CATALYSTS AND METHODS FOR POLYMER SYNTHESIS

Prierity Claim

This application claims priority to United States Provisional Patent Application
Senal No. 61/091,013, filed August 22, 2008; United States Provisional Patent
Application Serial No. 61/096,313, filed September 11, 2008 and United States
Provisional Patent Application Serial No. 61/098,739, filed September 19, 2008. The

entire contents of each of these priority applications are incorporated hercin by reference.
Background

Catalysts capable of cffecting the copotymerization of epoxides and carbon
dioxide to form aliphatic polycarbonates (APCs) have been known in the art since the
1660s. The early catalysts were based on heterogeneous 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 linkages.

Improved catalysts based on transition metals have been discovered over the past
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
typically quite long. In addition, the best-performing catalysts disclosed i the ‘172

patent require the addition of a scparate co-catalyst to achieve optimum activity.

Attemnpts to address these shortcomings have been made. Catalysts deseribed by
Nozaldi and co-workers (dngew. Chem. Inr. Ed. 2066, 45, 7274 -7277) tether an amine
co-catalyst to a ligand of the catalyst. These next-gencration catalytic systems suffer from
lengthy and complicated syntheses and undesirable induction times prior 1o onset of
potymerization. There remains a need for catalysts that have increased activity that will

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

In a first aspect of the present disclosure, there is provided a metal complex of the

formula:

(D),

5 wherein:

M is cobalt;

e S
(L) represents one or more activating moieties tethered to the salen

comprises a salen ligand; and

ligand, where = represents a linker moiety; m is an integer between 1 and 4
10 inclusive and represents the number of Z groups present on a linker moiety; and each (Z)
represents an activating moiety comprising an amidine or amidinium group of the

formula:

wherein
15 X" is an anion;

each of R and R is independently hydrogen or an optionaﬂy substituted radical
selected from the group consisting of Cy.o aliphatic; Cy.p heteroaliphatic; phenyl; a 3- to

8-membered saturated or partially unsaturated monocyclic carbocycle, a 7-14 carbon
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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 independently selected from nitrogen, oxygen, or sulfur; and an 8- to 10-
membered bicyclic heteroaryl ring having 1-5 heteroatoms independently selected from
nitrogen, oxygen, or sulfur; wherein any two or more 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; and each occurrence of R’ is
independently hydrogen or an optionally substituted radical selected from the group
consisting of C;.op aliphatic; C.9 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 polyeyclic saturated or partially unsaturated heterocycle having 1-3
heteroatoms independently selected from nitrogen, oxygen, or sulfur; and an 8- to 10-
membered bicyclic heteroaryl ring having 1-5 R’ can be taken with an R’ or R? group to

form one or more optionally substituted rings.

In a second aspect of the present disclosure, there is provided a method for the
synthesis of aliphatic polycarbonate polymers comprising the step of contacting one or
more epoxides with carbon dioxide in the presence of a metal complex as described

herein.

The present disclosure provides, among other things, unimolecular catalyst
systems having activity in the copolymerization of carbon dioxide and epoxides and

methods of using the same. In some embodiments, the present disclosure
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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 disclosure provides unimolecular metal complexes
and methods for using the same in the copolymerization of carbon dioxide and epoxides.

5 In some embodiments, provided metal complexes have the structure:

m

wherein:

M is a metal atom;

comprises a multidentate ligand,;

10 —(Z)m represents one or more activating moieties attached to the multidentate
ligand, where —w  1s a linker moiety covalently coupled to the ligand, each Z
is an activating functional group; and m is an integer from 1 to 4 representing the

number of Z groups present on an individual linker moiety.

In some embodiments, tethered activating functional groups (Z) are neutral
15 nitrogen-containing moieties. In certain embodiments, neutral nitrogen-containing

moieties are selected from the group consisting of:
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or & combination of two or more of these,

wherein:
each occurrence of R', and R? is independently hydrogen or an optionally subsututed
radical selccted from the group consisting of C,.q0 aliphatic; Cy 40 heteroaliphatic;

phenyl; a 3- to 8-membered saturated or paraally unsaturated monocvclic
carbocyele, a 7-14 carbon saturated, partially unsaturated or aromaric polveyelic
carbocyele; a 5- to 6-membered monocyclic heteroaryl ring having 1-4

cteroatoms independently selected from nitrogen, oxveen, or sulfur: 2 3- 10 &-

-3

mernbered saturated or partially unsaturated heterocyclic ring having
heteroatoms independently selected from nitrogen, oxygen, or sulfur 2 6-to 12-
membered polycyelic saturated or partially unsaturated heterocycle having 1-3

10
k% s
heteroatoms independently selected from nitrogen, oxvgen, or sulfur; or an 8- to
1-5 heteroatoms independently

10-membered bicyclic heteroary! ring having
. H a2
~sulfur: wherein R’ and R groups can be take

selected from nitrogen, oxygen, or
together with intervening atoms to form one or more optionally substituted rings
optionally containing one or more additional hetercatoms;
each oceurrence of R’ is independently hydrogen or an optionally substituted radical
selected from the group consisting of .o aliphatic; C, .o heteroaliphatic; phenvl:
a 3- 1o §~-membered saturated or partially unsaturated monocyelic carboeycle, a 7-
14 carbon saturated, partially unsaturated or aromatic polycvelic carboceyele: a 3-
to 6-membered monocyclic heteroary! ring having 1-4 heteroatoms independenthy
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selzcted from nitrogen, oxygen, or sulfur; a 3- 10 §-membered saturaied or
partially unsaturated heterocyclic ring having 1-3 heteroatoms independently
sclected from nitrogen, oxyyen, or sulfur; a 6- to 12-membered polyeyelic
saturated or partially unsaturated heterocyvele having 1-5 hetercatoms
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; 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 R7 is independently hydrogen, 2 hydroxyl protecting group, or an

optionally substituted radical selected from the group conststing of Ci.z6 acyl;
Cy.20 aliphatic; Cyao heteroaliphatic; phenyl; a 3- to 8-membered saturated or
partially unsaturaied monocyclic carbocycle, a 7-14 carbon saturated, partially
unsaturated or aromatic polycychc carbocycle; a 5- w0 6-membered monocyclic
heteroary! ring having 1-4 heteroatoms independently selected from nitrogen,
oxygen, or sulfur; & 3- to §-membered saturated or partially unsaturated
heterocyelic ring having 1-3 heteroatoms independently selected from nitrogen.
oxvgen, or sulfur; & 6- to 12-membered polycvclic saturated or partially
unsaturated heterocycle having -5 heteroatoms independently selected from
nitrogen, oxvgen. ot subfurt or an & to 10-membcered bicyelic heteroaryl ring

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

In some embodiments, tethered actvaung funcuonal groups (Z) are cationic

moieties. In certain embodiments, cationic moietes are selected from the group

consisting ot
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or a combination of ™wo or more of these,

wherein:

(&4}

each occurrence of R, Rz, and R is independently hydrogen or an optionally
substituted radical selected from the group consisting of € 4q aliphatic; Ci a0
heteroaliphatic; phenyl: a 3- to 8-membered saturated or partially unsatarated
monocyclic carbocyele, a 7-14 carbon saturated, partially unsaturated or aromatic
polvevelic carbocyele; a 3- w 6-memberad monocyelic hetercary! ring having 1-4

10 hetercatoms independently selected from mitrogen, oxygen, or sulfur; & 3- 10 8-

membered saturated or partally unsaturated heterocyclic ring having }-

2

heteroatoms mdependently selected from nitrogen. oxygen. or sulfurl a2 6-10 12-
membered polveyclic saturated or partially unsaturated heterocvcle having 1-3

hetercatoms mdependently selected from nnrogen, oxygen. or sulfur: or an & 1o

et
Lh

10-membered bicyelic heteroaryl ring having 1-5 heteroatoms independently

h



LA

10

R

o
S

selected from nitrogen, oxygen, or sulfur;, wherein any two or more R! R? and R
groups can be taken together with intervening atoms 1o form one or more
optionally subsututed rings optionally containing one or more additional

heteroatorms,
is hydrogen or -OR ',

is hydrogen, hydroxyl, or optionally substituted ;.54 aliphatic;

g . . . I K
each occurrence of R” and R is independently hydrogen or an optionally substituted

radical selected from the group consisting of C) 5 aliphatic; Cy.a¢ heteroaliphatic;
phenyl; & 3- to &-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 &-
membered saturated or partially unsaturated heterocyclic ring having 1-3
heteroatoms independently selected from nitrogen, oxygen, or sulfur; 4 6- to 12~
membered polyeychic saturated or pdma}!y unsaturated heterocycle having 1-5
eteroatoms mdependently selected from nitrogen, oxygen, or sulfur; or an 8- to
1¢-membered bicyclic heteroaryl ring having 1-5 heteroatoms independently
selected from nifrogen, oxygen, or sulfur; wherein R* and R® can be taken
togethey with intervening atoms to form one or more optionally substituted rings
optionally containing one or more heteroatoms, and an R” or R® group can be

N H 2 . » . .
taken with an R* or R~ group to form one or more optionally substtuted rings;

cach occurrence of R’ is independently hydrogen, a bydroxy! protecting group, or an

¥

opuonally substituted radical selected from the group consisting of Cyag acvl
.0 aliphatic; Ci.yp heteroaliphate; phenvis a 3- to B-membered saturated or
partially unsaturated monocyciic carbocycle, a 7-14 carbon saturated, partially
unsaturated or aromatic polycyclic carbocyele: a 3- to 6-membered monocyelic
heteroary] ring having 14 hetercatoms independently selected from nitroge
oxygen, or sulfur: a 3- to 8-membered saturated or partially unsaturated
heterocychic ring having 1-3 heteroatoms independently selected from nitrogen,

oxvgen, or sulfur; a 6- to 12-membered polyeyelic sararatad or partially
YE YC; ¥
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unsaturated heterocyele 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:
each occurrence of R R, and R'" is independently hydrogen or an optionally

substituted radical selected from the group con.:sisiing of Crag aliphatic; Ciag
heteroaliphatic; phenvl a 3- to 8&-membered saturated or partially unsaturated
monocyclic carbocyele, a 7-14 carborn saturated, partially unsaturated or aromaric
poiveyelic carboeyele: a 3- 1o -membered monocyclic heteroaryl ring having 1-4
neteroatoms independently selected from nitrogen, oxygen, or sulfur; a 3- 1o &-
membered sawrated or partially unsaturated heterocyclic ring having 1-3
heteroatoms independently selected from nitrogen. oxygen, or sulfur; a 6- 1o 12-
membered polycyclic saturated or partially unsaturated heterocycle having 1-35
hetercatoms independently selected from mitrogen, oxygen, or sulfur; or an 8- to
10-membered bicyclic heteroaryl ring having 1-3 heteroatoms independently
selected from nitrogen, oxygen, or sulfur; whersin any two or more R®, R® and R
groups can be taken together with mtervening atoms to form one or more

optionally substtuted ring

each occurance of R is independently selected from the group consisting of:
halogen, -NGy, -CN, -8R”, -S(OWR. -S(ORRY, NRICIOWR?, -OCIOWRY, -CO,R”,
NCO, -Ny, -OR, “OC(ON(RY ), -N(RY), -NRYCLO)RY, -NRYC(OIORY; or an
opuonally substituted radical selected from the group consisting of C .o aliphatic;
Cy.2¢ heteroaliphatic: phenyl; a 3- to 8-membered saturated or partially
unsaturated monocyclic carbocycle, a 7-14 carbon saturated, partally unsaturated
or aromatic polycychce carbocycle; 5~ to 6~membered monocyclic heteroaryl
ring having 1-4 heteroatoms independently selected from nitrogen., oxygen, or
sulfur, & 3- to 8-membered saturated or partially unsaturared heterocyclic ring
having 1-3 heteroatoms mdependently selected from nitrogen, oxygen. or sulfur; a
6~ 10 12-membered polyvevelic saturated or partially unsaturated heterocyele
having 1-3 heteroatoms independently selected from nitrogen, onyeen, or sulfun
or an & to 10-membered bicyclic heteroaryl ring having 1-5 hetercatoms

independently selected from mirogen. oxvgen, or sulfur: where each occurrence
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of RY is independently -H, or an optionally substituted radical selected from the

group consisting of Cy-¢ aliphatic, 3- to 7-membered heterocyclic, phenyl, and 8-

s : ‘- o 11
to 10- membered aryl, and where two or more adjacent R* groups can be taken

rogether to form an optionally substituted saturated, partially unsaturated, or

aromatic 5- to 12-membered ring containing 0 1o 4 hetcroatoms;

X is any anjon. and

Ring A is an optionally substituted, 5- to 10-membered heteroaryl group.

In some ¢embodiments, an activating functional group (Z) is & phesphorous-

containing functional group.

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

from the group consisting of: phosphines (-PRY); Phosphine oxides -P(OYRY;;

phosphinites P(ORR3; phosphonites P(OR”1,RY: phosphites PCOR s phosphinates

OP(OR"RY,: phosphonates: OP(OR ,RY: phosphatas -OP(OR Js; phosponium salts

([-PR7:]7) where the phosphorous-containing functional group may be linked to a metal

complex through any available position (e.g. direct linkage via the phosphorous atom. or

N some cases Vid an oxXygen atom).

In certain embodiments. a phosphorous-contaiming functional group is chasen

from the group consisting of;

< RE
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N £ :
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or a combination of two or more of these

1

. . 7 ~ ) .
wherein R and R7, are a5 defined sbove; and
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ach R is independently hydrogen, 2 hydroxyl protecting group, or an optionally

substituted radical selected from the group consisting of C . acyl;, Cryp aliphatic;

(.20 heteroaliphanc: pheoyl: a 3- 1o 8-membered saturated or partially

unsaturated monocyclic carbocvele, a 7-14 carbon saturated. partially unsaturated
or aromatic polycyclic carbocycle; a 5+ 0 6~membered monocyclic heteroary]
ring having 1-4 heteroatoms independently selected from nitrogen, oxvgen, or
sulfur; « 3- to 8-membered sawrated or partially unsaturated heterocyelic ring
having 1-3 hewcroatoms mdependently sclected from nitrogen, oxygen, or sulfur: a
- to 12-membered polyeyclic saturated or parually unsaturated heterocyele
having 1-5 heteroatoms independently selected from nitrogen, oxvgen, or suifur;
ar 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 teken together with intervening atoms to form an optionally
substituted ring optionally containing one or more heteroatorns, and an R’ group

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

In some embodiments, phosphorous containing functional groups include those

disciosed in The Chemisiry of Qreanophosphorus Compounds. Volume 4. Ter- and

Quingugvalent Phosphorus Acids and their Derivatives. The Chemistry of Functional
Group Scries Edited by Frank R. Hartley (Cranficld University, Cranficld, UK.). Wiley:
New York. 1996, ISBN 0-471-95706-2, the entirety of which is hereby incorporated

herein by reference,

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

.

structure

el Xy HRERTRPPY ), O, wherein:
N 1§ -O-, -Ne=, o1 -NR*,
bis1or0,

cach of RS, R” and R" are independently present or absent and, if present, are

mdependently selected from the group consisting of optionally substituted C;-Cy

aliphatic, optionally substituted Cq.C)4 arvl. optionally substituted 3- 1o 14-

4
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membered heterocyclic, optionally substtuted 3- w0 14-membered heteroaryl,
halogen, =0, -OR*, =NR*, and N(R"), where R” is hydrogen, or an optionally
substituted C;-Cyg aliphatic, optionally substituted 6- to 14-membered aryl,
optionally subsututed 3- to 14-membered heterocyelic, or optionally substituted 5-

to 14-membered heteroaryl,
Q is any anion, and
7 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

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.

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

a caralyst described above.

Definitions

Definttions of specific functional groups and chemical terms are described m
more 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
Chemistry and Physics, 75" Ed., inside cover, and specific functional groups arc
generally defined ag described theremn. Additionally, general principles of organic
chemistry, as well as specific functional moieties and reactivity, are described in Organic
Chemisty, Thomas Sorrell. University Science Books, Sausalito, 1999, Smith and March

Muarch s Advanced Organic Chemistry, 5% Bdition, John Wilev & Sons, Inc., New York,

H
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2001; Larock, Comprehensive Organic Transformarions, VCH Publishers, Inc., New
York, 1989; Carruthers, Some Modern Methods of Organic Synthesis, 3 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 comprise one or more
asymmeiric centers, and thus can exist in various stereoisomeric forms, e.g., cnantiomers
and/or diastereomers. Thus, mventive compounds and compositions thereof may be in
the form of an individual enantiomer, diastercomer or geometric isomer, or may be in the
form of a mixture of stereoisomers. In certain cmbodiments, the compounds of the
mvention are enantiopure compounds. In certain embodiments, mixtures of enantiomers

or diastereomers are provided.

o

Furthermore, certain compounds, as described herein may have one or more
double bonds that can exist as either a Z or E 1somer, unless otherwise indicated. The
invention additionally encompasses the compounds as individual isomers substantally
free of other isomers and alternatively, as mixtures of various isomers, e.g., racemic
mixtures of enantiomers. In addition to the above-mentioned compounds per se. this

invention also encompasses compositions comprising one or more compounds.

As used herein, the term “isomers” includes any and all geometric isomers and
stercoisomers. For example, “isomers” include ¢is- and rrans-isomers, £- and Z- isomers,
R- and S-enantiomers, diastereomers, (IX)-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 free of one or more

corresponding stereoisomers, and may also be referred 1o as “stercochemically enriched.”

Where a particular cnantiorner is preferred. it may, m some embodiments be
provided substantially free of the opposite enantiomer, and may also be referred 10 as
“optically enriched.” “Optically cnriched,” as used herein. means that the compound is
made up of a significantly greater proportion of one enantiomer. In certain embodiments
the compound is made up of at least about %0% by weight of an enantiomer. In some
embodiments the compound is made up of at least about 95%, 97%, 98%, 99%, 99.5%,

99 7%, 99.8%, or 99.9% by weight of an enantiomer. In some embodiments the

11
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enantiomeric excess of provided compounds is at Jeast 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 o those skilled in the art, including chirat
high pressure liquid chromatography (HPLCY and the formation and crystallization of
chiral salts or prepared by asymmetric syntheses. See, for example, Jacques, ct al.,
Enantiomers, Racemates and Resolutions (Wiley Interscience, New York, 1981); Wilen,
S.H. et al, Terrahedron 33:2725 (1977, Eliel, E.L. Stereochemistry of Carbon
Compounds (McGraw-Hill, NY, 1962}, Wilen, S.H. Tables of Resolving Agents and
Optical Resoluzions p. 268 (E.L. Eliel, Ed., Univ. of Notre Dame Press, Notre Dame, IN
1972).

The terms “halo™ and “halogen” as used herein refer 10 an atom selected from

fluorine (fluoro, -F), chlorme {chloro, -Cl), bromine {bromo, -Br), and iodine (iodo, -I).

The term “aliphatic” or “aliphatic group”, as used herein, denotes a hydrocarbon
moiety that may be straight-chain (i.e., unbranched), branched, or cyclic (including fused,
bridging, and spiro-fused polveyelic) and may be completely saturated or may contain
one or more units of unsaturation., but which 1s not aromatic. Uniess otherwise specified,
aliphatic groups contain 1-30 carbon atoms. In certain embodiments. aliphatic groups
contain i-12 carbon atoms. In certain embodiments, aliphatic groups contain 1-§ carbon
atoms. In certain embodiments, aliphatic groups contain 1-6 carbon atoms. In some
embodiments, aliphatic groups contain [-5 carbon atoms, in some embodiments, aliphatic
groups contain 1-4 carbon atoms, in yet 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 o, linear or branched. alkyl, alkenyl,
and alkynyl groups, and hybrids thereof such as {cycloalkyDalkyl, (cycloatkenylialky! or
(eycloalkyalkenyl. In certain embodiments, the term aliphatic group encompasses
aliphatic groups wherein one or more hydrogen atoms are replaced with a halogen atom.
In certain embodiments, the term aliphatic group encompasses chlorinated or flusrinated

aliphatic groups mchuding perfluormated compounds,

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

oxirane. Such substituted oxiranes include monosubstituted oxiranes, disubstitured

12



[

O\

e
L]

oxiranes, trisubstituted oxiranes, and tetrasubstituted oxiranes. Such epoxides may be
further optionally substituted as defined herein. In certain embodiments, epoxides
comprise & single oxirane moiety. In certain embodiments, epoxides comprise two or

MOTE OXIrane moieties.

The term “polymer”, as used herein, refers to 2 molecule of high refative
molecular mass, the structure of which comprises the multiple repetition of units derived,
actually or conceptually, from molecules of low relative molecular mass. In certain
embodiments, & polymer is comprised of only one monomer specics {(e.g., polyethylene
oxide). In certain embodiments, a polymer of the present invention IS a copolymer,
terpolymer, heteropolymer, block copolymer, or tapered heteropolymer of one or more

epoxides.

The term "unsaturated”, as used hercin, mearns that a moiety has one or more

double or triple bonds.

The terms “cycloaliphatic”, “carbocycle”, or “carbocyclic”, used alone or as part
of a larger moiety, refer to 2 saturated or partially unsaturated cyclic aliphatic
monocyclic, bicychic, or polyeyclic ring systems, as described herein, having from 3 to
12 members, wherein the aliphatic ring system is optionally substituted as defined above
and described herein. Cycloaliphatic groups include, without limitation, cyciopropyvl,
cyclobutyl, cyclopentyl, cyclopentenyl, cyclohexyl, cyclohexenyl, cyclabeptyl,
cycloheptenyl, cyclooctyl, cyclooctenyl, and cyclooctadienyl. In some embodiments, the
cycloalkyl has 3-6 carbons. The terms “cycloaiiphatic”, “carbocycle™ or “carboeyelic”
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
bicyclic. In some embodiments, a carbocychic group is tricyelic. In some embodiments,

a carboeyclic group is polycyclic.

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

embodiments, alkyl groups contain 1-8 carbon atoms. In certain embodiments, alkyl

13
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groups conin 1-6 carbon atoms. In some embodiments, alkyl groups contain 1-5 carbon
atoms, in some embodiments, alkyl groups contain 1-4 carbon atoms, in yet other
embodiments alkyl groups contain 1-3 carbon atoms, and in vet other embodiments alkyl
groups contain 1-2 carbon atoms. Examples of alkyl radicals include, but are not limited
to, methyl, cthyl, n-propyl, isopropyl, n-butyl, iso-butyl, sec-butyl, sec-pentyl, 18o-pentyl,
tert-butyl, n~pentyl, neopentyl, n-hexyl. sec-hexyl, n-heptyl, n-octyl, n-decyl, n-undecyl,

dodecyl, and the like.

The term “alkenyl.” ag used herein, denotes a monovalent group dertved by the
removal of a single bydrogen atom from a straight- or branched-chain aliphatic moiety
having at least one carbon-carbon double bond. Unless otherwise specified, alkeny!
groups contain 2-12 carbon atoms. In certain embodiments, alkeny! groups contain 2-8
carbon atoms. In certain embodiments, alkenyl groups contain 2-6 carbon atoms. In
some embodiments, alkenyl groups contain 2-3 carbon atoms, in some embodiments,
alkeny] groups contain 2-4 carbon atoms, in yet other embodiments alkenyl groups
contain 2-3 carbon atoms, and in yet other embodiments alkenyl groups contain 2 carbon
atoms. Alkenyl groups include, for example, cthenyl, propenyl, allyl, 1. 3-butadienyl,

butenyl, T-methyl-2-buten-1-vl, allyl, 1.3-butadienyl, allenyl, and the like.

The term “alkynyl,” as used herein, refers to a monovalent group derived by the
removal of a single hydrogen atom from a straight- or branched-chain aliphatic moiety
having at least one carbon-carbon triple bond. Unless otherwise specified. alkynyl
groups contain 2-12 carbon atoms. In certain embodiments, alkyny! groups contain 2-8
carbon atoms. In certain embodiments, alkyvny! groups contain 2-6 carbon atoms. In
some embodiments, alkyny! groups contain 2-3 carbon atoms. in some embodiments,
alkynyl groups contain 2-4 carbon atoms, in yet other embodiments alkyny! groups
contain 2-3 carbon atoms, and in yet other embodiments alkyny! groups contain 2 carbon
atoms. Representative alkynyl groups include, but are not limited to, cthynyl,

2-propynyl (propargyl), 1-propynyl. and the like.

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

speeified, carbocveles may be saturated, partially unsaturated or aromatic, and contain 3

FH
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to 20 carbon atoms, Representative carboceyles include cyclopropane, eyclobuane,
cyclopentane, cyclohexane, bicyclo[2.2,1Theptane. norbornene, phenyl, cyclohexene,

naphthalene, and spirol4.5]decanc, to name but a few.

The term “aryl” used alone or as part of a Jarger moiety as in “aralkyl”,
“aralkoxy”, or “aryloxyalkyl”, refers to monocyclic and polycyclic ring systems having a
total of six to 20 ring members, wherein at |east one ring in the systern is aromatic and
wherein each ring in the system contains three to twelve ring members. The term “ary]”
may be used interchangeably with the term “arvl ring”. In certain embodiments of the
present invention, “aryl” refers to an aromatic ring system which includes. but is not
limited to, pheny!, biphenyl, naphthyl, anthracyl and the like, which may bear one or
more substituents. Also included within the scope of the term “ary!”, as it is used herein,
is a group in which an aromatic ring is fused t one or more additional rings, such as
benzofuranyl, indanyl. phthalimidyl, naphthimidyl, phenantriidinyl, or

tetrahydronaphthyl, and the like.

The term “heteroaliphatic,” as used herein, refers to aliphatic groups wherein ong
or more carbon atoms are independently replaced by one or more atoms selected from the
group consisting of oxygen, sulfur, nitrogen, phosphorus, or boron. In certain
embodiments, one 1o $ix carbon atoras are independently replaced by one or more of
oxygen, sulfur, nitrogen, or phosphorus. Hetercaliphatic groups may be substituted or
unsubstituted, branched or unbranched, cyclic or acyelic, and include saturated,

unsaturated or partially unsawrated groups.

The terms “heteroaryl”™ and “heteroar-", used alone or as part of a larger moiety,
e.g., “heteroaralkyl”, or “heteroaralkoxy”, refer to groups having 3 {0 14 ring atoms,
preferably 5, 6, or 9 ring atoms; having 6, 10, or 14 = elecoons shared in & cyclic array,
and having, in addirion to carbon atoms, from one ta 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. Heteroaryt groups
include, without himitation, thienyl, furanyl, pyrrolyl, imidazolyl. pyrazolyl, mazolyl,
tetrazolyl. oxazolvl, 1soxazolyl, oxadiazolyl, thiazolyl, isothiazolyl, thiadiazolyl, pyridyl,

pyridazinyl, pyrimidinyl, pyrazinyl, indolizmyl, purinyl. naphthyridinyl, benzofuranyl

o
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and pteridinyl. The terms “heteroaryl” and “heteroar-", as used herein, also include
groups In which a heteroaromatic ring is fused to one or more aryl, cycloaliphatic, or
heterocycelyl rings, where the radical or point of attachment is on the heteroaromatic ring,
Nonlirniting examples include indolyl, isoindolyl, benzothienyl, benzofuranyl,
dibenzofuranyl, indazolyl, benzimidazolyl, benzthiazolyl, quinolyl, isoquinolyl,
cinnolinyl, phthalazinyl, quinazolinyl, quinoxalinyl, 4H-quinolizinyl, carbazolyl,
acridinyl, phenazinyl, phenothiazinyl, phenoxazinyl, tetrahydroquinolinyl,
tetrahydroisogquinolinyl, and pyrido[2,3-b]-1.4-oxazin-3(4H)-one. A heteroaryl group
may be mono- or polycyclic. The term “heteroaryl” may be used interchangeably with
the terms “heteroaryl ring”, “heteroaryl group”, or “heteroaromatic™, any of which terms
include rings that arc optionally substituted. The term “heieroaralky]” refers to an alkyl
group substituted by a heteroaryl, wherein the alkyl and heteroaryl portions

independently are optionally substituted.

As used herein, the terms “heterocycie”, “heterocyelyl”, “heterocyclic radical™,
and “heterocyclhic ring” are used interchangeably and refer to a stable 5- to 7-membered
monocyclic or 7-14-rnembered bicyclic heterocyclic moiety that 15 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 1o a ring atom of a
heterocyele, the term "nitrogen” includes a substituted nitrogen. As an example, in a
saturated or partially unsaturated ring having 0-3 heteroatoms selecred from oxyyen,
sulfur or nitrogen, the nitrogen may be N (as in 3,4-dihydro-2H-pyrrolyl), NH (as in

pyrrolidinyl), or "NR {as in N-substituted pyrrolidinyl}.

A heterocyche ring can be attached {o its pendant group at any heteroatom or
carbon atom that results in 2 stable structure and any of the ring atoms can be optionally
substituted. Examples of such saturated or partially unsaturated heterocyclic radicals
include, without limitation. tetrahvdrofuranyl, tetrahydrothienyl, pyrrolidinyt,
pyrrolidonyl, piperidinyl, pyrrolinyi, tetrabydroquinoliny!, tetrahydroisoquinolinyi,
decahydroquinolinyl, oxazolidinyl. piperazinyl, dioxanyl, dioxolanyl, diazepinyl,
oxazepinyl, thiazepinyl, morpholinyl. and quinuclidinyl. The terms “heterocyele”,
“heterocyelyl”. “heterocyelvl ring”, “heterocyelic group”, “heterocyclic moiety”, and

“heterocychic radical”, are used interchangeably herein, and also include groups in which

16
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a heterocyclyl ring is fused to one or more aryl, heteroaryl, or cycloaliphatic rings, such
as indolinyl, 3H-indolyl. chromanyl, phenanthridinyl, or tetrehydroquinolinyl, where the
radical or point of attachment is on the heterocyelvl nng. A heterocyelyl group may be
mono- or bicyclic. The term “heterocyclylalkyl” refers to an alkyl group substituted by a
heterocyclyl, wheremn the alkyl and heterocyclyl portions independently are optionally

substituted,

The term “acyl” as used herein refers to a group having a formula -C{(O)R where

R is hydrogen or an optionally substituted aliphatic, aryl, or heterocyelic group.

As used herein, the term “partially unsaturated” refers to & ring moicty that
includes at lcast one double or triple bond. The term “partially unsaturated” is intended to
encompass rings having multiple sites of unsaturation, but is not intended to include aryl

or heteroaryl moietics, as herein defined,

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,”
as used herein, 1t is meant that a particular functional moiety, e.g., O, 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, & protecting
group reacts selectively in good yield to give a protected substrate that 1s 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 funcrional groups; the
protecting group forms a separable derivative (more preferably without the generation of
new stereogenic centersy; and the protecting group will preferably bave a minimmum of
additional functionality to avoid further sites of reaction. As detailed herein, oxygen,
sulfur, nitrogen, and carbon protecting groups may be uulized. By way of non-limiting
example, hvdroxyl protecting groups include methyl. methoxvimethyl (MOM),
methyithiomethyl (MTM). -butylthiomethyl, (phenvidimethylsitylimethoxymethvi
(SMOM), benzyloxymethyl (BOM), p-methoxybenzyloxymethyl (PMBM). (4~
methoxyphenoxyymethy! (p-AOM), guaiacolmethyl (GUM), r-butoxymethyl, 4-
pentenyloxymethvi (POM), siloxymethyl, 2-methoxyethoxymethyl (MEM),

2.2 2-trichloroethoxymethyl, bis(2-chloroethoxy)methyl, 2-(srimethylsityljethoxymethyl

17
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(SEMOR), tetrahydropyrany! (THP), 3-bromotetrahydropyranyl, tetrahydrothiopyranyl,
T-methoxyeyclohexyl, 4-methoxyietrahydropyranyl (MTHPY, 4-
methoxytetrahydrothiopyranyl, 4-methoxytetrahydrothiopyranyl S.S-dioxide,
1-[(2-chloro-4-methyliphenyl}-4-methoxypipendin-d-yl (CTMP), 1.4-dioxan-2-yl,
tetrahydrofuranyl, tetrahydrothiofuranyl,
2,3,3a,4,5,6.7,7a-octahydro-7 8 B-trimethyi-4,7-methanobenzofuran-2-yl, 1-ethoxyethyl,
1~(2-chloroethoxy)ethyl, 1-methyl-1-mcthoxyethyl, I-methyl-1-benzyloxyethyl,
1-methyi-1-benzyloxy-2-fluorocthyl, 2,2, 2-trichloroethyl, 2-trimethylsilylethyl,
2-(phenylselenylethyl, t-butyl, allvl, p-chlorophenyl, p-methoxyphenyl, 2,4-
dinirophenyi, benzyl, p-methoxybenzyl, 3 4-dimethoxybenzyl, g-nitrobhenzyl,
p-nitrobenzyl, p-halobenzyl, 2,6-dichlorobenzyl, p-cyanobenzyl, p-phenylbenzyl,
2-picolyl, 4-picolyl, 3-methyl-2-picolyl N-oxido, diphenyimethyl, p,p -dinttrobenzhydryl,
S-dibenzosuberyl, triphenylmethyl, e-naphthyldiphenylimethyl,
p-methoxyphenyldiphenyimethyl, di(p-methoxyphenylphenyimethyl,

i p-methoxyphenyhmethyl, 4-(4’-bromophenacyloxyphenyl)diphenyimethyl,

4.4° 4" -nis(4,5-dichlorophthalimidophenylymethyl,

4.4 47 «ris(levulinoyloxyphenylmethyl, 4,474 -tris(benzoyloxyphenyhmethyl, 3-
(imidazol-1-yhbis(4’ 47" -dimethoxyphenyDmethyl, 1.1-bis(4-

methoxyphenyli- 1 -pyrenyimethyl, S-anthryl, 9-(9-phenylixanthenyl.
9-(9-phenyi-10-oxojanthryl, 1.3-benzodithiolan-2-y1, benzisothiazoly! §,8-dioxido,
trimethylsity! (TMS), iethylsilyl (TES), triisopropylsilyl (TIPS), dimethylisopropylsilyl
(IPDMS), diethylisopropyisilvl (DEIPSy, dimethvithexyisilyl, r-butyidimethylsiivl
(TBDMS}, r-butyldiphenylsilyl (TBDPS). tnibenzylsiivl, tri-p-xviylsilyl, triphenylsityl,
diphenylmethylsilyl (DPMS), r~butyimethoxyphenyisilyl (TBMPS). formate.
benzovlformate, acetate, chloroacetate, dichloroacetate, trichioroacctate, triflucrcacetate.
methoxyacetate, triphenylmethoxyacetate, phenoxyacetate, p-chlorophenoxvacetate, 3-
phenylpropionate, 4-oxopentanoate (levulinate), 4,4-(cthylenedithiojpentanoate
(Jevulinoyidithioacetal}, pivaloate, adamantoate, crotonate, 4-methoxycrotonate,
benzoate, p-phenvibenzoate, 2.4 6-trimethylbenzoate (mesitoate), alkyl methyl carbonate,
9-fluorenyimethyl carbonate (Fmoc), alkyl ethyl carbonate, alkyl 2,2 2-trichloroethyl
carbonate (Troc), 2-(trimethyisilyljethyl carbonate (TMSEC), 2-(phenylsulfonyl) ethyl

carbonate (Psec), 2-(triphenviphosphonio) ethyl carbonate (Peoc), alkyl isobutyl

18



carbonate, alkyl vinyl carbonate alky! allyl carbonate, alkyl p-nitropheny! carbonate,
alkyl benzy! carbonate, alky! p-methoxybenzyl carbonate, alkyl 3,4-dimethoxybenzyl
carbonate, alkyl o-nitrobenzyl carbonate, alkyl p-nitrobenzyl carbonate, alkyl S-benzyl
thiocarbonate, 4-cthoxy- I-napththyl carbonate, methyl dithiocarbonate, 2-iodobenzoate,
4-azidobutyrate, 4-nitro-4-methyipentanoate, o-{dibromomethyl)benzoate,
Z-formylbenzenesulfonate, 2-(methylthiomethoxy)ethyl, 4(methylthiomethoxybutyrate,
2-(methylthiomethoxymethyl)benzoate, 2,6-dichloro-4-mcthylphenoxyacetate, 2,6+
dichloro-4-(1,1,3 3-tetramethylbutyliphenoxvacetate, 2.4~
bis(1,1-dimethylpropyljphenoxyacetate, chlorodiphenylacetate, isobutyrate,
monosuccinoate, (E)-2-methyl-2-butenoate, o-(methoxyearbonyljbenzoate, o-naphthoate,
niwrate, atkyl NN NN “etramethylphosphorodiamidate, alkyl N-phenylcarbamate,
borate, dimethylphosphinothioyl, allyl 2.4-dinitrophenyisulfenate, sulfate,

»

methanesulfonate {mesylate), benzylsulfonate, and tosylate {Ts). For protecting 1.2- or
1.3-diols, the protecting groups include methylene acetal, ethylidene acetal,
1-z-butylethylidene ketal, I-phenyiethylidene ketal, (4-methoxyphenyljethvlidene acetal,
2.2.2-trichloroethylidene acetal. acetonide, cyclopentylidene ketal, cyclohexylidene ketal,
cycloheptylidene ketal, benzyhidene acetal, p-methoxybenzylidene acetal, 2 4-
dimethoxybenzylidene ketal, 3.4-dimethoxybenzylidene acetal, 2-nitrobenzylidene acetal,
methoxymethylene acetal, cthoxymethylene acetal, dimethoxyvmethylene orthe ester,
t-methoxyethylidene ortho ester, 1-ethaxvethylidine ortho ester,

1.2-dimethoxyethvlidene ortho ester, a-methoxybenzylidene ortho ester,
I-(NV,N-dimethylaminojethylidene derivative, o-(N, N -dimethylamino)benzylidene
derivative, J-oxacyclopentylidene ortho ester, di-z-butylsilylene group (DTBS), 1.3-

{1,1.3 3-tetraisopropyldisiloxanylidene) derivative (TIPDS), tetra-r-butoxydisiloxane-~1.3-
diyhidene dertvative (TBDS), cyclic carbonates, cyclic borenates, ethyl boronate, and
phenyl boronate. Amino-protecting groups mclude methy! carbamate, ethyl carbamante,
9-fluorenylmethyl carbamate (Fmoc), 9-(2-sulfoifluorenyimethy! carbamate,
9-(2.,7-dibromo)fluoroenytmethyl carbamate.

2.7-di-r-butyl-{9-(10,10-diono-~10,10,10,1 0-errabydrothioxanthyl Vimethyl carbamate

‘Troc). 2-irimethylsilylethy! carbamate (Teoc), 2-phenylethyi carbamate (hZ).
N 3 phens 3 .

I-{I-adamantyl}-1-methylethyl carbamate (Adpoc), 1,1-dimethyl-2-haloethy! carbamate,

1%
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1,1-dimethyl-2,2-dibromocthyl carbamate (DB--BOC), 1,1-dimethyi-2.2,2-trichloroethyl
carbamate (TCBOC), I-methyl-1-(4-biphenylylethy! carbamate (Bpoc), 1-(3,5
di-z-butylphenyl)-1-methylethyl carbamate (1-Burneoc), 2-(27- and 4’ -pyridyDethyl
carbamate (Pyoc), 2-(N.N-dicyclohexylcarboxamido)ethy] carbamate. r-butyl carbamate
(BOC), I-adamanty! carbamate (Adoc), vinyl carbarate (Voc), allyl carbamate (Alloc),
I-isopropylallyl carbamate (Ipaoc), cinnamyl carbamate (Coc), 4-nitrocinnamy!
carbamate (Noc), 8-quinolyl carbamate, N-hydroxypiperidinyl carbamate, alkyldithio
carbamate, benzy! carbamate (Cbz), p-methoxybenzy! carbamate (Moz), p-nitobenzy!
carbamate. p-bromobenzy! carbamate, p-chlorobenzyt carbamate, 2,4-dichlorobenzyl
carbamate, 4-methylsulfinyibenzyl carbamare (Msz), 9-anthryimethyl carbamate,
diphenylmethyl carbamate, 2-methylthicethy! carbamate, Z-methyisulfonylethy!
carbamate, 2-(p-toluenesulfonyl)ethy! carbumate, [2-(1,3-dithianylyimethyl carbamate
{Dmoc), 4-methylthiophenyl carbamate (Mipc), 2,4-dimethylthiopheny! carbamate
{Bmpc), 2-phosphoniocthyl carbamate (Peoc), 2-riphenyvlphosphonioisopropyl
carbamate (Ppoc), 1. 1-dimethyl-2-cyanocthyl carbamate, m-chloro-p-acvloxybenzyl
carbamate, p-(dihydroxyborvlibenzyl carbamate, S-benzisoxazolylmethyl carbamate,
2»{triﬁum“omfathyi‘}-6-chromony’;methy§ carbamate (Tcroc), m-nitropheny! carbamate,
3,3-dimethoxybenzyl carbamate, o-nitrobenzy! carbamate, 3 4-dimethoxy-6-nitrabenzy!
carbamate, phenyl{o-nitrophenylymethy! carbamate, phenothiaziny!-(10)-carbony!
derivative, N -p-toluenesulfonylaminocarbony! derivative, N'-phenylaminothiocarbonyl
derivative, f-amyl carbamate, S-benzyl thiocarbamate, p-cvanobenzyl carbamate,
cyclobutyl carbamate, cyclohexvl carbamate, cvelopentyl carbamate. cyclopropyimethy!
carbamate, p-decyloxybenzyl carbamate, 2.2-dimethoxyearbonylviny! carbamate,

o~(N, N-dimethylcarboxamido)benzyl carbamate. I, 1-dimethyl-3-
{N,N-dimethylcarboxamido)propyl carbamate, 1,1-dimethylpropynyl carbamate,
di(2-pyridyhimethyl carbamate, 2-furanylmethyl carbamate, 2-iodoethyl carbamate,
1soborynl carbamate, 1sobutyl carbamate, 1sonicotinyl carbamate,

p-(p ~methoxyphenylazo)benzyl carbamate, 1-methyicyclobutyl carbamate,
I-methylcyclohexyl carbamate, I-methyl-1-cyclopropyimethyl carbamate,
l-methyl-1-(3,5-dimethoxyphenylethyl carbamate, T-methvl-1-(p-phenylazophenylyethyl
carbarnate, I-methyl-1-phenylethyl carbamate, 1-methyl-1-(4-pyridviiethy! carbamate.

phenyl carbamate, p-(phenviazo jbenzyl carbamate, 2.4,6-tri-r-butylphenyl carbamate, 4-
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(trimethylammonium)benzy! carbamate, 2.4,6-trimethylbenzyl carbamate, formamide,
acetamide, chloroacetamide, trichloroacetamide, trifluoroacetamide, phenylacetamide, 3-
phenylpropanamide, picolinamide, 3-pyridyicarboxamide, N-benzoylphenylalanyl
derivative, benzamide, p-phenylbenzamide, o-nitophenylacetamide,
o-nitrophenoxyvacetamide, acetoacctamide,
(N’-dithiobenzyloxycarbonylaminoacetamide, 3-(p-hydroxyphenyljpropanamide, 3-
(o-nitrophenyljpropanamide, 2-methyl-2~(o-nitrophenoxy )propanamide,
2-methyl-2~(o-phenylazophenoxyjpropanamide, 4-chiorobutanarnide, 3-methyl-3-
nitrobutanamide, o-nitrocinnamide, N-acetylmethionine derivative, o-nitrobenzamide,
o-{benzoyloxymethyljbenzamide, 4.5-dipheny!-3-oxazolin-2-one, N-phthalimide,
N-dithiasuceinimide (Drs), N-2.3-diphenylmaleimide, N-2,5-dimethylpyrrole, N-1,1,4,4-
tetramethyldisilylazacyclopentane adduct (STABASE), 3-substituted !, 3-dimethyl-1.3,5-
riazacyclohexan-2-one, S-substituted 1.3-dibenzyl-1.3,5-tazacyclohexan-2-one, 1-
substituted 3.5-dinitro-4-pyridone, N-methylamine, N-allylamine,
N-[2-(trimethylsilylyethoxymethylamine (SEM), N-3-acetoxypropylamine,
N-(1-sopropyi-4-nitro-2-oxo-3-pyroohin-3-yamine, quaternary ammonium salts,
N-benzylamine, N-di(4~-methoxyphenylymethylamine, N-3-dibenzosuberylamine,
N-triphenylmethylamine (Tr), N-[(4-methoxyphenyldiphenvimethyllamine (MMTr),
N-9-phenylfluorenylamime (PhF), N-2,7-dichloro-9-fluorenyimethylencamine,
N-ferrocenylmethyiamino (Fem), A-2-picolylamino N -oxide,
N-1.1-dimethyithiomethyleneamine, N-benzylideneamine,
N-p-methaxybenzylideneamine, N-diphenyimethyleneamine,
N-[(2-pyridybmesityimethyleneamine, AN N -dimethylaminomethyiene)amine,

N, N -1sopropylidenediamine, N-p-nitrobenzyiideneamine, N-salicylidencamine, N-5-

R

chlorosalicylidencamne. N-(5-chloro-2-hydroxyphenylphenylmethylencamine,
N-cyclohexylidencamine, N-(3,5-dimethyl-3-oxo-1-cyclohexenylamine, N-borane
derivative, N-diphenyiborinic acid derivative, N-[phenyl{pentacarbonylichromium- or
tungsten)carbonyllamine, N-copper chelate. N-zinc chelate, M-nitroamine,
N-nitrosoanine, amine N-oxide, diphenylphosphinamide (Dpp),
dimethylthiophosphinamide (Mpt). diphenylthiophosphinamide (Ppt), dialkyl
phosphoramidates, dibenzy! phosphoramidate, dipheny! phosphoramidate,

benzenesuifenamide, o-nitrobenzenesulfenamide (Nps), 2,4-dinitrobenzenssulfenamide,
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pentachlorobenzenesulfenamide, 2-nitro-4-methoxybenzenesulfenamide,
triphenyimethylsulfenamide, 3-nitropyndinesulfenamide (Npys), p-toluencsulfonamide
(Ts), benzenesulfonanude, 2,3.6,-trimethyl-4-methoxybenzencsulfonamide (Mtr), 2,4,6-
trimethoxybenzenesuifonamide (Mtb), 2.6-dimethyl-4-methoxybenzenesulfonamide
{Pme), 2,3,3,6-tetramnethyl-4-methoxybenzenesulfonamide (Mte), 4-
methoxybenzenesulfonamide (Mbs), 2,4,6-trimethylbenzenesulfonamide (Mts), 2.6~
dimethoxy-4-methylbenzenesulfonamide (iMds), 2,2,3,7.8-pentamethylchroman-6-
sulfonamide (Pmce), methanesulfonamide (Ms), B-trimethylsilylethanesulfonamide (SES),
9-anthracenesulfonamide, 4-(4° 8 -dimethoxynaphthylmethyDbenzenesulfonamide
(DNMBS), benzylsulfonamide, triflusromethyisuifonamide, and phenacylsulfonamide.
Exemplary protecting groups are detailed herein, however, it will be appreciated that the
present ipvention is not intended to be limited to these protecting groups; rather, a variety
of additional equivalent protecting groups can be readily identified using the above
criteria and vilized i the method of the present invention. Additionally. a variety of
protecting groups are described in Prorecting Groups in Organic Synthesis, T. W. Greene
and P. G. M. Wuts, 3™ edition, John Wiley & Sons, 1999, the entirety of which is

incorporated herein by reference.

When substituents are described herein, the term “radical” or “optionally
substituted radical” is sometimes used. In this context, “radical” means 2 moiety or
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”.

As described herein. compounds of the mvention may contain “optionally
substituted” moigtics. 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 e suitable substituent. Unless otherwise indicated, an “optionally
substituted group”or “optionally substituted radical” may have a suitable substituent at
each substitutable position of the group, and when more than one position in any given

structure may be substituted with more than one substituent selected from a specified
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group, the substituent may be either the same or different at every position. Combinations
of substituents envisioned by this invention are preferably those that result in the
formation of stable or chemically feasible cornpounds, The term “stable”, as used herein,
refers to compounds that are not substantially altered when subjected to conditions o
allow for their production, detection, and, in cerfain 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 onc or
more of the substituents may be attached to the ring at any available position {usually in
place of a hydrogen atom of the parent structure}. In cases where an atom of a ring so
substituted has two substitutable positions, two groups may be present on the same ring
atom. Unless otherwise indicated, when more than one substituent i prosent, each is
defined independently of the others, and each may have a different structure. In cascs
where the substituent shown crossing a bond of the ring is -R, this has the same meaning

¢

as if the ring were said to be “optionally substituted” as described in the preceding

paragraph.

Suitable monovalent substituents on a substitutable carbon atom of an “optionally
substituted” group are independently halogen; ~(CHz)y 4R -(CH1)e2OR®;
~O~(CH2)4CIOYOR?; (CH2)gCHEOR® ) -(CHa)o.sSR®, -(CHyJo.sPh, which may be
subgtituted with R® «(CHy)o.4O(CHz)e.1Ph which may be substituted with R®;
-CH=CHPh, which may be substitated with R®; ~NOy: -CN; -Nz; ~(CH ) aN(R %),

ACH o NRZICLOIRT; -NERPICESR T ~(CH Yo NRIC(OINR %o -N(RJCSINR:
(CH2)o-sNRZIC(CIOR®: -NROIN(RYCIOIR®; -N{REIN(RSC(OINR ®;
NRONRPC(OYOR® {CH)0aCIOR S -CISIR®: «(CHy jpaCIOYOR
ACH2)0aCLOMNR Yar ~(CHo ) CLOISR Y, {CH 304 CIOYOSIR®y, -(CH ).sOC{OIRE;
SOC(OYCHa)o.sSR-, SCS)SR®: ~(CH1 ) SCIOIR®: (CHayosCIOINRE S, -CISINR:
-C(SYSRE; -SCLSISR®, «{CH2 ) OC(OINR®:: -CIOMN(ORMR®; -C(OY(OIR®:
SCIOMCHCIOR: -CINOR VIR, ~(CH2)6sSSRE ~(CHa )4 S(0 )R «(CH).48( 03, 0R
“(CH2)p-20S(0)R L -5(0)NR“; ~(CHy)eaSIOIRS; -NRTIS(O)NR %; -N(RIS(O)2R°;
N(ORPIR® -CINHINR " -P{ORR® -P(OIR 7y -OP(OIR, -OP(OWORy; SiR%; -(Cha

3
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straight or branched alkyleneYO-N(R®),; or -(C straight or branched
alkylene}C(OY0-N(R %)), wherein cach R® may be substituted as defined below and is
independently hvdrogen, Cs aliphatic, ~-CH:Ph, -O(CH;)eiPh. or a 5-6-membered
saturated, partially unsaturated, or aryl ring having 0-4 heteroatoms mdependently

35 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 polycychic ring having 0-4
heteroatoms independently selected from nitrogen, oxygen. or sutfur, which may be

substituted as defined below.

10 Suitable monovalent subsutuents on R° (or the ring formed by taking two
independent occurrences of R® together with their intervening atoms), are independently
halogen, ~(CHy)o.2R®, ~(haloR®), ~{CHa)g 2OH, (CH) ,OR®, -(CH)o 2 CH{OR® ),
-OthaioR®), -CN, -Nz, «(CH2)02CO)R®, (CH2)0.2C(O)OH, -(CH2)02C(OYORS,
“(CH)o4CIOMN(R®y; -(CH2)628R®, (CH)uaSH, «(CHy)o.2NHa, «(CHy ). NHR®,

15 A{CH2)uaNR®;, -NQ;, -SiR®;, -OSiR 2, -C(Q)SR® ~(Cy4 straight or branched
alkylenc)C(OYOR®, or -SSRY wherein cach R® is unsubstituted or where preceded by
“halo™ 15 substituted only with one or more halogens, and 1s independently selected from
(. aliphatic, ~CH,Ph, ~-O(CH2jo1Ph, 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 atorn of R? include =O and
=5,

Suitable divalent substituents on a saturated carbon atom of an “optionally
substituted” group mnclude the following: =0, =S, =NNR",, :NNHC(O‘}R*,
=NNHC(OJOR", =NNHS(O)R”, =NR", =NOR", -O(C(R":))220-, or -S(C(R 1).55-,

25 wherein cach independent occurrence of R is selected from hydrogen, C)4 aliphatic
which may be substituted as defined below, or an unsubstituted 5-6-membered saturated,
pariially unsaturated, or aryl ring having 0-4 heteroatoms independently selected from
nitrogen, oxveen, or sulfur. Suitable divalent substituents that are bound to vicinal
substitutable carbons of an “optionally substituted” group include: ~O(_CR‘ 2)2.30-,

. [ * . N -
30 whercin each independent occurrence of R is selected from hydrogen, Cy 4 aliphatic
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which may be substituted ag 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 substituents on the aliphatic group of R include halogen, -R®, ~(haloR®).

.""..

-OH, ~OR®, -O(haloR®), -CN, -C{OYOH. -C{OYOR®, -NH,, -NHR®, NR®,, or -NO»,
whercin cach R® is unsubstituted or where preceded by “halo™ is substituted only with
one or more halogens, and 1s independently Cy4 aliphatic, -CH,Ph, -O(CHa).,Ph, or a 5-
6-membered saturated, partially unsarurated, or aryl ring having 0-4 heteroatoms

independently selected from nitrogen, oxygen, ot sulfur,

Suitable substituents on a substitutable nitrogen of an “optionally substituted”™
group include R, -NRY, -CORT, -C(OYORY, -C(O)C (OWRT, -C(OICHLC(ORT,
—S(O‘;ZR -S{ORN iR, SCEMN RY, 5, -ENH )\R or -\J(R”‘"{G )wR wherein each R is
independently hydrogen, Ci aliphatic which may be substituted as defined below,
unsubstituted -OPh, or an unsubstituted 5-6-membered saturaied, partially unsaturated, or
aryl ring having 0-4 heteroatoms independently selected from nitrogen, oxygesn, 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 mono- or bicyclic ring having 0-4 heterpatoms
independently selected from nitrogen, oxygen, or sulfur, A substitutable nitrogen may be
substituted with three R substituents to provide a charged ammonium moiety -N(R )z,

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

Suitable substituents on the aliphatic group of R” are independently halogen, -R®,
~(haloR®Y, -OH, -OR®, -OfhaloR®), -CN, -C{OY0OH, -C(OYOR?®, -NH,, -NHR®, -NR®;, or
-NO,, wherein cach R® 1s unsubstituted or where preceded by “halo™ is substituted only
with one or more halogens, and 15 independently C\ 4 aliphatic, -CH,Ph, -O(CHy)e. Ph, or
a 5-6-membered saturated, partially unsaturated, or aryl 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
increasces the rate and/or extent of a chemnical reaction, while not being consumed or

undergoing a permanent chemical change itself.
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As used herein, the term “multidentate” refers to ligands having multiple sites

capable of coordinating to a single metal center,

Ag used herein, the term “activating moiety™ refers w a moicty comprising ong or
more activating functional groups. In certain embodiments, an activating moiety
improves the catalytic activity of a metal complex. In some embodiments, such
improved catalytic activity 1s characterized by higher conversion of starting materials
compared to a metal complex lacking an activating moiety. In some embodiments, such
improved catalytic activity is characterized by higher rate of conversion of starting
materials compared to a metal complex lacking an activating moicty. In some
embodiments, such improved catalytic activity is characterized by higher vield of product

compared o a metal complex lacking an activating moicty.

Detailed Description of Certain Embodiments

The present invention provides, among other things, unimolecular metal
complexnes for the copolymenzation 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 ag 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 embodiments, provided metal complexes inchude @ metal atom
coordinated w a multidentate ligand and at least one activating moiety tethered 1o the
muhidentate ligand. ln certain embodiments, provided metal complexes have the

siructure:
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wherein:

M 15 a metal atom;

comprises a multidentate ligand;

—Lm represents one or more activating moicties attached to the multidentate
ligand, where —ww s a linker motety covalently coupled 1o the ligand, cach Z
1$ an activating functional group; and m is an integer from 1 to 4 representing the

numiber of Z groups present on an individual inker moiety.

In certain embodiments, provided metal complexes include a metal atom
coordinated to a multidentate higand and at least one actvating moiety tethered to the
multidentate ligand. In some embodiments, there are } to 10 activating maoietics
= {Z)m 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 10 4 such activating moieties tethered to the multidentate ligand.

L Activating Functional Groups

~
.1

In some embodiments, an activating functional group is seiected from the group
consisting of neutral nirogen~containing functional groups, cationic moietics,

phosphorous-containing funcnional groups, and combinations of two or more of these.
Ea. Newtral Nitrogen-Containing Activating Groups

In some crmbodiments, one or more tethered activating functional groups on
provided metal complexes are neutral nitrogen-containing moieties. In some

embodiments, such moietics include one or more of the structures v Table 7-1-
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or a combination of two or more of these,
TABLE 7-1
wherein:

~ 9. . . . . .
- each occurrence of R', and R” is independently hydrogen or an optionally substituted

radical selected from the group consisting of Cy.5p aliphatic; C,.a heteroaliphatic;

i

phenyl; a 3- to 8-membered saturated or partially unsaturated monocyclic
carbocycle, a 7-14 carbon saturated, partially unsaturated or aromatic polveyclic
carbocyele; a 5- to 6-membered monocyclic heteroaryi ring having -4
heteroatoms independently selected from nitrogen, oxvegen, or sulfur; a 3- to &-
10 membered saturated or partially unsaturated heteracycelic ring having 1-3
heteroatoms 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 8- 1o
10-membered bicychic heteroaryl ring having 1-5 heteroatoms independently

. . . i
selected from nitrogen, oxygen, or sulfur: wherein two or more R and R groups

o
W

can be taken together with intervening #loms 1o form one or more optionally

substituted rings optionally containing one or more additional heteroatoms:

each occurrence of R7 15 independently hydrogen or an optionally substituted radical
selected from the group consisting of Cy.yp aliphatic; C,.y heteroaliphatic: phenyl;
20 a 3- to &-membered saturated or parually unsaturated monocvelie carbocycele, a 7-

14 carbon saturated, partially unsaturated or aromatic polycyclic carbocyele; a 3-
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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 heterocycelic ring having 1-3 heteroatoms independently
selected from nitrogen, oxygen, or sulfur: 4 6- to 12-membered polyevelic
saturated or partially unsaturated heterocycle having 1-3 heteroatoms
independently sclected from nitrogen, oxygen, or sulfur; or an 8- to 10-membered
bicyclic heteroaryl ring having 1-3 hetercatoms independently sclected from
nitrogen, oxygen, or sulfur; wherein an R® group can be taken with an R or R®

group fo form one or more optionally substituted rings;

cach occurrence of R is independently hydrogen, a hydroxyl protecting group, or an
optionally substituted radical selected from the group consisting of Cy.o0 acyl;
(.00 aliphatic; C, 5 heteroaliphatic: phenyl; a 3- 1o 8-membered saturated or
partiaily unsaturated monocyclic carbocycle, a 7-14 carbon saturaied. partially
unsaturated or aromatic potycychc carbocycle; & 5- (0 6-membered monocyclic
heterparyl ring having 1-4 heteroatoms independently selected from nitrogen,
oxyeen, or sulfur; & 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 heterocycle having 1-5 heteroatoms independently selected from
nitrogen, oxygen, or sulfur; or an 8- 10 10-membered bicyclic heteroary! ring

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

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

R 1
-é,.N'
Y 2
group: R7,

3 i
where R' and R are as defined ghove.

) . 5 .
In certain embodiments, R' and R are both hydrogen. In some ecmbodiments,
. 2. : . 1 2
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 Cyze

aliphatic; Cy g heteroaliphatic, 5- to 14-membered heteroaryl, phenyl, & 1o 10-membered
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aryl and 3- to 7-membered heterocyclic. In certain embodiments, R' and R? are each
independently an optionally substituted radical selected from the group consisting of
phenyl; a 3- to §-membered saturated or partially unsaturated monocyclic carbocycle, a
7-14 carbon saturated, partially unsaturated or aromatic polyeyclic carbocyele; a 5- to 6-
membered monocyclic heteroaryl ring having 1-4 heteroatoms independently sclected
from nitrogen, oxygen, or sulfur; 2 3- to &-membered saturated or partially unsaturated
heterocyelic 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 heteroary! ring having 1-5 hetercatoms independently selected

from nitrogen, oxygen, or sulfur,

In certain embodiments, R' and R are each independently an optionally
substituted radical selected from the group consisting of Cy.2 aliphatic and C.p;
heteroaliphatic. In some embodiments, cach occurrence of R? and R? is independently an
optionally substituted Ci.y aliphatic. In some embodiments. R’ and R® are cach
independently optionally substituted Cy.p5 aliphatic. In some embodiments, R' and R” are
cach independently optionally substituted C; 4 aliphatic. In some embodiments, each
occurrence of RY and R7 is ind ependently an optionally substituted C) 5o hetercaliphatic,
In some embodiments, each occurrence of R' and R” is independently an optionally
substituted (117 heteroaliphatic. In some embodiments, each occurrence of R’ and R%is
independently an optionally substituted pheny!l. In some embodiments, cach occurrence
of R’ and R is independently an optionally substituted &- to 10-membered aryl. In some
embodiments, cach occurrence of R! and R is mdependently an optionally substituted
phenyl group. In some embodiments, cach occurrence of R! and R” is independently an
optionally substituted 3~ to 10-membered heteroary! group. In some embodiments, each
occurrence of R and R is mdependently an optionally substituted 3- to 7-membered

heterocyelic.

In certain embodiments, R’ and R” are each independently hydrogen, methyl,
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, hentyl, octyl, phenyl or benzyl. In some embodiments, R
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and R are cach 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 -CF2CFa. In
. y : . o g i 3
some embodiments, R’ and R? are each phenyl. In some embodiments, R’ and R” are

each benzyl.

In some embodiments, R' and R? are taken to gether 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 oft ~C(R¥)-,
-C{RTRCRY o=, -CRYRCRTC(RY )=, ~CR¥I,0C(RYYo-, and -C(R)NRYC(RY)y-. In
certain embodiments, R' and R are taken together to form a ring fragment selected from
the group consisting of: -CHsz~, ~CH-CHyp-, -CHCHL,CH:-, -CH,OCH,-, and
-CH,NRYCHy-. 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 1s partially unsaturated. In
certain embodiments, the resulting nitrogen-containing ring comprises a fused polyeyclic

heterocyele,

In specific embodiments, an MV-linked amine activating functional group is

selected from the group consisting of:
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In some embodiments, one or more acuvating functional groups is an N-linked
g group

°§—N
. N7
hydroxyl amine derivative: OR",

wherein R! and R’ are as defined above.

In certain embodiments, R is hvdrogen. In some embodiments, R” is an
optionally substituted radical selected from the group consisting of Ciys aliphatic,
phenyl, & o 10-membered aryl, and 3- to 7-memered heterocyelic. In certain
embodiments, R is 4 Crp aliphatic. In certain embodiments, R7isa Cig aliphatic. In

some embodiments, R 18 an optionally substituted 8- to 10-membered arvl group. In
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certain embodiments, R7 is an optionally substituted phenyl. In some embodiments, R’ is

methyl, ethyl, propyl, butyl. pentyl, hexyl, heptyl, octyl, pheny! or benzyl.

In certain embodiments, R' is hydrogen. in some embodiments, R' is an
optionally substituted radical selected from the group consisting of C.g aliphatic: Cy_pp
heteroaliphatic, 3- to 14-membered heteroaryl, phenyl, 8- to 10-membered aryl and 3- to
7-membered heterocyclic. In some embodiments, R’ is an optionally substituted radical
selected from the group consisting of phenyl; a 3- to 8-membered saturated or partially
unsaturated monocyclic carboeyele, a 7-14 carbon saturated, partially unsaturated or
aromatic polycychic carbocyele; a 5- 1o 6-membered monocyclic heteroary! ring having
1-4 heteroatoms independently sclected from nitrogen, oxygen, or sulfur; a 3- o 8~
membered saturated or partially unsaturated 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 heteroaryl

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

In some embodiments, R' is an optionally substituted radical sciected from the
group consisting of Cy_y; aliphatic and C,_j; heteroaliphatic. In some embodiments, R is
an optionally substituted Cy.54 aliphatic. In certain embodiments, R} is an optionally
substitated C,.1; aliphatic. 1n some cmbodiments, R'isan optionally substituted C ¢
aliphatic. In some embodiments, R’ is an optionally substituted 1. heteroalipharic. In
some embodiments. R’ is an optionally substituted 8- to 10-membered aryl. In certain
embodiments, R' is an optionally substituted phenyl. In some embodiments, R' is an
optionally substituted 3- to [0-membered hetercaryl. In some embodiments, R! is an

optionally substituted 3- to 7-membered heterocyclic.

In certain embodiments, R' is methyl, ethyl, propyl, butyl, pentyl, hexyl. heptyl,
octyl, phenyl 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’ 15 -CF,CF;.
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In certain embodiments, R' and R” are taken together with intervening atoms to
form one or more optionally substituted rings optionally containing one or more

additional hetercaioms.

in certan crmbodiments, one or more N-hnked hydroxyl amine activating

5 functional groups are selected from the group consisting of:

OH 6351 Y OH O OH

_..%._ N/ "S"’N/ __gm NIOI :w _ ! “gm N: '—'g“" ’N/
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In some embodiments. an activating functional group in & provided metal
complexis an amidine. In certain embodiments, such amidine activating functional groups

t

w2 | 3 R-
~R R R o~

N 5 N
~. ; :Ss\ ]‘fk 5 I 3
és\i}t/kRN T}al R ;?_L)\T:‘,R

i R* 1
are selected fronu R . . and R
vy ] 2 N 1
10 whaere cach accurrence of R', R7 and R” are ag 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, cach R' and R* is independently
an optionally substituted radical selected from the group consisting of C.o aliphatic;

C .50 heteroaliphatic, 3- to 14-membered heteroaryl, phenyl, 8- to 10-membcered aryl and
15 3- to 7-membered heterocyclic. In some embodiments, each R’ and R” is independently

an optionally substitured radical selected from the group consisting of phenvl: 2 3- 1o &-
i Y & f B 3
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membered saturated or partially unsaturated monocyelic carbocvele, a 7-14 carbon
saturated, partially unsaturated or aromatic polyeyclic carbocycle; a 5- to 6-membered
raonecyclic hetercaryl ring having 1-4 heteroatoms independently selected from witrogen.
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-mernbered 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, oxyeen, or sulfur.

In certain embodiments, R' and R” are each independently an optionally
substituted radical selected from the eroup consisting of Cyyy aliphatic and Cy.n
heteroaliphatic. In some embodiments, each occurrence of R’ and R?is independently an
optionally substituted Cy.og aliphatic. In some embodiments, R' and R? are each
independently optionally substituted Cy.;; aliphatic. In some embodiments, R' and R? are
cach independently optionally substituted C.6 aliphatic. In some embodiments, cach
occurrence of R' and R? is independently an optionally substituted C,.y heteroaliphatic.
In sorme 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 &- 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 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.

In certain embodiments, R' and R” are cach independently hydrogen, methyl,
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, phenvl or benzyl. In some embodiments, R
and R” are cach butyl. In some embodiments, R’ and R? are cach isopropyl. In some
embodiments, R! and R are perfluoro. In some embodiments, R’ and R? arc -CF-CFx. In
some embodiments, R' and R* are each phenvl. In some embodiments, R' and R” are

each benzyl.
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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 fragrent selected from the group consisting of: ~C{RY};-.
SR CR)am, ~CIRY1CRY Y, CR Y-, -CURY)OC(RY ), and -C(RY)NRYC(RY)-. In
certain embodiments, R' and R” are taken together to form a ring fragment selected from
the group consisting of: -CHs-, -CH-CHy-, -CH,CHACH,-, ~-CH2OCH,-, and
~CHoNRYCHs-. In some embodiments, R! and R? are taken together to form an
unsaturated linker moicty optionally containing one or more additional heteroatoms. In
some embodiments. the resulting nitrogen-containing ring is partially unsaturated. In
certain cmbodiments, the resulting nitrogen-containing ring comprises a fused polycychic

heterocycle,

In cortain embodiments, R” is H. In certuin embodiments, R” is optionally
substituted C .y aliphatic. In some embodiments, R is optionally substituted 6- to 14-
membered aryl. In certain embodiments, R® is optionally substituted C.;, aliphate. In
s

. 5 . o - . . - .-
some embodiments. R” 1s optionally substituted Cy aliphatic. In certain embodiments, R

is 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 to form an optionally substituted 5- or
6-membered ring optionally containing one or more additional hetercatoms. In some
embodiments, R', R? and R are taken together to form an opuionally substituted fused
ring systemn. In some embodiments such rings formed by combinations of any of R', R

and R” are partially unsaturated or aromaric.

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

. In certain embodiments, N-linked amidine groups are selected from the
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group consisting of:

8- QLO« }zrih \HH

In certain embodiments, activating funcdonal groups are amidine moietics finked
RL R

LA N,

through the imine nitrogen: = N R,

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

seiected from the group consisting of:
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in certain embodiments, activating functional groups are amidine moietics linked
2 i
R \N, R

je?—lka »~ R’

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

arnidine activating groups are selected from the group consistng of:

S ) N @ Y
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In some embodiments, one or more activating functional groups is a carbamate. In

certain embodiments, a carbamate is M-linked: R . where R' and R? are as

o R
-Smoy—N\Rz
defined above. In some embodiments, a carbamate is O-hinked: ¢ , where R

and R? are as defined above.

In certain embodiments, R' and R arc both hydrogen. In some cmbodiments, only
one of R' and R” is hydrogen. In certain embodiments, R! and R? are each imdependently
an optionally substituted radical selected from the group comsisting of C, g aliphatic; €44

eteroaliphatic, 5- to 14-membered heteroaryl, phenyl, 8- to 10-membered aryl and 3- to
7-membered heterocyclic. In some embodiments, R’ and R? are each independently an
optionally substituted radical selected from the group consisting of phenyl; a 3- 10 &-
membered saturated or partially unsaturated monocychic carbocycle, a 7-14 carbon
saturated, partially unsaturated or aromatic polyeyclic carbocvcele; 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
12-membered polycyclic saturated or partially unsaturated heterocycle having 1-3
heteroatorns independently selected from nitrogen, oxvgen, or sulfur: or an & to 10-
membered bicyelic heteroary! ring having 1-5 heteroatoms independently selected from

nitrogen, oxygen, or sulfur,

In certain embodiments, R and R? arc cach independently an optionally
substituted radical selected from the group consisting of Cy., aliphatic and Cyp»
heteroaiiphatic. In some embodiments, each occurrence of R and R is independently an
optionally substituted Cy .5 aliphatic. In some embodiments, R!and R” are cach
independently optionally substituted C;.j; aliphatic. In some embodiments, R’ and R” are
cach independently optionally substituted C, 4 aliphatic. In some embodiments, cach
occurrence of RY and R is independently an aptionaily substituted C). heteroaliphatic.

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

3¢
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substituted Ci.12 heteroaliphatic. In some embodiments, each occurrence of RY and R*is
independently an optionally substituted &- to 10-membered aryl. In some embodiments,
cach occurrence of R' and R7 is mdependently au optionally substituted phenyl group. In
some embodiments. each occurrence of R’ and R’ is independently an optionaily

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

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

In certain embodiments, R' and R? are each independently hydrogen, methyl,
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 cach isopropyl. In some
embodiments, R’ and R* are perfluoro. In some embodiments, R' and R are -CF,CF4. In
some embodiments, R! and R? are each phenyl. In some embodiments, R' and R” are

each benzyl.

In some embodiments, R’ and R? arc 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¥),-,
~CRYRO(R )z, ~CIRM TR HCRYY-, -CRY1:0CRYo-, and ~C{RY1NRYC(R Y-, In
certain embodiments, R and R* are taken together 1o form a ring fragment selected from
the group COT’fSiSﬁﬂ.g of: ~C:Hg~, -CHQC‘HE-, -C?‘IQCHQCHE-, —CHzOCH';-, and
-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 resuiting nitrogen-containing ring is partially unsaturated. In
certain embaodiments, the resulting nitrogen~-containing ring comprises a fused polycyclic
heterocycle. In some embodiments, R” is selected from the group consisting of; methyl,
~butyl, r-amyl benzyl, adamantyl, allyl, 4-methoxycarbonylphenyl,
2-(methylsulfonylethyl, 2-(4-biphenylyli-prop-2-yl, 2-(trimethylsilylethyl,

2-bromoethyl, and 9-fluorenyimethyl,

49



In some embodiments, an activating functional group is 2 guanidine or bis-

guanidine group:

3 ¥ 3 k :
SJR H F?‘S\, ,Rz R"' : s-rs R és\ ' k"’p}R

N ¥ R R! R
A R R A Rt
R? RZ R2 RZ RY RERTORY

where each occurrence of R', RY, R?, R*, R¥, R®, and R¥ is independently hydrogen
5 or an optionally substituted radical selected from the group consistng of Ciae
aliphatic; Cy.0 heteroaliphatic; phenyl; a 3~ to 8-membered saturated or partially
unsaturated monocychic 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
10 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 mdependently selected from nitrogen., oxygen, or sulfur;

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

et
s

independentiy selected from nitrogen, oxygen, or sulfur; wherein any two or more
4 2 2 A 3 ar . . -

RLRY R RY, RYRY, and R groups can be taken together with mntervening

atoms to form one or more optionally substituted rings optionally containing one

or more additional heteroatoms:

In certain embodiments, each occurrence of R, RV, R% R?, R* . R™ . and RV is
24 hydrogen. In some embodiments, each occurrence of R RV R RPRY, R and RY is
hydrogen or an optionally substituted radical selected from the group consisting of Cy 5
aliphatic; Cy.p0 heteroaliphatic; 3~ to 7-membered heterocyclic, phenyl, and &- to 10~
membered aryl. In some embodiments. each occurrence of RY, R', R%, R?, R*" R, and

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

[ R
LAy

phenvl; a 3- to 8-membered saturated or partially unsaturated monocyelic carbacycle, a
7-14 carbon saturated, partially unsaturated or aromatic polycyclic carbocyele; a 5- 10 6-
membered monocyclic heteroaryl ring having 1-4 heteroatoms independently sclected

from nitrogen. oxygen. or sulfur; a 3- to &-membered saturated or partially unsaturated
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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 bicyehe heteroaryl ring having 1-5 heteroatomns independently selecte
from nitrogen, oxygen, or sulfur. In certain embodiments, each occwrence of R, R, R?,
R* R* RY and R¥ is independently hydrogen or an optionally substituted radical
selected from the group consisting of Cy.z aliphatic, phenyl, and 8- to 10-membered aryl.
In certain embodiments, each occurrence of R' and R? is independently an optionally
hydrogen or an optionally substituted C ¢ alipharic, phenyl, or 8- t¢ 10-membered aryl
group. In some embodiments, each occurrence of R', RV, R* RY, R*, RY, and RY is
independently hydrogen or an optionally substituted Cy.ap aliphatic. In some
embodiments, each occurrence of R' and R” s independently hydrogen an optionally

substituted aryl group or ap optionally subsututed C).5 aliphatic

o

o

group. i some
embodiments, each occurrence of R!, R, R, RT, R¥ | R} ,and R is independently
hydrogen or an optionally substituted Cie aliphatic group. In some embodiments, each
occurrence of R', RY, RL, RY, R™, R, and R¥ is independently hydrogen or an optionally
substituted Ci.4 aliphatic group. In some embodiments, each occurrence of rLRY R
R¥, R*, R® and R™ is independently an optionally substituted C;_ aliphatic. In some
embodiments, RY, RY, R% RY, RY, R, and R¥ arc cach independently optionally
substituted C,.1; aliphatic, In some embodiments, R', RY, R*, R*. R¥. RY, and RY are
cach independently optionally substituted C, 4 aliphatic. In some embodiments, one or
more occurrence of R7, R%, RZ, R, RS, and R is independently an optionally substituted
(126 heteroaliphatic. In some embodiments, one or more occurrence of RY, RY, R?, rR?,
R? R?, and R¥ is independently hydrogen or an optionally substituted pheny! or 8- to 10-
membered aryl. In some embodiments, onc or more occurrence of R, R', R*, R*, R¥,
R®, and R" is independently hydrogen, or an optionally substituted 5- to 10-membered

heteroaryl.

In some embodiments, R’ is optionally substituted Cy aliphatic. In certain
embodiments, R' is optionally substituted C, 6 aliphatic. In certain embodimens, RY s
optionally substituted C, ¢ aliphatic. In certain embodiments, R” is optionally substituted
Cy.5 aliphatic. In certain ecrmbodiments, R” is optionally substituted Cp.4 aliphatic. In

certain embodiments, R is optionally substituted C,.s aliphatic. In certain embodiments,
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R" is optionally substituted C) 5 aliphatic. In some embodiments, each occurrence of R,
RY, RE R RY R and RV is independently hydrogen, methyl. ethyl, propyl, butyl,
pentyl, hexyl, heptyl, octyl, phenyl or benzyl. In certain embodiments, R}, RY, R R,
R¥, R, and R” are cach methyl or ethyl. In some embodiments, one or more R RY, R,
R¥, R¥,R*, and R¥ is perfluoro.

4 - i ¢ 2 2° ar 2 kY
In some embodiments, any two or more R, R', R*, R¥, R, R*, and R  groups arc
$ group

taken together with intervening atoms to form one or more optionally substituted rings.

In certain crbodiments, R’ and R? are taken together with intervening atoms to
form an optionally substituted ring optionally containing one or morc additional
heteroatoms. In some embodiments, R” and R” are taken together with intervening atoms
to form an optionally substinuted ring optionally containing one or more additional
heteroatoms. In certain embodiments, R and R” are taken together with intervening
atoms to form an optionally substituted ring optionally containing one or more additional
heteroatoms. In some embodiments, [R? and R*] and [R' and R™] are taken together with
intervening atoms to form an optionally substituted ring optionally containing one or
more additional heteroatoms. In some embodiments, three or more RY, RY, R R¥, R”,
R*, and R” groups are taken together with any intervening atoms to form optionally
substituted rings. In certain embodiments, R' and R? groups are taken together to form an
optionally substituted 5- or 6-membered ring. In some embodiments, three or more R’

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

In certain embodiments where an activating funcuonal group is a guanidine or bis

guanidine moiety. it is chosen from the group consisting of:
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In some embodiments, an activating functional group 15 a urea: R

,
where R, and R are as defined above,

. . $ 2 , .
In certain embodiments, R’ and R are each hvdrogen. In some embodiments,

. - N o~ T
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 Ci
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aliphatic; Ciop heteroaliphanic, phenvl: & 3- 10 S-membered saturated or partially
unsatarated monocyclic carbocycele, a 7-14 carbon saturated, partially unsaturated or
argmatic polyeychic carbocycle: a 5- 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 heterocyclic ring having 1-3 heteroatoms
independently selected from nitrogen, oxygen, or sulfur; a 6- to 12-membered polycyclic
saturated or partially unsaturated heterocycele having 1-3 heteroatoms independently
selected from nitrogen, oxygen, or sulfur; or an 8- to 10-membered bicycelic heteroaryl

ring having 1-5 heteroatoms independently sclected from nitrogen, oxygen, or sutfur.

[n certain embodiments, R' and R? are cach independently an optionally
substituted radical selected from the group consisting of C,.jo aliphatic and Cy.»
heteroaliphatic. In some embodiments, cach occurrence of R' and R* is independently an
optionally substituted C,.59 aliphatic. In some embodiments, R’ and R? are each
independently optionally substituted Cy.y» aliphatic. In some embodiments, R and R* are
each independently optionally substituted C) ¢ aliphatic. In some embodiments, ecach
occurrence of R and R” is independently an optionally substituted Cy 0 heteroaliphatic,
In some embodiments, cach occurrence of R and R* is independently an optionatly
substituted Cy.1; heteroaliphanc. In some embodiments, each occwrrence of R and R7is
independently an optionally substituted 8- 1o 10-membered aryl. In some embodiments,
cach occurrence of R’ and R” is independently an optionally substituted phenyi group. In
some embodiments, each occurrence of R and R” s independently an optionally
substituted 3- to 10-membered heteroaryl group. In some embodiments, cach occurrence

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

In ceriain embodiments, R' and R” are cach independently hydrogen. methyl,
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 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,CFa. In
some embodiments, R' and R are each phenyl. In some embodiments, R' and R” are

cach benzyl.
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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 -,
~CERTBCR Y ge, ~CRT R BOR Ysm, ~CR12O0C(R Yg-, and -C(RMNRYCIR Y- In
certain embodiments. R’ and R” arc taken together to form a ring fragment selected from
the group consisting of: -CHe-, -CH-CHy-, ~CH-CH»CHy~, -CH>0CH;-, and
~CHoNRYCHo-. In some cmbodiments, R' and R* are taken together to form an
unsaturated linker moiety optionally containing one or more additional heteroatoms. In
some crnbodiments, the resulting nitrogen-containing ring is partially unsaturated. In
certain embodiments. the resulting nitrogen-containing ring comprises a fused polycvelic

heterocycle.

In certain embodiments, activating functional groups are oxime or hydrazone

RE
|
. I\\ A
l or !
e /]\RS :),LJ\RS

groups:
bl 4 4
where R, R”, R7, and R’ are as defined above,

In certain embodiments, R' and R? are both hydrogen. In some embodiments,
only onc of R" and R” is hydrogen. In certain embodiments, R' and R? are cach
mdependently an optionally substituted radical sclected from the group consisting of Cy.ay
aliphatic; C,.5 heteroaliphatic, 5-to 14-membered heteroaryl, 8- 10 10-membered aryl
and 3~ to 7-membered heterocyclic. In certain embodiments, R' and R” are cach
independently an optionally subsututed radical selected from the group consisting of
phenyll a 3- to -membered saturated or partially unsaturated monocyclic carbocycle, a
7-14 carbon saturated, partially unsaturated or aromatic polveyclic carbocycle: a 5- to é-
membered monocyclic heteroaryl ring having 1-4 heteroatorns independently selected
from nitrogen, oxygen, or sulfur; a4 3~ to &-membered saturated or partially unsaturated
heterocyclic ring having 1-3 hetercaroms independently selected from nitrogen, oxygen,
or sulfur: & 6-to 12-membered polycyclic saturated or partially unsawrated heterocycle

having 1-5 heteroatoms independentiy selected from nitrogen, oxygen, or sulfur: or an §-
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to 10-membered bicyclic heteroary! ring havin ¢ 1-5 heteroatoms independently selected

from nitrogen, oxygen, or sulfur.

In certain embodiments, R' and R? are each mdependently an optionally
substituted radical selected from the group consisting of Cy.y; 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 cach
independently optionally substituted Cy.,; aliphatic. In some embodiments, R’ and R? are
cach independently optionally substituted Cy4 aliphatic. In some embodiments, cach
occurrence of R' and R” is independently an optionally substituted Cy.0 heteroaliphatic.
In some embodiments, each occurrence of R' and R is independently an optionally
substituted Cy.;; heteroaliphatic. In some embodiments, each occurrence of R' and R? is
independently an optionally substituted & to 10-membered aryl. In some embodiments,
each occurrence of R' and R” is independently an optionally substituted pheny] group. In
some embodiments, each occurrence of R’ and R? is independently an optionally
substituted 3- to 10-membered heteroary! group. In some embodiments, each sccurrence

of R’ end R7is independently an optionally substituted 3- 10 7-membered heterocyclic.

In certain embodiments, R' and R* are each independently hydrogen, methyl,
ethyl, propyl. butyl, pentyl, hexyl, heptyl, ocry!, optionally substituted phenyl, or
optionally substituted benzyl. In certain cmbodiments, R' and R” are both methyl, cthyl,
propyl, butyl, pentyl, hexyl, heptyl, octyl, phenyl or benzyl. In some embodiments, R’
and R are cach butyl. In some embodiments, R' and R” arc each isopropyl. In some
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

each benzyl.

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¥),-,
-CRIRCR jo, ~CRTRCRCR -, -CRMHOC(RYY3-, and -C(RY);NRC(R )o-. In
certain embodiments, R and R* are taken together to form a ring fragment selected from

the group consisung ofr -CHz-, -CHCHy-, -CHCHLCH,-, -CH3CCH,-, and
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-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-contaming ring comprises a fused polyeyelic

heterocycle,

In certain embodiments, R” is H. In certain embodiments, R is optionally
substituted €y aliphatic, and in some embodiments R’ is optionally substituted 6~ to 14-
membered arvl. In cortain embodiments, R” is optionally substituted Cy.y aliphatic and in
some cmbodiments, optionally substituted C) 4 aliphatic. In certain embodiments, R is

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 to form an optionally substituted 5- or
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.
14 Y

in certain embodiments, R is -H. In centain embodiments, R is optionally
substituted C, o9 aliphatic, while in some embodiments R%is optionally substituted 6- 1o
14-membered aryl. In certain embodiments, R is optionally substituted C,.1» aliphatic or
in some embodiments, optionally substituted C, ¢ aliphatic. In certain embodiments, R is
optionally substituted C.2 acyl or in some embodiments, optionally substituted C, .5 acyl.
In certain embodiments, R is optionally substituted phenvl. In some embodiments, R is

a hydroxy! protecting group. In some embodiments, R 1s a sily! protecting group.

In some embodiments, an activating functional group is an N-oxide derivative:

R1
N§W%§R2

. 2 -
O . where R and R* are as defined above.
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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 cach
mdependently an optionally substituted radical selected from the group consisting of Ciz
aliphatic; C|y heteroaliphatic, 5- to 14-membered heteroaryl, phenyl, or 8- to 10-

membered aryl and 3- to 7-membered heterocyche.

In certain embodiments, R' and R? are each independently an optionally
substituted radical selected from the group consisting of Cy.y; aliphatic and Crag
heteroaliphatic. In some embodiments, cach occurrence of R' and R*is independently an
optionally substituted Cy.op aliphatic. In some embodiments, R} and R* are cach
independently optionally substituted Ci.1> aliphatic. In some embodiments, R’ and R” are
each independently optionally substtuted C)¢ aliphatic. In some embodiments, each
occurrence of R' and R7 is independently an optionally substituted Cy.y, heteroaliphatic.
In some embodiments, sach occurrence of R and R? is independently an optionally
substituted C1.13 heteroaliphatic. In some embodiments, each occurrence of R' and R* is
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 optionally
substituted 5- to 10-membered heteroary! group. In some embodiments, each occurrence

1 5 2 5 . . .
of R" and R”is independently an optionally substituted 3- to 7-membered heterocvelic.

In certain embodiments, R' and R” are cach independently hydrogen, methyl,
ethyl, propyl, butyl, pentyl, hexyl. heptvi, octyl, optionally substmted phenyvl, 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 each butyl. ln some embodiments, R’ and R? are each isopropyl. In some
embodiments, R! and R? arc porflucro. In some embodiments, R! and R* are -CF,CFs. In
some embodiments, R' and R” are each phenyl. In some embodiments, R and R* are

each benzyl.

? i 2 . . s
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 -,
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-CR"HCRMo-, -CRY2CRYCRYe-, -CRYY0C(RY)2-, and -C(RVNRC(RY);-. In
certain embodiments, R' and R” are taken together to form a ring fragment selected from
the group consisting of) -CHa-, -CH2CHp-, ~-CHyCHCH,-, -CH,0CH,-, and
-CH,NRYCHo-. In some embodiments, R’ and R* are taken together to form an
unsaturated hnker moiety optionally cortaining one or more additzonal heteroatoms. In
some embodiments, the resulting nitrogen-containing ring is partially unsaturated. In
certain embodiments, the resulting nitrogen-containing ring comprises a fused polycyclic

heterocycle.

In specific embodiments, an N-oxide activating functional group 1s sclected from

the group consisting of
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Lb. Cationic Activating Groups

in some embodirnents, one or more tethered activating functional groups on
provided metal complexes are cationic motetics inciude cationic moictics. In some

embodiments, such moieties include one or mare of the structures in Table Z-2:

i1
~
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TABLE Z-2

wherein:

' 3 1. .
each ocourrence of R', R*, and R7 13 as previously defined;

i
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R" is hydrogen, hydroxyl, optionally substituted C,.0 aliphatic;

each occurrence of R” and R” is independently hydrogen or an optionally substituted

radical selected from the group consisting of Cry aliphatic: Cy . heteroaliphatic:
phenyl; a 3- to B-membered saturated or partially unsaturated monocyclic
carbocycle, a 7-14 carbon saturated, partially unsaturated or aromatic polycyelic
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 sclected from nitrogen, oxygen, or sulfur; a 6-to 12-
membered polycyclhic saturated or partially unsaturated heterocycle having 1-5
heteroatoms independently selected from nitrogen, oxygen, or sulfur; or an &- to
L 0-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 more optionally substituted rings
optionally 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 morc optionally substituted rings;

- G . » .
each occurrence of R* R®, and R'® is independently hydrogen or an optionally

substituted radical selected from the group cousisting of C.5¢ aliphatic; Cy .y
heteroaliphatic; phenyl; 2 3- to 8-membered saturated or partially unsaturated
monocyclic carbocycle, a 7-14 carbon saturated, partially unsaturated or aromatic
polycyciic carbocyele; a 3- 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 heterocyelic ring having 1-3
heteroatoms independently selected from nitrogen, oxygen, or sulfur: a 6- to 12~
membered polycvelic saturated or partially unsaturated heterocyele having 1-3
heteroatoms independently selected from nitrogen, oxygen, or sulfur; or an 8- 10
10-membered bicyelic heteroaryl ring having 1-3 hetercatoms independently
sclected 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, -SR”, -S(OIR”, -S(O)RY, -NRYCIOWRY, -OCORY. -CO,RY,
-NCO, -N3, -OR’, -OC(OYN(RY )y -N(R Y} -NRIC(ORY, -NRYC(OYORY; or an

optionally substituted radical selected from the group consisting of Ci.a aliphatic;

Lo

.0 heteroaliphatc: phenyl; a 3- to 8-membered saturated or partally
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 mdependently selected from nitrogen, oxypen, or
sulfur; a 3~ to 8-membered saturated or partially unsaturated heterocyclic ring
10 having 1-3 heteroatoms independently selected from nitrogen. oxygen, or sulfur; a
- to 12-membered polycyclic saturated or parually 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 cach occurrence
15 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-t¢ 12-

membered ring containing 0 1w 4 heteroatoms;
X is any anion, and
20 Ring A is an optionally substituted, 5- 1o 10-membered heteroary! group.

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

. o 2
amine: , where R’ and R% are as defined above.

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
25 independently an optionally substituted radical selected from the group consisting of Ci.pq
aliphatic; Cy.0 heteroaliphanc, 5- to I4-membered heteroaryl, phenyl, or 8 to 10-

membered aryl and 3- 10 7-membered heterocyciic. In certain embodiments, R’ and R*

A
A
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are each independently an optionally substituted radical selected from the group
consisting of phenyl; 2 3- to &-membered saturated or partially unsaturated monocychc
carbocycle, a 7-14 carbon saturated, partially unsaturated or aromatic polyeyclic
carbocycle; a 5- to 6-membered monocyclic heteroaryl ring having 1-4 heteroatoms
independently sclected 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 & to 12-membered polycyclic saturated or partially
unsaturated heterocycle having 1-3 heteroatoms independently sclected from nitrogen,
oxygen, or sulfur; or an 8- to 10-membered bicyclic heteroary! ring having 1-3

heteraatoms independently selected from nitrogen, oxygen, or sulfur.

In certain embodiments, R' and R” are each independently an optionally
substituted radical selected from the group consisting of Cyy; aliphatic and Cy.55
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 Cy.y7 aliphatic. In some embodiments, R and R” are
cach independently optionally substituted Cy4 aliphatic. In some embodiments, cach
occurrence of R’ and R is independently an optionally substituted C,.50 heteroaliphatic.
In some embodiments, each occurrence of R’ and R7 is independently an optionally
substituted C .7 heteroaliphatic. In some embodiments, cach occurrence of R'and R%is
independently an optionally subsututed &- 1o 10-membered arvl. In some embodiments,
each occurrence of R' and R7is independently an optionally substituted phenyl group. In
some embodiments, each 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 heterocyclic.

In certain embodiments, R' and R” are each independently hydrogen, methyl,
ethyl, propvl, butyl, pentyl, hexyl, heptvl, octyl, oprionally substtuted 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” arc cach butyl. In some ecmbodiments, R' and R” are cach isopropyl. Tn some

. H 2 = - 2 g \
embodiments, R" and R” are perfluoro. In some embodiments, R and R? are -CF,CFa. In
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some embodiments, R’ and R” are cach phenyl. In some embodiments. R' and RY are

cach benzyl

In some embodiments, R' and R” are taken together with intervening atoms fo
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")-,
SC(RYRCR Yam, ~CR¥HCRMCIR Yo, -CRYIOC(RY -, and -CRYNRIC(RY),-, In
certain embodiments, R’ and R are taken together to form a ring fragment selected from
the group consisting of: ~-CHz-, ~CH,CHy-, -CH,CH,CH,-, -CHOCH;-, and
-CH;NRYCHz-. In some embodiments, R' and R” arc taken together to form an
unsaturated linker moiety optionally containing one or more additional heteroatoms. In
some embadiments, the resulting nitrogen-containing ring is partially unsaturated. In
certain cmbodiments, the resulting nitrogen-containing ring comprises a fused polycyclic

heterocyele.

In specific embodiments, a protonated amine activating functional group is

selected from the group consisting of:

[#£43
-~
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group: R . In some embodiments. each of RY, R, R®, R”, and R is hydrogen.
In some embodiments, each occurrence of RY, R*, R®, R7, and R® is independently
hydrogen or Ci.ag aliphatic, In some embodiments. each occurrence of R R RO RO,
and R% is independently hydrogen or C;.y; aliphatic.  In some embodiments, cach
occurrence of R*, R”, R®. K, and R* is independently hydrogen or C,.50 heteroaliphatic.
In some embodiments, each occurrence of R*, RS, R‘;, RT, and R* is mndependently
hydrogen or phenyl. In some embodiments, each occurrence of R R’ R® R, and R® is
independently hydrogen or 8- to 10-membered aryl. In some embodiments, each

oceurrence of RY, R, R%, R, and R® is independently hydrogen or 5- to 10-membered

w
@«
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heteroaryl. In some embodiments, each occurrence of RY R RO R and R is
independently hydrogen or 3- to 7-membered heterocyclic. In some embodiments, one or
mare of R, R®, R®, and R is optionally substituted C_y; aliphatic. In certain
embodiments, any of (R® and R7). (R® and R®Y, (R® and R7). (R” and R®), and (R and R}
cant be taken together with intervening atoms 1o form one or more optionally substituted
rings. In some embodiments, (R* and R™Y and (R® and R} are taken together to form

rings.
[t will be appreciated that when a guanidinium cation 15 depicted as
Rs;\g?, R7
£ A
FI?" FJES , all such resonance forms are contemplated and encompassed by the

RE R’
,_\N/ ®

[N
;;‘1]\5 {;i;i}N R
j !

. . . [
present disclosure. For example, such groups can also be depicted as R R

RE. R RE_ R’
\.T/" \E]\l/
- ) @ ¢ 'S ~ @ I' 5
5:; N/‘\\N/Q ;N.‘//’"\N./R

5 | | [
RA Rﬁ or Rd RE

In specific embodiments, 2 guanidinium activating functional group is selected

from the group consisting of:
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arsorium group: , where R®, R®, and R" are as defined above.

. 1 R o 4.
In certain embodiments, each occurrence of R®, R®, and R' is independently

optionally substituted C, .5 aliphatic. In some embodiments, each occurrence of R®, R”

and R' is independently hydrogen or optionally substituted C;_z heteroaliphatic. In
some embodiments, each occurrence of R, R'®, and R'! is independently hydrogen or
optionally substituted phenyl. In some embodiments, cach occurrence of R®, R'Y, and R
1s independently hydrogen or optionally substituted 8- to 10-membered aryl. In some
embodiments, each occurrence of R*, R”, and RY is 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
heterocyclic. 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
C:.Cy4 carbocyele, optionally substututed 3- to 14-membered heterocycle, optionally

substituted Co.Cyo aryl, and optionally substituted 5- to 10-membered hetercaryl.
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In certain embodiments, RY, R® and R'" are each methyl. In certain embodiments,

R, R and RY are each phenyl.

In specific embodiments, an arsonium activating functional group is selected from

the group consisting of:

“3""15[5_ 5"\5(—\ §A'soph

Ph

In some embodiments, an acuvating functional group is an optionally substituted
nitrogen-containing heterocycle. In certain embodiments, the nitrogen-containing
heterocyele 1s an aromatic heterocycle. In certain embodiments, the optionally substituted
nitrogen-containing heterocycle is selected from the group consisting of: pyridine,
imidazole, pyrrolidine, pyrazote, quinoline, thiazole, dithiazole, oxazole, triazole,

pyrazolem, isoxazole, 1sothiazole, terazole, pyrazine, thiazine, and triazine.

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

nitrogen atom. In certain embr:}dimmm, a nitrogen-containing heterocycle includes an

A
\1\36)
t

/ »
@\

0 Z
I3

iminium moiety such as or . In certain embodiments, the optionally
substituted nitrogen~-containing heterocycle is selected from the group consisting of
pyridinium, imidazolium, pyrrolidinium, pyrazolium, quinolinium, thiazolium,
dithiazolium, oxazohium, triazolium, isoxazolium, isothiazobum, tetrazolium,

pyrazinium, thiazinium, and triazinm.

In certain embodiments, a nitrogen-containing heterocycle is linked o a metal
complex via a ning nitrogen atom. Iy some embodiments, a ring nitrogen to which the
attachment 15 made is thereby quaternized. and in some embodiments, linkage to a metal
complex takes the place of an N-H bond and the nitrogen atom thereby rernains neutral.
In certain embodiments, an optionally substituted N-Iinked nitrogen-containing
heterocycie is a pyndintum derivative. In certain embodiments, optionally substitated M-

linked nitrogen-containing heterocycle is an imidazolium derivative. In certain

61
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embodiments, optionally substituted N-linked nitrogen-containing heterocycle is a
thiazolium derivative. In certain embodiments, optionally substituted N-linked nitrogen-

containing heterocycle is & pyridinium derivative.

#w
N ‘]‘ %

In some embodiments, an activating functional group is ~ R™  In certain
embodiments, ring A is an optionally substituted, 5- to 10-membered heteroary] group.
In some embodiments, Ring A is an optionally substituted, 6-membered heteroaryl group.
In some embodiments, Ring A 1s a ring of a fused heteroeyele, In some embodiments,

Ring A is an optionally substifuted pyridyl group.

In some embodiments, R'? is hydrogen. In some embodiments, R'% is an
o o %

optionally substituted C,.4 aliphatic group. In some embodiments, RM%i8 Cyng
heteroaliphatic. In some embodiments, R'? is optionally substituted phenyl, 8- to 10-
membered aryl, 5- to 10-membered beteroaryl. In some embodiments, R7is3-t07-

membered heterocyelic. In some cmbodiments, R is an optionalty substituted C 141
3 P y

ot

= o : .r 12 . . i
aliphatic group. In some embodiments, R is ncopentyl, In some embodiments, R* is

P

oxide or hydroxyl.

N
. . AN . . . .
In some embodiments, when Z 1s 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 congisting of:

| f { ¢
e o e Y
= ; N NS @ - e ! |
NC , ,-»\\3/2\ 3\{ ?‘é \N &% \‘TC?J\‘S_{ \%/\;\
N 5 ?i\ I3 : l H [ 1
{ .
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In some embodiments, an activating functional group is  R? or R .

where RY, R and R are as defined above.

In certain embodiments, R' and R* are each hvdrogen. In some embodiments,
only onc of k' and R” is hydrogen. In certain embodiments, R' and R® are cach
independently an optionally substituted radical selected from the group consisting of Cigg
aliphatic; Cy.a0 heteroaliphatic, 3- 1o 14-membered heteroaryl, phenyl, 8- 10 10-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
phenyl: a 3- to &-membered saturated or partially unsaturated monocvclic carbocyele, a
7-14 carbon saturated, partially unsaturated or aromatic polyveyvclic carbocyele: 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

heterocyelic ring having 1-3 heteroatoms independently selected from nitrogen, oxygen,
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or sulfur: 2 6- to 12-membered polycyclic saturated or partially unsarurated heterocycle
having 1-5 hetercatoms independently selected from nirogen, oxvgen, or sulfur; or an 8-
to F0-membered bicyclic heteroaryl ring having 1-3 heteroatoms independently sclected

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.; aliphatic and Cy.p»
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 cach
independently optionally substituted C,y, aliphatic. n some embodiments, R' and R? arc
each independently optionally substituted C,¢ aliphatic. In some embodiments, each
occurrence of R' and R” is independently an optionally substituted C,.o heteroaliphatic.
In some embodiments, cach occurrence of R' and R is independently an optionally
substituted C .15 heteroaliphatic. In some embodiments, each occurrence of R! and R%is
independently an optionally substituted &- to 10-membered aryl. In some embodiments,
cach occurrence of R' and R”is independently an optionally substituted phenyl group, In
some embodiments, cach occurrence of R' and R” is independently an optionally
substituted 3- to 10~-membered heteroary! group. In some embodiments, each occurrence

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

In certain embodiments, R' and R” are cach independently hydrogen, methyt,
ethyl, propyl, butyl, pentyl, hexyl, hepryl, octyl, optionally substituted phenyl, or
optionaliy substituted benzyl. In certain embodiments, R' and R? are both methyi, ethyl,
propyl. butyl, pentyl, hexyl. heptyl, octyl, phenyl or benzyl. In some embodiments, R’
and R” are each butyl. In some embodiments, R’ and R? are each wopropyl. In some
embodiments, R' and R” are perfluoro. In some embodiments, R' and R are -CF.CFx. In
some embodiments, R' and R? are cach phenyl. In some embodiments, R’ and R? are

each benzyl,

- i i . .o, .
In some embodiments, R* and R are raken 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*)a-,

“CRYRCRT yom, ~CRT R J2C(R Y-, -CRY)OC(R 1, and -C(R¥)NRYC(R -, In
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certain embodiments, R' and R? are taken together to form a ring fragment selected from
the group consisting of: -CHy-. -CHCHs-, ~-CH-CH,CH,-, -CH,OCH;-, 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 1$ partially unsaturated. In
certain embodiments, the resulting nitrogen-containing ring comprises a fused polyevelic

heterocycle.

In certain embodiments, R” is H. In certain embodiments, R’ is optionally
substituted Cy.p aliphatic, and in some embodiments R is optionally substituted 6- to 14-
membered aryl. In certain embodiments, R is optionally substituted Cy.;; aliphatic and in
some embodiments, optionally substituted C; ¢ aliphatic. In certain embodiments, R® is
methyl. ethyl. propyl, butyl. pentyl, hexyl, heptyl, octyl, phenyl or benzyl. In some
embodiments, R is perfluoro. In some embodiments, R’ is~CF,CFx.In certain

embodiments, R” is optionally substituted phenyl.

In somne 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 to form an optionally substituted 5- or
é-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’
and R are partially unsaturated or aromatic.

R L%}, R
,‘!{{\tﬂ,Rz
In some cmbodiments, an activating functonal group is R*  where R and

R? are as defined above.

. . t b3 . s .

In ceriain embodiments, R and R” are cach independently an optionally
substituted group selected from the group consisung of C; . aliphatic; Cyag
. . . u . . b
heteroaliphatic; phenyl; and §-10-membered aryl. In some embodiments, R? and R? are

each mdependently an optionally substituted 4-7-membered heterocyclic. In some
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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-Chs
carbocycle, optionally substituted Cs-Ci4 heterocycle, optionally substituted Cg-Crg aryl,
and optionally substituted 5- to 10-membered heteroaryl. In some emnbodiments, R' and
R” are each independently selected from the group consisting of methyl, ethyl, propyl,
butyl, pentyl, hexyl, heptyl, octyl, or benzyl. In some embodiments, each occurrence of
R! and R®is independently perfiuoro. In some embodiments, cach occurrence of R' and
R%is independently ~CF,CFi.
3 R?
\N/';‘
N
1 by

In some embodiments, an activating functional group is SRS where R', R?,

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 Cy. aliphatic; C.
heteroaliphatic: phenyl; and 8-10-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 be taken together with intervening atoms to form one or
more rings selected from the group consisting of: optionally substituted Cs-C4
carbocycle, optionally substituted Cs-Cyy heterocycele, optionally substituted Cs~Cio aryl,
and optionally substituted 5~ 10 10-membered heteroaryl. In certain embodiments, R' R
and R are each independently an optionally substituted C 4 aliphatic. It certain
embodiments, R, R?, and R are each independently selected from the group consisting

of methyl, ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl, or benzyl. In certain

€]

. 2 f e 3 . ) . .
rmbodiments, R', R®, and R are each in ependently perflucro, In some embodiments,

2 , . 3 X -
R!, R?, und R are cach independently ~CF.CFs.

. . 3R R . <.
In certain embodiments, R” 1s hydrogen. In certain emnbodiments R” is an
optionally substituted group selected from the group consisting of C.;» aliphatic and Cy.p,
. . . & - . ~ . N
heteroaliphatic. In some embodiments, R™ is an optionally substituted Cy-y» aliphatic. In

kL

some embodiments, R” is optionally substituted C).¢ aliphatic.
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In some embodiments, an activating functional groupis R' R® | In certain

embodiments, R’ and R” are cach independently an optionally substituted group selected
from the group consisting of C.5 aliphatic; C, 5 heteroaliphatic: phenyl; and 8-10-
membered aryl. In some embodiments, R' and R? are cach independently an optionally
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 C3-C\4 carbocycle, optionally substituted C-Cy4
heterocycle, optionally substituted Cs-Cyy aryl, and optionally substituted 3- to 10-
membered heteroaryl. In some crobodiments, R and R? are cach independently sclected
from the group consisting of methyl, ethyl, propyl, butyl, pentyl, hexyl, hepiyl, octyl, or
benzyl. In some embodiments, each occurrence of R’ and R is independently perfluoro.

In some embodiments, cach occurrence of R' and R? is independently ~CF,CFs.

In certain embodiments, R” and R® are each independently an optionaily
substituted group selected from the group consisting of Cy.x aliphatic; Cra
heteroaliphatic: phenyt, and 8-10-membered aryl In some embodiments, R® and R are
each independently an optionally substituted C, 4 aliphatic. In some embodiments, RS
and R® are cach independently an optionally substituted Cy.50 heteroaliphatic having. In
some embodiments, R* and R® arc cach independently an optionally substituted phenyl or
§-10-membered aryl. In some cmbodiments, R” and R are cach independently an
optionally substituted 5- to10-membered heteroary!. 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 Ca-Cy4 carbocyele, optionally substituted Cs-
C14 heterocycele, optionally substituted Cg-Cho aryl, and optionally substituted 5- to 10~
membered heteroaryl, In some embodiments, R° and R® are sach independently an
optionally substituted Ci. aliphatic. In some embodiments, cach occurrence of R® and R?
is independently methyl, ethyl, propyl, butyl, pentyl, hexyl, heptyl, octvl. or benzyl. In
some embodiments, each occurrence of R and R® is independentiv perfluore. In some

embodiments, each occurrence of R* and R® is independently ~CF>CFa.
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n some embodiments, an activating functional group is where R

and R? are as defined above,

In certain embodiments, R' and R are each 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 C).p4
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 carboceyele; a 5- to 6-membered monocyclic heteroaryl ring having
1-4 heteroatoms independently selected from nitrogen, oxygen, or sulfur; a 3- to 8-
rembered 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 -5 heteroatoms independently selected from nitrogen, oxygen, or sulfur.

In certain embodiments, R' and R” are each independently an optionaily
substituted radical selected from the group consisting of Cy.y alipbatic and Ci.p
heteroaliphatic. In some embodiments, each occurrence of R’ and R is independently an
optionally substituted Cy.p aliphatic. In some embodiments, R’ and R® are cach
mdependently optionally substituted C.i» aliphatic. In some embodiments, R'and R’ are
each independently optionally substituted C ¢ aliphatic. In some embodiments, each
occurrence of R’ and R is independently an optionally substituted C; 5 heteroaliphatic.
In some embodiments, each occurrence of R and R* is independently an optionally
substituted Ci.12 heteroaliphatic. In some embodiments, cach occurrence of R’ and R%is
independently an optionally substituted phenyl or &- 10 10-membered arvl. In some
embodiments, each occurrence of R' and R* is independently an optionally substifuted
pheny! group. In some embodiments, each occurrence of R and R is independently an
optionally substituted 5- to 10-membered heteroaryl group. In some embodiments, cach
oceurrence of R and R” is independently an optionally substituted 3- to 7-membered

hewerocyclic.
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In certain embodiments, R' and R” are each independently hydrogen, methyl,
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, pheny! or benzyl. In some embodiments, R
and R? arc each butyl. In some cmbodiments, R! and R* are cach wsopropyl. In some
embodiments, R' and R* are perfluoro. In some embodiments, R’ and R* are -CF,CFx. In
some embodiments, R' and R? are cach phenyl. In some embodiments, R’ and R? arc

cach benzyl,

In some embodiments, R and R? arc 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 sclected from the group consisting of 1 ~C(R)o-,
~CRYRHCR Y-, ~CRIRCRTHCR Yo, -C(RM)0CRYYz-, and -C(RVHNRIC(RM5-. 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>CHs-, ~-CH.OCH:-, and
-CH,NRYCH,-, In some embodiments, R and R are taken together to form an
unsawrated linker moiety optionally containing one or more additional heteroatoms. In
some embodiments, the resulting nitrogen-containing ring s partially unsaturated. In
certain crnbodiments, the resulting nitrogen-contaming ring comprises a fused polyevelic

heterocycle.

e
14 [\ 2
In some embodiments, an activating functional group is R" R . Incertain
embodiments, R', R?, and R are each independently an optionally substituted group
setected from the group consisting of C, . aliphatic; Cy o heteroaliphatic: phenyl: and §-
10-membered aryl. In certain embodiments. R, RY. and R® are cach independently an
optionally 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 Cs-Cy4 carbocvele, optionally substituted Ca-
C14 heterocycle, optionally substituted Co-Ciq aryl. and optionally substituted 3- to 10-
membered heteroaryl, In certain embodiments, R', R”, and R are cach independently an

1
3

optionally substituted Cy, aliphatic. In cortain embodiments, R, R?. and R arc cach
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independently selected from the group consisting of methyl, ethyl, propyl, butyl, pentyl,
hexyl. heptyl, octyl, or benzyl. In certain embodiments, R', R%, and R® are cach
independently perfluoro. In some embodiments, R', R, and R are cach independently —

CF,CFa.

In some embodiments, an activating functional group is

Rz Rz RE Rl
2 R?‘ RT IR i N Rl
R! /R R \?\‘;l \\N 1 , R\;\? L
. Yo k' 1@ K el 7 e R
N mpoN SP—N -3 ENTRENG NTRENTRN
)I' ] tht . \ - t N R RZ . E‘é i‘{l
ROONC R NG RT e e I
RZ R R* ®Y T R R! ’ R'OR! ’
oA 4 { R:-z R3 R}
R }f I:{ R Ii{ 2 R PR T 2
W g W i) TR
\,Nw%z—-';\‘-»«—;';«}@m?;“ e ~S-p= =P-N=p—N{_,
R : . g . LR
Rz}?z ?'\i‘Rz 7“:‘1{3 :"2‘; I}‘E\Rz T}“I R?
R RTOR cor R R R , where RY and R” arc as

defined above.

In certain embodiments, R' and R” are each hydrogen. Tn some embodiments,
only one of R’ and R” is hydrogen. In certain embodiments, R’ and R? arc cach
independently an optionally substituted radical selected from the group consisting of C.u
aliphatic; €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 &-
merbered sawrated or partially unsaturated heterocyclic ring having 1-3 heteroatomns
independently selected from nitrogen., oxygen, or sulfur: a 6- 1o 12-membered polycyclic
saturated or partially unsaturated heterocycie having -3 heteroatoms independently
selected from nitrogen, oxygen, or sulfur; or an 8- to 10-membered bicyclic hetcroaryl

ring having 1-5 hetercatoms independently selected from nitrogen, oxygen, or sulfur.

, . 1 3 , .

In certain embodiments, R* and R” are each independently an optionally
substituted radical selected from the group consisting of C.y» aliphatic and Ci.pn

- . e : 1 Ty Lo 3
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

TG
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independently optionally substituted C .1 aliphatic. In some embodiments, R’ and R? are
cach independently optionally substituted C,.4 aliphatic. In some embodiments, each
ocewrrence of R and R* is independently an optionally substituted .50 heteroaliphatic.
In some embodiments, each occurrence of R' and R is independently an optionally
substituted C )55 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
some embodiments, cach occurrence of R! and R? is independently an optionally
substituted 3- to 10-membered heterocary! group. In some embodiments, cach occurrence

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

In certain embodiments, R' and R” are cach tndependently hydrogen, methyl,
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 perfluoro. In some embodiments, R’ and R? are -CF,CF.. In
some embodiments, R' and R? are cach phenyl. In some embodiments, R' and R? are

cach benzyl.

Tn 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 sclected from the group consisting of: ~C(R™),-.
~CRY1CR 2, ~-CIRYHCRI MO (R Y-, -CRT0C(RY)5-, and -C(RVLNRYCR - 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,CHy-, ~-CHOCH;-, 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 erubodiments, the resulting nitrogen-containing ring comprises a fused polveyclic

heterocvele.
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In some embodiments, an activating functional group is R? R . in certain

embodiments, R' and R? are cach independently an optionally substituted group sclected
from the group consisting of Ci.y; aliphatic; Cig heteroaliphatic; phenyl; and §-10-
membered aryl. In some embodiments, R and R? are each independently an optionally
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 Ca-C i« carbocycle, optionally substituted Ci-Chg
heterocvele, optionally substituted Ce-Cio arvl, and optionally subsututed 3- to 10-
membered heteroaryl. In some embodiments, R' and R? are each independently selected
from the group consisting of methyl, ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl, or
benzyl. In some embodiments, each sccurrence of R' and R? is independently perfluoro,

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

Rz
5 | &
[N ,/N\ 4
N el
. o . . 2 .
In some embodiments, an activating functional group is R . In certain

embodiments, R', R?, and R” are each independently an optionally substituted group
selected from the group consisting of Cy.ap aliphatic; Cy.y heteroaliphatic: phenyl: and 8-
10-membered aryl. In certain erabodiments, R', R”, and R are each independently an
optionally substituted 4-7-membered heterocychic. 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 Cx-Cy4 carbocycle, optionally substituted Ca-
Ci4 heterocycle, opuonally substituted Co-Cig aryl, and optionally substtuted 5-10 10-
membered heteroaryl. In certain embodiments, R, R, and R* are each independently an
optionally substituted C;4 alipharic. In certain embodiments, RY, R, and RY are each
independently selected from the group consisting of methyl, ethyl, propyl, butyl, pentyl,
hexyl, heptyl, octyl, or benzyl. In certain embodiments, RY, R and R* are each
independently perfluoro. In some embodiments, R', R?, and R” are each independently —
CEyCF,

72



In some embodiments, an activating functional group 15

,RE‘

-5

. where R and R? are as defined above.

In certain embodiments, R' and R” are cach independently an optionally
substituted group sclected from the group consisting of Cy.y aliphatic; C)a0
heteroaliphatic; phenyl; and 8-10-membered aryl. In some embodiments, R' and R” are
cach independently an optionally 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 oft optionally substituted Ca-Cig
carbocycle, optionally substituted C»-Cy4 heterocycle, optionally substituted Co-Cip aryl,
and optionally substituted 5- to 10-membered heteroaryl. In some embodiments, R’ and
R? are each independently selecied from the group consisting of methyl, ethyl, propyl,
butyl, pentyl, hexyl, beptyl, 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.CFa.

In certain embodiments. X is any anion. In certain embodiments, X is a
nucieophile. In some embodiments, X is a nucleophile capable of ring opening an
epoxide. In certain embodiments, X is absent. In certain embodiments, X is a
nucleophilic hgand. Exemplary nucleophilic ligands include, but are not limited 1o,
-ORM -SRY, -O(C=0R”, -O(C=0YOR™, -O{C=0MN(R");. -N(R"WC=OIR*, -NC, -CN, halo
(e.g., -Br, -1, -Cl), -Na, -O(SO;R” and ~-OPR”;, wherein each R” is, independently,
selected from hvdrogen, optionally substituted aliphatic. optionally substituted

heteroaliphatic, optionally substituted aryl and optonally substituted heteroaryl.
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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 1s -O(C=0)R", wherein R* is optionally
substituted aliphatic. In certain embodiments, X is -O(C=0)R*, wherein R” is optionally
substituted atkyl and fluorcalkyl. In certain embodiments, X is -{C=0)CH2 or
-O(C=0)CFa.

Furthermore, in certain embodiments, X is -O(C=0)R", whercin R” is optionally
substituted aryl, fluoroaryl, or heteroaryl. In certain embodiments. X is ~O(C=O)R”,
wherein R is optionally substituted aryl. In certain embodiments. X is -O(C=0)R",
wherein R” is optionally substituted phenyl. In certain embodiments, X is -O(C=0)C4Hs
or -O{C=O)YCeFs.

In certain embodiments, X is -OR™, wherein R* is selected from optionally
substituted aliphatic, optionally substituted heteroaliphatic. optionally substituted aryl,

and optionally substituted heteroaryl.

For example, in certain embodiments. X is -OR”, wherzin RY is optionally
substituted aryl. In certain embodiments, X is -OR™, wherein R” Is optionally substituted

phenyl. In certain embodiments, X is -OCH;s or ~OCgH»(2.4-NO»).

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

embodiments, X 15 -Cl. In certain embodiments, X is -1

In certain embodiments, X is -O(S05R”, In certain embodiments X is -OTs. In
certain embodiments X is -O80-Me, In certain embodiments X is -OSO-CF:. In some

embodiments, X 1§ a 2 4-dinitrophenolate anion.

L. Phosphorous-Containing 4ctivating Groups

In some embodiments, activating functional groups Z are phosphorous containing

groups.
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In certain embodiments, a

phosphorous-containing functional group 1s chosen

from the group consisting of: phosphines (-PRY,): Phosphine oxides -P(OJRYy;

rhosphinites P(ORIRY:; phosphonites PCOR),R”: phosphites PCOR Ja: phosphinates
OP(ORIRYy: phosphonates: OP( OR'}RY: phosphates -OP( OR e phosponium salts

Ln

([-PRY:]") where a phosphorous-containing functional group may be linked to a metal

compley through any available position (e.g. dircct linkage via the phosphorous atom, or

in some cases via an oxygen atom).

In certain cmbodiments, a

from the group consisting of:

, and

10 or a combination of two or more of these

wherein R' and R?, are as defined above; and

phosphorous-containing funcrional group 18 chosen

Pna
(¥4

each R, is independently hydrogen, a hydroxyl protecting group, or an optionally

substituted radical selected from the group consisting of C.y acyli Ciy aliphauc:
Cy.q heteroaliphatic, phenyl; a 3- to 8-membered saturated or partially
unsaturated monocyclhic carbocyele, 2 7-14 carbon saturated, partially unsaturated
or aromatic polveyelic carbocyele; a 5~ to 6-membered monocyclic heteroaryl
ring having 14 hetercatoms independently selected from nitrogen, oxygen, or
sulfur; & 3- to 8-membered saturated or partially unsaturated heterocyclic ring
having 1-3 heteroatoms independently se

6- 10 12-

lected from nitrogen, oxveen, or sulfur a
embered polycyclic saturated or parnally unsaturated heterocycele
having 1-5 heteroatoms independently selected from nitrogen, oxygen, or sulfur;

oyl

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

ot

th
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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

R - ol . . P
can be taken with an R° or R” group to an optionally substituted ring;
group P 3 g

In some cmbodiments. phosphorous containing functional groups include those

disclosed in The Chemistryv of Orpanophosnhorus Compounds. Volume 4, Ter- and

Quinguevalent Phosphorus Acids and their Denvatives. The Chemistry of Functional

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

heremn by reference.

X is -O-\ -Nﬁ:? or 'NRz_s
bis1or 0=

cach of R®, R and R” ure independently present or absent and, if present, are
mndependently sclected from the group consisting of optionally substituted C1-Cog
aliphatic, optionally substituted phenyl, optionally substituted Cy.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~Cye aliphatic, optionally substituted
phenyl, optionally substituted 8- to 14-membered aryl. optionally substituted 3- 1o
14-membered heterocyclic, or oprionally substituted 5- 10 14-membered

heteroaryl,
Q 1$ any amion, and

1 is an integer between | and 4.
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In some embodiments, an activating functional group is & phosphonate group:

F«z?" R RLR
[
sl Lo e
R? ”\O’H.

& O , and o

. wherein R’ R%, und R is as defined above.

In specific embodiments, & phosphonate activating functional group 15 selected
from the group consisting of:

Fyl
) ” s g ’ v
I Dl 0 Q )R
"%‘T{’—U --«2'—*1[’"“"() “”g”%’ () "'\—il)—'() .-..,E....Pm(‘_'}
)
O ()\,/ NN O -CFz (}\{/C-F;
! CF,
S
N
WooU
O~

5 7 2
R\Z ‘Rs O,R R’i R\N R1 R‘i
N R I N-R? N-R?
H;"“' ”N p Ny , ZLL o’
[_p[ NR ?\N,R‘ }l\N”R'l
8] O .. O s
group: - R® L or R

. ptopZ A

, wherein R', R, and R, are as
defined above. In certain embodiments, each R' and R? group in a phosphonic diamide is
methyl.

In some embodiments, an activating funcuonal group is a phosphine group:
2 R
=p
A

7 ' « t 3 N N
R?  wherein R, and R” are as defined above.

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

the group consisting of:

e}
~}
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I, Linker Moieries

As described above, each activating motety ———ww (2, comprises a linker
33

—rrns ” coupled to at lcast one activating functional group Z as deseribed above, with m

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

As noted above there may be one or more activating moiety —w (Z),, tethered
to a given metal complex, similarly, cach activating moiety itself may contain more than
one activating functional group Z. In certain embodiments, cach activating moiety
contains only one activating functional group (i.e. m = 1). In some embodiments, cach
activating moiety contains more than one activating functional groups (Le. m > 1) In
certian embodiments, an actrvating moiety containg two activating functional groups (ie.
m =2). In certain embodiments, an activating moiety contains three activating functional
groups (i.c. m = 3). In certain emnbodiments, an activating moiety contains four activating
functional groups (1.c. m = 4}, In certain embodiments where more than one activating
functional group I$ present on an activating moiety, they are all the same functional
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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In certain embodiments, each linker moiety —w~~ contains 1-30 atoms including
at least one carbon atom, and optionally one or more atoms selected from the group

consisting of N, O, S, 84, B, and P.

In certain embodiments, the linker is an optionally substituted C,. aliphatic
group wherein one or more methylene units are optionally and independently replaced by
-NRY-, -NRHYC(O ), ~-CLOWN(R)~, <O, -C(O)-, -OC(O}-, -C{OYO-, -8-, -SO-, -SO--,
-C(=8)-, -C{(=NR")-, or -N=N-, where each occurrence of R is independently -H, or an
optionally substituted radical selected from the group consisting of Cy-¢ aliphatic 3- to 7-
membered heterocyclic, phenyl, and & to 10~ membered aryl. In certain embodiments, a
linker 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(O):RY, -NRY*C(O)R",
-OC(O)RY, -CO3RY, -NCO, Nz, -OR’, -OCIOIN(RY)s -N(R%}, -NRYC(O)R. and
~NRYC{O)ORY, where RY is -H, or an optionally substituted radical selected from the
group consisting of C;-4 aliphatic 3- to 7-membered heterocyclic, phenyl, and 8- to 10-

membered aryl,

In certain embodiments, a linker moiety is an optionally substituted Ca.Clyg
aliphatic group. In certain embodiments, a linker is an optionally substituted Ca4
aliphatic group. In certain embodiments, a linker moiety is an optionally substituted Ca.
Cap aliphatic group. In certain embodiments, a linker moiety is an optionally substitute
C4.Cy; aliphatic group. In certain embodiments, a linker is an optionally substituted Cayp
aliphatic group. In certain embodiments, a linker is an optionally substituted Cy 4 aliphatic
group. In certain embodiments. a linker moiety is an optionally substituted C4.C; aliphatic
group. In certain embodiments, a linker moiety is an optionally substituted Ce.Cn
aliphatic group. In certain embodiments, a linker moiety is an optionally substifuted Cy
aliphatic group. In certain embodiments, a linker molety is an optionally substituted C~
aliphatic group. In certain embodiments, a linker moicty is an optionally substitated Cg
aliphatic group. In certain embodiments, & linker moiety is an optionally substituted Cs
aliphatic group. In certain embodiments, a linker moiety is an optionally substituted Cs
aliphatic group. In certain embodiments, a linker moiety is an optionally substituted Cs
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
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an optionally substituted branched alkyl chain. In some embodiments, a linker moicty is
a Cs to Cag alkyl group having one or more methylene groups replaced by -C(R*R”)-
where R*and R® are cach, independently C)-Cy alkyl groups. In certain embodiments, a
linker motery consists of an aliphatic group having 4 to 30 carbons including onc or more

pem-dimethyl substituted carbon atoms.

In certain embodiments, a linker moiety includes one or more optionally
substituted cyclic elements sclected from the group consisting of saturated or partially
ungaturated carbocyclic, aryl, heterocyelic, or heteroaryl. In certain embodiments, a
linker moiety consists of the substituted cyclic clement, in some embodiments the cyclic
element 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, « iinker motety 1s of sufficient length to allow one or more
activating functional groups 1o be positioned near a metal atom of a metal complex. In
certain embodiments, structural constraints are built into a linker moicty to conirol the
disposition and orientation of one or more activating functional groups near a metal
center of a metal complex. In certain embodiments such structural constraints arce
selected from the group consisting of cyclic moieties, bicyclic moieties, bridged cyclic
moieties and tricyelic moieties. In some embodiments, such structural constraints are the
result of acyelic steric interactions. In certain embadiments such structural constraints
are selected from the group consisting of ¢is double bonds. rans double bonds, cis
allenes, frang ailencs, and wiple bonds. In some embodiments, such structural constraints
are selected from the group consisting of substituted carbons including geminally
disubstituted groups such as sprirocyclic rings, gem dimethvl groups. gem diethyl groups
and gem diphenyl groups. In certain embodiments such structural consiraints are selected
from the group consisting of heteratom-containing funcuonal groups such as sulfoxides,

amides, and oximes.

in certain embodiments, linker moieties are selected from the group consisting of:
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where * represents the site of attachment to a ligand. and each # represents a site

of artachment of an activating functional group.
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In some embodiments, s is 0. In some embodiments, s is 1. In some
embodiments, s 18 2. In some embodiments, s 15 3. In some embodiments, s1s4. In

some embodiments, s is 3. In some embodiments., ¢ 15 6.

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

embodiments, tis 3. In some embodiments, t 15 4.
L. Metal Complexes

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

have the structure:

(Z;)I?T

- B _ )
where O represents a metal atom coordinated to a multidentate ligand.
Ila Metal Avoms

In cerrain embodiments. M is a metal atom selected from periodic table groups 3-
13, inclusive. In certain embodiments, M is a transition metal selected from periodic
rable groups 3-12. inclasive. Iy certain embodiments, M is a transition metal selected
from peniodic table groups 4-11, mclusive. In certain embodiments. M is a transition
metal selected from periodic table groups 5-10, inclusive. In certain embodiments, M is &
transition metal selected from periodic table groups 7-9, inclusive. In some
emnbodiments. 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 meta) atom selected from the group consisting

of: cobalt: chromium; aluminum: titanium; ruthenium, and manganese. In some
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embodiments, M 15 cobalt. In some embodiments, M 15 chromium. In some

embodiments, M 1s aluminum.

In certain embodiments, 2 metal complex is & zince, cobalt, chromium, aluminum,
titanium. ruthenium, or manganese complex. In certain embodiments, a metal complex is
an aluminum complex. In some embodiments, a metal complex is a chromium complex.
In some embodiments, a metal complex 15 a zine complex. In certain some embodiments,
a metal complex is a titanium complex. In some embodiments, a metal complex is a
ruthenium complex. In certain embodiments, a metal complex s a mangancse complex.
In ccrtain embodiments, a metal complex is cobalt complex. In certain embodiments
where the metal complex is a cobalt complex, the cobalt metal has an oxidation state of

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

HLb. Ligands

In some embodiments, a metal complex comprises a metal ator

coordinated to a single tetradentaie ligand and in some embodiments. the metal complex

comprises a chelate containing a plurality of individual ligands. Tn certain embodiments,

a metal complex contains two bidentate ligands. In some embodiments, 2 metal complex

contains a tndentate ligand.

in various embodiments, tetradentate ligands suitable for metal complexes of the
present invention may include, but are not limited to: salen derivatives 1, derivatives of
salan ligands 2, bis-2-hydroxybenzamido derivatives 3, derivatives of the Trost ligand 4,
porphyrin derivatives 8, derivatves of tewabenzoporphyrin ligands 6, derivatives of

corrole ligands 7, phthalocvaninate derivatves 8, and
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dibenzotctramethyltetraazal 1 4lannulene (tmtaa) derivatives 9 or 9°.

R (R\, /}z?

>—..:N Nzgoes
R¥m 7 -R*
' \f}‘—rf “o-d

~pe

In some embodiments, a metal multidentate ligand coordinated with a metal
complex may comprise a plurality of discrete ligands. In some embodiments, metal
complexes mclude two bidentate ligands. In certain embodiments, such bidentate ligands

may have the structure



where R and R’ are as defined above. Metal complexes having two such ligands may

adopt one of several geometries, and the present disclosure encompasses such variations.

In certain embodiments, metal complexes including two bidentate ligands may

5 have structures selected from the group consisting of:
(\0 L ‘13
~Coz - O~cy=N
L”' o L 0-[_ - g,Co -~ N‘CEO“OD N —=Co_
5 [ o N

(o (\o X X

o N b b
fecoslly ;24,:00\29) CHCot> ana CRCoHD

|
o/ N Loy L
fy R
o N
where each  n o represents a ligand: §:;
s

In certain embodiments, a tetradentate ligand is a salen ligand. In certain
embodiments, a metal complex is a metallosalenate. In certain embodiments, a metal
complex s a cobalt salen complex. In certain embodiments, 2 metal complex s a

10 chromium salen complex. In some embodiments, a metal complex is an aluminum salen

complex

In certain embodiments, at least one activating motety 15 wwthered to a carbon atom
of & phenyl ring of the salicylaldehyde-derived portions of a salen ligand. In certain

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

._..
th

ligand. In certain embodiments, at Jeast one activating moicty is tethered to a pyrrole-
carbon atom of a porphyrin ligand. In certain embodiments, at least one activating moiety
1s tethered to & carbon atom forming the bridge between the pyrrole rings of a porphyrin

ligand.

bl
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In certain embodiments, at least one activating moiety is tethered to one or more
carbon atoms of only one phenyl ring of the salicylaldehyde-derived portions of & salen

hgand, as shown in formula I

m ( i }m
)
Rﬁ

Nz

LA

v i

R'/wo'/,(%):\c> 2
i

wherein:
M is & metal atom;
X 15 2 nucleophile capable of ring opening an cpoxide;
k is an integer from 0-2 inclusive;

R' represents one or more substituents optionally present on the phenyl rings and
each R’ is independently selected from the group consisting of! halogen, -NO,,
-CN, -SR7, -S{OIR7, -S(O1R", -NR'C(O)RY, -OC(OIRY, -CO-R”, -NCO, -Ns,
-OR”, “OC(ON(R 12 -N(RY);, -NRYC(O)RY, -NR¥*C(O)YORY; or an optionally
substituted radical selected from the group consisting of Cy.5¢ aliphatic; Cyop
heteroaiiphatic; phenyli 2 3- to $-mombered saturated or partally unsaturated
monocyclic carbocycle, a 7-14 carbon saturated, partially unsaturated or
aromatic polycvelic carbocycle: a 5- to 6-membered monocyclic heteroary!
ring having 1-4 heteroatoms independently selected from nitrogen, oxygen, or
sulfur; a 3- 1o 8-membered saturated or partially unsaturated heterocyelic ring

having 1-3 heteroatoms independently selected from nitrogen, oxygen, or

sulfur: a 6- to 12-membered polyveyclic saturated or partially unsaturated
heterocycle having 1-3 heteroatorns independently selected from nitrogen,
oxygen, or sulfur: or an - to 10-membered bicvelic heteroaryl ning having 1-5
heteroatoms independently selected from nitrogen, oxygen, or sulfur, where

two or more adjacent R' groups can be taken together to form an optionally
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substituted saturated, partially unsaturated, or aromatic 3- to 12-membered

ring containing 0 to 4 heferoatoms;

-

R is -H, or an optionally substituted radical selected from the group consisting of
()¢ aliphatic, 3- to 7-membered heterocyelic, phenyl, and 8- to 10- membered

aryl;

m represents 1s an opnonally substituted moiety linking the two nitrogen

atoms of the diamine portion of the salen ligand, where /‘\ 1§ selected
from the group consisting of phenyl; 2 3- to §-membered saturated or partially
unsaturated monocyclic carbocyele, a 7-14 carbon saturated, partially
unsaturated or aromatic polycyelic carboceyele; 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 heterocyelic ring having 1-3 heteroatoms independently selected
from nitrogen. oxygen, or sulfur; & 6- to 12-membered polycyelic saturated or
partially unsaturated heterocycle having 1-5 heteroatoms independently
selected from nitrogen, oxyeen, or sulfur: or an 8- to 10-membered bicyclic
heteroaryl ring having 1-3 heteroatoms independently selected from nitrogen,
oxygen, or sutfur; or an optionally substituted Co.0 aliphatic group, wherein
one or more methylene units are optionally and independently replaced by
NRS -, -NRYIC(O)-, ~-CIOWNR)-, “OC(ONRY)-, -N(RNHCI0YO-, -OC(0)0-,
-0-, <C(O)-, -OC(0 ). -COYO-, -S-. -8O-, -SOs-, -C(=S)-, ~-C(=NR")-,
-CENOR or «N=N-

s { £}, YEPTESENLS OTIC OF MOTE 2CHvAING moieties, where v 7 ig 2
covalent linker containing one or more atoms selected from the group
consisting of C, O, N, S, and Sii Z is 8 actvating functional group and m is an
mteger from 1 to 4 indicating the number of individual aciivating functional

groups present in each activating moiety.

It certain embodiments, both salicylaidehvde-derived portions of 4 salen hgand

bear one or more activating moicties:
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wherem M, X, k, R, F\\ , and ——ne (7)), are as defined above,

In some ermbodiments, provided metal complexes comprise a moicty

that has the structure:

R4z .
Ria‘ ( \ Y12
__N\ /N..m..
RZd 1Y) R?,a
N O/f \0 7
5 R33‘ X RSa

wherein:
M is a4 metal atom,

R R™ R™ R™ R™ and R™ are independently & " (mgroup, hydrogen,
halogen, -OR, -NRg, -SR, -CN, -NOs, -SO;R,, -SOR,, -SO:NR,; -CNG, -NRSOLR,
10 -NCO, -Na, -SiRa: or an optionally substituted radical selected from the group
consisting of Cqp aliphatic; Cy.20 heteroaliphatic: phenyl; 2 3- to &-membered
saturated or partially unsaturated monocyclic carbocycle. a 7-14 carbon saturated,
partially unsaturated or aromatic polveyclic carbocycle; a 3- 10 6-membered

monocyelic heteroary! ring having -4 heteroatoms independently selected from

15 nitrogen. oxygen, or sulfur: a 3- to B-membered saturated or partially unsaturated
heterocyclic ring having -3 heteroatoms independently selected from nitrogen.,
oxygen, or sulfur; a 6- w 12-membered polveyelic saturated or partially
unsaturated heterocvele having 1-3 heteroatoms independemtly selected from
nitrogen, oxygen. or sulfur: or an & to 1G-membered bicyclic heteroary! ring

20 having 1-5 heteroatoms independently selected from nitrogen, oxveen. or sulfur
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cach R is independently hydrogen, an optionally substituted radical selected the group
consisting of acyl; carbamoyl, arvialkyl; phenyl, - to 10-membered aryl; Cyy0
aliphatic; Ci.; heweroaliphanic; 5- to 10-membered heteroaryl; 4~ to 7-

memberedheterocyclyls an oxygen protecting group, and a nitrogen protecting

5 group; or:
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 to 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 seiected from the group consisting of:
R} Roge
Q:;%;Y R‘ R(
by v o
/RYy
15 o) P & and
(R,
d) e L , where
R® at each occurrence is independently 8 ~—— Z group, hydrogen, halogen,
-OR, —NRQ_A_ »SR.5 ~CN., -N()z., "SO]R.., *SOR., “SOiNR:, ~CV(} -"\RSQ’:R
-NCO, -Ns, -51R 1! or an optionally substituted radical selected from the
20 group consisting of Cigp aliphatic: €y heteroaliphatic: phenvl: a 3- to

8-membered saturated or partially unsaturated monocyclic carbocycle, a
7-14 carbon saturated, partially unsarurated or aromatic polyveycelic

carbocycle; a 3- to 6-membered monocyclic heteroaryl ring having 1-4

&Y
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10

heteroatoms independently selected from nitrogen, oxygen, or sulfur;
a 3- to 8-membered saturated or partially unsaturated heterocvelic ring
having 1-3 heteroatoms independently selected from nitrogen, oxygen, or
sulfur: a 6- to 1 2-membered polycyclic saturated or partially unsaturated
heterocycle having 1-5 heteroatoms independently selected from
nitrogen, oxygen, or sulfur; or an §- to | 0-membered bicyclic heteroaryl
ring having 1-3 heteroatoms independently selected from nitrogen,
oxvgen, 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
mMOoTe rings;
when two R® groups are attached to the same carbon atom, they may be
taken together along with the carbon atom to which they are
attached to form a moiety selected from the group consisting of? a 3-
to 8-memberedspirocyelic ring, a carbonyl, an oxime, a hydrazone,
an imine;

X 15 2 nucleophile capable of ring opening an epoxide;

Y 15 a divalent linker selected from the group consisting of: -NR-, -N{RYC(O}-,
-CLONR-, -O-, -C(O)-, -OC(O}-, -C(O)O-~, -S-, -80-. -S0,-, -C(=S}-,
-C{=NR}~. or -N=N-, a polvether. a C: to Ck substituted or unsubstituted
carbocyele; and a C) to Cy substituted or unsubstituted heterocyele:

m 15 0 or an integer from 1 to 4, mclusive:

g 18 0 or an integer from 1 to 4, inchusive; and

x18 0, 1,0t 2

In some embodiments, at least one of [R* and R™] and [R* and R™ ] are taken

together 1o 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™ ] arc substituted phenyl rings.
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In certain cmbodiments, one or more of R™, R', R™, R™ R and R™ are

independently @ ——w Z group.

In certain cmbodiments of provided metal complexces, a moicty has a

structure selected {rom the group consisting of:

/R,

wherein:
M is a metal atom,

R¥ R*™ R¥* R™ R® R® R™ and R™ are cach independently a ——mw Z group,

10 hydrogen. halogen, -OR, -NR,, -SR, -CN, -NO,, -S0O,R, -SOR, -SO-NR,;
-CNO, -NRSO;R, -NCQO, -N3, -SiRz; or an optionally substituted radical
selected from the group consisting of Ty aliphatic; C; 5 heteroahiphatic;
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 heteroary! ring having
1-4 heteroatoms independently selected from nitrogen, oxygen. or sulfur; a 3-
0 §-membered saturated or partially unsaturated heterocyclic ring having 1-3
heteroatoms independently selected from nitrogen. oxygen, or sulfur; & 6- to

12-membered polveyelic saturated or partially unsarurated heterocycle having
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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;
: E oy 4 ia y 6" . 45 rdad o 4 35" 5
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:
n1s 0 or an integer from | to &, inclusive; and
pis 0 or an mnteger from | to 4, inclusive,

In some embodiments, M is Co.

In some embodiments, R'%, R'* R*™ R™ R™ and R* are each -H. In some
embodiments, R R™, R™ and R™ are cach optionally substituted C;-Cy» aliphatic. In
some cmbodiments, ¥, R™, R R™. R® R®™ R™ and R™ are cach independently
selected from the group consisting of: -H, -SiRs; methyl, cthyl, n-propyl, i-propyl,
n-butyl, sec-butyl, +butyl, isoamyl, r-amyl, thexyl, and trityl. In some embodiments, R™,
R R* R™ R® and R* arc cach -H. In some embodiments, R™ is selected from the
group consisting of -H; methyl; ethyl; n-propyl; i-propyl s-butyl; sec-butyl; r-butyls
isoamyl; 7-amyl; thexyl: and ityl. In some embodiments, R™ and R™ arc independently
selected from the group consisting of -H; methyl: ethyl; n-propyl: i-propyl: »-butyl:
sec-butyl: 1-butyl; isoamyl; r-amyl; thexyl: and tiryl. In certain embodiments. one or

. . 5 ERIN . Sa oy S’
more of R™ R™, R and R™ is a —=w Z group. In some embodiments, R™ and R™

are a Z group.

In certain embodiments of provided metal complexes, a moiety has a

structure selected from the group consisting of:
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;and

In certain embodiments of complexes having formulace desceribed above, at least
one of the phenyl rings comprising a salicylaldehyde-derived portion of a catalyst is

independently selected from the group consisting of:

L ALY

I ol o
7 éSO O

(23
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where ——~n (Z},, represents one or more independently-defined activating

5 moieties which may be bonded to any one or more unsubstituted positions of «
selicylaldehyde-derived phenyl ring,

In certain embodiments, there 1§ an activating moiety tethered to the position
ortho to a metal-bound oxygen substituent of one or both of the salicylaldehyde-derived
phenvl rings of a salen ligand as in formulae IHa and Kb

= !

A

R!
10 am Ll ()

wherein:

X kR /\ , and

(Z3, are as defined above, and

Y4



R¥ R*™ R™ R*™ R® and R™ are each independently a ——ew Z group,
hydrogen, halogen. ~OR, ~NRo, -SR, -CN, -NO,, -SO:R, -SOR, -SGNR 1
-CNO, -NRSO;R,, -NCO, -N;, -SiRy; or an optionally substituted radical

selected from the group consisting of .y aliphatic; Ci.ag heteroaliphatic:

\¥4}

phenyl; a 3- ro 8-membered saturated or parually 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-

tc 8-membered saturated or parually unsaturated heterocyclic ring having 1-3

10 hetercatoms independently sclected from nitrogen, oxyeen, 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 8- to 10-membered bicyclic heteroaryl ring having 1-5 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 ¥i¥a or kb, R*™ R™,

R®, and R® are cach hydrogen, and R*, R** are. independently, optionally substituted

20 Ci-Cy ahphauc

In certain embodiments of complexes 1la and b, at least one of the pheny!
rings comprising a salicylaldehyde-derived portion of a catalyst is independently selected

from the group consisting of:

(Z)m . {Z“)m
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In certain embodiments, there is an activating moiety tethered to the position para
to the phenolic oxygen of onc or both of a salicylaldehyde-derived phenyl rings of the
salen ligand as m structures IVa and IVh:

()
(Zm "

Va R7=

or

where M, X, k, R, R™ R™ R™ R®™ R™ R™ 7 , and

e (L3, are a5 defined above,

In certain embodiments of compounds having formulae TVa or IVh, R¥ R R,
and R™ are hydrogen, and each R™, R™ is, independently, optionally substituted C;-Cag
ahphatic.

In certain embodiments of catalysts IVa and I¥b, at least one of the phenyl rings
comprising a salicylaldehyde-derived porton of a catalyst is independently sclected from

the group consistng of;

@i i (Zi
%= i N %= ‘ N
Sor E/ S
: NN . N
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=g i! N
R

. and

In some embodiments, there 15 an activating moiety tethered to the position para
to the imine substituent of one or both of the salicylaldehyde-derived phenyl rings of a

salen ligand as in formulae Va or Vi

AR ¥4
or

where M, X, k. R R® R* R» R*™ R™ R, f\ and

(Z) are as defined

above.

In certain embodiments of compounds having formulac Va or Vb, each R* and
da . % 34 S T Ve oo .
R* is hydrogen, and each R™, R™ R™, R is, independently, hydrogen or optionally

substituted C,-Cy aliphatic.

In cermain embodiments of catalysts Wa 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:
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In some embodiments, there 18 un activating moiety tethered to the position ortho
1o the imine substituent of one or both of the salicytaldehvde-derived phenyl rings of 2

salen Hgand as in formulae Via and Vib:

48
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. where X, &,

M, R, R™ R*® R® R®¥ R™ R™, m ,and (Z) are as defined above.

: : : . 13
In certain embodiments of compounds having formulae Via or VIb, each R™ and
R is hiydrogen, and each R™ R™, R and R is, independently, hydrogen or

optionally substituted C,-Cy aliphatic.

In certain embodiments of catalysts VIia 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’

(i (L) (L

7 (L)
Ly
m | %
=g
3 .
-5
&0 :
(Z},,
]
5
8
<
‘?’3 O
{Z}m

el
Fo

&

39



10

(Z}m . (Z} "
\ Daltd -1
! == 2=
S0 N %= z; N % O $= é
d Ne; e : = ~SS\O
O //\ 7 ¢ 0 L
@) o @), @)
? e ;
D SRN o 3?53*
?s*o & : Q‘S‘o ?‘O Ef‘o .

> ;and

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 phenyl

rings of a salen ligand as in formulac VIia and VIib:

(L3

{Z}”.‘
where M, X, k, R', R* R¥, R™ Rw..‘/\‘ , and —ww (7}, 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~Cyy aliphatic.

In certain embodiments of compounds having formulae Vila or Viib, cach RO,

ag' . b
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 phenvi

rings of a salen ligand as in formulae VIIIa and VIIh:
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or

where X, k, M, R.R™ R* R™ R, 7 , and —nee (Z),, are as defined above.

In certain embodiments of compounds having formulae VIIla or VIiTh, cach R™,

R*, R™ and R™ is, independently, optionally, hvdrogen or substituted C1-Ca aliphatic.

In certain embodiments of the present invention, catalysts of structures Vikla or
VIIb above, at least one of the phenyl rings comprising the salicylaldehyde-derived
portion of a catalyst is independently selected from the group consisting of:

AN (2 VAN 0

D

(Z)m
- :

10
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In some embodiments, there 1§ an activanng moiety tethered to the imine carbon

of & salen ligand as in formulac IXa and IXb:
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where

M. X, k, R™ R¥ R R™ R™ R™ R™ R, & , and v (Z),, are as defined
above with the provise that the atom of the activating moiety artached to the salen ligand

1s a carbon atom.

5 In certain embodiments of compounds having formulac IXa or IXb, each R™,
R* R®, and R® is hydrogen, and each R* R**, R", and R is, independently, hydrogen
or optionally substituted C,-Cy; aliphatic.

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

IXa or IXDb above, at least one of the phenyl rings comprising a salicylaldehyde-derived

10 portion of a catalyst 1s independently selected from the group consisting of:
L (Zhn Z @,
._gu N
|
o
e
(L
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As shown above, the two phenyl rings derived from salicylaldehvde in the core
salen structurcs need not be the same. Though not explicitly shown in formulac Iz
through IXb above, it is to be understood that a catalyst may have an activating moiety
attached to different positions on each of the two rings, and such compounds are
spectfically encompassed within the scope of the present invention. Furthermore,
activating moicties can be present on multiple parts of the ligand, for instance activating
moieties can be present on the diamine bridge and on one or both phenyl rings in the

same catalvst.
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In certain embodiments, the salen ligand cores of catalysts Ia through IXb above
are 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 moictics

as described above,

]\'/—\ - - | —
A 0D c”
5 S ’)I\;\\ : ‘}\I ;X}
A Q
b 4S'SsleS'q
(M N \\)\ \

o .(;ii\
and .

where M, X, and k. are as defined above.

In some embodiments, at least one activating moiety is tethered to the

10 diamine-derived portion of the salen ligand. as shown in formula X
7o
R
=N Nes
d VS
YA
o 0’/0(}\\0 ’“;.
x , where M. X, k, R', /\\ , and ——n (Z),, are as

defined above.

In certain embodiments, saicn ligands of formula X are selected from an

optionally substituted moiety consisting oft

3
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@ (D
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(X}

where M, X_k, R' and ——nnw (723, are as defined above,

In certain embodiments, the diamine bridge of catalysts of formula Xa an

optionally substituted moiety selected from the group consisting of:

o I, (L) L
T ¥ Y : | j ‘ |

"!m

/m (II),,,, .' 7 \ s
/j mg‘\ ,_é“ @ @

A U /‘""»f‘ NS TN HTIN A

R B %szsf o
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@, Lin

(Z }m“‘ !\Z'}m
R
(L (Zjm
=N Tz it M=y

o e

. and , where M and ——w (23, 18 25 defined

above.

In certain embodiments, metallosalenate complexes of the present invention

mclude, but arc not hmited to those in Table 1 below:
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In certain embodiments, for complexes of Table 1, M is Co-X, where X 15 as
defined above. In certain embodiments, for complexes of Table 1, M 18 Co-OC{O)YCFa.
In certain embodiments, for complexes of Table 1, M 15 Co-OAc. Tn certain
embodiments, for complexes of Table 1, M is Co-OC(OYC4Fs. In certain embodiments,
for complexes of Table 1, M is Co-Na. In certain embodiments, for complexes of Table
I, M is Co-ClL. In certain embodiments, for complexes of Table 1, M is Co-nitrophenoxy,

In certain embodiments, for complexes of Table 1, M is Co-dinitrophenoxy.

in some embodiments, for complexes of Table 1, M is Cr-X, where X is ag

defined above,

In certain embodiments, a tetradentate ligand is a porphyrin ligand. In some
embodiments, a metal complex 1s a cobalt porphyrin complex. In certain embodiments, &
metal complex is a chromium porphyrin compiex. In some embodiments, 2 metal

complex is an aluminum porphyrin complex.



n

Examples of porphyrin containing metal complexes of the present invention

include, but are not imited to:

von
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wherem each of M, X, k, R, and ——nn {7, 15 as defined above.

In certain embodiments. a multidentate Higand is an optionally substituted

tetrabenzoporphyrin. Suitable examples include, but are not limited to:

122



wherein M, R', and —ww (Z}, are as previously defined.

In certain embodiments of porphyrin and phthalocyanine-based complexes
described herein. M is aluminum. In certain embodiments of porphyrin and
phthalocyvanine-based complexes described herein, M 1s cobalt, In certain embodiments
of porphyrin and phthalocyanine-based complexes described herein, M is manganese.

In certain embodiments, porphyrin complexes of the present invention include,

but are not limited to those in Table 2 below:
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In certain embodiments. for complexes of Table 2, M is Co-X, where X is as
defined above. In certain embodiments, for complexes of Table 2, M is Co-OC(O)CF .
In certain embodiments, for complexes of Table 2, M 15 Co-OAc. In certam
embodiments, for complexes of Table 1, M is Co-OC(O)Y 4F <. In certain embodiments.,
for complexes of Table 2, M 1s Co-Ns, In certamn embodiments, for complexes of Table
2. M is 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.
p L4

In certain embodiments, for complexes of Table 2, M is Al-X, where X 18 ag
defined above. In cortain embodiments, for complexes of Table 2, M is Cr-X, where X is

as defined above.

T certain embodiments, porphyrin complexes of the present invention are
YT p P

synthesized as shown in the following schemes:
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1.Co(OAE);
2.0F GO
b

Tolvane

in some embodiments, the present disclosure provides methods of polvmerization
comprising contacting an epoxide with carbon dioxide in the presence of a provided
5 metal complex to form & polycarbonate. In some embodiments, the present invention

provides a method of polymerization. the method comprising:

a} providing an epoxide of formula:

C O g
a o
R R
JoL
RP R®
wherem:
10 R" is hydrogen or an optionally substituted radical selected from the group

consisting of Cy.ag aliphatic; Cy heteroaliphatic; phenyl; a 3- to 8-membered
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saturated or partially unsaturated monocyclic carbocycle, a 7-14 carbon
saturated, partially unsaturated or arematic polvevelic carbocycle; a 5- to 6-
membered monocyclic heteroary! ring having 1-4 heteroatoms independently
selected from nitrogen. oxygen, or sulfur; a 3- to &-membered saturated or
partally 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 1-3 heteroatoms
independently selected from nitrogen, oxygen, or sulfur; or an 8- 1o 10-
membered bicyclic heteroary! 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 substifuted
radical selected from the group consisting of Cy.y; aliphatic; i
heteroaliphatic; phenyl; 2 3- to 8-membered saturated or partially unsaturated
monocyclic carbocycle, 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 B-membered saturated or partially unsaturated heterocychic ring
having 1-3 heteroatoms independently selected from nitrogen, oxygen, or
sulfur; 2 6- to 12-membered polycyelic saturated or partially unsaturated
heterocycle having 1-5 heteroatoms independently selected from nitrogen,
oxygen, or sulfur: or an 8- to [0-membered bicyclic heteroary! ring having 1-3

heteroatoms independently selected from nitrogen. oxvgen, or sulfur;

wherein any of (R® and R®), (R® and RY), and (R® and R®) can be taken together

with mtervening atoms © form one or more optionally substituted rings;

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

consisting of:
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In some embodiments, a provided polymer has a formula;
: Posy

¢ md
Q Ra‘ Rb‘ R R*&
S
No O \
! C N i
h R® R " . In some embodiments, a provided polymer has a
o R¥ RP
LN
®) O
¢ md
formula: R™R . In some embodiments, carbon dioxide is optional
RS RY
@
R? RY

and a provided polymer has a formula:

In certain embodiments, RY R®. and RY are each hydrogen. In some
embodiments, R* 18 optionally substituted €, .5, aliphatic. In some embodiments, R* is
optionally substituted C.1» heteroaliphatic . In some embodiments, the epoxide is

ethylene oxide, propylene oxide, or cyclohexene oxide.
Jn certain embodiments. one of R*, R®. R®, and RY%is hvdrogen. In certain

embodiments, two of R, R™, R, and RY are hvdrogen. In certain embodiments, three of

R*,R”, R, and RY are hydrogen.
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In certain embodiments, R* is hydrogen. In certain embodiments, R® is
hydrogen. In certain embodiments, R® is hydrogen. In certain cmbodiments, R is

hydrogen.

In certain embodiments, R*, R”, R®, and R? are cach independently an optionally
substituted Cy. aliphatic group. In certain embodiments, R*, R”, R, and RY are each
independently an optionally substituted Ciyo aliphatic group. In certain embodiments,
R*, R®, RY, and RY are each independently an optionally substituted Cy., aliphatic
group. In certain embodiments, R*, R®, RY, and RY are cach independently an optionally
substituted C,¢ aliphatic group. In certain embodiments, R¥, R*, R, and RY arc cach
independently an optionally substituted Cs.5 aliphatic group. In certain embodiments, R¥,

R™ R, and R* arc each independently an optionally substituted Ca.1; aliphatic group.

In certain ernbodiments, R® is an optionally substituted C.3¢ alipbatic group. In
certain embodiments, R® is an optionally substituted C,.3 aliphatic group. In certain
embodiments, R® is an optionally substituted Cyi aliphatic group. In certain

embodiments, R? is an optionally substituted C, s 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 o
form a polycyclic carbocycle comprising two or more optionally substituted 3-8-
membered carbocyclic rings. In some embodiments, an R* and an R” attached to the
same carbon are taken together to form a polyeyclic carboeycle comprising two or more

optionally substituted 5-7-membered carbocyclic rings.

In some embodiments, an R® and en R® attached to the same carbon are
taken together to form a bicychic carbocycle comprising two 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 bicyclic carbocycle comprising two optionally
substituted 3-8-membered carbocyclic rings. In some embodiments, an R* and an R®
attached to the same carbon are taken together to form a bicyclic carbocycele comprising

two optionally substituted 5-7-membered carboceycelic rings.
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In certain embodiments, an R* and an R” attached to the same carbon are
taken together to form an optionally substituted 3-12-membered carbooyclic ring. In
certain embodiments, an R® and an R® atiached 10 the same carbon are taken together to
form an optionally substituted 3-B-membered carbocyelic ring. In certain embodiments,
an R* and an R” attached to the same carbon are taken together to form an optionally

substituted 5-7-membered carboceyclic ring,.

In some embodiments, an R* and an R® attached to adjacent carbons are
taken together to form onc or more optionally substituted 3-12-membered carbocyclic
rings. In some cmbodiments, an R® and an R® attached to adjacent carbons arc taken
together to form a polycyclic carbocycle comprising two or more 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 polycyclic carbocycle comprising two or

more optionally substituted 5-7-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 3-12-
membered carbocyclic tings. In some embodiments, an R® and an R° attached to
adjacent carbons are taken together fo form a bicyclic carbocycle comprising two
optionally substituted 3-8-membered carbocyclic rings. In some cmbodiments, an R”
and an R” attached to adjacent carbons are taken together to form a bicyclic carbocycle

comprising two optionally substituted 5-7-membered carbocyclic rings.

In certain embodiments, an R” and an R® attached 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 1o adjacent carbons are taken together to form
an optionally substituted 3-8-membered carbocyclic ring. In certain embodiments, an R”
and an R° attached to adjacent carbons are taken fogether to form an optionally

substituted 5-7-membered carbocyclic ring.

In certain embodiments, the polymer comprises a copolymer of two different
repeating units where R*, R”, and R® of the two different repeating units are not all the
same. In some cmbodiments, a polymer comprises a copolymer of three or more

different tepeating units wherein R*, R, and R® of each of the different repeating units

133



FJy

10

are not all the same as R*, R", and R® of any of the other different repeating units. In
some embodiments, a polymer is 2 random copolymer, In some embodiments, a polymer

15 & 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 organic cation and X,
wherein X 15 a nucleophile or counterion. In some embodiments, X 1s 2.4~

dinitrophenolate anion.

In some cmbodiments, R® is optionally substituted Cy.1 aliphatic. In
some cmbodiments, R* is optionally substituted Cy, heteroaliphatic.  In some
embodiments, R* is optionally substiated phenyl. In some embodiments, R is
optionally substituted 8- to 10-membered aryl. In some embodiments, R* is optionaily
substituted S- to 10-membered heteroaryl, In some embodiments. R* is optionally

substituted 3- to 7-membered heterocyelic .

In certain embodiments, R is selected from methyl, ethyl, propyl, butyl, vinyi,
Yy Yi. PTOPY ¥ b

O
. S O N, > O - O\)Q
allyl. phenyl, triflucromethyl, b v, B \/O\/\/g W AN # .

W 0
*
0
LA A‘ cl

embodiments, R* is methyl. In certain embodiments, R? is ethyl. In certain

, 0T any two or more of the above. In certain

embodiments, R is propyl. In certain embodiments, R* is butyl. In certain
embodiments, R® is vinyl. In certain embediments, R® is allyl. In certain embodiments,
R* is phenyl. In certain embodiments, R® is trifluoromethyl. In certain embodiments,
L ~, O . . o . N, O . .
R* is AN . In certain embodiments, B is » VN In certain embodiments,
O

—

L o O . .. < N O : . ,
R g 7V \/\\ In certain embodiments. R is * . In certain embodiments.,
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R is # \/\"/ In certain embodiments, R is . In certain

w O
.J/\

embodiments, R is Ct,

In some embodiments, R” is hydrogen. In some embodiments, R® is optionally
substituted Cy.j, aliphatic. In some embodiments, R® is optionally substituted Cy.p»
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 optionalty substituted 5- to 10-membered heteroaryl. In somc

embodiments, R® is optionally substituted 3- o 7-membered heterocyclic .

In some embodiments, R® is hydrogen. In some embodiments, RS is optionally
substituted Cy.1» aliphatic. In some embodiments, R® is optionally substituted Cy.ia
heteroaliphatic. In some embodiments, RS 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 .

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 C;.
Ci4 carbocycle, optionally substituted 3- to 14-membered heterocycle, optionally
substituted phenyl, optionally substituted Cx.Cyg aryl, and optionally substituted 5- to 10-

membered heteroaryl.

In some embodiments, R” and R® are taken together with Imtervening atoms to
form one or more rings selected from the group consisting of: optionally substituted Cs.
Cis carbocycle, optionally substituted 3- to l4-membered heterocycle, optionally
substituted phenyl, optionally substituted Cy.Cyy arvl, and optionally substituted 5- to 10-

membered heteroaryl,
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In some embodiments, R and R” are taken together with intervening atoms to
form one or more nngs selected from the group consisting of: optionally substtuted Ca
Ci4 carbocycle, optionally substituted 3- to I4-membered helerocycle, optionally
substituted phenyl, optionally substituted Cy Cyy aryl, and optionally substituted 3~ to 10-

membered heteroaryl.

In some embodiments, the invention includes methods for synthesizing polyethers
from epoxides. Suitable methods of performing these reactions are disclosed in US Patent

No. 7.399,822, the eatire contents of which are hereby incorporated herein by reference.

In some embodiments, the mvention includes methods for synthesizing cyelic
carbonates from carbon dioxide and epoxides using catalysts deseribed above, suitable
methods of performing this reaction are disclosed in US Patent No. 6,870,004 which is

incorporated herein by reference.
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EXAMPLES

Example 1

A general route to a symmetric cobalt {111} salen ligand of the present invention is

3 shown in Schemes E1 and EZ2, below:
Scheme E

\L

OH 01 OH / Z eoaat] PN e
. 1 ) ”
AR 1 NEG, MGl RT PN NH X JN\
RZ OH HO g?
\ 2 (CHyO)n l s
Py 2 R1 R1
R R® 21-
Ei-z E1-b
1. Co(OAC),
2. CF,CO,H, O,
HN\C Ne=
= 0
0N, ~
R2 \ / O O /“_:\ Re
R | R
O‘\yo =10
1
CF5

As shown in Scheme E1, disubstituted phenol El-a is formviated to provide
salicylaldehyde derivative El-b. Two equivalents of this aldehvde are then reacted with a
10 diamine (in this case 1.2-diamino cyclohexanc) to afford Schiff base Ei-¢. This
compound is then reacted with cobalt (IT} acetate to give the Co(1)-salen complex (not
shown} which is oxidized by atr in the presence of trifluoroacetic acid to afford the active
cobalt (11I) catalyst. Similar chemistries can be applied to synthesis of the catalysts
described hereinabove. One skilled in the art of orgamic synthesis can adapt this

15 chemistry as needed 1o provide the specific catalysts described herein.

Example 2

A typical route to an asymmetric cobalt (111} salen ligand is shown in Scheme E2:
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Scheme E2

A O Q

] s CI'HaN NH, HoN Ny

E2.

,(

Et-b E )
{ f R.S
:
3 1
R (L R R4 O Hob%z?
O
U Eze

2

CFs Re B2d g

As shown in Scheme E2, disubstituted salicylaldehyde derivative E1-b is treated
with one equivalent of a monohydrochleride salt of 1.2 cyclohexanediamine. the resulting
Schiff base E2-a is then neutralized and a second different salicylaldehyde derivative s
added. This compound is then reacted with cobalt (1) acetate to give the Co(ll)-salen
complex which is oxidized by air in the presence of trifluoroacetic acid to afford the
active cobalt (1) catalyst. Sunilar cherniswies can be applied to synthesis of the catalysts

escribed hereinabove. One skilled in the art of organic svnthesis can adapt this

chemistry as needed to provide the specific catalvsts described herein.
Example 3

(Z)m

Example 3 describes the synthesis of a catalyst , where M 1s

. /\W " . o
Co(I1D, is saley, ——nan i ™o . Z 15 a P-linked phosphorimine
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. and m is 1, wherein there are one or two ™ (Elm groups present
{Scheme E4 and E3, respectively).

Scheme E3
LIPPh,

AP N e N o oo
diethyl Br

ether \\ PrNg
\ Staudinger reaction

\ Bl

N
OH OH O B3 éiphg
; ] P N N
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! 804 trace NaOH, NBu,C!
P —
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P—Ph . )
| AT Vaal ==
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O)(O [N O oM o ;5 N % o+ HO
O 3 5 z
Y 1. HaD, Wy O \,}) 05 P
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i { )
CiaChs i NzP. P=N,
E3-¢ P i P Pt by, Ph
2 CHinl
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As shown in Scheme E3, triol E3-z is protected as a ketal to afford monohydric
alcohol E3-b, this compound 1s then alkylated with bromide E3-c to afford benzy! ether

=3-d. Deprotection and oxidation of the other benzylic alcohol affords salicylaldehyde
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E3-e which is condensed with cvelohexanediamine as described sbove to give ligand E3-
f. The phosphorimine nitrogen is then quaternized and the metal comples formed ag
before to provide catalyst E3-h. fn an alternative route not shown here the metal is first

inserted and then quarternization is performed.

(94}

Scheme E3b

F-ph NH."CF 1 KGO,
S Y N NHGTCE on {

GHOA 80
1155 l\/\NH, - . @ ) - =
G oH Q ¢ 4 1By = —}/—‘\\u
LA et tBu—d  OH HO—-—<__'

s 3 Mei

L : (J
\% E3e Op} Ed-a -Bu Y
5 P
E4-h &t
NPl {

-

P4 ph e P

N
; E / P ‘/}é‘h Ph
~N_ N 1. CotCAch
/ £y ¢

e 0% o 2. CFaCOpH

Y= RO, Ede [QGJ/ -
{=CF 00,  Ede PEN X
ph PP

PH
As shown in Scheme E3b, salicviadedyde 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 salicajdehyde,
10 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(i), Q is saley,

\Q-\
!
N I\{/\r?/

e i8 %7 Zi5 & 1-[4-dimethylamino-pyridinium]

-
15 methylimidazolium], A"~ and m is 1. wherein there are one or two D groups

or 1-{N-

present (Scheme ES and E6, respectively).
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Scheme B4

Nifa
A N
3 7\ 1.2, ACN
R Ol 510 R, 2. AGRF, E1OH
BOH - 3. Co(OAC), EIOR
(“; (\1 4, CFsCOEH, Cchiz
CS-3
Cs-4
_N\ "/Nm\
o,
. ! .
N \g__}
Z Z
Ry =Me or {-Bu
X= OQCCF'_;

Z'= N,N-dimethylamino pyridine
or N-methylmidazole

ES ox
®

N7 - Sé Y
0BT = CS&7Z= £~

Scheme E4 shows the synthesis of compounds CS-6 and CS-7. For each

compound frans-/,2-Diaminocyclohexane (2.0 mol) is slowly added to an anhyvdrous

Ln

ethanoi solution of benzyl chloride CS-4 (1.0 mol). The reaction is stirred and heated to
reflux for 3 h, then cooled to 1t and diluted with water. This mixture is cooled overnight
in the freezer and solids are collected by filtration to afford dichloride CS-5. The
dichloride CS-5 (1.0 mol) s reacted with N.N-Dimethylamino pyridine (2.0 mol) or N-
methyl imidazole in acetonitrile. The reactions are heated at 80 °C for 18 h and then the
10 solvent is removed in vacuo to provide the respective ammonium salts. These sals are

metallated and oxidized as described previously to provide catalysts CS-6 and C5-7.
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Exampie 5

Example 3 describes the synthesis of catalysts where M 15 Co(I11), 1s salcy

v

'},{’"\N/‘\\/"
el ! , Z is a I-[N-methylimidazolium] (CS-8), or dimethylamino (CS-9)

and a is 1, wherein there are two ~ " (&m groups present (Scheme ES and E6,

respectively).

=

FEN N N 4 — T
1 ]E\i/’.\/ N\ ',/?\
Co
Ry OH HO Ri  2.AQBF, EIOH o o S 7N i
4 3. Co(OAcY, EtOH - ‘
e T C 4. CF3C0:H, CHCly N_/
€85

N
?IN\ S R« = Me or {-Bu
Z

X= OzCCFa
\é{: =

“+
CS-87 = i/\-....
————

Scheme E5

CS-9 7 = NMe,

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-
methylaminocthyl)-3-methylimidazole (2.0 mol) is combined with CS-5 (1.0 mol) in
acetonitrile. The reaction is heated to 80 °C for 18 h and then the solvent is removed in
vacuo, metallation with Co(OAc), and oxidation in TFA are then performed as described
above to afford catalyst C5-8. Synthesis of CS-9: NN N'-Trimethy!l-1,2-cthanediamine
{4.0 mol} is combined with €83 (1.0 mol) in acetonitrile. The reaction 1 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 1o vacuo. The residue 1s
dissolved in degassed methanol and combined with Co(OAc), (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, Afier stirring

open to air for 3 b, the solids are filtered and dried in vacuo o produce CS-9.

142



Example 6

Example ¢ and Scheme E6 describe the synthesis of catalysts where M is Co(T1I),

.a 1s salcy,

two (L groups present.

PN . . vy . . .
is A 07" 7 s dibutylamino and m is 1, wherein there are

A

Scheme E6

1. BUZN\/\/OH Q

NaOH, CHyCla ==N_ _.N==

/Cn

cs-5 J R / \ o \O / \ R,
T

|
2. Co(Qhc),, MeOH = A e
3. TFA. CHyChy

-~ o

( K1 = Me or {-Eui
NB;_E,2 CS8-19

Synthesis of CS-10: Ligand €S-5 (1.0 mol). 3-(dibutylamino)-1-propanol {2.0

N BUZ

mol), a 50% NaQOH solution (10 mol), tetraburylammonium bisulphate (4 mo! %), and
dichloromethane are combined and heated at 63 °C overnight. The reaction mixture i
10 concentrated in vacuo to remove the bulk of the solvent and the aqueous layer i3
extracted with ethyl acetate. The organic layer is separated, dried with magnesium
sulfate, filtered, and concentrated in vacuo. After purification using silica gel the
product is dissolved in degassed methanol and combined with Co(OAc); (1.0 mol}. After

stirring for 3 b, the residue is filtered and washed with methanol. Trifluoroacetic acid

el
th

{1.0 mol) 1s 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 €S-16.

Example 7
Example 7 and Scheme E7 describe the synthesis of catalysts where M is Co(I11),

(5, . PN ,
20 . 15 salcy, ~—anwv inciudes two "o groups taken together to form a ring
including the Z group. Z is 3-[N-methvipyridiivm] and m 1s |, wherein there is one

el ¢ group present.
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Scheme E7
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3, CFAC0,H, CHACly Z ‘
8 f g
Nox
§
CS-11

Synthesis of CS-11. Ligand CS-5 (1.0 mol), 3.5-bisthydroxymethyly-N-
methylipyndinium iodide (2.0 mol}, a 50% NaOH solution (10 mol), ictrabutylammonium
bisulphate (4 mol %), and dichloromethane are 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 vacuc. The procedure detailed above

for the metallation and oxidation is followed to produce CS-11.
Example 8
Example 8 and Scheme EE describe the synthesis of catalysts where M is Co(T1I),

e ks
. is saloy, —ww is SN 7 s [ Aotburylpyridinium ), and m is 2,

wherein there are two ~ " @Jm groups present.
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Scheme E8
~
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A

Synthesis of AC-2. Intermediate AC-1 (0.37 g, 0.35 mmol), 4-tbutylpyridine
{0.21 mb. 1.41 mnol}, and AcCN (4 mL) were combined in a sealed vial and heated to
80 °C with stirring for 18 h. The solvent was removed in vacuo, leaving a yellow residue
(0.6] g, 110% yield, AcCN present). 'H NMR (400 MHz, CDCls, §): 9.53 (1, 8H), 8.21
(s, 2H), 7.94 (t, 8H), 7.08 (s. 2H). 6.83 (s, 2H), 4.81 (m, 8H), 3.29 (m, 2H), 2.78 {m, 2H),
205 (s. 6HY, 1.3-2.0 (m, 24 H), 1.36 (s, 36H); IR (ATR, film cast from AcCNY: vey =
1637 cm” . A solution of the residue (0.30 g, 0.19 mmol) in dry EtOH (5 mL) was added
to AgBF. (0.19 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 a 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 (0.1 g, 67%
yield). "H NMR (400 MHz, CDCly, 8y 8.75 (t, 8H), 7.98 (d, 2H), 7.92 (t. §H), 7.1-7.3
(m, 4H), 4.52 (m, 8H), 3.6 (m. 2H), 2.7 (m, 2H), 2.19 (s, 6H), 1.5-2.0 (m, 24 H), 1.38 (s,
36HY; IR (ATR, film cast from CHaClyd: veey = 1641 em™, var.= 1030 cm™. A solution of
the residue (0.18 g, 0.12 mmol) in dry EtOH (4 mL) was added 10 Co(OAc); (0.022 ¢,
0.12 mmoi) in a schienk tube under N, The solution was stirred for 3 h at room

temperature, and the solvent was removed i vacuo. The residue was triturated with ether,

dried n vacuo, and redissolved in CHCly. A solation of CF2CG.H (9 ul, 0.12 mmol) in



CH,Cl, (80 pL) was added and the solution stirred for 3 h open to air. Solid NaO,CCF,
(0.067 ¢, 0.49 mmol) wus added, and the solution wag stitred under N, for 2 days. The
solution was filtered through Celite and the solvent was removed in vacuo 10 leave a
brown residue (0.071g, 37% yield). 'H NMR (400 MHz, DMSO-de, &) §.86 (1, 8H), 8.08
(t. 8H), 8.07 (s, 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): ve-0= 1682 cm™, veu = 1641 cm ™

Additional ligands AC-6 through AC-11 were synthesized using the conditions

described for compound AC-2 and are summarized tn Scheme ERb and Table ER:
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Scheme E8Y

Q- =N N
G, ACCN e =

i NMY“‘ §
i _ /= e, a

% /k OH H O‘Q\{L
|-f {

ACA

TABLE E8
Q
Compound {Schemce E8b) "H NMR specira® (8, ppm) IR (em™
9.0 (d, 8H, 8.6 (1, 4H), 8.5 (s, 2H),
- {N\ 8.1(t, 8H), 6.9 (5, 2H}, 6.8 (5, 2H), 4.5 (1, veux=
o Lz 8HY, 3.4 (m, 2H), 2.1 (s, 61, 1.4-2.9 (m, 1620
244,
8.61 (d, 8H). 8.29 (s, 2H), 6.99 (s.
NS
i 2H), 6.92 (d. 8H), 6.85 (s, 2H), 4.30 (1, Vs =
8H), 3.34 (m, 2H), 3.23 (s, 24H). 2.65 (m, 1649
N
IS 2H), 2.18 (s, 6H), 1.4-2.9 (m. 16H).
Ng,heptyi
*Jm:vl:~.
‘&C'g \NJ\N/ < -\"
| I 1627
A
ACH
NN 1610
|
N LSS N
AC-16
\ '57 1627
SiMe;
N Ve =
AC-11
&g{? 1628

“400 MHz, CDCl:. Al compounds exhibited the loss of a

attributed to the CHa! group m AC-1. “NMR spectrum is in DMSO-de.
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Example 8

Example 9 and Scheme E9 describe the synthesis of catalysts where M 1s Co(I11),

is saley, ——wwn 15 BN Z g N N-bis-(3-dimethylaminopropyiamino (AC-4),
tetramethyl guanidino (AC-5), N-linked morpholine (AC-6), or N-linked piperidino (AC-

14), and m is 2, wherein there are two " {ZJm groups present.

Scheme
£9

=N New N
/_(“‘ NN /T HNR. Ko TO, ACCH e
= ) 7Y e o &3 o 7o
I_/‘\\_ JCH HO 2. COlOAG],, EOH VAR /<’\ | .
i

'< e 3. CFQCO;:H, CHLCip Rgf\"—/

AC: MRz

P
ACE NRo= iz
;N-"

~
ACE: NRpz ey "
Nt

Svnthesis of AC-4. Intermediate AC-3 (0.45 g, 0.63 mmol), 3.3 -iminobis(N.N’-
dimethyipropylamine) (0.28 mi.. 1.26 mmol), KoCOs (0.35 g, 2.52 mmol) and AcCON (5
mL) were combined in a scaled vial and heated 10 §0 °C with strring for 18 h. The
solution was filtered and the solvent was removed in vacuo, triturated with ether, and
dried in vacuo to leave a yellow residue (0.48 g, 91% vield). "H NMR (400 MHz, CDCls,
8 B2 {m, 2H), 6.8-7.2 (m, 4H). 3.75 (m. 2H), 3.6-3.4 {m. 20H). 2.0-2.8 {m, 28H), 218
(s, 6H}, 1.4-2.0 (m. 24 HY: IR (ATR): vean= 1600 e, A solution of the residue (0.21 g,
0.25 mmol} in dry EtOH (10 mL) was added to Co{OAc), (0.045 ¢, 0.25 mmol) in a
schienk tube under N, CHoCly (3 ml) was added to completely dissolve the solution.
The solutfion was stirred for 18 h at room temperature. and the solvent wag removed in
vacuo. The residue was triturated with cther, dried in vacuo, and redissolved in CHACh
(10 mL). CF:0G:H (20 ub. 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 1o
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cave a brown residue (0.28 g, 108% vield, residual CH.Cl). 'H NMR {406 MHz,
DMSO-ds, ). 7.92 (m, 2H}, 7.1-7.4 (m, 4H), 3.58 (m, 2H}, 3.0-3.4 (m, 20H), 2.0-2.8 {m,
28H), 2.3 (s, 6H), 1.4-2.0 (m, 24 H); IR (ATR): vewo = 1688 om™, ven = 1616 cm™.

Synthesis of AC-5. Intermediate AC-3 (020 g, 029 mmol), 1,1,3.3-
tetramethylguanidine (0.21 mi, 1.71 mmol}, KoCOsx (0.39 g, 2.85 mmol) and AcCN (2
mL} were combined inn a sealed vial and reacted as in AC-4, except that the residue was
also washed with hexanes. "H NMR (400 MHz, CDCls, &y 823 (d, 2H), 6.95 (s, 2H),
6.80 (s, 2H), 3.35 (m, 2H}, 3.1 (1, 4H), 2.7-2.8 (m, 24H), 2.48 (m, 4H), 2.20 (s, 6H), 1.4
2.0 (m, 16 H); IR (ATR): veex = 1594 cm™. The residuc was reacted as in AC-4. 1R
(ATRY: ve-g= 1690 cm™, ven = 1610 em’™,

Synthesis of AC-6. Intermediate AC-3 (0.32 ¢, 0.44 mmo!), morpholine (0.16
mik., 1.77 mmolj, KoCO: (0.61 g, 4.4 mmol) and AcON (4 ml) 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 (460 MHz, CDCls, 8):
8.22 (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 residuc was reacted as in AC-4. 'H NMR (400 MHz,
DMSO-dg, &y 7.91 (s, 2H), 7.23 (5, 2H). 7.14 (5, 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 (ATR): Veuo
= 1671 cm’’, vean = 1630 om”,

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 EG:
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Scheme ESb

- =N ', KoCCsy, ACCN
\ OH HO
l"“/ B tBu

Bu
AC-12

=N W= Q

\"""/ OH HO 7N

Q B (Bu
TABLE £
Q
Compound (Scheme EOb) 'H NMR specira® (8, ppm) IR (em™)
8.25 (8. 2H), 7.02 (d, 2H), 6.77 (d, 2H),
s % - . : .
AC-13 ~5-Nu0 3.7 (m, ®ED, 3.3 (my, 2H), 2.2-2.6 (m, Ve = 1628

12H}, 1.3-2.0 (m, 20H), 1.37 (s, 18H)

AC-14 4N ) Ve = 1629

°400 MHz, CDCl. "All compounds exhibited the loss of a peak at ]213 cm’”
5 attributed to the CHol group in AC-1.

Example 16

Confirmation of invenfive concepts, processes, methods, and compostitions
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

10 working Examples presented in Chinese Patent Application No. 200810229276.1,
pubiished as CN 101412809A. Additional experimemal and characterization data are

described by Lu and co-workers, J. Am. Chem. Soc., 2089, /37, 11509-11518, and
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supporting information available at www.pubs.acs.org, the entirety cach of which is

hereby incorporated by reference.
Y TP y

In certamn 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 97% with relatively narrow distribution of molecular
weight; retaining high catalytic activity for copelymerization of carbon dioxide and
epoxides at higher reaction temperatures {¢.g., above 30 °C, above 75 °C, or above 100
°CY); and catalysts 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 (Ry is cyclohexyl diamine, X is NOs™ amion; Ry=H; Ra, Ry and R are
tertiary butyl; group containing organic base group is at position 3 of the benzene ring in
the ligand, n 1s 2) and one mole of propylenc oxide. The reactor was then filled with
carbon dioxide and the pressure is maintained constant at 2.0 MPa. The temperature was
controtied 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 alkylene 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 diethy! cther was added 1o
precipitate the polycarbonate. The precipitate was filtered 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 a2 melecular weight distribution of
1.24. A Varian INOV A-400MHz Nuclear Magnetic Resonance spectrometer was used to

determine its 'H-NMR and the resuit showed that the alternate structure is over 99%,


http://www.pubs.acs.org
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Example 11

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 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(propviene carbonate) with a molecular weight of 223.000 g/mol

and a molecular weight distribution of 1.29. The polymer formed contained more than

99% carbonate finkages.

Example 12

The same equipment and reaction conditions were employed as in Example 10
with the same catalyst and the same conditions cxeept that the molar ratio of catalyst to
propylene oxide was changed from 1:10000 to 1:200000 (0.008 mmole of catalyst and 1.6
mole of propylene oxide were used). The reaction was carried out at 50 °C for 10 hours ©
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 polvmer formed contained more than

99% carbonate linkages.

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 (0.5 mmole of catalyst and 1 mole
of propylene oxide were used). The reaction wasg carried out at 25 °C for 3 hours to afford
48 grams of poly(propylene carbonate) with a molecular weight of 52,500 g/mol and a
molecular weight distribution of 1.30. The polymer formed contained more than 99%

carbonate hnkages.

Exampie 14

The same cquipment 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 o 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 hnkages.

Example 13

The same squipment and reaction conditions were emploved as in Example 10
with the same catalvst 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 poly{propylene carbonate) with a molecular weight of 914,000 g/mol and a
molecular weight distribution of 1.38. The polymer formed contained more than 99%

carbonate linkages.

Example 16

The same equipment and reaction conditions were c—:mplo'yed as in Example 10
with the same catalyst and the same conditions except that the propylenc oxide was
replaced with 1.2-butyiene oxide. The reaction was carried out at 25 °C for 6 hours to
afford 31 grams of poly(butylene carbonate) with 2 molecular weight of 127.000 ¢/mo!
and a molecular weight distribution of 1.21. The polymer formed contained more than

99% carbonate linkages.
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Example 17

The same equipment and reaction conditions were employved 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 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 conditions were employed as in Exarnple 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 rado of
the catalyst to propylene oxide and cyclohexylene oxide was 1:3000:5000). The reaction
was carried out at 50 °C for 6 hours w afford 59 grams of poly(propylene-co-cylcohexene
carbonate) with a molecular weight of 187,000 ¢/mo! and a molecular weight distribution

of 1.29. The polymer formed contained more than 99% carbonate linkages.
POty g

Example 19

The same cquipment and reaction conditions were employed as in Example 10
with the same catalyst and the same conditions except thar the axial anion in the cobalt
complex I-a was changed from nitrate radical to acetate moiety, The reaction was carried
outat 25 °C for 6 hours to afford 34 grams of poly(propylene carbonate) with & molecular
weight of 95,000 g/mol and a molecular weight diswribution of 1.28. The polymer formed

contained more than 99% carbonate linkages.

Example 20

The same equipment and reaction conditions were employed as in Exampie 10
with the same catalyst and the same conditions cxcept that the diamine skeleton in the
cobalt complex ¥-a was changed from cyclohexane diamine to cthylene diamine. The

reaction was carried out at 25 °C for 6 hours to afford 29 grams of poly(propylene



LA

carbonate) with a molecular weight of 112,000 g/mol and a molecular weight distribution

of 1.20. The polymer formed contained more than 99% carbonate linkages.

Examuple 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 (propviene
carbonate) with a molecular weight of 92.000 g/mol and a molccular weight distribution

of 1.15. The polymer formed contained more than 99% carbonate linkages.
Y £

Example 22

The following materials were added sequentially into a stainless steel high
pressure reactor of volume of 200 mlL at ambient ternperature: 0.1 mumole of cobalt
complex b (R is 1.2-propylene diamine, X 18 dinitropheny! anion: Ry=H: R is tertia

n 4 z
butvl; there are organic base groups at position. 5 of the two benzene rings in the ligand, n
3 g groups at p g g
is 0) and 1 mole of propylence 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 235 °C
for 6 hours to afford 23 grams of polycarbonate as & white sohid. The average molecular
g poty g

weight of the polymer was determined by gel permeation chromatography to be §1.000
g/moi with a molecular weight distribution of 1.34. The polymer formed contained more

than 99% carbonate linkages.

ot
n
n
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Example 23

The following materials were added scquentially into a stainless steel high
pressure reactor of volume of 200 ml at ambient temperature: 0.1 mmole of cobalt
complex I-¢ (R, is ethylene diamine, X is dinitrophenyl anion; Ry=H; Rz 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 propylene oxide. The reactor was then filled with carbon
10 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 iinkages.
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Exampie 24

The following materials are added scquentially into a stainless steel high pressure
reactor of volume of 200 mL at ambient temperature: 9.1 mumole of cobalt complex ¥-b
(R is ethylene diamine, X is dinitrophenyl anion; Ro=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 | 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 to be 83,000 g/mol

ith a molecular weight distribution of 1.19. The polymer formed contained more than
99% carbonate linkages. The polymer formed contained more than 99% carbonate

linkages.

Example 25

The following matenials are added sequentially onto a stainless steel high pressure
reactor of volume of 200 mL at ambicnt temperature: §.1 mmole of cobalt complex f-a
(R, is 2,3-butylene diamine, X 1s nitrate anion; Ry=H; R; and R, arc methoxy! group: Ry 15
tertiary butyl; there is an organic base group at position 3 of one of the benzene rings in
the ligand, n is 2} and 1 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 & white solid. The average
molecular weight of the polymer was determined by gel permeation chromatography to be
73,000 g/mo! with a molecular weight distribution of 1.14. The polymer formed contained

more than 99% carbonate linkages,

Example 26

The same cquipment 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 cartied out at 25 °C for 10 hours to afford 25 grams

it gond &

of poly(propylene carbonate) with a molecular weight of 100,400 g/mol and a molecular
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cight distribution of 1.17. The polymer formed contained more than 99% carbonate

linkages.
Example 27
5 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 10 6.0 MPa. The reaction was carried out at 25 °C for 6 hours to afford 29 grams
of poly(propylenc carbonate with a molecular weight of 125.000 g/mot and & 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 18
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 mnvention is to be defined by the appended claims rather than by the

specific embodiments that have been presented by way of example.
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CLAIMS
What is claimed is:

1. A metal complex of the formula:

g (L)

wherein:
M is cobalt;

|

comprises a salen ligand; and

L represents one or more activating moieties tethered to the salen
ligand, where represents a linker moiety;

m 1s an integer between 1 and 4 inclusive and represents the number of Z groups
present on a linker moiety;

and

each (Z) represents an activating moiety comprising an amidine or amidinium group
of the formula: .

wherein
X is an anion;

each of R' and R? is independently hydrogen or an optionally substituted radical selected
from the group consisting of C;po aliphatic; C)p 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; a3- 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; and an 8- to 10-membered bicyclic heteroaryl ring having
1-5 heteroatoms mdependently selected from nitrogen, oxygen, or sulfur; wherein any
two or more R! and R* groups can be taken together with intervening atoms to form
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one or more optionally substituted rings optionally containing one or more additional
heteroatoms; and

each occurrence of R’ is independently hydrogen or an optionally substituted radical
selected from the group consisting of C,.y aliphatic; C;.50 heteroaliphatic; phenyl; a
3- to 8-membered saturated or partially unsaturated monocyclic carbocycele, 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 mnitrogen, oxygen, or sulfur; a3- 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; and an 8- to 10-membered bicyclic heteroaryl ring having
1-5 R® can be taken with an R or R® group to form one or more optionally substituted
rings.

The metal complex of claim 1, wherein the activating moiety comprises an amidinium
group of the formula:

Ri o) RZ
\\./

o
><T
R
b

wherein X', R!, R?, and R® are as defined in claim 1.

The metal complex of claim 1, wherein each occurrence of R! and R? is mdependently an
optionally substituted C;.5 aliphatic group.

The metal complex of claim 1, wherein each occurrence of R and R? is independently an
optionally substituted phenyl group.

The metal complex of claim 1, wherein R! and R? are taken together with intervening
atoms to form one or more optionally substituted rings.

The metal complex of claim 5, wherein R' and R* are taken together to form a ring
fragment selected from the group consisting of: -
CR"),-, -C(R")C(R),-, -CRRCR)CR ), -C(R"ROCR ),
and -C(R"),NRYC(RY),-, wherein each occurrence of R¥ is independently -H, or an
optionally substituted radical selected from the group consisting of C;-4 aliphatic, 3- to 7-
membered heterocyclic, phenyl, and 8- to 10- membered aryl.
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10.

1.

12.

13.

14.

15.

i6.

17.

18.

The metal complex of claim 6, wherein R’ and R? are taken together to form a ring
fragment selected from the group consisting
of: "CHQ', "CHQ_CHQ-, "CH2CH2CH2', -CH20CH2-, and —CH;)_NRyCsz.

The metal complex of claim 7, wherein the resulting nitrogen-containing ring formed by
the combination of R' and R? is partially unsaturated.

The metal complex of claim ;7, wherein the resulting nitrogen-containing ring formed by
the combination of R' and R? comprises a fused polycyclic heterocycle.

The metal complex of claim 1, wherein R’ is H.
The metal complex of claim 1, wherein R’is optionally substituted C;.5¢ aliphatic.
The metal complex of claim 1, wherein R is optionally substituted C;.¢ aliphatic.

The metal complex of claim 1, wherein one or more R’ or R* groups are taken together
with R® and intervening atoms to form an optionally substituted ring.

The metal complex of claim 13, wherein R' and R’ are taken together to form an
optionally substituted 5- or 6-membered ring.

The metal complex of claim 13, wherein R? and R’ are taken together to form an
optionally substituted 5- or 6-membered ring optionally containing one or more
additional heteroatoms.

The metal complex of claim 1, wherein RI, R? and R’ are taken together to form an
optionally substituted fused ring system.

The metal complex of claim 16, wherein a ring in the fused ring system formed by
combinations of any of R', R*and R’ is partially unsaturated or aromatic.

The metal complex of claim 1, wherein the activating moiety comprises an amidine.
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19.

20.

The metal complex of claim 18, wherein the amidine has a formula:

2
R

1
\gss\I?IJ\RS

RI

where each of R' and R® is independently hydrogen or an optionally substituted radical

selected from the group consisting of Cj. aliphatic; C;j0 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- 1o 6-
membered monocyclic heteroaryl ring having 1-4 heteroatoms independently selected
from nitrogen, oxygen, or sulfur; a3- 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 hetercatoms independently selected from
nitrogen, oxygen, or sulfur; and an 8- to 10-membered bicyclic heteroaryl ring having
1-5 heteroatoms independently selected from nitrogen, oxygen, or sulfur; wherein any
two or more 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; and

each occurrence of R® is independently hydrogen or an optionally substituted radical

selected from the group consisting of Cy.p¢ aliphatic; Cy.5¢ 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; a3- 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; and an 8- to 10-membered bicyclic heteroaryl ring having
1-5 R’ can be taken with an R’ or R? group to form one or more optionally substituted
rings.

The metal complex of claim 19, wherein each R' and R? is independently an optionally

substituted radical selected from the group consisting of Cy.p0 aliphatic; C;.90 heteroaliphatic, 5-
to 14-membered heteroaryl, phenyl, 8- to 10-membered aryl and 3- to 7-membered heterocyclic.

21.

The metal complex of claim 19, wherein R' and R* are each independently an optionally

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

22.

The metal complex of claim 19, wherein each occurrence of R' and R? is independently

an optionally substituted Cj._y; aliphatic.
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23.  The metal complex of claim 19, wherein R' and R? are each independently optionally
substituted Cy.¢ aliphatic.

24.  The metal complex of claim 19, wherein R' and R* are both methyl, ethyl, propyl, butyl,
pentyl, hexyl, heptyl, octyl, phenyl or benzyl.

25. The metal complex of claim 19, wherein R' and R? are taken together with intervening
atoms to form one or more optionally substituted rings.

26. The metal complex of claim 25, wherein R' and R? are taken together to form a ring
fragment selected from the group consisting of: -
C(R)2-, -C(R),CR"),-, -C(R)CRYC(R™)-, -C(R"0C(RY),-,

and -C(R");NRYC(R"),-, wherein each occurrence of RY is independently -H, or an
optionally substituted radical selected from the group consisting of C;-4 aliphatic, 3- to
7-membered heterocyclic, phenyl, and 8- to 10- membered aryl.

27. The metal complex of claim 26, wherein R' and R? are taken together to form a ring
fragment selected from the group consisting
of’ -CH2~, ~CH2CH2-, -CHzCH2CH2-, -CHzOCHz—, and -CHzNRyCHz-.

28. The metal complex of claim 19, wherein R’ is H.
29. The metal complex of claim 19, wherein R® is optionally substituted C;_;, aliphatic.
30. The metal complex of claim 19, wherein R’ is optionally substituted phenyl.

31.  The metal complex of claim 19, wherein one or more R’ or R* groups are taken together
with R® and intervening atoms to form an optionally substituted ring.

32. The metal complex of claim 31, wherein R' and R’ are taken together to form an
optionally substituted 5- or 6-membered ring.

33, The metal complex of claim 32, wherein Ri, R? and R’ are taken together to form an
optionally substituted fused ring system.
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34. The metal complex of claim 33, wherein a ring formed by combinations of any of R', R?
and R® is partially unsaturated or aromatic.

35. The metal complex of claim 19, wherein the amidine is selected from the group
consisting of:

-g....N/:: N, 5 /=N, 4 /=

\ AN 3")_ )<

Q __N/W m

5 fN N/ |
EN;—__I\}—C%R /%N\gj e HN\(:H

36. The metal complex of claim 1, wherein

comprises:

R4b
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R'® and R are independently a (L group, hydrogen, or an optionally substituted

radical selected from the group consisting of: Cy.yp aliphatic; Cy.o0 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 and sulfur; a 3- to 8-
membered saturated or partially unsaturated heterocyclic ring having 1-3 atoms
independently selected from nitrogen, oxygen and sulfur; and a 6- to 12-
membered polycyclic saturated or partially unsaturated heterocycle having 1-5
heteroatoms selected from nitrogen, oxygen and sulfur;

RY at each occurrence is independently a @ group, hydrogen,

halogen, -OR, -NRj, -SR, -CN, -NO,, -SO;R, -SOR, -SO,NR;; -CNG, -NRSO,R, -
NCO, -N;, -SiR3; or an optionally substituted radical selected from the group
consisting of Ci.go aliphatic; Ciao 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 independently selected from nitrogen, oxygen,
or sulfur; and an 8- 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 intervening atoms to form one or more
optionally substituted rings optionally containing one or more heteroatoms,

R* is selected from the group consisting of:

where

RC RC RCRC

s
*

R R’ RCR°

/ \\R )m'
M “‘J‘J ; and
R
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RC

Y

at

s i —™ () ,

each occurrence is independently a m  group, hydrogen,
halogen, -OR, -NR;y, -SR, -CN, -NO,, -SO,R, -SOR, -SO;NR;; -CNO, -NRSO,R, -
NCO, -Nj, -SiRs; or an optionally substituted radical selected from the group
consisting of C, aliphatic; C,5y 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 suifur; a 6- to 12-membered polycyclic saturated or partially unsaturated
heterocycie having 1-5 heteroatoms independently selected from nitrogen, oxygen,
or sulfur; and an 8- 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 optionally 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 spirocyclic ring, a carbonyl, an oxime, a hydrazone, and an imine;

is a divalent linker  selected from the  group  consisting
of: -NR-, -N(R)C(O}-, -C(O)NR-, -O-, -C(O)-, -OC(O)-, -C(O)O-, -S-, -SO-, -SO
2=, =SiRy~, -C(=8S)-, -C(=NR)-, or -N=N-; a polyether; a C; to Cg substituted or
unsubstituted carbocycle; and a C; to Cg substituted or unsubstituted heterocycle;

R at each occurrence is independently hydrogen, an optionally substituted radical

selected the group consisting of acyl; Ci aliphatic; Ci¢ heteroaliphatic;
carbamoyl; arylalkyl; 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 independently selected from nitrogen, oxygen, or sulfur;
and an 8- to 10-membered bicyclic heteroaryl ring having 1-5 heteroatoms
independently selected 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’ is a nucleophile capable of ring opening an epoxide;

m’ is 0 or an integer from 1 to 4, inclusive;

m’’ is 0 or an integer from 1 to 6, inclusive;

g is 0 or an integer from 1 to 4, inclusive; and

xi1s 0, 1, or 2.
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37.

R*¥ R* R® R R% and R*® are each independently a

The metal complex of claim 1, wherein

(L

, 18 selected from the group consisting of:

da R4
p —N\ /N-— RS R
| M
>4 /I
R'/ 0 (X)k\o R R®
Hia
vam (),

where

7

represents an optionally substituted moiety linking the two nitrogen atoms, and is

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 carbocycle; a 5- to 6-membered monocyclic
heteroaryl ring having 1-4 heteroatoms independently selected from nitrogen,
oxygen, or sulfur; a3- 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; and an 8- to 10-membered bicyclic heteroaryl ring
having 1-5 heteroatoms independently selected from nitrogen, oxygen, or sulfur;
or an optionally substituted C,.5 aliphatic group, wherein one or more methylene
units are optionally and independently replaced
by -NRY-, -N(R*)C(O)-, -C(O)N(RY})-, -OC(O)N(R")-, -N(R")C(0)O-, -OC(O)O-,
-0-, -C(0)-, -0C(0)-, -C(0)0-, -S-, -SO-, -80»-, -C(=S)-, -C(=NR")-, -C(=NOR’
J-or -N=N

(Om  group,
hydrogen,

halogen, -OR, -NR;,, -SR, -CN, -NO3, -SO;R, -SOR, -SO;NRy; -CNO, -NRSO,R,
-NCO, -Nj3, -SiR;; or an optionally substituted radical selected from the group
consisting of Cj.po aliphatic; Cjp heteroaliphatic; phenyl; a 3- to 8-membered
saturated or partially unsaturated monocyclic carbocycle, a 7-14 carbon
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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; a3- 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; and an §- to 10-
membered bicyclic heteroaryl ring having 1-5 heteroatoms independent!
selected from nitrogen, oxygen, or sulfur; 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,

R' represents one or more substituents optionally present on the phenyl ring and each
R' is independently selected from the group consisting of:
halogen, -NO,, -CN, -SR’, -S(O)R?, -S(O),R?, -NR*C(O)RY, -OC(O)R?, -CO,R?,
NCO, -N3, -OR”, -OC(O)N(RY),, -N(RY),, -NRYC(O)R®, -NRYC(O)YORY; and an
optionally substituted radical selected from the group comsisting of Ciagg
aliphatic; C,.o0 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 independently selected from nitrogen, oxygen, or sulfur;
and an 8- to 10-membered bicyclic heteroaryl ring having 1-5 heteroatoms
independently selected from nitrogen, oxygen, or sulfur, 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 0
to 4 heteroatoms;

R at each occurrence is independently hydrogen, an optionally substituted radical
selected the group consisting of acyl; Ci4 aliphatic; C;¢ heteroaliphatic;
carbamoyl; arylalkyl; 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 independently selected from nitrogen, oxygen, or sulfur;
and an 8- to 10-membered bicyclic heteroaryl ring having 1-5 heteroatoms
independently selected 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;
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RY is -H, or an optionally substituted radical selected from the group consisting of
Ci-¢ aliphatic, 3- to 7-membered heterocyclic, phenyl, and 8- to 10- membered
aryl;

X’ is a nucleophile capable of ring opening an epoxide; and
kis 1.

38. The metal complex of claim 37, wherein the metal complex comprises a substructure
conforming to a formula selected from the group consisting of:

Et Be

%= 5= e %= )

(Z)m ; (Z )m ; (Z) m (Z)m (4)711 ; ( Z) i3
3= ;=
X ~0 A ~0 és 0 TY‘ e}
; {Z}m ; (Z)m ; (Z)m (L)m and

(Z )J)!

39. The metal complex of claim 38, wherein ——nwwv comprises an optionally substituted
Cy.30 aliphatic group wherein one or more methylene units are optionally and independently
replaced

by -NRY-, -N(R”)C(O)-, -C(OYN(RY)-, -O-, -C(O)-, -OC(O)-, -C(0)O-, -S~, -SO-, -SO;-, -C(=8S)-,
-C(=NR’)-, or -N=N-, where each occurrence of R” is independently -H, or an optionally
substituted radical selected from the group consisting of C;-¢ aliphatic 3- to 7-membered
heterocyclic, phenyl, and 8- to 10- membered aryl.

40. The metal complex of claim 38, wherein ~——w»wv comprises a Cs.ao aliphatic group.
41.  The metal complex of claim 38, wherein ——wwwv comprises a Cag aliphatic group.
42.  The metal complex of claim 38, wherein ——»w comprises a C; aliphatic group.
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43. The metal complex of claim 38, wherein ~——anv is selected from the group consisting
of:

0 &
/O”\ o)
So” ok «HE\O/”\O{A}:# *\N/”\OH;# sﬁmkoﬁ‘#
RY f{y
o
AN W O L4 ) ) N=N #
O e e w0

oo 1
#7M s S#
*] . | and */(/ﬁt\]f I}IHS\# where s = 0-6 and t= 1-4

where * represents the site of attachment to the ligand, and each # represents a site of
attachment to the amidine or amidinium activating moiety.

?
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44. The metal complex of claim 36, wherein X is selected from the group consisting of:
chlorine, bromine, an optionally substituted C;_j» carboxylate, azide, an optionally substituted
phenoxide, and sulfonate.

45.  The metal complex of claim 36, wherein X’ is selected from the group consisting of:
chloride, acetate, trifluoroacetate, azide, pentafluorobenzoate, and a nitrophenolate.

46. A method for the synthesis of aliphatic polycarbonate polymers comprising the step of
contacting one or more epoxides with carbon dioxide in the presence of a metal complex of

claim 1.
47.  The method of claim 46, wherein the activating moiety comprises an amidinium group of
the formula:
RL_® R
N
[
RZ

wherein

X' is an anion;

each of R' and R” is independently hydrogen or an optionally substituted radical selected

from the group consisting of C;. aliphatic; Cy.po 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; a3- 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; and an 8- to 10-membered bicyclic heteroaryl ring having
1-5 heteroatoms independently selected from nitrogen, oxygen, or sutfur; wherein any
two or more 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; and

each occurrence of R’ is independently hydrogen or an optionally substituted radical

selected from the group consisting of Cj.,¢ aliphatic; C,. 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; a3- to &-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
vnsaturated heterocycle having 1-5 hetercatoms independently selected from
nitrogen, oxygen, or sulfur; and an 8- to 10-membered bicyclic heteroaryl ring having
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1-5 R’ can be taken with an R' or R? group to form one or more optionally substituted
rings.

48.  The method of claim 46, wherein the activating moiety comprises an amidine group.

49. The method of claim 46, wherein the epoxide is ethylene oxide, propylene oxide, or
cyclohexene oxide.

50.  The method of claim 46, wherein the epoxide is ethylene oxide.
51. The method of claim 46, wherein the epoxide is propylene oxide.

52. The method of claim 46, wherein a pressure of carbon dioxide is between about 50 and
800 psi.

53.  The method of claim 46, wherein a molar ratio of complex to epoxide is between about
1:1000 and about 1:100,000.
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10

CATALYSTS AND METHODS FOR POLYMER SYNTHESIS
Abstract

The present invention provides unimolecular metal complexes having increased
activity in the copolymerization of carbon dioxide and epoxides. Also provided are
methods of using such metal complexes in the synthesis of polymers. According
fo one aspect, the present invention provides metal complexes comprising an
activating species with co-catalytic activity tethered to a multidentate ligand that is
coordinated to the active metal center of the complex.

(no suitable figure)
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