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Catalysts capable of effecting the copolymerization of cpoxides and carbon 10dioxide to fowl aliphatic
polycarbonates (APCs) have been known in the art since the 1960s. The early catalysts were based

on heterogeneous zinceompoyads apdishifeiafdinyvia FaEieR Bek piagipetivity for polymer
y

foilnation vs. cyclic carbonate formation, and a tendency to produce polycarbonates contaminated with
ether linkages. Improved catalysts based on transition metals have been discovered over the past
15decade or so. These newer catalysts have Pwipesigsadisactivity and improved selectivity.
Nevertheless, even using highly active catalysts such as those disclosed in US patent 7,304,172, the

reaction times requireg g prkechionmolesyiay weight palures a7a fyRisally qrite long, In addition, the

best-performing catalysts disclosed in the '172 patent require the addition of a separate co-catalyst to
A

achieve optimihfachvity DoALRME (o gttiress HEss BisHREmITye RevaabBaithade. Catalysts
descrilied Nozakiiamtbesasiarkersc(omewn 3( fiem SiptcRde 2006088 .42 (hitd &h:tether an amin

co-catalyst toa ligand of the catalyst.. These next-generation catalytic systems suffer from lengthy and
Op%vgblondloiga%nﬁr‘%’ggi%%?é} indL ‘ﬁbch %@éﬁﬁ&%i& SBETRYS6 1 ineliPatiolt There remains

complicated syntheses an
a need for catalystsditathavesricréalsed pctivity dgitowilbns are incorporated hercin by reference.

Background

Catalysts capable of effecting the copolymerization of epoxides and carben
10 dioxide to form aliphatic polycarbonates (APCs) have been known in the art since the
1960s. The early catalysts were based on heterogencous zinc compounds and suffered

from low reactivity, a lack of selectivity for polymer formation vs. cyclic carbonate

formation, and a tendency to produce polycarbonates contaminated with ether linkaces.

Improved catalysts based on transition metals have been discovered over the past
15 decade or so. These newer catalysts have increased reactivity and improved selectivity,
Nevertheless, even using highly active catalysts such as those disclosed in US patent
7.304.172, the reaction times required to make high molecular weight polymer are
typicaily quite long. In addition, the best-performing catalysts disclosed in the *172

patent require the addition of 2 separate co-catalyst to achieve optimum activity.

20 Attempts to address these shortcomings have been made. Catalysts described by
Nozaki and co-workers (Angew. Chem. [nt. Ed. 2006, 45, 7274 -7277) tether an amine
co-catalyst to a ligand of the catalyst. These next-generation catalvtic systems suffer from
lengthy and complicated syntheses and undesirable induction times prior to onset of
polymerization. There remains a need for catalysts that have increased activity that will

25 further reduce the polymerization time required to produce high molecular weight APCs.



25further reduce the polymerization time required to produce high molecular weight APCs. Summary
The present invention rovides a.mong other things, ummolecular catalyst systems having activity in the
copolymerization of carbon dioxide and epoxides and methods of using the same, In some
embodiments, the present invention provides metal complexes having an activating species with
co-catalytic activity tethered to a multidentate ligand that is coordinated to an active metal center of a
metal complex. In certain embodiments, the present invention provides unimolecular metal
complexes and methods for using the same in the copolymerization of carbon dioxide and epoxides. In
some embodiments, provided metal complexesﬁ"féﬂfé‘?ﬁ% structure: 10 wherein: eta! a 0 comprises a
multidentate 1 represents one or more activating moieties attached to the multidentate 15 ligand,
where - is a linker Mbiatycsovatentlyicoupleddto theligarid: dachsZuis anlactivating-functional group; and
m s an Integek om0, dISRIESEHNG e Mg 8 OrRRe presenl an, an lacidyal nker molety.

u
;! B J XIGe an OX108S .
In some embodimentstethered activating functiona 7) are neutral - hitrogen-containing

moieties. In E&FASEHbBBIMEhis M ReltrarHitDYeAcontailing2omoietivs areseldeteddom the group

consisting ofiomplexes having an activating species with co-catalytic activity tethered to a

multidentate ligand that is coordinated to an active metal center of a metal complex.

in certain embodiments, the present invention provides unimolecular metal
complexes and methods for using the same in the copolvmerization of carbon dioxide and

epoxides. In some embodiments, provided metal complexes have the structure:

(Z}H']

10
wherein:
M 15 1 metal atom;
.a comprises a multidentate ligand,
8% represents one or more activating moieties attached to the multidentate
15 ligand, where is & linker moiety covalenily coupled to the ligand, cach Z
is an activating functional group; and m is an integer from | to 4 representing the
number of Z groups present on an individual linker moiety.
In some embodiments, tethered activating functional groups (7) are neutral
nitfrogen-containing moieties. In certain embodiments, neutral nitrogen-containing
20 moieties are selected from the group consisting of:



or a combination 0'0 Or more of tiles wherein: each occurrence of RI, and R2 is independently
hydrogen or an optionally substituted radical selected from the group consisting of C1-20 aliphatic;
C1..20 heteroaliphatic: phenyl; a 3- to 8-membered saturated or partially unsaturated monocyclic
carbocycle, a 7-14 carbon saturated, partially unsaturated or aromatic polycyclic earbocycle; a 5- to
6-membered monocyclic heteroaryl ring haying | -4 heteroatoms independently selected from nitrogen.
oxygen, or sulfur" a 3- to 8- membered saturated or partially unsaturated heterocyclic ring having 1-3
10heteroatoms independently selected from nitrogen, oxygen, or sulfur: a 6- to 12- membered
polycyclic saturated, or partially upsaturateq hg}grocyclq aving 1 héteroatorfis independently
selected from nitrogééﬁx,ggxygeh;‘éb,r sulfur: orjan 8- to fO‘SUiémbege:ébTey_clic tgerftgr_é}a;{yl ring having 1-5
heteroatoms independently selectéd from nitrogen, oxygé}n, or sulfr: wherein Rl:and R2 groups can
be taken 15together with intervening atoms to form:one or more optionally substituted rings optionally
containing one or m_@fé addit_j\om%h‘l{{reteroatoms;xsé‘ach ocgurrepce of RS is indep%@&éntly hydrogen or
an optionally sub?itzei,ﬁgted radi/‘QaI selected f;é{ps,tz&eRgrou c ‘sistin%_%tlti;Z() aliphatie; C1.20
heteroaliphatic” p n3’ilﬁ: a 3%t6 8-membered ggturat’ed‘ orgarjally risg_turatec?m ljrbcyclic carbocycic,
a 7- 2014 carbon saturated, partially unsaturated or aromatic polycyclic carbocycle: a 5- to
6-membered monogyxehe he;gfogzgyl ring haying 1-f}1h’eteroat§\ms indg_péndently selegted from
nitrogen, oxygen, §r sulfur; a 3%to 8-membejed Saturated or pattially unsaturated hetargcyclic ring
having 1-3 héfer m%"in‘dgegekqeﬁﬁly%e!\j ,jf;mfﬁfitroﬁj yoxyden; br sylfur: § 6- t6 12-membered
polycyclic saturdted pr partially u@saturate%d hq;erog;ycle’ hayihg -§;Iictgroafoms pendently selected
from nitrogen, oxygen, or sulfur, or an 8- to | 0-membered bicyclic heteroaryl ring having 1-5
heteroatoms inﬁ@p%ﬁ&%ﬁf@%é%é‘f‘@oofﬁ@ﬁ%ﬁg&éﬁ, oxygen, or sulfur; wherein an R5 group can be
taken with an RI or R2 group to form one or more optionally substituted rings; and each occurrence of
R'is indepen\g er}jg}/nhydrogen, a hydroxyl protecting group, or an 10optionally substituted radical
selected from the group consisting of C1.20 acyl; Clric, aliphatic; C1-20 heteroaliphatic; phenyl; a 3- to
8-membered saturated or partially unsaturated monocyclic carbocycle, a 7-14 carbon saturated,
partially unsaturgtell G icriae éol%%ﬁc%&%@?@@?téf Ly feogamentberstbrbroehelicirsteroaryl ring

having I-4 heteroateiag indapandenty neleeied BRm nitegen., 1 amneen or, SWiUG & F:49.8-membered
saturated or partially unsaturated i
3 Phenyl; a 3- to 8-membered saturated or partially unsaturated monocyclic
carbocycle, a 7-14 carbon saturated, partially unsaturated or aromatic polycyclic
carbocycle; a 5- to 6-membered monocyclic heteroaryl ring having 1-4
heteroatoms independently selected from nitrogen, oxyeen, or sulfur; a 3- 1o &-
membered saturated or partially unsaturated heterocyclic ring having 1-3
i0 heteroatoms independently selected from nitrogen, oxygen, or sulfur; a 6-to 12-
membered polycyclic saturated or partialiv unsaturated heterocycle having 1-5
heteroatoms independently selected from nitrogen, oxygen, or sulfur; or an & to
t0-membered bicyclic heteroaryl ring having 1-3 heteroatoms independently
selected from nitregen, oxygen, or sulfur; wherein R' and R” groups can be taken
15 together with intervening atoms to form one or more optionally substituted rings

optionally containing one or more additional hetercatoms;

cach occurrence of R” is independently hydrogen or an optionally substituted radical
selected from the group consisting of Cy aliphatic; Ci.o0 heteroaliphatic; phenyi;
a 3- to 8-membered saturated or partially unsaturated monocyelic carbocycele, a 7-
20 14 carbon saturated, partially unsaturated or aromatic polycyctic carboceyele; a 5-

to 6-membered monocyclic heteroary! ring having 1-4 heteroatoms independently



heterocyclic ring having I-3 heteroatoms independently selected from nitrogen, oxygen, or sulfur: a 6-
to 12-membered polycyclic saturated or partially unsaturated heterocycle having 1-5 heteroatoms
independently selected from nitrogen, oxygen, or sulfur; or an 8- to 10-membered bicyclic heteroaryl
ring 10having 1-5 heteroatoms independently selected from nitrogen, oxygen, or sulfur, In some
embod.iments, tethered activating functional groups (Z) are cationic moieties. In certain embodiments,
cationic moieties are selected from the group consisting of: R2R.:: Rr." Il ,P NN Nis-Q1il O .
eN-er=N-k)-N, Rr'Re ' R-1N. R R,T,R2 ORI.R.2 e ...csl1 "x1x ..'s So,...A-...,

selected from nitrogen, oxygen, or sulfur; a 3- to 8-membered saturated or

partially unsaturated heterocyclic ring having 1-3 heteroatoms independently

selected from mitrogen, oxygen, or sulfur; a 6- 1o 12-membered polycyelic

saturated or partially unsaturated heterocvele having 1-5 heteroatoms

A

independently selected from nitrogen, oxygen, or sulfur; or an 8- to 10-membered
bicyclic heteroary! ring having 1-5 heteroatoms independently sefected from
nitrogen, oxygen, or sulfur; wherein an R” group can be taken with an R’ or R*

group to form one or more optionally substituted rings; and

cach occurrence of R is independently hydrogen, a hydroxyl protecting group, or an
10 optionally substituted radical selected from the group consisting of Cy.u acyl;
Ci.a6 aliphatic; 1 heteroaliphatic; phenvl: a 3- to 8-membered saturated or
partiaily unsaturated monocyclic carbocycle, a 7-14 carbon saturated, partially
unsaturated or aromatic polycyclic carbocycle; a 3+ to 6-membered monocyclic
heteroaryl ring having 1-4 heteroatoms independently selected from nitrogen,
15 oxygen, or sulfur; a 3- to 8-membered saturated or partiaily unsaturated
heterocyclic ring having 1-3 heteroatoms independently selected from nitrogen,
oxygen, or sulfur: a 6- to 12-membered polveyclic saturated or partially
unsaturated heterocycle having 1-5 beteroatoms independently selected from
nitrogen, oxygen, or sutfur; or an &- to 10-membered bicyclic heteroaryl ring

20 having 1-5 heteroatoms independently selected from nitrogen, oxygen. or sulfur.

In some embodiments. tethered activating functional groups (7)) are cationic
moicties. In certain embodiments, cationic moieties are selected from the group

consisting of:
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R’ RY R R or a combination: of two or more of these,

wherein:

2 3or :
each occurrence of R', R, and R is independently hydrogen or an optionally

LA

substituted radical selected from the group consisting of Cy 40 aliphatic; Cyag
heteroaliphatic; phenyl; a 3- to 8-membered saturated or partially unsaturated
monocyclic carbocycle, a 7-14 carbon saturated, partially unsaturated or aromatic
polycyclic carbocycle; a - to 6-membered monocyclic heteroaryl ring having 1-4
10 heteroatoms independently selected from nitrogen, oxygen, or suifur; a 3- to 8-
membered saturated or partially unsaturated heterocyelic ring having 1-3
heteroatoms independently selected from nitrogen, oxvgen, or sulfur, a 6- to 12-
membered polycyclic saturated or partially unsaturated heterocycle having 1-3

heteroatoms independently selected from nitrogen, oxveen, or sulfur; or an &- 1o

—
LA

}0-membered bicyelic heteroary! ring having 1-5 heteroatoms independently

i
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selected from nitrogen, oxygen, or sulfur; wherein any two or more 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 additional

hetergatoms,
5 R* is hydrogen or -OR”;
R" is hydrogen, hydroxyl, or optionally substituted Cy 5 aliphatic;

each occurrence of R™ and R® is mdependently hydrogen or an optionally substituted

radical sclected from the group consisting of Cy_y; aliphatic; C, 5 heteroaliphatic;
phenyl; a 3- to 8-membered saturated or partially unsaturated monocyclic

10 carbocycle, a 7-14 carbon saturated, partially unsaturated or aromatic polycyclic
carbocycle; a 5- to 6-membered monocyclic heteroaryl ring having 1-4
heteroatoms independently selected from nitrogen, oxygen, or sulfur; a 3- to 8-
membered saturated or partially unsaturated heterocyclic ring having 1-3
heteroatoms independently selected from nitrogen, oxygen, or sulfur; a 6- to 12-

15 membered polycyclic saturated or partially unsaturated heterocycle having 1-5
heteroatoms independently selected from nitrogen, exygen, or sulfur; or an &- to
10-membered bicyclic heteroaryl ring having 1-5 heteroatoms independently
selected from nitrogen, oxygen, or sulfur; wherein R” and R® can be taken
together with intervening atoms to form one or morc optionally substituted rings

20 optionally containing one or more heteroatoms, and an R” or R® group can be

, . i 2 ) . . .
taken with an R” or R” group to form one or more optionally substituted rings;

¢ach occurrence of R is independently hydrogen, & hydroxyl protecting group, or an
optionally substituted radical selected from the group consisting of Cyy0 acyl;
Ci.z0 aliphatic; Cy.a heteroaliphatic; phenyl; a 3- to 8&-membered saturated or
25 partially unsaturated monocyclic carbocycle, a 7-14 carbon saturated, partially

unsaturated or aromatic polyeyclic carbocycle; a 5- to 6-membered monocyclic
heteroary! ring having 14 heteroatoms independently selected from nitrogen,
oxygen. or sulfur; & 3- to 8-membered saturated or partially unsaturated
heterocyclic ring having 1-3 heteroatoms independently selected from nitrogen,

30 oxygen, or sulfur; & 6- to 12-membered polycvelic saturated or partially

4



wherein: each occurrence of RI. R2, and R3 is independently hydrogen or an optionally substituted
radical selected from the group consisting of ClI ,0 aliphatic; C1-20 heteroaliphatic: phenyl: a 3- to
8-membered saturated or partially unsaturated monocyclic carbocycle, a 7-14 carbon saturated,
partially unsaturated or aromatic polycyclic carbocycle; a 5- to 6-membered monocyclic heteroaryl ring
having 1-4 10hetcroatoms independently selected from nitrogen, oxygen, or sulfur; a 3- to 8- mbered
saturated or partially unsaturated heterocyclic ring haying 1-3 heteroatoms independently selected
from nitrogen, oxygen, or sulfur; a 6- to 12-membered polycyclic saturated or partially unsaturated
heterocycle having PS5 HEHSFOEGASYHAdpERGEnfly SeIsetet fioAsmitdsgEn sokygeionsulfur: or an 8-

to 10-membered bigyelic-heserearyhringavipg:lsShetsrgatams indspendently. selegted from
nitrogen, oxygen, or sulfur; wherein any two or more R’, R. and 12" groups can be taken together with

intervening atoms t513Ff 16?‘18%????81@%6&8?\%@%%%%&@3 HAGSEptisHally ESRtamiHE $he or more
additional heteroatoms; 12.4 is hydrogen or -OR7; is hydrogen, hydroxyl, or optionally substituted
CI-20 aliphatic; eadrocourrencé T RS antliRbiistiddppehdéntly hydrogenosranoptionally substituted
radical selected fromhe, groupicansisting;of C1.,.20 aliphatic: G120 heteroaliphatic; phenyl; a 3- to
8-membered saturated or partially unsaturatgd“moﬁ’ciuéy I%Tf&%}rbggél@%ﬁﬁ {”cgb'%n saturated,
partially unsaturatefF ¥ edrhitic petyElidié-carboyskeradsateshembaidly monooytit heteroaryl ring
having 1-4 heteroatgssdpdenansiant: setected. fram nitrogen %MQ%%}JM:O@ ol membered

saturated or partially unsaturated heterocyclic ring haying 1-3 hetcroatoms independently selected
from nitrogen, oxyd&hY SrEaRETR A ¥ ton -9 GnembRrdd e adsSIarTb 8 MR- tinsaturated
heterocycle havinghtterfatenoaiossrindependentyraalested Om-Riagen. oxygen. @ sulfur; or an 8-
to 10;membered bicyclic h%eggaryfgéﬂnlg hav%{?? 1-5 hetg(& toms independently selected from nitrogen.
oxygen, or sulfur; wherein R5 ani CRA BE aRER {345 & WRR e RSN IY B8kt to folin one or

more optionally sulbstitutedmingsicpendently selected from nitrogen, oxygen, or sulfur; a 6- to 12-
membered polycyclic saturated or partially unsaturated heterocycle having 1-3
heteroatoms independently selecied from nitrogen, oxygen, or sulfur; or an 8- to
10-membered bicyclic heteroaryl ring having 1-3 heteroatoms independently

5 selected from nitrogen, oxygen, or sulfur; wherein any two or more R®, R” and R

groups can be taken together with intervening atoms to form one or more

optionally substituted rings;

each occurance of R' is independently selected from the group consisting of;

halogen, -NOy., -CN, -SR7, -8(O)R”, -S(ORRY, NR'C{OIRY, -OC(OR?, -CO,R?,

20 NCO, -Ns, -OR’, 2OC(ON(R ;. -N(RY), -NRYC(OIR?, -NRYC(OYORY; or an
optionally substituted radical selected from the group consisting of C |y, aliphatic:
Cy.20 heteroaliphatic: phenyl; 4 3- to 8-membered saturated or partially
unsaturated monocyclic carbocycle, a 7-14 carbon saturated, partially unsaturated
or aromatic polycyclic carbocycle; a 5- to 6-membered monocyclic heteroaryl

2 ring having 1-4 heteroatoms independently selected from nitrogen, oxygen, or
sulfur; a 3- to 8-membered saturated or partially unsaturated heterocyclic ring
having 1-3 hetercatoms independently selected from nitrogen, oxygen, or sulfur: a
6- to 12-membered polycyclic saturated or partially unsaturated heterocyele
having 1-3 heteroatoms independently selected from nitrogen, oxyegen, or sulfur;

36 or an &- to 10-membered bicyclic heteroaryl ring having 1-5 hetercatoms

independently selected from nitrogen, oxygen, or sulfur; where cach occurrence



70optionally containing one or more hetcroatoms, and an R5 or R6 group can be taken with an R or
R2 group to form one or more optionally substituted rings; each occurrence of R7 is independently
hydrogen, a hydroxyl protecting group, or an optionally substituted radical selected from the group
consisting of C1,20 acyl: C1-20 aliphatic; Ci.70 heteroaliphatic; phenyl; a 3- to 8-membered saturated
or partially unsaturated monocyclic carbocycle, a 7-14 carbon saturated, partially unsaturated or
aromatic polycyclic carbocycle: a 5- to 6-membered monocyclic heteroaryl ring having | A heteroatoms
independently selected from nitrogen, oxygen, or sulfur: a 3- to 8-membered saturated or partially
unsaturated hetero&fcfic fiflf FavFG L s Theteis Aprasahdsgehasrtipdsreectrdfiardgen,

30oxygen, or sulfuriza.6p tarkmemberedpalysychiciaaturatad o partially unsaturated heterocycle
havingoteroatoms independently selected from nitrogen, oxygen, or sulfiar. or an 8- to | 0-membered

bicyclic heteroaryl rifl 'a?}ﬁ%gi{' REtroSt oS dEherdalthr SErdtd FORhiIBGER 8 gen, or sulfa
each occurrence of R8:1R9;@fdRi)dstacependentlydiydrogen or.am Dptianally. substituted radical
selected from the gQ&gﬂg{)ﬂéi%iﬂg_f%%%ﬁ%aITiRIhati(%; .hetghoaliar?}atihc; phenyl; a 3- to 8-membered
saturated or partially tnsatura eé“mono’c{yréllcréa"rk%%%ﬁgflerfba 791 c%i’ﬁ%dﬁoéﬁcturated, partially
unsaturated or aromatic polycyclie carbocycle; a 5- to 6-membered monocyclic heteroaryl ring having
1-4 hcteroatoms ndeiFaridErty sklected from nitrogen. oxygen, or sulfur; a 3- to 8- 10membered
saturated or partially unsaturated heterocyclic ring haying 1-3 heteroatoms independently selected
from nitrogen, oXigen, srasulfuiyal6y tobk2umendbered-pelyoyelicsattratadeupartially unsaturated
heterocycle having 1-5 heteroatoms independently selected from nitrogen, oxygen, or sulfur; or an 8-
to 10-membered bigydlie.beifraaiing-naing. x5 heisroaioms Independaniydeselected from
nitrogen, oxygen, or sulfur; wherein any two or more R8, R9 and R1(' groups can be taken together
with intervenfiRy &b 46 $6pR#b&8r more optionally substituted rings. each oceuranee of R11 is
independently selected from the group consisting of: halogen, -NO2, -CN,-S(0)12'1 -S(0)2W,
-NRYCQ(0)R.", -0C(0)RseCD2RTp020NEO; ph@:pHaRus-0S(OMHRINRZ DR 2up NRYGEO)RY,
-NRYC(0)ORY, or.an optionally substituted radical selected from the.gro sisting of C H2u
aliphatic; C1.20 tei%gfcgaﬂ%ﬁ% fé’t&’%’eﬁy ;}g?hfgﬁini%éﬁégsg%ﬂhcr%ég%?%@r?fgﬁy unsaturated
monocyclic celtbedyeies & (RRABAthbnshtrate 8 PRIAAI pinsaturated ot argrinagibipelycyclic
carbocycle: a KO IRRISHMANASHAIRAICIANLENG MBSk heteroatoms, Independently

selected from‘nitrgagl\;en, oxygen, or sulfur: a 3-'to 8-membere saturated or partially Unsaturated
heterocyclic fingThavintht:3 heieatsis indays ngaritysekd e front nikogerdosygentaor sulfur: a 6-
to 12-pemberadmolyeyslia, satusaiadies ﬁ%ﬁ%l%@.QS@JME@Kﬁ%&@@(@E}’&g@\&%@@\%‘?g&ﬁ%ﬁomoms

independently selected from nitrogen, oxygen, or sulfur: 30or an 8- to 10-membered bicyclic heteroaryl

ring having 15 18teffiatonis an oxygen atom).

In certain embodiments, a phosphorous-containing functional group is chosen

from the group consisting of:

R7 R? R ,F%?r \N’R{ o ? 5
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R P E N R B NR SR
\p«O \P’N‘RE , - ”P\N——R F:.
i " O £2
O R? ,and
or a2 combination of two or more of these
20 wherein R’ and R?, are as defined alove; and



independently selected from nitrogen, oxygen, or sulfur: where each occurrence of Rs'is
independently -H, or an optionally substituted radical selected from the group consisting of Cim
aliphatic, 3- to 7-membered heterocyclic, phenyl, and 8- to 10- membered aryl, and where two or more
adjacent R groups can be taken together to form an optionally substituted saturated, partially
unsaturated, or aromatic 5- to 12-membered ring containing O to 4 heteroatoms; X- is any anion and
Ring A is an optionally substituted,o 10-membered heteroaryl group. In some embodimcn an
activating functional group (T) is a phosphorouscontaining functional group. 10In certain embodiments,
a phosphorous-céittafhing fuffersaalGrouprisehoderfrsm thegtouncconsistimg ofiphoéphines

(-P12'2); Phosphine gxidesi P02 2.phosphinites. BQR DRY2:,phasphonites 8;(.955@%5&
phosphites P(R)3; phosphinates OP(OR-)R'2: phosphonates: OP(:OR')QIQ': phospiﬁat S -db(OR?)S;

o

phosponium salts (-PRY 3f e #&: phoepherbUs-tortainy riretsatgrets may be linked to a
metal 15complex threughvany available; pesiten (e.g. directlinkage via-he phosphorays.atem, or in
some cases via an oxygen atomg. In certain embodiments, a phosphorous-containing functional

group i8 chosen froM the §r8GR CERLIShing 8PS BT Rizi Rpmembered monocyelic heteroary]

ring having 1-4 heteroatoms independently selected from nitrogen, oxygen, or
suifur; & 3- to 8-membered saturated or partially unsaturated heterocyclic ring
having 1-3 heteroatoms independently selected from nitrogen, oxygen, or sulfur: a
6-10 12-membered polyeyelic saturated or partially unsaturated heteroeyele

10 having 1-5 heteroatoms independently selected from nitrogen, oxvgen, or sulfur,
or an ¥- to 10-membered bicyclic heteroaryl ring having 1-3 heteroatoms
independently selected from nitrogen, oxygen, or sulfur; and where two R
groups can be taken together with Intervening atoms to form an optionally
substituted ring optionally containing one or more heteroatoms, and an R’ group

15 can be taken with an R' or R” group to an optionally substituted ring;

In some embodiments, phosphorous containing functional groups include those

disclosed in The Chemistrv of Oreanophosphorus Compounds. Volume 4. Ter- and

Quinguevalent Phosphorus Acids and their Derivatives, The Chemistry of Functional

Group Sertes Edited by Frank R. Hartley (Cranficld University, Cranficld, UK.). Wiley:
20 New York. 1996. ISBN 0-471-95706-2, the entirety of which is hereby incorporated

herein by reference.

In certain embodiments, a phosphorous-containing functional group has the

structure

25 X 18 -0-, -N=, or -NR*,
bis1or0,

& 7 A - :
cach of R*, R and R” arc independently present or absent and, if present, are
independently selected from the group consisting of optionally substituted C;-Cy,

aliphatic, optionally substituted Co.Cy4 arvi, optionally substituted 3- to 14-

4



c5 R7'N,O-RT RT 0- U4- Rs R7 00 }CS\7,,0R. of 20It R2, "ss4.,' N 'R2??..."N-R2 r. /PHN-R1

membered heterocyclic, optionally substituted 5- to 14-membered heteroaryl,
halogen, =0, -OR", =NR”, and N{R"), where R” is hydrogen, or an optionally
substituted C;-Cyp aliphatic, optionally substituted 6- to 14-membered aryl,

opticnally substituted 3- to 14-membered heterocyclic, or optionally substituted 5-

Ly

to 14-membered heteroaryi,
Q 18 any anion, and
n is an integer between | and 4.

In some embodiments, the present disclosure encompasses methods for the
copolymerization of epoxides and carbon dioxide, such methods comprising contacting

e one or more epoxides with a catalyst described above in the presence of carbon dioxide.

In some embodiments, the present disclosure encompasses methods for the
formation of cyclic carbonates from epoxides and carbon dioxide, such methods
COmprIsing contacting one or more epoxides with a catalyst described above in the

presence of carbon dioxide.

15 In some embodiments. the present disclosure encompasses methods for the
formation of polyethers, such methods comprising contacting one or more epoxides with

a catalyst described above.

Definitions

20 Definitions of specific functional groups and chemical terms are described in
mere detail below. For purposes of this invention, the chemical elements are identified in
accordance with the Periodic Table of the Elements, CAS version, Handbook of
Chemisiry and Physics, 75 Ed.. inside cover, and specific functional groups are
generally defined as described therein. Additionally, general principles of organic

25 chemistry, as well as specific functional moieties and reactivity, are described in Organic
Chemistry, Thomas Sorrell, University Science Books, Sausalite, 1999; Smith and March

March’s Advanced Organic Chemistry, 5™ Edition, John W iley & Song, Inc., New York,

H



[10 'R2 and or a combination of two or more of these wherein wherein R1 and R2, are as defined
above and each R77 is independently hydrogen, a hydroxyl protecting group, or an optionally
substituted radical selected from the group consisting of C1..20 aCYI; Cl_20 aliphatic; C1.20
heteroaliphatim phenyl; a 3- to 8-membered saturated or partially unsaturated monocyclic carbocycle,
a 7-14 carbon saturated, partially unsaturated or aromatic polycyclic carbocycle; a 5- to 6-membered
monocyclic heteroaryl ring having 1-4 heteroatoms independently selected from nitrogen, oxygen, or
sulfur; a 3- to 8-membered saturated or partially unsaturated heterocyclic ring having 1-3 heteroatoms
independentiPEéldcied fr&mErtFGeen XY gEn: dr difar g 6o Yo iembdies potydyenc saturated or

partially unsaturatedsheteracyucie 10having.l-s heteroaigms ndepengdentysetegteg from nitrogen,
oxygen, or sulfur; or an 8- to 10-membered hicyclic heteroar¥l ring having 1-5 heteroatoms

independently SO I SGET: SRITENLEr St 8RB RHERE T RGFBGS i BEtaken
together with intervenidg:atomis,te:fermean optionally substituted ring optionally containing one or more
heteroatoms, and an RT group 15can be taken with an Rl or R2 group to an optionally substituted ring;

In some embodimepts AhosRhrg4s Santaining, functional cgdmﬁé,ia lude those disclosed in The

Chemistry of Organophosphorus Compounds. Volume 4. Ter- and Quinouevalem Phosphorus Acids
and their DeftEtESTIT AE ChHe SR D RURGTIRARTCRE N P SatiesTRaEitdarBy. FrankRIHamey (Cranfield

University, Cianfieldaldtedmddileynilew %ark1886,daRN. 8 139406a2 1ibe ntitety ofwhich is
hereby incorporated herein by reference. In certain embodiments,a phosphorousEl functional group

has the structtfré ™ pXB- {12 IKBYISE 1Rt R R CORIT, SPEgRS, somer. or may be in the

form of a mixture of stercoisomers. In certain embodiments, the compounds of the
10 imvention are enantiopure compounds. In certain embodiments, mixtures of enantiomers

or diastereomers are provided.

Furthermore, certain compounds, as described herein may have one or more
doubie bonds that can exist as either a Z or E isomer, unless otherwise indicated. The

invention additionally encompasses the compounds as individual isomers substantially

-
L4

free of other 1somers and alternatively, as mixtures of various isomers, e.g., racemic
mixtures of enantiomers. In addition to the above-mentioned compounds per se. this

imvention also encompasses compositions comprising one or more compounds.

As used herein, the ferm “isomers” includes any and all geometric 1somers and
stereotsomers, For example, “isomers” inciude ¢is- and rrans-isomers, F- and Z- isomers,
20 R- and S-enantiomers, diasterecomers, (Ixj-isomers, (L}-isomers, racemic mixtures thereof,
and other mixtures thereof, as falling within the scope of the invention. For instance, a
compound may, in some embodiments, be provided substantially frec of 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
25 provided substantially free of the opposite cnantiomer, and may also be referred 1o as
“opticallv enriched.” “Optically enriched,” as used herein. means that the compound is
made up of a significantly greater proportion of onc enantiomer. In certain embodiments
the compound 1s made up of at least about 0% by weight of an enantiomer. In some
embodiments the compound is made up of at least about 93%, 97%, 98%, 99%, 99.5%.

36 99.7%, 99.8%, or 99.9% by weight of an enantiomer. In some embodiments the

it



his I or 0, each of R6, R7 and R8 are independently present or absent and, if present, are
independently selected from the group consisting of optionally substituted CI-Cm aliphatic, optionally
substituted Cb.Cht aryl, optionally substituted 3- to 14- membered heterocyclic, optionally substituted
5- to 14-membered heteroaryl, halogen, -0,z, and N(R71) where R' is hydrogen, or an optionally
substituted C;-C20 aliphatic, optionally substituted 6- to 14-membered aryl, optionally substituted 3- to
14-membered heterocyclic, or optionally substituted 5- to 14-membered heteroaryl, Q is any anion,
and n is an integer between 1 and 4. In some embodiments, the present disclosure
encompasseS MEMHBTE e Ydpekhd seamatsdpskiges thrcitod dioxide: 8Geh Adthods
comprising contacting LQoyEsor moye epoXideswithacatalys!, describad abave indhepresence of
carbon dioxide.  In some em%&diment_s, tggﬂpre‘sent isclosure encompasses methods for the
formation of CyEhc CAPBORATRY from ERoXRidesiant ¥arBon dioride: stich mBtHBHE EBATpHEhg contacting
one or more iepbyides:withya caltabysttdesetibed Rboyerin thefprasencendf carhon: dioxide. 15In some
embodiments, (e, presen; disclosure encompasses methods for.Ine follation of polyethers, such
methods comprising contac Ing oite or more epoxides with a coat%)fy]squce’séiﬁ%ue(‘d“acbo\ié Definitions
20Definitiong-ofspetific Rnctionel grddoscdnd chémital edesorbed Nemdkaidatdil he¥dilenEor purposes
o this Invention, the,chemisal elements:ara dentified 1n eesprdance, Wi the fefipdic Table of the
Elements, CAS version, Handbook of Chemistry and Physics, 75th Ed., inside cover, and specific
functional gréiﬁ’ﬁ"s‘s’%#édf (McGraw-Hill, NY, 1662); Wilen, S.H. Tables of Resolving Agents and

Optical Resolurions p. 268 (E.L. Eliel, Ed., Univ. of Notrec Dame Press, Notre Dame, IN

10 1972).

The terms “halo™ and “halogen™ as used herein refer to an atom selected from

fluorine (fluoro, -F), chlorine (chloro, -C1), bromine (bromo, -Br), and iodine (iodo, -1},

The term “aliphatic” or “aliphatic group”, as used herein, denotes a hydrocarbon

moiety that may be straight-chain (i.c., unbranched), branched, or cyclic (including fused,

15 bridging, and spiro-fused polycyclicy and may be completely saturated or may contain
one or more units of unsaturation, but which 1s not aromatic, Unless otherwise specified,
aliphatic groups contain 1-30 carbon atoms. In certain embodimems, aliphatic groups
contain }-]12 carbon atoms. In certain embodiments, aliphatic groups contain 1-% carbon
atomns. In certain embodiments, aliphatic groups contain 1-6 carbon atoms. In some

20 embodiments. aliphatic groups contain 1-3 carbon atoms, in some embodiments, aliphatic
groups contain -4 carbon atoms, in vet other embodiments aliphatic groups contain 1-3
carbon atoms, and in yet other embodiments aliphatic groups contain 1-2 carbon atoms.
Suitable aliphatic groups include, but are not limited to, linear or branched, alkyl, alkenvl,
and alkvnyl groups, and hybrids thereof such as (cyvcloalkylialkvl, {cycloalkenyhalky! or

25 (cycloalkylalkenyl. In certain embodiments, the term aliphatic group encompasses
aliphatic groups wherein one or more hydrogen atoms are replaced with o halogen atom.
In certain embodiments, the term aliphatic group encompasses chlorinated or fluorinated

aliphatic groups weluding perfluorinated compounds.

The term “epoxide”, as used herein, refers 1o a substituted or unsubstituted

30 oxirane. Such substituted oxiranes include monosubstituted oxiranes, disubstituted
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generally defined as described therein. Additionally, general principles of organic 25 chemistry, as well
as specific functional moieties and reactivity, are described in Organic Chemistry, Thomas Sorrell,
University Science Books, Sausalito, 1999; Smith and March March 's Advanced Organic Chemistry,
5th Edition, John Wiley & Sons, Inc New York, 2001; Larock, Comprehensive Organic
Transformations, VCH Publishers, Inc., New York, 1989; Carruthers, Some Modern Methods of
Organic 5)mthesis. 3d Edition, Cambridge University Press, Cambridge, 1987; the entire contents of
each of which are incorporated herein by reference. = Certain compounds of the present invention
can compris& 8Heor %8?%“&%rﬁ@ff’rﬂﬁ’ée?ﬂé%?éﬁ@*&ﬁﬂ%céﬁlé%ﬁng‘}é?iéﬁ‘éxé‘f@?@%ﬁg%eric foinis,
e.g., cnantiometsangion diastercomer ss Thussdnvantivecompaundsans-eempositigns thereof may be
in the form of an ir_]_dj\(id_uab cnantiomer, diastercomer or geometric isomer, or may be in the form of a
mixture of stercaisomere & Cetain BRibedi é’ﬁf@fftﬁéﬂég SR8 e 1OTHUENHSA SFe enantiopure
compounds. tcertaimembadirnents, mixtures of cnantiomers or diastereomers are provided.
Furthemiore, certain compounds, as described herein may have one or more double bonds that can

exist as either a Z o isameg, uless.otpenvise indigated, The inventiep;addiignally encompasses

the compounds as individual isomers substantially 15 free of other isomers and alternatively, as
mixtures of VAAGGRIESMAEY<NE FurhEs fhic Rifkt6r8Y GrerhntioHiEYs. T aHEmoh 1o théeaede-mentioned
compounds pekisgy thison@ntion HsenERMPASTES CORMRASILANS COMBIISING:PNe: AL Mmore
compounds. As used herein, the tcincludes any and all geometric isomers and stereojsomers. For
exam pIe,"iso?%%Psm%%md% %‘?&%ﬁdif&@@&#&zg PE-URdPRISBHhEPSCIRS (4 BRSYRARtIGRers,
diastereomers.i{¥y-isomens; (mjbisdimens., tagdmieixivrescthearepfeandh atheibmixtuees thereof, as

falling within the scope .of the ir?venticm. For insltance, acom doémd may, in sgme embodiments, be
) tergos frrlm‘z’, fietcropolymer, biock copdlymer s tapery eterﬁ?o ez gt ong of moje
provided substantially free of one or'more corresponding‘stercoisormers, and may also be referred to

as "stereocheppicddly 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¢'<@pticalbrenighad.;aa Hsedherein, meansdhat the sRMIPRYAd is made up of a
significantly greater proportion of one enantiomer. In certain embodiments the compound is made up

of at least a 50% BY 5veSGHE of an enantiomer. In some embodiments the compound is made up of
at least about 95%, 97%, 98%, 99%, 99.5%. 3099 7%, 99.8%, or 99.9% by weight of an enantiomer.

Iy 4

In some embodimehis threns “cycloaliphatic”, “carbocyele”, or “carbocyclic”, used alone or as part

15 of a larger moiety, refer to a saturated or partially unsaturated cyclic aliphatic

monocychic, bicyelic, or polyeyclic ring systems, as described herein, having from 3 to
12 members, wherein the aliphatic nng system is optionally substituted as defined above
and described herein, Cycloaliphatic groups include, without limitation, eyclopropvl,
cyclobutyl, cyclopentyl, cyclopentenyl, cyclohexyl, cyclohexenyl, cyclohepryl,

20 cycloheptenyl, cyclooctyl. cyclooctenyl, and cyclooctadienyl. In some embodiments, the
cycloalkyl has 3-6 carbons. The terms “cycloaliphatic”, “carbocycle™ or “carbocyelic™
also include aliphatic rings that are fused to one or more aromatic or nonaromatic rings,
such as decahydronaphthyl or tetrahydronaphthyl, where the radical or point of
attachment 1s on the aliphatic ring. In some embodiments, a carbocyclic groups is

25 bicyclic. In some embodiments, a carbocychic group is tricyelic. In some embodiments,

a carbocyclic group 1s polycyclic.

The term “alkyl,” as used herein, refers to saturated, straight- or branched-chain
hydrocarbon radicals derived by removal of a single hydrogen atom from an aliphatic
moicty. Unless otherwise specified. alkyl groups contain 1-12 carbon atoms. In certain

30 embodiments, alkyl groups contain 1-8 carbon atoms. In certain embodimems, alikyl
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enantiomeric excess of provided compounds is at least about 90%, 95%, 97%, 98%, 99%, 99.5%,
99.7%, 99.8%, or 99.9%. In some embodiments, enantiomers may be isolated from racemic mixtures
by any method known to those skilled in the art, including chiral  Ct pressure liquid chromatography
(HPLC) and the formation and crystallization of chiral salts or prepared by asymmetric syntheses. See,
for example, Jacques, et al., Enantionters, Racentates and Resolutions (Wiley Interscience, New York,
1981); \Viten, S.H., et al.. Tetrahedron 33:2725 (1977); Eliel, E.L. Stereochentistry of Carbon
Compounds' (McGraw-Hill, NY, 1962%; Wilen, S.H. Tables of Resolving Agents and Optical
Resolutions p* 288 ‘(Eﬁff*%lije"ﬁ BEHPOD RS NorE DHRRY Bragss NBYe PEMeCIN®D T2 CarboThe terms
-halo” and "hategent asusedeteimrefetio anuptomrselected from fluearing (fuoraerF), chlorine
(chloro, -Cl), bromine_ E)[Q 10, -Bn), and _ipdi?_% gfor%o, _..._The term "aliphatic” or "ali _ha%ic_ group", as
used herein, TeRGtEA hiroAN6h THBTRly that may Be St Algh oA (e T iRBPaRE et Branched, or
cyclic (includingufused;d Sbrid gingoand:spire:fuseitpolydydlickiant mey ke lcompletelysatdrated or
may cqQntain gone_ or | nits of unsaturatign, but which is not aromatic. Unless otherwise specified,
aliphag)c groﬁ?ﬁs%f’% éiiggiyf{?,é} %é? %5:1 Eg? ir§%§y hnété#gﬁ em %gll’rﬁ%%?su}lg]ﬁ5hcéﬁén&%ﬁ%)§pé’gr§f{§in 1-12
carbon atomg&rirpeetiairrambodinments.. atiphaticgroaps! coftaityl1 8ocgrboniatpimsuinicertain
embodimentg,aliphafic;graups contain 1-6 carbon atoms. In some 20embodiments, aliphatic groups
contain 1-5 carbon atoms, in some embodiments, aliphatic groups contain 1-4 carbon atoms, in yet
other embodiments,ﬁalli hatiqégg])ugg,,qontaig 1n-3.caébon atoms, and in yet other embodiments aliphatic
groups contain 1-2 CAEN atoMe” SuftaBtedaliphA ¢ GrEths TENHE BT are AStirhieeds, linear or
branched, alkyh@ikerfy,sandedlkyrodograupsirand: hyhtids- theseolsuchhas (Sysheataialkyl,

<Cvc'%'kenyk;%%%'ngfk(gxc(!g@'m]g}%'_%%{?ﬂé!ﬁ In,cert .i&ﬁ%@@s ts.fhe term.aliphatic group
encompasses all y 8 ?

atic groups wherein one or more hydrogen atoms are replaced with a halogen
atom. In certainwembodiments, tadcemealiphaticrgroymendompassésiohiprinpiedrorifiiofinated

aliphatic groups,inclyding peciHRrnAtEd SamPOUNLS I croups G TS 55%89&9%;1@%#86(1 herein

refers to a substituted or unsubstitutcd 30oxirane. Such substituted oxiranes include monosubstituted
oxiranes, distiBetifiteRdERidhedk tHELSHRItENN ilahé s aEHE tirasubsitteandritanestssSuch epox'des
may be furthgiepfionsllyssdstitited asdrfingssherein oinserainembadiments. epgxides comprise a
single oxiranc mojety. In certain embodiments, epoxides comprise two or more oxirane moieties.

The t&Pm "poigREP “as UERT HEFEH 2R&rEHY Tho RS SRR BT Highkanstive o featiEr 1a5%%he structure
of which comgpsises themuliple rapsaiitionef wais derredy agtualyor concepiualy;£om molecules of
low relative molecular mass. In. certain diments, a polymer is comprised of only one monomer
species (e.g?%%?fét%ﬁé%%ﬁo‘% 3%??11 &é%?ﬁﬁe%%ﬂfﬁﬁ%ﬁ s}y A 581’%%%“- tﬁ ’lepreseni/invention is a

copolymer, 10terpolymer, heteropolymer, block copolymer, or tapered heteropolymer of one or more
epoxides.  The te¥icisaturatedes aseddeiciereiniscarsmieat s lemistyunatsdrrs 6 rfisre double or
triple bonds. remo @ AeNRS RYSIQAIIRNANE FRARbOGYLIR) . of tearbpavalicy, Hsed:along Ly as part of a
Iarger}mmety, refer to a saturated or partially unsaturated cyclic aliphatic mon%(gcllc, bicyclic, or
polycylic rintf P& ahietsh O hBEGHRIB T HRAURG floMs B AT FRsmibRstS citidrdi the aliphatic ring
system is optienaly:-substituted assedived abave:and-geseribedsharein, Cyelgaliphatie greups include,
without limitation, cyclopraopyl, cyclobutyl, cyclopentyl, cyclopentenyl, cyclohexyl, cyclohexenyl,
cycloheptyl barbon doms, Trchriiin emlﬂ)(YAImgms.pa ky}{yl grougg corztax% ’l—(%/ carbon Xtom%. In y

some embodiments, alkynyl groups contain 2-3 carbon atoms, in some embodiments,

alkynyl groups contain 2-4 carbon atoms, i yet other embodiments alkyny! groups

25 contam 2-3 carbon atoms, and in yet other embodiments alkynyl groups contain 2 carbon
atoms. Representative alkynyl groups include, but are not limited to, ethynyl,

2-propynyl {propargyl). 1-propynyl and the fike.

The term “carbocycle” and “carbocyclic ring” as used herein, refer to monocyclic
and polycyclic moieties wherein the rings contain only carbon atoms. Unless otherwise

30 specified, carbocvcles may be saturated, partially unsaturated or aromatic, and contain 3

i4



20cycloheptenyl, cycloocryl, cyclooctenyl, and cyclooctadienyl. In some embodiments, the cycloalkyl
has 3-6 carbons. The terms "cycloaliphatic”, "carbocycle" or "carbocyclic" also include aliphatic rings
that are fused to one or more aromatic or nonaromatic rings, such as decahydronaphthyl or
tetrahydronaphthyl, where the radical or point of attachment is on the aliphatic ring. In some
embodiments, a carbocyclic groups is bicyclic. In some embodiments, a carbocyclic group is tricyclic.
In some embodiments, a carbocyclic group is polycyclic. The term -alkyl, as used herein, refers to
saturated, straight- or branched-chain hydrocarbon radicals derived by removal of a single hydrogen
atom from anfQlPFATRCPBRE: BAESSHHEnIEROSHIsE ISt SIKYF GIRSERE R oRtalfP ¥4 carbon atoms. In
certain 30embagimenis. atikylgraups centail 18 1easbon aloms« b corain iembodiments, alkyl groups
contain 1-6 ca‘erir? atoms. {Ijn\sgmf? ;ﬁgjbpdjr?ents, %%I)?{I roups contain 1-5 carbon atoms, in some
embodiments RIRYF G750 P Ot 1A G Sh AEHTS iR Y&t 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 includé hbtrraresnst linvtedons phathyirt athylarepropyd isopropyt frbutyt, iso-butyl,
sec-butyl, secpentyl, 1Sa:PGRINx e fithutylrR:REMUhRSRREDI pIEXY]: SRE-REXYh LheRtyl n-octyl,
n-decyl, n-undecyl, dodecyl, andthelike. The term "alkcnyl,"as used Refein, denotes a
monovalent d%ﬂﬁﬁ%ﬁ&%j/%’g}%8‘?&%"‘6%1’“’8‘?%@ﬁb‘@ﬁﬁ%@é& BinHERT A Stramgwic gpd
branched-chainalphatie moietyhayiaa.atieash oneccathenicarhandouhe bord &nless otherwise
specified, alken Ibgrog__ s.contain g%ﬁ\ carpon atoms. Irljcen;ain embodiments, alkc_nyfl roups contain
2-8 carbon atofiss iR CErRIH SIS RS, RAGHYI GYSUBETontaii™!e AW ABHE! icsome
embodimentgralkenyhgnaups ‘eontairfc2s Socar bamatams,ginysemesaitbadimenisuakkemyl groups contain
2-4 carbon atoms, in yet other embodime Ikenyl grou optain 2-3 carbaon atoms, and in yet other
em bo%?mentélglfgﬁﬁy 'r%ﬁ} ESF %S)r}l'f’ani%gf ¢ E{%‘g 5?%‘%%’ Xﬁ(r%sr%ﬁf gr}'\oeugi' Tatefite e, for %ﬁ%dmrple, cthenyl,
propcnyl, allyindr3shbsattienyl, blstcmypiudemettyl Rebute-atyheatiyh 1a8-butadienybedllenylnand the like.
The term -alkynylyas Hsef DeIRINSRENS 192 ManovalsaL groyp derived By Ihe remgyal of a single

hydrogen atom from a straight- or branched-chain aliphatic moiety having at I€ast one carbon-carbon
n-iplc bond. Ualesdustherwidansbadifatmathyriyamhbupsizontarroutdieskssn atoms, In certain
embodiments.giiyayhHaHPS contain i2:8 carbon atoms. In certain embodiments, alkynyl groups
contain 2-6 carbon atoms. In some embodiments. alkynyl groups contain 2-5 carbon atoms, in some

embodiments, alkynyl groups contain 2-4 carbon atoms, in yet other embodiments alkynyl groups
ZSCon%in 2-3 carb(?#]agt%nmﬁigﬁc El’%f%lfl %%he‘?beuf?l oﬁlcﬁiﬁﬁlghfg}[éﬁ%\j‘?ﬁﬁkﬁ%%§r88%?§?§ cci}alllr )on atoms.
Representative ratkyrykgroapsrinete delcben @rel nottievitd d toyrethy nyly s propyriyk (pf dpargyd),

L-propymy, BB e Guing of HOEPIGARRENCIC, A BAIbRKSI g cas pped herein, refer to

monocyclic and polycyclic moieties wherein the rings contain on on atoms. Unless otherwise
30specified, ¢arbryetas megy/peisanipatedopartislp dinsateratetpeerd aties aneesmtain 3

oxygen, sulfur, nitrogen, or phosphorus. Heteroaliphatic groups may be substituted or
20 unsubstituted, branched or unbranched, cyclic or acychc. and include saturated,

unsaturated or partiatly unsaturated groups.

The terms “heteroary!” and “heteroar-", used alone or as part of & larger moiety,
e.g., “heteroaralkyl™, or “heteroaralkoxy”, refer to groups having 5 to 14 nng atoms,
preferably 3, 6, or 9 ring atoms; having 6, 10, or 14 « electrons shared in a cyclic array,

25 and having, in addition to carbon atoms, from one to five heteroatoms. The term

“heteroatom” refers to nitrogen, oxygen, or sulfur, and includes any oxidized form of
nitrogen or sulfur, and any quaternized form of a basic nitrogen. Heteroaryl groups
include, without hmitation, thienyl, furanyl, pyrrolyl, imidazolyl. pyrazolyl, triazolyl,
tetrazolvl, oxazolyl, 1soxazolyl, oxadiazolyl, thiazolyl, 1sothiazolvl, thiadiazolyl, pyridyl,

30 pyridazinyl, pyrimidinyl, pyrazinyl, indohzinyl, purinyl, naphthyridinyl, benzofurany!



to 20 carbon atoms. Representative carbocyles include cyclopropane, cyclobutane, cyclopentane,
cyclohexane. bicyclo[2.2,1]heptane. norborncne, phenyl, cyclohcxone, naphthalene, and
spiro[4.5]decane, to name but a few. The term "aryl" used alone or as part of a larger moiety as in
"aralkyl", "aralkoxy", or "aryloxyalky!", refers to monocyclic and polycyclie ring systems having a total of
six to 20 ring members, wherein at least one ring in the system is aromatic and wherein each ring in
the system contains three to twelve ring members. The term "aryl" may be used interchangeably with
the term -aryl ring". In certain embodiments of the present invention, "aryl" refers to an aromatic ring
system whicHTAAFFEL Bt hs KEPLONRFEATS, PHEMBHFenyt, HADRISH-ahthraEYAnd the like, which
may bear ongrot;mareslehstiturmts:oMsadntiydethwithintheoseape ofthetesmipand:, @s it is used

herein, is a group in which an aromatic rg? !s fused t?.one or more adgit'onal rings, such as
eferacy > {nge Tl

benzofuranyl, |ndanﬁ,ypﬁ'{ﬁ{§1i%|8§/‘lfnaﬁwt iy BhenARF IR D etahy drHaBHtHy T Shd the like.
15The term "Ketlroaliphaticyiras usedihensginy refersda dliphatichgrovipsavheieim:dne or more carbon
atoms are independently repla 81%?%@%9%;? a%cf?ﬁ% é&%:%%éz%'%%te%ﬁ%%%ﬁ‘, the groyp,consisting of

oxygen, sulfur, nitrogen, phosphorus, of boron. in’certain émbaédiments, one to siX carbon atoms are
independentizreplatbdiBhbrept. morezofioxygemosalior riffogens orpHospheral! Heteroaliphatic

groups may besubstitiited oruns, %Mﬁqy%mﬁ@g% tmbranchads, sy or acyclic. and include

L
saturated, unsaturated or partially unsaturated groups. The terms "heteroaryl® and "beteroar-", used
alone or as pAfEY & PRI BTl A dterigakatkyl; lof - HetdtoraikeRy: Adreriegrogpsmaving 5 to 14

ring atoms, preferabhsf-Gr @68 iRy atamsihaving &0 40 omid it electiansshareshin aeyclic array;
25and havin(%,2 in addi;lj]on to ca(llrbon_ a;gms, from one fo five heteroatoms The term "heteroatom" refers

to nitrogen, SXyGER 0P S YaRgSnclFEECAR) 85t e 8T fOlGISPHRFYEN SMEQRIFSAJSARY quatemized

form of a basiehitkoges. iHeteroaybgioypstinalude, Witheus mitatan thienylefuranylipyfrrolyl,

imidazolyl, pyrazolyl, triazolyl, tetrazolyl, oxazolyl, isoxazolyl, oxadiazotyl, thiazolyl, isothiazolyt,
thiadinzolyl, Lo T BUIUaREY SRt ioaan SRR e i et oot D iyl
benzofitranylirgnpkpderidinyk Thetelinsibhetararyl" and "hetet-oat , as used herein, also include

groups in which a heteroaromatic ring is fused to one or more aryl, cycloaliphatic, or hetcrocyclyl rings,

where the radical onpeinRtotattacamentis aAhe ligterogromaticl ipg-Nanlimiting.exaaples include
indolyl, isoindolyl, benzothienyl, benzofuranyl, 5dibenzofuranyl, indazolyl, benzimidazotyl

benzthiazolyf! ihﬁ@ﬂ%ﬂbﬁﬂ%ﬁ/ﬁr%%ﬁgliﬁﬁﬂfﬁﬁﬂgﬁfﬁ)ﬂ?ﬁﬂ?dﬁﬁﬂﬁiﬁ?kiﬁéi‘rﬁi&ﬁﬁ'ﬂl&%‘i@azolyl,
monocyclic or 7-14-membered bicyclic heterocyelic moiety that is saturated, partially
unsaturated, or aromatic 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
heterocyele, the term "nitrogen” includes a substituted nitrogen. As an example, in a
20 saturated or partially unsaturated ring having 0-3 heteroatoms selected from oxyeen,
sulfur or nitrogen. the nitrogen may be N (as in 3 4-dihvdro-2//-pvrrolyl), NH (as in

pyrrolidinyl), or 'NR (as in N-substituted pyrrolidinyl.

A heterocyclic ring can be attached to its pendant group at any heteroatom or
carbon atom that results in a stable structure and any of the ring atoms can be optionally
25 substituted. Examples of such saturated or partally unsaturated heterocyelic radicals
include, without limifation, fetrahydrofuranyl, tetrahydrothienyl, pyrrotidinyl,
pyrrolidonyl, piperidinyl, pyrrolinyl, tetrabvdroquinolinyl, tetrahydroisoquinolinyl,
decahydroquinolinyl, oxazolidinyl, piperazinyl, dioxanyl, dioxolanyi, diazepinyvi,
oxazepinyl, thiazepinyl, morpholinyl, and guinuclidinyl. The terms “heterocyele”,
30 “heterocyclyl”, “heterocyclvl ring”, “heterocyelic group”, “heterocyclic motety”, and

“heterocyciic radical”, are used interchangeably herein, and aiso inchude groups in which
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acridinyl, phenazinyl, phenothiazinyl, phenoxazinyl, tetrahydroquinolinyl, tctrahydroisoquinolinyl, and
pyrido[2,3-11-1.4-o0xazin-3(4H)-one. A hetcroaryl group may be mono- or polycyclic. The term

licteroaryl" may be used interchangeably with 10the terms "hetcroaryl ring", "heteroaryl group", or
"heteroaromatic”, any of which terms include rings that are optionally substituted. The term
"heteroaralkyl” refers to an alkyl group substituted by a heteroaryl, wherein the alkyl and heteroaryl
portions independently are optionally substituted. As used herein, the terms "heterocycle”,
Thcterocyclyl", "heterocyclic radical”. 15and -heterocyclic ring" are used interchangeably and refer to

a stable 5- td PSHRERBErEEBNEETE IR G aHTeibete BTy bieT KEtereyiitcripistythat is

saturated, pattiayunsaturaied;,or arematic, and-having:Hin addition {9-6arhoem.aloms. . Qng.or more,
preferably one to four, hetcroatoms, as defined above. When used in reference to a ring atom of a

heterocycle, e fe fFhPHRFGGARARITITES A SUbREIRST Hitrogen  AS ST Bichrh BIUIEY 2P saturated or
partially unsaturated singchaving e-3-hcietoatoms selectet framoxygenssulfunenniregen the nitrogen
may be N (ag in 3,4-dihydro-2H-pyrroly 20 I-1 (as in pyrrolidinyli, or .NR. (as in AY-sypstituted
pyrroli:(jjinyl).ﬁmr%sﬁi\f}ér%{é@ﬁl% r’rrf-i%r%/gjl %gﬁ né\lha f%%ﬁé(g}{z) ey 5’&*‘1 ré?ﬁpﬁf] ﬁ?)ﬂat‘iéﬁ}%‘é’fgf tom or carbon
atom that resultsiintedstable structure and any of the ring atoms can be optionally substituted.
Examples of such saturated or partially unsaturated heterocyclic radicals include, without limitation.

tetrahydrofuranyl. tetrahydrethienyl e alidinyd. Ryrralidonyl, RIReHCINPYH R where
tetrahydroquinolinyl. tetrahydroisoquinolinyl, decahydroquinolinyl, oxazolidinyl. piperazinyl. dioxanyt,
dioxolanyl, diaseBiRSS T AL b AR CBaHES SEAAY FHOHBRHHR C AP G BFTERYIFNS 248 terms "heterocycle-,
30Theterocyclyl", Theterocyclyl ring", "heterocyclic group”, "heterocyclic moiety"”, and "heterocyclic
radical-, are used irtershdhgeablihhenein rand: Bisomicludediratips in singhnadigtérocyclyl ring is fused
to oneor more.aryl, I l, cloaliphatic rings, such.as indolinyt, 3K-indolyt, chromanyl,
pheng?]ihrid [ H%Ilﬂgré }&?&%i{’(ﬁ%éqﬂ% (l)?ié né?wg?jeé t Jéq?z}l% %SPO Egll %@%P El%‘tg}cﬁ%% nt én%ﬁ] C{ﬁe tﬁeterocyclyl
ring. A hetererselypagpoushayibe monple siicyclisaThditerrhuhe evbuyetdedkyrineteds tovan alkyl

group substifiited by.a hetgreeycivl,wherein the alkyl and heterocyclyl portions independently are
optionally substituted. The term cacyl" as used herein refers to a group having a formula -C(0)R

where R is hydrogen or an tionally, substituted aliphatic, aryl, or heterocyclic group. As used herein,
the term "partially u %%?ur%{ge%ﬂlye%éé%i ﬁrﬁﬁbwgfé?%ﬁ‘&%ﬁg% ﬁ&%%ﬂ;“t%ggflaﬁ%*d’éuble or triple
bond. The tetmcigantiadiyunsatiratedtisintendedioencompdss tingshayingoauliiplewsites of
unsatyration, bt is NOLINtenagd 19 inglude vl or hgieroamlmoieties, 25 hereiq defined. ,
or blocked, permitting, if destred, a reaction to be carried out selectively at another
reactive site in a mulitifunctional compound. In preferred embodiments, a protecting
group reacts selectively in good vield to give a protected substrate that is stable to the
projected reactions; the protecting group is preferably sclectively removable by readily
20 available, preferably non-toxic reagents that do not attack the other functional groups: the
protecting group forms a separable derivative {more preferably without the generation of
new stereogenic centers); and the protecting group will preferably have a minimum of
additional functionality to avoid further sites of reaction. As detailed herein, oxygen,
sulfur, nitrogen, and carbon protecting groups muay be utilized. By way of non-limiting
25 example, hydroxyl protecting groups include methyl, methoxvlmethyl (MOM)},
methylthiomethyl (MTM), -butylthiomethyl, (phenvidimethyisilyhimethoxymethy!
(SMOM), benzyloxymethvl (BOM), p-methoxybenzyloxymethyi (PMBM), (4-
methoxyphenoxy)methyl (p-AOM}, guaiacolmethyl {GUM), r-butoxymethyl, 4-

pentenyloxymethyl (POM), siloxymethyl, 2-methoxyethoxymethyl (MEM),

e
o

2,2 2-trichloroethoxymethy!, bis(2-chloroethoxyymethyl, 2-{trimethylsityliethoxymethyl
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One of ordinary skill in the art will appreciate that the synthetic methods as described herein, utilize a
variety of protecting groups. By the term "protecting group,” 15as used herein, it is meant that a
particular functional moiety. e.g., 0, S. or N, is masked or blocked, permitting, if desired, a reaction to
be carried out selectively at another reactive site in a multifunctional compound. In preferred
embodiments, a protecting group reacts selectively in good yield to give a protected substrate that is
stable to the projected reactions; 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 e E&Harableiabrdmvetridre BrefebspiRoivisbut iy yosk tatiohy dfatewpsteratgenic
centers); and the:RsRiReEng aroupwilpreferabbshave.a minrHm of additional functionality to avoid
further sites of reaction. As detailed herein, oxygen, sulfur, nitrogen, and carbon protecting groups may
be utilized. BY W&y GF RORAiTig saekampreb hydroapisretecme arbapsdiseidde methyl.
(oheryidmetnyisiylmeinomeityl (GMOM), Bersyioxymethy, (BOND). p-meiharybenzylosymethy
phcnyldimethylsilyllmethoxymocit SMQOM), henzyloxymethy . p-methoxybenzyloxymethy
(PIMB?\/I). (4_1%%%%5%1%)}? ?Eé?f%} “’@K@B‘Nﬁ) guaiacolmethyl (GUM), f-butoxymethyl, 4-
pentenyloxyhétbak (PN s-sieydretihy, s2smethokyethaxymethadAVEM)2 12, 2-tichipsasthc.ixyrnethyl,
bis(2-chloroethexy)rnethyl, 2-(trimethylsilypethoxymethyd, (S . tetrahydropyranyl (TI-1P),

e]. [?_ %&SEW+X%QQ Pllyi -rXﬁ%f]xX&mc%%%’xyﬁm | Egmflszt Sﬁﬁ"i{“‘?’%ﬁﬁgﬁ

3-bromotetrahydropyranyl, tetrahydrothiopyrany cthoxycyclohexy ytetrahydropyranyl
(MTITP), 4- ihcthbytetbansidesthiopyransih - thethosighétratyototkiopythriyl Bl8Hdioxide,

L-[(2-chloro-4: MeixyRIpETdind- e > okids 2syl, tetrahydrofuranyl.
tetrahyd rothiof[l?rﬁaér? éﬁu%ﬁ g%gﬁmt;% APe ﬁdéﬂréé’gf(g@/' hcknds Y

fu ,6,7,7a-oetahydro-7,8,8-tfimet y1-4%qr?)h%?tl1‘aﬁobenzofuran-2-y|,I
-ethokYethyl S TAPRMIBYO &R Iethshorrhstryt- Letimesthethenaimethjiobebarizyloxyethyl, | -methyl-|
-benzyloxy-2;fluereethyi, ,8,ga?oﬁéﬁmr@,%th%lai-e%ﬂm@}hf%wﬁé%%?KEQQM@%&%Pethyl, t-butyl, ally!,
p-chloropher:gyl,p-mr_thoxypherﬁll. 2,4- l)Odipitro%henyl, enzyl, p-methoxybcnzyl, 34-dimethoxybenzyl,
o-nitrobenzyt. BFOBERAN - %%ﬁ”ﬂﬁ*‘é’.@-}d|C%ii@b%ﬁ?ﬁﬁyﬁwgﬁoﬁé’nﬁﬂlﬁ%%ﬁWS@ﬁzyl,
2-picolyl, 4-pietityin2:mbthyl- Z-picalytNdoxidonginhsmyimethyk: i -dinitrobenzhydryl,
5-dibenzosubetyl, triphenylmethyl, ct-naphthyldiphenylmethyd, p-methoxyphenyldiphenylmethyl,
din-methoxy‘f;_hnr(-%‘/f@B“ﬁ%}ﬁarﬁ%‘r}r?je1 Q}%Xﬁ%ﬁ%ﬁét#&?&%%‘ﬁ%ﬁ ‘érfﬁg)ﬁhenylmﬂ%y{
4-(411bromoptienacyloxyprenplydipheAylimetodopbetiatrsidypidichidipiphthalimigiophenyOnnethyl,

4.41,4"-tris(Igvulipeyloxyphenymethyl, 4 4 A --tris(benzoyloxypheny)methyl, 3- tmidazol- |
-yObis(41.4--dirhetr)]%%ﬁhcnyl)m%?hw, i:ﬁ%i‘ -%?sh&]}?R(rgﬁ{%ﬁyphenyl)-l1-py-renylmethyl, 9-anthryl..

9-(9-phenyl)sehtheriyk(20g400pkany i Dloxeantingl 4’ 3thehzodithiotarmayiirbehyzissthiazoly 1
S.S-diox)do. rimesayIsiy IS ). dHetdsivATEShivisonrarydsilyL (TIPS). dimethyl isopropylsily
(IPDMS), diethylisopropylsilyl (DEIPS). dimethvithexyfsilyl. r-butyldinicthylsilyl (TBDMS),
PbutyldipheSASSTTBEFE) L riseHsieniy v ptyisif Soapreayianiengiphenylimethylsilyl (DPMS),
I-butyimethoxyphenrylailyliIBMES), Commatadaanzoyfoimate-asatiatershiareacsialc.
diehloroacetta%%&gg ,‘I.?rP efatc, 1ri quro_ﬂ [{Jgéhoxyaectate, tr‘iihen Imethoxyacetate. phenoxyacetate,
p-chlorophendXyatatatd, 3 bHe RBF RIS hatE - BLS RN At AEVlingRsshy isopropyisilyl
4.44ethylencdiitidfpedtahphterievdlindylDiEisy ceiialpiyaleats adeamanioaten getanate.
4 methoxycroigRalR DEOFORRRRITY REB08 e B S LI ReE o2l (eRlioqia, k! methy
diphenyimethylsilyl (DPMS), r~butylmethoxyphenylsityl (TBMPS), formate,

23 benzoylformate, acetate, chloroacetate, dichloroacetate, trichloroacetate, trifluoroacetate,
methoxyacetate, triphenylmethoxyacetate, phenoxyacetate, p-chlorophenoxvacetate, 3-
phenyipropionate, 4-oxopentancate (levulinate), 4,4-(ethvienedithio)pentanoate
(levulinoyldithioacetal), pivaloate, sdamantoate, crotonate, 4-methoxycrotonate,
benzoate, p-phenylbenzoate, 2.4 6-trimethylbenzoate (mesitoate), alky! methyl carbonate,

30 9-fluorenyimethyl carbonate (Fmoc), alky! ethy! carbonate, alkyl 2,2, 2-trichlorocthy!
carbonate (Troc), 2-(trimethylsiiylethy! carbonate (TMSEC), 2-(phenylsulfonyl) ethyl

carbonate (Psec), 2-(triphenyiphosphonio) ethyl carbonate (Peoc), alkyl isobutyl
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309-fluorenylmethyl carbonate (Fmoc), alkyl ethyl carbonate, alkyl 2.2.2-trichlorocthyl carbonate
(Troc), 2-(trimethylsilyl)ethyl carbonate (TMSEC), 24pherylsulfonyl) ethyl carbonate (Psec).
2-(t44phenylphosphonio) ethyl carbonate (Peoc), alkyl isobutyl carbonate. alkyl vinyl carbonate alkyl
ally! carbonate, alkyl p-nitrophenyl carbonate, alkyl benzyl carbonate, alkyl p-methoxybenzyl
carbonate. alkyl 3,4-dimethoxyben2.yl 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-tnethylpentanoatc, 0-(dibromomethyl)benzoate,

2-foxInylbenZéiesdtfonbte, ughetiyirie mstheky) stiphrattnidenlithisiorhbesd)blyrate,

2-(methylthiomethexymethybhenzoatc, 2:6:Aichioro-¢rmethylphcnoxyaeetate, 2.8men vi
dichloro-4-(1,1"3,3-tetramethylbutyl)phenoxyacetate, 2,4- bis( 1.1 -d|methylprop&)ghenoxyacetate,

chlorodiphcn§ASStAT:, sEabatFAe dom sAotekintke o iy Erbopate idateS-benzy!
o-(methoxycatheayiiaenzeatecaynaphthorie caitcatac alkythy! dithiocarbonate, 2-iodobenzoate,
N.N,Alll,V-(etram%Hg 1"1a|é)chgts1phorgdia idate, alkz_}/l N-%h_%nylcarbamate, borate,

I b

dimethylphospt AHORISUE VTS O RSP REN IS it At LA ViR & UIfonate (mesylate),

benzylsulfonatéyandbosylate: (fBe)d O (jpretedtingnisoay feiByvdiolsnmthieyptotectinggroupsHdaciude
methylene acctal. ethylidene acctal, 1514-butylethylidene ketal, 1-phenylethylideng ketal,

(4-methoxypﬁ§nff)e“t y]?@ﬁ%e%?ggcj%gﬁyzﬁéfﬁ?ﬁc%dggﬁ%ﬂﬁgr?e%%%éﬁhgcé% ﬁlgétea,tféy“d opentylidene ketal.
cyclohexylidélifehlggast-( dyicloheptyiideneébiethh venzyticksie, Acktal.p-methoxybenzylidene acetal, 2.4-

dimethoxybepzylidens ket driiusinonbanzvlidens acalial. aiiraergyiene ac

methoxymethylene acetal, ethoxymethylene acetal, dimethoxymethylene ortho ester,
201-n@thoxyBIRITEHRGHN G estare e thbRy@asidinesiine ssmemy Dheimmataoxyatiylidesc ortho
ester, a-methgxybenzylideneorthe-estesn ihdNdinethyiaminglethylidens derivative,
a-(N,Nl-ciimethg/Iamjno benzylidene derivatiyeHZ-oxacycIopenj[yli.dene ortho‘ester. di-r-burylsilylene
12roup (DTBEY*F A T B3RO S diE OB R ARV ATVE: CHIBTYS), tetra-t-butoxydi
silaxane-1.3neliylidend dervative(TB D Sy ayelifaatbonates: eyelia borenates - athyl borepate, and
phenyl boronlate.ﬁmig]o- rotecting groups include gln thyl car a‘ﬁf a;%)ethé[t calrbamante,

9-fluorenylmethyl CarbAMALE (FIoE .uﬁf’(ﬁl-%blﬁ%)rﬂﬁt FERYIAETAY- AT

9-(2.7librorha)flupradpititethytdatbamatethylidene ketal, (4-methoxyphenylethylidene acetal,
2.7-di-r-butyh[9-001 QrioxashR:HQ A%I0- iRl ohipxRabyimetiv) carbaniat  sene ketal
cycloheptyhdene ketal, benzylidene acetal, p-methoxybenzylidene acetal, 2 4-
dimethoxybenzylidene ketal, 3 4-dimethoxybenzylidene acctal, 2-nitrobenzvlidene acetal,
methexymethylene acetal, ethoxymethvlene acetal, dimethoxymethviene ortho ester,
20 I-methoxyethylidene ortho ester, 1-ethoxyethylidine ortho ester,
1.2-dimethoxyethylidene ortho ester, o-methoxybenzylidene ortho ester,
1-(N,N-dimethylaminojethylidene derivative, o~(N, N -dimethylamino)benzylidene
derivative, 2-oxacyclopentylidene ortho ester. di--butylsilvlene group (DTBS), 1.3-
(1,1,3,3-tetraisopropyidisiloxanylidene) derivative (TIPDS), tetra--butoxydisiloxane-1.3-
25 diviidene dertvative (TBDS), cyelic carbonates, cyclic boronates, cthyl boronate, and
phenyl boronate. Amino-protecting groups include methyl carbamate, ethyl carbamante,
9-fluorenylmethyl carbamate (Fmoc), 9-(2-sulfo)flucrenylmethyl carbamate,
9-(2,7-dibromo)fluoroenyimethyl carbamate,

2, 7-di--butyl-[9-(10,10-dioxo-10,10,10,10-tetrahydrothioxanthyljmethyl carbamate

(Troc), 2-trimethylsilylethy] carbamate (Teoc), 2-phenylethyl carbamate (hZ),

I-(1-adamantyl)-1-methylethyl carbamate (Adpoc), 1,1-dimethy!-2-haloethyl carbamate,

1%



30(DRD-Tmoc ), 4-methoxyphenitcyl carbamatc (Phenoc). 2.2.2-trichloroethyl carbamate (Troc),
2-trimethylsilylethyl carbamate (Teoc). 2-phcnylethyl carbamate (hZ). | -(1-adamantyl)-1-methylethyl
carbamate (Adpoc). 1,1-dimethyl-2-haloethyl carbamate. 1-dimethyl-2,1-dibromocthyl carbarnatc
(DB-1-BOC),-dimethyl-2.2,2-trichloroethyl th carbamatc (TCBOC), 1-methyl-144-biphenylyl)cthyl
carbamate (Bpoc), 143,5- di-t-butylphenyn- 1 -metitylethyl earbamate 0-Bumeoc). 2-(2"- and
4'-pyridyl)ethyl carbarnate (Pyoc), 24N.N-dicyclohexylcarboxamidotethyl carbamatc. (-butyl carbamatc
(130C), 1-adainantylcarbamate (Moe), vinyl carbamatc (\fqecg, ally! carbq}ma:gc (Alloc).
1-isopropylally1-Eae&iatd-(PaseIc B ram e aRae Y€ oc); adHrrdbRamy CAIBEIR%EE (Noc).
8-quinolylcarhamate. Nroystioxy pipendinylqarhamate; alkyldithio-carhanate,ibanzyl carbamate
(Cbz),p-methoxybenzyl carbamatc (Moz), p-nitobcnzyl carbamatce. p-bromobenzyl carbamatc,
p-chlorobenZrca Vézﬂqgi?éfr)Zj.pr&f‘ WﬁSPb‘éér‘i%WT@l&{F%‘r‘ﬁgfb‘f)42r‘1(1%th§ff§{udlffﬁ;y/fbcgﬁf/)‘l@arbamate MAW,
9-anthrylmethylicatibantate,) diph¢hylmethyl catbamatenisnetyy thibathyt caibamateamate
2-methylsulf | carbamate, 2-(p-tolucnesulfonyl)ethyl carbamate, [2-(1.3-dithjanyl)]methyl
carbarﬁyate (E%%ti%ﬁﬁ‘?“e‘ a?mi%dﬁﬁ‘é’g%{ec%é%{“%gfgwﬁf& }412{2 ime tﬁ%?fkfb% aeﬁrilaﬁég\r P{'}jlcr)n)]’ate (Bmpc),
2-phosphonidetioytcarbdmatebiPeoc)] RamiphemdphbsphenioisGpropyhlisvarbamate (Ppoc), 1,1
dimethy1-2 cyanacibycarbamate: n:chloiae-asvlonbenpy carbamaleR: dindianyoryhbenzyl
carbamatc, 5-benzisoxazolylmethyl carbamate. 2-(trifluoromethyl)-6-chromonylmethyl carbarnate
(Tcroc), nr-nitesphesyl barbdrrabersis-dihretnonyBenzyrearberiaeas-Aiirsbenzipbaibamate,
3'4'd'metho%ﬁm&bﬁfﬁ%{é@@%ﬁ‘@E&bﬂﬁ%}’}ﬂ%’fﬂ&{&@?@f%@m%M&Pﬁm%ﬁ&?@bmzﬁ

phcnothiazinyl-(10)-carbonyl 20derivative, N'-p-toluenesulfortylaminocarbony! derivative,

N'-phé?ﬁylamﬁ%%ﬁiﬁ%‘ﬁrﬁﬁ”ﬁ%Eﬁl}rﬁiwg???é(hﬁﬂ%%%&}SQ%HWIi%‘%’é’é%%%?-*p-cyanobenzyl

carbamate, cyelabuiyl Grrbamats.eyclehexylrramaic syslopentyhearhamatan gyclopropylme.thyl
carbamate, 2-(p-toluenesulfonyiethy! carbamate, [2-(1.3-dithianyl}imethyl carbamate
{Dmoc), 4-methylthiophenyl carbamate (Mipc), 2.4-dimethylthiopheny! carbamate
(Bmpc), 2-phosphonioethyl carbamate (Peoc), 2-triphenylphosphonioisopropyi

15 carbamate (Ppoc), 1.1-dimethyl-2-cyanoethyl carbamate, m-chloro-p-acyloxybenzyl
carbamate, p-{dihydroxyboryl)benzyl carbamaite, 5-benzisoxazolylmethyl carbamate,
2-{trifluoromethyl}-6-chromonylmethy! carbamate (Teroc), m-nitropheny! carbamate,
3.5-dimethoxybenzyl carbamate, o-nitrobenzyl carbamate, 3 4-dimethoxy-6-nitrobenzyi
carbamate, phenyl{o-nitrophenylimethy! carbamate, phenothiazinyl-(10}-carbonyl

20 derivative, N '-p-toluenesulfonylamimocarbonyl derivative, N -phenylaminothiocarbonyl
derivative, r-amyl carbamate, S-benzyl thiocarbamate, p-cvanobenzyl carbamate,
cyclobutyl carbamate, cyclohexvl carbamate, cvclopenty! carbamate, cyclopropylmethyl
carbamate, p-decyloxvbenzyl carbamate, 2.2-dimethoxyearbonylvinyi carbamate,

o-(N N-dimethylcarboxamidobenzyi carbamate, 1.1-dimethyl-3-

25 {N,N-dimethylcarboxamidopropy! carbamate, 1,1-dimethylpropynyl carbamate,
di(2-pyridylymethvl carbamate, 2-furanylmethyl carbamate, 2-iodoethyl carbamate,
1soborynl carbamate, 1sobutyl carbamate, isonicotinyl carbamate,

p-(p ~methoxvphenylazo)benzy! carbamate, 1-methyicyclobuty] carbamate,
I-methvlevclohexyl carbamate, 1-methyl-1-cvclopropyimethy! carbamate,

30 I-methyi-1-(3.5-dimethoxyphenyljethyi carbamate, IT-methvl-1-(p-phenylazophenvliethyl

carbamate, I-methyl-1-phenylethyl carbamate, 1-methyl-1-(4-pyridyliethy! carbamate,

phenyl carbamate, p~{phenviazobenzyl carbamate, 2.4,6-tr1--butylphenyl carbamate, 4-

it



carbamatc, p-decyloxybenzyl carbamate, 2.2-dimethoxycarbonylyinyl carbamate,
0-(N,N-dimethylcarboxamido)bcnzyl carbamate, 1.1-dimethy1-3- (N,N-dimethylcarboxamido)propyl
carbamatc, 1,1-dimethylpropy-nyl carbamate, di(2-pyridyl)methyl carbamate, 2-furanylmethyl
carbamate. 2-iodocthyl carbamate, isoborynl carbamate, isobutyl carbamatc, isonicotinyl carbamate.
p-(p -methoxyphenylazo)benzyl carbamatc, 1-methylcyclobutyl carbamatc, 1-methyleyclohcxyl
carbamatc, 1-methyl-1-eyclopropylmethyl carbamate, 301-methyl-1-(3.5-dimethoxyphenyl)ethyl
carbamate, | -methyl-1-(p-phenylazophenyflethyl carbamate, 1-methyl-lI-phenylethyl carbamate,
1-methy|-1-(40ﬁwrd§sé@m&%%w, JHER e atetmate phiphertylazohbenrylformamide,
carbamate"4 &qtririutylnhenytcarhamaleif. Aimesaylammeniu.henayl sathamats, 24.6-trim

thylbenzyl carbamatc, forrnamidc, acetamide, c,h loroacetamide, trichloroacctamide,
trifluoroacctaMite HREHARELtariaer 3T e AT OB SHRMIE. Bredlariien '3spyridyidarboxamide,
N-benzoylpheaylalany b aetivaii/e,-Benzanigdenpiphenyibanzamidefdpitophenylacetamide,
o-nitro%henox)yag[:e%mide,rac?toaé:et,amiqc, (N'-dithiobenzyloxycarbonylamino)acetamide,
3-(p-hydroxyShenyBETopanaiids s @ HiFbBhefy 1) propanamide,
2-methyl-2-(citiitbhenoxyhpropenaniideind)methyld; (o-pHenylazopberoxyipiopanamide,
4-chlorobutanamide., 3-methy1-3- nitrohutanamide, o-nitrocinnamide,V-acetylmethionine derivative,
o-nitrobenzar?mgi‘g}:%g{%h%ﬂéfggﬁ%@%”ém%ggrllz'aﬁ%i?iletfoﬁ). -I(lﬁﬁﬁ ﬁ?/ﬁ‘-i@‘}gl)%a%olin-z-one, N-phthalimide,
N-dithiasuccinimi {Bte);rRe2yddipheryimateiniseie 25 dimathppyridle Vel thd;4-
tetramethyhiiuazacyioRenians AfGSTARASE) Brubstiied b3 Ameltylan38.

triazacyclohcxan-2-one, 5-substituted 1.3-dibenzy1-1,3,5-triazacyclohexan-2-one, flﬁllgﬁbstituted
3,5-di|11¥tr04-6%%@@'}Qﬁamyﬁé1?ﬁﬂ%é@wﬁalﬁfaﬁ@mﬁ@?ﬁéﬂEQX(ftmﬁétﬁylgﬂy@@ﬁﬁb?@m@mylamine (SEM),
N-3-acetoxypranylamiesibhid 1S9 QRIS Al 200 BYMOAR-RagTINe- Aatel agy,ammonium
salts, N-benzylamine, N-dj(4-methoxyphenyl)methylamine, N-5-dibenzosuberylamine,
N-triphenylmé’ﬁ%ﬁﬁ@tﬁj?ﬁ%{ﬁiﬂﬁ?ﬂﬁﬁﬁ' -H%ﬁ%é@fbﬁé%h%‘tﬂihf&ﬁ%ﬁ%k thyl-1.3.5-
N-9-phenyfflugrenylatine: Phi)e N-2.E-dichioro94flusrenyimetiayleneamingen-2-one, -
noN-ferrocenylmethylamina (Fern), N-2-picqlyiamino An-oxide. N- 1,1 -dimethylthiomethy leneamine.
N-benzyl idef%é@%ﬁ&ﬁ%é‘?ﬁ%@ﬁ%ﬁﬁé&gﬁé l’ﬂ%@;ﬁ“&fﬁh@/ﬁ Eieneamine,

15 N-[2~{trimethylsilyl)ethoxy]methylamine (SEM), N-3-acetoxypropylamine,

N-(1-1sopropyl-4-nitro-2-0x0-3-pyroolin-3-y)amine, quaternary ammonium salts,
N-benzylamine, N-di{4-methoxyphenylmethylamine, N-3-dibenzosuberylamine,
N-triphenylmethylamine {Tr), N-[(4-methoxyphenylidiphenyimethyllamine (MMTr),
N-9-phenylfluorenylamine (PhF), N-2,7-dichloro-9-fluorenvimethylencamine,

20 N-ferrocenylmethyiamino (Fem), N-2-picolviamino N -oxide,
N-1.1-dimethylthiomethyleneamine, N-benzvlideneamine,
N-p-methoxybenzylideneamine, N-diphenyimethvieneamine,
N-[(2-pymidyDmesitylimethyleneamine, N-(N ' N -dimethylaminomethylenejamine,
N, N-isopropylidenediamine, N-p-nitrobenzylideneamine, N-salicylideneamine, N-3-

25 chlorosalicylidencamine, N-(3-chloro-2-hydroxyphenyl)phenylmethylencamine,
N-cyclohexylidencarmne, N-(5,5-dimethyl-3-oxo-1-cyclohexenyhamine, N-borane
derivative, N-diphenylborinic acid derivative, N-[phenyl{pentacarbonylchromium- or
tungsten carbonyljamine, N-copper chelate, N-zinc chelate, N-nitroamine,
Nenitrosoamine, amine N-oxide, diphenyiphosphinamide (Dpp),

30 dimethylthiophosphinamide (Mpt). diphenylthiophosphinamide (Ppt), dialkyl
phosphoramidates, dibenzyl phosphoramidate, dipheny! phosphoramidate,

benzenesulfenamide, o-nitrobenzenesulfenamide (Nps), 2.4-dinitrobenzenesulfenamide,
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N-[(2-pyridyl )mesitylimethylcneaminc, N-(V1Nidimethylammo thylene)amine"
N1N'-isopropylidencdiamine, N-p-nitrobenzylideneamine, N-salicylidencamine, N-5-
chlorosalicylideneamine./(5-chloro-2-hydroxyphenyl)phenylmethylcneamine, N-cyclohexylideneamine,
N-(5.5-dimethy1-3-oxo-I-cyclohexcnyl)amine™\I-borane derivative, N-diphenylborinic acid derivative,
N-[phenyl(pentacarbonylchromium- or tungsten)carbonyl]lamine, ,V-copper chelatc-V-zinc chelate,
N-nitroamine, N-nitrosoamine, amine N-oxide, diphenylphosphinamidc (Dpp),
dimethylthiophosphinamide (Mpt). diphenylthiophosphinamide (Ppt dialkyl phosphoramidates, dibenzyl
phosphorarnifatéc iphesEphsdphisranidaterbémetesutfenansidélcoanitfobenzenesulfenamide

(Nps), 2'4'di@§&9§ﬂé§ﬁ%§%ﬁ@%ﬁmgﬁ’3%@&%%@%@&@@@%@9 s '.qc?-_toEucncsaifm&amide

2-nitro-4-methoxybenzenesulfenamide, triphenylmethylsulfenamide, 3-nitropyridinesulfenamide (Npys\

p-toluenesu forarRidE Ry BarzERe sulrdnarmiaey > B B metrycrmidtraxyteriséncidifonamide
(Mtr), 2,4,6- timethoxyhenzenesulfenannde (M), 2,6-dimethydsd-rosthoxdenzenssulfonamide
(Pme),.2,3,5,6:te eth 1-4;m§#§ﬁ%§g§en§§uIfona}m'der (Mte), methoxybenzenesulfonamide
(Mbs), 2,4,6-fifie %ghi%}%t Hé amide TRt ﬁ?ﬁﬁ%m%&wfﬂ’fftﬁéfﬁﬁ%éiﬁzenesuIfonamide (iMds),
2,2,5,7,8-pentathetiylchromaifGasitfondinide, (Rme)nsaethanesutfonaminiadMa)s), 2,6-
p-trimc-thylsilylethancsulfonamide (SES). 9-anthracenesylfopgmide, )
4-(4',8'-dimetﬁ§3ﬁ% h&ﬁé}l@[ t)f “gﬁ%le}goesm orc':l?imﬁlgé’lﬂ(ﬁl@ﬁ%@éﬁf%ﬁ}%%%ﬂﬁgﬁgféfde,
trifluoromethyisttfenadsidenahdrpthensoyfsotiorimide). Bxamplariibrotbeting froupsiar& B8tailed
e e B B e e oo

protecting groups; rather, a variety of additional equivalent protecting groups canbe ?eadily identified
using 'the abébe'Mreniabaray litilfzedmdne eeraacsn e Fressitcinveionandditionaiyda variety of

L5protecting grosps:arerdeserbed hPiatecting Sroups i Qraanic.3ynihesis. 4. W4 (Gregne and P. G.
M. Wuts, 3rd edition, John Wiley & Sons, 1999, the entirety of which is incorporated herein by

reference. "VRENGUBEUESERIEY REralRd fﬂé’?é?ﬁit%&ﬁ?“%Ptﬁﬁffﬁ%ﬂ?'%ﬁfﬁ?éd* PETIER!" is
sometimes useghidnithis contextiradiealimeans admoiaty.on20functionalaroup-having an available
position for aftachment ta the structure on VﬁElﬁD the substituent is bound. In general the point of
attachment WouTd basr T HEEHOHEIT REHCH NS TBEHTHY Sl ad isiapEtdeht et molecule
rathet than apsotystituentibhetedms:ivadicalhord optidhaly<stbStituted Sadieals, im_ this Gentext arc thus
interchangeaple with %gr%@géao‘)né'g&tti%gaygﬁg%ﬁ%u gg &@%’99’6‘% gig}%?gﬁ[pegfh%r.%hn, compounds of the

inon may contain "optionally substituted” moieties. In genéral, the term Substituted”; whether preceded
by the term -BysaoraRiEidcrot bhesistisat one or more hydrogens of the designated moiety are
replaced with a suitable substituent. Unless otherwise indicated, an "optionally substituted group"or

"optionally substitutechsadigaki:may have-a-suitablesubstituent-at30sach subsiiwiable position of the

roup, and when more than gne position in a iven structure may be substituted with more than one
group E & ne tmes uxcg.y}g ?ﬁzs coniext, “rad:cg/l” means a moicty or

. substituted radical’ 1S some

substituent sélected from & spemﬁ@d

20 functional group having an available position for attachment to the structure on which the
substituent is bound. In general the point of attachment would bear a hydrogen atom if

the substituent were an independent neutral molecule rather than a substituent. The terms

“radical” or “optionally-substituted radical” in this context are thus interchangeable with

“group” or “optionally-substituted group”.

25 As described herein, compounds of the invention may contain “optionally
substituted” moietics. 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”or “optionally substituted radical” may have a suitable substituent at

30 cach substitutable position of the group, and when more than one position in any given

structure may be substituted with more than one substituent selected from a specified
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group, the substituent may bc 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 compounds. The term "stable-, as used here refers to compounds that are not
substantially altered when subjected to conditions to allow for their production, detection, and, in
certain embodiments, their recovery, purification, and use for one or more of the purposes disclosed
herein. In some chemical structures herein, substituents are shown attached to a bond that
crosses a bond in a ring of the depicted molecule. This convention indicates that one or more of the

substituents HRHP b GttISHBETOPRE Ring TAEERY 5081 Qb {55 emioh ((RsH Ay P 1 Optatisfti@ by drogen

atom of the parent stuctLEs): J.caseswhare.an-Atom of sy so.supsiituled has two substitutable
positions, tw tgg?roups may be present on the same ring atom, Unless otherwise indicated, when more

than one sub&HTEREIE FAREAY WEEHE Hiefifdd’ m‘d’é’ﬁéﬁiﬂ’éhﬂ)}_ Bt i otis aﬁ‘d“é‘a‘i:ﬁ“r‘i‘ré&r have a
different structitre ui;rt@asesth&m mensub&:umenmdﬁ@mc@m&smg;a bond:etthaxipgsis-R, this has the
same meanlnﬁ; ISz?\s if th le rln&vyere 1 tto be (})ptlonall substi utgdt %descrlbed in the preceding
paragraph. O b REav AT %ﬁ’f) Sttu&Nts 6 A 8Tttt BIE CalBoh A8 6F an "optionalb
substituted” gma@p@ummdépemﬂemhy hatogemf(CH2)0dR; d(€H2)0 oR;. -0-(CFI2)04C(0)0R;
-(CH2)v4CH(OR"2: -(CH2)0-4SR'; -(CH2)0-4Ph, which may be 20substituted with 12",

4012)0_40(CH2)0- 1P whish:may be.substituted, withsRuirGl SRR, which-may, ke sustituted with
12'; -NO2; -CN; -N3, (CH2)04MR)2 (CH2)O4N(R1C(O% N(R)C(S)12' (CH2)O AN(R")C(O)NR'2:
-N(V)C(S)NRTOSE HPUN (R B [0S IREDNERSR) RS e YR B Rirp:t one or

-N(R' )N(RC)@’(&)OR&E‘EC(@HQ])QCAQ@)»B@C AGEDIRS, K(Wr)@ﬂ%@éggﬂﬁaiiﬁ@@%mrﬁ&{m%@%an
-(CHT7)0_40,0 (% 04c CH2)O4OC£O) ", -0C(0)(CH2)0-4SR:, SC(S)S12;

-(CH §) 4SC}Z5}) ofer é’% AT CLETRIRT IS SREAEE P ERE 201 9 3)BUBEI0)NR2;
-C(O)N(012)%%@(@)1:1(@,)mo@(@mmzm@mztmwm mma&;za@ﬂasamfmzﬁw&@)m

CH2)0_4S @) 4 N CH2 4 S(0)2NR2;
RS oy R A s R P o1 b2 swraight o
branched alkﬁﬂéﬁféf@ﬂﬂm&’ftﬁ%hf-(@ﬁlc sthaightrot W@hedicakkytbﬁe)@hamyﬂu(ﬂmcwhere|n each LK’
may be subsfifiedias drfingdRalow apd dsindepandentlynydrogen Gl 2'iRbaliG. GHaRR - -0(CH2

)(2_ Ph or a 5-6-membered
as if the ring were said to be “optionally substituted” as described in the preceding

paragraph.

Suttable monovalent substituents on a substitutable carbon atom of an “optionally
substituted” group are independently halogen: (CH:)2R®: -(CH3 )3 4ORS:
-O0-(CHy)oCIOYOR®, (CH o sCHIOR *Yy; -(CH)o.4SR°, (CHy)o.oPh, which may be

20 substituted with R «(CHyjosO(CH:)o 1 Ph which may be substituted with R%;
-CH=CHPh. which may be substituted with R®; -NOy; -CN; -Nj; -(CH e sN(R )

ACH2 o NRZTIOIRT, -NRHC(SIR®, - CH o NRTIC(OINR ", -NIRZIC(SINR 5
~(CHy Jo aNRTICIOFOR " -NRIIN(RTYCIOIR®; -NROIN(RICIOINR
SNIRFINRPICIONOR™, {CH: )00 CIORT, -CISHIR®, -(CHa o4 C(OYOR:

25 ~(CH2 o e CLOMNR Yoy «(CH o s COONSREL «(CHado s CIOYOSIR s: ~(CH2)5.4OC{ONR S,
~OCLOHCHJ6.4SR-, SCIS)SR, -{CH)64SCLOIR®; {CH)o4COINR®,; -CISINR:;
-C(S)SR®; -SC(SISRT, H{CH i OCLOINR®:; -CIOINIORMIRS; -C(OYC(OIR®:
~CIOYCHCLOIR T, -CINORIR®; «{CH2)9SSR; «(CH3)04S(O 1R, «(CH1)5.4S(0O1OR®;
~(CH2)o 4050 1R, -SIORNR ; -(CH2)0sSIOIR?; -NR®IS(0)2NR %, -N(R®IS(ORR?;

30 SN(ORTIR® -CINHINR 3, -P(ORR® -P(OIR %y -OP{OIR",; -OP(OWOR0; SiR%: -(C 4



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 intervening atom(s), form a 3-12- membered saturated, partially unsaturated, or
aryl mono- or polycyclic ring having 0-4 heteroatoms independently selected from nitrogen, oxygen, or
sulfur, which may be substituted as defined below. 10Suitable monovalent substituents onor the ring
formed by taking two independent occurrences oftogether with their intervening atoms), are
independently halogen, -(CH2)0_2R", -(haloR*), -(H2)0 20H, 4C142)0-20R., 4CH2)0-2CH(OP)2.;
-0(laloR*), -CHaif, o CHe:2 dfo)Pric SENTR)b: 2C{F) OHS R 2Y002OM)ER. , -(012)04C(0)N(R12;
-(CH2)1-2SR}};.40:-1. Hy {EH2)0-2NH2, ( ).2NHR* -]gg-l,Z) 2NR'2,,-NO2,-C(0)SR", -(C1.4
straight or brgir%l%%&@%ﬁ?rﬁ%%ﬁ?gfgﬁ%é%vg%)ﬁegréﬂ%%é 5 ”?s&ar%ﬁ%‘gi%%g& 3?%ﬁ’ere preceded
by "halo" is stilsstitutse oy Wittk orie: o bréihaloddiis -andHs)independérityselected from C1 A
aliphatic, - CHZR«:0(GFAAI0.EN. -8 Samembates saturated, Rartiallyunsgiupated. or anv ring

u

having 0-4 heteroatoms indépendently selected from nitfogen, oxygen. or 2 suffur. Suitable divalent

substittients $1a1SAREIEHTCEFBOM LS OF RIHEIGaeotrahaandig iaplelgivaleebstituents on a
saturated cashas,atem:Qfcan-Qriiopally substituted:-graupiinglude the fallowing:, , 3_11.
=0,=NNW?,r----NNHC(0)12., =HC(0)0OR4. =NNHS(0)2R*, r--NIC =NOR*, -0(C(R*2))2_30-, or
-S(C(R'2))22MWREFETA S4EH i apeldsnpatstiiehes s Rr8sdeptidin taheyen, ©4.6 aliphatic
which may beestrosiiisied as defined Lelovy aoamunsubstityted S6:membered satusated, partially
unsaturated, or ar Iﬁig‘?\.%?ﬁlin%gﬁ hpteroatoms independently selected from nitrogen, oxygen, or
sulfur. SuitabTe MV ARhFSUBERIERE that are bound to vicinal substitutable carbons of an “optionally
substituted" g-roup include: -O(CR' 30wherein each independent occurrence of Rs is selected from
hydrnden. C 1..6 alftuwhictmmay blerssbbsittned asndefine dhbelowicomad binsdbstituied 5-6-membered
saturated, parfially unsaturated, or aryl.ring having,0-4 hcteroatoms independently selected from
nitroyen, ox?ééﬁ ,\E?r su ucr‘?ﬁmncéf]|agr§1e¥gﬁ%%ﬁ{&nqsﬁgﬁrtlﬁte“rgl%hn&tfgogr? prgfI ﬁ‘?@ﬁf&@%alogen, -R.".
-(haloRe). -OHIsOK'; {O{haldR*) +ON “C{E)Bhy -CHO)GRF,;)-NBIZS, -NEHR Y, -NRTIR . -NO2, wherein
each R. is ungyipstifpéed o where precede o"Naley |s ityted- with. or more halogens,
and is indepe%éntly 21_'4 hlipﬂzﬁﬁ%&gﬁ) , -0( Ijglln;(fdﬁwg%é% SH gﬂr%}/e\?n J[E}'-*.?(rei:-??Saturated, partially
unsaturated, 6 Aryl4itg htling 0dthetefBatomdlindegenderily. selecté@romMitRIgen, oxygen, or
sulfur; s10Suitable, sukgtduents, or g substitytable-pitregen of an, ‘optionally substituted” group include
RI, -N121.2¢C%?(3$3Rt, -C(0)0P't, -C(O)C(O)RY, "-C{(%{c:ggz‘c((%!)ﬁffrf‘égféﬁ)?&?@i%ﬁ NRt,, -C(S)NRt2,
-C(<1,H)NRt§}<as’rcm)(ﬁs%§1% 2fer whbreieséh ReidindepenbisittizhytrdgenpCicéedliphatic which may
be substitutedhas drfinedihelawn Ynsub R AP RaBt AN URIyPsItuter B-6:membered, saturated,

partially unsaturated, or _ )
Cro aliphatic, -CHyPh, ~O(CH; )o Ph, or a 5-6-membered saturated, partially unsaturated,

or aryl ring having 0-4 heteroatoms independently selected from nitrogen, oxygen, or
20 sulfur, Suitable divalent substituents on a saturated carbon atom of R° include =0 and

Suitable divalent substituents on a saturated carbon atom of an “optionaily
substituted” group include the following: =0, =8, =NNR,, =NNHC(OR ",
=NNHC(O)OR, =NNHS(O):R", =NR", =NOR’, -O(C{R"3))2.50-, or -S(C(R 271 55,

25 wherein cach independent occurrence of R is selected from hydrogen, Cy4 aliphatic
which may be substituted as defined below, or an unsubstituted 5-6-membered saturated,
partially unsaturated, or aryl ring having 0-4 heteroatoms independently selected from
nitrogen, oxygen, or sulfur. Suitable divalent substituents that are bound to vicinal
substitutable carbons of an “optionally substituted” group include: ~O(CR 1)2.20-,

. . . L . .
30 wherecin cach independent occurrence of R is selected from hvdrogen, C alinhatic
b3 = B - Ly F‘
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15aryl ring having 0-4 heteroatoms independently selected from nitrogen, oxygen, or sulfur, or,
notwithstanding the definition above, two independent occurrences of P.% taken together with
intervening, atom's) form an unsubstituted 3-1.2-membered saturated, partially unsaturated, or aryl
mono- or bicyclic ring having 0-4 heteroatoms independently selected from nitrogen, oxygen, or sulfur.
A substitutable nitrogen may be 20substituted with three R. substituents to provide a charged
ammonium moiety -N-(R)3, wherein the ammonium moiety is further complexed with a suitable
counterion. Suitable subsntuents on the aliphatic group of IV are independently halogen, -R.,
-(haloR*), -Orhigh Rey_betsalsRigy ccandeBie) Oriove (0) 01 Rusuii el FHRmeNRAZdortN@2]. wherein
each Re. is unsubstituted orwherepresedadby shalQids suhstituied.onlywith gne;ar mere halogens,

i

and is independently CIA aliphatic, <CH2Ph, -O(CH2)0_1Ph, or a 5-6-membered saturated, partially
unsaturated, BF 35T rity #avitig ¥ ¥ heteroatoms independently selected from nitrogen, oxygen, or
sulfur. As used herein, the tem. "catalyst" refers to a substance the presence of which increases
the rate andior extefitiohé chbsmicetraaction ivhite potheidd consuin@diar-30widengoiig® a permanent

chemical chapge ityne d\hergin, m mpltdentate” refers,to,ligands hagying multiple sites
capabtl’}}e of coor ing%i{hiq t%‘%%ﬁgfé%%iaﬁ@ er, gﬁﬁgje he%&-?fﬁ’, &%%?mﬁﬂaéti%tﬁ?g%oiety” refers to
a moiety conYﬁW@?ﬁﬁ.g‘d@%8?)1?5M@@ﬁ&mi@ig“fhmctmwdgrbupﬁnaw&értamfémb@det&_an activating
moiety Simprayes; the; catabdic activity igﬁam&ﬂmwl%ﬂ&ﬁ?%&iﬁ%ﬁ@%%&g%'glpfoved

catalytic activity is characterized by higher conversion of starting materials compared to a metal
complex lacKing@Paeavating sHomst Al $8mBreibstifehtsedichnmihidves edeatic activity is

characterize%byp@g{t@gﬁ%@@&gmr@gs&%@,ﬁas(;@gg}gﬁ malterals compared to a metal complex lacking
an activating moiety. In some 10embodiments, such improved catalytic activity is characterized by

o P e EAMRRLERLR, 2 RE A CAMAIRE RESEA 3P ATURMA ABYiaRg R ed Description
group include -R’, -NR", -C(OR", -C(OYORT, -CLOY(ORT, -C(O)CH,C(OIR’,
-S{ORRT, -S(01NRY,, -C(SINRT,, -CONHINR S, or “N(R"IS(0)LRT; wherein cach R is
independently hydrogen, Ci¢ aliphatic which may be substituted as defined below,
unsubstituted -OPh, or an unsubstituted 5-6-membered saturated, partially unsaturated, or

15 aryl ring having 0-4 heteroatoms independently selected from nitrogen, oxvgen, or sulfur,
or, notwithstanding the definition above, two independent occurrences of R', taken
together with intervening atom{s) form an unsubstituted 3-12-membered saturated,
partially unsaturated, or aryl mone- or bicyclic ring having 0-4 hetercatoms
independently selected from nitrogen, oxygen, or sulfur. A substitutable nitrogen may be

20 substituted with three R” substituents to provide a charged ammonium moiety -N"(R")s,

wherein the ammonium moicty is further complexed with a suitable counterion.

Suitable substituents on the aliphatic group of R” are independently halogen, -R*,
-(haloR*®), -OH, -OR*®, -OthaloR*), -CN, -C(O)OH, -C(O)YOR®, -NH,, -NHR"*, -NR*,, or
-NO,, wherein each R* is unsubstituted or where preceded by “hale” is substituted only
25 with one or more halogens, and is independently C;_4 aliphatic, -CH,Ph, -O(CH,), , Ph, or
a 5-6-membered saturated, partially unsaturated, or arvl ring having 0-4 heteroatoms

independently selected from nitrogen, oxygen, or sulfur.

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

30 undergoing a permanent chemical change itself.
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The present invention provides, among other things, unimolecular metal IScomplexes for the
copolymerization of carbon dioxide and epoxides and methods of using the same. In certain
embodiments, provided metal complexes contain a metalligand moiety tethered to one or more
activating moieties. In some embodiments, an activating moiety comprises a linker and one or more
activating functional groups. In some embodiments, provided metal complexes act as polymerization
catalysts. In certain embodiments, at least one activating functional group present on the tethered
moiety can act as a polymerization co-catalyst and thereby increase the rate of the copolymerization.
In certain embodimertas§tboiadd hictarconylisratipcrabiesdmigtaidatomeoordingtedtts a multidentate

ligand and atdgastope astivating moietytethered.tg,the multidentatc lioand. In certain embodiments,
provided metal complexes have the structure: wherein: tc comprises a multidentate ligand; '(Z)n,

represents one or mp@rqq%gtg}\éagggiég%i)etti}esa attached to }p@ multidentate ligand. where - is a linker
moiety covalently cotpled to the ligand. each 7 18 af Sctivating TR éiBHA OB SHE M'is%n integer
from | to 4 represerntingttine inurnber! ef Zigroups:presentboniarrndividual linkermoiety . In certain
embodiments, pravided rpﬁg%tg:é)g@%qg(,e&fi S@dF a mertal tom coordinated to a multi dentate ligand
and at least o_g% activatin moiety _tet_h%redp to tﬁecfglrﬁlﬁﬁ'dqel}lfg%]écli“grgﬁ(ﬁ Fﬁcgto‘“'m“’éi%mbodiments, there
are Ito 10 activifiirinaietisls acoZnsteeree s diie iighidentatesigantlstint certaincembodiments,

there are | to @ schaclivating maigtiss fethered fodhe: nultidentals ligand, in.65Hain embodiments.
there are | to 4 such activating moieties tethered to the multidentate I. Activating Functional Groups liln
some embodifFRTE T AARY RN HOHAT GFEGH 1y Sdtbetad frofmcmeuis wovisitinigof neutral
nitrogen-containing Minshpaal -0uRs: Galigni meiaties, BRosRBeraMs:coNtRIRIRg functional roups, and
combiﬂ)ations othtvgio or more ,of these. X D N ) X

embodiments, such mmproved catalytic activity is characterized by higher yield of product

compared to a metal complex lacking an activating moiety.

Detailed Description of Certain Embodiments

The present invention provides, among other things, unimolecular metal
15 complexes for the copolymerization of carbon dioxide and epoxides and methods of
using the same. In certain embodiments, provided metal complexes contain a metal-
ligand moiety tethered to one or more activating moietics. In some embodiments, an
activating moiety comprises a linker and one or more activating functional groups. In
some embodiments, provided metal complexes act as polymerization catalysts. In certain
20 embodiments, at least one activating functional group present on the tethered moiety can

act as a polymerization co-catalyst and thereby increase the rate of the copolymerization.

In certain embodiments, provided metal complexes include 2 metal atom
coordinated 10 a multidentate ligand and at least one activating moiety tethered to the
multidentate ligand. In certain embodiments, provided metal complexes have the

25 structure:

(L}
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La Neutral Nitrogen-Containing Activating Groups In somebodiments, one or more tethered activating
functional groups on 20provided metal complexes are neutral nitrogen-containing moieties In some
embodiments, such moieties include one or more of the structures in Table 7-1: or a combination of
two or more of these, TABLE 7-1 wherein: each occurrence of RI, and R2 is independently hydrogen
or an optionally substituted radical selected from the group consisting of C1_20 aliphatic; C1,20
heteroaliphatic: phenyl: a 3- to 8-membered saturated or partially unsaturated monocyclic carbocycle,
a 7-14 carbon saturated, partially unsaturated or aromatic polycyclic carbocycle; a 5- to 6-membered
monocyclic hebeF6lryi ring having 1-4 hetcroatoms independently selected from nitrogen, oxygen, or
sulfur; a 3- to 8- 10membered saturated or partially unsaturated heterocyclic ring having 1-3
heteroatoms independently-selacted from nitrogen, oxygen, or sulfur; a 6- to 12- membered polycyclic
saturated or partially unsaturated heterocycle having 1-5 heteroatoms independently selected from
nitrogen, oxygen, or.sullfur; or an 8- to 10-membered bicyclic heteroaryl ring having 1-5 heteroatoms
independently 153eeg)fﬁggggytjqug{;d%gg:q&a%sulfur, wherein two or more Rl and R2 groups can
be taken together with intervening atoms to form one or more optionally substituted rings optionally
containing one or mﬁéwa{éhitmm@zhhémmnmszteaaiw@tinglmmemm!&aisiindepemﬁiétitlythtydrogen or
an optipnally substifyted, ragical selected from roup consisting of €1.70 aliphatic; CI:N.)
heteroaliphatic, phenyl; 2‘5?‘ %q?t(;“étgrﬁegr%dbi%@%ﬁég%e%\o%cgé%ﬁiqucr?sé}tb%?g% I}ﬁ‘o(ﬁ%%y%lic
carbocycle, a 7- 141¢ i shtigatedt partigiy pinsstarated oriegoriatic bolycylicscarbaoyicle; a 5-

number of Z groups present on an individual linker moiety.

In certain embodiments, provided metal complexes include 2 metal atom
coordinated fo a multidentate ligand and at least one activating moiety tethered to the
10 multidentate Hgand. In some embodiments, there are 1 1o 10 activating moieties
T tethered to the multidentate ligand. in certain embodiments, there are | to 8
such activating moieties tethered to the multidentate ligand. In certain embodiments,

there are 1 {0 4 such activating moieties tethered to the multidentate Hgand.
L Activating Functional Groups

15 in some embodiments, an activating functional group is selected from the group
consisting of neutral nitrogen-containing functional eroups, cationic moictics,

phosphorous-containing functional groups, and combinations of two or more of these.
La. Neutral Nitrogen-Containing Activating Groups

I some embodiments, onc or more fethered activating functional groups on
20 provided metal complexes are neutral nitrogen-containing moieties. In some

embodiments, such moieties include one or more of the structures in Table Z-1-



to 6-membered monocyclic heteroaryl ring having -4 heteroatoms independen selected from nitrogen,
oxygen, or sulfur; a 3- to 8-membered saturated or partially unsaturated heterocyclic ring having 1-3
heteroatoms independently selected from nitrogen, oxygen, or sulfur. a 6- to 12-membered polycyclic
saturated or partially unsaturated heterocycle having 1-5 heteroatoms independently selected from
nitrogen, oxygen, or sulfur: or an 8- to 10-membered bicyclic heteroaryl ring having 1-5 heteroatoms
independently selected from nitrogen, oxygen. or sulfur; wherein an R5 group can be taken with an R
or R2 group to form one or more optionally substituted rings; 10each occurrence of R7 is
independently hydrog;/ ‘a hydroxyl proteseting group, or an optionally Substituted radical selected from
the group consisting®0f-C. | ;20%eyl: C1.20 alifhatic; Ci‘ﬁzqfhgterwg}rpT@;ic: pgls%'ﬁ@:s- to
8-membered saturated or partially-{insaturated r‘nonocycli8 carbocytle, a 7-14 carbon’saturated,
partially unsaturated or aromatic polycyclic carbocygle; a 5- to 6-membered monocyclic 15heteroaryl
ring having 1-4 hete;pa}f()ms i dépendently selegted fromRriitrqgen, oxygen, or sulfui; a 3- to
8-membered saturatéd or paﬁlally unsaturated ,hléteErocycIic ¥ing hay i_ng\‘liis hetg;}g;tq{ns independently
selected from nitradent oxygen;sor sulfur; a 6% 15-mé b gipol;\/éc?qli;c saturaied.or partially
unsaturated heterocycle having 1-5 heteroatoims independently selected from 20nit:'r09en, oxygen, or
sulfur: or an 8- to 10;Jrnember!§gd bicyclic hegeroaryl J[iisag hayings 1-5 he}gfoatoms indepegpdently
selected from nitrogén, oxygen::or sulfur: In ¢ me?‘i:’embodimentr, an“ffictivgting functioral group is an
N-linked amin@‘gNr@ig\%,I?\?\/h&%ﬁg n@ERé\%;ﬁ.idlafgnéd abiéye 25| sertain embodiments, Rl and R2
are both hydrogen. In;some e’mbo%jments,Epnlyf'{@ne}pf R. ang:R2is h){drog’en. IreCertain
embodiments, R1 and R2 are each independently an optionally substituted radical selected from the
group consistingof €T 204t 1 O hetéegliphatic, 5- to 14-membered heteroaryl. phenyl, 8- to

10-membered TABLE 7-1

wherem:

- each occurrence of R', and R is independently hydrogen or an optionally substituted

Lh

radical selected from the group consisting of Ci.yp aliphatic; €.z heteroaliphatic;
phenyl: 2 3- to 8-membered saturated or partiaily unsaturated monocyvcelic
carbocycle, a 7-14 carbon saturated, partially unsaturated or aromatic polveyclic
carbocycle; a 5- te 6-membered monocyelic heteroary! ring having 1-4
heteroatorns independently selected from nitrogen, oxveen, or suifur; a 3- to &-
10 membered saturated or partially unsaturated heterocyelic ring having 1-3
heteroatoms independently sclecied from nitrogen, oxygen, or sulfur; 2 6- 10 12-
membered polycyclic saturated or partially unsaturated heterocyele having 1-3
heteroatoms independently selecied from nitrogen, oxvegen, or sulfur; or an 8- to
10-membered bicyclic heteroaryl ring having 1-3 heteroatoms independently
13 selected from nitrogen. oxygen, or sulfur; wherein two or more R’ and R* groups
can be taken together with itervening atoms to form one or more optionally

substituted rings optionally containing one or more additional hetercatorns;

cach oceurrence of R 18 independently hydrogen or an optionally substituted radical
selected from the group consisting of C.3; aliphatic; C,.5 heteroaliphatic; phenvi;
20 a 3- to R-membered saturated or partially unsaturated monocyclic carbocyele, a 7-

14 carbon saturated. partially unsaturated or aromatic polyevelic carbocyele; a 3-
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aryl and 3- to 7-membered heterocyclic. in certain embodiments, Rl and R2 are each independently an
optionally substituted radical selected from the group consisting of phenyl; a 3- to 8-membered
saturated or partially unsaturated monocyclic carbocycle, a 7-14 carbon saturated, partially
unsaturated or aromatic polycyclic carbocycic. a 5- to 6- membered monocyclic heteroaryl ring having
1-4 heteroatoms independently selected from nitrogen, oxygen, or sulfur; a 3- to 8-membered
saturated or partially unsaturated heterocyclic ring having 1-3 heteroatoms independently selected
from nitrogen, oxygen, or sulfur; a 6- to 12-membered polycyclic saturated or partially unsaturated
heterocycle having '¢-& HetehestbmRIrfdepe RES I 4 siaeted Trerh-hitkseerosryigesnodsutfr; or an 8-
10to 10-memberedbieyelichetereandfing,having dihheterogtoms indenendsatly selected from
nitrogen, oxygen, or sulfur. In certain embodiments. R1 and R2 are each independently an

optionally substitut@d AN SEIEEIE FrEHP TR G ratin Cosistin  OF e D AN prstid @iy c112
heteroaliphatic. In soma®mbediments; each-aceuiienee:of-R) andBRis iageperdently an 15optionally
substitéjted C120 aliphatigaln sprpeiiembggimtegtsé Rl and R2 are each independently optionally
substitited C1.12 aliphatic. ThiE0He LHBSameEhts Rant RY e 'sadk MEEBERdently optionally
substituted C; _6 aliptmitiodéntbosmke @adbodiménigpeacty gecurrence ofrRRh &n b Rdsrina@perdently an
optionally substitut . hetergaliphatic, In, s e diments, each occurrepce of Rl and R2 is
independently an o%%gﬁﬁl?;%stﬁ%gr&%?gp Cf‘%%iﬁei%%%ﬁ%nlgﬁgl ngc o”%%%%rﬁﬁggié{rﬁge}ﬁg%ach occurrence
of Rl and R2 is ind@parantyaaroptiondy stbestituted pheny o sombcamibdinfents Réach
occurrence of R1 apd, R is:independentiv ggﬁggggpyg\.&%gm@&i%gg 8- to 10-membered aryl. In some
embodiments, each occurrence of Rl and R2 isindépendently an optionally substituted phenyl croup.
In somg embodiments, each oce r{e‘n,c%of Ré Var?d R%i! IS indepBe%r%Qentlly an optionally substituted 5- to
10-meémbered h&SISSATGREGST I SOMEBRAESHIMBRE SR CECRETEB ST REZIR ¥ iMbependently
an optionally substitgtedh8+toubsment erédaheterocy ctienltheertaip @embadiments,Rtdnd R2 are each
independently hydrggen,. methyl,ethyl, propyl, butyl,.pentyl, hexyl, heptyl, actyl, optionally substituted
phenyl, or 300ption§ r§/°galgsﬁ?lﬁlfecdegﬁﬁéﬁ%ﬁ%r\ypg}éﬁéi ' eﬁﬁ%}b i?ﬁé%#s“."ﬁ gﬁ%%?%g?‘ép%%o% methyl, ethyl,
propyl, butyl, pentyhdnesy, hieptyizigdnylopivenyt orbernzyik. ln SofadmbedimentsaRlzBnd R2 are each
butyl. In some embpgimentsR) m&%g;&msﬁeém&@m §9m%.%¥@%g4iya~%%%b&%ﬁ9d R2 are

perfluoro. In some embodiments, R1 and R2 are -CF2CF3. In some embodiments, Rl and R2 are each
phenyP In some ent56aRHEhERIZAHE RS Srwatpenggpendently splsrécd fipodiiiests; Rl and R2 are

taken together withjpiervepingiatems feform-ane-af mereoptionalsubstituted.rings. In certain
embodiments. R1 and R2 are taken together to form a ringﬁfragment selected from the group

consisting of: -C(RY§EIOC IRTIEERE) NEC REATELR™MD B IRV BLen i v o0 ReyyZu g™
-C(R):NRYC(RY)2-vipeartaingfahadimentspRnane:Raavetakendagether te-farm a ring fragment
selected from the group consisting of: - '12,-",5(;%"1 CH2-, -CH2CH2CH2-, _-%:I\ZQCJ—IZ-, and
CE2NRYCH2-. In some embodiments. jot: and R2 S kRt EEEmar t8 o rn s diHSMurated linker
moieifoptionally contsiingrenecor merd additiorfalihéferoatdmsd misomehembediments, the resulting

nitrogen-containing,ing, is, patially ynsatyra %g;xtﬁgg%'aé@tgyg@ggg&@%n}%%@%v'éir'L ifur;

nitrogen-containing ring comprises a fused dlycyc T

In some embodiments, an activating functional group is an N-linked amino

aroup: R,
i 2,
where B and R are as defined above.

- . R " 3 .
25 In certain embodiments, R' and R” are both hydrogen, In some embodiments,
- . . -
only one of R and R” is hydrogen. In certain embodiments, R' and R? are each
independently an optionally substitufed radical selected from the group consisting of Cy.pp

aliphatic; €y heteroaliphatic, 5- to 14-membered heteroaryl, phenyi, - 16 10-membered



In specific embodiments, and amine activating functional group is selected from the group consisting
of: In some embodiment,. one or more activating functional groupslinked R1 1-t4 hydroxyl amine de
zat\OR' who rein R1 and R" are as defined above. In certain embodiments, R7 is hydrogen. In
some embodiments R is an optionally substituted radical selected from the group consisting of C1i2
aliphatic, phenyl, 8- to 10-membered aryl, and 3- to 7-memered heterocyclic. In certain embodiments.
R1lis a C1_12 aliphatic. In certain embodiments, R is a C1],.6 aliphatic. In some embodiments. R is an
optionally substituted 8- to 10-membered aryl group. In certain embodiments, R' is an optionally
substituted phetyndr someemboddhettipkethyl Iprapidinbutplogentyk, Rexyld Réptyleadtyl, phenyl or

benzyl. In cerfain,embadimentsi RS Xresn, . some smbadiments, R1 is an optionally substituted
g {s B

radical selected from the group consisting of Cl 20 aliphatic; Ci_ héteroaliphatic“5- to
14-membere81Bterdaryie pHBHYPBedsOuse wberad Aryiraner3tetbiTomembereebheterooyclic. In some

embodiments;,-Riligian aptienally.substituted radical sglected H&g&}@ﬁc%ﬁw@cﬁv‘&@???f‘%ﬁ phenyl; a 3-
to 8-membered saturated or partially unsaturated monoc;l/gclic carbocycle, a 7-14 carbon saturated,
partially unsdiT ARG O HFBMRAEHE SolFEEit B Bavipgd-A Bt s v rBarerrmoneliecheteroaryl ring
having 101-4theternaigmsondependeittly, seleeiad-famaitrogen. Quyeearal Ul @ 3e40 8-

heterocyclic ring having 1-3 heteroatoms independently selected from nitrogen, oxygen,

or sulfur; a 6- to 12-membered polyeyclic saturated or partially unsaturated heterocycele

having I-5 heteroatoms independently selected from nitrogen, oxygen, or sulfur; or an §-
10 to 10-membered bicyclic heteroary! ring having 1-5 heteroatoms independently selected

from nitrogen. oxygen, or sulfur.

In certain embodiments, R’ and R? are cach independently an optionally

substituted radical selected from the group consisting of Cy.p» aliphatic and Cy 15
heteroaliphatic. In some embodiments, each occurrence of R' and R is independently an

15 optionally substituted Cy.o aliphatic. In some embodiments, R’ and R? are each
independently optionally substituted C; 1, aliphatic. In some embodiments, R’ and R are
each independently optionally substituted Cy ¢ aliphatic. In some embodiments, each
occurrence of R’ and R% is independently an optionally substituted C\ 0 heteroaliphatic.
In some embodiments, each occurrence of R and R” is independently an optionally

20 substituted Cy.;; hetercaliphatic. In some embodiments, cach occurrence of R and R% s
independently an optionally substituted phenyl. In some embodiments, each occurrence
of R" and R%is independently an optionally substituted 8- to 10-membered aryl. In some
embodiments, cach occurrence of R” and R%is independently an optionally substituted

phenvl group. In some embodiments, cach oceurrence of R' and R? is mdependently an

25 optionally substituted 5- to 1G-membered heteroaryl group. In some embodiments, cach
occurrence of R' and R is independently an optionally substituted 3- to 7-membered
heterocvelic,

In certain embodiments, R' and R are each independently hydrogen, methyl,
cthyl, propyl, butyl, pentyl, hexyl, heptyl, octyl, optionally substituted phenvl, or

30 optionally substituted benzyl. In certain embodiments, R’ and R are both methyl, ethyl,

propyl, butyl, pentyl, hexvl, heptyl, octyl, phenyl or benzyl. In some embodiments, R
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membered saturated or partially unsaturated heterocyclic ring having 1-3 heteroatoms independently
selected from nitrogen, oxygen, or sulfur; a 6- to 12-membered polycyclic saturated or partially
unsaturated heterocycle having 1-5 heteroatoms independently selected from nitrogen, oxygen, or
sulfur; or an 8- to 10-membered bicyclic hcteroaryl 15ring having 1-5 heteroatoms independently
selected from nitrogen, oxygen, or sulfur. In some embodiments, R' is an optionally substituted
radical selected from the group consisting of C1-12 aliphatic and Cj_12 heteroaliphatic. In some
embodiments, Rlzis an optionally substituted C150 aliphatic. In certain embodiments, R' is an
optionally subgtilteecach 2ulibhaterncsdmdsmbodintedtB. Ricissah oppionallyissbsiituted C1_6
aliphatic. In semsgmbedirientsr Rlds,am antionally.substitied £ 12 heteroaliphadic in spme

embodiments. R1 is an optionally substituted 8- to 10-membered aryl. In certain embodiments, 12" is
an optionally*SHlsttied pHEnyt RSEmE eripbaliretdnRIE ‘ﬁﬁ%éyﬁ‘@ﬁﬁﬁyps’ukﬁéiiﬁjté@ 5- to
10-membereghtieteroatyl. In some embodiments. R' is an optionally substituted 3- to 7-membered
heterocyclic. In certain embodiments, Rl is methyl, ethyl, propyl, butyl, pcntyl, hexyl, heptyl, octyl,

Phenykor benzyl, In 00 SHRRAIMENR RAJKEUN! in.2ome embadiments, &L i3dsoniopyl. In some
embodiments, R1 is phenyl. In some embodiments, RI'is benzylin' some em oaim%rfllts,oRl is perfluoro.
In some embsgirEstsT RPis cORPEE3ubstitifedeain Bmbtdinenis]iREandRR sarekiaken together with

intervening aams 40, fafep ens-orAateoptirnaly substituted rings optionally, containing one or more

additional hetematorns, ~In certain embodiments, one or more N-Imkal_hj?%roxyl amine functional
groups are setéBted torthe §rovpeorsiBihg of FORSHH I 4nd BHRPAE- QR )2--Ng ---. Ph\- Ph
certain cmbodiments, R’ and R are taken together to form a ring fragment sclected from
10 the group consisting of: -CHy-, -CH.CH:-, -CHCH,CH:-, -CH-OCH,-, and
-CH;NRYCH,-. In some embodiments, R' and R? are taken together to form an
unsaturated linker moiety optionally containing one or more additional heteroatoms. In
some embodiments, the resulting nitrogen-containing ring is partially unsaturated. In
certain embodiments, the resulting nitrogen-containing ring comprises a fused polycyclic

15 heterocvele.

in specific embodiments, an N-linked amine activating functional group is

selected from the group consisting of:
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10-Et10-EtC.-\ _/5 ./ 0-Et O-El 0-Et O-Et ThN\ Ph In some embodiments, an activating functional
group in a provided metal complexis an amidine. In certain embodiments, such amidinc activating
functional groups R2 Nrr NXRSN areR selected Tom:, andRl

h O 3 P 3
B —.‘{Ph _Nr s ww’ o} . __N" D _ _Z?}_n N ’Ph ___é___\{/—Ph
g N X ™ g Y
¥ \ SN ?_]L H__ Ph )_____ )T AN
Ph Ph Ph Ph
o SN méwN/_ K .-.3\/.- m}/—f’h o /—Ph _3”\3

In some embodiments, one or more activating functional groups is an N-linked
R‘s
;
ké_N
: o or7
hydroxyl amine derivative: OR’,

wherein R’ and R are as defined above.

L)

In certain embodiments, R is hydrogen. In some embodiments, R” is an
optionally substituted radical selected from the group consisting of C,.;; aliphatic,
phenvl, §- 10 10-membered aryl, and 3- to 7-memered heterocyclic. In certain
embodiments, R’ is a C1» aliphatic. In certain embodiments, R7isaCe aliphatic. In

some embodiments, R’ 1s an optionally substituted 8- to 10-membered arvi group. In
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10where each occurrence of RI. R2 and re are as defined above. In certain embodiments, each RI
and R2 is hydrogen. In some embodiments, only one of Rl and R2 is hydrogen. In certain
embodiments, each Rl and R2 is independently an optionally substituted radical selected from the
group consisting of C20 aliphatic; C1_20 hcteroaliphatic, 5- to 14-membered heteroaryl, phenyl, 8- to |
0-membered aryl and 3- to 7-membered heterocyclic. In some embodiments, each Rl and 17.1 is
independently an optionally substituted radical selected from the group consisting of phenyl; a 3- to 8-
membered saturated or partially unsaturated monocyclic carbocycle, a 7-14 carbon satuTrated, partially
unsaturated 6¢'4rdraabe BB clic Barberensiis Sl sigiemperedrrivnoeyiidinteiodtyliting having
1-4 hetcroatamssindependently, %@ﬁtg%tg@mMf%%i%%@%%ﬂ%é@z% to 8-membered
saturated or partially unsaturated heterocyclic ring having 1-3 hcteroatoms independently selected
from nitrogen, oxygen, or sulfur: a 6- to 12-membered polycyclic satyrated qr,partially unsaturated
heterocycle haying %—%‘ﬂé}%r{bﬂé g?lﬁéﬁfffa&ééeﬁﬁéﬁ%ﬁfag&%{%‘ Fo?ﬁnsﬁ?#dﬁé%?*g{)()}@é‘ﬁ, or sulfur; or an 8-
to 10- membepédrityslicshsttrdaryicring kavihd:5heteroptomssindepefidentiyiselectad.from
nitrogen, oxygen..of sl sl sertain empodiments. R4, and Re e eagh. lndependeqtly an
optionally substituted radical selected from the grqﬁp"é)Ong?sii%g %ﬁflﬁ%ﬁﬁfg{% ‘?r?ﬁgc 212
heteroaliphaficiiinbsrae isbodirients, easrotediresite 87 Rl andR2 4 indbpinddmigian optionally
substituted ClLi20-aliphatige I@&%@@M@W@M and R2.are,eagh.ndependenthy, gptionally
substituted Cm, aliphatic. In some embodiments, R1 and R2 are each.independen;g optionally
substituted CTSBUREKEREN T EIh &b EnTeits’ BHbATCEC I EAcB BT BHa R TSifdependently an
optionally substitiutedOi}RQiheienaatiphatic.In somerembodimealsisachaceurrenoa iRl and R.: is
indep?dently g%ggtipnall ‘sabstitcgte C;]hh%ﬁroaliphatic In some emt{ocymen;s, each occurrence of
R1 and R2 is RUCPSHESHH] BABRHGHAN “SlT6EHHEa BI P TD-FieRmBered difi in séie embodiments,
each occurrencailofrRi andR2! isringdepbndently-andptionallyl substituted phenykgmatpnin some
embodiments, each occurrence of FL' and R2 is independently an optionally, substituted 5- to
10-membereaﬁ(§:é’tﬁ%%§lryy g"?oelf&%[ gome embodi ~‘éﬁt§f§’3§%‘&a§;r‘?2}n*cén {O?Xﬁ r‘ana‘%ﬁ iSidependently
an optionallysstiystitite gh8+160 77 umemberé d heterady dicitg tertaimembodimientsdktiand R2 are each
independentl fydipast MabYL s2eil! LAY, Bl 20004 e her e aptionaly

o an

substituted phenyl, or optionally substituted benzyl. In certain embodiments. R R2 are both
methyP ethylTBEdyISUty] SERBEOREYH MepiyitcAcpre AYPoRITesY!. oy eomer srbadiments, RI and
R2 are each butyl. In some embodiments. RI and R2 are each isopropyl. In some embodiments. RI
and R2 are perfluoro. donsomeedihedimiehts xiRbanc B2 arest@F2GE4: i 30sonieembadiments. RI

and R2 are each phenyl.. In some embodiments. Rl.and R2 are.each benzyl. .. In some.
embodiments, (IEHP anc }I/gﬁz%\PeP téfﬁéﬁngté%{ﬁé?%vflihifn}i%trci}ﬂgﬁ%%dgt%?n% %8‘?&%“%%%‘%?“&%{3@ ptionally

substituted rislgsptineehtairbernbodimentspRtiard R drectaketinegether toformienriity fragment
selected from, fhe; -CoNsisting. of s GLARY )2 s G RMIZGRY)Z- 1,56 12CL(RY),-.
-C(R)70C(R)Sztf‘;t)kalr?clllIE ?&Cl:%ﬁ) ?EIFI%%C(\%%% ?&é’ﬁ%ﬁ%ﬁ%& r#é%n?g 53 éﬁ{@% cci; tﬁ?%\%%te%éa%é% together to
form ating fréléfiveif selsetetcBvlinsyrobip e onsiBlintEdY sadtueH2cHeereliphei20TH2-, and
-CH2NRY Clb2:e rsemsembedimentsbadiandiRe:ate taken togetherta farm gnynsaturated linker

moiety optionally containing one or more additional hcteroatoms. In some embodiments, the resulting
nitrogen-confﬁiﬁﬁfﬁ‘ﬁﬂﬁs's%é?t?glWﬂﬂgﬁlgéfr%i%ﬁ‘.“l‘ﬁd phenvl In some embodiments, R' 15 an

optionally substituted 5- to 10-membered heteroaryl. In some embodiments, R is an

optionally substituted 3- to 7-membered heterocyclic.

25 In certain embodiments, R is methyl, ethyl, propyl, butyl. pentyl, hexyl. heptyl,
octyl. pheny! or benzyl. In some embodiments, R’ is butyl. In some embodiments, R' is
isopropyl. In some embodiments, R’ is phenyl. In some embodiments, R’ is benzyl.In

some embodiments, R’ is perfluoro. In some embodiments, R’ is -CF,CF;.
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10certain embodiments, the resulting nitrogen-containing ring comprises a fused polycyclic
heterocycle. In certain embodiments. R5 is H. In certain embodiments. R5 is optionally substituted
C1..20 aliphatic. In some embodiments, R5 is optionally substituted 6- to 14- membered aryl. In certain
embodiments, R." is optionally substituted C1_12 aliphatic. In some embodiments, R5 is optionally
substituted Ci_6 aliphatic. In certain embodiments, R5 is optionally substituted phenyl. In some
embodiments, one or more Ri or R™ groups are taken together with Rs and intervening atoms to form

an optionally substituted ring. In certain embodiments, Rl and R5 are taken together to form an

optionally substitutdd & Gire-mdHEsES Angn i 6KoHIE_ IMBEaRMBHIS T ARG REME ken together
to form an optianally substituiedds:10f Griembered:singptinnally:containagonger more additional
hetcroatoms. Cﬂ,som @@bq?iments, R1, 1211 and Rcarc taken together to form an optionally
substituted fised sy SteM=fii"Some embodiments such rings formed by combinations of any of R),
R2 and R5 are partially unsaturated or aromatic. In certain embodiments,functional group is an C55
INR5 R1, In certainlerfbgdirnahesiimelifketdcamitine Yroups! dralseldotedhfroti thengroup consisting of:

[=--N"lg’ functional groups are selected from the group consisting of:
pn pH o OH pPH o PH
—&—N mém]\e g N =GN “z“N\ _'g"N
\ A Ph —ph
Py o O— O o —
_3_ N -—3“ N ! ! _g— 1\?’ ....,Emy\{
_.g,__.g\g —c—N ! :
Y N )___ k \Ph \—--Ph
N - O-Fr  O—Et O—Ft  O—Et
. QB OTE PR, S ""““3‘“’“‘}’/
d - "N N a ! \ a

R —g——z\i‘w )_ }? Ph \—Ph

In some embodiments, an activating functional group in a provided metal

complexis an amidine. In certain embodiments, such ammdine activating functional groups

2 i 2 R2
\;ﬁ R R IR i J‘;
N I “;Ss\ . /[{\ .
. N R> LR
] R’ 1
are selected from: R . and R
10 where cach occurrence of R], R’ and R’ are as defined above,

In certain embodiments, cach R' and R™is hydrogen. In some embodiments, only
one of R’ and R” is hydrogen. In certain embodiments, each R' and R” is independently
an optionally substituted radical selected from the group consisting of Cy.qq aliphatic;
Cy.2¢ heteroaliphatic, 5- to 14-membered heteroaryl, phenyl, 8- to 10-membered aryl and

15 3- to 7-membered heterocyclic. In some embodiments, each R' and R” is independently



In certain embodiments, activating functional groups are amidine Olelinked R L. ,R: through theine
nitrogen: In certain embodiments. imine-linked amidine activating functional Lrroups are selected
from the group consisting of: In certain embodiments, activating functional groups are amidine
moieties linked R2,, RI through a carbon atom: t-Q%Nr R3 . In certain embodiments, carbon-linked
amidine activating groups are selected from the group consisting of: In some embodiments, one or
more activating functional groups is a carhamate. In  defined above. In some embodiments, a

carbamate is O-linked: and R2 are as defined above.
membered saturated or partially unsaturated monocyclic carbocyele, a 7-14 carbon

saturated, partially unsaturated or aromatic polycyclic carbocyele: a 5- to 6-membered
monocychic heteroaryl ring having 1-4 heteroatoms independently sclected from nitrogen,

oxygen, or sulfur: a 3- to 8-membered saturated or partially unsaturated heterocyclic ring

LA

having 1-3 heteroatoms independently selected from nitrogen, oxygen, or sulfur; a 6- to
12-membered polycyclic saturated or partially unsaturated heterocycle having 1-3
heteroatoms independently selected from nitrogen, oxygen, or sulfur; or an &- to 10-
membered bicyclic heteroary! ring having 1-5 heteroatoms independently selected from

nitrogen, oxygen, or sulfur,

10 In certain embodiments, R' and R” are each mndependently an optionally
substituted radical selected from the group consisting of Cy.y; aliphatic and Cy.1
heteroaliphatic, In some embodiments, each occurrence of R' and R is independently an
optionally substituted Cy . aliphatic. In some embodiments, R’ and R? are each
independently optionally substituted Cy.)» aliphatic. In sorne embodiments, R' and R? are

15 cach independently optionally substituted C,  aliphatic. In some embodiments, each
accurrence of R and R7 is independently an optionally substituted C; 5 heteroaliphatic.
In some embodiments, each occurrence of R and R is imdependently an optionally
substituted C;;; heteroaiiphatic. In some embodiments, each occurrence of R and R7 is
independently an optionally substituted 8- to 10~-membered aryl. In some embodiments,

20 each occurrence of R' and R” is independently an optionally substituted phenyl group. In
some embodiments, each occurrence of R' and R”is independently an optionally
substituted 5- to 10-membered heteroaryl group. In some embodiments, each occurrence

of R" and R%is independently an optionally substituted 3- to 7-membered heterocyelic.

In certain embodiments, R’ and R” are each mdependently hydrogen, methyl,
25 ethyl, propyl, butyl, pentyl. hexyl, heptyl, octyl, optionally substituted phenvl, or
optionally substituted benzyl. In certain embodiments, R' and R” are both methyl, ethvl,
propyl, butyl, pentyl, hexyl, heptyl, octyl, phenvi or benzyl. In some embodiments, R’
and R” are each butyl. In some embodiments, R’ and R? are cach isopropyl. In some
embodiments, R' and R are perfluoro. In some embodiments, R and R” are -CF.CFs:. In
30 some embodiments, R' and R” are each phenyl. In some embodiments, R’ and R are

each benzyl.



In certain embodiments, Rl and R2 are both hydrogen. In some embodiments; only one of Rl and R2
is hydrogen. In certain embodiments. Rl and R2 are each independently an optionally substituted
radical selected from the inpup consisting of C1,70 aliphatic; Ci 2 0 heteroaliphatic, 5- to 14-membered
heteroaryl, phenyl, 8- to 10-membered aryl and 3- to 7-membered heterocyclic. In some embodiments,
Ri and R2 are each independently an 10optionally substituted radical selected from the group
consisting of phenyl; a 3- to 8- membered saturated or partially unsaturated monocyclic carbocycic. a
7-14 carbon saturated, partially unsaturated or aromatic polycyclic carbocycle: a 5- to 6-membered
monocyclic heterodiykeing draividgntrdshBtershitonrs inlependdnty sblevted:-fromanitragen, oxygen, or
sulfur; a 3 togsemwbersl saiurated Qnparialineaurated hetsiopyoli.ring having, 1.3 beteroatoms
independently selected from nitrogen, oxygen, or sulfur; a 6- to 12-membered polycycﬁc saturated or
partially unsatliFatedseteio el iEEnF 425 Horreabirinbie pendeasty sélacted fidminitrogen.
oxygen, or sulfue: pran 8 tedi0s,memperrd bicyelie heterearvlringhaving -6 heferpatoms

independently selected from nitrogen, oxygen, or sulfur. 20In certain embodiments, Rl and R2 are
each indepetEHAyBRCSHTIGHIY SRstittedasii e <Bee eea b e Grotm eoHsisth§ oRC1.12
aliphatic andt&nardigtesasliphatic. lnrsomerembedinents: gagh acswrenge ohRi and R2 is
independentl tignally substituted C1.20 gliphati¢, In some embodiments. Rl and R2 are each
independentf?oﬁitlong@ s&éﬁﬂ%&d@‘i‘ﬁ%ﬁﬁpﬂaﬁ& Iﬁ( s‘%f&%%&bon'm%ﬁ? “RY 4hd R2 are each
independentiyspticial insubstitute d €6l aliphaticinp came embadiments ~eaetluaecurrence of R' and
R2 is indeper; tionally substituted C1.70 heteroaliphatic. In some embodiments, each
occurrence o%?%f@ﬁ%’l‘?ﬁaqi‘gé%ﬁ%ﬁ%néﬁ{’gﬁﬁ882 yims?u?‘cxrsi |ﬁ}t§epdd%lli_ﬁ\ﬁ JCferOafT hrgiic. In some
embodimentsciéaeypeedirencelbf REHing R2dgcdependentyan optionisthasubstitsied8iito |
0-membered.aiyh, I 1IOTTIC embodiments, each occurrence of Rt and R.- is independently an
optionally substituted phenyl group. In some embodiments, each occurrence of Ri and R2 is
Independently an optionally substituted Sﬁstoﬂ -membered heteroaryl group. In some embodiments,
each occurrence of R '%ﬁg ﬁ;blos IR§8heRdéntly Hi BEHB AR Stbetfufe d 3B 74 e mbered
heterocyclic.siivoenaintembbgingntsp RinandnR2iane eacly indegendentiybhydiegen,amethyl, ethyl,
propyl, hutyl. pentyl, hexyl, heptyl, octyl, optionally substituted phenyl, or optionally substituted benzyl.
In certain embo r})r%gﬁtdsi.. Rl ‘a%%/lﬁﬁ‘?ﬁ% %tﬁl e h]yﬁf’gf Oﬁ?ﬁ%g{%ﬁ}l "Bt i;‘b%riﬁ')}%tﬁcx&ﬂ. heptyl, octyl,
phenyfor berasie #rsodecammbbdinenis)dlylsand R2&fe.edar: butyInlresomerembodinmerks, R.' and R2
are each isogrgpy&nm;gggggtm diments, Rl and R2 are perfluoro. In some embodiments, Rl and R2
are -CF2CF some embodiments. Rl and R2 are each phenyl. In some embodiments, Rl and R2 are

each benzyl. 15In ﬁome embodiments, Ri and R2 are aken together with interrening atoms to
n some embodiments, one or more R or R groups are taken together with R

and intervening atoms to form an optionally substituted ring. In certain embodiments, R
and R’ arc taken together to form an optienally substituted 5- or 6-membered ring. In

20 some embodiments, R? and R’ are taken together to form an optionally substituted 5- or
6-membered ring optionally containing one or more additional heteroatoms. In sorme
embodiments, R', R” and R’ are taken together to form an optionally substituted fused
ring system. In some embodiments such rings formed by combinations of any of R, R*

and R are partially unsaturated or aromatic,

25 In certain embodiments, an activating functional group i an N-linked amidine:

. In certain embodiments, A-linked amidine groups are selected from the
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form one or more optionally substituted rings. In certain embodiments, Rl and R2 are taken together to
form a ring fragment selected from the group consisting of: -C(R2)2-. -C(R)2C)-, -C(R)2C(R)7C(R)7-,
-C(R)20C)2-. and -C(R)2NRIIRY)2-. In certain embodiments, R' and R2 are taken together to form a
ring fragment selected from 20the group consisting of: -CH2-, -CH2CH2-, -C112CH2C142-,
-CH20CH2-, and -CH,NRYCH2-. In some embodiments. Rl and R2 are taken together to form an
unsaturated linker moiety optionally containing one or more additional heteroatoms. In some
embodiments, the resulting nitrogen-containing ring is partially unsaturated. In certain embodiments,
the resulting gittogenscom@iring ring comprises a fused polycyclic heterocycle. In some embodiments,

122 is selected from roup consi of: methyl t- utyI t-amyl,_benzyl, adamant-y:1, ally’,
4-methoxycarba enyre, 2-(ntethylsulf anype @lphe MI -prop-2-yl. 2-(trimethylsilyflethyl,
2-brornoethyl, a 9\fluorenylm thyd, In sc e mbodlme ts,an activating functional group is a
guanidine or bisguanidine group: R2RI R2R3 icsj , NTIRI"c-IN, 'R2, --NN" ,NNij, andN ?N

242F12.2R2'RrR2R12.Fir where each occurrence of RI, RI', R2, R2', R2", R3. and R3. is
independently hydrogen or an optionally substituted radical selected from the group consisting of
C1_20 aliphatic; CI-20 he liphaj yl; a 3- tg ered saturated or partially unsaturated
monocyclic carbocycte, 3 7,,1\ carb ﬁ atur ted, pa tlaIIy nsatl rated or aromatic polycyclic
carbocycle; a 5- to 6-menibered monoc e heter -4 heteroatoms independently
selected from nitrogen, oxygen. or  Ph )

./"\ /"c- 5 —&-N
4 4 %ﬁ

N

_g-z\z/.—ycoz}{ Q\\ 2 4 \NH
k}\] /L%_ _ H\\(
N=/

In certain embodiments, activating functional groups are amidine moieties linked

RLN,RF

A

through the imine nittogen: = N R,

5 In certain embodiments, imine-linked amidine activating functional groups are

selected from the group consisting of®
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10sulfur; a 3- to 8-membered saturated or partially unsaturated heterocyclic ring having 1-3
heteroatoms independently selected from nitrogen, oxygen, or sulfur: a 6- to | 2-membered polycyclic
saturated or partially unsaturated heterocycle having 1-5 heteroatoms independently selected from
nitrogen, oxygen, or sulfur; or an 8- to 10-membered bicyclic heteroaryl ring having 1-5 heteroatoms
15independently selected from nitrogen, oxygen, or sulfur: wherein any two or more RI, RI', R2, RY,
-2" K R3, and R3' groups can be taken together with intervening atoms to form one or more
optionally substituted rings optionally containing one or more additional hcteroatoms: In certain
embodiments, each gccurrence ofRlI, Rl‘ R2RT. R2". Rl~and R3. is ydrogen. in_.some
embodiments, «: h occur né‘“”bj RI %__821 2VrR3, and 12,3-i$ fiydroge, an optionally
substituted radical selected from the g oi]p consistin bf C allrﬁwatlc @'Z%etero hatic; 3- to
7-membered heterocyclic, phenyl, and 8- to 10- membered aryl In some embodiments, each
occurrence of RI, RI' [R’Z RT, K-2: R, and RT is
hydrogen or @@,dﬁhop_gj,ly bﬁuu ra caﬂ_é ected f O{K—hgg}?)up CcofTsistin Uof phenyl: a 3- to
8-membered saturated or partlally uhsat rated monocyclic carbocyd% "a 7-1Zcarbon saturated,
partially unsaturated or aromatic polycyclic carbgcycle; a 5- to 6- membered monocyclic heteroaryl ring
having 1-4 hetero qﬁsw@ep dmﬂWsde %@mrMmg geno a 3- to 8-membered
saturated or pgrtially tnsatt ~h__tero nr'h]fg_havm% ST}gt_eroa%) H@endently selected
from nitrogen, oxygen, or s Mra6t01 “me edpowwdméﬂwaedmpmﬂﬂywmmwawd
heterocycle having 1-5 heteroatoms independently selected from nitrogen, oxy en,sulfur; or an 8- to
10-membered bicycli¢ heyeroar rinG having 1- S)Qetéroatoﬂ qép"enden‘f fected from nitrogen,
oxygen, or sulfus’ In odimerits, eathoccin- -enge 6f RhRI., R2, { and 12.5. is
independently hydrogen or an optlonally substituted radical selected from the oup consisting of CI"20
aliphatic, phenyl, and 8- to I0-membered aryl. In certain embodiments, each occurrence of Rl and R2
is independently an optionally hydrogen or an optionally substituted Cs aliphatic, phenyl, or 8- to
10-membered aryl 10gtoup. dmisaiie-embodimenisieathocowrenae ohRInRhoR2:-RZ:ke2" K, RI'.

and W is 5 |
R\N,R

3

/j\ .r-R

Sy

through a carbon atom: . In certain embodiments, carbon-linked

LA

amidine activating groups are selected from the group consisting of:

h (=

w0 N
éi‘/ é%/\/ ?\r\/ éSYH/ és\rN\H/ 57,7/

”1.-

([
R }@,E,Q g O

N N
U : !
Ph e Ph "1y Ph
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independently hydrogen or an optionally substituted C1_20 aliphatic. In some embodiments, each
occurrence of Rl and R2 is independently hydrogen an optionally substituted aryl group or an
optionally substituted C1.8 aliphatic group. In some embodiments, each occurrence of RI, RI',n2 n2 -2"
n3 ,,,, and RlIr is independently IS' hydrogen or an optionally substituted C1.6 aliphatic group. In some
embodiments, each occurrence of RI, R.", R2, R2'. R2", n 2, ". and R3' is independently hydrogen or
an optionally substituted C14 aliphatic group. In some embodiments, each occurrence of RI. RI', R2,
R2I, R2", R3, and R3independently an optionally substituted C1-20 aliphatic. In some embodiments,
RI, RL., R2, R.2!, "2in Rima At R:are eault ideperitentyaplionadiyaP osuipstitted Bini2 dliphatic. In
some embodiments, fe.R2, RT. R2J, le, and R3I are eacq independently optionally substituted C14,
aliphatic. In some embodiments, one or more occurrence , R2, R2I, R2rl, R3, and Wl is
independently an optionally substituted C1.20 heteroaliplyatic. Issome embodiments, one or more
occurrence of RI, RI'. R2". RI', and Rly is independent h%drogen or an optionally substituted phenyl
or 8- to | 0- e rEY AR OB EMBEdmelt&dne or more oc&iﬁ’ﬁ@rf@e“ﬁfj Rl ®RUSR2, RT, R2",

W. and R3 is independently hydrogen, or an optionally substituted 5- tg.10-mgmbered hctcroaryl. In
some embodiments, Rl is optionally substituted C1-6 aliphatic. In certali rembodiments, R1. is
optionally substituted C1..6 aliphatic. In certain embodiments. R2 is 30 tioh y substituted C14;
aliphatic. In cefainl ettbediments cRBbisroptionatiysubstitutedialighaticT In certainygmppogiments, R2" is
optionally suggéitlgged C3-6 f%!'cpdha tic

are as defy ove,

¥ 1)

[n certain embodiments, R' and R” are both hydrogen. In some embodiments, only
one of R’ and R” is hydrogen. In certain embodiments, R and R? are cach independently
an optionally substituted radical selected from the group consisting of C,_ aliphatic; Cy .44
heteroaliphatic, 5- to 14-membered hetercaryl, phenyl, 8- to 10-membered ary] and 3- to
7-membered heterocyclic. In some embodiments, R' and R® are cach independently an
10 optionally substituted radical selected from the group consisting of phenyl: a 3- (o &-
membered saturated or partiaily unsaturated monocyclic carbocycle, a 7-14 carbon
saturated, partially unsaturated or aromatic polveyclic carbocycle; 2 5- to 6-membered
monocyelic heteroaryl ning having 1-4 heteroatoms independently selected from nitrogen,

exygen, or sulfur; a 3- to 8~-membered saturated or partially unsaturated heterocyclic ring

e
LA

having 1-3 heteroatoms independently selected from nitrogen, oxygen, or sulfur; a 6- ©
12-membered polycyclic saturated or partially unsaturated heterocycle having 1-3
heteroatoms independently selected from nitrogen, oxvygen, or sulfur; or an 8- to 10-
membered bicyclic heteroaryl ring having 1-5 heteroatoms independently selected from

mitrogen, oxygen. or sulfur.

20 In certain embodiments, R* and R” arc cach mdependently an optionally
substituted radical selected from the group consisting of Cy.» aliphatic and Cy.p»
i . X . 1 3.
heteroaliphatic. In some embodiments, each occurrence of R' and R” is independentiy an
optionally substituted Ci ., aliphatic. In some embodiments. R' and R” are each
independently optionally substituted Cy .7 aliphatic. In some embodiments, R’ and R” are
25 cach independently optionally substituted C, aliphatic. In some embodiments, each
occurrence of R' and R’ is independently an optionally substituted C; g heteroaliphatic.

In some embodiments, each occurrence of R' and R*is independently an optionally
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certain embodiments, R3 is optionally substituted C1_6 aliphatic. In certain embodiments. R
optionally substituted C14 aliphatic. In some embodiments, each occurrence of RI, Ry, R2, R2., R2',

le, and R3' is independently hydrogen, methyl, ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl, phenyl or
benzyl. In certain embodiments,R 3', R2, R2', RT" R3. and Ri are each methyl or ethyl. In some
embodiments, one or more R1, RI', R2, RT, R2", 123, and le is perfluoro. In some embodiments, any
two or more RI, RI, R2, R2R3, and R3igroups are taken together with intervening atoms to form one or
more optionally substituted rings. In certain embodiments, RI and R2 are taken together with

intervening StBTRE o 1 I RS BEIBRANG: SHstit oG Spto ARy CEHTERRG Ohetdf Mofe additional
10heteroatamspha&emecmpadimenis: RAapd-R2 1argdaken-together with-interyening:atoms to form
an optionally substituted ring gptionally containing.one or more additional heteroatoms. In certain

em bodimen"‘sif“l:fj?tf‘”éﬁfa“ﬁ%g | h oéémé?% ATt/ ERING Ao mis 1o tornd B OpHSHAIN substituted
ring optionaihyreontaimingsone ar maraadditiofial heteRoatomispdndzamesempadiaients, [R2 and R2.1

and R and 3laie jaken ipgeihernih dainievaning loms.te-form an,optonaly. subsfiluted fing
tional het bd

’ by ITCNCC ' '
optionally containing one or more additiona eroatoms. In some embodiments, threé or more R', R',

R2. R2, R2 0RR amell R g nsioy cardenalicenm sty withsanyeihfereehingnatomb o dormcdiptionally
substituted rings. In certain embodiments, Rl and R2 groups are taken together to form an optionally

substituted 5- or 6imemberesiagninsameRMBedimants dyeaion el 0andior R2groups are
taken togeth rf form ?Vgﬂ)tionallg subitituted fused ring system. In certain embodiments where

an activating Tih&ioh4 PPRY GhARHREREF 75 S ARIERE shdiat e eldsdrPfrom the group
consisting afp:RANBRVNBst8! benzyl. In certain embodiments, R' and R” are both methyl, ethyl,

10 propyl, butyl, pentyl, hexyl, heptyl, octy!, pheny! or benzyl. In some embodiments, R'
and R” are each butyl. In some embodiments, R' and R? are cach 1sopropyl. In some
embodiments, R’ and R? are perfluoro. In some embodiments, R® and R? are -CF,CFs. In
some embodiments, R' and R” are cach phenyl. In some embodiments, R’ and R are

each benzyl

I5 In some embodiments, R’ and R” are taken together with intervening atoms to
form one or more optionally substituted rings. In certain embodiments, R’ and R” are
taken together to form a ring fragment selected from the group consisting of —C(R¥),-,
~CR RCR Y-, ~CRY R CRT 1R Y-, -C(RYOC(RY)o-, and -C{RV)LNRIC(R)o-. In
certain embodiments, R’ and R” are taken together to form a ring fragment selected from

20 the group consisting of: -CH,-, -CH-CH-, -CH,CH,CH;-, -CH,OCH,-, and
-CH,NRPCH,-. In some embodiments, R’ and R” are taken together to form an
unsaturated linker moiety optionally containing one or more additional heteroatoms. In
some embodiments, the resulting nitrogen-containing ring is partially unsaturated. In
certain embodiments, the resulting nitrogen-~-containing ring comprises a fused polvevciic

25 heterocycle. In some embodiments, R” is selected from the group consisting of: methyl,

t-butyl, z-amyl, benzyl, adamantyl, allyl, 4-methoxvearbonylphenyl,

2-{methylsulfonylethyl, 2-(4-biphenylyl)-prop-2-vl, 2-(trimethylsilyDethyl,

2-bromoethyl, and 9-fluorenvimethyl.
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HN >k'NVIC'N/H  NH NH 'cs5N-N.IkN H ,cssNANHN NH NH NXNH th H

In some embodiments, an activating functional group is a guanidine or bis-

guamdine group:

R Rl R? R, o ;é\ ~F
N R N a\é b N }"5
S TR 5 S )
N\ - /R1 ;s\ ("R R : ”'R
_3_N>“ R2, $NTOWNTT, YOO Jand N WY
\Rz, RZ n? pY RY rRZ2  RZ RY

where each occurrence of R', RV, R R, R, R* and R is independently hydrogen
5 or an optionally substituted radical selected from the group consisting of Cy 50
aliphatic; C, .y heteroaliphatic; phenyl; a 3- to 8-membered saturated or partially
unsaturated monocyclic carbocycle, a 7-14 carbon saturated, partially unsaturated
or aromatic polycyclic carbocycle; a 3- to 6-membered monocyelic heteroaryl
ring having 1-4 heteroatoms independently selected from nifrogen, oxygen, or
10 sulfur; a 3- to 8-membered saturated or partially unsaturated heterocyclic ring
having 1-3 heteroatoms independently selected from nitrogen, oxyegen, or sulfur; a
6~ to 12-membered polycyclic saturated or partially unsaturated heterocycle
having -5 heteroatoms independently selected from nitrogen, oxygen, or sulfur;
or an 8- to 10-membered bicvelic heteroaryl ning having [-3 hetercatoms
15 independently selected from nitrogen, oxygen, or sulfur; wherein any two or more
R', R R%, R*, RY R’ and RY groups can be taken together with mtervening
atoms {o form one or more optionally substituted rings optionally containing one

or more additional heteroatoms;

In certain embodiments, each occurrence of RY, RY, R*, R*. R, R*, and RV is
20 hydrogen. In some embodiments, cach occurrence of RY, RY, R%, R¥, R¥, R®, and R¥ is
hydrogen or an eptionally substituted radical selected from the group consisting of Cy o
aliphatic; Cy.p heteroaliphatic; 3- to 7-membered heterocyelic, phenyi, and &- to 10-
membered aryl. In some embodiments, cach occurrence of R, R, R*, R*, R*, R, and

R” is hydrogen or an optionally substituted radical selected from the group consisting of

[
LA

phenyl; a 3~ to ¥~-membered saturated or partially unsaturated monocyclic carbocycle, a
7-14 carbon saturated, partially unsaturated or aromatic polycyclic carbocvele; a 5- to 6-
membered monocyelic heteroaryl ring having 1-4 heteroatoms independently selected

from nitrogen, oxygen, or sulfur; & 3- to &-membered saturated or partially unsaturated
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In some embodiments, an activating functional trroup is a urea: e RI, and R2 are as defined above.

In certain embodiments RI and R2 are each hydrogen. In some embodiments, only one of Rl and R2 is
hydrogen. In certain embodiments. Rl and R2 are each independently an optionally substituted radical
selected from the group consisting of C aliphatic: C120 heteroaliphatic, phenylto 8-membered
saturated or partially unsaturated 1110110CyCIiC carbocycle, a 7-14 carbon saturated, partially
unsaturated or aromatic polycyclic carbocycle: a 5- to 6-membered monocyclic heteroaryl ring having
1-4 heteroatoms independently selected from nitrogen, oxygen, or sulfur; a 3- to 8- membered
saturated or paitiayissatafmatchiefehocyetioringhanindett’y hétetoatomsrindependenthyn selected

from nitrogen, axygen, er Suiflr, 2.8:10; 12 imembered nolysyslic satrated.or. partially. ynsaturated

heterocycle having 1-5 heteroatoms independently selected from nitrogen, oxygen, or’suffur; or an 8-
to 10-membetet Bicyelit EtaBaryI g Havihy 15 Réteryatorisindepeaitemiuseleetethffom nitrogen,
oxygen, or sulfun-kineectain embeadisnants R} and B2 are sachdndenandently, an.eptionally
substityted radical selected from thheﬁglrogp consisting of C1_12 aliphatic and C1_12 heterpaliphatic. In
some embodifiBhits! ach bedtfréhce BFRI SR PRSP EntRRRF St SpHoREHY: Shibdiituted C120
aliphatic. In sema enrboditents iRitpand-R? areieqeh idepprdantly eptionally-sustituted CI_12
aliphatic. In some embodiments, Rl and.R2 are each independently gptionally substituted C1_6
aliphatic. In égg%g‘édr;}@(%%rﬁe%{?gpecggﬁ%g Cr’?e(?fc“:’é %?R:? i%il‘ﬂg;l cﬁﬁlis%/"ﬁrg éﬁ%ﬁagﬂ?ﬁ%ﬁeép‘%hally
substituted Cib-20theterdaliptatit. leome embodifents] Bachinbgunéncs of Ratand R2 is
independently. an optignally, substituted. ¢ hetgroaliphatic. In some embodiments, each
occurrence of')lg' and R2 is iﬁde’petr%deﬁ‘?ﬁ/{%ﬁ%ﬁfoﬁ%@ﬁ%ﬁﬁé& %g;go%g@rﬁﬂéﬁ Cél}%f%d&v?/l. In some
embotiment&rageabhseerdndsnst R s R2iE htdepéndBntly aR oftiorilystiBstituted phenyl
group. In some;emhedimanis.eashoscyrense,ofRiand: R2 is.ndependently.an optionally

i

substituted 5- to 10-membered heteroaryl group. In some embodiments, each occurrence of R1 and
R2 is indepeﬁﬂ’@ﬁﬂm%ﬁéﬁéﬂﬁwgﬁﬂft%d QbR Zidrrrarkahehedseyenaniansenaily embodiments.
Rl and R2 are;pachindependenty Hyskogem;mesthvt.ehyl, piopylbutlpentkidexyl, heptyl, octyl,
optionally subs 'tuéed h‘ené/l or optionally substituted benzyl. In certain embodiments. R and R2 are
both methy, [éWE\!ﬁ, ’SPS%‘SI,S fhﬁc‘ﬁ% ACHERE heptyl, ot phe v & BeHAAPTAYLEHE embodiments,
RI and3R2 areyéagirbutyh bysemeyenibadireénts: Ripgad-R2oare ieachisepropihdsema:

embodiment%,clzl andoggaggglpigfﬂ[g@r&gm _oryned?{mt})gdién ntgéanlva}&% R.' are -CF2C1-1 30some

- 2 .ea ¥ - . .
embodiments, 191 and R2 are each phenyl: In'some embodinients. RIS RS Al BAH Bénzy!.

substituted C).4 aliphatic group. In some embodiments, cach occurrence of R', RY, R,
R¥, R”, R’, and R” is independently an optionally substituted C; 5 aliphatic. In some
embodiments, RY, RY, R*, R7, ¥, R? ,and R™ are each ndependently optionally

20 substituted Cy.; aliphatic. In some embodiments, R', R", R*, R¥. R¥, R, and RV are
each independently optionally substituted C;  aliphatic. In some embodiments, one or
more occurrence of R\, R”, R%, R™, RY, and R™ is independently an optionally substituted
C'1.20 heteroaliphatic, In some embodiments, one or more occurrence of RY, RV, RAL R,
R, R, and R is independently hydrogen or an optionally substituted phenyi or 8- to 10~

25 membered aryl. In some embodiments, one or more occurrence of R', R, R”, R*, R”,
R*, and R" is mdependently hydrogen. or an optionally substituted 5- to 10-membered

heteroaryl,

In some embodiments, R’ is optionally substituted C ¢ aliphatic. In certain
embodiments, R' is optionally substituted C, 4 aliphatic. In certain embodiments, R? is
30 optionaily substituted C, ¢ aliphatic. In certain embodiments, R” is optionally substituted
Ci. aliphatic. In certain embodiments, R is optionally substituted C, aliphatic. In

certain embodiments, R is optionally substituted C; aliphatic. In certain embodiments,
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In some embodiments. 12] and R2 are taken together with intervening atoms to form one or more
optionally substituted rings. In certain embodiments, Rl and R2 are taken together to form a ring
fragment selected from the group consisting on --C(RY)s-. -CtRY)2CERY):-. -C(W)nC(RY)2C(RY)2-.,
-C(RY)20C(W),-. and -C(W)2NRT(War In certain embodiments, R' and R2 are taken together to form a
ring fragment selected from the group consisting of: -CH-, -CH2CI-17-, -CH2C1-12CH". -CH20ClI-bs,
and -CIli2NRYCI-12-. En some embodiments, R' and R2 are taken together to form an unsaturated
linker moiety optionally containing one or more additional heteroatoms. In some embodiments, the
resulting nitrBgenccontaifing hitigisdgartialip insatorated. dniOberain extbodiments, #ie fesulting
nitrogen-containggging CORIPLiSes Aa. d poly terocygle aroups: where RI. R2. Rs, and R7
are as definr;% 21%2\%3.’%5 R %ﬁ%rtggi%ggv Egéi%ﬁgn%é% ?55% ya% offw’ﬁ’yﬂé??)%egﬁ.{}i% some
embodiment&SHily 6rne - SERYVARSIR 28 MyEsgenzih deraiitisrmbboiments, RI. &1dR2Rire each
independenty ap optienallysubstituted radical selected from the.group congisting: of C1,20 aliphatic:
C120 heteroaliphatic..5- to 14-membered hetéroal, 8- to 10-membered aryl and 3- to 7-membered
heter@cyclic.Rih Eert&in B BodimeHieoR: and R2 are each 20independently an optionally substituted
radical selected from the group consisting of phenyl: a 3- to 8-membered saturated or partially
unsaturated monodyclencarbbajiclena, ZridrearansatRiaked Roakialk/ uRsSaiuiRédronararaatic
polycyclic earhc a.h- 10 6- | I cvclic heteroaryl ring havi -4 heteroatoms
independen?lgl/gggl)égcé%}&%ﬂ% %%%%%%%@%ﬁ?%%%fﬁc ass ?Begpn{ig% ‘e"r%%%s‘%&‘lﬁ%gfé%g%r partially
unsaturated heterocyclic ring having 1-3 hetcroatoms independently selected from nitrogen, oxygen, or
sulfur: a 6- to 12-mEMRBEET PERETEI s&uraE] SroaitaIy eribshirtda e terse trRaving 1-5
hetcroatomsringependenty seleaied oM WiFoaen;0XNaeR: @ SWiM HRk-aRi8iita10-membered
bicycll%: het r}%r}ll Egn‘%th vin%lr%-S L%gget toms independently selected from nitrogen, oxygen, or sulfur,
in certain emBodinents,, R and R a8 €4t 'nﬁgp%ndgn%e&ﬁ%ﬁfmﬁmmfﬁféﬁ TH4dital selected
from the grotspieonsistipgrotiGlsdysliphdtmangtGhal? beteiaaliphaticr inosonidigsrapdiments, each

occurrence %f‘lggcg_ng\R%iginde_end ntl an ptiopgHy substit t%ql C1l Z%ali hatic. Ln some
embodiments(f RI aﬁ R afcénggc mﬁlo é%lgrﬁaéﬁt@né%%oﬁ%%ﬁ%tﬁg 13 &d'C ,f‘z‘%é'ﬁﬁ iafic. In some

embodiment$o1Rd tadel 'R 2rarpticachyindetsiendd nihz optionelly Substitutesh Cddnaliphdticidn:some
embodiments, G HECHIEREE.Af BN R2is independantly s}m?%ﬁi%af%én%%&iﬂ{%& 20

heteroaliphatic. 10In some embodiments, each occurrence of Rl and R2 is independently an optionally
substituted GFCTSTRESBEIFAANED R SO elrIoEABRS reac doryeree b Rl Avd R?2 is
independenily.an.aptipnallysubstitwe dr8otalOnmembsredand oinspme epbedimengs, each
occurrence of;RI gnd.R2 is independently an gptionally substituted phenyl group. In some
embodimen%, SREH OB ACE BRI T B 2 N ABS SERTERIE AP BB IB AT W&kt uted 5- to
10-memberadiheteraarylgrougerin semeaikodimenis) RAgh QeCHI @GR ogether to form an

optionally substituted 3- or 6-membered ring. In some embodiments, three or more R

20 and/or R™groups are taken together to form an optionally substituted fused ring system.

In certain embodiments where an activating functional group is & guanidine or bis

guanidine moiety, it is chosen from the group consisting of:
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of Rl and R2 is independently an optionally substituted 3- to 7-membered heterocyclic. In certain
embodiments. R' and R2 are each independently hydrogen, methyl, ethyl, propyl, butyl. nentyl. hexyl,
hcptyl, octyl. optionally substituted phenyl, or optionally substituted benzyl. In certain embodiments,
111 and ft2. are both methyl, ethyl. 20propyl, butyl, pentyl, hexyl, heptyl, octyl, phenyl or benzyl. In
some embodiments. Rl and R2 are each butyl. In some embodiments, Rl and R2 are each isopropyl.
In some embodiments. Rl and R2 are perfluoro. In some embodiments, Rl and R2 are -CF2Ch. In
some embodiments. Rl and R2 are each phenyl. In some embodiments, Rl and R2 are each benzyl In
some embodiments, ;R | §fd R* are takgﬂ together |th form ome or morgsoptla lly substituted rings. In
certain embodiment oy d R2 gfragme @ted from the group
consisting of: --C(RY)?- -C(R)2C(R)2 "RY)ZYRY)ZC(RY)'/’& -G(RY)ZO (R)2-"and
-C(.127)21\IRYC(RY)2-. In certain empodlment RI and R2 are taken together to faun a ring fragment
selected from the groub\eonsstfg J\CHZ%HZJ;;CHZO 11;31 , and CHZNR\Q@I 12-. In some
embodiments, R.' a aret i togethet o Toiiran ated In;rker o,é&y Q,r:;\onally containing
one or more addltlonal\beteroatom In some bodlment the resultlng nltrogen containing ring is
partially unsaturated. In certain embodiments, the resulting nitrogen-containing ring comprises a fused
polyeyelie heterocycle. \ In certain gmbodiments, R% is H. In certanqJ bodiments. R5 is optionally
substituted C1_90 aliphajic, and Hgssojm: embodtmepﬁs\F;S is optiqQ al/yt\su stituted 6- to 14- membered
aryl. In certain embodmhen R5 s Gptiopally Sumw .] 2 aliphati¢"and in some embodiments,
optionally substituted CLo iphatic. In in emb ems. R5is 1 onally substituted phenyl.

In some embodiments, one or more RI or R2 groups are taken together with R5 and intervening atoms
to form an optlonallyfs‘uhstltuted\ ng. ertain er{)bodn;rﬁtf;entst\J and R5 aretaken together to form an
optionally substltuteg;tS /hr 6:me éd rlbng§I ee(/(me ts. R%Eand‘gR are taken together to
form an optionally subsgtituted 5- oPl ml:iere g o tldﬁ:tt> contalnmg orpe or more additional
heteroatoms. In some embodiments, R1, R2 and're are taken together to fool, an optionally substituted
fused ring system. In s me embodrmenta Sl,tqh rings formgd Qy combrnatrong,ﬁof any of RI. R2 and R5
are partially unsatu ate romatté\ I cer |n;\b§d|ggnt§,LR IS -H-x (sfn cértai embodlments R7 is
optionally 20 subst g’lK allphaﬁc whilefin someHemﬁodl SR5I opﬁonafw substituted 6- to
14-membered aryl. In certain embodlments R7 is optionally substltuted Cl 12 aliphatic or in some
embodiments, optlonallyqﬁubws)tlltuted C1 6 allphatlc In cegain.gmbodimentsyiR.7 is optionally
substituted C1_12 ytg\ me e bo im nts opthnalLy S}Lstltuteonth/gaeyl In certain
embodiments, ft' is op‘l a{rﬁs‘t}bstl \ti\ ppenydrztn somh\eﬁtbod‘f’nents R7 |s|\/\,

NH NH NH ¥ jﬂ*{
SN \é{-h/m\;ﬁ;\ ‘;LTJLWE ~ t(/ (
z"‘I H N

: i NH
\és\-\“)j\ - \‘ss\\zj\w/ és\ )L - }s’\\;,lL _Ph

N ; ’ N

TR T Ty

. . ] . . . . R'i
In some embodiments, an activating functional group is & urea:

i
where R', and R” are as defined above.

- . i T .
In certain embodiments, R' and R” are each hydrogen. In some embodiments.
I 2 . : »
5 only one of R and R” is hvdrogen. In certain embodiments, R' and R” are each

independently an optionally substituted radical selected from the group consisting of Cj.ag

44



25a hydroxyl protecting group. In some embodiments, R7 is a silyl protecting group. In some
embodiments, an activating functional group is an N-o kie derivative: here Rl and R2 areas defined
above. In certain embodiments, R1 and R2 are both hydrogen. In some embodiments, only one
of Rl and R2 is hydrogen. In certain embodiments, R1 and R2 are each independently an optionally
substituted radical selected from the group consisting of Cir,,0 aliphatic, C1..20 heteroaliphatie, 5- to
14-membered heteroaryl, phenyl. or 8- to | 0- membered aryl and 3- to 7-membered heterocyclic.

In certain embodiments, R1 and R2 are each independently an optionally substituted radical selected
from the grouprdehsisting bfCeziRlaliphationahd €142 hetersaliphaticittd someiehbodiments, each

occurrence er@&@&‘é«ﬁ&ﬁaﬂ%@%ﬁ%%@é‘%é@ eptionally, substituted.1,,2Q aliphatic, In some

o

embodiments, Rl and R2 are each 10independently optionally substituted C1,12 aliphatic. In some
embodiment§IREGNBPR &M adiindependerty episral i subsitinsd caes! diphaticnih some
embodiments, each-ogeMranss,of REand-R2ds independently.an optionalty substituted C121,
heteroaliphatic. In some embodiments, each occurrence of R1 and R2 is independently an optionally

substitited C1RBFtrBAREH-AIC A SO SHEBHRBRIS RA LT Be AR DIRTORRIR2 is
15independentlypandeptionailysabstituiee &dalO-meprberad; aryl.dn somensmbpgimentsiceach
occurrence of R1 and R2 is independently an optignally substituted phenyl group, In some

em bodiment%?%’éac%qoaé ljlrrr‘igednH e'of ﬁi%tﬁ“éy lﬁé“ 1§ %%é%‘ é‘r?ﬂf/t}é t“é%‘ﬁSWélH} ] b‘@i‘l‘tm;é’d 5-to
10-membereg hetat daryl groypenlmsome emidddiments}-each-ocoubrend &iof iRt land dR2yis

independently, an, optignally, sub; @55%%?%%&%3&#?@@%%%% l?r%trgrr(z)?%%%%b é%gf%ﬁgﬁi” pbodiments. R1

A gt
and R2 are each independently hydrogen, methy . propyl, butyl, xy1. heptyl, octyl,
optionally substituted phenyl, or o Ationqll)érc,ubstitpted benzyl. In certain embodiments, Rl and R2 are
both ritethyl, ethyl, b’?&ﬁ?ﬁ*[ﬁ&ﬁﬁ?%&ﬁ&‘l‘ﬁh xINHRptE, GER/ I PRRAIEBY bEhehl wi8Bme embodiments.
Rl and R2 are;each:Qiiylidnl serme.ambedinenisp Rdnend:R2 are eachisepsapyt, In some
25embodimq}nts, RiL %nd R% are perfluoro. In some embodimen ;Rlc?]tgd.RZ are -CF2CF3. In
eteroaliphatic. Insomle embodiments, each occurrence o and R* s independently an
optionally substituted C .y aliphatic. In some embodiments, R’ and R are each
independently optionally substituted Cy.y5 aliphatic. In some embodiments, R' and R” are
15 each independently optionally substituted C, 6 aliphatic. In some embodiments, each
occurrence of R' and R”is independently an optionally substituted Cy.4 heteroaliphatic.
In some embodiments, cach occurrence of R' and R* is independently an optionally
substituted C1y, heteroaliphatic. In some embodiments, cach occuwrrence of R and R¥ is
independently an optionally substituted 8- to 10-membered aryl. In some embodiments,
20 each accurrence of R’ and R is independently an optionally substituted phenyl group. In
some embodiments, each occurrence of R’ and R” is independently an optionally
substituted 5- to 10-membered heteroaryl group. In some embodiments, each occurrence

of R' and R’ is independently an optionally substituted 2- to 7-membered heterocvelic.

In certain embodiments, R and R” are each independently hvdrogen. methyvl,
25 ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl, optionally substituted phenvl, or
optionally substituted benzyl. ‘In certain embodiments, R' and R’ are both methyl, ethyl,
propyl, butyl, pentyl, hexyl, heptyl, octvl, pheny! or benzyl. In some embodiments, R
and R’ are each butyl. In some embodiments, R' and R” are cach isopropyl. In some
embodiments, R' and R” are perfluoro. In some embodiments, R’ and R” are -CF,CF.. In
30 some embodiments, R' and R” are each phenvl. In some embodiments. R' and R” are

cach benzyl.



some embodiments. Rl and R2 are each phenyl. In some embodiments. R' and R2 are each benzyl.
In some embodiments, R1 and R2 are taken together with intervening atoms to fo ul one or more
optionally substituted rings. In certain embodiments. R1 and R2 are taken together to form a ring
fragment selected from the group consisting of: -C(R.>"):,-, -C(RY)2C(RY)2-, -C(R)2C(R)2C)2-,
-C(R)20C(R)2-. and -C(RY)2NRT(RY)2-. In certain embodiments,and 12.2 are taken together to form
a ring fragment selected from the group consisting of: -CM-,-CH2CH2(112-. -Cli20CH2-, and
-CH2NRYCH2-. In some embodiments, Rl and R2 are taken together to form an unsaturated linker
moiety optionally cortainingrobisioranier8 additforrat Keteroegores. Wils rivevenibpaivaents, the resulting
nitrogen-contgining, ing.ix.pastialy.Hosaiurated: inLertain embodiments, e resuling. .

nitrogen-containing ring comprises a fused polyg%/'dic heterocycle. . In specific embodiments, an
N-oxideetivafig fuRetidRal oot i& St lEEEd ront  othsgrdlip EemsitiHg & oLb<Eationic! Activating
Groups Incseme embodimenis enea or more tethered @otiva:pit funcliemal groups on provided
metal Qomplexes,arerg%ati,onic moigtie{? include cationic moieties. rln_,sorgn(e embodiments, such moieties
include one SFTHGIEBPIE SR Eefirés ﬁT‘éfﬁlE‘%—‘??%’Rﬂﬁé%E 1409 TIPSR NG From

the group consisting of: -CH:-, -CH-CH,-, -CH>CH,CH>-, -CH2OCH;-, and

-CH,NRYCH,-. In some embodiments, R' and R” are taken together to form an

unsaturated linker moiety optionally contaming one or more additional heteroatoms. In

some embodiments, the resulting nitrogen-containing ring is partially unsaturated. In

10 certain embodiments, the resulting nitrogen-containing ring comprises a fused polycyclic

heterocycle.

In certain embodiments, activating functional groups are oxime or hydrazone

Ri
|
; N\ .
| or |
! /LI{S :(',L)\RS

STOUPS!
where R', R®, R®, and R are as defined above,

15 In certain embodiments, R' and R” are both hydrogen. In some embodiments,
only one of R' and R” is hydrogen. In certain embodiments, R' and R? are each
independently an optionally substituted radical selected from the group consisting of Cip
aliphatic; C, 5 heteroaliphatic, 5- to 14-membered heteroaryl, 8- 10 10-membered aryl
and 3- to 7-membered heterocyelic. In certain embodiments, R and R” are cach

20 independently an optionally substituted radical selected from the group consisting of
phenvl; a 3- to 8-membered saturated or partially unsaturated monocyclic carbocycle, a
7-14 carbon saturated, partially unsaturated or aromatic polvevelic carbocycle; 4 5- to 6-
membered monocyelic heteroaryl ring having 1-4 heteroatoms independently selected
from nitrogen, oxygen, or sulfur; & 3- to &-membered saturated or partially unsaturated

a5 heterocyclic ning having 1-3 heteroatoms independently selected from nitrogen, oxvgen,

or sulfur; a 6- to 1 2-membered polveyclic saturated or partially unsaturated heterocycle

having i-5 heteroatoms independently selected from nitrogen, oxvgen, or sulfur; or an 8-

46



R2 121,0,R2 x1{1,8"R=0 NN X i RIR2R2 ISf,R2 e x RN 1.k R'RI rtriS /3 s, R.2x H)It1 R 1,, el-t-RIR--
N

to 10-membered bicychic heteroaryl ring having 1-5 heteroatoms independently selected

from nitrogen, oxygen, or sulfur.

. . i 2 . .
in certain embodiments, R and R are each independently an optionally

substituted radical selected from the group consisting of Cy.y; aliphatic and C, 1,

L]

heteroaliphatic. In some embodiments, cach occurrence of R' and R” is independently an
optionally substituted C; 5 aliphatic. In some embodiments, R' and R” are cach
independently optionally substituted Cy.; aliphatic. In some embodiments, R! and R are
cach independently optionally substituted C, 4 aliphatic. In some embodiments, each
occurrence of R' and R is independently an optionally substituted C, . heteroaliphatic,
10 In some embodiments, each occurrence of R' and R% s independently an optionally
substituted Cy.j; heteroaliphatic. In some embodiments, each occurrence of R! and R is
independently an optionally substituted 8- to 10-membered aryl. In some embodiments,
each occurrence of R* and R is independently an optionally substituted phenyl group. In

- T . .
some embodiments, each occurrence of R' and R” is independently an optionally

—
L, )

substituted 5- to 10-membered heteroaryl group. In some embodiments, each occurrence

of R’ and R’ is independently an optionally substituted 3- to 7-membered heterocyclic.

In certain embodiments, R’ and R® are cach independently hydrogen, methyl,
ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl, optionally substituted phenyl, or
optionaily substituted benzy!. In certain embodiments, R' and R” are both methyl, ethyl,

20 propyl, butyl, pentyl, hexyl. heptyl, octyl, phenyl or benzy!. In some embodiments, R’
and R are each butyl. In some embodiments, R' and R” are each isopropyl. In some
embodiments, R' and R? are perfluoro. In some embodiments, R! and R? are -CF,CFa. In
some embodiments, R' and R” are each phenyl. In some embodiments, R!and R? are

each benzyl.

25 In some embodiments, R' and R are taken together with intervening atoms to
form one or more optionally substituted rings. In certain embodiments, R' and R* are
taken together to form a ring fragment selected from the group consisting of: ~C(R”)z-,
~CR 1R C(R Yom, ~CIRTPRCRTCR o=, ~CRIOC(R)z-, and -C(R"HNRIC(RY -, In
certain embodiments, R and R” are taken together to form a ring fragment selected from

roup conststng of -CHe-, -CHLYCH,-, -CHCHCH-, ~CHLOCH;-, and

")
o
-
e
4]

{121
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'4-4,1 e ,R1e, 1 NO,R1 e N-P-N X--P-N X Hy Nrt'NI'.I" RNItR-R' R2le RL Il ,R1 .2 2 NINle ,R2
,N-N-P-N IC'1.1.'R I NNs 2e R2-'1 , RNX RIRI .RR:"-R'

" . . 2

-CH,NR'CH;-. In some embodiments, R' and R” are taken together to form an
unsaturated linker moiety optionally containing one or more additional heteroatoms. In
some embodiments, the resulting nitrogen-contaming ring 1s partially unsaturated. In

certain embodiments, the resulting nitrogen-containing ring comprises a fused polyevelic

LA

heterocycle,

In certain embodiments, R’ is H. In certain embodiments, R” is optionally
substituted C_y aliphatic, and in some embodiments R’ is optionally substituted 6- to 14-
membered aryl. In certain embodiments, R” is optionally substituted C,.;, aliphatic and in
some cmbodiments, optionally substituted Cy. aliphatic. In certain embodiments. R is

10 optionally substituted phenyl.

In some embodiments, one or more R’ or R” groups are taken together with R°
and intervening atoms to form an optionally substituted ring. In certain embodiments, R
and R” are taken together to form an optionally substituted 5- or 6-membered ring. In
some embodiments. R” and R® are taken together fo form an optionally substituted 5- or
15 6-membered ring optionally containing one or more additional heteroatoms. In some
embodiments, R', R* and R’ are taken together to form an optionally substituted fused
ring system. In some embodiments such rings formed by combinations of any of R, R*

and R are partially unsaturated or aromatic.

In certain embodiments, R is -H. In certain cmbodiments, R”is opuonally
20 substituted .29 aliphatic, while in some embodiments R”is optionally subsntuted 6- to
I4-membered aryl. In certain embodiments, R s optionally substituted Cy ¢, aliphatic or
in some embodiments, optionally substituted C, 4 aliphatic. In certain embodiments, R is
optionally substituted C,_15 acy! or in some embodiments, optionally substituted C,5 acyl.
In cerfain embodiments, R’ is optionally substituted phenvl. In some embodiments, R is

25 a hydroxyl protecting group. In some embodiments, R’ is a silyl protecting group.
In some embodiments, an activating functional group is an N-oxide derivative:

R“E

_g_ !;Q-GLRZ

- 3 o~
O . where R' and R? are as defined above.
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RI, 11, Rl a 1- _NIR NN=P N-P=N-P-N=P-N,2.22-lie \N I")I112IR R2 ...N.1J;2,12 1 'R2 J -R11aN-P 8
R1R1RIXX RR:1RI R12,1I RI itgNNI-N----",

In certain embodiments, R' and R” are both hydrogen. In some embodiments,
only one of R and R” is hvdrogen. In certain embodiments, R' and R? are each
mdependently an optionally substituted radical selected from the group consisting of C; 4

aliphatic; Cy. heteroaliphatic, 3- to 14-membered heteroaryl, phenvl. or & o 10-

Lh

membered aryl and 3- to 7-membered heterocyelic.

In certain embodiments, R’ and R? are each independently an optionally
substituted radical selected from the group consisting of C).;; aliphatic and Cyy,
heteroaliphatic. In some embodiments, cach occurrence of R! and R* is independently an
optionally substituted C, 5, aliphatic. In some embodiments, R' and R® are each

10 independently optionally substituted Cy.» aliphatic. In some embodiments, R and R? are
each mdependently optionally substituted Cy¢ aliphatic. In some embodiments, each
accurrence of R' and R7 is independently an optionally substituted C,.5 heteroaliphatic.
In some embodiments, each occurrence of R' and R is independently an optionally
substituted C1.1 heteroaliphatic. In some embodiments, cach occurrence of R and R is

15 independently an optionally substituted 8- to 10-membered aryl. In some embodiments,
each occurrence of R and R” is independently an optionally substituted phenvl group. In
some embodiments, each occurrence of R’ and R” is independently an optionally
substituted 5- to 10~-membered heteroary! group. In some embodiments, cach occurrence

of R' and R7is independently an optionaily substituted 3- to 7-membered heterocyclic,

20 In certain embodiments, R' and R are each mdependently hydrogen, methyl,
ethyl. propyl, butyl, pentyl, hexyl, heptyl, octyl, optionally substituted phenvl, or
optionally substituted benzyl. In certain embodiments, R’ and R* are both methyl, ethyl,
propyl, butyl, pentvl, hexyl, heptyl, octyl, phenyl or benzyl. In some embodiments, R’
and R” are each butyl. In some embodiments, R’ and R? are cach sopropyl. In some

25 embodiments, R and R* are perfluoro. In some embodiments, R and R® are SCF-CF: In
some embodiments, R' and R are cach phenyl. In some embodiments, R’ and R? are

each benzyl.

In some embodiments, R’ and R* are taken together with intervenme atoms to

form onc or more optionalty substituted rings. In certain embodiments, R* and R are
P Y g

Lad
fne)

taken together to form 2 ring fragment selected from the group consisting oft —C(RYja-,
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-IS -- eR9l e 'a,, --- Nis-R1('s 19 I.1"I" I t. X Rslle?EIIRNIINI, , R .2 Ni-2., R -2 .e . RR1IR'X R2. IC X "Ns
N 1 RI1.21 R- TABLE Z-2 wherein: each occurrence of RIl, R2, and R3 is as previously defined:

W

ACRMRCR -, -CRYRCRRC(RN)-, -CRYI20C(RM,-, and -CRYLNRICRY Y-, In
certain embodiments, R' and R? are taken together to form a ring fragment selected from
the group consisting of: -CHz-, “CHCHo-, -CH2CHCHo-, <CH.OCH:-, and
-CHNRYCHy-. In some embodiments, R' and R are taken together to form an
unsaturated linker moiety optionally containing one or more additional heteroatoms. In
some embodiments, the resulting nitrogen-containing ring is partially unsaturated. In
certain embodiments, the resulting nitrogen-containing ring comprises a fused polyeyclic

heterocvele.

In specific embodiments, an N-oxide activating functional group is sclected from

the group consisting of:



53 Rtis hydrogen, hydroxyl, optionally substituted C1.20 aliphatic: each occurrence of R) and R6 is
in.. depend n.ydron optionally substituted selected from the group consisting of CI N, aliphatic:
Cb_20 heteroaliphatic: phenyl; a 3- to 8-membered saturated or partially unsaturated monocyclic
carbocycle, a 7-14 carbon saturated, partially unsaturated or aromatic polycyclic earbocycle; a 5- to
6-membered monocyclic heteroaryl ring having 1-4 heteroatoms independently selected from nitrogen,
oxygen, or sulfur; a 3- to 8- membered saturated or partially unsaturated heterocyclic ring having 1-3
hetcroatoms independently selected from nitrogen, oxygen, or sulfur; a 6- to 12- IOmembered
polycyclic saturat: d dr p%:tlhgrlly unsgtu(é'féd he et:\dcycle avifig 1-5 etéﬂ}gato ;lng‘ependently
selected from nitr n, or r or an % cfic heterga yl ring having 1-5
heteroatoms indep ndently selected from nltrogen oxygen sulfurﬂ grein R5’ant R6 can be taken

together with interv atoms to form one or more optionally substltuted rings 150pt|onally
containing oneng Qre hete aféoﬁs and a or R6 grd’ﬂl—can be taken wit a;ﬁ?’ror R2 group to

form one or more(bm}onally sfituted fing er_h nce of R 3%_‘ independently
hydrogen or an optionally substl u?ted radical seletted f% the group c stlné)o 9 aliphatic; Ci-20

hetcroaliphatic; phenyl a3-to membere saturated,or partially unsaturated monocycllc carbocycle,

a 7-14 carbon ated pé t ly un ted or arom polycy ch}{_@rbocy Ie": a 5- to 6-membered
monocyclic heterdaly+ing gvuj_q_l -4 he torns§ pendent ted from\pitrogen. oxygen, or
sulfur; a 3- to 8-mefMmbered saturated or partially unsatyrated heter lic ring having 1-3 heteroatoms

independently selected from nitrogen, oxygen, or sulfdr; a 6- to 12- membered polycyclic saturated or
partially unsaturated heterocycle ftaving 1- 5 heteroatoms miependent lyrselected fram nitrogen,
oxygen, or sulfur: - to-t=Member Cc he@f@a@i nng-l%xlmgﬁl 5-Ir§st&F€xa~toms
independently selectetfrom mtro&en oxygermsulfur WFN:Feln any TWIO or mo?ﬂf. R9 and RH
groups can be taken together with intervening atoms to foim one or more 30optiorfally substituted
rings; each occurance of R11 is Independently selected from the group consisting of: halogen, -NO2,
-CN, -SR, -S(0)R, -S(0) th YGROR! -0C(0) 2 1%COZRY/-I%I\E‘IaO -NI, -OR", OC@)J\IllOZ -N(W)2,
-NRYCOIRY, -NR¥EHOR7., T éiggtlon‘aéiy stitutegH-radlical seteste fromahs-group consisting of
C1_20 aliphatic: C1-70 roallph iC; phenyl;l&;3- to -me ed satupated or pa)sﬁy unsaturated
monocyclic carbocycle, a 7-14 carbon saturated, partlally uhsaturatedor aromatic ‘polycyclic
carbocycle; a 5- to 6-membered m¢ yclic h aryl rlng-héwlng 1- roatoms ingependently
selected from nltrogénmox gengow@r*ﬁ@ﬂ 0 8;m ered sat &é(aoﬁe\ﬁamally_ qsﬂn urated
heterocyclic ring 10ha\}mg 1-3 heu’e Oatomsdn endem(li/\se}écte d frdnvnitfogen, %J; €n, or sulfur. a
6- to 12-membered polycyclic saturated or partially unsaturated heterocycle having 1-5 heteroatoms
independently selected from nltroge,gwoxyge or sulfur; or an 8- J_%JQ/ embered bicyclic heteroaryl
ring haying 1-5 heteroathp&wdeﬁér;Ldentl se cte ré[re ogen, oX , or squU};——Wh,ere each
occurrence 150f R7 |s~§ﬁd@pde Vi e or a lly substgute C| Ffﬁhpha)tlc group,

— Ny

; a S Ph Ph
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and where two or more adjacent RH groups can be taken together to form an optionally substituted
saturated, partially unsaturated, or aromatic 5- to 12- embered ring containing O to 4 heteroatoms: X-
is any anion, and 20Ring A is an optionally substituted, 5- to 10-membered heteroaryl group. In certain
embodiments, a cationic activating functional group is pro onated -N-R2 amine:X9 ,where Ri and
R2are as defined above. In certain embodiments, Rl and R2 are both hydrogen. In some
embodiments, only one of Rl and R2 is hydrogen. In certain embodiments, Rl and R2 are each
25independently an optionally substituted radical selected from the group consisting of Ci.20 aliphatic;
C1_70 heteroaliphatic. 5- to 14-membered heteroaryl, phenyl, or 8- to 10- membered aryl and 3- to
7-membereq ejerac c‘lig.yfln (t;ertaFi{n embodiments, Rl and R2 are each independently an optionally
substituted radical Sélscted HofFtHE §fSup consisting of phenyl; a 3- to 8-membered saturated or
partially unsaturated monoeychc carboeyele, a 7-14 carbon saturated, partially unsaturated or
aromatic polycyclid tarB6cyeiedarBots ennemmibarddthioroeychie heterogryk Hingihyaving 1-4
beteroatoms,gingependaniy-selected.fram Nitrogen-0xvgen o sulfup, A-3-to;8uembered saturated

or partially unsaturated heterocyclic ring having 1-3 heteroatoms independently selected from nitrogen,
oxygenh, or SUPRAEER T L8hmEHbis a8l CVEIRT St &fchorpanmsiyuhedifufated heterocycle having
1-5 hetcroatoms independently selected from nitrogen, oxygen, or sulfur; or an 8- to 10-membered
bicyclic heteroaryl ring having 1-5 10heteroatoms independently selected from nitrogen, oxygen, or
sulfur. In certain embodiments, R1 and R2 are each independently an optionally substituted radical
selected from the group consisting of C1_12 aliphatic and C112 heteroaliphatic. In some
embodiments, each occurrence of Ri and R2 is independently an optionally substituted C1-,0 aliphatic.
In some embodiments, Rl and R2 are each



ISindependently optionally substituted C1.12 aliphatic. In some embodiments. Rl and R2 are each
independently optionally substituted C1_6 aliphatic. In some embodiments, each occurrence of Rl and
R2 is independently an optionally substituted C1_20 heteroaliphatic. In some embodiments, each
occurrence of R." and R2 is independently an optionally substituted C,.,? lictcroaliphatie. In some
embodiments, each occurrence of Rl and R2 is 20independently an optionally substituted 8- to
10-membered aryl. In some embodiments, each occurrence of R' and R2 is independently an
optionally substituted phenyl group. In some embodiments, each occurrence of Rl and R2 is
independently an opt@h@l}i ‘sybstituted B- 1;@1{18 membiLt@d&he;;%roaryl gro Iil@(@ome embodiments,
each occurrence ofl;& an R‘( is mdepg@ﬁ\tly an optlonglNl\y substitute membered
heterocyclic. 25In cértain émbodimenfs.}RI and R2 are- ch mdependgn‘tl/lﬁydrogen methyl, ethyl,
propyl, butyl, pentyl, héxyl hcptyl, octyl, rbptlonally substitutéd phenyl, orfoptinally substituted benzyl.
In certain embodiments, Ri and R2 arqithh methyl, ethyl, propyl, butyl, pentyl. hexyl, heptyl, cry!,
phenyl or benzyl. In €0t embodlmeng§\Rr and R2 are~each butyl. In Semeé?nbodlments Ri and R2
are each isopropyl. In §@mg830emb nfenits. RI an R»Q ar%perfluérd‘ﬁ some embodiments, RI and
R2 are -CF-,CF?. In sB8me embodi is, Rc? and }'{ane each phenyl. in Some embodiments, R and
R2 are each benzyl. In some embodiments, R1 andonether with interveningatoms to form one or more
optionally substituted, i Lings. | In certain e yodiments, RL d R2 are taxkq\n“fo ether to form a ring
fragment selected fréip—g:to up con§f§m ig of - C(RY)%MPQ\(FW)&?C(R\% @@IR{?)ZC(RY)ZC(RY)Z-
-C(R)20C(R)2-. and® Q@\})ENRT(RX)Z 1K céftain efmbgdiments, RI QRg are taken together to form
a ring fragment selected from the group consisting of:4¢. 1x12CH2-, -0420¢12CH2-, -CH7OCH2-, and
-C.H2NRYCH2-. In some embodiments, Rl and R2 are taken together to form an 10unsaturated linker

moiety optionally contalnlr;g ong or more addltlonag hetgroatgms In
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wherem:
cach occurrence of R, RY, and R is as previously defined;
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some embodiments, the resulting nitrogen-containing ring is partially unsaturated. In certain
embodiments, the resulting nitrogen-containing ring comprises a fused polycycl ¢ heterocycle.

In specific embodiments, a protonated amine activating functional group is 15selected from the group
consisting of: In certain embodiments, n activating functional group is a guanidinium group: In some
mbodiments, each of R4, R5, R6, R7, and R8 is hydrogen. In some embodiments, each occurrence of
R4. R. R6, R". and R8 is independently hydrogen or C123 aliphatic. In some embodiments, each
occurrence of R4, R". R.6, and W' is mdependently hydrogen or CkI2 aliphatic. In some embodiments,
each occurrencdof Ra o5 RE 9% it RRLS mbepersddntly Hidvoen or C1_20 heteroaliphatic. In
some embodiments, each occurrence of R4, R5, R6. R, and Ri" is independently hydrogen or phenyl.

In some embodigaents;c eacmewr‘remahf«,%ﬁ&ma@and &3tds d0independently.hygregen or 8- to |
0-membered aryl. In son g%hmergs* each occurrence of 1% 4 Rs, R6, R-, and R2 is
ra f*mit,

independently hydrogen o Phemberdd” h%?é?ggrgfl 1 S&H?é‘jé’r‘rfb%dl‘h?éf?@\‘&@%ﬁ“éccurrence of
R4, R5, R6, R7,. ant:®8lis |3}depemdexhﬁ§chyeim@g®n or Bxrtolf-membered heteteciiclic In some

embo@ments one Q&g&g@g@fﬁﬂsﬁf&& d?%% |gsno ﬁ@’nalg‘”}“f"t} turtgldomé_rmpfg;% tlc In certain

embodiments, any of (R4 and R5). (R] and Wi s) an can be
taken together withdpiersenme M%%W@ﬁ@m%x@mmmuywasﬂmgddfnngs In some

embodiments. (R4 A Ra), A0 L8200 ) ek IAkER AAGIART 40, AN 4ingw i wil R appreciated

that when a guanidinium cation is depicted as
membered saturated ot partially unsaturated heterocyelic ring having 1-3

heteroatoms independently selected from nitrogen, oxygen, or sulfur; a 6- to 12-
10 membered polycyclic saturated or partiaily unsaturated heterocycle having 1-3

heteroatoms independently selected from nifrogen, oxygen, or sulfur; or an &- to

10-membered bicyclic hetercaryl ring having 1-5 heteroatoms independently

selected from nitrogen, oxygen, or sulfur; wherein R° and RY can be taken

together with intervening atoms to form one or more optionally substituted rings
135 optienally containing one or more heteroatoms, and an R” or R® group can be

. i ] . . .
taken with an R” or R” group to form one or more optionally substituted rings;

each occurrence of R®, R”, and R' is independently hydrogen or an optionally

substituted radical selected from the group consisting of C,.o¢ aliphatic; C) .o
heteroaliphatic; phenyl; a 3~ to 8-membered saturated or partially unsaturated

20 monocyclic carbocycle, a 7-14 carbon saturated, partially unsaturated or aromatic
polycyclic carbocycle; a 3- to 6-membered monocyclic heteroaryl ring having 1-4
heteroatoms independently selected from nitrogen, oxyeen, or sulfur; a 3- to #-
membered saturated or partially unsaturated heterocyelic ring having 1-3
heteroatoms independently selected from mitrogen, oxygen, or sulfur; a 6- to 12-

25 membered polycyclic saturated or partially unsaturated heterocvele having 1-5
hetercatoms independently selected from nitrogen, oxvgen. or sulfur; or an 8- to
10-membered bicyclic heteroary! ring having 1-5 heteroatoms independently
selected from nitrogen, oxvegen, or sulfur; wherein any two or more RY, R and R'*
groups can be taken together with intervening atoms to form one or more

30 optionally substituted rings,
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R7 , all such resonance forms are contemplated and encompassed by the 1 Opresent disclosure For
example, such groups R8R7 , NR6 N R4R5 -N R6 NN n also be denieted asR4R5

15

P2
Lh

each occurance of R’ is independently selected from the group consisting of;
halogen, -NO,, -CN, -SR”, -S(OIR7, -S(O1RY, NRYC(OWRY, -OCIOHRY, -CO,RY,
NCO, -Ns, -OR”, -OC{ON(RY ) -N(RY) -NRYC{OIR?, -NRIC(CYOR”; or an
optionaily substituted radical sclected from the group consisting of Cy.oq aliphatic:
Ci.a0 heteroaliphatic; phenyl; a 3- to 8-membered saturated or partially
unsaturated monocyclic carbocycle, a 7-14 carbon saturated, partially unsaturated
or aromatic polycyclic carbocycle; a 5- to 6-membered monocyclic heteroaryl
ring having 1-4 heteroatorns independently selected from nitrogen, oxvgen, or
sulfur: a 3- to 8-membered saturated or partially unsaturated heterocyclic ring
having 1-3 heteroatoms independently selected from nitrogen, oxygen. or sulfur; a
6-to 12-membered polycyclic saturated or partially unsaturated heterocycle
having 1-5 heteroatoms independently selected from nitrogen, oxygen, or sulfur;
or an 8- to 10-membered bicyclic heteroaryl ring having 1-5 heteroatoms
mdependently selected from nitrogen, oxygen, or sulfur, where each occurrence
of R™ is independently hydrogen or an optionally substituted C; ¢ aliphatic group,
and where two or more adjacent R'’ groups can be taken together to form an
optionally substituted saturated, partially unsaturated, or aromatic 5- to 12-

membered ring contaming 0 to 4 heteroatoms;
X 15 any anion, and
Ring A is an optionally substituted, 5- to 10-membered heteroaryl group.

In certain embodiments, a cationic activating functional group is a protonated

F;‘E
”§Mr§‘®“R2
H @

. 7
amine:; . where R and R are as defined above.

In certain embodiments, R' and R” are both bydrogen. In some embodiments,
onfy one of R' and R” is hydrogen. In certain embodiments, R and R® are each
independently an optionally substituted radical selected from the group consisting of Cy
aliphatic; .o heteroaliphatic, 5- to 14-membered heteroaryl, phenyl, or 8- to 10-

membered aryl and 3- 1o 7-membered heterocyclic. In certain embodiments, R’ and R”

£
h



In specific embodiments, a gua dinium activating functional group is selected from the group consisting
of: )CN*N--- Il In some embodiments, an activating functional group is a sulfonium group or an R9
ci,,RIIS - -S-As-R ") RaRi8 1 orhRs-, R9, and R are as defined above. In certain embodiments,
each occurrence of R', R9. and Rm is independently optionally substituted CI-20 aliphatic. In some
embodiments, each occurrence of R8, Rg, and RH' is independently hydrogen or optionally substituted
C1_29 hetcroaliphatic. In some embodiments, each occurrence of R9, RI. and RI | is independently
hydrogen or optionally substituted phenyl. In some embodiments, each occurrence of R9. Rm. and Ru
is independenthedydrogesmdesptionayosabgtititedu8: doad Boherisbexefanythdigreome

consisting of phenyl; a 3- to 8-membered suturated or partially unsaturated monocyclic
carbocycle, a 7-14 carbon saturated, partially unsaturated or aromatic polycyclic
carbocycle; a 5- to 6-membered monocyelic heteroaryl ring having 1-4 heteroatoms

5 independently sclected from nirogen, oxygen, or sulfur; a 3- to 8&-membered saturated or
partially unsaturated heterocyclic ring having 1-3 heteroatoms independently sclected
from nitrogen, oxygen, or sulfur; a 6- to 12-membered polycyclic saturated or partially
unsaturated heterocycle having 1-5 heteroatoms independently selected from nitrogen,
oxygen, or sulfur; or an 8- to 10-membered bicyclic heteroary! ring having 1-3

10 heteroatoms independently selected from nitrogen, oxygen, or sulfur.

In certain embodiments, R’ and R” are cach independently an optionally
substituted radical selected from the group consisting of Cy 4, aliphatic and C,.;;
heteroaliphatic. In some embodiments, each occurrence of R’ and R is independently an
optionally substituted C;.5 aliphatic. In some embodiments, R’ and R* are each

independently optionally substituted C.;; aliphatic. In some embodiments, R' and R* are

w
L

cach independently optionally substituted C, ¢ aliphatic. In some embodiments, each
occurrence of R' and R” is independently an optionally substituted C . heteroaliphatic.
In some embodiments, each occurrence of R’ and R is independently an optionally
substituted C_1; heteroaliphatic. In some embodiments, each accurrence of R'and R%is
20 independently an optionally substituted &- to 10-membered aryl. In some embodiments,
each occurrence of R’ and R’ is independently an optionally substituted phenyl group. In
some embodiments, each occurrence of R' and R” is independently an optionaily
substituted 5- to 10-membered heteroary! group. In some embodiments, each occurrence

of R' and R” is independently an optionally substituted 3- to 7-membered heterocyclic.

25 In certain embodiments, R' and R° are each independently hydrogen, methyl,
ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl, optionally substituted phenyi, or
optionally substituted benzyl. In certain embodiments, R and R” are both methyl, ethyl,
propyl, butyl, pentyl, hexyl, heptyl, octyl, phenyl or benzy!l. in some embodiments, R/
and R” are cach butyl. In some embodiments, R' and R? are cach isopropyl. In some

30 embodiments, R" and R? are perfluoro. In some embodiments, R' and R? are -CF,CF;. In



10embodiments, each occurrence of RR, R9. and R' is independently hydrogen or optionally
substituted 5- to 10-membered heteroaryl. In some embodiments, each occurrence of R9, RI, and RI |
is independently hydrogen or optionally substituted 3- to 7-membered heterocyclic. In some
embodiments, R8 and R9 are taken together with intervening atoms to form one or more rings
selected from the group consisting of: optionally substituted CC 14 carbocycle, optionally substituted
3- to 14-membered heterocycle, optionally substituted C(-"Cio aryl, and optionally substituted 5- to
10-membered heteroaryl. In certain embodiments, R8, R9 and Rim are each methyl In certain
embodiment&®RE, WOHHTRIak eath pHersyEh rhapvsdaciiaermudimerits Faratsoritim activating
functional grew is:g4ei the group consisting of: Ph 5 0 1-1s- -kslePh --2 Ph In some embodiments, an
activating functional group is an optionally substituted nitrogen-containing heterocycle. In certain
embodiments, the nitrogen-containing.heteracyele is an ajomatic heterocycle, In certain embodiments,
the optionally substituted nitrogen-containing heter cyéle 15°selécted fiom the broug consisting of:
pyridine, 10ifidazotespyrrslichtien pyrazbieduinoline [thiszolke ¢ dithihzetes dkazold} trhiazole,
pyrazojem, isgxazole. ROWIAZAIS, 16UaZUS PYIAZINE, WIAF IR AN WRZING, of -C(RY).-,

-C(RVHCRY Y-, -CR¥C(RVHC(RY Y-, -CRY12OC(R Y-, and -C(R¥NRIC(RY)o- In

certain embodiments, R and R* are taken together to form a ring fragment selected from

the group consisting of: -CHy-, «CH.CHy-, -CH,CH,CH,-, -CH,OCH;-, and

-CH,NRYCH,-. In some embodiments, R' and R are taken together to form an

10 unsaturated linker moiety optionally containing one or more additional heteroatoms. In
some embodiments, the resulting nitrogen-containing ring is partially unsaturated. In
certain embodiments, the resulting nitrogen-containing ring comprises a fused polyeyclic

heterocycle.

In specific embodiments, a protonated amine activating functional group is

15 selected from the group consisting of:



In some embodiments, a nitrogen-containing hetemcycle includes a quatemarized nitrogen atom. In
certain embodiments, a nitrogen-containing heterocycle includes an N e N e immium moiety such
asOTR12In certain embodiments the optionally substituted nitrogen-containing heterocycle is selected
from the group consisting of pyridinium, imidazolium, pyrrolidinium, pyrazolium, quinolinium,
thiazolium, dithiazolium, oxazolium, triazolium, isoxazolium, isothiazolium, tetrazolium, pyrazinium,
thiazinium, and triazinium. In certain embodiments, a nitrogen-containing heterocycle is linked to a
metal 20complex via a ring nitrogen atom. In some embodiments, a ring nitrogen to which the
attachment is madé is théreby ua”t“”rnlz énd in sorﬁé embq[dlmen Il,nkage to a-metal complex
takes the place qF dn I%I nQ_je ngj_her 5,9 rbmami trald4H certain
embodiments, an optlonally substltuted N- Ilnked nltrogen contalnmg héte jcyclé isa pyridinium
derivative. In certﬁﬁembodﬁ}ents optlopally subs ted N. 25linked nitrogen- co ning heterocycle
is an |m|dazo1Térrfr erlvat§7é~ certaﬂ%—g optiégqa y sub mﬂted N-| QE

nitrogen- contalﬁlngﬁeterdh eisa thléz[gﬁUm d?erHatlve Inicéﬂtam enhlbeellme t;S‘Huptlonally
substituted N-linked nitrogen- contalnlng het%ggycle is a pyridinium derivative. In some embodiments,

an actlvatlngigmﬁtlona aroup isR |n certain )embodimehts, ri «is an optignally substjtuted, 5- to
10-membered he)ero ka:_r_oupnl meten dlmegnq[sgﬁl gng Z%n optiogally subsiityted*
6-membered heteroaryl aroup. In Some embgdiments g A is a ring of afgsSed heterocycle. In some
embodiments, Ring A is an o)ptlonally substituted pyridy!l croup. In some embodiments, R12 is

hydrogen. In some.£mbo R‘"?Pts-z-fe% sarklgﬁptlon%_ws]gbs%tuwd C1 g&ﬁﬂpha |c«g“61]p In some

embodiments, RIZs C1,20\— ol
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In certain embodiments, an activating functional group is 2 guanidinium

f)\x

group: . In some embodiments, each of R*, R, R®, R7, and R® is hydrogen.

In some embodiments, each occurrence of R*, R®, R?, R, and R%is independently

LAY

hydrogen or C, 4 aliphatic. In some embodiments, each occurrence of R, RY R®, R,
and R%is independently hydrogen or C;_j; aliphatic.  In some embodiments, each
occurrence of RY, R°, R, R7, and R” is independently hydrogen or C,.09 heteroaliphatic.
In some embodiments, each occurrence of R*, R™, R®, R, and R* is independently
hydrogen or phenyl. In some embodiments, cach occurrence of R, R°, R%. R7, and R is
10 independently hydrogen or 8- to 10-membered arvl. In some embodiments, each

occurrence of R*, R”, R, R, and R" is independently hydrogen or $- to 10-membered



heteroaliphatic. In some embodiments, R12 is optionally substituted phenyl, 8- to | 0- membered aryl;
5- to 10-membered heteroaryl. In some embodiments. R.12 is 3- to 7- membered heterocyclic. In
some embodiments, R12 is an optionally substituted C1-12 aliphatic groupR12 In some
embodiments,is neopentyl. In some embodiments, R12 is 150xide or hydroxyl. In some embodiments,
when Z isring A is other than an imidazole. an oxazo e, or a thiazole. In specific embodiments, a
nitrogen-containing heterocycle activating functional group is selected from the group consisting of

RI. A2 N R5 In some embodiments, an ctivating functional group is R2or where R', R2 and Ware as
defined abovgtcroaryl. In some embodiments, each occurrence of R, R R

LR and R is

mdependently hydrogen or 3- to 7-membered heterocyclic. In some embodiments, one or
e 5 @ N . . - . , .

more of R™, K7, R", and R’ is optionally substituted C; 12 aliphatic. In certain

embodiments, any of (R* and R, (R” and R.ﬁ), (R® and R7y, (R and R®), and {:Ré and R)

j ]

can be taken fogether with intervening atoms to form one or more optionally substituted
rings. In some embodiments, (R“E and R’} and (R® and R} are taken together to form

rings.

[t will be appreciated that when a guanidinium cation is depicted as

8 7

R \S}’R
3 /L 6
Ay
R* R®  all such resonance forms are contemplated and encompassed by the

RB\ /R?

N @
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10 present disclosure. For example, such groups can also be depicted as R*  R®

R7 Re =Y

N T
) ] A
}{N)QPC?/W f\%//"\N/RG
[ i | f

R4 RE L or R4 =

&
R\ -~

in specific embodiments, a guanidinium activating functiona! group is selected

from the group consisting of:
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In certain embodiments, Rl and R2 are each hydrogen. In some embodiments, only one of Rl and R2
is hydrogen. In certain embodiments, Ri and R2 arc each independently an optionally substituted
radical selected from the group consisting of C1_20 10aliphatic, C.1.20 heteroaliphatic, 5- to
14-membered heteroaryl, phenyl, 8- to 10-membered aryl and 3- to 7-membered heterocyclic. In
certain embodiments. Rl and 12.2 are each independently an optionally substituted radical selected
from the group consisting of phenyl: a 3- to 8-membered saturated or partially unsaturated monocyclic
carbocycici, 7-14 carbon saturated, partially unsaturated or aromatic polycyclic earbocycle; a 5- to 6-
15 memberedmdndéyclic hetggoaryl ring having:1-4 hetergatoms independwtdy}elected from
. N . N N~ N, .
nitrogen, oxy! enyor sulfur; a 35'to 8:membere%;fgsa1§3urated or partially unsaturated heteroeyelie ring
having 1-3 heteroatems in‘a‘a@éh@tehﬂ“y sa‘egwdgminitrﬁggmﬁgen, orﬁ%a@@gwnembered
polycyclic saturated or partially usaturated:hetérocycle haying 5 heteroato Js\fin‘ ependently selected
from nitrogen, oxygen, or sulfur; or an 8- to 10-membered bicyclic heteroary! ¥itig having 1-5
heteroatoms independently selected from nitrogen, oxygen, or sulfur. In certain embodiments, RI
and R2 are ea h@]dependenQ)@a optionally %uti)ftituted rq;pi%algelected from the group consisting of
C112 aliphatic ahd’Cm./ hcteroaliphatic. In sbrte embodiments; eagh~gccurfénte df R1 and R2 is
independentty\%nUQ%ﬂonallysﬁngstiNtuted Céygﬁoﬁalip@itic. |9159Jtle ermbodime tsj\Bl and R2 are each
independently gptiopally substituted Cm phé\ﬁc. Tn somg embodiments’ RI'and R2 are 10each
independentl ionally substituted C aliph%tic.lfn some eribodiments, eachioccurrence of R1 and R2
is independently an optionally substituted C10 heteroaliphatie. In some embodiments, each
occurrence of Rl and R2 is independently an opti y substituted C1.12 heteroaliphatic. In some
embodiments, ea%voccurreﬁ ¥ ofRI and R2 & independeritly@ntoptionally sulSstituted 8- to
10-membered ar)ﬂ.\ln somg e@\odimen@ 15gach occurre, chof It'" and R2 is if‘fdepe_ndently an
optionally sub’é‘tﬁutedﬁhen%l?group’.’ln sore;“Mbotiment ; edC z@é&urrendégf’i?jqa'\#ﬁz R2is
independently an opiionally substituted 5- to 10fnembered Iﬁaetel%'q)aryl group.din same embodiments,
each occurrence of Rl and R2 is independently anloptionally substituted 3- to 7-membered
heterocyclic. In certain embodiments, R2 and arc each independently hydrogen, methyl, 20ethyl,
propyl, butyl, pentyl, hexyl, henry!, octyl, optionally substituted phenyl, or
In some embodiments, an activating functional group is a sulfonium group or an

RQ

E S WU

RB

. R ¢ {
ATSOTHUIN group: , where R, R”, and R are as defined above.

jn certain embodiments, each occurrence of R, R, and R" is independently
5 optionally substituted C 5 aliphatic. In some embodiments, each occurrence of R®, R”,
and R' is independently hydrogen or optionally substituted C; s heteroaliphatic. In
some embodiments, each occurrence of R”, R and R is independently hvdrogen or
optionally substituted phenyl. In some embodiments, each occurrence of R”, R, and R
1s independently hydrogen or optionally substituted 8- to 10-membered aryl. In some

10 embodiments, each occurrence of Rg, Rg, and R

1s independently hydrogen or optionally
substituted 5- to 10-membered heteroaryl. In some embodiments, each occurrence of R,
R and R'" is independently hydrogen or optionally substituted 3- to 7-membered

heterocyelic. In some embodiments, R® and R® are taken together with intervening atoms

to form one or more rings selected from the group consisting of* optionally substituted

._.
LA

C:.Cy; carbocycle, optionally substituted 3- to 14-membered heterocycle, optionally

substituted Ce.Cyg arvl, and optionally substituted 3- to 10-membered heteroaryi.
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optionally substituted benzyl. In certain embodiments. R1 and R2 arc both methyl, ethyl., propyl, butyl,
pentyl, hexyl. heptyt, octyl, phenyl or benzyl. In some embodiments, Rl and R2 are each butyl. In some
embodiments, ft' and R2 are each isopropyl. In some embodiments, Rl and R2 are perfluoro In some
embodiments. Rl and R.- arc -CF?C'F'. In some embodiments. Rl and R2 are each phenyl. In some
embodiments. Rl and R2 are each benzyl. In some embodiments, 12" and R2 are taken together
with intervening atoms to form one or more optionally substituted rings. In certain embodiments, RI
and R2 are taken together to form a ring fragment selected from the group consisting of: -C(R5)2-,
30-C(It5)2C(R5), -, IC(RYIICRYICEC{FI20C RIDR ' and GHRIEINRWCERY)R:mppGartain,
embodimentg:Risang R2 g{gég&ﬁ?hggggther to form a ring fragment selected the group consisting of:
-C112-, -CH2CH2-, -CH2CH2CH2-. -CH20CH2-, and -CH2NRTH2-. In some embodiments, Rl and
R2 are taken together to forin an unsaturated linker moiety optionally containing one or more additional

heteroatoms. In sorfe BrbEAMeS e rastitig HittGgEnEsntaMIRGENRG 18 Pattiafiy insaturated. In
certain embatiments,cthairesylting nitrogen-containing ring comprises a fused polycyclic heterocycle.
In certain embodiments. R5 is H. In certain embodiments, R5 is optionally substituted C120 aliphatic,
and in some embodiments R2 is.eptionally substituted 6- to 14- 10membered aryl. In certain
embodiments, R2 is _Qsﬁgnal_l _igt))_stitu ed£1.12 aliphatic and in some embodiments, optionally
substituted C1_6 aliphatic. Inlﬁrta' el ﬁbtfi}?nents, R5 is methyl. ethyl. propyl, butyl, pentyl, hexyl,
heptyl;’octyl, phenyl or benzyt”In some e}rﬁbodiments, R5 is perfluoro. In some embodiments, R5
is-CF2CF1.In certain embodiments, R' is optionally substituted phenyl. 15In some embodiments, one
or more Rl or 12' griaups:aredakémiagethecivitiRYand intervening atomsotaformmaeqpiionally
substituted ring. In certain emhodiments, Rl and.R5 gre taken tagether to form an optionally
substituted 5-'0r B-membered rlhtgi.ﬁolﬁﬂégmlé EMDOdMENE RY dhd RE4r8 Fé’l?é&rllnfcl}ﬁzther to form an
optionally substituted!bisomGrembdrac eing!optionatyrcantaihingrone:opmiore: bdsitionalthktcroatoms.
In some 20 ' . F R5.are 1 0 er to farm a tionally.substituted fused
ring system.%%%n%%%%g%{%%%ﬁgg é(?kcl 1rgljl gglé%?nﬁﬁé CBIfé nr:%a{l)%}r‘?gngjfp %Fr)ﬂ;%} 1 R2 and RS are
partialyy unsamrtcoparohTHTS. Yrazitespaie enbddirentd R2zrle. a3 atefinethabove.

pyrazolem, 1soxazole, 1sothiazole, tetrazole, pyrazine, thiazine, and triazine.

I some embodiments, a nitrogen-containing heterocycle includes a quaternarized

nitrogen atom. In certain embodiments, a nitrogen-containing heterocyele includes an

A BR
Sig N
iminium moiety suchas 1. or  R'? _ In certain embodiments, the optionally
15 substituted nitrogen-containing heterocycle is selected from the group consisting of

pyridinium, imidazolium, pyrrolidinium, pyrazelium, quinolinium, thiazolium,
dithiazolium, oxazohum, triazolium, 1soxazohum, 1sothiazolium, tetrazelium,

pyrazinium, thiazinium, and triazinium.

In certain embodiments, a nitrogen-containing heterocycle is linked to a metal
20 complex via a ring nitrogen atom. In some embodiments, a ring nitrogen to which the
attachment 1s made 1s thereby quaternized, and in some embodiments, linkage to a metal
complex takes the place of an N-H bond and the nitrogen atom thereby remains neutral.
In certain embodiments, an optionally substituted A-linked nitrogen-~containing
heterocyele is a pynidinium derivative. In certain embodiments, optionally substituted N-

25 linked nitrogen-containing heterocycle is an imidazoltum derivative. In certain
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R' n activating functional group is, where 1 and 25In certain embodiments. R' and R2 are each
independently an optionally substituted yroup selected from the group consisting of C1_20 aliphatic;
heteroaliphatic; phenyl; and 8-10-membered aryl. In some embodiments. Rl and R2 are each
independently an optionally substituted 4-7-membered heterocyclic. In some embodiments, R1 and
R2 can be taken together with intervening atoms to form one or more rings selected from the group
consisting of: optionally substituted C3-C 1 4 carbocycle, optionally substituted C3-C14 heterocycle,
optionally substituted Cc(1, and optionally substituted 5- to | 0-membered hetcroaryl. In some
embodimentST ARG RR9PA B THAEPE NabMif SEIEER—HRBH TG §FtipEslisisting of methyl,
ethyl, propyliibutylipeatylyhexyl-hepth oetyionbenzibispneembedimentisdeashecurrence of RI
and R2 is indggenden%gerflu ro. In some empaodiments, each occurrence of Rl and R2 is

independently -CF2EFT RS R2NiBY R denvetive.

In some embodiments, an activating functional group is R In certain

tn

embodiments, ring A is an optionally substituted, 3- to 10-membered heteroaryl group.
In some embodiments, Ring A 15 an optionally substituted, 6-membered heteroaryl group.
In some embodiments, Ring A 1s a ring of a fused heterocycle. In some embodiments,

Ring A is an optionally substituted pyridyl group.

In some embodiments, R' is hydrogen. In some embodiments, R' is an
10 optionally substituted C). aliphatic group. In some embodiments, R is C; 50
heteroaliphatic. In some embodiments, R'? s optionally substituted phenyl, 8- to 10-
membered aryl; 5- to 10-membered heteroaryl. In some embodiments, R is 3- to0 7-
membered heteroeyelic. In some embodiments, R™ is an optionally substituted Cy ;>
aliphatic group. In some embodiments, R’ is neopentyl. In some embodiments, R™ is

15 oxide or hydroxyl.

D

N

g

In some embodiments, when 7 is i . ring A is other than an imidazole, an

oxazole, or a thiazole.

In specific embodiments, a nitrogen-containing heterocycle activating functional

group is selected from the group consisting of*

! %

{ 1
= = 2 SN ) b :
NE) l S 1 N ?i R\ \T{\?) \%/i\éé‘ \%/\; ~
N e SN E l H 1 1
20 | §
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in some embodiments, an activafing functional aroup is AL R5 where RI. R2, 10R3, and R5 are as
defined above. In certain embodiments, RI. R2, and R' are each independently an optionally
substituted group selected from the group consisting of C140 aliphatic; C1_20 heteroaliphatic, phenyl:
and 8-10-membered aryl. In certain embodiments. RI. 1:2, and 12." are each independently an
optionally substituted 4-7-membered heterocyclic. In some 15embodiments, Rl and R2 can be taken
together with intervening atoms to form one or more rings selected from the group consisting of:
optionally substituted C-:-C14 earbocycle, optionally substituted C3-C14 heterocycle, optionally
substituted C6-C10 aryl /and optignally substltuRed 5- to ¥membered-eteroaryl. In certain
embodiments, RI, 13 é.“ R’%@r eac dently ionally ifuted Cﬁﬁ@ﬂphatic In
certain 20embodiment re é@o\h in ntty sele d pgroup consisting
of methyl, ethyl, propyl, butyl perfi‘tyl hcxyI hcp P‘b«:ryl or bené?/l In certain @mb ents, RI. R2.
and R" are each independently perfluoro. In some embodiments. RI, R2. and R." are each
independently -CF2Ch. In certain embodiments. R5 is hydrogen In certain embodiments R5 is an
-150ptionally substituted group selected from the group consgstmg of @ 7 aliphatic heteroaliphatic. In

some embodiments, an QIptlonaIIy substltuted.,cl 12 @liphatic. LQS me embodiments. R3 is
optionally substituted |p . men@l an are egch |nd dently an optionally
substituted group selected frémsthe gro nsist f C1.2Q aliphatie;.C1_28 féroallphatlc phenyl:
and 8-1 0- membered aryl. Iff some end d\"ments | and R2 are eac mdependently an optionally

5substituted 4-7-membered heterocycllc In some embodiments, RI and R2 can be taken together with
intervening atoms to form one or more rings selecj;gd from the groum@nsstlng of: optionally
substituted CI- Cl4carbocyclewtlon substituted Cr&14 hetergtyele optionally substituted C6-C10

aryl, and optionally yfb@tg to 71\03-\4 soe emboﬂij@ents R1 and R2 are
each independentl gfe ﬁ

N I@‘ﬁ

L..

N
o [ ‘ Y : -
I N - S fN\
~ (@ = 5;@“"’1% /H@’j g S NY
— . MNEN
NP = = @
RY, R? R, RZ
e | X
% NJ\ e RS
5 In some embodiments, an activating functional group is  R? or R

where R, R? and R are as defined above.

In certain embodiments, R' and R are each hydrogen. In some embodiments,
only onc of R’ and R” is hvdrogen. In certain embodiments, R' and R? are cach
independently an optionally substituted radical selected from the group consisting of Cy0

0 aliphatic; Ciy heteroaliphatic, 5- to 14-membered heteroaryl, phenyl, 8- to 10-membered
aryl and 3- to 7-membered heterocyclic. In certain embodiments, R' and R are cach
independently an optionally substituted radical selected from the group consisting of
phenyl; a 3- to 8-membered saturated or partially unsaturated monocyclic carbocycele, a
7-14 carbon saturated, partially unsaturated or aromatic polyveyclic carbocyele; a 5- to 6-

135 membered monocyclic heteroaryl ring having 1-4 heteroatoms independently selected
from nitrogen, oxygen, or sulfur; a 3- to B-membered saturated or partially unsaturated

heterocyclic ring having 1-3 heteroatoms independently selected from nitrogen, oxygen,
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10 from the group consisting of methyl, ethyl, propyl, butyl, pentyl, hexyl, heptyl. octyl, or benzyl. In
some embodiments, each occurrence of Rl and R2 is independently perfluoro. In some embodiments,
each occurrence of Rl and R2 is independently -CF2Ch. In certain embodiments, R5 and R6 are
each independently an optionally substituted group selected from the group consisting of C120
aliphatic; Cino 15heteroaliphatic: phenyl, and 8-10-membered aryl. In some embodiments, R5 and Rt'
are each independently an optionally substituted C1.20 aliphatic. In some embodiments, R5 and R6
are each independently an optionally substituted CI-20heteroaliphatic having. In some embodiments,

R5 and R6 ave wHeh itleipehdertipendoptionealli stibstivited phomy ongwsmemiseredcaryl. In some
embodimentg, R5,and ﬁ@ﬁ&&&%&%ﬁ&@gﬂ@?%b{c@é& 20optionally, substittited r-o. |,0-membered
an

heteroaryl. In some embodiments, R R4 can be taken together with intervening atoms to form
one or more fiNgsRETRIEH F6H thEGrodpy ConEiBtig Bf-o prisHly Bo Fstimretr e electdrbocycle,
optionally substituted &3- &x1d-heteracygle, optionally substituted CO-C10 aryl, and optionally

o

substituted 5- to 10- embered heteroaryl. In some embodiments, R5 and R6 are each independently

an 25ojptionally suq%tit ILred Cl 6 aliphatic,.,In some embadiments, each occurrence of Rs and R6 is
independently methyl{,:%tﬁ?/jl,ngr%%ﬁcgéfy;ﬁ 6g§§l.ﬁ%>%§ﬁ%g'pfﬁfﬁ§§f§ﬁ or b ﬁ??ﬁﬁ\n/ some

embodimentsitséghdoedirentsicotR eamdiR6ris: independerthperfilioketitrsdMe embodiments, each
occurence GLILIATEERI5 URRERSENYN-CE CFR.occ,BR2 AN 10 ST RIARRSHTIGITS. an

ctivating fu.nction.al group is and R2 are as defined above. where .
optionally substituted C, , aliphatic. In some embodiments, R and R? are cach

independently optionally substituted Cy_y, aliphatic. In some embodiments, R' and R” arc
10 each independently optionally substituted C, 4 aliphatic. In some embodiments, each
occurrence of R’ and R” is independently an optionally substituted C) o0 heteroaliphatic.
In some embodiments, each occurrence of R' und R* is independently an optionally
substituted Cy.;» heteroaliphatic. In some embodiments, cach occurrence of R! and R% is
independently an optionally substituted §- to 10-membered aryl. In some embodiments,
15 cach occurrence of R' and R” is independently an optionally substituted pheny! group. In
some embodiments, cach occurrence of R' and R” is independently an optionally
substituted 5- to 10-membered heteroary! group. In some embodiments, each occurrence

of R' and R” is independently an optionally substituted 3- to 7-membered heterocyelic.

In certain embodiments, R’ and R? are cach independently hydrogen, methyl,
20 ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl, optionally substituted phenyl, or
optionally substituted benzyl. In certain embodiments, R’ and R* are both methyl, ethyl,
propyl, butyl, pentyl, hexyl. heptyl, octyl, phenyl or benzyl. In some embodiments, R’
and R’ are cach butyl. In some embodiments, R! and R® are each isopropyl. In some
embodiments, R' and R” are perfluore. In some embodiments, R' and R? are -CF,CF2 In
25 some embodiments, R’ and R” are cach phenyl. In some cmbodiments, R' and R are

cach benzyl.

- i . . . -
In some embodiments, R* and R? are taken together with intervening atoms to
form one or more optionally substituted rings. In certain embodiments, R' and R” are
taken together to form a ring fragment selected from the group consisting of: ~C(R™),-,

30 C(RYRCR Y-, -CRYCIRY 1O R am, -CRY L OCRY 1om, and -CIRYNRYCRY -, In
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In certain embodiments, R1 and R2 are each hydrogen. In some embodiments, only one of Rl and R2
is hydrogen. In certain embodiments, Rl and R2 are each 5independently an optionally substituted
radical selected from the group consisting of C1_20 aliphatic: Ci.20 heteroaliphatie, phenyl; a 3- to
8-membered saturated or partially unsaturated monocyclic carbocycle, a 7-14 carbon saturated,
partially unsaturated or aromatic polycyclic carbocycle: a 5- to 6-membered monocyclic heteroaryl ring
having 1-4 heteroatoms independently selected from nitrogen, oxygen, or sulfur; a 3- to 8-
10membered saturated or partially unsaturated heterocyclic ring having 1-3 heteroatoms
independenthf SR ETRRPHGHAT D g Bxitsark ot Carticdslasmomelh pofRFEsEf©8aturated or
partially unsaturatad heterasycle: having. &5, beteroatomsiindependenityrselgsted from nitrogen,

oxygen, or sulfur; ar.an 8- to 10-membered bicyclic heteroaryl ring having 1-5 heteroatoms
incependenty SRLH front ARFGGERCIEaR by ST 72 A EHEAN B bBeRBnts. R and R2 are
each independenityan bptionaliy:gubstituied radicarselected-fromutie; gralip-consisting of C1-12
aliphaic and G4:12 heteroaliohatic. I some embodiments, each.occurrence of Rl.and 2 is
independently an op '|ong}y Substituted é% 'aﬁbl}\a%c. h someermbodiments: Ri'and R2 are each
independenthydpticmdiydsabstittte SR aliphatie chnsome embodinents: REanh Revate each
independently. aptionally substituted C1_6 aliphatic. In some embodiments, each occurrence of R I and
R2 is independently an optionally substituted C1.20 heteroaliphatic. In some embodiments, each
occurrence of Rl and R2 is independently an optionally substituted C1-12 heteroaliphatic. In some
embodiments, eachotEiFEREESHRIRh RS 1§ indepBifterig iR itichaiy itsétittited phenyl or 8- to
10-membered iamyludnl sSome gphbedimenissceactnoectimencakof RinanehR2 dshindependenty-an
optionally substituted, phenyl group. In.some emhgadiments, each occurrence of Rl and IS
indep]esndentfl)}%nng%%ﬁoﬁgll% s% 5 ﬁ%u By %”Té’-%egr“‘ﬁ %{r}é’aaﬁé"ti‘:‘%‘éﬁ%} tf;dreé?ljiﬂ? r{ll]%odrtr]l(é Bifibodiments,
each occurrenoe offiRddanchR 2o imddpenternitlidn optioptaltic sibstitsitech@otbrdemerfibeéred
heterocyclic._ln.certain el [ s, R'.and R2 are each | e ‘ rpge ethyl, ethyl,
propyl, butyl,m p%%l%;y}?}%%g&%%%&@pgﬁéﬂy% ﬁstﬁ?} ep’g%gﬁ@ﬂ%?%%gﬁ%ﬁ%ﬁéﬂbstituted benzyl.
In certain enthatifmaatss. R antcRizare ot etyederryitspFopyHBUH: pentylzineut, heptyl, oetyl,
phenyl or be@@%dmmﬁ{e@Qggmg@t%u&@@%gf@@ieach butyl. In some embodiments, Rl and R2
are each isopropyl. In some embodiments, RI and R2 are perfluoro. In some embodiments, Rl and R2
are -CF2CF$. In some embodiments, RI and R2 are,each phenyl. In some embodiments, Rl and R2
are each benzyl. In@é’ﬁ%@e@m%é%ﬁ;rnn%lrii 5 Ri‘an %Ear(ér%gﬁoilg 'éfﬁé?l\ﬁﬁﬁoﬁ%ﬁé’ﬁl toms to 10Loin
one or more ogtioralyrsubstituted fimgsad v wirtailyembocimenisy Rt and:R 2rabe dakerdogether to form
a ring fragm lected from the, onsisting. of; -G(RY)2-, :0002C(RY)2-, -C(1)2C(RY)2C(RY)2-,
-C(RY)ZOCO%Q?,%fn%%-C?: é@gﬁ%‘%&%@%& ﬁ? éﬁ%igﬁ?e&ms%gf\r(ﬁ%ﬁtg Ri gan 1 eraetfier;[égk'e%ﬁl together to
font' a ring fréggnsemt xuloetas forathd greupkesrisistihg of fCR2m ocCHROH24bTILeCH2EFI2-,

-C.:H20CHZs. AnddS:6 HRNEH SRy dneeme,embodimen zidRiband Raarg daken dggether to form an
20 embodiments, R, R* and R” are taken together to form an optionally substituted fused
ring system. In some embodiments such rings formed by combinations of any of R', R*
and R” are partially unsaturated or aromatic.

R1® R2
N

JE\ R?
- N’
In some embodiments, an activating functional group is R where R' and

¥
R” are as defined above.

25 In certain embodiments, R' and R” are each independently an optionally
substituted group selected from the group consisting of C) 5 aliphatic; C, 40
heteroaliphatic; phenyl; and 8-10-membered aryl. In some embodiments, R! and R* are

each independently an optionally substituted 4-7-membered heterocyclic. In some
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unsaturated linker moiety optionally containing one or more additional heteroatorns. In some
embodiments, the resulting nitrogen-containing ring is partially unsaturated. In certain embodiments,
the resulting nitrogen-containing ring comprises a fused polycyclic heterocycle. , 1" 1 Rz 20In some
embodiments n activating functional group is p nR. In certain embodiments, R', R2, and R are each
independently an optionally substituted group selected from the group consisting of C1.20 aliphatic;
C1_20 heteroaliphatici phenyl; and 8- 10-membered aryl. In certain embodiments, RI, R2, and Fe are
each independently an optionally substituted 4-7-membered heterocyclic. In some embodiments, R1
and R2 can 25Bwdaken 1ogethéiitmihtankeningtemsi Tionforranonessrmosdsingsisatected from the

group consisfing.qf;,optionally subsiituied, ¢-3:¢:44isaocxslS, Aptgnally,syhstiuted C14 heterocycle,

heterocycle, optionally substituted C6-C10 aryl., and optionally substituted 5- *to'io-.membered
heteroaryl. IF#SRaN5 eriBoviMeHE R IR, Gnll Rhetarsshchmidepbnentijuted bptionally'substituted

C10 aliphaticyn gertainienbodimentsRo.ReAnd-d28-a56 £3ch, indspendsnily.sglaeted from the
group consisting of methyl, eth%ill,gprqp |, butyl, pentyl, hexyl, heptyl, octyl, or benzyl. In certain
embodiments Ri¢ B8 4RI 8 sek e puR RN E pe Aisrs  thodoprt e mEBintems ! R1, R2, and

R.3 are eachhingigpendenityyt, GchF20231vIRZRZnzR] IRsbmBRAnbodiments, each occurrence of

R' and R* is independently perfluoro. In some embodiments, cach occurrence of R* and

R is independently ~CF,CFs,

|
In some embodiments, an activating functional group is HORS where R', RY,

10 R*, and R are as defined above.

In certain embodiments, R', R*, and R are each independently an optionally
substituted group selected from the group consisting of C; a9 aliphatic; Cyag
heteroaliphatic; phenyl; and 8-10-membered aryl. In certain embodiments, R', R?, and R’
are cach mdependently an optionally substituted 4-7-membered heterocyclic. In some

15 embodiments, R’ and R” can be taken together with intervening atoms to form one or
more rings selected from the group consisting of: optionally substituted C+-C 4
carbocycle, optionally substituted C3-Ciy heterocycle, optionally substituted Cy-C g arvl,
and optionally substituted 5- to 10-membered heteroaryl. In certain embodiments, R, R,
and R are each independently an optionally substituted C ¢ aliphatic, In certain

20 embodiments, R', R*, and R’ are cach independently selected from the group consisting
of methyl, ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl, or benzyl. In certain
ernbodiments, R', R?, and R are each independently perfluoro, In some embodiments,

R' R and R® are cach independently ~CF.CFs,

In certain embodiments, R” is hydrogen. In certain embodiments R is an
25 optionally substituted group selected from the group consisting of Cy_;; aliphatic and Cy.1»
heteroaliphatic. In some embodiments, R” is an optionally substituted Cy-12 aliphatic. In

some embodiments, R is optionally substituted Cy.¢ aliphatic,
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NrSc11/RIi,N-R=N- RII NN, , N-02 R-,I , RIRIR' defined above. R2ZR2RI R', 1,,NR 11 ,R2 NN1 s
|@1 -1R 1-P=NI-N=P-Ne , A-I1 R2t R . orRIRIRI

REYPﬁ
[
& N
o 133"
Mg,,__N
I N
in some embodiments, an activating functional group is R’ R . In certain

embodiments, R’ and R? are cach independently an optionally substituted group selected
from the group consisting of C. aliphatic; Cyyy heteroaliphatic; phenyl; and 8-10-
membered aryl. In some embodiments, R and R? are cach independently an optionally
5 substituted 4-7-membered heterocyclic. In some embodiments, R* and R can be taken
together with intervening atoms to form one or more rings selected from the group
consisting of: optionally substituted Cs-C) 4 carbocycle, optionally substituted Ci-Cy4
heterocyele, optionally substituted Cg-Cig aryl, and optionally substituted 3- to 10-
membered heteroaryl. In some embodiments, R' and R” are cach independently selected
i0 from the group consisting of methyl, ethyl, propyl, butyl, pentyl, hexyl, heptyl. octyl, or
benzyl. In some embodiments, cach occurrence of R' and R? is independently perfluoro.

In some embodiments, each occurrence of R and R is independently ~CF,CFs.

In certain embodiments, R” and R® are each independently an optionally

substituted group selected from the group consisting of C, .z aliphatic; Cyg

15 heteroaliphatic; phenyl, and &-10-membered aryl, In some embodiments, R and R® are
each independently an optionally substituted C) aliphatic. In some embodiments, R°
and R® are each mdependently an optionally substituted C, .5 heteroaliphatic having. In
some embodiments, R® and R are each independently an optionally substituted phenyl or
§-10-membered aryl. In some embodiments, R” and R® are cach mdependently an

20 optionally substituted 5- to10-membered heteroaryl. In some embodiments, R® and R*
can be taken together with intervening atoms to form one or more rings selected from the
group consisting of: optionally substituted C3-Cy4 carbocyele, optionally substituted Cs-
Ci4 heterocycle, optionally substituted Ce-Cg aryl, and optionally substituted 5- 10 10~
membered heteroaryl. In some embodiments, R® and R are each independently an

25 optionally substituted Cy4 aliphatic. In some embodiments, cach occurrence of R and R”
is independently methyl, ethyl, propyl, butvl, pentyl, hexyl, heptyl, octvl. or benzyl. In
some embodiments, each occurrence of R” and R is independently perfluoro. In some

embodiments, each occurrence of R” and R® is independently ~CF,CF:.
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, Wwhere Rl and R2 are as In certain embodiments,nd R2 are each hydrogen. In some embodi e 10only
one of Rl and R2 is hydrogen In certain embodiments, Rl and R2 are each independently an optionally
substituted radical selected from the group consisting of CI 20 aliphatic; Clric, heteroaliphatic, phenyl:
a 3- to 8-membered saturated or partially unsaturated monocyclic carbocycle. a 7-14 carbon saturated,
partially unsaturated or aromatic polycyclic carbocycle: a 5- to 6-membered monocyclic heteroaryl ring
having 1-4 heteroatoms independently selected from nitrogen, oxygen, or sulfur: a 3- to 8- membered
saturated or partially unsaturated heterocyclic ring having 1-3 heteroatoms independently selected
from nitrogen, oxygen, or sulfur: a 6- to 12-membered polycyclic satun?qfe@qmﬁartially unsaturated
heterocycle having 1-5 heteroatoms independently selected from nitrpg@fiNoxygen, or sulfur; or an 8-

to 10-membered bk%!iﬁ@h&;@m&{mmﬂogﬁz@z@?&s&%@%ﬁg@gep%ﬁem‘y 8glgcted from nitrogen,

oxygen, or sulfur., In certain embodiments. RE and R2 arc each independently an optionally

substituted rétfidal G&lecis#TEmPETE group consisting of C'1.12 aliphatic and Ci heteroaliphatic. In
some embodiments, each occurrence of Ri and R2 is independently an optionally substituted C 1_2u
aliphatic. In some émhoediments:dl2inend R2ERE fachcindependentlysoptionallyisubstituted C1.42

aliphatic. In some emﬁﬁdiargg @{Sgllé%nd R2 are each independently orpc}iﬁnally sukllastituted Cl6

. . OnE O L I oeZcn. A Cortat 0 NS s T are sac .
aliphatic. In Sormé embodimen S, SReurtence of RI-and R2 s méepenéén‘tfy an optionally

_substiﬁuted @mmmmanmmm s@%@n&bad@ém&g@dim&wgnmembgﬁmRQ 1S
independenty an gpionali shsiiiuied G112 heteroalipbalc. n.soms. embadments. each occurrence

of Rl and R2 is indepen?aently an optionally substituted 8- to | O-membered aryl. In some
embodiment§ieaeh stewinee siRPEndR2 Tslihdependentyieh pptiohalyssabsttited phenyl group.
In some embagdiments;rachaseusience of Ri At RizisdndsReIdenty: apeptianally. sybstituted 5- to

10-membered heteroaryi group. In some embodiments, each occurrence 10of RI'and RZ is
independently dif SERGHRIY BTG 1967 FMYMmBEIRE hettr8eycicstHettdriefnbodiments, RI
and R are easfbindepentdently-hyeiageonmathydd et Arapyhidutyl: polity'shexddaeptyl, octyl,
optionally substituted phenyl, Q% tionally substituted be %yl: In certain embodiments, R| and R2 are
both methyl, SUFRATRFERY DL BERY TRERH RERE), Seu Bl b SERBISTH SRE Ehbodiments, R
15and R2 areteachibutybrtial somesembatimentscRIlanth R 2- Ate-eachoiso piogdndamsigme

embodiments, REAAER AL ACUNA. 10 Some srpadinenta RI.ang Rade pefaghs. In some
embodiments, Rl'an are”eac % enyl. In some embodiments. Rl'an are each’'benzyl. In
some embodingentsn dntliR2areotakenitpgathigbwitlrinté vemingratemstpgformrontior more optionally
substituted rings. In certain embodiments, 121 and R2 are taken together to form a ring fragment

selected from the group:cansisibighal sCRRYIZR - G612 B GRY IR derGERRGIRY)2C(RY)2-,
-C(RY),0CC YT% Q%dv-c - Y)Q?FNR%ﬁéRY&% In certain embodiments, Rl and FéZ are taken together to
form a ring frAGMEHTSRIEER A TSRS Grot s CoRSRRMG o8 9&9‘2‘-2,_ 453 CepacH2cH2-,
-CH20CH2-handaGH2NR ¥Ghixe kntotisembadimentsyRicandkR2are’ iakeniogethey to form an
unsaturated s molely optianally cpriaining one or mote additinal feteraatoms. In some
embodiments, the resulting nittogén-contaifiing ring Is partially tinsafurated. In cértain embodiments,
the resultingimitegensgontpiing lFingbstrmpfises alfipbetiopdlysyciicchétetooyule R ' and R are
20 cach independently optionaily substituted C 5 aliphatic. In some embodiments, each

occurrence of R' and R7is independently an optionally substituted C, 5 heteroaliphatic.

In some embodiments, each occurrence of R' and R* is independently an optionally

substituted Cy.1; heteroaliphatic. In some embodiments, each occurrence of R' and R% is

independently an optionally substituted pheny! or & to 10-membered aryl. In some
25 embodiments, cach occurrence of R' and R* is independently an optionally substituted

phenvl groun. In some embodiments, each occurrence of R and R7 is independently an

optionally substituted 5- to 10-membered heteroaryl group. In some embodiments, each

occurrence of R’ and R* is independently an optionally substituted 3- to 7-membered

heterocyclic.
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R2 “cs-511,. N in some embodiments, an activating functional group is R2 RIn certain embodiments.
RI and R2 are each independently an optionally substituted group selected from the group consisting
of C1-20 aliphatic: C.120 heteroaliphatic: phenyl; and 8-10- membered aryl. In some embodiments, R’
and R2 are each independently an optionally substituted 4-7-membered heterocyclic. In some
embodiments, R1 and R2 can be taken together with intervening atoms to form one or more rings
selected from the group consisting of optionally substituted C3-C14 carbocycle, optionally substituted

C3-C,4 heterocycle, optionally substituted.C6-Cm aryl, and optionall substltuted 5- to | 0- membered
heteroaryl. In somd BRIBBE TR E 8 Gke E5cH RIS ﬁ%ﬁ’ﬂé’ [EeRsd- 078 the group

consisting of:methyeethyh Rropyhutyly Rentyl,! h@@(}ﬂh bﬁfﬂwhi@@yﬂ)sﬁt’uh@w&nm $ome embodiments,
each occurrence of of RI ndﬁZ@md}gp ndentl: ;Fl’:lupm In d‘é Ets .each occurrence of
RI and R2 is Hdaperdsnth i NHRIYT Qgﬁlr%“@% orits LR nb "difictional group
isR- . In certainpenibodimemns, RER2cand Btdre ea)gfhqnUepghdmmmmpudmdkytsubstltuted group
L5selected figm,ghe, aroup cQ0SIRIng.of G0 Aliabatc, G2 heiriogliphats: phenyl: and 8-
embodiments, R’ and R” are perfluoro. In some embodiments, R’ and R* are -CF,CF+. In

- ¥ .
some embodiments, R' and R are each phenyl. In some embodiments, R’ and R? are

cach benzyl.

in some embodiments, R' and R* arc taken together with intervening atoms to

10 form one or more optionally substituted rings. In certain embodiments, R’ and R are
taken together to form a ring fragment selected from the group consisting of: ~C(R” Y-,
~C{RM1HC(R Y-, ~C(RY)C(R"HCR Y-, -CRTHOCIR™,-, and -C(RY);NRYC(R);-. In
certain embodiments, R’ and R® are taken together to form a ring fragment selected from
the group consisting of? -CH,-, -CHyCH,-, -CH.CHCH,-, -CHOCH:-, and

15 -CH;NRYCH;,-. In some embodiments, R and R? are taken together to form an
unsaturated linker moiety optionally containing one or more additional heteroatoms. In
sorne embodiments, the resulting mitrogen-containing ring 18 partially unsaturated. In
certain embodiments, the resulting nifrogen-contaimng ring comprises a fused polveyelic

heterocyele.

w® F
’N“P\R 5

20 In some embodiments, an activating functional group is R" R'  1ncerain
embodiments, R, R, and R are cach independently an optionally substituted group
selected from the group consisting of C, o aliphatic; C,_y heteroaliphatic: phenyl, and &-
10-membered aryl. In certain embodiments, R', R, and R” are cach independently an
optionally substituted 4-7-membered heterocyclic. In some embodiments, R’ and R can

25 be taken together with intervening atoms to form one or more rings selected from the
group consisting of: optionally substituted C5-Cis carbocyele, opuonally substituted Cs-
(s heterocycle, optionally substituted Cg-Cip arvl, and optionally substtuted 3- to 10-
membered heteroaryl, In certain embodiments, R', R7, and R” are cach independently an

. T 1 2 3
optionally subsututed C, 4 aliphatic. In cortain embodiments, R, R™, and R are cach



| 0-membered aryl. In certain embodiments, RI, R2, and R3 are each independently an optionally
substituted 4-7-membered heterocyclic. In some embodiments. R' and R2 can be taken together with
intervening atoms to form one or more rings selected from the group consisting of: optionally
substituted C3-C14 carbocycle, optionally substituted C3- 20C14 heterocycle, optionally substituted
Cc-Cio aryl, and optionally substituted 5- to | 0- membered beteroaryl. In certain embodiments. RI, R2,
and R3 are each independently an optionally substituted C1,6 aliphatic. In certain embodiments, Rl,
R2, and 12.3 are each independently selected from the group consisting of methyl, ethyl, propyl, butyl,
pentyl, hexylfWEFﬁé%}f‘y/ﬁﬁg?‘%ﬂ?W fceraincemboaisentstRi. RbviapdRS hrevbachiridependently
perfluoro. In seme empodimants bRl RaAnandR3A6Lac0RdePendently * CF2CH. In some
embodiments,activatln% functional uroup is where R1 and R2 are as defined above. In certain

embodiment& AP AR R I AL BacH R pERI_HIF R dptiSnalR dtbetetel §rsopdenstited from the
group consistifigraf,C1.20 aliphatic; C1-70 heteroaliphatic; phenyl; and 8-10-membered aryl. In some
embodiments, Rl and R2 are each independently an optionally substituted 4-7-membered heterocyclic.

In some embodimem§U§L a&%ﬁﬁ*n%% b,% %epttgtg thetr. with intervening atoms to form one or more
rings selected from the groi]p consist%n’gé O%E:%o%ﬁéh"é 'I?nglj ’%%Qﬁ%gﬁpé%-c14 carbocyele, optionally

substituted C3-C14 h(altgrocy%ge, ogtionallyﬁsuﬁstitul;eq{CG-C aryl, 18 andréptionally substituted 5- to
10-membered heFétQafyl. In éo‘mé embodimants, Rvand R2 ar, Re\af@h in r]g,ently selected from the

group consistﬁa‘é\%f_ rﬁ@@ﬂi etl yl’g_@r\qfﬁll, =pentytfexyl, Trepty QIQIy}L r-benzyl. In some
embodiments, gach pceyence bf RY,.and R2fis ind Qeﬁﬂéntlylbep uoro ln sorie embodiments, each
occurrence of R algdﬁg 15 independently KfF}?,CF:.;JmIEertain errbodiments:X is any anion. In certain
embodiments, X is a nueleophile. In some embodiments, X is a nucleophile capable of ring opening an
epoxide. In certain gmbogimenis. X is absentgi certain egibodiments, X is a nucleophilic lioand.
Exemplary nucjedphilic lijarids inclade, butarg not imiteditor?0Rx. -SR', -0(C-01W. -0(C=0)012x.
-0(C-O)N(ITO)2xN(Rx)(@%-0)R% ?I\\l& -CN ha Q_%@ gwéﬁg&%aRCI).-O(SOZ)le andwherein each Rx is,

independentIyRSTéle&teid from hydrogen, opti néTIy S ,bétituzged aliphatic, optionally substituted
hcteroaliphatic, qpﬁElnallyTlqubs iplféd aryl aﬂdl?gptio E Msﬁ]?&?tuted heteroaryl.
R R R ,or R R R , where R' and R? arc as

defined above.

In certain embodiments, R’ and R are each hydrogen. In some embodiments,

10 only one of R’ and R” is hydrogen. In certain embodiments, R and R? are each
mdependently an optionally substituted radical selected from the group consisting of C .
aliphatic; Cyy heteroaliphatic, phenyl; a 3- to 8-membered saturated or partially
unsaturated monocyclic carbocycle, a 7-14 carbon saturated, partially unsaturated or
aromatic polycyclic carbocycle; a 5- to 6~membered monocyclic heteroary! ring having

15 1-4 heteroatoms independently selected from nitrogen, oxygen, or sulfur; a 3- to 8-
membered saturated or partially unsaturated heterocyclic ring having 1-3 heteroatoms
independently selected from nitrogen, oxygen. or sulfur: a 6- to 12-membered polveyclic
saturated or partially unsaturated heterocycie having -5 heteroatoms independently
selected from nitrogen, oxygen, or sulfur; or an 8- to 10-membered bicyclic heteroaryt

20 ring having 1-5 heteroatoms independently selected from nitrogen, oxyeen, or sulfur.

In certain embodiments, R’ and R are cach independently an optionaily
substituted radical selected from the group consisting of C1y; aliphatic and C -
heteroaliphatic. In some embodiments, cach occurrence of R’ and R* is independently an

optionally substituted C, 5, aliphatic. In some embodiments, R' and R? are each

TG



In certain embodiments X is -0(C-0)1e, wherein IR: is selected from optionally substituted aliphatic,
fluorinated aliphatic, optionally substituted heteroaliphatic, optionally substituted aryl, fluorinated aryl,
and optionally substituted heteroaryl. For example, in certain embodiments, X is -0(C-0)W,
wherein W is optionally substituted aliphatic. In certain embodiments, X is -0(C=0)W, wherein 12" is
optionally substituted alkyl and fluoroalkyl. In certain embodiments, X is -0(C=0)CI-13 or -0(0=0)CF3.
Furthermore, in certain embodiments, X is -0(C-0)W, wherein Rx is optionally substituted aryl,
fluoroaryl, or heteroaryl. In certain embodiments, X is -0(C=0)12", 10 wherein Rx is optionally

substituted aﬂmcﬁ‘n“é@ﬁéﬁﬁ%‘?ﬁé%ﬁrﬁ%@%m%‘?scGG@IWWHE@WW@%%HWSGB&%@@ phenyl. In

certain embadimenisyodemO(GrEBl-:5HarmCc0)GibRatic. In sihkerainembediments, X is -011x,
wherein IR: is selected fr%m nal u%ﬁ[ 53}ed allphatlc optlonally substltuted heteroallphatlc

optionally substititéd“aryt: 18" 1‘6;5 BRI PR AR S gt BSIEIBIBD 3 Certain
embodiment$: %ise-@%%pwnmfemdecisaa:pmmuycswﬁstﬂdlﬁeduaﬁydlhmreﬁmamaemM!ﬂmants Xis -OW,

Wherequ| Pt suq§t tute nyl. In certain e bo iments, X is -0C6fj 8 6l—|2(24 NO2).
Inin embodlmentél‘@?cﬁéha in cer{ngemlrbo ?rﬁeﬁ% 3¢, T cerct%ltliﬁr“’enr% Adiments 9{ js-Cl. In

certain embodﬂmntkfnﬁﬂgnIOpUOBdH\Csrtatm@mbedwnhéﬂtsmbasaeﬂ(sDZ)Riom@mtamrembﬂdlments X is
-0Ts. In certain.embodiments g ‘ﬁla@qgh‘!&ﬂ%ﬁﬁx{@Q:?E%BQW,@E@%HEC nﬁ@ég: Fao\,sgme

embodiments. X is a 2,4-dinitrophenolate anion. Phosphorous-Containi Activating Groups In

some embocﬁ?ﬁé’rﬂ@%i@%ﬁfg FATCHBTET Growidz %%ﬁé%{@%%ﬁ&ﬂﬁ@@#%ps In certain

embodlmentsﬁ@m@%m%mm&amgé@ww@bgwm&@&%@@dﬁmaﬂ&h&gﬁ%&&@&%ﬁtlng of
phosphines (-PR'2); Phosphine oxides -P(0)Wi2; phosphlnltes P(OFC)1R.2 P@osphorltes

PCO@lZRIf“ﬁIﬁ%gﬁﬁ Ge¥ %W"Bﬁ&gﬁﬁt&@ OB(FiBRE > pﬁ’o@ﬁ?‘?c‘ﬁ‘fé%@ BIeSIEAI2R: phosphates

-013t0OR711: phosponium salts ([-PRI'uf where aphosphorous containing functional group may be
linked to a metal cadmpiaxithrabgh:arytaviilaildi pesitienh(aiderdinéctfinkade wia. thetppiosphorous atom,

or In some cgaee, KRAN BIKISKAAMo. 1B EAAIN LRRALINE VR A BRATRRRIR - containing

functional group Is chosen he group conS|st|ng of:
optionally substituted benzyl. In certain embodiments, R’ and R” are both methyl, ethyl,

propyl, butyl, pentyl, hexyl, heptyl, octyl, phenyl or benzyl. In some embodiments, R’

i5 and R” are cach butyl. In some embodiments, R’ and R? are each 1sopropyl. In some
embodiments, R’ and R are perfluoro. In some embodiments, R and R? are -CF,CFa. In
some embodiments, R’ and R® are each phenvl, In some embodiments, R' and R? are

gach benzyl.

In some embodiments, R’ and R” are taken together with intervening atoms to

20 form one or more optionally substituted rings. In certain embodiments, R' and R* are
taken together to form a ring fragment selected from the group consisting of: ~C(R"Y-.
~CRT R Y-, -CRYCR ) CRY Y-, -CRDOC(RY -, and -C(RYENRYC(R - In
certain embodiments, R' and R? are taken together to form a ring fragment selected from
the group consisting of: -CHy-, -CH>CH,-, -CH,CHCH;-, -CH>OCH:-, and

25 -CH,NRYCH.-. In some embodiments, R' and R® are taken together to form an
unsaturated linker moiety optionally containing one or more additional heteroatoms. In
some cmbodiments, the resulting nitrogen-containing ring is partially unsaturated. In
certain embodiments, the resulting nitrogen-containing ring comprises a fused polveyclic

heterocycle.



10or a combination of two or more of these wherein Rl and R2 are as defined above and each R-, is
independently hydrogen, a hydroxyl protecting group, or an optionally substituted radical selected from
the group consisting of Cl_uo acyl: Cr70 aliphatic C1-20 heteroaliphatic; phenyl: a 3- to 8-membered
saturated or partially 15unsaturated monocyclic carbocycle, a 7-14 carbon saturated, partially
unsaturated or aromatic polycyclic carbocycle: a 5- to 6-membered monocyclic heteroaryl ring having
1-4 heteroatoms independently selected from nitrogen, oxygen, or sulfur: a 3- to 8-membered
saturated or partially unsaturated heterocyclic ring having 1-3 heteroatoms independently selected
from nitrogen oxygen, or sulfur: a 206- to 12-membered polycyclic saturafﬁd or partially unsaturated
heterocycle having 1-5 hetcroatoms independently selected from nitﬁé@rﬂ%ygen* or sulfur: or an 8-
to 10-membered bicyclic heteroaryl ring having 1-5 heteroatoms independently selected from
nitrogen, oxygen, oF Seffdreaheriviete fI@RTAIgETpS e baaken togSther withdmtervening atoms to

form an optignally:suhstituted Jing LPtoNACORAINING AN QML ehetereatoms, and.ap R11group
can be taken with an 12.1 or R2 group to an optionally substituted ring. In some embodiments,

phosphorou§ 84 STYRGARSHA §FSups iHelade: thosd Bisknddd i The e hardisrof
Organophospbeiss-Eempounsise Vabustendnl er’ angd QuinqueyalepbiaesphesusAsigsand their

Derivatives. T e.CrtlgdrBis;r of Eﬂun{g’gonal Géfu%gpries_E%edg%/ F%mk@. I—:lartleiy é ranfield
University, Cft SIS of fK’.%tWﬁéV: &Sk 1898 TS B s 76 : the Bhtitéty 8t which is
hereby incorpeoedteds-iGhereimcby: teferenceist ()4 HRERY RRP 0L tdvidoerein: 2kig-0-, -N-, or
consisting of: optionally substituted Cs-Ci4 carbocycle, optionally substitited C3-Cry
heterocvcle, optionally substituted Cg-Cig aryl, and optionally subsututed 5- to 10-
membered heteroaryl. In some embodiments, R' and R* are each independently selected
10 from the group consisting of methyl, ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl, or
benzyl In some embodiments, cach sccurrence of R and R is independently perfluoro.

In some embodiments, each occurrence of R' and R” is independently ~CF,CFa.

in some embodiments, an activating functional group 15 R . In certain
embodiments, R', R, and R? are each independently an optionaily substituted group
15 selected from the group consisting of Cy o aliphatic; C, .5 heteroaliphatic: phenyl: and 8-
10-membered arvl. In certain embodiments, R', R”, and R” are each independently an
optionally substituted 4-7-membered heterocvclic. In some embodiments, R' and R” can
be taken together with intervening atoms to form one or more rings selected from the
group consisting of: optionally substituted C3-Cyy carbocyele, optionaliy substituted Ci-
20 Cy4 heterocyele, optionally substituted Ce-Cip arvl, and optionally substituted 5-to 10-
membered heteroaryl, In certain embodiments, R', R*, and R are cach independently an
optionally substituted C,.¢ aliphatic. In certain embodiments, R', R*, and R are cach
independently selected from the group consisting of methyl, ethyl, propyl, butyl, pentyi,
hexyl, heptyl, octyl, or benzyl. In certain embodiments, R'. R%, and R* are each
independently perfluoro. In some embodiments, R, R%, and R” are each independently —

CE.CFa.

[
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bis 1 or 0, each of R6, R7 and R8 are independently present or absent and, if present,
15independently selected from the group consisting of optionally substituted C1-C20 aliphatic,
optionally substituted phenyl, optionally substituted Cgf 4 aryl, optionally substituted 3- to
14-membered heterocyclic, optionally substituted 5- to 14-membered heteroaryl, halogen, =0, -OW,
=NR t and N(le), where 1211 is hydrogen, or an optionally substituted C1-C20 aliphatic, optionally
substituted 20phenyl, optionally substituted 8- to 14-membered aryl, optionally substituted 3- to
14-membered heterocyclic, or optionally substituted 5- to 14-membered hetcroaryl, nd t is an integer
between and 4. In Sbiidef FeRfs 2R ARG TEHED S8 Yréup is a phosphonate group: RT
RTr 0 -RT #4-01 :/4 DIV7, 00. and

-5—N

. where R! and R are as defined above.

In certain embodiments, R’ and R are each independently an optionally
substituted group seiected from the group consisting of C, 4 aliphatic: C).0
5 heteroaliphatic; phenyl; and 8-10-membered aryl. In some embodiments, R' and R* are
cach independently an optionaily substituted 4-7-membered heterocyclic. In some
embodiments, R' and R* can be taken together with intervening atoms to form one or
more rings sclected from the group consisting of: optionally substituted Ca-C 4
carbocycle, optionally substituted C3-C,4 heterocycle, optionally substituted Cy-Cyg aryl,
10 and optionally substituted 5- to 10-membered heteroaryl. In some embodiments, R’ and
R® are cach independently selected from the group consisting of methyl, ethyl, propyl,
butyl, pentyl, hexyl, heptyl, octyl, or benzyl. In some embodiments, cach occurrence of
R' and R* is independently perfluoro. In some embodiments. each occurrence of R and

R” is independentty —CF>CFx.

15 In certam embodiments, X is any anion. In certain embodiments, X is a
nucleophile. In some embodiments, X is a nucieophile capable of ring opening an
epoxide. In certain embodiments, X is absent. In certain embodiments, X is a
nucleophilic ligand. Exemplary nucieophilic ligands include, but are not limited to,
-OR™. -SR”, -O(C=0R", -O(C=0)0OR”, -O(C=0OMWN(R ), -N(RHC=0IR", -NC, -CN, halo

20 (¢.g., -Br, -1, -ClI), N, -O(850;)R” and -OPR”;, wherein each R” is, independently,
selected from hydrogen, optionally substituted aliphatic, optionally substituted

heteroaliphatic, optionally substituted aryl and optionally substituted heteroarvl.
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R2 Rl p R ft 0-K wherein RI. R2, and RT is as defined above. In specific embodiments, a
phosphonate activating functional group is selected from the group consisting of:  In some
embodiments, an activating functional group is a phosphonie diamide in-011p: 7. R 1 NR

In certain embodiments, X is -O{C=0)R”", wherein R is selected from optionally
substituted  aliphatic, fluorinated aliphatic, optionally substituted heteroaliphatic,

_—

optionally substituted aryl, fluorinated aryl, and optionally substituted heteroaryl.

For example, in certain embodiments, X is -O(C=0)R", wherein R” is optionally

5 substituted aliphatic. In certain embodiments, X is -O(C=0)R", wherein R” is optionaliy

substituted alkyl and fluoroalkyl. In certain embodiments, X is -O(C=0)YCH; or
-O(C=0)CFs.

Furthermore, m certain embodiments, X is -O(C=0)R", wherein R” is optionally
substituted aryl, fluoroaryl, or heteroaryl. In certain embodiments, X is -O(C=0)R”,
10 wherein R* is optionally substituted aryl. In certain embodiments, X is -O(C=0Q)R*,
wherein R” is optionally substituted phenyl. In certain embodiments, X is -O(C=0)C4Hs
or -H{C=0¥CeF <.

In certain embodiments, X is -OR”, wherein R* is sefected from optionally

substituted aliphatic, optionally substituted heteroaliphatic, optionally substituted aryl,

15 and optionally substituted heteroaryl.

For example, in certain embodiments, X is -OR® wherein R* is optionally
substituted aryl. In certain embodiments, X is -OR”, wherein R™ is optionally substituted
phenyl. In certain embodiments, X is -OCgHs or -OCH(2,4-NO3 ).

In certain cmbodiments, X is halo. In certain embodiments, X is -Br. In certain

20 embodiments, X is -Cl. In certain embodiments, ¥ is -1

In certain embodiments, X 15 -O(SO-)R™. In certain embodiments X 1s -OTs. In
certain embodiments X is -OSO-Me. In certain embodiments X is -0SO-CF:. In some
embodiments, X is a 2 4-dinitrophenolate anion.

25 Lc. Phosphorous-Containing Activating Groups

In some embodiments, activating functional groups Z are phosphorous containing

aroups.
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0 R2 R2,.R1 N ,N-R2 P,RIit N- U orR2 , wherein R'. R2. and R,areas defined above. In certain
embodiments. each Rl and R2 group in a phosphonic diamide is 10methyl. In some embodiments, an
activating functional group is a phosphine group: -*P R2 wherein R', and R2 are as defined above.

In specific embodiments, a phosphine activating functional group is selected from the group consisting
of:

In certain embediments, a phosphorous-containing functional group is chosen
from the group consisting of! phosphines (-PR”;); Phosphine oxides -P{OIRY;
phesphinites P(ORIRY,; phosphonites PIOR),RY; phosphites P(OR phosphinates

OP(ORR',: phosphonates; OP(OR 1R”: phosphates -OP{OR ), phosponium salts

L

([-PR":] ) where a phosphorous-containing functional group may be linked to 2 metal
complex through any available position (c.g. direct linkage via the phosphorous atom, or

In some cases via an oxygen atom),

In certain embodiments, a phosphorous-containing functional group is chosen

from the group consisting of:

- . and

10 of a combination of two or more of these
wherein R' and R?, are as defined above: and

cach R, is independently hydrogen, a hydroxvl protecting group, or an optionally

substituted radical selected from the group consisting of Crg acyl; Cy g aliphatic:
C 1.0 heteroaliphatic: phenyl; a 3- to 8-membered saturated or partially

15 unsaturated monocyclic carbocycle, a 7-14 carbon saturated, partially unsaturated
or aromatic polycyclic carbocycele; a 5- to 6-membered monocyclic heteroaryl
ring having 1-4 heteroatoms independently selected from nitrogen, oxygen, or
sulfur; & 3- to §-membered saturated or partially unsaturated heterocyclic ring
having 1-3 heteroatoms independently selected from nitrogen, oxygen, or sulfur; a

20 6- to 12-membered polycyelic saturated or partally unsaturated heterocycle
having 1-5 heteroatoms independently selected from nitrogen, oxygen, or sulfur:

or an ¥- to 10-membered bicyclic heteroaryl ring having 1-3 heteroatoms



IL Linker Moieties As described above, each activating moiety - (Z)", comprises a linker 5"-." coupled
to at least one activating functional group Z as described above, with ii denoting the number of
activating functional groups present on a single linker moiety. As noted above there may be one or
more activating moiety --- (2)", tethered to a given metal complex, similarly, each activating moiety
itself may contain more than one activating functional group Z. In certain embodiments, each activating
moiety 10contains only one activating functional group (i.e. ni = 1). In some embodiments, each
activating moiety contains more than one activating functional groups (i.e. ni >In certian embodiments,
an activating moietyéemadastives etiviaiting funetiohal gesaps (h8fur=ag) WheertainRembodiments, an
activating moiety confains.three-activating funcional 9raups,he: 1 7,3 1n Gestaingmbodiments, an
activating moiety contains four activating functional groups (i.e. in = 4). In certain embodiments where
more than one actiValirgUGACEEIGIEUY OPresBRtSIT ShBetVARG Hivisty rtheyareraithe same
functional group. In:spmerambagiments where-mere thas,ane.activatingfunetional group is present on
an activating moiety, two or more of the activating functional g-roups are different. In certain
embodajments, eachnligokrgg Enqggggoré@msh%-s% O%%Encsoinqgludigguat Iea% one carbgl_rél g%g{r)r;, a_nd optionally
one or more atoms Selected from the gr%up consisting of N, In Céftain
embodimentsisthesfitiel s AmhaptionalyOsabsitheephC2is (b e &

methylene upjis-ae optionally and independsaily.rspiaced by tR-NRICs - 1(QUNOMY-, -0-, -C(0)-,
-0C(0)-, -C(0)0-, -, orwhere each occurrence of RY is
independentfy P I35 Electat Ror e gistp tohsistifigest CI-6
aliphatic 3- tayd aembered haterocyeliosphenyknand: B 40 AQ:imemberes, 3Rk KL ERERIN
embodiments, a 10linker moiety is a C4,C 12 aliphatic group substituted with one or more moieties
selectdld fromTHE GRoliEdISisting of halogen* -NO2, -CN,-S(0)R5. -S(0)2W, -NIVC.(0)W.

(X} TRR'RP) ], Q, wherein:
X 1h wO.,‘ ...I\;!‘::9 or ”NR_Z-«,
bisTor0,

each of R®, R” and R® are independently present or absent and, if present, are

15 mdependently sclected from the group consisting of optionally substituted C;-Cag
aliphatic, optionally substituted phenyl, optionally substituted Cg Cy4 aryl,
optionally substituted 3- to 14-membered heterocyclic, optionally substituted 3- to
14-membered heteroaryl, halogen, =0, -OR*, =NR ?, and N(R"}), where R” is
hydrogen, or an optionally substituted C-Cyp aliphatic, optionally substituted

20 phenyl, optionally substituted 8- to I4-membered aryl, optionally substituted 3- 10
14-membered heterocyciic, or aptionally substituted 5- o [4-membered

heterparyl,
(15 any anion, and

7 1s an mnteger between | and 4,

6



-0C(0)R3, -002R8, -NCO, -.N3, -0R7, -0C(0)N(RY)2 -N(R5)2. -NRYC(0)W. and -NI:2.'20)0W, where
R5 is -H, or an optionally substituted radical selected from the group consisting of CI -6 aliphatic 3- to
7-membered heterocyclic, phenyl, and 8- to 10- 15membered aryl. In certain embodiments, a linker
moiety is an optionally substituted Ciz_Clo aliphatic group. In certain embodiments, a linker is an
optionally substituted C4-24 aliphatic group. In certain embodiments, a linker moiety is an optionally
substituted C4_ C25 aliphatic group. In certain embodiments, a linker moiety is an optionally
substituted C4"C.12 aliphatic group. in certain embodiments, a linker is an optionally substituted C4. in
aliphatic group. In cartaincerrbodimenisaaditikeris Seroptivh aliyusubstititephGt8 mtiphatic group. In
certain embodiments, a Iinl&?r moiety is gn ogtjonally substituted C4,C6 aliphatic group. En certain
embodiments, finker moiety is an optionally substituted C6-C 12 aliphatic group. 25 aliphatic group
aliphatic group‘gu@ﬁétigzéﬁ%u%ﬁi?hatic gﬁéugﬁﬁ@iatic group 30aliphatic group. In certain
embodiments. & In certain efbddiments. a ln eertain embodiments, a In.certain embodiments, a In
certain embodients, a In Gertain efbodiments, a In E&FHER Embodithdhtss & firlkBr 618ty is an
optionally substituted CR linker moiety is an optionally substituted C7 linker moiety is an optionally
substituted C6 linkénmsiaticismdr dptivialhyrsoukstittreda0b linke imoietpiganoptiohalydsubstituted C4
linker moietyﬁgaq;g%ggﬂg&%ﬁtg@d C3 aliphatic group in the linker moiety is an optionally
substituted straight alkyl chain. In Certain embodiments, the aliphatic group is

_. C )
~§-p=d P (] ~§-p-0 ~4-p—(} ~§-p—03
O 0\( O~ O _-CF (}-}\]/CF?
CFs

VA
U>—{|Il)_{)
oL

. 2
RER' o R R R R
N R i -
T 5%21\ N-R? g, N-R?
i} “RY (,)ED‘-N«R: (;;?\N—Ri
O = , -
group: ' R? , OT R? . wherein R', R”, and R . are as

defined above. In certain embodiments, cach R’ and R* group in a phosphonic diamide is

10 methyl.

In some embodiments, an activating functional group is a phosphine group:

. 1 7
R?  wherein R', and R’ are as defined above.

In specific embodiments, a phosphine activating functional group is selected from

the group consisting of:



an optionally substituted branched alkyl chain. In some embodiments, a linker moiety is a C4 to C,0
alkyl group having one or more methylene groups replaced by -C(Rale)- whered Rh are each,
independentlyalkyl groups. In certain embodiments, consists of an aliphatic group having 4 to 30
carbons including one or more 5gemethyl substituted carbon atoms. In certain embodiments, a
linker moiety includes one or more optionally substituted cyclic elements selected from the group
consisting of saturated or partially unsaturated carbocyclic, aryl, heterocyclic, or heteroaryl. In certain
embodiments, a linker maoiety consists of the substituted cyclic element, in some embodiments the
cyclic 10element is parfof & linker with one or more non-fing heteroatoms or optionally substituted
aliphatic groups compris g other parts of the}inker m ie&.“ In Sp@e embodi/mgznts, a linker moiety
is of sufficient Iength?t‘@ allow ong-of mor P%;att;ng fuiiétional greups 1o be p%ﬁ{i%ed near a metal
atom of a metal complex-1q certain \émbodime , structyfar constrai S are built hfo a linker moiety to
control the disposition rientation of one or more activating functional groups near a metal center
of a metal complex. In certain embodiments such structural constraints are selected from the group
consisting of cyclic moieties, bicyclic moieties, bridged cyclic moieties and tricyclic moieties. In some
embodiments, such structural constraints are the result of acyclic stcric interactions. In certain
embodiments such structural constraints 0@ elected from the group consisting of as double bonds.
trans double bonds, g’gg aﬂTé%;s, tranfg triple bonds. In some embodiments, such structural
constraints are selectedl om the group tonsisting of substituted carbons including geminally
disubstituted groups as sprirocyelic rings. 2C111 dimethyt groups. gem diethyl groups and gem
diphenyl groups. In certain embodi % such structural constraints are selected from the group

consisting of heteratom-containing functional groups such as sulfoxides, amides, and oximes. In
certain embodiments, tinker moieties are selected from the group consisting of: 0

II, Linker Moieties

As described above, cach activating moicety

(7} comprises a linker
5 “—v 7 coupled fo at least one activating functional group 7 as described above, with m

denoting the number of activating functional groups present on a single linker moiety.

As noted above there may be one or more activating moiety ——ww (Z),, tethered
to a given metal complex, similarly, cach activating moiety itself may contain more than
one activating functional group Z. In certain embodiments, each activating moiety

10 contains only one activating functional group (i.e. m = 1). In some embodiments, each
activating moiety contains more than one activating functional groups ie. m > 1}. In
certian embodiments, an activating moicty contains two activating functional groups (i.e.
m = 2). In certain embodiments, an activating moiety contains three activating functional
groups (1.¢. m = 3}. In certain embodiments, an activating moiety contains four activating

15 functional groups (1.c. m =4}, In certain embodiments where more than one activating
functional group 18 present on an activating moiety, they are all the same funcdonal
group. In some embodiments where more than one activating functional group is present

on an activating moiety, two or more of the activating functional groups are different.
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and riY where s =0-6 and t = 1-4 where * represents the site of attachment to a liaand" and each

# represents a site of attachment of an activating functional croup. In some embodiments, s is 0.
In some embodiment, is I. In some embodiments, s is 2. In some embodiments, s is 3. In some
embodiments, s is 4 in some embodiments, s is 5. In some embodiments, s is 6. In some

embodiments, tis 1. In some embodiments, is 2. In some 5embodiments, tis 3. In some
embodiments, tis 4. Metal Complexes As noted above, the present invention encompasses metal
complexes that include a metal atom coordinated to a multidentate ligand and at least one activating
moiety tethered to' A THITTERPAE RGN 4 BHE TSI fBodimantS I pravided AT 'B6ibiakes 10have
the structure: |awhere: Qrepreseits adngtabaivm coordinatetbiaa mutidentate.tacMetal Atoms 15In
certain embpdimgnts M i%asméat | atom.selected from periodic table groups 3- 13, inclusive. In certain

embodiments, M fggad ransition Fhet*a”i“sde ected from periodic table groups 5-12. inclusive. In certain

embodiments. M is a transition metal selected from periodic table groups 4-11, inclusive. In certain
embodiments, .M {8 &TransioAdHetalsstledidd ioan pariotid tablsigrotbs S«kbpintiasive. In certain

embadimentg ¥ is:&20Bansitian:Metad selecipdsfrom pesiodic fable QRS 7906l vg. In some

-NRY-, -N(RV)C(O)-, ~C{OIN(R"}-, -O-, -C(O)-, -OC(O}-, -C{OHO-, -8-, -SO-, -S04,
-C(=S)-, -C{(=NR")-, or -N=N-, where cach occurrence of R” is independently -H, or an
optionally substituted radical selected from the group consisting of C,-¢ aliphatic 3- to 7-
membered heterocycelic, phenyl, and 8- to 10~ membered arvl. In certain embodiments, a

16 finker moiety is a C4.Cy; aliphatic group substituted with one or more moieties selected
from the group consisting of halogen, -NO», -CN, -SR?, -S(O)RY, -S(O1LRY, -NR*C(O)R?Y,
“OC(OIR?, -CORY, -NCO, N3, -OR’, -OC(OWN(RY), -N(RY}; -NRYC(O)R", and
-NR'C{O)YOR?, where R¥ is -H, or an optionally substituted radical selected from the
group consisting of C;-4 aliphatic 3- to 7-membered heterocyelic, phenyl, and 8- to 10-

15 membered aryl,

I certain embodiments, a linker moiety is an optionally substituted C: Cyg
aliphatic group. In certain embodiments, a linker is an optionalty substituted Cy s
aliphatic group. In certain embodiments. a linker moiety is an optionally substituted Cs.
Cy aliphatic group. In certain embodiments, a linker moiety 18 an optionally substinuted
20 Cs.Cyy aliphatic group. In certain embodiments, a linker is an optionally substituted Cayy
aliphatic group. In certain embodiments, a linker is an optionally substituted Cy« aliphatic
group. In certain embodiments, a linker moiety is an optionally substituted C, C; aliphatic
group. In certain embodiments, a linker moiety is an optionally substituted Cs.Cy;
aliphatic group. In certain embodiments, a linker moiety is an optionally substituted Csg
25 abphatic group. In certain embodiments, a linker moiety is an optionally substituted C
aliphatic group. In certain embodiments, a linker moiety is an optionally substituted Cg
aliphatic group. In certain embodiments, a linker moicty is an optionally substituted Cs
aliphatic group. In certain embodiments, a linker molety is an optionally substituted Cy
aliphatic group. In certain embodiments, a linker moicty is an optionally substituted Cs
30 aliphatic group. In certain embodiments, a aliphatic group in the linker moiety is an

optionally substituted straight alkyl chain. In certain embodiments, the aliphatic group is

74



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 atom selected from the group consisting of: cobalt: chromium:
aluminum: titanium: ruthenium, and manganese. In some embodiments, M is cobalt. In some
embodimentsin some embodiments, M is aluminum. In ccbodiments, a metal complex is a zinc, cobalt
chromium, aluminum titanium, ruthenium, or manganese complex. In certain embodiments, a metal
complex is 5an aluminum complex. In some embodiments, a metal complex is a chromium complex. In
some embodiments, a metal complex is a zinc complex. In certain some embodiments, a metal
complex is a titaRtARESHPIEAldTIe s thBbEiens, [a metaredepless.a ikenimsicomplex. In

certain embogiments, aimetalaamplex is-a Manganesesamplex I cerain gmbodigignts, a metal
complex is cobalt comple In certain embodiments 10where the metal complex is a cobalt complex,

the cobalt metaFHad 4f &ld}é‘tlﬁﬁgté‘fécéf@ﬁ?’(} & Cchamby! Hesme! BABGHIHBRES Bd GoBalt metal has

an oxidation state ﬁfc&*tyl(iﬂ:zdﬁtxldgémQﬁplfhﬁ@m@uﬁm@@dlm&ﬁt% a meial semplex.&opprises a metal
atom Qoordlnate 1 gﬁ t?tra en ate Itgand and in some embodiments, the metal complex
comprlses a BRET Ktaming A ifdividual Ib-lands. In certain embodiments, a metal

complex contains two bldentate Ilpands. In some embodiments, a metal complex contains a tridentate
lipand In certain embodiments, a linker moiety includes one or more optionally

substituted cyclic elements selected from the group consisting of saturated or partially

unsaturated carbocvelic, aryl, heterocvelic, or heteroaryl. In certain embodiments, a

linker moiety conststs of the substituted cyelic clement, in some embodiments the cyclic
iy clement is part of a linker with one or more non-ring heteroatoms or optionally

substituted aliphatic groups comprising other parts of the linker moiety.

in some embodiments, & linker moiety 18 of sufficient length to allow one or more
activating functional groups to be positioned near a metal atom of a2 metal complex. In

certain embodiments, structural constraints are built into a linker moiety to control the

-.._‘
Lh

disposition and oriertation of one or more activating functional groups near a metal
center of a metal complex. In certain embodiments such structural constraints are
selected from the group consisting of cvclic moieties, bicyclic moieties, bridged cyclic
moigties and tricyelic moieties. In some embodiments, such structural constraints are the
result of acyclic steric interactions. In certain embodiments such structural constraints
20 are selected from the group consisting of ¢is double bonds, rrans double bonds, cis
allenes, wans allenes, and triple bonds. In some embodiments, such structural constraints
are sclected from the group consisting of substituted carbons including geminally
disubstituted groups such as sprirocyclic rings, gem dimethyl groups, gem dicthyl groups
and gem diphenyl groups. In certain embodiments such structural constraints are selected
25 from the group consisting of heteratom-containing functional groups such as sulfoxides,

amides, and oximes.

In certain embodiments, hinker moieties are selected from the group consisting of:
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In various embodiments, tetradentate ligands suitable for metal complexes of the present invention
may include, but are not limited to: salen derivatives |. derivatives of 20salan lipands 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 8, and dibenzotetr ethyltetraaza[14]annulcne (tmta derivatives 9 or 9'. In some
embodiments_ a metal multidentate liciand coordinated with a metal complex may comprise a plurality
of discrete ligands. In some embodiments_ metal complexes include two hiclentate ligands. In certain

embodiments, such bidentate ljvands may the structer® ON- where Rd and Ridre as defined
above. Metal comptexes havi suchl may adapt ope of several.geo iés, and the
present disclosure encompasses stich variations: In cerfain emBodiifients, métal'tomplexes

including two hidcntatc ligands may have structures selected, from the group consifsting of: In
certain embodiments, a tetradentate ligand ié\pﬁ/s\a:ten liganafin certain gmbodiments, a metal complex

isamctallosalenate?ﬂ(nfééﬁ;ain*qqrﬁ ' en;s,S; J \H'S‘lxﬁ/\ﬁ ’{‘{_}
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where * represents the site of attachment to a ligand, and each # represents a site

of attachment of an activating functional group,
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complex is a cobalt salcn complex. In certain embodiments, a metal complex is a 10chromium salon
complex. In some embodiments, a metal complex is an aluminum salon complex. In certain
embodiments, at least one activating moiety is tethered to a carbon atorr of a phenyl ring of the
salicylaldchyde-derived portions of a salen ligand, In certain embodiments, at least one activating
moiety is tethered to a carbon atom of a porphyTin 15ligand. In certain embodiments, at least one
activating moiety is tethered to a pyrrole- carbon atom of a porphyrin ligand. In certain embodiments,
at least one activating moiety is tethered to a carbon atom forming the bridge between the pyrrole
rings of a porphyriniligand.cibediraribodintents sapfeastotiaattivating oietyds tethered to one or
more carbonaloms-Qf.nly;one m%% rng.fthesahcylaldehyde darived pertions;ofig salen ligand.

as shown in formula I: (4" "7,/N N
some embodiments, § 18 5. En some embodiments, §18 6.

In some embodiments, tis 1. In some embodiments, tis 2. In some

5 embodimenis, tis 3. In some embodiments, t s 4,
HI. Metal Complexes

As noted above, the present invention encompasses metal complexes that include
a metal atom coordinated to a multidentate ligand and at least one activating moicty
tethered to & multidentate ligand. In certain embodiments, provided metal complexes

10 have the structure;

(L)

where represents a metal atom coordinated to a multidentate ligand.
Il.a. Metal Atoms

15 In certain embodiments, M 18 a metal atom selected from periodic table groups 3-
I3, inclusive. In certain embodiments, M is a transition metal selected from periodic
table groups 3-12., inclusive. In certain embodiments, M is a transition metal selected
from perniodic table groups 4-11, inclusive. In certain embodiments. M 1s a transition
metal selected from periodic table groups 5-10, inclusive. In certain embodiments, M is a

20 transition metal selected from periodic table groups 7-9, inclusive. In some

embodiments. M 1s selected from the group consisting of Cr, Mn, V|, Fe, Co, Mo, W, Ru,

Al and Ni. In some embodiments, M 1s a metal atom selected from the group consisting

of: cobalt; chromium; aluminum: fitanium: ruthenium, and manganese. In some



wherein: M is a metal atom; X is a nue,eophile capableg opening an epoxide; k is an integer from 0-2
inclusive; RI represents one or more substituents optionally present on the phenyl rings and
10each 121 is independently selected from the group consisting of halogen, -NO2, -CN, -S(0)2R-Y.
-NRYC(0)1L', -OG(0)12', -CIO2RY. -NCO. -Nt, -0R7, -0C,(0)N(W)2,-N(RY)2, -NPiC(0)12.Y.
-NRYC(0)ORY; or an optionally substituted radical selected from the group consisting of C, -20
aliphatic; C1-20 heteroaliphatic; phenyl; a 3- to 8-membered saturated or partially unsaturated
15monocyclic carbocycle. a 7-14 carbon saturated, partially unsaturated or aromatic polycyclic
earboeyele: anshadeemembered orocyotiechetetvarylsind habmy . histeroatoms independently
selected frorgrm{gggﬁrﬁtsgwgggmgﬁ%@r: a 3- to 8-membered saturated or partially unsaturated
heterocyclic ring having 1-3 heteroatoms independently selected from nitrogen, oxygen. or 20sulfur; a
6- to 12-membered polyeyelie sz&urqted or partially unsaturated heterocycle having 1-5 heteroatorns
independently seleCted T Hith é’é"’hr,“éxflé‘g"hf‘léf’ g@ﬁ%‘b? ARB- S 10-HieHibEred BiePdEheteroaryl
ring having l:6uheteroatenisnndependently seledted frorarniticgendoxygrn: orsulfumpibete two or
more adjacent 12 groups can,be taken together to forrn an optionally. substituted saturated, partially
st fated, B B i SO ar S S MR St a e, KV S 5 an optionally
substituted rénlicatseidetédfrom thectrouppbnsistingof Gpé: aliphatit: 8-storz-rmémberad heterocyclic,

phenyl, and §+fo 10- mambered. a1 LLERIeSeNtS iz.an,aptonally sybstiiwtgdmeigty linking the two
nitrogen atoms of the diamine portion of the salon ligand, whereis selected
ruthenium complex. In certain embodiments, 2 metal complex is a manganese complex.

In certain embodiments, a metal complex 1s cobalt complex. In certain cmbodiments
10 where the metal complex is a cobalt complex, the cobalt metal has an oxidation state of

3+ {i.e., Co(lll}). In some embodiments, the cobalt metal has an oxidation state of 2+

fiLb. Ligands

In some embodiments, a metal complex .ﬂ comprises a metal atom

coordinated to a single wiradentate hgand and in some embodiments, the metal complex
15 comprises a chelate containing a plurality of individual lgands. In certain embodiments,
a metal complex contains two bidentate ligands. In some embodiments, a metal complex

contains a tridentate hgand.

In various embodiments, tetradentate ligands suitable for metal complexes of the
present mvention may include, but are not imited to: salen dertvatives 1, derivatives of
20 salan ligands 2, bis-2-hydroxybenzamido derivatives 3, derivatives of the Trost ligand 4.
porphyrin derivatives 8, derivatives of tetrabenzoporphyrin ligands 6, dervatives of

corrole ligands 7, phthalocyvaninate derivatives 8, and
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from the group consisting of phenyl; a 3- to 8-membered saturated or partially unsaturated monocyclic
carbocycle, a 7-14 carbon saturated, partially unsaturated or aromatic polycyclic carbocycle; a 5- to
6-membered monocyclic heteroaryl ring having 1-4 heteroatoms independently selected from nitrogen,
oxygen, or sulfur; a 3- to 8-membered saturated or partially unsaturated heterocyclic ring having 1-3
heteroatoms independently selected from nitrogen. oxygen, or sulfur: a 6- to 12-membered polycyclic
saturated or partially unsaturated heterocycle having | -5 heteroatorns independently selected from
nitrogen, oxygen, or sulfur: or an 8- to 10-membered bicyclic heteroaég/l ring having 1-5 heteroatoms

independent DSBRLEBATORY itrerian, ORI BN SIvaR6padhadly substituted C2_20 aliphatic

group, wherein one or ore methylene units are ggtionally and independen

yur?placed by

‘N(R)C-, -C(O)NER{1-. ‘Q(O) (RO-, -N(R)E( o( o\mfo 2-.-C(=NRO-,
-C(---NOR)-or - N T‘(Z)"\ resents one.oy mor%iactl ' ieties; her‘gﬂ(fova tlinker
containing one"or T};ngreét. s&lected from . isti 'S Si; Z is a activating
functional group@ ini pteger from [t6’4 indfratingzthe number of |nd|V|gJaI aétivating functional
groups present in each activating moiety. In certain embodiments, both salicylaldehyde-derived
portions of a salen ligand bear one or more actlvatlng moieties: gyhereln M, X, k, Rgand - (Z)", are as
defined above. g:embodiments, prowd d metq.l compleg Xesco that hgs the structure: 5
wherein: 3

In some embodiments, a metal multidentate ligand coordinated with & metal

complex may comprise a plurality of discrete ligands, In some embodiments, metal

A

complexes include two bidentate ligands. In certain embodiments, such bidentate ligands

may have the structure
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eta! atom. R', R™, R2a, W4, R3a, and R3a. are independently a(Z1rn group, hydrogen, halogen, -OR,
-NR2,-CN, -NO2, -SO2R, -SOR, -SO2NR2; -CNO, -NRSO2R, 10-NCO, -N3, -Si123; or an optionally
substituted radical selected from the group consisting of C1,70 aliphatic; Ci,20 heteroaliphatic; phenyl;
a 3- to 8-membered saturated or partially unsaturated monocyclic carbocycle, a 7-14 carbon saturated,
partially unsaturated or aromatic polycyclic earbocycic; a 5- to 6-membered monocyclic heteroaryl ring
having 1-4 heteroatoms independently selected from nitrogen, oxygen, or sulfur; a 3- to 8-membered
saturated or partially unsaturated heterocyclic ring having 1-3 hcteroatoms independently selected
from nitrogen, oxygen, or sulfur; a 6- to | 2- memberg&ﬂp,gt?&ycllc saturated or partially unsaturated
heterocycle having 1-5 heteroatoms independently sele¢ted from nitrogen, oxygen, or sulfur; or an 8-
to 10-membered bicyclic hcteroaryl ring 20havin@ﬁ@tcroatoms independently selected from
nitrogen, oxygen, or sulfur; each R is independe drogen, an optionally substituted radical
selected the group consisting of acyl; earbarnoyl; aryfalkyl; phenyl., 8- to 10-membered aryl; (7],]2
aliphatic; CI-12 heleroaliphatic, 5- to 10-membered heteroaryl; 4- to 7- memberedheterocyclyli an
oxygen protegiing gt@utvzzatra&amtr@@mpmte@mgl@mw;%; M@tr&qwthe@ameﬂtﬁr@gen atom are
taken with the nltro en. to form a 3- ....to 7- mbered te oc clic ring; wherei of [R2a], [R2a
and R, [Rth 518’ |-‘i LRI IR T"%}ﬁ%‘ﬁ% an 86u%ﬁéﬁ B%‘t%t e tog e ity h‘e‘i 1395 atoms to
which they are attached 10to form one or more rings which may in turn be substituted with one or
more R20" groups; Brid"R7B8S Xsjeetats fretidtherepisvipsconlsidnagrof iRlsRage digands may

5 have structures selected from the group consisting of:

(\O K (\o ] I? ‘O")
,c Z o A O~r =N
oL [;—C!D C({%»Clom(rBED CN’CEO‘OD N Co
L L

O N

(o X X

N~ _N Nt,} 3 N N O~r N
¥ = iomL e ‘O;E)) CO’CEO"OD and CN—CiO—OD
O N L M K L
/%y R
o
where each N OO represents a ligand: l\
’\,
R

In certain embodiments, a tetradentate ligand 1s a salen higand. In certain
embodiments, a metal complex is a metallosalenate. In certain embodiments, a metal
complex is a cobalt salen complex. In certain embodiments, a metal complex is a

HE chromium salen complex. In some embodiments, a metal compiex 18 an aluminum salen

complex

In certain embodiments, at least one activating moiety 1s tethered to a carbon atom
of a phenyl ring of the salicylaldehvde-derived portions of a salen ligand. In certain

embodiments, at least one activating moiety 1s tethered to a carbon atom of a porphyrin

.__
eh

ligand. In certain embodiments, at least one activating moiety 1s tethered to a pyrrole-
carbon atom of a porphyrin ligand. In certam embodiments, at least one activating moisty
1§ tethered to a carbon atom forming the bridge between the pyrrole rings of a porphvrin

ligand.



RRe R'ateach occurrence is independently a -Z group, hydrogen, halogen, -OR, -NR,. -SR, -CN,
-NO2, -SO2R, -SOR, -S0-2NR2, -CNO, -NRSO,R, -NCO, -N3, -SiR-:; or an optionally substituted
radical selected from the 20group consisting of C1_29 aliphatic; C;_70 heteroaliphatic; phenyl; a 3- to
8-membered saturated or partially unsaturated monocyclie carbocycle, a 7-14 carbon saturated,
partially unsaturated or aromatic polycyclic carbocycle; a 5- to 6-membered monocyclic heteroaryl ring
having 1-4 heteroatoms independently selected from roaen, oxygen, or sulfur: a 3- to 8-membered
saturated or partially unsaturated heterocyclic ring having 1-3 heteroatoms independently selected
from nitrogen, oxygéh?%@%lﬁfﬁ??éﬁﬁmfési%iﬁ@ﬁfﬁ@r%‘ﬁWéyéﬁt@%tﬁu@i@deér%aWﬂTm%turated
heterocycle haming dombeteseaions independently. selected from nitragen. eaygesk L skilfur: or an 8-
to 10-membered bicyclic heteroaryl ring having 1-5 heteroatoms independently selected from nitrogen,
oxygen, or sulfdPwhers: '&f'Hiore Rc groups may be taken together with the carbon atoms to
which they are attached and any intervening atoms to form one or more rings; when two it.” groups are
attached to the same carbon atom, they may be4a together @leng with the carbon atom to which
they are 15attached to form a moiety selected fme nsisting of: a 3- to
8-memberedspiroeyelie ring, a carborp# awoxime, & hyt e, an imine;

3 wherein:
M is a metal atom;
X 15 a nucleophile capable of ring opening an cpoxide;
k 15 an integer from (-2 mclusive;

R' represents one or more substituents optionally present on the pheny! rings and
10 each R'is independently selected from the group consisting of: halogen, -NO,,
-CN, -SR”, -S(O)R, -S{O)RR", -NR'C(OR”, -OC(O)R’, -CO.RY, NCO, -N;,
-OR’, -OC(OWN(RY ) -N(RY), -NRYC(O)R?, -NRYC(O)ORY,; or an optionally
substituted radical selected from the group consisting of C)_y4 aliphatic: Cy.o

heteroaliphatic: phenyl a 3- to 8-membered saturated or partially unsaturated

;._.
th

monocyclic carbocycle, a 7-14 carbon saturated, partially unsaturated or
aromatic polveyelic carbocycie: a 5- to §-membered monocyclic heteroaryl
ring having 1-4 heferoatoms independently sclected from nitrogen, oxygen, or
sutfur. a 3- to 8-membered saturated or partially unsaturated heterocyclic ring
having 1-3 heteroatoms independently selected from nitrogen, oxygen. or

20 sutfur; 2 6- to 12-membered polycyclic saturated or partially unsaturated
heterocyele having 1-5 heteroatorns independently selected from nitrogen,
oxygen, or sulfurl or an 8- to 10-membered bicyclic heteroaryl ring having 1-5
hetercatoms independently sclected from nitrogen, oxygen, or sulfur, where

P

two or more adjacent R' groups can be taken together to form an optionally
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X is a nucleophile capable of ring opening an epoxide; Y is a divalent linker selected from the group
consisting of: -NR-. -N(R)C(0)-, 20-C(0)NR-, -0-. -C(0)-, -0C(0)-. -C(0)0-, -S-, -SO-, -S02-, -C(=S)-,
-C(=NR)-, or -N-N-, a polyether; a C to CF, substituted or unsubstituted carbocycle, and a C] to Cp
substituted or unsubstituted heterocycle; In " is 0 or an integer from 1 to 4, inclusive: q is 0 or an
integer from 1 to 4, inclusive; and x is 0. 1, or 2. In some embodiments, at least one of [R28 and
R31 and [R2a and RJ are taken together to form a ring. In some embodiments. both [R2a and R3al
and [Rw and R3a] are taken together to form rings. In some embodiments, the rings formed by [R2a
and R3a] and [R- and WRjtareesubstititedpphivilyl rmgsiralndcertainreanbodiméntseuered more of Ria,

Ra,R2a, R2a,and R ar%gc@gg&gﬁgp%@ 14 droup, .. In certain embodiments of provided metal
complexes, a structure sé€lected from the group consisting of: moiety has a

RY 15 -H, or an optionally substituted radical selected from the group consisting of

;g abiphatic, 3- to 7-membered heterocyclic, phenyl, and 8- 1o 10- membered

h

aryl;

m represents is an optionally substituted moiety linking the two nitrogen

atoms of the diaming portion of the salen higand, where m 18 sclected
from the group consisting of phenyl; a 3- to 8-membered saturated or partially
unsaturated monocyclic carboceyele, a 7-14 carbon saturated, partially

10 unsaturated or aromatic polycvclic carbocevele; a 5- to 6-membered
menocyclic heteroaryl ring having 1-4 heteroatoms independently selected
from nitrogen, oxygen, or sulfur; a 3- to 8-membered saturated or partially
unsaturated hetcroeyelic ring having 1-3 heteroatoms independently selected
from nitrogen, oxygen, or sulfur; & 6 to 12-membered polycvehic saturated or

15 partially unsaturated heterocycle having 1-3 heteroatoms independently
seiected from nitrogen, oxygen. or sulfur: or an ¥- to 10-membered bicychic
heteroary! ring having 1-5 heteroatoms independently selected from nitrogen,
oxygen, or sutfur; or an optionally substituted C,. aliphatic group, wherein
one or more methylene units are oplionally and independently replaced by

20 NRY-, -N(RMC(O)-, -CIOMN(RY)-, “OC(OIN(RY}-, -N(R")C(D)O-, -0C(O)O-,

-C{=N OR)-or -N=N-;

—rens { 7.}, TCPTESETES OTIE OF THOTE 4Ctivating moteties, where e 7 ig 2
covalent linker conptaming one or more atoms selected from the group
23 consisting of C, O, N, S, and St; 7 1s a2 activating functional group and m is an
integer from | to 4 mdicating the number of individual activating functional

groups present in gach activating moiety,

In certain embodiments, both salicylaldehvde-derived portions of a salen heand

bear one or more activating moieties:
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wherein: M is a metal ato R4a, Reth Rsa, R5, R6a, R6e, R78, and 12.7.4" are each independently aZ
group, 10 hydrogen, halogen, -OR, -NR2, -SR, -CN, -NO2, -SO2R, -SOR, -SO2NR2; -CNO,
-NRSOZ2R., -NCO, -N3, -SiR3; or an optionally substituted radical selected from the group consisting of
C1_20 aliphatic; CI.r20 heteroaliphatic; phenyl; a 3- to 8-membered saturated or partially unsaturated
monocyclic carbocycle, a 7-14 carbon saturated, partially unsaturated or aromatic 15 polycyclic
carbocycle; a 5- to 6-membered monocyclic heteroaryl ring having 1-4 heteroatoms independently
selected from nitrogen, oxygen, or sulfur; a 3- to 8-membered saturated or partially unsaturated

heterocyclic ring having 1-3 heteroatofﬁ%sgptpendeﬂected froff-hitrogen, oxygen, or sulfur; a 6-
[ turat;

to 12-membered polycyclic saturated or pakially uns ycle havina. 1-5 heteroatoms
independently selected from nitrogen, oxygefi, of sulfix; @ an .10-membered bicyclic heteroaryl
ring having 1-5 heteroatoms independentl?@gl te\(ymﬁj\{it{ro en, oxygen, or sulfur, wherein [RI" and
Wa).. {R'a and 1-ec] and any two adjacent}R4", le R5",{R:R%, , R6a:., RTh, and RTh' groups can be
taken together with intervening atoms to form one or madke optionally substituted rings; n is 0 or an
integer from | to 8, elusive; and p is 0 or an integer from 1 to 4, inclusive. In some embodiments, M is
Co 10In some embodiments, Ria, Ria', R4a, R.and R6a. are each -H. In some embodiments, R5a,

R5™, R7" and R7c gre.each0ptignally/substityted CI-g/@z%lfiangcdgﬁn%%rpgog@bodiments, R4", R4a.',

Rs% R5.Roa4, FRTh" are each independently

In some embodiments, provided metal complexes comprise a moiety

that has the structure:

wherein;
M is a metal atom,

R R, R™ R™ R™ and R™ are independently &~ {Jm group, hydrogen.
halogen, -OR, -NRy, -SR, -CN, -NO,, -SO;R, -SOR, -SO-NR,; -CNOQ, -NRSO4R,
10 -NCO, -Ns, -S1R;; or an opuonally substituted radical selected from the group
consisting of €1y aliphatic; €.z heteroaliphatic; phenyl: a 3- to &-membered
saturated or partially unsaturated monocyctic carbocyele, a 7-14 carbon saturated,
partially unsaturated or aromatic polveyciic carbocycele; a 3- to 6-membered
monocychic heteroaryl ning having 1-4 heteroatoms independently selected from
15 nitrogen. oxyvgen, or sulfur; a 3- to 8-membered saturated or partially unsaturated
heterocyclic nng having 1-3 heteroatoms independently selected from nifrogen,
oxygen, or sulfur: a 6- to I2-membered polycyclic saturated or partially
unsaturated heterocycle having 1-5 heteroatoms independently selected from
nitrogen, oxygen, or sulfur; or an & to 10-membered bicyclic heteroaryl ring

20 having 1-3 heteroatoms independently selected from nitrogen, oxygen. or sulfur;
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selected from the group consisting of: -H, -Si123; methyl, ethyl., n-propyl, i-propyl, n-butyl, sec-butyl,
t-butyl, isoamyl, t-amyl, thcxyl, and trityl. In some embodiments, RI', 15Ria3 Rsa, R4a. Roa, group
consisting of-H; methyl: ethyl; n-propyl; i-propyl; n-butyl; sec-butyl; s-butyl; isoamyk t-amyl: thexyl; and
trityl. In some embodiments, R5a and R'a are independently selected from the group consisting of -H;
methyl: ethyl; n-propyl: i-propyl; n-butyl: sec.-butyl: r-butyl; isoamyl;thexyl: and trityl. In certain
embodiments, one or 20more of Rsa. R5, R7a and R7a’ is aZ group. In some embodiments, 125a and
RS". are aZ group. In certain embodiments of provided metal complexes, a structure selected from
the group consistiflybfs frdseendentiinhsdrtaienemisodipnelvss o corisl esdsahatitrierblit Werlescribed

above, at least one gf,the phenylyingscamprising e salisylaldebydedarived-portionof 3 catalyst is
5independently selected from the grouF consisting of: (Z)," represents one or more

independently-defiféd s&tivating Moetisd wWhich H%d;‘/’ﬁé‘:ﬁ@ﬁ SR brie B hore unsubstituted
positions of a salicylaidebyde-desivedphanylying protcdiheertain, embogimentsytheredg an activating
moiety tethered to the position ortho to a metal-bound oxygen substituent of one or both of
thealdehyde-derivet ! P> ©"

two R on the same nitrogen atom are taken with the nitrogen to form a 3-

to 7-membered heterocyclic ring;

wherein any of [R*™ and R™, [R™ and R™], [R'* and R™), and [R'* and R™ ] may
optionally be taken together with the carbon atoms fo which they are attached
10 to form one or more rings which may in turn be substituted with one or more
R™™ groups; and
R* is sclected from the group consisting of:
pe RS Rfpe
Ny

3) % -‘J\J

By v nns .

qpdy
Qp‘ Jo

I5 ¢} Ay ; and

(R,

d) E , where

R® at each occurrence is independently g ~—~ Z group, hydrogen, halogen,
-OR, -NR4, -8R, -CN, -NQO,, ~-SO,R, -SOR, -SO,NR;; -ONQO, -NRSO;R,
-NCO, -Ns, -SiRy; or an optionally substituted radical selected from the
20 group consisting of Cy.y aliphatic: Cyo heteroaliphatic; phenyl; a 3- to
8-membered saturated or partially unsaturated monocyclic carbocycle, a
7-14 carbon saturated, partially unsaturated or aromatic polveyclic

carbocycle; a 5- to 6-membered monocyclic heteroaryl ring having 1-4
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phenyl rings of a salen ligand as in formulae lila and Hlb: 10 wherein: M, X. k. R’,, and(Z)m are as
defined above. and R "™ Tea, R5e, R. and R6a are each independently aZ group, hydrogen, halogen,
-OR, -NR2, -SR, -CN, -NO2, -SO2R, -SOR, -SO2NR2; -CNO, -NRSO2R, -NCO, -N3, -SiR3; or an
optionally substituted radical selected from the group consisting of C;_20 aliphatic; C1_20
heteroaliphatic; phenyl; a 3- to 8-membered saturated or partially unsaturated monocyclic carbocycle,
a 7-14 carbon saturated, partially unsaturated or aromatic polycyclic carbocycle; a 5- to 6-membered
monocyclic heteroaryl ring having 1-4 heteroatoms independently selected from nitrogen, oxygen, or
sulfur; a 3- to 8-memberedisatraitee: orgsarialyinsatoict e hateroesylicsay havingir:3

10heteroatoms independently selected fram Mitiagen, oxyaeny QhsHifut. 2010 J2-membered
polycyclic saturated or partially unsaturated heterocycle having 1-5 heteroatoms’independently

selected from nitrogen, oxyG&H ot SulfifF 3t Ao AR HBEr st B dTe R SIsrsER/ Tiig HWaying 1-5
heteroatoms independently;gelected fom nitreger: axyaeR; Ofsufus wheneinany. dweradiacent R4a,
R4a' R5", Rsa’, R6a, and %a_. grqlip?l‘can be taken together with interygning gtpms to form one or
more Optionally substitutedFGRYC'® PaViR% s S IT RIS BESBR STGHAE Kaling formulae Hia or
Mb, R4a, Rt, R6a, and R62iiateeachhydrogeniand-RbH2- R5a-arenbacdepandenthsopthenally

substituted 20C1-C20 aliphatic In certain embodiments of comple ef? Ma and Mb, at least one of

. - o having - CIOATOMS 1 ' 7 Seld : gen,
the phenyl rings comprlsmgj%‘“sé}ﬁén }dbe y&é?ddté}ﬁ%la Egrﬁon of aca alys e |rrlf(tjré)ﬁélﬁdently selected

from the group consisting afsygen, or sulfur,
where:

10 two or more R° groups may be taken together with the carbon atoms to
which they are attached and any mtervening atoms to form one or
more rings;

when two R® groups are attached to the same carbon atom, they may be
takeen together along with the carbon atom to which they are
15 attached to form a moiety selected from the group consisting of: a 3-
to 8-memberedspirocyclic ring, a carbonyl, an oxime, a hydrazone,
an imine;
X 15 a nucicophile capable of ring opening an epoxide;
Y 1s a divalent hinker selected from the group consisting of -NR-. -N(RYC{O}-,
20 -C{ONR-, -O-, -C(O)-, -OC(O)-, -C{D)O-, -S-, -SO-, -50,-, -C{=S}-,
~C(=NR}-, or -N=N-; & polvether; a Cs to Cs substituted or unsubstituted
carbocycle; and a Cy to Cy substituted or unsubstituted heterocvele;
m " 1s 0 or an integer from 1 to 4, inclusive;
g is 0 or an integer from 1 to 4, inclusive; and
23 x18 0,1, 0r 2.
In some embodiments, at least one of [R* and R**] and [R™ and R™ ] are taken
together to form a ring. In some embodiments, both [R* and R™] and [R™ and R* ] are
taken together to form rings. In some embodiments, the rings formed by [R™ and R

and [R* and R™ | are substituted phenvl rings.
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In certain embodiments, there is an activating moiety tethered to the position para to the phenolic
oxygen of one or both of a salicylaldehyde-derived phenyl rings of the salen ligand as in structures IVa
and IVb: orwhere M, X, k, R, R4', R4a 6, and (Z), are as defined above. In certain embodiments of
compounds having founulae IVa or IVb, R48,, R6a, 10and R6a are hydrogen, and each RR a is,
independently, optionally substituted C1-C20 aliphatic. In certain embodiments of catalysts INja
and 1N'b, at least one of the phenyl rings comprising, a salicylaldehyde-derived portion of a catalyst is
independently selected from the group consisting of: _ L i

In certain embodiments, one or more of R™, R, R™, R™ R™® and R* are

independently a ——nnv 7, group,

In certain embodiments of provided metal complexes, a moicty has a

structure selected from the group consisting oft

wheretn:
M is 4 metal atom,;
R* R™ R R™,R™ R™, R™ and R™ are cach independently a8 — Z group,
14 hydrogen, halogen, -OR, -NR;, -SR, -CN. -NQO,. -SO-R. -SOR, -S0O:NR;
-CNO, -NRSOR, -NCO, -Ns, -SiRa; or an optionally substituted radical
selected from the group consisting of C, .o aliphatic; C) s heteroaliphatic;
phenyl; a 3- to 8-membered saturated or partially unsaturated monocyclic
carbocycle, a 7-14 carbon saturated, partially unsaturated or aromatic
i5 polycychic carbocycle; a 5- to 6-membered monocyclic heteroaryl ring having
}-4 heteroatoms mdependently selected from nitrogen, oxygen, or sulfur; a 3-
to 8-membered saturated or partially unsaturated heterocyclic ring having 1-3
heteroatoms independently selected from nitrogen, oxygen, or sulfur; a 6- to

12-membered polycyclic saturated or partially unsaturated heterocyele having
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In some embodiments, there is an activadng moiety tethered to the position para to the imine
substituent of one or both of the salicylaidehyde-derived phenyl rings of a salon ligand as in formulae
Va or Vb: where M, X, k. R"4R a 43', above. 5a'a, R . R'a. . and are as defined In certain
embodiments of compounds having formulae Va or Vb, each R4 and . 10R4a is hydrogen, and each
R52, R5a’, Rm. R7a is. independently, hydrogen or optionally substituted CI-C20 aliphatic. In
certain embodiments of catalysts Va and VDb, at least one of the phenyl rings comprising a
salicylaldehyde-derived portion of a catalyst is independently selected from the group consisting of:
In some embodiments!-the¢@igaamractideting amidict] cethehod to thepositimortheulduoeimine
sgbstlment of one or b&t@w%tm&@#&@@@@&@&%@%@%%@%£U?9s.§ P%%é@JrSng&@nd as in formulae
Via and VII): M, R', R5a, R5and - (2)", are as defined above. In certain embodiments of compounds
having formulae Via oFNIF e hi RBALERd from nitrogen, oxygen, or sulfur;

wherein [R™ and R*], [R™ and R™] 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:
n 18 § or an integer from | to &, inclusive; and
pis O or an integer from 1 to 4, inclusive.
In some embodiments, M is Co.

10 In some embodiments, R*®, R, R* R™ R* and R® are cach -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 cach independently
selected from the group consisting oft -H, -SiRs; methyl, ethyl, n-propyl, i-propyl,
n-butyl, sec-butyl, r-butyl, isoamy!, r-amyi, thexyl, and trityl. In some embodiments, R',

15 R R™ R*™ . R™ and R*™ arc cach -H. In some embodiments, R™ is selected from the
group consisting of -H: methyl; ethyl, n-propyls i-propyl; s-butyl; sec-butyl; r-butyl;
isoamyt; r-amyl; thexyl; and tityl, In some embodiments, R™ and R arc independently
selected from the group consisting of -H; methyl; ethyl; n-propvl; i-propyl r-butyl;
sec-butyl; r-butyl; isocamyl; r-amyl; thexyl: and trityl. In certain embodiments, one or

20 more of R R™, R™ and R™ is a —ww Z group. In some embodiments, R°® and R™

are g ——ee 7 prouy.

In certain embodiments of provided metal complexes, a moiety has a

structure selected from the group consisting of’
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6 -a' K is hydrogen, and each R, R5, R. and Rm'is, independently, hydrogen or optionally substituted
CI-C20 aliphatic In certain embodiments of catalysts Via and Vib, at least one of the phenyl rings
comprising a salicylaldehyde-derived portion of a catalyst is independently selected from the group
consisting of: In some embodiments, there are activating moieties tethered to the positions ortho
and para to the phenolic oxygen of one or both of the salieylaldehyde-derived phenyl 5rings of a salon
ligand as in formulae Vila and \lib: where M. X k, R. R4a. R4a’, R. R6a, and - (2)", are as defined
above. In certain embodiments of compounds having formulae Via or VIb, each R6a, R6a., R4a,

s and

In certain embodiments of complexes having formudac deseribed above, at least
one of the phenyl rings comprising a salicylaldehyde-derived portion of a catalyst is

3 independently selected from the group consisting of:
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In certain embodiments of compounds having formulae Villa or VH1b, each R52, and R7a. is,
independently, optionally, hydrogen or substituted CI-C20 aliphatic In certain embodiments of the
present invention, catalysts of structures Villa or Viilb above, at least one of the phenyl rings
comprising the salicylaldehyde-derived portion of a catalyst is independently selected from the group
consisting of: (7),r 10 In some embodiments, there an activating moiety tethered to the imine
earb of a salon linand as in foimulac 1Xa and IXb. M. X. k, fea, R4a’', R5a, R5a, R6a, Roa, Rm. R&,,
and(4,7 are as defined

where ———wen {7}, represents one or more independentiy-defined activating

A

moieties which may be bonded to any one or mere unsubstituted positions of »

salicylaldehyde-derived pheny! ring.

In certain embodiments, there 1s an activating moiety tethered to the position
ortho to a metal-bound oxygen substituent of one or both of the sahicvialdehyde-derived

phenyt rings of a salen ligand as m formuiae [Ha and Hib:

10

whereln:

M, X,k R, /\ , and

{1 are as defined above, and
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above with the proviso that the atom of the activating moiety attached to the salon | iaand is a carbon
atom. In certain embodiments of compounds having, formulae 1Xa or IXb, each R4a, R4a., R6a, and
R6a' is hydrogen, and each R5a, R5a, R7a, and R7a' is, independently, hydrogen or optionally
substituted C)-C20 aliphatic. In certain embodiments of the present invention, metal complexes of
structures 1Xa or IXb above, at least one of the phenyl rings comprising a salicylaldehyde-derived

As shown above, the two phenyl rings derived from salicylaidehyde in the core salen structures need
not be the same Though not explicitly shown in formulae la through IXb above, it is to he understood
that a catalyst mayRhawe ‘aR3civatiRg rmoidty attached tdgiffekentypositieng. emeach of the two rings,
and such compounds @&é&%iﬂi‘ﬁ%ﬂ&%@mﬂ%%ﬂi@ﬁ theyscepe f_%;grg%i&ﬁr}vention.
Furthermore, 10activating moieties can be present on multiple parts of the ligand, for instance activatii
moieties can be preseftt'da- the diantinebiitigd anti’on @ne oPbothl phiehylirifgsrikigié same catalyst.
In certain embodimentg;dhesalen fggggfggpc&{@,%%gq;@a%sah%g&%qh_;)j(ll;bg.p@d\g%%g@elected from

the group shown below wherein any available position may be independently substituted with one or
more R-groups or oneP8Fibre adtivating PRoe e AS 85 BABBY bk d APIc 4l as defined
above. In some emboglimbe0ne: activaiingmeiahids, iethened testhe 10 dednagpertion of the salen
ligand, as shown in formula X: . . : :
polycyclic carbocycle; a 5- to 6-membered monocyclic heteroary! ring having
1-4 heteroatoms independently selected from nitrogen, oxygen, or sulfur; a 3-
to 8-membered saturated or partially unsaturated heterocyclic ring having 1-3
10 heteroatoms independently selected from nitrogen, oxygen, or sulfur; a 6- to
12-membered polycyclic saturated or partially unsaturated heterocycle having
1-5 heteroatoms mndependently selected from nitrogen, oxygen, or sulfur; or
an 8- to 10-membered bicyclic heteroaryl ring having 1-3 heteroatoms
independently selected from nitrogen, oxygen, or sulfur;
15 wherein any two adjacent R* R™ R™ R* R®, and R*™ groups can be taken
together with intervening atoms to form one or more optionally substituted
rings.
In certain embodiments of compounds having formulac Ha or Ilb, R RY
R™ and R™ are each hydrogen, and R™, R™ are, independently, optionally substituted

20 (1-Cy aliphatic.

In certain embodiments of complexes Hla and b, at least one of the phenyt
rings comprising a salicylaldehyde-derived portion of a catalyst is independently selected

from the group consisting of:
:gw ;g__ :3_— :é"‘“ :g_.
o o S0 o &0



x defined above. where M. X. k, R', nd(2)", are as In certain embodiments, salen ligands of
formula X are selected from an optionally substituted moiety consisting of: .where M. X. k, R.". and -
(2)", are as defined above. In certain embodiments, the diamine bridge of catalysts of formula Xa
an optionally substituted moiety selected from the (soup consisting of: above. In certain
embodiments, metallosalenate complexes of the present invention include, but are not limited to those
in Table 1 below:

In certain embodiments, there is an activating moiety tethered to the position para

to the phenolic oxygen of one or both of a salicylaldehyde-derived phenyl! rings of the

5 salen ligand as in structures IVa and TVh:
(Z)
Z "
C ]
Ny
R'/
iVa Rz
or

where M, X, k, R, R¥, R*® R™ R™ R R™, 7 , and

mnnes (L} are as defined above,

In certain embodiments of compounds having formulae I'Va or IVb, R, R* R™,

10 and R™ are hydrogen, and each R™, R™ is. independently, optionally substituted C;-Cay
aliphatic.

In cerrain embodiments of catalysts I'Va and IVh, at least one of the phenyl rings
comprising a salicylaldehvde-derived portion of a catalyst is independently selected from
the group consisting of:

,,
5 o
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109 110 111 z/z

- and

in some embodiments, there s an activating moiety tethered to the position para
to the 1mine substituent of one or both of the salicylaldehyde-derived phenyl rings of a

5 salen ligand as in formulae Va or Vb:

ATV
or 5

where M, X, k. RLR™ R*¥, R™ R*™ R™ R®, m L and s (£}, are as defined
above,
in certain embodiments of compounds having formulac Va or Vb, each R* and
10 R™ is hydrogen, and each R™, R™ R™, R™ is, independently, hydrogen or optionally
substituted C;-Cyy aliphatic.
In certain embodiments of catalysts Va and Vb, at least one of the phenyl rings
comprising a salicylaldehyde-derived portion of a catalyst is independently selected from

the group consisting of:

(L3,

,._.,
Lh
-
-
"
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(L)

(£}

dpr v

In some embodiments, there i$ an activaiing moiety tethered fo the position ortho
to the imine substituent of one or both of the salicylaldehvde-derived phenyl rings of a

salen ligand as in formulae Via and VIb:

9%
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® R™  where X, k,

M, R, R™ R™ R™ R™ R™ R™, m , and —ww (7)), are as defined above.

In certain embodiments of compounds having formulae Via or VIb, each R* and

R is hydrogen, and each R™ R™, R™ and R’ is, independently, hydrogen or

3 optienaily substituted C-Cyy aliphatic.

In certain embodiments of catalysts VIa and Vb, at least one of the phenyl rings
comprising a salicylaldehyde-denved portion of a catalyst is independently selected from
the group consisting of:

(Lhm () (L,
E Ny 23_ N :3__
- M \
N = o

{Z}m (Z},;,, (‘i}m (',Z}m

E‘SS K¢,
10

(L)

99



11(181/ 03-1)---n10 (\ - -N/\ No r,41-1 ni10 \<-..s"> Le' -N/\ + SY11,1 nti0 ----..it "410 0 () sV Id

, (L},
{r/')m

(L}

Q‘S‘O , 3‘0 , ;é‘O

. end

In some embodiments, there are activating moieties tethered to the positions ortho
and para to the phenolic oxygen of one or both of the salicylaldehyde-derived phenyvl

5 rings of a salen ligand as in formulae VIIa and VIib:

(Z’ }P?T

{2}y,

where M, X, k, B/, R%, R%Y, Réaﬂ Rf’z’: /\ , and —w (Z'),T, are as defined above.

In certain embodiments of compounds having formulae Via or VIb, each R™,

R, R*, and R™ is, independently, hydrogen or optionally substituted C,-Cay aliphatic,

10 In certain embodiments of compounds having formulae VIIa or VHb, cach R,

R, R™ and R™ is hydrogen.

In some embodiments, there are activating moieties tethered to the positions ortho
and para to the imine substituent of one or both of the salicylaldehyde-derived phenvl

rings of a salen ligand as in formulae VIHa and VIID:

T
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where X, k, M, R, R** R™ R™ R'®, m ,and

(Z},, are as defined above.

In certain embodiments of compounds having formulae VIIIa or Vb, cach R,

R, R™ and R™ is, independently, optionally, hydrogen or substituted C,-Cy aliphatic.

3 In certain embodiments of the present invention, catalysts of structures VIiia or
VIIIb above, at least one of the pheny! rings comprising the salicylaldehyde-derived
portion of a catalyst is independently selected from the group consisting of:

(/)m (Z)m (Z'}m

A
mgm mé.... :g_ :g..
?s tO O ?s‘o 5= jad
VAN AN v (73, v (73,
(L
:3_
3
SY;
(L
(Z},, @
3 ? 5 =S
. ~O és e
6] (2}, (L,
2, g
16 : ' :
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In some embodiments, there 1s an activatng moiety tethered to the imine carbon

of a salen ligand as in formulac IXa and IXb:

1z
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where

\4 X., kﬂ Réa, R%‘.’ Rﬁa.s Rﬁa" Réa, Rtia“s RFZ, R?a" /\\ i and

{Z): are as defined
above with the proviso that the atom of the activating moiety attached to the salen ligand

1$ a carbon atom.

5 In certain embodiments of compounds having formulae IXa or IXb, cach R™,
R*™ R and R™ is hydrogen, and each R™ R**, R"® and R™ is, independently, hydrogen

or optionally substituted C;-C,; aliphatic.

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

IXa or IXDb above, at lzast one of the phenyl rings comprising a salicylaldehyde-derived
il portion of a catalyst 1s independently selected from the group consisting of’

ra V. 5=
S~ o 0 O o

{2}

= 4=
o o

(LY
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Ot

As shown above, the two phenyl rings derived from salicylaldehyde in the core
salen structures need not be the same. Though not explicitly shown in formulae Ia
through IXb above, 1t is to be understood that a catalyst may have an activating moiety
aftached to different positions on each of the two rings, and such compounds are
spectficaily encompassed within the scope of the present invention. Furthermore,

10 activating moieties can be present on multiple parts of the ligand, for instance activating
moteties can be present on the diamine bridge and on one or both pheny! rings in the

same catalvst,
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in certain embodiments, the salen ligand cores of catalysts Ia through IXb above
arc selected from the group shown below wherein any available position may be
independently substituted with one or more R-groups or one or more activating moieties

as described above.

<6’ G(_N L0 ©f‘” S

g € (X} O(;gc

Ne—= =N \___
‘b b >
/ } N /(x)\ ' /(M\\

= \f R

|
N A
and

where M, X, and k., are as defined above.

In some embodiments, at icast one activating moiety is tethered to the

10 diamine-derived portion of the salen ligand, as shown in formula X
(L
R
=N N=
= | hY / | R
SN {X}\
R‘
X .where M, X, k. R, f\‘ , and (Z) are as

defined above,

In certain embodiments, salen ligands of formula X are selected from an

optionally substituted moiety consisting of:
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)9no-j ON /On8-1 N- o0 119 120 In certain cmbodiments, for complexes of Table 1, M is Co-X.
where X is as defined above. In certain embodiments, for complexes of Table 1. M is Co-OC(0)CF In
certain cmbodim.ents, for complexes of Table | , M is Co-OAc. In certain embodiments, for complexes
of Table 1, M is Co-OC(0)C6Fb5. In certain embodiments. 5 for complexes of Table 1, M is Co-N3. In
certain embodiments, for complexes of Table 1. M is Co-Cl. In certain embodiments, for complexes of
Table I. M is Co-nitrophenoxy. In certain embodiments, for complexes of Table I, M is
Co-dinitrophenoxy. In some embodiments, for complexes of Table I, M is Cr-X, where X is as
defined above. 10l gertain embodiments, aztgtradentate ligand is a porphyrin ligand. In some
embomnmnw,anuﬂdgfnmkmisacobmtpor yﬂncompbencenmJ%qmomnmnB,a
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In certain embodiments, the diamine bridge of catalysts of formula Xa an
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metal complex is a chromium porphyrin complex. In some embodiments, a metal complex is an
aluminum porphyrin complex. Examples of porphyrin containing metal complexes of he present
invention include, but are not limited to:  whereinof M. X. k,nd(7) s as defined above. In certain
embodiments, a multidentatc ligand is an optionally substituted terrabenzoporphyrin. Suitable
examples include, but are not limited to: wherein M. Ri, and - (Ti. are as previously defined. In
certain embodiments of porphyrin and phthalocyaninc-based complexes described herein. M is
aluminum. In certain embodiments of porphyrin and phthalocyaninc-based complexes described
herein, M is cobalt. In certqmmembodimenté‘,,oﬁﬁerphyrin and phthalocyanine-based complexes

described her,e_‘in, is mafiganese. In certain embodiments, porphyrin complexes of the present
invention incltde; ar limited to thoseyin Table 2 below:
3 S ; and % = . where M and ——anw (7)), 15 as defined

above,

In certain embodiments, metallosalenate complexes of the present invention

mclude, but are not limited to those in Table 1 below:

LA
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In certain embodiments, for complexes of Table 2, NI is .0-X. where X is as defined above. In certain
embodiments, for complexes of Table 2, M is Co-OCItheFt In certain embodiments, for complexes
et-Table 2. NI is Co-OAc. In certain embodiments, for complexes of Table I. M is Co-OC(0)C6Fc. In
certain embodiments, 5 for complexes of Table 2, M is Co-N3. In certain embodiments, for complexes
of Table 2. M is Co-Cl. In certain embodiments, for complexes of Table 2, M is Co-nitrophenoxy. In

certain embd
embodiments
embodiment
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schemes: ¢

AL 2NV RV p

din

Table 1

"u.fl/ m

™. /N
/E\“ ~
[

nents, for comple
, for complexes of 1
, for complexés of 1
, porphyrin camplex
Y=

-3

-Bu

xes of Table 2, NI'iSTCo-dingropherioxy.
‘able 2, M_is Al-)
‘able 2, Miis Cr-)
es of the

!

A4
Pd
. N
o

{

1-Hu

t-Bu

(, where X
X. where X.4s i‘:Oas
resent invention

In certain

as defined above. In certain

defined above. In certain

re synthesized as shown in the following

By

{-Bu

t-Bu

-1

Nz
Obw
1-Fiu i,

t=Bu

t-Bu

t-Bu

- =
z }.z mE
A
.)Li‘* Yz ¥
=7 o :Z) 5
~ | %
z o &
i Sy = . N
] = 1 & =
Z o - A o) e
< ~ :d \D

By

t-Hu




-'0:: air.ci_ E NPN-0

"4 14-

), ed: 2, ra...

t-00_E:

109

gl 0

ng-uip Niog-u

H )
. o (pe1-
:zm_izgl&cz \Sml\/\? {rg1-u)
[
= s

A

mEO

1D D 10
- + . + N
BN SN SN

ngl- 13- M-l
_5-?@@/2 o ner-y : oxz SO
PARN g
N N ==\ /zl

\w O HN
1D+

a0
N




0

116

AN
Bif-1 :m_ i
SRS .
- . - N T~ f1¢]- -
:T(.A,“ YN 4 - 0, 0 & N
- W N I3
AN A AN
N N E—IN] IE==
. Nﬁ | A ”
N
Col
ety
HN
ngl-l /W“\v
N
N
gt~ 0. 0 h\

ngy-1

+
; Al
L
rd
\ e’ Ny

;;<00'3",200e4-;.;-.a;1<01I:L-c0";..- 6; O: RI




,NH + n .Zn(0A.c)2.2H20 2.H CI Mel 3 In some embodiments, the present disclosure
provides methods of polymerization comprising contacting an epoxide with carbon dioxide in the
presence of a provided metal complex to form a polyearbonate. In some embodiments, the present
invention provides a method of polymerization. the,method comprising: a) providing an epoxide of

formula:

t-Bu
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wherein: 10R2 is hydrogen or an optionally substituted radical selected from the group consisting of
C1_30 aliphatic; C1_30 heteroaliphatic; phenyl; a 3- to 8-membered saturated or partially unsaturated
monocyclic carbocycle a 7-14 carbon saturated, partially unsaturated or aromatic polycyclic
carboeyele; a 5- to 6- membered monoeyelic hetgfparyi ring having 1-4 heteroatoms independently
selected from nitrogen, oxygen, or sulfur; a 3- to 8-membered saturated or partially unsaturated

heterocyclic ring having 1-3 heteroatoms independently selected Tt
to 12-membetred poly%yelic saturated or pathiaIIy unsaturated heter
independently selectéd from nitrogen, oxyg
ring having 1-5 hcter

Rb',and Rd is/independ
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. In some embodiments, carbon dioxide s optional Re Rd' and a provided polymer has a formula:

In certain embodiments,Rh’, R". and Rd are each hydrogen. In some embodiments, W is optionally
substituted C112 aliphatic. In some embodiments. Ra is optionally substituted C1..12 hetcroaliphatic .
In some embodiments, the epoxide is 10ethylene, pxide, propylene oxide, or cyclohexene oxide. In
certain embodiments, one of Ra., Rb. R™, and leis hydrogen. In certain ijibodiments, two of R", Rb,
R's, and Rd dre hydrogen. In Certain embodiments, thre€ of R3", R W and Rd are hydrogen. In
certain embodiments, Ra'is hydrogen.in certain e diments, Rh ig hygirogen. In certain
embodiments. R" is hyd gen In certain embodin@ Rd is hydrogem?"  Inlcertain embodiments,
Ra’', Rb, W. and Rd‘:@re eé&ch independently an.opfiohally substituted Gﬁ_m, alﬂphatic group. In certain
embodiments, Ft", Rh, R',/and Rd are each independently an optionally/substituted C1_20 aliphatic
group. In certain embddiments, Ra', Rh, R ,*ﬁ'\d Rd' are each indepeg@ntly an optionally substituted
C1-12 aliphatic group. | rtain embodiments™¥a', lea’, R™',. and Wach independently an
optionally substituted € aliphatic group. In certgifrembodiment and Rd' are each
10independently an p @nally substituted C3_5 a ic group. Im’ce;taln embodiments, R", Rtf,and

Rd' arc each |nde n‘tiy an optionally substitited[C?".12 al phatié group. In certain
embodiments, Ra is an ally substit \3@’allphat|c groups tain embodiments, Rh' is an
optionally substituted C aliphatic gro czeftam embodiments, s anjoptionally substituted
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15embodiments, Rd'is an optionally substituted C1_30 aliphatic group.

In some embodiments, an

Ra and an RID attached to the same carbon are taken together to form one or more optionally
substituted 3-12-membered carbocyclic rings. In some embodiments, an Ra' and an Rh' attached to
the same carbon are taken together to four' a polygyclic carbocycle comprising two or more optionally
substituted 3-8- 20 membered carbocyclic rings. In some embodiments, an Ra and an Rb' attached to

the same car
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some embodiments, a polymer is a random copolymer. In some embodiments, a polymer is a tapered
copolymer. In some embodiments, a polymer contains a metal complex as described herein. In
some embodiments, a polymer comprises residue of a metal complex as described herein. In some
embodiments, a polymer comprises a salt of an grganic cation and X, wherein X is a nucleophile or
counterion. In some embodiments, X is 2,4- dinitrophenolate anion In some embodiments, W is
optionally substituted CJ12 aliphatic. In 10 some embodiments, W is optionally substituted C1-12
heteroaliphatic. In some embodiments, Ra} is optionally substituted phenyl. In some embodiments, Ra'
is optionally substituted 8- lo 20-membered aryl. embodiments, W is optionally substituted 5-
to 10-membered heteroaryl. Inlsome embadiments, optionally substituted 3- to 7-membered
heterocyclic . In certain em ents, W' is selected from ethyethyl. ipropyl, butyl, vinyl. ,ireviO\"" or
any two or more of the abo In! ertain embegiments? W is methyl In certain embodiments, Ra' is
ethyl. In certain embodlm nts,} @propyl In certai ~Q odlments re is butyl. In certain

20embodiments, fe i, InQerteT"n emb )dlmen , s ﬁllyl In certain embodiments, is phenyl. In
certain embodimeﬁ\ljluoromethyl %mbodlments Fe' is ;"\J"V. In certain
[ BT am@mbodlment 51 certain emijodiments.is >::>

embodiments; Ra'
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. In certain embodiments, In some embodiments, Rh is hydrogen. In some embodiments. Rh' is
optionally substituted C1_12 aliphatic. In some embodiments. Rb' is optionally substituted C1-;2
5hetcroaliphatic. In some embodiments. Rb' is optionally substituted phenyl. In some embodiments.
Rh'is optionally substituted 8- to 10-membered atyl.In some embodiments, Rh' is optionally
substituted 5- to 10-membered heteroaryl. In some embodiments, Rh' is optionally substituted 3- to
7-membered heterocyclic . Th some embodiments, Re s hydry T"SOIME Eemn i
aliphatic. In some embeoditnents, Re' is optionally substituted C112
nents, Re is optionaﬁﬁﬁbsti 'uted phenylgin
¥0-membered aryl. In S6melembodiments

optionally 10 substituted C1.2
heteroaliphati
Reis optionall

5- to 10-membered e embodiments, Re _is’optionally substituted 310 7-membered
heterocyclic 157 som R3 and 12." are taken mtervening, atoms to form
one or more rings selected fram 'oup congl

g ofj optiohally substi ted! .®C1ai carbocycic,
optionally substituted 3- to{14- red heter e. gptionally substitZ ed pheayl, optipnally

substituted Gs C,(, arykarfd.optionally substituted 5- s mem heteroaryl. IN some
embodiments. Rh' & ayé\taken tog;ﬁerwitﬂ intervening; at f M one or morg rings

selected fromthe grotip c@sis J nalﬁ/\substituted CA. C14 carpoc cle,éoptionally substituted
3- to 14-membered heterocy tedaﬁahenyl, optionally s ed C4.G10 aryl, and
optionally substituted 5- to 10 ts. R. and Kb' are taken
together with intervening atom e rings selectedffom the group consisting of
optionally substituted C3  earBhocyclé, optionally substituted i3- to 14-m d heterocycle,
optionally substituted phenyl, oftionally substitutgd (.Clo aryl, and optionally substituted 5- to 10-
membered heteroaryl. In some embodiments; the invention includes methods for synthesizing
polyethers from epoxides. Suitable methods of performing these feactions are disciosed]in US Patent
No. 7.399.822, the entire co s of which are herebyincgrporated herein bX, reference
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In some embodiments, the invention includes methods for synthesizing cyclic 10 carbonates from
carbon dioxide and epoxides using catalysts described above, suitable methods of performing this
reaction are disclosed in US Patent No. 6,870,004 which is incorporated herein by reference.

EXAMPLES Example
nvention is shown in Schemes El and E2, below: Scheme EIl
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5with one equivalent of a monohydrochloridc salt of 1,2 cyclohexanediamine. the resulting Schiff base
E2-a is then neutralized and a second different salicylaldehyde derivative is added. This compound is
then reacted with cobalt (Il) acetate to give the Co(ll)-salen complex which is oxidized by air in the
presence of trifluoroacetic acid to afford the activgscobalt (111) catalyst. Similar chemistries can be
applied to synthesis of the catalysts 10described hereinabove. One skilled in the art of organic

synthesis can adapt this chemistry as needed to provide the specific ¢
Example 3 Example 3 describes the synthesis of a catalyst , where M

wherein there are one or twoups present

Brdiethyl ether
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\h'N3 Staudinger reaction Ph, E3-c Br NaOH, NB)14C1 toluene, 70 'C As shown in Scheme E3,
triol E3-a is protected as a ketal to afford monohydric alcohol E3-b, this compound is then alkylated
with bromide E3-c to afford benzyl ether E3-d. Deprotection and oxidation of the other benz-ylic
alcohol affords salicylaldehyde 53-e which is conggnsed with cyclohexanediamme as described
above to give | ivand 53 The phosphorimine nitrouen is then quaternized and the metal complex
formed as be&ore to provide catalyst E3-h. In an alternative route not shown here the metal is first
inserted and then quarternization is performed Schgme E3b

3 .
9
& ) O
44
\ wd
,5/0 >[ )”\
;”’* \ < Z o
O =z i
o O
=
3 )
’ Z;\Z +
L <«
o
vd

N radl

O /
N
, i o~
S~ =
1 @
o} g
o —
- —Z

t-Bu




7=--N1, Co(OAc12 LU 0 x No2. OF3CO2H t-Bu (46 X CF3002' E4-cp=ry x- Phtik 'Ph As shown in

Scheme E3b. salicyladedyde E3-e (described above) is condensed with cyclohexanediamine
monohydrochloride to afford the mono-Schiff base hydrochloride E4a. This salt is then neutralized,

condensed with di-t-butyl salicaldehyde. 10and mgthylated to give E4-b. The resulting tivand is
metallated and oxidized as described above for Scheme 53 to give catalyst E4-e. Example 4 Example

4 describes the synthesis of catalysts where M'is goalis Spicy, -,
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Lsi\L---"", Zis a | 44-dimethylamino-pyridimum]1 or |-[N- --- I----r-\Ri__ | 5merhylimidazolium], /N-7
and in is I. wherein there are one or twouroups present (Scheme ES and E6, respectively). Scheme
E4 CS-4CS-5

In certain embodiments, for complexes of Table I, M is Co-X, where X is as
defined above. In certain embodiments, for complexes of Table 1, M is Co-OC({OYCF.
in certain embodiments, for complexes of Table 1, M is Co-OAc. In certain
embodiments, for complexes of Table 1, M is Co-OC(OYCFs. In certain embodiments,

5 for complexes of Table 1, M is Co-Na. In certain embodiments, for complexes of Table
1, M is Co-ClL In certain embodiments, for complexes of Table 1, M is Co-nitrophenoxy.

In certain embodiments, for complexes of Table I, M is Co-dinitrophenoxy.

in some embodiments, for complexes of Table 1, M is Cr-X, where X is as

defined above,

10 In certain embodiments, a tetradentate ligand is a porphyrin ligand. In some
embodiments, a metal compiex is a cobalt porphyrin complex. In certain embodiments, a
metal complex 1s a chromium porphyrin complex. In some embodiments, a metal

complex is an aluminum porphyrin complex.
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= Me or t-Bu X = 02CCF3 = N.N-c or 'N-1 iethylamino nyricline thyl imiciazole

Scheme E4

shows the synthesis of compounds CS-6 and CS-7. For each compound trans-
I2-Dianzinocyclohexanc (2.0 mol) is slowly added to an anhydrous ethanol solution of benzyl chloride
CS-4 (1.0 mol). The reaction is stirred and heated to reflux for 3 h_ then cooled to rt and diluted with
water. This mixture is cooled overt-021u in the freezer and solids are collected by filtration to afford
dichloride CS-5. The dichloride CS-5 (1.0 mol) is reacted with N.N-Dimethylamino pyridine (2.0 mol) or
Nine-thy] imidazole in acetcmitrile. The reactions are heated at 80C for 18 h and then the 10solvent is
removed in vacuo tB3FeRiife o Teispatfveanita omtirealpc Ehadehsaltssare nvetaltated and oxidized
as described; previousiy.to provige.gatalysts CS-6 and CS-7.
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wherein each of M, X, k, R', and =—ww (7}, 15 as defined above.

In certain embodiments, 2 multidentate ligand is an optionally substituted

tetrabenzoporphyrin. Suitable examples include, but are not limited to:
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Example 5 Example 5 describes the synthesis of catalysts where M is Co(111),alcy, is1, Zis a
1[N-methyli idazolium] (CS-8), or dimethylam o (CS-9) and in is 1, wherein here are two(Z),, groups
present (Scheme ES and EB6, respectively). Scheme E5 CS-8Z - CS-9 Z Scheme ES shows the
synthesis of compounds CS-8 and CS-9 using conditions similar to those described above. Synthesis
of CS-8: The known compound 1-(2- 10methylaminoethyl)-3-methylimidazole (2.0 mol) is combined
with CS-5 (1.0 molt in acetonitrile. The reaction is heated to 80 C for 18 h and then the solvent is
removed in vacuo, metallatlon with Co(OAc)Z apd OX|dat|on in TFA are then performed as descrlbed
above to afford cataly
combined wit 5

wherein M, R, and —~w (Z), are as previously defined,
in certain embodiments of porphyrin and phthalocyanine-based complexes
5 described herein, M 1s aluminum. In certain embodiments of porphyrin and
phthalocvanine-based complexces described herein, M 1s cobalt, In certain embodiments
of porphyrn and phthalocyanine-based complexes described herein, M is manganese.
In certain embodiments, porphyrin complexes of the present invention include,

but are not limited o those in Table 2 below:
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with ether, filtered to remove amine salts, and concentrated in vacuo. The residue is dissolved in
degassed methanol and combined with Co(OAc)2 (1.0 mol). After stirring for 3 h the residue is filtered
and washed with methanol. Trifluoroacetic acid (1.0 mol) is added slowly to a stirring solution of the
solid residue in dichloromethane. After stirring 200pen to air for 3 h, the solids are filtered and dried in
vacuo to produce CS-9. Example 6 Example 6 and Scheme 56 describe the synthesis of catalysts
where Mis Co 'LJ i IsZ is di i ' -1-(Z)cn oups present. Scheme E6
Synthesis of CS-10: Ligand CS-5 (1.0 mol). 3-(ciibutylamino)-1-propanol (2.0 mot). a 50% NaOH
solution (10 mot), t trab@tqummonium bisulphate (4 mol l\’éf‘and dichlgromethape are combined and
heated at 65 t overnight“The reactida mixture iéleco ceéntrated in %a tomre:mgvet e bulk of the
solvent and the aq eoug%ye is gxtracted with.ethyl acefdte, Fhe orgdnic layes is separated, dried
with magnesium s¢lfate, filtered; and concentrated in gvacuo. After purification‘using silica gel the

N1 ol and combined with CO(DACY; {.Q/‘mol). After stirring for 3
fethanol. Triflug a..- i i
sidugAfter stirring ope

h. the residue is filtered and wa
dichloromethanc seolutigh of th#

vsolids are filtered
and dried in vacuajto pro _

Table 2
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Example 7 and Scheme E7 describe the synthesis of catalysts where M is Coil 20is salc:,v,includes
twogroups taken together to form a ring including the Z group. Z is 3[N-methylpyridinium] and in is 1,
wherein there is one (Z)m tramp present. Scheme E7 i 0{ N I-1 CS-5 Is- 2. AgBF4, EtOH 3. Co(0Ac)2,

Et01-1 4. CF3CO21-1, OLD, X-02.ccF3 cs-
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Synthesis of CS-11. Lisrand CS-5 (1.0 mol), 3.5-bis(hydroxymethy1)-Nmethylpyridinium iodide (2.0
mol), a 50% NaOH solution (10 mot), tetrabutylammonium bisulphate (4 mol %), and dichloromethanc
are combined and heated at 65 t overnight. The reaction mixture is concentrated in vacuo to remove
the bulk of the solvent and the aqueous layer is extracted with ethyl acetate. The organic layer is
separated, dried with magnesium sulfate. filtered, and concentrated in vacua The procedure detailed

above for the

metallation and oxidation is followed to pmdurp CS-1

Scheme ES ¢
and m where
AC-1 (0.37 g,
a sealed vial
yellow residu
(s, 21-n. 7.94
6H), 1.5-2.0 (

residue (0.30 (

schlenk tube
the solvent w

of silica gel wi

67% yield). 1
4.52 (m. 8H),
from CH202):
EtOH (4 mL) v

lescribe the synthesis
n there are twa

is of lysts where M/s5Co(111),
(iz)rn gr(ﬁ;aséa resent. Scth;eiS

b tyIpyri (0 21ml, 1.4 kmrgol), and
F olvent w

0.35 mmol),

~7.98 (d, 2H),
)4:8-2.0 (m, 24 H),
0 C ﬂ&SOlUtIOﬂ of the
g, 0. ﬁ\z/mmol) in a schle

was stirred fo
triturated with
0.12 mmol) in
NaO2CCEs3.
solution was fi
(0.071g. 37%

(m, 4H), 4.44/(n
(ATR): vc-.0=1
using the conditi

ES:

0,067 g, 0. 49 mmol) waszadded,

J II dL TOOITTI LUIII[JUIdLUIU olllu
ether, 20dried in vacuo, and re
CH2CI2 (80 14) was added ar

IIU bUIVCIIl wdas 11TV

dissolved in CH2C1>. A

and the soputign was s
lvent wasremoved in V
:8.86 (1, SH),

gh Celtic anc’éthe s

d the solutlf)n stined for

. 10Example 8 Example and
salcy,Z is 1-[4-t-butylpyridimum],

Synthesis of AC-2. Intermediate

AcCN (4 mL ) were combined in
as removed in vacuo, leaving a
Hz, CDCh, 6): 9.53 (t, 8H), 8.21

.29.(m, 21-1), 2.78 (m, 211), 2.15 (s,
): 1637 cm-l. A solution of the

F4 (0.19 g, 0.85 mmol) in a

he SO|E1'[I()I’I was filtered through Coln and

e was flashed over a small plug
ed to give a solid residue (0.18 g.
7.92 (t. 8H), 7.1-7.3 is (m, 4H),

1.38 (s. 36H); IR (ATR, film cast
residue (0.18 g, 0.12 mmol) in dry
nk tube under N2. The solution
d in vacuo. The residue was

solution of CF3C071-1 (9 uL,

3 h open to air. Solid

tirred under N, for 2 days, The
acua to leave a brown residue
3.08 (t. 8H), 8.07 (s, 21-1), 7.30

0 (m, 24 H), 1.29(s, 36H); IR

through AC-I | were synthesized
rized in Scheme E8b and Table

< L OU AN Hy

o

ol
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Scheme F.,8b TABLE E8 Compound(Scheme E8b)111 NMR spectra" 98, ppm AC-6' 9.0 (d, 8H), 8.6
(t,8.5 (s, 2H), 8.1 (t, 8H). 6.9 (s, 2H), 6.8 Ts, 21-11, 4.5 (t, SH), 3.4 (m, 214), 2.1 (s, 61-1), 1.4-2.9 (m.
24H). 8.61 (d, 8F1). 8.29 (s, 2H), 6.99 (s, 2H), 6.92 M. 8H), 6.85 (s, 2H), 4.30 (1,VC N = 8H), 3.34 (in,
214), 123 (s, 2414). 2.65 (m,1649 2H), 2.18 (s. 6H), 1.4-2.9 (m. 16H). AC-7

In certain embodiments, for complexes of Table 2, M is Co-X, where X s as
defined above. In certain embodiments, for complexes of Table 2, M is Co-OC(O)YCF.
in certain embodiments, for complexes of Table 2, M 15 Co-OAc. In certain
embodiments, for complexes of Table 1, M is Co-OC(OYW ¢F<. In certain embodiments,

3 for complexes of Tabie 2, M 15 Co-N;. In certain embodiments, for complexes of Table
2, M 1s Co-Cl. In certain embodiments, for complexes of Table 2, M is Co-nitrophenoxy.

In certain embodiments, for complexes of Table 2, M is Co-dinitrophenoxy.

In certain embeodiments, for complexes of Table 2, M is Al-X, where X is as
defined above. In certain embodiments, for complexes of Table 2, M is Cr-X, where X is

10 as defined above.

In certain embodiments, porphyrin complexes of the present invention are

synthesized as shown in the following schemes:
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N,heptyl ‘400 MHz. CDC11. "All compounds exhibited the loss of a peak at 1213 cm attributed
to the CH21 group in AC-1. (NN41 spectrum is in DMSO-&. Example 9 Example 9 and Scheme E9
describe he synthesis of catalysts where M is Co(HI), O is saley, - isZ is N
"V-bis-(3-dimethylaminopropyDarnino (AC-4), 5tetramethyl guanidino (AC-5), N-linked morpholino
(AC-6), or N-linked piperidino (AC- 14), and in is 2, wherein there are two 777-(Z)rn groups present.
Scheme 10Synthesis of AC-4. Intermediate AC-3 (0.45 g, 0.63 mmol), 3,3Niminobis(N,V-
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dimethylpropylamine) (0.28 rrti.", 1.26 mmol), IC2CO3 (0.35 g, 2.52 mmol) and AcCN (5 ML) were
combined in a sealed vial and heated to 80 'C. with stirring for 18 h. The solution was filtered and the
solvent was removed in vacuo, triturated with ether, and dried in vacua to leave a yellow residue (0.48
g, 91% vyield). 114 NMR (400 MHz, CDCI3, 15 3): 8.21 (m, 2H), 6.8-7.2 (m, 4H), 3.75 (m, 2H), 3.0-3.4
(m, 20H), 2.0-2.8 (in, 28H), 2.18 (s, 6H), 1.4-2.0 (m, 24 Ik IR (ATR): VN-N '3= 1600 cm-I. A solution of
the residue (0.21 g, 0.25 mmol) in dry EtOH (10 mL) was added to Co(OAc)2 (0.045 g, 0.25 mmc)1) in
a schlen.k tube under N2. CH2CI2 (3 mL) was added to completely dissolve the solution. The solution
was stirred for 18 h at room temperature, and the ss removed in 20vacuo. The residue was triturated
with ether, dried in vacuo, and redissolved in CH2C12 (10 mL.). CFC.02H (20 ttL. 0.25 mmol) was
added and the solution stirred for 3.5 h open to air. The solvent way oved in vacuo, triturated with
ether, and dried in vacuo to [cave a brown residue (0.28 g, 108% y , residual CH2C12). 'H INMR
(400 MHz, DMSO-d6, 6): 7,92 (m. 214), 71-7.4 (n). 4H), 3.58 ( 3.0-3.4 (m, 20H).(m, 2.3 is, OH),

1.4-2.0 (m, 2411); IR (AfR) V= 1688 emisle.em-1. Synthesis 0 AIntermediate AC-3 (020 g, 0.29
minol), 1,1,3, =) tetraﬁ%ﬁ;ﬁguammm@(o 21 mL, 1.71 rdmoy), 4 ) 'g' .85 mind) and AcCN
(2 mL) were combined in led vial and reacted as in At ha esidue was also
washed with hexanes. TH NMR (400 MHz, CDCh, 6) 8.23 (d . 5, 21- 1) 6. 80 (s, 2H) 3. 35

SyntheS|s of AC-6. Intermediate AC-3 (0.32 g, 0 44 mmol), morpho e (0.16 1 77 mrnol) K,CO; (0.61
g, 4.4 mmol) and AcCN (4 mL) were combined in a sealed and reacted a]s in AC-4, except that the
residue was also washed with a NaOAc Mol |

1.Co{0AT),
2.0F 3004

B T

Tohens

In some embodiments, the present disclosure provides methods of polymerization
comprising contactmg an epoxide with carbon dioxide in the presence of a provided
5 metal complex to form a polycarbonate. In some embodiments, the present invention

provides a method of polymerization. the method comprising:

a) providing an epoxide of formula:

R? /7N R
R RS
wherein:
10 R* is hydrogen or an optionally substituted radical selected from the group

consisting of Cy_ae aliphatic; Cyag heteroaliphatic; phenyls a 3- to §-membered
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buffer (pH=4) solution to remove residual morpholine. 11-1 NMR (400 MHz, CDCH, 158.22 (s, 2H).
6.92 (s, 2H), 6.79 (s, 2H), 3.69 (m, 8H), 3.28 (m. 2H). 2.2-2.5 (m, 16H), 2.19 (s, 6H), 1.4-2.0 (m. 16 H).
The residue was reacted as in AC-4. NMR (400 MI-1z,, DMSO-d6, 6): 7.91 (s, 2H), 7.23 (s, 2H), 7.14
(s, 2H), 3.6 (m., 2H), 3.52 (m, SH), 2.99 (m, 2H), 2.57 (s, 6H), 2.47 (m, 4H), 2.2-2.5 (m, 12H), 1.4-2.0
(m, 16 H); IR (ATR): vc- 0 - 1671 cm-1, Vc=N = 1630 cm-I 20Additional lip,ands AC-13 and AC-14
were synthesized using the conditions described for compounds AC-4 through AC-6 and are
summarized in Scheme E9b and Table E9: Scheme E9b TABLE E9 Q Compound(Scheme E h)H
NMR specrre (6, ppm)Ssuig) o ogriel 2unsaug ey e no R IACaRaNDde7 (M 81ah@.3 (m. 21-1).
2.2-2.6 (m,vc c= 1628 1251l 3520, (9 R4 1437 43, pbydAid62%0cycie; o sAREMHZ. CDCh.

'All compounds exhibited the loss of a peak at 1213 crn = ,
membered monocyclic heteroaryl ring having 1-4 heteroatoms independently

seiected from nitrogen, oxygen, or sulfur; 2 3- to 8-membered saturated or

[

partially ungaturated heterocyclic ring having 1-3 heteroatoms independently
selected from nitrogen, oxygen, or sulfur; a 6- to 12-membered polycyelic
saturated or partially unsaturated heterocycle having 1-3 heteroatoms
independently selected from nitrogen, oxygen, or sulfur; or an 8- to 10-
membered bicyclic heteroary] ring having 1-5 heteroatoms independently

10 selected from nitrogen, oxygen, or sulfur; and

cach of R”, R®, and R is independently hydrogen or an optionally substituted

radical selected from the group consisting of Cy_; aliphatic; Cy 2
heteroaliphatic; phenyl; a 3- to 8-membered saturated or partially unsaturated
monocyclic carbocycle, a 7-14 carbon saturated, partially unsaturated or

15 aromatic polycyclic carbocycle; a 5- to 6-membered monocyclic heteroaryl
ring having 1-4 heteroatoms independently selected from nitrogen, oxygen, or
sulfur; a 3- to 8-membered saturated or partially unsaturated heterocyclic ring
having 1-3 heteroatoms independently selected from nitrogen, oxygen, or
sulfur; a 6- to 12-membered polyeyclic saturated or partially unsaturated

20 heterocycle having 1-5 heteroatorns independently selected from nitrogen,
oxygen, or sulfur; or an 8- to 10-membered bicyclic heteroaryl ring having 1-3

heteroatoms independently selected from nitrogen, oxygen, or sulfur;

wherein any of (R* and R®), (R and R?), and (R* and R™) can be taken together

with intervening atoms to form one or more optionalfy substituted rings;

25 b} contacting the epoxide and carbon dioxide in the presence of a metal complex as
described herein to provide a polymer having a formula selected from the group

congisting of:
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5attributed to the CH21 group in AC-1. Example 10 Confirmation of inventive concepts,
processes. methods, and compositions described herein has been provided, among other ways,
through publication by others after the priority date of the present case. For example, Examples 10-27
describe 10working Examples presented in Chinese Patent Application No. 200810229276 1,
published as CN 101412809A. Additional experimental and characterization data arc described by Lu
and co-workers,]. Am. Chenz. Soc., 2009, 131, 11509-11518, and supporting information available at
www.pubs.acs.org, the entirety each of hich is hereby incorporated by reference. In cer.ain
mbodiments, provided catalysts anadlorbmethodsgiér thé preparation of pol b(;arbonate are characterized

by one or more of the followirg: r h catilytid activity a atalyst concentration: reaction
i P ity with.high selecti(i polymer product;
an 9%% wifh relali

uct ly narrow distribution of

molecular weight: retaining high catalyi @ctiﬁl"fy%r copolymerization of-garhen dioxide and epoxides
at higher reaction temperatures (e.g., above 50C, above 750r above 100 10"C); afefcatalysts that can
be used to catalyze the polymerization of carbon dioxidﬁd/vﬁ}a*two or more alkylcne oxides for the
synthesis of polycarbonate polymer. The following materials were added sequentially into a
stainless steel high pressure reactor of effective vpldime 0 mL at ambient temperature: 0.1 mmole
of cobalt complex I-a (R1 is cyclohexyl diamine;X\is NOV,-1 Anjon; R2-1-1; R3, R4 and R5 are
15tertiary butyl; group containing organic base grougs attposition 3 of the benzene ring in the ligand,
n is 2) and one mole of propylene oxide. The reactor was then filled with carbon dioxide and the
pressure is maintained constant at 2.0 MPa. The temperature was controlled at 25 'C. The content was
stirred with a magn&tieoSti SRy HEPBYS hbigrd drdthenenasringreatbon dioxide was slowly released.
The remaining alkylene oxide was coll gteaﬁj-n -20C cold trap and a certain amount of mixture of

Ive the high polymer. Then a large amount of diethyl ether
was added tq preci polygcarpo he precipitate was filtered and washed several times
with diethyl et et tant weight to afford 27 grams of polycarbonate as a
white solid. The average molegularpeeighit of the polymer was determined by gel 25 permeation

chromatography to be 101R0GR§imol with a molaaulanweighidistiution ofiledbl ANarian,
TNOVA-400MHz Nuclear Magnetic Resonance spectrometer was used to determine its 1H-NMR and

the result showed that\teiﬂ)ir ite Riructure is over 99%.
O O

RE RY

5 formula: . In some embodiments, carbon dioxide is optional

R RY
O

) Ral Rb?
and a provided polymer has a formula:

In certain embodiments, R, R®. and RY are each hydrogen. In some
embodiments, R* is optionally substituted C,.;, aliphatic. In some embodiments, R® is
optionally substituted Cy.1; heteroaliphatic . In some embodiments, the epoxide 1s

1Y, ethyienc oxide, propylene oxide, or cycichexene oxide.
In certain embodiments, one of R*, R”, R, and R%is hvdrogen. In certain

embodiments, two of R*, R”, R, and R" are hvdrogen. In cerfain embodiments, three of

R*,R”,R®, and R" are hydrogen.
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1-a Example 11 5The same equipment and reaction conditions were employed as in Example 10 with
the same catalyst and the same conditions except that the molar ratio of catalyst to propylene oxide
was charmed from 1:10000 to 1:50000 (0.02 mmolc of catalyst and | mole of propylene oxide were
used). The reaction was carried out at 25 C for 24 hours to afford 21 grams of poly(propylene
carbonate) with a molecular weight of 223,000 2./mol 10and a molecular weight distribution of 1.29
The polymer formed contained more than 99% carbonate linkages. Example 12 The same
equipment and reaction conditions were employed as in Example 10 with the same catalyst and the
same conditions exBepetiét thakndrertiofor catdlydoe propylerrstoxidebadiairartgeR from 1:10000
to 1:200000 (Q89g.mmplc.oficatalystand 16 molg of propyleng,oxidewere,ysgd.thegreaction was

]

carried out at 50 'C for 10 hours to afford 19 arams of poly( propylene carbonate) with a molecular
weight of 31¢:658%/mol and a molecular weight distribution of 1.37. The polymer formed contained
more than 99% carbonate linkages. 20Example 13 The same equipment and reaction conditions
were employed as i Excarnple 4@ withtth@ ‘satie RatalysRandethe lsamepconditipns exteptlthat the
molar tatio of sLte propy oxide was changed from 10000 t9:1:2000 smmolc of catalyst
and 1 5rgole o%‘%%%n%'g&%}g}\l}%g?egu%%d)W@Eér%lggt%qﬁo\ﬁgg Iclzstg’rrf%eél %ui %t 2%“@ for 3 hdocgrs to afford
48 grams of pekiprépyienes caboaitebitita s dlecultmhetighirofis 2 BOOcgobanhddmeotecular
weight distrigtiontof 4:3Q ghepelynenformed cantained eseman A% satbenats linkages.
Example 14 The same equipment and reagction conditjons were employed as in Example 10 with
the same catdR/8t aHr 8 18 sMB et AS ekeept tiattRe feattion tdrmperatlevartcmatyed from
25C to 100 Dehametaecreagtionvassallled eulior Omnbewrsd, afford84Re" and RY arc cach

10 independently an optionally substituted Ca g aliphatic group. In certain embodiments, RY,

RY, R“s, and RY are cach independently an optionalty substituted Cs.y3 aliphatic group.

in certain embodiments, R* is an optionally substituted Cy.z; aliphatic group. In
certain embodiments, R” is an optionally substituted C,.3 aliphatic group. In certain
embodiments, R® is an optionally substituted Cjsg aliphatic group. In certain

15 embodiments, R® is an optionally substituted C,.a aliphatic group.

in some embodiments, an R® and an R" attached to the same carbon are taken

together to form one or more optionally substituted 3-12-membered carbocyclic rings. In

some embodiments, an R* and an R® attached to the same carbon are taken together to

form a polycyclic carbocycle comprising two or more optionally substituted 3-%-

20 membered carbocyclic rings. In some embodiments, an R* and an R” attached to the
same carbon are taken together to form a polycyclic carbocyele comprising two or more

optionally substituted 3-7-membered carboeyclic rings.

In some embodiments, an R® and an R® attached to the same carbon are

taken together to form a bicychic carbocycle comprising two optionally substituted 3-12-

25 membered carbocyclic rings. In some embodiments, an R® and an R” attached to the
same carbon are taken together to form a bicychie carbocyele comprising two optionally
substituted 3-8-membered carbocyclic rings. In some embodiments, an R® and an RY
attached to the same carbon are taken fogether to form a bicyclic carbocycle comprising

two optionally substituted 5-7-membered carbocyelic rings.
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10 grams of poly(propylene carbonate) with a molecular weight of 112,400 Mmol and a molecular
weight distribution of 1.38. The polymer formed contained more than 99% carbonate linkages.
Example 15 The same equipment and reaction conditions were employed as in Example 10 15with the
same catalyst and the same conditions except that the reaction temperature was changed from 25 CC
to 10 CC and the reaction was carried out for 10 hours to afford 18 grams of poly(propylcrie carbonate)
with a molecular weight of 914.000 On& and a molecular weight distribution of 1.38. The polymer
formed contained more than 99% carbonate linkages. Example 6 The same equipment and
reaction conditions were &iisleyed aded Bratnpie R0 withiehk saimebeatalyke antethersammeeconditions

except that the propylens exide-was spiaced with &a-butylenc.axide. The ieaction was carried out at
25 'C for 6 hours to afford 31 grams#ofr poly(butylcne carbonate) with molecular weight of 127.000

LErnol and a"FAGIBEHAP Veight-didtib o bl S1-Phed PO iR et T6r e e SRtaited i@ thih 99%
carbonate linkages: doxamplesifstiruted NessamereqdipmmLatandreactionsonditionswere:en.ployed as

i.n Example 10 with the same catalyst and the same conditions except that the propylene ox replaced
with 1.9-0otyRrk UG The TUACAEN WAL CAIFEHO ot 25 Tep A0 RbUPS T3 BOAT 41 Ams.of

e feat
poly(oetylensutarbanatef witmbaemdlecblaryweighizof 109,000 g/mol and a molecular weight distribution
of 1.38. The polymer formed contained more than 99% carbonate linkages. Example 18 The same

equipment and reaction cgnditionsyvere-emRloyerrasin Fxample Q4 Qwith.the same, cajalyst and the

same conditions except that the propylene oxide was replaced with a mixture of propylene oxide and
cyclohexyler8k6RidREtthe MolarTafitc P iHRCEAINSRI hropyHE bRide Srby I Hexymsnelsxide was
1:5000:5000)inthe reastivnwasdsoeanied outkat i Xnforbhatisdo.afiord 20 arams ofc taken

poly(ﬁ opylene-cE-cyIc hexene carbonate? witq a molecular weight of 187.000 gimol and a molecular

weight distridCEBRACIEO ABg: RHE S OIBT RSHTE LB WLRS R 6698 ihomaTR ik ages

3-8-membered carbocyclic rings. In some embodiments, an R” and an R attached to
adjacent carbons are taken together to form a polycyclic carbocycie comprising two or

more optionaily substituted 5-7-membered carbocyclic rings.

In some embodiments, an R® and an R® attached to adjacent carbons arc

15 taken together to form a bicyclic carbocyele comprising two optionally substituted 3-12-
membered carbocyclic rings. In some embodiments, an R” and an R° attached to
adjacent carbons are taken together to form a bicyclic carbocyele comprising two
optionally substituted 3-8-membered carbocyclic rings, In some embodiments, an R

and an R attached to adjacent carbons are taken together to form a bicyclic carbocycle

20 comprising two optionally substituted 5-7-membered carbocyclic rings.

In certain embodiments, an R” and an R anached to adjacent carbons are taken
together to form an optionally substituted 3-12-membered carbocyclic ring. In certain
embodiments, an R® and an R® attached fo adjacent carbons are taken together to form
an optionally substituted 3-8-membered carbocyclic ring. In certain embodiments, an RY

23 and an R° attached to adjacent carbons are taken together to form an optionally

substituted 5-7-membered carbocyclic ring.

In certain embodiments, the polymer comprises & copolymer of two different
repeating units where R*, R”, and R® of the two different repeating units are not all the
same,  In some embodiments, a polymer comprises a copolymer of three or more

30 different repeating units wherein R*, R”, and R of each of the different repeating units
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Example 19 The same equipment and reaction conditions were employed as in Example 10 with
the same catalyst and the same conditions except that the axial anion in the cobalt complex 1-a was
changed from nitrate radical to acetate moiety. The reaction was carried out at 25 'V for 6 hours to
afford 34 grams of polypropylene carbonate) with a molecular weight of 95,000 g/mol and a molecular
weight distribution of 1.28. The polymer formed contained more than 99% carbonate linkages.
Example 20 The same equipment and reaction conditions were employed as in Example 10 with
the same catalyst and the same condit%i)ons except that the diamine skeleton in the cobalt complex 1-a
was changed 8 ejelsneranesdiantine toethyrnadiamiseotirtredidaraiononsisieanbts odrat 25 C for
6 hours to afford %&&;@&%&L&q%(meemn@@m&?éﬁ)Mh R Wglecuarweight of J:k2,000 g/mol and
a molecular weight distribution of 1.20. The polymer formed contained more than 99% carbonate
linkages. ExArfiptas%d & $5ie equipment and reaction conditions were employed as in Example 10
5with the same catalyst and the same conditions except that the diamine skeleton in the cobalt
complex |-a was cHanged frorrodyoiotiexapd disminettae-phemjilenediaminessEhieakaetion. was carried
outat25 C f ur rd 25 qgr .Of poly (propylene carbanate) with a molecular weight of
02,000 gimol e e e S B S
99% carbon&téclihkdgesMEOCERAmMplen 22 Thel folfowingrawesre sdtlel seouzentiatiytinoadtiinless steel
high pressurgygagiorofyolume plei8mi 2l ambigst temperajie: Qb Jamele.of gobalt-complex I-b
(R1is | 2-propylene diamine, X is dinitrophenyl anion: R2=H: R1 is ter my butyl: there are organic base
groups at poSRIGRE§IHE 86 Benzene rings in the ligand. n is 0) and | mole of propylene oxide. The
reactor was then filled with carbon dioxide and the pressure was maintained constant at 2.0 IviPa. The
reaction was carried out dt2&Gfanthdursite dffoid 23tgraits efipalyearbonateiadaiwhitersolid. The
average moleglar 0WSIADE &f the PRYMELNAS seimines! Ry gehReimeaiion Shromalggaphy to be

’ embodiments, R* is optionally substituted phenyl. In some embodiments, R* is

optionally substituted 8- to 10-membered aryl. In some embodiments, R* is optionally
substituted 5- to 10-membered heteroaryl.  In some embodiments, R® is optionally
substituted 3- to 7-membered heterocyclic

15 fn certain embediments, R is selected from methyi, ethyl, propyl, butyl, vinyl,

0N\
~ \ - O ~ T
allyl, phenyl, trifluromethyl, S\ AN AN 7O :

o O
0y
OIS 5

embodiments, R* is methyl. In certain embodiments, R® is ethyl. In certain

Cl, or any two or more of the above. In certain

embodiments, R* is propyl. In certain embodiments, R* is butyl, In certain
20 embodiments, R* is vinyl. In certain embodiments, R* is allyl. In certain embodiments,
R* is phenyl. In certain embodiments, R is trifluoromethyl. In certain embodiments,
2. e O . . e D . .
R* is % N m certain embodiments, R* is Pt ~ \/\\/. In certain embodimends,
O

e—

v O . . sy d O i
R is " VN 1y certain embodiments, R i Fn . In certain embodiments,
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ol with a molecular weight distribution of 1.34. The polymer formed contained more than 99%
carbonate linkages. I-b Example 23 5The following materials were added sequentially into a stainless
steel high pressure reactor of volume of 200 mL at ambient temperature: 0.1 mmolc of cobalt complex
I-c (Rl is ethylene diamine, X is dinitrophenyl anion; R7=H; R3 is tertiary butyl; there are organic base
groups at position 3 and position 5 of one of the benzene rings in the ligand, n is 0) and 1 mole of
propylene oxide. The reactor was then filled with carbon 10dioxide and the pressure was maintained
constant at 2.0 MPa. The reaction was carried out at 25 'C for 6 hours to afford 23 grams of
polycarbonate as a white solid. The average molecular weight-af the polymer was determined by gel
permeation chromgtography to be 81.000 glmol with a molecul ight distribution of 1.34. The
polymer forntedie ntéihe/d\%rérthanagg%lbafbmﬂamRj’ﬁkages.r R, N @73iAR2

embodiments, R* is Gt

In some embodiments, R" is hydrogen. In some embodiments, R® is optionally

substituted C;.;; aliphatic. In some embodiments, R® is optionally substituted C,..»

L4

heteroaliphatic. In some embodiments, R” is optionally substituted phenyl In some
embodiments, R” is optionally substituted 8- to 10-membered aryi.  In some
cmbodiments, R is optionally substituted 3- to 10-membered heteroaryl. In some

embodiments, R is optionally substituted 3- o 7-membered heterocychc .

In some embodiments, R® is hydrogen. In some embodiments, R® is optionally

10 substituted C.;» aliphatic. In some embodiments, RS is optionaily substituted Cy g
heteroaliphatic.  In some embodiments, RS is optionally substituted phenyi. In some
embodiments, R® is optionally substituted $- to 10-membered aryl.  In some
embodiments, R® is optionally substituted 5- to 10-membered heteroarvl., In some

embodiments, R is optionally substituted 3~ to 7-membered heterocyctic .

15 In some embodiments, R* and R® are taken together with intervening atoms to
form one or more rings selected from the group consisting of optionally substituted Cs.
Cys carbocycle, optionally substituted 3- to I4-membered heterocycle, optionally
substituted phenyl, optionally substituted C.Cyy aryl, and optionally substituted 5- to 10-

membered hetercaryl.

20 In some embodiments, R” and R are taken together with intervening atoms to
form one or more rings selected from the group consisting of, optionally substituted Ca.
Cis carbocycle, optionally substituted 3- to l4-membered heterocycle, optionally
substituted phenyl, optionally substituted Cy.Cyy aryl, and optionally substituted 3- to 10-

membered heteroaryl,



I-c Example 24 The following materials are added sequent.ially into a stainless steel high pressure
reactor of volume of 200 mL at ambient temperature: 0,1 mmole of io a 't complex I-b (R1 is ethylene
diamine, X is dinitrophenyl anion: R2=1-1: R3 and It."4 are tertiary butyl: 5there are organic base
groups at position 5 of the two benzene rings in the ligand, n is 0) and 1 mole of propylene oxide. The
reactor was then filled with carbon dioxide and the pressure was maintained constant at 2.0 MPa. The
reaction was carried out at 25 C, for 6 hours to afford 26 grams of polycarbonate as a white solid. The
average molecular weight of the polymer was detgrmined by gel permeation chromatography to be
83,000 gimol 10witdRidfettikacivedptit Sistitstifionzot 12kon Thsthelyridr fopmeticontainedmore than
99% carbonate-inkagesmbheRolyner:formed:containgd mare than:99% sahonate linkages. Example
25 The following materialsadded sequentially onto a stainlesshigh pressure reactor of volume of 200
mL at ambient'ferfPeratire: 6P MiBle UPEoHAE cdmptex ﬁM??é,élﬁﬁ‘f%'ﬁ@dié?ﬁWW is nitrate
anion; R2=1-4/Ritand Rtare spetheRylgeetp:RIis tertiayy, briyipthere is:ah:organic base.group at
position 3 of ongnpf tf}je%bgnzene rings in the ligand, n is 2) and | mole of propylene oxide. The reactor

was then filled With car %‘r’f%%&ide and the pressure is maintained constant at 2.0 MPa. The reaction

was carried out 2024,25,C, IrGNAUIS. 012 AR of Rolicarhonate as a white sqld, The
average molecular weight of the polymer was determine By gel permeation chronha grap%y to be
73.000 g/molWitheRarigRsctiaweightdidtribuoiofi td heFheatiymerfonres-¢ontainBadamore than
99% carbonatg linkages: Example 28cnis The sRME-eqUiRment.and feastion.condifons were
employed as in Example 10 with th. same catalyst and the Same conditions except that the pressure
was changed from 2,0 MPa t%odl Mﬁ’a.ﬂ'}l;he reaction éya;,(_:arried O%t at 25 'C for 10 hours to afford 25
grams of poly(propylene carbonata) With's IoIBLEia WaiGHESE Y, K56 G oI ARa A Hblecular

16 carbonates from carbon dioxide and epoxides using catalysts described above, suitable

methods of performing this reaction are disclosed in US Patent No. 6,870,004 which is

mcorporated herein by reference.
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weight distribution of 1.17. The polymer formed contained more than 99% carbonate linkages,
Example 27 The same equipment and reaction conditions were employed as in Example 10 with
the same catalyst and the same conditions except that the pressure was changed from 2.0 MPa to 6.0
MPa. The reaction was carried out at 25 C for 6 hours to afford 29 (Trams of poly(propylcne
carbonate) with a molecular weight of 125.000 Onol and a molecular weight distribution of 1.25. The
polymer formed contained more than 99% carbonate | Olinkages. caliSati Hi? Ic() 196 107E Dci
IOTE-7 062!

EXAMPLES

Example 1

A general route to a symmetric cobalt {111y salen ligand of the present invention is

! shown in Schemes E1 and E2. below:

Scheme E1

; 2 N Ny
X ! 1 HuN MH
R' 1 NEfy, MgCly RY T2 S ?
4 T oo d e
2. (CH20),
E1-a E1-b
A(OA@Q
2. CF,CO5H, O,
~

A

OYO E1-g

CFy

As shown in Scheme E 1, disubstituted phenol El-a 1s formylated to provide
salicylaldehvde derivative E1-b. Two equivalents of this aldchvde are then reacted with a
10 diamine {in this case 1,2-diamino cyclohexane) to afford Schiff base El-¢. This
compound 1s then reacted with cobalt (II) acetate to give the Co(ll}-salen complex (not
shown} which 15 oxidized by air in the presence of trifluoroacetic acid to afford the active
cobalt (III} catalyst. Similar chemistries can be applied to synthesis of the catalysts
described hereinabove. One skilled in the art of organic synthesis can adapt this

15 chemistry as needed to provide the specific catalysts described hevein.

Example 2

A typical route to an asymmetric cobalt (1I1) salen lgand is shown in Scheme E2;
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Scheme E2
Czj o L OGN NH,  CUHRN Ny HoN o Ny
R KGO,
e — How- RZ T T HO - R?
r? R E2b
E2-a
Ef-b {'f OH
R3
EZ-c
R4
-—“\C SN= 1. Co(OAcl,
0 2. CFLCO H o
- O o I o R? aCOzH. O
R3 R‘:
L; dcm e
EZ2-e
CF3 3 E2-d R'l

As shown m Scheme E2, disubstituted salicylaldehyde derivative E1-b is treated
5 with one cquivalent of a monobydrochlioride salt of 1,2 cyclohexanediamine. the resulting
Schiff base E2-a is then neutralized and a second different salicylaldehyde derivative is
added. This compound is then reacted with cobalt (1T) acetate to give the Co{ll}-salen
complex which is oxidized by air in the presence of trifluoroacetic acid to afford the
active cobalt (1IT) catalyst. Stmtlar chemistiries can be applied to synthesis of the catalysts
10 described hereinabove. One skilled in the art of organic svnthesis can adapt this

chemusiry as needed to provide the specific catalysts described herein,

Example 3

(Z>fri

Example 3 describes the synthesis of a catalyst , where M 1s

Co(IID), is salcy, —mw is X 07T 7000 Plinked phosphorimine
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Ph
N\
moicty ‘5 PPy and m is 1, wherein there are one or two ™ groups present

{Scheme E4 and E3, respectively).

Scheme E3
e BT ﬂﬁ g R T N
Br diethyl :
elher PhN,
Staudinger reaction
Ph,
N
OH OH OH B3 1
; ; PV N NS 2
‘ acetone, &r
HaS0; Yrace NaOH, NBu,Cl

toluens, Y0 °C

Ela E3-b

PR, Ph
) y
F—Ph L
YA g
oo o )s Js A
W i ™g NE
o 1. HoD Ha iy O,SQ
{ P = b fH.
~ . WinDy / E3e
i 3. CMQCLQ i
2 CHa
\
— iN_.
el 1. Co(OAC)
S
O Cx 0 oM HO / ¥
2. CFaCOoH
2 CF.COMa
; i E3
“ N 0y, E3e
N ?6 6__»9'/ s /> .o
fNWF;\Pn E3-h ,B“N\ X | N:E;\ P:N |
PR Pilen  Fh PH D P by, P

LA

As shown in Scheme E3, triol E3-a is protected as a ketal to afford monohvdric
alcohol E3-b, this compound is then alkylated with bromide E3-c to afford benzy! ether

E3-d. Deprotection and oxidation of the other benzylic alcohol affords salicylaldehyde
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E3-e which is condensed with cvclohexanediamine as described above to give ligand E3-
f. The phosphorimine nitrogen 1s then quaternized and the metal complex formed as
before to provide catalyst E3-h. In an alternative route not shown here the metal is first

mserted and then quarternization 1s performed.

Scheme E3b

1 Kp00,
- fia]
=N NHy"Cl .
gy
OH BJ / \
3 et By \ / Ok HO
o LR
b, E4a e
sl E4b (6\
P P ST N\
PR S, PR
/—N\ﬂ {Nm\ 1. ColOAC
1Ry / O/)[( \D 2. CFQCGQ!‘E
X=CFO;  Edc  p=i’ 1
P §5h B

As shown in Scheme E3b, salicviadedyde E3-¢ {described above) is condensed
with cyclohexanediamine monchydrochlonide to afford the mono-Schiff base
nydrochloride E4a. This salt is then neutralized, condensed with di-t-butyl salicaldehyde,
and methylated to give E4-b. The resulting ligand is metallated and oxidized as described

above for Scheme E3 to give catalyst E4-c.

Example 4

Example 4 describes the synthesis of catalysts where M is Co(IIT), is salcy,

\&/\\“!
. EL“L/\ . . . C e “\"//!\N/ N
——nnn 15 7% 7715 2 1e[4edimethylamine-pyridinium] Foor 1-[N-
.. . r/\ - B . [T Z
methyhimidazolium], - A4 and mis 1. wherein there are one or two (L) groups

present {Scheme ES and E6, respectively).
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Scheme E4
\HE
1. Z, ACN
i HO 2. B B? 53101y}
“0“ 3 Co(Ohch,, EtOH
4. CF3C05H, CHLCL,
S5

RN
/Cf*\
ox v

R«=Maor -Bu
X o= OQCCF:;

2= N N-dmmethyiamuno pynidime
or N-methy ] imidazols

Oy

N X

®

\N Ry - Sf e
6867 = 87T Z= §—~N

s O\N/ @Q\

F

Scheme E4 shows the synthesis of compounds CS-6 and CS-7. For each

compound frans-/,2-Diaminocyclohexane (2.0 mol) 1s slowly added to an anhvdrous

LA

ethanol solution of benzyl chloride CS-4 (1.0 mol). The reaction is stirred and heated to
reflux for 3 h. then cooled to tt and diluted with water. This mixture is cooled overnight
in the freczer and solids are coliected by filtration to afford dichloride CS-5. The
dichloride C8-5 (1.0 mol) s reacted with NN-Dimethylamino pyridine (2.0 mol) or N-
methyl imidazole in acetonifrile. The reactions are heated at 80 °C for 18 h and then the
10 solvent 1s removed in vacuo to provide the respective ammonium salts. These salts are

metallated and oxidized as described previously to provide catalysts CS-6 and CS-7.
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Example 8§

Exampile 5 describes the synthesis of catalysts where M is Co(IID), is salcy,

']-(L/”\N/’\\\/k
——nnn 1§ ! . £ 18 a I-[N-methylimidazolium] (CS-8), or dimethylamino (CS-9)

and m 1s 1, wherein there are two (Z)m groups present (Scheme ES and E6,

respectively),

R N S \;\E _._N E\._m
Ry Q O HO R, 2. AaBr. EtO / | \O
== 3 Co(mc}2 EtOH

o 4 CF,C0O-H, CHCl

Scheme ES

55

r\
?I \ S Ry = Me or t-Bu
Z

X= O2CCF3

. "+',/
CSK7 = f{/\;\m

Scheme ES shows the synthesis of compounds CS-8 and CS-9 using conditions
similar to those described above, Svnthesis of CS-8: The known compound 1-(2-
methylaminoethyl)-3-methylimidazele (2.0 mol) is combined with CS-5{1.0 mol) in
acetonitriic. The reaction is heated 1o 80 °C for 18 h and then the solvent is removed in
vacuo, metatlation with Co(OAc), and oxidation in TFA are then performed as described
above to afford catalyst CS-8, Synthesis of CS-9: N N.N’-Trimethyl-1,2-ethanediamine
(4.0 mol) s combined with CS-5 (1.0 mol} in acetonitrile. The reaction is heated to 80
°C for 18 h, cooled, and the solvent is removed in vacuo. The crude product is diluted
with ether, filtered to remove amine salts, and concentrated in vacuo. The residue is
dissoived in degassed methanol and combined with Co{OAc); (1.0 mol). After sturing
for 3 h the residue is filtered and washed with methanol. Trifluoroacetic acid (1.0 mol) is
added slowly 1o a stirring solution of the solid residue in dichloromethane, After stirring

open to air for 3 h, the solids are filtered and dried in vacuo to produce CS-9.
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Example 6

Example 6 and Scheme E€ describe the synthesis of catalysts where M is Co(11I),

O is saley, —ean 18 BN TN . 7 is dibutylamino and m 1s 1, wherein there are

two " {@mgroups present.

Scheme E6

1. BUZN\/\/OH Q

NaOH, CH,Cly =N N
AL )
CS-5 -y of 0 R
2. Co(OAc),, MeOH TRA
3 TFA. CHLCH

( R{=Me or -Bu KL

NBu; Cs-10 NBuy

Synthesis of CS-10: Ligand €CS-5 (1.0 mol), 3-(dibutylamino)-1-propanol (2.0
mot), a 50% NaOH solution (10 motl), tetrabutylammonium bisulphate (4 mol %), and
dichloromethane are combined and heated at 63 °C overnight, The reaction mixture is
concentrated in vacuo to remove the bulk of the solvent and the agueous layer is
extracted with ethyl acetate. The organic layer is separated, dned with magnesium
sulfate, filtered, and concentrated in vacuo. After purification using silica gel the
product is dissolved in degassed methanol and combined with Co(QAc), (1.0 mol). After
stirring for 3 h, the residue 18 filtered and washed with methanol. Trifluoroacetic acid
{1.0 mol} is added slowly to a dichloromethane solution of the solid residue. After

stirring open to air for 3 h, the solids are filtered and dried in vacuo to produce CS-10.

Example 7

Example 7 and Scheme E7 describe the synthesis of catalysts where M is Co(HI),

. - AN »
. 1§ salcy, —e Includes two o groups taken together to form a ring
mcluding the 7 group. Z is 3-[N-methvipyndinium] and m is |, wherein there is one

L) group present.
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Scheme E7
OHO [ S o =N
® TN\
N’; R, o ! 0 R,
|7 X
C8-3 - '
2. AgBFa, E1OH e o
3. ColQACY, BtOH '
4, CF3C05H, CHACly & 1
g A e
ox
|
X = 0,CCF,
C3-14

Synthesis of CS-11. Ligand CS8-5 (1.0 mol), 3,5-bisthydroxymethyl)-N-

methylpyridinium iodide (2.0 mol), a 50% NaOH solution (10 mol), tetrabutylammonium

A

bisulphate (4 mol %), and dichloromethanc arc combined and heated at 65 °C overnight.
The reaction mixture is concentrated in vacuo to remove the bulk of the solvent and the
aqueous layer is extracted with ethyl acetate. The organic layer is separated, dried with
magnesium sulfate, filtered, and concentrated in vacuo. The procedure detailed above
for the metallation and oxidation is followed to produce CS-11.
10 Example 8

Exampic 8 and Scheme E8 describe the synthesis of catalysts where M is Co(111),
is salcy, —ww 18 S 7 i T det-butylpyridinium], and mois 2,

wherein there are two (Z)m groups present.
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Scheme E8

X

L

Fooq4. N7 AGCN
b—‘d :%,}_< 2. AgBF.. EIOH
OH HO
3. Co(OAc),, E1OH
[ 4. CF,CO;H, CHCh

/ E

-

AC-2Z = 0,CCF,

Synthesis of AC-2. Intermediate AC-1 (0.37 g, 0.35 mmol), 4-thutylpyridine
(.21 ml., 1.4} mmol), and AcCN (4 mL) were combined in a sealed vial and heated to
&0 “C with stirring for 18 h. The solvent was removed in vacuo, leaving & vellow residue
(0.61 g, 110% vield, AcCN present). 'H NMR (400 MHz, CDCls, §): 9.53 (. §H), 8.21
(s, 2H}, 7.94 {t, 8H}, 7.08 (s, ZH). 6.83 (5, 2H), 4.81 {m. 8H}, 3.29 (m, 2H), 2.78 {m, 2H),
215 (s, 6H), 1.5-2.0 {m, 24 H), 1.36 (s, 36H); IR (ATR, film cast from AcONY vey =
1637 e’ A solution of the residue (0.30 g, 0.19 mmol) in dry EtOH (5 mL) was added
to AgBF (0.15 g, 0.85 mmol) in a schlenk tube and stirred overnight shielded from the
light. The solution was filtered through Celite and the solvent was removed in vacuo,
giving & solid residue. This residue was flashed over a small plug of silica gel with 5:1
CH,Cl;:EtOH as eluant. The solvent was removed to give a solid residue (0.18 g, 67%
yield). 'H NMR (400 MHz, CDCls, 8 8.75 (t, 8H), 7.98 (d, 2HY, 7.92 (t. 8H), 7.1-7.3
{m, 4H), 4.52 {m, 8H), 3.6 (m, 2H}. 2.7 (m, 2H), 2.19 (s, 6H), 1.3-2.0 (m, 24 H), 1.38 (s,
36H); IR (ATR, film cast from CHaCh): vean = 1641 cm’, vgr. = 1050 cm™. A solution of
the residue (0.18 g, 0.12 mmol) in dry EtOH (4 mL) was added 10 Co(OAc) (0.022 g,
(.12 mmol) in a schlenk tube under N, The solution was stirred for 3 h at room
temperature, and the solvent was removed in vacuo. The residue was triturated with ether,

dried n vacuo, and redissolved in CH,Cl. A solation of CFaCOLH (9 ul, 0.12 mmol) in
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CH,C1; (80 ul) was added and the solution stirred for 3 h open to air. Solid NaG,CCF
(0.067 g, 049 mmol) was added, and the solution was stirred under N for 2 days. The
solution was filtered through Celite and the solvent was removed in vacuo to leave a
brown residue (0.071g, 37% yield). 'H NMR (400 MHz, DMSO-ds, 5} 8.86 (1. 8H), &.0%

5 (t, 8H), 8.07 {5, 2H}, 7.30 (m, 4H), 4.44 (m, 8H), 3.54 (m, 2H), 2.9 (m, 2H), 2.47 (s, 6H),
1.5-2.0 (m, 24 H), 1.29(s, 36H): IR (ATR); vew = 1682 cm ', vean = 1641 em™

Additional ligands AC-6 through AC-11 were synthesized using the conditions

described for compound AC-2 and arc summarized in Scheme E8b and Table ER:
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Scheme E8b

| #N():?Nﬁ P
m Q. ACTN
— :

ACA
TABLE ES8
Q
Compound {Scheme ERD "H NMR spectra® (8, ppm) IR” {(em™)
9.0 (d, 8HY, 8.6 (1, 4H), 8.5 (s, 2H),
e (N\ 8.1 (t, 8H). 6.9 (s, 2H), 6.8 (s, 2H), 4.5 (1, Ve =
o Lz 8H), 3.4 (m, 2HY, 2.1 (s, 6H), 1.4-2.9 (m, 1629
24H),
N .61 (d, 8H), 8.29 (s, 2H), 6.99 (s,
. i ; 2H), 6.92 (d. §H), 6.85 (s, 2H), 4.30 (1, Ve
AC-7
8H), 3.34 (m, 2H), 3.23 (s, 24H), 2.65 (m, 1649
N
S 2HY, 2.18 (s, 6H). 1.4-2.9 {m, 16H).
N,heptyl
AC-8 SN o
C 1627
N/tBU
Vewn =
AC-9 A
biJ rf 1610
i‘,J Vian ™
AC-10 "
&&’7 1627
!SiMeg e
AC-11 N\7 o
(\_ ’4 1628

“400 MHz, CDCl.. “All compounds exhibited the loss of a peak at 1213 cm™
attributed to the CHSI group in AC-1. “NMR spectrum is in DMSO-de.
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Exampie 9

Example 9 and Scheme E9 describe the synthesis of catalysts where M is Co(111),

.a 15 saicy,

tetrammethyl guanidino (AC-5), N-linked morpholino (AC-6), or N-linked piperidine (AC-

is HONS 7 i NON-Bis<( 3-dimethylaminopropylaminoe (AC-4),

14), and m is 2, wherein there are two () groups present.

Scheme

E9

N Mz ME
=N N /4 HNR,, K00, A - g
= / \ VA T o O/“: \O / \
TN TR RO 2, ColOAC), E0H TN E e
;_/“/ . ) 3. CFACG:H, CHLCL R / O\{,o

A3 ‘
O
AC-4: NRgw
o,
i
K
AN
h—
AC-5: NRy=  —need
e

Synthesis of AC-4. Intermediate AC-3 (0.45 ¢, 0.63 mmol), 3.37-mminobis{NN’-
dimethylpropylamine) (0.28 miL, 1.26 mmol), K;CO: (0.35 g, 2.52 mmol) and AcCN (3
mk.} were combined in a scaled vial and heated to 80 °C with stirring for 18 h. The
solution was filtered and the solvent was removed in vacuo, triturated with cther. and
dried in vacuo to leave a yellow residue (0.48 g, 91% vield). '"H NMR (400 MHz, CDCl,,
o). 821 (m, 2H), 6.8-7.2 (m, 4F1), 3.75 (m. 2H), 3.0-3 4 (. 20H), 2.0-2.8 {m, 28H), 2,18
(s, 6HY, 1.4-2.0 (m, 24 HY, IR (ATR): veon= 1600 cm™ . A solution of the residue (0.21 g,
0.25 mmol) in dry EfOH (16 mL) was added to Co(OAc); (0.045 ¢, 0.25 mmol) in a
schlenk tube under No. CHCl (3 mL) was added to completely dissolve the solution.
The solution was stirred for 18 h at room temperature. and the solvent was removed in
vacuo. The residue was triturated with ether, dricd in vacuo, and redissolved in CH.ClL
(10 mL). CF:CO-H {20 1L, 0.25 mmol) was added and the solution stirred for 3.5 h open

to air. The solvent was removed in vacuo, triturated with ether, and dried in vacuo to
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leave & brown residue (0.28 g, 108% yield, residual CH.Cly). 'H NMR (400 MHg,
DMSO-dg, 830 7.92 (o, 2H}, 7.1-7.4 (m, 4H), 3.58 (m, 2H). 3.0-3.4 (m, 20H)}, 2.0-2.8 {m,
28HY, 2.3 (s, 6H), 1.4-2.0 (m, 24 By IR (ATRY: vewo = 1688 cm, veow = 1616 cm™h

Synthesis of AC-5. Intermediate AC-3 (020 g, 0.29 mmol), 1,1.3.3-
tetramethylguanidine {0.21 mL, 1.71 mmol), K,CO; (0.39 g, 2.85 mmol) and AcCN (2
ml.) were combined in a scaled viat and reacted as in AC-4, except that the residue was
also washed with hexanes. '"H NMR (400 MUz, CDCls, &) R.23 (d, 2H), 6.95 (s, 2H),
6.80 (s, 2H}, 3.35 (m, 2H}, 3.1 (m, 4H), 2.7-2.8 (m, 24H), 2.48 (m, 4H), 2.20 (s, 6H), 1.4-
2.0 (m, 16 Hy IR (ATR): ven = 1594 cm''. The residue was reacted as in AC-4. IR
(ATRY: veo= 1690 em’, veon = 1610 cm™.

Synthesis of AC-6. Intermediate AC-3 (0.32 g, 0.44 mmol), morpholine (0.16
mbl, 1.77 mmol}, K2COs (0,67 g, 4.4 mumnol) and AcCN (4 mi) were combined in a sealed
vial and reacted as in AC-4, except that the residue was also washed with a NaOAc
buffer (pH=4} solution to remove residual morpholine. 'H NMR (400 MHz, CDCls, oy
8.22 (s, ZH). 6.92 (s, 2H), 6.79 (s. 2H), 3.69 (m, 8H), 3.28 (m, 2H), 2.2-2.3 (m, 16H),
2.19 (s, 6H), 1.4-2.0 {m. 16 H). The residue was reacted as in AC-4. 'H NMR (400 MHz.
DMSO-dg, o) 7.91 (s, 2HY, 7.23 (s, 2H), 7.14 (s, 2H), 3.6 (m, 2H), 3.52 (m, 8H), 2.99
{m, 2H), 2.57 (s, 6H}, 2.47 (m, 4H), 2.2-2.5 (m. 12H), 1.4-2.0 (m, 16 H}; IR (ATRY: ve-0

= 1671 em’, veon= 1630 cm™)

Additional ligands AC-13 and AC-14 were synthesized using the conditions
described for compounds AC-4 through AC-6 and are summarized in Scheme E9b and
Table ES:
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Seheme ESH
‘/Jd’\g"; /M, KGO, ACCN
\ OH HO
1Bu {Bu
AC-12
OH HO Q
Q tBu {Bu
TABLE E9S
Q
Compound {Scheme Fob) "HNMR spectra’ (8, ppm) IR (em™)
8.25 (s, 2H), 7.02 (d, 2H), 6.77 {d, 2H).
AC-13 -%-N/:;\O 3.7 (m, ®¥), 3.3 {m, 2HY, 2.2-2.6 (m, Vo= PEIR

12H), 1.3-2.0 (m, 20H), 1.37 (s, 18H)

AC-14 EN ) Ve = 1629

‘400 MHz, CDCli. "All compounds exhibited the loss of a peak at 1213 cm”
attributed to the CH.l group in AC-1.

Example 1§

Confirmation of inventive concepts, processes, methods, and compositions
described herein has been provided, among other ways, through publication by others
after the priority date of the present case. For example, Examples 10-27 describe
working Examples presented in Chinese Patent Application No. 2008102292761,
published as CN 101412809A. Additional experimental and characterization data are

described by Lu and co-workers, J Am. Chem. Soc., 2009, 737, 11509-11518, and
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supporting information available at www.pubs.acs.org, the entirety cach of which is

hereby mcorporated by reference.

In certam embodiments, provided catalysts and/or methods for the preparation of
polycarbonate are characterized by one or more of the following: retaining high catalvtic
activity at low catalyst concentration; reaction conditions that are relatively mild; high
catalytic activity with high selectivity for polymer product; alternate structure in the
polycarbonate product higher than $7% with relatively narrow distribution of molecular
weight; retaining high catalytic activity for copolymerization of carbon dioxide and
epoxides at higher reaction temperatures (e.g., above 30 °C, above 75 °C, or above 100
°C); and catatysts that can be used to catalyze the polymerization of carbon dioxide with

two or more alkylene oxides for the synthesis of polycarbonate polymer.

The following materials were added sequentially into a stainiess steel high
pressure reactor of effective volume of 200 mL at ambient temperature: 0.1 mmole of
cobalt complex I-a (R is cyciohexyl diamine, X is NOs ™ anion; Ry=H; R, Ry and Rs are
tertiary butyl; group containing organic base group is at position 3 of the benzene ring in
the ligand, n 15 2) and one mole of propyiene oxide. The reactor was then filled with
carbon dioxide and the pressure 1s maintained constant at 2.0 MPa. The temperature was
controlled at 25 °C. The content was stirred with a magnetic stirring bar for 6 hours and
the remaining carbon dioxide was slowly released. The remaining alkyiene oxide was
collected in -20 °C cold trap and a certain amount of mixture of methanol/chloroform was
added to dissolve the high polymer. Then a large amount of diethyl ether was added to
precipitate the polycarbonate. The precipitate was fiitered and washed several times with
diethyl ether and dried in vacuum fo constant weight to afford 27 grams of polycarbonate
as a white solid. The average molecular weight of the polymer was determined by gel
permeation chromatography to be 101,000 g/mol with a molecular weight distribution of
1.24. A Varian INOVA-400MHz Nuclear Magnetic Resonance spectrometer was used to

determine its 'H-NMR and the result showed that the alternate structure is over 99%.
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Example 11
5 The same cquipment and reaction conditions were employed as in Example 10

with the same catalyst and the same conditions except that the molar ratio of catalyst to

propylene oxide was changed from 1:10000 to 1:50000 (0.02 mmole of catalvst and |

mole of propylene oxide were used). The reaction was carried out at 25 °C for 24 hours to

afford 21 grams of poly(propvlene carbonate) with a molecuaiar weight of 223,000 g/mol
10 and a molecular weight distribution of 1.29. The polymer formed contained more than

9G% carbonate linkages.

Example 12

The same cquipment and reaction conditions were employed as in Example 10

with the same catalyst and the same conditions except that the molar ratio of catatyst to

—
[

propylene oxide was changed from 1:10000 to 1:200000 (0.008 mmolc of catalyst and 1.6
mole of propyiene oxide were used). The reaction was carried out at 50 °C for 10 hours to
afford 19 grams of poly(propylene carbonate) with a molecular weight of 318,000 g/mol
and a molecular weight distribution of 1.37. The polymer formed contained more than

99% carbonate linkages.

20 Example 13

The same equipment and reaction conditions were employed as in Example 10

with the same catalyst and the same conditions except that the molar ratio of catalvst to
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propylene oxide was changed from 1:10000 to 1:2000 (0.3 mmole of catalyst and 1 mole
of propylene oxide were used). The reaction was carried out at 25 °C for 3 hours to afford
48 grams of poly(propylene carbonate) with a molecular weight of 52,800 ¢/mol and a
molecular weight distribution of 1.30. The polymer formed contained more than 99%

carbonate linkages.

Examplie 14

The same equipment and reaction conditions were employed as in Example 10
with the same catalyst and the same conditions except that the reaction temperature was
changed from 25 °C to 100 °C and the reaction was carried out for 0.5 hours to afford 34
grams of poly(propylene carbonate) with a molecular weight of 112,400 g/mol and a
molecular weight distribution of 1.38. The polymer formed contained more than 99%%

carbonate linkages.

The same equipment and reaction conditions were emploved as in Example 10
with the same catalyst and the same conditions except that the reaction temperature was
changed from 25 °C to 10 °C and the reaction was carried out for 10 hours to afford 18
grams of polv(propylene carbonate) with a molecular weight of 914,000 w/mol and &
molecular weight distribution of 1.38. The polymer formed contained more than 99%

carbonate linkages.

Example 16

The same equipment and reaction conditions were employed as in Example 10
with the same catalyst and the same conditions except that the propylene oxide was
replaced with 1,2-butylene oxide. The reaction was carried out at 25 °C for 6 hours to
afford 31 grams of poly(butylenc carbonate) with a molecular weight of 127.000 g/moti
and a molecular weight distribution of 1.21. The polvmer formed contained more than

99% carbonate linkages.
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Example 17

The same equipment and reaction conditions were employed as in Example 10
with the same catalyst and the same conditions except that the propylenc oxide was
replaced with 1.2-octylene oxide. The reaction was carried out at 25 °C for 10 hours to
afford 34 grams of poly(octylene carbonate) with a molecular weight of 109,000 ¢/mol
and a molecular weight distribution of 1.38. The polymer formed contained more than

99% carbonate hinkages.

Example 18

The same equipment and reaction conditions were employed as in Example 10
with the same catalyst and the same conditions except that the propylene oxide was
replaced with a mixture of propylene oxide and cyclohexylene oxide (the molar ratio of
the catalyst to propylene oxide and cyclohexylene oxide was 1:3000:5000). The rcaction
was carried out at 50 °C for 6 hours to afford 39 grams of poly(propylene-co-cyicohexene
carbonate) with a molecular weight of 187,000 ¢/mol and a molecular weight distribution

of 1.29. The polymer formed contained more than 99% carbonate linkages.

Exampie 19

The same equipment and reaction conditions were emploved as in Example 10
with the same catalyst and the same conditions except that the axial anion in the cobalt
complex I-a was changed from nitrate radical to acetate moiety. The reaction was carried
out at 25 °C for 6 hours to afford 34 grams of poly(propylene carbonate with a molecular
weight of 93,600 ¢/mol and a molecular weight distribution of 1.28. The polymer formed

contained more than 99% carbonate linkages.

Exampie 20

The same equipment and reaction conditions were employed as in Example 10
with the same catalyst and the same conditions except that the diamine skeleton in the
cobalt complex -a was changed from cyclohexane diamine to ethylene diamine. The

reaction was carried out at 25 °C for 6 hours to afford 29 grams of poly(propvlene
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carbonate) with a molecular weight of 112,000 g/mol and a molecular weight distribution

of 1.20. The polymer formed contaimed more than 99% carbonate linkages.

Example 21

The same equipment and reaction conditions were employed as in Example 10
with the same catalyst and the same conditions except that the diamine skeleton in the
cobalt complex I-a was changed from cyclohexane diamine to o-phenylene diamine. The
reaction was carried out at 25 °C for 6 hours to afford 25 grams of poly (propylene
carbonate) with a molccular weight of 92,000 g/mo! and a molecular weight distribution

of 1.15. The polymer formed confained more than 99% carbonate linkages.

Example 22

The following materials were added sequentially into a stainless sieel high
pressure reactor of volume of 200 mL at ambient temperature: 0.1 mmoie of cobalt
complex I-b (R, is [.2-propyicne diamine, X is dinitrophenyl anion; Ry=H: R, 1s tertiary
butyl; there are organic base groups at position S of the two benzene rings in the ligand, n
is 0) and 1 mole of propylenc oxide, The reactor was then filled with carbon dioxide and
the pressure was maintained constant at 2.0 MPa. The reaction was carried out at 25 °C
for 6 hours to afford 23 grams of polycarbonate as a white solid. The average molecular
weight of the polymer was determined by gel permeation chromatography to be 81,000
g/mol with a molecular weight distribution of 1.34. The polymer formed contained more

than 99% carbonate hnkages.
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Example 23

The following materials were added sequentially into a stainless steel high
pressure reactor of volume of 200 ml at ambient temperature: 0.1 mmole of cobalt
complex I-¢ (Ry is ethylene diamine, X is dinitropheny! anion; Ry=H; R; is tertiary butyl;
there are organic base groups at position 3 and position 5 of one of the benzene rings in
the ligand. n is 0) and ! mole of propyiene oxide. The reactor was then filled with carbon
dioxide and the pressure was maintained constant at 2.0 MPa. The reaction was carried
out at 25 °C for 6 hours to afford 23 grams of polycarbonate as a white solid. The average
molecular weight of the polymer was determined by gel permeation chromatography to be

¥1.000 g/mol with a molecular weight distribution of 1.34. The polymer formed contained
more than 99% carbonate linkages.
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Example 24

The foliowing materials are added sequentially into a stainless steel high pressure

reactor of volume of 200 ml at ambient temperature: 0.1 mmole of cobalt complex I-b
(R, is cthylene diamine, X is dinitropheny! anion; Ry=H; R and Ry are tertiary butyl:
there are organic base groups at position 5 of the two benzene rings in the ligand, n is 0)
and 1 mole of propylene oxide. The reactor was then filled with carbon dioxide and the
pressure was maintained constant at 2.0 MPa. The reaction was carried out at 25 °C for 6
hours to afford 26 grams of polycarbonate as a white solid. The average molecular weight
of the polymer was determined by gel permeation chromatography fo be §3,000 g/mol
with a molecular weight distribution of 1.19. The polymer formed contained more than
99% carbonate linkages. The polymer formed contained more than 99% carbonate

iinkages.

Example 25

The following materials are added sequentially onto a stainless steel high pressure
reactor of volume of 200 ml. at ambient temperature: §.1 mmole of cobalt complex I-a
(R is 2,3-butylene dianune, X is nitrate anion; R;=H; R; and R, are methoxy! group: R, is
tertiary butyl; there is an organic base group at position 3 of one of the benzene rings in
the higand, n is 2} and I mole of propylenc oxide. The reactor was then filled with carbon
dioxide and the pressure is maintained constant at 2.0 MPa. The reaction was carried out
at 25 °C for 6 hours to afford 22 grams of polycarbonate as a white solid. The average
molecular weight of the polymer was determined by gel permeation chromatography to be
73,000 g/mol with a molecular weight distribution of 1.14. The polvmer formed contained

more than 99% carbonate linkages.

Example 26

The same equipment and reaction conditions were employed as in Example 10
with the same catalyst and the same conditions except that the pressure was changed from
2.0 MPa to 0.1 MPa. The reaction was carried out at 25 °C for 10 hours to afford 25 grams

of poly(propylene carbonate) with a molecular weight of 100,400 g/mol and a molecular
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welght distribution of 1.17. The polymer formed contained more than 99% carbonate

linkages.
Exampie 27
5 The same cquipment and reaction conditions were employed as in Example 10

with the same catalyst anc the same conditions except that the pressure was changed from
2.0 MPa to 6.0 MPa. The reaction was carried out at 25 °C for 6 hours to afford 29 grams
of poly(propylene carbonate) with a molecular weight of 125.000 g/mol and a molecular
weight distribution of 1.25. The polymer formed contained more than 99% carbonate

10 linkages.
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While we have described a number of embodiments of this invention, it is
apparent that our basic examples may be altered to provide other embodiments that
utiiize the compounds and methods of this invention. Therefore, it will be appreciated
that the scope of this invention is to be defined by the appended claims rather than by the

5 specific embodiments that have been presented by way of example.
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11,1 1sz | E NieN While we have described a number of embodiments of this invention, it is apparent
that our basic examples may be altered to provide other embodiments that utilize the compounds and
methods of this invention. Therefore, it will be appreciated that the scope of this invention is to be
defined by the appended claims rather than by the 5specific embodiments that have been presented
by way of example. CLAIMS d 1.A method comprising the step of contacting an epoxide and carbon
dioxide with a polymerization catalyst having the structure:

CLAITMS

What is claimed is:

1. A method comprising the step of contacting an epoxide and carbon dioxide with a

polymerization catalyst having the structure:

@

wherein:

M 18 & metal atom;
.a comprises a multidentate ligand; and

L eprosents one + activati etics tothere .
presents one Or Iore activating moieties tethered to the
multidentate ligand, where—www vepresents a linker moicty; m represents the
number of Z groups present on a linker moicty and 18 an mteger between 1
and 4 inclusive; and each (Z) is an activating functional group independently

selected from the group consisting of
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wherein: M is a metal atom. comprises a multidentate"zand; and CZ) represents one or moreoictics
tethered to the multidentatc ligand, where-. represents a linker moiety: represents the number of Z
groups present on a linker moiety and is an integer between and 4 inclusive: and each (Z) is an

activating functional group independently selected from the group consisting of: "A\\ R2 NNj.j ,R2N Xe
NXRNRz N, ,- 8 R-R2
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wherein: each occurrence of R', R” and R is independently hydrogen or an
optionally substituted radical selected from the group consisting of Cs o
aliphatic; C, 5 heteroaliphatic; phenyl: a 3- to 8-membered saturated or
partizlly unsaturated monocyclic carbocycle, a 7-14 carbon saturated,
partially unsaturated or aromatic polycyclic carbocycle; a 5- to 6-
membered monocyclic heteroaryl rin

Topmrimnrs 1A Do e s o
having 1-4 heterostoms

0%

o
=
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independently selected from nitrogen, oxygen, or sulfur; a 3- to &-
membered saturated or partially unsaturated heterocyclic ring having 1-3
heteroztoms independently selected from nitrogen. oxyegen, or sulfur; a 6-
to 12-membered polycyclic saturated or partially unsaturated heterocyele
having 1-5 heteroatoms independently selected from nitrogen, oxygen, or
sutfur; or an §- to 10-membered bicyclic heteroaryl ring having 1-5
heteroatoms mdependently selected from nitrogen, oxygen, or sulfur;
wherein two or more 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 additional heteroatoms;
R is hydrogen, hydroxyl, optionally substituted Cy.0 aliphatic;

each occurrence of R” is independently hydrogen or an optionally substituted
radical selected from the group consisting of €y aliphatic; Ciag
heteroaliphatic; phenyl; a 3- to &-membered saturated or partially
unsaturated monocychc carbocycle, a 7-14 carbon saturated, partiaily
unsaturated or aromatic polvevclic carbocycle; a 5- to 6-membered
monocyciic heteroaryl ring having -4 heteroatoms independently selected
from nitrogen, oxygen, or sulfur; a 3- to &-membered saturated or partially
unsaturated heterocyclic ring having 1-3 heteroatorns independently
selected from nitrogen, oxygen, or sulfur; a 6- to 12-membered polycyclic
saturated or partially unsaturated heterocycle having 1-3 heteroatoms
mdependently selected from niwogen, oxygen, or sulfur; or an 8- w0 10-
membered bicyclic heteroaryl ring having -3 heteroatoms independently
selected from nitrogen, oxygen, or sulfur; wherein an R group can be
taken with an R’ or R? group to form one or more optionally substituted

Tings,

cach occurrence of R is independently hydrogen, a hydroxyi protecting
group, or an optionally substituted radical selected from the group
consisting of Crop acyl; Cyap aliphatic; Cy .y heteroaliphatic; phenvi; a 3-

to &-membered saturated or partially unsaturated monocyclic carbocycle, a
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7-14 carbon saturated, partially unseturated or aromatic polveyelic
carbocyele; a 5- to 6-membered monocyclic heteroaryl ring having 1-4
heteroatoms independently selecied from nitrogen, oxygen, or sulfur; a 3-
to R-membered saturated or partially unsaturated heterocyclic ring having
1-3 heteroatoms independently selected from nitrogen, oxygen, or sulfur; a
6- to 12-membered polycyclic saturated or partially unsaturated
heterocycle having 1-5 heteroatoms independently selected from nitrogen,
oxygen, or sulfur; or an %- to 10-membered bicyclic heteroaryl ring having
1-3 heteroatoms independently selected from nitrogen, oxygen, or sulfur,
where an R’ group can be taken with an R° group to form one or more
optionally substituted rings optionally containing one or more

heteroatoms;

cach occurrence of R7, is independently hydrogen, a hydroxyl protecting
group, or an optionally substituted radical selected from the group
consisting of Cy .y acyl; Ciyy aliphatic; Cy. heteroaliphatic; phenyl; a 3-
to 8~-membered saturated or partially unsaturated monocyclic carbocycle, a
7-14 carbon saturated, partially unsaturated or aromatic polycyelic
carbocycle; a 5- to 6-membered monocyeclic heteroaryl ring having -4
heteroatoms independently selected from nitrogen, oxygen, or sulfur; a 3-
to &-membered saturated or partally unsaturated heterocyclic ring having
I-3 heteroatoms independently sclected from nitrogen, oxygen, or sulfur; a
6- to 11-membered polycyclic saturated or partially unsaturated
heterocycle having I-5 heteroatoms independently selected from nitrogen,
oxygen, or sulfur; or an 8- to 10-membered bicyclic heteroaryl ring having
I-5 heteroatoms independently selected from nitrogen, oxygen, or sulfur;
and where two R groups can be taken together with intervening atoms to
form one or more optionally substituted rings optionally containing one or
more heteroatoms, and an R group can be taken with an R or R? group
to form one or more optienally substituted rings optionally containing one

or more heteroatoms,
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NNNL1 rri-s,lell-R N-1)=N-P-N=P-N".2 RI'111.{ N. - N,--.R 2e R8-1, ' IR'R'X wherein: each
occurrence of Rl, R2 and R3 is independently hydrogen or an optionally substituted radical selected
from the group consisting of C,29 aliphatic; C,20 heteroaliphatic; phenyl; a 3- to 8-membered saturated
or partially unsaturated monocyclic carbocycle, a 7-14 carbon saturated, partially unsaturated or
aromatic polycyclic carbocycle; a 5- to 6- membered monocyclic hetcroaryl ring havina 1-4
hetereratOMIN independently selected from nitrogen, oxygen, or sulfur; a 3- to 8- membered
saturated or partially unsaturated heterocyclic ring having 1-3 heteroatoms independently selected
from nitrogen, oxygen cotisotfurrenes o6 B2 Riembaré dspolizoyeticrsatbratedeorpantiatjoumdaturated

heterocycle having 1-5 hetgraatoms.independently selacted from nittagens exygen,gL;sulfur; or an 8-

to 10-membered bicyclic heteroaryl ring having 1-5 heteroatoms independently selected from nitrogen,
oxygen, or sulfur; whereirf-two 5f #ioHe R RPIaAT - R3 glotipecaitise take o gefieriith intervening
atoms to form one or morggpienaliy-skbsiityted Hpgs.apUoNaly. coptaining:ane ot mere additional

heteroatoms; 17.4 is hydrogen, hydroxyl, optionally substituted C1_20 aliphatic;
unsaturafed or aromatic polveyclic carbocvele ™ 3- to 6-membered

monocyclic beteroarvi ring having 1-4 heteroatoms independently selected
from pitrogen, oxygen, or sulfur; a 3- to 8-membered saturated or partially
unsaturated heterocyclic ning having 1-3 heteroatoms independently
sclected from nitrogen, oxygen, or sulfur; a 6- to 1 2-membered polyeyelic
saturated or partially unsaturated heterocycle having 1-5 heteroatoms
independently sclected from nitrogen, oxygen, or sulfur; or an 8- to 10-
membered bicyclic heteroaryl ring having 1-5 heteroatoms independently
selected from nitrogen, oxygen, or sulfur; whercin any two or more R®, R’
and R' groups can be taken together with intervening atoms to form one

or more optionally substituted rings;

each occurrence of R is independently selected from the group consisting of;
halogen, -NO,, -CN, -SR”, -S(OR7, -S(ORR?, -NRIC(OR”, -OC(OIR7,
-CORY, -NCO, -N3, -OR”, ~OC(ON(RY )z -N(R¥},. -NRYC(OIR?,
-NRYC(OYORY: or an optionally substituted radical selected from the group
consisting of C_5¢ aliphatic; C; .o heteroaliphatic; phenyl; a 3- to &-
membered saturated or partially unsaturated monocyclic carbocycle, a 7-
14 carbon saturated, partially unsaturated or aromatic polyeyclic
carbocycele; a 5- to 6-membered monocyelic heteroaryl ring having 1-4
heteroatoms independently seiccied from nitrogen, oxygen, or sulfur; & 3-
to ¥-membered saturated or partially unsaturated heterocyclic ring having
1-3 heteroatoms independently selected from nitrogen, oxvgen, or sulfur; a
6- 1o 12-membered polveyclic saturated or partially unsaturated
heterocyele having 1-5 heteroatoms independentiy selected from nitrogen,
oxyegen, or sulfur; or an 8- to [0-membered bicyclic heteroaryl ring having
1-% heteroatoms independently selected from nisrogen, oxyeen, or sulfur,
where each occurrence of R is independently selected from the group

consisting of hydrogen an optionally substituted C. aliphatic group, and
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each occurrence of R' is independently hydrogen or an optionally substituted radical selected from the
group consisting of C1_20 aliphatic; C1-20 heteroaliphatic; phenyl; a 3- to 8-membered saturated or
partially unsaturated monocyclic carbocycle, a 7-14 carbon saturated, partially unsaturated or aromatic
polycyclic carbocycle; a 5- to 6-membered monocyclic heteroaryl ring having 1-4 heteroatoms
independently selected from nitrogen, oxygen, or sulfur; a 3- to 8-membered saturated or partially
unsaturated heterocyclic ring having 1-3 heteroatoms independently selected from nitrogen, oxygen,
or sulfur; a 6- to 12-membered polycyclic saturated or partially unsaturated heterocycle having 1-5
heteroatoms independentiy sptactaly frérstinitrdger, wxygenhorsufur tramagiats R membered
bicyclic heteroaryl ring haying,1-5 heleroatoms independently selecied fram. kagen, xygen, or
sulfur: wherein an R5 group can be taken with an RI or R2 group to form one or more optionally
substituted rings: each ocetifteficanst R iedindepandently Rydrogerbakyaroxyrpreteethy group, or an
optionally substituted radigal.geleeted from the group consisting of C1.20 acyl; Cirk, aliphatic; C1-20
heteroaliphatic: phenyl; a 3- to 8-membered saturated or partially unsaturated monocyclic carboc-ycle,
a 7-14 carbon saturat%di,gp%rg%gx‘unsaturated or aromatic polycyclic carbocycle; a 5- to 6-membered
monocyclie heteroaryl ‘rm‘gdhaan"l -4 heteroatoms independently selected from nitrogen, oxygen, or
sulfur: a 3- to 8-membered saturated or partially unsaturated heterocyclic ring having 1-3 heteroatoms
independently selectedifibn Rithotsie ey gebriGitstifurtod %‘W@ﬁ@ﬁ%ﬁ*ﬁ@é‘?éﬂ’ Ry S S4turated or
partially unsaturated heterpgyeleiauing Heorhgtareatemsindependently selected fLam nitrogen,
oxygen, or sulfur; or an 8- to 10-membered bicyclic heteroaryl ring having 1-5 heteroatoms
independently selected froi &ifrogeii-Bkygen, or sulfur, where an R7 group can be taken with an R’
group to form one or more optionally substituted rings optionally containing one or more heteroatoms;
each occurrence ofvR' tlis idepenidently hydrogen, a hydroxyl protecting group, or an optionally
substituted radical selected from the group consisting of C1.20 acyl; C20 aliphatic; C1-20
heteroaliphatic; phenyl; a 3- to 8- bered saturated or partially unsaturated monocyclic carbocycle,
a 7-14 carbon saturated, partially unsaturated or aromatic polycyclic carbocycle; a 5- to 6-membered
monocyclic heteroaryl ring having 3@ hetcroatoms independently selected from nitrogen; oxygen, or
sulfur; a 3- to 8-memberesh Saturatéd or partialy unsaturatesbheterocyalic ring haviog:1a8deteroatoms
independently selected from nitrogen, oxygen, or sulfur; a 6- to 12-membered polycyclic saturated or
partially unsaturated heterocycle having 1-5 heteroatoms treependently selected from nitrogen,

oxygen, or sulfur; or an 8- to X0rmembétéd bicyclic h laryl+ng having 1-5 heteroatoms
n, oxygen; ~and W%WO“RT groups can be taken

independently selected from
together with intervening, ators:te’form oneor more optionally ‘substituted, ;ipgs_optionally containing
one or more heteroatoms, and an R.- group can be taken with an Rl or R2 group to form one or more
optionally substituted rings optionally cont&inihgjone Oé_m heger_ ms,, &ach, occurrence of le. RO.
and Rffi is independently hydrogen or an optignally su :;igjed r'aa@s@e ted from the group
consisting of C1-2C alipha{:'u%'I C1.20 hetétoalighaticvphehyl* a 3- to 8-membered saturated or partially
unsaturated monocyclic carbocyc e’?g -14 carbon saturated* partially unsaturated or aromatic
polycyclic carbocycle* a 5- to 6-membered monocyclic heteroaryl ring having 1-4 heteroatorns
independently selected from nitrogen, oxygen, or sulfur; a 3- to 8-membered saturated or partially
unsaturated heterocyclic ring having 1-3 heteroatoms independently selected from nitrogen, oxygen,
or sulfur; a 6- to 12-membered polycyclic saturated or partially unsaturated heterocycle having | -5
heteroatoms independently selected from nitrogen, oxygen, or sulfur; or an 8- to 10- membered
bicyclic heteroaryl ring having 1-5 heteroatoms independently selected from nitrogen, oxygen, or
sulfur; wherein any two or more R8, R9 and R16 groups can be taken together with intervening atoms
to form one or more optionally substituted rings, each occurrence of 1211 is independently selected
from the group consisting halogen, -NO2* -CN, -SR’, -SCOW/', -S(0)2R-', -NR2C(0)RY, -0C(0)R",
COZ2RY, -NCO. -N3, -OR’, -0C(0)N(RY)2.-N(RY)2. -NR)f(0)RY, NRYC(0)ORY, or an optionally
substituted radical selected from the group consisting of C120 aliphatic; C1-20 heteroaliphatic; phenyl;
a 3- to 8- membered saturated or partially unsaturated monocyclic carbocycle, a 7- 14 carbon
saturated, partially unsaturated or aromatic polycyclic carbocycle; a 5- to 6-membered monocyclic
heteroaryl ring having 1-4 heteroatoms independently selected from nitrogen, oxygen, or sulfur; a 3- to
8-membered saturated or partially unsaturated heterocyclic ring having 1-3 heteroatorns independently
selected from nitrogen, oxygen, or sulfur: a 6- to 12-membered polycyclic saturated or partially
unsaturated heterocycle having 1-5 heteroatoms independently selected from nitrogen, oxygen, or
sulfur: or an 8- to 10-membered bicyclic heteroaryl ring having 1-5 heteroatoms independently
selected from nitrogen, oxygen, or sulfur, where each occurrence of 12:" is independently selected
from the group consisting of hydrogen an optionally substituted C14 aliphatic group, and an optionally
substituted aryl group, where two or more adjacent Rl | groups can be taken together to form an

optionally substituted saturated, partially unsaturated, or aromatic 5- to 12-membered ring containing O
tn A heternatonie XY ic an aninn:



ring A is an optionally substituted 5- to 10-membered heteroaryl group having 0 to 4 additional
hcicroatoms independently selected from nitrogen, oxygen, or sulfur; with the provisos that: CA-> Ne
when Z isl, ring A is not an imidazole, an oxazole, or a thiazolei and The method of claim I,
wherein M selected from the group consts g of Cr, Mn, V. Fe, Co. Mo. \V. RuNI. and Ni. 3.The method
of claim 1, wherein M is selected from the group consistingCo. Al. and Cr. The method of claim 1,
wherein M is Co. 5. The method of claim 1, wherein M is Cr. 6. The method of claim 1, wherein M is Al.
7. The method of claim 1, wherein the - moiety contains 1-30 atoms including at least one carbon
atom, and optionally one or more atoms selected from the group consisting of N, 0, 5, Si, B, and P
S.The method ofrein themoiety is a C1.30 aliphatic gintip

2 The method of claim 1, wherein M 1¢ selected from the group consisting of Cr,

Mn, V, Fe, Co, Mo, W, Ru, Al, and Ni.

3. The method of claim 1, wherein M 1s selected from the group consisting of: Co,
Al and Cr.

4, The method of claim 1, wherein M 1s Co.

3. The method of claim 1, wherein M 15 Cr,

6. The method of ¢laim 1, wherein M 15 Al

7. The method of claim 1, wherein the ~—mw moiety contains 1-30 atoms including

at least one carbon atom, and optionally one or more atoms selected from the group

consisting of N, O, §, S1, B, and P.

K. The method of claim I, wherein the ——nw moiety is a Ca. 3 2liphatic group
wherein one or more methylene units are optionally and independently replaced by
-NRY-, -NRC(O)-, -C(OMN(RY)-, -O-, -C(O)-, -O0C(O}-, -C{OIO-, -S-, -Si(R}-, -S0O-,
-SOz-, -C(=8)-, -C(=NR’}-, or -N=N-, wherc cach occurrence of R is independently
-H, or an optionally substituted radical selected from the group consisting of C-¢

aiiphatic, 3- to 7-membered heterocyclic, phenyi, and &- to 10- membered aryl.

9. The method of claim 1, wherein the ~—wv moiety is selected from the group

consisting of:

167



wherein one or more methylene units are optionally and independently replaced by -N(RY)C(0)-,
-C(0O)N(RY)-, -0-, -C(0)-, -0C(0)-, -C(0)0-, -S-, -Si(F)2-, -SO-, -S02-. -C(=S)-, -C(=NRY)-, orwhere each
occurrence of RY is independently -H, or an optionally substituted radical selected from the group
consisting of CI-3 aliphatic. 3- to 7-membered heterocyclic, phenyl, and 8- to 10- membered ann. 9.
The method of claim 1, wherein themoiety is selected from the group consisting of: where * represents
the site of attachment to the liczand, and each # represents a site of attachment of an activating
functional group. 10.The method of claim 1, wherein the ---' moiety comprises a tetradentate The
method of cwherein the \--1-/ mojety comprises two bideptat 12. The rpethod of clq' "10, wherein the
tetradentate ligandig.selected the (jf@}}éop%istingﬁ(%ﬁlen @g%‘t%@s, d%@g of salan
ligands, bis-2-hydroxybenzamido dérivatives, derivatives of the Trost ligghd, porphyriry derivatives,
derivatives of tetrabenzoporphyrin ligands, derivatives of corfgle ligands, phthalocyaninate derivatives,

p

and dibenzotetramétl?iyltetraaza[l\éfgllggp‘iuIen%ﬁﬂaa) derivatives. 13..T, he/m:é[’@od of claim 10,

wherein the tetradeﬁté&ﬁ”ﬁgandﬁﬁsﬁ od IW s 'gof:{Owh %
*’H‘(}/\/ F *“"O’HS\/ # St A \N’Hs\/é *’H N’Q‘#
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where * represents the site of attachment o the ligand, and each # represents a sitc of

attachment of an acovaung functional group.
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R2' and R7'independently am group, hydrogen, -OR, -NR2, -SR, -CN. -NO2,-SOR, -SO2NR2; -('NO,
-NRSOZ2R, -NCO, -Nz, -SiR2.. or an optionally substituted radical selected from the group consisting of
CI-20 aliphatic: C1-20 heteroaliphatic phenyl; a 3- to 8-membered saturated or partially unsaturated
monocyclie carbocycle, a 7-14 carbon saturated, partially unsaturated or aromatic polycyclic
carbocycle; a 5- to 6-membered monocyclic heteroaryl ring having 1-4 heteroatoms independently
selected from nitrogen, oxygen, or sulfur; a 3- to 8-membered saturated or partially unsaturated
heterocyclic ring having 1-3 hetcroatoms independently selected from nitrogen, oxygen, or sulfur; 6- to
12-membered polycyclic saturated or partially uns ted heterocycle having 1-5 heteroatoms
independentli’seledted oty 6GER, loXRGEHT SresulfdrBrial soms iendpisdratbibyene heteroaryl
ring having 1-5 heteroatoms independently selected from nitrogen, oxygen, or sulfur, Ria, R™, and R3
are independently a(471group, hydrogen, or an optohglly substituted radical selected from the group
consisting of IC1-20 aliphatie:dGE c20rhéterbaliphdtic;~phenylre stg8smembeid sattitatedsor partially
unsaturated monocyclic carbocycle, a 7-14 carbon saturated, partially unsaturated or aromatic

polycyclic carbocycigaRimg:Gsmembered menogydicheteroaiyl fingnaying A4 hetgroatoms
independently selected from nitrogen, oxygen, or sulfur; a 3- to 8-membered saturated or partially

unsaturated h&fBrESRNE g Had ﬁ'@@fé"ﬁ’é‘fé?'o‘é%‘rﬁ%’ﬁ’ﬁﬂ8‘6&%%}1&9}@@ected from nitrogen, oxygen,
or sulfur: 6- to HizamarTberbEnpolyaAyclis satialedornpatiallyiinsatnatedihetempeysle having 1-5
heteroatoms ir}%e __,etndenélq)%s’elected f[,o.rﬂ nitrogen, ox]{%en, r sulfur; or an 8- to 10-membered bicyclic
heteroaryl ring"Aaving 1:5 Hata 6%8%3%%@6%‘8@% RO FrON RO GRS JEAN B sulfur, where
any of [R2a: anbtiRBRIyR2a dnd R3}:s[RitaddR 2 canc:[RI; andmay 1aptionadhy: bentaken tooether with
intervening atoys 1o, form one or more rings which may in turn be substituted with one or more Rd
groups: Rd at each occurrence is independently a --an(z}-, group, hydrogen, halogen, -OR, -NR2. -SR,
-CN, -NO2, -S021, -SOR. -SO2NR2; -('NO. -NRSO2R, -NCO, -SiR$; or an optionally substituted
radical selectéd frofftigcgiotip! egtaistnysren ihrdetishatie buandisrdesihiioRatie phenyl: a 3- to
8- membered satusaiedionpastially unsaturated monocyclic carbocycle, a 7-14 carbon saturated,
partially unsaturated or aromatic polycyclic carbocx\cle; ab5-to 6-membereg{4gnonocyclic heteroaryl ring
having 1-4 heteg{oﬁtozfﬁgde endently sele tgdﬂr‘h’vmi- ogen, oxygezm,}p{fsalﬂur'ca 3- to 8-membered
saturated or partiajytns ted heterocyclig+ dvipg 1-3 hetero 1S INt encjgntly selected
from nitrogen, o% en@p&sul & 6- to TP Themhered yelic §§tu§te&ﬁ,dﬂ“ idfly unsaturated
heterocycle havin % heteroatoms indeper ently §& cled ffom njtrdgen, oxXygen, or sulfur; or an 8-
to 10-membered bicyclic hetetoaryl ring having 1-5 heteroatoms independently selected from nitrogen,
oxygen, or sulfur; where two or mpre Rd groups may be taken tpgether with iptexyening atoms to foon
fona iteg rings optionally containing Qite

Y

where:
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-OR, -NR2, -SR, -CN, -NO2, -SO2R, -SOR, -SO2NR2; -CNO, -NRSO2R, -NCO, -Ns., -SiR.; or an
optionally substituted radical selected: from the group consisting of CI-20 aliphatic; C1.20
heteroaliphatie, phenyl; a 3- to 8- membered saturated or partially unsaturated monocyclic carbocycle,
a 7-14 carbon saturated, partially unsaturated or aromatic polycyci ¢ carbocycle: a to 6-membered
monocyclic hetemaryl ring having 1-4 heteroatoms independently selected from nitrogen, oxygen, or
sulfur, a 3- to 8-membered saturated or partially unsaturated heterocyclic ring having 1-3 heteroatoms
independently selected from nitrogen, oxygen, or sulfur: a 6- to 12-membered polyeyelic saturated or

partially unsaturatédddetéroeydleihavingilya Netefeatomsuin dependentyrsetertedsfroramitrogen,
owygen, or sulr; o g -9 10-yembeced eyl Peigrony| g iy 15 neteroaom
od’ A1 J Jaingsal =] -1 1 __..wr_e

independently selected’from’nitrégen, 0Xygen, of sulfur: where two or more R& §rélips may be taken
together with the carpomatymstotwhichdioeysaie atidohedhandoanyinténienind ateris tadtorm one or

more optionally susyiRAIngRWICA O a18upsaie altaciadio e spmg carbon atom, they

may optionally be taken together along with the carbon atom to which they are dttached to form an
optionally substitutethiHoietsdsensetsd o theygrop cohsistiiysefuatsd. a8 phembaietspirocyclic

ring, a carbonyl, anXim@ MWz a0 Ainine; R at SRCH ACCHHENER I3 dndependently
hydrogen, an optionally substituted radical selected the group consisting of acyl: C6 aliphatic; C16
heteroaliphatie: carBRHIBYEArTARSF BRI dRensiguthetplseast Carutiteerbryasfiy Unsaturated
monocyclic carbocyglgiua o731 4 cashenmsaiisated: pastialitunsaiated Qraramatis palyeyclic
carbocycle; a 5- to -memberheg_mptnoqycgg hc'ge__ro%[yl ing hgving 1-4 hctcroatoms independently
selected from nitrog&h &x\igely BrATTRIr 4318 B emBerdd SR SRsd o iy aHkHfutated
heterocyclic ring hatwing I2-beterodterty csdhidependeahtly setadte dnframanitr dgero@xygen, or sulfur; a
6- to 12-membered,polycyclic saturated or.partially, unsaturated heterocycle h(gvin 1-5.heteroatoms
independently selegt[glgtlllX f%ng qﬁft%%ge%’im&%gﬁ ng?r}s{mfﬁ?%%r gnﬁ 870" %%é?h @?85%%%%}}% hetcroaryl

ring haying 1-5 hcteroménis idepehdedtyselectet:frominitrodeninglyfboteorasutfar; an oxygen
protecting group: arﬁ@ha;@ﬁtﬁ@&%ﬂsW&R%&tmg{g}mmm%%woo&%ypS on the same nitrogen atom can

optionally be taken together toform an optionally substitlited 3- to 7-membered ring, nucleophile

capable of ring Qp})qenirg&g an epoxig&,e; Y is a divalent Linker selected from the group consisting of: -NR-,
N(R)C(0)-, -C(OINRR -0 R “ctoy-R-berr(myisrawynly -, -5 g02p, IgiRozsn, or aiC(=NR)-, or -N=N-; a
polyether; a C3 to ggtﬁh@ﬁgtﬂ;@gi%‘é&ﬂﬁHQﬁti%‘.@g&@ﬁbﬂ?mﬁr@ﬂdc@&ﬁﬂlg@ @HJQ)SMHFEQIPr

unsubstituted heterocycle; in is 0 or an integer from 1 to 6,inclusive; in is 0 or an integer from | to 4,

inclusive; q is 0 or 4r-#AIEGEF 1B 1t ATHCIGSIVE: B X RETOd fipgrated or partially
unsaturated monocyclic carbocycle, a 7-14 carbon saturated, partially unsaturated
or aromatic polycyclic carbocycle; a 3- to 6-membered monocyclic heteroaryt
ring having 1-4 hetercatoms independently selected from nitrogen, oxygen, or
suifur; a 3- fo 8-membered saturated or partially unsaturated heterocyclic ring
having 1-3 heteroatoms independently selected from nitrogen, oxygen, or suifur; a
6- to 12-membered polycyclic saturated or partially unsaturated heterocycle
having 1-5 heteroatoms independently seiected from nitrogen, oxygen, or sulfur;
or an & to 10-membered bicyclic heteroaryl ring having 1-5 heteroatoms
independently selected from nitrogen, oxygen, or sulfur, where any of [R* and
R*7, [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 in turn be
substituted with one or more R groups:

RY at each occurrence is independently a "™ group, hydrogen, halogen, -OR,
“NRy, -SR, -ON, -NO», -SO:R, -SOR, -SO,NRz; -CNO, -NRSO.R., -NCO,

-N3, -SiR;; or an optionally substituted radical selected from the group
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14 The method of claim 13, wherein comprise. 16. The method of claim 15. wherein the
polymerization catalyst co wherein: R4a, R4al. R5,R6aY, R7a, and RTh' are each independently a
'tnin group, hydrogen. halogen, -OR, -NR2, -SR, -CN, -NO2, -SO2R, -SOR, -SO2NR2; -CNO,
-NRSOZ2R. -NCO, -N3, -SiRz; or an optionally substituted radical selected from the group consisting of
C1 aliphatic; C1-211 heteroaliphatic; phenyl; a 3- to 8-membered saturated or partially unsaturated
monocyclic carbocycic, a 7-14 carbon saturated, partially unsaturated or aromatic polycyclic
carbocycic: a 5- to 6-membered monocyclic heteroaryl ring having 1-4 heteroatoms independently
selected from nitrogen, ‘GRY§ERS 8F Subfut a3t ¢o(8-mestierEnhssuritet brepaittdily unsaturated

heterocyclic ring having-Lr3sheterQatonms independenty;seleated framumitrogen. oxygen or sulfur: a 6-
to 12-membered polycyclic saturated or partially unsaturated heterocycle havingd%-S heteroatoms

independently selected o AftFEGEH: BYYGEHR, 6F Lttt oF 418246 RORemberBwbielelicheteroary!

ring having 1-5 hetcroatomsninslependentyselected fromnilragen, oxygen:arsulfur . where [RI and

R41 [R1'and R4'.11 and an% VO Or more C?ggacen_t R4a.R5a, Rba. R6a, Roa', R7a. and 1§7a. groups
e

can optionally be taken' tSGRtRET Witk HteFVd My AGRTE g*yeen. of sulfur. a 3- to §-membere

saturated or partially unsaturated heterocyclic ring having 1-3 heteroatoms
independently selected from nitrogen, oxygen, or sulfur; a 6- to 12-membered
polycyclic saturated or partially unsaturated heterocycle having 1-5
heteroatoms independently selected from nitrogen, oxygen, or sulfur; or an &-
to 10-membered bicyclic heteroaryl ring having 1-3 heteroatoms
independently selected from nitrogen, oxygen, or sulfur; where two or more
RY groups may be taken together with intervening atoms to form one or more
optionally substituted rings optionally containing one or more heteroatoms,
R™ is selected from the group consisting of:

RC RC RL R%.

s and

5 H N

. where

. .. . B VaTa S
R® at cach occurrence is independently a L group, hvdrogen, halogen,

-OR, -NR3, -SR, -CN, -NOs, -SO4R, -SOR, -SO;NR,; -CNQO. -NRSO4R,
-NCO, -Ns, -SiRy; or an optionally substituted radical selected from the group
conststing of Cryg aliphatic: Ciy0 heteroaliphetic; phenyl; a 3- 1o §-

membered saturated or partially unsaturated monocyclic carbocycle, a 7-14
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fofin one or more optionally substituted rings; n is O or an integer from 1 to 8, inclusive; and p isO or an
integer from 1 to 4, inclusive. where at least substituent is agroup. 17. The method of claim 15,
wherein the polymerization catalyst is selected from the croup consisting of: 18. The method of claim
16 wherein the polymerization catalyst is selected from the group consisting of: 19. The method of
claim 18 wherein each Oa, R4g, R5a, We, Roa, Roa' , and R7al is independently selected from the
group consisting of: -H, optionally substituted CI-20 aliphatic, optionally substituted phenyl, and
optionally substituted 8- to 0-membered aryl. 20. The ethod of claim 18 wherein each R4a, R4. r, and
126a]is -H. 21. The methowbiadlaiird @avitBrainseachi®48 aRdwir, mrigcR6IE subbantteadRTh, and

R, is independently -+, or,an Botianal ubstitied, 61120 liphatic. 2. e ethod of laim 16

wherein the polymerization atalyst is selected from the’group consisting o | ependently selected
from the group consistifl§ GE L EptelRalN STFsHtTRET TaeEshatc optiorallysebstitated phenyl.

and optionally substituteg.8~dQd0-membered-anvk fhedpathod of glaim, 31; whereineach Rda, R4 R,

and Rtia' is H. . _
independently selected from nitrogen, oxvgen, or sulfur; a 6- to 12-membered

polycyclic saturated or partially unsaturated heterocycle having 1-5
heteroatoms independently selected from nitrogen, oxygen, or sulfur; or an &-
to 10-membered bicyclic heteroaryl ring having 1-5 heteroatoms
independently selected from nitrogen, oxygen, or sulfur; where two or more
R® groups may be taken together with the carbon atoms to which they are
attached and any intervening atoms to form one or more optionally
substituted rings; when two R® groups are attached to the same carbon atom,
they may optionaily be taken together along with the carbon atom to which
they are attached to form an optionally substituted moiety selected from the
group consisting of: a 3- to &-membered spirocyelic ring, a carbonyl, an
oxime, a hydrazone, and an imine;

R at cach occurrence is independently hydrogen, an optionally substituted radical
selected the group consisting of acyl: Cy aliphatic; C) 4 heteroaliphatic;
carbamoyl; arylalkyl; phenyl; a 3- to 8-membered saturated or partially
unsaturated monocyclic carbocycle, a 7-14 carbon saturated, partially
unsaturated or aromatic polycyelic carbocycle; a 3- to 6-membered
monocyclic heteroaryl ring having 1-4 heteroatoms independently selected
from nitrogen, oxygen, or sulfur; a 3- to 8&-membered saturated or partially
unsaturated heterocyclic ring having 1-3 heteroatoms independently selected
from mitrogen, oxygen. or sulfur; a 6- to 12-membered polveyelic saturated or
partially unsaturated heterocycle having 1-5 hetercatoms independently
selected from nitrogen, oxygen, or sulfur; or an 8- to 10-membered bicyclic
heteroaryl ring having 1-5 heteroatoms independently sclected from nitrogen,
oxygen, or sulfur; an oxygen protecting group; and a nitrogen protecting
group, where two R groups on the same nitrogen atom can optionally be

taken together to form an optionally substituted 3- to 7-membered ring,

X 15 a nucieophile capabie of ring opening an epoxide;
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25. The method of claim 22, wherein each R4a,aR4 R6a, and R" is -H and each Rsa, R, and RT" is
independently -H, or an optionally substituted C1.20 aliphatic. 26. The method of claim 16, wherein at
least one salicyl dehyde-derived portion of the polymeriza:tion.catalyst is selected from the group
conof: 27. The method of claim 16, wherein at least one salicylaldehyde-derived portion of the
polymerization catalyst is selected from the group consisting of: (2)", z), 28. The method of claim 16,
wherein at least one salicylaldehyde-derived portion of the polymerization catalyst is selected from the
group consisting of: 29. The method of claim 16, wherein at least one salicylaldehyde-derived portion
of he polymerizatiorY cataflystigsbrécted! e thengioupegnsistinggfn(z) YREZINR)IC(O)-,

~C(OINR-, -0-, -C(O)-, -OC(O)-, -C{0)O-, -8~, -80-~, -SO;-, -SiR,-,
-C{=8)-, -C(=NR}-, or -N=N-; a polyether; a C: to Cg substituted or
unsubstituted carbocycle: and a Cy to Ce substituted or unsubstituted

heterocvele,
m’ s O or an integer from 1 to 6, inclusive;
m 18 0 or an integer from | to 4, inclusive;
g 18 0 or an integer from 1 to 4, inclusive; and

x1s0, 1, or 2,

14. The method of claim 13, wherein lII

COMPTISCS:

comprises:

15. The method of claim 14, wherein lHa

16. The method of claim 135, wherein the polymerization catalvst comprises:
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30. The method of claim 16, wherein at least one salicylaldehyde-derived portion of the polymerization
catalyst is selected from the uroup consisting of: (z),(2)" 31. The method of any of claims 26 to 30,
wherein one or more Z group is independently a neutral functional group selected from the group
consisting of amines, phosphines, gaunidines, bis-suanidines, amidines, and nitrogen-containing
heterocycles. 32, The method of any of claims 26 to 30, wherein one or more Z group is a cationic
moiety independently selected from the croup consisting of: R2ZR2 X NXN 9 N,RR2 e Ax A ,,RC_
11.,A-, -ss's N Al iSs,NRN.NNR2 -N,NN ?11i

/ \/\' (‘Ré}‘ﬁ /{Rc}n

wherein;

R® R¥™ R™ R R® R® R™ and R™ are each independently a ~™ % group,
hydrogen, halogen, -OR, -NR;, -SR, -CN, -NO,, -SO,R, -SOR, -SO,NR.,;
-CNO, -NRSO»R, -NCQO, -Ns, -SiR3y; or an optionally substituted radical
selected from the group consisting of C;.op aliphatic; C) o heteroaliphatic;
phenyl; a 3- to 8-membered saturated or partially unsaturated monocyclic
carbocycele, a 7-14 carbon saturated, partially unsaturated or aromatic
polycyclic carbocyele: a 5- to 6-membered monocyclic heteroaryl ring having
1-4 heteroatoms independently selected from nitrogen, oxygen, or sulfur; a 3-
to &-membered saturated or partially unsaturated heterocyclic ring having 1-3
heteroatoms independently selected from nitrogen, oxygen, or sulfur; a 6- to
i 2-membered polycychc saturated or partially unsaturated heterocycle having
1-5 heteroatoms independently seiected from nitrogen, oxygen, or sulfur; or
an 8- to 10-membered bicyclic heteroaryl ring having 1-5 heteroatoms
independently selected from nitrogen. oxygen, or sulfur , where R’ and R*],
[R' and R* ] and any two or more adjacent R* R* R™ R*™ R™ R™ R,
and R™ groups can optionally be taken together with intervening atoms to

form one or more optionally substituted rings;
n 1s 0 or an integer from 1 fo &, inclusive; and

pis 0 or an integer from 1 to 4, mmclusive,
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33. The method of any of claims 26 to 33, wherein each linker moiety "is independently selected from
the group consisting of: 34. The method of any of claims 2610 33, wherein M is selected from the
group consisting of cobalt, aluminum, and chromium. 35. The method of any of claims 26 to 33,
wherein M is selected from the group consisting of cobalt and chromium. 36. The method of any of
claims 26 to 33,PT in M 1 rolt41t. 37. The method of any of claims 26 to 36. wherein Xis selected from
the group consisting of: chlorine, bromine, an optionally substituted C1_12 carboxylate, azicie, an
optionally substituted phenoxide, a sulfonate salt, and a combination of any two or more of these. 38.
The method of anyW@%W@uQB*F@"%ﬂWhéré|~Y“’?’Seﬁé&éd from the group consisting of chloride,
acetate, trlflulo/mﬁlcetat gz@ &Pentafl orobenzoatle and a nitro E}/ cnolat 39 The ethod of claim I,

wherein the polymerlza ion cata s i seTr‘“iFe%”fr%{?ﬁ@ﬁm mﬂﬁa &'hed {hc%f of SHaim £ wherein the

polymerizatiorgratalystscontairis a total of 1 to 8 Z groups. 41. The method of claim wherein the

polymerization ast contains a total of to 6 Z groups. 42. The method of claim I, wherein the

polymerization catalyst contains a total of 1 to 4 Z groups.
(L3, (L3, R%

Sels iAo'

ig&. The method of claim 16, wherein the polymerization catalyst is selected from the

group consisting of:



43. The method of claim I, wherein the polymerization catalyst contains a total of 2 Z groups. 44. The
method of elaiwherein the polymerization catalyst contains a total of 4 Z groups 45. The method of

claim 1, wherein at least one Z group is selected from the group consisting of: ,R2 NelX seP\%
P-N,

LY

19. The method of claim 18, wherein each R* R*, R™, R* R® R® R™ and R™is
independently selected from the group consisting of: ~H., optionally substituted C,.20
aliphatic, optionally substituted phenyl, and optionally substituted 8- to {0-membered
aryl.

20. The method of claim 18, wherein each R*™, R™, R®, and R™ is -H.

21. The method of claim 18, wherein each R*, R™ R®, and R* is ~H and each R**, ™|

R and R™ is independently ~H, or an optionally substituted C, aliphatic.
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46. The ethod of claim 1, wherein at least one Z group 47. The method of claim 46, wherein R1 and
R2 are optionally substituted C].70 aliphatic. 48. The method of claim 46, where R! and R2. are
optionally substituted C,.10 aliphatic. 49. The method of claim 46, wherein R1 and R2 are taken
together to form an optonally substituted ring optionally containing additional heteroatoms. 50. The

method of claimherein at least one Z group is selected from the group consisting of: /P11n Phn
Phr-Ph N, --N, 1'1 )% n Ph

22. The method of claim 16, wherein the polymerization catalyst is selected from the

group consisting of

L]

23, The method of claim 22, wherein cach R™ R™ R R™ R®™ R™ R™ and R™is
mdependently selected from the group consisting of: —H, optionally substituted C 4
aliphatic, optionally substituted phenyl, and optionally substituted 8- to 180-membered

aryl.
24. The method of claim 22, wherein cach R™, R™. R™, and R* is -H.

c . . da’ e e e Sar
25. The method of claim 22, wherein cach R™, R™, R®, and R* is -H and each R*, R

R and R™ is independently ~H, or an optionally substituted C; 54 aliphatic.
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INI( 5\ Ph 51. The method of claim 1, wherein at least one Z group is selected from the group R2
%4SC?N,), R5 consistinc., of: 122R2 N N R2, and....Sl e-.NR5"'

26. The method of claim 16, wherein at least one salicylaldehyde-derived portion of the

poltymerization catalyst is selected from the group consisting of!

:g..., :g’” :5_
& NG s NG 'SS G
() {7 : ), (L)
U +
Ey
és*{) S 0 O
T (), A ;
-y
i o
:.:5‘.._ = :s_
g‘o [ O c‘ss‘o O O G‘S‘O [ O
(3, . s < and L) »

27. The method of clamm 16, wherein at least one salicylaldehyde-derived portion of the

polymerization catalyst 1s selected from the group consisting of?

(2) (L),
e " @ 5o
‘§ (73, % ;é“‘ E
= ;55\0 ?‘O i‘é\(}

&0
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52. The method of claim 51, wherein R" and R2 are -H or optionally substituted eino aliphatic. 53. The
method of claim 51, wherein R' and R2 are -H or optionally substituted C1_10 aliphatic. 54, The
method of claim SI, wherein R5 is -H or optionally substituted CI 16 aliphatic. 55. The method of claim
51, wherein two or more of RI, R2. and R5 are taken together to form an optionally substituted ring
optionally containing additional heteroatoms. 56. The method of claim 1, wherein at least one Z group
is selected from the group consisting of: (=N: --ti Ph t-N Bn '4-01*1 \, Ph (0. er-N fN )-

(2,

28. The method of claim 16, wherein at least onc salicylaldehyde-derived portion of the

polymerization catalyst is selected from the group consisting of:

iz I

4= 4= =5 %+
S0 o L &0 50

(Z,}m (/:) e 4 )\ (Z} - (Z.)r?z
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3 O

Pb 4-N4-N\(ryiN,.iliN'Er,"5.1217-}c, ' N.,L (N.""...-esc-S--.--".N4,1". II' Ti:12 NNiti,,_N,..
.. Pit'Ph-Ph'Ph"Th

(Z),, . (L . @
33— :3_

o S0 |
(Z)m ; and (Z.)m .

29, The method of claim 16, wherein at least one salicylaldehyde-derived portion of the

polymerization catalyst is selected from the group consisting of:

(23, (2 {L)m (£}
{Z}, 5 m
5 4= 4 4
O ke "0
e |
VA (L),
:g_ :,gm.,
e O

o
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57. The method of claim 1, wherein at least one Z group is selected from the group R3Ri R2R3Rts
R33csS\j, R3 NR1 N NN N R2, NNA RIRI N'N-R r R2,and consisting of:""NN R2 R2 R2R2 RZ 'R2 58.
The method of claim 57. wherein RI, RI', Ru, R. R2, and Wand are independently - H or optionally
substituted C1_20 aliphatic. 59. The method of claim 57, wherein RI. RI R2, RT. and Rd' are
independently -H or optionally substituted C1.10 aliphatic.

- L) @,

Hm
z\/L/K i
ﬁ*\% -

(L)

=
;55 O CSS

(Z)I’N

4 .
;ss\o S0

;v and )

30. The method of claim 16, wherein at least one salicvialdehyde-derived portion of the
polymerization catalyst is selected from the group consisting of:

L A

- {3

N 4= s

o - o 2, S0 o
@) | |

“Im (Z}n‘

Ly,
g =§_ mgm
o o ,
;SSNO (Z}nﬂ [Z}m
L . . N
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60. The method of claim 57, wherein two or more of RI. RI., Rr, R2, R2', and R3 are taken together to
form one or more optionally substituted rings optionally containing additional heteroatoms. 61, The
method of claim 1, wherein at least one Z group is selected from the group consisting of: NH NFH
NHNH ?, A A ,NN.INH 2 >S”-,;: HH NHNH HH H NHNH >SNNANAS-N- N HHI

(),

(Z)

:g__ :3_.
;s e S0
{ij {/*}m

()

31. The method of any of claims 26 to 30, wherein one or more Z group is independently

a neutral functional group sclected from the group consisting of amines, phosphines,

gaunidines, bis-guanidines, amidines, and nitrogen-containing heterocyceles.
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NH NHNH NH NH NH NH NHyl NH N.NAN N ;SZNNN1NANNXNNANXNIH ,HH HH H HH H HH NH
NH NH NH NH NH N<SS? A ..-ILNcS5IiNtSS A A ...'"NNNH' Rk [I-Ic'H (4.,.., .,. XXR, N

32. The method of any of claims 26 to 30, wherein one or more Z group is a cationic

moiety independently selected from the group consisting of:

2 rY
R g Y@ ol 5
re le .. .5 &R RL® R RL LR pie p? e
§-N~H 3-As—RI P~ = N s RLERY
; 5{6 ' R? ° %{“ * \:55\ /kL 5 \gf eg/* x J\'\ R?
Ri X i }l\ R: i \3\ R:‘ :i(’ \]’
1 l
Rler! @ R.Le.R! R R? R? }'3\3
\Ngf' " j{xei R 1{{3 MR RZ R
- s - i 3
: LR LR NN 2 RIS PR
A T I NN R
R? R R2 R R RC 1§ piot. —s—P=N—P-N
N N a i t \Rl
R PURPOX N N2
I ° ®oer RYORLT XS
O 3 Q ® -3-’\129 P $—re p\I\ e R
be X D oo 5 o e
R P—N N=P g 7 RN X
h'¢ YR
LR’ R R
3 N ~ N 1
«® R e R ol @& R =] -y,
a=p_ S, =N TIN—peN X
SR X [ n! ?
R R! N, R~ . 3N\ R
R R' X R R
2 2 ; , and ,
Fa R,., H .
RL}E oY o2  RTOR? R
~eF N N N H R\' PR | R2
S | e (LR NN ON-R
N=pP=mN=P=N=P=N_ Pooey 1 LR
pi 1 i R mSe P N Pos NS=P— N ,
Ao N No , Nup2 ! I } i BT RI-N
R PR VCRT O 8 N N( , Neg? -
R R R X R R VR o R
R R R ¥

33. The method of any of claims 26 to 33, wherein each linker moiety “—a~ " i

independently selected from the group consisting of:
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62. The method of claim 1, wherein at least one Z group is R2 pr 63. The method of claim 62, wherein
RI. R1'., RI", R2. and RT are independently -H or optionally substituted C1.20 aliphatic. 64. The
method of claim 62, wherein RI, R11. Rr. R2, and R2' are independently -H or optionally substituted
C1.10 aliphatic. 65. The method of claim 62. wherein two or more of RI. Rr, RI", R2, and R2I are taken
together to form one or more optionally substituted rings optionally containing additional heteroatoms.
66. The method of claim 1lherein at least one Z group is selected from the group  67. The method of
claim 1wherein at least one Z group is selected from the group consisting of: 68. The method of claim

1, wherein the epoxide has the foimula: rein: is hy @en or any jtionally su ftuted radicalgroup
consisting of Ci.+mjChinheteroalipH tici & A *\/EZW x o

4 /1 {

Vo oy e

5 VN s
S Y S e

* L (Q\/ (l)\:

3
RS £ B
% f\ and M{ﬁ}\]?/lkﬁ: whercs=0-6 and 1= 1-4
R R

34. The method of any of claims 26 to 33, wherein M is selected from the group

consisting of cobalt, aluminum, and chromium.
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saturated or partially unsaturated monocyclic carbocyc e, a 7-14 carbon saturated, partially
unsaturated or aromatic polycyclic carbocycle; a 5- to 6- membered monocyclic heteroaryl ring having
1-4 heteroatoms independently selected from nitrogen, oxygen, or sulfur; a 3- to 8-membered
saturated or partially unsaturated heterocyclic ring haying 1-3 hcteroatoms independently selected
from nitrogen, oxygen, or sulfur; a 6- to 12-membered polycyclic saturated or partially unsaturated
heterocycle having 1-5 heteroatoms independently selected from nitrogen, oxygen, or sulfur: or an 8-
to 10- membered bicyclic heteroaryl ring having 1-5 hetcroatoms independently selected from
nitrogen, oxyigen Pe s CastYe ot RE IRES . afGRa iElikdelsederrR) Fgdisy@n or an optionally
substituted radigal selected, fram.thegseup-consisting of C1_12 aliphatic; C1.12 heteroaliphatic;
phenyl; a 3- to 8-membered saturated or partially unsaturated monocyclic carbocycle, a 7-14 carbon
saturated, pa,rg aILIly unsgt%ra;gq‘o{g faromatj,t; polyzcxchlc caercyclgﬁ a 5- to 6-membered monocyclic
heteroaryl ring 'haying 1- ‘4 Retéroatons | mdependenﬂy Selected ?rom nitrogen, oxygen, or sulfur; a 3- to
8-membered saturated or partially unsaturated heterocyclic rlng having 1-3 hetcroatoms independently

selected from nittsgeRtieyery of sl & 6° 89 19siemBereyiseicie dataiated or partially

unsaturated hetgrocycle hayipg.l: %@%g{@@m@%Q@p@&ﬁ%ﬂx@@h@t@g&wmtw,dqaxygen or
sulfur: or an 8- to 10-membered blcycllc hetcroaryl ring having 1-5 hcteroatoms independently selected

from nitrogen, BgaRY av%mw%m@?@mdan@%ﬂfe@wfﬁ&@&cgﬁaiﬁaﬁﬂg P AAE R ) can be
taken togethemwithdptesvening atoms to form one or more optionally substituted rings. 69 The method
of claim 68 wherein a polymer formed has a formula elected from the group consisting of: 70. The

method of claim 68, wWhereiny BIv.F21, AN R ate eaghiydiogan. Zd «Lhe.me %%ﬁ of claim 68,

whereinRa is optlonaITy substituted C1_12 aliphatic. 72. The method of claim T, wherein the epoxide is
select d from @Iﬁié%@*@lﬁﬁéﬁh@@ﬁﬁga@ﬁdéthmgﬁ@‘@%@l@tipl@ﬁiﬂem‘@ﬁ%ﬂb@nm o¥ide, cyclohexene
oxide, 1,2 octepg Qxide.3zvinyl cyclohexene oxide, epichlorohydrin and mixtures of any two or more of
these. 73. The method of claim 1in the epoxide is ethylene oxide propylene oxide or cyclohexene

oxide. 74.Th hod f Iaml wherei in the e |de is p ylene oxide, 75. The me? of claim 1,
t% Fot 360803@6]6 Op tﬁl?ﬁ"mé(ﬂ?mc?%flgfn aim P\?\/1here|n the

wherein the p?eséuPe @, be‘fweefn abou
ratio of catalyst to epoxide is between about 1:1000 and about 1:100.000. 77 The method of claim 1,
further compfisingaecstepsiofictihgtha pomerizatichprocedd Litadesitdapomér molecular
weight has be jeved, quenching the polymerization reaction and isolating the polymer. 78. A
polymerization catalyst having the structure:

41, The method of claim 1, wherein the polymerization catalyst contains a total of 1 to 6

Z groups.

42 The method of claim 1, wherein the polymerization catalyst contamms atotal of [ to 4

Z groups.

43, The method of claim 1, wherein the polymerization catalyst contains a total of 2 Z

oroups.

44 The method of claim I, wherein the polymerization catalyst contains a total of 4 7

oroups.

45, The method of claim 1, wherein at least one Z group 18 selected from the group

consisting of:



wherein: M is a metal atom; O comprises a multidend

represents one or more activating moiety

tethered to the multidentate ligand, whererepresents a linker moiety; In represents the number of Z
groups present on a linker moiety and is an integer between 1 and 4 inclusive; and each (Z) is an

acring functional group independently selected from the group consisting of:

, R-1122,1,,L ,R2R."™11

"H.'ie,.11.2K2 G I, Rl 4i e ,R1R7 N-P-N Xe --N-N'N-P=N-P-N--N-11 -,11'piRi"11'R.:

R }E{; & R’ RL & R’ L RZ 5
T M S I s RASR x®
A O SN ‘Z«%S\@x/i\ A A x
P SX ’ N7 OTRS -

B !j ?i\‘? < ’S, E;‘d
. ; - n R R
RigRY & RigKL LR R R2e R

N b N G R'? i i_,.R§ ‘ R 2 .
s A v PN N TN (e RLT LR
R R é{\‘ b=nN—bEN ¥ Ve &2
4 N—P=M—PN v
RTR? R R? R RSO L R e “$—p=N—F-N_
RY TR OX N N, R
s e R’ R R R o
. 2 . % "
?F@ ‘{e Iﬁe x{e -%_N @ ap 3 p& /,}\; pS ....@ /R &
Shal gt P—N . N=P g prh N X
X rREORY
LA SN R
8 R Ng i i e &' o 8N
~ ! - \ . ’ s M [
ST X St Ne-p—N X
! I\RZ X t %, Rl { A
Rl Rl ,N Je- N ,)'N\ R
"R R OX RT R
s 2 | ,ﬁﬂ{i
- R\ R - .
RL}? LRD T p2 CR? R R
“ N N NTRT R LR T o
,.r.f\_N b N =} \z’R Yoel R
e N = P N P -
i i TR ~g-p=N—P—N=P—N_ R
N NG N g7 T g R RN
B-ob PORSO1 LN N, ., Negz '
R' RLOR X RYY CURT TR 8 R’
R’ 'R ox
R

46. The method of claim I, wherein at least one Z group is

47. The method of claim 46, wherein R’ and R? are optionally substituted Ci.x aliphatic.

48, The method of claim 46, wherein R’ and R” are optionally substituted Ci.1 aliphatic.

49. The method of claim 46, wherein R and R? are taken together to form an optionally

substituted ring optionally containing additional heteroatoms,

50. The method of claim 1, wherein at least one Z group is selected from the group

consisting of:
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NIt-"NN, , \N." ,el.9'R2, ft-'"HRX,121 X 12'RsXk1Fir , 122R2,RI P."11.".12 NN 5 le |, tP=N-P-N=P-N"

111it- "NN, N- R, H1, R2e Ft12'R' 1(29 IXIt-5

l /
NN N &
OO C : —E'NZ) NVAY

51. The method of claim 1, wherein at jeast one Z group is selected from the group

R\ LR ‘ S

N N

e R ¥ |
és )\ 1:]\ )\RS

AY
. . H
consisting of: RS R

52. The method of cleim 51, wherein R' and R” are —H ar optionally substituted Cy

aliphatic.
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C'SSNX "™-g." N, ,N-1, R R21, R'12- wherein: each occurrence of RI. R2 and R3 is independently
hydrogen or an optionally substituted radical selected from the group consisting of C1-20 aliphatic:
C1-29 heteroaliphatic: phenyl: a 3- to 8-membered saturated or partially unsaturated monocyclic
carbocycle, a 7-14 carbon saturated, partially unsaturated or aromatic polycyclic carbocycle: a 5- to 6-
membered monocyclic hctcroaryl riraz having 1-4 heteroatorns independently selected from nitrogen,
oxygen, or sulfur: ato 8- membered saturated or partially unsaturated heterocyclic ring having 1-3
heteroatoms independently selected from nltrogen oxygen, or sulfur; a 6- to 12-membered polyeyelic
saturated or partiafifEiReaRir ate Rdterdetiieth a?%?iﬁhs‘ 1355 kOF RIS indepssingedfly-selected from
nitrogen, oxyggmsharisulfur; or an 8- to 10-membered bicyclic heteroaryl ring haying 1-5 heteroatoms
independently selected from nitrogen, oxygen, or sulfur; wherein two or more RI, R2 and R3 groups
can be taken together with interveni toms te form one or tionall sub uted rings
optionally ccﬁl%a?rﬁng otnweﬂrpm%)re a(};w(%f[?(‘)nalnhi{eteroatg}un%m 34Hs ﬁ%@%%%ﬁl‘ %Wro E?déb’uonally

substituted C1-20 aliphatic: ~ R .
53. The method of claim 51, wherein two or more of R', R, and R are taken together to

form an optionally substituted ring optionally containing additional heteroatoms.

56. The method of claim 1, wherein at least one Z group is selected from the group

consisting of:

=N =N = e =N : 7
T =T 2N T e 2w e PO ,A”"_

. s e L 5 . S - N "N
P P%f
=0 =0 sm(‘ym _\:\h \ﬂ
N N A = -
lh LR N H‘\\( “‘é*“
rf’""’\"/ N a8 { :
7N N N N N N N
t2 MRS =\ S B S T S (I A W

N X N
-§m}{ ' “‘?_'“3\ -3—3{ L “.3“\ N

NN T o + sk
W}N‘-}‘ —m}-?\—/{)‘ -3-?\{}“\ 4 \ 4 h>* ,\;' ‘\%;{N\/' i
T - N
‘w RO O
. N }‘v \
| \ \\f ({f
JST\\/ FT\\/ ‘.;51[/\{\}/ és‘{ \W (ns\r\\,/ . ﬁfb (&}f\) \% ;SY and g ;\?
o “‘“p‘n_ ) T " “Ph N “ph i )
57. The method of claim 1, wherein at least one Z group 1s selected from the group
R R m? RS RS . R
- . . . "
3_\}"'\‘;;%2‘ gy S S A
h ' R? R RY RY R? RZ RY

consisting of:

58 The method of claim 57, wherein RY, R', R"", R?,R?, and R” and are independently —

W
H or optionally substituted €5 aliphatic.
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each occurrence of R2 is independently hydrogen or an optionally substituted radical selected from the
group consisting of Cr23 aliphatic; C1_20 heteroaliphatic: phenyl; a 3- to 8-membered saturated or
partially unsaturated monocyclic carbocycle, a 7-14 carbon saturated, partially unsaturated or aromatic
polycyclic carbocycle: a 5- to 6-membered monocyclic heteroaryl ring having 1-4 beteroatoms
independently selected from nitrogen, oxygen, or sulfur: a 3- to 8-membered saturated or partially
unsaturated heterocyclic ring having 1-3 heteroatoms independently selected from nitrogen, oxygen,

or sulfur; a 6- to 12-membered polycyclic saturated or partraly unsaturated heterocycle having 1-5

heteroatom§ﬁ1£}§éﬁﬂéﬁ§l3@%@@§téa frdratidgEn; BxydenRor aulftir:aet imd@etd by mémbered

bicyclic heterqapylfing having,Lbhetcigatams independently selected from nitrogen, oxygen, or

sulfur; wherein an R5 group can be taken with an Rl or R™ group to form one or more optionally

substituted rggygsheach oC 1rren lis. mdependentlx Q:yd%og Ny azk%dro %/! Qrotectrng group, or an
a

optionally substr‘tut‘era ra |c se]ec d’fro‘ ik ‘é‘grou-rj consisting or C1. 20‘ac§7 Cl “ZO“alhﬁhatlc C1.20

heteroaliphatic; gftiemyt:; farﬁh-(toc&znmembmeaﬂasﬁtwr&tetohoncpartgall;pumsﬁlumﬁedzmopocyck carbocycle,
7-14 carbon s%grp&e}% r?%“é"l{}é upsaturated or aromatic polycyclic carbocycle; a 5- to 6-membered
rnonocyclic heteroary ring Ihavrng 1-4 heteroatoms independently selected from nitrogen, oxygen, or
sulfur; a 3- to 8-mem.bered saturated or partially unsaturated heterocyclic ring having 1-3 heteroatoms
mdependentw SEIECHEP RO RitFBger BXyEeh | Gr'stifl: F6nes 12! ‘?ﬁe%@?et%fbét%ychc saturated or
partially unsasurateskheterocycle having 1-5 heteroatoms independently selected from nitrogen,
oxygen, or sulfur; or an 8- to 10-membered bicyclic heteroaryl ring having 1-5 heteroatorns
independently selected from ritrogen, axygen, or sulfur where an R7 group can be taken with an 12)
group to four'?soné\o[} more‘oéhopaﬁytsﬁbstrtu%ed /t\n oR oga ly contaroﬁog,mejzr shore heteroatoms;
each occurrence of RT. is widependerfttly ihydro@en;ra hydrexylipro ectrﬁrg group of an optlonally
substituted radical selected from the group consisting of Ch20 acyl; G520 aliphatjg; C1_20
heteroaliphatic; \r)enyl &3){0 8 mﬁerﬁbered?sa'gtl\rated-or ,Eb\ar )allyﬂnﬂatmate@mﬁrrgcycllc carbocycle,
a 7-14 carbon %atﬁrat’ed artraIIy un aturateds r arbmatrc chycllo catgocycle aﬁ% to 6-membered
monocyclic hetetoar‘yl ring having 1 4 heteroatoms indepehdently selected from nitfdgen, oxygen, or
sulfur: a 3- to 8- membered satyrated or partrally unsaturated heterogyclic ring having 1-3 heteroatoms
|ndependently§e ;e\cted frw ,rﬂ\trogen @x en, or SUI;(;JLQ{a 6- to $2- nitemberedioo'l[yoyct c saturated or
partially unsaturétec{%[eteroeycl havrng EL 5 heteroa s*i*’r‘tdepenaentlx/selectéd frqm:nitrogen,
oxygen, or sulfur; or &n 8- to T0-Mmembered blcycllc heteroaryl ring having 1-5 heteroatoms
mdependently/selected from nrtrogen oxygen or sulfur and where tw groups can be taken
together with 4 te/rt\e mq% ar? ;?Jp ona(ll ubsil\ d/rlngs th nally containing
one or - more h terdatoms, p can 20) rtw;t an R' b\/FtZ groui) toiform one or more
optionally substitutedrings optlonally contalnlng one or more heteroatoms; each occurrence of Rx.
Rc, andis independently hydrogensor an opt| na y subs blrcal sele dsfrom the group
consisting oﬂ‘é{%t\ alaphatlcf\ t’\ro 11 T,;a aturated or partially
unsaturated ménotyclic carboeyele a’7-1 carborlr saturated partlaIIy un‘satﬂrated or aromatic
polycyclic carbocy(gle a 5- to 6- membered mong@gcyglic heteroaryl ring having 1-4 heteroatoms
mdependentlygselect;d@ frorg ngtggﬁn oxygén\/%r slillfur a 3- to 8-membered saturated or partially
unsaturated hetgrogycli¢ring having 13 hetcr@\attoms mdependently selected from nitrogen, oxygen, or
sulfur; a 6- to 12-membered pdlycyclic saturatéd or partially unsaturated heterocycle having 1-5
heteroatoms independently selected from nitrogen, oxygen, or sulfur: or an 8- to 10- membered
bicyclic heteroaryl ring having 1-5 heteroatoms independently selected from nitrogen, oxygen, or
sulfur wherein any two or more R8, R9 and Rii) groups can be takeJQ’together with intervening atoms

o form one or r@gre 0 tlotg dtlg Ublilt Jted. r|n Eeach currencepf IS independently selected from

he group corsisffig S HafGgeH™ M CRALSEY, 98R; B2\, -NRYC(0)RY, -0C(0)W, CO2RY,
-NCO -N3, -OW, -0C(0)N(RY)I- N(RY)2 -NR'C(0)12, .

63. The method of claim 62, wherein R, R’ R' R’ and R* are independently —-H or

optionally substituted C; o aliphatic.

64. The method of claim 62, wherein R’ R'. R, R? and R” are independently ~H or

optionally substituted C;.y aliphatic.

189



NRYC(0)ORY; or an optionally substituted radical selected from the group consisting of C120 aliphatic;
C1-20 heteroaliphatic; phenyl; a 3- to 8- membered saturated or partially unsaturated monocyclic
carbocycle, a 7- 14 carbon saturated, partially unsaturated or aromatic polycyclic carboeyele; a 5- to
6-membered monocyclic heteroaryl ring having 1-4 hetcroatoms independently selected from nitrogen,
oxygen, or sulfur; a 3- to 8-membered saturated or partially unsaturated heterocyclic ring having 1-3
heteroatoms independently selected from nitrogen, oxygen. or sulfur: a 6- to 12-membered polycyclic
saturated or partially unsaturated heterocycle having 1-5 heteroatoms independently selected from
nitrogen, oxyégert,Tsrraeiffo; Gickngslovlnriermbe e dibicyeliB hBledanR ring! aving tk§thetcroatoms

independently gelected, from RIrQIen, OXYaeR.F SWiln. Whers eash.peelIanee LRY is

o &

independently selected from the group consisting of hydrogen an optionally substituted Ci_e aliphatic
group, and anf8pticHalIY&IBEeIted and group, where two or more adjacent RI groups can be taken
together to form an optionally substituted saturated, partially unsaturated, or aromatic 5- to
12-membere¢kringcontaifinfic®: ta 4, héteroatorngs O6is dn-anipty, ihgAdisen optionajly substituted 5-
to 10-membered heteroaryl group having 0 to 4 additional heteroatoms independently selected from
nitrogen, oxygen, or sulfur; wi e proyfsés that: when Z is, ring A is not an imidazole, an oxazolc. or
atholcnd 79. The polymwn catalyst,ef claim 78, whereincomprises: 80, The polymerization
catalyst of claim 79, wherein Ras compriges: 81. The polymerization catalyst of claim 'O having a

structure selectesfrong tiie group combistirly) of:

67. The method of claim 1, wherein at least one Z group is selected from the group

consisting of:

ariar Pl rnn nlan

NH NH .
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68. The method of ciaim 1, wherein the epoxide has the formula:
R Re
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wherein: R4a. R4a, Rsa, R, R6a. K-68), R7a, and R7a’ are each independently a(Troup hydrogen,
halogen, -OR, -NR2, -SR, -CN, -NO2, -SO2R, -SOR, -SO)NR,y, -CNO, -NRSO2R, -NCO, -N3, -SiR3,
or an optionally substituted radical selected from the group consisting of C1_20 aliphatic: C1-20
heteroaliphatic: phenyl: a 3- to 8-membered saturated or partially unsaturated monocyclic carbocycle,
a 7-14 carbon saturated, partially unsaturated or aromatic polycyclic carbocycle: a 5- to 6-membered
monocyclic heteroaryl ring having 1-4 hotematoms independently selected from nitrogen, oxyuen, or
sulfur: a 3- to 8-membered saturated or partially unsaturated heterocyclic ring having 1-3 heteroatoms
independently seledtBY oM nitrogen, oxygen, or sulfur: a 6- to 12-membered polycyclic saturated or
partially unsaturated heterocycle having 1-5 heteroatoms independently selected from nitrogen,
oxygen, or sulfur; ok‘am 8 test:memberad dicyclicheteroaslting having+-hhetergatoms
independently selected from.nitrogen, ogggn&g{ su fur, wh.e)g—;;f[!?l nd R41, a", R RR [RI' and R41

S

and any two or more adjacent R4a, Té R fea 64, ”:’f'fwéiﬁsd“RTh%FgﬁEsa Car’ SpliGRAIT Be taken
together with intervenisgatomstodiordionednrioteroptiondllycsubstittited virigs;arhds 0 or an integer
from | to 8, inclusive: and,pis:0.r AMNIRAST AT I ROSIve. Mhere AL igast supstiuents
agroup. 82. The polymerization catalyst of claim 80 having a structure se ecte_cf’from hgroup consisting
of: 83. The polymerizatiibatalysesicidiviie axmictotehssieeted hoamodiengrouswodsisiing 84. The

polymerization catalystat glaim33nwherain sach B Rda, R38 «Raan:RER . REIR: Km, and R"I"is
independently selected from the group consisting of -H, optionally substituted C1.20 aliphatic,
optionally substituted FABHYEY ARt BEHEHAMFEmpStifuted kvge 1-3 heteroatoms independently

sciccted from nitrogen, oxygen, or sulfur; a 6- to 12-membered polycyclic
saturated or partially unsaturated heterocycle having 1-5 heteroatoms
mdependently selected from nitrogen, oxygen, or sulfur; or an &- to 10-
membered bicyclic heteroaryl ring having 1-5 heteroatoms independently

selected from nitrogen, oxygen, or sulfur; and

each of R™, R, and R is independently hydrogen or an optionally substituted
radical selected from the group consisting of C).;; aliphatic; Cr.;
heteroaliphatic; phenyl; a 3- to 8-membered saturated or partially unsaturated
monocyclic carbocycle, a 7-14 carbon saturated, partially unsaturated or
aromatic polycyclic carbocycle; a 3- to 6-membered monocyclic heteroaryl
ring having 1-4 heteroatoms independently selected from nitrogen, oxygen, or
suffur; a 3- to 8&-membered sarurated or partially unsaturated heterocyclic ring
having 1-3 heteroatoms independently selected from nitrogen, oxygen, or
sutfur; a 6- to 12-membered polycyelic saturated or partially unsaturated
heterocycle having 1-5 heteroatoms independently selected from nitrogen,
oxygen, or sulfur; or an & to I0-membered bicyclic heteroaryl ring having 1-3

heteroatoms mdependently selected from nitrogen, oxygen, or sulfur;

wherein any of (R* and R%), { R® and RYY, and (R* and R™) can be taken together

with intervening atoms © form one or more optionally substifuted rings.

69. The method of claim 68, wherein a polymer formed has a formula selected from the

group consisting of;
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10-membered aryl. 85. The polymerization catalyst of claim 83, wherein each R41. R42. R6'. and R is
--H. 86. The polymerization catalyst of claim 83, wherein each R4a, - and each ft5& ftsaR", and R"is
independently -H, or an option aliphatic. and RGal is -H y substituted Cl) 87. The polymerization
catalyst of claim 83. wherein the polymerization catalyst is selected from the group consisting of The
polymerization catalyst of claim 87, wherein each R4a, R7a, and R]al is independently selected from
the group consistingH, optionally substituted CI sz, aliphatic, optionally substituted phenyl, and
optionally substituted 8- to | 0-membered aryl. 89. The polymerization catalyst of claim 87, wherein

each RIlI"™and 90. The polymerization catalys im 87, wherein each, R4a.R. andis -H
polymerizgtion ystrest ot rein gach,

S e Y

o~ o T Yo7 o

, , and

70. The method of claim 68, wherein R”, R, and R* are each hydrogen.
71. The method of claim 68, wherein R* is optionally substituted C,_j, aliphatic.

72. The method of claim 1, wherein the epoxide 1s selected from the group consisting of:
ethylene oxide, propylene oxide, butyiene oxide, cvclohexene oxide, 1,2 octene
oxide, 3-vinyl cyclohexene oxide, epichlorohydrin and mixtures of any two or more

of these,

73, The method of claim 1, wherein the epoxide is cthylene oxide, propylene oxide, or

cyclohexene oxide.
74.The method of claim 1, wherein the epoxide is propviene oxide.
75. The method of clatm 1, wherein the CO; pressure is between about 50 and 800 psi.

76. The method of claim 1, wherein the ratio of catalyst to epoxide is between about

1:1004 and about 1:160.000.

77. The method of claim 1, further comprising the steps of letting the polymerization
proceed until a desired polymer molecular weight has been achieved, quenching the

polymerization reaction and isolating the polymer.

78. A polymerization catalyst having the structure:
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and each Rsa R5", R and R' is independently -H, or an optionally substituted C120 aliphatic. 91. The
polymerization catalyst of claim 81, wherein at least one salicylaldehyde-dert ed portion of the
polymerization catalyst is selected from the group consisting of: 92. The polymerization catalyst of
claim 81, wherein at least one salicy!aldehvde-dcrivcd portion of the polymerization catalyst is selected
from the L.Toup consistimi of. (Lin, 93. The polymerization catalyst of claim 81, wherein at least one
salicylaldehyde-derived portion of the polymerization catalyst is selected from the group consisting of
94. The polymerization catalyst of claim 81, wherein at least one salic idehyde-derived portion of the
polymerization catalyst is selected from the group copsiting of (Z)," 95. The polymerization catalyst
of claim 81, wherein at least one salicylaldeh leTived portion of the polymerization catalyst is
selected from the group consisting of: i )

wherein:

M is a metal atom;

.a comprises & multidentate ligand; and

(L) represents one or more activating moiety tethered to the multidentate
ligand, where - represents a linker moiety; m represents the number of Z
groups present on a linker motety and 15 an mteger between 1 and 4 inclusive;
and cach (7} is an activating functional group independently selected from the

group consisting of’

r! R —g-0 . s R} 9 REORE g
N N ¢ R -2—51;1{{-':‘ o}_i\é\ A -E—N}_O\Ri N~ N
R? OR [ ¢ =en wr SN CRD A 2 O
R Yl R EANE PNo-RT
N . o )
R R, R
RL,\I,R? treeg? N-f‘R N E\? r\;"‘; O,RT'

% /'L\ N, ’?z{K A \"“’S“M/ﬁ\rs;’ﬁi gs\w/l\w)\w’[{z LR
N RE - \R} - ‘E" : k) v L P :EL F;& R”
& R* R RT R! R RTOR 1o
\j\\ jf Ri\;,R“"Xe RULK | pre g 0 RLBR S L,

Rl "’){2 1 b 3% J A\ s =
SN \cg\N)\Rﬁ \g\g,,,!\w ?fg\ JU f R ‘5\;? N’R
R: R: R? t."f ';N N i P P ~R!
K- R~ R R* RS CH)
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96. The polymerization catalyst of any of claims 91 to 95, wherein one or more Z group is
independently a neutral functional group selected from the group consisting of amines, phosphines,
gaunidines, bis-guanidines, amidines. and nitrogen-containing heterocycles. 97. The polymerization
catalyst of any of claims 91 to 95. wherein one or more Z group is a cationic moiety independently

selected from the group consisting of: R9 e(9/1Q_R8RLR2Hi x9 Xe Rciiii._eRIl, a, k2, R2 8, NN e N
N, i1"s-CS R NNLIrR2

2

~NEN 1%

wherein: cach occurrence of R', R” and R is independently hydrogen or an
optionally substituted radical selected from the group consisting of Cy.ag
aliphatic; Ci.o; heteroaliphatic; phenyl: a 3- 1o B-membered saturated or
partially unsaturated monocyclic carbocycle, a 7-14 carbon saturated.
partially unsaturated or aromatic polycyclic carbocvele; a 5- 1o 6-

-

membered monocyelic heteroaryl ring having 1-4 heteroatoms
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NNi - 1d R2 ..s. AX ...1., k 1l , RI -S552 ------ , -RI N-P=N-P-N e ---1-(---N-P-N R2RR2R2] 1tI'121 122X
p=NRIRI N RI 8 A --Ni $ 'P-P 9 Nkr 0 ,R2 vx# P-N ,N-P8 *P=N

mdependently selected from nitrogen, oxygen, or sulfur; a 3- to 8-
membered saturated or partially unsaturated heterocychic ring having 1-3
heteroatoms independently selected from nitrogen, oxyeen, or sulfur, a 6-
to 12-membered polycyclic saturated or partially unsaturated heterocycle
having 1-5 heteroatoms independently selected from nitrogen, oxygen, or
sulfur; or an 8- to 10-membered bicyclic heteroarvl ring having 1-3
heteroatoms independently selected from nitrogen, oxygen, or sulfur;
wherein two or more 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 additional heteroatoms;
R* is hydrogen, hydroxyl, optionally substituted C o aliphatic;

each occurrence of R is independentiv hvdrogen or an optionaily substituted
radical selected from the group consisting of C; .5 aliphatic; C
heteroaliphatic: phenyl: a 3- to 8-membered saturated or partially
unsaturated monocyclic carbocycle, & 7-14 carbon saturated, partially
unsaturated or aromatic polveyclic carbocveie: a 5- to 6-membered
menocyelic heteroaryl ring having 1-4 heteroatoms independently selected
from nitrogen, oxygen, or sulfur; a 3- to &-membered saturated or partially
unsaturated heterocyclic ring having 1-3 heteroatoms independently
selected from nitrogen, oxygen, or sulfur; a 6- to 12-membered polyevelic
saturated or partially unsaturated heterocycle having 1-5 heteroatoms
independently selected from nitrogen, oxygen, or sulfur; or an 8- 0 10-

embered bicyclic heteroary! ring having 1-5 heteroatoms independently

selected from nitrogen, oxygen, or sulfur; wherein an R’ group can be
taken with an R' or R” group to form one or more optionally substituted

rings;

each occurrence of R is independently hydrogen, a hydroxyl protecting
group, or an optionally substituted radical selected from the group
consisting of Cy.a9 acyl; Cyg aliphatic; Cy.50 heteroaliphatic; phenyl; a 3-

to 8-membered saturated or partially unsaturated monocyclic carbocycle, a



| Xt ft ,R2 N ,Re '122 122- R2R2, R1.% Il R' IR2 'RI N-P=N-P-N=P-N" R.2 ,NNN- 2 R2I ,
R2 [ft R-R3

7-14 carbon saturated, partially unsaturated or aromatic polveyeiic
carbocycle; a 5- to 6-membered monocyclic heteroaryl ring having 1-4
heteroatoms mdependently selected from nitrogen, oxygen, or sulfur; a 3-
to B-membered saturated or partially unsaturated heterocyelic ring having
I-3 heteroatomns independently selected from nitrogen, oxygen, or sulfur; a
6- to 12-membered polycyclic saturated or partially unsaturated
heterocyele having 1-5 heteroatoms independently selected from nitrogen,
oxygen, or sulfur; or an &- o 10-membered bicyelic heteroary! ring having
I-5 heteroatoms independently selected from nirrogen, oxygen, or sulfur,
where an R’ group can be taken with an R’ group to form one or more
optionally substituted rings optionally containing one or more

heteroatoms;

each occurrence of R’ is mdependently hydrogen, a hydroxyl protecting
group, or an optionally substituted radical selected from the group
consisting of Cy.z acyl; Cyu0 aliphatic; Cy.o0 heteroaliphatic; phenyl; a 3-
to &-membered saturated or partially unsaturated monocyclic carbocycle, a
7-14 carbon saturated, partially unsaturated or aromatic polveyclic
carbocycle; a 3- to 6-membered monocyclic heteroarvl ring having -4
heteroatoms independently selected from nitrogen., oxveen, or sulfur; a 3-
to &-membered saturated or partially unsaturated heterocyclic ring having
1-3 heteroatoms independently selected from nitrogen, oxvgen, or sulfur; a
6- to 12-membered polycvelic saturated or partially unsaturated
heterocycic having 1-5 heteroatoms independently selected from nitrogen,
oxygen, or sulfur; or an &- to 10-membered bicyclic heteroary! ring having
1-5 heterocatoms independently selected from mitrogen, oxygen, or sulfur;
and where two R” groups can be taken together with intervening atoms to
torm one or more optionally substituted rings optionally containing one or
more heteroatoms, and an R7 group can be taken with an R’ or R group
to form one or more optionally substituted rings optionally containing one

or more heteroatoms;,
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,and R2Et} NN | ,RI $ Il - P -N=P -N, IR-22-N NN-, :" R2Ra- aft Rift1X 98. The polymerization catalyst
of any of claims 91 to 95, wherein each linker moiety is independently selected from the group
consisting of

each occurrence of RY, R, and R' is independently hydrogen or an optionally
substituted radical selected from the group consisting of C,.o¢ aliphatic;
C1.20 heteroaliphatic; phenyl; a 3- to ¥-membered saturated or partially
unsaturated monocyche carbocycie, a 7-14 carbon saturated, partially
unsaturated or aromatic polyeyclic carbocyele; a 5« 1o 6-membered
monocyclic heteroaryl ring having 1-4 hetercatoms independently sclected
from nitrogen, oxygen, or suifur; a 3- to &-membered saturated or partially
unsaturated heterocyclic ring having 1-3 heteroatoms independently
selected from nitrogen, oxygen, or sulfur; a 6- to 12-membered polveyclic
saturated or partially unsaturated heterocyele having 1-3 heteroatoms
independently seiected from nitrogen, oxygen, or sulfur; or an 8- to 10-
membered bicyclic heteroaryl ring having 1-5 heteroatoms independently
selecied from nitrogen, oxygen, or sulfur; wherein any two or more R, R’
and R' groups can be taken together with mtervening atoms to form one

ot more optionally substituted rings;

cach occurrence of R is independently selected from the group consisting of’
halogen, -NO,, -CN, -SRY, -S(OIR”, -S{ORRY, -NRYC(OWRY, -OCIOIRY,
-COsRY, NCO, -Ns, -OR’, -OC(ON(RY);, -N(RY ), -NRC(OR?,
-NRYC(OYORY; or an optionally substituted radical sclected from the group
consisting of €.y aliphatic; Cy_y heteroaliphatic; phenyl: a 3- to 8-
membered saturated or partially unsaturated monocyclic carbocyele, a 7-
14 carbon saturated, partially unsaturated or aromatic polyeyclic
carbocycle; a 5- to 6-membered monocyclic heteroaryl ring having 1-4
heteroatorns independently selected from nitrogen, oxygen, or sulfur; a 3-
to K-membered saturated or partially unsaturated heterocyclic ring having
1-3 heteroatoms independently selected from nitrogen, oxygen, or sulfur; 2
6- to 12-membered polycyclic saturated or partially unsaturated
heterocycle having 1-5 heteroatoms independently selected from nitrogen,
oxygen, or suifur; or an 8- to ] 0-membered bicyclic heteroaryl ring having
1-5 heteroatoms independently selected from nitrogen, oxygen, or sulfur,
where each occurrence of R is independently sclected from the group

consisting of hydrogen an optionally substituted C;.¢ aliphatic group, and
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99. The polymerization catalyst of any of claims 91 to 98, wherein M is selected from the Rroup
consisting of cobalt, aluminum, and chromium. 100. The polymerization catalyst of any of claims 91 to
98. wherein N4 is selected from the group consisting of cobalt and chromium. 10. The polymerization
catalyst of any of claims 91 to 98, whM is cobalt. 102. The polymerization catalyst of any of claims 91
to 101, wherein X is selected from the group consisting of: chlorine, bromine, an optionally substituted
C1-12 carboxylate, azide, an optionally substituted phenoxide, a sulfonate salt, and a combination of
any two or more of these. 103. The polymerlzatlon catalyst of claim 83. wherein theeal complex has a
structure selected from thesenoTableubstoded e goiymerbemcncatanpse efidaim Y9, wherein the

catalyst has a structure selegieckfiom dosedcTiable tord 08 SRRV MEUFAHoNGRfaILL claim

7(herein the catalyst has a structure selected from those in Table 2
partially unsaturated, or aromatc 3- to 12-membered ring containing O to

4 heteroatoms:
X 15 an anion;

ring A is an optionally substituted 5- to 10-membered heteroaryl group having
0 to 4 additional heteroatoms independently selected from nitrogen,

oxygen, or sulfur;

with the provisos that:

Y
\\N@)

]

i

when Z is , ring A 18 not an imidazole, an oxazole, or a thiazole; and

. rah—<f% (? ‘o?@-
when

"D 50 O D)

Mol %P .
. - Me()
Z 18 not Ph

79. The polymerizaton catalyst of claim 78, wheremn lHH

R4 ( \ ia
R \ l / R

0 1
R33 X R.:a’

where ——wnw (8 ~CHy

COmprises:
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&0, The polymerization catalyst of claim 79, wherein COTPTISES:

&1. The polymerization catalyst of claim 80 having a structure selected from the group

consisting of:

wherelin;

R R™, R R™, R™ R™, R™, and R™ are each independently a — @ group,
hydrogen, halogen, -OR, -NRy, -SR, -CN, -NO,, -8O,R, -SOR,, -S0O-NR;
-CNO, -NRSOZR, -NCO, =N, -SiR3; or an optionally substituted radical
selected from the group consisting of Cy.o aliphatic; Cyy heteroaliphatic;
phenyl: a 3- to 8-membered saturated or partially unsaturated monocyvelic
carbocycle, a 7-14 carbon saturated, partially unsaturated or aromatic
polycyciic carbocycle; a 5- o 6-membered monocyclic heteroaryl ring having

1-4 heteroatoms independently selected from nitrogen, oxyzen, or sulfur; a 3-

Y R
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to ¥-membered saturated or partially unsaturated heterocyclic ring having 1-3
heteroutoms independently selected from nitrogen, oxygen, or sulfur; a 6- to
1Z-membered polycyclic saturated or partially unsaturated heterocycle having
I-5 hetercatoms independently selected from nitrogen, oxygen, or sulfur; or
an 8- to 10-membered bicyclic heteroaryl ring having 1-3 heteroatoms
independently selected from nitrogen, oxygen, or sulfur, where [R' and R*],
[R" and R*') and any two or more adjacent R®, R™ R™ R’ R®™ R® R™
and R™ groups can optionally be taken together with intervening atoms to
form one or more optionally substituted rings;

115 O or an integer from 1 to ®, inclusive; and

p1s 0 or an integer from 1 to 4, mclusive,

where at least substituent is a ™™™ @ group.

K2. The pelymerization catalyst of claim 80 having a structure sclected from the group

consisting of:

e pé ) 23,
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83 The polymerization catalyst of claim 82, having a structure selected from the

sroup consisting of:



(Zm

(Z3,

i

('Z.}m m(fiJ

(e midd

84. The polymerization catalyst of claim 83, wherein each R™, ™, R™ R R™ R,
R™, and R™ is independently selected from the group consisting of; —H, optionaliv

substtuted ()2 aliphatic, optionally substituted phenyl, and optionally substituted 8- to

10-membered aryl.

83. The polymerization catalyst of claim 83, wherein cach R® R™, R, and R™ is —H.



86. The polymerization catalyst of claim 83, wherein each R™, R* . R™, and R™ is - H
and each R™ R™, R™ and R™ is independently —H, or an optionally substituted C1.20

aliphatic.

87. The polymerization catalyst of claim ¥3, wherein the polymerization catalyst is

selected from the group consisting of

and

&8, The polymerization catalyst of claim 87, wherein each R™, R*, R™, R™ R™ R%|
R, and R™ is independently selected from the group consisting of! -H, optionally
substituted C y aliphatic, optionally substituted phenyl. and optionally substituted §- o

f0-membered aryl

y . - . 4o péa’ s NS
89, The polymerization catalyst of claim 87, wherein each R™, R™, R™, and R™ 15 ~H.
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90. The polymerization catalyst of claim 87, wherein each R™, R*™, R® and R™ is -H
and each R* R™, R™ and R™ is independently —H, or an optionally substituted C .00

aliphatic.

91. The polymerization catalyst of claim 81, wherein af least one salicylaldehyde-derived

portion of the polymerization catalyst is selected from the group consisting of:

5§ b= 5= 9= :g‘
S0 S0 0 o o
5 ,

D (Z)m : AR : AN : 7).,
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92. The polymerization catalyst of claim 81, wherein at least one salicylaldehyde-derived
portion of the polymerization catalyst 1s selected from the group consisting of:
AL
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93. The polymerization catalyst of claim 81, wherein at least one salicylaldchvde-derived

portion of the polymerization catalyst is selected from the group consisting of
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94, The polymerization catalyst of claim 81, wherein at least one salicylaldehyde-derived

uf}m 3

portion of the polymerization catalyst is selected from the group consisting of:
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935, The polymerization catalvst of claim 81, wherein at least one salicylaldehvde-derived

portion of the polymerization catalyst is selected from the group consisting of:
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96. The polymerization catalyst of any of claims 91 to 95, wherein one or more Z group

is mdependently a neutral functional group selected from the group consisting of

amines, phosphines, gaunidines, bis-guanidines, amidines, and nitrogen-containing

heterocycles.

97. The polymerization catalvst of any of claims 91 to 95, wherein one or more Z group

is a cationic motety independently selected from the group consisting of)
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98. The polymerization catalyst of any of claims 91 to 93, wherein each linker moiety

i<

—n " is mmdependently selected from the group consisting of:
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*j *J[)r}\ and *H\? ??\:?‘}?“ where s = (-6 and r= -4
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99. The polymerization catalyst of any of claims 91 to 98, wherein M is selected from the

group consisting of cobalt, aluminum, and chromium.
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100. The polymerization catalyst of any of claims 91 to 9%, wherein M is selected from

the group consisting of cobalt and chromium,

101, The polymerization catalyst of any of claims 91 to 9%, wherein M 1s cobali,

102, The polymerization catalyst of any of claims 91 to 101, wherein X is selected from
the group consisting of: chlorine, bromine, an optionally substituted C).1; carboxylate,
azide, an optionally substituted phenoxide, & sulfonate salt, and a combination of any

two or more of these.

103, The polymerization catalyst of claim 83, wherein the catalyst metal complex has a

structure selected from those in Table 1

104, The polymerization catalyst of claim 79, wherein the catalyst has a structure selected

from those in Table 1.

145, The polymerization catalyst of claim 79, wherein the catalyst has a structure selected

from those 1n Table 2.
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