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ABSTRACT

Enantioselective additions of malonate esters to nitroalkenes can be catalyzed by a variety
of salts of chiral cobalt(III) trications [Co(1 ,2—diamine)3]3+ in the presence of nitrogen donor bases
in acetone. Catalysts that feature enantiopure 1,2-diphenylethylenediamine are particularly
effective, and the base can also be incorporated into one of the counter anions, for example a
(substituted) nicotinate. This study shows that such additions can be carried out under solvent free
conditions and with reduced reaction times using ball milling, further enhancing the "green" cred-
entials of this large family of earth-abundant-metal catalysts. The effect of various reaction vari-
ables are probed (base, counter anions, loading, time, quantity of balls, etc.), and the optimized
conditions applied to twelve nitroalkenes, affording products in average yields and ee values of
89% and 74%. The enantioselectivities appear slightly lower than for analogous reactions in solu-
tion (0 °C), and possible factors and remedies are discussed. These tricationic Co(IIl) species were
also analyzed using Electrospray lonization-Mass Spectrometry to determine if the anions “fly”
with the cation for further mechanistic analysis. Only half showed anions “flying” with the cation:
A-(S,5)-23* 2CI-, A/A-(S,S)-23* 2CI BArf, A-(S,5)-23+ CI"BAry Nic™, and A-(S,5)-23* 3BF, .
While anionic impurities were found in several cases, the larger, bulkier anions seemed to become
ionized themselves leaving no indication of intact cation-anion species post-ionization. Enhanced

purification techniques are shown to improve the removal of unwanted anions.
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1 INTRODUCTION

1.1 Introduction

Alfred Werner was an advantageous chemist in the early 20" century, specifically between
1911 and 1912. In just two years, he published five articles discussing his various discoveries on
coordination chemistry.l One of which was the chiral resolution of [Co(en)3,]3+ (13+, Figure 1.1)
(en = ethylenediamine) into its enantiomers, introducing this trication as one of the first chiral
inorganic species to be separated into its enantiopure form. Further back in 1848, Pasteur was able
to separate tartrate salts into their respective diastereomers upon crystallization, hence Werner’s
work began with the tartrate salts of 13*. Syntheses as such continue to appear in inorganic

textbooks as a classic method for enantiopurification of these salts.”

HoN, |3+ 4N i N., |3+ NH;
“Co. : “Co..
HNT ‘ N E N ‘ “SNH,
H> ' Ha
NH, ! HoN

A-[Co(en)s]** (13|  A-[Co(en)s]**

F;h no mirror Ph
Phe plane Ph
L N
HoN,,, |34 N Ph 1 Ph, N, |3+ (NH,
“Co. ‘Co..
H2N/ ‘ SN Ph

Ho H,
F,h\\~\rNH2 ! HZN\)\Ph

Ph Ph
N-(S,S)-[Co(dpen)s]** A-(S,S)-[Co(dpen);]3*

Figure 1.1. Stereoisomers of the 1,2-en Co(IIl) tricationic salts.

Diving into the structure of these tricationic species, the primary coordination sphere
contains the metal at which en ligands are covalently bound. These complexes are considered
“chiral at metal”, which corresponds to its D symmetry.’ These D3 symmetrical complexes are

indicated as such due to the presence of two C5 faces and two C, faces, the former with three syn-



periplanar NH groups per face and the latter with two, as seen in Figure 1.2. These protons are
diastereotopic, producing one signal each for the C3 and C, faces, further aligning with the
properties of a chiral molecule.

Each enantiomer is often denoted in terms of A/A pertaining to the enantiomeric form in
either a “left-handed” or “right-handed” fashion, respectively.*> This symmetry can further be
analyzed with the migration of en to the diphenylethylenediamine (dpen) derivative, [Co(dpen)3]3+
(23+, Figure 1.1). This introduces the possibility for diastereomers to form: A/(S,S)3 and A/(S,S)3

alongside their enantiomers A/(R,R)3 and A/(R,R)3.

Figure 1.2. Space filling representations of crystal structures of 2°* with labelled syn-periplanar NH
groups.

Within the second coordination sphere, 12 Lewis-acidic NH groups are available for
hydrogen bonding to the anions in solution as well as protic solvents.® This indicates the possibility
for these salts to act as catalysts in organic reactions by activation of Lewis-basic organic substrates
via hydrogen-bonding. In this case, any species occupying a face of the trication would require
dissociation prior to substrate activation for enhanced catalytic activity. It is often seen that the
solvent of choice and the varying anions present affect catalytic results.’

1.2 Generations of Werner Catalysts

As stated previously, the synthesis and chiral resolution of the Werner tartrate salts are

used in organic chemistry teaching labs at several universities due to its rudimentary synthetic

pathway and low cost. When 13* was synthesized under aqueous aerobic conditions with tartrate



salt anions, solubility in less polar solvents (i.e. toluene, hexanes, THF, chloroform) was limited.8
Modifications of the anions alternatively incorporated pseudohalides, such as 13+ 3Cr, resulting
in a similar solubility profile. Additionally, the use of more lipophilic anions such as the
tetrafluoroborates and tetraarylborates: tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (BAry),
BF,~, and B(CgF5)4 increased the catalyst solubility in organic solvents.” By limiting solvent
interaction with the NH groups with the aid of aprotic organic solvents, the competition for
hydrogen bonding to the substrate for activation decreases. This is also seen due to the poor
coordinating ability of these borates.'”

The synthesis of these trication/anion pairings from the iodide salt 13* 31", was described
by Ganzmann in 2008.% The anion metathesis began with an aqueous solution of 13* 31~ (1 mol)
and NaBAr (3 mol) in CH,Cl,. Upon extraction of 13* 3BAry~ into the organic layer, the product
was dried to produce an analytically pure solid, 13+ 3BArs . Seen with most Werner salts, traces
of water seemed to be carried across the solvent barrier by the trication as determined by
thermogravimetric anallysis.11 As these borate anions are poorly coordinating, 14 hydrates were
found to travel with the cation, producing 13+ 3BArs - 14 H,O. While multiple drying methods
are performed on the sample, the humid Texas air consequently rehydrates the salts. The anion

metathesis is depicted in Figure 1.3 below.

NHH,

HZNI/, 3'\|(\N (o4 HzN/ 3+\N
Co B< §Co.
H,N" | ‘H HNT | \Nj
L NH;M2 E.G Fs ~:;'\_(NH2H2
H,0/CH,CI
A-[Co(en)s®* 31~ + 3 Na*BAr 2z v 22 A-[Co(en)s]** 3BArzH,0 + 3 Na*I-
(aq) CH20|2 CHzclz (aq)

Figure 1.3. Anion metathesis of 1** with visual changes in solubility preferences.



These first-generation salts were tested as catalysts in various reactions regarded as
Michael addition reactions. Alongside the Co(IIl) catalyst, salts with substitutions of the metal
center, A/A-[M(en);]"™* nBAry (M/n = Cr/3, Rh/3, Ir/3, Pt/4), were tested and summarized in

Figure 1.4.!1

NO,

RN O O
A/A-[M(en)z]™
nBAr(10 mol%)  MeO OMe
+

¥ _NO,

O o NMM (1.0 equiv)

CD3CN,0°C,24 h
MeOJ\/U\OMe

M/n: %ee = Cr/3: 37
Co/3: 31
Rh/3: 39
Ir/3: 34
Pt/4: 23

2 0

CO.Me CO,Me
A/A-[M(en)s]™ *
nBAr(10 mol%) N~ CO,Bu

+

NMM (1.0 equiv) i
~~

CO.Bu  CD,ON,0°C,24h CO,Bu
_N
N 2 M/n: %ee = Cr/3: 58
| Co/3: 52
CO,Bu I3:55.
Pt/4: 41
o}
? 0
A/A-[M(en)z]™ )
nBAr{(10 mol%) «  OPr
+
o o EtsN (1.0 equiv)

)J\/U\ CD,Clp, =35 °C,24h  ip,q o
Pro O'Pr 0

M/n: %ee = Cr/3: 16
Co/3:21-33
Rh/3: 21
Ir/3:16
Pt/4: 10

Figure 1.4. Michael addition catalytic test reactions. NMM = N-methylmorpholine.
Throughout each reaction enantioselectivities varied minimally between each metal, with
Cr(II) and Rh(III) providing the best overall. It can be seen that the Pt(IV) complex gave the
poorest results for each case, possibly due to interactions with the external base derived from the

greater Brgnsted acidity (pK, 5.5) of the catalyst.!2



Derivatives of the first-generation catalyst to incorporate aryl rings on the en backbone
were established in the 1970’s and utilized by the Gladysz group starting in 2008.!3-14 The source
of the aryl rings starts with the commercially available, relatively cheap enantiopure dpen ligand.!?

The synthesis of 23+ 3CI™ and subsequent products of anion metathesis is shown in Figure 1.5.

NH, O 1. Charcoal, HoN TH2H2 NaBAr— : 27 NH2H2
R i 3t abAr "»,
Co(OAq), - ‘ __MeOH, air_ CO 3c- —— 2CI~BAr~
O : DCM
NH

2. HCI (aq) N H,NT

2 © NH2H2 © © NH2H2

Figure 1.5. Synthesis of second-generation Werner catalysts.

The addition of charcoal acts as a redox catalyst to produce small amounts of substitution-
labile Co(II), resulting in Co(III).!® Like that of the first-generation catalysts, tetraarylborate
anions were incorporated with 23*.14 It was determined that only one BAr; anion was necessary
for solubility in aprotic organic solvents when the more lipophilic dpen ligand was introduced. By
only including one BAr;~ anion, cost of synthesis is reduced as well as the molecular weight of the
salt. It was suggested computationally that the A-(S,5)-23* prefers counteranions that are good
hydrogen-bond acceptors while the A- diastereomer prefers poor hydrogen-bond acceptors. This
was considered to be directly related to the NH--HN distances on both C, and C; faces (2.63 A vs
2.39 A, respectively on the Cs face).!4-17

Reaction A seen in Figure 1.4 was repeated for A-(S,5)-23* 2CI'BArs as well as A-(S,9)-
23+ 2BF, BAry and A-(S,5)-23* 3BF,, affording great yields and enantioselectivities (yield/ee:
94, 97,97/ 87, 90, 93, respectively).18 Throughout each scenario, it was determined that the cobalt
stereocenter is configuration determining, thus A and A give opposite enantiomeric products. Upon
investigating various other aryl derivatives of the dpen catalyst, hydroxy-substituted phenyl rings

did not out-compete the A-(S,5)-23+ catalyst.



The Michael addition test reactions require the addition of an external base, such as N-
methylmorpholine (NMM), NEt3, and pyridine (Py). The third-generation of catalysts investigates
the incorporation of a nitrogenous base into the cation/anion, considering them bifunctional. This
term coincides with the salt acting as both a catalyst and base in solution. Originally, the alteration
of the en ligand backbone was synthesized to include a tertiary amine chain, lowering the
symmetry of the salt and eliminating the need for an external base.!” Depending on the length of
the tertiary amine chain (CHj,),NMe,) the ligand can be synthesized in six to nine steps in a
moderate yield (26%). While catalytic activity was observed with good enantioselectivities, its
synthesis is lengthy. This led to the investigation of basic anions, such as nicotinate derivatives,
some of which can be seen in Figure 1.6.20 The best and most hydrogen bond accepting
bifunctional catalyst was determined to be A-(S,5)-23* 2CI"BArf 6-NH,-Nic™ (yield/ee:
95%/87%) in the dimethyl malonate and trans-p-nitrostyrene Michael addition test reaction. Not
only are the catalytic results impressive, these bifunctional anion catalysts only require a two-step

synthesis from the starting Co(OAc), compound.

Nic- H,N-Nic- MeO-Nic-
0 0
X o N o X o}
| —~ | ” | ~
N H,N™ N MeO~ "N

Figure 1.6. Bifunctional anions as nicotinate derivatives.

1.3 Conclusion

Since the 1900’s, the Werner salts have become a competitive player in catalysis. From the
first-generation catalyst 13* to the second-generation 23+ enhanced yields and enantioselectivities
are observed (yield/ee: >94%/ >87%). With the incorporation of tetrafluoroborate and
tetraarylborate anions, specifically BAr¢~, new solubility profiles allow catalysis in aprotic organic
solvents. By incorporating basic entities into the salts by either tertiary amine chains on the en

ligand or nicotinate derivatives as anions, the necessity for external bases is removed and yields



and enantioselectivities are consistently high (yield/%ee: up to 95%/87%). Optimizations of
catalytic activity continues to be investigated for these Werner catalysts.
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2 ENANTIOSELECTIVE CATALYSIS: MICHAEL ADDITION
2.1 Introduction

Over the last several decades there have been steadily increasing efforts to reduce or eli-
minate the use of solvents in synthesis.! Among the many strategies, mechanochemistry2- — most
commonly known as ball milling* — has received particular attention. This family of techniques
can be readily applied to reactions involving solids. Indeed, a recent editorial in a leading green
chemistry journal affirmed "Manuscripts that either minimize or totally avoid the use of solvents
in catalysis are welcomed. An emerging area of interest is catalysis via mechanochemistry..." >0

Accordingly, several investigators have successfully carried out enantioselective carbon-
carbon and carbon-heteroatom bond forming reactions under mechanochemical conditions.” These
have involved both metal-containing and non-metal-containing catalysts. Among the former, there
has been particular interest in transitioning to earth abundant metals® with readily available ligand
sets that do not require further additives, components, or the Shakespearean "eye of newt".”

For the last fifteen years, we have been developing cobalt(III) catalysts derived from the
chiral trication [Co(en)3]3+ (13+) depicted in Figure 2.1 JOIT water soluble halide salts of which
Werner resolved into enantiomers (termed A and A) 110 years ago.'2-13 These substitution inert
species serve as hydrogen bond donors, with the coordinated NH groups providing the locus of
reactivity.!? One or more lipophilic anions, such as B(3,5-C¢H3(CF3),)4~ (BArg), are incorporat-

ed to provide solubility in organic solvents, as the hydrogen bond donor sites could become "sat-

urated" or less accessible to substrates in water or other hydrogen bond accepting solvents.

Ph
Ph Ph ~
l/\NH2 Hy ﬁ/\NHZ H2 X-IX- = Y\NHZ H2 ‘/\NHz H,
HN,, - [34,uN HoN,,, Lo S - A A ];Ph LaCOr | HaNs, 3*“"(“3}’%\ NMe
. Co | /j/ “Co” 2
/ \ / | \ “Ph Al COH  HNT HN | \H
\/NHZ . Ph \(NHZ o T NH2 M L_NH, M2 3BT
3X- 2XX"~ CFBAr-
Ph (Z-NicH) Ph i
A-[Co(en)s]** 3X~ | A-[Co((S,S)-dpen);]3* 2X~X'~ Na,CO; A-(S,S)-2%* CI-BArZ-Nic™ A-[Co(en)y(S)-en'>* 3BAr;
= A-13*3X- = A-(S,S)-2%* 2X~X"- H,O/DCM BArf = B(3,5-CgH3(CF3)p)4™ = A~(S)-3%* 3BAr

Figure 2.1. Monofunctional and bifunctional cobalt(IIT) hydrogen bond donor catalysts relevant to this study.

"Reprinted with permission from “Solvent free enantioselective catalysis with chiral cobalt(IlI) Werner
complexes via ball milling” by Kabes, C. Q.; Jameson, B. L.; Gladysz, J. A. New J. Chem. 2021, 45,
17101-17107. from the Royal Society of Chemistry.
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Related species with three chiral (S,5)- or (R,R)-1,2-diphenylethylenediamine ligands, [Co-
(dpen)3,]3+ (see (S ,S)—23+ in Figure 2.1), have proved to be especially effective enantioselective
catalysts for a variety of reactions typically conducted in acetone, acetonitrile, or dichlorometh-
ane.!0:14:15 Both dpen enantiomers are commercially available at surprisingly low prices,'© and
all cobalt/carbon diastereomers (Cop/Cop versus 6Cg/6Cg) are easily obtained. Most of these
transformations require catalytic quantities of tertiary amine bases, although stoichiometric am-
ounts are often employed. In a complementary effort, single component bifunctional catalysts were
prepared in which a tertiary amine base was incorporated into the trication, as exemplified by A-
(5)-33* in Figure 2.1.!7 This gave higher enantioselectivities than the best systems with external
bases, but required a lengthy synthesis including a chromatographic diastereomer separation.

Very recently, other bifunctional cobalt(IIl) catalysts have been developed that are much
improved from the accessibility and sustainability standpoints.!> As shown in Figure 2.1, these are
based upon [Co(S ,S—dpen)3]3+ (s ,S)—23+), but now feature a counter anion into which a nitrogen
donor base has been incorporated. Initial experiments used the pyridine-based nicotinate anion
(Nic™), but a variety of substituted nicotinic as well as isonicotinic acids are commercially avail-
able. Among their conjugate bases, the 6-aminonicotinate anion (H,N-Nic™) was the top perfor-
mer. Importantly, catalysts that featured combinations of chloride and BArs™ anions and an extern-
al pyridine base were ineffective, even with stoichiometric quantities of pyridine.'>

Given the capability to generate numerous single component bifunctional cobalt(IIl) cata-
lysts via a simple "drop in" counter anion strategy, it seemed an appropriate time to scout for still
"greener" protocols. Accordingly, we sought to study the feasibility of applying the boxed sets of
catalysts in Figure 2.1 under solvent free conditions in an inexpensive rudimentary ball mill of a
type commonly available in many laboratories. As detailed below, excellent results have been
obtained with respect to both rates and enantioselectivities, highlighting the very promising futures

of these catalyst families and providing impetus for further development.
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2.2. Results

2.2.1 Test reaction, apparatus, and preliminary screening. The Michael addition of
dimethylmalonate (4) to trans-B-nitrostyrene (Sa) shown in Figure 2.2A has been used as a test or
benchmark reaction for a variety of cobalt(IIT) hydrogen bond donor catalysts,'? even beyond the
types shown in Figure 2.1.'8 There is an extensive body of data for [Co((S ,S)—dpen)3]3+ 2CI'BArg
and analogs with related halide, pseudohalide, and tetraarylborate anions.'*® The best catalysts
afford the product 6a in >90% ee and 90% yields after a few hours at room temperature at 10%
loadings. For reasons not fully understood, the tetrafluoroborate salt [Co((S ,S)—dpen)3]3+ 3BF,~
often gives marginally higher enantioselectivities.!#2

For this study, 4 and 5a were combined in disposable milling vials containing three meth-
acrylate balls in the apparatus shown in Figure 2.2C, and under various conditions described
below. After 30 minutes of milling at ambient temperatures, the samples usually exhibited an oily
constitution. They were then taken up in a deuterated solvent containing a known quantity of an
internal standard and analyzed by 'H NMR and chiral HPLC. The milling process generates a

moderate amount of heat, as does the motor, the effect of which is analyzed in control experiments

below.
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4 O O o o
~o Ao A2 2cHBAYT
(10 mol%) ~o o~
+ *
pyridine (1 equiv) NO;
w NO; 30 min 6a
5a
A
i |
Milling Vial
Vial
Motion
Electric
Motor
B] C

Figure 2.2. The conversion of dimethyl malonate (4) and frans-B-nitrostyrene (5a) to product 6a (A) is carried out
with a ball mill (C) that features a polystyrene vial (B) attached to an oscillating arm moved by an electric motor.

Experiments with monofunctional catalysts were conducted first. As shown in entry 2 of
Table 1, the catalyst A-(S ,S)—23+ 2CI'BArs (10 mol%) was combined with a 1:1:1 mol ratio of 4,
Sa, and the base triethylamine. After milling for 30 min, NMR and HPLC analyses indicated a
99% yield of 6a, but the ee value was only 44%, versus 87% under standard conditions in acetone
at 0 °C.!#2 When the base was omitted, only a 10% yield of 6a was obtained (entry 1), and when
the catalyst was omitted, no conversion occurred.

When triethylamine was replaced by N-methylmorpholine (NMM), the ee value signific-
antly increased (67%; entry 3). Pyridine, which is commonly inferior to triethylamine in acetone
and other solvents, afforded a higher ee yet (77%, entry 4). The pK,, (BH") values decrease from
10.7 to 7.1 to 5.2 in this series.'” However, when the still weaker base 3-bromopyridine was tested
(pK,(BH*) 2.9), both the yield and enantioselectivity decreased (entry 5). In all experiments giving
lower yields of 6a, considerable quantities of 4 and Sa remained, but this was difficult to quantify

due to impurities extracted from the disposable milling vials.
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Table 2.1. Comparison of bases for the enantioselective addition of dimethyl malonate (4) to trans-f-nitrostyrene

(5a).
a ee (%) yield
entry catalyst base (confi g)b (%)°
1 | A=(S,5)-23" 2CI"BAry - - 10
2 | A<(S.9)-23 2CI'BArf Et;N 44(R) 99
3d | A-(S.,5)-23+ 2CI"BAry NMM 67(R) 99

4 | A-(S,5)-23F 2CI"BArf Py 77(R) 96
5 | A-(S.8)-23 2CI"BAry 3-BrPy 53 (R) 15
6 | A-(S.5)-23*2CI'BAry  rac-PhCH)NH,CH; 55 (R) 99
7
8
9

A-(S.5)-23*2CI'BAry  (S)-PhCH,NH,CH3 57 (R) 99
A-(5.5)-23* 2CI'BAry  (S)-4-PyCH(OH)CH; 76 (R) 90
A-(S.5)-23*2CI'BAry  (R)-2-PyCH(OH)CH; 71 (R) 59
10 A-(S,5)-23* 3CI Et;N 30(R) 50

“Reactions were conducted for 30 min according to the general procedure with 5a (0.060 mmol), catalyst (10
mol%), base (0.060 mmol), and 4 (0.066 mmol). "Determined b}y Chiral HPLC. “Determined by 'H NMR relative to
the internal standard Ph,SiMe,. “20 min reaction time.

Given the ease of catalyst screening, a few experiments deviating from the main thrust of
this work were carried out. Entries 6 and 7 of Table 2.1 feature the chiral base 1-phenethylamine
(pK,(BH™) 9.5). However, both racemic (entry 6) and enantiopure (entry 7) bases gave similar
results (99% yields, 55-57% ee), showing that in these cases, the cobalt trication sets the degree
of asymmetric induction.?” Two isomeric enantiopure pyridylethanols were also evaluated (entries

8,9; pK,(BH*) 5.3-5.7), but gave results slightly inferior to those with pyridine.

H
| N HsC-J-OH
HO: N/ XN
CH3 | N/
(R)-2- (S)-4-

PyCH(OH)CH4 PyCH(OH)CHs,

~COz” ~COz~ ~COz”
» » »

N NH, N N~ "OMe
Nic™ H,5N-Nic™ MeO-Nic™
Figure 2.3. Pyridine containing bases or anions employed.
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The final experiment in Table 2.1 (entry 10) features the trichloride salt that is the precursor
to all A configured cobalt(III) catalysts in this paper. Since it is insoluble in aprotic organic solv-
ents, its activity could not heretofore be tested under comparable conditions. The data show it to
be inferior from the standpoints of both yield and enantioselectivity.!

2.2.2. Second set of screening reactions. In the next series of experiments, various
pyridine containing systems were investigated, always with 10 mol% catalyst loadings. In entries
1-3 of Table 2.2, different salts of the trication A-(S ,S)—23+ were combined with a 1:1:1 mol ratio
of 4, 5a, and pyridine. The counter anions can clearly have significant effects upon yields and
enantiomeric excesses. Simply changing the chloride anions in A-(S 5)-23+ 2CI"BArs to bromide
and then tetrafluoroborate anions reduced the yields from 96% to 58% to 36% and the ee values
from 77% to 71% to 56%. This parallels the diminishing hydrogen bond acceptor strengths of
these anions .22

As shown in entries 4 and 5, the tris(borate) salts A-(S,5)-23* 3BF,~ and A-(S ,5)-23+ 3B-
Ar¢, which are related to the mixed salt A-(S 5)-23+ 2BF, BAr in entry 3, afforded still poorer
enantioselectivities. Finally, the opposite diastereomer A-(S,5)-23* 2CI'BArs gave an excellent
yield, but the ee value was lower than that in entry 1 (50% vs. 77%) and the dominant configuration
of 6a was inverted (S). This paralleled the trend usually observed with Co,/6Cg and Co,/6Cg

catalyst diastereomers in solution.!#2
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Table 2.2. Comparison of catalysts for the enantioselective addition of dimethyl malonate (4) to trans-f-nitrostyrene

(5a). )
entry catalyst” (::;fg; ;a {,l; l)((ll
la A~(S.5)-23F 2CI'BAry Py 77(R) 96
1b? A~(S.5)-23F 2CI'BAry Py 77(R) 96
2 A~(S.5)-23* 2Br BAr{ Py 71(R) 58
3 A~(S,5)-23* 2BF, BArj~ Py 56(R) 36
4 A~(5.5)-23* 3BAr{ Py 46(RR) 95
5 A-(5.5)-23* 3BF,~ Py 48(R) 31
6 A-(S.,5)-23+ 2CI"BArf Py 50() 99
Ta A-(5.5)-23* CI'BAr{ Nic™ - 73(R) 67
7b¢ A-(5.5)-23* CI'BAr{ Nic™ - 74(R) 81
8 | A-(5.5)-23* CI'BAry H,N-Nic~ - 70(R) 99
9 | A-(5.9)-2* CI'BAry MeO-Nic~— - 68(R) 99

“These reactions and analyses thereof were conducted analogously to those in Table 1."To help dissipate heat (see
text) a 20 min milling period was followed by a 20 min pause and then another 20 min milling period. “This run was
conducted as in entry 1b but with 15 min milling periods and pauses.

Entries 7-9 in Table 2.2 involve the single component bifunctional catalysts A-(S,5)-23*
CI'BAry Z-Nic™ introduced in Figure 2.3. These feature Z = H, H,N (6-position) and MeO (2
position), respectively (Figure 2.3). The ee values were close to the best (73—68% ee), but the
yields were higher with the substituted nicotinates (99% versus 67% for Z = H). Accordingly,
(S,5)-23+ CI'BArf H,N-Nic™, which was distinctly superior for the corresponding reactions in

acetone, 15

was included in additional experiments below.

2.2.3. Other reaction parameters. The kinetic energy associated with milling can
generate noticeable levels of heat.2? Furthermore, the reaction vessel in Figure 2.2B warms to ca.
50 °C over the course of 30 min due to the radiant heat of the motor. As one probe of possible
temperature effects, the reactions were carried out over two ca. 15 min intervals, separated by a
comparable "cool down" window. As shown in entries 1b and 7b of Table 2.2, essentially identical
enantioselectivities were obtained.

As summarized in Table 2.3, the catalyst loadings (entries 1-5), reaction times (entries

6—8), number of milling balls (entries 9-11), and reaction scales (entries 13—15) were also varied.
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Most of these runs were conducted with A-(S,5)-23+ 2CI"BAr¢ /pyridine, the catalyst system
judged best in Tables 2.1 (entry 4) and 2 (entry la). With regard to loading, one relevant factor
briefly noted above is that when the yield of 6a is not quantitative, unreacted 4 and Sa always
remain. Thus, given that enantioselectivities are not adversely affected at 5% loadings (entries 1
and 4), it is a simple matter to enhance yields by increasing reaction times. This is further supported

by entries 6—8, which document the increase of yield with time under closely related conditions.

Table 2.3. Exploration of additional variables in the enantioselective addition of dimethyl malonate (4) to trans-f3-
nitrostyrene (5a) ab

entry catalyst” variable (gglff(i%é %a {,l;; l)((ll

1 A~(S,5)-23* 2CI'BArf 5% loading 76 (R) 70
2¢ A~(S5,5)-23F 2CI"BAr{ 10% loading 77 (R) 96
3 A~(S,5)-23+ 2CI'BArf 15% loading 74 (R) 93
4b | A-(5,5)-23* CI"BAry Nic-NH,~ 5% loading 73 (R) 70
50 | A=(5.5)-23* CI'BAry Nic-NH,~  10% loading 70 (R) 99
A~(S,5)-23+ 2CI'BArf 10 min time 76 (R) 62
A~(S5,5)-23F 2CI"BAr{ 20 min time 72 (R) 97

8¢ A~(S8,5)-23F 2CI'BAr{ 30 mintime 77 (R) 96
9a A~(S,5)-23* 2CI'BArf 0 balls 38(R) 78
9b¢ A~(S,5)-23* 2CI'BArf 0 balls 48 (R) 15
10 A~(S5,5)-23F 2CI'BAr{ 2 balls 76 (R) 98
11¢ A~(S,5)-23F 2CI"BAr{ 3 balls 77(R) 96
12 A~(S,5)-23* 2CI'BArf 4 balls 3R 99
13 A~(S,85)-23+ 2CI'BArf 05scale  69(R) 85
14¢ A~(S.,5)-23* 2CI'BAry ( ;OSIC;E) 77@®R) 96
15 A~(S5.5)-23F 2CI"BAr{ 15scale  73(R) 95

“These reactions and analyses thereof were conducted analogously to those in Table 2.1, except for the variation
noted. Al entries except 4 and 5 are carried out in the presence of pyridine (equimolar with 4 and 5a). “These
represent identical experiments. “In this experiment, the reaction vessel was not attached to the oscillating arm in
Figure 2.2C, and instead kept as motionless as possible.

Entries 9-12 of Table 2.3 show that as long as there are at least two milling balls, yields
and enantioselectivities remain constant. However, differences might have been noted if data had

been acquired at shorter time intervals. It might at first seem surprising that significant conversions
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can be realized in the absence of milling balls, albeit with lower enantioselectivities (entry 9a). In
fact, vigorous shaking alone can provide a sufficient mechanochemical driving force. Importantly,
in the absence of physical agitation, reaction essentially ceases (entry 9b). In the reaction scale
experiments (entries 13—15), the molar quantities of 4 and Sa are increased or decreased within
the same overall volume. Both the rates and enantioselectivities decrease slightly at the lowest

vessel loading. Perhaps reactant contact becomes suboptimal if the vessel is too empty or

overfilled.
5a-l
ArTX NO- 10
+ A-(S,S)-2%*2CIrBAr{ MeO OMe
10 mol%
+ 77 Py (1 equiv) Ar > NO2
y (1 equiv =
MeO)J\/U\OMe 30 min, rt H  ga-l
aryl groups?
MeO 02N CF3
6a, 95% 6b, 92% 6¢c, 95% 6d, 99%
76% ee (R) 30% ee (R) 71% ee (R) 83% ee (R)
: OAc : OBz : OBn : CHgy
6e, 90% 6f, 80% 6g, 97% 6h, 86%
89% ee (R) 80% ee (R) 89% ee (R) 79% ee (R)
‘O P
0 J
-0
6i, 82% 6j, 81% 6k, 88% 6l, 87%
74% ee (R) 84% ee (R) 79% ee (R) 76% ee (S)

“Reactions were conducted for 30 min according to the general procedure with
5a-n (0.060 mmol), A-(S,S)-23* 2CI'BAr; (10 mol%), pyridine (0. 060 mmol),
and 4 (0.066 mmol). “Determined by chiral HPLC. °Determined by 'H NMR
relative to the internal standard Ph,SiMe,. %20 min reaction time.

Chart 2.1. Substrate scope for the enantioselective addition of dimethyl malonate (4) to trans 2-aryl 1-
nitroethylenes.

2.2.4. Substrate scope. Given the slightly better performance of the A-(S,5)-23+ 2CI'BAr¢
/pyridine catalyst system as compared to bifunctional A-(S 5)-23+ CI'BArf HyN-Nic™ in Table 2.2
(77% vs. 70% ee), the substrate scope was mainly explored with the former, always applying the
optimal conditions from Table 2.3. As summarized in Chart 2.1, twelve nitroolefins (Sa-l) were
evaluated. These gave the addition products (6a—l) in average yields and ee values of 89% and

74% (median ee 80%). The dominant absolute configurations of most adducts could be assigned
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by previously established chiral HPLC relationships, as documented in the supporting information.
These always corresponded to the same relative configurations. Thus, for the two cases for which
HPLC assignments have not yet been established (6c.h), identical relative configurations were
presumed.

The nitroolefins Se f,i were also evaluated with the bifunctional catalyst A-(S ,S)—23+ CI-
BAr{ H,N-Nic™ under analogous conditions but in the absence of pyridine, giving 6e f.i in compar-
able enantioselectivities (83%, 83%, 73% ee). When Sa was treated with diethyl malonate in place
of 4 in Chart 2.1, the yield of the addition product remained high (94%) while the ee dropped
(54%).

2.3 Discussion

The preceding efforts have established the feasibility of applying several types of chiral
cobalt(III) hydrogen bond donor catalysts under solvent free conditions through the agency of
mechanochemistry. Our ball milling protocols significantly reduce reaction times, and can also
alter the order of catalyst effectiveness. One conspicuous example involves entries 2 and 4 of Table
2.1. In organic solvents, A-(S 5)-23+ 2CI"BArg /triethylamine gives much higher
enantioselectivities than A-(S,5)-23+ 2C1‘BArf‘/pyridine,15 but with ball milling pyridine is the
superior base. A recent review describes several possible origins of such phenomena.’

One concern is that ball milling seemingly gives slightly lower enantioselectivities. For
example, the average ee value in Chart 2.1 (74%) is less than that for the same twelve nitroolefins
with the single component catalyst A-(S ,S)—23+ CI'BAr; H,N-Nic™ (86%; acetone, 0 °C),15 or that
for the eight nitroolefins that have been similarly assayed with A-(S,5)-23+ 2CI"BAr¢ /triethylam-
ine (89%; acetone, 0 °C).!#? One factor is likely the temperature differential -0 °C versus the
moderate heat generated during ball milling.2> Accordingly, second generation efforts that use
cooled or thermostated ball mills may deliver improved results. However, there are additional
possible contributing factors.” For example, given the relatively common solvent effects upon en-
antioselectivities, "no solvent" effects are also to be expected.

The physical state of the samples employed in Tables 2.1-2.3 also deserves emphasis.
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Whereas trans-B-nitrostyrene (Sa) is a solid (mp 58 °C), dimethyl malonate (4) is a liquid (freezing
point —62 °C). All of the catalysts are solids, but all of the bases employed except for the
hydroxylated pyridines (Figure 2.3) are liquids. Thus, all experiments begin with what can be
termed a "wetted solid". In no case does ball milling produce a free flowing homogeneous solution,
but as noted above most reaction mixtures have a very oily constitution.

Mechanochemistry has also been applied to purely organic hydrogen bond donor catal-
ysts. 2426 Of particular relevance are reports detailing additions of 1,3-dicarbonyl compounds (di-
ketones, B-oxoesters, dimethyl malonate) to nitroolefins using chiral squaramide* or thiourea®>
catalysts. Additions of additional types of acidic C—H units have also been reported.?® Other re-
search groups are developing cobalt(III) based hydrogen bond donor catalysts,'!27 but solvent
free protocols remain to be reported.

Although Table 2.3 illustrates some of the mechanochemically related variables that can
affect yields and enantioselectivities, Tables 2.1 and 2.2 as well as earlier published work ¥ drive
home the point that catalyst design remains the key challenge for further optimization. Due to the
many NH hydrogen bond donor units in each catalyst molecule (twelve versus two for thiourea),
it has remained challenging to formulate detailed mechanisms or otherwise rationalize the counter
anion trends so evident in Table 2.2 and previous studies. The cobalt trications present two "C3
symmetric faces" and three "C, symmetric faces", and either or even combinations of adjacent
faces may play roles in activating the educts.

2.4 Conclusion

In summary, this work has established that the cobalt(III) catalysts developed in this labora-
tory can be applied in solvent free mechanochemical protocols. There are fascinating changes in
the relative performances of these catalysts under the new ball milling conditions. Although the
enantioselectivities apparently diminish somewhat, there are possible remedies that will be explor-
ed in future research. The synthesis and evaluation of related catalyst families remain under intense

investigation and additional developments will be reported by future coworkers.
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2.5 Experimental

General: All reactions and workups were conducted in air. NMR spectra were recorded
on standard FT spectrometers at ambient probe temperatures. Chemical shifts (8/ppm) were
referenced to solvent signals (1H: acetone-ds, 2.05; CHD,CN, 1.94; 3¢, acetone-dg, 29.8;
CD;CN, 1.32). Microanalyses were conducted by Atlantic Microlab. HPLC analyses employed a
Shimadzu instrument package (pump/autosampler/detector LC-20AD/SIL-20A /SPD-M20A).

Reactions were carried out using a SPEX CertiPrep 5100 mixer-mill, SPEX 3111
polystyrene grinding vials, and SPEX 3119 methacrylate balls (1/8 in). Catalysts were synthesized
according to published procedures.!#®:1528 The 1-phenylethylamine (Alfa Aesar, 98%), 1-(S)-
phenylethylamine (Aldrich, 98%), (S§)-(4-pyridyl)ethanol (Ambeed, 98+%), and (R)-(2-
pyridyl)ethanol (Ambeed, 95+%) were used as received. Solvents and routine chemicals were
obtained as reported earlier.!”

Typical Procedure for Nitroolefin Addition in Ball Mill: A polystyrene grinding vial
(Figure 2.2B) was charged with trans-p-nitrostyrene (Sa; 0.0090 g, 0.060 mmol, 1.0 equiv),
dimethyl malonate (4, 0.0076 mL, 0.066 mmol, 1.1 equiv), Ph,SiMe, (0.0013 mL, internal
standard), pyridine (0.0049 mL, 0.060 mmol, 1.0 equiv), and A—(S,S)—l3+ 2CI'BAr¢ -2H,0
(0.0102 g, 0.0060 mmol, 10 mol%).2® Three milling balls were added and the vial was capped.
The sample was milled for 30 minutes. The residue was dissolved in acetone-dg and immediately
assayed via 'H NMR. The solvent was removed by rotary evaporation and the residue
chromatographed on silica (glass pipette, 25:75 v/v EtOAc/hexanes). The solvent was removed
from the product containing fractions by rotary evaporation to give 6a as a colorless oil (96%).
Enantiomeric excesses were determined by HPLC with a Chiralcel AD column (98:2 v/v
hexane/isopropanol, I mL/min, A =220 nm); tg = 33.3 min (major), 43.4 min (minor), 76% ee.l4a

NMR (CDCl5, 8/ppm): 'H (400 MHz) 7.36-7.27 (m, 3H), 7.25-7.19 (m, 2H), 4.93 (dd,
2Jyp = 13.3 Hz, 3y = 5.4 Hz, 1H), 4.88 (dd, 2/ = 13.3 Hz, 3Jpyq = 8.8 Hz, 1H), 4.24 (td, >/
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= 8.9 Hz, 3Jyy = 5.3 Hz, 1H), 3.86 (d, 3Jygy = 9.0 Hz, 1H), 3.76 (s, 3H), 3.56 (s, 3H); 13C{!H}
(100 MHz) 168.0, 167.4,136.3,129.2, 128.6, 128.0,77.5,54.9,53.2,53.0,43.0 (11 x s).

Nitroolefin substrate scope (Chart 2.1): These experiments were carried out analogously
to those in Tables 2.1 and 2.2, and gave products previously reported in the literature as colorless
oils.!?

Dimethyl 2-(2-nitro-1-(4-methoxyphenyl)ethyl)malonate (6b). This known compound
was obtained as a colorless oil, 92%. NMR (CDCls, 6/ppm): 'H 7.19-7.09 (m, 2H), 6.88-6.76 (m,
2H), 4.89 (dd, 2/ = 13.0 Hz, 3Jyyy = 5.0 Hz, 1H), 4.83 (dd, 2/ = 13.0 Hz, 3Jqy = 9.2 Hz,
1H), 4.19 (td, 3/ = 9.1, 5.0 Hz, 1H), 3.83 (d, 3Jyy = 9.2 Hz, 1H), 3.77 (s, 3H), 3.76 (s, 3H),
3.57 (s, 3H); 13C{'H} 168.0, 167.4, 159.6, 129.1, 128.0, 114.5, 77.8, 55.4, 55.0, 53.1, 53.0, 42.5
(12 x s). The enantiomer excess was determined by HPLC with a Chiralcel AD column (80:20 v/v
hexane/isopropanol, 1 mL/min, A = 254 nm); tg = 11.4 min (major), 17.0 min (minor), 30% ee. 142

Dimethyl 2-(2-nitro-1-(4-nitrophenyl)ethyl)malonate (6¢). This known compound was
obtained as a colorless oil, 95%. NMR (CDCl;, 6/ppm): IH 8.27-8.00 (m, 2H), 7.56-7.37 (m,
2H), 4.97 (dd, 2/ = 13.7 Hz, 3Jgy = 5.3 Hz, 1H), 4.92 (dd, 2/ = 13.7 Hz, 3Jqy = 8.9 Hz,
1H), 4.37 (td, 3/ = 8.9, 5.1 Hz, 1H), 3.88 (d, 3Jyy = 8.8 Hz, 1H), 3.78 (s, 3H), 3.61 (s, 3H);
Bc{lH} 167.3, 166.7, 143.5, 129.1, 124.2, 76.6, 54.1, 53.3, 53.2, 42.5 (10 x s). The enantiomer
excess was determined by HPLC with a Chiralcel OD-H column (80:20 v/v hexane/isopropanol,
1 mL/ min, A = 220 nm); tg = 21.2 min (minor), 32.5 min (major), 71% ee.!’

Dimethyl 2-(2-nitro-1-(2-trifluoromethylphenyl)ethyl)malonate (6d). This known
compound was obtained as a colorless oil, 99%. TH NMR (CDCl3, &/ppm): 7.75=7.66 (m, 1H),
7.60-7.48 (m, 1H), 7.47-7.39 (m, 1H), 7.37 (d, 3Jgy = 7.9 Hz, 1H), 5.16 (dd, 2/ = 13.4 Hz,
3y = 7.6 Hz, 1H), 4.94 (dd, 2/ = 13.4 Hz, 3Jyyy = 4.5 Hz, 1H), 4.65 (td, 3Jyyy = 7.5, 4.5 Hz,
1H),4.11 (d, 3JHH =7.4Hz, 1H), 3.75 (s, 3H), 3.64 (s, 3H). The enantiomer excess was determined
by HPLC with a Chiralcel OD column (95:5 v/v hexane/isopropanol, 1 mL/min, A = 220 nm); tg

= 11.6 min (minor), 21.9 min (major), 83% ece.!#2
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Dimethyl 2-(2-nitro-1-(2-acetoxyphenyl)ethyl)malonate (6e). This known compound
was obtained as a colorless oil, 90%. NMR (CDCls, 8/ppm): 'H (400 MHz) 7.28-7.04 (m, 4H),
4.86 (dd, 2Jyyy = 13.3 Hz, 3Jyyy = 7.6 Hz, 1H), 4.81 (dd, 2Jyy = 13.3 Hz, 3Jyy = 8.6 Hz, 1H),
4.43 (td, 3Jyy = 8.2, 5.5 Hz, 1H), 3.85 (d, 3/ = 8.5 Hz, 1H), 3.69 (s, 3H), 3.47 (s, 3H), 2.37 (s,
3H); BC{IH} 169.2, 168.0, 167.4,148.7,129.4, 128.5, 128.2, 126.5, 123.5,76.5, 53.8, 53.1 (doub-
le intensity), 36.7, 21.2 (14 x s). The enantiomer excess was determined by HPLC with a Chiralcel
OD column (90:10 v/v hexane/isopropanol, 1 mL/min, A = 210 nm); tg = 16.9 min (minor), 24.6
min (major), 89% ee.!42

Dimethyl 2-(2-nitro-1-(2-benzoyloxyphenyl)ethyl)malonate (6f). This known com-
pound was obtained as a colorless oil, 80%. NMR (CDCls, 8/ppm): 'H 8.36-8.20 (m, 2H),
7.74-7.64 (m, 1H), 7.60-7.52 (m, 2H), 7.42-7.31 (m, 2H), 7.30-7.22 (m, 2H), 4.98 (dd, ZJyyyy =
13.5 Hz, 3Jyyy = 8.5 Hz, 1H), 4.91 (dd, 2/ = 13.6 Hz, 3Jyyq = 4.9 Hz, 1H), 4.59 (td, 3Jyyy = 8.6,
4.9 Hz, 1H), 3.96 (d, 3Jiy = 8.5 Hz, 1H), 3.72 (s, 3H), 3.53 (s, 3H); 13C{1H} 168.0, 167.4, 164.9,
149.0, 134.1, 130.4, 129.5, 129.1, 129.0, 128.7, 128.3, 126.6, 123.6, 76.6, 53.9, 53. 1, 53.1, 36.7
(18 x s). The enantiomer excess was determined by HPLC with a Chiralcel AD column (90:10 v/v
hexane/ isopropanol, 1 mL/min, A =220 nm); tg = 15.5 min (major), 24.7 min (minor), 80% ee. 142

Dimethyl 2-(2-nitro-1-(2-benzyloxyphenyl)ethyl)malonate (6g). This known compound
was obtained as a colorless oil, 97%. NMR (CDCl3, 6/ppm): 'H 7.51-7.45 (m, 2H), 7.45-7.40 (m,
2H), 7.39-7.33 (m, 1H), 7.24 (ddd, 3Jyyyy = 8.3, 7.4 Hz, 4Jyyy = 1.7 Hz, 1H), 7.17 (dd, 3Jyyy = 7.6,
4Jqu = 1.7 Hz, 1H), 6.93 (dd, 3/ = 8.3, %y = 1.1 Hz, 1H), 6.90 (td, 3Jyyyy = 7.5 Hz, 4y =
1.1 Hz, 1H), 5.14 (d, 2/ = 11.7 Hz, 1H), 5.11 (d, 2/ = 11.7 Hz, 1H), 5.05 (dd, 2Jyy = 13.0
Hz, 3Jyy = 9.4 Hz, 1H), 4.84 (dd, 2Jyyy = 13.0 Hz, 3Jyy = 4.6 Hz, 1H), 4.44 (td, 3Jyyy = 9.6, 4.6
Hz, 1H), 4.17 (d, 3Jgy = 9.9 Hz, 1H), 3.72 (s, 3H), 3.50 (s, 3H); 13C{1H} 168.4, 167.7, 156.7,
136.6,130.9, 129.8, 128.9, 128.4,127.7, 123.9, 121.3, 112.5, 76.1, 70.7, 53.0, 52.7, 52.6, 40.5 (18
% s). The enantiomer excess was determined by HPLC with a Chiralcel OD column (90:10 v/v

hexane/isopropanol, 1 mL/min, A =220 nm); tg = 11.4 min (minor), 19.5 min (major), 89% ee. 142
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Dimethyl 2-(2-nitro-1-(2-methylphenyl)ethyl)malonate (6h). This known compound
was obtained as a colorless oil, 86%. NMR (CDCls, 8/ppm): 'H 7.12—7.03 (m, 4H), 4.84 (dd, 2JHH
= 13.6 Hz, 3Jyyyy = 5.3 Hz, 1H), 4.78 (dd, 2/ = 13.3 Hz, 3Jyyyy = 8.6 Hz, 1H), 4.51 (td, 3/ =
8.9, 5.4 Hz, 1H), 3.76 (d, 3Jyy = 9.3 Hz, 1H), 3.68 (s, 3H), 3.52 (s, 3H), 2.33 (s, 3H); 13C{'H}
168.0, 167.3, 137.0, 134.5, 131.3, 128.1, 126.6, 125.8, 54.5, 53.0, 52.8, 52.6, 41.1, 37.7 (14 x s).
The enantiomer excess was determined by HPLC with a Chiralcel AD-H column (90:10 v/v hex-
ane/isopropanol, 1 mL/min, A = 220 nm); tg = 8.8 min (major), 15.3 min (minor), 79% ee.??

Dimethyl 2-(2-nitro-1-f-naphthylethyl)malonate (6i). This known compound was ob-
tained as a colorless oil, 82%. 'H NMR (CDCl3, 0/ppm): 7.87-7.74 (m, 1H), 7.73-7.67 (m, 1H),
7.54-7 44 (m, 2H), 7.34 (dd, 3Jyyy = 8.5 Hz, ¥y =1.9 Hz, 1H), 5.00 (d, 3Jyqpy = 7.0 Hz, 2H), 4.43
(dt, 3JHH =8.8,70Hz,1H),3.98 (d, 3JHH =89Hz,1H),3.77 (s,3H), 3.54 (s, 3H). The enantiomer
excess was determined by HPLC with a Chiralcel OD column (70:30 v/v hexane/isopropanol, 1
mL/min, A = 254 nm); tg = 12.5 min (major), 35.1 min (minor), 74% ee.!4*

Dimethyl 2-(2-nitro-1-a-naphthylethyl)malonate (6j). This known compound was ob-
tained as a colorless oil, 81%. IH NMR (CDCl3, 0/ppm): 8.18 (d, 3JHH =8.6 Hz, 1H), 7.98-7.85
(m, 1H), 7.84-7.73 (m, 1H), 7.62 (ddd, 3/ = 8.5, 6.8 Hz, *Jyyy = 1.4 Hz, 1H), 7.53 (ddd, /gy
=80, 6.8 Hz, *Jyy = 1.1 Hz, 1H), 7.46-7.34 (m, 2H), 5.29-5.20 (m, 1H), 5.18 (dd, 2Jqpy = 13.2
Hz, 3Jyy = 8.2 Hz, 1H), 5.07 (dd, 2Jqy = 13.1 Hz, 3/ = 4.6 Hz, 1H), 4.11 (d, 3Jyypy = 7.6 Hz,
1H), 3.72 (s, 3H), 3.54 (s, 3H). The enantiomer excess was determined by HPLC with a Chiralcel
AD column (90:10 v/v hexane/isopropanol, I mL/min, A = 254 nm); tg = 13.4 min (major), 18.0
min (minor), 84% ee.!42

Dimethyl 2-(2-nitro-1-(3,4-dioxolophenyl)ethyl)malonate (6k). This known compound
was obtained as a colorless oil, 88%. NMR (CDCls, 8/ppm): H 6.78-6.65 (m, 3H), 5.95 (s, 2H),
4.87 (dd, /gy = 13.1 Hz, 3Jyyy = 4.9 Hz, 1H), 4.80 (dd, 2/ = 13.1 Hz, 3Jyyy = 9.3 Hz, 1H), 4.16
(td, 3Jgqy = 9.2, 4.9 Hz, 1H), 3.80 (d, 3Jyy = 9.1 Hz, 1H), 3.77 (s, 3H), 3.61 (s, 3H); BC{!H}
168.0, 167.3, 148.3, 147.8, 129.8, 121.5, 108.8, 208.3, 101.5, 77.7, 55.0, 53.2, 53.0, 42.9 (14 x s).

The enantiomer excess was determined by HPLC with a Chiralcel AS-H column (90:10 v/v hex-
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ane/isopropanol, 1 mL/min, A = 220 nm); tg = 39.5 min (major), 47.1 min (minor), 79% ee.l”

Dimethyl 2-(2-nitro-1-furylethyl)malonate (61). This known compound was obtained as
a colorless oil, 87%. NMR (CDCls, 8/ppm): 'H 7.35 (dd, 3Jyqyy = 1.8 Hz, %Jyyy = 0.6 Hz, 1H), 6.29
(dd, 3Jygg = 3.3, 1.9 Hz, 1H), 6.22 (d, 3Jygyy = 3.3 Hz, 1H), 4.92 (dd, ZJyyy = 13.5 Hz, 3/ = 8.2
Hz, 1H), 4.86 (dd, 2/ = 13.4 Hz, 3Jyyy = 5.1 Hz, 1H), 4.39 (td, 3Jygy = 8.0, 5.1 Hz, 1H), 3.95
(d, 3Jyy = 7.9 Hz, 1H), 3.76 (s, 3H), 3.70 (s, 3H); BC{IH} 167.5, 167.2, 149.4, 142.9, 110.6,
108.5, 75.3, 53.1, 53.0, 52.7, 52.6 (11 x s). The enantiomer excess was determined by HPLC with
a Chiralcel OD column (90:10 v/v hexane/isopropanol, 1 mL/min, A = 220 nm); tg = 10.9 min
(minor), 22.5 min (major), 76% ee.!42

Diethyl 2-(2-nitro-1-phenylethyl)malonate (6a-Et). This known compound was obtained
as a colorless oil, 94%. NMR (CDCls, 8/ppm): 'H 7.44—7.12 (m, 5H), 4.92 (dd, 2JHH =13.1 Hgz,
3y = 4.8 Hz, 1H), 4.86 (dd, 2/ = 13.1 Hz, 3Jyyy = 9.2 Hz, 1H), 4.31-4.16 (m, 3H), 4.01 (q,
3Jyp = 7.1 Hz, 2H), 3.82 (d, 3Jyy = 9.4 Hz, 1H), 1.26 (t, 3Jyyy = 7.1 Hz, 2H), 1.05 (t, 3Jyy =7.1
Hz, 2H); B3C{!H} 167.6, 167.0, 136.4, 129.1, 128.5, 128.2, 77.8, 62.3, 62.0, 55.1, 43.1, 14.1, 13.9
(13 x s). The enantiomer excess was determined by HPLC with a Chiralcel AD column (90:10 v/v
hexane/isopropanol, 1 mL/min, A =230 nm); tg = 11.4 min (major), 24.3 min (minor), 54% ee.30
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3 INVESTIGATION OF ANION-CATION INTERACTIONS IN WERNER SALTS

3.1 Introduction

Upon recent years, the Werner complexes have shown to act as top-notch players in
catalysis.! Strangely enough, the complex itself is substitution inert in its low spin d® electron
configuration, straying from the expected catalytic characteristics.” While it is known that the
secondary coordination sphere is where the catalytic action occurs, the exact mechanism is
unknown. Within this secondary coordination sphere, the 12 NH sites hydrogen-bond to the
anions, as seen in the crystal structure of 23+ 3CI” found in Figure 3.1. Single-crystal structure
analysis is an advantageous route for determining reaction pathways but falls short when they are

unable to crystallize well. This method also assumes the major species is similar in crystallized

form as in solution. 3
Ph _
H .Cl
AL NH™
H
HoN,, .N_ _Ph
HI
HoN N~ Ph
/\\(NH2 H2
Ph 90
Ph

Figure 3.1. Left: The 1° and 2° coordination sphere of A-(S,S)-2>* 3CI". Right: Crystal structure of A-
(8,5)-2** 3CI” with hydrogen-bonding on both C3 and C, faces.

Alterations in the compound’s symmetry play an important role with regards to
enantioselectivity, granting even greater stereoselectivity with the addition of the dpen modulated
diastereomers.* This is an important hinderance as the yields and enantioselectivities are also
dependent on the anions present in solution. To better understand this occurrence, alternate

methods of observing the mechanistic behavior of the catalysts would be beneficial. One
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application of such data would be to use mass spectrometry to identify certain types of "tight ion
pairs" with varying trication/anion binding strengths.

Mass spectrometry has various methods to identify and quantify compounds under
analysis. Techniques such as electron impact ionization (EI), a hard ionization technique, and
electrospray ionization (ESI), a soft ionization technique, are a couple of the most common
methods used today.> For analysis of the anion binding properties within the Werner complexes,
the latter is expected to produce spectra with the least amount of fragmentation due to its milder
conditions. This enhanced sensitivity is especially important for larger molecules (>500 kDa) to
be analyzed, those of which are expected to be severely fragmented under harsh conditions. The
one downside to note would be the heat applied during aerosol formation.

To better understand the catalytic mechanism of these complexes, it would be
advantageous to begin with the hydrogen-bond lengths, and thus strengths, of the anions with the
NH groups on the en/dpen backbone. While no computational data has been reported for the
hydrogen bond strengths/lengths of the 23+ complexes, data has been compiled on similar
structures to that of both 13+ and 23*. One report from our group discusses the hydrogen bond
lengths for the ruthenium and cobalt complexes with the six-membered chelate, 2-
guanidinobenzimidazole ligand (GBI).® A correlation can be established from previous findings
where counter anions presenting as good hydrogen bond acceptors directly correspond with poor
catalytic results.” This detail is crucial when evaluating the anions and their proposed effect on
catalytic success.

Contrasts can be seen between CI™, a highly renowned hydrogen bond acceptor, and BArs~
,a very poor hydrogen bond acceptor, in that the former was reported to be catalytically unreactive
and the latter highly reactive.®-” Using the ruthenium derivative of this complex, the hydrogen
bond strengths were calculated and suggest hydrogen bond strengths in the following order: F~ >
ClI” > Br > BF, >1" > PFg > BAr; .°This order mirrors those calculated for the cobalt complex,
both similar in series for halogen hydrogen-bonding found in literature.” While these complexes

are not synonymous with the Werner complex under analysis in this report, some computational
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results can be used as a guide for investigating catalytic success with various anions. This bond
strength order inversely correlates to catalytic activity of the GBI complex, with the catalytic
activity series: CI” < BF,~ < PF4™ < BArf‘.6 Upon analyzing these series, it is proposed that the
investigation of how the anions “fly” with 23+ complexes via ESI-MS could give further insight
on the differences between each cation-anion interaction.

3.2. Results

In this study, observed peaks that identify with the monoisotopic mass and isotopic
distribution of various combinations of the intact cation and anions were primarily investigated.
“Intact”, in this case, refers to species that contain the cation in its mostly unaltered form. The
degradation of the catalyst post-ionization was not explored as this lies outside the scope of this
study. The greatest intensity and highest m/z ratio were noted for each salt under analysis. As the
intensity (%) of the peak increases, the concentration of the featured fragment proportionally
increases, thus the most ionizable cation-anion matches detected post-ionization can be identified.
Further analysis includes the identification of minimally fragmented components of the
complexes, as the main emphasis of this project entails the cation-anion interactions. Thus, the
term “unknown” may be used in place of species that do not follow these guidelines.

The first compound analyzed was A-(S ,S)—23+ 3CI™ (Sample 1)11 resulting in a plethora of
spectral peaks, most of which were determined to be degradation of the salt (All spectra are found
in Appendix B). The most intense peak (I = 100%) sits at a m/z of [M]* =553.13 (z=1), as
summarized in Table 3.1. This has been identified as [Co(dpen)2]3+ 2CI~, exhibiting the loss of
one CI~ alongside the removal of a dpen ligand. Further analysis shows the presence of 23* 2CI~
atam/z of [M]* =765.26 (z = 1) with a low intensity (11.31%), similarly losing one CI". The exact
ionization patterns for 23+ 2CI" and [Co(dpen)2]3+ 2CI™ can be seen in Appendix B. The removal
of two CI™ anions alongside one hydrogen, [Co(dpen)3]3+ CI~ (-H%), is identified with a minimal
intensity (5.73%) at [M]T = 729.29 (z = 1). The peak with the highest m/z ratio sits at [M]* =
1568.56 (z = 1), but is greater in mass than the starting compound (856.21 g/mol) with minimal

intensity (0.06 %), therefore is unidentified. Various other species were identified and noted in
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Table 3.1, many of which contain an unexpected anionic species (OAc™) in the considerably pure
aliquot analyzed. Species containing the OAc™ anion vary from m/z = 577.18-813.35 and all have
unremarkable intensities (I < 12%). A duplicate sample of A—(S,S)—Z3+ 3CI™ (Sample 2) with an
alternate method of purification including a Dowex column was analyzed for comparison. Upon
advanced purification, all identified OAc™ anions were removed, leaving the same Cl™ containing

species at similar intensities, seen in Table 3.1.

Table 3.1. The ESI-MS data for A-(S,5)-23* 3CI™ in duplicate (Samples 1 & 2).!!

Cation Observed [M]* Z 1 (%) Comment
(Calculated [M])
Sample 1
[Co(dpen)2]3+ 2CI~ 553.13 (553.13) +1 100 Most Intense
[Co(dpen)2]3+ ClI-OAc™ 577.18 (577.18) +1 2.63
[Co(dpen)2]3+ 20Ac™ 601.22 (601.22) +1 492
[Co(dpen)3]3+ CI- (-H%) 729.29 (729.29) +1 5.73 Loss of a H*
[Co(dpen)3]3+ 2CI- 765.26 (765.26) +1 11.31
[Co(dpen)3]3+ ClI-OAc™ 789.31 (789.31) +1 2.06
[Co(dpen)3]3+ 20Ac™ 813.35 (813.35) +1 1.80
Unknown 1568.56 +1 0.06 Greatest m/z
© T T Sample2 e
[Co(dpen)2]3+ 2CI~ 553.13 (553.13) +1 100 Most Intense
[Co(dpen)3]3+ CI- (-H%) 729.29 (729.29) +1 5.67 Loss of a H*
[Co(dpen)3]3+ 2CI- 765.26 (765.26) +1 28.20
Unknown 1567 .48 +1 0.21 Greatest m/z

Using the same methods, A-(S,5)-23+ 2CI'BArs (Sample 3)!1 was analyzed by ESI-MS,
which is summarized in Table 3.2. The most intense peak sits at m/z of [M]* = 415.18 (z = 1),
identified as 13* 30Ac™, displaying the loss of all six phenyl rings on the en backbone and a
hydrogen atom. Upon analysis of the greatest m/z peak, 23+ CI'BArs was identified at m/z of
[M]*=1593.36 (z = 1), where the loss of a CI~ mirrors that of the previous sample (23+ 3CI"). The
loss of both CI™ anions and a hydrogen, [Co(dpen)3]3Jr BArf (-H™), provides the peak at [M]* =

1557.38 (z = 1). Another interesting observation paralleling the results from the ESI-MS of 23+

35



3CI is a peak at m/z of [M]T =553.13 (z = 1; I = 29.82) seen with the loss of a dpen ligand and a
CI~ anion. In a similar fashion, a duplicate sample (Sample 4) synthesized from A-(S,S)-23* 3CI~
post-Dowex column (Sample 2) was analyzed by ESI-MS, displaying the absence of most OAc™

anions. This can be seen in the bottom of Table 3.2.

Table 3.2. The ESI-MS data for A-(S,S)-23* 2CI"BAr;~ (Samples 3 & 4).1 !

Cation Observed [M]* Z 1 (%) Comment
(Calculated [M]*)
Sample 3

[Co(en)3,]3+ 30Ac™ (-HY) 415.18 (416.18) +1 100 Most Intense; loss of H*
[Co(dpen), |3+ 2C1- 553.13 (553.13) +1 29.82
[Co(dpen)2]3+ CI'OAc™ 577.18 (577.18) +1 7.47
[Co(dpen)2]3+ 20Ac™ 601.22 (601.22) +1 9.48
[Co(dpen);]3+ 2C1- 765.27 (765.26) +1 7.24
[Co(dpen)3]3+ CI'OAc™ 789.31 (789.31) +1 1.19
[Co(dpen)3]3+ 20Ac™ 813.36 (813.35) +1 3.57
[Co(dpen);]3+ BAry (-H*) 1557.38 (1557.38) +1 0.89 Loss of H+
[Co(dpen)3]3+ CI'BArs 1593.36 (1593.36) +1 045 Greatest m/z
"""" e H
Unknown 483.20 +1 100 Most Intense
[Co(dpen), |3+ 2C1- 553.13 (553.13) +1 83.13
[Co(dpen)2]3+ CI'OAc™ 577.18 (577.18) +1 242
[Co(dpen)3]3+ Cl- (-H™) 729.29 (729.29) +1 5.80 Loss of H*
[Co(dpen)3]3+ 2CI- 765.26 (765.26) +1 33.15
[Co(dpen)3]3+ BAr{ (-HY) 1557.37 (1557 .38) +1 091 Loss of H*
[Co(dpen)3]3+ CI'BArf 1593.37 (1593.36) +1 2.80 Greatest m/z

For comparison, the diastereomer of the previous compound, A-(S,S)- 23+ 2CI'BArg

(Sample 5),!! was analyzed. Very few spectral peaks were observed and even less were identified,

as summarized in Table 3.3. The most intense peak as well as the greatest m/z are unidentified at

alow m/z of [M]* =149.01 (z=1) and 1557.38 (z = 1), respectively. The only labelled species sits

at a m/z of [M]* =231.77 (z = 1) with minimal intensity (I = 0.07).
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Table 3.3. The ESI-MS data for A-(S,5)-2>* 2CI"BAry™ (Sample 5).! !

Cation Observed [M]* Z I (%) Comment
(Calculated [M])
Unknown 149.01 +1 100 Most Intense
[Co(dpen); 3+ 231.77 (231.78) +3 0.07
[Co(dpen)3,]3+ BAr; (-HY) 1557.38 (1557.38) +1 0.60 Greatest m/z

For the salt A-(S ,S)—23+ 3BF,~ (Sample 6),11 the most intense peak found at a m/z of [M]*
=299.15 (z =1) is much lower in mass than previous species identified at intensities of 100% and
in this case the identity is unknown. More anionic compounds that are not seen in the salt under
analysis continue to show in species with [M]* > 550, this time including both OAc™ and CI™. At
a m/z of [M]* =299.15 (z = 1), the loss of one BF,~ anion, 23+ 2BF,, is identified at minimal
intensity (I < 1). Lastly, the greatest m/z peak is considered unknown at a m/z of [M]* = 1325.88

(z=1).

Table 3.4. The ESI-MS data for A-(S,5)-23* 3BF,~ (Sample 6).! !

Cation Observed [M]* Z (%) Comment
(Calculated [M]*)
Unknown 299.15 +1 100 Most Intense
[Co(dpen)2]3+ 2CI- 553.13 (553.13) +1 1598
[Co(dpen), ]+ CI"OAc™ 577.18 (577.18) +1 491
[Co(dpen);]3+ BF,~ (-H™) 781.32 (781.32) +1 250 Loss of H*
[Co(dpen); 13+ 20Ac™ 813.35(813.35) +1 674
[Co(dpen)3]3+ 2BF,~ 869.33 (869.33) +1 096
Unknown 1325.88 +1 1.18 Greatest m/z

Similarly to the results of A-(S,5)-23* 3BF,", the salt A-(S,S)-23* 3PF4~ (Sample 7)!!
contains a peak at a m/z of [M]* = 299.15 (z = 1) at the max intensity, and remains unidentified.
Other mirroring results include the peaks at [M]* = 553.13 (z = 1) and 557.18 (z = 1), each with
enhanced intensities. The greatest m/z peak is identified as A-(S,5)-23* CI'BAry, a considered

impurity of the instrument with minimal intensity (I < 1).
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Table 3.5. The ESI-MS data for A-(S,S)-23* 3PF~ (Sample 7).!!

Cation Observed [M]* Z I (%) Comment
(Calculated [M]*)
Unknown 299.15 +1 100 Most Intense
[Co(dpen)2]3+ 2CI- 553.13 (553.13) +1 58.37
[Co(dpen)2]3+ ClI"OAc™ 577.18 (577.18) +1 2.73
[Co(dpen)3]3+ 2CI- 765.27 (765.26) +1 3.81
[Co(dpen);]3+ CI'BAr{ 1593.36 (1593.36) +1 0.13 Greatest m/z

For A-(S,8)-23* CI'BAry Nic~ (Sample 8),!% the most intense, [M]* = 365.14 (z = 1), and
greatest m/z, [M]* = 1646.39 (z = 1), are unknown. The loss of both Cl~ and BAr{ noticed at [M]*
=816.35 (z = 1) as well as the loss of both CI~ and Nic™ seen at [M]*t = 1557.42 (z = 1) show at
minimal intensity (I < 1), as summarized in Table 3.6, below.

Table 3.6. The ESI-MS data for A-(S,5)-2>* CI'BAr; Nic™ (Sample 8).14

Cation Observed [M]* z 1 (%) Comment
(Calculated [M])
Unknown 365.14 +1 100 Most Intense
[Co(dpen)3]3+ Nic™ (-H%) 816.35 (816.34) +1 0.54 Loss of H*
[Co(dpen)3]3+ BArs (-HY) 1557.42 (1557.38) +1 0.33 Loss of H*
Unknown 1646.39 +1 0.02 Greatest m/z

Interestingly, A-(S,S)-Z3+ 3SbFg~ (Sample 9)15 displayed 23+ 2CI- as the most abundant
species post-ionization at the repeating peak [M]* = 553.13 (z = 1), as seen in Table 3.7. The final
three salts analyzed under ESI-MS, A—(S,S)—23+ 3(S)-camphorSO5~ (Sample 10),20 A—(S,S)—Z3+
3(1R)-BINOLPA- (Sample 11),2% and A-(S,5)-[Pt(en)3]*+ 4BAr;~ (Sample 12),' concluded with
no identified cation-anion species post-ionization and are summarized in Tables 3.8—-3.10. The
most intense peaks reside at a m/z of [M]* = 349.06, 161.06, and 1315.29 (z = 1), respectively.
The greatest m/z peaks all are minimal in intensity (I < 2%), with peaks at [M]* = 1666.90,

1666.90, and 2445.71 (z = 1), respectively.

38



Table 3.7. The ESI-MS data for A~(S,5)-2°* 3SbF,~ (Sample 9).!°

Cation Observed [M]* I (%) Comment
(Calculated [M])
Unknown 299.15 +1 19.38
[Co(dpen)2]3+ 2CI- 553.13 +1 100 Most Intense
Unknown 1344.57 +1 0.10 Greatest m/z

Table 3.8. The ESI-MS data for A-(S,S)-23* 3(S)-camphorSO;~ (Sample 10).2

Cation Observed [M]* z I (%) Comment
(Calculated [M])
Unknown 349.06 +1 100 Most Intense
Unknown 1666.90 +1 0.28 Greatest m/z

Table 3.9. The ESI-MS data for A~(S,S)-23* 3(1R)-BINOLPA™ (Sample 11).20

Cation Observed [M]* z 1 (%) Comment
(Calculated [M])
Unknown 161.06 +1 100 Most Intense
Unknown 1666.90 +1 1.71 Greatest m/z

Table 3.10. The ESI-MS data for A-(S,S)-[Pt(en);]** 4BAr,” (Sample 12).13

Cation Observed [M]* z 1 (%) Comment
(Calculated [M])
Unknown 1315.29 +1 100 Most Intense
Unknown 244571 +1 0.19 Greatest m/z

3.3 Discussion

Throughout the Werner salts analyzed under ESI-MS, few showed the anion successfully
“flying” with the cation. The most promising under these conditions being A-(S,S)-23* 3CI~, where
both [Co(dpen)2]3+ 2CI™ and 23* 2CI- are observed, displaying the loss of one CI~. While
originally three chloride ions were present, the bond strengths are largely dependent on the face in
which hydrogen bonding occurs. By looking at the crystal structure seen in Figure 3.1 of 23+ 3CI~
, it may be inferred that one CI™ remains on each Cj axis face and the third on the C, face. The
hydrogen-bonds (Cl-HN) on the C; axis are reasonably stronger than that of the C, face due to

both the angle of accessibility as well as the number of vacant NH groups present.lo’11
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This phenomenon is also seen to occur with A-(S ,S)—23+ 2CI"BArs, with the production
of 23+ CI'BAry . In contradiction to the hydrogen-bond strengths listed previously as well as the
formation of 23* CI"BArf", the presence of 23* 2CI~ indicates that the BAr¢~ anion is removed
prior to the CI™ anion. This insinuates this species could be an impurity seen in the other samples
tested. Another possibility is the relative concentration of the anions (C1:BAr¢~ 2:1) in the sample
is not consistent post-ionization. This could be due to the degradation of the larger/bulkier anion.
Also seen from A-(S,5)-23+ 2CI"BAry is the formulation of 13+ 30Ac™ (-H™), noting the loss of
one hydrogen from one NH group on the en ligand. This is the expected location of abstraction
due to the great acidity of these hydrogens in comparison to those contained on the carbons in the
en ligands (HyN—(CH,) ,—NH,).

Upon purification of A-(S,5)-23* 3CI™ with the additional step of a Dowex column, all
identified OAc™ species were removed. This parallels with the subsequently derived A-(S,5)-23*
2CI"BArs, with the exception of one OAc™ species at a low intensity of 2.42. In both cases, the
increased intensity (~2.5x) of Cl~ containing species, 23* 2CI™, from the washed sample to the
post-Dowex sample is noted. This indicates that typical purification methods of washing the
catalysts with solvent, as opposed to the time consuming Dowex column, is not sufficient for
analytical purification.

Other species identified to contain anions undetectable in the salt under analysis (i.e. OAc™
and CI7) are considered artifacts from previous starting materials, Co(OAc), and 22+ 3CI,
respectively.1 112 The former is introduced as the original source for the cobalt center and the latter
as the most common salt for anion metathesis to subsequent salts. Since all samples are analyzed
by both 'H and !3C NMR to be relatively pure prior to use, the presence of these anions (i.e. OAc™
and CI") could indicate they out-compete other anions during ionization. For this reason, these
results only indicate what species are present post-ionization as opposed to in solution during
catalysis. It is important to note that no matter the intensity of the observed peak, the intensity
remains relative to the additional species present post-ionization. This is especially important for

the most intense peak (13* 30Ac™) found in A-(S,5)-23* 2CI"BAr; .
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In each case the greatest m/z is substantial in comparison to the mass of the salts. This
suggests some dimerized species could be formed during ionization as well as impurities in the
instrument itself.

3.4 Conclusion

To better understand the anion effect of Werner catalysts on catalysis, ESI-MS was used
to observe the cation-anion interactions. Throughout the analysis of ten salts of 23*, only half
showed anions “flying” with the cation: A -(S,5)-23* 2CI~, A/A -(S,5)-23+ 2CI'BArf, A-(S, 5)-23+
CI"BAr{ Nic, and, A -(S,5)-23* 3BF,~. The first two displayed the loss of one~two CI~ anions
with the third and fourth also displaying the loss of one BAry~ anion. The Nic™ containing salt
further displayed the loss of Nic™ and the BF,~ containing salt resulted with the loss of one—two
BF,~ anions. While impurities were found in most cases, the larger, bulkier anions seemed to be
degraded themselves leaving no indication of intact cation-anion species post-ionization. From
duplicate samples, it seems purification techniques should be taken seriously with regards to
removing the unwanted anions.

3.5 Experimental

These experiments were performed using a Thermo Scientific Q Exactive Focus. The
sample was loop injected (10 xL) and methanol was used as a mobile phase at a flow rate of 600
uL/min. The Q Exactive Focus HESI source was operated in full MS in positive mode. The mass
resolution was tuned to 70000 FWHM at m/z 200. The spray voltage was set to 3.5 kV for positive
mode and 2.8 kV for negative mode. The sheath gas and auxiliary gas flow rates were set to 30
and O arbitrary units, respectively. The transfer capillary temperature was held at 270 °C and the
S-Lens RF level was set at 50 v. Exactive Series 2.11 /Xcalibur 4.2.47 software was used for data
acquisition and processing.
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APPENDIX A: HPLC TRACES FOR ENANTIOSELECTIVE NTROOLEFIN

ADDITION REACTIONS USING BIFUNCTIONAL ANIONS AND A BALL MILL

Dimethyl 2-(2-nitro-1-phenylethyl)malonate (6a)

mAU
2507 - PDA Multi 1
[Te]
1 & (0] (0]
B ©
200 ~ _
] @] (6)
] NO,
150—_
100-]
] o
<
1 2
50—_
B e e L B S e B S S S B R T
30.0 325 35.0 37.5 40.0 425 45.0 47.5 50.0
min
1 PDA Multi 1/220nm 4nm
PeakTable
PDA Chl 220nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 33.257 13519347 172357 88.096 87.676
2 43.423 1826888 24227 11.904 12.324
Total 15346235 196584 100.000 100.000
Diethyl 2-(2-nitro-1-phenylethyl)malonate (6a—Et)
MAU; 000
1 3 PDA Multi 1
1 [le
: i
750 ‘ " 6 O
: | -0 o™
. \
500- “ | NO
] [
. \
4 ’ ~
250+ | Q
4 ‘ <
1 ' | N
i . /\
0l AAN,_/\TJL,-.\L\/\Mi N L / T
T T T Coyo R
10.0 125 15.0 175 20.0 225 25.0 275
min
1 PDA Multi 1/220nm 4nm
PeakTable
PDA Chl 220nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 11.394 21853017 952644 76.846 85.639
2 24257 6584265 159752 23.154 14.361
Total 28437282 1112396 100.000 100.000
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Dimethyl 2-(2-nitro-1-(4-methoxyphenyl)ethyl)malonate (6b)

mAU
1 = PDA Multi 1
- <
300 /\"\
] [
1 ;l ',i (0] (0] S
200+ | ~ o
] . 0 o~ e
] ; \ NO, /\
J | '. \
100 ' \
] ;‘ '°. ~o
4 Il \
4 ’l \\ /
- N o \\
R I A o . L
1 T T T T I T T T T I T T T T I T T T T I T T T T [ T T T T | T T T T T T I T T T
10 11 12 13 14 15 16 17 18
min
1 PDA Multi 1/220nm 4nm
PeakTable
PDA Chl 220nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 11417 11525146 312474 65.037 63.696
2 16.980 6195760 178097 34.963 36.304
Total 17720905 490571 100.000 100.000
Dimethyl 2-(2-nitro-1-(4-nitrophenyl)ethyl)malonate (6¢)
mAU
1507 PDA Multi 1
j o o §
100 .'/\\\
T N02 [ \\
] [
1 o
1 2 O2N [\
>0 S Lo
] /\‘W |
i [ |
'N\/\”\”‘V‘V/_'" W —
0_
T T T T | T T T T | T T T T | T T T | T T T T
15 20 25 30 35 40
min
1 PDA Multi 1/220nm 4nm
PeakTable
PDA Chl 220nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 21.188 1183256 28983 14.625 23.201
2 32.542 6907273 95940 85.375 76.799
Totall 8090528 124922 100.000 100.000
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Dimethyl 2-(2-nitro-1-(2-trifluoromethylphenyl)ethyl)malonate (6d)

mAU
@ PDA Multi 1
j I
500+ |"' T
| [ |
o 0 [
| [
i \O O/ I;' |
II |
1 N02 |’. ','
250+ :' '||
i ] |
b / ‘
| (,\ /,
fo N f/‘-_Jz-_— —_— _ _J | -
T T T T | T T T T I T T T T ] T T T T I T T T T | T T T T I T T T T I T T T T
10.0 12.5 15.0 17.5 20.0 225 25.0 275 30.0
min
1 PDA Multi 1/220nm 4nm
PeakTable
PDA Chl 220nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 11.562 3270481 106304 8.449 15.653
2 21.943 35437678 572828 91.551 84.347
Total 38708159 679132 100.000 100.000
Dimethyl 2-(2-nitro-1-(2-acetoxyphenyl)ethyl)malonate (6e)
mAU
] /%3 PDA Multi 1
500~ o 0 [\
|
\O O/ "4 \
] ’ \
i N02 || \
- [
250 OAc I’ \
] f \
|
i |
N |
] @ |
© |
T /
AN e
7 T T T T I T T T T I T T T T I T T T T I T T I T T T
15.0 175 20.0 225 250 275 30.0
min
1 PDA Multi 1/220nm 4nm
PeakTable
PDA Chl 220nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 16.94 2095425 66789 5.680 9.898
2 24.587 49742251 608004 94.320 90.102
Total 52737676 674793 100.000 100.000
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Dimethyl 2-(2-nitro-1-(2-benzoyloxyphenyl)ethyl)malonate (6f)

mAU
] PDA Multi 1
i :r :.yl
- ' |I
1000 II Q 0
B “ || \O O/
Lo NO,
i | ||
| |
500 _ ‘ ||. OBz
] F 9
| \ ~
i .‘I ". g
O__ e # AL_ e —__7_/TAJ\_7 SR
T T T ] T T T T I T T T T | T T T ] T I T T T T
15.0 17.5 20.0 22.5 25.0 275
min
1 PDA Multi 1/220nm 4nm
PeakTable
PDA Chl 220nm 4nm
Peald# Ret. Time Area Height Area % Height %
1 15.536 53024789 1295423 90.042 90.591
2 24725 5864069 134543 9.958 9.409
Total 58888858 1429967 100.000 100.000
Dimethyl 2-(2-nitro-1-(2-benzyloxyphenyl)ethyl)malonate (6g)
mAU
2 PDA Multi 1
] )
i 2
] o o ;&
1000 ~ |
_ o o~ [
_ NO, I,‘ \
] [\
| \
i | \
750 OBn |'|
| 8 |
| ) |
= ;'
i / /
P _
AN ) —
500- -
T T T T | T T T T | T T T T | T T T | T T | T T T T
10.0 12.5 15.0 17.5 20.0 22.5 25.0
min
1 PDA Multi 1/220nm 4nm
PeakTable
PDA Chl 220nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 11.358 2409993 81505 5.544 13.042
2 19.539 41064186 543419 94.456 86.958
Totall 43474179 624924 100.000 100.000
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Dimethyl 2-(2-nitro-1-(2-methylphenyl)ethyl)malonate (6h)

mAU
2 PDA Multi 1
| <
15001 0] 0]
~ ~
0] (0]
| N
1000 0>
500 -
| &
J e
0 . 3 . J\ )
LA L B L | b L | LANNL AL L AL AL I | | L
5.0 7.5 10.0 125 15.0 17.5 20.0 225 25.0
min
1 PDA Multi 1/220nm 4nm
PeakTable
PDA Chl 220nm 4nm
Peak# Ret. Time Area Height Area % Height %
| 8.769 35864370 1718684 86.813 89352
2 15.327 5447796 204806 13.187 10.648
Total| 41312166 1923490 100.000 100.000
Dimethyl 2-(2-nitro-1-p-naphthylethyl)malonate (6i)
mAU
400—_ @ PDA Multi 1
- 3
300—_ o
] ~o o~
200—_ NO,
100-
i ~
i} 3
w
. (2]
0 /\J,
7 T
- T I T T T T I T T T T I T T T T I T T T T I T T T T | T T T T [ T T T T
10 15 20 25 30 35 40 45
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 12.478 14511741 394517 87.110 94 436
2 35.087 2147326 23246 12.890 5.564
Total 16659066 417762 100.000 100.000
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Dimethyl 2-(2-nitro-1-a-naphthylethyl)malonate (6j)

mAU
300 = PDA Multi 1
: [
i [
|
200 [\
J [ '|'
. |
] [
/ '
: [
100 | \
| . \
i [ \
1 \ N
<o
4 \\ ©
0— - \L — — _/-\- ,|,
L T T I T T T ] T T T I T T T T I T T T I T T T [ T T T T
13 14 15 16 17 18 19
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 13.371 6918008 298872 92.143 93.849
2 18.027 589928 19590 7.857 6.151
Total 7507937 318462 100.000 100.000
Dimethyl 2-(2-nitro-1-(3,4-dioxolophenyl)ethyl)malonate (6k)
mAU 400
i © PDA Multi 1
i / 0
300 f/ o 0O
] ':| \O O/
- [ NO,
200 .rl
7 |
i |
1 | ““
100 / o 2
] | 2
] <
o J o / \\J ]
e
1 T T T T I T T T T l T T T T I T T T T I T T T T l T T T T
35.0 37.5 40.0 425 45.0 475 50.0
min
1 PDA Multi 1/220nm 4nm
PeakTable
PDA Chl 220nm 4nm
Peal# Ret. Time Area Height Area % Height %
1 39.516 42465786 373323 89.513 88.901
2 47.095 4974918 46607 10.487 11.099
Totall 47440703 419930 100.000 100.000
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Dimethyl 2-(2-nitro-1-furylethyl)malonate (61)

mAU
e PDA Multi 1
500- MR
] [ ¥
[
1 o O .
i | \
\O O/ ||l I“
NO ' "'.
250 o ’ 2 [
] \ L
] 2 |
Qe
0'—/_\ ™~ r/_" ——————— T — e~ /Tz — _AL.\‘" E—
T T T | T T T T I T T | T T T | T T I T T T | T | T T T T
10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5
min
1 PDA Multi 1/220nm 4nm
PeakTable
PDA Chl 220nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 10.901 4446916 114985 12.064 18.251
2 22.541 32415437 515026 87.936 81.749
Totall 36862353 630011 100.000 100.000
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APPENDIX B: ESI-MS SPECTRA FOR VARIOUS WERNER SALTS

Sample 1: A-(S ,S)-[Co(dpen)3]3"' 3CI"« 3H,0
Other Species Used in Synthesis: Co(OAc),; MeOH

553.1328
z=1

Measured
Relative Abundance

1004 12 | — -+
E Ph
95 10 | Phﬁ/\NHZ "
90; 7:_55':;,9 767.261 HN,, ‘3..: Nz],Ph
3 — 7.99% "Co.
::E g * 767.256767.266 HZN/C\ N7 Ph
753 ég 6] lesas  TET Ph" \(NHZ i 2cr
E 5= | 4.89% 767.251|767.271 Ph
S [l ‘r
E 24 | 1.73% 769.271 1340,
3 0.84%
::é 0- ills i ﬁ-lT o
45; T T T T T T T
407 299.1541 765 766 767 768 769 770 771
35§ z m/z (Da)
30;
4163.0277
253 =1
20% 19;(!]540
15; 359 2472 48;1796 765 2640
1: : 2234229 111 0903 012220 723 2871 8312844 9855270 1233.8225
oi\.‘L i ‘1“1/‘ Y " nZ_L s l ) H\ i \lH ML l : A‘Ihz_g. : : : : : : :
200 300 400 500 600 800 1000 1/1 00 1200 1300 1400 1500 1600 1700 1800 1900
miz
Cation Observed [M]* Z I (%) Comment
(Calculated [M])
[Co(dpen)2]3+ 2CI- 553.13 (553.13) +1 100 Most Intense
[Co(dpen)2]3+ CI'OAc™ 577.18 (577.18) +1 2.63
[Co(dpen)2]3+ 20Ac™ 601.22 (601.22) +1 492
[Co(dpen)3]3+ 2CI- 765.26 (765.26) +1 11.31
[Co(dpen)3]3+ CI'OAc™ 789.31 (789.31) +1 2.06
[Co(dpen)3]3+ 20Ac™ 813.35 (813.35) +1 1.80
Unknown 1568.56 +1 0.06 Greatest m/z
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Measured
Relative Abundance

553.1328

100 34 1107 553.132 H, +
— [
1001 100.00% 553 135 3+ ~N_,Ph
95 90 |86.52% Co T
a0 o3 HaNT | SN
85 70 ] B 555.131 Phw\(NHz 2
g 1 553.139 61.27% Ph 2cl

80 g8 &7 152.70% 555.134
75 S5 50 553.126 44.37%

=2 1 20.89% 555.124|44.37%
70 gi 40 — 37.22%
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65 S 30 24.92%] 555.12124.35% .o
o & g 51237‘19%/5 553145 | 16:81%| 556128 T8

1 /2701553, 10.91% :
55 10 553.111[ 6.87% |554.149 1556146 6.63% 558.139
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25 z=1 m/z (Da)
30
25
20
15 481.1796 765.2640
10 3502472 z=1 pe
= 601.2220 7292871 g3 5544
5 411.0903 =1 z=1 1 985.5270 1233.8225
z=1 l \l z= z=1
0 0 YO VYD O PR ; ; ; ; ; ; ;
200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
m/z
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Sample 2: A-(S ,S)-[Co(dpen)3]3"' 3CI" « 3H,0*
Other Species Used in Synthesis: Co(OAc),; MeOH
*Purified on Dowex column

553.13
z=1
100 Ph
95 Ph. -
90 ﬁ/\ NH; ,
85 HoN, |3+ .N_Ph
80 "‘Co‘“ ]/
- H,NT | \H “Ph
¢ 65 Ph“'\/NHZ 2
gg 60 299.15 Ph 3CI-
g 255 z=1
g5 50
"f: 45
2 40
35 765.26
30 z=1
25
20 l
15
10 L 7?;'?
156748
: " ks, - __j.‘u..l'u_"r.- Ak L‘A ‘Lu CIPREETRS ol ke I‘. v Sl e z.-1' . , . .
200 300 400 500 600 700 800 900 1000ml1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
r4
Cation Observed [M]* z 1 (%) Comment
(Calculated [M])
[Co(dpen)2]3+ 2CI- 553.13 (553.13) +1 100 Most Intense
[Co(dpen)3]3+ Cl- (-H") 729.29 (729.29) +1 5.67 Loss of H*
[Co(dpen)3]3+ 2CI- 765.26 (765.26) +1 28.20
Unknown 1567 48 +1 0.21 Greatest m/z
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Measured
ance
[=2]
o

Relative Abund

Sample 3: A-(S,S)-[Co(dpen);]3* 2CI"'BAry « 2H,0
Other Species Used in Synthesis: Co(OAc), ; MeOH; DCM

415.1804
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o 2
& 8
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o o o

16%(}1278
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w
(3]

553.1333
z=1

w
o

N
[3,]

285.1672
z=1

- N
o o
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=1 781 .ﬁssz
z= 8
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o
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(5,

1535.4328
10095719 35.4

LL .LUL “.L 1

600 700 800

1233.?228
z=
T

900 1000 I11I00 1200 1300 1400 1500 1600 1700 1800 1900 2000
miz

114?{?191

o

Cation

Observed [M]* Z
(Calculated [M]*)

I (%) Comment

[Co(en)3]3+ 30Ac™ (-HY) 415.18 (416.18) +1 100 Most Intense; loss of H*

[Co(dpen),]*+ 2CI- 553.13 (553.13) 1 2982
[Co(dpen),]** CIOAC 577.18 (577.18) w1 747
[Co(dpen),]*+ 20Ac™ 601.22 (601.22) +1 948
[Co(dpen)3]>* 2CI~ 765.27 (765.26) 1 724
[Co(dpen)3]°* CI"OAC 789.31 (789.31) 4 119
[Co(dpen)3]°* 20Ac™ 813.36 (813.35) 1 357
[Co(dpen)3]3* CI"BAr{™ 1593.36 (1593.36)  +1 045 Greatest m/z
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Sample 4: A-(S,S)-[Co(dpen);13* 2CI"'BAry « 2H,0%*
Other Species Used in Synthesis: Co(OAc), ; MeOH; DCM
*Synthesized from A—(S,S)—[Co(dpen)3]3+ 3CI™ » 3H,O* purified on Dowex

483.20
100- =

952
90% 553.13 Ph Ph

as% z=1 ﬁ/\NHz H,
oo HoN,  [3+.N

= Co ]’
70=

: 19611 HZN/ ‘ SN Ph

= z=

Ph

w NH2 H
Ph 2CI'BArs

Ph

Measured
Relative Abundance
& L v O O
A APy
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354 z=1
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103 ||| ’ 1503.37
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JOEVHI1 (P10 YONTHI Y0 T O | ol

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 4700 4800 4900 2000

miz
Cation Observed [M]* z I (%) Comment
(Calculated [M]*)

Unknown 483.20 +1 100 Most Intense
[Co(dpen)2]3+ 2CI- 553.13 (553.13) +1 83.13
[Co(dpen)2]3+ ClI"OAc™ 577.18 (577.18) +1 2.42
[Co(dpen)3]3+ Cl- (-H%) 729.29 (729.29) +1 5.80 Loss of H*
[Co(dpen);]3+ 2C1- 765.26 (765.26) +1 3315
[Co(dpen)3]3+ BArs (-HY) 1557.37 (1557.38) +1 091 Loss of H*
[Co(dpen);]3+ CI'BAr{ 1593.37 (1593.36) +1 2.80 Greatest m/z
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Sample 5: A-(S,S)-[Co(dpen);]3* 2CI"BArs *» HO
Other Species Used in Synthesis: Co(OAc),; MeOH; DCM

149.012
100"
95
90
85 Ph
80
~Ph
70 Ph, N, |34 NH;
g e " Co 2CI"BAry
607 181,038 f
izl g
g 72.146 2
SE :: e HzN\__)‘Ph
§4o Ph
35
30
25
20
15
497.107
‘: .L z=1 999406 176150 s 1557.378
; wdoo Ao T e e
200 300 400 500 600 700 800 900 1000ml1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
r4
Cation Observed [M]* Z (%) Comment
(Calculated [M])
Unknown 149.01 +1 100 Most Intense
[Co(dpen)3]3+ 231.77 (231.78) +3 0.07

[Co(dpen);]3* BAry (-H*) ~ 1557.38 (1557.38) +1 0.60  Greatest m/z; loss of H*
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Measured

Sample 6: A-(S,S)-[Co(dpen);]3* 3BF4~ « 2H,0
Other Species Used in Synthesis: Co(OAc),; MeOH

10 29294540
95
i Ph
Ph :
80 N NH
7§ H2oN,,  |3+..N._,Ph
7
4 65 689.2785 Co I
2 eo 1 HNT | \H Ph
< NH, "2
< 45] 1961120 Ph 4
‘E 40 481.1793
=} z=
S35 |a2sq3as
30 1 533.2119
25 z=1
20 553.1327
15 345.1432
10 z=2 7533314
5 ik d 921 51931009 5723 12057908 155 5773
0 o m.l.'. ,,,,, .,,Lll,l,,,_J ,,,,,,,,,,,,,
200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
ml/z
Cation Observed [M]* Z (%) Comment
(Calculated [M])
Unknown 299.15 +1 100 Most Intense
[Co(dpen)2]3+ 2CI- 553.13 (553.13) +1 1598
[Co(dpen)2]3+ CI'OAc™ 577.18 (577.18) +1 491
[Co(dpen)3]3+ BF,~ (-H") 781.32 (781.32) +1  2.50 Loss of H*
[Co(dpen)3]3+ 20Ac 813.35 (813.35) +1  6.74
[Co(dpen)3]3+ 2BF,~ 869.33 (869.33) +1 0.96
Unknown 1325.88 +1 1.18 Greatest m/z
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Measured
Relative Abundance

Sample 7: A-(S ,S)-[Co(dpen)3]3"' 3PF¢* 6H,0
Other Species Used in Synthesis: Co(OAc),; MeOH

299.154
100 z=
95
% Ph
85 Ph B
80 . NH
s o H?d/\ : :2 Ph
70 2080,,, |34 _
65 301.171 153433 /CO\ I 3PFg
o ! o HNT | N"Ph
55 W NH2 2
%0 391.221 o \gh
45 :
40 = 555.128
a5 z=1
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25
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s 2=1 739313
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5 1557377
L‘rllrl..l‘ll.l“,.“, OU— . . 'l”zf"l' . — : .
200 300 400 500 600 700 800 900 1000ml1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
r'4
Cation Observed [M]* Z I (%) Comment
(Calculated [M]*)
Unknown 299.15 +1 100 Most Intense
[Co(dpen)2]3+ 201 553.13 (553.13) +1 58.37
[Co(dpen)2]3+ CITOAc 577.18 (577.18) +1 2.73
[Co(dpen)3]3+ 201 765.27 (765.26) +1 3.81
[Co(dpen)3]3+ CI'BAry 1593.36 (1593.36) +1 0.13 Greatest m/z
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Sample 8: A-(S ,S)-[Co(dpen)3]3"' CI'BAr; Nic™  2H,0
Other Species Used in Synthesis: Co(OAc),; MeOH; DCM
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Relative Abundance
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567.2852 "1 '1707.2823
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Ph._~ -
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HN, (3¢ .N_Ph [

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900
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2000

Cation Observed [M]* z 1 (%) Comment
(Calculated [M])
Unknown 365.14 +1 100 Most Intense
[Co(dpen)3]3+ Nic™ (-H") 816.35 (816.34) +1 0.54 Loss of H*
[Co(dpen)3]3+ BArs (-HY) 1557.42 (1557.38) +1 0.33 Loss of H*
Unknown 1646.39 +1 0.02 Greatest m/z
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Measured
Relative Abundance

Sample 9: A-(S ,S)-[Co(dpen)3]3"' 3SbF¢™ * SH,0
Other Species Used in Synthesis: Co(OAc),; MeOH

553133
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80 Ph Ph
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s N NH;
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200 300 400 500 600 700 800 900 1000ml1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
z
Cation Observed [M]* I (%) Comment
(Calculated [M])
Unknown 299.15 +1 19.38
[Co(dpen)2]3+ 201 553.13 +1 100 Most Intense
Unknown 1344.57 +1 0.10 Greatest m/z
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Measured
Relative Abundance
& b g ‘a o o

o

Sample 10: A-(S ,S)-[Co(dpen)3]3"' 3(1R)-camphorSO;3~* 2H,0
Other Species Used in Synthesis: Co(OAc),; MeOH; DCM
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Z
Cation Observed [M]* Z I (%) Comment
(Calculated [M])
Unknown 349.06 +1 100 Most Intense
Unknown 1666.90 +1 0.28 Greatest m/z
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Sample 11: A-(S ,S)-[Co(dpen)3]3"‘ 3(S)-BINOLPA™ « 4H,0
Other Species Used in Synthesis: Co(OAc),; MeOH; DCM; NaOH
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Cation Observed [M]* Z I (%) Comment
(Calculated [M])
Unknown 161.06 +1 100 Most Intense
Unknown 1666.90 +1 1.71 Greatest m/z
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Measured
Relative Abundance

Sample 12: A-(S ,S)-[Pt(en)3]4"' 4BArs « 17H,0
Other Species Used in Synthesis: Co(OAc),; MeOH; DCM
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Cation Observed [M]* Z I (%) Comment
(Calculated [M])
Unknown 1315.29 +1 100 Most Intense
Unknown 2445.71 +1 0.19 Greatest m/z
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