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ABSTRACT

We present a family of anionic Mn(II) reagents supported by trisphenylamido-
amine frameworks that offer guidance with regards to ligand selection for developing
C—N bond construction methodologies (extensively used in the synthesis of
petrochemicals, household chemicals) through nitrene- transfer chemistry. We
subsequently extend the study to include the corresponding Fe(II), Co(11), and Ni(II)
reagents, to gain insights in their comparative reactivity/selectivity patterns. Attenuated
levels of electrophilicity of anionic complexes proved to be more suitable for
discriminating aromatic from aliphatic olefins for aziridination purposes, especially for
Mn(Il) complexes. However, in the case of Co(Il) reagents, we observe that additional
stereoelectronic parameters can occasionally override the electron-affinity of the metal
nitrene as the sole guiding force, which is established as the dominant factor for Mn(II)
complexes. We conclude from experimental and computational investigations that
carboradical intermediates are generated by initial rate-determining nitrene-addition to
one of the olefinic carbons followed by fast ring closure to form the aziridine, with rates
that largely depend on the ligand and metal choice.

This study was extended to start exploring intermolecular aziridinations of
alkenes catalyzed by metal reagents (Cu, Ag) supported by the rigid cyclic guanidinyl
arms possessing chiral elements. In this study, we synthesized a series of cyclic chiral
guanidinyl precursors and corresponding metal regents which proved to have good

reactivity, but still modest enantioselectivities, in the aziridination of styrenes.
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1. INTRODUCTION

1.1. IMPORTANCE OF AND STRATEGIES FOR CONSTRUCTING C-N BOND
FUNCTIONALITIES

Essential saturated and unsaturated hydrocarbons (especially light alkanes,
alkenes, and aromatics) derived via natural gas processing and crude petroleum refining
are extensively used for their energy content as fuels and space heating materials, but to a
much lesser extent as feedstock for producing commodity! chemicals. They commonly
require initial functionalization (for instance, halogenation, nitrogenation, carbonylation,
oxidation/reduction) prior to becoming available for the synthesis of targeted commodity
chemicals. For instance, the synthesis of methanol from methane requires initial deep
oxidation, followed by reduction of synthesis gas (CO+H3z) over heterogeneous catalysts
at high pressures and temperatures. The synthetic methodologies employed in this
process are energetically wasteful and environmentally hazardous.

The direct activation of C—H bonds of light alkanes and unadorned benzenes to
selectively generate C—X bonds of high value is a most sought-after enterprise with
numerous applications for X =C, N O, S, B, and halogen atoms*!2. Among them, the
C-N bond provides an astonishing array of functionality to a diverse body of chemicals
(polymers, pharmaceuticals, agrochemicals, semiconductors, ligands, diverse natural
products, catalytic materials, solvents, and household chemicals), although its selective
generation from unfunctionalized sp>-C—H (prim, sec), C-H (aromatic) and C=C bonds

is not trivial'3.
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Scheme 1.1. C—N Bond Construction Strategies

The most common way of building a C—N bond (Scheme 1) is by cross-coupling
methodologies (Ullmann-Goldberg, Buchwald-Hartwig, Chan-Lam)!*, which, however,
require prior derivatization of the C—H bond to an energetic C—X surrogate (X = halide,
pseudohalide, boronic acids, stannanes, siloxanes) and frequently extensive heating. An
effective strategy for introducing a new C—N bond into a molecule is through transition
metal- catalyzed nitrene transfer chemistry.

For olefinic substrates, a metal-supported nitrene group/entity can add across a
C=C bond to form an aziridine or insert into an allylic C—H bond to yield the
corresponding amine. These organic transformations are promoted by diverse metals,
including first-row transition elements such as Cu, Fe, Co, and Mn. Aziridines are highly
strained three membered rings, the smallest members in the family of nitrogen-containing
rings, and potential carriers of optical activity. They are useful building blocks and end
products in synthesis by means of stereo- and regiospecific transformations, including
ring opening, ring expansion, and rearrangement!>. A handful of natural products that
exert antineoplastic or antibiotic activity via DNA alkylation!®, cleavage, or cross-linking

have been found to contain aziridine moieties. Many synthetic aziridine-containing



agents have been intended as pharmaceuticals17 and fine chemicals18 and a significant
number of materials containing aziridine frameworks are currently emerging as
intermediates or end products19 Aziridines are also useful intermediates in natural
product synthesis, as in the case of the kainoids, (-)-mesembrine, (-)-platynesine,
sphingosines, actinomycin D, L-epicapreomycidine, and feldamycin. Scheme 2 highlights

various ring opening pathways of aziridines to provide a range of useful products.

Scheme 1.2. Various Ring Opening Pathways of Aziridines

Three approaches are more frequently employed among the different known
methodologies for effecting the synthesis of aziridines, namely, cyclization of 1,2-amino
derivatives, addition of C1 sources to imines, and nitrene transfer to alkenes2) (Scheme 3).

Catalytic nitrene transfer to alkenes (“C2+N1” addition) involves reaction of a metal-



supported singlet or triplet nitrene intermediate with an olefinic substrate. The “C2+N1”
addition approach is more extensively practiced due to its operational simplicity and
availability of a wide range of suitable substrates and catalysts and the potential for
stereo/regio-specific and atom-economical nitrene addition to olefins. The N1 donors
include avariety of nitrene/nitrenoids precursor oxidants such as iminoiodanes
(ArI=NR), haloamines (RNNaX, X = Cl, Br), O/N-substituted hydroxylamines and N-
tosyloxycarbamates (RN(X)-OR', X = H, leaving group) or atom-economical organic
azides (RN3). These N-donor groups react with reduced metals to generate high-valent

metal-nitrene or nitrenoid species.

Scheme 1.3. Synthesis of Aziridines by Various Methodologies

The desirable direct aziridination of C=C or amination of C-H bonds by means of
metal-nitrene, metal-nitrenoid or metal-imido/amido entities, has become a field of
intense exploration, involving largely platinum-group elements, but also earth’s abundant

and nonprecious metals2025 (Scheme 4).



Scheme 1.4. Metal-Bound and Metal Free Nitrogen-Group Donors for C—H Amination

Metal-free nitrenes, nitrenoids and aminyl/amidyl/imidyl radicals or even
nitrenium ions can also be effective, albeit not always selective agents. To employ raw
starting materials from primary energy sources (natural gas, petroleum), the C-N bond
construction technology requires further development to extend the substrates scope
beyond the current feedstock of rather weak or energetic C-H bonds (usually benzylic,
tertiary, or heteroatom-activated C-H bonds). The methodology that recently has
garnered much attention relies on substrate-appended directing groups to guide site-
selective functionalization of inert C-H bonds. For the selective synthesis of
pharmaceutical agents26-3) this methodology is certainly beneficial but generally not
applicable to synthetic targets derived directly from nonfunctionalized energy-related
feedstock (for instance, C1-Csalkanes and aromatics).

The direct amination of two iconic substrates (methane, benzene) by ammonia to
afford methylamine and aniline respectively is quite challenging3l-3(Scheme 5), as both
are endergonic processes and require a hydrogen scavenger to render them
thermodynamically feasible. In heterogeneous catalysis, a suitable metal oxide (for
instance, “cataloreactant” NiQ) is required that can eliminate hydrogen as water and

render these reactions exergonic.



In homogeneous catalysis, an analogous “oxidant” is needed to provide a similar
thermodynamic driving force. Common oxidants employed are hypervalent iodine(11I)
reagents (ArI=NR), organic azides (RN3), haloamines (RNNaX, X = halogen), and F*

reagents (R2N-F), or the less explored O/N-substituted hydroxylamines (RO-NR'R")**42,

current synthesis
PhNO, + H,

catalyst; high T
current synthesis
CH30H + NH3

¢ Si/Al catalyst; high T

NH;
CH, + NHy ———= CHyNH, + H, O * NHg —— © +H,

AG®y9g¢= 87.9 KJ mol! .
A G°298K= 53.7 KJ mol

- NH,
CH, + OH—NH,———3 CH3NH, + Hp0 © + OH—NH, > + H,0

AG®y0e¢= -121.8 KJ mol!

AG°298K= -93.3 KJ I'T'|O|_1

Scheme 1.5. Thermodynamic Requirements for the Amination of Methane or Benzene
by Ammonia
These oxidants transfer the nitrogen moiety (NR, NR2) to be inserted in the C-H
bond or added to C=C bonds, via metal-nitrene/nitrenoid chemistry. For example, if
ammonia is replaced by the parent hydroxylamine (HO-NH>), the reactions (Scheme 5)
become highly exergonic (egs. 1, 2), because of the strong O—H bond generated. Kinetic
barriers for H-atom abstraction from inert C—H bonds by metal-bound N-group moieties
can also be formidable, and these require the employment of highly electrophilic M—
NR/NR(X)/NR2 moieties. For this purpose, the nitrogen-group sources frequently carry
electron deficient groups (SO2R, COOR), which provide stability and compatibility with

oxidants.



1.2. DIFFERENT NITROGEN DONORS SUITABLE FOR CATALYTIC
AZIRIDINATION REACTIONS AND FACTORS AFFECTING THE
REACTIVITY/SELECTIVITY OF METAL NITRENES

An important class of nitrogen-group donors are nitrene sources (NR) that carry
not only electron-withdrawing R groups (Ts, Ns), but also alkyl (1-Adamantyl, tert-Bu)
and aryl moieties (Mesityl, 2,6- 'Pr2CsHz, 4-MeOCsHa, C6Fs). Similarly, aryl nitrenes
have been instrumental in rhodium*® and iridium-catalyzed** aminations, despite their
known instability via rearrangement, yet their engagement with first row middle/late
transition elements (with the exception of Ni) has not been fully evaluated. A caveat with
respect to these alkyl and aryl nitrenes is the need for delivering them as azides (RN3).

Metal-nitrenoids (M—NR(X)), formally combining an electrofuge and a
nucleofuge nitrogen substituent* have been less explored for olefin aziridination and
alkane amination, especially from hydroxylamine sources (RO-NHR). The nitrene
sources such as O/N-substituted hydoxylamines (Scheme 6)* and organic azides (RN3)
may be required for difficult substrates, because of the superior thermodynamic driving
force provided by N—O bond cleavage in the case of hydroxylamines or N2 extrusion
from organic azides, but these nitrene sources do not always undergo facile activation at
metal sites. The nitrenoid units can further enhance the electrophilicity of the N atom by
means of electron-withdrawing X leaving groups, and are expected to accelerate H-atom
abstraction from light alkanes by placing the reaction under thermodynamic control due
to formation of a strong X—H bond (Bell-Evans-Polanyi principle). Geometric and

electronic structures of metal-nitrenoids are scarcely available, and their mode of

operation is not well understood.



As opposed to oxo-transfer chemistry, the corresponding nitrene/nitrenoid-
transfer reactions rely significantly on the choice of the attendant R group, to control the
electrophilicity of the active moiety and provide activated (R = SO2R, CO2R, COR,
carbamoyl, sulfamoyl) or nonactivated aziridines (R = H, alkyl, aryl, silyl) with
differential reactivity. Shaik47 has advanced arguments that support, counterintuitively,
lower barriers for H-atom abstraction by Fe=NH vs. Fe=NSO2Me units (P-450 related).
Moreover, whereas copper-nitrenes with sulfonamides invariably support triplet spin
states, alkyl nitrenes such as Cu=N(1-Adamantyl) tend to stabilize the open-shell singlet
state.

The latter should exhibit very low barriers for recombination with substrate-
centered radicals. The chemo-, site- and stereoselectivity of these reactions can be
impacted by whether addition or insertion of this species occurs into a C=C or C-H bond
in a concerted or stepwise fashion (Scheme 7).

Activated aziridines feature an electron-withdrawing protective R group (SO2R,
CO2R, COR, carbamoyl, sulfamoyl)4that enhances electrophilicity to enable aziridine
synthesis and facilitate further aziridine transformation, but suffers in terms of reduced

atom economy and often requires a harsh deprotection protocol. On the other hand,



nonactivated aziridines®(R = H, alkyl, aryl, silyl), although more challenging to

synthesize, are naturally desirable as terminal products.

Scheme 1.7. Plausible Mechanism for Nitrene Transfer Chemistry to Olefins

Terminal metal carbenes or nitrenes are notoriously difficult to isolate, especially
with moieties frequently used in catalysis, possessing electron-withdrawing substituents.
Recent studies by Davies/Berry®and Furstner5l highlighted the importance of carbenes
with “donor-acceptor” and “donor-donor” substituents, giving rise to isolable dirhodium
carbenes. With respect to nitrenes, recent work has documented an isolable Cu=NAr
moiety trapped within a macrocyclic framework52 Other studies resort to assistance by
Sc3tions33to stabilize electron-deficient NTs/NMes entities or require employment of
phosphino-nitrenes. Betley’s group54also reported the isolation of copper nitrene
intermediates They employed electron deficient aryl azides as a nitrogen source with a
copper(l) dinitrogen complex bearing a sterically encumbered dipyrrin ligand to produce

isolable terminal copper nitrene complexes.
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1.3. TRANSITION METAL REAGENTS EXPLORED FOR CATALYTIC
AZIRIDINATION REACTIONS

A wide range of transition metal catalysts has been explored to influence
reactivity and selectivity outcomes in nitrene transfer to alkenes, frequently supported by
chiral ligands for enantioselective aziridinations, starting from historic Mn or Fe
porphyrinoids% and more recent biomimetic and artificial hemoprotein versions. Mansuy
and his group were the first to report that that Fe(ll1) tetraarylporphyrins in the presence
of PhI=NTs as a nitrogen donor, catalyzed aziridination of alkenes, although the NTs
nitrene moiety can also bridge between the iron and a porphyrin nitrogen atom.

Although porphyrin and salen-based systems were effective for alkene
epoxidation, they had initially found limited utility as aziridination catalysts, and no
enantioselective systems had been reported employing these classes of metal complexes.

In the early 90’s, Jacobsen’s% group successfully reported the first asymmetric
aziridination of alkenes using Cu(l) based benzylidene derivatives of 1,2-

diaminocyclohexane ligands (Scheme 8).

Scheme 1.8. Asymmetric Aziridination Catalyzed by Jacobsen
Ligand



u
Around the same time, Evans’ groups7 also demonstrated that copper complexes

of bis-oxazolines are efficient catalysts for the asymmetric aziridination of olefins

(Scheme 9).

Scheme 1.9. Asymmetric Aziridination Catalyzed by Evans’ Ligand

Lebel et al reported the use of a stable, readily available chiral N-
tosyloxycarbamatess as a nitrene precursor to perform stereoselective intermolecular

amination of alkenes in the presence of a chiral rhodium catalyst (Scheme 10).

Br
I ]

N tBu
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/©/\ ° 00
Cl

L Rh—Rh _
Ph
+ Rhy[(S)-Br-nttl]l, (5%) cl R) j\ -
i )OL OT: K2CO3, 23°C =N O?R\)ccb
* AJls 23,
Cce 0 H PhCF; (0.25M)
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Scheme 1.10. Intermolecular Aziridination in the Presence of a Chiral Rhodium Catalyst
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Zhang’s group® showed that commercially available cobalt(Il) complex of meso-
tetraphenylporphyrin ([Co(TPP)]) can effectively activate aryloxysulfonyl azides at room
temperature for selective radical aziridination of alkenes via metalloradical catalysis. In
addition to generating the environmentally benign N2 as the only byproduct, this Co(ll)-
based metalloradical aziridination process features neutral, nonoxidative conditions and
operational simplicity. More recently, Zhang also reported that cobalt(I1) complexes of
D2-symmetric chiral porphyrins@, can catalyze asymmetric olefin aziridination with
diphenylphosphoryl azide (DPPA) as a nitrene source, forming the desired N-
phosphorus-substituted aziridines in moderate to high yields and good enantioselectivities

(Scheme 11).

[Co(P6)]

s
| Cl;C O\P/:O (TcepN 3) NTcep
Clach’ N3 *
CeHe, 40°C, 48hrs

Yield- 86%; ee 76%

[Co(P6)]

P
| ClzC O\P/:o (TcepN 3) NTcep
Cl3C._0" "N; *

CeHe, 40°C, 48hrs
NO, NO, [Co(P6)]

Yield- 66%; ee 66%

Scheme 1.11. Enantioselective Aziridination Catalyzed by a Chiral Co-Porphyrin System

The importance of stereoselectivity in the synthesis of biologically active
aziridines and its derivatives is well established, but chemo- and regioselectivity are also
crucial in nitrene insertions, especially in the presence of other unsaturated organic
moieties and/or a multitude of C-H bonds6Ll While an inverse reactivity/selectivity

correlation may hold true in many instances, as demonstrated in Mn-catalyzed
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epoxidations&, there are many exceptions to this relationship as well63. Our group64 used
Cu(l) based trisphenyl-amido amine tripodal ligand having (Scheme 12)
tetramethylguanidinyl as pendent arms and showed that a range of olefinic substrates can
undergo aziridination with good yields and selectivity. Betley’s group&reported the use
of dipyrrinato iron catalyst with organic azides to generate a reactive, high-spin iron
imido species that directs the chemoselectivity for intermolecular nitrene transfer with
olefinic substrates towards allylic C-H bonds to give rise to predominantly allylic

aminated products rather than aziridinated products.

Scheme 1.12. Aziridination Catalyzed by Cu(l) based Trisphenyl-amido amine
Tripodal Ligand

N-Heterocyclic carbene (NHC) ligands are increasingly used in transition-metal
catalysis because of the strong o-donor character of the ligand that helps in increasing the
reactivity of the trans metal-carbene or nitrene moeity unit. Che’s group showed that the
high reactivity of bis(NHC)ruthenium(ll)-porphyrin complexes towards alkene

aziridination by aryl azides (RN3) could be attributed to the stabilization of the reactive
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[Ru(Por)(NHC)(NR)] intermediate owing to a strong NHC-Ru-NHC interaction

(Scheme 13).

14. FACTORS AFFECTING THE REACTIVITY OF COMPETING OLEFINS IN
AZIRIDINATIONS

In the literature, several instances of terminal vs internal (multiple substitution),
electron-poor vs electron-rich, or aromatic vs aliphatic alkenes have been reported that
may be competing for aziridination. Using commercially available Rh2(esp)2 and
hydroxylamine-O-sulfonic acid (HOSA) as the aminating agent, Kurti and co-workers67
achieved, the chemoselective aziridination of the more substituted alkene (Scheme 14).
Evans’s group@ demonstrated the Cu-catalyzed aziridination of aromatic olefins and
observed better yields with electron-rich substituents as compared to the electron-

withdrawing substrates. Halfen and co-workers@®used non-heme Fe(ll) complexes for the
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catalytic aziridination of styrene and 1-hexene by PhINTSs. They observed lower yields in

the case of 1-hexene (30%) as compared to styrene (68%).

H
Me Me HOSA (1.2 equiv.) Me N Me
> /KI/\)\/\
Me)\/\)\/\OAc pyridine (1.2 equiv.)  Me OAc
Rhy(esp);
HFIP, 2.5 h

Scheme 1.14. Chemoselective Aziridination of Alkenes using Rhz(esp)2 and HOSA

Generally, electron rich alkenes tend to be more productive with an electrophilic
nitrene, but this predilection may be undercut by steric requirements. Accordingly, it has
been observed that aromatic olefins are favored over nonconjugated olefinic substrates in
the competition for aziridination between styrenes and acyclic aliphatic olefins. Indeed,
aromatic or conjugated olefins enjoy better reactivity than their nonconjugated congeners
in several metal-catalyzed aziridinations (Rh, Cu, Fe, Co, Ru, Ag). Alkyl-substituted
olefins, on the other hand undergo aziridination in a significantly more stereospecific
manner than styrenes. Aziridination for aliphatic alkenes have been found to be more
productive with Cu, Fe and Ru reagents supported by salen and/or NHC ligands. For
instance, the aziridination of a variety of aliphatic alkenes, using copper compounds
supported by N-heterocyclic carbene ligands, has been demonstrated by Appella and co-
workers” (Scheme 15).

Apparently, N-Heterocyclic carbenes (NHC) stabilizes the reactive intermediates
(Cu'-nitrene) in the catalytic cycle and could potentially serve as a better ligand in case
of aliphatic olefins as the substrate. The product balance also depends on the ligand

framework employed, or the number of ligands coordinated at the metal site. Du Bois and
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co-workers showed that the mixed-valent paddlewheel complex tetrakis-(2-

oxypyridinato)diruthenium(IL IT)chloride, [Ruz2(hp)4Cl], displayed a preference for

amination of allylic and benzylic centers, in contract to its dirhodium tetracarboxylate

counterpart, which tends to favor aziridination (Scheme 16)".

X

iPrCu(DBM) MsosCHzCCl
PhIO (1.5 equiv.)
H,NSO3CH,CCI

CeHsCl, 25 °C, 16-25 h

iPrCu(DBM)

Scheme 1.15. Aziridination of Aliphatic Alkenes using Copper-NHC Catalysts

Both computational and experimental data revealed a two-step nitrene

addition/insertion to olefinic/C—H substrates mechanism for the Ru based catalyst

through the intermediacy of a short-lived diradical species, while the counterpart Rh

analog proceeds via a concerted mechanism.

R3

: Jo

)k K,CO5 (7 equiv.) Rf,,’
—_— ’/,,
o TH Rhy(0AG), (5 mol%)
0 1 3
OTs Acetone, 25 °C R R

Scheme 1.16. Intramolecular Aziridine Formation Catalyzed by Rho(OAc)4
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Schomaker and her co-workers’? developed a catalyst system based on silver
triflate and phenanthroline but with different stoichiometries (Ag(OTf)phen vs. Ag(OTY)
(phen)2) to achieve either aziridination or allylic C—H aminatin in good yields. This was
achieved because of the ability for Ag to readily adopt multiple coordination numbers

and geometries, thereby manipulating the ligand environment of the active Ag catalyst

(Scheme 17).
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Scheme 1.17. Silver Catalyzed Intramolecular Aziridination and Allylic Amination Reaction

1.5. MECHANISM OF NITRENE TRANSFER IN AROMATIC AND ALIPHATIC
OLEFINS FOR AZIRIDINATION REACTIONS

With the exception of Rh, the metal-catalyzed nitrene-transfer to aromatic alkenes
is more consistent with a stepwise mechanism (successive formation of two C—N bonds),
whereas the corresponding addition to aliphatic olefins has been occasionally associated
with a concerted (asynchronous) mechanism (Scheme 18). One possible explanation is
that electron rich aliphatic olefins undergo facile, essentially barrierless oxidation of the
incipient a-carbon centered radical upon ring closure. The time elapsed between the first
and second C—N bond constructions, in case of the aliphatic olefins is usually in the
femtosecond regime, as opposed to picoseconds for the aromatic olefins. Therefore,
although aliphatic alkenes are less reactive than the aromatic, they show better stereo-

control than the aromatics upon ring formation.



18

s ¥ MT 7
H/\H

N
PRVAR B H H
R R
M+ PhI=NT: D
M+ l s Stereospecific Aziridination

[Mm_,(l-rs]- Concerted Asynchronous (fs time gap between N-Cg and N-C,, bond formation)

C§_< [M"' NTs] M" NTs]2 M'T Ts
SI
step
(rds) Fast du< du<

Stepwise
(Carboradical or Carbocationic Intermediate) Potential Loss of Stereocontrol

Scheme 1.18. Mechanistic Considerations for Transfer of Metal Nitrenes

As shown in our studies, the redox potential M/M™! tends to be the dominant
factor (but not always the sole) in determining the rate of aziridine reaction and in
deciding the stereo-selectivity for aziridine-ring formation by aromatic olefins. For
aliphatic olefins, the relative energy of the metal-centered orbital that is ultimately
receiving the single electron upon ring closure (rather than the redox potential) might be

the dominant factor in deciding the stereo-selectivity for aziridine-ring formation.

1.6. MOTIVATION FOR THE WORK
In recent years, we have tested the hypothesis that if the classic N(CH2CH2NH2)3
(TREN) framework”® (Scheme 19) were to be modified to include phenylene bridges,
then the resulting trisphenylamido-amine (TRPHEN, Fig. 1.1) would be more supportive
of metal-centered atom/group-transfer catalysis due to scaffold rigidity, resistance to -
hydride cleavage and, most importantly, weaker equatorial coordination field. We thus
embarked in the synthesis of a series of trisphenyl-amido amine tripodal and bipodal

ligands.
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Scheme 1.19. TREN Decomposition by C—N Bond Cleavage

This family of reagents has been developed gradually, in an iterative, rather than a
blindly heuristic or combinatorial manner. First, we employed the three major categories
of carbonaceous arms (aryl, acyl, alkyl) to investigate the salient stereo-electronic

properties exerted by each type of group with regards to atom/group-transfer chemistry.

Anionic Metal Catalysts
(M= Mn,Fe,Co)

Figure 1.1. Anionic Metal Complexes

Secondly, within each category we varied the substituents in a manner that
extended the redox range of the resulting ligands and compounds (closely followed by
electrochemistry) as well as the steric profile (including rotational restrictions) of the
reaction cavity. We thus developed a library of seventeen TRPHEN based ligands and
metalated most of them with three different base metalsi.e., Mn, Fe and Co as well as
with Ni in a handful of cases. In total, we synthesized approximately fifty new anionic

metal complexes.
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The first part of the dissertation concentrates on a synthetic, catalytic (nitrene
transfer chemistry), and mechanistic study with the assistance of fifteen new anionic
Mn(I) catalysts, and a few Fe(Il) and Co(II) congeners, supported by the TRPHEN
framework to address the selective aziridination of aromatic over aliphatic alkenes in a
competitive manner. Anionic metal complexes possess attenuated levels of
electrophilicity as compared to cationic or neutral metal reagents but proved to be more
suitable for discriminating aromatic from aliphatic olefins for aziridination purposes, and,
are therefore, advantageous for chemo- and regio-selective applications. The motivation
for this segment of the work was the need to identify combinations of ligands and metals
that are most suitable for effecting high reactivity but also practicable selectivity to
differentiate between aromatic and aliphatic alkenes in aziridination reactions.

The second part of this dissertation focuses on seventeen new anionic high-spin
Co(Il) catalysts as nitrene-transfer reagents, supported by the same trisphenylamido-
amine ligand framework, to provide insights in their operational characteristics, not only
in comparison with the previously examined libraries of Mn(Il) (and to a lesser extent
Fe(I) reagents), but also with respect to reported low-spin (Por)Co(Il) paradigms and
related congeners. In this work, we observed that even an otherwise small change in
ligand substitution can have a significant effect on the rate of nitrene-transfer reactivity in
aziridination reactions. This work unravels stereoelectronic parameters that can
occasionally override the electron-affinity of the metal nitrene as the sole guiding force in
nitrene transfer chemistry (a dominant factor in the first part of this study).

The motivation for this segment of the work was to study how the Co (II) reagents

which in the first part were shown to be more reactive than Mn (II) analogs, may be
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affected in their catalytic activity by additional electronic and steric factors (beyond the
metal-nitrene electrophilicity), likely to arise from the tighter disposition of the Co(II)
reaction cavity.

The third section of this dissertation consists of our initial attempts to address
intermolecular aziridination of alkenes, mediated by metal complexes (Cu, Ag') that are
supported with rigid chiral ligands. In 2014, our group reported a C—N bond construction
methodology using a versatile trisphenyl-amido amine tripodal based copper(I) complex
having tetramethylguanidinyl (TMG) as pendent arms®* (Figure. 1.2). Such a moiety
changes the nature of the catalyst by generating cationic metal complexes, which are
expected to be more reactive than the anionic complexes discussed in the previous
section, due to the electrophilic nature of the reaction. Three different kinds of C—N
construction methodologies were explored in this earlier study, namely, amination of
C—H bonds, amidination of C—H bonds in the presence of nitriles, and aziridination of
olefins, with good yields and selectivity.

However, new challenges were noted in that study that required closer attention.
First, there is significant rotational freedom for the guanidyl residue, which can be
problematic for selectivity purposes during C—N bond construction, and, secondly, the
N-Me substituents of the guanidyl arms may be susceptible to amination. To address
these shortcomings, in addition to further efforts to enhance the electrophilicity of the key
metal-nitrene moieties, we intended to initially employ cyclic guanidyl arms (Fig. 1.3),
which enjoy superior rigidity and provide opportunities for examining various N-atom
appended moieties, as well as exploring various chiral auxiliaries for enantioselective

C—N bond construction.
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Figure 1.2. [(TMGatrphen)Cul)][PF6]

Figure 1.3. Chiral Cyclic Guanidinyl-Arms Catalyst

Enantioselective intermolecular C-N bond construction has been reported in the
literature mostly relying on platinum-group transition metals such as rhodium, ruthenium
and iridium. The major problem with these metals is that they are quite expensive and
toxic. We opted to concentrate more on earth abundant transition metal such as copper,

which has been used in asymmetric nitrene transfer chemistry, but the range of substrates

has remained limited.
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ABSTRACT

Selective amination of ¢ and m—entities such as C—H and C=C bonds of substrates
remains a challenging endeavor for current catalytic methodologies devoted to the
synthesis of abundant nitrogen-containing chemicals. The present work addresses an
approach towards discriminating aromatic over aliphatic alkenes in aziridination
reactions, relying on the use of anionic metal reagents (M = Mn, Fe, Co, Ni) to attenuate
reactivity in a metal-dependent manner. A family of Mn™ reagents bearing a
triphenylamido-amine scaffold and various pendant arms has been synthesized and
characterized by various techniques, including cyclic voltammetry. Aziridination of

styrene by PhI=NTs in the presence of each Mn!! catalyst establishes a trend of increasing
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W anodic potential. The Fe!', Co™, and Ni" congeners of the

yield with increasing Mn
highest yielding Mn!! catalyst have been synthesized and explored in the aziridination of
aromatic and aliphatic alkenes, exhibiting good to high yields with para-substituted
styrenes, low to modest yields with sterically congested styrenes, and invariably low
yields with aliphatic olefins. Co!! mediates faster styrene aziridination by comparison to
Mnl but is less selective than Mn! in competitive aziridinations of conjugated versus
non-conjugated olefins. Indeed, Mn™ proved to be highly selective even versus well-
established copper and rhodium aziridination reagents. Mechanistic investigations and
computational studies indicate that all metals follow a two-step styrene aziridination
pathway (successive formation of two N—C bonds), featuring a turnover-limiting metal-
nitrene addition to an olefinic carbon, followed by product-determining ring closure.
Both steps exhibit activation barriers in the order Fe > Mn > Co, most likely stemming
from relevant metal-nitrene electrophilicities and MY redox potentials. The
aziridination of aliphatic olefins follows the same stepwise path, albeit with a
considerably higher activation barrier and a weaker driving force for the formation of the
initial N—C bond, succeeded by ring closure with a miniscule barrier.

Keywords: Manganese, Iron, Cobalt, Trisamidoamine ligands, Nitrene-transfer

Catalysis, Electrochemistry, Mechanistic Studies, Computational Studies
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1. INTRODUCTION

As highly strained three-atom membered rings and potential carriers of optical
activity, aziridines are valuable intermediates as building blocks for a plethora of
chemicals by means of stereo- and regiospecific transformations, including ring opening,
ring expansion or rearrangement.! The aziridine framework is further evidenced in a
handful of natural products that exert antineoplastic or antibiotic activity via DNA
alkylation, cleavage or crosslinking.? Naturally, many synthetic aziridine-containing
agents have been targeted as pharmaceuticals® and fine chemicals.* A significant number
of aziridine-functionalized tailored-made materials are currently emerging as end-
products or intermediates.’

Among different methodologies for effecting the synthesis of aziridines, three
approaches are more frequently employed, namely, cyclization of 1,2-amino derivatives,
addition of C1 sources to imines, or nitrene transfer to alkenes.® Catalytic nitrene transfer
to alkenes (“C2+N;” addition) is extensively practiced due to the wide availability of
substrates, and the potential for stereo/regio-specific and atom-economical nitrene
addition to olefins.” Organocatalytic® and metal-mediated”® approaches have been
advanced, with the latter being more suitable for unactivated alkenes. A wide variety of
transition metal compounds have been employed, frequently supported by chiral ligands
for enantioselective aziridinations, starting from historic Mn or Fe porphyrinoids,'® and
more recent biomimetic!! and artificial hemoprotein'? versions. Many other catalytic
systems have been subsequently developed, including iconic copper reagents bearing (-
symmetric chiral salen'® or bis(oxazoline)!* ligands and other more recently established

copper-containing frameworks, ' highly practical Rh tetracarboxylate and related
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paddlewheel structures,'® versatile Mn,!” Fe,'® Co,' Ni,® Ru,?! and Pd* reagents,
frequently supported by porphyrinoid- or salen-type ligands, as well as intriguing silver-*>
and gold-centered?* reagents featuring nitrogen-rich coordination spheres such as
polypyridines and tris-pyralozyl-borates.

All these metal sites are purported to transfer a nitrene moiety (NR) to olefinic
substrates or C—H bonds® from sources such as pre-formed or in situ assembled
iminoiodanes (ArI=NR),” haloamines (RNNaX, X = Cl, Br),? organic azides (RN3),?’
and cleavable N—O bond-containing precursors (RN(X)—-OR’, X = H or leaving
group).'%*P" Activated aziridines feature NR moieties with an electron-withdrawing
protective R group (SO2R, CO2R, COR, carbamoyl, sulfamoyl) that enhances
electrophilicity to enable aziridine synthesis and facilitates further aziridine
transformations, but often requires harsh deprotection protocols® and may suffer in terms
of reduced atom economy. On the other hand, non-activated aziridines (R = H, alkyl,

)16a0.181m.27.29 are naturally desirable as terminal products, albeit more

aryl, silyl
challenging to synthesize. The superior thermodynamic driving force provided by N-O
bond cleavage of O/N-substituted hydroxylamines or N2 extrusion from organic azides
may be required for difficult substrates, but these nitrene sources do not always undergo
facile activation at metal sites.

Despite the explosive development of synthetic methodologies to access various
aziridine scaffolds, many challenges remain surrounding the range of addressable
olefin/N-donor substrates and attendant reaction selectivity. Naturally, matters of

stereoselectivity are central in the synthesis of biologically active aziridines and

derivatives thereof,® but important questions regarding chemo- and regioselectivity are
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also crucial in nitrene insertions, especially in the presence of other unsaturated organic
moieties and/or a multitude of C—H bonds.>! While an inverse reactivity/selectivity
relationship, as exemplified in Mn-catalyzed epoxidations,®? may hold, there are many
exceptions to this correlation in hydrocarbon aminations,* especially for a reaction that
may successively form two N—C bonds (olefin aziridination) or an N-H/N-C bond
combination (alkane amination). A common conundrum arises when competitive
aziridination and allylic amination occurs with many metal-mediated nitrene-transfer
catalysts.>!* Metal choice may influence the product ratio of aziridination vs. allylic
amination (for instance, certain Rh16%3% or Cu!>*eP catalysts may have a higher
predilection for aziridination, whereas Mn,*? Fe, 1823 Co!?3¢ or Ru?!4®37 reagents tend to
favor allylic aminations). The balance can also vary significantly as a function of the type
of nitrene used (for instance dirhodium sulfamates favor aziridination, whereas
carbamates enhance competing C—H amination) and of the ligand framework
employed?!% or the number of ligands coordinated at the metal site, as Schomaker and

BLh even if the underlying mechanism

coworkers have established for Ag(I) catalysts,
remains largely the same (for instance, concerted (asynchronous) or two-step nitrene
addition/insertion to olefinic/C—H substrates for Rh!*>¢ and Ru,?'? respectively).
However, intramolecular and intermolecular versions can be mechanistically distinct.®
Parallel advances in achieving selectivity in the amination of C—H bonds (usually allylic
> o-heteroatom-substituted-C—H = 3° > benzylic > 2° >>1°) via nitrene insertion are
notable, 166:31.33.39

Another less frequently discussed but equally important issue of site selectivity

arises when multiple 7 acceptors are present on the substrate. If we limit the discussion to
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various olefins, several instances of terminal vs. internal (multiple substitution), %%

15g,p,19b 16e.f

electron-poor vs. electron-rich, or aromatic vs. aliphatic alkenes'®*" may compete
for aziridination. Naturally, electron-rich alkenes are more susceptible to accept an
electrophilic nitrene, but this predilection may be undercut by steric requirements.'*? Of
particular interest is the competition for aziridination between styrenes and acyclic
aliphatic olefins, which generally tends to favor the aromatic rather than the non-
conjugated olefinic substrates.!?*213523¢J However, most effective and practical
aziridination catalysts usually provide appreciable product yields (>25%) for the
aziridination of terminal alkyl olefins, while simultaneously perform aziridination of
styrenes at high yields (>75%).!3P16%f More specifically for intermolecular reactions,
conjugated olefins enjoy better reactivity than their non-conjugated congeners in several
metal-catalyzed aziridinations (Rh,'®® Cu,'! Fe,'84 Co,!%°Ru, 2! Agl3d-2306d): inyversely,
alkyl-substituted olefins undergo aziridination in a significantly more stereospecific
manner than styrenes.'*™!' In a competition experiment between styrene and 1-hexene,
Evans and co-workers report that the copper-mediated aziridination of styrene is favored
by a “modest” ratio of 5:1.1°P Notably, the aziridination of aliphatic alkenes and/or -
substituted styrenes has been in passing deemed unproductive with a handful of Mn,!”
Fe,'*" and Co'®¢ reagents. Conversely, outstanding aziridination catalysts for aliphatic
akenes have been developed with Cu,*" Fe!8™ and Ru?!*** reagents supported by salen
and/or NHC ligands.

Among the many mechanistic dilemmas confronting metal-catalyzed aziridination

15d,17a,18g,19d,21d,23¢,38a

reactions, a potential mechanism switch has been contemplated in

conjunction with copper-mediated aziridinations,'*? inasmuch as nitrene transfer to
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styrenes is more consistent with a stepwise mechanism (successive formation of two C—-N
bonds), whereas the corresponding addition to aliphatic olefins has been deemed more in
line with a concerted (asynchronous) mechanism by virtue of its stereospecificity and
lack of discernible radical intermediates. Among other considerations, this mechanistic
differentiation hinges on a delicate, but crucial for selectivity purposes, evaluation of the
time elapsed between the first and second C—N bond construction.

In the present publication, we examine a family of catalytic systems that rely on
anionic metal reagents (M = Mn, Fe, Co, Ni) to selectively mediate aziridination of
styrenes, while many alkyl olefins remain largely intact (<10% yield). The
electrophilicity and potential radical character*! of the putative metal nitrene (M=NR) are
heavily influenced by the stereoelectronic attributes of the R substituent and the metal
center, but can also be modulated by the overall anionic charge of the complexes. The
overwhelming majority of metal-nitrene units noted above, feature positive or zero
overall charge in order to retain enhanced electrophilic character of the active site. In the
current work, we explore mono-anionic metal sites and demonstrate that attenuated levels
of electrophilicity are more suitable for discriminating aromatic from aliphatic olefins for
aziridination purposes, while reactivity can still remain high by means of fine-tuning the
electrophilicity levels via electron-withdrawing, ligand-centered residues. In addition, we
make use of divalent, first-row transition-metal sites that have historically found
extensive application within porphyrinoid frameworks,!! but have more recently been
explored in non-heme environments.'$® These elements are more likely to operate via
odd-electron governed, successive steps, posing significant reactivity/selectivity related

questions with regards to each step that are better addressable with systems of more
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moderate reactivity and in a metal-comparative manner. In fact, very few studies provide
a parallel examination of a series of first-row M catalyst precursors with the same ligand
framework in aziridination reactions,** potentially guiding future catalyst design.
Moreover, the high-spin nature of the compounds encountered in the present work gives
rise to putative metal-nitrene intermediates possessing more complex electronic
structures than the common singlet/triplet manifolds explored with Cu,'’ Ag!™f or Ruy?!%!
nitrenes. In this combined experimental and computational research, a family of anionic
Mn! reagents is presented that offers guidance with regards to ligand selection for
effecting olefin aziridination. These studies are subsequently extended to the
corresponding Fe', Co', and Ni'' reagents to gain insights in their comparative
reactivity/selectivity patterns that enable aromatic over aliphatic alkene aziridinations.
For additional insights, the reader is also referred to a complementary report by Mat Lani
and Schomaker on Rh and Ag-catalyzed competitive alkene aziridinations that was

published while the present work was under review.*

2. RESULTS

2.1. SYNTHESIS OF LIGANDS
The synthesis of ligands L'Hj3 - L'°H; and L'3Hj3 have already been reported.*+
The remaining ligands (L''H3, L'?Hs, L'*H3, L'°H3) are prepared by similar
methodologies, namely (i) application of Pd-based Buchwald-Hartwig protocols
(Pdx(dba)s/BINAP/NaO'Bu in refluxing toluene)*® for the arylation (ArBr) of trphen

(L'Hs, L'2H3) or (ii) condensation of trphen with the corresponding acyl chloride in the



31
presence of EtaN in dichloromethane (L14H3, L15H3). Ligands L11H3 (Figure S1) and

L 15H3 (Figure S2) have been characterized by X-ray diffraction analysis.

LN X=HY=fBu L2H3: X=f-Bu LaH3: R=t-Bu L9H3: R=i-Pr
L1IH3: X=Y = Me L3H3: X=CF3 L6H3: R=Ph
L13H3: X=Me, Y=H LsH3: X=Cl L7H3: R = f-Pr

L12H3 X- Me L8H3: R = CFj

L10H3;R = O!Bu
L14H3: R = (S)-(-)-CH(Me)(0XMe)
L15H3: R = C(Ph)(CF3)(OMe)

Figure 1 Ligands Used in this Study

2.2. SYNTHESIS AND CHARACTERIZATION OF MnILCOMPLEXES

All Mnn compounds were prepared by deprotonation of the ligands with three
equivalents of KH in THF (aryl or alkyl-armed ligands) or in A,A-dimethylacetamide
(DMA) (acyl-armed ligands), followed by metallation with anhydrous MnCh. Minimal
representations of the first coordination sphere, as derived by single-crystal X-ray data,
are shown in Figure 2. The vast majority of compounds demonstrate distorted trigonal
bipyramidal geometries featuring ligand-derived [N3(@ridoNamire] coordination and a
solvent moiety (THF, DMA, MeCN) occupying a site trans to the axial Namine atom. In a
single-instance ([LeMn-DMA]-), one Namido moiety coordinates as an Nimino group
instead (Mn-N(Ar)=C(CF3)-O-). A few compounds with acyl-armed ligands (see below)
employ ligand-derived rather than solvent moieties in their first coordination sphere.
These structures exhibit weak O-atom coordination of carbonyl or ether residues, and/or

strong coordination of an iminato moiety via the O-terminus (Mn-O-C(R)=N-Ar).
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Finally, the alkyl-armed [L9MnK] reveals a four-coordinate [N3aN] geometry, devoid of
any coordinated or solvated solvent molecule. Specific structural features for each
category of Mnn compounds are summarized below. Detailed crystallographic data are
collected in Tables S1 - S3, and additional interatomic distances and angles are reported
in Tables $4 - S8.

@ Aryl-armed Mnn Compounds. All seven Mnn compounds featuring metal

cavities surrounded by aryl arms possess the minimal [(LYMnn-THF]- structure (x = 1-3,

5, 11-13)

Figure 2. Minimal Coordination of Mnn and Other Metal Complexes with Ligands
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The five-coordinate Mn site adopts a distorted trigonal bipyramidal geometry,
defined by the presence of three equatorial Namido residues, and two axial moieties (Namire,
O (THF)). The level of distortion varies significantly, as evidenced by the evaluation of
the trigonality index r(0.97 (L1), 0.96 (L2), 0.50 (L3), 0.47 (L5), 0.96 (L11), 0.45 (L12),
0.99 (L13)).50 Indeed, for those structures with r< 0.50, a square pyramidal geometrical

description might be more appropriate.

Figure 3. ORTEP Diagrams of Mnn Compounds 2, 3, 5, 11, 12, and13, Bearing Aryl
Arms. Drawn with 40% thermal ellipsoids. Selective interatomic distances [A] and angles

[]

With the exception of the previously disclosed structure of the L 2-containing Mnu

compound that features a PPh4+cation, all other structures possess a K+ ion that further
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impacts metrical variances. Compound [K(THF)s][(L>)Mn'THF] (2) is the only case in
which K" is solely coordinated by THF molecules. In all other cases, the potassium ion
generates additional K'—arene contacts! with one or more aromatic rings of the
triphenylamine core, and even with an aryl arm (L'?). In all cases, the most prominent
effect of K contacts with ligand-centered arene and occasionally Namido residues is the
elongation of the Mn—N bonds associated with these moieties. Otherwise, the range of
Mn—Namids bond distances (2.103 (L) —2.138 (L") A), Mn—Namine (2.296 (L?) — 2.357
(L) A), and Mn—Orur (2.198 (L?) - 2.272 (L'!) A) is fairly narrow and consistent with
metrical parameters for Mn'! sites.

2: Mn(1)-N(1) = 2.2959(19), Mn(1)-N(2) = 2.105(2), Mn(1)}-N(3) = 2.113(2),
Mn(1)-N(4) = 2.105(2), Mn(1)-O(1) = 2.2175(18), N(1)-Mn(1)-N(2) = 76.35(7), N(1)-
Mn(1)-N(3) = 76.81(8), N(1)-Mn(1)-N(4) = 77.18(7), N(2)-Mn(1)-N(3) = 114.53(8),
N(2)-Mn(1)-N(4) = 116.19(8), N(3)-Mn(1)-N(4) = 114.07(8); 3: Mn(1)-N(1) =
2.350(3), Mn(1)-N(2) = 2.102(4), Mn(1)-N(3) = 2.126(3), Mn(1)-N(4) = 2.120(3),
Mn(1)-0(1) = 2.198(3), N(1)»-Mn(1)-N(2) = 76.64(12), N(1)-Mn(1)-N(3) = 75.01(11),
N(1)-Mn(1)-N(4) = 74.19(12), N(2)-Mn(1)-N(3) = 105.05(14), N(2)-Mn(1)-N(4) =
106.81(14), N(3)-Mn(1)-N(4) = 128.36(13); 5: Mn(1)-N(1) = 2.3385(16), Mn(1)-N(2)
=2.1284(17), Mn(1)-N(3) = 2.0839(17), Mn(1)}-N(4) = 2.0972(17), Mn(1)-O(1) =
2.2266(14), N(1)-Mn(1)-N(2) = 73.46(6), N(1)-Mn(1)-N(3) = 77.60(6), N(1)-Mn(1)-
N(4) = 75.77(6), N(2)-Mn(1)-N(3) = 101.40(6), N(2)-Mn(1)-N(4) = 123.70(7), N(3)-
Mn(1)-N(4) = 116.40(7); 11: Mn(1)-N(1) = 2.359(3), Mn(1)}-N(2) = 2.139(3), Mn(1)-
N(@3) = 2.144(3), Mn(1)-N(4) = 2.125(3), Mn(1)-0(3) = 2.272(3), N(1)-Mn(1)-N(2) =

77.07(10), N(1)-Mn(1)-N(3) = 75.80(10), N(1)-Mn(1)-N(4) = 77.28(11), N(2)-Mn(1)-
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N@3) = 112.59(12), N(2)-Mn(1)-N(4) = 112.60(12), N(3)-Mn(1)-N(4) = 119.40(11); 12:
Mn(1)-N(1) = 2.345(2), Mn(1)-N(2) = 2.098(2), Mn(1)}-N(3) = 2.122(2), Mn(1)-N(4) =
2.114(2), Mn(1)-0(1) = 2.273(3), N(1)-Mn(1)-N(2) = 75.81(9), N(1)-Mn(1)}-N(3) =
73.50(8), N(1)-Mn(1)-N(4) = 75.90(9), N(2)-Mn(1)}-N(3) = 122.55(9), N(2)-Mn(1)—
N(4) = 111.20(9), N(3)-Mn(1)-N(4) = 106.72(9); 13: Mn(1)-N(1) = 2.3356(14), Mn(1)-
N(2) = 2.1102(14), Mn(1)-N(3) = 2.1367(14), Mn(1)}-N(4) = 2.1024(14), Mn(1)}-O(1) =
2.2481(13), N(1)-Mn(1)-N(2) = 75.81(5), N(1)-Mn(1)-N(3) = 76.22(5), N(1)-Mn(1)-
N(4) = 76.54(5), N(2)-Mn(1)-N(3) = 112.44(6), N(2)-Mn(1)-N(4) = 119.65(6), N(3)-
Mn(1)-N(4) = 111.30(6).

(b) Acyl-Armed Mn" Compounds. Seven Mn!" compounds with ligands providing
acyl-fortified cavities (L% L® L7, L¥ L!° L4 L!)have been isolated and
crystallographically characterized (Figure 4), with the exception of the L!*-supported
compound that has not provided X-ray quality crystals. The structures of
[(LH2Mn'LK(DMA)3] (4), [(LT)2MnK2(DMA)2], (7), and [(L!).Mn',K»(THF)3] (10)
possess a similar dimeric unit either as a molecular entity (4, 10) or as part of a polymeric
assembly (7), featuring a building block consisted of a symmetry-related dimer of dimers
(~Mn(1)-Mn(2)---Mn(2)-Mn(1)-). The L* and L!° containing structures are very similar,
although the former features a slightly asymmetric dinuclear unit, whereas the latter is
symmetric with respect to an axis passing through the two nonequivalent potassium ions.
Furthermore, although the two molecules exhibit essentially four-coordinate Mn'" sites,
they differ in the residue composition (N202 (L), N3O (L'%)). For both structures, the
bridging between the two metal sites is further strengthened by the two K" ions, which, in

addition to solvent coordination, generate contacts with corresponding O/N residues of
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both ligands. Finally, the structure of [(L7):Mn'2K2(DMA).]. (7) reveals a Mn™!
coordination sphere (N3O) that is very similar to that observed for the L!°-containing
molecule, and an asymmetric dimeric unit similar to that demonstrated by the L*-
containing molecule.

The acyl-armed [K(MeCN)(L*)Mn'"-NCMe], (6) and [K(DMA)(L*)Mn"-DMA],
(8a), as well as the related [K(MeCN)(L®)Mn'-NCMe], (8b) and [K(THF)(L®)Mn'—
NCMe], versions (see below), are all very similar polymeric structures that feature
distorted trigonal-bipyramidal Mn"! sites coordinated by the typical [(Namido)3Namine]
ligand-derived moieties and an axial residue due to the corresponding solvent. As
anticipated, the ligand field of the L®-derived compounds is the weakest among all
compounds surveyed in this study (Mn—Namido (av. 2.163 —2.184 A), Mn—Namine (2.440 —
2.475 A)). The polymeric nature of the L® and L® containing compounds arises from the
almost identical function of the K" solvated ion, which generates contacts with all O
atoms (O(1), O(2), O(3)) of the three CF3CO arms, albeit each belonging to a different
molecule.

As noted above, the [L1*Mn']” compound (14a) has not been amenable to
crystallographic crystallization, but clues to its structure may be glimpsed by the
isostructural congeners {[K(DMA)L!'YH")]*DMA }, (M = Fe (14b), Co(14¢)) (Figures S3
and S4), which exhibit a seven-membered atom metallacycle loop that positions an ester
C=0 moiety of the side arm in the coordination sphere of the metal in lieu of solvent (M—
O =2.153 (Fe), 2.163 (Co) A).

Finally, compound [K(DMA ) s(L'*)Mn!], (15) exhibits a polymeric structure,

owing to an identical network of K* contacts as noted in the case of LS- and L*-containing
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molecules, although the solvent molecule (DMA) associated with K+ exhibits half-

occupancy as a result of the racemic nature of this compound.

Figure 4. ORTEP Diagrams of Mnn Compounds 4, 6, 7, 8a, 10, and 15, Bearing Acyl
Arms. Drawn with 40% thermal ellipsoids. Selective interatomic distances [A] and angles

[’]

The Mn1 coordination sphere features a regular [N3N] ligand field, further
stabilized by two novel Mn-O long contacts (av. 2.407 A) provided by MeO residues, at
the expense of any solvent coordination.

4: Mn(1)-N(3) = 2.148(5), Mn(1)-N(4) = 2.163(5), Mn(1)-O(1) = 2.083(4),

Mn(1)-0(2) = 2.395(5), Mn(L)-O(5) = 2.094(4), N(3)-Mn(1)-N(4) = 100.99(19); 6:
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Mn(1)-N(1) =2.386(2), Mn(1)-N(2) = 2.141(2), Mn(1)-N(3) = 2.1541(19), Mn(1)-N(4)
=2.155(2), Mn(1)-N(5) = 2.171(2), N(1)-Mn(1)-N(2) = 73.08(7), N(1)-Mn(1)-N(3) =
73.22(7), N(1)-Mn(1)-N(4) = 72.89(7), N(2)-Mn(1)-N(3) = 110.74(8), N(2)-Mn(1)~
N(4) = 112.15(7), N(3)-Mn(1)-N(4) = 112.75(7); 7: Mn(1)-N(1) = 2.543(2), Mn(1)-
N(2) = 2.152(2), Mn(1)-N(3) = 2.140(3), Mn(1)-N(4) = 2.189(3), Mn(1)-O(6) =
2.039(2), N(1)-Mn(1)-N(2) = 70.22(9), N(1)-Mn(1)-N(3) = 69.61(9), N(1)-Mn(1)-N(4)
=70.51(8), N(2)-Mn(1)-N(3) = 108.36(10), N(2)-Mn(1)-N(4) = 113.57(10), N(3)~
Mn(1)-N(4) = 105.15(10); 8a: Mn(1)-N(1) = 2.475(3), Mn(1)-N(2) = 2.224(4), Mn(1)-
N(3) =2.171(3), Mn(1)-N(4) = 2.158(3), Mn(1)-O(2) = 2.042(3), Mn(1)-O(4) =
2.044(3), N(1)-Mn(1)-N(2) = 69.48(13), N(1)-Mn(1)-N(3) = 70.47(11), N(1)-Mn(1)-
N(4) = 70.81(11), N(2)-Mn(1)-N(3) = 109.75(13), N(2)-Mn(1)-N(4) = 112.36(14),
N(3)-Mn(1)-N(4) = 105.35(13); 10: Mn(1)-N(1) = 2.540(2), Mn(1)-N(2) = 2.101(2),
Mn(1)-N(3) =2.158(2), Mn(1)-N(4) = 2.137(2), Mn(1)-O(3) = 2.0902(19), N(1)~
Mn(1)-N(2) = 69.76(8), N(1)-Mn(1)-N(3) = 70.71(8), N(1)-Mn(1)-N(4) = 71.39(8),
N(2)-Mn(1)-N(3) = 107.22(9), N(2)-Mn(1)-N(4) = 119.45(9), N(3)-Mn(1)-N(4) =
101.39(9); 15: Mn(1)-N(1) = 2.429(4), Mn(1)-N(2) = 2.179(4), Mn(1)-N(3) = 2.158(4),
Mn(1)-N(4) = 2.178(4), Mn(1)-O(4) = 2.446(4), Mn(1)-0(6) = 2.366(4), N(1)-Mn(1)-
N(2) = 71.84(15), N(1)-Mn(1)-N(3) = 72.10(15), N(1)-Mn(1)-N(4) = 71.16(15), N(2)~
Mn(1)-N(3) = 110.34(16), N(2)-Mn(1)-N(4) = 111.05(16), N(3)-Mn(1)-N(4) =
110.45(16).

(c) Alkyl-armed Mn" Compound. The structure of the isopropyl-armed

[K(L%)Mn""], (9) (Figure 5) is a simpler version of that reported for the ferrous congener

([K2(L%)2Fe'2],).4* The local Mn site exhibits a distorted trigonal-pyramidal [N3N]



39
coordination, featuring short Mn-Namido (av. 2.072 A) and Mn-Namine (2.212 A) bond
distances. The polymeric structure arises from a repeating -[Mn(1)-K(1)]- unit,
characterized by K+-("6-arene) contacts (phenylene rings between N(1)/N(4) and
N(1)/N(2)) and long-range K+ interactions with Namidoresidues (N(3), N(4)), involving

adjacent ligands.

Figure 5. ORTEP Diagram of Mnn Compound 9, Bearing Alkyl Arms. Drawn with 40%
thermal ellipsoids. Selective interatomic distances [A] and angles [°]

9: Mn(1)-N(1) = 2.212(4), Mn(1)-N(2) = 2.036(5), Mn(1)-N(3) = 2.085(6),
Mn(1)-N(4) = 2.094(5), N(1)-Mn(1)-N(2) = 81.07(18), N(1)-Mn(1)-N(3) = 79.6(2),
N(1)-Mn(1)-N(4) = 78.68(16), N(2)-Mn(1)-N(3) = 121.47(19), N(2)-Mn(1)-N(4) =
111.0(2), N(3)-Mn(1)-N (4) = 118.19(19).

(d) Other [(L8)MII]-containing Structures (M = Mn, Fe, Co, Ni). The structures
for the catalytically important [K(MeCN)(L8)Mnn-NCMe]« (Figure 6; M = Mn (8b), Fe
(8c; previously reported,45anot shown), Co (8d)) are all similarly polymeric, featuring a
distorted trigonal-bipyramidal geometry around the metal site, assembled by the typical
[N3N] coordination of the ligand and an acetonitrile moiety located trans with respect to
the Namire atom. All three side-arm carbonyl units are oriented exo with respect to the
metal cavity, and each provides essential coordination to a unique potassium ion, further

supported by two more carbonyl moieties belonging to different molecules. Moreover,
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the K+ ion is coordinated by an acetonitrile molecule and forms a long contact with an
adjacent F atom (K-F = 3.189 (Mn), 3.253 (Fe), 3.315 (Co) A). Metrical parameters are
consistent with decreasing ionic radii from Mn to Co, whereas the corresponding bond
angles associated with the [N3N]-M coordination increase as a result of bond distance

decreases from Mn to Co.

Figure 6. ORTEP Diagrams of Divalent Compounds 8b (Mn), 8d (Co) and 8e (Ni).
Possessing the LsLigand (drawn with 40% thermal ellipsoids). Selective interatomic
distances [A] and angles [°]:

The structure of the Nizt compound [K(DMA)3(L8)Nin]2 (8e; Figure 6), obtained
from crystals formed in DMA solutions, reveals a molecular dimer related by inversion
symmetry. The coordination of Niu displays a distorted trigonal pyramidal [N3N]
geometry (Ni-Namido = av. 1.980 A; Ni-Namine (2.038 A)) and is devoid of any solvent
coordination, although a potential Ni-F (2.564 A) long contact may be present. The
dimer is bridged by a K2(ODIMA)2 parallelogram that features additional K-O contacts of
each K+ ion with two terminal DMA molecules and, most importantly, a carbonyl residue
of a specific CF3CO moiety.

8b: Mn(1)-N(1) = 2.440(4), Mn(1)-N(2) = 2.161(3), Mn(1)-N(3) = 2.165(3),

Mn(1)-N(4) = 2.174(3), Mn(1)-N(5) = 2.176(4), N(1)-Mn(1)-N(2) = 71.32(11), N(1)-
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Mn(1)-N(3) = 70.50(11), N(1)-Mn(1)-N(4) = 71.42(11), N2)-Mn(1)-N(3) =
109.13(12), N(2)-Mn(1)-N(4) = 113.60(12), N(3)-Mn(1)-N(4) = 107.29(11); 8d: Co(1)-
N(1) = 2.345(4), Co(1)-N(2) = 2.060(3), Co(1)-N(3) = 2.076(3), Co(1)-N(4) = 2.069(3),
Co(1)-N(5) = 2.055(5), N(1)-Co(1)}-N(2) = 73.53(13), N(1)-Co(1)-N(3) = 73.98(13),
N(1)-Co(1)-N(4) = 73.18(13), N(2)-Co(1)-N(3) = 115.40(14), N(2)-Co(1)-N(4) =
111.52(14), N(3)-Co(1)-N(4) = 110.05(13). 8e: Ni(1)}-N(1) = 2.038(3), Ni(1)-N(2) =
1.987(3), Ni(1)-N(3) = 1.972(2), Ni(1)-N(4) = 1.982(3), N(1)-Ni(1)-N(2) = 82.90(8),
N(1)-Ni(1)-N(3) = 84.77(8), N(1)-Ni(1)-N(4) = 83 31(9), N(2)-Ni(1)}-N(3) =

109.91(11), N(2)-Ni(1)-N(4) = 114.63(10), N(3)-Ni(1)-N(4) = 131.79(9).

2.3. CYCLIC VOLTAMMETRY

Electrochemical data for representative Mn'' compounds are listed in Table S9,
and selective waves tentatively assigned to the Mn'/Mn™ couple are shown in Figure 7.
The aryl-armed compound [K(THF)3(L'*)Mn'-THF] (13), which bears the electron-
donating aryl substituent 2,6-(CH3)a2, is oxidized at the most negative potential (-1.255 V
vs. F'e'/Fc in DMA), and is only among a handful of Mn!" compounds noted in Table S9
that show semi-reversible waves. Compound [K(THF)s][(L*)Mn''-THF] (2), which also
possesses aryl arms, substituted by electron-donating 3,5-'Buz moieties, is the next more
easily oxidized Mn!! reagent, albeit in an irreversible manner. As anticipated, the
presence of the electron-withdrawing aryl substituents 3,5-(CF3); and 3,5-Cl2 in
[K(THF)»(L»)Mn"-THF] (3) and [K(THF)4(L>)Mn'-THF] (5) respectively, shifts the
oxidation potential to more positive values by approximately 300 mV (in THF) versus
that observed for 2. The unique alkyl-substituted [K(L*)Mn'], (9) shows one redox wave

at 0.245 V, which is higher than expected for a Mn'/Mn™ couple. The acyl-substituted
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compounds examined (4, 6-8, 10, 14, 15) are all anodically shifted versus the aryl-
substituted congeners, as expected for the electron-withdrawing character of the acyl
moiety. Specifically for [K(MeCN)YL*Mn'-NCMe] (8b), which carries the
trifluoromethylacyl arm, an additional anodic shift is observed by approximately 500 mV
versus that of the other acyl-armed compounds (4, 6, 7). Compound
{[K(DMA)(L")Mn"]2}223Et20 (7), as well as [K(DMA)(L'*)Mn"]*'DMA (14a) and
[(L)Mn!]+0.5SDMA+0.5hexane (15), demonstrate two oxidation waves (Figure S5),
which in the case of 7 may reflect the two distinct Mn'' ions observed in the solid-state
structure. These results are consistent with the electronic character of the ligands and
prior electrochemical data obtained for analogous Fe'' and Co!! complexes,****7 with
anodic shifts observed in the order Fe < Mn < Co. Indeed, for the catalytically important
series of [K(MeNC)(L¥)M'-NCMe] (M = Mn (8b), Fe (8c), Co (8d)) complexes (see
below), their cyclic voltammograms in MeCN/("Bu4)NPFg provide £, values at 0.228
(Fe), 0.518 (Mn), and 0.837 (Co) V, presumably due to the MM couple (Figure 8).
CV of compounds, [K(MeCN)(L¥)Fe''-NCMe] (8¢)**? [K(MeCN)(L*)Mn'-NCMe] (8b)
and [K(MeCN)(L®)Co'™-NCMe] (8d) in MeCN/("BusN)PFs, as indicated, with a Au disk
electrode (1.6 mm in diameter); scan rate 0.1 V/s is shown in Figure 8. The metal
complexes with more electron-withdrawing substituents are found towards the anodic
side as it stabilizes the metal in its lower oxidation state, while the metals with the more
electron-releasing substitutents are present towards the cathodic side. L'*Mn, was found
out to have the most negative reduction potential, on the other hand L¥Mn was found to

be the most stable of all, as the electron-withdrawing subsitituent (CF3) stablizes it.
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Figure 7. Cyclic voltammograms (first oxidation wave) of selected Mn1 compounds:

[K(NCMe)][(L§MnI-NCMe]*MeCN (6) and [K(MeCN)(L§Mnn-NCMe] (sb) in
MeCN/("BudN)PF6, [K(THF)6][(LAMNII-THF] (2), [K(THF)2(L3MnII-THF] (3),
[K(THF)4LHMnIFTHF] (5) and [K2(THF)3(L1)2MnliZP2 THF (10) in DMF/("BU4N)PF,
and [K2(DMA)3(L42Mnii2] (4) and [K(THF)3(L13Mnl-THF] (13) in DMA/("Bu4N)PFS,

as indicated, with a Au disk electrode (1.6 mm in diameter); scan rate 0.1 V/s.

Figure 8. Cyclic Voltammograms (MIVM Il Redox Couple)
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2.4. CATALYTIC STUDIES

Table 1 reveals a wide range of yields (11 — 75%) for the aziridination of styrene
as a function of the ligand system employed for the corresponding Mn™! compounds. The
aryl-armed ligands exhibit a particularly low yield for the electron-rich members of the
group (L!, L% L1-L"). Better, but still modest yields, are achieved with the electron-
deficient congeners (L*, L°). The alkyl-armed ligand (L), is similarly a poor supporter of
styrene aziridination. As detailed previously for metal complexes (M = Cr, Mn, Fe) with
ligands L' and L2442 the electron-rich aryl-substituted ligands are particularly
vulnerable to one-electron oxidation, leading to a specific ligand rearrangement, which
may in turn be responsible for poor catalytic performance. The seven acyl-armed ligands
examined (L% L-L8 L% L' L) are instead redox robust, and support aziridination of
styrene with widely variable yields. The lower and higher limits of the yield range are
provided by the structurally related -COCMe;3 (L*, 12%) and -COCF3 (L8, 75%)
moieties, respectively. Indeed, the L*Mn compound 8b is the highest yielding and most
electron-deficient metal site of the entire series of reagents examined in this work,
followed by the L'*Mn compound 14a. The latter possesses chirality, and will be
addressed in a separate study exploring enantioselective aziridinations. In general, the
yield levels ascend with increasing electrophilicity of the metal site in accordance with
the electrochemical data noted above. However, the exceptionally low-yielding L*Mn and
L’Mn reagents may be further limited due to the #-Bu/i-Pr group’s encumbrance of the
metal site and/or susceptibility to H-atom abstraction by the putative, electrophilic metal-

nitrene moiety.
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Table 1 Yields of Styrene Aziridination Mediated by Mn11 Reagents 1-15

Mn"cat (5 mol%)

) 3 + PhI=NTs M.S. 5A
CT' I Chlorobenzene (0.200 mL)
RT, 24 h
2.0 mmol 0.25 mmol

Compound Yield (%)
[K(THF)X][(LOMnI-THF] (1a)49 11
[K(THF)6][(L2)Mnn-THF] (2) 23
[K(THF)2(L3)MnIFTHF] (3) 43
[K2(DMA)3(L4)2Mn1i2] (4) 12
[K(THF)4(L5)MnI-THF] (5) 31
[K(NCMe)][(Le)Mnn-NCMe]*MeCN (6) 57
{[K(DMA)(L7)Mnll2}2*3Et20 (7) 26
[K(NCMe)(Le)MnI-NCMe] (8b) 75
[K(L9)MnII],, (9) 25
[K2(THF)3(L10)2Mnii2]*2 THF (10) 50
[K(THF)3(L11)MnIFTHF]»0.75 Pentane (11) 18
[K(L12)Mnn-THF]*THF (12) 17
[K(THF)3][(L13)MnI-THF] (13) 25
[K(DMA)(L14)MnIl[*DMA (14a) 67
[K(L5)Mnn]*0.5DMA*0.5hexane (15) 39
(b) Aziridination of a Series of Olefins Mediated by [L&VInn-NCMe][K(NCMe)].

The most productive L8VIn reagent 8b was further selected to explore the catalytic
aziridination of a wide range of alkenes under the conditions noted for styrene
aziridination. A subset of catalytic reactions (entries 1-11) was also conducted in
methylene chloride. Table 2 summarizes pertinent product profiles. A panel of styrenes

with electron-donating or electron-withdrawing para-substituents (entries 1- 9) undergoes
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facile aziridination with yields ranging from 56% (p-NO3z) to 81% (p-'Bu) in
chlorobenzene. For indeterminate reasons, more modest and narrowly distributed yields
(42-55%) are obtained in dichloromethane, with the exception of p-NOz-styrene, which
affords low amounts of product (25%). Ortho-positioned methyl substituents introduce
significant steric and electronic effects, as evidenced in the low yields obtained for the
aziridination of 2,4,6-trimethylstyrene (entry 10). The S-carbon of this substrate is off the
plane of the aromatic ring and the a-carbon, thus causing disruption of electron
delocalization between the aromatic and the olefinic carbons.”® On the other hand, the
electron-rich a-substituted methylstyrene provides the corresponding aziridine in
respectable yields (entry 11), along with minor amounts of the allylic amination product,
most likely derived via ring opening of the sensitive aziridine.>* In accordance with

previous observations, !>

the ring-opened product is significantly more pronounced in
the aziridination profile of the a-Ph substituted styrene (in this case, an olefinic amine;
entry 12), although the combined yield of aziridine and olefinic amine (38%) is
significantly lower than that observed with a-methylstyrene (62%), probably due to the
steric encumbrance of the a-Ph group. Subsequent aziridinations were performed only in
chlorobenzene, since yields were invariably lower in dichloromethane. Styrenes with f-
substitution (Me, Ph) show dramatic drop in overall yields (entries 13-16), accompanied
by stereochemical scrambling that is naturally more pronounced for the cis isomers,
along with low yields of allylic amination products (entries 13, 14). Notably, allylic or

benzylic aminations are also favorably competing with aziridinations of #rans- or cis-

disubstituted aromatic olefins, albeit at low yields (entries 17, 18). Overall, the L*Mn



47
reagent 8b favors aziridination of unhindered terminal styrenes and exhibits sharp decline
in reactivity with disubstituted reagents, especially when the [3 position is involved.

In sharp contrast to the sterically unhindered styrenes, all aliphatic olefins
examined provide products of aziridination in very low yields, with the exception of Co™
mediated reactions. For instance, a series of cycloalkenes (entries 19 - 21) furnishes the
corresponding aziridines in essentially trace amounts (cyclopentene, cyclohexene) for
Mn! or Fe!l catalyzed reactions, in favor of low yields for the competing product of
allylic amination, whereas low yields of aziridine are obtained as the sole product only
for the more electron rich cyclooctene. Similarly, the exo-ene methylenecyclohexane
affords a mixture of aziridination and allylic amination products in low yields (entry 22).
Other terminal and internal aliphatic alkenes consistently provide very low yields of
aziridination products (Table S10).

(c) Comparative Aziridination of Olefins with other L® Supported Fe, Co and Ni
Compounds. The L8-containing Fe! and Co™ congeners have been further evaluated as
catalysts for the aziridination of the olefin series noted in Table 2, under the same
conditions detailed for Mn'! catalysis for comparative purposes. Moreover, a narrow
selection of styrenes has been tested in aziridinations mediated by the corresponding Ni'!
reagent, albeit with low yields (styrene: 19%, 4-methylstyrene: 16%, 4-fluorostyrene:
20%). The readily available [L*M-NCMe][K(NCMe)] (M = Fe (8¢c), Co (8d)) and
[K(DMA)3(L¥)Ni"l]; (8¢) compounds have been employed for the comparative
aziridinations of the olefinic substrates. Not unlike Mn" catalysis, the aziridination of the
electron-diverse styrenes (entries 1-9) affords products with a wide range of yields (Fe:

38-80%; Co: 46-83%).
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Table 2. Yields of Aziridination/Amination (PhINTs) of Olefins by [L*M"-

NCMe][K(NCMe)]*
et Yield (%) Yield (%) Yield (%)
No ¥ Substrate  Products CH:CL/PhCl PhCl PhCl
) L3Mn L%Fe L3Co
1 R-H 44/ 75 73 69
2 R =Me 42/ 71 58 77
3 R ='Bu 46/ 81 69 83
4 R = OMe 55/72 80 1
5. rRd Y "¢ >~ R=0Bu 44/ 85 78 76
6 R=F 50/ 71 79 82
7 R=Cl 48/79 67 79
8 R = CF; 46/ 67 57 65
9 R = NO, 25/56 38 46
10, Q—\\ NTs 18/ 25 9 54
NTs +
. O<X O OL, 22.8/59.3 49,8 33,7
Ph Ph Ph
2. ¥ NTs +©—g\_NHTS 19, 19 7,11 8. 16
NT:
13, O OO v ®_\\—\ 10,2, 5 12,21 72, trace. 4
14. @‘\> <:> y”“ * @‘Yﬂ * m 8.7.5 8 12 trace 38,30, trace
NHTs
15. @‘\> <:> s ¥ @‘Yﬂ?h 2.7 3.8 10, 28
Ph PH
NT:
6. O\, @—QP: 6 11 23
NTs NHTs
17. Q/\”Ph ©/<‘Ar>h+ ©)\/Aph 6,28 5,12 32,26
NTs
18. “ @:j . “\ 10, 10 10, 10 36, nd
(0 e
19. wn  n=1 1,13 3.7 16, 23
20. <, (®m B n=2 1,17 5,11 17,16
21. n=4 14, nd 24, nd 59, nd
22. (= ORet 13. 10 22.15 33,19

NHTs

%0lefin, 2.0 mmol; PhINTSs, 0.25 mmol; M ¢, 0.0125 mmol (5 mol%); M.S. SA, 20 mg;

Solvent (chlorobenzene or dichloromethane), 0.200 mL; RT, 24 h.

An exceptionally low yield (11%), not included in the given range, is observed

for the aziridination of p-MeO-styrene by Co'’. However, this product is known to be
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15p.16855 apparently accelerated under Co™ catalysis.With a

susceptible to transformation,
few exceptions, the Mn'-mediated aziridinations of para-substituted styrenes tend to be
more productive than those catalyzed by Fe'l, and fairly competitive to those facilitated
by Co' reagents.

The bulky 2,4,6-trimethylstyrene (entry 10) is even more sluggish in
aziridinations mediated by the Fe' vs. the Mn reagent, but significantly more productive
with the Co'! congener (54% yield). The a-substituted styrenes (entries 11, 12), especially
the more reactive a-Me styrene, are better handled by the Mn!! reagent, presumably due
to a more spacious reaction cavity. In sharp contrast, S-substituted styrenes are
significantly more reactive towards aziridination under Co'' catalysis, with less extensive
stereochemical scrambling and higher propensity for aziridination vs. allylic/benzylic
amination (entries 13 - 18).The superior reactivity (but not selectivity; see below) of Co™
vs. Mn!" or Fe!l is also evident in entries 19 - 22 (Table 2) and 1-6 (Table S10) with
aliphatic olefins, albeit with low to modest yields.

(d) Comparative Reaction Profile and Selectivity for Different Olefins.
Aziridination of styrene mediated by [K(NCMe)(L¥)M'-NCMe] (M = Mn, Fe, Co) under
the general heterogeneous conditions noted above, albeit in 0.50 mL of ds-chlorobenzene
at 30 °C, highlight differences in the rate of aziridine formation by the three metals, as
monitored by "H-NMR with the assistance of an internal standard (Figure 9). Whereas the
yield for all three metals is approximately 60% under the dilute conditions of the
experiment, this maximum value is essentially reached in 6.0 hours in the Co'-catalyzed
reaction, at which time the kinetically more comparable Fe- and Mn-catalyzed

aziridinations have only achieved 28% yield.
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Figure 9. Production of Aziridine as a Function of Time. Reaction of Styrene (2.0 mmol)

by PhI=NTs (0.25 mmol) Catalyzed by [K(NCMe)(LMn-NCMe] (M = Mn, Fe, Co;
0.0125 mmol) in ds-chlorobenzene (0.50 mL) at 30 °C.

Competitive aziridination of styrene (1.0 mmol) versus allylbenzene (1.0 mmol),
styrene (1.0 mmol) versus 4-phenyl-1-butene (1.0 mmol), and styrene versus 1-hexene by
PhI=NTs (0.25 mmol), catalyzed by [K(NCMe)(LMn-NCMe] (M = Mn, Fe, Co;
0.0125 mmol) in chlorobenzene (0.20 mL), demonstrates considerable predilection for
the aziridination of aromatic olefins (Table 3), significantly more enhanced for Mn-
catalyzed reactions, and consistently in the order Mn > Co > Fe. In contrast, lower
selectivities are largely obtained for the same competitive reactions mediated by
[Cu(CH3CN)4](PF6) (5 mol%) in MeCN. For the styrene versus 1-hexene aziridination,
Evans and co-workers have reported15a relative olefin reactivity of 5:1 with CuClO4,
CuOTfand Cu(OTf)2 (5-10 mol%) in MeCN at -20 °C. A wide range of ratios (from
>19:1 to 1:5.6) for the competitive aziridination of styrenes vs. aliphatic alkenes by

sulfamate nitrene donors has been recently noted with Rh and Ag catalysts.43
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We also witnessed poor selectivity with [Rhz(OACc)4] (2 mol%o) in
dichloromethane, further complicated by the observation of more than one product in the
aziridination (NTs) of styrene. Overall these results are consistent with an inverse

reactivity/selectivity correlation, with the exception of Fen mediated reactions.

Table 3. Ratio and Yield of Aziridines obtained by Competitive Aziridination. Styrene
vs. Allylbenzene, Styrene vs. 4-Phenyl-1-Butene, and Styrene vs. 1-Hexenea

Compound

[K(MeCN)(LMnI-NCMe] 25:1 (78%) 17:1 (72%) 62:1 (75%)
(8b)

[K(MeCN)(L§Fel-NCMe] 11:1 (72%) 9:1 (70%) 16:1 (68%)
(8c)

[K(MeCN)(L8Col-NCMe] 16:1 (68%) 11:1 (72%) 28:1 (73%)
(8d)

[Cu(NCMe)4(PF§ 8:1 (90%) 6:1 (89%) 17:1 (91%)

&lefin, 1.0 mmol each; PhINTs, 0.25 mmol; Catalyst, 0.0125 mmol (5 mol%); M.S. 5A,
20 mg; Solvent, chlorobenzene (8b-8d) or MeCN (Cul, 0.200 mL; RT, 24 h.

2.5. MECHANISTIC STUDIES

Scheme 1 presents the general features of two major mechanistic scenarios that
are explored in experimental and computational studies detailed below. Both are
predicated on the formation of an initial metal-nitrene entity, whose electronic and
structural characteristics are investigated computationally for three metals (Mn, Fe, Co;
see below). An effectively concerted pathway of nitrene transfer to a styrene is expected
to provide aziridine in a stereospecific manner, relying on concerted (albeit potentially
asynchronous) formation of two C-N bonds (in succession N-Cp and N-Ca), with an

intervening time gap that is essentially within the vibrational timescale. In contrast, a
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two-step process is characterized by awell-defined carboradical and/or carbocationic
intermediate, featuring a lifetime that permits competitive Ca-C p bond rotation and N-Ca

bond formation (aziridine-ring closure).

Scheme 1 Mechanistic Study ofNitrene Transferto Olefins

@) Hammett plots. Competitive aziridination of a series o f*ara-substituted
styrenes (1.0 mmol) versus styrene (1.0 mmol) by PhlI=NTs (0.25 mmol) in the presence
of [K(MeCN)(LOMIFNCMe] (M = Mn, Fe, Co) generates log(Ex/fe) values (Tables S11
- S13) that cannot provide linear free energy correlations with typical polar parameters
such as op and omb, and only marginal ones with the resonance responsive o+parameter
(for Mn: p+ =-0.36, R2= 0.86; for Co: p + = -0.52, R2= 0.90; poor correlation for Fe;
Figure S6). As has been previously noted,15g electron-withdrawing substituents such as F
and Cl exhibit a significant accelerating effect in the aziridination ofthe corresponding
Nara-substituted styrene versus styrene, whereas others (NO2, CF3) demonstrate a
surprisingly modest decelerating effect. These effects are better accommodated by
Jiang’s dual-parameter correlation (log (Ex/£h) = pnbomb + pjj~ojf + C) that include both

polar (op, O1h) and spin-delocalizing (o] elements.% Indeed, aziridinations by [L8V It
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solv]™ can be reasonably fit with the dual-parameter approach for Mn (om» =-0.38, o’ =
0.51, R*=0.95) and Co (om» = -0.56, pii” = 0.56, R? = 0.97), and rather poorly for Fe (omb
=-0.28, pii’ = 0.24, R?> = 0.84) (Figure 10). As expected, all pmb values are moderately
negative, consistent with a small incipient positive charge developing at the benzylic
carbon as a result of the electrophilic attack of the putative metal-nitrene moiety.

In accordance with the electrochemical data noted above, the metal-nitrene site is
anticipated to exhibit increased electron deficiency in the order Fe < Mn < Co, reflecting
the trend in the negative pmb values observed (i.e., higher polar contribution for Co). The
spin-responsive (radical) component (on’) is instead positive, since all para-substituents
are effectively spin delocalizing. Its contribution to polar-over-spin effects (|omn/01r'|; Mn
=0.75,Fe=1.17, Co=1.0) seems to be more enhanced for the Mn site, potentially due
to a comparatively later transition state versus Co, although the poor correlation provided
by Fe makes comparisons with Mn more difficult to assess. These results are consistent
with the more modest rate for aziridine production noted above for Mn versus Co, and
inconclusive with respect to Fe. A similar requirement for dual-parameter Hammett
analysis has been previously applied in the competitive aziridination (NR) of styrene vs.
para-substituted styrenes by Tp™™M (M = Cu, Ag) catalysts [|o'/0| = 0.925-1.625 (R =
Ts);'>¢ p refers to Jackson’s spin-delocalization scale®’], [Cul(TMGstrphen)](PFs)
[(|omb/01] = 0.50 (R = Ts)],'*¢ and several [Ru(Por)(NR)z] compounds [(|omb/on’| = 0.55,
2.02 (R =Ts), 1.46 (R = Ns)],!%¢ all exhibiting competitive contributions by polar and

spin-delocalization effects.



54

Figure 10. Linear free energy correlation of log(&J/&H) vs- (omb, ojj ). Aziridination of
Nara-substituted styrenes catalyzed by [LaVIIFsolv]- (M = Mn (top), Fe (middle), Co
(bottom)).

In contrast, Fell-dipyrrinato complexes demonstrate an overwhelming

preponderance of spin effects [(jom/pjfj = 0.04 (R = Ad)].18 Conversely, dominant polar
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effects are observed in many instances in which kinetic data for competitive
aziridinations can be fitted by polar substituent parameters alone (op, o+, omb), as for
instance with [Rh2(OAc)4] [p+=-0.61 (R = Ns)],16f [Cu(acac)?] [p+=-0.49 (R = Ns)],16f
and [Cu(tfac)2] [p+=-0.60 (R = (5-Me)-2-PyS02)],8Bas well as with several non-heme
Fe catalysts by Latour p+=-0.71 (R =Ts)],18Che [p+=-0.72 (R = Ts)]®and Jensen

p+=-0.58 (R=Ts)].&a

Table 4. Secondary Deuterium Kinetic Isotope Effect Values vs. Styrene

Calculated P
Compound ) D
cis X trans

[K(MeCN)(LMnI-NCMe]  1.01(x0.01) 0.89(+0.02) 1.03(x0.01) 0.92(+0.03)  0.89(+0.01)
(8b)
[K(MeCN)(L8Fell-NCMe] 1.02(+0.01) 0.86(+x0.02) 1.04(x0.01) 0.89(+0.03) 0.93(+0.01)
(8c)
[K(MeCN)(L8Col-NCMe] 1.00(x0.01) 0.96(x0.02) 0.98(+0.02) 0.94(+0.04) 0.98(+0.01)
(8d)

(b) Deuterium Kinetic Isotope Effects and Stereocontrol Studies. The comparative
effect of the metal was further investigated by secondary kinetic isotope effect
experiments (&vV&d) for the aziridination of suitably deuterated styrenes (0.5 mmol)
versus styrene (0.5 mmol) by PhI=NTs (0.125 mmol) mediated by [K(NCMe)(L§Mn-
NCMe] (6.25 pmol; M = Mnn, Fen, Con) in chlorobenzene. The a-styrene position was
first examined (Table 4), and proved to give rise to normal KIE values very close to 1,
signifying that the a-styrene site is unlikely to be involved in the electrophilic attack by
the nitrene (NTs). The ~-styrene site was evaluated with the assistance of cis- and trans-

P-dl styrene (Table 4) and exhibited inverse KIE values for all metals for the cis isomer,
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although the frans isomer provided KIE values in the vicinity of 1 for all metals. The
secondary KIE value trend for the cis-5-d! styrene (Mn: 0.89(+0.02); Fe: 0.86(£0.02); Co:
0.96(+0.02) indicates a more pronounced inverse effect for Mn and Fe rather than for Co,
whereas the corresponding values for trans--d! styrene suggest that the trans position
has little contribution to the KIE value. The overall product ku/kp(cis) x kn/kp(trans)
further narrows the range of KIE values with respect to the metal (Table 4). This
combined effect was further explored with the assistance of -d*styrene (Table 4) and
found to provide rather small inverse KIE values for Mn and Fe, and a value approaching
1 for Co. Che and co-workers report a ki/kp value of 0.85 for the aziridination of f-d*
styrene and 0.97 for the aziridination of a-d' styrene by [RuY{(TPP)(NTs).].2'¢ Overall,
these values point towards an engagement of the S-styrene site in the electrophilic phase
of the nitrene attack, with a transition state that is comparatively early for Co (resulting in
small deviation from sp? hybridization at the S-carbon of styrene) and more advanced for
Mn and Fe. The deuterium KIE values associated with cis-f-d! styrene most likely
provide the best guidance (as also exemplified in Mn epoxidations),®? and further
underscore the correlation between the anticipated electrophilicity of the putative M-
"NTs unit (Fe <Mn < Co) and the position of the transition state associated with the
addition of the metal-nitrene to the S-carbon of styrene. However, the accuracy of the
KIE experimental data, and the occasionally small deviation of KIE values from 1, make
the metal-dependent comparisons tentative, especially between Mn and Fe.

The cis- and trans-f-d! styrenes are also useful in the evaluation of the

stereochemical integrity upon styrene aziridination (Table 5). The degree of cis/trans
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partitioning, due to competitive aziridine-ring closer vs. Ca-Cp bond rotation, was
determined by 2H NMR (and H NMR) and indicated a clear trend for increasing
stereochemical scrambling in the order Co < Mn < Fe, thus suggesting that the Con
reagent effects a shorter time gap between N-Cp and N-Ca bond formation. The same
trend was observed in the aziridination of both cis- and trans-P-methylstyrene as noted
above (Table 2). In sharp contrast to the L8e reagent 8c, Betley’s Fe-dippyrinato catalyst
shows no loss of stereochemistry in the aziridination (NAd) of cis-P-d1styrene,1&
although the nature of the nitrene group (NTs vs. NAd) is known to impart significant

kinetic differentiation, affecting reactivity and selectivity in aziridinations.&

Table 5. Investigation of Stereochemistry in the Aziridination of cis- and trans-P-d1-

styrene
cis/trans aziridine trans/cis aziridine
[K(MeCN)(LMnI-NCMe] (8b) 78/22 79/21
[K(MeCN)(L8Fel-NCMe] (8c) 67/33 67/33
[K(MeCN)(L8Col-NCMe] (8d) 89/11 92/8

Again, the effect of the metal (Mn, Fe, Co) in the present study correlates well
with established Mn/Mm reduction potentials (Figure 8), since the rate of formation of the
N-Ca bond from a carbon-centered radical and a nitrogen-centered, metal-bound
nucleophile (three-electron oxidative process) has been previously shownIg@ELto be
thermodynamically controlled either by the ease of oxidation of the benzyl (styrenyl)
radical and/or by the ease of reduction of the metal (from Mmto Mnin the present case).

Hence, the more electron-deficient catalyst (Co) affects not only the formation of the first
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N-Ca bond (relatively early transition state) but also the closure of the second N-Cp bond
(reduced stereochemical scrambling). Similar electronic effects have been noted by
Jacobsen with respect to Mn'[(salen)-mediated epoxidations*? and by Che for
aziridinations enabled by [Ru"(Por)(NSO2R),].2!5e

(c) Radical Probe. The radical clock #rans-2-phenyl-1-vinylcyclopropane®? (16,
Scheme 2) was further employed to evaluate the comparative lifetime of the anticipated
radical intermediate, following nitrene addition to olefins at the terminal carbon atom,

15p.161.63 1) ot

albeit for an aliphatic olefin. Although this radical probe has found good use,
much is known about the product profile and/or the spectroscopic signature of key
products in aziridinations. The rate constant for ring opening of the tramns-2-
phenylcyclopropyl-1-methyl radical has been experimentally determined to be 3 x 10! -
at25°C.%

The catalytic amination of 16 (4 equiv.) by PhI=NTs (1.0 equiv.) in the presence
of catalysts [K(NCMe)(L*)M'-NCMe] (M = Mn, Fe, Co) (0.0125 equiv.) and molecular
sieves in chlorobenzene affords both ring-closed (aziridine) and ring-opened (olefinic
amines) products in modest yields (Scheme 2). Care is required in the evaluation of ring-
closed vs. ring-opened products, because the aziridine (17) is prone to ring opening on
silica affording alcohol 18 (one diastereomer is particularly vulnerable), hence the
product distribution was determined by 'H NMR on samples obtained in situ and/or after
solvent extraction (hexane/ethyl acetate 3:1). The genuine ring-opened amination
products are the olefinic diamine 19 and the conjugate diene 20, presumably arising due

to the generation of an intermediary ring-opened radical or carbocation that can be

captured by NHTSs and/or be subjected to £ 1-type proton elimination, respectively. The
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competitive distribution of the two ring-opened products is evidenced by the
enhancement of the olefinic diamine at the expense of the diene product in separate
experiments in the presence of TsNH2 (1 equiv. versus the radical clock).

The calculated ratio of ring-closed (aziridine) over ring-opened (olefinic amines)
products (Mn: 6.2(£1.0), Fe: 1.9(x0.2), Co: 0.40(£0.10)) establishes a trend that indicates
a shorter radical or carbocation lifetime (relatively faster aziridine ring closure) for Mn
versus the other metals. Because trace amounts of one or two additional olefinic products
can also be detected, the aforementioned values should be considered approximate,
although the trend is secure. Specifically for the Co!! catalyst, trace amounts of the
cyclopropane ring-opened PhACH=CHCH:-aziridine(NTs)® are observed, although the
provenance of this product is unclear.

For comparison, amination of the same radical clock by typical cationic copper(I)
reagents such as [Cu(NCMe)4](PFs) or [Cu(TMGs-trphen)](PFs), under the same
conditions, save for MeCN used as solvent, favors the aziridine over the olefinic amines
by alarge margin (24(+1.0) and 19.0(£1.0), respectively) and at higher overall yields
(48% and 37%, respectively). Interestingly, CuClO4 in MeCN has been reported by
Evans and co-workers!*? to afford only the aziridine. These results indicate that the
aziridination of aliphatic olefins by Cu(I) reagents may still obey a two-step mechanism,
but with a much shorter time gap between the first and second C—N bond construction.

Most importantly, the trend observed in these radical clock experiments,
especially for the well-behaved Mn- and Co-catalyzed reactions, differs from that
previously noted in conjunction with the stereocontrol studies in styrene aziridinations

(Table 5). On the other hand, the trend is consistent with stereocontrol results for the



60

aziridination of cis-2-hexene (stereochemical integrity decreases in the order Mn > Fe >

Co; Table S10), albeit in low yields for the Mn and Fe-catalyzed reactions.

One possible explanation is that whereas the barrier for ring closure (radical
rebound) in styrene aziridinations is largely determined by the ease of Mmto Mn
reduction, electron-rich aliphatic olefins (which invariably show higher levels of
retaining stereochemistry versus styrenes) undergo facile, essentially barrierless oxidation
of the incipient a-carbon-centered radical upon ring closure (see also computational
studies below). Hence, any residual barrier for aziridine-ring formation by aliphatic

olefins will be influenced by parameters other than the relative Mn/Mm redox potentials.
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One such parameter, identified in conjunction with P450-related alkane oxidations and
olefin epoxidations,®! is the relative energy of the metal-centered orbital that ultimately
receives the single electron upon ring closure. More extensive experimentation with

aliphatic olefins will further shed light on these intriguing variations.

2.6. COMPUTATIONAL STUDIES

(a) Geometry and Structure of Nitrene Intermediates. The presumptive metal-
nitrene intermediates (M = Co, Fe, Mn) are calculated at the same B3LYP/6-31+G(d)
level of theory used in a previous study of copper azirdination catalysts.!¢ Free energy
calculations indicate that nitrenes favor intermediate or high spin ground states: Sco = >/,
Sre = 2, Snn = 3/2. For [Co]NTs (S = °/2), the computed spin density is ~1.1 unpaired e on
nitrene nitrogen and ~3.3 unpaired ¢ on Co; the remaining spin density is spread over
other atoms. The AG differences among doublet, quartet and sextet states of [Co]NTs are
small, with the sextet being 1.5 kcal/mol lower than quartet and 0.4 kcal/mol lower than
the doublet in free energy. The geometry of sextet cobalt nitrene intermediate is distorted
with a fluorine (F1) of the trifluoromethyl substituent on the supporting ligand interacting
with Co (Co-F1 =2.37 A) while one equatorial Co-N and the axial Co-N are elongated
(>3 A; Figure 11).

For [Fe]NTs (S = 2) and [Mn]NTs (S = 3/2), the Mulliken spin density shows ~5 e
on Fe and 3.2 ¢ on Mn and -0.67 € on nitrene nitrogen for both complexes with the rest
of the spin density spread among other atoms. Unrestricted Kohn-Sham calculations were
used to model singlet [Fe]NTs; its free energy is 25.4 kcal/mol higher than the quintet; a
triplet minimum could not be located. As expected, the M—NTs is calculated to be the

shortest M—N for all three metals [1.79 A (Co), 1.86 A (Fe), 1.81 A (Mn)]. Optimized
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bond angles for [M]-N-S are 147° (Co), 170° (Fe), 160° (Mn) (Figure 11), and thus
intermediate between bent and linear nitrene coordination modes.

Among many well-characterized terminal metal imido compounds L,M-NR (M = Mn,*
Fe,%” Co,% Ni) at various oxidation and spin states, only a handful are available
featuring one oxidizing equivalent above the M state, either metal centered or residue
localized.*1:""! Most relevant to the present investigation from an electronic standpoint
are Betley’s four-coordinate (P*L)FeCl(NCsH3-2,6-Pr2)'%¢ (Fe-NR = 1.768(4) A, Fe-N-
Car = 178.7(4)°) and (*L)FeCI(N(p-BuCsH1))"*' (Fe-NR = 1.768(2) A, Fe-N—Ca, =
156.43(17)°) (®"L and 'L are #-butyl- and aryl-substituted dipyrromethene ligands,
respectively), whose high-spin (S = 2) is accounted by a high-spin Fe' site (S = 5/2)
coupled antiferromagnetically to an imidyl based radical.

(b) Aziridination Reaction Coordinate. The aziridination of styrene using
[MIINTSs as the catalytic active species is also calculated (Figures 12—15). Spin states of
aziridination transition states (TSs) for Co, Fe and Mn are calculated to be quartet, triplet
and quartet, respectively. Upon Cp in styrene binding to Nrs, there is an elongation of the
C«—Cp bond in the organic substrate, 1.34 A — 1.38 A, for the cobalt system (Figure 13).
Calculations show asymmetry of the two C—Nrts bonds to the styrene substrate during
aziridination; Cg—Nrs = 2.24 A (Co), 2.23 A (Fe), 2.20 A (Mn), Co—Nrs = 3.06 A (Co),
3.04 A (Fe), 3.02 A (Mn) (Table 6). The asymmetry in this TS suggests aziridination of
styrene is a two-step process: initial C—N formation leading to an open “diradical”
intermediate, which is then followed by radical rebound (RR) to close the three-
membered aziridine ring, instead of one-step formation of both C—N bonds. Interestingly,

a similar, two-step mechanism was proposed for related Cu-nitrene intermediates in a
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joint experiment-theory study by our groups.'>® Notably, dirhodium carboxylate catalysts
have also been conceived to undergo two-step aziridination processes, albeit with high
stereospecifity due to triplet-singlet interconversion via a minimum energy crossing
point.'®? Calculations also show a decrease of spin density (¢) on Nts upon Cp...N1s bond
formation: 1.08 — 0.53 (Co), -0.62 — -0.41 (Fe), -0.64 — -0.5 (Mn), which might be
due to electron transfer from Ntsto Cq after activation. Spin densities change at the metal
center as well: 3.34 — 2.38 (Co), 5.08 — 3.56 (Fe), 3.24 — 4.23 (Mn).

Activation free energy barriers for the initial Cg...NTs bond forming step of
aziridination are calculated: AGa.* =23.4 kcal/mol (Co), 27.9 kcal/mol (Fe) and 25.1
kcal/mol (Mn) (Figure 12). For the 1*' TS of Co aziridination, the quartet is 5.0 kcal/mol
lower than doublet in free energy. The iron complexes unrestricted singlet TS is 31.1
kcal/mol higher than the triplet. For the Mn system, the doublet TS is 27.3 kcal/mol
higher in free energy than quartet. Although calculations show a distorted cobalt nitrene
complex with fluorine-cobalt interaction, in the first TS structure the Co complex
possesses a disphenoidal structure with no Co—F interaction As expected, it is exergonic
upon going from the Cp..-N1s bond forming TS to the diradical intermediate for all three
metals (by 8.7 kcal/mol for Co, 28.6 kcal/mol for Fe and 20.5 kcal/mol for Mn; Figure
12). The cobalt diradical intermediate favors a low spin doublet spin state with 0.51
unpaired € on the benzylic carbon and 0.11 ¢ on Co. The Fe diradical intermediate,
however, favors a high spin quintet intermediate with spin density of 0.79 e on benzylic
carbon (C«) and 5.13 € on Fe. The Mn diradical intermediate is calculated to be a high

spin sextet with 0.79 ¢ on Ca and 3.50 € on Mn. Compared to the initial aziridination

TSs, these three intermediates have an increase in spin density (in €) on Caupon
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formation of the first C-N bond: 0.42 — 0.51 (Co), -0.41 — 0.79 (Mn), -0.40 — 0.79
(Fe). The accumulating spin density on benzylic carbon Cq further supports the proposal

that the overall aziridination reaction coordinate is non-concerted.

Table 6. Key bond lengths (A) among active site atoms by [M]NTs. For the initial
Cp---Nts bond formation transition states, radical intermediate, and radical rebound
transition states (RR TSs) for the three metals studied. See Figures 13 - 15 for optimized
geometries.

CB—NTS Coa—Nrs Cu—CB M-Nrtg

Cp--N1s TS Co (4) 2.24 3.06 1.38 1.84
Intermediate Co (4) 1.48 2.48 1.42 2.00
RR TS Co (4) 1.50 2.39 1.49 2.01
Cp-N1s TS Fe (3) 2.23 3.04 1.38 1.87
Intermediate Fe (5) 1.48 2.48 1.50 1.93
RR TS Fe (5) 1.49 2.17 1.48 2.06

Cp--N1s TS Mn (4) 2.20 3.02 1.38 1.91
Intermediate Mn (6) 1.48 2.48 1.50 1.97
RR TS Mn (6) 1.49 225 1.48 2.07

The Cq of the open intermediate bonds to the nitrogen of the NTs moiety after the
initial TS, to give aziridine product via a 2™ TS that we have termed the radical rebound
transition state. For the RR step, the TSs for all three metals maintain the same spin state
as the rebound intermediates. The barriers for radical rebound are small to non-existent:
AGgrr* = 1.4 kcal/mol (Co), 14.8 kcal/mol (Fe), 4.7 kcal/mol (Mn) relative to the diradical
intermediates. Different from Fe and Mn, C,—Cg keeps elongating along the reaction
coordinate for Co [1.38 A (HAA TS) — 1.42 (intermediate) — 1.49 (RR TS)] (Figure
13). For Fe and Mn complexes, the value of this bond remains closer to a carbon-carbon

single bond after the initial Cg—Nts bond forming step. The Co—Cpbond length of the
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cobalt intermediate (1.42 A) is in between the C=C double bond in styrene (1.34 A) and a
C—C single bond (1.54 A), which suggests that the m-bond between Cq and Cpis
weakened but not yet fully broken upon activation step (7.e., bond order of Co—Cp
between 1 and 2). As such, the presence of a two-step aziridination mechanism with an
intermediate that has a finite lifetime is consistent with the observed Co—Cp rotation that
is experimentally observed.

(c) Thermodynamics of Aziridination. The ligand-supported [M!] catalysts are
calculated separately with isolated aziridine. Calculations suggest that on the free energy
surface, separated products are more stable than an aziridine complex given the bulky
ligand substituents. The overall reaction, [M]NTs + styrene — [M!] + aziridine is highly
exergonic for all the metals: AG of the reactions = -20.4 kcal/mol (Co), -41.1 kcal/mol
(Fe), -48.6 kcal/mol (Mn) (Figure 12). The spin density on the metal center of the three
catalyst complexes [M] did not change significantly compared to reactant complexes with
nitrene: spin density of metal center [M]NTs vs. [M"]: 3.3 vs. 3.1 ¢ (Co), 5.1 vs. 4.6 &
(Fe), 3.2 vs. 3.4 ¢ (Mn). For the product complex, calculations show that there is an
interaction between fluorine and metal center for both Co and Mn product complexes,
[M-F =239 A (Mn), 2.33 A (Co)], which may serve to stabilize the low-coordinate
complex for another round of catalysis. Figure 11 depicts the three representative metal
nitrene active species (M = Mn, Fe, Co) optimized at the B3LYP/6-31+G(d) level of
theory. All hydrogen atoms are omitted for clarity Figure 12. Two-step aziridination
(initial N-C ; bond formation + radical rebound) of styrene with metal nitrene active
species are calculated B3LYP/6-31+G(d) for Mn (red), Fe (blue) and Co (black).

Calculated free energies in kcal/mol.
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Figure 11. Three representative metal nitrene active species (M = Mn, Fe, Co). Optimized

at the B3LYP/6-31+G(d) level of theory. All hydrogen atoms are omitted for clarity.

CH2—c(H)Ph

H2C— C(H)Ph
HX-AH)Ph

styrene

C(H)Ph

Figure 12. Two-step aziridination of styrene with metal nitrene active species. Calculated
B3LYP/6-31+G(d) for Mn (red), Fe (blue) and Co (black). Calculated free energies in
kcal/mol. (initial N-Cp bond formation + radical rebound)
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Figure 13. B3LYP/6-31+G(d) calculated (bond lengths in A) for (A) Co. Quartet initial
Cp-Nis bond forming TS; (B) Quartet intermediate; and (C) Quartet radical rebound TS.

Figure 14. B3LYP/6-31+G(d) calculated (bond lengths in A) for (A) Fe. Triplet initial
Cp-Nis bond forming TS; (B) Quintet intermediate; and (C) Quintet radical rebound TS.

Figure 15. B3LYP/6-31+G(d) calculated (bond lengths in A) for (A) Mn. Quartet initial
Cp-NTsbond forming TS; (B) Sextet intermediate; and (C) Sextet radical rebound TS.
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(d) DFT Calculations of Manganese Nitrene Intermediate Reacting with
Isopentene. Isopentene is modeled as an alternative substrate to study the competition of
aziridination between styrene and acyclic aliphatic olefins. Mn-meditated nitrene addition
to isopentene is calculated at the same reaction conditions and same level of theory as
styrene. Spin states are the same for initial nitrene addition TSs (quartet) and rebound
intermediates (sextet) for both styrene and isopentene reactions. The difference in key
bond lengths (Cp—Nrs, Ca—Nrs, Co—Cp) at the reaction center is ~ 0.2 A. Upon Cp—Nrs
bond forming, elongation of Co—Cp (1.34 A — 1.38 A) is also observed at the initial
nitrene addition TS (Figure S7). The same type of asymmetry of two C—NTs bonds in
styrene is also observed in TS with isopentene: Cp—N1s=2.13 A and Co—N1s =2.92 A.
Spin density at the Mn center increases from 3.24 e to 4.68 e”, while it decreases at the
Nrs-0.64 ¢ to -0.52 e”. However, the activation energy barrier (AGa*) of Cg—Nrts bond
forming step for isopentene is 32.8 kcal/mol, which is higher than that of styrene (25.1
kcal/mol). Calculations show that HOMO energy of styrene is 0.7 eV higher than that of
isopentene, which makes styrene a better nucleophile for attack by the electrophilic
nitrene catalyst, yielding a lower activation barrier.

From nitrene addition TS to rebound intermediate for isopentene, it is also
exergonic by 18.6 kcal/mol. The Mn radical intermediate is a high-spin sextet, which is
the same as the intermediate from reaction with styrene as substrate. Spin density on the
Mn center increases from 4.69 e to 5.18 €7, and increases from -0.52 ¢ to -0.67 € on the
Cq, which supports the non-concerted aziridination of isopentene. RR TS for isopentene
is calculated to be sextet. The majority of the spin density resides on Mn (5.35 ¢7) and Cq

(0.79 €). Going from radical intermediate to RR TS, spin density decreases on Cq from
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1.09 ¢ to 0.79 e and Co-Nrsbond shortens from 2.5 A to 2.3 A, which is also a trend
observed for the styrene pathway. The AGrr* is +3.4 kcal/mol, which is lower than that
for styrene (+4.7 kcal/mol). This is expected due to the higher reactivity of alkyl radical
than that of benzyl radical.

The overall reaction, [M]NTs + isopentene — [M!] + aziridine, is exergonic: AG
of the reactions = -3.6 kcal/mol, which is much closer to thermoneutral than with styrene
(-48.6 kcal/mol) using the same Mn catalyst. The much smaller thermodynamic driving
force along with the less stable alkyl radical intermediate than benzyl radical

intermediate, makes the aziridination of isopentene more difficult.

3. CONCLUSIONS

The following are the major findings observed and insights gained in the present
study:

(a) A family of fifteen anionic Mn' compounds, supported by an N3N3-
triphenylamido-amine framework and various carbonaceous arms, has been synthesized
and characterized. Electrochemical data support a wide range of Mn'YMn!" redox
potentials that span 1.8 V, and correlate with observed yields of Mn'-mediated styrene
aziridination by PhI=NTs, inasmuch as higher yields are largely obtained with less easily
oxidized Mn! catalyst precursors.

(b) The most productive catalyst, [K(NCMe)(L¥)Mn'-NCMe], and the
synthesized Fe'', Co' and Ni! congeners, have been further evaluated with a panel of
para-substituted styrenes, to afford good to high yields of aziridines at comparable

ranges, with the exception of Ni'l that mediates low aziridine production (<20%). In sharp
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contrast, ortho-, a-, and S-substituted styrenes undergo aziridination in lower yields,
especially for those reactions mediated by Mn'! or Fe!! precursors, whereas Co'! catalyzed
reactions remain more productive and selective with respect to cis/trans isomerizations.
Further curtailing of aziridine production is observed with aliphatic olefins for all
catalysts employed.

(c) A comparative study of the reaction profile for the aziridination of styrene
establishes a superior rate of aziridine formation for the L®Co-catalyzed reaction versus
that mediated by the L*Mn and L®Fe analogs. On the other hand, L®Mn proved to be
significantly more discriminating than L¥Co, as well as common Cu and Rh catalysts, in
competitive aziridinations involving aromatic and non-conjugated alkenes. Indeed, the
attenuated aziridination reactivity of the anionic L*Mn reagent enables differentiation of
styrene and 1-hexene by a practicable margin (62:1) versus a modest edge (5:1)
previously reported for leading Cu reagents.!*?

(d) Mechanistic investigations (Hammett plots, secondary KIE, cis/trans
isomerization) and computational studies (DFT) strongly support a two-step pathway
associated with the successive construction of two C—N bonds as a result of a close
interaction between a plausible high-spin M—NTs unit and an aromatic alkene. The initial
Cp—Nrs bond formation that also generates a radical Cq site, is perceived as turnover-
limiting, with barriers in the order Fe > Mn > Co, consistent with the anticipated
electrophilicity of the metal nitrene moiety. The ring-closing and product-determining
Cu—Nrs bond formation consists of an intramolecular radical rebound within a M-

N(Ts)-CpHz—"Co(H)Ph fragment involving a Ca-centered radical and an open-shell M-

NR site. This three-electron step proceeds with an experimentally and computationally
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confirmed barrier in the order Fe > Mn > Co, presumably governed by the ease of metal
reduction (MM — M),

(e) The observed preponderance for the aziridination of aromatic over aliphatic
alkenes by the L®Mn reagent is further reflected in the computed lower activation barrier
for styrene versus isopentene aziridination as a result of the higher styrene HOMO
energy, as well as due to the thermodynamic stability of the incipient, resonance-
stabilized o-styrenyl radical. On the other hand, the more easily oxidized aliphatic-
substituted Cq radical lowers the barrier for the radical rebound step, hence it exerts better
control on stereoselectivity. Interestingly, the radical clock experiment reveals that the
aliphatic radical exhibits longer lifetime in the Co- rather than the Mn-mediated reaction,
in sharp contrast to the behavior of the a-styrenyl radical. It is conceivable that the M
— M reduction potential no longer controls the miniscule activation barrier, and other
still unidentified parameters are responsible for the metal selectivity observed.

Future studies will address the trends observed for the aziridination of aliphatic
alkenes, and further explore the structural and functional characteristics of the metal

nitrenes assumed to participate in the present study.
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ABSTRACT

Recent research has highlighted the key role played by the electron affinity of the
active metal-nitrene/imido oxidant as the driving force in nitrene additions to olefins to
afford valuable aziridines. The present work showcases a library of Co(Il) reagents that,
unlike the previously examined Mn(II) and Fe(II) analogs, demonstrate reactivity trends
in olefin aziridinations that cannot be solely explained by the electron affinity criterion. A
family of Co(Il) catalysts (seventeen members) has been synthesized with the assistance
of a trisphenylamido-amine scaffold decorated by various alkyl, aryl and acyl groups
attached to the equatorial amidos. Single-crystal X-ray diffraction analysis, cyclic

voltammetry and EPR data reveal that the high-spin Co(1Il) sites (§ = 3/2) feature a
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minimal [N3N] coordination and span arange of 1.4 V in redox potentials. Surprisingly,
the Co(ll)-mediated aziridination of styrene demonstrates reactivity patterns that deviate
from those anticipated by the relevant electrophilicities ofthe putative metal nitrenes.
The representative L4Co catalyst (-COCMes arm) is operating faster than the LsCo analog
(-COCFs arm), in spite of diminished metal-nitrene electrophilicity. Mechanistic data
(Hammett plots, KIE, stereocontrol studies) reveal that although both reagents follow a
two-step reactivity path (turnover-limiting metal-nitrene addition to the cb atom of
styrene, followed by product-determining ring-closure), the L4Co catalyst is associated
with lower energy barriers in both steps. DFT calculations indicate that the putative
[L4Co]NTs and [LsCO]NTs species are electronically distinct, inasmuch as the former
exhibits a single-electron oxidized ligand arm. In addition, DFT calculations suggest that
including London dispersion corrections for L4Co (due to the polarizability ofthe tert-Bu

substituent) can provide significant stabilization of the turnover-limiting transition state.

This study highlights how small ligand modifications can generate stereoelectronic
variants that in certain cases are even capable of overriding the preponderance ofthe metal-

nitrene electrophilicity as a driving force.
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1. INTRODUCTION

1.1. BACKGROUND

The role of aziridines' as intermediates and end products of synthetic and
biological chemistry is hard to overstate. Not only do aziridines afford avenues for further
structural development by taking advantage of the energetic content and stereochemical
disposition of their strained three-atom ring (ring opening, expansion or rearrangement),?
but also constitute valuable functionalities in the framework of several natural products
possessing antibiotic or antineoplastic activities.® In addition to the central role exercised
by aziridines as fine chemicals and pharmaceutical agents,* their contribution to the
chemistry of maretials has been increasingly recognized,’ especially as key entities for
the development and post-modification of polymeric scaffolds.

Synthetic protocols for the generation of aziridines abound, but largely rely on
three major methodologies. The cyclization of 1,2-amino precursors constitutes a
traditional approach that has been more recently complemented by addition of either C;
sources to imines or electrophilic N1 donors to alkenes.® The latter “C»>+N;” addition is
extensively implemented due to its operational simplicity and availability of a wide range
of suitable substrates and catalysts. The N1 donors encompass a variety of
nitrene/nitrenoid precursor oxidants such as iminoiodanes (ArI=NR),” haloamines
(RNNaX, X = Cl, Br),® O/N-substituted hydroxylamines and N-tosyloxycarbamates

(RN(X)-OR’, X = H, leaving group)’ or atom-economical organic azides (RN3).!° As
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opposed to oxo-transfer chemistry, the corresponding nitrene/nitrenoid transfer relies
significantly on the choice of the attendant R group to control the electrophilicity of the
active moiety and provide activated (R = SO2R, CO2R, COR, carbamoyl, sulfamoyl) or
nonactivated aziridines (R = H, alkyl, aryl, silyl) with differential reactivity.!!

A wide range of catalysts has been explored to influence reactivity and selectivity
outcomes in nitrene transfer to alkenes, including several organocatalytic'? and metal-
mediated processes.!® In the latter case, the presumptive and rather elusive metal-nitrene
(M=NR) active species are entities with rich and variable stereoelectronic attributes,
inherent and/or ligand induced, whose operation vis-a-vis olefinic substrates is a matter
of intense investigation. The variety of transition metals employed, both from the first-

23-25

row (Mn, Fe, Co, Ni, Cu)'*?? and from the heavier platinum-group?-* and coinage

elements, %%’

coupled with a range of ancillary ligand frameworks (e.g., porphyrinoids,
salens, bis-oxazolines, tetracarboxylate paddlewheels, trispyrazolyl-borates/methanes,
polypyridines) is a testament to the vigorous activity in this field and that of the closely
related C—H bond amination reactions.?®

Among the late 3d transition elements, the case of cobalt is most intriguing,
inasmuch as isolable or even putative Co=NR units have been invoked with a variety of
oxidation states (from II to V), electronic ground-state spins (S =0, ¥4, 1, 3/2, 2) and
coordination numbers (from 2 to 5).?° The most common configuration is that of
diamagnetic Co(III) imidos (S = 0),%° mostly supported by C3 or C2 symmetric ligands. In
a handful of cases, open-shell spin-states were observed for Co(Ill) imidos, as for

instance with (trispyrazolylborato)Co™(NAd) (S = 1, at T > 280K),*! (dipyrrin)Co™(NR)

(S=1for R=Mes; S =0 or 0— 2 transition, for R = Bu, 1-Ad, other alkyls),*?



99
[(hmds)Co™(N'Bu)] (S = 1; hmds = N(SiMe3)2),*® and possibly bimetallic Zr(z-
NMes)Co(NMes) (S = 0 — 2 transition, near room temperature).>* None of these
compounds has been reported to mediate nitrene-transfer to alkenes. Observable
reactivity includes (i) nitrene-transfer to carbon monoxide;*°¢31%3% (ii) insertion of nitrene
into ligand-derived carbene residues;>% (iii) formal hydrogen-atom abstraction from a ‘Bu
or Mes ligand moiety by open-shell Co=NR, presumably generating an amido Co-NHR
unit and a carbon centered radical; the latter can then recombine with the amido,>!?

dimerize,*'® or generate a Co—C bond;*'3% (iv) intramolecular C—H bond insertion into

alkyl azides (source of imido), mediated by (dipyrrin)Co™(NR), to generate substituted

.32bc

2

N-heterocycles and (v) a rare instance of intermolecular hydrogen-atom abstraction
from C—H bonds of various substrates with BDEc_u < 92 kcal mol ! by
[(hmds)Co™(N'Bu)],** leading to the corresponding Co(1l) amido; the amido can then
react with another equivalent of substrate (C—H) to perform either proton transfer
(frequently with the concomitant formation of CoC organometallics) or formal
hydrogen-atom abstraction via stepwise proton/electron transfer or direct HAT, giving
rise to Co(I) and substrate dehydrogenation product. In several instance noted above, the
carbophilic character of cobalt is notable as a product-determining factor.

Cobalt(IT) imidos are more recent additions to the repertoire of cobalt reagents,
and encompass both high-spin (S = 3/2)* and low-spin (S = 14)*” cases as two- and four-
coordinate compounds, respectively. The high-spin examples have been reported to
perform nitrene-transfer to ethylene to afford RN=CH—CHj3, presumably due to a [2t+27]

activation mode. Similarly, certain C(sp)-H and Si—H bonds are activated not via H-atom

abstraction, but by means of [2n+2c] interactions.**® On the other hand, the low-spin
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Co(IT) imidos are unreactive versus alkenes, although they engage in nitrene-transfer
and/or nitrene-exchange with O/S with respect to substrates such as CO, PMes, PhnCHO,
and CS2.%7 Finally, two examples of high-valent Co(IV) and Co(V) bis-imido complexes
([IMes]Co(NDipp)2]"), possessing low-spin ground states of S = ¥4 and 0, respectively,
proved to be rather unreactive.’® The open-shell Co(IV) congener is the only one that
exhibits intramolecular nitrene C—H insertion into the 0-Me group of the Mes residue,
possibly via an ortho-cobaltation intermediate (Co—C).?

Whereas the catalytic formation of new C—N bonds by means of the isolable
cobalt imidos noted above is only rarely observed, the advent of a library of Co''(Por)
complexes that give rise to Co''nitrenoid radicals [(Por)Co™—NR] or [(Por)Co™-
('NR)2], has provided numerous instances of highly effective catalytic systems for the
stereo-, chemo- and site-selective aziridination of alkenes and amination of C—H bonds. '’
Starting with Co(TPP), and electron-deficient analogs, several generations of Co'(Por)
reagents with richly decorated porphyrins have been introduced in the past two decades
to facilitate the activation of various organic azides, leading to the generation of well
characterized low-spin (S = %4) Co™"NR moieties, with spin density largely localized on

I_pitrene-radical intermediates owe their

the N atom.'*3° These relatively long-lived Co
stability to hydrogen-bonding interactions of the nitrene moieties with porphyrin-
appended amido residues (-NHCOR?*), which can further introduce and metal-orient
chiral auxiliaries via their R* functionality in D>-symmetric overall geometries. Detailed
theoretical and experimental studies'”** have established that the mode of operation of

[(Por)Co™—NR] metalloradicals vis-a-vis C=C or C—H bonds consists of a two-step

process: initial formation of a new N—C bond with alkenes and relocation of the spin
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density on the distal carbon atom (Co™-N(R)—~C—"C-) (or formation of a Co'™-NHR
amido and a substrate-bound radical via hydrogen-atom abstraction from a C—H bond),
followed by an essentially barrierless collapse of the carbon-centered radical with the N
atom to generate the product of aziridination (or amination) along with Co'(Por).

More recently, the structurally related [Co™(TAML™)]~ and [Co"™(TAML*)]
compounds, featuring the tetraamido macrocyclic ligand TAML in its intact reduced form
TAML™ and one-electron oxidized variant TAML (sometimes denoted as TAML"),
have been shown to give rise to [Co'(TAMLY)('NR)2] (S = 1) and [Co"(TAMLY)('NR)]
(S = 1/2), respectively (TAMLY = doubly oxidized, diamagnetic ligand; Co™ site is low-

spin, S = 0).%

These cobalt nitrenes have emerged as capable catalysts for the
aziridination of largely styrene substrates by imidoiodinanes (PhINNs, PhINTs,
PhINTces).*! Their mode of operation is considered to be unique, inasmuch as the
turnover-limiting, initial N—C bond formation with styrenes features an asynchronous
transition state, encompassing a partial electron-transfer to form a styrenyl radical cation,
in turn undergoing a nucleophilic attack by the nitrene lone pair (see below for more
details). This initial charge-transfer has also emerged as a central component of the
operation of iron(IV) imido species developed by Latour and co-workers for alkene
aziridinations, further underscoring the importance of the electron affinity of the metal
nitrene as a commonly encountered driving force.*?

Finally, of great interest are recently reported Co(Il) organoazides,* which either
thermally or photolytically can extrude Nz to give rise to nitrenoids best described as

iminyl [Co™"NR] units (R = aryl, alkyl). Although the electronics of these fleeting

intermediates are not yet known, crystal structures of such species (R = alkyl) have been
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determined following N2 expulsion from single crystals of metal azides in the solid state.
For R = aryl, the cobalt(Il) organozide can promote nitrene-transfer by means of

unisolable [Co'M-

‘NR], both intramolecularly ([3+2] annulation) and intermolecularly
(C—H allylic amination or styrene aziridination in modest yields). The reactivity of the
Co(Il) aliphatic azides is more complex and includes (i) o-H atom abstraction via the
incipient [Co™—"NCH2R] to generate the imine (RCH=NH), if strong §-C—H bonds (sec,
prim) are present; (i1) 0-H atom abstraction and amination of relatively weaker 5-C—H
bonds (benzylic, tertiary) by the cobalt alkylazide itself (initial N2 extrusion is not
needed), leading to substituted pyrrolidines; and (iii) intramolecular 1,3-dipolar
cycloaddition of cobalt-bound CH>=CH(CH2)4N3 to afford 1,2,3-dihydrotriazole.

In the present work, we examine a library of high-spin Co(Il) reagents (S = 3/2),
supported by a modular trisphenylamido-amine ligand framework, giving rise to a weak
equatorial field. Previous DFT calculations** on one member of this library of reagents
indicated that exposure to a nitrene source (PhI=NTs) generates a Co(IIl)—nitrene radical
(Co™—"NTs) with a high-spin ground state (S = 5/2). The corresponding doublet and
quartet [Co]NTs states lie slightly higher than the sextet by AG values of 0.4 and 1.5 kcal
mol !, respectively. The computed spin density for the S = 5/2 state places ~1.1 unpaired
electron on the nitrene N atom, and ~3.3 unpaired electrons on Co, with the remaining
spin density being distributed to other atoms. Similarly to the low-spin porphyrin-

supported Co'll

—nitrene-radical (S = '2) noted above, the high-spin congener is capable of
performing alkene aziridinations in a two-step process (successive formation of two N-C

bonds). Remarkably, the computed transition-state barrier (AG*= 23 .4 kcal mol ! vs.

Co'''NTs/styrene) for the rate-determining, initial Cs~NTs bond-forming step of the
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high-spin system is very similar to that reported for the corresponding low-spin Co(Por)
(AG*=24.1 kcal mol ') or Co(AmidoPor) (AG* = 22.8 kcal mol ') with respect to Co'-
"NSO:Ph/styrene.'*! The present work significantly enlarges the scope of high-spin Co(II)
compounds as nitrene-transfer reagents, and provides insights in their operational
characteristics, not only vis-a-vis the reported low-spin (Por)Co(II) paradigms, but also in
comparison with the previously examined libraries of Mn(Il) and Fe(II) reagents,
supported by the same trisphenylamido-amine ligand framework.** Whereas the nitrene-
transfer reactivity of the Mn(Il) reagents in alkene aziridinations largely depends on the

electrophilicity of the presumptive Mn'!'-

‘NR (§ = 3/2) moiety, underscoring the role of
the electron affinity of the metal nitrene as a dominant factor, the reactivity of the
corresponding, more reactive, Co(Il) reagents is affected by additional subtle electronic
and steric factors. These most likely arise from the tighter disposition of the reaction
cavity, resulting in ligand-coordination flexibility, electronic rearrangement, and
secondary stabilizing interactions. In this publication we show that even an otherwise
small change in ligand substitution can have a significant effect on nitrene-transfer

reactivity in aziridination reactions, occasionally overriding the preponderance of the

metal-nitrene electrophilicity as a driving force.

2. RESULTS AND DISCUSSION

2.1. SYNTHESIS AND CHARACTERIZATION OF NEW LIGANDS AND Co(II)
COMPLEXES

The family of trisphenylamido-amine ligands (L'Hs - L'"H3) employed in this
study is shown in Figure 1. The majority of these ligands (L'H3 - L'°H3) have been used

and reported in previous studies.**® They are all derivatives of the common 2,2’ 2"-
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triaminotriphenylamine framework,4 featuring carbonaceous arm substituents (alkyl, aryl

acyl).

Figure 1 Ligands Employed in the Present Study

Ligand L 183 is prepared by methylation of deprotonated (KH) 2,2',2"-
triaminotriphenylamine by Mel in THF, and ligand L IMH3 is derived via condensation of
the same triamine with the corresponding chiral acyl chloride in the presence of EtaN in
dichloromethaneThe solid-state structures of these two new ligands (Figure S1) are
indicative of their favorable preorganization for metalation, in a cavity that is buttressed
by alkyl and acyl arms, respectively.Collcomplexes were synthesized with all ligands, by
reacting the deprotonated (KH) ligand with anhydrous beads of CoCh in THF (alkyl and
aryl armed ligands) or A,A-dimethylacetamide (DMA) (acyl armed ligands). A subset of
Collcompounds, namely L 3Co (3), L5Co (5), L8Co (8a), L9Co (9), L 10Co (10), and L 1o
(13), has been previously reported in a study that examined the use of these catalysts in
controlled radical polymerization of olefins.481n addition, L 8Co (8b) has been explored in
conjunction with the L8n and L 8e congeners, towards establishing metal-dependent

trends in catalytic nitrene transfer to olefins44.



[K(2.2 2-cryptand)][(L1)Co"]*3THF (1)  [K(2.2 2-cryptand][(L2)C0"]-1.5 Pentane (2) [K(L3)Co"-NCMel,, (3)

[K(THF)el[(L5)C0"]*15THF (5) [K(MeCN)(L5)Cal-NCMe]-2MBCN (6)

[K(MeCN)(Le)Co"-NCMe] (8b) [K2(LC=ColiZIn (9)

[K(THF)3(L12)Coii]-THF (12) [K(NCMe)j(L13)CoILNCMe] (13)

[K(L'BCa"-THF]-0.5PenUine (16)

[K(THF)K(L1,)2C0"212'3Peiitane(17)

[K2(DMA)4][K(L7)2Co"2]22D M A (7)

[K2(DMA)3(L10)2C 0l2]-Et20 (10)

[K(DMA)(LI4)C0"]-DMA(14)
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[K(L4)Co"]*Et20 (4)

[K(THF)2(L8)C 0"] (3a)
[K(DMA)3(Le)Co"]2 (8c)

(L1IH)Con

[K(THF)(L11H)Co"-0H]2 (11)

[K(THF)3(L15)Co"]-THF (16)

Figure 2. Minimal Coordination of CollCompounds with Ligands L £L 17. The Ligands
Explored in this Study
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Figure 2 depicts representations of the minimal coordination site of each Co' site,
derived from single-crystal X-ray diffraction data. In all cases the ligand coordinates in a
trigonal pyramidal [N3amido)Namine] mode, exhibiting various degrees of distortion,
although in two instances (7, 17) the coordination to the axial Namine residue can be best
described as a long contact. Moreover, compound 11 features a non-coordinating amido
residue that has been protonated. The dominant four-coordinate [N3N] pattern is retained
as the sole ligand field of seven Co! compounds (4, 5, 8a, 8c, 9, 10, 12).

Additional elements of metal coordination, essentially located trans to the axial
Namine residue, are observed with all other compounds, and include solvent moieties,
especially for compounds crystallized from MeCN (3, 6, 13) and THF (16), as well as
carbonyl units (-C(R)=0—Co") deriving from acyl residues belonging to the ligand (7,
14, 17). In a single case (15), a six-coordinate Co! site arises from the presence of two
ligand-derived ether residues in the metal coordination sphere, in addition to the usual
[N3N] framework. Importantly, most structures are polymeric, largely due to an intricate
network of intermolecular interactions generated by K™ ions. Mononuclear (1, 2, 5, 12,
13) or oligonuclear (8¢, 11, 17) compounds (molecular or ionic) are only encountered in a
handful of cases. A more detailed description of the structural features of the new Co™!

compounds is provided below.

2.2. Co' COMPOUNDS WITH ACYL-ARMED LIGANDS
The seven new compounds (4, 6, 7, 8¢, 14, 15, 17, Figure 3) that belong in this
category are polymeric, with the exception of [K(DMA);(L¥)Co"]2 (8¢) and
[K2(THF)2K2(L!7)4Co'4] (17) that feature a dimeric and tetrameric molecular unit,

respectively. The catalytically important {[K(L*)Co"']*Diethyl Ether}, (4) exhibits higher
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symmetry than all other compounds, consisting of a rigorous three-fold axis along the
Co—Namine direction as well as through K" ions relating three different molecules in the
crystal lattice. This compound is characterized by an exclusive four-coordinate [N3N]
ligand field and an open metalated cavity fortified by the three -CO'Bu arms. The
carbonyl residues are positioned exo with respect to the cavity and are further engaged in
contacts with K" ions, inasmuch as each potassium is coordinated by three oxygen
(carbonyl) atoms belonging to different molecules, and is also involved in K'—arene 7
contacts. These structural features are largely retained in the structure of
[K(NCMe)(L®)Co'-NCMe]*2MeCN (6), but important deviations also apply, mostly
because of the presence of a coordinated MeCN molecule in a trans position versus the
Namine (Namine—Co—Nnmecn = 178.75(14)°) and the lack of a strict three-fold
crystallographic symmetry. Otherwise, each K" ion is still coordinated by three carbonyl
residues belonging to different molecules in addition to a single MeCN, in lieu of any
K'-arene contacts.

The structure of [K2(DMA)4][K(L7)2Co'2]222DMA (7) is organized in a much
more complex manner, featuring an “one-dimensional” array of a repeating unit,
[Co(1)/Co(2)--K(1)--Co(3)/Co(4)--K(2)]», connected to identical arrays via lateral links
provided by a DMA solvated K(3)/K(4) dimer (K2(DMA )4). Within the repeating unit,
the Co(II) sites are arranged in two similar dimers linked via K* contacts. The dimeric
unit is composed of two slightly different Co(II) centers, each featuring the usual [N3N]
ligand coordination, but with a long axial Co~Namins interaction (av. 2.49 A). In addition,
each Co(Il) is coordinated by an oxygen atom (carbonyl) positioned frans with respect to

the axial Co—Namine direction (av. Namine—Co-Oc-0 = 173.2 °, Co-Oc-0 = 1.98 A).
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Importantly, the oxygen atom (carbonyl) coordinated to each Collcenter belongs to the

ligand surrounding the partner Con site, hence giving rise to a dimer.

Figure 3. ORTEP diagrams. From left to right of {[K (L4Con]*Diethyl Ether},, (4),
[K(MeCN)(LCon-NCMe]*2MeCN (6), [K2(DMA)4][[K(L7?H2CoH2]2*2DMA (7),
[K2(DMA)3(L8Con2 (8c), [K(DMA)(LKCon*DMA (14), [K(THF)s(LBHColl[*THF
(15), and [K(THF)K(L1n2ColI2]2*3Pentane (17), drawn with 40% thermal ellipsoids.
Hydrogen atoms are omitted for clarity. Selective interatomic distances (A) and angles (°)

The K+ ions interconnecting the dimers in a pseudo 1-D array are coordinated by
two carbonyl and, more weakly, two Namido residues all belonging to one dimer, and by

only a single carbonyl moiety (O(10)) belonging to the adjacent dimer. A much more

simplified version ofthis structure is adopted by [K(DMA)s3(Ls)Con]2 (8c), exhibiting a
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dimeric structure comprised of two inversion symmetry related [N3N]Co' units
connected via carbonyl O atoms of acyl residues to a central K2(z-DMA)2(DMA )4 core.

Compound [K(DMA)L!*)Co']*DMA (14) retains the usual [N3N] trigonal-
pyramidal coordination but exhibits an additional unique feature, inasmuch as one of the
chiral arms generates a seven-member loop by positioning the ester carbonyl in the
coordination sphere of Co., trans to the axial Naminc residue (Namine—Co—Oc-0 =
167.33(12)°, Co—Oc-0 = 2.162(3) A). The polymeric nature of the compound arises again
due to identical K" ions, coordinated by one DMA, forming contacts with oxygen
residues (amidato carbonyls, MeC(=0)O-) belonging to three different Co' sites in the
crystal lattice.

Compound [K(THF)3(L*)Co!]sTHF (15) is the only six-coordinate species
observed, in as much as two acyl arms generate five-membered loops that place two ether
residues (ROMe) in the coordination sphere of the [N3N]Co' site (Co—O = 2.302(14),
2.405(13) A; Namine—Co—O = 146.4(6), 129.3(6)°). Identical K" ions are coordinated by
three THF molecules and two acyl residues, each located in neighboring molecules, thus
giving rise to pseudo 1-D polymeric structures.

Finally, the structure of [K2(THF)2][K(L!")2Co':]2 (17) is very similar to that
observed for 7 with respect to the formation of two interconnecting dimers, but the K"
ions are organized differently, to afford a molecular (tetranuclear) rather than a polymeric
complex. First, two K" ions link the two dimers in 17, by employing the same contact
pattern noted for the single K™ ion connecting the two dimers in 7. Secondly, the
remaining two K" ions in 17 are terminated by THF molecules, and thus do not provide

connections that could generate an 1-D array of repeating tetranuclear units as in 7.
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Otherwise, the coordination and arrangement of the Co'' sites in 17 and 7 is very similar,
with somewhat more pronounced contact for the Namine residue (av. Co—Namine = 2.40 A),
and concomitant weaker attachment of the oxygen (carbonyl) moiety (av. Co-Oc-o =
2.00 A), along the axial coordination of Co' sites in 17 versus that of 7.

4, Co(1)-N(1) = 2.151(11), Co(1)-N(2) = 1.986(6), Co(1)-[N(2), N(2), N(2)] =
0.32(2) (distance of Co from mean plane) A, N(2)-Co(1)-N(2) = 117.48(11), N(2)—
Co(1)-N(1) = 80.8(2); 6, Co(1)-N(1) = 2.235(3), Co(1)-N(2) = 2.046(4), Co(1)-N(3) =
2.049(4), Co(1)-N(4) = 2.053(4), Co(1)-N(5) = 2.063(4), Co(1)-[N(2), N(3), N(4)] =
0.48(2) (distance of Co from mean plane), N(2)-Co(1)-N(4) = 115.18(15), N(2)-Co(1)-
N(3) = 117.17(15), N(3)-Co(1)-N(4) = 111.69(15), N(2)-Co(1)-N(1) = 76.70(14), N(4)~
Co(1)-N(1) = 76.49(14), N(3)-Co(1)-N(1) = 76.15(14), N(3)-Co(1)-N(5) = 103.24(15),
N(2)-Co(1)-N(5) = 104.55(14), N(4)-Co(1)-N(5) = 102.81(15), N(1)-Co(1)-N(5) =
178.75(14); 7, Co(1)-N(1) = 2.463(4), Co(1)-N(2) = 2.053(4), Co(1)-N(3) = 2.054(5),
Co(1)-N(4) = 2.054(4), Co(1)-0(6) = 1.975(4), Co(1)-[N(2), N(3), N(4)] = 0.61(2)
(distance of Co from mean plane), Co(2)-N(5) = 2.517(5), Co(2)-N(6) = 2.081(5),
Co(2)-N(7) = 2.033(5), Co(2)-N(8) = 2.069(5), Co(2)-O(3) = 1.984(4), Co(2)-[N(6),
N(7), N(8)] = 0.67(2) (distance of Co from mean plane), N(2)-Co(1)-N(4) = 109.51(18),
N(2)-Co(1)-N(3) = 113.66(17), N(3)~Co(1)-N(4) = 111.52(18), N(2)-Co(1)-N(1) =
73.14(16), N(4)-Co(1)-N(1) = 73.24(16), N(3)-Co(1)-N(1) = 71.83(16), N(3)-Co(1)-
0(6) = 103.19(17), N(2)-Co(1)-0(6) = 106.85(17), N(4)-Co(1)-0(6) = 111.92(16),
N(1)-Co(1)-0(6) = 174.16(15), N(6)-Co(2)-N(7) = 111.14(19), N(6)-Co(2)-N(8) =
112.01(19), N(7)-Co(2)-N(8) = 106.34(19), N(6)-Co(2)-N(5) = 70.48(19), N(7)-Co(2)~

N(5) =70.69(16), N(8)—Co(2)-N(5) = 71.42(17), N(6)-Co(2)-0(3) = 105.77(19), N(7)—
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Co(2)-0(3) = 105.15(18), N(8)-Co(2)-0(3) = 116.27(17), N(5)-Co(2)-0(3) =
172.25(16); 8¢, Co(1)-N(1) = 2.1422(13), Co(1)-N(2) = 1.9941(14), Co(1)-N(3) =
1.9899(14), Co(1)-N(4) = 1.9872(13), Co(1)-[N(2), N(3), N(4)] = 0.306(4) (distance of
Co from mean plane), K(1)-0(1) = 2.7298(14), N(2)-Co(1)-N(4) = 114.79(6), N(2)—
Co(1)-N(3) = 118.04(6), N(3)-Co(1)-N(4) = 120.18(6), N(2)-Co(1)-N(1) = 80.83(5),
N(4)-Co(1)-N(1) = 81.54(5), N(3)-Co(1)-N(1) = 81.06(5); 14, Co(1)-N(1) = 2.224(3),
Co(1)-N(2) =2.018(4), Co(1)-N(3) = 2.031(4), Co(1)-N(4) = 2.021(4), Co(1)-0(3) =
2.162(3), Co(1)-[N(2), N(3), N(4)] = 0.42(1) (distance of Co from mean plane), N(2)—
Co(1)-N(4) = 110.16(14), N(2)-Co(1)-N(3) = 121.11(15), N(3)~Co(1)-N(4) =
115.82(15), N(2)~Co(1)-N(1) = 76.31(14), N(4)-Co(1)}-N(1) = 78.82(13), N(3)-Co(1)-
N(1) = 78.58(14), N(3)-Co(1)-O(3) = 106.07(14), N(2)-Co(1)-O(3) = 91.35(13), N(4)-
Co(1)-0(3) = 108.68(13), N(1)~Co(1)-0(3) = 167.33(12); 15, Co(1)-N(1) = 2.337(17),
Co(1)-N(2) =2.041(17), Co(1)-N(3) = 2.048(18), Co(1)-N(4) = 2.033(17), Co(1)-O(4)
= 2.405(13), Co(1)-0(6) = 2.302(14), Co(1)-[N(2), N(3), N(4)] = 0.53(2) (distance of
Co from mean plane), N(2)-Co(1)-N(4) = 103.6(7), N(2)-Co(1)}-N(3) = 118.1(7), N(3)-
Co(1)-N(4) = 117.9(7), N(2)-Co(1)-N(1) = 74.3(6), N(4)~Co(1}-N(1) = 76.4(7), N(3 )
Co(1)-N(1) = 73.5(6), N(3)-Co(1)-0(6) = 107.6(6), N(2)-Co(1)-0(6) = 127.7(6), N(4)—
Co(1)-0(6) = 73.7(6), N(1)-Co(1)-0(6) = 146.4(6), N(3)~Co(1)-0(4) = 72.9(6), N(2)-
Co(1)-0(4) = 89.5(6), N(4)-Co(1)-0(4) = 154.0(6), N(1)-Co(1)-0(4) = 129.3(6), O(4)—
Co(1)-0(6) = 80.5(5); 17, Co(1)-N(1) = 2.428(5), Co(1)-N(2) = 2.055(5), Co(1)-N(3) =
2.038(5), Co(1)-N(4) = 2.047(5), Co(1)-0(6) = 1.990(4), Co(1)-[N(2), N(3), N(4)] =
0.58(1) (distance of Co from mean plane), Co(2)-N(5) = 2.375(5), Co(2)-N(6) =

2.049(5), Co(2)-N(7) = 2.026(5), Co(2)-N(8) = 2.100(5), Co(2)-0(3) = 2.027(4), Co(2)~
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[N(6), N(7), N(8)] = 0.56(1) (distance of Co from mean plane), N(2)-Co(1)-N(4) =
110.2(2), N(2)-Co(1)-N(3) = 118.9(2), N(3)~Co(1)-N(4) = 107.2(2), N(2)-Co(1)}-N(1)
= 73.94(18), N(4)—-Co(1)-N(1) = 74.25(18), N(3)-Co(1)}-N(1) = 72.09(18), N(3}~Co(1)-
0(6) = 109.47(18), N(2)~-Co(1)-0(6) = 99.64(18), N(4)~Co(1)-0(6) = 110.20(18),
N(1)-Co(1)-0(6) = 172.96(17), N(6)-Co(2)-N(7) = 112.3(2), N(6)-Co(2)-N(8) =
113.4(2), N(7)-Co(2)-N(8) = 112.71(19), N(6)~Co(2)-N(5) = 74.71(18), N(7)-Co(2)-
N(5) = 74.52(19), N(8)-Co(2)-N(5) = 73.18(17), N(6)-Co(2)-O(3) = 97.07(18), N(7)
Co(2)-0(3) = 112.18(19), N(8)-Co(2)-0(3) = 108.06(17), N(5)-Co(2)}-0(3) =

171.18(17).

2.3. Co'' COMPOUNDS WITH ALKYL-ARMED LIGANDS

The new methyl-substituted compound 16 and the previously reported isopropyl
congener (9),* are the only members of the alkyl-armed category of Co(Il) compounds
explored in this study. Compound 16 (Figure 4) demonstrates the familiar [N3N]
coordination, but unlike the more bulky isopropyl analog, exhibits a five-coordinate Co™
site due to the presence of a coordinated THF molecule trans to the Namine residue (Namine—
Co-Orrr = 175.75(13)°). The electron-rich alkyl substitution dictates a stronger
+equatorial ligand field (av. Co—Namido = 2.000 A) by comparison to all other five-
coordinate Co'! sites investigated in this study. The polymeric nature of the compound
arises by means of a repeating —[Co(1)-K(1)]- sequence, which features K(1) ions
engaging in K—Namido and K '—arene contacts with both ligands of adjacent Co(1) sites.
Co(1)-N(1) = 2.226(3), Co(1)-N(2) = 2.007(4), Co(1)-N(3) = 1.990(4), Co(1)-N(4) =
2.004(4), Co(1)-0O(1)=2.207(3), Co(1)-[N(2), N(3), N(4)] = 0.37(2) (distance of Co

from mean plane), N(2)-Co(1)-N(4) = 112.70(15), N(2)-Co(1)-N(3) = 114.04(15),
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N(3)-Co(1)-N(4) = 122.94(15), N(2)-Co(1)-N(1) = 79.40(13), N(4)-Co(1)-N(1) =
78.61(14), N(3)-Co(1)-N(1) = 79.64(14), N(3)-Co(1)-O(1) = 100.45(14), N(2)-Co(1)-

O(1) = 104.32(13), N(4)-Co(1)-O(1) = 97.91(14), N(1)-Co(1)-O(1) = 175.75(13).

Figure 4. ORTEP diagram of [K(L:6)Con-THF]»0.5Pentane (16). Drawn with 40%
thermal ellipsoids. Hydrogen atoms are omitted for clarity. Selective interatomic
distances (A) and angles (°)

2.4. CouCOMPOUNDS WITH ARYL-ARMED LIGANDS

Among the seven aryl-supported Co(ll) reagents shown in Figure 2 (1, 2, 11, 12
are new; 3, 5, 13 have been previously reportedss), only those crystallized from MeCN
solutions (3, 13) feature a solvent molecule coordinated to the Co(ll) center. All others,
crystallized from THF solutions, exhibit four-coordinate [NsN]Co(ll) sites devoid of any
axial THF residues, in sharp contrast to analogous five-coordinate Mn and Fe reagents
previously reported.

Among the four new Co(ll) complexes (Figure 5), (L1)Co (1) provides nice green
crystals from concentrated THF solutions, but single-crystal specimens (albeit of low
guality) were only obtained in the presence ofthe exceptional K + binder 2.2.2-cryptand.
The resulting ionic complex [K(2.2.2-cryptand)][(L1)Con]*3THF (1) exhibits a distorted

[NsN] coordination with an equatorial ligand field (av. Co-N = 1.927 A) that is equal or
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stronger than that demonstrated by similar four-coordinate Co(Il) sites supported by aryl
substituents (2, 5, 12), presumably due to the electron-rich character of the 4-'Bu-
substituted phenyl arm. Similarly, the 3,5-Buz disubstituted compound (L*)Co (2) proved
to be isolable only in the presence of 2.2.2-cryptand, in the form of green crystals of
[K(2.2.2-cryptand)][(L?)Co"]+1.5 Pentane (2) of marginal quality. Its structure is almost
identical to that of 1, with a similarly strong equatorial field (av. Co-N = 1.927 A). The
corresponding 3,5-Me; disubstituted compound [K(THF)3(L!%)Co']eTHF (12) is
monomeric and geometrically analogous to 2, with a weaker equatorial field (av. Co-N =
1.956 A), but, as opposed to 1 and 2, can be isolated without the assistance of 2.2.2-
cryptand. The K" ion in 12 is supported by three THF molecules and a host of contacts
with aromatic moieties and N-atom residues. Although both the 3,5-Me: and 2,6-Me>
disubstituted compounds 12 and 13, respectively, can be isolated and characterized, the
corresponding 2,4,6-Mes trisubstituted species (L'!)Co™ has proven to be difficult to
synthesize, apparently due to extreme sensitivity to even traces of water. In contrast, the
analogous [K(THF)3(L'")YMn"-THF] can be readily prepared.* Indeed, after initial
formation of a deep green species in the reaction of deprotonated L!'H3 and CoCl; in
THEF, the color soon fades and ligand can be recovered intact along with separation of
blue Co(OH):. In one instance, under scrupulous water exclusion, a few green crystals of
[K(THF}L"H)Co™OH)]: (11) have been isolated, amounting to a species that can be
viewed as the formal product of water addition to (L')Co'’. Indeed, 11 features
protonation and dissociation of one nitrogen residue from the equatorial field, with

concomitant formation of a Co'~OH moiety. The hydroxide is further coordinated by two



115

K(THF)+ions in an overall dimeric structure that connects two inversion-related

(LIIH)Coll-OH monomers by means ofa K2(OH)2 rhomb.

Figure 5. ORTEP diagrams. From left to right) of [K(2.2.2-cryptand)][(L1)Coll]*3THF

(1), [K(2.2.2-cryptand)][(L2)Con]*L5Pentane (2), [K(THF)(LIIH)Coll-O H]2 (11), and

[K(THF)3(L12)Con]*THF (12) drawn with 40% thermal ellipsoids. Hydrogen atoms are
omitted for clarity. Selective interatomic distances (A) and angles (°)

1, Co(l)-N (1) =2.102(18), Co(1)-N(2) = 1.946(18), Co(1)-N(3) = 1.92(2),
Co(1)-N(4) = 1.915(19), Co(1)-[N(2), N(3), N(4)] = 0.17(2) (distance of Co from mean
plane), N (2)-Co(1)-N (4) = 122.7(8), N(2)-Co(1)-N(3) = 118.0(8), N(3)-Co(1l)-N(4) =
117.0(8), N(2)-Co(1)-N (1) = 84.0(8), N(4)-Co(1l)-N (1) = 85.1(8), N(3)-Co(l)-N (1) =
85.6(8); 2, Co(l)-N (1) = 2.085(8), Co(1)-N(2) = 1.921(7), Co(1l)-N(3) = 1.933(8),
Co(1)-N(4) = 1.926(7), Co(1)-[N(2), N(3), N(4)] = 0.14 (1) (distance of Co from mean
plane), N(2)-Co(1)-N (4) = 120.4(3), N(2)-Co(1)-N(3) = 118.2(3), N(3)-Co(1)-N(4) =
119.8(3), N(2)-Co(1)-N (1) = 85.9(3), N(4)-Co(1l)-N (1) = 86.0(3), N(3)-Co(1)-N (1) =

85.5(3); 11, co(1)-N (1) = 2.260(5), Co(1)-N(2) = 1.956(5), Co(1)-N (3) = 1.939(5),
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Co(1)-0(1) = 1.947(4), K(1)-O(1) = 2.675(5), K(1)-0(2) = 2.677(5), Co(1)-[N(2), N(3),
N(4)] = 0.62(2) (distance of Co from mean plane), N(2)-Co(1)-N(3) = 118.7(2), N(2)-
Co(1)-N(1) = 81.6(2), N(3)-Co(1)}-N(1) = 80.1(2), N(1)-Co(1)-O(1) = 139.41(18),
N(2)-Co(1)-0(1) = 108.5(2), N(3)-Co(1)-O(1) = 122.9(2), Co(1)-O(1)-K(1) =
113.83(18), O(1)-K(1)-0(2) = 116.95(15); 12, Co(1)-N(1) = 2.121(7), Co(1)-N(2) =
1.950(8), Co(1)-N(3) = 1.964(8), Co(1)-N(4) = 1.955(7), Co(1}-[N(2), N(3), N(4)] =
0.20(1) (distance of Co from mean plane), N(2)-Co(1)-N(4) = 119.2(3), N(2)-Co(1)-
N(3) = 121.5(3), N(3)-Co(1)}-N(4) = 116.2(3), N(2)-Co(1)-N(1) = 84.3(3), N(4)-Co(1)-
N(1) = 84.0(2), N(3)-Co(1)-N(1) = 84.0(3).

Structures Featuring Ligand Rearrangement. In two instances, we have isolated a
few compounds that exhibit a characteristic oxidative ligand rearrangement in the
presence of traces of dioxygen or one-electron oxidants. Similarly reorganized
compounds, featuring electron-donor substituents, have been previously studied in our
lab and attributed, to the formation of an incipient aminyl radical.**>* Indeed, the
electron-rich (L?)Co™ (2) is highly sensitive to oxidative rearrangement, and provided two
crystallographically characterized species, [K(THF)3(L%¢)Co'=THF] (2b) and
[(L%e0x)Co'~THF]+0.5 Pentane (2¢) (Scheme 1 and Figure S2; bonds broken in 2 and
formed in 2b and 2¢ are shown in red), formed in comparable amounts. Compound 2¢ is
not only ligand-rearranged, but also one-electron oxidized, as noted by relevant metrical
parameters associated with the phenylene ring between atoms Ny and N2 (Figure S2). A
possible overall stoichiometry for this reaction can be written as: 2 [(L})Co"]” —

[(LZTG)COHT + [(Lzre,ox)COH] +e
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Compound (L19CollL(16) is also highly sensitive to the same type of ligand
rearrangement in the presence oftraces of dioxygen, affording the isolable dimer
[K(THF)2(L Ia8Coll|2 (16b, Figure S3), which is equivalentto 2b in terms of ligand
reorganization. In this case, we were not able to isolate any other compound that might

provide evidence for the location ofthe oxidizing equivalent(s).

Scheme 1 Structural Rearrangement of L 18Co Complex

2.5. ELECTROCHEMISTRY

Ten Co(Il) compounds possessing aryl (L3Co, L 3Co, L 13o0), alkyl (L9Co) and
acyl arms (L4Co, L6Co, L 7Co, L 8Co, L 10Co, L 1Co) were selected as representative
examples for examination by cyclic voltammetry. Electrochemical data for a handful of
these examples have been previously reported.48Figure 6 provides a collective
presentation of the corresponding waves (first oxidation event), and Table S2 summarizes
relevant electrochemical data (potentials are reported versus the ferrocenium/ferrocene
(Fc+Fc) couple). All aryl- and alkyl-armed Co(ll) compounds examined by cyclic
voltammetry feature semi-reversible waves at negative potentials, ranging from -0.665
(L13Co) to -0.090 V (L3Co), in accordance with the electron-rich nature ofthe
corresponding substituents. Specifically for the alkyl-armed L 9Co, the two closely

spaced, semi-reversible waves observed (-0.654, -0.500 V), may represent the two
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slightly different Co(Il) sites in the crystal structure. Given the almost identical wave
currents for all these aryl- and alkyl-armed Co(II) compounds (3.0 M), and their anodic
shifts with respect to the analogous Mn(I1)/Mn(I11) and Fe(11)/Fe(I1I) couples***°* by
approximately 0.65 and 0.25 V, respectively, we assign the corresponding semi-
reversible waves to essentially metal-centered Co(I1)/Co(I1l) cycles. In sharp contrast, the
acyl-armed Co(II) compounds examined, demonstrate irreversible anodic ways with
variable ipa values (mostly large versus the aryl/alkyl-substituted congeners), suggesting
significant ligand-centered contributions. In addition, the first anodic wave shown in
Figure 6 overlaps with a subsequent oxidation wave (not shown), rendering any attempts
to garner further information from exhaustive electrolysis futile. Nevertheless, all initial
anodic waves for the acyl-armed Co(Il) sites are shifted to positive potentials (0.032
(L'Co) - 0.719 V (L8Co)), reflecting the effect of the electron-withdrawing acyl arm on
the Co(Il) center, albeit in an order not always consistent with the electronic nature of
each individual acyl group. The most significant deviation is observed for L'°Co (Fpa =
0.559 V), whose anodic shift versus that of L'°Mn (%, , = -0.108 V; tentatively assigned
to Mn(I1)/Mn(111))** betrays very little, if any, metal-centered contributions to the anodic
wave. The intervention of ligand-centered oxidation events does not permit any secure
identification of the solution structure of species such as L’Co and L'°Co, which exhibit
single anodic waves even in the presence of dinuclear units in their polymeric solid-state
structures. On the other hand, the dual anodic-wave feature for L!’Co (solid-state

tetramer) may signify a dinuclear structure in solution.
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Finally, the catalytically important LeCo (-COCFs arm), possesses the
indisputably most electrochemically stable Co(ll) site encountered in this series of Co(ll)

compounds, in agreement with previous findings for the LsMn and L sFe analogs.44,46a

Figure 6. Cyclic voltammograms of compounds. [K(L3)Con-NCMe] (3) and
[K(NCMe)z(L13)Con-NCMe] (13) in MeCN/("BmN)PFs, [K(L4)Con]*Et20 (4),
[K(THF)s][(L5)Con]*1.5THF (5), [K(MeCN)(Ls)Con-NCMe]*2MeCN (6),
[K2(DMA)4][K(L7)2Con2]2*2DMA (7), [K(THF)2(L8)Con] (8a), [K2(L9)2Counz2] (9) and
[K(THF)K(L17)2Con2]2*3Pentane (17) in DMF/("BmN)PFe, and
[K2(DMA)3(L10)2Con2]*0.5Et20 (10) in DMA/("BmN)PFe, with a Au disk electrode (1.6
mm in diameter); scan rate 0.1 V/s.

2.6. EPR SPECTROSCOPY
EPR spectra of selected Co(ll) compounds were recorded from frozen DMF
solutions of 3, 4,5, 6, 7, 8a, 9, 10, 13, 14, 15 and 17. In all cases, the samples give rise to

signals that are consistent with isolated Con (S=3/2) species.3 Spectra recorded at 10 K
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are shown in Figure 7. The spectra can be interpreted within the framework of the spin
Hamiltonian®!:

Aoye=D[$7 -2+ 2(S2-83)|+8-4-1+ pB-g,-5 (1)
In eq. 1, D and £ are the zero field splitting (zfs) parameters. A is the hyperfine tensor
relevant to the hyperfine interactions of the electronic (S = 3/2) and nuclear ( =7/2 for
°Co) spins, and go is the intrinsic g-tensor of the Co(II) ion. For simplicity we assume
that the principle axes of the tensors are parallel to each other. Often, due to large spin
orbit coupling effects for Col (§=3/2), the zfs parameter |D| is quite large, whereas 4 and
go are characterized by significant anisotropy. Under the influence of zfs, the four-fold
degeneracy is partially lifted in zero magnetic field, yielding two Kramers' doublets,
|£1/2> and |£3/2> separated by 2|D|. The |£1/2> (or |+3/2>) doublet is the ground state for
positive (or negative) D. For |[D>>hv (~ 0.31 cm™ at X-band), each Kramers' doublet can
be described by an effective Se= 14, giving rise to an EPR spectrum characterized by an
anisotropic ges tensor.

The EPR signals shown in Figure 7 are consistent with the [£1/2> doublet. No
detailed temperature dependence of the spectra was pursued in the present work.
However, spectra recorded at 4.2 and/or 20 K (not shown) indicate that the intensity of
the signals (scaled as Intensity x Temperature) decreases as temperature increases. This
suggests that the [1/2> doublet is the ground state, implying a positive value for D. For
|D[>>hv, the spectra observed do not depend on D but rather on the rhombic zfs
parameter £2/D, the values of the intrinsic go-tensor’? and the hyperfine term. With the

exception of the spectrum for complex 15, the gyg-tensor was assumed axial (gox = goy =
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goL# oz = g|). In several cases (3, 4, 6, 7, 8a, 10, 17), the spectra indicated the presence
of two Co(Il) species, characterized by a different value for the parameter £/D. Assuming
a common value for |D|, the simulations determine the relative abundance of each Co(II)
site. The specific line shape of the spectra results from a combination of factors,
including distributions on the parameter £/D (E/D strain), unresolved hyperfine
interactions, and residual line-broadening mechanisms.>® The EPR parameters for all
samples, as well as the relative ratios of the two species when applicable, are presented in
Table S3. Because an unequivocal deconvolution of the line broadening mechanisms is
not feasible, the quoted values for the relevant parameters are indicative.

With the exception of the six-coordinate 15, all other complexes (four- or five-
coordinate) exhibit rhombic parameters (£/D) that lie in the interval [0, 0.19], indicating
different degrees of rhombicity. All complexes (except 15) demonstrate a valley-shaped
signal at g~2.0 which corresponds to the g component of the geg~tensor. This signal is
broadened due to hyperfine interactions and in some cases (7, 9, 17) the hyperfine lines
are well resolved. The simulations indicate that Aj values in all cases are in the range of
200 - 300 MHz and that the hyperfine term has to be taken into account in order to
reproduce the low field region of the spectra, corresponding to the perpendicular
components of the tensors in eq. 1. Due to restrictions in the determination of the line-
broadening mechanisms, it is not possible to unambiguously evaluate the magnitudes of
the Ax and Ay. Therefore an average value, AL = (Ax + Ay)/2, is quoted in Table S3. This
value ranges in the 30-90 MHz range. Complex 15 exhibits a relatively sharp peak at g =
6.24 and an extremely broad derivative feature with an apparent zero crossing at ca. g =

2.07. This behavior indicates a rhombic system with £/ = 0.33. From this point of view,
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complex 15 exhibits unique EPR properties in this series, most likely due to its special,
six-coordinate ligand field, featuring two O residues in addition to the familiar [NsN]
coordination. The origin of dual EPR-active species in DMF solutions of some
compounds cannot be ascertained at the present time, especially since structural data
from crystals derived from DMF solutions are not available. Possible sources are small
deviations in the coordination of Co(ll) sites in polymeric species (as noted for 7,
crystallized from DMA solutions), and also potential differentiation arising from partial

DMF coordination to Co(ll) and even K+ sites.

Figure 7. Experimental and theoretical EPR spectra.

In summary, the EPR studies from frozen DMF solutions of the complexes
indicate that all complexes feature a Co(ll) (S=3/2) ion with a large and positive zfs term,
D, and variable degree of rhombicity. The existence of more than one species in some
cases suggest that the coordination environment of the Co ion can be quite flexible in

solution.
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2.7. CATALYTIC AZIRIDINATIONS OF OLEFINS

(a) Styrene The seventeen Co'l compounds shown in Figure 2 were first explored
as catalysts (5 mol%) for the aziridination of styrene (8.0 equiv.) by PhINTs (1.0 equiv.)
in chlorobenzene at room temperature (Table 1). The high-yielding L*Co" was first
investigated as catalyst in several solvents (MeCN, 50%; 2,2,2-Trifluoroethanol, 62%;
PhCF3, 61%; CH2Cl2, 61%; Benzene, 53%; PhCI, 70%) and found to afford superior
levels of aziridine in chlorobenzene (similar solvent-screening results were previously
obtained with Mn!! reagents*!). The yield drops significantly (25%) if equimolar amounts
of styrene and PhINTs are employed in PhCl, whereas a two-fold excess of styrene over
PhINTSs improves the yield to 46%. Increasing the amount of the L*Co catalyst to 10
mol% suppresses the yield to 53%. The styrene aziridination yields obtained with various
Co'! catalysts (Table 1) vary significantly (18 — 70%) as a function of the ligand
employed. As opposed to the corresponding L"Mn! reagents (x = 1-15)* that reveal a
dominant relationship between increasing styrene aziridination yields with anodically
shifting Mn"/Mn™ redox potentials (and, by extension, with increasing electrophilicity of
the putative Mn''—"NR), the Co"! catalysts provide yields that indicate a more complex
pattern of electronic and steric contributions. For example, although the comparatively
electron-deficient, acyl-armed reagents remain, on average, more productive than aryl- or
alkyl-armed congeners, a comparison between the -COCMe; (L*) and -COCF3 (L®)
supported Co!! reagents furnishes essentially the same aziridination yields, in spite of the
fact that the Co(I1)/Co(I1I) couple for LCo is anodically shifted by ~500 mV versus

L*Co. In addition, L¥Co is potentially less congested than L*Co.
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Table 1 Yields of Styrene Aziridination Mediated by CollReagents 1-17

Col (5 mol%)

H o H | e M.S. 5A
Ch|oro§§n°§n§2(%.zoo 0
2.0 mmol 0.25 mmol

Compound Yield (%)
[K(2.2.2-cryptand)][(LDColl]*3THF (1) 18
[K(2.2.2-cryptand)][(L2Con]*1.5Pentane (2) 18
[K(L3Col-NCMe] (3) 36
[K(L4Con]*Diethyl Ether (4) 70
[K(THF)6](L5Con] « 1.5THF (5) 32
[K(NCMe)(L6Con-NCMe]*MeCN*0.5H20 (6) 50
[K2(DMA)4][K(L7)2ColI2]2*2DMA (7) 59
[K(NCMe)(L8Col-NCMe] (8b) 69
[K(DMA)3(L8Coll]2 (8c) 68
[K2(L9:2Coll],, (9) 38
[K2(DMA)3(L102Con2]*0.5Et20 (10) 49
[K(THF)(L1H)Coll-OH)yj2 (11) -
[K(THF)3(L DColl*THF (12) 25
[K(NCMe)3(L13Col-NCMe] (13) 38
[K(DMA)(LKCon[*DMA (14) 36
[K(THF)3(L1HCon]*THF (15) 45
[K(L1HColl-THF] (16) 25
[K(THF)K(L19)2Coll22 (17) 35

Conditions: Catalyst, 0.0125 mmol (5 mol %); PhINTs, 0.25 mmol; styrene, 2.0
mmol; MS 5A, 20 mg; PhCI, 0.200 g; 30 °C; 12 h.

In contrast, the Mn1land Fellcongeners are associated with significantly diverging
yields in favor ofthe more electron-deficient L 8V reagents (L4Vin, 12%; L 8n, 75%;
L 4Fe, 45%; L 8¢, 73%), correlating with an anodic potential shift of approximately 600

mV for both the L 8Vn and L &e catalysts with respect to their L4Vl analogs. More
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importantly, as indicated below, L*Co (4) is faster than L*Co (8b, 8¢) in mediating
styrene aziridination.

The closely related L’Co (~CO'Pr arm) is in principle slightly less electron rich
and sterically congested than the L*Co congener, but affords lower yields than L*Coin a
slower reaction (the opposite is true for the corresponding Mn(II) catalysts).**. Two other
acyl-substituted Co' catalysts (L'*Co, L'"Co), exhibiting significantly lower yields, are
indicative of how the metal-nitrene electron-affinity bias may be overridden by other
electronic or steric factors in the fairly restricted reaction cavity of Co reagents. The
corresponding L'*Mn catalyst, by contrast, is among the most productive Mn!
aziridination reagents examined (yield: 67%).** As expected, the aryl-substituted ligands
generate Co!! reagents that are poor mediators of styrene aziridination. These sites are
oxidatively and even hydrolytically sensitive and tend to generate thermodynamic sinks.
Nevertheless, the muted role of the electron-affinity criterion can still be discerned in the
series of the electron-rich, aryl-armed reagents (1, 2, 3, §, 12, 13), inasmuch as the
highest-yielding L'3Co (13) is the most electron rich member of the group. Finally, the
alkyl-substituted L°Co and L!°Co reagents are only modestly productive, as anticipated
for electron-rich Co'! sites, but again the more electron rich, isopropyl-substituted L°Co
provides higher yields than the methyl-substituted congener L!°Co. However, the latter
undergoes facile oxidative ligand rearrangement that may compromise its structural
integrity.

(b) Alkene Aziridinations by [K(L*)Co""]*Diethyl Ether (4). The highest yielding
L*Co (4) catalyst was subsequently investigated as a nitrene-transfer (NTs) mediator with

a panel of aromatic, cyclo (Table 2) and aliphatic alkenes (Table S4). Styrenes substituted
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at the para position with both electron-donor and electron-acceptor groups were
examined first (entries 1-9) under the conditions noted in the previous section. Both
methylene chloride and chlorobenzene were employed (as well as acetonitrile in a few
instances), invariably resulting in better aziridination yields in chlorobenzene. In the
majority of cases, yields above 70% were recorded irrespective of the electron-rich or
poor character of the substituent, with the exception of two moderately yielding cases
involving strong electron-withdrawing groups (p-CF3, p-NO2). Moreover, the product of
4-MeO-styrene aziridination is known to be unstable,** and is thus associated with
modest yields. Overall, the aziridination yields for these para-substituted styrenes, save
for the parent styrene, are comparable to those previously reported for L8Co. Ortho
substitution (entry 10) affects aziridination yields, presumably interfering with nitrene-
transfer both sterically and electronically (due to the orthogonal orientation of the
aromatic versus the olefinic plane of the substrate®>).

Similar steric inhibition is also observed for a-substituted styrenes (methyl,
phenyl; entries 11 and 12), especially for the bulkier o.-phenyl-styrene. An allylic
amination product is also obtained in both cases, ascribed to aziridine-ring opening,
which is more pronounced for the oi-phenyl-substituted product.>*

Steric hindrance is also evident in the aziridination of -substituted styrenes
(entries 13-16), especially for the bulky cis- and frans-stilbene (entries 15, 16). In
agreement with previous observations in the application of L8Co,* the cis congeners are
more productive (entries 14, 15), with significant loss of stereochemical integrity. For all
these encumbered substrates, L®Co is on average more productive than L*Co, presumably

reflecting the somewhat more voluminous reaction cavity of L¥Co. Allylic or benzylic
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aminations compete successfully with aziridinations (entries 17-22), unless cis (entry 18)

and/or electron-rich (entry 21) olefins are involved.

Table 2. Yields of Aziridination/Amination of Olefins by [K(L*)Co'"]*Et2O (4)°

Yield (%)
Entry
Substrate  Products CH:CL/PhCl
No. 4
L*Co
1 R=H 61/70
2 R =Me 52/70
3 R=1Bu 55/72
4 R =0OMe 30/40
5. rd ) Rl o R = O'Bu 33/72
6 R=F 31%/56/71
7 R=Cl 45%/52/71
8 R =CF; 36/49
9 R =NO: 36/39

<:><r'ws+ Q: 19,20

NHTs

N
N

Ph Ph Ph
NTs + NTs +
3 O OO v . 41,1nd, 1
8
14, Q—\> <:>—y”“=+<3—<ﬂ“*(D‘\\j 21,31, tr
NHTs
15. Q_\> O y’”“@‘@?h 6,8
Ph Ph
NTs
16 Q_\\_ph ©—Qph 7
« NTs NHTs
17. ©/\APh ©/<V\Ph+©)\/\Ph 24,21
NTs
NHTs
19. TsHN n=1 9, 12
20. (® ( @ (@ n=2 7.10
21. NTs + n=4 41, nd

“Conditions: 4, 0.0125 mmol (5 mol %); PhINTs, 0.25 mmol; olefin, 2.0 mmol; MS
5 A, 20 mg; solvent (MeCN/CH2Cl»/PhCl) 0.200 g; 30 °C; 12 h. °In MeCN.
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Beyond cycloalkenes, other terminal or internal aliphatic olefins exhibit low
aziridination yields (Table S4), in accordance with previous results pertaining to the
application of L¥Co in aziridinations of aromatic and aliphatic olefins.** A competitive
styrene versus 1-hexene (1.0 mmol each) aziridination by PhINTs (0.25 mmol) catalyzed
by L*Co (5 mol%) in chlorobenzene provided a ratio of 25:1 in favor of the styrene
aziridination product (combined aziridine yield: 72%), not unlike the L3Co catalyst (28:1,

yield 73%).%

2.8. MECHANISTIC STUDIES
(a) Comparative Reaction Profile. The formation of the product of styrene

aziridination was monitored as a function of time (Figure 8) for catalysts L*Co (4), L’Co
(7) and L¥Co (8c¢) (all crystallized from DMA/ether), under the conditions noted above
(Table 1), with the exception of the amount of PhCl used (500 mg). Yields were
determined after quenching the reaction at various time intervals. Surprisingly, the more
electron rich and sterically congested L*Co (4) exhibits faster product generation than
L8Co (8¢) during the first hour, whereas L’Co (7) is kinetically comparable to 8c. At the
1.0 hour mark, the reaction is complete by 88% for L*Co (4), 65% for L3Co (8¢) and 76%
for L’Co (7). Interestingly, the MeCN-crystallized version of L¥Co, [K(NCMe)(L*)Co'-
NCMe] (8b), has been previously shown** to be significantly slower; only 14% of the
reaction is complete after 1.0 hour in &°-PhCl, indicating potential interference by the
strongly coordinating acetonitrile. However, 8b is still much faster than the
corresponding [K(NCMe)(L® M'-NCMe] (M = Mn, Fe) reagents, presumably reflecting

I

the superior electrophilicity of Co™—NR as discerned from £7,.» values associated with the

MMM couple of the divalent catalysts (Fe: 0.228 V, Mn: 0.518 V, Co: 0.837 V).
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Figure 8. Yield of aziridine (%) as afunction oftime (min). Reaction of styrene (2.0
mmol) by PhI=NTs (0.25 mmol) mediated by L 4Co (4), L8Co (8c), and L7Co (7) (0.0125
mmol with respectto Co) in chlorobenzene (0.500 g) at 30 °C.

(b) Hammett Analysis. Several para-substituted styrenes (para substituent: Me,
"Bu, F, Cl, CFs, NO2; 1.0 mmol each) were subjected to competitive aziridination
(PhINTs, 0.25 mmol) versus styrene (1.0 mmol), mediated by L4Co (5 mol %) in
chlorobenzene (0.200 g), in the presence of 5 A molecular sieves (25 mg). Hammett plots
oflog(&x /fe) (determined by tH NMR from the ratio ofthe corresponding aziridines) as a
function ofthe substituent polar parameter up or even the resonance-responsive
parameter u+, did not provide any reliable linear free-energy correlations (Figure $4,
Table S5). In contrast, Jiang’s dual-parameter correlation that incorporates both polar
(umb) and spin-responsive (ujj*) parameters (log(kx /fe) =p mbumb + pjj*ujj* + C),57
provides areasonable linear correlation (R2 = 0.98; Figure 9). The negative p mb value is
consistent with a small positive charge developing at the benzylic carbon, whereas the
always positive p jj* value denotes an incipient radical character for the same site. The

ratio jpmb/pjj*j = 1.12 is similar to the one previously observed for LsCo catalyzed



130
aziridinations (>omb/pjj*| = 1.0),44 and indicates competitive contributions of polar and
spin-delocalization effects. Polar effects are dominant in many Rh,24d Cu24d3 and
Feisg's9,60 catalyzed aziridinations, for which Hammett plots can be fit with the assistance
of polar parameters alone (0p, <0+), but the need for incorporating spin-delocalization
parameters (0+, gjj*)57,61 With awide range of |pmb/pii=|values (0.04 - 2.02), is also
evident in many other metal-catalyzed aziridinations.ise,22d,g.23t,g More recently, larger
[p+/pyi+| values have been reported for the aziridination of styrene by PhINNs mediated by
[Com(TAMLred)]- (5.71) and [Com(TAM Lsq)] (8.64), in accordance with a novel
mechanism that involves a partial single-electron transfer from the styrene to the metal-

nitrene as a component ofthe turnover-determining step.s:

Figure 9. Linear free energy correlation of log(&x/&H+) vs omb, ojj . Aziridination of para-
substituted styrenes (X = Me, Bu, F, Cl, CFs, NO2) mediated by L 4Co (4).

A similar mechanistic scenario has also been advanced for Fe-mediated
aziridinations, but in this case Hammett correlations can be successfully accommodated

with polar parameters alone (0 +) 42
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(© Kinetic Isotope Effect and Stereochemical Integrity. Evaluation of the

secondary kinetic isotope effect was accomplished by H and ZH-NMR with the
assistance of deuterated styrenes (a-J-styrene, cis- and trans-/-J-styrene; 1.0 mmol each)
in competitive aziridinations (PhINTs, 0.25 mmol) with styrene (1.0 mmol) catalyzed by
L 4Co (4) or L8Co (8¢) (5 mol %) in chlorobenzene (Table 3). KIE values close to 1.0
were obtained with a-J-styrene for both catalysts, indicating that the a-styrenyl is
unlikely to be involved in the initial nitrene attack to styrene. In contrast, the /-styrenes
are associated with inverse KIE values for L4Co (cis: 0.90 (x0.02), trans: 0.92 (£0.02))
that can be attributed to alimited sp2~ sp 3rehybridization of styrene’s Cp site upon
development of the initial N-Cp bond (Scheme 2). More modest inverse KIE values are
also noted in cis- and trans-/-J-styrene aziridinations mediated by L 8Co (8b44 or 8¢) (cis:
0.96 (£0.02), trans: 0.98 (x0.02)), suggesting only minimal N-Cp bond formation in the

transition state.

Scheme 2. Mechanistic Study of Olefin Transfer to Con Reagents

The kinetics ofthe aziridine ring closure (formation ofthe second N -C a bond)
was further evaluated by ZH-NMR in the aziridinations of cis- and trans-/-J-styrene
(Table 4), by examining the degree of stereochemical scrambling in the resulting
aziridines (cis/trans partitioning due to c a-c p bond rotation; Scheme 2) in competition

with N -Ca bond formation. The ratio of cis/trans aziridine (94:6) and trans/cis aziridine
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(92:8) resulting from the L 4Co-mediated aziridination of cis-pW-styrene and trans-pW-

styrene, respectively, signifies the interference of very small energy barriers in aziridine-

ring closure.

Table 3. Secondary KIE Values in Aziridination of Deuterated Styrenes vs Styrene

con QA CT° cr°

[K(L")Cc- Ir (4) 1.01(=0.G1) 0.90(=0.D2) D.92(=0.Q2)

pC(Dm):(I"Co™]. (3¢c) 1.0D(=0.Q1) 0.96(=0.02) 0.95(=0.02)

Table 4. Exploration of Stereochemical Integrity in the Aziridination of cis- and trans-P-

A slightly larger barrier is indicated for the aziridination of the more sensitive cis-

pW-styrene by L 8o (cis/trans aziridine: 89/11).
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On the other hand, the sterochemical scrambling observed in the aziridination of

cis-f-methyl-styrene is more pronounced with L*Co than L3Co.

2.9. COMPUTATIONAL STUDIES

The structure and electronic description of the presumptive [L*Co]NTs
intermediate were explored by DFT calculations at the B3LYP/6-31+G(d) level of theory.
Free energy calculations suggest that the intermediate-spin quartet ground state (S = 3/2)
lies only 0.1 kcal mol ! lower than the high-spin sextet state (S = 5/2), and 2.8 kcal mol !
below the doublet state (S = '2). As mentioned above, the calculated free energies for
[L¥Co]NTs indicate that the high-spin sextet is the ground state, in agreement with the
weaker ligand field provided by the L® versus L* ligand.

Calculated structures for the three spin-states of [L*Co]NTs along with key
metrical parameters are presented in Figure 10. The most conspicuous feature of these
structures is the dissociation of one arm from the equatorial coordination sphere of the
metal (Co—-N = 3.93 (quartet), 3.67 (sextet), 4.08 (doublet) A). The axial Co—Namine bond
is also elongated (Co—N = 2.43 (quartet), 2.63 (sextet), 2.99 (doublet) A), if not
dissociated, by comparison to that of L*Co (2.151(11) A). These features have been
previously noted in the DFT structure of [L*Co]NTs, although the latter exhibits an
additional Co—F equatorial contact (Co-F =2.37 A).#

Most importantly, the calculated spin densities for all three spin states of
[L*Co]NTs place a full oxidizing equivalent over the dissociated arm, hence generating a
widely delocalized N-aryl amidyl radical (Figure 11). For the ground-state quartet, the
computed spin density consists of ~3.2 unpaired e on Co, 0.79 e on the nitrene N atom

and —1.0 unpaired e~ on the non-coordinating arm. Similar spin densities are calculated
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for the sextet (Co: 2.9 e-,N: 0.9 e, ligand arm: 1.0 e-) and the doublet state (Co: 2.8 e-,
N: -0.66 e, ligand arm: -1.0 e). This spin density distribution is accommodated by an
electronic structure such as [(T 4Co(N)-N T s]-, featuring a high-spin Co(ll) center (S =
3/2) and two oxidizing equivalents on the non-coordinating ligand arm and the N atom of
the nitrene residue, respectively. In sharp contrast, the spin density of the ground-state
sextet of [L8CO]NTs (Figure 11) is largely distributed on Co (3.3 e) and the N atom of

the nitrene (1.1 e).

Figure 10. DFT structures for [LACO]NTSs active species in different spin states.From left
to right: quartet, sextet, doublet, optimized at the B3LYP/6-31+G(d) level of theory.
Hydrogen atoms omitted from the figure for clarity.

In this case, the non-coordinating arm is redox innocent, and the residual spin
density is centered over ligating N atoms in atypical spin polarization fashion. Hence, the
sextet state of [LBCO]NTSs is better accommodated with an [(L8Co(l)-N Ts]- electronic
description (sG= 2).

A global electrophilicity index (GEI) was also computed for [L4C0o]NTs and
[L8COo]NTs by employing Stephan’simproved methodology.& For the quartet spin state,
GEl is calculated to be 5.0 eV for [L4AC0]NTs and 5.7 eV for [L8CoO]NTs. The

corresponding values for the sextet spin state are 4.7 and 6.1 eV for [LACo]NTs and
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[L8CO]NTS, respectively. Thus, [L8C0o]NTs is more electrophilic than [L4Co]NTs on the

basis of the GEI criterion.

Figure 11. Spin density ofthe putative cobalt nitrenoid intermediates. Quartet [L4CO]NTs
(left) and sextet [L8CO]NTs (right).

Unfortunately, all efforts to map the aziridination reaction coordinate starting
from [L4Co]NTs and styrene have not been successful in locating an acceptable transition
state for the initial N-C* bond formation. All three spin states (quartet, sextet, doublet) of
[L4Co]NTs generated large activation barriers for this initial step (~50 kcal/mol).
However, when dispersion-corrected DFT was applied,s3 as appropriate for polarizable
bulky groups such as the tert-Bu, the corresponding barriers were reduced by
approximately 20 kcal/mol. These barriers are still significant by comparison to those we
have previously identified for the reaction of [L8CO]NTs (sextet) and styrene (23.4
kcal/mol for the turnover-limiting N-C* bond formation).44 Further experimentation and
attendant DFT calculations w ill be required to unravel reliable trends and contributing
factors with the assistance of catalysts that feature substituents spanning the CF3 to CMe3

range.
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3. FURTHER DISCUSSION AND CONCLUSIONS

In a rigorous account, Latour and co-workers*? highlight the importance of the
electron affinity (EA) of iron-nitrene/imido species as a guiding principle for predicting
their reactivity in a wide range of iron-mediated aziridinations. In these catalytic
reactions, the iconic substrate styrene undergoes aziridinations by various iron-nitrene
compounds (Fe=NR), under a general mechanistic scheme that designates the formation
of the initial N—C; bond as the rate-determining step, usually encountered in
aziridinations with a two-step mechanism ([M]NR radical addition to styrene, ring-
closure radical rebound). More importantly, this first step is front-loaded by significant
charge transfer from styrene to the iron-nitrene and, thus, is crucially influenced by the
EA of the active oxidant. The applicability of the EA as a general predictor of reactivity
seems to be wide, but at the present time is largely confined within the realm of catalysts
that provide Hammett correlations for the aziridination of para-substituted styrenes that
can be accommodated with polar parameters alone (cp, &), or by a combination of polar
and spin-delocalization parameters (o, oy’ ) with dominant polar contribution.

In an almost concurrent publication, de Bruin and co-workers*! advance a similar
argument with the assistance of electrophilic Co(IlI)-nitrene radical aziridination
reagants, generated from the reaction of anionic [Co™(TAML™)]~ or the one-electron
oxidized and neutral [Co( TAML®%)] with PhINNs. Hammett plots for para-substituted
styrene aziridinations are fitted with both polar (") and spin-delocalization parameters
(on’) with large |p"/ 1’| values (5.71 for [Co™(TAML™®)] and 8.64 for
[Co(TAMLSY)]), hence these systems can also be considered as good candidates for

testing the EA criterion. Indeed, the larger |o"/o1’| value for [Co™(TAML*Y)] and DFT
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calculations indicate that the energy barrier for the initial, rate-limiting reaction of the
incipient [Co™]NNs and styrene to generate the N—C; bond is lower for [Co[(TAMLSY)]
versus [Co™(TAML™)]", in agreement with an anticipated higher EA value for the
nitrene species generated from [Co™(TAML®Y)]. Surprisingly, the experimental rate for
the aziridination of styrene by these two catalysts favors [Co™(TAML™)]" versus
[Co"(TAMLSY)], but this has been attributed largely to the instability of the latter reagent.
A distinctive feature of the Co(III) systems is associated with the redox noninnocent
character of the tetraanionic ligand (TAML™*" which can be successively oxidized in
one-electron steps to (TAML*)*~ and (TAMLY)?". The authors argue convincingly that
the emerging radical nitrene species [Co™(TAMLS)("NNs)] /Co™(TAMLY)('NNs).]” and
[Co™(TAMLY)('NNs)], resulting from [Co™(TAML™] and [Co™(TAML)],
respectively, interact with styrene in the rate-limiting step by means of an asynchronous
transition state, encompassing significant single-electron transfer from styrene to the
oxidized TAML ligand and a nucleophilic attack by the nitrene lone pair (in lieu of the
"NNs p radical) at the incipient styrenyl radical cation. The attendant single-electron
relocation (TAML — Co(IlI) — "NNs) reestablishes the N lone pair and retains the
Co(III) oxidation state. Similar participation of charge transfer in the rate-limiting
transition state between high-valent metal nitrenes/imidos and sulfides has been recently
showcased for many other nitrene-transfer catalysts®* and is now established as a
common mechanistic feature.

In a previous comprehensive study from our lab,** we have shown that a library of
Mn(I) catalysts, supported by the vast majority of the ligands used in the present work

(L!"1°H3), mediates alkene aziridinations with reactivity that increases in parallel with
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increasing electrophilicity of the putative [Mn"']-"NTs active oxidant. Moreover, the
electrophilicity criterion holds across the base metals, inasmuch as the reactivity of the
best performing Mn(II) reagent L®Mn is inferior to that of the more acidic L3Co.
Although the electron affinity of the metal-nitrene reigns supreme for all these reagents,
the molecular interaction between [M']-"NR and styrene in the rate-limiting formation
of the initial N—C5 bond, is quite distinct with respect to the reagents explored by Latour
and deBruin. Indeed, Hammett correlations for the aziridination of styrenes mediated by
our L¥M reagents (M = Mn, Fe, Co) reveal rather modest positive charge buildup on the
a-styrenyl carbon (increasing with metal acidity in the expected order: Fe < Mn < Co),
and require the inclusion of competitive spin-delocalization contributions (|omb/on’| =
0.75 (Mn), 1.17 (Fe), 1.00 (Co); the correlation for Fe was rather weak). The fact that
these reagents demonstrate more modest charge-transfer characteristics is consistent with
the operation of presumptive metal nitrenes ((M']-"NR) resting at a lower oxidizing
level than the high-valent iron and cobalt nitrenes of Latour and de Bruin, respectively.
Overall, these Mn(II) reagents and congeners can also be accommodated under the
general EA criterion advanced by Latour (after all, they are catalysts engaged in typical
electrophilic radical reactions), although they are not characterized by a dominant charge-
transfer component. Incidentally, a strongly enhanced radical contribution, as in the case
of Betley’s iron dipyrrinato complexes (|omb/on’| = 0.04 for NAd),'® has been
interpreted*? as the result of a competitive energy barrier for the second, ring-closing step
(radical rebound).

The library of the Co(II) reagents (S = 3/2) reported in this work showcases some

surprising deviations from the EA criterion. Although the importance of the
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electrophilicity of the metal-nitrene can still be detected in the relative enhanced yields
provided by the Co(I) compounds possessing acyl- versus aryl- or alkyl-substituted
ligands, the trend is certainly not as smooth and predictable as that previously
encountered with the Mn(II) reagents.** Indeed, a closer inspection of the acyl-substituted
subset of the Co(II) library of reagents reveals a wide range of yields in the aziridination
of styrene that cannot be correlated with the anticipated electrophilicities of the
corresponding cobalt-nitrene moieties. To further pinpoint the provenance of these
disparities, we selected the high-yielding L8Co (-COCF3 arm) and L*Co (-COCMej3 arm)
for further investigation. The L3Co was previously studied** in tandem with the L¥Mn
and L¥Fe congeners and found to be more reactive and selective than the other two base
metal analogs. Mechanistic and computational studied showed that all three L®M reagents
follow a two-step styrene aziridination path (turnover-limiting addition of [L*M™]—"NTs
to the S-styrenyl carbon followed by product-determing ring-closure via radical rebound),
with activation barriers in the order Fe > Mn > Co for both steps. The trend is consistent
with the anticipated metal-nitrene electrophilicities (first step) and ease of reduction from
M(II) to M(II) (second step), hence highlighting the dominant role of EA in both steps of
styrene aziridination (aliphatic olefins do not follow the same trend for the second step).
The representative case of L*Co, however, presents a conundrum, inasmuch as its
reactivity in terms of styrene aziridination yields is comparable to that provided by LCo.
More importantly, the rate of product buildup in the first hour of the reaction mediated by
L*Co is superior to that of L®Co (Figure 8). These results are difficult to reconcile for a
reagent such as L*Co, whose Co(II/I1I) couple is cathodically shifted by 500 mV versus

that of LCo, and its nitrene derivative [L*Co]NTs is computed to have a lower global
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electrophilicity index (GEI) than that of [L¥Co]NTs, in agreement with the electronic
nature of the CMes and CF3 substituents. In addition, the enhanced reactivity of L*Co
deviates from that of the corresponding L*Mn and L*Fe reagents, which exhibit
significantly lower yields (and rates) in styrene aziridinations by comparison to the L*Mn
and L8Fe analogs, in line with their electrophilic characteristics.

Mechanistic analysis of the operation of L*Co in styrene aziridination indicate
that both polar (omb) and spin-delocalization (o) parameters are needed to fit Hammett
plots, suggesting that both modest positive charge buildup and radical stabilization
participate in the turnover-limiting step. The unexpected preponderance of the polar
effect for L*Co by comparison to L¥Co can be traced both in the slightly higher values of
absolute pmb (-0.58) and relative |pmv/ox | (1.17) than those observed for L3Co (om» = -
0.56, |omv/on’| = 1.0). The secondary KIE values obtained from the competition between
styrene and selectively deuterated styrene in aziridinations, confirm that both catalysts
operate via an initial, turnover-limiting N—C» bond formation step, but also indicate that
the L*Co mediated pathway incorporates more significant rehybridization of the -
styrenyl carbon in the transition state, hence placing this TS energetically closer to the
resulting radical intermediate [L*Co]N(Ts)-CH,—"CHzPh. Moreover, the ring-closing step
(radical rebound) seems to operate via a miniscule energy barrier for both L*Co and LCo
styrene aziridinations, but the one for L*Co is even more suppressed than that for LCo,
as judged by the superior retention of stereochemistry in the aziridination of the sensitive
substrate cis-f-styrene. This runs counter to what is usually the main driving force for the

aziridine-ring closure of styrene, namely the ease of reduction from Co(Ill) to
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Co(II).2224455 Al these mechanistic observations would have been perfectly in line, had
the supporting L* ligand been more electron-withdrawing than L%,

DFT calculations on the electronic and geometric disposition of the presumptive
[L*Co]NTs vis-a-vis the previously explored [L8Co]NTs, highlight how a small ligand
modification can result in a major electronic rearrangement. First, the ground state of
[L*Co]NTs is computed to be the quartet (S = 3/2), positioned slightly underneath the
sextet (S = 5/2). The sextet is the clear ground state of [L3Co]NTs, presumably due to the
weaker ligand field provided by the L? ligand. Geometrically, both cobalt nitrenes are
quite similar, their most outstanding feature being the elongation of one of the equatorial
N residues to a non-coordinating position. However, spin-density calculations reveal that
the non-coordinating arm of [L*Co]NTs is one-electron oxidized, whereas the
corresponding arm of [L3Co]NTs is redox innocent. The single-electron distribution of
the resulting N-aryl amidyl radical in [L*Co]NTs is spread throughout the non-
coordinating arm, with almost half of the spin density being localized on the N atom.
Apparently, the electron withdrawing CF3 residue protects the non-coordinating arm of
[L¥Co]NTs from a similar one-electron oxidation. The overall electronic picture for the
ground state of the two cobalt nitrenes is schematically summarized in Figure 12. As
noted above, the [L*Co]NTs sextet (a-spin on the N-aryl amidyl radical) is calculated to
be only 0.1 kcal/mol higher in free energy relative to the quartet. Whereas a definitive
justification for the higher reactivity of L*Co, in spite of lower electrophilicity, versus
L8Co cannot be provided at the present time, the following observations should be taken

into account:
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Figure 12. Schematic distribution of spins in the ground state of [L4Co]NTs and
[LeCO]NTs

(i) Although it cannot be excluded, it is deemed rather unlikely that the ease of
formation of the cobalt-nitrene itself (presumably favoring [L4Co]NTs) will be a
contributing factor, since our previous calculations for the reaction of [LeM n] (M = Mn,
Fe, Co) and PhINTSs indicate almost instantaneous generation of [LsM]NTs. Rate-
limiting metal-nitrene formation is more common with organic azides (RNz3).es

(i) The factthatL4sM (M = Mn, Fe), aswell as awide range of other M n(Il) reagents,
exhibit reactivities consistent with the EA criterion, whereas L 4Co and other Co(ll)
reagents demonstrate deviations, suggest that ligand-centered contributions to the overall
oxidizing ability ofthe reagent may enable more favorable reactivity channels. Indeed,
[LCom]NTs is more likely to store oxidizing equivalents on ligand residues, as inferred
by the cyclic voltammograms ofthe LConreagents, and anticipated due to the superior
oxidizing power of Co(lll) versus M n(lll) or Fe(lll). Among other possibilities, #-ary!|
amidyl radicals are known to add to alkenes, at least intramolecularly,e7 and more
electrophilic #-aryl sulfonamidyl radicals can even add intermolecularly.es Although they
are not expected to outcompete the metal-bound nitrene radical, they might offer

stabilizing interactions not yet realized. On the other hand, the similarity ofthe Hammett
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parameters for L*Co and L3Co suggests that the electronic differences in the ground
states of [L*Co]NTs and [L®Co]NTs may have only a small effect on their reactivities,
but this point requires further elaboration once more information is available for the
corresponding transition states.

(iii)  Multiple spin-state reactivity channels,%%%

such as those offered by the almost
isoenergetic quartet and sextet states of [L*Co]NTs, may afford enhanced reactivity
profiles in aziridinations’® by comparison to a potentially single spin-state operation by
the [L8Co]NTs sextet.

(iv)  London dispersion (LD) interactions applying intramolecularly between highly
polarizable alkyl substituents (also known as o—o interactions), are now well established
stabilizing forces of sterically congested molecules in solution, by means of favorable
enthalpic contributions.”! The ter#-Bu group and other conformationally rigid alkyl
groups (flexible alkyl groups have an unfavorable entropic impact)’? have been credited
as “dispersion energy donors”,” and deemed responsible for stabilizing many highly
congested organic and inorganic compounds.’'”* More importantly, LD forces have
started receiving recognition as contributors to observed chemical reactivity and catalytic
outcomes.”® In the more tight reaction cavity of cobalt reagents, the stabilization offered
by zert-Bu groups via LD interactions can play a significant role, as already noted in our
initial dispersion-corrected DFT calculations. Interestingly, the L’Co reagent, which
carries the less polarizable 7-Pr substituent, demonstrates lower aziridination rates, not
unlike those of L¥Co.

Future experimental and computational work will seek to disentangle and quantify

the factors contributing to the enhancement of catalytic reactivity above and beyond the
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underlying electrophilic character of the active oxidant, and further explore whether
reagents with other rigid alkyl substituents can be superior mediators of nitrene-transfer

chemistry.
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III. STUDIES DIRECTED TOWARDS THE INTERMOLECULAR

AZIRIDINATION OF ALKENES CATALYZED BY METAL REAGENTS (Cu,
Ag) SUPPORTED BY BULKY LIGANDS WITH A CHIRAL FRAMEWORK

Anshika Kalra, Amitava Choudhury and Pericles Stavropoulos
Department of Chemistry, Missouri University of Science and Technology, Rolla,
Missouri 65409, United States

ABSTRACT

This study explores intermolecular aziridinations of alkenes catalyzed by
metal reagents (Cu, Ag) supported by the same triphenylamine scaffold but with rigid
cyclic guanidinyl arms possessing chiral elements. Guanidines are known as powerful
organic bases and act as organocatalysts in a variety of asymmetric organic synthetic
reactions. In this study, a series of cyclic chiral guanidinyl precursors and corresponding
metal reagents were synthesized, and proved to have good reactivity, but modest
enantioselectivity, in the aziridination of styrenes. These results are expected to provide
insights for further catalyst development.

Keywords. Chiral cyclic guanidinyl catalyst, Earth’s-abundant metal, Asymmetric

aziridination.

1. INTRODUCTION

1.1. C—N BOND CONSTRUCTION VIA NITRENE-TRANSFER CHEMISTRY
Enantiomerically pure compounds are extremely important in fields such as
medicine and pharmacy, nutrition or materials with optical properties. When the reaction

between the nitrene source complexed to the chiral catalyst and the substrate takes place,
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it traverses through two alternative diastereomeric transition states. A difference in

energy ofonly 2 kcal/mol between these two transition states can lead to enantiomeric

excess (ee) of> 90%. Small changes in any ofthe participants in the catalytic process (it

can either be temperature, catalyst/substrate ratio, modification ofthe chiral pocket,

conformational variations ofthe chiral ligand) can alter significantly this difference in

energy. The efficiency ofthe chirality transfer is measured as enantiomeric excess [% ee=

(R-S)/(R+S) x 100].

Enantioselective intermolecular C—N bond construction has been reported in the

literature mostly relying on platinum -group transition metals such as rhodium, ruthenium

and iridium. The major problem with these metals is that they are quite expensive and

toxic.

Scheme 1. Asymmetric Bond Construction Using Jacobsen Ligand

In the early 90’'s, Jacobsen’s and Evans’ groups reported the asym metric

aziridination of alkenes. They are known to be the pioneers in this field Jacobsen’'s group

reported that copper reagents bearing a C2-sym metric chiral salen framework ligand!l can
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catalyze the asymmetric aziridination of olefins by PhI=NTs (Scheme 1) to achieve
products with moderate yields and enantiomeric excess (around 60-67 ee%). However,
one ofthe limitations was that the substrate scope was quite narrow.Around the sametime,
the Evans’ group also reported the aziridination of olefins using Cu(l) based
bis(oxazoline) ligands2. They obtained comparable yield and ee values as those reported

by Jacobsen, especially in the case of styrene as a substrate.

s Ts
2, CuOTf, PhINTs PhoNH O L

P h ~ -H P fr &
CHA3CN, 0°C, 2.5h R) (S)

Yield- 89%, ee 63%

Scheme 2. Asymmetric Bond Construction Using Evans’ Ligand

However, in this case too, the substrate scope was restricted to cinnamate esters,
and the range of other olefinic substrates that can undergo asymmetric aziridination was
limited (Scheme 2).

Later, the Evans’ group also reported the enantioselective amination ofN-
acyloxazolidinones in high yields and ee values using chiral magnesium
bis(sulfonamide)3complexes as catalysts. The conditions were specific to only one type

of substrate (Scheme 3). The late 90’ switnessed the diversification of catalytic
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frameworks, with researchers exploring different types of metals such as rhodium,

iridium, palladium and platinum.

0 n BocN=NBoc 0

n
10 mol% 3
20 mol% D-TosNtHIMe x N M‘P h
\ y CH2ClI2, -78°C, 48h O\
— BocN,
NHBoc
N-Acyloxazolidinones Yield- 92%, ee >99%

Scheme 3. Enantioselective Amination ofN-acyloxazolidinones using Evans’ Ligand

Lebel et al reported the use of a stable, readily available chiral N-
tosyloxycarbamate4 as a nitrene precursor to perform stereoselective intermolecular
aziridination ofalkenes in the presence of a chiral rhodium catalyst. The use of a chiral N-
tosyloxycarbamate would allow for double stereo differentiation in the product. A range
of substituted styrenes with electron-releasing and electron-donating groups at ortho,
meta and para position was tested; however, expensive Rh catalysts as well as chiral
N-donors are needed (Scheme 4).

The Du Bois group documented a catalytic intermolecular C—H amination through
the use of adimeric Rh tetracarboxylate (Rhz(esp)2), which is acommercially available
catalyst (0.5g, 237$). This catalyst has a paddlewheel structure. The electron-deficient
trichloroethylsulfamate (TcesNH2) was used as the N-source, along with an oxidant
(PhI(O2CIBuU)2 (Scheme 5). A 5-fold enhanced rate for the C—H insertion reaction with

TcesNH2was observed in comparison to other N-donor sources that are less electron
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deficient in nature5. The intermediate Rh-nitrene shows discriminate reactivity, oxidizing

preferentially benzylic C—H groups over all others. Reactions are typically conducted

using limiting amounts ofthe starting alkane, a second distinguishing feature of this

process.

Br-
o
(X

tBu
~ g
o ® oo
cl Rh—Rh on
+ Rha[(S)-Br-nttl], (5%) . R) j\ ©
i j\ OT: K,CO3, 23°C VA O?R\)CCIS
. LOls 23,
ClsC™* 0 H PhCF3 (0.25M)
(TrocNH) Yield-76%; dr(anti:syn)- 8:1

Scheme 4. Stereoselective Intermolecular Aziridination in the Presence ofa Chiral

Rhodium Catalyst

Scheme 5. C—H Amination Using Rh2(esp)2 and TcesNH?2

Katsuki et. al achieved a highly enantio- and regioselective intermolecular

benzylic and allylic C—H bond amination using chiral Ru(CO )-salen and Ir(CO )-salen

complexes, along with SES azide as the nitrene precursor6 (Scheme 6). They were able to

achieve moderate reactivity and good stereoselectivity. One ofthe limitations ofthis

method is thatthe chiral Ru or Ir catalysts and SeSNH 2 are quite costly.

Zhang et. al reported enantioselective aziridination of alkenes with bis(2,2,2-

trichloroethyl)phosphoryl azide (TcepN3) as a nitrene source, mediated by Co(ll)-based
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catalysts that possess D2 -symmetric chiral amidoporphyrins as the supporting ligand?7

(Scheme 7).

These researchers noted the rigid amide spacers not only provide support and

orient the chiral environments toward the cobalt metalloradical center but also the P=0O

group of phosphoryl azides engages in H-bonding with the chiral amide units of the

ligand. These secondary hydrogen bonding interactions are expected to lower the energy

barrier of the transition state and thus lead to acceleration ofthe reaction rate as well as

improvement ofthe stereoselectivity. This method is mostly restricted to arom atic

olefins, and though a com paratively cheap metal (Co) has been used, the overall costof

the chiral ligand is quite high, due to its elaborate structure. They also showed by both

computational and experimental studies a stepwise radical mechanism for the Co(ll)-
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catalyzed metalloradical aziridination that involves an Co(lll)-nitrene radical

intermediate.

[Co(P6)]

AN
| ClyC O\P/:o (TcepN 3) NTcep
ClC._O" "Ny .

CsHs, 40°C, 48hrs
Yield- 86%; ee 76%

[Co(P6)]

N
Cl;C O\P/:O (TcepN3) NTcep
C|3C\/ g 3 *

CgHg, 40°C, 48hrs
NO, NO,

Yield- 66%; ee 66%

Scheme 7. Enantioselective Aziridination by Chiral Cobalt Porphyrin Catalysts

Dr. Frances H. Arnold, Nobel Prize winner in chemistry in 2018 for herwork on
genetically engineered enzymes, genetically modified the naturally existing enzyme P -
450, and made a new variant (P 411) that can catalyze a variety ofreactions that nature
cannot perform on its own. In one report8 Dr. Arnold showed that enantioselective,
intermolecularbenzylic C—H amination can be catalyzed by the engineered iron-heme
enzyme P411 (Scheme 8).

Tosyl azide was used as a N-source to afford high ee values, butwith modest
yields. Biocatalysts for non-natural reactions have alternatively been created by

introducing precious metals (such as iridium and rhodium) into proteins.
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However, this new iron based variant P411 is much more cost effective

compared to the Rh/Ir functionalized proteins, due to the high abundance ofFe.

NHTs

©/\ Cytochrome P411, TsN3 @A

Yield- 15%; ee >99%

NHTs

Cytochrome P411, TsN3 /©/\
Me Me

Yield- 53%; ee >99%

NHTs

Me Cytochrome P411, TsN3 Mem

Yield- 58%; ee >99%

Scheme 8. P411 Catalyzed Enantioselective Amination and Proposed Mechanism of

Nitrene Transfer

The Arnold group also attempted aziridination reactions of aromatic olefins using

this new genetically modified variant enzyme P411. In this case also, they obtained high

ee values, but the yields remain low9 (Scheme 9).

| NTs
Cytochrome P411, TsN3 *

Yield- 70%; ee 99%

| NTs
Cytochrome P411, TsN3 *

Me Me
Yield- 55%; ee 99%

Me NTs
Cytochrome P411, TsN3 *

Yield- 10%; ee 95%

Scheme 9. P411 Catalyzed Enantioselective Aziridination
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12. C-C BOND CONSTRUCTION VIA CARBENE-TRANSFER CHEMISTRY

In cyclopropanation reactions, a transition-metal complex acting as catalyst

reacts with a diazo carbene compound to form an electrophilic metallocarbene

intermediate with the evolution ofnitrogen (Scheme 10). The transfer of the carbene unit

to a nucleophile affords the desired product and releases the metal center to reinitiate the

catalytic cycle. The main drawback of this methodology is the existence of an undesirable

side reaction, the possible homocoupling ofthe diazo compound. This problem has been

usually overcome by using slow addition ofthe carbene source and/or an excess ofthe

nucleophilic substrate.

The mechanism of cyclopropanation reactions by metalcomplexes has been

experimentally investigated by several groups, demonstrating by kinetic experiments

and other means thatthe rate-determining step ofthe cyclopropanation mechanism is

frequently the dinitrogen extrusion from the diazo compound, to form a metal-carbene

intermediate, a veryreactive species and, therefore, elusive to experimental detection.
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Subsequent addition of the carbenoid moiety ofthis intermediate to the olefin double bond
results in the cyclopropane product.

One ofthe initial contributions to this field was by the Evans group. In the early
90’s, Evans et. al demonstrated the asymmetric cyclopropanation of styrenes using a
chiral copperbis(oxazoline)(BOX) reagent (Scheme 11)10 The catalyst was only tested on
styrene as a substrate with arange of diazoacetate sources. Good yields and modest ee

values were obtained, but again this methodology was restricted to just a single substrate.

o 1, CuOTY,
[ j x CH,Cly, 0°C <1 I
+ Nog JEt MV b + =

\)J\O CO,Et CO,Et

(Ethyl Diazoacetate) Yield = 63%, ee = 61%

Scheme 11. Enantioselective C-C Bond Formation using Evans Ligand

O I . 2. Toluene, RT

cis-(1R,2R)

R = Et Yield 91%: trans cis = 96:04; 0o = 67%
R = ‘Bu Yield 76%; trans cis = 38:62 ee = 95%

Scheme 12. Asymmetric Cyclopropanation of Styrene Catalyzed by Co Chiral
Porphyrins Catalyst

Peter Zhang et. al used cobalt complexes of chiral porphyrins1l for the

enantioselective and diastereoselective cyclopropanation with styrene as a model
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substrate. They used ethyl diazoacetate and tert-butyl diazoacetate as the carbene source

(Scheme 12) and showed thatwithcertain Co chiral porphyrin catalysts,

enantioselectivity can be improved by employing the tert-butyl group instead ofthe ethyl

in the diazo compounds.

Ghanem et al. used chiral dirhodium (Il) carboxylate complexes for asymmetric

cyclopropanation reactions. They screened a number ofdifferent donor-acceptor diazo

systems, for example 2,2,2-trifluromethyl-l1-phenyldiazoethane and p-methyl

methoxyphenyldiazoacetatel2 (Scheme 13).These donor-acceptor carbenes are less

reactive, but more selective than acceptor-acceptor carbenes. This is because ofthe

presence of a donor group that stabilizes the electron deficient metal carbene and

decreases its reactivity but improves its selectivity.

The Huw M. L. Davies group has greatly contributed to the field of

enantioselective and site selective C-H functionalization. The site selectivity is

controlled by a delicate balance of steric and electronic effects. Highly substituted sites

(tert C-H ) are electronically favored because buildup of positive charge occurs at the

carbon during the C-H insertion step, but this is counterbalanced by the steric demands

ofthe carbene complex. Therefore, in general, bulkier catalysts will preferentially

functionalize primary C-H bonds (i.e., the less hindered site). Davies et al. described a

major change in the site selectivity ofcarbene-induced C-H functionalization through the

use of bulky chiral dirhodium catalysts, which results in a strong preference for reactions

to occur atprimary C-H bonds (Scheme 14). This research group has used methyl (4-

bromophenyl)diazoacetate as a donor/acceptor carbene source,13 resulting in attenuated

reactivity, but enabling high selectivity in C-H bond functionalizations.
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Dirhodium(ll) Catalyst
0.01 equiv.

2,2-DMB, RT

+
N
O
OMe
MeQ,
Dirhodium(ll} Catalyst
0.01 equiv.
+
Nz
2,2-DMB, RT
o . ,
OMe
Yield = 85%, ee = 78%
N,
@ACFS +

Yield = 87%, ee = 46%

(o}
H, _o\\\OMe

OMe

Dirhodium(ll) Catalyst H, A\ CFs
0.02 equiv. O O

Trifluorotoluene, RT

Yield = 99%, ee = 88%

Scheme 13. Chiral Dirhodium (11) Carboxylate Catalyzed Asym metric Cyclopropanation

Reaction

Scheme 14. Enantioselective and Site Selective C-H Functionalization
2. RESULTS AND DISCUSSIONS

2.1. DEVELOPMENT OF CATALYST WITH CYCLIC CHIRAL GUANIDINE

RESID UES

In 2014, our group reported a C-N bond construction methodology using a
versatile tripodal copper(l) complexl4d. We synthesized a trisphenyl-amido amine tripodal
ligand having tetramethylguanidinyl (TM G) as pendentarms. A TM G moiety changes

the nature of the catalyst by generating cationic metal complexes that are more reactive
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than the anionic complexes discussed in the previous sections, as expected for an

electrophilic reaction.

/ L+ pf6°
\ -N /
\ N V—N
i WN N~

Cryif

Figure 1. [(TM G3trphen)Cul)][PF6]

Three different kinds of C-N bond construction methodologies were explored,
namely, amination of C-H, amidination of C-H bonds in the presence of nitriles and

aziridination ofolefins with good yields and selectivity.

Figure 2. Nitrene insertion into CulTM G

The major drawbacks ofthis catalyst were that first, the formally C=N double bond

of TM G (Figure. 1) exhibits a significant degree ofrotation which may suppress
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selectivity; and secondly, the nitrogen ofthe NTsmoiety can insert into the C-H bond of

the methyl group (Figure. 2), eventually leading to oxidative demethylation. In order to

overcome these limitations, we thought of designing a catalyst with a more rigid

framework and with the potential inclusion of chiral sites to start exploring asymmetric

C-N bond construction.

2.2. SYNTHESIS OF LIGANDS

W e first synthesized a chiral ligand featuring guanidinyl arms (Figure. 3) that

possess superior rigidity and permit the incorporation ofchiral centers in the backbone of

the cyclic framework. We opted for using mostly earth abundant first-row transition

metals such as Cu , and Ag as arepresentative second-row element for com parative

purposes. Chiral guanidinyl-centered organo-catalysts have been widely explored,

although not as components of metal complexes.}

Figure 3. Cyclic Chiral Complex Featuring Guanidinyl-Arms

(i) Synthesis of a Tripodal Triphenyl amido-amine Scaffold [N3N] with Chiral

Cyclic Guanidinyl Arms. We first designed a cyclic guanidinyl chiral ligand featuring

N -M e groups (4, Scheme 15). For the synthesis ofthe chiral ligand scaffold, we start
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from the commercially available chiral 1R, 2R-(+)-1, 2- diphenylethylenediamine, which
we convert to the corresponding urea 1 using di-tert-butyl dicarbonate (BOC-20,
1.08equiv.) and 4-dimethyaminopyridine (DMAP, 1.08 equiv.) in acetonitrile at room
temperature for 24 hours. We then alkylate the urea, by first deprotonating with 3 equiv.
of sodium hydride, and then methylating with 3.3 equiv. of methyl iodide in THF at room
temperature. The methylated urea 2 is then converted into the (4R,5R)-2-chloro-1,3-
dimethyl-4,5-diphenyl-4,5-dihydro-1H-imidazol-3-ium chloride (3) using 5 equiv. of
oxalyl chloride in refluxing toluene for 20 hours to afford a white solid. The solid was
filtered and washed with diethyl ether under inert atmosphere to afford the compound 3

(85%).

0
HoN - NH2 H-N)kN'H HaC-N McH 3
NN Boc,0, DMAP At CHgl, NaH '3 (COCl)2
@ MeCN, RT, 12 h @ THF, RT Pb Toluene, 110 °C
1R, 2R-(+)-1,2- 1

Diphenylethylene
diamine

v O
c)l\ or {@ N - ~CHj
HsC-N"~N*-CHj 3 HaC" \y(

3

&
Pb EtsN N
@ CH3CN, Reflux
3 3

4

Scheme 15. Synthesis of DMDPI3—trphen- Ligand 4

The chloro salt 3 (3 equiv.) is then coupled with our parent 2, 2', 2-"
triaminotriphenylamine in the presence of 3 equiv. of triethylamine in acetonitrile and

refluxed overnight to form (4R,5R)-1,3-dimethyl-4,5-diphenylimidazolidin-2-imine-
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trohen (DM DPla-trphen, 70% ) (4), featuring the chiral cyclic guanidinyl residue

(Scheme 15). The ligand was characterized by IH-NM R (400 MHz) which showed the

C-H ofthe cyclic ring at 3.81 ppm and the CH3 group ofthe N-M e arm at 2.26 ppm

in CDCI3 (Figure. 4).

W e also generated the same tripodal ligand with the deuterated N-CD 3group (7,

Scheme 16), in case it is less prone to oxidative damage as compared to the N-M e analog.

The ligand (4R ,5R )-1,3-bis(methyl-d3)-4,5-diphenylimidazolidin-2-imine-trphen (d-

DMDPI3-trphen, 65% ) (7) obtained as a white solid was synthesized exactly in the same

manner as the procedure described above for the synthesis ofligand 4, with the exception

that the source of alkylating agent is deuterated iodomethane (CD3l). ). lH-NMR (400

MHZz) of 7 shows the C-H ofthe cyclic ring at 3.85 ppm in CDCb.The deuterated urea

was then converted into deuterated chloro imidazolium saltusing oxalyl chloride in

refluxing toluene for a period of20 hrs.



181

o
HN - NH2 H-N)kN'H D3C N N -CD3
A Boc,O, DMAP L CDsl, NaH (COCI),
@ MeCN, RT, 12 h @ THF, RT Toluene, 110 °C
1

1R,2R-(+)-1,2-
Diphenylethylene
diamine

NH5 N @
°_cr [(j/} N N-cD,
D5C-N" “N™-CDj 3 D3C \K(

TN N
N EtsN N
@ CH3CN, Reflux
3

Scheme 16. Synthesis of d-DMDPIz-trphen Ligand 7

(1) Synthesis of a Bipodal Bisphenyl amido-methyl amine Scaffold [N2N-Me]
with Chiral Cyclic Guanidinyl Arms. The tripodal ligand noted above was also modified
to provide a bipodal framework, by replacing one of the phenyl legs with a terminal Me
group (11, Scheme 18). It was designed while keeping in mind that the tripodal
framework might be sterically too bulky to accommodate bulky substrates in catalytic
reactions. For its synthesis, we first synthesized N-methyl-2-nitro-N-(2-nitrophenyl)
benzenamine 9 (Scheme 17) by deprotonating bis(2-nitrophenyl)amine 8 (prepared
according to the literature protocol) with sodium hydroxide in THF, and subsequently

methylating with 4.0 equiv. of Me2SO4 under reflux to give 9 as yellow needles (97%).

NO
NO, 2
H i) NaOH, N
THF 5 i 10% Pd/C, g
") Me,SO;4 THF, H2(50pSI)
8 reflux, 20 hrs

Scheme 17. Synthesis of N-methyl-2,2'-diamino-diphenylamine 10

NH,




182
The nitro derivative 9 was reduced to the corresponding diamine by employing 50
psig hydrogen gas over Pd/C (10% ) in THF to afford #-methyl-2,2'-diamino-

diphenylamine 10 (Scheme 17) as a white solid (90 %).

1 N-CH,
cl - heN
Cl NH, 3
Hsc-N/gN*-CHa + N\M EisN \ N—Me
X ®  CH4CN, Reflux,
@ 2 overnight 2
3 10 1

Scheme 18. Synthesis of DMDPIz-biphen 11

The chloro salt 3 (3 equiv.) noted above, is then coupled with our parent N -
methyl-2,2'-diam ino-diphenylamine 10 in the presence of 2 equiv. oftriethylamine in
acetonitrile under reflux to afford the bipodal chiral ligand, (4R,5R)-1,3-bis(methyl)-4,5-
diphenylimidazolidin-2-imine- biphen (DM DPI13-biphen, 75% ) (11), featuring the same

chiral cyclic guanidinyl residue as the one used in the tripodal analog (Scheme 18).

Figure 5. IH NM R of DM DPI3- biphen Ligand 11 in CDCb
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'"H-NMR (400MHz) of 11 shows the C—H protons of the cyclic guanidinyl ring at

3.91 ppm and the N—Me substituents at 2.31 ppm in CDCI; (Figure. 5).

2.3. SYNTHESIS OF TRIPODAL METAL COMPLEXES

Synthesis of Chiral [Cu'(DMDPI5-trphen)][PFs] (12). For the synthesis of this
chiral reagent, the ligand DMDPIz-trphen 4 and 1 equiv. of [Cu(CH3CN)4][PFs] was
stirred in THF overnight at room temperature (Scheme 19). The light white crystalline
material of chiral [Cul(DMDPIs-trphen)][PFs] 12 (80%), suitable for X-ray diffraction
analysis, was obtained from acetonitrile over layered with diethyl ether and kept at — 30°

C.

CH
HeNY
NN [Cu(NCMe),][PFe]
THF
3
4

Scheme 19. Synthesis of Chiral [Cu(DMDPIz-trphen)][PFs] (12)

"H-NMR (400MHz) of 12 in CD3CN shows the C—H protons of the cyclic
guanidinyl ring as doublets at 4.80-4.32 and 3.82-3.83 ppm. The N—Me arm also resolves
to two distinct peaks at 2.82 and 2.05 ppm (Figure. 6). Figure. 7 shows the ORTEP
diagram of chiral [Cul(DMDPIs-trphen)][PFs] (12) which essentially has a distorted
trigonal pyramidal geometry. There does not seem to be a solvent molecule coordinating

to the central metal atom.



Figure 6. IH-NMR (400MHz) ofl12 in CD3CN

Figure 7. ORTEP Diagram ofChiral [Cul(DMDPI3-trphen)][PF6] (12)

Synthesis of Chiral [Cul(d-DM DPI3-trphen)][PF6] (13). For the synthesis ofthe

chiral reagent 13 (Scheme 20), the ligand d-DM DPI3trphen 7 and 1 equiv. of

[Cu(CH3CN)4][PF6] were heated in THF at 55°C. The compound [Cul(d-DM DPI3-

trphen)][PF6] (13) was recrystallized from acetonitrile and diethyl ether at -30 0C, to

afford offwhite crystalline material (78% ). W e initially monitored the synthesis of this

184
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metal complex 13 at room temperature through 'H-NMR analysis (an aliquot was taken
from reaction mixture after 12 hours). We observed that most of the ligand 7 remained
unreacted in the solution. For the synthesis of this catalyst, we had to heat the reaction at

55°C in order to fully convert the ligand 7 to the desired metal catalyst 13.

Ph

+ pE-
Ph P LPFs

. D3CN/w*/
Phu., NCD, >//NCD3*P\Ph
psehN—{ N DzCN
@ ? Ny—cul” /L —Ph
N-— TN~

N-CD Cu(NCMe),][PF N
N 3 [Cu(NCMe),][PFg] N=_
DsC Y — > D,
N THF, 55°C
{ @/N Overnight
3
7

Scheme 20. Synthesis of Chiral [Cu'(d-DMDPIs-trphen)][PFs] (13)

Synthesis of Chiral [Cu'(DMDPIs-trphen)][B(CsFs)4] (14). We have also

synthesized the Cu (I) cyclic chiral catalyst 14 by replacing the hexafluorophosphate

(PF¢) as a counter anion with the more soluble tetrakis pentafluorophenylborate

B(C¢F5)4 anion,

Ph
Ph ; pn  L* PR Ph y Ph  * [B(CeFs)a-

) M eN/\/( o MeN/Y
Pho.. N >/NMe Ph """ "NMe >/NMe Ph

MeN ‘N/MeN/>—Ph MeN—Z N MeN/>_
(Y . /Cu
\ N/(?u\ VL N T

é/N ....... 7,/:\ Me MeCN, RT é/N ------- y/j
12 @ 14 i

Scheme 21. Synthesis of Chiral [Cu'(DMDPIz-trphen)][(B(CsFs)4] (14)
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For catalytic reactions, and even more for mechanistic studies, keeping reagents and

substrates in solution can be advantageous. In the case of the B(CsFs)4~ anion, fluorine

increases the lipophilicity of the catalyst and thus its solubility. For its synthesis, the

metal complex [Cul(DMDPI; trphen)][PFs] (12) was dissolved in acetonitrile and 1.3

equiv. of potassium tetrakispentafluorophenylborate, K[B(CsF4] was added to this

solution (Scheme 21) to afford 14 as a white solid (75%).

Synthesis of Chiral [Ag'(DMDPIs-trphen)][PFs] (15). For the synthesis of this

chiral reagent, the ligand DMDPI; trphen 4 and 1 equiv. of AgPF¢ was stirred in

acetonitrile overnight at room temperature (Scheme 22). The white crystalline material of

chiral [Ag'(DMDPIs-trphen)][PFs] 15 (78%) suitable for X-ray diffraction analysis (Fig.

8), was obtained from acetonitrile over layered with diethyl ether and kept at — 30° C.

AgPFe

Ph
Ph

MeN/Y
Ph““; N >/NMe Ph

oN MeN

N/AQ /L

T GHiON,RT @/N ,,,,,,, //j

Ph

Me

[* PFg

Scheme 22. Synthesis of Chiral [Ag(DMDPIs-trphen)][PFs] (15)

2.4. SYNTHESIS OF BIPODAL METAL COMPLEXES

Synthesis of Chiral [Cu {(DMDPIz-biphen)][PFs].Et2O (16). The ligand DMDPI;-

biphen 11 was dissolved in degassed THF and 1 equiv. of [Cu(CH3CN)4][PFs] was

added to this solution (Scheme 23) and stirred overnight.



°C as off-white crystalline material (82% ),

8).
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Compound 16 was obtained from acetonitrile and diethyl ether solutions at - 30

: :’/, *
*

N—CHj
Hae N
N
N—Me
2

1

[CU(CH3CN)4PF6]

THF, RT

Scheme 23. Synthesis of Chiral [Cul(DM DPI3-biphen)][PF6].Et20 (16)

Type ofbond

N (8)-Cu(1)-N(2)
N (8)-Cu(1)-N (3)
N (2)-Cu(1)-N(3)
N (8)-Cu(1)-N (1)
N (2)-Cu(1)-N (1)
N (3)-Cu(1)-N (1)

Figure 8. ORTEP Diagram of Chiral [Cu I(DMDPI3-biphen)][PF6].Et20 (16)

Bond Angle

125.74(10)
124.14(10)
107.01(9)
125.45(9)
79.31(9)
77.26(8)

Type ofBond

Cu(1)-N(8)
Cu(1)-N(2)
Cu(1)-N(3)

Cu(1)-N (1)

Bond
length

1.867(2)
2.044(2)
2.063(2)

2.268(2)

suitable for X-ray diffraction analysis (Figure.
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Compound 16 possessed a distorted tetrahedral coordination environment in the
solid state. In addition to the [N2NMe] coordination, acetonitrile (used as a solvent for
recrystallization) is also binding to Cu(I). The calculated bond lengths (A) and bond
angles (°) are given below. As expected, the Cu—N(1) bond length between Namine atom
and Cu(l) is longer as compared to the bonds of Cu with the Namido atoms, N(2) and

NQG).

2.5. CATALYTIC STUDIES

Catalytic Studies with [Cul(DMDPI;-trphen)][PFs] (12). We first tried
asymmetric aziridination reactions (Scheme 24) with styrene (2.0 mmol) as the substrate
and PhINTSs as a nitrene source (0.25 mmol ; limiting reagent), in the presence of 5 mol%
of [Cul(DMDPI-trphen)][PFs] (12) and molecular sieves (MS). Initially, the aziridination
of styrene (2.0 mmol) by PhINTs (0.25 mmol) was conducted in various (0.20 mL)
solvents (MeCN, benzene, chlorobenzene, pentane, CH2Cl2, fluorobenzene,
trifluoroethanol; 0.20 mL) in the presence of catalytic amounts of 12 (0.0125 mmol) at 30
OC (Table 1). The reaction was stirred for 12 hours, after which the crude mixture was
purified by silica column chromatography to give pure aziridinated product, which was
quantified by 'H NMR in CDCI; versus an internal standard (4'-methoxyacetophenone).
The % ee values were determined with the assistance of chiral HPLC on a commercial
(R, R)-Whelk-O1 column.

The highest yield (99%) was obtained in acetonitrile, although all other solvents
also afforded good yields. At the temperature of this experiment (30 °C), all % ee values

are insignificant in all solvents.
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PhINTs (0.25 mmol)

Ok

(2.0 mmol)

12(5 mol%), MS
12 hrs, T(°C)

NTs

o

w

Scheme 24. Asymmetric Aziridination Reaction with [Cul(DMDPIs-trphen)][PFs] (12)

It is common for such types of asymmetric reactions to require low temperatures

in order to suppress the reaction rate in favor of selectivity. We thus explored the reaction

at 10 °C in all the solvents noted above (Table 1).

‘Table 1 . Asymmetric Aziridination of Styrene by PhINTs Catalytic Data Mediated by

12 at 30 0C, 10 OC and 0 OC in Various Solvents®

Solvent Yield(%) | ee (%) | Yield(%) | ee (%) | Yield(%) | ee (%)
30°C 30°C [10°C 10°C [ 0°C 0°C
CH;CN 99 0 85 0 35 12
CH2Cl2 92 0 78 5 30 10
CeHs 88 5 70 38 32 40
CeHsCl 90 10 72 60 35 58
CeHsF 87 10 70 55 30 50
Pentane 85 5 70 50 25 45
CF3;CH20H 83 0 75 10 48 10

*Conditions: Styrene, 2.0 mmol; PhINTs, 0.25 mmol; cat 12, 0.0125 mmol (5 mol %),
MS 5 A, 20 mg; solvent , 0.200 mL; 12 h.

As expected, the yields dropped upon decreasing the temperature from 30 °C to

10 °C. The highest yield was obtained in acetonitrile (85%) at 10 °C, although the % ee

value did not improve in this solvent. Other solvents also gave low to modest % ee
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values. The best balance between yield and ee at 10 °C was found in chlorobenzene
(vields, 70%:; ee, 60%), followed closely by fluorobenzene and pentane. Selected solvents
were then screened at 0 °C (Table 1). At 0 °C, the yields dropped significantly as
expected with the highest yield recorded in acetonitrile (35%). In the case of
chlorobenzene, the yield was low and the ee values were roughly the same as those
obtained at 10 °C. Upon decreasing the temperature to -78 °C in dichloromethane, both
the yield (6%) and ee (35%) values remained significantly low. Overall, in the case of 12
as a chiral catalyst for the asymmetric aziridination of styrene, the best balance between
yield and ee is achieved in chlorobenzene at 10 °C.

Styrene, as well many other non-functionalized terminal olefins, has always been
a challenging substrate for enantioselective aziridination. To our knowledge, the best %
ee values with styrene as a substrate and PhINTs as a nitrene source has been reported by
Jacobsen’s! and Evans’? group (60-67 ee%). The Jacobsen group used copper reagents
bearing Cz-symmetric chiral salen-framework, while the Evans’ group used Cu(l)
bis(oxazoline) ligands for asymmetric aziridination of styrenes at -78 °C and 0 °C,
respectively. The % ee value with our Cu(l) catalyst 12 supported by cyclic chiral guanidinyl
arms is moderate (60 ee%), at roughly the same level as that achieved in the iconic work
of Jacobsen and Evans, although the temperature required for 12 (10 °C) is significantly
higher. The Arnold group also attempted aziridination reactions of styrenes and other
aromatic olefins using the new genetically modified variant enzyme P411 and tosyl azide
(TsN3) as a nitrene source. High ee values (>90%) were obtained, but at very low yields.
Unfortunately, the feasibility of such reactions for a practicing synthetic chemist may be

challenging in a common laboratory setting at the present time.
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After establishing the optimum working conditions with styrene as a substrate in
the case of the Cu(l) chiral catalyst 12 (5 mol %), we tried asymmetric aziridination
reactions with other p-substituted styrenes (2.0 mmol), PhINTs (0.25 mmol, limiting

agent) as a nitrene source, and stirred for 12 hours in PhCl (0.2 mL) at 10 °C (Table 2).

Table 2 . Asymmetric Aziridination of para-Substituted Styrene by PhINTs Catalytic Data
Mediated by 12 at, 10 °C in Chlorobenzene.

Entry Substrates Products Yield (%) | %ee

oh
+ NTs 68 50
AN
O - O
« NTs 65 45
O —
—_—
3. By

« NTs 62 40

+ NTs 65 50
o~ — O
> F F NT:
* S
N 60 50
6 :
' Cl Cl
« NTs 25 51
o~—
7 —_—
O5N O5N
NTs 20 50

3Conditions: Olefin, 2.0 mmol; PhINTs, 0.25 mmol; cat 12 0.0125 mmol MS (5mol%);5 A,
20 mg; chlorobenzene,0.200 mL; room temperature; 12 h.



192

The crude product was purified by column chromatography to give pure
substituted aziridinated product which was quantified by 'H NMR in CDCl; versus an
internal standard (4'-methoxyacetophenone) to obtain yields. The % ee values were
determined with the assistance of chiral HPLC on a commercial (R, R)-Whelk-O1
column.

At 10 °C, the yields were modest with both electron-donating and electron-
withdrawing para-substituents (Table 2, entries 2-4 and 5-8, respectively). The yield
dropped drastically for the more electron-withdrawing substituents i.e., 4-nitro styrene
and 4-trifluoromethyl styrene (Table 2, entries 7 and 8). This is an expected trend, as
these reactions are all electrophilic in nature, therefore, generally tend to favor more
electron-rich substrates as compared to electron-deficient substrates. The % ee values
remain modest with p-substituted styrenes (Table 2, entries 2-8), with the parent styrene
providing the best yield and ee values (Table 2, entry 1).

Catalytic Studies with [Cul(d-DMDPI-trphen)][PFs] (13). Representative
examples in the exploration of different solvents and temperatures in the case of the
deuterated analog (N—CDs3) analog 13 are shown in Table 3. The highest yield was
obtained at 30 °C in acetonitrile (92%). As expected, the yields drop significantly upon
decreasing the temperature from 30 °C to -78 °C. Surprisingly, ee values were quite low
even in chlorobenzene at 10 °C, by comparison to 12. In this case, the highest ee values
obtained (only 25% ee) were in dichloromethane at -78 °C. We designed [Cu'(d-DMDPI-
trphen)][PFs] (13) to possess N-CDj3 substituents, to impede oxidative demethylation as
compared to the N-Me arm. Although this catalyst shows good reactivity, ee values are

surprising very low to non-existent., for reasons not well understood at the present time.
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Table 3. Asymmetric Aziridination of Styrene by PhINTs Catalytic Data
Mediated by 13 at 30 °C, 10 °C and 0 °C in Various Solvents®

Solvent | Temp Yield(%)| % ee
(C)
CH;CN | 30 92 0
Ph
CH;CN |0 30 20 Ph . _Ph LLPF&
DLCN *
CH.CI, | 0 25 12 i ooy //7;3 d
2L
DSCN{\N/q:uL‘“N*—_i CN;>r"Ph
CH,Cl, |-78 8 25 . N7~ o,
R 7.@
C¢HsC1 | 30 80 5 13 @
C¢HsCl | 10 65 20

*Conditions: Styrene, 2.0 mmol; PhINTs, 0.25 mmol; cat 13, 0.0125 mmol (5 mol %),
MS (5 A), 20 mg; solvent , 200 mg; 12 h.

Catalytic Studies with Chiral [Cul(DMDPI;-biphen)]. Et20 (16). Representative
examples in the exploration of different solvents and temperatures in the case of the
bipodal Cu(l) catalyst 16 are shown in Table 4. The highest yield was obtained at 30 °C
in acetonitrile (90%), followed by chlorobenzene. The ee values remained quite low even
in chlorobenzene at 10 °C, with the highest ee value obtained (25%) in dichloromethane
at -78 °C. As noted previously, we synthesized the bipodal Cu(I) catalyst 16 by replacing
one of the phenyl legs with a smaller and sterically less hindered Me group. It was
designed while keeping in mind that the tripodal framework might be sterically too bulky
to show catalytic activity with sterically demanding substrates. Not surprisingly, the
bipodal catalyst showed inferior ee values by comparison to the tripodal analog, at
essentially comparable yields in different solvents. One possible explanation of the lower

ee values in the case of 16 is the lack of rigidity of this catalyst.



Table 4. Asymmetric Aziridination of Styrene by PhINTs Catalytic Data
Mediated by 16 at 30 °C, 10°C and 0°C in Various Solvents®

o I+ PFe-
Ph:. X Ph
« NMe NCMe W5

MeN—{ | MeN
\N—Cu'\M N)\N —Ph
e

Rl

16

Solvent Temp (°C) | Yield(%) | % ee
CH;CN 30 90 0
CH;CN 0 25 10
CH,(Cl, 0 20 8
CH,(Cl, -78 5 25
Ce¢Hs 10 55 20
CgHsCl 30 80 12
CgHsCl 10 50 8
Pentane 30 65 5
Pentane 10 50 15

*Conditions: Styrene, 2.0 mmol; PhINTs, 0.25 mmol; cat 16, 0.0125 mmol (5 mol %),

MS (5 A), 20 mg; solvent , 200 mg; 12 h.

Catalytic Studies with a Soluble Nitrene Source. We also pursued catalytic
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studies using a soluble source of nitrene, since PhINTSs has a polymeric structure and is

insoluble in common solvents. The soluble NTs o- propoxyphenyliminoiodane 27

(prepared according to the literature protocol, Scheme 25) can be delivered slowly to the

reaction in a suitable solvent over a period of time through a syringe pump. This might be

helpful in controlling the rate of the reactions, and hence, affecting reactivity and

selectivity. Compound 27 should be stored in the refrigerator and protected from the light

to increase its shell life. It exhibits good solubility in dichloromethane, chloroform, and to

lesser extent, in acetonitrile. The solubility in dichloromethane is 0.250 g/mL, however

this soluble source of NTs proved to be unstable in chlorinated solvents.
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Initially, we screened the solvents acetonitrile, dichloromethane and 1,1,3,3-

hexafluoro isopropanol (HFIP), in which the nitrene source 27 is soluble enough at 30 oC

and was added over a period of 1.0 h with the assistance ofa syringe pump.

OPr .NTs
n n JS. /1+-NTs Catalyst12 (5 mol %) rerNNV AL
| T S + fjT Solvent, 12hr, T(°C)
2.0 mmol 0.25 mmol

o-propoxyphenyliminoiodane

Scheme 26. Asymmetric Aziridination of Styrene with a Soluble NTs 27

Mediated by 12

In the case ofthe Cu(l) tripodal catalyst 12 with soluble NTs 27 as a nitrene

source (Scheme 26), we observed that at 30 oC in acetonitrile, the yield dropped to 65 %

as compared to 99 % when PhINTs was used as a nitrene source (Table 5).

Dichloromethane also gave comparable yield (55% ), butin HFIP, the yield obtained

(40% ) was even lower. Similar results were obtained with the deuterated Cu (1) analog 13

and the bipodal Cu(l) 16 catalyst. As expected, ee (%) values are close to zero at this

temperature. The lower yields are also consistent with the instability of 27 in various

solvents.

W e then explored the styrene aziridination reaction in the same solvents at 10 oC

and 0 oC (Table 6). The yields dropped significantly for all three chiral catalysts in all

solvents.
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Table 5. Asymmetric Aziridination Catalytic Data with Soluble NTs 27% at 30 °C

Solvent Yield (%) | ee (%) | Yield (%) | ee (%) | Yield (%) | ee (%)
Catalyst | Catalyst | Catalyst | Catalyst | Catalyst | Catalyst
12 12 14 14 16 16
CH3CN 65 0 60 0 55 0
CH:Cl2 60 5 50 0 52 0
HFIP 40 0 30 0 35 0
CH2Cl2:CeHsCIP 55 5 45 0 50 0

Conditions: Styrene, 2.0 mmol; Soluble NTs 27, 0.25 mmol; catalyst, 0.0125 mmol (5
mol %); MS (5 A), 20 mg; solvent , 0.900 mL; 12 h. °CH,Cl, (200 mg) and CsHsCl (700
mg)

Modest ee values (53%) were obtained for 12 at 0 °C, marking an improvement
versus PhINTs. As noted with PhINTs, we did not observe any significant ee values with
the chiral catalysts 13 and 16. In the case of the soluble form of NTs (27) as a nitrene
source, the best balance between yield and ee values is obtained with catalyst 12 in
dichloromethane at 0 °C. The modest yields observed, raised questions about the stability
of the soluble nitrene source 27 over a period of time when delivered slowly through a
syringe pump. We thus obtained a series of 'H NMR spectra of 27 in several deuterated
solvents, namely CDCl3, CD3;CN and d-HFIP at regular time intervals. We observed that
in the case of CDCI3 and CD3CN, 27 decomposed slowly, as we noticed smaller peaks
developing besides those attributed to 27. In contrast, when we used d-HFIP as the
solvent, the soluble NTs was stable even after 16 hours. However, the solubility of 27 in
HFIP is inferior to that observed in dichloromethane or acetonitrile, and also HFIP did

not prove to be a good solvent for aziridination reactions.
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Table 6. Asymmetric Aziridination with Soluble NTs 27 at 10 °C and 0 °C.

Yield

ee Yield ee Yield ee
Solvent (%) (%) (%) (%) (%) (%)
Catalyst | Catalyst | Catalyst | Catalyst | Catalyst | Catalyst
12 12 14 14 16 16
10 |0 (10| 0 | 10| O |10 O 10 | 0 [ 10 | O
°C |°C|°C |[°C|°C |°C|°C |°C| °C|°C|°C|°C
CH3CN 12 (45120 [ 20|30 (35|25 (20| 25 |30 20 |20
CH:Cl2 40 |35 45 |83 |25 (30| 35 (35|25 |30 20 |20

CH2Cl2+CeHsCL | 30 (35| 40 {43 |20 | 25|25 (20| 25 |25 10 | 10

Conditions: Styrene, 2.0 mmol; Soluble NTs 27, 0.25 mmol; catalyst, 0.0125 mmol (5
mol %); MS (5 A), 20 mg; solvent , 0.900 mL; 12 h. °CH,Cl; (200 mg), CsHsCl (700
mg)

Asymmetric Cyclopropanation Reactions. We also attempted a preliminary
screening of a series of asymmetric cyclopropanation reactions of styrene (Scheme 27)
with methyl 2-diazo-2-phenylacetate (prepared according to a literature protocol), as a

carbene source. The diazocarbene was dissolved in the solvent of choice (MeCN,

benzene, chlorobenzene, pentane, CH2Clo, fluorobenzene, trifluoroethanol) and added
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slowly via syringe pump to the flask containing 5 equiv. of styrene and 5 mol % of the
catalyst 12. The reaction mixture was stirred vigorously for 12 hours at a specific
temperature.

After completion of the reaction, the products were isolated by column
chromatography (silica gel) and quantified by '"H NMR in CDCI; versus an internal
standard (4'-methoxyacetophenone). The % ee values were calculated with the assistance

of chiral HPLC on a commercial (R, R)-Whelk-O1 column.

Ph

(@]
| H, .»\\\OMe Ph y Ph [* PR
+ Solvent, 12hrs, T(°C) . MeNN
N Ph. NMe NMe Ph
o 2 Catalyst 12 (5 mol % ) :

MeN—Q N MeN/>_
OMe  1.285 mmol N/(?“ N4/\

0.257 | ‘
mmao \//< N / /1

12

Scheme 27. Asymmetric Cyclopropanation Reaction of Styrene Mediated by Catalyst 12

The yield was only 15% in dichloromethane with 1 mol% catalyst 12
loading, however, at 5 mol %, the yield increased significantly to 70% (Table 7).
All other solvents provided lower yields. As expected, on decreasing the
temperature from 30 °C to -78 °C, the yields dropped to 40% in dichloromethane.
Trifluoroethanol (CF3CH20H) also gave modest yield (55%) at 0 °C.

In all case examined, the ee values remain low even at very low
temperatures. It is very likely that this catalyst is quite bulky for handling the
sterically demanding carbene source and does not permit close contact with the

chiral auxiliary.



Table 7. Asymmetric Cyclopropanation Catalytic Data of Styrene

Mediated by 12*

Solvent Temp Yield [|ee
(°C) (%) (%)
CH,Cl, 30° 15 5
CHxCl 30 70
CH,Cl, 0 50 10
CH,Cl, -78 40 12
CH;CN 0 15 0
CF;CH:OH [0 55 10
CeHsCl 10 45 15
CeHg 10 30 8
Pentane 30 35 10

Conditions: Styrene, 1.285 mmol; methyl 2-diazo-2-phenylacetate, 0.257 mmol,
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catalyst 12, 0.0125 mmol (5 mol %); solvent , 2.0 mL; 12 h. Pcatalyst 12, 0.0025 mmol

(1 mol %).

2.6. MISCELLANEOUS SYNTHESIS OF LIGANDS, INTERMEDIATES AND
METAL COMPLEXES FOR FUTURE DEVELOPMENT

We also designed a cyclic chiral ligand featuring N—"Pr guanidinyl-arms. Having

N—Pr arm might be more advantageous, as it is less prone to oxidative demethylation as

compared to N-Me arm. Moreover, 'Pr group might help in restricting the movement of

the guanidinyl-arms perpendicular to the ligand and thus might be more useful in

achieving higher selectivity. On the other hand, the possibility of making the ligand too

bulky for any significant catalytic activity still exists.

For the synthesis of this chiral ligand scaffold possessing N—'Pr guanidinyl-arms,

we start from commercially available chiral 1R, 2R-(+)-1, 2- diphenylethylenediamine

and add 1 equiv. of acetone in methanol. The reaction is stirred for 1 h at rt and then 3
equiv. of NaBHs was added and the mixture was stirred for another 3h at rt to give

monoalkylated amine (1R,2R)-N1-isopropyl-1,2-diphenylethane-1,2-diamine 17.
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The compound was isolated through extraction procedure with dichloromethane and the
product was obtained as a yellowish viscous liquid (92%) (Scheme 28).

The above procedure was repeated for dialkylation to provide (1R,2R)-N,N'-
Diisopropyl 1,2-diphenylethylenediamine 18 (Scheme 28) as a white solid (83%). By
means of 'TH-NMR, we observed that both the methyls of the isopropyl group appeared as
doublets and, therefore, are localized in different chemical environments as shown by
discrete chemical shift values. Indeed, '"H-NMR of 18 shows that Me of the N-Pr arm

resolves to give two different doublet peaks at 1.13-1.12 and 1.09-1.07 ppm in CDCls.

o :
i-Pr—NH HN—FPT

NH —

H2N 2 H3C/U\CH3 i~Pr—NH NH2 H3C CH3 A
:}’b NaBH4 \’b NaBH4 N

@ MeOH, RT @ MeOH, RT @

18

Scheme 28. Synthesis of (1R,2R)-N,N'-Diisopropyl 1,2-diphenylethylenediamine 18

This 18.2HCI salt and 1 equiv. of triethyl orthoformate were heated at 100 °C for
16 h to afford (4R,5R)-1,3-diisopropyl-4,5-diphenyl-4,5-dihydro-1H-imidazol-3-ium
chloride 19 (67.5%) as a colorless solid (Scheme 29).

The Synthesis of the Chloro Imidazolium Salt 20 can be achieved by two methods.
Method A. MeMgCl (3M Et20, 1.2 equiv.) was added to (4R,5R)-1,3-diisopropyl-4,5-
diphenyl-4,5-dihydro-1H-imidazol-3-ium 19 in THF, followed by 1.4 equiv. of
hexachloroethane and stirred for 24 h at room temperature to afford (4R,5R)-2-chloro-
1,3-diisopropyl-4,5-diphenyl-4,5-dihydro-1H-imidazol-3-ium chloride 20 (Scheme 30) as

a light yellowish solid (60%).
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18

HCI
CH(OEt);

80°C

H ci
i-Pr-N" "~ N*-i-Pr

* d

~

W

19

Scheme 29. Synthesis of Compound 19

Method B. Initially, we tried to synthesize the N—'Pr arm appended chloro

imidazolium salt 20 by adopting a methodology (Scheme 31) similar as to the synthesis

of N—Me arm appended chloro imidazolium salt 3 albeit in low yields (~10%). Therefore,

we adopted the alternative methodology noted above (Method A, Scheme 26) for its

synthesis, which increased its yield to 60%. In the methodology B, compound 18 was

dissolved in acetonitrile and then 1.08 equiv. of di-tert-butyl dicarbonate (BOC20) and

1.08 equiv. of 4-dimethylaminopyridine (DMAP) were added and stirred for 24 h at

room temperature. The compound (4R, 5R)-1,3-diisopropyl-4,5-diphenylimidazolidin-2-

one (21) was obtained as a pure white solid (85%). The isopropylated urea 21 is then

converted 20 by using 5 equiv. of oxalyl chloride upon refluxing for 20 h.

H c

'

i-Pr-N)§N+'i'Pr

<

W

19

Cl
cl Cl
Cl cl

MeMgCI, THF
-78°C-RT

At
cl  i-Pr-N" " N*-i-Pr

3

W

CI CI-

'

20

Scheme 30. Synthesis of Chloro Imidazolium Salt 20 (Method A)
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3 2
iPr-HN  NH-iPr ipr_N)LN-iPr (COCI), . iPrN SN*-iPr
R BOC,O,DMAP 2R Toluene, Reflux N
@ CH3;CN, RT @
18 21 20

——

Scheme 31. Synthesis of Compound 20 (Method B)

Synthesis of a Bipodal Biphenyl amido-aniline Scaffold (N2N-CsHsNH2) with
Chiral Cyclic Guanidinyl Arms. We have also synthesized the chiral ligand with two
different substituted N-arm i.e., a combination of N-Me arm and N— ‘Pr arm (25, Scheme
32). In this way, we are breaking the symmetry of the ligand in the initial stage, which in
turn might make the catalyst more useful in achieving higher selectivities in catalytic
reactions. For the synthesis of this chiral catalyst, we convert mono substituted N-"Pr
armed chiral amine 17 to the corresponding urea 22 using 1.09 equiv. of di-tert-butyl
dicarbonate (BOC,0) and 09 equiv. of 4-dimethyaminopyridine (DMAP). The
compound (4R, 5R)-1-isopropyl-4,5-diphenylimidazolidin-2-one (22) was obtained as a
pure white solid (80%).

We then alkylate the N-H arm of the urea 22 first by deprotonating it with 2
equiv. of sodium hydride and then alkylating it with 2.5 equiv. of methyl iodide to give
the desired chiral ligand with two different N-substituted arms, (4R,5R)-1-isopropyl-3-
methyl-4,5-diphenylimidazolidin-2-one (23), as a white solid (77%). The chiral ligand 23
was further converted into the (4R, 5R)-2-chloro-3-isopropyl-1-methyl-4,5-diphenyl-4,5-
dihydro-1H-imidazol-3-ium chloride 24 using 5 equiv. of oxalyl chloride in refluxing

toluene for 20 hours.



The chloro imidazolium salt 24 is then coupled with our parent2, 2, 2"-
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triaminotriphenylamine in the presence of 3 equiv. oftriethylamine to afford ligand 25 in

the form ofa white

give X-ray quality crystals. Figure. 9

Figure 9. ORTEP

solid (70% ), which was recrystallized further from acetonitrile to

shows the ORTEP diagram ofthe compound 25.

Diagram of Compound 25

3 X
H,N  NH-iPr H-N/U\N-iPr Me-N~ N-iPr
2 BOC,0,DMAP 4 NaH, Mel A
@ CHZCN, RT @ THF,RT @
17 22 23
Toluene | (COCI),
@ NH5 Reflux
/,I' * N
1 N—iPr
Hye ™ " o
N 2 SN
N EtaN H3;C-N N* iPr
CH4CN, Reflux
2 )
25 24

Scheme 32. Synthesis of Compound 25
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Apparently, due to the steric bulk ofthe ligand, only two legs ofthe

triphenylamine core are substituted, instead ofthe expected three legs. The unsubstituted

NH2arm ofthe ligand 25 can be further exploited in many useful ways in the future.

Synthesis of Tripodal Triphenyl amido-amine Ligand with tert-Butyl Substitution

(2-NH (tBu)-C6H4)3N). In 2018, our group reported a library oftrisamido-amine ligands

(LIH 3-L15H 3) used for C—N bond construction methodology. All ligands possess the

2,2',2"- triaminotriphenylamine (trphen) scaffold with a variety of pendent arms (aryl,

acyl, alkyl). Primary and secondary substituents as in the case ofMe and iPr can be easily

installed, but once there is no hydrogen atom attached to the carbon, itbecomes

significantly more difficult to synthesize the corresponding ligands, because of steric bulk

and lack ofgeneral methodologies.

Figure 10. ORTEP Diagram oftertbutylated Tripodal Ligand 26

This is illustrated for the synthesis of the tripodal tert-butyl armed ligand (26)

which we achieved after significant effort. Initially, when we tried the reaction under a
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multitude of conditions (Scheme 33) and with the assistant ofvarious t-Bu precursors, the
yields obtained were very low (< 5% ). Finally, we succeeded (Scheme 34) upon using

neat t-Bu 2,2,2-trichloroacetimidate at room temperature in a fast reaction (15min).

Scheme 33. Synthetic Routes Attempted for the Synthesis ofthe tert butylated Tripodal
Ligand (26)

Our parent ligand (2-NH2-C6H4)3N and Cu(OTf)2were mixed together and to
these solids 7.5 equiv. of tert-butyl 2,2,2-trichloroacetimidatel5 was added and the
mixture was stirred for 15 minutes to afford 2-(ll-azaneyl)-N-(tert-butyl)aniline (26)
(85% ) as awhite solid. The ligand was further recrystallized from hexane to afford
crystals for X-ray diffraction analysis (Figure. 10). The IH-NM R spectrum shows the Me

ofthe tert-butyl group at 1.19 ppm in CDChb.
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H,;C
H;C.| CHj3
NH, NH NH
N N
N CI;,CJJ\OtBu Cu(OTf),
tert-Butyl 2,2,2- RT,15 min
3 Trichloroacetimidate Neat 3

(1eq.) (7.5eq.) 26

Scheme 34. Successful Synthetic Route for the Synthesis of tert butylated
Tripodal Ligand (26)

2. CONCLUSION AND FUTURE DIRECTIONS

The following are the major findings and future endeavors for this work:
1. The Cu(l) chiral tripodal scaffold, featuring N—Me arms (12, 5 mol %)
provides moderate yields and ee values in the aziridination of styrene and other para-
substituted styrenes in chlorobenzene at 10 °C. The deuterated analog 13 (N—CD3 arm)
and the bipodal [N2NMe] catalyst 16 showed inferior ee values by comparison to the
tripodal analog 12, at essentially comparable yield in different solvents. The substrate
scope for asymmetric aziridination is quite limited in the literature and unfunctionalized
alkenes (such as styrenes) have proven to be especially challenging feedstock. Future
experiments will concentrate on further catalyst development featuring more elaborate
secondary interactions. We will also be conducting amination reactions (ethyl benzene,
adamantane) with our chiral Cu catalysts; nitrene insertion into C—H bonds is more
challenging than C=C aziridinations.
2. Since there is still controversy whether C=C aziridinations proceed in a
concerted or a stepwise manner, through a putative metal— nitrenoid intermediate, this

mechanistic differentiation requires further attention for selectivity purposes, by
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providing careful evaluation of the time elapsed between the first and second C—N bond
construction. Besides focusing on the reactivity and the selectivity aspect, future efforts
will also explore the metal-centered events associated with the electron chemistry of the
Cu chiral cyclic guanidinyl catalyst, which might be different from analogous steps in
the two- electron chemistry of Rh catalysts.

3. To further extend the library of chiral guanidinyl reagents, we have synthesized a
key precursor, (4R,5R)-2-chloro-1,3-diisopropyl-4,5-diphenyl-4,5-dihydro-1H-imidazol-
3-ium chloride 20 (featuring N-'Pr arm). The next goal will be to couple it with the parent
ligand 2, 2', 2"-triaminotriphenylamine, and further metallate the corresponding chiral
ligand with Cu(I) sources, in order to be used in catalytic studies for comparative
purposes. We have also synthesized the bipodal biphenyl amido amine scaffold 25 based
on the usual chiral cyclic guanidinyl moeity featuring a combination of N—Me arm and
N—-Pr arms . The unsubstituted NHz can be exploited in many different ways to generate
unsymmetrical ligands that can be further metalated with Cu(I) sources and used for
catalytic studies.
4, We also designed the corresponding Ru(II) reagent, [Ru(DMDPI;-trphen)](PFs)2
(Scheme 35, 28) for comparative catalytic and mechanistic studies.

The synthesis of the chiral reagent 28 requires extensive heating of the ligand
DMDPIz-trphen (4) and 1 equiv. of [Ru(CH3CN)s](PFs)2 in THF at 55 °C. The filtrate
was evaporated to give 28 as a white solid, identified by 'H-NMR. X-ray structure of this

compound is pending.
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)

* N_CH3
HaC ! [Ru(NCMe)s][PFG]z
N THF, 55°C
Overnight
3
4

Scheme 35. Synthesis of Chiral [Ru"(DMDPIz-trphen)](PFs) 2 (28)

5. Moreover, we have also designed a similar catalyst, but with chiral moieties
appended from the N atoms. In this way, the chirality may be more easily transferred to
the metal cavity due to the proximity of these chiral groups to the metal center (Scheme
36). The synthetic methodology relies on the commercially available chiral S-(a)-
methylbenzylamine (29) which reacts with glyoxal in toluene to form imine (30, Scheme
36). Stereoselective addition of phenylmagnesium bromide to the chiral bis-imine results
in the formation of chiral diamine 31. It was then converted into the
imidazolinium salt 32 by using triethylorthoformate (CH(OEt);) as an electrophile. The
imazadolinium salt is further converted to chloro salt 33 using methylmagnesium
chloride as a base and hexachloroethane as an electrophile. So far, we have synthesized

the chiral diamine 31 (according to the literature protocol)'®.

6. In this work , we have placed more emphasis on aziridination reactions, but we
are also interested in cyclopropanation reactions. We have already conducted a few of the
cyclopropanation reactions with the chiral Cu catalyst 12 and methyl 2-diazo-2-

phenylacetate as a carbene source, but with limited success.



Our next step will be to work with different acceptor-donor carbene sources

which mightbe ofmore synthetic value if they are more electrophilic and less bulky

(Scheme 37).
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Scheme 36. Synthetic Methodology for the Catalyst with Chirality

Attached to the Nitrogen.

Scheme 37.

7. W e have finally

butyl substitution (26). Initially, we tried to deprotonate the

Different Carbene Sources to be Considered in this Study

ligand by using potassium

synthesized a tripodal triphenyl amido-amine ligand with tert-
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hydride (KH) as a base, but we observed through NMR that most of the ligand 26
remained unreacted. The next target will be to deprotonate by using stronger bases such
as n-butyllithium, and metalate with first-row transition metals (Mn, Fe and Co) for use

in catalytic nitrene transfer chemistry.
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SECTION

2. SUMMARY AND CONCLUSIONS

The first part of this study explores the synthesis and characterization of a family
of fifteen Mn(II) anionic complexes supported by a N3N*" triphenylamido-amine
framework and various carbonaceous arms (aryl, acyl, and alkyl). The anionic character
of the complexes attenuates the reactivity for aziridination of aromatic olefins, but
enhances selectivity versus aliphatic olefins, especially with Mn(IT) complexes.

Mredox potentials. Among all 15

Electrochemical data support a wide range of Mn''/Mn
Mn(II) complexes, L¥Mn(II), bearing the CF3CO residue, was found out to be the most
anodically shifted, stabilizing the Mn(II) oxidation state. On the other hand., L'*Mn(1I),
which bears electron-releasing substituents was found out to be most oxidizable, and also
among a subset of very few Mn(Il) complexes that show semi-reversible waves.
L¥Mn(II) proved to be the highest yielding catalyst (75%) in the aziridination of styrene
by PhINTSs as a nitrogen source. The yields correlate largely with the redox potential of
all fifteen Mn(II) compounds used in this study, in as much as the higher the redox
potential of the catalyst, the higher the yield of the aziridination reaction tends to be.
Hence, the reactivity of the library of Mn(II) catalysts in nitrene transfer to olefins is
governed by the electrophilicity of the putative metal-nitrene active species.

Once L¥Mn(11) was identified as the highest yielding catalyst, the catalytic
aziridination reaction with different types of substrates was explored in a comparative

study that involved the L¥Mn, L*Fe and LCo analogs. In the case of para-substituted

styrenes, all three catalysts afforded good to high yields of aziridines in comparable
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ranges. In sharp contrast, styrenes with o or 8 substitution show a drastic drop in the yield
and loss of stereochemistry, most likely because of steric encumbrance. Most importantly,
out of all three catalysts, L¥Co proved to be superior in terms of yield and retention of
stereochemistry with respect to cis/trans isomerizations. The comparative reaction
profile study also highlights differences in the rate of aziridine formation by the three
metals (L*Mn, L¥Fe and L®Co), indicating that the rate of aziridine formation by Co(Il)-
catalyzed reactions is much faster than that of the kinetically more comparable Fe and
Mn systems. In the case of aliphatic olefins, the yield is drastically reduced, as compared
to that for the aromatic olefins. However, aliphatic olefins exhibit better stereocontrol
than aromatic congeners upon aziridination, presumably due to faster ring closure.

Competitive aziridination of styrene versus aliphatic olefins by PhINTs
demonstrated that all three catalysts are favoring aziridination of aromatic olefins over
aliphatic olefins. Importantly, this trend is significantly more enhanced for Mn catalyzed
reactions, and consistently in the order Mn > Co > Fe. Overall, these results are
consistent with an inverse reactivity/selectivity correlation, with the exception of Fe(Il)-
mediated reactions, which are ill behaved. Attenuated aziridination reactivity of the
anionic L¥Mn reagent enables differentiation of styrene and 1-hexene by a practicable
margin (62:1) versus a modest edge (5:1) previously reported by Evans and co-workers
with Cu reagents. Mechanistic (Hammett plots, secondary KIE, cis/trans isomerization)
and computational studies (DFT) showed that the formation of aziridine follows a
stepwise mechanism with the generation of a carboradical intermediate. The first step is a
slow, rate determining step, characterized by Nts — Cg bond formation and generation of

aradical Ca site. The second step consist of the aziridine ring closing (Nts-Cq bond
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formation) and occurs as a much faster event, determining the stereochemistry of the
product. The computationally calculated results agreed with the experimental evidence
and suggested L*Co to be more reactive and selective than L®Mn and L®Fe analogues in
the aziridination of styrene. Isopentene was modeled as an alternative substrate to study
the competition between styrene and acyclic aliphatic olefins. As expected, the activation
energy barrier of the initial Ntg — C bond forming step for the Mn(II) mediated
aziridination of isopentene (32.8Kcal/mol), is significantly higher than that for styrene
(25.1 kcal/mol). The calculated HOMO energy of styrene was 0.7eV higher than that of
isopentene, which makes styrene a better nucleophile for attack by the electrophilic
nitrene catalyst, yielding a lower activation energy barrier. Conversely the activation
energy for the second Nts — C bond formation (aziridine ring closure) is lower for
isopentene (3.4 kcal/mol) than that for styrene (4.7 kcal/mol). Interestingly, radical clock
experiments reveal that the aliphatic radical exhibits longer lifetime in the Co rather than
the Mn-mediated reaction, in sharp contrast to the stereocontrol studies in styrene
aziridinations. More extensive experimentation with aliphatic olefins will further shed

light on these intriguing variations.

The second part of the study focuses on the high-spin Co(Il) complexes (§=3/2)
supported by all ligands (L'H3-L!H3) used in the first study, as well as two new ligands,
L'SHs and L'7H3. Amongst all seventeen Co(II) compounds, the catalytically important
[K(L*Co"], exhibits the highest symmetry (strictly C3 symmetry). This compound is
characterized by an exclusive four-coordinate [N3N] ligand field, and an open metalated
cavity fortified by the three ~-CO'Bu arms. The electrochemical properties of a panel of

representative Co'l compounds were studied by cyclic voltammetry. The results are
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consistent with the electronic character of the ligands and prior electrochemical data
obtained for the analogous Mn'! complexes, although the potentials of the Co'!
compounds have been shifted anodically, as expected, by a factor of 0.4-0.7 V, and are
also associated with significant ligand oxidation.

Surprisingly, L*Co (70%) was found out to be the most productive catalyst out of
all the seventeen cobalt complexes, followed very closely by L8Co (69%), in spite of the
fact that L8Co is anodically shifted by 500 mV versus L*Co, and is potentially less
congested. As opposed to the corresponding L*Mn! reagents (x = 1-15) that reveal a
dominant relationship between increasing styrene aziridination yields with anodically
shifting Mn'YMn!! redox potentials (i.e., with increased electrophilicity), the Co™
catalysts provide yields that indicate a more complex pattern of electronic and steric
contributions. Moreover, L*Co is significantly faster in achieving the maximum yield
than L3Co. At the 1.0 h mark, the rate of aziridine formation is completed by 88% for
L*Co, whereas it is 65% in case of L3Co.

The aziridination yields for the para-substituted styrenes in case of L*Co, except
for the parent styrene, are only slightly inferior to those previously reported for L*Co. In
the case of bulkier substrates (o- and B-substituted styrenes), L%Co was on average more
productive than L*Co, possibly due to the more voluminous reaction cavity of L¥Co.
Mechanistic (Hammett plots, secondary KIE, cis/trans isomerization) showed that the
formation of aziridine mediated by L*Co also follows a stepwise mechanism with the
generation of a carboradical intermediate. The cis- and trans-B-d-styrene aziridinations,
mediated by L*Co and L¥Co, showed modest inverse KIE values, highlighting the

preponderance of Nts-Cp formation (sp? to sp®) in the rate determining step. The ratio of
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cis/trans aziridine (94:6) resulting from the L*Co-mediated aziridination of cis-3-d-
styrene is more pronounced than that provided by L3Co (cis/trans aziridine: 89/11),
signifying the interference of even smaller energy barriers in aziridine-ring closure
(formation of the second Nrs-Cobond) in the case of L*Co. All these kinetic and
mechanistic results cannot be solely explained by the general electrophilicity criterion
noted for the Mn(II) library of reagents.

The structure and electronic description of the presumptive [L*Co]NTs
intermediate were explored by DFT calculations, highlighting how a small ligand
modification can result in a major electronic rearrangement. All three spin states (quartet,
sextet, doublet) of [L*Co]NTs generated large activation barriers for the initial step (~50
kcal/mol; N1s-Cp bond formation). London dispersion forces are attractive forces present
between the highly polarizable bulky and rigid alkyl substituents such as tert -Bu group
and are currently emerging as stabilizing factors in highly congested organic and
inorganic compounds. The corresponding barriers were reduced by approximately 20
kcal/mol on applying London dispersion-corrected DFT. However, these barriers are still
significant by comparison to the reaction of [L8Co]NTs (sextet) and styrene (23.4
kcal/mol, Nts-Cp bond formation). Spin-density calculations also revealed that the non-
coordinating arm of [L*Co]NTs is one-electron oxidized, resulting in the formation of N-
aryl amidyl radical. The corresponding arm of [L®Co]NTs is redox innocent because the
electron withdrawing CF3 residue protects it from a similar one-electron oxidation. The
single-electron distribution of the N-aryl amidyl radical in [L*Co]NTs is spread
throughout the non-coordinating arm, with almost half of the spin density being localized

on the N atom (Figure. 2.1). This enables more favorable reactivity channels in case of
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[LACO]NTs as compared to [L8CO]NTs. #-aryl amidyl radicals are known to add to

alkenes, at least intramolecularly and might provide stabilizing effect in case of

[LACO]NTs. Further experimentation and attendant DFT calculations will be required to

understand the anomalous behavior of high spin Co(ll) complexes (higher reactivity for

styrene aziridination despite of lower electrophilicity) and further explore whether

reagents with other rigid alkyl substituents (such as the adamantyl group) can be superior

mediators of nitrene-transfer chemistry by stabilizing the metal nitrene moiety.

|I—‘

7f. CT VL fl' 4
Cr OH

[(L4)CoINTs (S = 3/2 [(L8)CoINTs (S = 5/2)

Figure 2.1. Schem atic distribution of spins in the ground state of [L4Co]NTs and
[LBCO]INTS

The third part of this dissertation consists ofa preliminary effort to study the
intermolecular aziridination of alkenes catalyzed by metal reagents (Cu, Ag) supported
by bulky ligands with a chiral framework. We synthesized a tripodal triphenyl amido-
amine scaffold [N3N] with chiral cyclic guanidinyl framework and also abipodal
bisphenyl amido-methyl amine scaffold [NN-Me] with the same chiral cyclic guanidinyl
moeity, both possessing superior rigidity and permitting the incorporation ofchiral
centers in the backbone ofthe cyclic framework. Enantioselective intermolecular C—N
bond construction has been reported in the literature mostly relying on Pt-group transition

metals such as Rh, Ru and Ir. The major problem with these metals is that they are quite
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expensive and toxic. We opted for using mostly earth abundant first-row transition metals
such as Cu.

We first explored asymmetric aziridination reactions with styrene (a notoriously
challenging substrate) and PhINTs as a nitrene source, in the presence of 5 mol% of
Cu(l) cyclic chiral guanidinyl catalyst with N-Me pendent arms. The best balance
between yield and ee values was found in chlorobenzene at 10 °C (yield, 70%; ee, 60%).
The Jacobsen group used copper reagents bearing Cz-symmetric chiral salen-framework,
while Evans’ group used Cu(I) bis(oxazoline) compounds for asymmetric aziridination of
styrenes at -78 °C and 0 °C, respectively. The % ee value with our Cu(l) cyclic chiral
guanidinyl catalyst with N-Me arm catalyst is moderate (60 ee%), at roughly the same
level as that achieved in the iconic work of Jacobsen and Evans, although the temperature
required (10 °C) is higher. The % ee values remain modest with p-substituted styrenes
with the parent styrene providing the best yield and ee values. We also designed Cu(l)
cyclic chiral guanidinyl catalyst with N—CD3 arm to impede any oxidative demethylation
as compared to the N—Me arm. Although this catalyst shows good reactivity, ee values
were surprising very low to non-existent. The corresponding bipodal Cu(l) cyclic chiral
guanidinyl catalyst also showed inferior ee values by comparison to the tripodal analog,
at essentially comparable yields in different solvents. One possible explanation of the
lower ee values in the case of the bipodal analog catalyst is the lack of rigidity. We also
expanded the library of chiral cyclic guanidine frameworks by employing two N— 'Pr
arms and also a combination of N-Me/N— ‘Pr arms . For the future studies, the goal will
be to metallate them with Cu(I) and use them in catalytic studies for asymmetric alkene

aziridination and C—H amination reactions.



APPENDIX A.
COMPARATIVE NITRENE-TRANSFER CHEMISTRY TO OLEFINIC
SUBSTRATES MEDIATED BY A LIBRARY OF ANIONIC Mn(II)
TRIPHENYLAMIDO-AMINE REAGENTS AND M(IT) CONGENERS (M = Fe,

Co, Ni) FAVORING AROMATIC OVER ALIPHATIC ALKENES
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1. EXPERIMENTAL SECTION

1.1. GENERAL CONSIDERATIONS

All operations were performed under anaerobic conditions under a pure dinitrogen
or argon atmosphere using Schlenk techniques on an inert gas/vacuum manifold or in a
dry-box (O2, H20 < 1 ppm). Anhydrous diethyl ether, methylene chloride, acetonitrile,
tetrahydrofuran, hexane, pentane, benzene, toluene, dimethylformamide,
dimethylacetamide, and dimethylsulfoxide were purchased from Sigma-Aldrich. Ethanol
and methanol were distilled over the corresponding magnesium alkoxide, and acetone
was distilled over Drierite. Solvents were degassed by three freeze-pump-thaw cycles.
Unless otherwise noted, all other reagents were purchased at the highest purity available.
Potassium hydride was provided as dispersion in mineral oil and was thoroughly washed
prior to use with copious amounts of tetrahydrofuran followed by hexane. Ligands L'Hs,
L2H3-L°Hs, L'Hs, L¥Hs,2 L°H;,% L°Hs, LH;,* and compounds [K(MeCN)(L¥)Fe'-
NCMe] (8¢),? [K(THF)][(LYMn'-THF] (1) and (Ph4P)[(L)YMn"'-THF]*3THF (Xb)’
have been prepared according to literature methods.

'H and *C NMR spectra were recorded on Varian XL-400, Varian INOVA/
UNITY 400 MHz Unity Plus and a Varian 300 Unity Plus NMR spectrometers. IR
spectra were obtained on a Perkin-Elmer 883 IR spectrometer and FT-IR spectra on
Nicolet Nexus 470 and 670, Magna 750 FT-IR ESP and Shimadzu IR-Affinity-1
spectrometers. UV-vis spectra were obtained on a Hewlett-Packard 8452A diode array,
Varian Cary 50 and Varian Cary 300 spectrophotometers. EI and FAB mass spectra were
obtained on a Finnigan MAT-90 mass spectrometer. ESI and APCI mass spectra were

obtained on a Thermo-Finnigan TSQ7000 triple-quadrupole mass spectrometer, equipped
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with the API12 source and Performance Pack (ThermoFinnigan, San Jose, CA). HRM S

data were collected on a Thermo Fisher Scientific LTQ-Orbitrap XL hybrid mass

spectrometer, using the Orbitrap analyzer for acquisition of high-resolution accurate mass

data. Samples were infused using the integrated syringe pump at3 pL/min and ionization

was Via the electrospray source with source settings at their defaults. In general, settings

for the ion optics were determined autom atically during the regular tuning and calibration

ofthe instrument. For high-resolution data, the Orbitrap analyzer is setto a resolution of

100000. Microanalyses were done by Galbraith Laboratories, Knoxville, TN,

Quantitative Technologies Inc., W hitehouse, NJ, and on an in-house Perkin-Elmer 2400

CHN analyzer.

1.2. OTHER PHYSICAL MEASUREMENTS

(a) X-ray crystallography. Intensity data sets for all the compounds were

collected on a Bruker Smart Apex diffractometer using graphite monochromated Mo K a

radiation (k = 0.71073 A) from a fine focus sealed tube X-ray source. Suitable crystals

were selected and mounted on a glass fiber using super glue. The datawere collected at

low temperatures (140-150 K) and room temperature for metal complexes and purely

organic compounds, respectively, employing a scan of 0.3° in rowith an exposure time of

20 s/frame using SM ART software. The cell refinement and data reduction were carried

out with SAINT while the program SADABS was used for the absorption correction.7

The structures were solved by direct methods using SHELXS-97 and difference Fourier

syntheses. Full-m atrix least-squares refinement against |F2Jwas carried out using the

SHELXTL-PLUSB8suite of programs. All non-hydrogen atoms were refined

anisotropically. Hydrogen atoms were placed geometrically and held in the riding mode
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during the final refinement. Pertinent crystallographic data are collected in Tables S1-S3,
and selective interatomic distances and angles are reported in Tables S4-S8. ORTEPS are

shown in Figures 3-6 and S1-S4.



Table S1. Summary of Crystallographic Data for Metal Compounds [K(THF)s][(L*)Mn'"-THF] (2), [K(THF)»(L*)Mn'-THF]
(3), [K2(DMA)3(L*)2Mn'] (4), [K(THF)4(L>)Mn""-THF] (5), [K(NCMe)][(L*)Mn-NCMe]*MeCN (6) and

{[K(DMA)(L")Mn"]2}223Et20 (7)

LAVl L Ml L Mnt LSV LMn L'Mnt
formula CssHiatKMnN4O7  CsaHasF1sKMnN4Os  CrsHiosMn2KoN11Oo - CseHo1ClsKMnN4Os  CasHagKIMnN7O03  CragHiosKaMnaN20010
M 1451.01 1233.98 1528.81 1176.83 816.85 2937.42

crystal system Triclinic Triclinic Triclinic Monoclinic Monoclinic Triclinic

space group Pl Pl Pl P2i/n P2i/n Pl

a(R) 13.4244(15) 12.729(4) 11.759(2) 11.3910(7) 11.7651(7) 12.421(3)

b(A) 15.4608(17) 14.584(4) 13.541(3) 20.1796(14) 21.2221(12) 13.222(3)

c(R) 21.041(2) 16.701(5) 26.426(5) 24.4830(18) 16.4682(9) 24.754(5)

o (deg) 92.203(2) 112.045(5) 86.003(3) 90.00 90.00 89.650(4)

B (deg) 93.4740(10) 92.891(6) 80.023(3) 93.742(3) 95.4680(10) 77.831(4)

v (deg) 102.8050(10) 99.020(5) 73.719(2) 90.00 90.00 72.506(3)

V(A% 4244.7(8) 2817.7(14) 3977.1(14) 5617.0(7) 4093.1(4) 3783.3(13)

Z 2 2 2 4 4 1

Deaed (g cm™) 1.135 1.454 1277 1.392 1.326 1.289

T(K) 130(2) 223(2) 130(2) 100(2) 137(2) 293(2)

ACN) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073

4 (mm) 0.258 0413 0.483 0.645 0.473 0.505

Ri* (2 (1)) 0.0823 0.0689 0.0884 0.0403 0.0436 0.0714

wR? (I>2a())  0.2295 0.1774 0.2382 0.0861 0.1096 0.1764

[FelV/ZIF o). ? wRy = [Sw(Fo? - FQiw(Fo ] 2
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Table S2. Summary of Crystallographic Data for Metal Compounds [K(DMA)(L*)Mn'-DMA], (8a), [K(NCMe)(L*)Mn"-
NCMe] (8b), [K(L*)Mn"], (9), [Ko(THF)3(L'*):Mn']+2THF (10), [K(THF )3(L'")Mn''-THF]+0.75 Pentane (11), [K(L'*)Mn"-
THF]*THF (12), [K(THF)3][(L'*)Mn""-THF] (13) and [K(L'*)Mn"]+0.5SDMA+0_5hexane (15)

LSMn'_DMA LSMnl'_MeCN  L°Mn! LIMnl LI MnQ L22MnQ L3MnI L5Mn!
formula CaHzoFoKMnNe ~ CosHisFoKMnNe — Co7HasKMn  CseHisKeMnaNs  CoiH7KMnNgy - CsoHssKMnNg - CssHniKMnNg - CsaHaz sFoKMnNy s
Os O3 Ny O17 O4 O2 O4 Oss

M 842.65 751.52 507.61 1723.96 1024.30 838.02 98223 1116.49
:Z:;ll Monoclinic Monoclinic Monoclinic Monoclinic Triclinic Monoclinic Monoclinic Monoclinic
space
group Cc P2i/c P2i/c C2/c Pl P2i/n P21/m P21/m
a(R) 18.3717(12) 10.661(7) 9.4583(12) 18.8633(15) 11.719(10) 11.527(2) 12.4818(15) 12.3883(15)
b(A) 10.8662(7) 18.766(12) 13.3572(17)  21.7465(17) 12.417(10) 13.729(3) 21.792(3) 18.995(2)
c(R) 19.0286(12) 15.752(10) 20.218(3) 22.5199(18) 21.770(19) 27.724(5) 20.039(2) 21.656(3)
o(deg)  90.00 90.00 90.00 90.00 91.221(12) 90.00 90.00 90.00
P (deg) 94.3070(10) 100.699(10) 98.800(2) 102.7590(10) 100.827(11) 92.471(4) 105.708(2) 101.457(2)
¥ (deg)  90.00 90.00 90.00 90.00 100.424(12) 90.00 90.00 90.00
V(A% 3788.0(4) 3097(3) 2524.2(6) 9009.8(12) 3055(4) 4383.3(15) 5247.3(11) 4994.5(11)
VA 4 4 4 4 2 4 4 4
Dealed
(g ) 1.478 1.612 1.336 1271 1.114 1.270 1.264 1.485
7(K) 130(2) 20002) 137(2) 136(2) 130(2) 130(2) 130(2) 137(2)
ACN) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
a 0.549 0.656 0.710 0.440 0.329 0.440 0.380 0.438
(mm™)

Ri®
I>201 0.0516 0.0668 0.0951 0.0546 0.0771 0.0549 0.0398 0.0917
)
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Table S2. Summary of Crystallographic Data for Metal Compounds [K(DMA)(L*)Mn-DMA], (8a), [K(NCMe)(L*)Mn"-
NCMe] (8b), [K(L*)Mn"], (9), [Ko(THF)3(L'*):Mn']+2THF (10), [K(THF )3(L'")Mn''-THF]+0.75 Pentane (11), [K(L'*)Mn"-
THF]*THF (12), [K(THF)3][(L'*)Mn''-THF] (13) and [K(L'*)Mn"]+0.5SDMA-0.5hexane (15) (cont.)

wR?
>2a(1))
“R = Z”F0| - ch||/ZlFo| b wRy = [ZW(F‘O2 - Fc2)2/ZW(F02)2] 172,

418 0.1768 0.1642 0.1354 0.1823 0.1321 0.1028 0.0917

Table S3. Summary of Crystallographic Data for Metal Compounds [K(MeCN)(L¥)Co'-NCMe] (8d), [K(DMA)3(L*)Ni'l],
(8e), [K(DMA)(L'YFe'l"'DMA (14b) and [K(DMA)(L'"Co"]sDMA (14c), and Ligands L''H; and L'°H3

L3Co-MeCN L3Ni! L!4Fell L™*Col L''H; L%Hs
formula CasHisCoFoKN6O3  C3eH3oFoKN7NiOs CaHsiFeKNsOn Ca1Hs51CoKN6O11 CasHagN4 CagH30FoN4Os
M 75551 934.55 898.83 901.91 644.87 938.83
crystal system  Monoclinic Monoclinic Orthorhombic Orthorhombic Triclinic Monoclinic
space group P2i/c P2/ P212:2; P21212) Pl P2i/c
a(R) 10.696(3) 9.133(8) 11.1683(17) 11.0919(7) 9.1381(9) 19.360(3)
b(A) 18.855(6) 29.15(3) 18.406(3) 18.3376(11) 12.0237(12) 10.0615(16)
c(R) 15.813(5) 16.125(14) 21.830(3) 21.9261(13) 17.8361(19) 29.486(4)
o (deg) 90.00 90.00 90.00 90.00 96.278(2) 90
S (deg) 101.378(5) 95.392(12) 90.00 90.00 90.360(2) 128.675(7)
7 (deg) 90.00 90.00 90.00 90.00 111.214(2) 90
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Table S3.Summary of Crystallographic Data for Metal Compounds [K(MeCN)L*)Co''-NCMe] (8d),
[K(DMA)3(L¥Ni"]; (8e), [K(DMA)(L!*)Fe!']sDMA (14b) and [K(DMA)(L'*)Co"']s'DMA (14c¢), and Ligands L''Hj
and L'°Hj3 (cont.)

V(A% 3126.1(17) 4274(7) 4487.4(12)
z 4 4 4

Deated (g cm™) 1605 1.453 1.330

T (K) 243(2) 220(2) 293(2)
2(A) 0.71073 0.71073 0.71073
4 (mm) 0.777 0.642 0.492
Rie(I>20(1))  0.0606 0.0564 0.0344
WwR (I52a(I))  0.1398 0.1475 0.0904

4459.7(5)
4

1.343
1372)

0.71073

0.542
0.0520
0.1125

1813.7(3)
2

1.181
1302)

0.71073

0.069
0.1174
0.2273

4484.0(12)
4

1.391
295(2)
0.71073
0.117
0.0628
0.1537

@Ry = Z||Fo| - |[Fo|l/Z|Fo]. b wRy = [Ew(F o2 - FAYEw(E 2]
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Table S4. Selected Interatomic Distances (A) for Metal Compounds (Ph4P)[(L1)Mn'THF]*3THF (Xb),’
[K(THF)][(L*)Mn"-THF] (2), [K(THF)2(L*)Mn"-THF] (3), [K2(DMA)3(L*)2Mn'";] (4), [K(THF)4(L*)Mn"-THF] (5),
[K(NCMe)][(L®Mn'“NCMe]*MeCN (6), {[K(DMA)L")Mn"]2},.3Et20 (7), [K(DMA)L*Mn'-DMA], (8a),
[K(NCMe)(L®)Mn'-NCMe] (8b), [K(L”)Mn'], (9), [K2(THF )3(L!°)>2Mn',]«2THF (10), [K(THF)3(L'')Mn-THF]+0.75
Pentane (11), [K(L')Mn-THF]*THF (12), [K(THF)3][(L"*)Mn"'-THF] (13) and [K(L'*)Mn!]+0.5DMA-0.5hexane (15)

LIMnI5 L2Mn! L3MnY  L4Mn!  LSMmnl LéMn! L’Mn!! LMn" LMn"

-DMA  -MeCN
Mn(1)-N(1) 2316(3) 2.295%(19) 2.350(3) 2.3385(16) 2.386(2)  2.543(2) 24753)  2.440(4)
Mn(1)-NQ) 2.1133) 2.1052)  2.102(4) 2.1284(17)  2.141Q2)  2.152Q2) 2.224(4)  2.161(3)

Mn(1)-N(3) 2.084(3) 2.1132)  2.126(3) 2.148(5) 2.0839(17) 2.1541(19) 2.140(3) 2.171(3)  2.165(3)
Mn(1)-N4) 2.088(3) 2.1052)  2.1203) 2.163(5) 2.0972(17) 2.1552)  2.189(3) 2.158(3)  2.174(3)

Mn(1)}-N(5) 2.171(2) 2.176(4)
Mn(1)-O(1) 2228(3) 22175(18) 2.198(3) 2.083(4) 2.2266(14)

Mn(1)}-0(2) 2.395(5) 2.042(3)
Mn(1)-0(3)

Mn(1)-0(4) 2.044(3)

Mn(1)}-0(5) 2.094(4)

Mn(1)-0(6) 2.039(2)

Mn(1)-K(1) 3.4554(18)

Mn(1)-K(2) 3.8582(18)

Mn(2)-N(5) 2.133(3)

Mn(2)-N(6) 2.140(3)

Mn(2)-N(7) 2.175(5) 2.184(2)

Mn(2)-N(8) 2.152(5) 2.639(3)
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Table S4. Selected Interatomic Distances (A) for Metal Compounds (PhsP)[(L))Mn-THF]-3THF
(Xb),’ [K(THF)s][(L>)Mn''-THF] (2), [K(THF)2(L*)Mn"-THF] (3), [K2(DMA)3(L*)>Mn'] (4),
[K(THF)4(L>)Mn"-THF] (5), [K(NCMe)][(L®)Mn""-NCMe]sMeCN (6),
{[K(DMA)(L")Mn"2}223Et:0 (7), [K(DMA)(L¥*)Mn'-DMA], (8a), [K(NCMe)(L¥)Mn"-NCMe]
(8b), [K(L"YMn'], (9), [Ko(THF)3(L'%)>2Mn',]2THF (10), [K(THF)3(L!")Mn-THF]+0.75 Pentane
(11), [K(L»)Mn'"-THF] THF (12), [K(THF »][(L"*)Mn""-THF] (13) and
[K(L*)Mn!]+0.5DMA-0.5hexane (15) (cont.)

Mn(2)-0(3) 2.088(4) 2.045(2)
Mn(2)-0(4) 2.070(5)

Mn(2)-0(6) 2.342(5)

Mn(2)-K(1) 3.4192(18)

Mn(2)-K(2) 3.8944(19)

L9MnII LlOMnII LlanII LIZMnII L13MnII LlSMnII

Mn(1)}N(1) 2.212(4) 2.540Q2)  2.3593) 2.345(2) 2.3356(14) 2.429(4)
Mn(1)-N(2)  2.036(5) 2.1012)  2.1393) 2.0982) 2.1102(14) 2.179(4)
Mn(1)-N(3)  2.085(6) 2.1582)  2.144(3) 2.122(2) 2.1367(14) 2.158(4)
Mn(1)-N@4)  2.004(5) 2.137Q2)  2.1253) 2.114Q2) 2.1024(14) 2.178(4)
Mn(1)-N(5)

Mn(1)-O(1) 2273(3)  2.2481(13)
Mn(1)-0(2)

Mn(1)-0(3) 2.0902(19)  2.272(3)

Mn(1)-O(4) 2.446(4)
Mn(1)-0(5)

Mn(1)-0(6) 2.366(4)

6CC
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Table S4. Selected Interatomic Distances (A) for Metal Compounds
(PhaP)[(LHYMn''-THF]+3THF (Xb),’ [K(THF)s][(L>)Mn'-THF] (2),
[K(THF)2(LY)Mn"-THF] (3), [K2(DMA )3(L*):Mn'%] (4),
[K(THF)4(L>)Mn!'-THF] (5), [K(NCMe)][(L®)Mn"-NCMe]-MeCN
(6), {[K(DMA)(L")Mn'"]5}2¢3Et20 (7), [K(DMA)(L¥)Mn"-DMA],
(8a), [K(NCMe)(L¥)Mn'-NCMe] (8b), [K(L")Mn''], (9),
[K2(THF)3(L!%)>Mn'L]+2THF (10), [K(THF)3(L'")Mn""-THF]+0.75
Pentane (11), [K(L'>)Mn'-THF]*THF (12), [K(THF)3][(L'*)Mn"-
THF] (13) and [K(L'*)Mn'"]«0.5DMA-+0.5hexane (15) (cont.)

Mn(1)-K(2) 3.7971(8)
Mn(2)-N(5)
Mn(2)-N(6)
Mn(2)-N(7)
Mn(2)-N(8)
Mn(2)-0(3)
Mn(2)-O(4)
Mn(2)-0(6)
Mn(2)-K(1)
Mn(2)-K(2)




Table S5. Selected Interatomic Distances (A) for Metal Compounds
[K(MeCN)(L#)Co'-NCMe] (8d), [K(DMA)(L¥)Ni]; (8e),
[K(DMA )(L'"Fe''l'DMA (14b) and [K(DMA)(L*)Co']sDMA (14c¢)

L3Co™-MeCN LENi!

L14FeII

L14COII

Co(1)N(1)
Co(1)-N(2)
Co(1)-N(3)
Co(1)-N(4)
Co(1)-N(5)
Co(1)-0(1)
Ni(1)-N(1)
Ni(1)-N(2)
Ni(1)-N(3)
Ni(1)-N(4)
Fe(1)-N(1)
Fe(1)-N(2)
Fe(1)-N(3)
Fe(1)-N(4)
Fe(1)-0(3)

2.345(4)
2.060(3)
2.076(3)
2.069(3)
2.055(5)

2.038(3)
1.987(3)
1.9722)
1.982(3)

2.2602(17)
2.0621(17)
2.0592(17)
2.0624(18)
2.1526(15)

2.222(2)
2.017(2)
2.019(2)
2.030(2)

2.163(2)

231



Table S6. Selected Interatomic Distances (A) for Ligands L''H; and L'*H;

L11H3 L15H3
N(I)-C(16) 1424(4)  N(1)-C(33) 1.434(4)
N(-C(1)  1427¢4)  N(1)-C(1) 1.437(4)
N(I)-CG31) 1446(4)  N(1)-C(7) 1.438(4)
NQ)-C@2) 1.384(4)  NQ)}C2) 1.4044)
NQ)-C(7)  1418(4)  NQ)}C(7) 1.344(5)
NG)-C(17) 1406(4)  NG3)»-C(18) 1.414(4)
NG)-C(22) 1425(4)  NG3)}C(23) 1.355(4)
N@)»-C(32) 1401(4)  N@)»-C(34) 1.408(4)
N@»-C(37) 1425(4)  N@)»-C(39) 1.325(5)
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Table S7. Selected Angles (°) for Metal Compounds (Ph4P)[(LD)Mn-THF]-3THF (Xb),” [K(THF)s][(L>)Mn'-THF] (2),
[K(THF)»(L»)Mn-THF] (3), [K2(DMA)3(L*)2Mn';] (4), [K(THF)4(L°)Mn''-THF] (5), [K(NCMe)][(L®)Mn"-NCMe]-MeCN (6),
{[K(DMA)(L")Mn'"]2}23E1,0 (7), [K(DMA)L¥Mn'-DMA], (8a), [K(NCMe)(L*)Mn'NCMe] (8b), [K(L*)Mn"1], (9),
[K2(THF)3(L'%):Mn',]+2THF (10), [K(THF)3(L'")YMn''-THF]+0.75 Pentane (11), [K(L'>)Mn''-THF ]+ THF (12),

[K(THF)3][(L**)Mn'-THF] (13) and [K(L'*)Mn"]+0.5DMA+0_Shexane (15)

L'Mn™*  I2Ma"  LMn"  LMn" L™Mn®  LMn"  L'Mn" L’Mn®t - LMn"
—DMA  —McCN

N@)-Mn(D)-N@)  11468(12)  116.198)  106.81(14) 12370(7)  11215(7)  1135710)  11236(14) 113.60(12)
N@-Mn()-NG3)  115.19(11)  114.53(8)  105.05(14) 101.40(6) 110.748)  10836(10)  109.75(13) 109.13(12)
N@)-Mn(D)-NG3)  11492(12)  11407(8) 12836(13) 100.99(19)  11640(7) 112757)  105.15(10)  10535(13) 107.29(11)
N@-Mn(D-N(1)  7639(10)  7635(7)  76.64(12) 7346(6)  T308(7)  70229)  694813)  7132(11)
N@)-Mn(D-N(1) 770311 7718(7)  74.1912) 75776)  7289(T)  7051®)  T081(11)  7142(11)
NG Mn(D-N(1)  7691(10)  7681(8)  75.01(11) 77606)  T322T)  69619)  7T047(11)  70.50(11)
N(1)-Mn(1)-N(5) 174.92(7) 178.44(12)
N(2)-Mn(1)-N(5) 110.69(8) 107.14(13)
NG)-Mn(1)-N(5) 101.99(8) 110.43(13)
N(4)-Mn(1)-N(5) 108.02(8) 109.27(13)
N(D)-Mn(D)-O(1)  173.5210)  173.97(7)  158.16(12) 154.60(5)
N@-Mn(D)-O(1)  100.23(11)  99.17(7)  125.20(12) 91.46(6)
NGy Mn(D)-O(1)  109.57(11)  101.788)  96.55(13)  106.49(18)  126.29(6)
N@)-Mn(D-O(1)  9973(11)  10861(7) 97.02(13)  108.66(18)  97.20(6)
NG)-Mn(1)-0(2) 57.19(18)
N(4)-Mn(1)-O(2) 90.45(17)
N(1)-Mn(1)-O(3)
N(2)-Mn(1)-0(3)
NG)-Mn(1)-0(3)
N(4)-Mn(1)-O(3)
N(1)-Mn(1)-O(4) 177.11(13)
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Table S7. Selected Angles (°) for Metal Compounds (Ph4P)[(L))Mn-THF]-3THF (Xb),’

[K(THF)s][(L)Mn''“THF] (2), [K(THF)2(L>)Mn'-THF] (3), [K2(DMA )3(L*)2Mn'5] (4), [K(THF )4(L>)Mn'—

THF] (5), [K(NCMe)][(LOYMn"“NCMe]*MeCN (6), {[K(DMA)L")Mn""]2}2¢3Et20 (7), [K(DMA)(L#)Mn"—
DMA], (8a), [K(NCMe)(L*)Mn'-NCMe] (8b), [K(L*)Mn''], (9), [K2(THF)3(L'°),Mn',]2THF (10),
[K(THF)3(L'")Mn-THF]+0.75 Pentane (11), [K(L'»)Mn"-THF]-THF (12), [K(THF)3][(L'*)Mn'-THF] (13)
and [K(L'*)Mn']+0.5SDMA+0 Shexane (15) (cont.)

NG)»-Mn(1)-O(5) 128.13(19)
N(4)»-Mn(1)-O(5) 119.82(18)

N(1)-Mn(1)-O(6) 178.27(8)
N(2)-Mn(1)-O(6) 109.26(9)
NG)»-Mn(1)-O(6) 112.08(9)
N(#$-Mn(1)-0(6) 108.44(9)
O(1)-Mn(1)-O(2) 157.73(16)

O(1)-Mn(1)-O(5) 90.25(17)

O(2)-Mn(1)-O(5) 89.91(17)

O(6)-Mn(1)-O(4
K(1)-Mn(1)-N(1)
K(1)-Mn(1)-N(2)

K(1)-Mn(1)-N(3) 152.90(14)
K(1)-Mn(1)-N(4) 100.69(14)
K(1)-Mn(1)-O(1) 50.65(12)
K(1)-Mn(1)-O(2) 138.46(11)
K(1)-Mn(1)-O(3)

K(1)-Mn(1)-O(3) 49.85(13)

K(2)-Mn(1)-N(1)
K(2)-Mn(1)-N(2)
K(2)-Mn(1)-N(@3) 92.54(14)
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Table S7. Selected Angles (°) for Metal Compounds (Ph4P)[(L))Mn-THF]-3THF (Xb),’

[K(THF)s][(L)Mn''“THF] (2), [K(THF)2(L>)Mn'-THF] (3), [K2(DMA )3(L*)2Mn'5] (4), [K(THF )4(L>)Mn'—

THF] (5), [K(NCMe)][(LOYMn"“NCMe]*MeCN (6), {[K(DMA)L")Mn""]2}2¢3Et20 (7), [K(DMA)(L#)Mn"—
DMA], (8a), [K(NCMe)(L*)Mn'-NCMe] (8b), [K(L*)Mn''], (9), [K2(THF)3(L'°),Mn',]2THF (10),
[K(THF)3(L'")Mn-THF]+0.75 Pentane (11), [K(L'»)Mn"-THF]-THF (12), [K(THF)3][(L'*)Mn'-THF] (13)
and [K(L'*)Mn']+0.5SDMA+0 Shexane (15) (cont.)

K(2)-Mn(1)-0(1) 160.12(12)
K(2)-Mn(1)-0(2) 4131(11)
K(2)-Mn(1)-0@3)

K(2)-Mn(1)-0(5) 82.18(13)
K(1)-Mn(1)-K(2) 112.23(4)

N(2)-Mn(2)-N(4)
N(2)-Mn(2)-N(3)
N(#)-Mn(2)-N(3)
N(2)-Mn(1)-N(1)
N(#)-Mn(2)-N(1)

N(5)-Mn(2)-N(6) 105.54(10)
N(5)-Mn(2)-N(7) 112.87(10)
N(5)-Mn(2)-N(8) 68.73(9)
N(6)-Mn(2)-N(7) 103.69(10)
N(6)-Mn(2)-N(8) 68.32(9)
N(7)-Mn(2)-N(8) 103.5(2) 68.60(8)
N(5)-Mn(2)-O(3) 106.66(9)
N(6)-Mn(2)-O(3) 113.26(9)
N(8)-Mn(2)-O(3) 175.36(8)
N(3)-Mn(2)-O(8) 132.61(19)

N(4)-Mn(2)-O(8) 104.4(2)
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Table S7. Selected Angles (°) for Metal Compounds (Ph4P)[(L))Mn-THF]-3THF (Xb),’
[K(THF)s][(L)Mn''“THF] (2), [K(THF)2(L>)Mn'-THF] (3), [K2(DMA )3(L*)2Mn'5] (4), [K(THF )4(L>)Mn'—
THF] (5), [K(NCMe)][(LOYMn"“NCMe]*MeCN (6), {[K(DMA)L")Mn""]2}2¢3Et20 (7), [K(DMA)(L#)Mn"—

DMA], (8a), [K(NCMe)(L*)Mn'-NCMe] (8b), [K(L*)Mn''], (9), [K2(THF)3(L'°),Mn',]2THF (10),
[K(THF)3(L'")Mn-THF]+0.75 Pentane (11), [K(L'»)Mn"-THF]-THF (12), [K(THF)3][(L'*)Mn'-THF] (13)
and [K(L'*)Mn']+0.5SDMA+0 Shexane (15) (cont.)

N(7)-Mn(2)-O(6) 92.69(19)
N(8)-Mn(2)-O(6) 58.11(18)
0O(3)-Mn(2)-O(4) 90.31(18)
0(3)-Mn(2)-0(6) 91.43(16)
O(4)-Mn(2)-0(6) 155.95(17)
K(1)-Mn(2)-N(7) 84.94(15)
K(1)-Mn(2)-N(8) 152.90(16)
K(1)-Mn(2)-0@3) 61.43(13)
K(1)-Mn(2)-O(4) 48.80(13)
K(1)-Mn(2)-0(6) 148.29(11)
K(2)-Mn(2)-N(7) 66.66(15)
K(2)-Mn(2)-N(8) 94.69(16)
K(2)-Mn(2)-0@3) 76.11(13)
K(2)-Mn(2)-O(4) 160.91(13)
K(2)-Mn(2)-0(6) 40.23(11)
K(1)-Mn(2)-K(2) 112.19(4)

9¢C
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Table S7. Selected Angles (°) for Metal Compounds (Ph4P)[(L))Mn-THF]-3THF (Xb),’
[K(THE)s][(L*)Mn"-THF] (2), [K(THF)(L*)Mn"-THF] (3), [K2(DMA)3(L*)2Mn'>] (4),
[K(THF)4(L>)Mn"-THF] (5), [K(NCMe)][(L)Mn'"-NCMe]sMeCN (6),
{[K(DMA)L")Mn"2}223Et:0 (7), [K(DMA)(L*)Mn''-DMA], (8a), [K(NCMe)(L¥)Mn'-
NCMe] (8b), [K(L*)Mn'"],, (9), [K2(THF)3(L'*)2Mn';;]s2THF (10), [K(THF)3(L'")Mn'-
THF]+0.75 Pentane (11), [K(L'>)Mn'-THF ] THF (12), [K(THF ][(L"*)Mn'-THF] (13)
and [K(L'*)Mn"]+0.5DMA+0.5hexane (15) (Cont.).

L°Mn"! L!°Mn!"! LUMn" L2Mn"  L®Mn"  L'*Mn"
N@2)-Mn(1)-N@#)  111.0(2) 119.45(9) 112.60(12)  111.2009)  119.65(6)  111.05(16)
N@2)-Mn(1)-N@)  121.47(19)  107.22(9) 112.59(12)  12255(9)  11244(6)  110.34(16)
N@)-Mn(1)-N@3)  118.19(19)  10139(9) 11940(11)  106.72(9)  11130(6)  110.45(16)
N@2)-Mn(1)-N(1)  81.07(18)  69.76(8) 7707(10)  7581(9)  T5.81(5)  71.84(15)
N@)-Mn(1)-N(1)  78.68(16)  71.39(8) 7728(11)  7590(9)  76.54(5)  T1.16(15)
NG)»Mn(1)-N(1)  79.6(2) 70.71(8) 7580(10)  73.50(8)  76.22(5)  72.10(15)
N(1)-Mn(1)-N(5)

N(2)-Mn(1)-N(5)

N(G3)-Mn(1)-N(5)

N(4)-Mn(1)-N(5)

N(1)-Mn(1)-O(1) 154.90(8)  178.81(5)
N(2)-Mn(1)-O(1) 97.93(9)  103.02(5)
N(G3)-Mn(1)-O(1) 90.58(8)  104.13(5)
N(4)-Mn(1)-O(1) 128.19(9)  104.33(5)
NG3)-Mn(1)-O(2)

N(4)-Mn(1)-O(2)

N(1)-Mn(1)-O(3) 177.56(8) 105.12(10)

N(2)-Mn(1)-O(3) 108.60(8) 99.93(11)

NG3)-Mn(1)-O(3) 111.66(8) 104.81(11)

N(4)-Mn(1)-O(3) 108.35(8) 176.71(10)



Table S7. Selected Angles (°) for Metal Compounds (Ph4P)[(L})Mn'-
THF]*3THF (Xb),” [K(THF)s][(L>)Mn-THF] (2), [K(THF)2(L*)Mn"-
THEF] (3), [K2(DMA)3(L*)2Mn'] (4), [K(THF)s(L*)Mn'-THF] (5),
[K(NCMe)][(L®)Mn-NCMe]sMeCN (6), {[K(DMA)(L")Mn'"]>}223Et0
(7), [K(DMA)L*Mn''"-DMA], (8a), [K(NCMe)(L*)Mn'-NCMe] (8b),
[K(L*Mn"], (9), [Ko(THF 3(L1)2:Mn'L]«2THF (10), [K(THF)3(L!))Mn'-
THF]+0.75 Pentane (11), [K(L'>)Mn''-THF ] THF (12),
[K(THF)3][(L**)Mn"'-THF] (13) and [K(L'*)Mn']+0. 5SDMA-0.5hexane

(15) (Cont.).

N(3)-Mn(1)-O(4) 68.31(14)

N(4)-Mn(1)-O(4) 98.12(14)

N(3)-Mn(1)-O(5)

N(4)-Mn(1)-O(5)

N(1)-Mn(1)-O(6) 130.75(13)
N(2)-Mn(1)-0(6) 96.38(14)

N(3)-Mn(1)-0(6) 150.35(14)
N(4)-Mn(1)-O(6) 69.31(14)

O(1)-Mn(1)-O(2)

O(1)-Mn(1)-O(5)

O2-Mn(1)-0(5)

O(6)-Mn(1)-O(4) 82.24(12)
K(1)-Mn(1)-N(1)  69.01(15) 124.03(5)
K(I)>-Mn(1)-N(@2)  148.68(12)  156.22(7)
K(1)-Mn(1)-N(3)  4544(12)  96.14(6)
K(1)-Mn(1)-N@)  72.75(15)  57.97(6)
K(1)-Mn(1)-O(1)

K(1)-Mn(1)-O(2)

K(1)-Mn(1)-O(3) 56.83(3)
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Table S7. Selected Angles (°) for Metal Compounds (Ph4P)[(L})Mn'-
THF]*3THF (Xb),” [K(THF)s][(L>)Mn-THF] (2), [K(THF)2(L*)Mn"-
THEF] (3), [K2(DMA)3(L*)2Mn'] (4), [K(THF)s(L*)Mn'-THF] (5),
[K(NCMe)][(L®)Mn-NCMe]sMeCN (6), {[K(DMA)(L")Mn'"]>}223Et0
(7), [K(DMA)L*Mn''"-DMA], (8a), [K(NCMe)(L*)Mn'-NCMe] (8b),
[K(L*Mn"], (9), [Ko(THF 3(L1)2:Mn'L]«2THF (10), [K(THF)3(L!))Mn'-
THF]+0.75 Pentane (11), [K(L'>)Mn''-THF ] THF (12),
[K(THF)3][(L**)Mn"'-THF] (13) and [K(L'*)Mn']+0. 5SDMA-0.5hexane

(15) (Cont.).

K(2)-Mn(1)-N(2) 80.27(6)
K(2)-Mn(1)-N(3) 49.99(6)
K(2)-Mn(1)-N(4) 150.80(7)
K(2)-Mn(1)-0(1)

K(2)-Mn(1)-0(2)

K(2)-Mn(1)-0(3) 82.10(5)
K(2)-Mn(1)-O(5)

K(1)-Mn(1)-K(2) 112.935(16)

N(2)-Mn(2)-N(4)
N(2)-Mn(2)-N(3)
N(#)-Mn(2)-N3)
N(2)-Mn(1)-N(1)
N(#$)-Mn(2)-N(1)
N(5)-Mn(2)-N(6)
N(5)-Mn(2)-N(7)
N(5)-Mn(2)-N(8)
N(6)-Mn(2)-N(7)
N(6)-Mn(2)-N(8)
N(7)-Mn(2)-N(8)

239



Table S7. Selected Angles (°) for Metal Compounds (Ph4P)[(L))Mn'-
THF]*3THF (Xb),” [K(THF)s][(L>)Mn-THF] (2), [K(THF)2(L*)Mn"-
THEF] (3), [K2(DMA)3(L*)2Mn'] (4), [K(THF)s(L*)Mn'-THF] (5),
[K(NCMe)][(L®)Mn-NCMe]sMeCN (6), {[K(DMA)(L")Mn'"]>}223Et0
(7), [K(DMA)L*Mn''"-DMA], (8a), [K(NCMe)(L*)Mn'-NCMe] (8b),
[K(L*Mn"], (9), [Ko(THF 3(L1)2:Mn'L]«2THF (10), [K(THF)3(L!))Mn'-
THF]+0.75 Pentane (11), [K(L'>)Mn''-THF ] THF (12),
[K(THF)3][(L**)Mn"'-THF] (13) and [K(L'*)Mn']+0. 5SDMA-0.5hexane
(15) (Cont.).

N(8)-Mn(2)-O(3)
N(3)-Mn(2)-O(8)
N(4)-Mn(2)-O(8)
N(7)-Mn(2)-0(3)
N(7)-Mn(2)-0O(4)
N(7)-Mn(2)-0(6)
N(8)-Mn(2)-O(6)
O(3)-Mn(2)-O(4)
O(3)-Mn(2)-0(6)
O(4)-Mn(2)-0(6)
K(1)-Mn(2)-N(7)
K(1)-Mn(2)-N(8)
K(1)-Mn(2)-O(3)
K(1)-Mn(2)-O(4)
K(1)-Mn(2)-O(6)
K(2)-Mn(2)-N(7)
K(2)-Mn(2)-N(8)
K(2)-Mn(2)-O(3)
K(2)-Mn(2)-O(4)
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Table S8. Selected Angles (°) for Metal Compounds [K(MeCN)(L¥)Co'-NCMe]
(8d), [K(DMA)3(L*Ni"]> (8e), [K(DMA)(L!*)Fe'']\DMA (14b) and
[K(DMA )(L'Co']sDMA (14c), and Ligands L''H; and L'°H3

L8Co"-MeCN

L14COII

N(2)-Co(1)-N(4)
N(2)-Co(1)-N(3)
N(4)-Co(1)-N(3)
N(2)-Co(1)-N(1)
N(2)-Co(1)-N(5)
N(4)-Co(1)-N(5)
N(3)-Co(1)-N(5)
N(5)-Co(1)-N(1)
N(4)-Co(1)-N(1)
N(3)-Co(1)-N(1)
N(1)-Co(1)-O(1)
N(2)-Co(1)-0(1)
N(3)-Co(1)-0(1)
N(4)-Co(1)-0(1)

111.52(14)
115.40(14)
110.05(13)
73.53(13)

105.44(15)
107.45(15)
106.45(15)
178.96(13)
73.18(13)

73.98(13)

121.19(10)
110.05(10)
115.83(10)
76.25(10)

78.60(10)
78.83(9)
167.36(9)
91.44(9)
108.64(9)
106.06(9)




Table S8. Selected Angles (°) for Metal Compounds [K(MeCN)(L®)Co'™-NCMe] (8d), [K(DMA);(L*)Ni'l]; (8e),
[K(DMA)(L'*)Fe'']s'DMA (14b) and [K(DMA)(L*)Co']*DMA (14¢), and Ligands L''H3 and L'°H3 (cont.)

LSNiII L14FeII L11H3
NQ)-Ni(1)}-N@)  114.63(10) NQ)Fe(1)-N(1)  75.02(7) C(16)-N(1)-C(1)  119.1(3)
N@)-Ni(1)}-N@3)  109.91(11) N@)-Fe(1)-N@)  106.51(7) CBRD-N()-C(16)  117.92)
N@)-Ni(1)}-N@3)  131.79(9) N@)-Fe(1)-N3)  122.90(7) C(-N(1)-C(31)  1186(2)
N@)-Ni(1)}-N(1)  82.90(8) N(@)-Fe(1)-N(1)  77.58(6) C(7)-N(Q2)-C(2) 123.5(3)
NG)-Ni(1)}-N(1)  84.77(8) N@)»-Fe(1)-N3)  115.34(7) C(22)-N3)-C(17)  1232(3)
N@)-Ni(1)}-N(1)  83.31(9) NG3)-Fe(1)-N(1)  77.94(7) C37)-N@A)-C(32)  122.003)
N(1)»-Fe(1)}-0(3)  164.96(6)
N@)-Fe(1»-0(3)  90.06(6) LISH;
NG3)-Fe(1)}-0(3)  109.59(7) C33)-N()-C(1)  1154(3)
NG3)-Fe(1)-0(3)  109.20(6) C(33)-N()-C(17)  116.3(3)

C(H-N(1)-C(17)  1154(3)
C(7)-N(Q2)-C(2) 128.2(3)
C(23)-N(3)-C(18)  127.6(3)
C(39)-N4)-C(34)  129.3(3)

[4¢4
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Figure S1. ORTEP Diagram oflLigand L 15H3 (drawn with 40% thermal ellipsoids).

Selective interatomic distances [A] and angles [°]:

N (1)-C (1) = 1.437(4), N (1)-C(7) = 1.438(4), N (1)-C (33) = 1.434(4), C (1)-N (1)-

C(17) = 115.4(3), C(33)-N (1)-C (17) = 116.3(3), C(1)-N (1)-C (33) = 115.4(3).

Figure S2. ORTEP Diagram of Compound [K(DMA)(L14)Fen]*DM A (14b; drawn with

40% thermal ellipsoids). Selective interatomic distances [A] and angles [°]:

Fe(1)-N (1) = 2.2602(17), Fe(1)-N (2) = 2.0621(17), Fe(1)-N (3) = 2.0592(17),

Fe(1)-N (4) = 2.0624(18), Fe(1)-O (3) = 2.1526(15), N (1)-Fe(1)-N (2) = 75.02(7), N (1)-

Fe(1)-N(3) = 77.94(7), N (1)-Fe(1)-N(4) = 75.02(7), N (2)-Fe(1)-N (3) = 122.90(7),

N (2)-Fe(1)-N(4) = 106.51(7), N (3)-Fe(1)-N (4) = 115.34 (7).
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Figure S4. ORTEP Diagram of Compound [K(DMA)(L14)Coll]*DM A (l4c; drawn with

40% thermal ellipsoids). Selective interatomic distances [A] and angles [°],

Co(1)-N (1) = 2.222(2), Co(1)-N(2) = 2.017(2), Co(1)-N(3) = 2.019(2), Co (1)-

N(4) = 2.030(2), Co(1)-O (1) = 2.163(2), N (1)-Co(1)-N(2) = 76.25(10), N (1)-C o (1)-

N (3) = 78.83(9), N (1)-Co(1)-N(4) = 78.60(10), N (2)-Co(1)-N(3) = 110.05(10), N (2)-

Co(1)-N(4) = 121.19(10), N(3)-Co(1)-N (4) = 115.83(10).

(b) Electrochemistry. Cyclic voltammetry was carried out with an Eco

Chemie Autolab PGSTATI100 electrochemical workstation fitted in aDry Box and

controlled with a General Purpose Electrochemical Software (GPES) or with a

Bipotentiostat AFCBP1 from Pine Instrument Company fitted in aDry Box and

controlled with the PineChem 2.7.9 software. Experiments were performed using a gold

disk working electrode (1.6 mm diameter) and a Ag/Ag+ (0.0l M AgNO3and 0.1 or 0.5

M ("Bu4N )PF6, in acetonitrile or dimethylformamide) non-aqueous reference electrode

(Bioanalytical Systems, Inc.) with a prolonged bridge (0.1 or 0.5 M ("Bm N )PF6 in

acetonitrile or dimethylformamide). A thin Pt foil or gauge (8 cm?2, Sigm a-Aldrich) was
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employed as counter electrode. The working electrode was polished using successively 6,

3, 1 jm diamond paste on a DP-Nap polishing cloth (Struers, W estlake, OH), washed

with water, acetone and air-dried. The Pt foil and gauge electrodes were cleaned in a

H202/H2SO 4(conc) solution (1/4 v/v) and oven-dried.

Figure S5. Cyclic voltammograms of Mnn compounds bearing acyl-ligands:

CV ofcompounds shown in Fig 5. {[K(DM A)(L7)M nn]2}2*3Et20 (7),

[K(DMA)(LI4)MnI]*DMA (14a) and [K(L15)M nn]*0.5D M A*0.5hexane (15) in

DMF/("™BmN)PF6, as indicated, with a Au disk electrode (1.6 mm in diameter); scan rate

0.1 V/s.

The concentrations ofthe samples were between 1 and 3 mM and that of

("Bu4N )PF6 (supporting electrolyte) was 0.1 or 0.5 M. The potential sweep rate varied

between 10-1000 mV/s. All potentials are reported versus the ferrocenium /ferrocene
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(Fc'/Fc) couple. Electrochemical data are collected in Table 1, and cyclic

voltammograms are shown in Figures 7, 8, and S5.

1.3. LIGAND SYNTHESIS

[(2,4,6-Trimethylphenyl)-NH-(2-CsHa)]3N (L!'H3). Pdx(dba); (0.0912 g, 0.1
mmol) and BINAP (0.1866 g, 0.3 mmol) were added in a 100 mL Schlenk flask along
with toluene (10.0 mL), and the mixture was stirred for 15 minutes. To the cherry-red
solution was added (2-NH2-CsH4)sN (0.580 g, 2.0 mmol), sodium zert-butoxide (1.96 g,
20.0 mmol), and 2-bromomesitylene (3.6 g, 18.0 mmol) and the reaction mixture was
refluxed for 72 hours. The solution was then filtered to remove solids, and the solvent
was evaporated (rotary evaporator) to afford a dark brown solid that was purified by
column (silica) chromatography with petroleum ether /ethyl acetate (50:1 v/v). The
product can be further recrystallized from THF and petroleum ether to afford colorless
crystals of the compound (0.65 g, 50%). Crystals suitable for x-ray crystallography can
be grown by slow diffusion of pentane into concentrated THF solutions of the product.
'H NMR (CDCls, 7.26 ppm): §7.18 (d, 3H, aryl), 6.92 (t, 3H, aryl), 6.76 (d, 6H, aryl),
6.70 (t, 3H, aryl), 6.14 (d, 3H, aryl), 5.54 (s, 3H, NH), 2.22 (s, 9H), 1.79 (s, 9H), 1.45 (s,
9H). 3C NMR (CDCls, 77.16 ppm): 5 141.3, 135.9, 135.6, 135.2, 135.0, 132.0, 129.2,
129.0, 126.0, 118.0, 112.4, 21.0, 17.8, 17.2. IR (KBr, cm™'): 3362, 3333, 2907, 2844,
1495, 1479, 1450, 1310, 1266, 1232, 1153, 1105, 1033, 852, 751, 741, 737, 716, 617,
595, 555, 418. MS-FAB (m/z): calcd. 644.90; found 644.89. Elemental analysis: Calcd.
for C4sH4sN4: C, 83.81; H, 7.50; N, 8.69. Found C, 83.74; H, 7.48; N, 8.75.

[(3,5-Dimethylphenyl)-NH-(2-CsH4) 5N (L'2H3). Pda(dba)s (0.0456 g, 0.05

mmol) and BINAP (0.0933 g, 0.15 mmol) were added in a 100 mL Schlenk flask,



247
followed by toluene (10.0 mL), and the mixture was stirred for 15 minutes. To the cherry-
red solution was added (2-NH2-C¢Ha4)3N (0.580 g, 2.0 mmol), sodium tert-butoxide (1.44
g, 15.0 mmol), and 3,5-dimethylbromobenzene (1.110 g, 6.0 mmol) and the reaction
mixture was refluxed for 24 hours. The solution was separated from solids by filtration,
and the solvent was evaporated (rotary evaporator) to afford a dark brown solid that was
purified by column (silica) chromatography with petroleum ether/ethyl acetate (50:1 v/v).
Solvent evaporation affords colorless L'2H3 (0.73 g, 61%). 'H NMR (CDCl3, 7.26 ppm):
57.34 (d, 3H, J= 7.6 Hz, aryl), 7.11-7.06 (m, 6H, aryl), 6.87 (t, 3H, J= 7.6 Hz, aryl),
6.49 (s, 3H, aryl), 6.34 (s, 6H, aryl), 5.63 (s, 3H, NH), 2.11 (s, 18H, Me). 13C NMR
(CDCls, 77.16 ppm): §142.9, 139.2, 139.0, 136.2, 126.7, 126.3, 123.5, 121.6, 118.7,
116.8, 21.8. IR (KBr, cm™): 3354, 3024, 2915, 2361, 2336, 1607, 1584, 1520, 1481,
1333, 1269, 1167, 1039, 827, 747, 667. MS-FAB (m/z): calcd. 602.82; found 602.83.
Elemental analysis: Calcd. for C42H42N4: C, 83.68; H, 7.02; N, 9.29. Found C, 83.72; H,
7.05: N, 9.34.

[(S)-(-)-CH3COOCH(CH3)-CONH-(2-CsH4) 3N (L'H3). To a stirred solution of
(2-NH2-CsH4)3N (1.16 g, 4.0 mmol) and triethylamine (1.70 mL, 12.0 mmol) in
dichloromethane (50 mL) was slowly added (.5)-(-)-acetoxypropionyl chloride (1.50 mL,
12.0 mmol) at 0 °C by means of a syringe, and the mixture was allowed to warm up to
room temperature and then stirred overnight. The solvent was removed under reduced
pressure and the crude residue was purified by column chromatography with petroleum
ether/ethyl acetate (5:1) to give the product as a yellow solid (2.15 g, 85 %). 'H NMR
(CDCl3, 7.26 ppm): 58.38 (s, 3H, NH), 7.65 (m, 3H, aryl), 7.16-7.07 (m, 6H, aryl), 6.82

(m, 3H, aryl), 5.00 (q, 1.65/3H, J = 6.7 Hz, CH), 4.87 (q, 1.35/3H, J = 6.8 Hz, CH), 2.07
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(s, 4.95/9H, OCH3), 1.99 (s, 4.05/9H, OCH3), 1.11 (d, 9H, J = 6.8 Hz, CH3). 1*C NMR
(CDCls, 77.16 ppm): 5169.2, 168.8, 138.5, 129.9, 127.2, 126.6, 125.2, 1244, 70.4, 70.3,
21.2,17.7,17.3. IR (KBr, cm™); 3256, 2988, 2361, 2336, 1748, 1695, 1596, 1539, 1447,
1371, 1229, 1091, 1043, 916, 756, 667. MS-FAB (m/z): calcd. 632.67; found 632.66.
Elemental analysis: Caled. for C33H3sN4O9: C, 62.65; H, 5.74; N, 8.86. Found C, 62.54;
H, 5.69; N, 8.74.

[PhC(CF3)(OCH3)-CONH-(2-CsH4)]3N (L'H3). To a stirred solution of (2-NH-
CsHa)sN (0.29 g, 1.0 mmol) and triethylamine (0.42 mL, 3.0 mmol) in dichloromethane
(30 mL) was slowly added a.-methoxy-a-trifluoromethylphenylacetyl chloride (0.57 mL,
3.0 mmol) at 0 °C by means of a syringe, and the mixture was allowed to warm up to
room temperature and then stirred overnight. The solvent was removed under reduced
pressure and the crude residue was purified by column chromatography with petroleum
ether/ethyl acetate (5:1) to give the product as a grayish solid (0.61 g, 69 %). The
compound can be crystalized from layering hexane over a concentrated solution of the
compound in chloroform. 'H NMR (CDCls, 7.26 ppm): §9.17 (s, 1H, NH), 9.16 (s, 1H,
NH), 9.06 (s, 1H, NH), 8.64 (d, 2H, J = 7.9 Hz, aryl), 8.58 (d, 1H, J= 8.2 Hz, aryl), 7.54
(m, 2H, Ph), 7.43 (m, 4H, Ph), 7.33-7.23 (m, 6H, Ph), 7.20-7.13 (m, 3H, Ph), 6.96-6.89
(m, 3H, aryl), 6.86 (m, 6H, aryl), 7.16-7.07 (m, 6H, aryl), 6.82 (m, 3H, aryl), 3.12 (s, 3H,
OCH3), 3.09 (s, 3H, OCH3), 2.69 (s, 3H, OCH3). *C NMR (CDCl3, 77.16 ppm): &
164.55, 164.40, 164.34, 135.47, 135.30, 134.68, 131.77, 131.61, 131.57, 131.44, 131.32,
131.20, 129.75, 129.57, 129.54, 129.03, 128.93, 128.88, 128.83, 128.79, 127.68, 127.61,
127.56, 127.20, 126.93, 126.86, 126.65, 126.12, 126.02, 125.59, 125.53, 125.47, 125.13,

124.85, 124.75, 122.04, 121.90, 121.62, 84.27 (q, 2Jer = 26.0 Hz, C-CF3), 84.22 (q, 2Jcr
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=25.7 Hz, C-CF3), 84.18 (q, 2o = 25.7 Hz, C-CF3), 55.06, 54.87, 54.55. 1F (CFCl;,
0.00 ppm): 5-68.49, -68.60, -68.65. IR (KBr, cm~1): 3853, 3431, 2924, 2852, 2631,
2337, 1844, 1750, 1653, 1554, 1457, 1419, 1261, 1156, 1100, 802, 668, 459, 415. MS-
FAB (m/z): calcd. 881.85; found 881.86. Elemental analysis: Calcd. for C4gH30N4OgFs: C,
65.38: H, 4.46; N, 6.35. Found C, 65.44; H, 4.49; N, 6.40.33)-N(1)-C(17) = 116.3 (3),

C(1)-N(1)-C(33) = 115.4(3).

1.4. SYNTHESIS OF Mn! COMPLEXES

[K(THF)s][(L»Mn'-THF] (2). The ligand L?H3 (0.428 g, 0.5 mmol) was
dissolved in degassed THF (15.0 mL), and KH (0.060 g, 1.5 mmol) was added to this
solution. The mixture was allowed to stir overnight, followed by addition of anhydrous
MnCl; (0.063 g, 0.5 mmol). This mixture was stirred for an additional 24 hours to afford
a green-brown solution. The solution was refrigerated (—30 °C) overnight and the
insoluble salts were filtered off on an anaerobic frit. The filtrate was reduced to 2.0 mL
by evaporation, and was allowed to stand at —30 °C to afford light brown crystalline
material, suitable for X-ray diffraction analysis (0.372 g, 51%). IR (KBr, cm™): 3389,
3047, 2953, 2895, 2858, 1580, 1474, 1440, 1426, 1388, 1358, 1327, 1308, 1244, 1200,
1153, 1124, 1107, 1043, 994, 972, 901, 847, 742, 707, 622. UV-vis (THF, nm): Amax (&
(M~! em™)) 298 (36000). Elem. Anal. calcd. for CgsHi31N4O7sMnK: C, 72.83; H, 9.10; N,
3.86. Found C, 72.77; H, 9.06; N, 3.81.

[K(THF)»(L»Mn"-THF] (3). The ligand L*H3 (0.463 g, 0.5 mmol) was dissolved
in degassed THF (15.0 mL), and KH (0.060 g, 1.5 mmol) was added to this solution. The

mixture was allowed to stir overnight, followed by addition of anhydrous MnCl: (0.063
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g, 0.5 mmol). This mixture was stirred for an additional 24 hours to afford a yellow
solution. The solution was refrigerated (—30 °C) overnight and the insoluble salts were
filtered off on an anaerobic frit. The filtrate was evaporated to dryness, and the residue
was extracted with hexane (3 x 10 mL) and filtered. The filtrate was reduced to 10 mL
and was allowed to stand at —30 °C to afford pale yellow crystalline material, suitable for
X-ray diffraction analysis (0.399 g, 65%). IR (KBr, cm™): 3055, 2965, 2915, 2850, 1617,
1581, 1479, 1379, 1274, 1175, 1126, 1045, 995, 960, 754, 699, 681. UV-vis (THF

[K2(DMA )3(L*)2Mn';] (4). The ligand L*H3 (0.271 g, 0.5 mmol) was dissolved in
degassed DMA (5.0 mL), and KH (0.060 g, 1.5 mmol) was added to this solution. The
mixture was allowed to stir overnight, followed by addition of anhydrous MnCl: (0.063
g, 0.5 mmol). This mixture was stirred for an additional 24 hours to afford a light yellow-
brown solution. The solution was refrigerated (—30 °C) overnight and the insoluble salts
were filtered off on an anaerobic frit. Diethyl ether (30.0 mL) was carefully layered over
the DMA solution, and the system is allowed to slowly mix at room temperature to afford
pale yellow crystalline material, suitable for X-ray diffraction analysis (0.261 g, 68%). IR
(KBr, cm™): 3045, 2944, 2913, 2859, 1636, 1556, 1520, 1513, 1473, 1442, 1412, 1396,
1349, 1318, 1270, 1213, 1172, 1104, 1095, 1034, 1014, 959, 942, 931, 897, 753, 652,
623, 591, 503. UV—vis (DMA, nm): Amax (¢ M~ cm™)) 319 (45600). Elem. Anal. calcd.
for C7sH10sN110sMn2Ky: C, 61.26; H, 6.93: N, 10.08. Found C, 61.34; H, 6.96; N, 10.13.

[K(THF)4(L>)Mn'-THF] (5). The ligand L°H3 (0.363 g, 0.5 mmol) was dissolved
in degassed THF (15.0 mL), and KH (0.060 g, 1.5 mmol) was added to this solution. The
mixture was allowed to stir overnight, followed by addition of anhydrous MnCl: (0.063

g, 0.5 mmol). This mixture was stirred for an additional 24 hours to afford a green-brown
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solution. The solution was refrigerated (—30 °C) overnight and the insoluble salts were
filtered off on an anaerobic frit. The filtrate was reduced to 3.0 mL by evaporation, and
pentane was carefully layered over the THF solution. The mixture was allowed to stand
at room temperature to afford light green crystalline material, suitable for X-ray
diffraction analysis (0.352 g, 60%). IR (KBr, cm™): 3386, 3090, 3049, 2964, 2867, 1567,
1526, 1469, 1438, 1320, 1224, 1154, 1100, 1047, 977, 955, 862, 833, 794, 750, 619, 587,
572, 544, 489. UV—vis (THF, nm): Amax (¢ (M~' cm™)) 314 (28000), 394 (sh). Elem.
Anal. calcd. for CssHs1N4ClsOsMnK: C, 57.13; H, 5.23; N, 4.76. Found C, 57.27; H,
5.18: N, 4.82.

[K(NCMe)][(LS)Mn"“NCMe]*MeCN (6). The ligand L°H3 (0.301 g, 0.5 mmol)
was dissolved in degassed THF (15.0 mL), and KH (0.060 g, 1.5 mmol) was added to this
solution. The mixture was allowed to stir overnight, followed by addition of anhydrous
MnCl; (0.063 g, 0.5 mmol). This mixture was stirred for an additional 24 hours to afford
a pale yellow solution. The solution was refrigerated (—30 °C) overnight and the insoluble
salts were filtered off on an anaerobic frit. The filtrate was evaporated to dryness, and the
residue was dissolved in acetonitrile (10.0 mL). This solution was reduced to
approximately 5.0 mL by evaporation, and was refrigerated (-30 °C) to afford pale
yellow crystalline material, suitable for X-ray diffraction analysis (0.278 g, 68%). IR
(KBr, cm™): 3046, 2964, 2865, 1579, 1518, 1478, 1438, 1407, 1255, 1169, 1155, 1132,
1090, 1043, 1024, 927, 897, 795, 751, 698, 629. UV—vis (MeCN, nm): Amax (€ (M~ cm™
1)) 256 (30000), 290 (sh). Elem. Anal. caled. for C4sH3sN70sMnK: C, 66.15; H, 4.44; N,

12.01. Found C, 66.31: H, 4.46; N, 11.89.
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{[K(DMA)(L")Mn"]2}223Et20 (7). The ligand L"H3 (0.250 g, 0.5 mmol) was
dissolved in degassed DMA (5.0 mL), and KH (0.060 g, 1.5 mmol) was added to this
solution. The mixture was allowed to stir overnight, followed by addition of anhydrous
MnCl; (0.063 g, 0.5 mmol). This mixture was stirred for an additional 24 hours to afford
a light yellow-brown solution. The solution was refrigerated (—30 °C) overnight and the
insoluble salts were filtered off on an anaerobic frit. Diethyl ether (30.0 mL) was
carefully layered over the DMA solution, and the system is allowed to slowly mix at —30
°C to afford pale yellow crystalline material, suitable for X-ray diffraction analysis (0.270
g 80%). IR (KBr, cm™): 3853, 3801, 3744, 3628, 2966, 2867, 1652, 1623, 1540, 1513,
1486, 1446, 1396, 1311, 1279, 1250, 1091, 1037, 942, 889, 747, 621, 592, 473. UV—-vis
(DMA, nm): Amax (€ M~ em™) 290 (12600). Elem. Anal. calcd. for C34H42NsOsMnK (7
— ether): C, 60.16; H, 6.24; N, 10.32. Found C, 60.24; H, 6.29; N, 10.33.
[K(DMA)J[(L¥)Mn""-DMA](8a). The ligand L*H3 (0.289 g, 0.5 mmol) was

dissolved in degassed DMA (5.0 mL), and KH (0.060 g, 1.5 mmol) was added to this
solution. The mixture was allowed to stir overnight, followed by addition of anhydrous
MnCl; (0.063 g, 0.5 mmol). This mixture was stirred for an additional 24 hours to afford
a light yellow solution. The solution was refrigerated (=30 °C) overnight and the
insoluble salts were filtered off on an anaerobic frit. Diethyl ether (30.0 mL) was
carefully layered over the DMA solution, and the system is allowed to slowly mix at
room temperature to afford pale yellow crystalline material, suitable for X-ray diffraction
analysis (0.262 g, 62%). IR (KBr, cm™): 3432, 2964, 2361, 1634, 1588, 1483, 1262,

1248, 1164, 1130, 1035, 929, 800, 775, 562. UV-vis (DMA, nm): Amax (¢ (M~! cm™))
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300 (38000). Elem. Anal. calcd. for C32HzoNgFoOsMnK: C, 45.54; H, 3.59; N, 9.96.
Found C, 45.54; H, 3.52: N, 9.89.

[K(MeCN)(L¥)Mn'-NCMe] (8b). The ligand L*Hz (0.289 g, 0.5 mmol) was
dissolved in degassed THF (15.0 mL), and KH (0.060 g, 1.5 mmol) was added to this
solution. The mixture was allowed to stir overnight, followed by addition of anhydrous
MnCl; (0.063 g, 0.5 mmol). This mixture was stirred for an additional 12 hours to afford
an almost colorless solution. The solution was refrigerated (—30 °C) overnight and the
insoluble salts were filtered off on an anaerobic frit. The filtrate was evaporated to
dryness, the residue was dissolved in acetonitrile (3.0 mL) and the mixture was allowed
to stand at —30 °C to afford light pink crystalline material, suitable for X-ray diffraction
analysis (0.174 g, 46%). IR (KBr, cm™): 3256, 3047, 3019, 2929, 2548, 1620, 1510,
1478, 1446, 1407, 1251, 1163, 1127, 1037, 1014, 941, 928, 921, 773, 764, 756, 745, 725,
624, 598, 561, 548, 476. UV—vis (MeCN, nm): Amax (¢ (M~ cm™)) 246 (20000), 288
(13000). Elem. Anal. calcd. for C2sHi1sNgFoOsMnK: C, 44.75; H, 2.41; N, 11.18. Found
C,44.61; H,2.43; N, 11.25.

An identical procedure is followed for the synthesis of off-white
[K(MeCN)(L¥)Fe'-NCMe] (8¢, previously reported)? and violet [K(MeCN)(L?)Co''-
NCMe] (8d), by employing anhydrous FeClz and CoClz, respectively. The corresponding
nickel complex [K(DMA )3(L¥)Ni(II)]2 (8e) has been isolated as orange-red crystals from
DMA/diethyl ether solutions, by following the procedure detailed for 8a.

[K(MeCN)(L#)Co'-NCMe] (8d). Yield: 0.238 g, 63%. IR (KBr, cm™): 3433,

2918, 1631, 1482, 1451, 1251, 1133, 1034, 948. UV—vis (MeCN, nm): Amax (€ (M~ cm™
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1) 284 (14700). Elem. Anal. calcd. for C2sHisNeFoO3CoK: C, 44.51; H, 2.40; N, 11.12.
Found C, 44.57: H, 2.42; N, 11.19.

[K(DMA)3(L¥)Ni""]; (8e). Yield: 0.292 g, 62%. IR (KBr, cm™): 3444, 2929, 1711,
1547, 1485, 1454, 1255, 1160, 1018, 941, 802, 757, 722. UV-vis (DMA, nm): Amax (&
(M em™)) 290 (22100). Elem. Anal. caled. for C72H7sN14F18012Ni2Ko: C, 46.27; H,
4.21:N, 10.49. Found C, 46.31: H, 4.19; N, 10.53.

[K(L*)Mn"], (9). The ligand L°H3 (0.208 g, 0.5 mmol) was dissolved in degassed
THF (15.0 mL), and KH (0.060 g, 1.5 mmol) was added to this solution. The mixture was
allowed to stir overnight, followed by addition of anhydrous MnCl; (0.063 g, 0.5 mmol).
This mixture was stirred for an additional 12 hours to afford a yellow-brown solution.
The solution was refrigerated (=30 °C) overnight and the insoluble salts were filtered off
on an anaerobic frit. The filtrate was reduced to 5.0 mL by evaporation, and pentane was
layered over the THF solution. The mixture was allowed to stand at —30 °C to afford light
yellow crystalline material. Crystals suitable for X-ray diffraction analysis can be
obtained by diffusion of pentane into a concentrated THF solution of the compound
(0.155 g, 61%). IR (KBr, cm™"): 3387, 3058, 3035, 2955, 2858, 1581, 1504, 1465, 1440,
1379, 1361, 1316, 1259, 1171, 1043, 980, 892, 816, 741, 625. UV—-vis (THF, nm): Amax (&
(M~ cm™)) 310 (43000). Elem. Anal. calcd. for C27H33NsMnK: C, 63.87; H, 6.56; N,
11.04. Found C, 63.74; H, 6.59: N, 10.98.

[K2(THF)3(L'%);Mn']+2THF (10). The ligand L!°Hz (0.295 g, 0.5 mmol) was
dissolved in degassed THF (15.0 mL), and KH (0.060 g, 1.5 mmol) was added to this
solution. The mixture was allowed to stir overnight, followed by addition of anhydrous

MnCl; (0.063 g, 0.5 mmol). This mixture was stirred for an additional 24 hours to afford
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a yellow-brown solution. The solution was refrigerated (—30 °C) overnight and the
insoluble salts were filtered off on an anaerobic frit. The filtrate was reduced to 5 mL,
and pentane (10 mL) was layered over the THF solution. The mixture was allowed to
stand at —30 °C to afford light yellow crystalline material, suitable for X-ray diffraction
analysis (0.250 g, 58%). IR (KBr, cm™): 3050, 2965, 2918, 2874, 1612, 1578, 1535,
1480, 1445, 1384, 1361, 1279, 1251, 1166, 1111, 1041, 1019, 829, 795, 772, 747, 655,
620. UV-vis (THF, nm): Amax (¢ M~ ecm™)) 290 (17000). Elem. Anal. calcd. for
CssH11sNg017Mn2Kz: C, 59.92: H, 6.90: N, 6.50. Found C, 59.82; H, 6.86: N, 6.58.

[K(THF)3(L'")Mn"-THF]+0.75 Pentane (11). The ligand L''H3 (0.322 g, 0.5
mmol) was dissolved in degassed THF (15.0 mL), and KH (0.060 g, 1.5 mmol) was
added to this solution. The mixture was allowed to stir overnight, followed by addition of
anhydrous MnCl; (0.063 g, 0.5 mmol). This mixture was stirred for an additional 24
hours to afford a dark brown solution. The solution was refrigerated (—30 °C) overnight
and the insoluble salts were filtered off on an anaerobic frit. The filtrate was reduced to
approximately 3 mL by evaporation and layered with pentane (10 mL) to afford pale
yellow crystalline material upon standing at —30 °C. Crystals suitable for X-ray
diffraction analysis can be obtained by slow diffusion of pentane into concentrated THF
solutions of the compound at room temperature (0.343 g, 67%). IR (KBr, cm™): 3371,
2965, 2906, 2850, 1579, 1475, 1437, 1318, 1262, 1210, 1149, 1036, 857, 736, 698, 616,
580, 557. UV—-vis (THF, nm): Amax (¢ M~ cm™)) 310 (6100). Elem. Anal. calcd. for
Ces1H77N404MnK (11 — pentane): C, 71.53; H, 7.58; N, 5.47. Found C, 71.68; H, 7.53; N,

5.39.
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[K(L'*)Mn'THF]-THF (12). The ligand L'?H3 (0.301 g, 0.5 mmol) was
dissolved in degassed THF (15.0 mL), and KH (0.060 g, 1.5 mmol) was added to this
solution. The mixture was allowed to stir overnight, followed by addition of anhydrous
MnCl; (0.063 g, 0.5 mmol). This mixture was stirred for an additional 24 hours to afford
a brown solution. The solution was refrigerated (—30 °C) overnight and the insoluble salts
were filtered off on an anaerobic frit. The filtrate was reduced to approximately 3 mL by
evaporation and layered with pentane (10 mL) to afford pale yellow crystalline material
upon standing at —30 °C. Crystals suitable for X-ray diffraction analysis can be obtained
by slow diffusion of pentane into concentrated THF solutions of the compound at room
temperature (0.243 g, 58%). IR (KBr, cm™): 3372, 3000, 2907, 2853, 1583, 1474, 1328,
1255, 1156, 1105, 1039, 837, 807, 745, 686, 676, 621, 569. UV-vis (THF, nm): Amax (&
(M~ ecm™)) 282 (13600). Elem. Anal. calcd. for CssH71N4O4sMnK: C, 71.66; H, 6.61; N,
6.69. Found C, 71.77; H, 6.69; N, 6.62.

[K(THF)3(L*)Mn-THF] (13). The ligand L'*H3 (0.301 g, 0.5 mmol) was
dissolved in degassed THF (15.0 mL), and KH (0.060 g, 1.5 mmol) was added to this
solution. The mixture was allowed to stir overnight, followed by addition of anhydrous
MnCl; (0.063 g, 0.5 mmol). This mixture was stirred for an additional 24 hours to afford
a brown solution. The solution was refrigerated (—30 °C) overnight and the insoluble salts
were filtered off on an anaerobic frit. The filtrate was reduced to approximately 3 mL by
evaporation and layered with pentane (10 mL) to afford yellow crystalline material upon
standing at —30 °C. Crystals suitable for X-ray diffraction analysis can be obtained by
slow diffusion of pentane into concentrated THF solutions of the compound at room

temperature (0.280 g, 57%). IR (KBr, cm™): 3369, 3247, 3039, 2966, 2936, 2906, 2863,
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1576, 1473, 1438, 1414, 1317, 1259, 1204, 1149, 1091, 1043, 910, 848, 764, 734, 621.
UV-vis (THF, nm): Amax (€ M~ em™)) 316 (14000), 364 (11000). Elem. Anal. calcd. for
CssH71N4O4MnK: C, 70.91: H, 7.29: N, 5.71. Found C, 70.98; H, 7.33: N, 5.64.

[K(DMA)(L'*)Mn"]* DMA (14a). The ligand L'*H3 (0.316 g, 0.5 mmol) was
dissolved in degassed DMA (5.0 mL), and KH (0.060 g, 1.5 mmol) was added to this
solution. The mixture was allowed to stir overnight, followed by addition of anhydrous
MnCl; (0.063 g, 0.5 mmol). This mixture was stirred for an additional 24 hours to afford
a light yellow-brown solution. The solution was refrigerated (—30 °C) overnight and the
insoluble salts were filtered off on an anaerobic frit. Diethyl ether (20.0 mL) was
carefully layered over the DMA solution, and pentane (10.0 mL) was layered over ether,
and the system was allowed to slowly mix at room temperature to afford off-white
amorphous material, not suitable for X-ray diffraction analysis (0.290 g, 65%). IR (KBr,
em™): 3384, 2360, 2335, 1748, 1684, 1652, 1558, 1540, 1447, 1235, 1090, 1041, 927,
763, 667. UV-vis (DMA, nm): Amax (¢ (M~ cm™") 295 (36000). Elem. Anal. calcd. for
C4Hs1NsO1 MnK: C, 54.84: H, 5.72; N, 9.36. Found C, 54.99: H, 5.66; N, 9.42. The
corresponding [K(DMA)(L*)M!]sDMA complexes (M = Fe (14b), Co(14c)) were
prepared according to the same methodology, and afforded yellow-brown (Fe) and violet
(Co) crystalline materials, both suitable for X-ray analysis.

[K(DMA)(L*)Fe'']s'DMA (14b). (0.270 g, 60%). IR (KBr, cm™): 3446, 2361,
2336, 1733, 1717, 1615, 1576, 1559, 1480, 1448, 1259, 1081, 1037, 41, 763, 667. UV-
vis (DMA, nm): Amax (6 M~ em™) 290 (23500). Elem. Anal. calcd. for

C4Hs1NsO11FeK: C, 54.79: H, 5.72: N, 9.35. Found C, 54.86; H, 5.68: N, 9.39.
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[K(DMA)(L*)Co"]*DMA (14c). (0.285 g, 65%). IR (KBr, cm™): 3435, 2963,
2919, 1740, 1637, 1480, 1448, 1399, 1262, 1083, 1034, 801, 762, 640. UV-vis (DMA,
nm): Amax (¢ (M~ cm™) 285 (15500). Elem. Anal. caled. for C41Hs1NsO11CoK: C, 54.60;
H, 5.70; N, 9.32. Found C, 54.64: H, 5.71: N, 9.36.

[K(L*)Mn'"+0. 5SDMA-0.5Hexane (15). The ligand L'°H; (0.235 g, 0.5 mmol)
was dissolved in degassed DMA (5.0 mL), and KH (0.060 g, 1.5 mmol) was added to this
solution. The mixture was allowed to stir overnight, followed by addition of anhydrous
MnCl; (0.063 g, 0.5 mmol). This mixture was stirred for an additional 24 hours to afford
a yellow-brown solution. The solution was refrigerated (—30 °C) overnight and the
insoluble salts were filtered off on an anaerobic frit. Diethyl ether (20.0 mL) was
carefully layered over the DMA solution, and hexane (10.0 mL) was layered over ether,
and the system was allowed to slowly mix at room temperature to afford yellowish
crystalline material suitable for X-ray diffraction analysis (0.270 g, 62%). IR (KBr, cm™
1): 3368, 3058, 2954, 1612, 1572, 1499, 1483, 1370, 1154, 1068, 918, 753, 641. UV—-vis
(DMA, nm): Amax (€ (M~ em™) 305 (27500). Elem. Anal. calcd. for

Cs3H47.5N45Fo06 sMnK: C, 57.02; H, 4.29; N, 5.65. Found C, 56.89; H, 4.23: N, 5.73.

1.5. CATALYTIC AND MECHANISTIC STUDIES

General Catalytic Olefin Aziridination Procedure. In a typical experiment, a 20
mL screw-cap vial containing a small magnetic bar was charged in sequence with the
catalyst (0.0125 mmol), N-(p-tolylsulfonyl)imido]phenyliodinane (93.3 mg, 0.25 mmol),
molecular sieves (5A) (20 mg), olefin (2.0 mmol) and solvent (0.200 mL)

(chlorobenzene, unless otherwise stated). The reaction mixture was stirred vigorously for
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24 hours (unless otherwise stated). After completion of the reaction, the products were
isolated by column chromatography (silica gel) and quantified by 'H NMR (in CDCl; or

CD3CN) versus an internal standard (4’-methoxyacetophenone).

Table S9. Yields of Aziridination/Amination of Olefins by [L*M"-NCMe][K(NCMe)]
(M =Mn, Fe, Co)

Yield (%)  Yield (%)  Yield (%)

Ent
11\;01‘y Substrate  Products CH:CIL2/PhC1 PhCl PhCl
) LMn L%Fe L%Co
1. RO\H/\ Ro\n/{]”s R=Me polymer polymer polymer
2. o} o} R=1tBu polymer polymer polymer
NN NN 15 10 32
4, > 34 7 12 6
NTs NTs
5. N /\/ﬂ N = 4,2 3,2 18,19

6. %/ﬁ }/<T ™, }/Q’ trace trace trace

All aziridination and allylic/benzylic amination products (Tables 3 and S9) are
known compounds, and have been identified with the assistance of 'H and *C NMR
spectra, as well as HRMS data, by comparison to spectroscopic features reported for
authentic samples in the literature.

Reaction Profile for the Aziridination of Styrene Mediated by [K(NCMe)(L*)M!-
NCMe] (M = Mn, Fe, Co). The general procedure for olefin aziridination was followed,
albeit in 0.50 mL of d°-chlorobenzene at 30 °C, in the presence of a known amount of an
internal standard for integration purposes (1,2-di-p-tolylethane). A 5.0 uL aliquot was

sampled at regular time intervals, diluted in CDCl3, and used for 'TH NMR analysis.
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Integration data from three independent trials per catalyst were employed to obtain
kinetic profiles.

Competitive Aziridinations of Styrene versus Non-Conjugated Olefins
(Allylbenzene, 4-Phenyl-1-Butene, 1-Hexene) Mediated by [K(NCMe)(L*)M'-NCMe]
(M = Mn, Fe, Co) and Other Catalysts. The general aziridination procedure was followed,
with the exception that 1.0 mmol of each competing olefin (styrene and non-conjugated
styrene) was used. Reactions catalyzed by [Cu(NCMe)4](PFs) (5 mol%) and [Rh2(OAc)4]
(2.0 mol%) were conducted in MeCN and CH2Cla, respectively.

Hammett Plots. The general aziridination of olefins was conducted mediated by
[K(MeCN)(L¥®)Mn'-NCMe] (M = Mn, Fe, Co), with the exception that the olefin mixture
was composed of 1.0 mmol of styrene and 1.0 mmol of a p-X-styrene (X = MeO, Me,
‘Bu, F, Cl, CF3, NO»). At the end of the reaction the mixture was flash chromatographed
on silica gel (hexane, then petroleum ether/ethyl acetate 10:1) in order to recover the
aziridination products and evaluate their ratio by quantitative 'H-NMR analysis (in
CD3CN). For p-MeO-styrene, direct extraction by petroleum ether/ethyl acetate (10:1) is
preferred, because the corresponding aziridine is unstable on silica. Hammett plots as a
function of polar (omb) and spin-delocalization (ou’) parameters are shown in Figure 9 for
all three catalysts. Hammett plots as a function of the resonance-responsive o+ parameter
for Mn!- and Co-mediated reactions are shown in Figure S6 (Fe'-related data show poor

correlation).
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Table S10. Competitive Aziridination Reactions of para-substituted
Styrenes vs. Styrene by PhI=NTs in the presence of [K(MeCN)YL*Mn'-NCMe]

av. AXxcyr + BXOmb + log(av.

X oJr  Omb
ratio (ol ratio)

F -0.02 -024 1.572 0.14428 0.19645
CF; -001 049 0.759 -0.12731 -0.11976
H 0 0 1 0.06351 0
Me 0.15 -029 1.716 0.24988 0.23452
Cl 022 0.11 1.498 0.13396 0.17551
MeO 023 -0.77 3.165 0.47259 0.50037
‘Bu 026 -022 1.659 0.27942 0.21985
NO; 036 0.86 0.852 -0.07895 -0.06956

“Reaction conditions: 8b, 0.0125 mmol; para-substituted styrene, 1.0 mmol; Styrene,
1.0 mmol; PhI=NTs, 0.25 mmol; Chlorobenzene, 0.200 mL; Molecular Sieves (5A), 20
mg; = 24 hours. bA=051;B=-0.38;C =0.06; R?=0.95.

Table S11. Competitive Aziridination Reactions of para-substituted Styrenes vs. Styrene
by PhI=NTs in the presence of [K(MeCN)(L*)Fe!'-NCMe] (8¢) ¢

X oy Omb av. ratio  Axcyr + BXom, + CP log(av. ratio)
F -0.02  -0.24 1.547 0.14327 0.18949
CF; -0.01 049 0.904 -0.05515 -0.04383
H 0 0 1 0.08197 0

Me 0.15 -0.29 1.610 0.19706 0.20683
Cl 0.22 0.11 1.525 0.10353 0.18327
MeO 023 -0.77 2.306 0.34791 0.36286
‘Bu 026 -0.22 1.348 0.20371 0.12969
NO; 0.36 0.86 0.840 -0.06977 -0.07577

“Reaction conditions: 8¢, 0.0125 mmol; para-substituted styrene, 1.0 mmol; Styrene, 1.0
mmol; PhI=NTs, 0.25 mmol; Chlorobenzene, 0.200 mL; Molecular Sieves (5A), 20 mg; ¢
=24 hours. A =0.24; B =-0.28; C = 0.08; R? = 0.84
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Figure S6. Linear free energy correlation of log(kx/kH) vs. ¢ + for aziridination of para-
substituted styrenes by [L8In-solv]- (M = Mn (top) or Co (bottom)). Fe provides a poor
correlation.

Figure S6. Linear free energy correlation of log(kX/kH) vs. ¢ + for aziridination of para-
substituted styrenes by [L&8n-solv]- (M = Mn (top) or Co (bottom)). Fe provides a poor
correlation.(cont.)

Competitive Aziridinations of Deuterated Styrenes vs. Styrene (KIE). In order to

determine values of secondary deuterium kinetic isotope effects (&nh/£d), a panel of

deuterated styrenes (a-d1-styrene, CiS- and trans-fi-d~styrene, fi-d2 styrene) was used
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together with styrene (0.5 mmol each), and was subjected to aziridination (three trials) by
PhI=NTs (0.125 mmol) in the presence of [K(MeCN)L¥MI-NCMe] (6.25 umol; M =
Mn, Fe, Co) and molecular sieves (5A, 10 mg) in chlorobenzene (0.100 mL), according
to the general olefin aziridination procedure noted above. Prior to mixing with any other
reagents, an aliquot (5.0 pl) of the original mixture of styrenes was retained for 'H-NMR
analysis (CDCl3, 120 s relaxation delay). After completion of the reaction (24 h), the
mixture was flash chromatographed on silica gel, first with hexane to remove the
styrenes, and then with petroleum ether/ethyl acetate (10: 1 v/v) to recover the
aziridination products. The ratio of d°/d"? aziridines is evaluated by 'H NMR (CD3CN,
120 s relaxation delay) and compared to the ratio of the starting d°/d"? styrenes in order
to extract secondary KIE values.

Stereochemical Scrambling in Aziridinations of Deuterated Styrenes. The
aziridination of cis- and frans-f-d'-styrene (synthesized by following a literature
report),!” mediated by [K(MeCN)(L¥)M'NCMe] (M = Mn, Fe, Co), was conducted
according to the general procedure for olefin aziridinations. The isolated aziridines were
dissolved in CHCl3 (700 uL)/CDCI3(20 uL) and loaded in a precision NMR tube.
Extensive ’H NMR data were collected (90 s relaxation delay) for three independent
reaction trials, in order to quantify the relative deuterium content at the cis and trans S-
carbon sites of the aziridination products.

Radical Probe. The general olefin aziridination protocol noted above was applied
to the radical clock frans-2-phenyl-1-vinylcyclopropane (synthesized according to a
literature report) in the presence of catalysts [K(MeCNYL»M'-NCMe] (M = Mn, Fe,

Co), both in the presence and absence of added TsNH2 (1.0 equiv. vs the radical probe).
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Copper catalysts [Cu(NCMe)4](PF6) and [Cu(TMG3-trphen)](PF6)9 have also been

employed for comparative purposes under the same conditions, with the exception of

conducting the catalytic reaction in acetonitrile in lieu of chlorobenzene. Upon reaction

completion, the mixture was extracted with hexane/ethyl acetate (3: 1 v/v) and the residue

resulting after solvent evaporation was analyzed by IH NM R to evaluate the ratio ofring-

closed (aziridines (17)) and ring-open products (olefinic diamine 19, and conjugate diene

20; see Scheme 2). The products were identified by their spectroscopic features (1H

NMR, 13C NMR, ESI-M S) and literature precedence (20). The diastereomeric aziridines

(previously reported,1l but not fully characterized) and the olefinic diamine 19 were

further purified by column chromatography.

Figure S7. Closed aziridine product

Data for 17 (diast. a+b). IH NM R (400 MHz, CD3CN, 1.94 ppm): 8783-7.77 (m,

2H, aryl(Ts)), 7.48-7.42 (m, 2H, Ph), 7.24-7.17 (m, 2H, aryl(Ts)), 7.15-7.09 (m, 1H, Ph),

6.89 (m, 2H, Ph), 2.87-2.81 (m, 0.50H, CH (azir, a)), 2.73-2.67 (m, 0.5H, CH (azir, b)),

2.61 (m, I1H, CH 2(azir)), 2.47 (s, 1.5H, Me(Ts, a)), 2.46 (s, 1.5H, Me(Ts, b)), 2.25 (dd,

0.5H,J = 4.5,0.4 Hz, CH 2(azir, b)), 2.22 (dd, 0.5H, J = 4.5,0.3 Hz, CH 2(azir, a)), 1.65

(m, 0.5H, PhCH (cy, b)), 1.45 (m, 0.5H, PhCH (cy, a)), 1.21 (m, 0.5H, CH (cy, a)), 1l.10

(m, 0.5H, CH(cy, b)), 0.94-0.74 (m, 2H, CH 2(cy)). 13C NMR (CD3CN, 118.26 ppm): 8
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145.8, 145.7, 142.5, 142.3, 135.5, 135.4, 130.5, 130.4, 128.9, 128.8, 128.5, 128.4, 126.23,

126.21, 126.18, 126.09, 42.3, 41.1, 33.2, 33.1, 22.6, 22.1, 21.4, 21.2, 20.6, 13.2, 11.8.

Figure S8. Open aminated product

Data for 18. 1H NM R (400 MHz, CD3CN, 1.94 ppm): £7.68 (d, 2H, J = 8.3 Hz,
aryl(Ts)), 7.37 (dd, 2H,J = 8.6, 0.6 Hz, aryl(Ts)), 7.35-7.26 (m, 4H, Ph), 7.25-7.21 (m,
1H, Ph), 5.57-5.48 (m, 2H, CH=CH, NHTs), 5.38-5.30 (m, 1H, CH=CH), 4.35 (td, 1H,J
= 6.5 4.1 Hz, CHOH), 3.39 (‘t’,2H,J=6.1 Hz, CHNHTs), 3.17 (d, 1H, J = 4.1 Hz,
OH) 2.41 (s, 3H, Me(Ts)), 2.29 (‘t',2H,J =6.7Hz, CH). 13C NMR (CDChb, 77.16
ppm): £145.9, 144.3, 138.4, 130.8, 130.5, 129.0, 128.6, 127.9, 127.8, 126.7, 73.6, 45.7,

42.9, 21.4.

Figure S9. Open di-aminated product

Data for 19. 1H NM R (400 MHz, CDCb, 7.26 ppm): £7.72 (d, 2H, J = 8.2 Hz,
aryl(Ts)), 7.55 (d, 2H, J = 8.2 Hz, aryl(Ts)), 7.34-7.30 (m, 2H, Ph), 7.18-7.13 (m, 5H,
aryl(Ts, 4H), Ph (1H)), 7.03-7.00 (m, 2H, Ph), 5.43-5.29 (m, 2H, CH=CH), 5.00 (d, 1H,J
=74 Hz, CHNHTs),4.51 (t, IH,J =59 Hz, CHNHTs), 4.35 (dt, IH,J = 7.2, 6.7 Hz,
CHNHTs), 3.43 (dd, 2H,J =5.8, 5.4 Hz, CHNHTs), 2.43 (s, 3H, Me(Ts)), 2.38 (m, 2H,

CHNHTs), 2.36 (s, 3H, Me(Ts)). 13C NMR (CDCb, 77.16 ppm): £143.8, 143.5, 140.3,
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137.7, 136.9, 130.0, 129.7, 129.6, 129.1, 128.7, 127.7, 127.4, 127.3, 126.6, 57.4, 45.2,
40.3,21.8,21.7. HRMS (ESI) m/z: [M + HJ" caled for C2sH20N204S; 485.15633; found

485.15674.

1.6. COMPUTATIONAL METHODS

Density functional theory employing the B3LYP functional along with the 6-
31+G(d) basis set is used in the Gaussian09 software package for all reported
calculations. Previous calculations on similar Cu guanidino complexes has indicated the
accuracy of the calculation with this level of theory.” All calculations were done
assuming 1 atm and 298.15 K and all possible spin states were evaluated. Two transition
states were calculated for each metal (Co, Fe, Mn), for initial and subsequent C—N bond
formation of aziridine. For the products, separate aziridine and catalyst are favored free
energy-wise, aziridine-catalyst complexes were thus not discussed in the present

calculations.
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APPENDIX B.

IS THE ELECTROPHILICITY OF THE METAL NITRENE THE SOLE
PREDICTOR OF METAL-MEDIATED NITRENE TRANSFER TO OLEFINS?
SECONDARY CONTRIBUTING FACTORS AS REVEALED BY A LIBRARY

OF HIGH-SPIN Co(Il) REAGENTS
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1. EXPERIMENTAL SECTION

1.1. GENERAL CONSIDERATIONS

All operations were performed under anaerobic conditions under a pure dinitrogen
or argon atmosphere using Schlenk techniques on an inert gas/vacuum manifold or in a
dry-box (O2, H20 < 1 ppm). Anhydrous diethyl ether, methylene chloride, acetonitrile,
tetrahydrofuran, hexane, pentane, benzene, toluene, dimethylformamide,
dimethylacetamide, and dimethylsulfoxide were purchased from Sigma-Aldrich
(Millipore). Ethanol and methanol were distilled over the corresponding magnesium
alkoxide, and acetone was distilled over drierite. Solvents were degassed by three freeze-
pump-thaw cycles, unless otherwise stated. All other reagents were purchased at the
highest purity available. Potassium hydride was provided as dispersion in mineral oil and
was thoroughly washed prior to use with copious amounts of tetrahydrofuran followed by
hexane. Ligands L'H3,! L?H3-LSH3,2 L"H3,3 L®H3,2 L°H3,2 L1°Hs,* L1H3,° L1?H3,° L3H;,*
L'¥H3,° LH3,° and compounds [K(L3)Co'-NCMe], (3),* [K(THF)s][(L*)Co']*1.5THF
(5),% [K(THF)2(L®)Co"], (82),* [K(NCMe)(L¥)Co"-NCMe]. (8b),” [K2(L")Co':]. (9),*
{[K2(DMA)3(L!'%)2C0'2]*0.5Et20}, (10),* and [K(NCMe)s(L!*)Co'-NCMe] (13),* have
been prepared according to literature methods.

'H and *C NMR spectra were recorded on Varian XL-400, Varian INOVA/
UNITY 400 MHz Unity Plus and a Varian 300 Unity Plus NMR spectrometers. IR
spectra were obtained on a Perkin-Elmer 883 IR spectrometer and FT-IR spectra on
Nicolet Nexus 470 and 670, Magna 750 FT-IR ESP and Shimadzu IR-Affinity-1
spectrometers. UV-vis spectra were obtained on a Hewlett-Packard 8452A diode array,

Varian Cary 50 and Varian Cary 300 spectrophotometers. EI and FAB mass spectra were
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obtained on a Finnigan MAT-90 mass spectrometer. ESI and APCI mass spectra were
obtained on a Thermo-Finnigan TSQ7000 triple-quadrupole mass spectrometer, equipped
with the API2 source and Performance Pack (ThermoFinnigan, San Jose, CA). HRMS
data were collected on a Thermo Fisher Scientific LTQ-Orbitrap XL hybrid mass
spectrometer, using the Orbitrap analyzer for acquisition of high-resolution accurate mass
data.Samples were infused using the integrated syringe pump at 3 uL./min and ionization
was via the electrospray source with source settings at their defaults. In general, settings
for the ion optics were determined automatically during the regular tuning and calibration
of the instrument. For high-resolution data, the Orbitrap analyzer is set to a resolution of
100000. Microanalyses were done by Galbraith Laboratories, Knoxville, TN,
Quantitative Technologies Inc., Whitehouse, NJ, and on an in-house Perkin-Elmer 2400

CHN analyzer.

1.2. LIGAND SYNTHESIS

[CH3-NH-(2-CsH4)]3N (L1°H3). A suspension of (2-NH2-CsH4)3N (0.58 g, 2.0
mmol) and KH (0.24 g, 6.0 mmol) in THF (20 mL) was stirred at room temperature for
12 hours. Methyl iodide (0.85 g, 6.0 mmol) was then added slowly, and the resulting
reaction mixture was stirred for an additional 6 hours. The solid formed was removed by
filtration and the solvent evacuated to dryness to afford a white solid that was further
purified by column chromatography (silica gel). The fragment eluted with petroleum
ether/ethyl acetate (40:1 v/v) was collected and the product was isolated after removal of
the solvent mixture (0.38 g, 57%). '"H NMR (CDCls, 7.26 ppm): §7.08 (td, 3H, J=17.7,

1.5 Hz, aryl), 6.88 (dd, 3H, J=7.7, 1.5 Hz, aryl), 6.62 (m, 6H, aryl), 3.93 (q, 3H, J=4.7
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Hz, NH), 2.74 (d, 9H, J = 5.1 Hz, Me). *C NMR (CDCl3, 77.16 ppm): 6 144.0, 132 4,
125.9,125.2, 116.9, 110.8, 30.8. IR (KBr, cm™'): 3416, 3044, 2899, 2815, 2112, 1914,
1596, 1582, 1506, 1423, 1264, 1224, 1167, 1063, 1038, 739, 623, 473. MS-FAB (m/z):
calcd. 332.45; found 332.43. Elemental analysis: Calcd. for C21H24N4: C, 75.87; H, 7.28;
N, 16.85. Found C, 75.84: H, 7.30; N, 16.86.

[($)-(+)-2,2-Dimethylcyclopropane-CONH-(2-CsHa4)]3N+0. 10CHCI3 (L!H3). To
a stirred solution of (2-NH2-CsH4)3N (0.58 g, 2.0 mmol) and triethylamine (0.61 g, 6.0
mmol) in dichoromethane (25.0 mL), ($)-(+)-2,2-dimethylcyclopropane-1-carbonyl
chloride (0.80 g, 6.0 mmol; prepared from the corresponding carboxylic acid and thionyl
chloride) was slowly added by means of a syringe at O °C. The mixture was allowed to
warm up to room temperature, and was further stirred overnight. The solvent was
removed under reduced pressure and the crude residue was purified by column
chromatography (petroleum ether/ethyl acetate) to afford the product as a white solid
(0.78 g, 67%). Crystals for X-ray diffraction analysis were obtained from chloroform. 'H
NMR (CDCl3, 7.26 ppm): 8.38 (s, 3H, NH), 7.81 (d, 3H, J= 7.8 Hz, aryl), 7.11 (t, 3H, J
= 7.4 Hz, aryl), 6.99 (t, 3H, J = 7.3 Hz, aryl), 6.79 (d, 3H, J = 7.8 Hz, aryl), 1.24 (t, 3H, J
=5.8/6.9 Hz, cy-CH), 1.04 (t, 3H, J = 3.9/4.6 Hz, cy-CH>), 0.93 (s, 3H, Me), 0.77 (s, 3H,
Me), 0.66 (dd, 3H, J = 7.4, 4.2 Hz, cy-CH>). 3*C NMR (CDCl3, 77.16 ppm): 6 170.0,
138.2, 132.4, 125.6, 125.3, 124.8, 124.4,29.3, 26.8, 22.5, 20.3, 18.4. IR (KBr, cm™):
3373, 3264, 3234, 2946, 2869, 1685, 1672, 1642, 1594, 1522, 1446, 1398, 1374, 1292,
1264, 1187, 1174, 1187, 1118, 1037, 978, 859, 757, 737, 623, 488. Elemental analysis:
Caled. for C36HaaN4O3 (L7H3— 0.10 CHCL3): C, 74.71; H, 7.32; N, 9.68. Found C, 74.68;

H,7.34:N, 9.71.
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1.3. SYNTHESIS OF COBALTII) COMPLEXES

[K(2.2.2-cryptand)][(L)Co"]*3THF (1). To a THF (15.0 mL) solution of the
ligand L'H3 (0.343 g, 0.5 mmol) KH (0.060 g, 1.5 mmol) was added, and the mixture was
stirred overnight. Anhydrous CoClz (0.065 g, 0.5 mmol) was added to this solution, and
the mixture was allowed to stir for an additional 24 hours to afford a deep green solution.
The solution was refrigerated (-30 °C) overnight, and the insoluble salts were filtered off
on a fine porosity anaerobic frit. The filtrate was then added to 2.2.2-cryptand (0.188 g,
0.5 mmol), and the solution was stirred for 1.0 hour. The solution was then reduced to 5.0
mL under vacuum, and pentane (30.0 mL) was carefully layered over the THF solution
and was allowed to mix slowly at =30 °C to afford crystalline green material suitable for
x-ray diffraction analysis (0.310 g, 45%). IR (KBr, cm™): 3527, 32187, 2943, 2863,
1645, 1658, 1583, 1565, 1541, 1489, 1435, 1375, 1329, 1278, 1246, 1210, 1158, 1109,
1028, 1005, 948, 823, 725, 705, 665, 623, 591, 572, 475, 428, 408. UV-vis (THF): Amax
(e M~ ecm™)) 305 (21000). Elem. Anal. caled. for C7sH111NsO9CoK: C, 68.14; H, 8.14;
N, 6.11. Found C, 68.38; H, 8.17; N, 6.07.

[K(2.2.2-cryptand)][(L?)Co™]+1.5 Pentane (2). To a THF (15.0 mL) solution of the
ligand L?H3 (0.428 g, 0.5 mmol), KH (0.060 g, 1.5 mmol) was added, and the mixture
was stirred overnight. Anhydrous CoClz (0.065 g, 0.5 mmol) was added to this solution,
and the mixture was allowed to stir for an additional 24 hours to afford a deep green-
brown solution. The solution was refrigerated (—30 °C) overnight, and the insoluble salts
were filtered off on a fine porosity anaerobic frit. The filtrate was then added to 2.2 .2-
cryptand (0.188 g, 0.5 mmol), and the solution was stirred for 1.0 hour. The solution was

then reduced to 3.0 mL under vacuum, and pentane (30.0 mL) was carefully layered over
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the THF solution and was allowed to mix slowly at =30 °C to afford crystalline green
material suitable for x-ray diffraction analysis (0.340 g, 47%). IR (KBr, cm™'): 3868,
3092, 2938, 2759, 1646, 1628, 1576, 1545, 1532, 1512, 1487, 1435, 1326, 1317, 1298,
1263, 1242, 1198, 1146, 1098, 1032, 988, 889, 823, 798, 767,675, 645, 640, 598, 583,
557, 504, 487.466, 445. UV—vis (THF): Amax (¢ (M~ cm™)) 383 (27000). Elem. Anal.
calcd. for C78H111N6sOsCoK (2 — 1.5 Pentane): C, 70.61; H, 8.43; N, 6.33. Found C,
70.50; H, 8.47; N, 6.27.

[K(THF )3(L?<)Co"-THF] (2b) and [(L%e.0x)Co"~THF]*0.5 Pentane (2c).
Anhydrous THF (15.0 mL, Sigma-Aldrich product, not further degassed) was added to
the ligand LH3 (0.428 g, 0.5 mmol) and KH (0.060 g, 1.5 mmol), and the mixture was
stirred overnight. Anhydrous CoClz beads (0.065 g, 0.5 mmol) were added to this
solution, and the mixture was allowed to stir for an additional 24 hours to afford a deep
brown-green solution. The solution was refrigerated (=30 °C) overnight, and the insoluble
salts were filtered off on a fine porosity anaerobic frit. The filtrate was then reduced to a
small volume (2.0 mL) under vacuum, and refrigerated (-35 °C) for several days to
afford yellow-brown crystals of 2b, suitable for x-ray diffraction analysis. The crystalline
material was filtered off, and the green-brown filtrate was again refrigerated (-35 °C) to
afford an additional small crop of 2b (combined yield: 0.205 g, 33%). After filtration of
2b, pentane (30.0 mL) was carefully layered over the green THF filtrate, and was allowed
to mix slowly at —35 °C to afford crystalline green 2¢, suitable for x-ray diffraction
analysis (0.160 g, 31%). 2b, IR (KBr, cm™): 3952, 3922, 3863, 3529, 3085, 2752, 1696,
1621, 1530, 1513, 1480, 1423, 1335, 1311, 1252, 1241, 1182, 1152, 1073, 1036, 975,

880, 725, 715, 675, 583, 550, 503, 483, 460, 440. UV—vis (THF): Amax (¢ M~ cm™)) 375
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(21000). Elem. Anal. calcd. for C76H107N404CoK: C, 73.69; H, 8.71; N, 4.52. Found C,
73.29; H, 8.68; N, 4.61. 2¢, IR (KBr, cm™): 3945, 3867, 3842, 3673, 3290, 2865, 2678,
1685, 1611, 1578, 1525, 1493, 1446, 1320, 1245, 1190, 1162, 1136, 1085, 1045, 978,
925, 857, 745, 721, 667, 580, 527,490, 465, 428. UV-vis (THF): Amax (€ (M~ cm™)) 305
(25000). Elem. Anal. calcd. for CesHssN4OCo (2¢ — 0.5 Pentane): C, 78.17; H, 8.51; N,
5.70. Found C, 78.01; H, 8.46: N, 5.79.

[K(L*)Co'J*Diethyl ether (4). The ligand L*H3 (0.271 g, 0.5 mmol) was dissolved
in degassed DMA (5.0 mL), and KH (0.060 g, 1.5 mmol) was added to this solution. The
mixture was allowed to stir overnight, followed by addition of anhydrous CoCl; (0.065 g,
0.5 mmol). This mixture was stirred for an additional 24 hours to afford a light green-
brown solution. The solution was refrigerated (—30 °C) overnight and the insoluble salts
were filtered off on an anaerobic frit. Diethyl ether (30.0 mL) was carefully layered over
the DMA solution, and the system was allowed to slowly mix at room temperature to
afford light green crystalline material. Crystals suitable for x-ray diffraction analysis were
obtained by slow diffusion of diethyl ether into a DMA solution of the title compound
(0.173 g, 54%). FT-IR (KBr, cm™!): 3448, 3057, 2948, 2863, 1654, 1638, 1596, 1577,
1560, 1536, 1477, 1449, 1389, 1357, 1337, 1276, 1251, 1217, 1174, 1107, 1035, 1023,
965, 853, 800, 771, 762, 741, 668, 628, 593, 580, 553, 507, 476, 460. UV-vis (THF):
Amax (€ M~ cm™1)) 368 (23000). Elem. Anal. caled. for C33H39N403CoK (4 — Diethyl
ether): C, 62.13; H, 6.17; N, 8.79. Found C, 62.33; H, 6.21; N, 8.83.

[K(NCMe)(L*)Co'-NCMe]*2MeCN (6). The ligand LSH3 (0.301 g, 0.5 mmol)
was dissolved in degassed THF (15.0 mL), and KH (0.060 g, 1.5 mmol) was added to this

solution. The mixture was allowed to stir overnight, followed by addition of anhydrous
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CoCl2 (0.065 g, 0.5 mmol). This mixture was stirred for an additional 24 hours to afford a
violet solution. The solution was refrigerated (—30 °C) overnight and the insoluble salts
were filtered off on an anaerobic frit. The filtrate was evaporated to dryness, and the
residue was dissolved in acetonitrile (10.0 mL). This solution was reduced to
approximately 5.0 mL by evaporation, and was refrigerated (—30 °C) to afford violet
crystalline material, suitable for x-ray diffraction analysis (0.232 g, 54%). IR (KBr,
em™): 3411, 3056, 1596, 1583. 1539, 1473, 1446, 1362, 1271, 1241, 1155, 1134, 1038,
933, 750, 718, 697, 590, 518. UV-vis (MeCN): Amax (€ (M~ cm™)) 276 (29000). Elem.
Anal. calcd. for C47H39N3O3CoK: C, 65.50; H, 4.56; N, 13.00. Found C, 65.33; H, 4.52;
N, 13.09.

[K2(DMA)4][K(L7)2C0"2]222DMA (7). The ligand L"H3 (0.250 g, 0.5 mmol) was
dissolved in degassed DMA (5.0 mL), and KH (0.060 g, 1.5 mmol) was added to this
solution. The mixture was allowed to stir overnight, followed by addition of anhydrous
CoCl2 (0.065 g, 0.5 mmol). This mixture was stirred for an additional 24 hours to afford a
green-brown solution. The solution was refrigerated (—30 °C) overnight and the insoluble
salts were filtered off on an anaerobic frit. Diethyl ether (30.0 mL) was carefully layered
over the DMA solution, and the system was allowed to slowly mix at room temperature
to afford green-brown crystalline material suitable for x-ray diffraction analysis (0.205 g,
56%). IR (KBr, cm™): 3058, 2959, 2866, 1635, 1594, 1543, 1480, 1468, 1408, 1252,
1218, 1159, 1087, 1035, 965, 944, 745, 636, 590, 470. UV—vis (DMA): Amax (& (M
cm™)) 285 (35000). Elem. Anal. calcd. for C36HassNssQ4sCoK: C, 59.53; H, 6.45; N,

10.61. Found C, 59.48: H, 6.47; N, 10.58.
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[K(DMA)3(L¥)Co"]> (8¢). The ligand L¥H3 (0.289 g, 0.5 mmol) was dissolved in
degassed DMA (5.0 mL), and KH (0.060 g, 1.5 mmol) was added to this solution. The
mixture was allowed to stir overnight, followed by addition of anhydrous CoCl; (0.065 g,
0.5 mmol). This mixture was stirred for an additional 24 hours to afford a grey-blue
solution. The solution was refrigerated (—30 °C) overnight and the insoluble salts were
filtered off on an anaerobic frit. Diethyl ether (30.0 mL) was carefully layered over the
DMA solution, and the system was allowed to slowly mix at —35 °C to afford light grey-
blue crystalline material suitable for x-ray diffraction analysis (0.240 g, 51%). IR (KBr,
cm™'): 3878, 3788, 3735, 3646, 3570, 3498, 3423 3376, 2981, 2978, 2855, 2797, 2738,
2656, 2587, 1695, 1678, 1576, 1543, 1487, 1459, 1384, 1367, 1259, 1145, 1095, 1023,
996, 921, 879, 764, 711, 686, 623, 589, 470, 438, 412. UV—vis (DMA): Amax (£ (M~
cm™)) 357 (27000). Elem. Anal. calcd. for C3H3oN7FoOsCoK: C, 46.26; H, 4.205; N,
10.49. Found C, 46.72; H, 4.31: N, 10.41.

[K(THF)(L'"H)Co™OH] (11). The ligand L''H3 (0.322 g, 0.5 mmol) was
dissolved in degassed THF (15.0 mL), and KH (0.060 g, 1.5 mmol) was added to this
solution. The mixture was allowed to stir overnight, followed by addition of anhydrous
CoCl2 (0.065 g, 0.5 mmol). The mixture was stirred for an additional 24 hours to afford a
green-blue solution that progressively decomposes, eventually yielding a blue solid and a
light green filtrate. The filtrate was reduced to approximately 3 mL by evaporation and
layered with pentane (20 mL) to afford very few green crystals of the title compound.
This compound was identified by single X-ray diffraction analysis, but its amount was

otherwise insufficient for other analytical/diagnostic data collection.
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[K(THF )3(L'?)Co"']THF (12). To a THF (15.0 mL) solution of the ligand L'?H3
(0.301 g, 0.5 mmol) KH (0.060 g, 1.5 mmol) was added, and the mixture was stirred
overnight. Anhydrous CoCl2 (0.065 g, 0.5 mmol) was added to this solution, and the
mixture was allowed to stir for an additional 24 hours to afford a green-brown solution.
The solution was refrigerated (-30 °C) overnight, and the insoluble salts were filtered off
on a fine porosity anaerobic frit. The filtrate was then reduced to 3.0 mL, and pentane
(30.0 mL) was carefully layered over the THF solution and allowed to mix slowly at —30
°C to afford crystalline green-brown material suitable for x-ray diffraction analysis (0.235
g, 48%). IR (KBr, cm™): 3322, 3011, 2914 2853, 2726, 1575, 1469, 1333, 1298, 1246,
1196, 1152, 1028, 952, 827, 734, 687, 588. UV—vis (THF): Amax (& (M~! cm™)) 266
(12500). Elem. Anal. calcd. for CssH71N404CoK: C, 70.63; H, 7.26; N, 5.68. Found C,
70.58: H, 7.27: N, 5.70.

[K(DMA)(L*)Co']"DMA (14). The chiral ligand L'*H3 (0.316 g, 0.5 mmol) was
dissolved in degassed DMA (5.0 mL), and KH (0.060 g, 1.5 mmol) was added to this
solution. The mixture was allowed to stir overnight, followed by addition of anhydrous
CoCl2 (0.065 g, 0.5 mmol). This mixture was stirred for an additional 24 hours to afford a
violet solution. The solution was refrigerated (—20 °C) overnight, and the insoluble salts
were filtered off on an anaerobic frit. Diethyl ether (20 mL) was carefully layered over
the DMA filtrate, and pentane (10 mL) was layered over the diethyl ether. The setup was
allowed to stand at room temperature to afford blue-violet crystalline material, suitable
for x-ray diffraction analysis (0.262 g, 58%). IR (KBr, cm™'): 2981, 1719, 1599, 1533,

1477, 1445, 1393, 1369, 1230, 1081, 1035, 929, 866, 754, 619, 547, 484. UV—vis
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(DMA): Amax (¢ M~ cm™)) 285 (28000). Elem. Anal. calcd. for C41Hs1NsO1:CoK: C,
54.58: H, 5.70; N, 9.32. Found C, 54.51; H, 5.66: N, 9.21.

[K(THF)3(L'*)Co']sTHF (15). The ligand L'°H3 (0.469 g, 0.5 mmol) was
dissolved in degassed DMA (5.0 mL), and KH (0.060 g, 1.5 mmol) was added to this
solution. The mixture was allowed to stir overnight, followed by addition of anhydrous
CoCl2 (0.065 g, 0.5 mmol). This mixture was stirred for an additional 24 hours to afford a
violet solution. The solution was refrigerated (—20 °C) overnight, and the insoluble salts
were filtered off on an anaerobic frit. Diethyl ether (20 mL) was carefully layered over
the DMA filtrate, and pentane (10 mL) was layered over the diethyl ether. The setup was
allowed to stand at room temperature to afford a pink solid, not suitable for x-ray
diffraction analysis. X-ray quality pink crystals were obtained from concentrated
tetrahudrofuran solutions stored at —35 °C (0.350 g, 56%). IR (KBr, cm™): 3350, 3125,
2965, 1695, 1576, 1487, 1455, 1360, 1156, 1043, 905, 786, 655, 418. UV-vis (THF):
Amax (€ M~ cm™)) 300 (26000). Elem. Anal. caled. for CesHesNaF9O10CoK: C, 54.50; H,
4.57:N, 4.24. Found C, 54.58; H, 4.60 : N, 4.27.

[K(L'$)Co'~THF]+0.5Pentane (16). The ligand L'°H3 (0.166 g, 0.5 mmol) was
dissolved in THF (15.0 mL), and KH (0.060 g, 1.5 mmol) was added to this solution. The
mixture was allowed to stir overnight, followed by addition of anhydrous CoCl; (0.065 g,
0.5 mmol). Stirring was resumed for an additional 24 hours to afford a dark red-brown
solution that was subsequently filtered and reduced under vacuum to 3.0 mL. Pentane
(30.0 mL) was carefully layered over the concentrated THF solution and allowed to mix
slowly at —30 °C to provide red-brown crystalline material suitable for x-ray diffraction

analysis (0.205 g, 82%). IR (KBr, cm™): 3634, 3415, 3045, 2853, 2814, 2776, 1593,
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1500, 1454, 1278, 1225, 1158, 1033, 866, 725, 595. UV—vis (THF): Amax (¢ (M~! cm™))
280 (13500). Elem. Anal. calcd. for C2sH2oN4O1CoK (16 — 0.5Pentane): C, 60.11; H,
5.85:N, 11.22. Found C, 60.17; H, 5.86: N, 11.16.

[K(THF )2(L!%)Co"]2 (16b). The procedure described for the preparation of 16
was followed, with the exception that the THF employed (anhydrous, Sigma-Aldrich)
was not further degassed. The compound was isolated from THF/pentane as brown
crystals (0.205 g, 72%). IR (KBr, cm™): 3998, 3767, 3675, 3589, 3478, 3305, 2976,
2943, 2890, 2786, 2687, 2587, 1687, 1649, 1578, 1590, 1478, 1455, 1390, 1372, 1245,
1133, 1101, 1068, 1059, 976, 949, 887, 765, 723, 688, 629, 521, 478, 445, 408. UV-vis
(THF): Amax (¢ M cm™)) 295 (23000). Elem. Anal. calcd. for C20H37N402CoK: C,
60.93: H, 6.52: N, 9.80. Found C, 60.48; H, 6.46: N, 9.89.

[K(THF)K(L'7)2Co";]2+3Pentane (17). The chiral ligand L!"H3 (0.289 g, 0.5
mmol) was dissolved in THF (15.0 mL) and KH (0.060 g, 1.5 mmol) was added to the
solution. The mixture was allowed to stir overnight, followed by addition of anhydrous
CoCl2 (0.065 g, 0.5 mmol) and continuous stirring for an additional 24 hours to afford a
violet solution. The solution was then refrigerated overnight (=30 °C) and the insoluble
salts were filtered off on a fine porosity anaerobic frit. The filtrate was reduced to 3.0 mL
under vacuum and pentane was carefully layered over the concentrated THF solution to
provide x-ray diffraction quality violet crystals upon standing at —30 °C (0.277 g, 78%).
IR (KBr, cm™'): 3060, 2993, 2939, 2865, 1597, 1536, 1478, 1420, 1372, 1340, 1296,
1195, 1119, 1035, 972, 747, 621. UV—vis (THF): Amax (¢ (M~' cm™)) 303 (27000). Elem.
Anal. calcd. for C3sH43N4O35CoK (17 — 3Pentane): C, 64.30; H, 6.11; N, 7.89. Found C,

64.37; H, 6.13; N, 7.85.
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1.4. X-RAY CRYSTALLOGRAPHY

Intensity data sets for all the compounds were collected on either a Bruker Smart
Apex or a Bruker Apex Il diffractometer using graphite monochromated Mo (A = 0.71073
A) or Cu (A =1.54178 A) Ka radiation from a fine focus sealed tube X-ray source.
Suitable crystals were selected and mounted on a glass fiber using super glue. The
datasets were collected at low temperatures (140—150 K) and room temperature for metal
complexes and purely organic compounds, respectively, employing a scan of 0.3° in ®
with an exposure time of 20 s/frame using Apex III or SMART software.®” The cell
refinement and data reduction were carried out with SAINT, while the program SADABS
was used for the absorption correction.® The structures were solved by direct methods
using SHEL XS-97 and difference Fourier syntheses.” Full-matrix least-squares
refinement against [F2| was carried out using the SHELXTL-PLUS? suite of programs.
All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed
geometrically and held in the riding mode during the final refinement. Crystal structures
of (LHYCo (1), (LYCo (4), (L%e.0x)Co (2¢), (L*)Co (15), (L%)Co (16), and (L'7)Co (17)
contained volatile solvent molecules in the void space. The diffuse scattering from the
disordered or partly evaporated solvents residing in the voids were treated as a diffuse
contribution to the overall scattering without specific atom positions by
SQUEEZE/PLATON.! All structures were finally refined with SHELX-2014 using
SHELXle.!! Pertinent crystallographic data are collected in Table S1. ORTEP diagrams
and selective metrical parameters for compounds 4, 6, 7, 8c, 14, 15 and 17 are shown in
Figure 3, for 16 in Figure 4, for 1, 2, 11 and 12 in Figure 5, for ligands L'H3 and L'7H;

in Figure S1, 2b and 2¢ in Figure S2, and for 16b in Figure S3.
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Table S1. Summary of Crystallographic Data for Compounds 1, 2, 4 and 6

L'Co™ (1) L2Co" (2) L*Co™ (4) L*Co™ (6)
formula CrsHiniNsOoCoK  CgssHi20NsOsCoK  C37HoN4O4CoK  C47H30N3O3CoK
M, 1374.75 1434.97 711.83 861.89
crystal system  Monoclinic Triclinic Trigonal Monoclinic
space group Pi/n P1 P3 Pi/n
a(A) 12.794(19) 13.456(3) 10.469(2) 10.271(3)
b (A) 24.93(4) 13.795(3) 10.469(2) 23.557(6)
c(A) 23.62(4) 25.747(6) 19.966(4) 18.471(5)
o (deg) 90 79.209(7) 90 90
B (deg) 94.697(15) 78.532(6) 90 102.559(3)
v (deg) 90 62.283(6) 120 90
V(A% 7508(20) 4121.7(16) 1895.1(9) 4362.5(19)
A 4 2 2 4
Deaod (gcm®) 1216 1.156 1.247 1312
7(X) 200(2) 100(2) 130(2) 220(2)
A(A) 0.71073 0.71073 0.71073 0.71073
4 (mm™) 0.343 0312 0.604 0.539
Ry* 0.1484 0.1100 0.0793
(I>2sigma(I)) 0.0908
WRa? 0.3389 0.2065 0.1575
(I>2sigma(I)) 02397

Ry = Z||Fo| - |Fl/ZIFS|. © wRa = [Ew(Fo2 - A 2w (Fo)?]2,
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Table S1. Summary of Crystallographic Data for Compounds 7, 8¢, 11, and 12

(cont.).
L’Co"™ (7) L3Co™ (8¢) L1Co™ (11) L2Co™ (12)
formula C144H18sN2018Co4Ks  Cr2HrgNig CoHssN4O-CoK o NAOCoK
F18012C02K>
M, 2905.26 1869.54 830.00 986.21
crystal system  Triclinic Monoclinic Monoclinic Monoclinic
space group P1 P2i/n P2/c Pi/c
a(A) 20.156(7) 9.0733(2) 13.187(8) 21.72(4)
b (A) 20.622(7) 29.2751(7) 20.522(11) 13.60(3)
c(A) 21.581(8) 15.9177(4) 16.050(10) 18.90(4)
o (deg) 64.584(6) 90 90 90
5 (deg) 81.644(7) 93.542(2) 97.064(19) 108.20(3)
¥ (deg) 67.502(6) 90 90 90
V(A% 7483(5) 4220.01(17) 4311(4) 5303(18)
VA 2 2 2 4
Daaled (g cm) 1.289 1.471 1.279 1.235
7 (K) 140(2) 150(2) 140(2) 140(2)
AA) 0.71073 1.54178 0.71073 0.71073
4 (mmt) 0.615 4.889 0.538 0.451
R 0.0803 0.0336 0.0561 0.1176
(I>2sigma(l))
wRo? 0.2080 0.0835 0.0935
(>2sigma(D) 0.1945

“ Ry = S||Fo| - [FVZIFo]. E wRy = [Zw(Fo? - FOHEW(F L),
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Table S1. Summary of Crystallographic Data for Compounds 2¢, 16b and Ligands L!'°Hs

and L'7H; (cont.).
formula Co65sHsoN4OCo CssH7aNgO4Co2Ko  CorH24Ny Cs610H4210N4Clio 3003
M, 1019.34 114331 332.44 590.67
crystal system Triclinic Monoclinic Orthorhombic Orthorhombic
space group P1 C2le P22y P2,2,2
a(A) 14.0187(7) 38.308(3) 12.2246(6) 12.0185(17)
b (A) 14.1991(7) 22.5718(17) 16.7598(9) 15.962(2)
c(A) 17.7928(9) 31.324(2) 36.1289(19) 17.715(2)
a (deg) 71.2280(10) 90 90 90
£ (deg) 81.0670(10) 124.6010(10) 90 90
7 (deg) 61.5330(10) 90 90 90
V(A3 2947.9(3) 22294(3) 7402.2(7) 3398.5(8)
Z 2 16 16 4
Dealed (g cm™) 1.148 1.362 1.193 1.154
T'(K) 137(2) 136(2) 293(2) 150(2)
A(A) 0.71073 0.71073 0.71073 0.71073
4 (mm™) 0.335 0.798 0.072 0.097
R 0.0673 0.0488 0.0688 0.0745
(I>2sigma(l))
WR2? 0.1876 0.1199 0.1291 0.1875
(I>2sigma(l))

@Ry = Z\\Fo| - |[F|[/|F o). b wR2 = [Ew(F 2 - FAYEw(E 2.
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Figure S1. ORTEP diagrams ofligands L 16H 3 (left) and L 17H 3 (right), drawn with 40%

thermal ellipsoids. Selective interatomic distances (A) and angles (°).

L 16H3, N (1)-C (1) = 1.438(4), N (1)-C (15) = 1.439(4), N (1)-C(8) = 1.445(4),

N (2)-C(2) = 1.369(5), N(2)-C(7) = 1.446(5), N(3)-C(9) = 1.383(5), N (3)-C (14) =

1.444(5), N(4)-C(16) = 1.370(5), N (4)-C(20) = 1.443(5), C (1)-N (1)-C (15) = 116.0(3),

C(1)-N (1)-C(8) = 116.0(3), C(8)-N (1)-C (15) = 115.7(2), C(2)-N(2)-C(7) = 123.2(4),

C(9)-N(3)-C(14) = 122.1(3), C(16)-N (4)-C(20) = 123.0(3); L 17H3, N (1)-C (1) =

1.419(6), N (1)-C (13) = 1.423(6), N (1)-C (25) = 1.421(6), N (2)-C(2) = 1.389(8), N (2)-

C(7) = 1.349(7), N(3)-C(14) = 1.391(7), N (3)-C(19) = 1.347(7), N(4)-C(26) = 1.411(6),

N (4)-C(31) = 1.335(7), O (1)-C(7) = 1.183(8), O (2)-C(19) = 1.233(6), O (3)-C (31) =

1.242(6), C(1)-N (1)-C (13) = 116.5(4), C (1)-N (1)-C (25) = 117.7(4), C (13)-N (1)-C (25)

= 117.6(2), C(2)-N (2)-C(7) = 127.6(5), C(14)-N (3)-C(19) = 127.3(4), C(26)-N (4)-

C(31) = 124.8(4), O (1)-C(7)-N(2) = 123.7(7), O (2)-C(19)-N (3) = 123.2(5), O (3)-

C(31)-N(4) = 122.8(5).
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THF]*0.5Pentane (2c) (right), drawn with 40% thermal ellipsoids. Hydrogen atoms are

omitted for clarity. Selective interatomic distances (A) and angles (°).

2b, Co(1)-N (1) = 2.0094(17), Co(1)-N(2) = 1.9739(17), Co(1)-N (3) =

2.4036(17), Co(1)-N(4) = 1.9709(17), Co(1)-O (1) = 2.0904(15), Co(1)-[N (2), N (3),

N (4)] = 0.57(2) (distance of Co from mean plane), N(2)-Co(1)-N(4) = 113.66(7), N(2)-

Co(1)-N(3) = 76.84(6), N (3)-Co(1)-N(4) = 78.69(6), N (2)-Co (1)-N (1) = 83.18(7),

N (4)-C o (1)-N (1) = 114.39(7), N (3)-Co (1)-N (1) = 159.44(6), N (3)-Co0(1)-O (1) =

87.19(6), N (2)-Co(1)-O (1) = 107.16(6), N (4)-Co(1)-O (1) = 131.95(6), N (1)-C o (1)-

O (1) = 94.18(6); 2¢c, Co(1)-N (1) = 2.032(2), Co(1)-N (2) = 1.9520(19), Co(1)-N (3) =

2.471(2), Co(1)-N(4) = 1.942(2), Co(1)-O (1) = 2.062(2), N(1)-C(42) = 1.359(3), N (2)-

C(41) = 1.364(3), C(41)-C(42) = 1.444(3), C(42)-C(43) = 1.425(3), C(43)-C(44) =

1.374(4), C(44)-C(45) = 1.399(4), C(45)-C(46) = 1.374(3), C(46)-C(41) = 1.420(3),

N (2)-C o(1)-N (4) = 120.06(9), N (4)-Co(1)-N (1) = 114.88(9), N (2)-Co (1)-N (1) =

82.36(8), N (2)-Co(1)-O (1) = 118.91(8), N (4)-Co(1)-O (1) = 114.34(9), N (1)-C o (1)-

O (1) = 98.82(8), N(3)-Co(1)-N (1) = 157.61(8), N (3)-Co(1)-N (2) = 75.27(8), N (3)-

Co(1)-N(4) = 76.67(8), N (3)-Co(1)-0O (1) = 92.86(8).
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Figure S3. ORTEP diagram of [K(THF)2(L16re)Con]2 (16D), drawn with 40% thermal
ellipsoids. Hydrogen atoms are omitted for clarity. Selective interatomic distances (A)
and angles (°).

Co(1)-N (1) = 2.3527(17), Co(1)-N(2) = 1.9661(18), Co(1)-N (3) = 1.9840(17),
Co(1)-N(4) = 2.1326(17), Co(1)-N(8) = 2.0859(18), Co(2)-N(5) = 2.3310(17), Co(2)-
N (6) = 1.9680(18), Co(2)-N(7) = 1.9855(17), Co(2)-N(8) = 2.1274(17), Co(2)-N(4) =
2.0900(18), N (2)-Co(1)-N(4) = 109.55(7), N (2)-Co(1)-N (3) = 115.02(2), N (3)-C o (1)-
N (4) = 79.98(7), N (2)-Co(1)-N (1) = 78.83(7), N (4)-Co(1)-N (1) = 155.56(6), N (3)-
Co(1)-N (1) = 75.74(6), N (3)-Co(1)-N(8) = 132.14(7), N (2)-Co(1)-N (8) = 112.24(7),
N (4)-Co(1)-N(8) = 91.39(7), N (1)-Co(1)-N (8) = 106.92(6), N (6)-Co(2)-N(7) =
114 .53(8), N(6)-Co0(2)-N(8) = 109.36(7), N(7)-Co0(2)-N(8) = 80.07(7), N (6)-Co0(2)-
N (5) = 78.94(7), N (7)-Co(2)-N(5) = 76.11(6), N (8)-Co0(2)-N(5) = 156.06(6), N (6)-
Co(2)-N(4) = 113.06(7), N(7)-Co(2)-N (4) = 131.79(7), N(8)-Co0(2)-N(4) = 91.43(7),

N (5)-Co(2)-N(4) = 106.18(7).
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1.5. OTHER PHYSICAL MEASUREMENTS

(a) Electrochemistry. Cyclic voltammetry was carried out with a Bipotentiostat
AFCBP1 from Pine Instrument Company fitted in a Dry Box and controlled with the
Aftermath 1.2.5876 software, or with an Eco Chemie Autolab PGSTAT100
electrochemical workstation fitted in a Dry Box and controlled with a General Purpose
Electrochemical Software (GPES). Experiments were performed using a gold disk
working electrode (1.6 mm diameter) and a Ag/Ag’ (0.01 M AgNOsz and 0.1 or 0.5 M
("BusN)PF; in acetonitrile, dimethylformamide or dimethylacetamide) non-aqueous
reference electrode (Bioanalytical Systems, Inc.) with a prolonged bridge (0.5 M
("BusN)PFg in acetonitrile, dimethylformamide or dimethylacetamide). A thin Pt gauge (8
cm?, Sigma-Aldrich) was employed as counter electrode. The working electrode was
polished using successively 6, 3, 1 um diamond paste on a DP-Nap polishing cloth
(Struers, Westlake, OH), washed with water, acetone and air-dried. The Pt gauge
electrodes were cleaned in a H2O2/H2SO4(conc) solution (1/4 v/v) and oven-dried. The
concentration of the samples was 3 mM and that of ("BusN)PFs (supporting electrolyte)
was 0.5 M. The potential sweep rate varied between 40-500 mV/s. All potentials are
reported versus the ferrocenium/ferrocene (Fc¢'/Fc) couple. Cyclic voltammograms of
compounds 3-7, 8a, 9, 10, 13, 17 are shown in Figure 6, and corresponding

electrochemical data in Table S2.
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Table S2. Electrochemical Data for Selected Co' Compounds (first oxidation waves)
E1n (or Epa) AE

Compound Solvent

(Vvs. F¢'/Fe)  (mV)
[K(L*)Co'™-NCMe] (3)* MeCN  -0.090 72
[K(LHCo"+Et20 (4) DMF 0.221
[K(THF)s][(L*)Co"]*1.5THF (5)* DMF -0.258 102
[K(MeCN)(L®)Co'"-NCMe]+2MeCN (6) DMF 0.259
[K2(DMA)4][K(L7)2Co2]222DMA (7) DMF  0.172
[K(THF)2(L¥)Co"] (8a)* DMF 0.719
[K2(L?)2Co™2] (9)* DMF  -0.654,-0.500 88,75
[K2(DMA )3(L!)2Co']+0.5E1:0 (10)* DMA  0.559
[K(NCMe)3(L'?)Co™-NCMe] (13)* MeCN  -0.665 78
[K(THF)K(L'7),Co'2]2*3Pentane (17) DMF 0.032, 0.388

(b) EPR spectroscopy. X-band EPR measurements were performed with a Bruker
ER 200D instrument equipped with an ESR-9 Oxford cryostat and an Anritsu microwave
frequency counter, and on a Bruker EMX-Plus (X-Band, 9.2 GHz) (Dept. of Chemistry,
Washington University, St. Louis). Simulations of the EPR spectra were carried out with
the program SPINCOUNT kindly provided to us by Prof. M. P. Hendrich (Dept. of
Chemistry, Carnegie Mellon University, Pittsburgh, PA, U.S.A.). EPR spectra of Co(Il)
compounds 3-7, 8a, 9, 10, 13-15 and 17 were recorded in frozen DMF solutions. EPR
spectra obtained at 10 K are shown in Figure 7, and the corresponding EPR parameters

are collected in Table S3.



290

Table S3. EPR Parameters for the Co(II) Complexes Examined

Complex | Site | E/D | opp® | gos go|° ALY A | R(%Y
b (MHz) | (MHz) | ¢
3 1 0.048 [ 0.015 1219 |[203 60 290 53
2 0.130 [ 0.050 | 2.19 | 2.05 50 290 47
4 1 0.048 [ 0.015 1226 |2.00 65 280 50
2 0.129 [ 0.025 2.00 80 320 50
2.35
5 1 0.105 [ 0.040 | 222 | 2.05 75 240 100
6 1 0.070 [ 0.025 |1 2.185 | 2.10 55 200 16
2 0.125 [ 0.060 | 2.25 2.17 90 200 84
7 1 0.035 [ 0.010 | 2.225 [ 2.03 60 250 59
2 0.120 [ 0.055 1 2.250 | 2.00 85 270 41
8a 1 0.052 [ 0.020 | 2.280 | 2.00 75 250 14
2 0.190 | 0.070 | 2.260 | 2.00 90 290 86
9 1 0.037 [0.016 | 222 |201 40 258 100
10 1 0.030 [ 0.010 | 2.25 2.03 40 226 14
2 0.128 [ 0.065 | 2.18 |2.00 70 250 86
13 1 0.018 [ 0.011 | 2.188 | 2.02 30 290 100
14 1 0.119 [ 0.015 1222 |2.08 65 225 100
15" 1 0.333 | 0.080 n.d n.d 100
17 1 0.041 [ 0.020 | 222 |203 50 250 20
2 0.115 [ 0.070 1224 |2.09 70 240 80

“Distribution parameter on £/D introduced in the simulations. °A residual linewidth o
of 20-30 G was used. “Estimated error: +0.02. “Estimated error: +20%. “Estimated error:
+5%. /Relative abundance of the species assuming equal values for |D|; “Estimated error:
+10%. "The spectrum was simulated with goy =2.30, gox = g0z =1.99.

1.6. CATALYTIC AND MECHANISTIC STUDIES

(a) General Catalytic Olefin Aziridination Procedure. In a typical experiment, a
20 mL screw-cap vial containing a small magnetic bar was charged in sequence with the
catalyst (0.0125 mmol with respect to Co), N-(p-tolylsulfonyl)imido]-phenyliodinane
(93.3 mg, 0.25 mmol), molecular sieves (5A) (20 mg), olefin (2.0 mmol) and solvent
(0.200 g) (chlorobenzene, unless otherwise stated). The reaction mixture was stirred
vigorously at 30 °C for 24 hours (unless otherwise stated). After completion of the

reaction, the products were isolated by column chromatography (silica gel) and quantified
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by '"H NMR (in CDCl3 or CD3CN) versus an internal standard (4'-

methoxyacetophenone).

Table S4. Yields of Aziridination/Amination of Olefins by [K(L*)Co"JsEt,0 (4)°
Yield (%)*  Yield (%)°

Entr,
No ¥ Substrate  Products PhCl PhCl
) L*Co L8Co
1. RO RO NTs R=Me polymer polymer
X
2. \é(\ W R=1tBu polymer polymer
e Ve Vo /W\/{,"TS 9 32
4. > s 12 6
NT NTs
5. N /\/<‘ <L 8,17 18,19
NT: NTs
6. %/ﬁ m T %/Q’ 718 trace

“Conditions: 4, 0.0125 mmol (5 mol %); PhINTSs, 0.25 mmol; olefin, 2.0 mmol; MS 5 A,
20 mg; PhCl, 0.200 g; room temperature; 24 h. *This work. ‘Ref. 5.

All aziridination and/or allylic/benzylic amination products (Tables 1, 2 and S4)
are known compounds, and have been identified with the assistance of 'H and 1*C NMR
spectra, as well as HRMS data, by comparison to spectroscopic features reported for
authentic samples in the literature.'?

For the competitive aziridination of styrene versus 1-hexene, mediated by
[K(L*Co!']sDiethyl ether (4), the general aziridination procedure noted above was
followed, with the exception that 1.0 mmol of each olefin was used.

(b) Evaluation of the Reaction Profile. The general styrene aziridination
procedure was followed in the presence of catalysts [K(L*)Co'], (4),
[K2(DMA)4][K(L7)2Co0"2]222DMA (7) and [K(DMA )3(L¥)Co"]2 (8¢) (5 mol% with
respect to Co) in chlorobenzene (0.500 g) at 30 °C. The same type and size of screw-cap

vials (20 mL) and magnetic stir bars were used. The catalysts were similarly pulverized
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prior to use, and the stirring speed was kept constant by the same stir plate. At
predetermined time intervals, the reaction was quenched via addition of silica gel, and the
mixture was subsequently chromatographed as noted above. Aziridination yields were
evaluated for each datapoint by means of at least two independent experiments, following
the methodology noted under the general protocol.

(c) Hammett Plots. The general aziridination of olefins was conducted mediated
by [K(L*)Co'"'J*Diethyl ether (4), with the exception that the olefin mixture was
composed of 1.0 mmol of styrene and 1.0 mmol of a p-X-styrene (X =Me, ‘Bu, F, Cl,
CF3, NO2). At the end of the reaction the mixture was flash chromatographed on silica
gel (hexane, then petroleum ether/ethyl acetate 10:1) in order to recover the aziridination
products and evaluate their ratio by quantitative 'TH-NMR analysis in CD3CN (Table S5).
A linear free- energy correlation of log(kx/kn) as a function of polar (omp) and spin-

delocalization (o) parameters is shown in Figure 8.

Table S5. Competitive Aziridination Reactions of para-substituted Styrenes vs. Styrene
by PhI=NTs in the presence of L*Co (4) ¢

X o Omb kx/kn Axcys” + Bxomn+ C?  log(kx/kn)
F -0.02 -0.24 1.560 0.15802 0.19312
CF; -0.01 0.49 0.537 -0.25706 -0.27003
H 0 0 1 0.03019 0

Me 0.15 -0.29 1.884 0.27464 0.27508
Cl 0.22 0.11 1.328 0.08054 0.12320
‘Bu 0.26 -0.22 1.794 0.29118 0.25382

NO2 0.36 0.86 0.529 -0.27887 -0.27654
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Figure S4. Free energy correlation of log(kx/kn) vs oy (left) and o (right) for the
aziridination of para-substituted styrenes (X = Me, ‘Bu, F, Cl, CF3, NO2) mediated by
[K(L*Co!']sDiethyl ether (4).

Competitive Aziridinations of Deuterated Styrenes vs. Styrene (KIE). In order to
determine values of secondary deuterium kinetic isotope effects (ku/kp), a panel of
deuterated styrenes (a-d!-styrene, cis- and frans-f-d'-styrene)'? was used together with
styrene (1.0 mmol each), and was subjected to aziridination (three trials) by PhI=NTs
(0.25 mmol) in the presence of [K(L*)Co'JeDiethyl ether (4) or [K(DMA)3(L¥)Co"]. (8¢)
(5 mol%) and molecular sieves (5A, 25 mg) in chlorobenzene (0.500 g), according to the
general olefin aziridination procedure noted above. Prior to mixing with any other
reagents, an aliquot (5.0 ul) of the original mixture of styrenes was retained for 'TH-NMR
analysis (CDCl3, 120 s relaxation delay). The reaction was quenched after two hours, and
the mixture was flash chromatographed on silica gel, first with hexane to remove the
styrenes, and then with petroleum ether/ethyl acetate (10: 1 v/v) to recover the
aziridination products. The ratio of d°/d" aziridines is evaluated by 'H NMR (CDsCN, 120
s relaxation delay) and compared to the ratio of the starting d°/d" styrenes in order to
extract secondary KIE values (Table 3).

(e) Stereochemical Scrambling in Aziridinations of Deuterated Styrenes. The

aziridination of cis- and frans-f-d'-styrene (synthesized by following a literature
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report),’* mediated by [K(L*)Co']*Diethyl ether (4) or [K(DMA)3(L*)Co]2 (8¢), was
conducted according to the general procedure for olefin aziridinations. The isolated
aziridines were dissolved in CHCl3 (700 uL)/CDCI3(20 uL) and loaded in a precision
NMR tube. Extensive “H NMR data were collected (90 s relaxation delay) for three
independent reaction trials, in order to quantify the relative deuterium content at the cis

and frans f-carbon sites of the aziridination products (Table 4).

1.7. COMPUTATIONAL STUDIES

Density functional theory employing the B3LYP!* functional along with the 6-
31+G(d) basis set is used in the Gaussian09'° software package for all reported
calculations. Previous calculations on similar Mn(II), Fe(Il) and Co(II) complexes have
indicated the accuracy of the calculation with this level of theory.> All calculations were
done assuming 1 atm and 298.15 K and all possible spin states were evaluated. Optimized
geometries for the three spin states of [L*Co]NTs (doublet, quarter, sextet) are shown in
Table S6, and have also been deposited as .xyz files. DFT structures for [L*Co]NTs in
three spin states, optimized at the B3LYP/6-31+G(d) level of theory, are shown in Figure
9. Spin densities on the calculated lowest-energy spin state of the putative cobalt
nitrenoid intermediates for quartet [L*Co]NTs and sextet [LCo]NTs are shown in Figure

10.
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Table S6. Optimized Geometries for Three Spin States of [L*Co]NTs. First Column is

Atomic Number. Columns 2 - 4 are Cartesian Coordinates (in A).

Doublet [L*Co]NTs
27
7

0.658143000

2.060378000
1.486678000

0.536102000

1.921656000

1.231125000

1.210895000
1.152852000
0.894547000
0.577941000
0.992379000
0.762196000

1.391734000

-1.046889000

1.555907000
-0.926806000
2.823858000
-0.531054000
-1.069420000
2.763181000
3.707546000
1.555822000
1.550052000
0.355632000
-0.578907000

0.311523000

0.126397000
-0.295306000
-1.621855000
-0.367141000

1.623195000

0.144744000
-3.725168000
-4.260454000
-4.362255000
-5.402796000
-3.667736000
-4.164907000

-2.317466000

Table S7. Optimized Geometries for Three Spin States of [L*Co]NTs. First Column is

Atomic Number. Columns 2 - 4 are Cartesian Coordinates (in A) (cont.)

6
6

1.660045000
1.593553000
1.823527000
1.664819000
0.375216000
0.107492000

-0.828386000

1.541845000
2.747336000
3.676448000
2.537768000
3.222553000
4.269993000

4.806056000

-1.674035000
-2.390047000
-1.877308000
0.610533000
0.518587000
1.472012000

1.365624000
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Table S8. Optimized Geometries for Three Spin States of [L*Co]NTs. First Column is

Atomic Number. Columns 2 - 4 are Cartesian Coordinates (in A)

6

1

6

0.975711000
0.729213000
2.190342000
2.882209000
2.520895000
3.459770000
3.234331000
3.165811000
4.345193000
4.313299000
5.531252000
6.423805000
5.573210000
6.490864000

4.420078000

4.572453000
5.351006000
3.855581000
4.074699000
2.875386000
2.348914000
0.772546000
-0.220670000
-0.931397000
-1.686037000
-0.681332000
-1.252889000
0.288185000
0.475569000
1.011983000

2.491585000
3.209587000
2.604963000
3.414032000
1.685912000
1.797713000
0.016342000
1.014591000
1.306113000
2.084533000
0.619025000
0.864425000
-0.390173000
-0.941843000

-0.686711000

Table S9. Optimized Geometries for Three Spin States of [L*Co]NTs. First Column is

Atomic Number. Columns 2 - 4 are Cartesian Coordinates (in A) (cont.)

1

6

4.423486000
0.607292000
-2.919139000
2.176218000
-2.024453000
-1.909591000
-3.866298000

-4.659053000

1.765594000
-0.906156000

2.835129000
-3.372963000
-2.720224000
-3.422041000
-1.852994000
-1.548606000

-1.469126000
3.741228000
-1.007241000
-1.674007000
-1.604937000
0.844470000
0.066818000

-1.038434000
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Table S10. Optimized Geometries for Three Spin States of [L*Co]NTs. First Column is

Atomic Number. Columns 2 - 4 are Cartesian Coordinates (in A) .

6

1

16
6

-5.984406000
-4.2416277000
-5.710263000
-3.768384000
-6.529425000
-6.602086000
-6.114211000
-7.959928000
-8.005419000
-8.482603000
-8.522266000
-2.151389000

-1.597307000

-1.146529000
-1.636131000
-1.356096000
-2.018063000
-1.039337000
-0.913131000
-1.286771000
-0.596382000

0.359871000
-0.466031000
-1.328163000
-2.367528000

3.595513000

-0.843496000
-2.036248000
1.539782000
2.213714000
0.442514000
-1.708583000
2.548356000
0.653933000
1.191862000
-0.299876000
1.248232000
-0.171112000

-0.781657000

Table S11. Optimized Geometries for Three Spin States of [L*Co]NTs. First Column is

Atomic Number. Columns 2 - 4 are Cartesian Coordinates (in A) (cont.)

8
6

-1.480541000
1.911029000
2.896197000
2.183641000
2.797010000

-3.305516000

-3.434345000

-4.254682000

-2.546928000

-4.023871000

4.796192000
-0.503742000
-0.152479000
-1.933212000
-1.762265000

2.099883000

2.807012000

1.567141000

1.363782000

3.830848000

-1.056195000
2.995723000
3.666774000

-2.262860000

-3.323433000
0.294557000
1.125473000
0.155915000
0.574302000

-1.397130000
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Table S12. Optimized Geometries for Three Spin States of [L*Co]NTs. First Column is

Atomic Number. Columns 2 - 4 are Cartesian Coordinates (in A)

1

1

-4.182844000
-3.771221000
-2.717176000
-2.404307000
-1.959413000
-3.661882000
1.216115000
1.533245000
1.224672000
0.186736000

1.732575000

4.581446000
4.366594000
1.808268000
2.304185000
1.067160000
1.283443000
-4.202173000
-4.158070000
-5.252675000
-3.834403000

-3.490307000

-0.614075000
-2.317893000
-2.145041000
-3.071926000
-1.880579000
-2.338921000
-2.562455000
-3.609914000
-2.240826000
-2.489418000

-0.209798000

Table S13. Optimized Geometries for Three Spin States of [L*Co]NTs. First Column is

Atomic Number. Columns 2 - 4 are Cartesian Coordinates (in A) (cont.)

1
1

2.383764000
0.678567000
1.766869000
3.607054000
3.621619000
3.956662000
4.309592000
0.230939000
1.057827000
-0.640642000
-0.035074000

0.856820000

-2.930019000
-3.206044000
-4.540341000
-3.940525000
-4.988378000
-3.887547000
-3.375400000
-2.366665000
-3.045592000
-2.671203000
-2.519399000

-0.798310000

0.468218000
-0.058206000
0.109253000
-1.793846000
-1.464830000
-2.8277992000
-1.169058000
3.415467000
3.662156000
4.010480000
2.367758000

5.258789000
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Table S14. Optimized Geometries for Three Spin States of [L*Co]NTs. First Column is

Atomic Number. Columns 2 - 4 are Cartesian Coordinates (in A).

1
1

Quartet [L*Co]NTS
27
7

1.667642000
1.134930000
-0.546237000
-0.274124000
-0.823513000
-1.438326000

0.801160000
1.487775000
2.726341000
0.446853000
0.837399000

0.715532000
4.5727730000
5.017538000
5201601000
6.146643000
4.624154000
5.116854000
3.397501000
2.777170000
3.356283000
2.842884000

-1.460357000
0.220418000
0.052323000
1.091474000

-0.008222000

-0.196661000

-0.723918000
1.153672000
-0.449745000
-1.376668000
2.774513000
-0.551707000
0.087607000
0.219728000
-0.703355000
-1.192680000
-0.877119000
-1.482984000
-0.265455000
0.523010000
0.698159000

1.298855000

5.579619000
5.546149000
3.372381000
3.594945000
2.317692000

3.964255000

0.309227000
-1.072744000

0.830843000
-1.541945000
-0.388283000

1.247795000
-2.948195000
-3.931078000
-1.979286000
-2.204781000
-0.723940000

0.026909000
-0.398799000
-1.387760000
-2.646986000

-3.390947000
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Table S15. Optimized Geometries for Three Spin States of [L*Co]NTs. First Column is

Atomic Number. Columns 2 - 4 are Cartesian Coordinates (in A).

6

6

0.534792000
0.045686000
-0.861614000
-1.261195000
-1.231288000

-1.937109000

0.983292000
-0.321110000
-0.481412000
-1.466416000

0.592886000

0.431429000

-2.160952000
-2.399600000
-3.468315000
-3.667365000
-4.272948000

-5.084909000

Table S16. Optimized Geometries for Three Spin States of [L*Co]NTs. First Column is

Atomic Number. Columns 2 - 4 are Cartesian Coordinates (in A).

6
1

-0.693772000
-0.966093000
0.192719000
0.603786000
1.557822000
0.381238000

0.576988000

0.301236000
1.809725000
1.916727000
2.931172000
3.915923000
2.800737000
3.688950000
-3.262576000

0.947759000

1.865886000
2.706399000
2.051798000
3.036921000
2.366548000
3.170021000
4.381234000
4.983497000
4.763919000
5.671547000
3.959661000
4.238127000
2.800344000
2.216672000
3.132415000

-3.840517000

-4.051037000
-4.683990000
-2.994192000
-2.796917000
-0.332888000
-0.020171000
0.734577000
0.936097000
1.206063000
1.794512000
0.919095000
1.284851000
0.163508000
-0.036277000
-0.020675000

-1.177971000
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Table S17. Optimized Geometries for Three Spin States of [L*Co]NTs. First Column is

Atomic Number. Columns 2 - 4 are Cartesian Coordinates (in A).

8

6

-2.143200000
-3.319753000
-3.261592000

-4.551564000

-0.005332000
-1.385278000
-1.906999000

-1.180046000

3.281162000
1.370884000
0.075857000

1.992177000

Table S18. Optimized Geometries for Three Spin States of [L*Co]NTs. First Column is

Atomic Number. Columns 2 - 4 are Cartesian Coordinates (in A) (cont.)

6
1

-4.443476000
-2.300715000
-5.729245000
-4.583208000
-5.696019000
-4.390988000
-6.688745000
-6.969616000
-7.109886000
-6.953820000
-7.848999000
-1.797303000

0.622707000

0.536047000
-1.906252000
-1.787800000

3.478340000

4.670078000

-0.195132000

-2.226195000
-2.036548000
-1.506041000
-0.761463000
-2.033857000
-2.623575000
-1.342646000
-2.374240000
-1.721934000
-3.407554000
-2.261540000
-1.056984000
-2.624942000
-2.862005000

3.637025000
4.702762000
-0.283522000

0.061898000

-4.864955000

-0.591599000
-0.412629000
1.312141000
2.993321000
0.014316000
-1.603674000
1.799779000
-0.7277287000
-1.599674000
-1.096962000
-0.083387000
2.297753000
-2.094629000
-3.308701000
-0.539554000
-1.153107000
1.974955000
1.940641000

-1.374710000
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Table S19. Optimized Geometries for Three Spin States of [L*Co]NTs. First Column is

Atomic Number. Columns 2 - 4 are Cartesian Coordinates (in A).

1

1

0.025426000
-1.149821000
2.271263000
2.503578000
2.194501000
3.106394000
1.085418000
1.933160000
0.168892000
1.287767000
2.107661000
2.812944000
1.731478000
1.247473000
1.780734000
2.271402000
0.954166000
1.347902000
3.886120000
3.418629000
4.639170000
4.409272000
-3.162463000

-2.929018000

-5.784577000
-4.472051000
-4.454872000
-5.368655000
-4.703383000
-3.755158000
-3.538162000
-2.874588000
-3.126931000
-4.465871000
-1.866689000
-2.677189000
-2.023494000
-1.958596000

0.643693000

1.623580000

0.626917000

0.537610000
-0.422711000
-0.554224000
-1.207655000

0.537936000

2.936735000

3.884266000

-0.816510000
-1.002275000
-1.689446000
-1.125880000
-2.751872000
-1.561341000
0.317693000
0.524665000
0.756912000
0.869907000
3.447585000
3.220566000
4.466581000
2.784006000
3.608969000
3.551577000
2.895725000
4.612187000
4.447747000
5.432598000
4.314398000
4.432486000
1.509016000

2.013521000
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Table S20. Optimized Geometries for Three Spin States of [L*Co]NTs. First Column is

Atomic Number. Columns 2 - 4 are Cartesian Coordinates (in A)

1
1

Sextet [L*Co]NTs

-4.122493000
-2.402497000
-4.352679000
-5.319650000
-4.138784000
-4.439394000
-3.595419000
-3.668477000
-2.829344000

-4.557160000

2.578179000
2.200966000
4.167121000
3.809389000
5.136399000
4.331622000
1.788310000
1.908972000
1.038911000
1.411602000

1.900687000
1.784793000
-0.344450000
0.032535000
0.119782000
-1.423697000
-0.704422000
-1.792270000
-0.497398000

-0.333983000

Table S21. Optimized Geometries for Three Spin States of [L*Co]NTs. First Column is

Atomic Number. Columns 2 - 4 are Cartesian Coordinates (in A).

27
7

0.555034000
2.074087000
1.877314000
-0.292756000
1.273924000
-1.197928000
2.952484000
3.239777000
2.849206000

3.041473000

-0.882148000
0.960258000
-0.347048000
2.572647000
-1.637432000
-0.669263000
3.769706000
4.816994000
3.120137000
3.664357000

-0.313099000
0.790510000
-1.679871000
0.576730000
1.437541000
-0.660326000
-1.522466000
-1.465817000
-2.758247000

-3.680152000
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Table S22. Optimized Geometries for Three Spin States of [L*Co]NTs. First Column is

Atomic Number. Columns 2 - 4 are Cartesian Coordinates (in A).

6

1

2.500048000
2.430642000
2.238825000
2.308030000
2.677516000
2.743300000
1.453177000
0.240485000
-0.325738000
-1.224117000
0.210716000
-0.251985000
1.357051000
1787762000
1.956985000
2.835124000
3.082520000
2.657679000
3.653999000
3.346381000
5.006055000
5.750640000
5.408833000

6.462903000

1.773871000
1.281447000
1.024003000
1.708168000
3.056118000
3.538262000
1.554955000
2.360660000
2.910482000
3.508762000
2.661647000
3.080375000
1.846880000
1.633024000
1.314277000
0.690930000
-0.052965000
-1.346393000
-2.310948000
-3.307886000
-2.001053000
-2.770573000
-0.715027000

-0.473279000

-2.822315000
-3.782771000
-1.657023000
-0.421856000
-0.359009000
0.612875000
1.907694000
1.777552000
2.983693000
2.884466000
4.225539000
5.115834000
4.333703000
5.308352000
3.197775000
3.310858000
1.056263000
1.425948000
1.677443000
1.970344000
1.554091000
1.746681000
1.1727748000

1.062486000
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Table S23. Optimized Geometries for Three Spin States of [L*Co]NTs. First Column is

Atomic Number. Columns 2 - 4 are Cartesian Coordinates (in A).

6

1

4.440492000

4727950000
-0.698499000
-1.640863000
2.061476000
-2.348730000
-2.044987000
-3.865713000
-4.397019000
-4.554263000
-5.628711000
-3.854233000
-5.790747000
-4.125020000
-6.345420000
-6.038995000
-6.328602000
-7.678593000
-8.130369000
-7.571816000
-8.389131000
-2.268557000
-1.556375000

-2.556030000

0.255208000
1.254454000
-2.706885000
4.290475000
-2.630708000
0.896654000
-1.563190000
-0.873149000
0.011065000
-2.031096000
-0.280596000
0.909065000
-2.306587000
-2.700582000
-1.440850000
0.407241000
-3.210000000
-1.739495000
-2.647927000
-1.884197000
-0.915252000
-0.505153000
3.105070000

2.631585000

0.922539000
0.609417000
2.600250000
-0.600417000
-2.779806000
-2.309558000
-2.862251000
-1.080500000
-0.134187000
-1.437653000
0.449419000
0.147701000
-0.842777000
-2.176203000
0.108068000
1.186976000
-1.125152000
0.757579000
0.343510000
1.841018000
0.611777000
-1.843330000
0.383908000

0.926994000
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Table S24. Optimized Geometries for Three Spin States of [L*Co]NTs. First Column is

Atomic Number. Columns 2 - 4 are Cartesian Coordinates (in A).

6

8

0.801363000
1.519807000
2.521217000
3.455993000
-3.116669000
-3.629866000
-3.178323000
-3.650802000
-0.909238000
-0.956515000
-1.372184000
0.146678000
-0.963765000
0.097616000
-1.434845000
-1.057444000
1.398682000
2.087659000
1.129119000
0.481170000
1.070700000
1.486914000
0.108720000

0.827796000

-2.298803000
-2.558341000
-1.156136000
-0.772993000
4.647973000
4.903313000
5.509836000
3.809599000
5.491157000
6.357392000
5.780946000
5.263767000
3.933758000
3.715370000
3.058734000
4.785626000
-2.709643000
-2.351648000
-3.750350000
-2.111197000
-3.155971000
-3.133863000
-2.627748000

-4.206765000

2.547042000

3.527096000
-2.594114000
-3.310199000
-0.840613000

0.093174000
-1.518221000
-1.298408000

0.047264000
-0.625477000

1.000206000

0.229996000
-1.941017000
-1.806213000
-2.396680000
-2.629340000
-4.176932000
-4.948803000
-4.403440000
-4.213187000
-1.734653000
-0.720286000
-1.777618000

-1.943487000
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Table S25. Optimized Geometries for Three Spin States of [L*Co]NTs. First Column is

(1)

2)

Atomic Number. Columns 2 - 4 are Cartesian Coordinates (in A)..

6

1

3.325157000

3.053521000

4.048890000

3.810452000
-1.108400000
-0.456519000
-2.137745000
-1.083139000
-0.921474000
-1.980690000
-0.317902000
-0.649485000
-1.577312000
-1.288402000
-1.509202000

-2.630469000

-3.518819000
-4.561173000
-3.178945000
-3.489344000
-3.532832000
-4.407785000
-3.895640000
-2.946310000
-3.577081000
-3.861908000
-4.491181000
-3.039574000
-1.440921000
-0.854257000
-0.802919000

-1.730484000
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APPENDIX C.

STUDIES DIRECTED TOWARDS THE INTERMOLECULAR AZIRIDINATION
OF ALKENES CATALYZED BY METAL REAGENTS (Cu, Ag) SUPPORTED

BY BULKY LIGANDS WITH A CHIRAL FRAMEWORK
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1. EXPERIMENTAL SECTION

1.1. GENERAL CONSIDERATIONS

All operations were performed under anaerobic conditions under a pure dinitrogen
atmosphere using Schlenk techniques on an inert gas/vacuum manifold or in a dry-box
(O2, H20 < 1 ppm). Anhydrous diethyl ether, methylene chloride, acetonitrile,
tetrahydrofuran, hexane, pentane, benzene, toluene, dimethylformamide and
dimethylacetamide were purchased from Sigma-Aldrich (Millipore). Solvents were
degassed by three freeze-pump-thaw cycles. Unless otherwise noted, all other reagents
were purchased at the highest purity available. ! H and 13C NMR spectra were recorded
on Varian XL-400, Varian INOVA/ UNITY 400 MHz Unity Plus (Missouri S&T),. IR
spectra were obtained on a Perkin-Elmer 883 IR spectrometer and FT-IR spectra on
Nicolet Nexus 470 and 670, Magna 750 FT-IR ESP and Shimadzu IR-Affinity-1
spectrometers. UV-vis spectra were obtained on a Hewlett-Packard 8452A diode array,
Varian Cary 50 and Varian Cary 300 spectrophotometers. EI and FAB mass spectra were
obtained on a Finnigan MAT-90 mass spectrometer. Elemental analysis were conducted

at Galbraith laboratories.

1.2. X-RAY CRYSTALLOGRAPHY

Intensity data sets for all the compounds were collected on a Bruker Smart Apex
diffractometer using graphite monochromated Mo Ko radiation (A =0.71073 A) from a
fine focus sealed tube X-ray source. Suitable crystals were selected and mounted on a
glass fiber using super glue. The data were collected at low temperatures (140-150 K)

and room temperature for metal complexes and purely organic compounds, respectively,
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employing a scan of 0.3° in ® with an exposure time of 20 s/frame using SMART
software.1 The cell refinement and data reduction were carried out with SAINT2 while
the program SADABS was used for the absorption correction. The structures were solved
by direct methods using SHELXS-973 and difference Fourier syntheses. Full-matrix
least-squares refinement against [F2 | was carried out using the SHELXTL-PLUS3 suite
of programs. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were

placed geometrically and held in the riding mode during the final refinement.

1.3. SYNTHESIS OF TRIPODAL LIGANDS
Synthesis of (4R, 5R)-1,3-dimethyl-4,5-diphenylimidazolidin-2-imine-trphen

(DMDPI;- trphen) (4).

3

NH
2N @

Clcr N N-CHj
HaC-N" “N*-CHj 3 H;C \V(
EtsN N
@ CH3CN, Reflux
overnight 3

4

Scheme S1. Synthesis of DMDPIs- trphen

(4R,5R)-2-chloro-1,3-dimethyl-4,5-diphenyl-4,5-dihydro-1H-imidazol-3-ium

chloride (3) was prepared according to the literature protocoll.

Compound 3 (0.995 g, 3.0 mmol) was dissolved in anhydrous acetonitrile (30.0

mL) in a Schlenk flask inside an inert atmosphere glove box. In another Schlenk flask,

(2-NH2-CsH4)3N (0.3g, 1.0 mmol) and triethylamine (0.432 mL, 3.0 mmol) were

dissolved in a minimum amount of acetonitrile (15.0 mL). Both flasks were brought
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outside the glove box with a sealed septum and were connected to a gas- vacuum Schlenk

line under nitrogen. The flask containing (2-NH2-C6H 4)3N was cooled to 0 oC and then 3

was added to it slowly over a period oftime via canula. The mixture was then refluxed

overnight to produce a clear solution. The acetonitrile was evaporated under vacuum. The

resulting solid was dissolved in dichloromethane (60.0 mL) and then washed first with a

solution of 5% HCI (30.0 mL) and then with 50 % NaOH (50.0 mL). The solvent was

removed under reduced pressure and the crude residue was purified by silica column

chromatography with hexane/ethyl acetate (50:50 v/v) followed by MeOH/CH 2C k

(1-5% ) to give the product 4 in the form ofa whitish solid which was further

recrystallized from acetonitrile and diethyl ether carefully layered over the M eCN

solution. (0.725 g, 70 /"H -NM R (CDCb, 7.26 ppm): S 7.30- 7.28 (m, 6H, aryl), 7.10 -

7.07 (m, 4H, aryl), 6.96-6.94 (dd, 2H, aryl), 6.77-6.75 (td, 2H, aryl), 3.81 (br s, 2H, CH

ofthe cyclic ring), 2.26 (br s, 6H, Me). 13C NMR (CDCb, 77.16 ppm): 8 171.0, 128.8,

128.4, 128.7, 127.4, 127.2, 60.3, 21.0. IR (KBr, cm-1):v 3085, 3002, 2963, 2876, 2747,

1610, 1589, 1435, 1355, 1279, 1128, 1019, 836, 725.

Synthesis of 1,3-dimethyl-d3--4,5-diphenylimidazolidin-2-imine-trphen (d-

DM DPI3-trphen) (7). The ligand was synthesized exactly in the same manner as the

procedure described above for the synthesis ofthe ligand 4 , with the exception that the

source of alkylating agent is deuterated iodomethane (CD3l), as detailed below.

The synthesis of (4R ,5R)-1,3-bis(methyl-d3)-4,5-diphenylimidazolidin-2-one (5).

(4R,5R)-4,5-Diphenylimidazolidin-2-one (1) was synthesized According to the literature

protocol. The white solid obtained of 1 (3.0 g, 12.6 mmol) was dissolved in THF (60.0

mL) and sodium hydride was added (0.907g, 37.8m mol) to this solution.
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?L o
N” N-H N CD
N CDsl, NaH D3C N 3
@ THF, RT
1

Scheme S2. Synthesis of deuterated urea.

The reaction was allowed to stir at room temperature for 30 min. CD3I (2.9 mL,
46.6 mmol) was slowly added to the reaction mixture at 0 °C and allowed to stir at room
temperature overnight. The resulting mixture was passed through a short column packed
with celite. The solvent was then evaporated under reduced pressure and purified by silica
column chromatography with hexane/ethyl acetate (70:30, v/v) to give (4R,5R)-1,3-
bis(methyl-d3)-4,5-diphenylimidazolidin-2-one (5) as a white solid (2.75 g, 80%). 'H-
NMR (CDCls, 7.26 ppm): 0 7.36- 7.33 (m, 6H, aryl), 7.15- 7.12 (m, 4H, aryl), 4.08 (s,
2H, CH of the cyclic ring).

Synthesis of (4R,5R)-2-chloro-1,3-bis(methyl-d3)-4,5-diphenyl-4,5-dihydro-1H-
imidazol-3-ium chloride (6) The urea (1.0 g, 3.6 mmol) (5) was dissolved in a minimum
amount of toluene (15.0 mL) in a Schlenk flask. The flask was cooled to 0 °C, and then
oxalyl chloride (1.5 mL, 18 mmol) was added. The reaction mixture was then refluxed
for 24 h to afford a white solid. The solid was filtered and washed with diethyl ether
under inert atmosphere to afford (4R,5R)-2-chloro-1,3-bis(methyl-d3)-4,5-diphenyl-4,5-
dihydro-1H-imidazol-3-ium chloride (6) as pure white solid (1.0 g, 83%). 'H-NMR
(CDCl3, 7.26 ppm): 0 7.43- 7.41 (m, 6H, aryl), 7.27- 7.25 (m, 4H, aryl), 5.14 (s, 2H, CH

of the cyclic ring).
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Scheme S3. Synthesis of deuterated chloro salt.

Synthesis of 1,3-dimethyl-d3;--4,5-diphenylimidazolidin-2-imine- trphen (d-

DMDPIs-trphen) (7).

N

3 DsC

EtzN
CH3CN, Reflux

N“CD3
N
N
3
7

Scheme S4. Synthesis of (d-DMDPIs-trphen).

Compound 6 (0.985 g, 3.0 mmol) was dissolved in anhydrous acetonitrile (30.0

mL) in a Schlenk flask inside an inert atmosphere glove box. In another Schlenk flask,

(2-NH2-CsH4)3N (0.3g, 1.0 mmol) and triethylamine (0.432 mL, 3.0 mmol) were

dissolved in a minimum amount of acetonitrile (15.0 mL). Both flasks were brought

outside the glove box with a sealed septum and were connected to a gas-vacuum Schlenk

line under nitrogen. The flask containing (2-NH2-CsH4)3sN was cooled to 0 °C, and then

the MeCN solution of 6 was added to it slowly over a period of time via canula. The

mixture was then refluxed overnight to produce a clear solution. The acetonitrile was

evaporated under vacuum. The resulting solid was dissolved in dichloromethane (60.0
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mL) and washed first with a solution of 5% HCI (30.0 mL) and then with 50 % NaOH
(50.0 mL). The solvent was removed under reduced pressure and the crude residue was
purified by silica column chromatography with hexane/ethyl acetate (50:50 v/v) followed
by MeOH/CH2Cl2 (1-5%) to give the product d-DMDPIs-trphen (7) in the form of a
white solid (0.685 g, 65%).'"H-NMR (CDCl3, 7.26 ppm): 6 7.32- 7.30 (m, 6H, aryl),
7.12- 7.08 (m, 4H, aryl), 6.97-6.95 (dd, 2H, aryl), 6.80-6.78 (td, 2H, aryl), 3.85 (br s, 2H,

CH of the cyclic ring).

1.4. SYNTHESIS OF BIPODAL LIGANDS

Synthesis of N-methyl-2-nitro-N-(2-nitrophenyl)benzenamine (9).

NO.
NO, 2
H i) NaOH, N
THF 5: i 10% Pd/C, g
“) Me,SO, THF, H2(50p5|)
8 reflux, 20 hrs

Scheme S5. Synthesis of bipodal diamine.

NH,

Bis(2-nitrophenyl)amine (8) (prepared according to the literature protocol? ; 5.44
g, 21.0 mmol) was dissolved in THF (50 mL) to give a dark brown solution. The solution
changed to purple after addition of sodium hydroxide (2.10 g, 0.05 mmol). Me2SO4 (8.0
mL, 84.3 mmol) was added to the purple solution slowly and the mixture was refluxed
for 20 minutes. The mixture was poured into water (100 mL) and extracted with ethyl
acetate (20 mL x 3). The combined organic layers were dried over sodium sulfate
overnight. The solvent was removed under vacuum and the crude residue was purified by
recrystallization from EtOH to give the product N-Methyl-2-nitro-N-(2-

nitrophenyl)benzenamine (9) as yellow needle crystal (5.9 g, 97%).
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'TH-NMR (CDCl3, 7.26 ppm,): 6 7.20 (d, J = 7.2 Hz, 2H, aryl), 7.31 (d, /= 8.4 Hz,
2H, aryl), 7.60 (d, J= 7.2 Hz, 2H, aryl), 7.72 (d, J = 8.4 Hz, 2H, aryl), 3.74 (s, 3H, Me).
Synthesis of N-methyl-2,2-diamino-diphenylamine (10). A one- liter pressure
flask was charged with N-methyl-2-nitro-N-(2-nitrophenyl)benzenamine (9) (5.46 g, 0.01
mol) and Pd/C (1.4 g, 10% Pd) in THF (50.0 mL). High purity nitrogen was first bubbled
through this mixture for 0.5 h, and then the flask was pressurized with 50 psig hydrogen
gas, and the mixture was allowed to stir at room temperature for 2 h. The flask was
disconnected from hydrogen carefully, and the mixture was filtered quickly. The
resulting solid was washed with THF (200 mL) and the solvent was removed under
vacuum to afford 10 as a white solid (3.83 g, 90 %).'"H-NMR (CDCls, 7.26 ppm): 6 6.69-
6.74 (m, 4H, aryl), 6.91-6.98 (m, 4H, aryl), 3.79 (br s, 4H, NH), 3.05 (s 3H, Me).
Synthesis of 1,3-bis(methyl)-4,5-diphenylimidazolidin-2-imine-biphen (DMDP]I3-
biphen) (11). Compound 3 (0.995 g, 3.0 mmol) was dissolved in anhydrous acetonitrile
(30.0 mL) in a Schlenk flask inside an inert atmosphere glove box. In another Schlenk
flask, (2-NH2-CsH4)2NMe (10) (0.3 g, 1.4 mmol) and triethylamine (0.432 mL, 3.0
mmol) were dissolved in a minimum amount of acetonitrile (15.0 mL). Both flasks were
brought outside the glove box with a sealed septum and were connected to a gas-vacuum
Schlenk line under nitrogen. The flask containing (2-NH2-CsHa4)3N was cooled to 0 °C,
and then the MeCN solution of 3 was added to it slowly over a period of time via canula.
The mixture was refluxed overnight to produce a clear solution. The acetonitrile was
evaporated under vacuum. The resulting solid was dissolved in dichloromethane (60.0
mL), and washed first with a solution of 5% HCI (30.0 mL) and then with 50 % NaOH

(50.0 mL). The solvent was removed under reduced pressure and the crude residue was
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purified by silica column chromatography with hexane/ethyl acetate (50:50 v/v) followed
by MeOH/CH2Cl; (1-5%) to give the title product 11 in the form of a white solid (0.745
g, 75%). 'H-NMR (CDCls, 7.26 ppm): & 7.32- 7.31 (m, 14H, aryl), 7.15- 7.12 (m, 8H,

aryl), 6.90-6.86 (m, 6H, aryl) 3.91 (s, 4H, CH of the cyclic ring), 3.58 (s, 3H, Me), 2.31

(s, 12H, Me)
1 N-cH
.N 3
C/IK “ NH; Et;N sC jrfl
H3C-N “N'-CH; N\M 2 N—NMe
X ®  CH4CN, Reflux,
@ 2 overnight 2
3 10 1

Scheme S6. Synthesis of bipodal ligand.

1.5. SYNTHESIS OF METAL COMPLEXES

Synthesis of [Cul{(DMDPIs-trphen)][PFs] (12). The ligand DMDPIs-trphen (4)
(0.30 g, 0.290 mmol) was dissolved in degassed THF (15.0 mL), and [Cu(CH3CN)4][PFs]
(0.108 g, 0.290 mmol) was added to this solution. The mixture was stirred overnight to

give an off-white precipitate.

Ph

Ph ~__Ph |*PFg
MeN .

o "l

I N= MeN N MeN/>‘

3 N CH3 \N/Cul __“ " Ph

T~

N

N Y
_[CuNCMe)IPF] -—
THF
12

Scheme S7. Synthesis of [Cul(DMDPI5-trphen)][PF].
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The solid was then filtered off on an anaerobic vacuum frit. The filtrate was

evaporated and the solid obtained was further dissolved in minimum amount of
acetonitrile (2.0 mL) and carefully layered with diethyl ether. The solution was allowed
to stand at — 30 °C to afford off white crystalline material of 12 (0.288 g, 80%), suitable
for X-ray diffraction analysis. 'H-NMR (CDsCN, 1.94 ppm): § 7.35- 7.32 (m, 6H, aryl),
7.25-7.27 (m, 4H, aryl), 7.18- 7.15 (td, 1H, aryl), 7.11- 7.09 (dd, 2H, aryl), 6.86- 6.83
(td, 1H, aryl), 4.30-4.32 (d, 1H, J= 7.18, CH of the cyclic ring), 3.82-3.83 (d, 1H, J=7.56,
CH of the cyclic ring), 2.82 (s, 3H, Me), 2.05 (s, 3H, Me). 1*C NMR (CDCls, 77.16 ppm):
0 161.44,147.2139.9,139.6, 139.4. 127.84. 127.49. 127.29, 126.31, 125.86, 123.77,
122.19, 73.55, 77.51, 35.09, 33.46. FT-IR (KBr, cm™ ): v 3534, 2928, 2870, 1561, 1523,
1478, 1434, 1418, 1405, 1284, 1278, 1158, 1027, 867, 848, 810, 759, 738, 547. UV—vis
(MeCN, nm): Amax (¢ (M ! cm 1)) 295 (31000).

Synthesis of [Cu'(d-DMDPI;-trphen][PFs] (13).

D;CN

""""'.-(LNCD3 >/NCDs Ph
g foion
‘ TN //\

*|

N~CD3  [Cu(NCMe),][PFg]

DsC Y -

N THF, 55°C
{ @/N Overnight
3

7
Scheme S8. Synthesis of [Cul(d-DMDPI;-trphen][PFs].

The ligand 7 (0.30 g, 0.285 mmol) was dissolved in degassed THF (15.0 mL), and

[Cu(CH3CN)4][PFs] (0.106 g, 0.285 mmol) was added to this solution. The mixture was
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heated and stirred overnight at 50 oC in a sealed Schlenk flask with a glass stopper, and

then filtered on an anaerobic vacuum frit. The filtrate was evaporated, and the solid

obtained was further dissolved in a minimum amount of acetonitrile (2.0 mL) and

carefully layered with diethyl ether. The solution was allowed to stand at- 30 °C to

afford off white crystalline material of 13 (0.277 g, 78% ). lH-NMR (CD3CN, 1.94 ppm):

d 7.48-7.40 (m, 6H, aryl), 7.33- 7.27 (m, 4H, aryl), 7.20- 7.16 (td, 1H, aryl), 7.13- 7 .11

(dd, 2H, aryl), 6.95- 6.92 (t, I1H, aryl), 4.33-4.32 (td, 1H, J= 7.27, CH ofthe cyclic ring),

3.95-3.93 (d, 1H,J= 7.74, CH ofthe cyclic ring).

Synthesis of [Cul(DMDPI3-trphen)][(B(C6F5)4] (14).

The metal complex [Cul(DMDPI3-trphen)][PF6] (12) (0.30 g, 0.241 mmol) was

dissolved in acetonitrile and potassium tetrakis pentafluorophenylborate K[(B (C 6F 5)4]

(0.225g, 0.313m mol) was added to this solution. The mixture was stirred overnight to

give awhite precipitate, which was filtered off on an anaerobic vacuum frit. The filtrate

was evaporated, and 14 was obtained as a white solid (0.180 g, 75%). IH-NMR (CD3CN,

1.94 ppm): ~ 7.47- 7.40 (m, 6H, aryl), 7.31- 7.29 (m, 4H, aryl), 7.20- 7.16 (td, 1H, aryl),

7.14- 7.12 (dd, 2H, aryl), 6.96- 6.94 (td, 1H, aryl), 4.34-4.32 (d, 1H, J= 7.29, CH ofthe
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cyclic ring), 3.96-3.94 (d, 1H, J=7.34, CH of the cyclic ring), 2.99 (s, 3H, Me), 1.80 (s,
3H, Me).

Synthesis of [Ag(DMDPIs-trphen)][PFs] (15). The ligand DMDPI5-trphen (4)
(030 g, 0.290 mmol) was dissolved in degassed acetonitrile (15.0 mL) and AgPFs
(0.073 g, 0.290 mmol) was added to this solution. The mixture was stirred overnight to
give an off-white precipitate, which was filtered off on an anaerobic vacuum frit. The
filtrate was reduced to approximately 2.0 mL and carefully layered with diethyl ether.
The solution was allowed to stand at — 30 °C to afford white crystalline material of 15
(0.291 g, 78%) suitable for X-ray diffraction analysis. 'TH-NMR (CD3CN, 1.94 ppm):
7.38- 7.41 (m, 6H, aryl), 7.28- 7.31 (m, 4H, aryl), 7.22- 7.20 (td, 1H, aryl), 7.16- 7.13
(dd, 2H, aryl), 6.93- 6.96 (td, 1H, aryl), 4.35-4.37 (d, 1H, J= 7.20, CH of the cyclic ring),

3.85-3.87 (d, 1H, J= 7.60, CH of the cyclic ring), 2.90 (s, 3H, Me), 2.09 (s, 3H, Me).

Ph: \
3 .

*

N N-CH,
HaC Y[ AgPFg
N ®
N CHsCN, RT
3
4

Scheme S10. Synthesis of [Ag(DMDPIz-trphen)][PFs].

Synthesis of [Cu'(DMDPI3-biphen)][PFs]. Et2O (16). The ligand DMDPI5-biphen)
(11) (0.30 g, 0.423 mmol) was dissolved in degassed THF (15.0 mL), and

[Cu(CH3CN)4][PFs] ( 0.157 g, 0.423 mmol) was added to this solution.
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Scheme S11. Synthesis of [Cul(DMDPI3-biphen)][PFs]. Et20.

The mixture was stirred overnight to give a orange-yellow precipitate which was
filtered on an anaerobic vacuum frit. The filtrate was evaporated and the solid obtained
was further dissolved in a minimum amount of acetonitrile (2.0 mL) and carefully layered
with diethyl ether. The solution was allowed to stand at — 30 °C to afford light white
crystalline material of 16 (0.318 g, 82%), suitable for X-ray diffraction analysis. .
Synthesis of [Ru(DMDPI;-trphen)][PFs]2 (28).

The ligand DMDPI3-trphen (4) (0.30 g, 0.290 mmol) was dissolved in degassed
THF (15.0 mL), and [Ru(CH3CN)s](PFs)2 (0.184 g, 0.290 mmol) was added to this
solution. The mixture was heated at 50 °C in a sealed Schlenk flask with a glass stopper
and stirred overnight. The solution filtered on an anaerobic vacuum frit, the filtrate was
evaporated, and the white solid 28 was obtained. X-ray diffraction analysis is pending
for this compound. 'H-NMR (CD3CN, 1.94 ppm): & 7.43- 7.40 (m, 6H, aryl), 7.28- 7.26
(m, 4H, aryl), 7.20- 7.18 (td, 1H, aryl), 7.10- 7.05 (dd, 2H, aryl), 6.90- 6.88 (td, 1H, aryl),
4.73-4.70 (d, 1H, J=10.01, CH of the cyclic ring), 4.53-4.51 (d, 1H, J=10.03, CH of the
cyclic ring), 2.88 (s, 3H, Me), 2.10 (s, 3H, Me).

The schematic synthesis of [Rul(DMDPIs-trphen)][PFs]2 has been depicted below.
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Scheme S12. Synthesis of [Ru(DMDPI;-trphen)][PFs]..

1.6. MISCELLANEOUS SYNTHESIS OF LIGANDS AND
INTERMEDIATES FOR FUTURE DEVELOPMENT
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Synthesis of (1R,2R)-N,N'-Diisopropyl 1,2-diphenylethylenediamine (18).

H,N  NHp

Sh

o} o}
LPr— -Pr—NH H
HC VcHy  FPrNH NH2 o K P
NaBH, NaBH, N
MeOH, RT @ MeOH, RT @
17 18

N—FPr

(3

Scheme S13. Synthesis of NH-isoprpyl diamine.

To a stirred solution of chiral 1R, 2R-(+)-1, 2- diphenylethylenediamine (1 g, 4.7

mmol) in CH30H (60.0 mL) was added acetone (0.348 mL, 4.7 mmol). The resulting

solution was stirred for 1 h at room temperature. NaBH4 (0.535 g, 14.1 mmol) was added

to the flask at 0 °C. After allowing the mixture to warm to ambient temperature and

stirring for 3 h, a saturated NaHCOs3 solution (50.0 mL) was added to the flask and the

mixture was extracted with CH2Clz (3 x 100 mL). The combined organic layers were

dried over MgSQsy, filtered, and concentrated under reduced pressure to give the

monoalkylated amine (1R,2R)-N1-isopropyl-1,2-diphenylethane-1,2-diamine (17) as a

yellowish viscous liquid (1.10 g, 92%) which was pure, and was used for the next step
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without any further purification. 'TH-NMR (CDCl3, 7.26 ppm): 6 7.29- 7.17 (m, 10H,
aryl), 4.06-4.04 (d, 1H, J=7.35 Hz, CH of the cyclic ring), 3.90-3.88 (d, 1H, J= 7.23 Hz,
CH of the cyclic ring), 2.68-2.58 (sept, 1H, CH), 1.85 (s, 3H, NH), 1.05-1.02 (dd, 6H,
J=6.73 Hz, CHa).

The above procedure was repeated for dialkylation purposes to provide (1R,2R)-
N,N'-diisopropyl 1,2-diphenylethylenediamine (18) as a white solid. Compound 17 (1.0
g, 0.0039 mmol), acetone (0.3 mL, 0.0039 mmol) and sodium hydride (0.446 g, 0.0117
mmol) were used for this reaction. The solid obtained was pure and was used for the
next step without any further purification (1.05 g, 83%). 'H-NMR (CDCl3, 7.26 ppm): ¢
7.27-7.15 (m, 10H, aryl), 3.86 (s, 2H, CH of the cyclic ring), 2.74-2.64 (sept, 2H, CH),
1.99 (s, 2H, NH), 1.13-1.12 (d, 3H, J=6.15 Hz, CHs), 1.09-1.07 (d, 3H, J=6.36 Hz, CHz).

Synthesis of (4R,5R)-1,3-diisopropyl-4,5-diphenyl-4,5-dihydro-1H-imidazol-3-

ium chloride (19).

H cl
j-Pr—NH HN T Hel HprN’ SN*iPr
CH(OEt)3 FN
80°C @
18 19

Scheme S14. Synthesis of N-isoprpyl imidazolium salt.

(1R,2R)-N,N'-Diisopropyl 1,2-diphenylethylenediamine 18 was dissolved in
minimum amount of dichloromethane (20.0mL) and then drops of 37% dilute HCI were

added to the solution until a white solid precipitated out. The solid was filtered, washed

with diethyl ether and dried thoroughly under reduced pressure. This 18.2HCI salt (0.8 g,
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2.16 mmol), and triethyl orthoformate (3.6 mL, 2.16 mmol) were added to a 100 mL
Schlenk flask and 2-3 drops of formic acid were added to this solution. The reaction
mixture was then heated at 100 °C for 16 h. The solution was allowed to reach ambient
temperature and was concentrated under reduced pressure. The crude residue was
purified by flash column chromatography (1-5% MeOH/CH2Cl>) on silica gel (50-60
mL). The orange solid obtained was dissolved in minimum amount of CH2Cl> (5.0 mL),
and Et20 (35.0 mL) was added to precipitate the title compound. The precipitate was
filtered, washed with a 1:10 mixture of CH2Cl; and Et20, and dried under reduced
pressure to afford the title compound 19 (0.5 g, 67.5%) as a colorless solid. 'H-NMR
(CDCl3, 7.26 ppm): 6 10.26 (s, 1H, CH), 7.27- 7.24 (m, 4H, aryl), 7.05- 7.03 (m, 4H,
aryl), 4.65 (s, 2H, CH of the cyclic ring), 3.78-3.68 (sept, 2H, CH), 1.36-1.34 (d, 3H, J=
6.83 Hz, CH3), 1.01-1.00 (d, 3H, J= 6.74 Hz, CHz).

Synthesis of (4R,5R)-2-chloro-1,3-diisopropyl-4,5-diphenyl-4,5-dihydro-1H-

imidazol-3-ium chloride (20).

H cl CI C)I\ cr
i-Pr-N N -i-Pr i-Pr-N" "~ N*-i-Pr
@b wvoe ()

78°CRT 20

Scheme S15. Synthesis of N-isoprpyl imidazolium chloro salt.

Method A. MeMgCl (3M Et20, 0.583 mL, 1.75 mmol) was added dropwise to a
cooled (0 °C) suspension of (4R,5R)-1,3-diisopropyl-4,5-diphenyl-4,5-dihydro-1H-

imidazol-3-ium chloride (19) (0.5 g, 1.45 mmol) in THF (15 mL), followed by stirring for
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another 30 min to afford a clear solution. The mixture was then cooled to —78 °C and a
solution of hexachloroethane (0.480 g, 2.03 mmol) in THF (10 mL) was added dropwise.
The reaction mixture was brought to room temperature and stirred for a further 24 h. The
solvent was dried under vacuum and the solid obtained was washed with THF and then
with Et20 on an anerobic frit to yield the title compound 20 as a light yellowish solid
(0.328 g, 60%). 'H-NMR (CDCls, 7.26 ppm): & 7.48- 7.44 (m, 10H, aryl), 5.03 (s, 2H,
CH of the cyclic ring), 4.66-4.55 (sept, 2H, CH), 1.40-1.39 (d, 3H, J= 6.73 Hz, CH3),
1.07-1.06 (d, 3H, J= 6.87 Hz, CH3).

Method B. Compound 20 can also be synthesized via another route albeit in low
yields (~ 10%). In this methodology, compound (18) (0.54 g, 1.82 mmol) was dissolved
in acetonitrile (80.0 mL) and then di-tert-butyl dicarbonate (0.433 g, 1.98 mmol) and 4-
dimethylaminopyridine (0.241g, 1.98 mmol) were added to the MeCN solution of 18.
The reaction was allowed to stir at room temperature for 24 h under nitrogen. The solvent
was then evaporated under reduced pressure and purified by silica column

chromatography using hexane/ethyl acetate (90:10, v/v).

0 Cl cr
iPr-HN  NH-iPr iPr-N” “N-iPr (cocl),  iPrN -Ier
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Scheme S16. Synthesis of N-isoprpyl imidazolium chloro salt (Method B).

The product (4R,5R)-1,3-diisopropyl-4,5-diphenylimidazolidin-2-one (21) was

obtained as pure white solid (0.498 g, 85%). 'H-NMR (CDCls, 7.26 ppm): 6 7.27- 7.11
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(m, 10H, aryl), 4.13 (s, 2H, CH of the cyclic ring), 3.98-3.88 (sept, 2H, CH), 1.14-1.13
(d, 3H, J= 6.81 Hz, CHs), 0.82-0.81 (d, 3H, J= 6.85 Hz, CH).

The urea (21) (0.5 g, 1.55 mmol) was dissolved in a minimum amount of toluene
(15.0 mL) in a Schlenk flask. The flask was cooled to 0 °C and then oxalyl chloride (
0.664 mL, 7.75 mmol) was added to the toluene solution. The reaction mixture was then
refluxed for 20 h to afford a white solid. The solid was further filtered and washed with
diethyl ether under inert atmosphere to give 20 as a pure white solid (47 mg, 8%)

Synthesis of (4R,5R)-1-isopropyl-4,5-diphenylimidazolidin-2-one (22) To a
solution of (1R,2R)-N1-isopropyl-1,2-diphenylethane-1,2-diamine (17) (0.5 g, 1.96
mmol) in acetonitrile (70.0 mL), was added di-tert-butyl dicarbonate (0.467 g, 2.14
mmol) and 4-dimethylaminopyridine (0.261 g, 2.14 mmol). The reaction mixture was
stirred at room temperature for 24 h. The solvent was then evaporated under reduced
pressure. The solid obtained was further purified by silica column chromatography using
hexane/ethyl acetate (80:20, v/v) to give (4R,5R)-1-isopropyl-4,5-diphenylimidazolidin-
2-one (22) as a pure white solid (0.437 g, 80%). 'H-NMR (CDCl3, 7.26 ppm): § 7.33-
7.29 (m, 6H, aryl), 7.20- 7.17 (m, 4H, aryl), 4.90 (br s, IH, NH),4.47-4.46 (d, 1H, J=6.57
Hz, CH of the cyclic ring), 4.35-4.33 (d, 1H, J=6.75 Hz, CH of the cyclic ring), 3.97-
3.87 (sept, 1H, CH), 1.85 (s, 3H, NH), 1.19-1.17 (d, 3H, J= 6.80 Hz, Me), 0.90-0.88 (d,
3H, J=6.91 Hz, Me).

Synthesis of (4R,5R)-1-isopropyl-3-methyl-4,5-diphenylimidazolidin-2-one (23).
Compound 22 (0.22 g, 0.784 mmol) was dissolved in anhydrous THF (60.0 mL), and
sodium hydride was added (0.037 g, 1.568 mmol) to the THF solution. The reaction was

allowed to stir at room temperature for 30 min.
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Scheme S17. Synthesis of (IMDP2-biphen)

Methyl iodide (0.122 mL, 1.96 mmol) was then slowly added to the reaction
mixture at 0 °C, and allowed to stir at room temperature overnight. After that, the
mixture was passed through a short column packed with celite. The solvent was
evaporated under reduced pressure, and the product was purified by silica column
chromatography with hexane/ethyl acetate (90:10, v/v) to give (4R,5R)-1-isopropyl-3-
methyl-4,5-diphenylimidazolidin-2-one (23) as a white solid (0.177 g, 77%). 'H-NMR
(CDCl3, 7.26 ppm): 6 7.16- 7.13 (m, 6H, aryl), 7.03- 7.01 (m, 4H, aryl), 4.15-4.13 (d, 1H,
J=7.88 Hz, CH of the cyclic ring), 4.05-4.04 (d, 1H, J=7.14 Hz, CH of the cyclic ring),
2.62 (s, 3H, Me), 3.84-3.73 (sept, 1H, CH), 1.17-1.15 (d, 3H, J= 6.77 Hz, Me), 0.88-0.86
(d, 3H, J= 6.90 Hz, Me).

Synthesis of (4R,5R)-2-chloro-3-isopropyl-1-methyl-4,5-diphenyl-4,5-dihydro-
1H-imidazol-3-ium chloride (24). The white solid 23 (0.5 g, 1.7 mmol) was dissolved in a
minimum amount of toluene (15.0 mL) in a Schlenk flask. The flask was cooled to 0 °C

and then oxalyl chloride (0.728 mL, 8.5 mmol) was added to it. The reaction mixture was
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then refluxed for 24 h to afford a white solid. The solid precipitated was filtered and
washed first with toluene and then with diethyl ether under inert atmosphere to give
(4R,5R)-2-chloro-3-isopropyl-1-methyl-4,5-diphenyl-4,5-dihydro-1H-imidazol-3-ium
chloride (24) as a pure white solid (0.475 g, 80). 'TH-NMR (CDCl3, 7.26 ppm): 6 7.68-
7.65 (m, 4H, aryl), 7.13- 7.10 (m, 6H, aryl), 5.32-5.29 (d, 1H, J= 11.57 Hz, CH of the
cyclic ring), 4.89-4.79 (d, 1H, J=11.67 Hz, CH of the cyclic ring), 4.19-4.09 (sept, 1H,
CH), 3.12 (s, 3H, Me), 1.20-1.18 (d, 3H, J= 7.02 Hz, Me), 0.95-0.94 (d, 3H, J= 6.76 Hz,
Me).

Synthesis of 2-((2-(4R,5R)-1-1sopropyl-3-methyl-4,5-diphenylimidazolidin-2-
ylidene)amino)-phenyl)-12-azaneyl)aniline (IMDP2-biphen) (25). Compound 24 (1.04 g,
3.0 mmol) was dissolved in anhydrous acetonitrile (30.0 mL) in a Schlenk flask inside an
inert atmosphere glove box. In another Schlenk flask, (2-NH2-C¢Ha4)3N (0.3g, 1.0 mmol)
and triethylamine (0.432 mL, 3.0 mmol) were dissolved in a minimum amount of
acetonitrile (15.0 mL). Both flasks were brought outside the glove box with a sealed
septum and were connected to a gas-vacuum Schlenk line under nitrogen. The flask
containing (2-NH2-CsHa)sN was cooled to 0 © C and then the MeCN solution of 24 was
added to it slowly over a period of time via canula. The mixture was then refluxed
overnight to produce a clear solution. The acetonitrile was evaporated under vacuum .
The resulting solid was dissolved in dichloromethane (60.0 mL) and then washed first
with a solution of 5% HCI (30.0 mL) and then with 50 % NaOH (50.0 mL). The solvent
was removed under reduced pressure and the crude residue was purified by silica column
chromatography with hexane/ethyl acetate (50:50 v/v) followed by MeOH/CH2Cl>

((1-5%) to give the title product 25 in the form of a white solid (0.590g, 70%). The
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compound was recrystallized from acetonitrile to give X-ray quality crystals. 'H-NMR
(CD3CN, 1.94 ppm): 6 7.40- 6.61 (m, 33H, aryl ), 5.09 (br s, 2H, CH of the cyclic ring),
4.22 (br s, 2H, CH of the cyclic ring), 3.77 (br s, 2H, CH), 2.26 (br s, 6H, Me), 1.02- 0.65
(brs, 12H, Me).

Synthesis of 2-(I'-azaneyl)-N-(tert-butyl)aniline (26, 2-NH('Bu)-CsHa);N).

HsC
H3C\N/CH3

NH, NH
N NH N

Cu(OTf),
+ CI3C” "OBu
tert-Butyl 2,2,2-  Neat, rt, 15min

3 Trichloroacetimidate 3
(1eq.) (7.5eq.) (Yield = 80%)

Scheme S18. Synthesis of tripodal tert-butyl ligand.

A 20.0 mL vial was charged with (2-NH2-CsH4)3N (0.2 g, 0.689 mmol) and
Cu(OT1)2 (0.0372 g, 0.103 mmol). To these solids, tert-butyl-2,2,2-trichloroacetimidate
(1.13 g, 5.17 mmol) was added slowly and the mixture was stirred for 15 minutes to
provide a brown solid in an exothermic reaction. The solid was dissolved in ethyl acetate
and washed with a saturated sodium bicarbonate solution. The organic layer was
collected and evaporated under reduced pressure. The crude residue was purified by silica
column chromatography with hexane/ethyl acetate (97:3 v/v) to give the title compound
26 as a pure white solid (0.267 g, 85%). The compound was recrystallized from hexane
to afford crystals for X-ray diffraction analysis. 'H-NMR (CDCl3, 7.26 ppm): § 6.99-6.95

(td, 1H, aryl), 6.86-6.83 (td, 2H, aryl), 6.53-6.49 (td, 1H, aryl), 3.92 (s, 1H, NH), 1.19 (s,

9H, ‘Bu). BC-NMR (CDCls, 77.16 ppm): & 142.1, 133.5, 125.2, 116.2, 113.9, 29.9
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1.7. CATALYTIC STUDIES

General Catalytic Olefin Aziridination Procedure at Room Temperature. In a
typical experiment, a 20 mL screw-cap vial containing a small magnetic bar was charged
in sequence with the catalyst (0.0125 mmol), N-(p-tolylsulfonyl)imido]lphenyliodinane
(PhINTs) (93.3 mg, 0.25 mmol) oro-propoxyphenyliminoiodane (27) (prepared
according to the literature protocol3, 107.8 g, 0.25 mmol), molecular sieves (5A) (20
mg), olefin (2.0 mmol) and solvent (0.200 mL). The reaction mixture was stirred
vigorously for 12 hours (unless otherwise stated). After completion ofthe reaction, the
products were isolated by column chromatography (silica gel) and quantified by 1H NM R
(in CDCI3 or CD3CN) versus an internal standard (4'- methoxyacetophenone). All
aziridinated products are known compounds and have been identified with the assistance
of IH and 13C NM R spectraby comparison to spectroscopic features reported for
authentic samples in the literature.

General Catalytic Olefin Aziridination Procedure with PhINTs atLower

Temperatures.

NTs

PhINTs (0.25 mmol) Ii]v N

Catalyst (5 mol%)
(2.0 mmol) 12 hrs, T(°C)

Scheme S19. Catalytic Olefin Aziridination with PhINTSs

In a typical experiment, a 10.0 mL round bottom flask containing a small
magnetic bar was charged in sequence with the catalyst (0.0125 mmol), N-(p-
tolylsulfonyl)imido]lphenyliodinane (93.3 mg, 0.25 mmol) and molecular sieves (5A, 20

mg). In another 20.0 mL screw-capped vial, olefin (2.0 mmol) and solvent (0.200 mL)
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was added. The small round bottom flask was cooled to the desired temperature using a

chiller or a suitable solvent bath system. For maintaining the temperature below 0 oC,

solvent bath systems were used. The olefin and solvent mixture were also cooled to the

same desired temperature in a separate flask and then added to the flask containing the

catalyst. The mixture was stirred vigorously for 12 hours (unless otherwise stated) at the

specific temperature. After completion ofthe reaction, the products were isolated by

column chromatography (silica gel) and quantified by IH NMR (in CDCI30or CD3CN)

versus an internal standard (4'- methoxyacetophenone).

General Catalytic Olefin Aziridination Procedure with o-

Propoxyphenyliminoiodane atLower Temperatures.

OPr «NTs
I*-N'Ts Catalyst (5 mol %)

x
O/\ + Solvent, 12hr, T(°C)
MS

27
2.0 mmol 0.25 mmol
o-propoxyphenyliminoiodane

Scheme S20. Catalytic Olefin Aziridination with soluble NTs

In a typical experiment, a 10.0 mL round bottom flask containing a small

magnetic bar was charged with the catalyst (0.0125 mmol) and molecular sieves (5A)

(20 mg). In another 20.0 mL screw-capped vial, o-propoxyphenyliminoiodane (107.8 ¢,

0.25 mmol) was dissolved completely in a chosen solvent (0.800 mL). In another 20.0

mL screw-capped vial, olefin (2.0 mmol) was added. The round bottom flask containing

the catalyst was cooled to the desired temperature using a chiller or a suitable solvent

bath system. The olefin was first added to the flask at the desired temperature, and then

the o-propoxyphenyliminoiodane 27 was added via a syringe pump slowly over a period
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of 1 hour. The reaction mixture was then stirred for 12 hours (unless otherwise stated) at
the specific temperature. After completion ofthe reaction, the products were isolated by
column chromatography (silica gel) and quantified by IH NM R (in CDCb or CD3CN)
versus an internal standard (4'- methoxyacetophenone).

General Catalytic Olefin Cyclopropanation Procedure at Room Temperature. In a
typical experiment, a 20 mL screw-cap vial containing a small magnetic bar was charged
in sequence with the catalyst 12 (15.98 mg, 0.01285 mmol), methyl 2-diazo-2-
phenylacetate (45.2 mg, 0.257 mmol, prepared according to the literature protocol4),
molecular sieves (5A, 20 mg), styrene (0.135 g, 1.3 mmol) and solvent (1.0 mL). The
reaction mixture was stirred vigorously for 12 hours (unless otherwise stated). A fter
completion ofthe reaction, the products were isolated by column chromatography (silica
gel) and quantified by IH NM R (in CDCb or CD3CN) versus an internal standard (4'-
methoxyacetophenone). AIll cyclopropanated product are known compounds and have
been identified with the assistance of IH and 13C NM R spectra by comparison to
spectroscopic features reported for authentic samples in the literature.

General Catalytic Olefin Cyclopropanation Procedure atLow Temperatures.

~ ] Solvent, 12hrs, T(OC).

-N2 <2 (5 m0| % loading)
<DMe 1.285 mmol
0.257 mmol

Scheme S21. Catalytic Olefinic cyclopropanation

In a typical experiment, a 10.0 mL small round bottom flask containing a small

magnetic bar was charged with the catalyst 12 (15.98 mg, 0.01285 mmol) and molecular
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sieves (SA) (20 mg). In another 20.0 mL screw-capped vial, methyl 2-diazo-2-
phenylacetate (45.2 mg, 0.257 mmol ( 107.8 g, 0.25 mmol) was dissolved completely in
the solvent of choice (1.5- 2.0 mL; solvent used: MeCN, benzene, chlorobenzene,
pentane, CH2Cl, fluorobenzene, trifluoroethanol). In another 20.0 mL screw-capped vial,
styrene (0.133 g, 1.285 mmol) was added. The catalyst-containing round bottom flask
was cooled to the desired temperature using a chiller or a suitable solvent bath system.
The olefin was first added to the flask at the desired temperature, followed by methyl 2-
diazo-2-phenylacetate added via a syringe slowly over a period of 1 hour. The reaction
mixture was then stirred for 12 hours (unless otherwise stated) at the specific
temperature. After completion of the reaction, the products were isolated by column
chromatography (silica gel) and quantified by 'H NMR (in CDCl3 or CD3CN) versus an
internal standard (4'- methoxyacetophenone).

HPLC Analysis of Chiral Aziridines. All aziridines were purified by column
chromatography and then were analyzed by HPLC (HITACHI) on a commercial (R, R)-
Whelk-O1 column. The conditions used for running the HPLC were: Flow rate, 0.7
ml/min; Mobile phase, Hexane/Isopropanol (70/30, Isocratic Elution); Wavelength, 254
nm; Retention time (R¢), 30 min. The samples were dissolved in the same solvent system
as the mobile phase. The efficiency of the chirality transfer is measured as enantiomeric
excess [% ee = (R-S)/(R+S) x 100].

HPLC Analysis of Chiral Cyclopropanated Product. The conditions used for
running the HPLC were: Flow rate, 0.7 ml/min; Mobile phase, Hexane/Isopropanol (99/2,

Isocratic Elution); Wavelength, 254 nm; Retention time (R¢), 30 min.



Intensity

335

Typical HPLC Graphs and ee Evaluation for Representative Aziridination of

Styrenes.

« NTs P _
©/\ CgHsCl, PhINTs (0.25 mmol), ©/Q A i prg
12 (5 mol% Ph"“;(kNMs NMe Ph
Catalyst 12 ( o) MEN{\ I,\\N'>/;N/‘><Ph
(2.0 mmol) 12 hrs, 10 °C N
MS (20 mg) NerX T
S

Retention Tim (min)

Retention time (Rt,) Peak Area Height
20.84 3570013 89984
23.37 920943 22686

[% ee= (89984-22686)/( 89984+22686) x 100] = 60%



Int*niity

i*NITs
C6H5CI, PhINTs (0.25 mmol),

Catalyst 12 (5 mol%)

(2.0 mmol) 12 hrs, 10 °C
MS (20 mg)

Attention Tim (us)

Retention time Peak Area Height
(R t!
19.21 2181915 67610
21.29 920631 25690

[%ee=(67610-25690)/( 67610+25690) x 100] = 45%
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C6H5CI, PhINTs (0.25 mmol), TS
Catalyst 12 (5 mol%)
(2.0 mmol) 12 hrs, 10 °C
MS (20 mg)

Retention time Peak Area Height

(R t!

21.41 629149 16116 2

24.08 198624 54895

[%ee= (161162-54895)/( 161162-54895) x 100] = 50%



(mV?

Intensity

MeCr"n

C6H5CI, PhINTs (0.25 mmol),
Catalyst 12 (5 mol%)

(20 mmol) 12 hrS, 10 °C
MS (20 mg)
Retention Time (min)
Retention time Peak Area Height
JR t1
19 .17 2783108 84158
21.21 1351800 35521

[%ee= (84158-35521)/( 84158+35521) x 100] = 40%
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* NTs
C6H5CI, PhINTs (0.25 mmol),
W Catalyst 12 (5 mol%) F
(2.0 mmol) 12 hrs, 10 °C
MS (20 mg)

Retention Time (min)

Retention time Peak Area Height
(R t!

19.21 4082118 76610
21.83 1271800 25690

[% ee= (76610-25690)/(76610-25690) x 100] = 50%



Intensity (mV)

ci

C6H5CI, PhINTs (0.25 mmol), r I 1jJrs
Catalyst 12 (5 mol%)

(2.0 mmol) 12 hrs, 10 °C
MS (20 mg)

Retention Time (min)

Retention time Peak Area Height
(Rt)

21.10 2230719 40872
23.43 758609 13678

[% ee= (40872-13678)/( 40872-13678) x 100] = 50%

340



C6H5CI, PhINTs (0.25 mmol),
Catalyst 12 (5 mol%) NQ

(2.0 mmol) 12 hrs, 10 °C
MS (20 mg)

Int*n«lty

Eetcftti-en Tih bin)

Retention time Peak Area Height
(R t!

21.07 682808 18366
23.42 23449 5796

[% ee= (18366-5796)/( 18366+5796) x 100] = 51%
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FaC
(2.0 mmol)

" Mtetk 0

C6H5CI, PhINTs (0.25 mmol),

.. NTs

Catalyst 12 (5 mol%) F C/©/<J

12 hrs, 10 °C
MS (20 mg)
JKtO 484

10 12 14 1( 19 20 22

Retention Tim (min)

Retention time (Rt, min) Peak Area
20.99 3470013
23.51 920943

24 24 28

Height
64243
21537

[% ee= (64243- 21537)/( 64243+21537) x 100] = 50%
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[% ee= (140974-44837)/( 140974+44837) x 100] = 53%

.. NTs Ph
oPr NTs 5 Mol % Catalyst 12 on o pr P
= - MeNW
+ CH,Cl, P “Nmta /yNMe P
12hr, 0 °C MeN N'MeN—"
20mmol  0.25 mmol {\N/@LN;/\?"P“
H ~ Me
A A
o-propoxyphenyliminoiodane @
12
>
e
2
=
Retention Peak Area Height
time (Rt)
20.51 4239801 140974
23.92 1286479 44837
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Typical HPLC Graphs and ee Evaluation for Representative Cyclopropanation of

Styrene.

Intensity (V)

Retention Peak Area Height
time (Rt)

17.89 12276804 599095
21.94 8919115 435729

[% ee= (599095- 435729)/(599095+435729) x 100] = 15%
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