNERT HE SHRIOupARTR THYRMEIHOIRAM, claim 67, wherein
the PDI of the po'XHQEW@WT%@}?gﬂﬁclﬁz?l?yt%%&nﬁed?%d%gﬁs@&@@i%&%$r§v% wherein the

PDI of the polycarbonate polyol formed is less than 1.2. 78. The method of claim 67, wherein more

than 80% of the lifRagiEEHeh{ecby ihatisetalodsipiesliahetiabondie-meragsed aryl; 5- o 10-
membered heteroaryl; and 3- to 7-membered heterocyclic, where [R'* and R*], [R™
and R*7 and any two adjacent R®, R*®, R™ R™ R* R*, R and R™ groups can be
taken together with intervening atoms to form one or more optionally substituted

rings optionally containing one or more heteroatoms;
R'* and R'™ are hydrogen when not taken together with R* and R*:

RisRYora =@ group, where two or more adjacent R' groups can be taken together
to form an optionally substituted saturated, partially unsaturated, or aromatic 3- to 12-

membered ring containing 0 to 4 heteroatoms;

RY s selected from the group consisting of’ optionally substituted C, to C,, aliphatic;
optionally substifuted 3- to 14-membered carbocycle; optionally substituted 3- to 14-

membered heterocyele; R* and R*;
nis 0 or an integer from 1 to 8, inclusive;

p is O or an integer from 1 to 4, inclusive; and

where a " @» group comprises a covalent linker © “containing one or more atoms
selected from the group consisting of C, O, N, S, and Si; “Z” is an activating
functional group having co-catalytic activity in epoxide CO; copolymerization, and p
is an integer from 1 to 4 indicating the number of individual activating functional

groups Z present on a given ) group.

35.  The polymerization system of claim 34, wherein R'*, R'*, R* R* R% and R are
each -H.
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79. The method of claim 67, wherein more than 90% of the linkages formed by the metal complex are
carbonate linkages. 80. The method of claim 67, wherein more than 95% of the linkages formed by
the metal complex are carbonate linkages. 81. The method of claim 67, wherein the polycarbonate
polyol has an average molecular weight number between about 300 g/mol and about 20,000 g/mol.
82. The method of claim 67, wherein the epoxide comprises propylene oxide. 83. The method of claim
82, wherein the head-to-tail ratio of the polycarbonate polyol is greater than 80%. 84. The method of
claim 8agvhergin g, headipsial i of e paly arbinFie-DRMORS graier 1nag, o0 daulhe
method of claim 82, wherein the head-to-tail ratio of the polycarbonate polyol is Greater than"95%. 86.
The metiwbetigrtetim®z, aliblerdsn less than about 5% cyclic carbonate is formed. 87. The method of
claim 67, wherein the chain transfer agent is selected from the group consisting of: water; polyhydric
alcohols; polyacids; hydroxy acids; primary amines; polyamines, amino alcohols, amino acids,

aldehydesnydraigs, kelpne lydrales.fpsmaldahyde, Ralyierig thigls: yydreey fitiolg amipgthiols, and

mercapto acids, boronic acids, and mixtures of any two or more of these.’ 88. The method of claim 67,
wherein#R&¥RaRRmSratgeleciedBranids HoHP FRIYFEED LonSistiBomabrbrebslytydmevilcohols;
polyacids;apoh sy eldsandomitusesfiany o QbLyprmektigse. 89. The method of claim 67,
further comprising the step of calculating a molar ratio of chain transfer agent relative to metal complex
to be used in the polymerization, the calculation comprising the substeps of: i) selecting a desired
length of time for which the polymerization reaction is to be.run, ii mult;%yingﬁ the selected length of

time for ¥hich {16 PONRFEHZHABIYEERRITIET Mty e Ririboeetied BB RetalEBmplex
under the rEQetRCORBNEONS: i MULlihying thistesi-by: iher dasiietmanidh canvwersienyofagoxide, and
iv) usin%itlgg inverse of this result as the ratio of metal complex to epoxide used for the reaction. 90.
The me "of claim 89, further comprising the step of calculating the ratio of chain transfer agent to
polymerization metal complex to used in the polymerization, calculation comprising the substcps of v)
taking the value from step (iii) and multiplying this result by the molecular weight of the repeating unit
of the polycarbninage]wikselerting axestedimoieoulrsieightdomihe poRS) R ®ividipg thes eesult from
step (v) by.this number; and vii) subtracting the number of chains produced per metal complex
molecule from‘the Y8&ult of step (vi) and taking the result as the ratio of chain transfer agent to metal

- ‘complex used in step (a). 91. The method of claim 67, further comprising the steps of measuring the
amount of water present in the reaction mixture and reducing the amount of chain transfer agent
added taghe reactionymbriusedyssnamnsuidetarminedby theneritoé thehvater iigagwsgpent. 92.
The method of claim 67, further comprising the step of drying the reaction mixture prior to step (b). 93.
The method of claim 67, further comprising the steps of measuring the molecular weight of the
polymer formed, in the reaction mixture at two or more time goints&i@polaﬂng the time at which a

desired fholecdidF BAGHEBRHOR MEFRAAVE SIS Shdterfrnating the' B8R/ A atiSn reaction at
the extrapglaligdtime.

42, The polymerization system of claim 34, wherein L,-M-(L;),, has a formula selected from

the group consisting of:
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94. The method of claim 93, wherein the molecular weight of the polymer is determined by gel
permeation chromatography. 95. A polycarbonate polyol composition comprising an epoxide CO2
copolymer characterized in that the copolymer has: an Mn between about 400 and about 20,000,
greater than 90% carbonate linkages, and at least 90% of the end groups are hydroxyl groups. 96.
The polycarbonate polyol composition of claim 95, comprising greater than 92% carbonate linkages.
97. The polycarbonate polyol composition of claim 95, comprlsmg greater than 95% carbonate

linkages 98. The pon bonate polyol composition of ¢ 95, comprising greater than 97%
carbonate linkages. e polycarbonate polyol co jon of claim 95, comprising greater than
99% carbonate linkag 100. The polycarbonate poly mposition of claim 95, having an Mn
between about 508-8 abex 5,000 g/mol. bqnate polyol composition of claim 95
having an M eer} 30 nd about 4 0 ‘\ polycarbonate polyol composition
of claim B5; ® NIn¢ \@ afpStt B OO 5tR°103. The polycarbonate

polyol composTidn of &taim 95 Fving an Mn of&@Hout 1(1060 g/miBT 104. The polycarbonate polyol
composition of cldiif 95, haﬁllng an Mn of about 2, 086 g/mol. R{D5. The polycarbonate polyol
composition of claim 95, havmg an Mn of about 4,000 g/mol.

RSa / J ~
(Lf )m (L.T )m

;and
43.  The polymerization system of claim 42, wherein —M- is cobalt.
44,  The polymerization system of claim 1, wherein the nitiating ligand (L)) is any anion.

45.  The polymerization system of claim 1, wherein the initiating ligand (L) is selected from

the group consisting of: azide, halides, alkyl sulfonates, carboxylates, alkoxides, and phenolates.

46. The polymerization system of claim 1, wherein the initiating ligand (L)) is selected from
the group consisting of: -OR”, -SR*, -OC(O)R’, -OC{O)OR*, -OC(OIN(R"),, -NR*C(O)R*, -CN,
halo (e.g., -Br, -L, -Cl), -N3, and -OSO,R" wherein each R* is, independently, selected from
hydrogen, optionally substituted aliphatic, optionally substituted heteroaliphatic, optionally
substituted aryl and optionally substituted heteroaryl and where two Rx groups can be taken
together to form an optionally substituted ring optionally containing one or more additional

heteroatoms.

47. The polymerization system of claim 1, wherein the initiating ligand (L) is ~OC(O)R”,

wherein R” is selected from optionally substituted aliphatic, fluorinated aliphatic, optionally
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106. The polycarbonate polyol composition of claim 95, having an Mn of about 8,000 g/mol. 107. The
polycarbonate polyol composition of claim 95 comprising polymer chains denoted Pl having the
formula T-Y-A-(Y-T)" wherein: each -T is a polycarbonate chain having a formula independently
selected from the group consisting of: HOk 0 ojt.,0)E'csscss- andP wherein: E is an optionally
substituted C2 unit derived from an epoxide, where E may represent a monomer unit derived from one
type of epoxide, or a mixture of two or more types of epoxide, and p ranges from about 5 to about

10,000 9&9&&&@9&&5’5&@%@&%%%BHX@ Gnstianad grauR canable gLINUIATAG;Eha Aigyilol epoxide
CO2 copolymers and each Y group may be the same-or CH erent, ,& is a covalentbond or a
multivalégferaaizly: and n is an integer between 1 and 10 inclusive. 108. The polycarbonate polyol
composition of claim 107, further comprising polymer chains denoted P2 having a formula selected

from the group consisting of: 0 X 0X

48.  The polymerization system of claim 1, wherein the initiating ligand (I.;) comprises a

compound of the formula —~Q'-A'(Z"),, wherein:

—(QQ'- is a carboxy or alkoxy group,
-A'- is a multivaient moiety,
each Z' is independently a functional group that can initiate a polymer chain, and

n is an integer between 1 and 10 inclusive.

49. The polymerization system of claim 1, wherein the ligand that is a polymerization
initiator and the chain transfer agent are the same compound or ionic forms of the same

molecule,

50. The polymerization system of claim 1, wherein the chain transfer agent is present in a

molar ratio of at least 10:1 relative to the metal complex.

51. The polymenzation system of claim 1, wherein the chain transfer agent is present in a

molar ratio of between about 10:1 and about 1000:] relative to the metal complex.

52. The polymerization system of claim 1, wherein the chain transfer agent is present in a

molar ratio of between about 50:1 and about 500:1 relative to the metal complex.

53. The polymerization system of claim 1, wherein the chain transfer agent is presentin a

molar ratic of between about 50:1 and about 250:1 relative to the metal complex.

54.  The polymerization system of claim I, wherein the chain transfer agent is present in a

molar ratio of between about 20:1 and about 100:1 relative to the metal complex.
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P andP , wherein Xis a bound form of an anion capable of initiating only one polymer chain. 109. The
polycarbonate polyol composition of claim 108 wherein the ratio of P1 polymer chains to P2 polymer
chains is greater than 9:1. 110. The polycarbonate polyol composition of claim 108 wherein the ratio
of Pi polymer chains to P2 polymer chains is greater than 20:1. 111. The polycarbonate polyol
composition of claim 108 wherein the ratio of P1 polymer chains to P2 polymer chains is greater than
40:1. 112. The polycarbonate polyol composition of claim 108 wherein the ratio of P' polymer chains
to P2 polymer chains is greater than 100:1. 113. The polycarbonate polyol composition of any of
claims 107-112, further comprising polymer chains denoted Pia having a formula: 0 114. The

polycarizanate Tyl gompasitionyokanyrofaiain Jid whereindheratie-ph Rhpopmenchains to Pia
polymer chains is greater than 20:1. 115. The pqlycarbonate polyol compositjon of any of claims
07 117 TR G et AR 0 DO TS R rb AT A AR BT are emch
independently selected from the group consisting of: -H; and an optionally substituted group selected

from C1-30 aliphatic; C6_14 aryl; 3- to 12-membered heterocycle, and 5- to 12-membered heteroaryl,
where afty twoTdiemalseretiRAibn system of claim 1, further comprising a co-catalyst.

57.  The polymerization system of claim 56, wherein the co-catalyst is selected from the
group consisting of: amines, guanidines, amidines, phosphines, nitrogen-containing heterocycles,
ammonium salts, phosphonium salts, arsonium salts, bisphosphine ammonium salts, and a

combination of any two or more of these.

58.  The polymerization system of claim 56, wherein the co-catalyst comprises an ‘onium’
salt.
59.  The polymerization system of claim 58, wherein the ‘onium’ salt includes a counterion

that is a polyfunctional polymerization initiator.

60. The polymerization system of claim 59, wherein the counterion that is a polyfunctional
polymerization initiator and the chain transfer agent are the same compound, or ionic forms of

the same compound.

61. The polymerization system of claim 59, wherein the counterion that is a polyfunctional
polymerization initiator and the chain transfer agent and the ligand that is a polymerization

initiator are the same compound, or ionic forms of the same compound.

62. The polymerization system of claim 56, wherein the co-catalyst is present in a molar ratio

of from about 0.1:1 to about 10:1 relative to the metal complex.
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R22, 22,21 Rmand R24 can be taken together with intervening atoms to form one or more
optionally substituted 3- to 12-membered rings, optionally containing one or more heteroatoms. 116.
The polycarbonate polyol composition of claim 115, wherein -E- is selected from the group consisting
of: ;'t55r5.? -GSSrr? 't'55rr? CSS?/'cS:;SS?/'cr: JA2JA341.45 )47k), cK 117. The polycarbonate polyol
composition of claim 115, wherein -E- comprises predominantly -CH2CH2- units derived from ethylene
oxide. 118. The potycarbonate polyol composition of claim 115, wherein -E- comprises units derived

from ethydene gxide in combination with amounts of.more complex -E- groups derived from other
cpoides 110 T DA DARA S Co 8, AR ARy SRR e
CH2CH(CHiER troudsdetivebbfrofn pripire hetbxitetal ¢2@piERe polycarbonate polyol composition of

claim 115, wherein -E- includes units derived from propylene oxide in combination -E- groups derived

ethylene oxide. 121. The polycarbonate polyol composition of claim 115, wherein -E- comprises units

derived fipm propylene axide in combingtion Wit \easer 2mOURts, of Mot complex, Fr Arqups derived
from other epoxidéﬂs.ﬂ%z. T%e pé?lycarbonate polyo?lc:oﬁnpg)sitl%n'r:loaflgc':%;}%rsnp 16185, wherein IiErLaj %(i:)%mprises
units defil/Bemraprirbpyiepeokitib inatbinBinktisialitrmriexderived from a glycidyl ester. 123. The
polycarbonate polyol composition of claim 115, wherein -E- comprises units derived from propylene

oxide in combination with units derived from a glycidyl ether. 124. The polycarbonate polyol

COMPOsHion Ofﬁlé‘%ﬂl}&éﬁ‘.ﬁéﬂ%@@s@@hQﬁ@Mﬁ%,%@Qﬁ‘@H@E‘oﬁ&‘i@lgpﬂﬂféﬁ&ﬁﬂdﬁ&f&%m@@atio”
r

with units derived from an epoxide of a C6 30 alpha olefin. 125. The polycarbonate polyol composition

of claimf@PowHeleLpiTALos/ PPl 998RShe 00 \ 0AO OE formula./Jr,

66.  The polymerization system of claim 56, wherein the co-catalyst is present in a molar ratio

of about 2:1 relative to the metal complex.

67. A method for the synthesis of aliphatic polycarbonate polyols having a high percentage
of —OH end groups, the method comprising the steps of: |

a) contacting a reaction mixture comprising one or more epoxides with a polymerization

system of any of claims 1-66 in the presence of carbon dioxide;

b) allowing the polymerization reaction to proceed until a desired molecular weight

aliphatic polycarbonate polyol has formed, and

c) terminating the polymerization.

68.  The method of claim 67, wherein at least 50% of epoxide in the reaction mixture is

converted to aliphatic polycarbonate polyol.

69.  The method of claim 67, wherein the molar ratio of chain transfer agent to metal complex

is between about 10:1 and 1,000:1.

70.  The method of claim 67, wherein the molar ratio of chain transfer agent to metal complex

1s between about 40:1 and 400:1.
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126. The polycarbonate polyol composition of claim 107, where chains of type Pi have the 0 formula: E
127. The polycarbonate polyol composition of claim 107, where chains of type Pl have the 0 0 formula:
128. The polycarbonate polyol composition of claim 107, wherein chains of type PI have the 0 E

129. The polycarbonate polyol composition of claim 107 wherein -A- comprises a polymer chain or
oligomer selected from the group consisting of polyolefins, polyethers, polyesters, polycarbonates,
polycarbonate polyethers and polyoxymethylene. 130. The polycarbonate polyol composition of claim
107 wherein -A- comprises a scaffold derived from a compound selected from the group consisting of:
sugar alcohols, carbohydrates, saccharides, polysaccharides, starch, starch derivatives, lignins,

lignans, partialhbyckolyz eddrgly 6eligascanst dasvatbas afamd oh#1ese MaterBisarbbaiicA
polyureth nel?ompgsitio ormed by reaction of one or more isocyanates with one or more aliphatic
polycarBorate PONOIE 61 any’ S &faims 95-112.

72. The method of claim 67, wherein at least 95% of the end groups of the polycarbonate
polyol formed are OH groups.

73.  The method of claim 67, wherein at least 97% of the end groups of the polycarbonate
polyol formed are OH groups.

74.  The method of claim 67, wherein at least 98% of the end groups of the polycarbonate

polyol formed are OH groups.

75.  The method of claim 67, wherein at least 99% of the end groups of the polycarbonate
polyol formed are OH groups.

76.  The method of claim 67, wherein the PDI of the polycarbonate polyol formed is less than
1.6.

77.  The method of claim 67, wherein the PDI of the polycarbonate polyol formed is less than
1.2.

78.  The method of claim 67, wherein more than 80% of the linkages formed by the metal

complex are carbonate linkages.

79.  The method of claim 67, wherein more than 90% of the linkages formed by the metal

complex are carbonate linkages.
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132. An article of manufacture comprising the polycarbonate polyol composition of any one of claims
95-112. 133. An article of manufacture comprising the polyurethane composition of claim 131.

80.  The method of claim 67, wherein more than 95% of the linkages formed by the metal

complex are carbonate linkages.

1. The method of claim 67, wherein the polycarbonate polyol has an average molecular

weight number between about 300 g/mol and about 20,000 g/mol.
82.  The method of claim 67, wherein the epoxide comprises propylene oxide,

83.  The method of claim 82, wherein the head-to-tail ratio of the polycarbonate polyol is

greater than 80%.

84.  The method of claim 82, wherein the head-to-tail ratio of the polycarbonate polyol is
greater than 90%.

85.  The method of claim 82, wherein the head-to-tail ratio of the polycarbonate polyol is

greater than 95%.
86.  The method of claim 67, wherein less than about 5% cyclic carbonate is formed.

87. The method of ¢laim 67, wherein the chain transfer agent is selected from the group
consisting of: water; polyhydric alcohols; polyacids; hydroxy acids; primary amines;
polyamines, amino alcohols, amino acids, aldehyde hydrates, ketone hydrates, formaldehyde,
polyhydric thiols, hydroxy thiols, amino thiols, and mercapto acids, boronic acids, and mixtures

of any two or more of these,

88.  The method of claim 67, wherein the chain transfer agent is selected from the group
consisting of: water; polyhydric alcohols; polyacids; and hydroxy acids, and mixtures of any two

or more of these,
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89.  The method of claim 67, further comprising the step of calculating a molar ratio of chain
transfer agent relative fo metal complex to be used in the polymerization, the calculation
comprising the substeps of: i) selecting a desired length of time for which the polymerization
reaction is to be run, 1i) multiplying the selected length of time for which the polymerization
reaction is to run by the turnover frequency of the metal complex under the reaction conditions
11) multiplying this result by the desired mol% conversion of epoxide, and iv) using the inverse

of this result as the ratio of metal complex to epoxide used for the reaction.

90.  The method of claim 89, further comprising the step of calculating the ratio of chain
transfer agent to polymerization metal complex to used in the polymerization, calculation
comprising the substeps of; v) taking the value from step (iii} and multiplying this result by the
molecular weight of the repeating unit of the polycarbonate; vi) selecting a desired molecular
wetght for the polyol and dividing the result from step (v) by this number; and vii) subtracting
the number of chains produced per metal complex molecule from the result of step (vi) and

taking the result as the ratio of chain transfer agent fo metal complex used in step (a).

91.  The method of claim 67, further comprising the steps of measuring the amount of water
present in the reaction mixture and reducing the amount of chain transfer agent added to the

reaction mixture by an amount determined by the result of the water measurement.

92.  The method of claim 67, further comprising the step of drying the reaction mixture prior
to step (b).

93.  The method of claim 67, further comprising the steps of measuring the molecular weight
of the polymer formed in the reaction mixture at two or more time points, extrapolating the time
at which a desired molecular weight of polymer will have formed, and terminating the

polymerization reaction at the extrapolated time.
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94.  The method of claim 93, wherein the molecular weight of the polymer is determined by

gel permeation chromatography.

95. A polycarbonate polyol composition comprising an epoxide CO, copolymer
characterized in that the copolymer has:

an Mn between about 400 and about 20,000,

greater than 90% carbonate linkages, and

at least 90% of the end groups are hydroxyl groups.

96. The polycarbonate polyol composition of claim 95, comprising greater than 92%

carbonate linkages.

97. The polycarbonate polyol composition of claim 95, comprising greater than 95%

carbonate linkages.

98. The polycarbonate polyol composition of claim 95, comprising greater than 97%

carbonate linkages.

99, The polycarbonate polyol composition of claim 95, comprising greater than 99%

carbonate linkages.

100.  The polycarbonate polyol composition of claim 95, having an Mn between about 500 and
about 5,000 g/mol.

101.  The polycarbonate polyol composition of claim 95, having an Mn between about 800 and
about 4,000 g/mol.
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102, The polycarbonate polyol composition of claim 95, having an Mn between about 1,000
and about 3,000 g/mol.

103.  The polycarbonate polyol composition of claim 95, having an Mn of about 1,000 g/mol.
104.  The polycarbonate polyol composition of claim 95, having an Mn of about 2,000 g/mol.
105.  The polycarbonate polyol composition of claim 95, having an Mn of about 4,000 g/mol.
106.  The polycarbonate polyol composition of claim 95, having an Mn of about 8,000 g/mol.

107.  The polycarbonate polyol composition of claim 95 comprising polymer chains denoted P!
having the formula T-Y-A-(Y-T), wherein:

each -T is a polycarbonate chain having a formula independently selected from the group

consisting of:

O O
’GE\. AL }E\ H\EO/E\O/U)\;g
Ho OO <SS\a,nd P

E is an optionally substituted C, unit derived from an epoxide, where E may represent a

wherein:

monomer unit derived from one type of epoxide, or a mixture of two or more types of

epoxide, and
p ranges from about 5 to about 10,000

each —Y group is independently a functional group capable of initiating chain growth of

epoxide CO, copolymers and each Y group may be the same or different,
-A- is a covalent bond or a muitivalent moiety; and

# 1s an integer between 1 and 10 inclusive.

132



108.  The polycarbonate polyol composition of claim 107, further comprising polymer chains
denoted P* having a formula selected from the group consisting of:

O O
3 - H
B {«“\ N %H {/”\ _E. ,}/
X 0O O O p d X 9] 0 '

X is a bound form of an anion capable of initiating only one polymer chain.

, wherein

109.  The polycarbonate polyol composition of claim 108 wherein the ratio of P! polymer

chains to P* polymer chains is greater than 9:1.

110.  The polycarbonate polyol composition of claim 108 wherein the ratio of P* polymer

chains to P* polymer chains is greater than 20:1.

111.  The polycarbonate polyol composition of claim 108 wherein the ratio of P! polymer
chains to P? polymer chains is greater than 40:1.

112, The polycarbonate polyol composition of claim 108 wherein the ratio of P' polymer

chains to P? polymer chains is greater than 100:1.

113, The polycarbonate polyol composition of any of claims 107-112, further comprising

polymer chains denoted P* having a formula:
O O

H\E /E\%/E\/QJ\,E\ %’H
0 0 pO Q O Op'

114.  The polycarbonate polyol composition of any of claim 113 wherein the ratio of P!

polymer chains to P!* polymer chains is greater than 20:1.
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115, The polycarbonate polyol composition of any of claims 107-112, wherein each E is
R R

&

R* R* , where, R*!, R*, R*®, and R*, are each independently selected from the group
consisting of: —H; and an optionally substituted group selected from Ci-3¢ aliphatic; Cg.14 aryl; 3-
to 12-membered heterocycle, and 5- to 12-membered heteroaryl, where any two or more of R,
R*, R”,and R* can be taken together with intervening atoms to form one or more optionally

substituted 3- to 12-membered rings, optionally containing one or more heteroatoms.

116.  The polycarbonate polyol composition of claim 115, wherein -E- 1s selected from the

group consisting of:

sl “s‘[/?f ifei ij:’;{;jfé{;‘ﬁf’i; jfﬁi;‘j]fé{; js])/éj Cirf ﬁgﬁ;

n=9-30

Bt NIPER \2‘5 s L ¥
j;\ﬁ;\gf;\cg\#;la_ j/ﬁ; fﬁ;jﬁ;é ;%”;6;

0y RAOCO
B R T S S ¥ o
; ; : ; éb%’ ; ; and mixtures of any two
. 3 or more of these.

117. The polycarbonate polyol composition of claim 115, wherein -E- comprises

predominantly -CH,CHs- units derived from ethylene oxide.

118.  The polycarbonate polyol composition of claim 1135, wherein -E- comprises units derived
from ethylene oxide in combination with amounts of more complex -E- groups derived from

other epoxides.

119, The polycarbonate polyol composition of claim 115, wherein -E- comprises -

CH,CH(CHj;)- groups derived from propylene oxide.
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120.  The polycarbonate polyol composition of claim 1135, wherein -E- includes units derived

from propylene oxide in combination -E- groups derived ethylene oxide.

121, The polycarbonate polyol composition of claim 115, wherein -E- comprises units derived
from propylene oxide in combination with lesser amounts of more complex -E- groups derived

from other epoxides.

122, The polycarbonate polyol composition of claim 115, wherein -E- comprises units derived

from propylene oxide in combination with units derived from a glycidyl ester.

123, The polycarbonate polyol composition of claim 115, wherein -E- comprises units derived

from propylene oxide in combination with units derived from a glycidyl ether.

124, The polycarbonate polyol composition of claim 115, wherein -E- comprises units derived

from propylene oxide in combination with units derived from an epoxide of a Cg.3¢ alpha olefin.

125.  The polycarbonate polyol composition of claim 107, where chains of type P' have the
O 0

H E. A _E H
\eo’ 0)9‘0’ ‘O‘QLO “‘o%’
P L

formula:

126.  The polycarbonate polyol composition of claim 107, where chains of type P! have the
O

HJ - _F A
\eg, \O)L}O, f“,O\E/O\}\H
P P
O

formula:
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127.  The polycarbonate polyol composition of claim 107, where chains of type P! have the

0 O
1 _E H
T W
b I3

formula:

128.  The polycarbonate polyol composition of claim 107, wherein chains of type P! have the

O .
E /),H
P
j(/LO o7,
O (O z QO

l
H‘eo/ E‘OJL}}IOTZ A‘Coé’ﬁu\ O’E\O%;,H

formula: , where each z is independently 0 or 1.

129.  The polycarbonate polyol composition of claim 107 wherein —A- comprises a polymer
chain or oligomer selected from the group consisting of polyolefins, polyethers, polyesters,

polycarbonates, po]ycarboflate polyethers and polyoxymethyleﬁe.

130.  The polycarbonate polyol composition of claim 107 wherein —A- comprises a scaffold
derived from a compound selected from the group consisting of: sugar alcohols, carbohydrates,
saccharides, polysaccharides, starch, starch derivatives, lignins, lignans, partially hydrolyzed

triglycerides, and derivatives of any of these materials.

131. A polyurethane composition formed by reaction of one or more isocyanates with one or

more aliphatic polycarbonate polyols of any of claims 95-112.

132, An article of manufacture comprising the polycarbonate polyol composition of any one of

claims 95-112.

133, An article of manufacture comprising the polyurethane composition of claim 131.
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