I. Stereoselective Synthesis of 1,3-Diamino-2-ols via Allene Oxidation.

Il. Tunable, Chemoselective Silver(l)-Catalyzed Nitrene Transfer Reactions: Development
and Mechanistic Study.

By Cale Daniel Weatherly

A dissertation submitted in partial fulfillment

of the requirements for the degree of

Doctor of Philosophy
(Chemistry)

at the
University of Wisconsin-Madison

2015

Date of final oral examination: 05/18/15

The dissertation is approved by the following members of the Final Oral Committee:
Jennifer M. Schomaker, Associate Professor, Chemistry

Steven D. Burke, Professor, Chemistry

Ive Hermans, Associate Professor, Chemistry

Shannon S. Stahl, Professor, Chemistry

Tehshik P. Yoon, Professor, Chemistry



I. Stereoselective Synthesis of 1,3-Diamino-2-ols via Allene Oxidation.

Il. Tunable, Chemoselective Silver(l)-Catalyzed Nitrene Transfer Reactions: Development
and Mechanistic Study.

By Cale Daniel Weatherly

Under the supervision of Professor Jennifer M. Schomaker

at the University of Wisconsin-Madison

Abstract

Stereodefined carbon-nitrogen bonds are ubiquitous in pharmaceuticals and biologically active
naturals products, but their construction is often a difficult task, especially when these bonds are
part of complex stereochemical arrays. The work described in this thesis addresses two aspects
of chemo- and stereoselective carbon-nitrogen bond formation. Chapters 1 and 2 describe two
methods for the transformation of homoallenic carbamates to 1,3-diamino-2-ols, motifs found in
a number of important biologically active compounds. Each method utilizes catalytic nitrene
transfer to access a bicyclic methylene aziridine, which possesses a carbon-carbon double bond
capable of further functionalization. Chapter 3 addresses the nitrene transfer reaction directly,
describing the development of a chemoselective silver(l)-catalyzed method for aziridination, first
applied to the synthesis of bicyclic methylene aziridines. Further investigations demonstrated
that simple changes in ligand:metal ratio altered the chemoselectivity of the transformation in
favor of allenic C-H amination. These conditions were applied to the aziridination and C-H
amination of homoallylic carbamates with equal efficacy. Chapter 4 presents a selective review

of mechanistic literature on metal-catalyzed nitrene transfer reactions, emphasizing common



experimental probes of these reactions and their interpretation. Chapter 5 describes mechanistic
study of our own silver(l)-catalyzed nitrene transfer reaction, including spectroscopic analysis,
mechanistic probe experiments, and kinetic profiling. The experiments suggest that two distinct
catalytic species are responsible for the aziridination and C-H amination reactions, and that
chemoselectivity is governed primarily by the different steric environments provided by the two
catalysts. Finally, Chapter 6 describes effort to render the intramolecular silver(l)-catalyzed
aziridination of alkenes enantioselective. The use of accessible bisoxazoline ligands provides
high yields and ee > 80% for both cis- and trans-substituted alkenes. Simple modifications to
current ligands are suggested for further improvements to the system. These improvements could
render the system among the most accessible and selective methods of asymmetric

intramolecular aziridination.
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Chapter 1. Stereoselective Synthesis of 1,3-Diamino-2-ols via Rearrangment of 1,4-

Diazaspiro[2.2]pentanes.

This chapter is adapted from work published previously:

Weatherly, C. D.; Rigoli, J. W.; Schomaker, J. M. Org. Lett. 2012, 14, 1704.



1.1. Allenes as Templates for Stereotriad Construction

The development of enantioselective methods for the oxidation of alkenes is among the
most significant advances in organic chemistry in the late twentieth and early twenty-first
centuries, as attested by the awarding of a half share of the 2001 Nobel Prize in Chemistry to K.
Barry Sharpless for his trio of enantioselective alkene functionalizations: epoxidation,
dihydroxylation, and aminohydroxylation.! These and other stereoselective methods of alkene
functionalization have seen powerful deployment in the synthesis of complex natural products,
and are now standard techniques for the synthesis of adjacent heteroatom-bearing stereocenters.
However, many biologically active natural products and pharmaceutical compounds contain
arrays of three or more contiguous carbon-heteroatom stereocenters. Use of enantioselective
alkene functionalization to construct these moieties is a popular and viable strategy, but it often
requires other challenging methods for establishing an allylic stereocenter, which may cause

problems of matching and mismatching in subsequent alkene functionalization (Scheme 1.1).?

Scheme 1.1. Complementary strategies for stereotriad construction.

epoxidation allene
X aziridination X functionalization l SH
T .
R 1)\/\ R2 R2 R1 \R2

aminohydroxylation
dihydroxylation Y
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prefunctionalization necessary
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stereochemical flexibility

3 adjacent carbons for functionalization
axial to point chirality transfer

An alternative strategy for the synthesis of arrays of three contiguous carbon-heteroatom
bonds (“stereotriads™) is oxidative allene functionalization. Several features of allenes make
them attractive templates for stereotriad construction: they are easily synthesized, contain two
nucleophilic carbon-carbon double bonds, and often possess axial chirality that may be

transferred to point chirality. In 1968, the groups of Crandall and Greene simultaneously



described the isolation of allene oxide and spirodiepoxide products obtained via treatment of
allenes with peracids.®* Crandall later showed that the milder DMDO (dimethyldixirane) was a
superior oxidant for the transformation and proposed a simple stereochemical model for its
regio- and stereoselectivity (Scheme 1.2).° In this model, the more substituted, electronic rich ©
bond undergoes a first epoxidation with high selectivity for the less hindered face of the allene,
providing allene oxide intermediate 1.2. A faster second epoxidation occurs with low to
moderate selectivity for the less hindered face of the allene oxide (1.3 and 1.4). The Williams
group has used allene-derived spirodiepoxides to obtain complex stereochemical intermediates
en route to several biologically active natural products, including epoxomycin and

stereochemical analogs (Scheme 1.2).%7

Scheme 1.2. Spirodiepoxide strategy for accessing complex natural products.
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The inherent drawbacks of the spirodiepoxide tactic are the limited stereocontrol in the
second epoxidation, and the limited regiocontrol in subsequent epoxide-opening. Additionally,

the higher rate of the second epoxidation prevents direct functionalization of the allene oxide



with other heteroatoms. What selectivity is obtained is determined almost exclusively by steric
features of the substrate. Our group has developed a modified strategy allene oxidation strategy
to access nitrogen-containing stereotriads. Intramolecular aziridination using a homoallenic
carbamate or sulfamate 1.8 gives rise to a bicyclic methylene aziridine 1.9 with complete
regioselectivity, and transfers the axial chirality of the allene to point chirality in the product.®

From this intermediate, at least three complementary patterns of reactivity can be
envisioned. The bicyclic methylene aziridine could undergo ring opening to form an
enecarbamate, which could then react with an electrophile to provide an imine intermediate.
Reaction of the imine with a second nucleophile would provide a stereotriad of the form C-Y/C-
N/C-E 1.10 (Scheme 1.3, left).® Alternatively, the methylene aziridine could react directly with
an electrophile to provide a strained spiro intermediate, which could undergo further ring-
opening to give a stereotriad of the form C-N/C-N/C-Y 1.11 (Scheme 1.3, right).*® Hydrolysis of
the N,N-aminal could provide opportunities for further functionalization. Finally, oxidative 1,2-
difunctionalization of the methylene aziridine, followed by reduction, would provide a
stereotriad of the form C-Z/C-O/C-N 1.12 (Scheme 1.3, center).!! To date, all three strategies
have been successfully deployed to synthesize a functionally and stereochemically diverse

collection of stereotriads.



1.2 Prevalence of 1,3-diamino-2-ols in Biologically Active Products.

The 1,3-diamino-2-ol was chosen as an early target motif for the second strategy.
Compounds containing 1,3-diamino-2-ol stereotriads are prevalent in a variety of biologically
active natural products and pharmaceuticals (Figure 1.1). These include a potent BACE-1
inhibitor developed by Merck,'> mipralden, a small molecule modulator of protein-protein
interactions,'® substituted cyclohexyl components of streptomycin and other antibiotics,'* and the
hydroxyenduracidine components of the mannopeptimycin family of antibiotics.'® Perhaps most
significantly, 1,3-diamino-2-ol appears in six of the twelve FDA-approved HIV-protease

inhibitors, including Darunavir, with the 1,4-diamino-2-ol appearing in two others.®

Scheme 1.3. Methylene aziridine strategies for stereotriad synthesis.
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Figure 1.1. Selected 1,3-diamino-2-ols in biologically active molecules.
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1.3. Synthesis of 1,3-Diaminated Compounds.

Several general approaches to 1,3-diamines have been described. Most are
transformations of imines, including: the addition of enecarbamates to imines to yield anti 1,3-
diamines (Scheme 1.4A),Y the addition of the a-carbanion of imines to N-protected imines
(Scheme 1.4B),'® and the diastereoselective reduction of ketimines (Scheme 1.4C).*°
Additionally, transition-metal catalyzed C-H amination can provide 1,3-diamines (Scheme
1.4D).2° However, access to complex functionalized 1,3-diaminated compounds of the form

C-N/C-X/C-N using well-established methodology is much more limited.



Scheme 1.4. Approaches to the synthesis of 1,3-diamines.
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1.4. Conversion of 1,4-Diazaspiro-[2.2]-pentanes to 1,3-diaminoketones.

Previous work in the Schomaker group had established a reliable sequence for the
synthesis of 1,4-diazaspiro-[2.2]-pentanes (DASPs). Rh-catalyzed aziridination of an allenic
carbamate 1.23, followed by a second aziridination using N-aminophthalimide, potassium
carbonate and iodosylbenzene, provide DASP 124 in good vyield and excellent
diastereoselectivity (Table 1.1). We initially envisioned 1.24 as a 1,3-diaminated ketone
“protected” as an N,N-aminal, and would yield ketone 1.25 upon hydrolysis. However, a variety
of Lewis and Bronsted acids failed to promote the rearrangement irrespective of the presence of
absence of water. In the case of mild acids, the DASP did not react or underwent ring opening at

C1. The use of stronger acids generally resulted in intractable mixtures of products.



Table 1.1. Rearrangement of acetate-opened DASP.

(0]
PhthN
H>:-:,/H oJ<O _ Rheat " NJ\O _ KCO3  Hs ‘ NJ\O
CH & NH, PhiO, 4AMS _ ./~ PhIO, 2AMS _ /NIZN!
Me™ e CH,Cl, 51 H,) CH,Cl,  CsH N H,
1.22 96% yield 1.23 Me Me 729 yield 124 Me Me
" 0 0
aci
. i PhthN
hyd:o|y5|s PhthNHN HNJ\O LeW|s/AIirignsted H HN)LO
—x— oK
CsHy1 Csthi™ M M
O Me Me AcO Me ©
1.25 1.26

entry additives?® conversion  entry additives® conversion

1 CeCly*7H,0 0% 7 Sc(0Tf); 100%®

2 NiCl*6H,0 0% 8 BF;OEt, 100%

3 Ti(O'Pr), 0% 9 TsOH 100%

4 ZnCl, 0% 10 Bi(OTf)3 96%°

5  Cu(OTf), 100%P 11 Bi(OTf)3 (0.2 equiv) 100%

6 InCl, 33% 12 Bi(OTf); (0.05 equiv) 100%

@ 1.0 equiv unless otherwise indicated. ® Complete conversion with
several side products. ¢ Isolated yield.

We postulated that the recalcitrance of the DASP to undergo hydrolysis might me a
consequence of inability of the nitrogen atoms to provide resonance stabilization to an
intermediate carbocation at C2. The relief of ring strain might render the heteroatoms better able
to stabilize this carbocation, thus facilitating the desired reaction. In this vein, the acetate-opened
DASP 1.26 was treated with a series of Lewis and Bronsted acids (Table 1.1). Weak Lewis acids,
including CeCls, Ti(O'Pr)4, and ZnCl (entries 1-4), gave no reaction, and the starting material
was recovered unchanged. InCls (entry 6) gave slow conversion to the desired product, while
Cu(OTf)and Sc(OTf)s (entries 5 and 7) yielded unidentified mixtures of products. BF3OEty,
TsOH, and Bi(OTf)3 (entries 8-12) all gave complete conversion of the starting material, with
Bi(OTf)s resulting in a 96% isolated yield of 1.25. Full conversion to the desired products was

subsequently observed with 0.2 and 0.05 equivalents of Bi(OTf)s.
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Table 1.2. Optimization and investigation of rearrangement.

o o}
PhthN-— I PhthNHN HNLO
H N (@] i -
N 7/ Acid =
CSH11 N CSH”
'_}\/Ie Me O Me Me
1.24 1.25
entry conditions conversion
1 Bi(OTf)3 (1.0 equiv) 0%
2 AcOH, then Bi(OTf)3 (0.05 equiv)? 100%
3 TMSCI, then Bi(OTf)3 (0.05 equiv)® 0%
4 AcSH, then Bi(OTf); (0.05 equiv)? 0%
5  CICH,CO,H, then Bi(OTf); (0.05 equiv) 100%
6 AcOH, then cat. TFOH 100%

7 AcOH at 35 °C, then Bi(OTf); (0.05 equiv)  100% (88%)"¢

@ 40 h reaction time. © The product was the ring-opened DASP.
€12 h reaction time. ¢ Isolated yield.

Bi(OTf)s was chosen to further optimize the conversion of the DASP 1.24 directly to 1.25
(Table 1.2). The addition of Bi(OTf)3 to the DASP directly (entry 1) did not promote the desired
reaction. Treatment of the DASP with AcOH, followed by addition of 5 mol % Bi(OTf)3 (entry
2), gave complete conversion of the DASP to 1.25; however the ring-opening with AcOH was
slow. Ring-opening of 1.24 with TMSCI, followed by treatment with the Lewis acid (entry 3),
gave only the chloride-opened product and none of the desired rearrangement product. The same
result was observed when thioacetic acid (entry 4) was employed as the nucleophile to open
1.24. These results suggested that the ester was playing an important role in promoting the
rearrangement, and indeed, treatment of 1.24 with chloroacetic acid and Bi(OTf)3z also promoted
the desired rearrangement (entry 5). We suspected that the role of Bi(OTf)3 might be simply to
generate small amounts of TfOH, and the addition of a catalytic amount of TfOH to 1.26 did
promote the desired rearrangement. In order to decrease the reaction time, the acetate-opening
reaction was conducted at 35°C, followed by the introduction of Bi(OTf); at room temperature

(entry 7) to give ketone 1.24 in 88% isolated yield over the one-pot, two-step reaction.
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Scheme 1.5. Scope of Rearrangement.

X i
R'NPhth
K<) § 20equiv AcoH, 3sec PhiREN HN)J\O
R 7/ 7 :
N (0 b “then 5 mol % Bi(OTf); R7 N7 In
H R2 R? THF & R R
1.24,1.27-1.33a 1.25,1.27-1.33b
PhiN i PhiN i PhtN 7 PhIN )OL
N
“NH HNJ\O “NH HNLO NH HF;IJ<O NH HN™ SO
C5H11 C5H11 C5H11
O Me Me O Me Me (0] (e}
1.25 96%7, 88%" 1.27b 90%? 1.28b 78%2 1.29b 60%"
PhtN j\ PhtN i PhtN 7 PhtN 0
t t
'NH HN O O 'NH HNJ\O “NH HNJ\O "NH HNJ\O
W B T w
(0] O Me Me o) O Me Me
1.30b 57%® 1.31b 65%3°¢ 1.32b 81%° 1.33b 77%"

aStarting material was acetate-opened DASP.*Starting material was DASP.
dr was 86:12; >95:5 in all other cases.

A variety of DASPs were converted to the corresponding 1,3-diaminated ketone products
(Scheme 1.5) using optimized reaction conditions. There was only a slight difference in yield
between the use of the DASP 1.24 or the ring-opened DASP 1.26. DASPs formed from Z
bicyclic methylene aziridines also underwent the desired rearrangement with high
stereoselectivity. The stereospecificity of the reaction is illustrated by a comparison of the 1,3-
diaminated ketone 1.25, obtained in 88% yield from the rearrangement of a DASP 1.24 derived
from an E-methylene aziridine, with the distinct product ketone 1.27b, obtained in 90% yield
from the rearrangement of a DASP formed from a Z-methylene aziridine. The rearrangement was
not affected by the absence of alkyl substitution in the tether (1.29b-1.30b, 1.32b) or limited to
the formation of six-membered rings, as a five-membered ring product 1.28b was obtained in

78% vyield. The dr of the two nitrogen-bearing stereocenter was greater than 19:1 in most cases.
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Not surprisingly, if the product was allowed to remain under the acidic conditions for extended

periods of time, significant isomerization to a mixture of diastereomers did occur.
Scheme 1.6. One-pot conversion of homoallenic carbamates to 1,3-diamino-2-ones.

H H 1a) Rhy(TPA),, PhlO 0]

o
1b) PhthNNH,, PhIO M
——t oA bt PAIANHN N0

C5H11 //T/ NH2
R % 1d) 5 mol% Bi(OTf); CsHy

THF, 35°C o RR
122 R=Me 125 35% dr>9:1
134 R=H 1.32b 38% dr>9:1

We were pleased to find that the conversion of allenic carbamates 1.22 and 1.34 to the resulting
1,3-diaminated ketones could be achieved in a single pot (Scheme 1.6). Although the yields were
only moderate (approximately 80% per chemical step), the reaction introduces significant
complexity into a simple, easily accessed substrate. The major loss in yield occurs in the first
allene aziridination, where the formation of the Z-methylene aziridine competes with that of the
desired E methylene aziridine. The Z-methylene aziridine reacts much more slowly in the
subsequent reactions and can be easily separated from the final desired product. The
diastereoselectivity of the isolated products in the one-pot process was greater than 19:1,
comparable to the dr observed in the stepwise conversion of the isolated DASPs to ketones 1.25

and 1.32b.

One convenient advantage of this methodology arises as a result of the ability to transfer
the axial chirality of an enantioenriched allene to the 1,3-diaminated products. To test the fidelity
of this transfer, an enantioenriched DASP 1.36 was synthesized in six steps from the
commercially available enantioenriched propargyl alcohol 1.35. The enantioenriched DASP 1.36
was subjected to the reaction conditions for the rearrangement to 1.37 (Scheme 1.7). No

degradation of the enantiopurity was indicated by chiral HPLC.
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Scheme 1.7. Maintenance of enantioenrichment in rearrangement.
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1.5. Stereoselective Reduction of 1,3-diamino-2-ones to 1,3-diamino-2-ols.

The next challenge was to develop a stereocontrolled reduction of the ketone (Scheme
1.8). This task presented two difficulties. First, the phthalimide moiety was also sensitive to
reduction conditions. Secondly, the two stereocenters flanking the ketone might exert competing
influence on the stereochemistry of ketone reduction. Several conditions for the reduction were
examined. Not surprisingly, NaBH3CN failed to reduce the ketone, while Zn(BH4)., NaBH4 and
LiAIH4 gave complex mixtures of products, presumably due to reduction of the phthalimide
and/or carbamate moieties.  Gratifyingly, the portionwise addition of sodium
triacetoxyborohydride over 18 hours to a solution of the ketone in CH2Cl, gave the 1,3-diamino-
2-ol 1.38 in 70% yield and 9:1 dr. Performing the reduction in THF gave a 70% yield of product,

but only a 3:1 dr.
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Scheme 1.8. Stereoselective reduction of the 1,3-diamino-2-one.

i 5 23
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Ar = p-nitrobenzoate

To establish the relative stereochemistry of the stereotriad, the 1,3-diamino-2-ol was
treated with an excess of p-nitrobenzoyl chloride to give crystalline 1.39. X-ray crystallography
of this compound unambiguously demonstrated a 1,2-anti/2,3-syn relationship among the
substituents. It was not clear on this basis which aspects of substrate structure controlled the
diastereoselectivity of the reduction, so several related compounds were investigated (Scheme
1.9). Reduction of ketones with varied alkyl substituents at C3 gave similarly high
diastereoselectivity, with dr of 9:1 (1.40, 1.41). However, when a substrate lacking geminal
dimethyl groups in the ring was subjected to the reduction conditions, a dr of only 1.7:1 was

observed (1.42).

Scheme 1.9. Reduction of 1,3-diamino-2-ones to provide 1,3-diamino-2-ols.

i X
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PhthNHN HNJ\O PhthNHN HNJ\O PhthNHN HNJ\O PhthNHN HNJ\O
C5H11 iBU 02H5 CsH11
HO Me Me HO Me Me HO Me Me HO H H

1.38 70% dr 9:1 1.40 66% dr 9:1 1.41 57% dr 9:1 1.42 65% dr 1.7:1
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This result suggests that the C1 stereocenter is the primary controlling element in the
stereoselectivity of the reduction, and is easily rationalized with a Felkin-Anh model. When
geminal dimethyl groups are present in the carbamate ring, the large steric difference between
the quaternary carbon and the nitrogen of the carbamate likely favors conformation 1.42 (Figure
1.2), leading to high diastereoselectivity. In contrast, when the dimethyl groups are removed,
there is little steric differentiation between the two substituents. Therefore, conformations 1.43
and 1.44 are similar in energy, and little selectivity is observed. The observed selectivity is also
consistent with Cram-type chelation involving the C1-bound nitrogen. However, more electron-
rich C3 nitrogen would likely be a stronger chelator, and is predicted to give the opposite

stereochemical outcome.

Figure 1.2. Felkin-Anh model applied to reduction of 1,3-diamino-2-ones.

Ji§ Ji§
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O RR HO R R
R =Me, H
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z —_— CMe z
/GP— 2
CsH»]»]W A C5H11W
O Me Me HO Me Me
1.25 1.38
Ji§ Ji§
PhthNHN  HN O HNQ (O\/CHZ PhthNHN HN O
2 - JD—CH, === HN— - -
CsHy4 /I(-i R & OH CsHyq
O HH H 1.45 H HO HH
1.32b 1.44 : 1.42

1.6. Possible mechanism of rearrangement of DASPS.

While detailed mechanistic studies of the rearrangement were not undertaken, a

mechanism consistent with the observed stereochemical outcome of the reaction is easily
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envisioned (Scheme 1.10). In the proposed mechanism, Lewis acid binding to the more electron-
rich of the two nitrogens (1.47) leads to ring-opening of that aziridine to give iminium
intermediate 1.48. Attack of the lone pair electrons of the carbonyl oxygen provides a cyclic
N,O-aminal 1.49, which undergo 1,2-migration of the nitrogen atom to give an oxocarbenium
intermediate suitable for hydrolysis. This mechanism accounts for both the observed
stereochemical outcome and the necessity of using an acetate-opened DASP for the

rearrangement.

Scheme 1.10. Proposed mechanism for rearrangement of acetate-opened DASPs to 1,3-diamino-

2-0ones.
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1.7 Conclusions.

A stereoselective method for the synthesis of 1,3-diamino-2-ols from homoallenic
carbamates has been developed, serving as the first example of the “electrophile/nucleophile”
strategy for the functionalization of bicyclic methylene aziridines. Ring opening of a 1,4-
diazaspiro-[2.2]-pentane, followed by Bi(OTf)s-catalyzed rearrangement, yields a 1,3-diamine,
which can undergo stereoselective reduction to provide a 1,2-anti/2,3-syn relationship among the

substituents. Substrate control of the stereoselectivity of the reduction limits the scope of the
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methodology, but also provides insight into the means of stereocontrol. While application of this

methodology to the synthesis of biologically active targets was considered, the substrate

requirements for attaining high diastereoselectivity and the presence of the recalcitrant N-

aminophthalimide moiety dissuaded us from these pursuits. Instead, the limitations of this

methology and the desire to access the desired motifs more directly led to the development of a

second generation synthesis.
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1.9 Experimental Details and Characterization.

1.9.1. General Experimental Information.

All glassware was either oven-dried overnight at 130 °C or flame-dried under a stream of dry
nitrogen prior to use. Unless otherwise specified, reagents were used as obtained from the
vendor without further purification. Tetrahydrofuran and diethyl ether were freshly distilled
from purple Na/benzophenone ketyl. Dichloromethane, acetonitrile and toluene were dried over
CaH: and freshly distilled prior to use. All other solvents were purified in accordance with
“Purification of Laboratory Chemicals”.? Analytical thin layer chromatography (TLC) was
performed utilizing pre-coated silica gel 60 F2s4 plates containing a fluorescent indicator, while

preparative chromatography was performed using SilicaFlash P60 silica gel (230-400 mesh) via



19

Still’s method.?> Unless otherwise stated, the mobile phases for column chromatography were
mixtures of hexanes/ethyl acetate. Columns were typically run using a gradient method,
beginning with 100% hexanes and gradually increasing the polarity using ethyl acetate. Various
stains were used to visualize reaction products, including p-anisaldehyde, KMnOg, ceric
ammonium nitrate and phosphomolybdic acid in ethanol stain.

'H NMR and *C NMR spectra were obtained using Bruker-300, Varian Inova-500, Varian
Unity-500 or Varian Inova-600 NMR spectrometers. For *H NMR, chemical shifts are reported
relative to residual protiated solvent peaks (6 7.26, 2.49, 7.15 and 4.80 ppm for CDCls,
(CD3)2S0, CsDg and CD30D respectively). *C NMR spectra were measured at either 125 MHz
or 150 MHz on the same instruments noted above for recording *H NMR spectra. Chemical
shifts were again reported in accordance to residual protiated solvent peaks (& 77.0, 39.5, 128.0
and 49.0 ppm for CDCls, (CD3)2SO, CeDs, and CD30D, respectively). IR spectral data were
obtained using a Bruker Vector 22 spectrometer using either a thin film or an ATR adapter.
Melting points were obtained with a Mel-Temp Il (Laboratory Devices, Inc.) melting point
apparatus. High-pressure liquid chromatography (HPLC) analyses were performed at 224 and
254 nm using Shimadzu HPLC, Model LC-20AB. An AD-H column (4.6 um diameter x 258
mm) at a temperature of 40 °C was employed, using a flow rate of 1 mL/min and a gradient
starting at 10% isopropanol in hexanes for 10 min and increasing to 30% isopropanol in hexanes.
The eluant was then held at 30% isopropanol in hexanes until the run was completed. Accurate
mass measurements were acquired at the University of Wisconsin, Madison using a Micromass
LCT (electrospray ionization, time-of-flight analyzer or electron impact methods). The NMR
and Mass Spectrometry facilities are funded by the NSF (CHE-9974839, CHE-9304546, CHE-

9208463, CHE-9629688) and the University of Wisconsin, as well as the NIH (RR08389-01).
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1.9.2. Synthesis of 1,4-Diazaspiro[2.2]pentane Substrates.

The following compounds were prepared according to procedures reported in a previous

publication: 1.22, 1.23, 1.24, 1.26, 1.27a, 1.29a, 1.31a, 1.32a.1°

General Procedure. To a mixture of the allenic carbamate (1.0 mmol, 1.0 equiv), Rh2(TPA)4 or
Rhoesp; catalyst (0.025 mmol, 0.025 equiv) and 4A molecular sieves (500 mg), 10 mL of dry
dichloromethane was added. The solution was allowed to stir 10 min to achieve uniformity and
PhIO (2.0 mmol, 2.0 equiv) was added in a single portion. The solution was monitored by TLC
until complete consumption of the carbamate starting material was indicated, typically 2-4 h. The
mixture was then cooled to 0 °C and treated with N-aminophthalimide (1.5 mmol, 1.5 equiv) and
dry potassium carbonate (3.5 mmol, 3.5 equiv), followed by PhIO as the oxidant (1.6 mmol, 1.6
equiv). The resulting light yellow slurry was allowed to warm slowly to rt and monitored
carefully by TLC. When reaction was complete, the dichloromethane was removed under
reduced pressure on a vacuum line, the residue diluted with EtOAc and the organics decanted.
The residual salts were washed two more times with EtOAc and the volatiles removed under
reduced pressure on a vacuum line. A silica gel column was packed using 99.5:0.5
hexanes/triethylamine, followed by flushing with four column volumes of hexanes prior to
loading the sample onto the column to improve the separation and prevent the decomposition of
sensitive DASPs. The residue was loaded onto the column and eluted using a hexanes/ethyl
acetate gradient. Phenyl iodide eluted first from the column, followed by unreacted MA (if
present), then  the  desired  1,4-diazaspiro[2.2]pentane(s) and  finally, N-
aminophthalimide/hydrolysis products and/or products arising from DASP ring-opening. The

DASPs were stored in a freezer at -20 °C. It was best to run NMRs in deuterated benzene if the
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sample was to be recovered, as any residual acid in the CDCIls caused decomposition of the

product.

H NPhth J\

73)

Compound 1.30a. The product was isolated in 20% overall yield as an off-white solid from the
corresponding allenic carbamate. The crude reaction mixture included C-H amination products
and unreacted Z methylene aziridine. *H-NMR: (499.9 MHz, CDCl3) & 7.78 (dd, J = 5.7, 3.1 Hz,
2H), 7.69 (dd, J = 5.7, 3.1 Hz, 1H), 4.59 (ddd, J = 13.4, 11.1, 1.6 Hz, 1H), 4.40 (ddd, J = 10.5,
3.8, 1.6 Hz, 1H), 4.02 (ddd, J = 8.6, 4.8, 0.6 Hz, 1H), 3.88 (dd, J = 9.1, 6.8 Hz, 1H), 2.45 (ddt, J
=14.7,6.7, 2.2 Hz, 1H), 2.13 (sep, J = 6.8 Hz, 1H), 1.74-1.62 (overlapping signals, 3H), 1.13 (d,
J=6.5Hz, 3H), 1.05 (d, J = 6.5 Hz, 3H). 3C-NMR: (125.7 MHz, acetone-ds) 5 164.58, 157.22,
134.35, 130.48, 122.84, 68.96, 66.73, 43.76, 42.34, 38.19, 26.19, 22.44, 22.17, 21.79. HRMS

ESI) m/z calculated for C1sH19N304 [M + H]" 342.1449, found 342.1455.
(

H NPhth )J\

ey
Compound 1.32a. The product was obtained in 31% overall yield as an off-white solid from the
corresponding allenic carbamate. Much of the remaining mass was unreacted Z methylene
aziridine. *H-NMR: (499.9 MHz, CDCl3) § 7.78 (dd, J = 5.4, 3.1 Hz, 2H), 7.69 (dd, J = 5.5, 3.0
Hz, 2H), 4.37 (d, J = 10.6 Hz, 1H), 4.26 (dd, J= 10.6, 3.2 Hz, 1H), 3.82 (d, J= 10.6 Hz, 1H), 3.70
(s, 1H), 2.27 (sep of t, J= 6.7, 2.1 Hz, 1H), 1.68 (ddd, J= 14.2, 8.6, 2.9 Hz, 1H), 1.50 (ddd, J=
14.5, 10.5, 4.3 Hz, 1H), 1.32 (s, 3H), 1.19 (d, J= 6.6 Hz, 3H), 1.06 (d, J= 6.6 Hz, 3H), 0.97 (s,

3H); 3C-NMR: (125.7 MHz, CDCls) § 167.97, 160.11, 136.97, 136.76, 133.14, 126.25, 125.87,
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80.68, 79.95, 79.69, 79.44, 67.67, 53.91, 47.32, 43.44, 32.29, 28.57, 26.76, 26.11, 24.72, 23.86;

HRMS (ESI) m/z calculated for C20H23N30sNa [M + Na]* 392.1581, found 392.1589.

1.9.3. Synthesis of Ring-Opened DASPs.

General Procedure for Acetic Acid DASP Ring Openings: The DASP was dissolved in
enough THF to prepare a 0.1 M solution and cooled to 0 °C. Glacial acetic acid (20.0-25.0
equivalents) was added dropwise to the reaction mixture over 2 min, ensuring that the reaction
temperature remained at 0 °C. The reaction was warmed to room temperature and monitored by
TLC until complete (24-36 h). After complete consumption of the starting material was
indicated by TLC, the reaction mixture was concentrated under reduced pressure and purified via
column chromatography (hexanes/ethyl acetate gradient) to afford the desired ring-opened DASP

as white solids.

0 O
H, 2 -
L o SZ
CsHy1 H ACO

Compound S1.1. To a mixture of the allenic carbamate® (1.0 mmol, 1.0 equiv), Rho(TPA)4 or
Rhoesp; catalyst (0.025 mmol, 0.025 equiv) and 4A molecular sieves (500 mg), 10 mL of dry
dichloromethane was added. The solution was allowed to stir 10 min to achieve uniformity and
PhIO (2.0 mmol, 2.0 equiv) was added in a single portion. The mixture was allowed to stir four
hours to ensure complete the methylene aziridine formation, then cooled to 0 °C. PhthNNH; was
added, followed by PhI(OAc). and K>COs. The mixture was stirred for 19 h and then was
concentrated under reduced pressure. The mixture was redissolved in EtOAc and decanted. The
residual salts were washed two more times with EtOAc, and the volatiles were removed under

reduced pressure. The residue was loaded onto a silica gel column and eluted using a
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hexanes/ethyl acetate gradient. The N, N-aminal 12 was obtained in 15% overall yield as a white
solid from the corresponding allenic carbamate (estimated 38% yield methylene aziridine
formation, 39% diaziridine formation and ring-opening). *H-NMR: (500.2 MHz, CDCls) § 7.82
(dd, J = 5.4, 3.2 Hz, 2H), 7.75 (dd, J = 5.4, 3.2 Hz, 2H), 6.47 (s, 1H), 4.63 (dd, J = 9.2, 3.0 Hz,
1H), 4.44 (t, J = 8.6 Hz, 1H), 3.88 (dd, J = 8.4, 3.0 Hz, 1H), 3.66 (t, J = 6.5 Hz, 1H), 1.99 (s,
3H), 1.78-1.59 (m, 4H), 1.44-1.34 (m, 4H), 0.93 (t, J = 6.8 Hz, 3H). 3C-NMR: (125.7 MHz,
CDCls) 6 170.33, 165.69, 159.73, 134.70, 130.21, 123.67, 74.74, 65.66, 56.25, 53.43, 31.64,
28.93, 26.22, 22.59, 20.84, 14.17. HRMS (ESI) m/z calculated for CzoH23N3O0s [M + Na]*

424.1480, found 424.1495.

1.9.4. Rearrangements of Ring-Opened DASPs to 1,3-Diaminated Ketones.

General Procedure for Rearrangements of Ring-Opened DASPs to 1,3-Diaminated
Ketones: The ring-opened DASP was dissolved in enough THF to prepare a 0.1 M solution and
0.05 equivalents of Bi(OTf)s were added. The reaction was monitored by TLC and was generally
completed in 3-4 h. The reaction was quenched with deionized H>O and the mixture was
extracted with EtOAc, dried over Na>SOa, concentrated under reduced pressure and immediately

purified via column chromatography to afford the desired 1,3-diaminated ketones as white solids.

General Procedure for One-pot Ring-Opening/Rearrangements of DASPs to 1,3-
Diaminated Ketones. Procedure A: The DASP was dissolved in enough THF to prepare a 0.1
M solution and cooled to 0 °C. Glacial acetic acid (20.0-25.0 equiv) was added dropwise to the
reaction mixture over 2 min, ensuring that the reaction temperature remained at 0 °C. The
reaction was warmed to room temperature and brought to reflux at 35 °C. For some substrates, a
DASP decomposition product was formed upon heating and reactions were conducted at room

temperature. Reactions were monitored by TLC and, upon completion, the reaction was cooled
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to room temperature and 0.05 equiv Bi(OTf)s was added to the mixture. The reaction was
monitored by TLC and was generally completed in 3-4 h. The reaction was quenched with
deionized H20 and the mixture was extracted with EtOAc, dried over Na>SOas, concentrated
under reduced pressure and immediately purified via column chromatography to afford the

desired 1,3-diaminated ketones as white solids.

Procedure B: For some substrates, a mixture of diastereomers was observed when
rearrangements were conducted in the presence of acetic acid. The DASP was dissolved in
enough THF to prepare a 0.1 M solution and cooled to 0 °C. Glacial acetic acid (20.0-25.0
equiv) was added dropwise to the reaction mixture over 2 min, ensuring that the reaction
temperature remained at 0 °C. The reaction was warmed to room temperature and brought to
reflux at 35 °C. For some substrates, a DASP decomposition product was formed upon heating
and reactions were conducted at room temperature. Reactions were monitored by TLC and,
upon completion, were cooled to room temperature and quenched with NaHCOs3. The resulting
mixture was extracted with EtOAc, washed with H20, dried over Na.SO4 and concentrated under
reduced pressure. The resulting mixture was redissolved in enough THF to form a 0.1 M
solution, and 0.05 equivalents Bi(OTf)s: were added. The reaction was monitored by TLC and
was generally completed in 3-4 h. The reaction was quenched with deionized H20 and the
reaction mixture was extracted with EtOAc, dried over Na>SOs, concentrated under reduced
pressure and immediately purified via column chromatography to afford the desired 1,3-

diaminated ketones as white solids.

PhthN . )J\

NH HN™ YO

CsHy4
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Compound 1.25. The product was obtained in 96% yield as a white solid from the ring-opened
DASP 1.26 using general procedure A.° *H-NMR: (300.1 MHz, acetone-ds ) & 7.89-7.83 (m,
4H), 6.71 (br s, 1H), 5.72 (d, J = 4.8 Hz, 1H), 4.43 (d, J = 2.4 Hz, 1H), 4.20 (g, J = 5.4 Hz, 1H),
4.04 (d, J = 11.4 Hz, 1H), 3.89 (d, J = 11.4 Hz, 1H), 1.86-1.71 (m, 1H), 1.68-1.54 (m, 1H), 1.54-
1.42 (m, 1H), 1.38-1.24 (overlapping multiplet and singlet, 8H), 1.04 (s, 3H), 0.92-0.85 (m, 3H).
13C-NMR: (125.7 MHz, CDCls) § 206.15, 166.68, 152.97, 134.60, 129.88, 123.71, 77.31, 77.16,
77.06, 76.80, 75.22, 66.37, 65.63, 31.71, 31.69, 29.55, 26.48, 25.34, 23.43, 22.38, 19.29, 13.95.

HRMS (ESI) m/z calculated for [C21H27N3Os + Na*] 424.1843, found 424.1843.

o}
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Compound 1.27b. The product was obtained in 90% vyield (average of two runs) from DASP
1.27a general procedure A. 'H-NMR: (499.9 MHz, CDCls) & 7.83 (dd, J = 5.4, 3.0 Hz, 2H),
7.76 (dd, J = 5.4, 3.0 Hz, 2H), 6.17 (br s, 1H), 5.06 (br s, 1H), 4.66 (d, J = 1.7 Hz, 1H), 4.00 (d, J
= 10.9 Hz, 1H), 3.90 (d, J = 10.9 Hz, 1H), 3.65 (td, J = 6.7, 5.0 Hz, 1H), 1.80-1.57 (m, 2H),
1.40-1.24 (overlapping singlet and multiplets, 9H), 0.99 (s, 3H), 0.89 (t, J = 6.9 Hz, 3H). 3C-
NMR: (125.7 MHz, CDClz) 6 206.10, 166.92, 134.93, 129.96, 124.05, 74.39, 68.28, 65.26,
31.88, 31.59, 28.25, 26.06, 24.73, 22.61, 20.39, 14.15. HRMS (ESI) m/z calculated for

[C21H27N30s + Na*] 402.2024, found 402.2030.

o)
PhthN
NH HNJ(O

CsHyq
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Compound 1.28b. The product was obtained in 78% yield from ring-opened DASP S1.1 using

general procedure B. *H-NMR: (500.2 MHz, CDCls3) § 7.85 (dd, J = 5.6, 3.1 Hz, 2H), 7.77 (dd, J
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= 5.6, 3.1 Hz, 2H), 7.05 (s, 1H), 5.01 (dd, J = 9.5, 5.6 Hz, 1H), 4.95 (d, J = 5.6 Hz, 1H), 4.62 (t, J
= 9.5 Hz, 1H), 4.47 (dd, J = 9.5, 5.6 Hz, 1H), 3.83 (q, J = 6.4 Hz, 1H), 1.80-1.70 (m, 2H), 1.42-
1.28 (m, 6H), 0.91-0.86 (m, 3H). C-NMR: (125.7 MHz, CDCl3) § 208.93, 169.35, 161.58,
137.48, 132.39, 126.55, 69.99, 68.89, 59.71, 34.23, 32.07, 27.92, 25.00, 16.57. HRMS (ESI) m/z

calculated for C1gH21N30s [M+H*] 360.1554, found 360.1549.

o
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Compound 1.29b. Obtained in 60% yield from DASP 1.29a as an off-white solid using general
procedure B. *H-NMR: (499.9 MHz, CDCl3) & 7.85 (dd, J = 5.5, 3.1 Hz, 2H), 7.77 (dd, J = 5.5,
3.1 Hz, 2H), 7.31-7.27 (m, 2H), 7.22-7.18 (m, 3H), 6.25 (br s, 1H), 5.06 (d, J = 6.2 Hz, 1H), 4.56
(ddd, J = 7.5, 6.0, 1.9 Hz, 1H), 4.26 (ddd, J = 7.1, 3.9, 2.6 Hz, 2H), 3.97 (g, J = 6.2 Hz, 1H), 2.82
(t, J = 7.7 Hz, 2H), 2.25 (m, 1H) 2.16-1.99 (m, 3H), ¥C-NMR: (125.7 MHz, CDCls) § 208.87,
169.21, 137.41, 132.45, 131.38, 131.22, 129.21, 126.51, 79.93, 79.68, 79.42, 79.20, 79.10, 68.08,
67.40, 59.05, 34.85, 34.42, 32.98, 26.17. HRMS (ESI) m/z calculated for C22H21N305 [M+H"]

408.1554, found 408.1554.
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Compound 1.30b. The product was obtained in 77% yield from DASP 1.20aas a white solid
using general procedure A. *H-NMR: (499.9 MHz, CDCls) § 7.84 (dd, J = 5.5, 3.0 Hz, 2H), 7.76
(dd, J = 5.5, 3.0 Hz, 2H), 6.91 (br s, 1H), 5.11 (d, J = 4.9 Hz, 1H), 4.24 (d, J = 1.3 Hz, 1H), 4.10
(ddd, J =10.8, 6.0, 5.1 Hz, 1H), 3.98 (s, 2H), 1.87 (sep, J = 6.6 Hz, 1H), 1.55 (ddd, J = 14.1, 7.0,

6.3 Hz, 1H), 1.50 (ddd, J = 14.1, 7.0, 6.3 Hz, 1H), 1.21 (s, 3H), 1.00 (s, 3H), 0.96 (d, J = 6.6 Hz,
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6H). 3C-NMR: (125.7 MHz, CDCls) § 208.82, 169.32, 155.44, 137.33, 132.48, 126.46, 79.93,
79.89, 79.68, 79.42, 78.05, 73.28, 68.42, 67.10, 40.98, 34.42, 27.08, 25.96, 25.51, 24.96, 21.93.

HRMS (ESI) m/z calculated for C20H25N30s [M+H™] 390.2024, found 390.2032.

PhthN j)\
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Compound 1.31b. The product was obtained in 65% vyield as a yellow solid from ring opened
DASP 1.31a using general procedure B. *H-NMR: (299.9 MHz, acetone-dg) & 7.89 (s, 4H), 6.13
(d, J = 6.2 Hz, 1H), 6.04 (br s, 1H), 5.22 (dd, J = 2.2, 0.7 Hz, 1H), 4.38 (ddd, J = 11.1, 6.2, 4.9
Hz, 1H), 4.08 (g, J = 7.1 Hz, 2H), 4.01 (d, J = 11.0 Hz, 1H), 3.90 (d, J = 11.0 Hz, 1H), 3.00-2.82
(m, 2H), 1.38 (s, 3H), 1.20 (t, J = 7.1 Hz, 3H), 1.05 (s, 3H). 3C-NMR (75.4 MHz, acetone-ds) &
206.83, 171.19, 167.35, 152.19, 134.88, 130.50, 123.49, 73.79, 64.29, 62.76, 60.47, 33.21, 31.05,
23.74, 19.30, 13.75. HRMS (ESI) m/z calculated for C2H23N307 [M+Na*] 440.1429, found

440.1440.
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Compound 1.32b. The product was obtained in 89% yield from the corresponding ring-opened
DASP® and in 81% from the DASP 1.32a as a white solid using general procedure A. *H-NMR
(300 MHz, CDCls), 5 7.86 (m, 4H), 6.39 (br s, 1H), 4.90 (d, J= 4.7 Hz, 1H), 4.76 (ddd, J =7.5,
5.5, 1.8 Hz, 1H), 4.33 (dd, J = 5.5, 5.5 Hz, 2H), 3.90 (m, 1H), 2.39 (m, 1H), 2.05 (m, 1H), 1.74
(m, 2H), 1.33 (m, 6H), 0.90 (m, 3H). C-NMR (75.4 MHz, CDCl3) & 206.55, 166.77, 153.46,
134.86, 129.99, 123.95, 66.88, 65.00, 56.14, 31.73, 30.69, 25.65, 23.72, 22.54, 14.12. HRMS

(ESI) m/z calculated for C19H23N3Os [M+H*] 374.1711, found 374.1711.
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Compound 1.33b. The product was obtained in 57% yield from DASP 1.33a as a white solid
using general procedure B. 'H-ONMR: (499.9 MHz, CDCls) § 7.85 (dd, J = 5.5, 3.4 Hz, 2H),
7.78 (dd, J = 5.5, 3.4 Hz, 2H), 6.27 (br s, 1H), 4.87 (d, J = 3.9 Hz, 1H), 4.83 (ddd, J = 7.7, 5.6,
1.8 Hz, 1H), 4.38-4.29 (m, 2H), 3.96 (td, J = 7.5, 3.1 Hz, 1H), 2.42 (dtd, J = 13.9, 5.6, 4.5 Hz,
1H), 2.07-1.99 (m, 1H), 1.85 (sep, J= 6.9 Hz, 1H), 1.66-1.55 (m, 2H), 0.99 (d, J = 6.7 Hz, 3H),
0.98 (d, J = 6.7 Hz, 3H). 3C-NMR: (125.7 MHz, CDCls) § 206.62, 166.46, 153.00, 134.75,
129.74, 123.84, 77.25, 76.99, 76.74, 76.50, 65.61, 64.73, 55.62, 39.63, 25.00, 23.92, 22.75,

22.16, -0.04. HRMS (ESI) m/z calculated for C1sH21N30s [M+Na*] 382.1374, found 382.1374.

General Procedure for the One-Pot Oxidation of Allenes to 1,3-Diaminated Ketones: To a
mixture of the allenic carbamate (1.0 mmol, 1.0 equiv), Rh2(TPA)s or Rhoesp, catalyst (0.025
mmol, 0.025 equiv) and 4A molecular sieves (500 mg), 10 mL of dry dichloromethane was
added. The solution was allowed to stir 10 min to achieve uniformity and PhlO (2.0 mmol, 2.0
equiv) was added in a single portion. The solution was monitored by TLC until consumption of
the carbamate starting material, typically 2-4 h. The mixture was then cooled to 0 °C and treated
with N-aminophthalimide (1.5 mmol, 1.5 equiv) and dry potassium carbonate (3.5 mmol, 3.5
equiv), followed by PhlO as the oxidant (1.6 mmol, 1.6 equiv). The resulting light yellow slurry
was allowed to warm slowly to rt and monitored carefully by TLC. When reaction was complete,
the dichloromethane was removed under reduced pressure on a vacuum line, the residue diluted
with EtOAc and the organics decanted. The residual salts were washed two more times with
EtOAc and the volatiles removed under reduced pressure on a vacuum line. The mixture was

dissolved in enough THF to prepare a 0.1 M solution and cooled to 0 °C. Glacial acetic acid
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(20.0-25.0 equivalents) was added dropwise to the reaction mixture over 2 min, ensuring that the
reaction temperature remained at 0 °C. The reaction was warmed to room temperature. The
reaction was monitored by TLC and, upon completion, was quenched with NaHCO3. The
resulting mixture was extracted with EtOAc, washed with H>O dried over Na;SOs, and
concentrated under reduced pressure. The resulting mixture was redissolved in enough THF to
form a 0.1 M solution, and 0.05 equivalents Bi(OTf)s were added. The reaction was monitored
by TLC and was generally completed in 3-4 h. The reaction was quenched with deionized H.O
and the reaction mixture was extracted with EtOAc, dried over Na>SOs, concentrated under
reduced pressure and immediately purified via column chromatography (hexanes/ethyl acetate

gradient) to afford the desired 1,3-diaminated ketones as white solids.

1.9.5. Verification of the Transfer of Axial Chirality from the DASP 1.36 to the 1,3-
Diaminated Compound 1.37. The enantioenriched DASP 1.36 was prepared according to

literature procedure.®
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The enantioenriched propargyl alcohol was prepared according to literature procedure.* The
same procedure previously reported for the synthesis of racemic DASPs was used to prepare the
enantioenriched sample. High-pressure liquid chromatography (HPLC) analyses were performed

at 224 and 254 nm using Shimadzu HPLC, Model LC-20AB. An AD-H column (4.6 pm
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diameter x 258 mm) at a temperature of 40 °C was employed, using a flow rate of 1 mL/min and
a gradient starting at 10% isopropanol in hexanes for 10 min and increasing to 30% isopropanol
in hexanes. The eluant was then held at 30% isopropanol in hexanes until the run was
completed. The reaction for the conversion of 1.36 to 1.37 followed the general procedure and

the HPLC was run in the same manner as described above.

1.9.6. Reductions of 1,3-Diaminated Ketones.

General Procedure: The 1,3-diaminated ketone was dissolved in enough dichloromethane to
make a 0.01 M solution. Glacial acetic acid (5.0 equiv) was added and the mixture was allowed
to stir for 30 min. Portions of Na(OAc)3BH (3.0 equiv) were added at hourly intervals, and the
reaction was sonicated for 30 min after each addition. Typically, 6-7 portions were required to
bring the reaction near completion, while further additions had little effect on yield. The reaction
mixture was quenched with saturated NaHCOg, extracted with dichloromethane, and purified via
column chromatography (hexanes/ethyl acetate gradient) to yield the desired 1,3-diaminated

alcohol.
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Compound 1.38. Obtained as a white powder from diaminoketone 1.25 in 70% vyield as a 9:1
mixture of diastereomers. H-NMR: (499.9 MHz, acetone-ds) & 7.88 (s, 4H), 7.09 (s, 1H), 5.13
(d, J = 8.5 Hz, 1H), 4.31 (d, J = 6.9 Hz, 1H), 3.91 (d, J = 11.4 Hz, 1H), 3.88 (ddd, J = 8.7, 6.8,
2.0 Hz, 1H), 3.81 (d, J = 11.4 Hz, 1H), 3.46 (dd, J = 9.0, 2.1 Hz, 1H), 3.25 (tdd, J = 8.4, 5.5, 2.0
Hz, 1H), 1.84-1.75 (m, 1H), 1.61 (m, 1H), 1.51-1.42 (m, 1H), 1.38-1.22 (m, 5H), 1.20 (s, 3H),

1.15 (s, 3H), 0.85-0.81 (t, 3H). '3C-NMR: (125.7 MHz, acetone-ds) & 208.06, 207.90, 207.75,
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169.35, 154.87, 137.11, 133.15, 125.77, 76.74, 72.67, 64.56, 63.37, 34.61, 33.48, 32.16, 32.07,
32.01, 31.92, 31.86, 31.76, 31.61, 31.45, 31.30, 31.15, 28.34, 26.91, 25.00, 21.80, 16.04. HRMS

(ESI) m/z calculated for C21H20N3Os [M+H*] 404.2180, found 404.2175.
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Compound 1.39. The alcohol 1.38 (10.0 mg, 0.025 mmol, 1 equiv) was dissolved in 0.5 mL of
dichloromethane and treated with p-nitrobenzoyl chloride (91.6 mg, 0.50 mmol, 20 equiv) and
triethylamine (0.50 mmol, 20 equiv). The reaction mixture was stirred at rt for 48 h, then
quenched with 15% NaOH solution. The mixture was extracted with portions of
dichloromethane, the combined organics washed with brine, dried over Na,SO4 and the volatiles
removed under reduced pressure. The residue was purified twice by column chromatography
(hexanes/ethyl acetate gradient). The resulting solid was dissolved in a minimum amount of
ethyl acetate in a vial. The vial was placed inside a larger vial containing pentane; vapor

diffusion provided X-ray quality crystals of 1.39. The structure was verified by X-ray

crystallography (see below).

0

J

PhthNHl;l HN (0]
By~ Y
HO Me Me
Compound 1.40. The product was obtained as a white powder from the 1,3-diamino-2-one
1.33b in 66% yield as a 9:1 mixture of diastereomers. *H-NMR: (499.9 MHz, CDCl3) § 7.88 (dd,
J=55,3.1Hz, 2H), 7.76 (dd, J = 5.5, 3.1 Hz, 2H), 7.17 (br s, 1H), 4.70 (d, J = 8.8 Hz, 1H), 3.90

(d, J = 11.0 Hz, 1H), 3.83 (d, J = 11.0 Hz, 1H), 3.71 (ddd, J = 8.3, 5.9, 1.7 Hz, 1H), 3.41 (dd, J =
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8.9, 2.4 Hz, 1H), 3.33-3.26 (m, 1H), 1.95 (d, J = 6.0 Hz, 1H), 1.71-1.58 (m, 2H), 1.46-1.38 (m,
1H), 1.25 (s, 3H), 1.15 (s, 3H), 0.95 (d, J = 6.5 Hz, 3H), 0.83 (dd, J = 6.5 Hz, 3H). *C-NMR:
(125.7 MHz, CDCl3) § 169.51, 137.23, 132.68, 126.52, 79.93, 79.67, 79.42, 79.06, 78.97, 78.86,
78.05, 76.97, 73.99, 63.42, 61.75, 41.47, 33.64, 27.70, 27.54, 26.12, 24.72, 22.67. HRMS (ESI)

m/z calculated for [C21H27N3Os+H™] 404.2180, found 404.2175.

o

PhtN_ S

NH HN™ 0O

CoHs
o

Compound S1.2. Obtained as a white powder from the corresponding ring-opened DASP in
57% yield. tH-NMR: (299.9 MHz, CDCls) § 7.85 (m, 2H), 7.76 (m, 2H), 6.81 (br s, 1H), 5.08 (d,
1H), 4.21 (d, 1H), 4.03 — 3.94 (overlapping multiplets, 3H), 1.89-1.65 (overlapping multiplets,
2H), 1.23 (s, 3H), 1.04 (s, 3H), 1.02 (t, 3H); 13C NMR: (125.8 MHz, CDCl3) § 205.79, 166.85,
152.90, 134.89, 130.06, 124.01, 75.68, 67.81, 66.29, 32.12, 26.73, 23.51, 22.94, 19.39; HRMS

(ESI) m/z calculated for C1sH21N3Os [M+Na*] 382.1374, found 382.1371.

o} o}
PhtN PhtN_
"NH HNJ\O NH HN)LO
CsHi™ CsH
OH OH
A B

Compound 1.41. Obtained as an inseparable 1.7:1 mixture of diastereomers from compound
1.32b in 65% yield. 'H-MR: (500.2 MHz, CDCls) & 7.90-7.86 (m, 2H, B), 7.85-7.81 (m, 2H, A),
7.81-7.77 (m, 2H, B), 7.76-7.71 (m, 2H, A), 6.97 (d, J = 2.7 Hz, 1H, A), 6.04 (br s, 1H, B), 4.95
(d,J=8.4 Hz, 1H, A), 457 (d, J = 3.2 Hz, 1H, B), 4.36-4.25 (m, 2H A, 2H B), 4.18 (td, J = 12.1,
1.9 Hz, 1H, A), 3.99 (d, J = 1.9 Hz, 1H, B), 3.89-3.84 (m, 1H, A), 3.65-3.54 (m, 1H, A, 1H, B),
3.29 (d, J = 8.3 Hz, 1H, B), 3.19 (tdd, J = 3.0, 5.1, 8.1 Hz, 1H, A), 3.10 (dg, J = 3.0, 8.3 Hz, 1H,

B), 2.19-2.13 (m, 1H A, 1H B), 1.87-1.17 (m, 9H, A, 9H, B), 0.93 (t, J = 7.4 Hz, 3H, B), 0.83 (t,
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J =5.9 Hz, 3H, A); 3C NMR: (125.8 MHz, CDCl3) § 167.69, 167.22, 154.90, 153.92, 135.01,
134.65, 130.27, 130.01, 124.11, 123.85, 73.42, 72.49, 65.26, 64.51, 60.94, 60.37, 52.07, 51.85,
32.16, 31.99, 30.09, 26.52, 25.91, 25.86, 23.87, 23.30, 22.72, 14.21, 14.17; HRMS (ESI) m/z

calculated for C19H25N30s [M+H*] 376.1867, found 376.1874.



Chapter 2. Stereoselective Synthesis of 1,3-Diamino-2-ols via Aminohydroxylation of

Bicyclic Methylene Aziridines.

This chapter is adapted from work published previously:

Weatherly, C. D.; Guzei, I. A.; Schomaker, J. M. Eur. J. Org. Chem. 2013, 3667.
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2.1. Basic synthetic strategy.

To address the limitations inherent in the first generation synthesis, the direct
aminohydroxylation of bicyclic methylene aziridines was investigated as a route to N/O/N
stereotriads. This strategy required achieving a stereo- and regioselective aminohydroxylation to
form an N,O-aminal intermediate capable of selective rearrangement to a 1,3-diamino-2-one 2.3
(Scheme 2.1, top). Our previous reports demonstrated that the convexity of the bicyclic
methylene aziridine 2.1 structure rendered transformations of the exocyclic olefin highly
diastereoselective. Concurrent with the work described in this chapter, other group members
worked toward the development of diastereoselective dihydroxylation of bicyclic methylene
aziridines (Scheme 2.1, bottom); their early success in developing this transformation offered

further validation of the aminohydroxylation strategy.*

Scheme 2.1. Difunctionalizations of bicyclic methylene aziridines.

- )OJ\ - )OL
PgHN HN
aminohydroxylation PgHNW — 9 W
0 R R
H NJ\ o L rH J 0
_ 2.2 2.3

dihydroxylation

L R H ] o

2.2. Catalytic aminohydroxylation of olefins.

Achieving catalytic aminohydroxylation or oxyamination of olefins requires overcoming
inherent difficulties in entropy, diastereoselectivity, and regioselectivity. A suitable method for
oxyamination of methylene aziridines would delivery both the oxygen and nitrogen atoms

intermolecularly, and would provide the oxygen atom as an unprotected hydroxyl group. Though
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many oxyaminations of alkenes have been have been reported,? only the Sharpless method of

aminohydroxylation met these important criteria.>*

First disclosed in 1976, this method uses an osmium catalyst and chloramine salt in the
presence of water to transform an olefin to an N-protected amino alcohol. Several modifications
in procedure were subsequently reported, improving the scope of nitrogen sources and
operational efficiency. With the disclosure of the asymmetric variant, a mechanistic proposal was
offered for the transformation, based on analogy to the mechanism of the asymmetric
dihydroxylation reaction. In this proposal, two distinct catalytic cycles are thought to be
simultaneously operable, with the first cycle providing high enantioselectivity (Scheme 2.2, left),
and the second cycle providing low enantioselectivity (Scheme 2.2, right).?" In the first cycle, an
imidoosmium species 2.6 reacts with an olefin in a direct, formal [3+2] cycloaddition, or in a
formal [2+2] cycloaddition, followed by [1,2]-migration;?® each process yields osmium(VI)
azaglycolate 2.9. Reoxidation by a chloramine provides imidiotrioosmium (V1I11) glycolate 2.10.
Hydrolysis by water yields the aminohydroxylation product 2.12 and regenerates imidoosmium
species 2.6. Alternatively, addition of a second equivalent of the olefin leads into the second,
unselective cycle, forming bisazaosmium (V1) glycolate 2.11. Hydrolysis of this intermediate,
reported to be slow, also yields the aminohydroxylation product 2.13 with poor

enantioselectivity, and regenerates the osmium(V1) azaglycolate 2.9.



Scheme 2.2. Proposed mechanism of asymmetric aminohydroxylation.
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2.3. Optimization of aminohydroxylation of bicyclic methylene aziridines.
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It was envisioned that the racemic version of the aminohydroxylation could be applied to

allene-derived bicyclic methylene aziridines, with the convexity of the substrate promoting a

highly diastereoselective transformation. Due to its long-term stability and ease of synthesis,

methylene aziridine 2.14 was chosen as the primary substrate for the development of the

aminohydroxylation. Early experiments investigated the four major sets of conditions initially

disclosed by Sharpless. Using H20, and either tBuOH or CH3CN as co-solvents gave low yields

of the desired ketone and significant byproduct formation (entries 1 and 2). Switching the solvent

to benzene and employing BnEtsNBr as a phase transfer catalyst (PTC) gave low conversion, but

mainly to the desired product (entry 3). Increasing the temperature of the reaction gave 70%
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conversion, but only 25% yield of 2.15 (entry 4). Changing the solvent to chloroform gave the
product in both moderate conversion and yield (entry 5). This system was further optimized by
increasing the loading of the catalyst from 5 to 7.5 mol % to give full conversion of 2.14 and
81% vyield 2.15 (entry 6). The PTC was paramount to the success of the reaction, as its absence

(entries 7 and 8) gave no conversion to 2.15.

Table 2.1. Optimization of aminohydroxylation of methylene aziridines.

o)
o] cat. K,0sO,(OH), 8
H )J\ phase transfer catalyst AT NH HN™ "O

N™ O3 equiv Chloramine T or B
Hi1Cs solvent:H,0 (1:1), heat

H
20 h
214 Me Me

CsHy1
O Me Me

2.15,2.15a Ar=Tol, Ph

entry mol% cat. additive Chloramine solvent temp (°C) conversion yield?

1 5 none T '‘BUOH 55 100% 0%

2 5 none T CH3CN 23 70% 18%

3 5 BnEt;NBr T benzene 30 15% 12%

4 5 BnEt;NBr T benzene 45 70% 25%

5 5 BnEt;NBr T CHCl, 33 66% 60%

6 7.5 BnEt;NBr T CHCI; 33 100% 81%

7 7.5 none T CHCl, 33 50% 0%

8 7.5 (DHDQ),PHAL T CHCl, 33 0% 0%

9 7.5 (DHDQ),PHAL, T CHCl, 33 100% 43%P

BnEt;NBr

10 7.5 BnEt;NBr B CHCI; 33 100% 74%

1 75 BnEt;NCI B CHCI; 33 100% 79%

12 75 BnEt;NCI, B CHCl; 33 NA 0%
15 mol % pyridine

13 75 BnEt;NCI, B CHCl, 33 NA 0%
15 mol% TMEDA

4 75 BnEt;NCI, B CHCl3 33 NA 0%

"~ 8 mol% TMEDA
15 75 BnEt3NCI  BocNNaCl CHCl3 33 50% 33%

adr was > 19:1 unless noted.’dr was 3:1.

Further improvements to the reaction were investigated. Chloramine B could be used as
the nitrogen source to provide 2.15a in 74 and 79% vyield (entries 10 and 11), to provide a

product possessing a more labile protecting group. Additionally, BnEtzCl could be employed as
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the PTC with minimal effect on yield. This additive was somewhat easier to handle than the
corresponding bromide salt, and was used in subsequent transformations. Attempts to enhance
the reaction rate by using amine additives, including hydroquinidine 1,4-phthalazinediyl diether
[(DHDQ)2PHAL], pyridine, and N,N,N’,N’-tetramethyl-1,2-ethlenediamine (TMEDA), were
unsuccessful (Entries 8, 9, 12-14). The use of BocNNaCl as the nitrogen source (entry 15)

resulted in decreased conversion and yield.

Table 2.2. Solvent effects in the reduction of 1,3-diamino-2-ones.

% e L
Ph™ ">NH HN” YO NaBH, Ph™ ">NH HN” MO
: 2.15a p 2.16
2 solvent 2
CsHqym 3 1 CsHq{ 3 1
O Me Me H(:) Me Me
entry solvent yield dr
1lal CH,Cl, 83% 10:1
2[b] CHCI, 94% 10:1
3Ml THF 91% 5:1
4le] MeOH 87% 1:1

[a] Isolated yield. [b] NMR yield using a mesitylene internal standard.

With these conditions in hand, stereocontrol in the reduction of 1,3-diamino-2-one was
investigated. Whereas the previously synthesized diaminoketones possessed a sensitive
phthalimide moiety, limiting the possible conditions for reducing the ketone, these second
generation substrates could tolerate stronger reducing conditions. Indeed, reduction of 2.15a with
NaBH4 in CH2Cl> gave 1,3-diamino-2-ol 2.16 in excellent yield and diastereoselectivity (Table
2.2, entry 1). Attempts to conduct the aminohydroxylation and reduction in a single pot gave a
comparable overall yield, but a significant decrease in the dr (5:1 dr single pot, 10:1 dr two
pots). A series of reduction in solvents of differing polarities (entries 2-4) demonstrated that a
greater dr was obtained in less polar solvents. The relative 1,2-anti/2,3-syn stereochemistry of

2.16 was confirmed by X-ray crystallography of a derivative synthesized by condensation of
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2.16 with p-bromobenzoic acid in the presence of dicyclohexycarbodiimide (DCC) (see
Experimental Details below). As in the first generation synthesis, this stereochemistry, as well as
the observed solvent effects, are consistent with Felkin-Ahn control of the reduction by the C1

carbon.®

Table 2.3. Optimization of aminohydroxylation of aryl substituted methylene aziridines.

ji 3.1 eq. Chloramine Q

H 7.5mol % 0sO4  PgHN HN

N~ 0 J\O _
W 5 mol % Bn(Et);NCI W g.:g: Eg - gggph
P oH CHCIzH,0  Fh

217 Me Me 0O Me Me

entry Chloramine temp (°C) CHCI3:H,0 yield
1 Chloramine B 22 1:1 28% 2.18a
2 BocNNaCl 22 1:11 28% (37% brsm)@ 2.18b
3 BocNNaCl 30 1:1 47% 2.18b
4 CbzNNaCl 30 1:1 unidentified product
5 BocNNaCl 30 4:1 55% 2.18b

[a] Based on recovered starting material.

2.4. Optimization of aminohydroxylation of aryl-substituted methylene aziridines.

Further optimization of the reaction conditions was required for aminohydroxylation of
aryl-substituted methylene aziridines. When methylene aziridine 2.17 was subjected to the
aminohydroxylation conditions at room temperature with Chloramine B as the nitrogen source,
only 28% of the desired ketone product was obtained (Table 2.3, entry 1). The use of carbamate-
derived chloramine salt BocNaCl, common employed for the aminohydroxylation of styrenes,
slowed conversion, (Table 2.3, entry 2), giving 28% vyield and 37% vyield based on recovered
starting material at room temperature. Increasing the temperature to 30°C gave full conversion
and 47% yield of product (entry 3), while the use of CbzNaCl at 30°C gave full conversion to an
unidentified product. Adjustment of the solvent volume ratio to 4:1 CHCI3:H.O gave 55% yield
of ketone 2.18b. Less than 10% of the dihydroxylation products were observed; the remaining

mass balance consisting of decomposition products.
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Table 2.4. Re-optimization of the reduction of aryl-substituted ketones.

O O

BocHN HN (0] 6 eq. NaBH, BocHN HNJ\O
ome Me xH,0:CHCl3, 0.066M Hé ve Me
2.18b 2.19

entry | HyO:CHClg conversion® yield

1@ 0:100 100% 64%

2 1:10 28% 25%

3 1:4 62% 42%

4 1:1 84% 64%

5¢ 1:1 100% 88%

@Result was not reproducible.’Conversion and yield after
6 hours.°Reaction was sonicated.

Reduction of the resulting ketone also required re-optimization. Initially, the standard
conditions for reduction of 2.16 were applied, giving the product in 64% yield; however, these
results were irreproducible, giving no conversion of starting material in several attempts. It was
conjectured that the presence of water during workup might facilitate the reduction, as NaBH is
minimally soluble in CHCI3z. The reduction was therefore performed in biphasic mixtures of
CHCl3 and H>O (Table 2.4). A 10:1 mixture of CHCI3:H20O gave 25% vyield of the alcohol and
28% conversion after 6 hours. Increasing the amount of H2O improved conversion (entries 2-4).
Finally, sonication of the reaction mixture in 1:1 CHCIs:H2O for 6 hours gave the desired

product in 88% yield with >19:1 dr.

2.5. Scope of Aminohydroxylation/Reduction Sequence.

An important goal in developing this methodology was to successfully transform
substrates lacking the geminal dimethyl groups required for stereoselective reduction of first

generation substrates. However, difficulty in applying the aminohydroxylation stifled this
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Scheme 2.3. Aminohydroxylation and reduction of a methylene aziridine lacking geminal

dimethyl groups.

(0]
i std. P AP i
H>_<\JJ\)O conditons  Ph”" "NH HN™ ~0O 3 eq. NaBH, Ph”~ NH HN™ SO
— _ = - E—— -
CsH11 HS CsHy1 CH.Cl, CsHy1
220 0221 HO 20
35% 1.7: 1.0 dr, yield not obtained

investigation. When the standard aminohydroxylation conditions were applied to methylene
aziridine 2.20, only a 35% vyield of product was obtained, with much of the remaining mass
balance unidentifiable, possibly due to ring-opening by water (Scheme 2.3). Because of this low
yield, conditions for stereoselective reduction were not extensively investigated. Treatment of
ketone 2.21 with NaBH4 in CH,Cl> gave the alcohol 2.22 with only 1.7:1 dr. This result is again

consistent with the Felkin-Anh control of reduction described for the first generation synthesis.
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Table 2.5. Scope of aminohydroxylation/reduction of bicyclic methylene aziridines.

(0] cat. OsO, (0]
R2 N)J\O 5 mol % Bn(Et)sNCI PgHN HN)I\O
1 3.1 equiv Chloramine R2 : A
R"3 solvent:H,0, heat 1
H 20h R
Me Me oOMe Me
(@) (0]
PgHN )‘J\ o) HN)]\O
: HN O B c
NaBH, R2_
Ar=Ph, Tol g1
R' :
Hé Me Me OMe Me
entry R' R? Cond.  yield A? yield B
1 CgHyyH 214 A 79% 215 83%,10:1dr 2.16
2 H,CgHyy 223 A 60% 2.31a 83%, 10:1dr 2.31b
3 Bu, H 224 B 57%P 2.32a 94%, 10:1 dr 2.32b
4 TIPSO(CH,),, H2.25 B 50%bc 2.33a 94%,10:1dr 2.33b
5 Ph(CH,),,H 2.26 B 57% 2.34a 88%, 10:1 dr 2.34b
6 EtOC(O)CH,, H 227 B <5%7 2.35a 2.35b
7 Ph,H(Table3) 217 C 55%P 2.18b 88%, >19:1 dr 2.19
8 p-MePh,H 2.28 C 53%P 2.36a 88%, >19:1 dr 2.36b
9 p-FPh,H 229 C 52%P  2.37a 92%, >19:1 dr 2.37b
10 p-OMePh,H 230 C <5%9 2.38a - 2.38b

Condition A: aminohydroxylation: 7.5 mol % KyOsO,(OH),,
Chloramine T, 33 °C ; reduction: NaBH, in CH,Cl,. Condition B: amino-
hydroxylation: 10 mol % OsO,, Chloramine B, 37 °C; reduction:
NaBH, in CH,Cl,. Condition C: aminohydroxylation: 7.5 mol % OsOy,,
BocNNaCl, 30 °C; reduction: NaBH, in 1:1 CHCI3:H,O with sonication.
adr >19:1 for all substrates. °<10% dihydroxylation product observed.
°60% based on recovered starting material. “°No reaction upon heating
to 50 °C.

The scope of the aminohydroxylation/reduction of bicyclic methylene aziridines to 1,3-
diamino-2-ols was investigated for gem-dimethyl substituted substrates (Table 2.5). The reaction
was highly stereoselective and stereospecific, as E methylene aziridine 2.14 (Table 2.5, entry 1)
and Z isomer 2.23 (Table 2.5, entry 2) were shown to yield 1,3-diamino-2-ols 2.16 and 2.31b,
epimeric at C3. This relative stereochemistry of 2.31b was confirmed by X-ray crystallography
of a derivative, synthesized in the manner described above. The transformation tolerated
branching in the C3 alkyl group, silyl-protected alcohols, and remote aryl groups (entries 3-6).
Portionwise addition of the catalyst over several hours was found to improve the conversion and

yields of these reactions. For more electron-rich methylene aziridines (entries 3 and 4), trace
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amounts of overoxidized products ¢ were observed. Application of the conditions optimized for
phenyl-substituted substrate 2.17 to other aryl-substituted methylene aziridines gave moderate
yields of the desired products (Table 2.5, entries 4-9), although electron-rich 2.30 did not react,
even at increased temperature. The moderate yields of these reactions were offset by the high
yields and diastereoselectivity of the reduction, leading to rapid increases in stereochemical

complexity.

The excellent regioselectivity of the aminohydroxylation may be attributed to the
preference of the chloramine nitrogen atom to bind to the less substituted and/or more electron-
rich carbon atom of the methylene aziridine,® as the carbamate of the substrate likely serves as an
inductively electron-withdrawing group. The failure of two substrates, [-carboxyethyl-
substituted 2.27 and p-MeO-phenyl-substituted 2.30, to react in the aminohydroxylation supports
electronic control of both reactivity and regioselectivity (Figure 2.1). The former withdraws
electron density from the less-substituted C3 carbon atom of the reactive site, whereas the latter
donates electron density to the more substituted C2 position. In comparison, reactive methylene
aziridine 2.14 features a small partial positive charge at C2, and a small partial negative charge at

C3.

Figure 2.1. Electronic rationale for unreactive substrates.

Reactive: i Unreactive:
S 1
Hoo o ! H oo s
HEENTTO g GEENTTO
CsHyy 5 - 3
H . Et0° H
2.14 X 2.27

MeO
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2.6. Conclusions.

A second generation synthesis of 1,3-diamino-2-ols has been developed, employing an
Os-catalyzed aminohydroxylation of bicyclic methylene aziridines, and in situ rearrangement to
provide 1,3-diaminated ketones in moderate to good yields. Subsequent reduction of the ketones
with NaBH4 provides the 1,3-diamino-2-ols in excellent yield and diastereoselectivity. While this
methodology presents an improvement over the first generation synthesis in step efficiency, the
method continues to suffer limitations in substrate scope, requiring gem-dimethyl substitution in
the tether of the carbamate in order attain good yields and stereoselectivities. Nevertheless, this
method serves as an important validation of the 1,2-difunctionalization strategy for allene
functionalization discussed in Chapter 1. Additionally, many of compounds synthesized in
developing this methodology have been submitted to the UW Small Molecule Screening Facility
as part of the development of a library of novel compounds from University of Wisconsin-

Madison labs and are currently undergoing biological assay.
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2.8. Experimental Details and Characterization.

2.8.1. Preparation of Homoallenic Carbamates.

General procedure for the synthesis of homoallenic carbamates. The homoallenic alcohol
(between 0.5 g and 3.0 g, 1 equiv) was dissolved in dichloromethane (0.3 M) and placed in an ice
bath. Trichloroacetylisocyanate (1.2 equiv) was slowly added dropwise. The ice bath was
removed and the reaction stirred until TLC indicated complete consumption of the starting
material. The solvent was then removed and the crude reaction was dissolved in methanol (0.4
M). Potassium carbonate (0.5 equiv) was then added to the reaction and stirred at room
temperature until TLC indicated complete consumption of the starting material. Water was
added to the reaction and the mixture was extracted with three portions of dichloromethane. The
organic phase was dried with sodium sulfate and concentrated under reduced pressure. The

crude products were purified by silica gel column chromatography (0 = 30% EtOAc in hexanes,
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6% increments). All allenes were stored in a freezer prior to use. Other homoallenic carbamates

were prepared from their corresponding alcohols according to literature procedures.®

H

B O _NH,
'Bu
Me' pe o)

Compound S2.1. Obtained from the corresponding homoallenic alcohol as a clear oil in 86%
yield. H-NMR (500.0 MHz, CDCls) & 5.15 (q, J = 6.5 Hz, 1H), 5.05 (dt, J = 6.5, 2.3 Hz, 1H),
4.64 (br s, 2H), 3.86 (overlapping d, 2H), 1.98-1.82 (m, 2H), 1.66 (sep, J = 6.6 Hz, 1H), 1.04 (s,
6H), 0.92 (d, J = 6.6 Hz, 6H). *C-NMR § 125.7 MHz, CDCl3) § 202.85, 157.04, 97.60, 92.04,
73.26, 38.67, 35.42, 28.61, 24.95, 24.90, 22.37, 22.30. HRMS (ESI) m/z calculated for
C12H21NO, [M+H*] 212.1646, found 212.1640. IR (cm™) 3539, 3428, 2963, 2899, 2873, 1961,

1733, 1590, 1467, 1403, 1379, 1332, 1107, 1069.

H H 0

T|Pso\_)=-=$_/o—/<
Me NH;

Me

Compound S2.2. Obtained as a clear oil from the corresponding homoallenic alcohol in 49%
yield. *H-NMR: (300.1 MHz, CDCls) & 5.24 (q, J = 6.4 Hz, 1H), 5.07 (dt, J = 6.4, 3.1 Hz, 1H),
4.68-4.50 (br s, 2H), 3.86 (s, 2H), 3.74 (t, J = 7.0 Hz, 2H), 2.26 (qd, J = 7.0,3.1 Hz, 2H), 1.14-
0.99 (m, 27H); B3C-NMR: (75.4 MHz, CDCls) § 203.21, 157.20, 98.37, 90.13, 73.39, 63.47,
35.55, 33.11, 25.04, 18.24, 12.23; HRMS (ESI) m/z calculated for CigH37NO3Si [M+H]
356.2616, found 356.2622. IR: in CH2Cl,: 3535, 3424, 2968, 1728, 1585, 1454, 1399, 1378,

1331, 1271, 1068 cm™.
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Compound S2.3. Obtained from the corresponding homoallenic alcohol as a clear, colorless oil
in 75% yield. H-NMR: (299.9 MHz, CDCls) 6 7.32-7.23 (m, 2H), 7.22-7.14 (m, 3H), 5.25 (q, J
= 6.1 Hz, 1H), 5.09 (dt, J = 6.1, 3.1 Hz, 1H), 4.83-4.64 (br s, 2H), 3.84 (s, 2H), 2.72 (t, J = 7.4
Hz, 2H), 2.40-2.25 (m, 2H), 1.01 (s, 6H); C-NMR: (75.4 MHz, CDCls) § 157.29, 141.96,
128.65, 128.52, 126.07, 99.07, 92.92, 73.31, 35.60, 30.87, 25.04; HRMS (ESI) m/z calculated for
Ci6H21NO2 [M+H"] 260.1646, found 260.1656. IR: in CH.Cl, 3537, 3426, 2949, 1732, 1602,

1589, 1464, 1404, 1382, 1332, 1101 cm™,

\\H
_.—}/O\n/ NH2
M€ me 0

Compound S2.4. Obtained from the corresponding homoallenic alcohol as a yellow oil in 74%
yield. H NMR (500.0 MHz, CDCls) & 7.32-7.27 (m, 4H), 7.22-7.16 (m, 1H), 6.23 (d, J = 6.3 Hz,
1H), 5.55 (d, J = 6.3 Hz, 1H), 4.72 (br s, 2H), 3.95 (s, 2H), 1.13 (s, 6H). 3C NMR (125.7 MHz,
CDClIs) 6 203.79, 157.11, 134.72, 128.62, 126.91, 126.58, 102.37, 96.65, 72.94, 36.46, 24.98,
24.94. HRMS (ESI) m/z calculated for C14H17NO2> [M+NH4"] 249.1598, found 249.1593. IR

(cm™) 3534, 3424, 2971, 2931, 2873, 1949, 1734, 1584, 1510, 1403, 1378, 1333, 1108, 1071.

H

=—==__O._NH,
ngT

Compound S2.5. Obtained from the corresponding homoallenic alcohol as a yellow oil in 72%

yield. *H NMR (500.0 MHz, CDCls) § 7.22 (d, J = 7.7 Hz, 2H), 7.13 (d, J = 7.7 Hz, 2H), 6.23 (d,
J=6.2 Hz, 1H), 5.56 (d, J = 6.2 Hz, 1H), 4.91 (br s, 2H), 3.96 (s, 2H), 2.35 (s, 3H), 1.15 (s, 6H).
13C NMR (125.7 MHz, CDCls) § 203.50, 157.35, 136.69, 131.71, 129.36, 126.48, 102.26, 96.47,

72.97, 36.46, 24.98, 24.92, 21.19. HRMS (ESI) m/z calculated for CisHisNO2 [M+NH4']
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263.1755, found 263.1765. IR (cm™) 3537, 3424, 2971, 2933, 2873, 1950, 1735, 1605, 1585,

1516, 1473, 1403, 1381, 1331, 1109, 1071.

\\H
I
Me& Me O
F

Compound S2.6. Obtained from the corresponding homoallenic alcohol as a yellow oil in 78%

yield. 1H NMR (299.9 MHz) § 7.29-7.21 (m, 2H), 7.03-6.93 (m, 2H), 6.20 (d, J = 6.3 Hz, 1H),
555 (d, J = 6.3 Hz, 1H), 4.89 (br s, 2H), 3.94 (s, 2H), 1.12 (s, 6H). °C NMR (75.4 MHz,
CDCls) 5 204.33, 164.32, 161.05, 158.01, 131.47, 128.79, 116.48, 103.42, 96.50, 73.69, 37.26,

25.75. HRMS (ESI) m/z calculated for C14H16FNO2 [M+H"] 250.1238, found 250.1233.

2.8.2. Synthesis of Bicyclic Methylene Aziridines

The following methylene aziridines were prepared according to procedures described in chapter

1:2.14,2.23, 2.27.

General Procedure A for the Synthesis of Methylene Aziridines: A round-bottomed flask was
charged with AgOTf (0.20 equiv), 1,10-phenanthroline (0.25 equiv) and dry dichloromethane.
The mixture was allowed to stir 30 minutes, then an equal volume of a dichloromethane solution
of the allenic carbamate (1 equiv) was added to yield a solution that was 0.1 M in substrate. A
portion of 4 A powdered molecular sieves was added (four times the mass of substrate), and the
mixture stirred for 10 min. PhlO (2 equiv) was added and the reaction was monitored by TLC.
After full consumption of the starting material (2-4 h), the reaction was filtered through a
sintered glass funnel and concentrated under reduced pressure. The crude mixture was purified
via column chromatography (100 g SiO2/1 g crude material, hexanes/EtOAc) to give the

individual isomers of the desired product.
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General Procedure B for the Synthesis of Methylene Aziridines:

To a mixture of the allenic carbamate (1.0 equiv), Rha(TPA)4 or Rhoespz catalyst (0.025 equiv)
and 4A molecular sieves (1.1 times the mass of PhlO used), dry dichloromethane was added to
give a solution 0.1M in substrate. The solution was allowed to stir 10 min to achieve uniformity
and PhlO (2.0 equiv) was added in a single portion. The solution was monitored by TLC until
complete consumption of the carbamate starting material was indicated, typically 2-4 h. The
crude mixture was then purified via column chromatography (100 g SiO2/1 g crude material,

hexanes/EtOAC) to give individual isomers of the desired product.

O

A

N™ O

Phw

Me Me

Compound 2.17. Obtained as an off-white solid from the corresponding allenic carbamate using
general procedure B in 51% vyield as a single diastereomer. Mp 82-84 °C. *H NMR (300.1 MHz,
CeDs) 6 7.10-7.05 (overlapping m, 4H), 7.04-6.96 (m, 1H), 6.56 (d, J = 0.7 Hz, 1H), 3.52 (d, J =
10.6 Hz, 1H), 3.07 (d, J = 10.6 Hz, 1H), 2.66 (s, 1H), 0.46 (s, 6H). 3C-NMR (75.4 MHz, C¢Ds)
0 154.74, 131.42, 126.14, 116.46, 103.87, 101.18, 78.17, 48.67, 29.85, 23.66, 19.79. HRMS
(ESI) m/z calculated for CisH1sNO2 [M+NH4*] 247.1442, found 247.1443. IR (cm™) 2975,
2940, 2899, 2881, 1771, 1736, 1598, 1581, 1496, 1473, 1458, 1408, 1379, 1227, 1172, 1122,

1046, 1011.

o}

J

N™ O
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Me Me
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Compound 2.24. The product was synthesized using General Procedure A to give the methylene
aziridine in 85% yield and 2.5:1 E:Z mixture of isomers as a clear oil. E isomer: *H NMR (500.2
MHz, CDCl3) & 5.62 (t, J = 7.8 Hz, 1H), 4.25 (d, J = 10.5 Hz, 1H), 3.84 (d, J = 10.5 Hz, 1H),
3.15 (s, 1H), 2.08-1.96 (m, 2H), 1.72 (sep, J = 6.9 Hz, 1H), 1.27 (s, 3H), 0.93 (d, J = 6.9 Hz,
3H), 0.92 (d, J = 6.9 Hz, 3H), 0.90 (s, 3H). 13C NMR (125.8 MHz, CDCl3) & 156.35, 124.11,
103.24, 77.97, 48.85, 38.01, 29.77, 28.81, 24.29, 22.62, 22.32, 20.97. HRMS (ESI) m/z
calculated for C12H1oNO2 [M+NH4"] 210.1489, found 210.1479. IR (cm™) 3535, 3426, 2962,
2898, 2872, 2843, 1793, 1731, 1586, 1474, 1404, 1378, 1334, 1319, 1296, 1231, 1213, 1171,

1124, 1062.

Compound 2.28. Obtained from the corresponding allenic carbamate using general procedure B
in 54% yield as a single diastereomer as an off-white solid. Mp 85-86 °C. 'H NMR (299.9 MHz,
CDCl3) § 7.24 (d, J = 8.0 Hz, 2H), 7.15 (d, J = 8.0 Hz, 2H), 6.56 (s, 1H), 4.38 (d, J = 9.8 Hz,
1H), 3.87 (d, J = 9.8 Hz, 1H), 3.45 (s, 1H), 2.35 (s, 3H), 1.36 (s, 3H), 0.86 (s, 3H). *C NMR
(75.4 MHz, CDCIs) 6 155.73, 137.64, 131.42, 129.79, 126.21, 124.35, 105.19, 78.56, 49.06,
30.33, 24.18, 21.40, 19.99. HRMS (ESI) m/z calculated for C1sH17NO, [M+H"] 244.1333, found
244.1336. IR (cm™) 2958, 2929, 2874, 1736, 1516, 1473, 1407, 1377, 1325, 1215, 1200, 1170,

1122, 1043, 1024.
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Compound 2.29. Obtained as an off-white solid from the corresponding allenic carbamate using
general procedure B in 71% yield as a single diastereomer. *H NMR (300.1 MHz, C¢Ds) & 6.89-
6.81 (m, 2H), 6.72 (tt, J = 8.7, 1.7 Hz, 2H), 6.43 (s, 1H), 3.55 (d, J = 10.6 Hz, 1H), 3.10 (d, J =
10.6 Hz, 1H), 2.64 (s, 1H), 0.46 (s, 3H), 0.42 (s, 3H). 3C NMR (75.4 MHz, CeDs) & 163.86,
160.60, 154.19, 130.91, 125.59, 115.90, 115.61, 103.31, 77.61, 29.30, 23.11, 19.23. HRMS

(ESI) m/z calculated for C14H14NO2 [M+NH4"] 248.1082, found 248.1082.

O

M

N™ "O

Me Me
MeO
Compound 2.30. Obtained as an off-white solid from the corresponding homoallenic carbamate
using general procedure B in 60% yield as a single diastereomer. *H NMR (299.9 MHz) § 7.07
(dt, J = 8.9, 2.3 Hz, 2H), 6.73 (dt, J = 8.9, 2.3 Hz, 2H), 6.59 (s, 1H), 3.65 (d, J = 10.5 Hz, 1H),
3.31 (s, 3H), 3.18 (d, J = 10.5 Hz, 1H), 2.80 (s, 1H), 0.58 (s, 3H), 0.53 (s, 3H). 1*C NMR (75.4
MHz, CsDs) 6 159.93, 155.36, 127.81, 124.70, 115.00, 104.67, 78.22, 55.24, 48.87, 30.02, 23.71,

19.87. HRMS (ESI) m/z calculated for C15H17NO3 [M+H™] 260.1282, found 260.1276.

2.8.3. Synthesis of 1,3-Diaminated Ketones by Aminohydroxylation of Methylene

Aziridines.

General Procedure A: CHCIs was added to a round-bottom flask containing the methylene
aziridine (1 equiv) and potassium osmate (0.075 equiv) under N2 to give a final substrate
concentration of 0.05 M. An equal volume of an aqueous solution of the chloramine salt (3.1
equiv) and the phase transfer catalyst (0.05 equiv) was then added. The flask was fitted with a
reflux condenser and the mixture was heated to 33 °C or 37 °C using an oil bath. In order to

achieve reproducible good yields and conversions, it was critical that the reflux condenser was



53

well-greased and that the oil level exceeded that of the liquid in the flask. After 20 h, the reaction
mixture was cooled to room temperature and poured into a separatory funnel. The aqueous layer
was extracted with three portions of CH2Cl. and the combined organic washings were dried over
Na;SO4 and concentrated under reduced pressure. The residue was purified via flash

chromatography to give the ketone products.

General Procedure B: CHCIs was added to a round-bottom flask containing the methylene
aziridine (1 equiv) under N2 to give a total substrate concentration of 0.05 M. An equal volume
of an aqueous solution of the chloramine salt (3.1 equiv) and the phase transfer catalyst (0.05
equiv) was then added, followed by an aqueous solution of 2% (w/v) OsO4 (0.05 equiv). The
flask was fitted with a reflux condenser and the mixture was heated to 33 °C or 37 °C in an oil
bath. In order to obtain reproducible good yields and conversions, it was critical that the reflux
condenser was well-greased, and that the oil level exceeded that of the liquid in the flask. Two
further portions of 2% (w/v) OsO4 solution (0.025 equiv) were added at 4 h intervals. After 20 h,
the reaction was cooled to room temperature and poured into a separatory funnel. The aqueous
layer was extracted with CH2Cly, the combined organic washings were dried over Na>SO4 and
the volatiles removed under reduced pressure. The residue was purified via flash

chromatography to give the ketone products.
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Compound 2.15. Synthesized from methylene aziridine 2.14 using General Procedure A with
Chloramine T at 33 °C in 81% yield as a white powder. Mp 155-156 °C. *H NMR (500.0 MHz,

CDCls) 5 7.74 (d, J = 8.1 Hz, 2H), 7.30 (d, J = 8.1 Hz, 2H), 5.71 (d, J = 7.9 Hz, 1H), 5.59 (s,
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1H), 4.15-4.07 (m, 2H), 3.91 (d, J = 11.6 Hz, 1H), 3.86 (d, J = 11.6 Hz, 1H), 2.41 (s, 3H), 1.77-
1.69 (m, 1H), 1.51-1.41 (m, 1H), 1.19 (s, 3H), 1.24-1.05 (m, 6H), 0.82 (t, J = 7.4 Hz, 3H), 0.63
(s, 3H). 3C-NMR (125.7 MHz, CDCls) & 205.97, 152.49, 144.07, 137.06, 129.80, 127.27,
74.73, 63.73, 61.27, 32.66, 31.17, 31.09, 24.56, 23.76, 22.30, 21.50, 18.72, 13.84. HRMS (ESI)
m/z calculated for CaoH3oN20sS [M+NH4"] 433.1768, found 433.1768. IR (cm™) 3417, 3346,

3066, 2963, 2931, 2876, 2861, 1718, 1598, 1476, 1341, 1166, 1125, 1093, 1077.

00 o
_S Pq

Ph™ °NH HN” SO
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O Me Me

Compound 2.15a. Synthesized from methylene aziridine 2.14 using General Procedure A with
Chloramine B at 33 °C in 79% yield as a white powder. Mp 185-187 °C. *H NMR (299.9 MHz,
CDCl3) 6 7.87 (dd, J = 8.1, , 0.7 Hz, 2H), 7.62-7.46 (overlapping m, 3H), 6.20 (d, J = 7.8 Hz,
1H), 6.11 (s, 1H), 4.15-4.07 (overlapping m, 2H), 3.92 (d, J = 11.0 Hz, 1H), 3.85 (d, J = 11.0 Hz,
1H), 1.80-1.69 (m, 1H), 1.53-1.41 (m, 1H), 1.22-1.02 (s + m, 9H), 0.80 (t, J = 6.8 Hz, 3H), 0.66
(s, 3H). *C NMR (100.6 MHz, CDCls) § 206.76, 152.78, 140.20, 133.09, 129.22, 127.21, 75.00,
63.85, 60.13, 41.39, 31.30, 29.72, 24.54, 23.65, 23.21, 20.85. HRMS (ESI) m/z calculated for
Ci19H2sN205S [M+H*] 397.1792, found 397.1792. IR (cm™) 3419, 3346, 3054, 2983, 2931,

2688, 2519, 2408, 1724, 1552, 1476, 1420, 1166, 1092, 1075.

o
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Compound 2.18. Obtained using general procedure B with BocNNaCl at 30 °C to give the

ketone in 55% yield from methylene aziridine 2.17 as an off-white solid. Mp 159-161 °C. 'H
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NMR (400.2 MHz, CDCls) & 7.46-7.36 (m, 3H), 7.30-7.27 (m, 2H), 5.61 (d, J = 7.8 Hz, 1H),
5.48 (d, J = 7.8 Hz, 1H), 5.20 (s, 1H), 4.03 (d, J = 11.7 Hz, 1H), 3.89 (s, J = 11.7 Hz, 1H), 1.41
(s, 9H), 1.31 (s, 3H), 1.04 (s, 3H). *C NMR (100.6 MHz, CDClz) § 204.62, 152.56, 134.20,
129.94, 129.54, 128.42, 80.56, 74.39, 64.24, 31.36, 28.26, 24.33, 20.66, 19.74; HRMS (ESI) m/z
calculated for CigH2sNOs [M+H*] 363.1915, found 363.1914. IR: 3425, 3066, 2982, 2933,

1716, 1492, 1477, 1454, 1423, 1395, 1369, 1296, 1171, 1127, 1066.
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Compound 2.31a. Synthesized from methylene aziridine 2.23 using General Procedure A with
Chloramine T at 33 °C in 61% yield as a white powder. Mp 155-156 °C. 'H NMR (499.9 MHz,
CDCl3) 6 7.77 (d, J = 8.1 Hz, 2H), 7.33 (d, J = 8.1 Hz, 2H), 6.40 (d, J = 3.3 Hz, 1H), 6.28 (d, J =
9.2 Hz, 1H), 4.24 (d, J = 11.0 Hz, 1H), 4.19 (dd, J = 2.8, 0.9 Hz, 1H), 3.88 (td, J = 7.4, 6.4 Hz,
1H), 3.76 (d, J = 11.0 Hz, 1H), 2.43 (s, 3H), 1.69-1.59 (m, 1H), 1.39-1.29 (m, 1H), 1.19 (s, 3H),
1.15-1.00 (m, 6H), 0.92 (s, 3H), 0.77 (t, J = 6.8 Hz, 3H). 3C NMR (125.7 MHz, CDCls) &
203.74, 151.98, 142.75, 136.33, 128.89, 126.22, 74.22, 62.27, 61.61, 32.40, 31.96, 31.67, 26.35,
26.13, 23.69, 22.97, 21.62, 15.44. HRMS (ESI) m/z calculated for CaoHzoN20sS [M+H']
411.1949, found 411.1942. IR (cm™) 3417, 3346, 3066, 2963, 2931, 2876, 2861, 1718, 1706,

1598, 1476, 1341, 1165, 1124, 1092.
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Compound 2.32a. Synthesized from methylene aziridine 2.24 using General Procedure A with
Chloramine B at 37 °C in 57% yield as a white powder. Mp 195-196°C. H-NMR (400.2 MHz,
CDCl3) & 7.87 (d, J = 7.2 Hz, 2H), 7.65-7.54 (m, 1H), 7.51 (t, J = 7.2 Hz, 2H), 5.98 (d, J = 8.7
Hz, 1H), 5.71 (s, 1H), 4.18-4.10 (overlapping m, 2H), 3.89 (s, 2H), 1.75-1.64 (m, 1H), 1.46-1.33
(m, 2H), 1.22 (s, 3H), 0.86 (d, J = 6.6 Hz, 3H), 0.76 (d, J = 6.6 Hz, 3H), 0.70 (s, 3H). 3C-NMR
(100.6 MHz, CDClz) & 206.76, 152.78, 140.20, 133.09, 129.22, 127.21, 75.00, 63.85, 60.13,
41.39, 31.30, 29.72, 24.54, 23.65, 23.21, 20.85. HRMS (ESI) m/z calculated for C1gH26N20sS
[M+H*] 383.1636, found 383.1628. IR (cm™) 3339, 2963, 2935, 2873, 1721, 1702, 1560, 1473,

1340, 1167, 1096, 1077.

o 0 o

\\S// )]\

Ph”“ NH HN” YO

TIPSO
O Me Me

Compound 2.33a. Synthesized from methylene aziridine 2.25 using General Procedure B with
Chloramine B at 37 °C in 50% yield (60% based on recovered starting material) as an off-white
powder. Mp 184-185 °C. H NMR (500.2 MHz, CDCl3) & 7.89-7.85 (m, 2H), 7.57 (tt, J = 7.3,
1.5 Hz, 1H), 7.52-7.47 (m, 2H), 6.47 (d, J = 7.4 Hz, 1H), 5.74 (s, 1H), 4.29 (d, J = 1.8 Hz, 1H),
4.25 (td, J = 7.0, 4.6 Hz, 1H), 3.95 (d, J = 10.9 Hz, 1H), 3.83 (s, J = 10.9 Hz, 1H), 3.75-3.66 (m,
1H), 1.97 (ddt, J = 14.6, 8.9, 3.2 Hz, 1H), 1.83 (ddt, J = 15.2, 5.7, 3.2 Hz, 1H), 1.19 (s, 3H),
1.10-0.97 (m, 21H), 0.69 (s, 3H). 3C NMR (125.8 MHz, CDCls) § 206.76, 152.93, 140.24,
133.17, 129.43, 127.34, 74.82, 63.10, 60.00, 59.38, 35.27, 31.29, 24.12, 19.26, 18.19, 12.02.
HRMS (ESI) m/z calculated for C2sHa2N206SSi [M+NH,*] 544.2872, found 544.2894. IR (cm™)

3425, 3341, 3063, 2949, 2870, 1724, 1479, 1449, 1420, 1350, 1169, 1093, 1076.
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Compound 2.34a. Synthesized using General Procedure B with Chloramine B at 33 °C from
methylene aziridine 2.25 to give the 1,3-diaminated ketone in 57% yield as an off-white powder.
Mp 188-190 °C. H NMR (500.2 MHz, CDCls) & 7.91-7.87 (m, 2H), 7.58 (tt, J = 7.6, 2.2 Hz,
1H), 7.54-7.49 (m, 2H), 7.27 (tt, J = 7.1, 1.3 Hz, 2H), 7.22 (tt, J = 7.6, 2.8 Hz, 1H), 7.00 (d, J =
7.0 Hz, 1H), 6.27 (d, J = 9.1 Hz, 1H), 5.36 (s, 1H), 4.05 (td, J = 8.4, 4.0 Hz, 1H), 3.85 (d, J= 1.5
Hz, 1H), 3.75 (d, J = 10.9 Hz, 1H), 3.72 (d, J = 10.9 Hz, 1H), 2.69 (dt, J = 14.5, 7.2 Hz, 1H),
2.58 (dt, J = 14.5, 6.8 Hz, 1H), 2.10 (dtd, J = 14.9, 8.1, 4.8 Hz, 1H), 1.85 (m, J = 1.89-1.80 Hz,
2H), 0.93 (s, 3H), 0.52 (s, 3H). 3C NMR (125.8 MHz, CDCls) & 206.21, 152.91, 140.49,
139.71, 133.28, 129.47, 129.03, 128.22, 127.84, 127.44, 74.85, 63.72, 60.95, 34.36, 31.23, 31.12,
23.57, 18.88. HRMS (ESI) m/z calculated for C22H2sN204S [M+H"] 431.1636, found 431.1648.
IR (cm™) 3421, 3346, 2963, 2930, 2860, 1728, 1684, 1560, 1509, 1475, 1341, 1167, 1126, 1092,

1080.
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Compound 2.35a. Obtained as an off-white powder from methylene aziridine 2.28 in 53% yield
using general procedure B with BocNNaCl as the chloramine at 30 °C. Mp 183-186 °C. H
NMR (300.1 MHz)  7.22 (d, J = 8.0 Hz, 2H), 7.15 (d, J = 8.0 Hz, 2H), 5.58 (d, J = 7.1 Hz, 1H),
5.44 (d, J = 7.1 Hz, 1H), 5.02 (s, 1H), 4.04 (d, J = 11.2 Hz, 1H), 3.88 (s, 1H), 3.81 (d, J = 11.2
Hz, 1H), 2.36 (s, 3H), 1.42 (s, 9H), 1.30 (s, 3H), 1.04 (s, 3H);**C NMR (75.4 MHz, CDCls) §

204.82, 155.10, 152.68, 139.76, 130.77, 128.47, 80.60, 74.59, 64.28, 31.50, 28.44, 24.50, 21.36,
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19.88; HRMS (ESI) m/z calculated for C2oH2sN20s [M+H*] 377.2071, found 377.2079. IR (cm™)
3423, 2972, 2932, 2874, 1950, 1732, 1720, 1585, 1507, 1492, 1404, 1382, 1334, 1166, 1111,

1069.

o

J

BocHN HN™ "O

O Me Me

Compound 2.36a. Obtained as an off-white powder from methylene aziridine 2.29 in 52% yield
using general procedure B with BocNNaCl as the chloramine at 30°C. Mp 187-190 °C. H
NMR (400.2 MHz, CDCI3) & 7.28 (dd, J = 8.5, 5.0 Hz, 2H), 7.11 (t, J = 8.5 Hz, 2H), 5.63 (d, J =
6.0 Hz, 1H), 5.48 (d, J = 6.0 Hz, 1H), 5.42 (br s, 1H), 4.00 (d, J = 11.4 Hz, 1H), 3.89 (s, 1H),
3.83 (d, J = 11.4 Hz, 1H), 1.41 (s, 9H), 1.30 (s, 3H), 1.02 (s, 3H). *C NMR (100.6 MHz,
CDClI3) 6 204.61, 164.42, 154.87, 152.55, 130.28, 117.09, 116.87, 74.38, 64.47, 63.08, 31.38,
28.25, 24.29, 19.77. HRMS (ESI) m/z calculated for CigH2sN20sF [M+H*] 381.1821, found
381.1831. IR (cm™) 3422, 2982, 2934, 1718, 1687, 1606, 1509, 1492, 1478, 1397, 1371, 1230,

1164, 1125, 1064.

2.8.4. Synthesis of 1,3-Diamino-2-ols.

General Procedure A: NaBH4 (6 equiv) was added to either a flask or a vial containing the
ketone substrate, followed by enough CH.CI to yield a solution 0.066 M in substrate. The
mixture was allowed to stir for 12 h, and then quenched with NH4Cl. The layers were separated
and the aqueous layer extracted with three portions of CH2Cl,. The combined organic layers
were then dried over Na»>SOs, concentrated in vacuo and purified via flash chromatography

(hexanes/ethyl acetate) to give the diaminated alcohol products.
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General Procedure B: NaBHs (6 equiv) was added to either a flask or a vial containing the
ketone substrate. CH>Cl, was then added to yield a solution that was 0.066 M in the substrate.
An equal volume of deionized water was added and the mixture sonicated until TLC indicated
consumption of the starting material, typically 5-7 h. The layers were separated and the aqueous
layer was extracted with three portions of CH2Cl>. The combined organic layers were dried over
Na2SOg4, concentrated in vacuo and purified via flash chromatography (hexanes/ethyl acetate) to

give the diaminated alcohol products.

Q.0 j\
s

Ph™ °NH HN” SO

CsH14 T
HO Me Me

Compound 2.16. Synthesized from ketone 2.15 using General Procedure A in 83% yield and
10:1 dr as a white powder. Mp 143-146 °C. *H NMR (299.9 MHz, CDCl3) § 7.95 (d, J = 7.2
Hz, 2H), 7.58 (tt, J = 7.2, 2.4 Hz, 1H), 7.55-7.48 (m, 2H), 6.45 (d, J = 3.0 Hz, 1H), 5.90 (d, J =
9.8 Hz, 1H), 3.89 (d, J = 11.1 Hz, 1H), 3.80 (d, J = 11.1 Hz, 1H), 3.61-3.45 (m, 2H), 3.32 (dd, J
= 9.8, 2.0 Hz, 1H), 3.27-3.16 (br s, 1H), 1.93-1.78 (br s, 1H), 1.50-1.36 (m, 1H), 1.15 (s, 3H),
1.14 (s, 3H), 1.01-0.76 (m, 6H), 0.69 (t, J = 6.4 Hz, 3H). C NMR (75.4 MHz, CDCls) &
154.49, 141.07, 133.08, 129.43, 127.31, 75.22, 73.32, 59.44, 55.24, 32.38, 31.59, 31.28, 25.78,
25.20, 22.39, 20.39, 14.02. HRMS (ESI) m/z calculated for C19H3oN20sS [M+Na*] 421.1768,
found 421.1764. IR (cm™) 3533, 3423, 3370, 2969, 2935, 2874, 1733, 1719, 1585, 1507, 1473,

1381, 1332, 1164, 1115, 1072.

0}

J

BocHN HN”~ ~O

HO



60

Compound 2.19. Synthesized from ketone 2.18 using General Procedure B in 88% yield and
>19:1 dr as an off-white powder. Mp 148-150 °C. 'H NMR (500.0 MHz, CDCl3) § 7.41 (t, J =
7.8 Hz, 2H), 7.36-7.28 (m, 3H), 6.23 (s, 1H), 5.39 (d, J = 10.6 Hz, 1H), 5.11 (d, J = 8.8 Hz, 1H),
3.88 (d, J = 11.1 Hz, 1H), 3.86 (d, J = 11.1 Hz, 1H), 3.80-3.72 (m, 1H), 3.11 (d, J = 10.0 Hz,
1H), 1.87 (d, J = 4.1 Hz, 1H), 1.46 (s, 9H), 1.20 (s, 3H), 1.11 (s, 3H). 3C NMR (125.7 MHz,
CDCl3) 6 156.25, 153.43, 138.87, 129.16, 128.06, 126.47, 80.90, 75.67, 74.92, 60.00, 55.01,
31.06, 29.61, 28.26, 24.91, 19.79. HRMS (ESI) m/z calculated for CigH2sN20s [M+Na']
387.1891, found 387.1891. IR (cm') 3582, 3435, 3317, 3063, 3035, 2986, 2945, 2885, 1716,

1700, 1607, 1588, 1498, 1481, 1457, 1429, 1394, 1372, 1172, 1123, 1071, 1025.

(0]
TsHN HN)I\O

CsHy4 z
HO Me Me

Compound 2.31b. Synthesized from ketone 2.31a using General Procedure A in 83% yield and
10:1 dr as a white powder. Mp 145-146 °C. *H NMR (299.9 MHz, CDCl3) § 7.78 (d, J = 7.4 Hz,
2H), 7.32 (d, J = 7.4 Hz, 2H), 6.17-6.10 (overlapping d and s, 2H), 3.86 (d, J = 10.1 Hz, 1H),
3.81 (d, J = 10.1 Hz, 1H), 3.55 (td, J = 7.9, 1.5 Hz, 1H), 3.45 (d, J = 7.6 Hz, 1H), 3.34-3.25 (m,
1H), 3.20 (dd, J = 9.1, 2.5 Hz, 1H), 2.42 (s, 3H), 1.55-1.39 (m, 1H), 1.37-1.25 (m, 1H), 1.16 (s,
3H), 1.08 (s, 3H), 1.06-0.86 (m, 6H), 0.71 (t, J = 6.0 Hz, 3H). 3C NMR (125.7 MHz, CDCl3) &
203.74, 151.98, 142.75, 136.33, 128.89, 126.22, 74.22, 62.27, 61.61, 32.40, 31.96, 31.67, 26.35,
26.13, 23.69, 22.97, 21.62, 15.44. HRMS (ESI) m/z calculated for C2oH32N205S [M+H]
413.2105, found 413.2111. IR (cm™) 3276, 2958, 2934, 2873, 1695, 1595, 1451, 1397, 1324,

1289, 1162, 1128, 1093.
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Compound 2.32b. Synthesized from ketone 2.32a using General Procedure A in 94% yield and
10:1 dr as a white powder. Mp 155-156 °C. *H NMR (299.9 MHz, CDCl3) § 7.94 (d, J = 6.8
Hz, 2H), 7.61 (tt, J = 6.8, 1.9 Hz, 1H), 7.57-7.50 (m, 2H), 6.32 (d, J = 3.1 Hz, 1H), 5.42 (d, J =
9.5 Hz, 1H), 3.90 (d, J = 11.2 Hz, 1H), 3.81 (d, J = 11.2 Hz, 1H), 3.60 (qd, J = 8.3, 1.4 Hz, 1H),
3.48 (t, J = 8.8 Hz, 1H), 3.27 (dd, J = 9.7, 3.1 Hz, 1H), 2.60 (d, J = 8.6 Hz, 1H), 1.45-1.04
(overlapping m, 3H), 1.18 (s, 3H), 1.14 (s, 3H), 0.62 (d, J = 6.5 Hz, 3H), 0.60 (d, J = 6.5 Hz,
3H). ¥C NMR (75.4 MHz, CDCl3) § 153.96, 140.74, 133.24, 129.49, 127.36, 74.97, 73.05,
59.55, 53.03, 41.29, 31.33, 25.34, 24.54, 22.92, 22.26, 20.53. HRMS (ESI) m/z calculated for
CisH2sN20sS [M+H*] 385.1792, found 385.1784. IR (cm) 3364, 2961, 2928, 2858, 1715,

1481, 1452, 1329, 1163, 1116, 1095.

o 0 0
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Compound 2.33b. Synthesized from ketone 2.33a using General Procedure A in 94% yield and
10:1 dr as an off-white powder. Mp 156-158 °C. *H NMR (500.2 MHz, CDCls) § 7.93-7.88 (m,
2H), 7.62 (tt, J = 7.5, 2.0 Hz, 1H), 7.57-7.52 (m, 2H), 5.57 (d, J = 2.7 Hz, 1H), 5.40 (d, J = 9.3
Hz, 1H), 4.36 (d, J = 4.0 Hz, 1H), 3.80 (d, J = 11.1 Hz, 1H), 3.73 (d, J = 11.1 Hz, 1H), 3.78-3.72
(m, 1H), 3.70-3.59 (m, 1H), 3.55 (dd, J = 9.6, 4.0 Hz, 1H), 3.00 (dd, J = 9.1, 2.6 Hz, 1H), 1.66-
1.50 (m, 2H), 1.15 (s, 3H), 1.07 (s, 3H), 1.10-0.98 (m, 21H). 3C NMR (125.8 MHz, CDCls) &
153.57, 140.83, 133.34, 129.65, 127.17, 75.39, 73.76, 59.07, 59.00, 52.36, 36.29, 31.29, 25.14,

19.77, 18.17, 11.81. HRMS (ESI) m/z calculated for C2sH44N206SSi [M+H™] 529.2763, found
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529.2776. IR (cm™) 3367, 3063, 2949, 2893, 2870, 1712, 1481, 1449, 1423, 1394, 1335, 1166,

1122, 1090, 1055, 1011.
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Compound 2.34b. Synthesized from ketone 2.34a using General Procedure A in 88% yield and
10:1 dr as an off-white powder. Mp 195-198 °C. *H NMR (500.2 MHz, CDCl3) & 7.94-7.89 (m,
2H), 7.58 (t, J = 7.3 Hz, 1H), 7.51 (t, J = 6.7 Hz, 2H), 7.19 (t, J = 8.5 Hz, 2H), 7.13 (t, J = 7.3
Hz, 1H), 6.86 (d, J = 7.3 Hz, 2H), 6.30 (s, 1H), 3.82 (d, J = 10.9 Hz, 1H), 3.74 (d, J = 10.9 Hz,
1H), 3.65 (g, J = 8.0 Hz, 1H), 3.52 (t, J = 8.0 Hz, 1H), 3.26 (dd, J = 9.0, 3.3 Hz, 1H), 2.74-2.67
(m, 1H), 2.32-2.17 (m, 2H), 1.85-1.75 (m, 1H), 1.45-1.36 (m, 1H), 1.12 (s, 3H), 1.08 (s, 3H). :*C
NMR (125.8 MHz, CDClz) & 154.24, 140.86, 133.24, 129.61, 128.74, 127.28, 126.36, 75.01,
72.99, 59.40, 54.91, 34.04, 32.39, 31.21, 25.18, 20.44. HRMS (ESI) m/z calculated for
Ca2H2sN20sS [M+H*] 433.1792, found 433.1082. IR (cm™) 3685, 3607, 3370, 3066, 2931,

1765, 1712, 1607, 1484, 1449, 1329, 1163, 1119, 1093.
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Compound 2.35b. Synthesized from ketone 2.35a using General Procedure B in 88% yield and
>19:1 dr as an off-white powder. Mp 148-150 °C. H NMR (500.0 MHz, CDCl3) 6 7.21 (d, J =
8.1 Hz, 2H), 7.18 (d, J = 8.1 Hz, 2H), 6.28 (s, 1H), 5.42 (d, J = 9.5 Hz, 1H), 5.05 (d, J = 10.1 Hz,
1H), 3.87 (d, J = 10.7 Hz, 1H), 3.85 (d, J = 10.7 Hz, 1H), 3.78-3.67 (m, 1H), 3.10 (d, J = 10.1

Hz, 1H), 2.35 (s, 3H), 2.08 (d, J = 3.7 Hz, 1H), 1.45 (s, 9H), 1.19 (s, 3H), 1.10 (s, 3H). °C



63

NMR (125.7 MHz, CDCls) 6 153.62, 137.79, 135.76, 129.77, 126.37, 80.77, 75.64, 75.03, 60.02,
54.83, 31.18, 29.66, 28.27, 25.05, 21.03, 19.78. HRMS (ESI) m/z calculated for C20H30N20s
[M+Na*] 401.2047, found 401.2047. IR (cm™) 3580, 3435, 3312, 3141, 3062, 3047, 3008, 2983,

2945, 2891, 1714, 1698, 1502, 1479, 1397, 1369, 1170, 1121, 1069.
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Compound 2.36b. Synthesized from ketone 2.36aa using General Procedure B to give alcohol
in 92% yield and >19:1 dr as an off-white powder. Mp 148-150 °C. *H NMR (500.0 MHz,
CDCl3) 6 7.30 (dd, J = 8.4, 5.9 Hz, 2H), 7.09 (t, J = 8.4 Hz, 2H), 6.30 (s, 1H), 5.48 (d, J = 9.8
Hz, 1H), 5.05 (d, J = 9.1 Hz, 1H), 3.88 (d, J = 10.3 Hz, 1H), 3.86 (d, J = 10.3 Hz, 1H), 3.79-3.72
(m, 1H), 3.11 (d, J = 9.5 Hz, 1H), 2.31 (d, J = 4.9 Hz, 1H), 1.46 (s, 9H), 1.20 (s, 3H), 1.12 (s,
3H). ¥C NMR (125.7 MHz, CDCls) § 163.40, 161.39, 156.41, 153.62, 134.84, 128.31, 115.81,
80.91, 75.40, 74.96, 60.16, 54.46, 31.06, 28.09, 24.93, 19.88. HRMS (ESI) m/z calculated for
C19H27N20sF [M+H*] 383.1977, found 383.1991. IR (cm™) 3585, 3318, 3-64, 2986, 2941, 2894,

1715, 1699, 1610, 1511, 1503, 1484, 1456, 1429, 1395, 1372, 1160, 1120, 1171, 1026.
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Chapter 3. Development of Dynamic, Chemoselective Silver(l)-Catalyzed Intramolecular

Aminations of Allenes and Alkenes.

This chapter is adapted from work published previously:

Rigoli, J. W.; Weatherly, C. D.; Vo, B. T.; Neale, S.; Meis, A. R.; Schomaker, J. M. Org. Lett.

2013, 15, 290.

Rigoli, J. W.; Weatherly, C. D.; Alderson, J. M.; Vo, B. T.; Schomaker, J. M. J. Am. Chem. Soc.

2013, 135, 17238.
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3.1 Overview of Chemoselective, Ag(l)-Catalyzed Amination.

A central challenge in contemporary catalysis is the development of methods for the
oxidation of complex organic substrates that are selective for single reactive sites, controlled by
the catalyst system rather than by directing groups, and tunable for different reactive sites.
Several transition metals, including Rh, Cu, Ru, Fe, Co, Au, and Ag, are known to promote C—N
bond formation via presumed nitrene intermediates (Figure 3.1).1® Recent studies have shown
that changing the identity of the metal in the catalyst can control whether predominantly
aziridination or C—H amination is observed when both C—H and n-bonds are present.% A
common challenge in the application of these catalysts is attaining chemo- and site-selectivity in

substrates possessing multiple reactive functionalities.

Figure 3.1. Examples of catalysts for chemoselective nitrene transfer.

Ag" in combination with:
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Construction of the methylene aziridines described in Chapters 1 and 2 was enabled by
transition-metal-catalyzed intramolecular nitrene transfer using homoallenic carbamate
substrates. For substrates such as 3.1, which lack allenic protons, the aziridination reaction
proceeds in nearly quantitative yield under Rh-catalyzed conditions.! However, when allenic

protons are present, as in 3.3, both aziridination and allenic C-H insertion products are obtained
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from the reaction (Scheme 3.1). While synthetically useful selectivities are obtained for 3.3,
selectivity in this transformation is highly substrate-dependent, and even small changes in the
substrate can greatly reduce the chemoselectivity. In this chapter, efforts to improve the
chemoselectivity of allenic aziridination are described, culminating in the development of a
silver-catalyzed system capable of providing high selectivity for either aziridination or C-H

insertion products based on simple changes in the ligand/metal ratio.

Scheme 3.1. Chemoselectivity in Rh-catalyzed aziridination of homoallenic carbamates.

Hoo AN

H H N

o)
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3.2. Development of silver-catalyzed aziridination of homoallenic carbamates.

We focused on two substrates, 3.6a and 3.6b, that gave poor chemoselectivity in Rh-
catalyzed aziridination (Table 3.1). Treatment of 3.6a with Rha(esp)2 (esp = o,0,0/,0-
tetramethyl-1,3-benzene-dipropionic acid, Table 1, entry 1) gave only a 35% yield of 3.7a and
significant C—H insertion to 3.8a. Rhz(espn)2Cl (entry 2) performed better, yet further attempts to
improve the chemoselectivity by changing the nature of the carboxylate ligands on the Rh were
unsuccessful.!! A series of Cu catalysts gave poor reactivity, and attempts to isolate the iodinane
prior to amination were unsuccessful . However, Cu(MeCN)4PFs (entry 5) could be induced to

give low vyields of amination products by premixing 3.7a with PhlO before the addition of
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catalyst. However, this did not improve the results using Ru- and Fe-based catalysts, even when
20 mol % of the metal was employed (entries 6-7).3445¢ While treatment of 3.6a with AgOTf in
the presence of PhlO gave very little 3.7a (entry 8), the addition of dafone (4,5-diazafluoren-9-
one, entry 9) improved the conversion and, encouragingly, yielded >20:1 chemoselectivity for
aziridination over C—H insertion. A series of bipyridine (bipy) ligands (entries 10-12) also gave
excellent chemoselectivity for aziridination with good yields.28 Phen (entry 13) increased the
yield to 79%, but the additional bulk in bathophen (entry 14) was not necessary. To our surprise,
switching to a terpyridine ligand (terpy, entry 15) reversed the chemoselectivity in favor of
3.8a.8% The nature of the Ag counteranion also had a significant impact on the reaction.
Substitution of AgOTf with AgOAc (entry 16) or AgO.CCFs (entry 17) gave almost exclusively
C—H insertion 3.8a, although the reactivity of the catalyst was diminished, as these anions can

bind tightly to the metal.

The allenic carbamate 3.6b was also a challenging substrate for aziridination. When
Rhz(esp). was employed as the catalyst, an 80% yield of 3.8b was obtained (entry 18),'2
highlighting the impact of substrate structure on the chemoselectivity of Rh-catalyzed C—N bond
formation. Neither Rha(espn)2 (entry 19) nor Cu-, Fe-, or Ru-based catalysts (entries 20-22)
improved the outcome. However, employing a dafone ligand in the presence of AgOTf (entry
24) reversed the chemoselectivity to 2.7:1 in favor of aziridination. Bipyridine ligands (entries
25-27) improved the chemoselectivity further, resulting in good yields of the aziridine 3.7b and
A:l selectivities ranging from 3.1:1 to 6.4:1. Phen and bathophen (entries 28-29) gave
comparable yields, in contrast to the aziridination of the more sterically demanding 3.6a (entries
13-14). As in the case of 3.6a, a 2,2".6',2"-terpyridine ligand (entry 30) resulted in a reversal of

the chemoselectivity, providing a 3.7b:3.8b ratio of 1:6.6. To our knowledge, these results
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represent the first examples of reagent-controlled amination of unsaturated substrates with Ag(l)

catalysis.

Table 3.1. Examination of catalyst for allene aziridination.

R P o ¥
\ O—« catalyst, PhlO N™ O 3.7ab + R%/,, >¢O 3.8a,b
R’ NHz L : R3 ’ R’~—o0 ’
3 N
36ab R R R4 R R' RO
3.6a-3.8a: R'=R?=Me, R3=H
3.6b-3.8b: R'= C5Hq4, R?=H, R3=Me
entry catalyst? A:l®  vyield 3.7a (3.8a)° entry catalyst? E:Z Al yield 3.7b (3.8b)°
1 Rhy(esp), 21 35% (17%) ) )
2 Rh,(espn),Cl 271 40% (15%) 18 Rhy(esp), 21 117 5% (80%)
3 Cu(MeCN),PFq . 0% (0%) 19 Rhx(espn),Cl 31 1:47 9% (42%)
4 Cu(OTfHy/phen 0% (0%) 20  Cu(MeCN),PFg - 0%
5  Cu(MeCN),PFgq 3.3:1 13% (4%) 21 [Ruy(hp)4Cl] 0%
6 [Ru,(hp),Cl - 0% 22 [FePc]CI - - 0%
7 [FePc]Cl 0% (0%3 23 AgOTf nd 2% (0%)?
g A OP}?CZT; g 23;1 6% (03"2’3/ 24 AgOTfldafone 231 271 59% (22%)
10 Ag OTf/b?psne - 201 ol 25  AgOTflbipy 2411 6.4:1 68% (11%)
. 0
. . o 26 AgOTf/p-Ph-bipy 2.3:1 3.1:1 62% (20%)
11 AgOTf/p-Ph-bipy > 20:1 66%
> 20- 0 28 AgOTf/phen 2221 5911 80% (14%)
13 AgOTf/phen 20:1 79%
14  AgOTf/bathophen  20:1 57% 29 AgOTfbathophen 1.9:1  7:1  84% (12%)
15 AgOTflterpy 1:1.3 27% (35%) 30 AgOTf/terpy 231 166 9% (61%)
16 AgOAc/phen 1:14.6 0% (29%)°

17 AgO,CCFa/phen 1:20 0% (40%)f

@Rh catalysis: 5 mol % Rhy(esp),, 2.0 equiv PhlO, CH,Cl,, rt. Ag catalysis: 20 mol % AgOTf, 25 mol % ligand, 4 A MS,
2.0 equiv PhlO, CH,Cl,. Entries 1-17 use 3.6a as the substrate; entries use 3.6b as the substrate. b A = aziridination
3.7a,b; | = insertion 3.8a,b. ° NMR yields using mesitylene as the internal standard. ¢ significant decomposition of the
carbamate occurred. ¢ 45% conversion. f 60% conversion.

3.3. Scope of Ag(l)-catalyzed aziridination.

A series of allenes containing a,a-dimethyl groups (Table 3.2) were investigated with
Ag(l) catalysts as an attractive alternative to Rh catalysts. Gratifyingly, treatment of 3.9a with
AgOTf/phen gave an excellent yield of 3.10a (entry 1), which compared well with our previous
results using RhoTPAs (TPA = triphenylacetate). Interestingly, the E:Z ratio was not greatly
affected by the nature of the catalyst. AgOTf/phen performed similarly to Rh when a 1,3,3-

trisubstituted homoallenic carbamate was employed (entry 2), and other 1,3-disubstituted allene
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carbamates (entries 3-4, 8) gave good to excellent yields of the methylene aziridines 3.10c,
3.10d, and 3.10h. The presence of a polar carboxyethyl group in 3.10h (entry 8) resulted in very
different behavior depending on whether a Rh- or Ag-based catalyst was employed. While Ag
gave the E methylene aziridine as the expected stereoisomer, Rhao(esp)2 unexpectedly yielded the
Z isomer as the major product. In addition to the 1,3,3-trisubstituted homoallenic carbamate 3.9b,
other highly substituted allenes bearing a,a-dimethyl branching (entries 5-7) gave good yields of

methylene aziridines 3.10e—g.



Table 3.2. Aziridination of a,0’-disubstituted homoallenic carbamates.

0] 0]
R2 catalyst J\ 4 J\
OJ( 3.9a-h _— W W 3.10a-h
R!
R® g3 HR3R? HR3 R
entry desired product catalysta'b E:Z entry desired product catalyst E:z yield
i it
. Me
1 H NJ\O 3.10a Rh2TPA4 4:1 N" "0  3.10e AgOTf/phen  --- 98%
AgOTf/phen  4:1 3
CsHyy & Me
H H
le) O
. Me )J\
2 Me N/H\O 310p RnN20esp)y  2.3:1 N™ "O  310f AgOTfiphen 31  90%
\ AgOTf/phen 2.3:1 N
CsHy4 N
H H
o) (0]
H J\ Me NJ\O
S_HPSQ\_4>::K£I>K5?3AOC AgOTf/phen  3:1 >__);ZZ<L7X<J 3.10g AgOTfphen 2.3:1 97%
H H
Ji§ i
4 N™ "0 3.10d AgOTf/phen 2.6:1 Rho(esp), 1:28  86%
AgOTf/phen 2.2:1 85%

H

3.10h
EtOZC

@ Rh catalyst conditions. ° React|on conditions: 20 mol% AgOTf, 25 mol% ligand, 2 equiv PhlO, 4 A MS, CH,Cl,, rt.

¢ A = aziridination; | = insertion.

d73% conversion. € dr E=1:1;dr Z=3:1.

When 1,3-disubstituted allenes 3.3 and 3.11a were employed (entries 1-2), AgOTf in the

presence of bipyridine and phenanthroline ligands gave comparable to slightly improved yields

of bicyclic methylene aziridines. The benefit of substituting Ag catalysts for Rh became apparent

when substitution was present in the tether between the allene and the carbamate (entries 3—4).

Employing these conditions for 3.6b improved the A:l ratio of 1:17 to 5.9:1 (entry 4).

Surprisingly, the 1,3,3-trisubstituted allene carbamates 3.6a and 3.12c,d (entries 5-7) exhibited

much greater chemoselectivity for aziridination using AgOTf/phen catalysts compared to

conventional Rh catalysts. This was counterintuitive, as we expected the increased steric



Table 3.3. Chemoselective Aziridination of Homoallenic Carbamates Using Ag(l) Catalysis.

R2 H 0 catalyst 2 )J\ H H
[0l N° O o N
O_{ - . R%.. \fo
R NH, RS 3
R’ g3 H Re R3 R’
3.3, 3.6a,b, 3.11a-d 3.4,3.7a,b 3.12ad 3.5,3.8a,b 3.13a-d
entry  desired product catalyst E:Z  A:° yield
o)
H JI Rh,TPA, 41 41 80%
1 >j\NK)0 3.4  Rhyesp), 31 41 66%
AT AgOTfbipy 31 41  72%
H o
H I Rhy(esp), >99:11 2.1 49%
2 N "O  3.12a AgOTf/iphen >99:1 1:1  40%°
AgOTf/by >99:1 3711 67%
H
o)
H N)ko 3426 Rhalespy, — 11 34%
3 w AgOTflphen 4.8:1 91  80%e
CsH14 h C3H;
o)
4 H N)J\O 36b Rhy(esp), 211 117 5%
P AgOTfiphen 1.9:1 59:1 70%
CsHy1q H\:
o]
5 Me, N)J\O a7a RM2ESP) — 21 35%
Me>=<}\) '8 AgOTfphen — >20:1 79%
H o
6 Me NJ\O 312c Rhofespl 23:1 1113 34%
>_ﬂ/J\) ) AgOTf/phen 2.6:1 11.5:1 87%
CsHyp &
H o
Me N/U\o 3429 Rhalesply  — 111 32%
7 { " AgOTflphen 2.3:1 1911 70%
h

2@ Rh catalyst conditions. ? Reaction conditions: 20 mol% AgOTf,
25 mol% ligand, 2 equiv PhlO, 4 A MS, CH,Cl,, rt.° A = aziridination;
| = insertion. @ 73% conversion. € dr E=1:1; dr Z = 3:1.

congestion around the allene to favor more of the C—H insertion product. The ability to prepare
such highly substituted bicyclic methylene aziridines represents a valuable step forward in our
ability to prepare densely functionalized and complex nitrogen-containing stereotriads using

these reactive scaffolds.
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3.4. Chemoselective C-H insertion in homoallenic and homoallylic carbamate substrates.

In the above investigations, we noted that using a tridentate ligand for Ag-catalyzed
nitrene transfer reversed selectivity in favor of allenic C-H amination. A deeper look into the
literature showed that Ag has the unique ability to change coordination geometry in response to
changes in the Ag counteranion, the ligand identity, or the metal/ligand ratio.™ If these changes
in the coordination geometries of the Ag catalysts were indeed responsible for inducing
divergent chemoselectivity, a ‘dynamic approach’ to catalytic amination could be envisioned
(Figure 3.2). In this scenario, treatment of a single Ag salt with a single ligand would yield a
mixture of several potential catalytic species. Simple perturbation of the equilibrium of this

mixture could give different catalytic species capable of promoting divergent amination.
Figure 3.2. A dynamic approach to chemoselective amination.

"dynamic" approach

oo @ -
e 0
OR ‘ one ligand @ '
\/Y J\ several potential catalytlc species
H

R
o o
A H NJ\O OR HNJ< H,//\/T\RO

In order to test the potential for developing a dynamic catalyst system, the metal:ligand
stoichiometry of a AgOTf:.phen catalyst system was varied to determine the effect on
chemoselectivity. To our delight, a clear impact on the amination of 3.6a was observed (Table

3.4). AgOTf:phen ratios close to 1:1 (entries 1-4) promoted aziridination to 3.7a as the major
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reaction pathway, while increasing the amount of phen gave C-H insertion to 3.8a as the
dominant mode of reactivity (entries 5, 6). The dramatic reversal in the reaction outcome
suggests that an equilibrium between Ag(phen)OTf and Ag(phen).OTf exists and that each

complex favors a different mode of reactivity.

Table 3.4. Effect of Ag:phen Stoichiometry on the Aziridination/Insertion Ratio.

j\ [ H
H H 0
s H N
N N H,
O—(NH > wMe + /,,/XO/V/O
H11Cs Me = 2 HiCs & Me Me M
.7b © 38

3.6b Me H , H41Cs b

entry? equiv AgOTf/phen  3.7b:3.8b (A:l) 3.7b (3.8b)?

1 0.2/0.1 5.6:1 60% (12%)
2 0.2/0.2 5.8:1 75% (13%)
3 0.2/0.25 5.9:1 80% (13%)
4 0.2/0.3 5.6:1 70% (12%)
5 0.2/0.4 1:4 18% (72%)
6 0.2/0.6 1:38 2% (76%)

a: Reactions were carried out at 0.125 M 3.6b in
CH,Cl,, 2 equiv PhlO, AgOTf/phen, rt. b: NMR
yields with mesitylene as the internal standard.

Further experiments were required to optimize the allenic C-H amination reaction for
other substrates. The 1,3-disubstituted homoallenic carbamate 3.3, which showed high selectivity
for aziridination under both Rh- and Ag- catalyzed conditions, was chosen for optimization of
the C-H amination chemistry. In an effort to show how a single ligand and metal could be used
to attain different chemoselectivities, we confined our optimization efforts to 1,10-
phenanthroline. Using a 2:1 ligand:metal ratio provided gave moderate yield of the C-H insertion
product and excellent chemoselectivity, but incomplete conversion (Table 3.4, entry 1).
Increasing the ligand:metal ratio slightly improved the yield and conversion (entry 2). Increasing
the temperature to 35°C failed to improve conversion and decreased the overall yield (entry 3).
Silver salts with more coordinating counterions such as Ag.COz and AgNO3z reduced conversion,

while use of the non-coordinating ion SbFe™ decreased the yield (entries 4-6). Notably, CH.Cl
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was a uniquely suitable solvent for the reaction, as Et.O, PhCHs, THF, and CHCI3 failed to
provide any conversion (entries 7-10). The reaction was not affected by use of an inert
atmosphere (entry 11). Increasing the concentration of the reaction failed to improve conversion

and led to decreased yield (entry 12).

Table 3.4. Optimization of allenic amination for 1,3-disubstituted allenes.

o}
Ho o
3.4
H H 0 c Hmw
\ O_/< catalyst, PhlO T H R3
CsH1q NHy ———> + H H
. N
3 3 H/(//A Fo 3-5
o
CsH14
entry? Ag/phen Agsalt solvent cat. loading equiv. PhIO % conv. % vyield 3.5 (3.4)

1 1:2 AgOTf CH,Cl, 20 mol % 2.0 86 48 (2)
2 1:3 AgOTf CH,Cl, 20 mol % 2.0 89 55 (2)
3b 1:3 AgOTf CH,Cl, 20 mol % 2.0 86 43 (0)
4 1:3 Ag,CO3 CH,Cl, 20 mol % 2.0 45 45 (0)
5 1:3 AgNO3; CH,Cl, 20 mol % 2.0 <5 0(0)
6 1:3 AgSbFg CH,Cl, 20 mol % 2.0 76 45 (0)
7 1:3 AgOTf  THF 20 mol % 2.0 <5 0(0)
8 1:3 AgOTf PhCHz 20 mol % 2.0 <5 0 (0)
9 1:3 AgOTf CHCl3 20 mol % 2.0 <5 0 (0)
10 1:3 AgOTf  Et,0 20 mol % 2.0 <5 0(0)
11¢ 1:3 AgOTf CHyCl, 20 mol % 2.0 84 54 (0)
12d 1:3 AgOTf CHyCl, 20 mol % 2.0 16 49 (0)
13 1:3 AgOTf CH,Cl, 20 mol % 3.5 89 67 (2)
14 1:3 AgOTf CH,Cl, 33 mol % 35 70 55 (2)
15 1:3 AgOTf CH.Cl, 10 mol % 3.5 80 61 (4)
16 1:3 AgOTf CH.Cl, 20 mol % 5.0 93 57 (4)
17 1:3 AgOTf CH.Cl, 10 mol % 5.0 94 71 (5)
18¢ 13 AgOTf CHyCl, 10 mol % 5.0 100 68 (<1)
19 1:1.25 AgOTf CH,Cl, 20 mol % 2.0 83 50 (9)

4Unless otherwise specified, reactions were conducted at 0.1M initial substrate concentration,
at 23°C under air in the presence of 1g/mmol 4R MS for 20 hours. °Conducted at 35°C.
°Run under at atmosphere of N,.%Initial starting material concentration of 0.3 M. 0.1 equivalents
BHT added at reaction outset.

Altering reaction stoichiometry was key to attaining higher yields and conversion.
Increasing the oxidant loading to 3.5 equivalents increased the product yield to 67% (entry 13),
while increasing the catalyst loading to 33 mol% actually led to decreased conversion (entry 14).

A slight decrease in yield was observed when the catalyst loading was lowered to 10 mol %
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(entry 15). Because the catalyst was not completely soluble in the reaction solvent, it is likely
that higher catalyst loadings did significantly affect the solution concentration of the catalyst.
Increasing the oxidant loading to 5.0 equivalents provided even higher yield and conversion
(entry 16, 17). To our surprise, the addition of 10 mol % BHT (butylatedhydroxytoluene),
intended to probe the formation of radicals in the reaction pathway, provided full conversion and
a high yield of product (enty 18). Moreover, the reaction time was reduced from 20 to 8 hours in
the presence of BHT. Additionally, the addition of 10 mol % BHT to a 1:1.25 mixture of
Ag:phen also reversed the selectivity to favor C-H amination. Two possible explanations for this
surprising behavior are that the BHT affects the equilibrium between catalyst species in favor of

AgL> complex, or that it helps to make the catalyst more soluble.

3.5. Scope of Ag(l)-catalyzed aziridination.

With these conditions in hand, the amination systems were applied to ten homoallenic
carbamates (Table 3.5). In all cases, a 1:1.25 ratio of AgOTf:phen favored aziridination, while a
1:3 ratio of AgOTf:phen yielded mainly C—H insertion. Trisubstituted allenes (entries 1, 6-7)
exhibited good selectivity under both conditions, while less substituted allenes (entries 2-5, 8)
usually gave better selectivity under C—H insertion conditions. In 1,3-disubstituted allenes, the

addition of 10 mol % BHT led to improved yields and selectivities (entries 4, 8-10).



Table 3.5. Tunable, chemoselective amination of homoallenic carbamates.

o]
2 H H
R S P catalyst H R2 J
>::\_/044 it Ay R%, o . N (0]
R NH, PhIO 2 O\/‘; >:<K)
1
3.3, 3.6a,b, 3.11a-d, 3.14a-c Rt | R H A
entry allene AgOTf:phen®? LAY yield | (A or SM)
1 Me H oJ<O 1:1.25 1:20 < 4% (79%)
NH 3.6a 1:3 100:0 81%
'V'eH H o 2 Rhy(esp), 1:2 17% (35%)
5 A 36b 1:1.25 1:5.9 13% (79%)
H41Cs MeNHz 1:3 76:1 76% (1%)
H HMe g 1:1.25 1:9 9% (80%)
3 \ O—/( 3.11b 1:3 100:0 76%
H44Cs NH, Rho(esp), 1:1 34% (34%)
CsHy
H SH o} 1:1.25 1:4 18% (72%)
. )Z-:‘\_/O—4 3.3 13 131 65% (11% 3.3)
Hy1Co NH, 1:3¢ 100:1 71%
H
5 H 5 O_/<O 1:1.25¢ 1:3.7 18% (67%)
3.11a 1:3 100:0 83%
tBu NH2
Me SH 0 1:1.25 1:115 7% (87%)
6 ):-:\_/O—( 3.11c 1:3 100:0 88%
H41Cs NH, Rhy(esp), 1.3:1 44% (34%)
Me H 0
R 1:1.25 1:19 4% (70%)
7
4):':\_/0_{,\“_' 311d 45 1000 78%
2
H H 0 1:1.25 1:4.8 12% (57%)
8 X o—/( 3.14a 1:3 19:1 74% (10% 3.13b)
NH; 1:3¢ 100:1 68%
H H 0 . .
o Ph B o—/< 344p 1125 0:100 61%
1:3 24:1 74% (6% 3.13c)
NH, 1:3¢ 100:1 71%
10 H H o} ) )
: 1:1.25 0:100 58%
N 3.14
TBSO\_)Z':\_/O_/(NH © a3 100:0 36% (15% 3.13d)
2 1:3¢ 30:1 62% (3% 3.13d)

a: Aziridination: 20 mol% AgOTf, 25 mol% phen, 2 equiv PhlO, 4 A MS, CH,Cl,. b:
C-H insertion: 10 mol% AgOTf, 30 mol% phen, 3.5 equiv PhlO, 4 A MS, CH,Cl,. c:
2,2'-bipyridine ligand. d: | = insertion, A = aziridination. e: 10 mol% BHT added.
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Table 3.6. Amination of homoallylic carbamate.

(0] RZ
catalyst )J\ R! H
1 N™ O /V/O
H2 Pphio R w + J
] CH,CI 3 H
3.15a-¢ 22 R?  3.16d% RS 3.A47a-e
entry  substrate catalyst®?° Al yield dr
Rh,(OAc), 3.2:1 58% 3.16a cis
\%\/\ 1:1.25 AgOTf:phen 15.7:1 67% 3.16a
3 15a 1:3 AgOTf:phen  0:100 93% 3.17a
45% 3.16b
ha(esp)z 1.8:1 (25% 3.17b)d nd
1:1.25 AgOTf:phen 9:1 89% 3.16b 3.2:1
3.15b 1:3 AgOTf:phen  1:20 87% 3.17b 311
Rh,(OAc), 4.9:1 68% 3.16¢ trans
\%\/\ 1:1.25 AgOTf:phen 24:1 88% 3.16¢
3.15¢ 1:3 AgOTf:phen 1:6.6 73% 3.17¢
o Rhy(OAc), 7:1 35% 3.16d
N )J\ 1:1.25 AgOTf:phen 99:1 85% 3.16d
3. 15d 1:3 AgOTf:phen 1:2.9 66% 3.17d -
25% 3.16e
Rh :
H Me O 2(esP): 1.2 @1%3.47e)
5 " “NH, 1:1.25AgOTfphen 14:4  54%3.16e nd
3.15¢ 2 (39% 3.17¢)?
1:3 AgOTf:phen 0:100 68% 3.17e 2.4:1

a: Rh cat: 3 mol%, 2 equiv PhlO, 4 A MS, CH,Cl, b: Aziridination: 20 mol% AgOTf, 25
mol% phen, 2 equiv PhlO, 4 A MS, CH,Cl,. c: C-H insertion: 10 mol% AgOTf, 30 mol%
phen, 3.5 equiv PhlO, 4 A MS, CH,Cl, d: NMR yields, mesitylene internal standard.

Simple changes in the AgOTf:phen stoichiometry also provided good chemoselectivity in
the amination of homoallylic carbamates (Table 3.6). The cis-disubstituted 3.15a showed
increased selectivity for aziridination in switching from Rh2(OAc)s to 1:1.25 AgOTf:phen (entry
1), while changing the AgOTf:phen ratio to 1:3 promoted exclusive insertion. This trend held for
both the cis-disubstituted 3.15b (entry 2) containing substitution in the tether and the trans-
disubstituted 3.15c (entry 3). The stereochemistry of the olefin was transferred to the resulting
aziridines and allylic amines with no detectable isomerization. The 1,1'-disubstituted 3.15d gave
better selectivity and yield for aziridination compared to Rh2(OAc)4, although the C—H insertion
was moderate. Substrate 3.15e gave poor results using aziridination conditions, but good

selectivity under insertion conditions.
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Attempts to isolate Ag complexes from solutions of AgOTf and phenanthroline resulted
in the recovery of only Ag(phen).OTf. Nonetheless, Ag(phen).OTf was capable of producingtwo
distinct catalytic species capable of divergent amination (Scheme 3.2). Reaction of 3.6a with the
preformed Ag(phen).OTf gave a 90:8 mixture of products in favor of the C—H insertion,
consistent with the results described in Table 3.4. Addition of 10 mol % AgOTTf to the initial
Ag(phen).OTf complex completely reversed the chemoselectivity to provide 3.7a in 92% vyield,
while an extra 10 mol % of phen shut down the competing aziridination pathway, giving 3.8a in
90% vyield. This experiment suggested that the predominant catalytic species in solution was not
solely a function of initial reaction conditions, but could be controlled in situ by altering

ligand:metal ratios.

Scheme 3.2. Dynamic behavior of Ag complexes demonstrated by in situ control of catalyst.

Me H O
10 mol% (phen),AgOTf )Z':\_/O% 10 mol% (phen),AgOTf
+ 10 mol% AgOTf M 36a NH, + 10 mol% phen

PhIO, CH,Cl, PhIO, CH,Cl,
92% : trace trace : 90%
O H
M )k 10 mol% (phen),AgOTf H
e>:<\j1\)o PhlO, CH,Cl, Me., /Y =0
B (0]
Me h 3.7a 8% - 90% 3.8a

3.6. Conclusions.

We have developed a simple Ag-based catalyst system that represents the only method to
date capable of employing the same metal and the same ligand to accomplish either aziridination
or C—H insertion in good yields. The ability for Ag to readily adopt multiple coordination
geometries provides a new approach to identify catalysts that can promote other types of

chemoselective amination, including choosing between two different C—H bonds. In addition, the
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ease with which this methodology can be implemented and hopefully extended to other
chemoselective C-heteroatom and C-C bond formations opens a potential gateway in reaction

discovery.
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3.8. Experimental Details and Characterization.

3.8.1 Preparation of homoallenic carbamates.

Homoallenic carbamates were prepared according to the general procedures described in

chapters 1 and 2. The following homoallenic carbamates were not reported previously:

Compound 3.6a. Obtained in 53% vyield as a thick oil. *H NMR (300 MHz, CDCls3) & 4.94 (m,
1H), 4.58 (br s, 2H), 4.11 (t, J = 6.8 Hz, 2H), 2.27 (g, J = 6.6 Hz, 2H), 1.68 (d, J = 2.9 Hz, 6H)
13C NMR (75 MHz, CDCl3) & 202.66, 157.48, 96.06, 84.56, 64.65, 28.98, 20.72. HRMS (ESI)
m/z calculated for CsH1sNO2 [M+Na*] 178.0839, found 178.0842. IR: in CH2Cl, 3537, 3424,

2987, 1730, 1585, 1422, 1337, 1265 1159, 1093.

H o)
S oA
CsHi1 NH,
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Compound 3.9b. Obtained in 76% yield as an oil. *H NMR (400 MHz, CDCls3) § 4.97 (m, 1H),
4.72 (s, 2H), 3.84 (s, 2H) 1.92 (ddd, J = 8.9, 6.2, 2.7 Hz, 2H), 1.68 (d, J = 2.9 Hz, 3H), 1.47-1.22
(m, 6H), 1.02 (s, 6H), 0.89 (t, J = 6.8 Hz, 3H) *C NMR (100 MHz, CDCl3) 5 199.61, 101.99,
97.52, 73.33, 35.74, 33.98, 31.62, 27.30, 25.02, 25.00, 22.57, 19.38, 14.10. HRMS (ESI) m/z
calculated for C12H21NOsS [M+NH4*] 309.1479, found 309.1493. IR: in CH2Cl, 3530, 3420,

2931, 1731, 1584, 1468, 1397, 1377, 1331, 1271, 1068.

Compound 3.9e. Obtained in 72% yield as a white solid. *H NMR (300 MHz, CDCls) & 4.90
(m, 1H), 4.65 (br s, 2H), 3.84 (s, 2H), 1.69 (d, J = 2.9 Hz, 6H), 1.02 (s, 6H) *3C NMR (75 MHz,
CDCl3) 6 200.46, 157.30, 97.57, 96.44, 73.45, 35.95, 25.19, 20.90. HRMS (ESI) m/z calculated
for C10H17NO2 [M-H*] 182.1176, found 182.1169. IR: in CH.Cl, 3535, 3422, 2969, 1731, 1584,

1377, 1331, 1270, 1261, 1068.

H 0
):'j_/(F{
NH,

Compound 3.9f. Obtained in 68% yield as a white solid. *H NMR (300 MHz, CDCls) & 4.98
(m, 1H), 4.52 (s, 2H), 3.81 (s, 2H), 1.90 (qd, J = 7.4, 3.3 Hz, 2H), 1.65 (d, J = 2.9 Hz, 3H), 0.98
(s, 6H), 0.95 (t, J = 7.5, 3H) 3C NMR (75 MHz, CDCls) 5 199.46, 157.56, 103.85, 98.48, 73.48,
35.90, 27.06, 25.20, 19.53, 12.44. HRMS (ESI) m/z calculated for C11H19NO2 [M*] 197.1411,

found 197.1412. IR: in CH2Cl> 3533, 3425, 2968, 1733, 1583, 1459, 1399, 1378, 1328, 1065.

H o]
NH,
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Compound 3.99. Obtained in 67% yield as a thick oil. *H NMR (400 MHz, CDCls) § 5.23-4.57
(m, 3H), 3.84 (s, 2H), 1.93-1.68 (m, 3H), 1.65 (d, J = 2.9 Hz, 3H), 1.02 (s, 1H), 0.90 (dd, J = 6.4,
1.7 Hz, 1H) 3C NMR (100 MHz, CDCls) & 200.39, 157.39, 100.61, 96.77, 73.31, 43.86, 35.80,
26.36, 25.05, 24.99, 22.72, 22.57, 19.28. HRMS (ESI) m/z calculated for C13H2sNO> [M+H"]
226.1802, found 226.1804. IR: in CH2Cl» 3536, 3425, 2963, 2879, 1728, 1584, 1465, 1397,

1378, 1323, 1071 cm™™,

H O
05H>1:-:§—/O_/<NH2
Compound 3.11c. Obtained in 78% yield as an oil. *H NMR (400 MHz, CDCl3) & 5.03-4.94
(m, 1H), 4.81 (br s, 2H), 4.10 (t, J = 6.8 Hz, 2H), 2.28 (q, J = 6.8 Hz, 2H), 1.91 (td, J = 7.5, 3.0
Hz, 2H), 1.66 (d, J = 2.9 Hz, 3H), 1.47-1.20 (m, 6H), 0.89 (t, J = 6.9 Hz, 3H) 3C NMR (100
MHz, CDCls) 6 202.00, 157.11, 100.38, 85.63, 64.63, 33.87, 31.52, 29.01, 27.17, 22.56, 19.17,
14.11. HRMS (ESI) m/z calculated for CgH1sNO2 [M+Na*] 178.0839, found 178.0842. IR: in

CH,Cl,3538, 3424, 2987, 1730, 1585, 1422, 1337, 1265, 1115, 1093 cm™.

H (0]
4>:':‘\\_/OJ<
NH,

Compound 3.11d. Obtained in 69% yield as a thick oil. *H NMR (300 MHz, CDClz) § 5.03 (m,
1H), 4.96 (br s, 2H), 4.10 (t, J = 6.9 Hz, 2H), 2.28 (q, J = 6.9 Hz, 2H), 1.93 (qd, J = 7.3, 3.0 Hz,
2H), 1.68 (d, J = 2.8 Hz, 3H), 0.99 (t, J = 7.3 Hz, 3H) ¥C NMR (75 MHz, CDCl3) & 201.73,
157.46, 102.35, 86.58, 64.73, 29.16, 27.01, 19.28, 12.36. HRMS (ESI) m/z calculated for
CoH1sNO2 [M+Na*] 192.0995, found 192.0999. IR: in CH2Cl, 3537, 3424, 2987, 1730, 1585,

1422, 1398, 1337, 1265, 1160, 1093 cm™™.
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e

Compound 3.14a. The product was purified by column chromatography using a 0 > 20%
gradient of EtOAc in hexanes with 5% increments. The resulting colorless oil was obtained in
90% yield from the corresponding homoallenic alcohol. *H NMR (500 MHz, CDCls) § 5.12-
5.01 (m, 2H), 4.79 (br s, 2H), 4.12 (t, J = 6.8 Hz, 2H), 2.31 (qd, J = 6.8, 2.9 Hz, 2H), 1.91 (ddd, J
=141, 6.8, 2.7 Hz, 1H), 1.86 (ddd, J = 14.1, 6.8, 2.7 Hz, 1H), 1.65 (non, J = 6.8 Hz, 1H), 0.91
(d, J = 6.8 Hz, 6H). 3C NMR (125.7 MHz, CDCl3) § 205.2, 157.1, 90.3, 85.9, 64.5, 38.3, 28.7,
28.4, 22.2, 22.1. HRMS (ESI) m/z calculated for CioH17NO2 [M+Na*] 206.1152, found

206.1156.

'
HJ/\/\O NH,
TBSO
Compound 3.14c. The product was purified by column chromatography using a 0 > 25%
gradient of EtOAc in hexanes with 5% increments. The resulting colorless oil was obtained in
85% yield from the corresponding homoallenic alcohol. *H NMR (500 MHz, CDCls) § 5.14 (qt,
J=6.9, 2.8 Hz, 1H), 5.07 (qt, J = 6.9, 2.8 Hz, 1H), 4.78 (br s, 2H), 4.11 (t, J = 6.8 Hz, 2H), 3.67
(t, J = 6.9 Hz, 2H), 2.31 (qd, J = 6.9, 2.8 Hz, 2H), 2.21 (qd, J = 6.8, 2.8 Hz, 2H), 0.90 (s, 9H),
0.06 (s, 6H). 3C NMR (125.7 MHz, CDCls) & 205.5, 157.2, 88.5, 86.7, 64.5, 63.1, 32.7, 28.7,
26.1, 18.5, -5.1. HRMS (ESI) m/z calculated for C14H27NOsSi [M+NH4*] 303.2099, found

303.2090.
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3.9.2. Ag(l)-catalyzed methylene aziridination.

For best results, the silver to ligand ratio needs to be exact. Both silver triflate and
phenanthroline are highly hygroscopic and will not give good results if they are not completely
dry. Silver reagents should be stored in a glove box and phenanthroline in a standard
dessicator. Alternatively, the reaction can be carried out in a glove box, although this is not

necessary as long as the quality of the reagents is properly maintained.

General procedure for Ag catalyzed methylene aziridination. Silver triflate (26 mg, 0.1
mmol, 0.2 eq) and phenanthroline (23 mg, 0.125 mmol, 0.25 eq) were charged into a pre-dried
reaction flask. Dichloromethane (1 mL) was added to the flask. The mixture was stirred
vigorously for 30 minutes. Then a solution of allene carbamate (0.5 mmol, 1 eq) in
dichloromethane (1 mL) was added to the reaction flask followed by 3A or 4A molecular sieves
(2 mmol substrate / g of sieves or 0.25 mmol substrate / g of sieves). lodosobenzene (220 mg, 1
mmol, 2 eq) was then added in one portion and the reaction were to stir at room temperature until
complete by TLC (~14 hours). The reaction mixture was then filtered through a glass frit and the
filtrate was concentrated via vacuum. The crude products were then purified by silica gel

column chromatography (0 = 30% EtOAc in hexanes, 6% increments).

h
Compound 3.7a. Obtained in 79% vyield as an oil. *H NMR (300 MHz, CDCls) § 4.50 (m, 1H),
4.33 (m, 1H), 3.38 (t, J = 7.4 Hz, 1H), 2.35 (m, 1H), 1.98 (s, 3H), 1.80 (s, 3H), 1.60 (m, 1H) *3C
NMR (75 MHz, CDClz) & 156.84, 120.37, 108.25, 68.52, 40.05, 24.36, 19.76, 18.53. HRMS
(ESI) m/z calculated for CgH11NO2 [M+H"] 154.0863, found 154.0858. IR: in CH2Cl> 2983,

2904, 1793, 1718, 1471, 1384, 1094 cm™™,
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Compound 3.8a. Obtained in 80% yield as an oil. The identity of this product was verified by

comparison of NMR spectra with reported literature.*2

O

o N

N~ ~O
C5H1>1_?l><

Compound 3.10a. Obtained in 88% vyield as an oil. The identity of this product was verified by

comparison of NMR spectra with reported literature.*

O

N

N~ O
C5H11 H\:

Compound 3.10b. Obtained in a 81% vyield as a mixture of E and Z isomers E isomer: *H NMR
(300 MHz, CeDs) 6 3.56 (d, J = 9.8 Hz, 1H), 3.19 (d, J = 9.8 Hz, 1H), 2.61 (s, 1H), 2.08 (s, 3H),
1.88 (m, 2H), 1.24 (m, 6H), 0.86 (t, J = 6.8 Hz, 3H), 0.54 (s, 3H), 0.51 (s, 3H). 3C NMR (125
MHz, CeDs) 6 155.93, 119.55, 112.54, 77.46, 49.35, 34.82, 32.26, 29.71, 27.58, 23.75, 23.19,
20.58, 17.10, 14.55. HRMS (ESI) m/z calculated for Ci4H23sNO, [M+H*] 238.1802, found
238.1805. Z isomer: *H NMR (300 MHz, CgDs) & 3.52 (d, J = 10.4 Hz, 1H), 3.17 (d, J = 10.4
Hz, 1H), 2.59 (m, 1H), 2.53 (s, 1H), 1.88 (m, 1H), 1.53 (s, 3H), 1.23 (m, 6H), 0.91 (t, J = 6.8 Hz,
3H), 0.51 (s, 3H), 0.49 (s, 3H). 13C NMR (125 MHz, CeDs) & 155.80, 119.79, 112.04, 77.32,

48.73, 33.02, 32.19, 29.57, 28.23, 23.81, 23.31, 20.46, 17.85, 14.67. HRMS (ESI) m/z calculated
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for C14H23NO2 [M+H"] 238.1802, found 238.1805. IR: in CH2Cl> 2987, 1730, 1422, 1378,

1334, 1265, 1155, 1110 cm™.

O

Ho N

TIPSO — N0
H\‘

Compound 3.10c. Obtained in 87% vyield and 3:1 E:Z mixture of isomers as a clear oil. E
isomer: 'H-NMR: (300.1 MHz, CsD¢) & 5.58 (t, J = 7.5 Hz, 1H), 3.61-3.49 (m, 3H), 3.15 (d, J =
10.9 Hz, 1H), 2.56 (s, 1H), 2.33-2.10 (m, 2H), 1.14-0.98 (m, 21H), 0.53 (s, 3H), 0.46 (s, 3H); 13C
NMR: (75.4 MHz, CsDe) 0 155.19, 126.06, 100.16, 77.71, 63.53, 48.48, 33.42, 29.32, 23.76,
20.79, 18.61, 12.66; HRMS (ESI) m/z calculated for C19H3sNO3Si [M+H'] 354.2459, found
354.2457. IR: in DCM 2971, 1727, 1586, 1406, 1377, 1332, 1270, 1070 cm™ Z isomer: 1H
NMR: (299.9 MHz, CeDs) & 5.49 (t, J = 7.6 Hz, 1H), 3.79 (dt, J = 9.8, 6.0 Hz, 1H), 3.73 (ddd, J
= 9.8, 6.7, 5.5 Hz, 1H), 3.48 (d, J = 10.6 Hz, 1H), 3.14 (d, J = 10.6 Hz, 1H), 2.98-2.79 (m, 2H),
2.54 (s, 1H), 1.15-1.06 (m, 21H), 0.52 (s, 3H), 0.41 (s, 3H); 13C NMR: (75.4 MHz, CeDs) &
155.09, 125.17, 101.98, 77.31, 64.20, 48.73, 31.97, 28.99, 23.62, 20.66, 18.64, 12.68; HRMS
(ESI) m/z calculated for C19H3sNOsSi [M+H*] 354.2459, found 354.2457. IR: in CH2Cly: 2971,

1731, 1592, 1502, 1382, 1331, 1070 cm™,

Compound 3.10d. Obtained in 83% yield as a 2.8:1 E:Z mixture of diastereomers. E isomer: *H
NMR: (300.1 MHz, C¢Dg) & 7.12 (d, J = 7.8 Hz, 2H), 7.08-7.01 (m, 1H), 6.95 (d, J = 7.4 Hz,
1H), 5.52 (t, J = 7.0 Hz, 1H), 3.45 (d, J = 10.5 Hz, 1H), 3.07 (d, J = 10.5 Hz, 1H), 2.42 (t, J = 7.3

Hz, 2H), 2.37 (s, 1H), 2.10 (non, J = 7.3 Hz, 2H), 0.41 (s, 3H), 0.39 (s, 3H) 3C-NMR: (125.8
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MHz, CDClz) 6 154.24, 140.86, 133.24, 129.61, 126.36, 75.01, 72.99, 59.40, 54.91, 34.04,
32.39, 31.21, 25.18, 20.44; HRMS (ESI) m/z calculated for C16H19NO2 [M+H"] 258.1489, found
258.1494. IR in DCM: 2971, 1728, 1589, 1402, 1380, 1344, 1070. Z isomer: *H NMR: (299.9
MHz, C¢De) & 7.15-7.10 (m, 4H), 7.09-7.00 (m, 1H), 4.99 (t, J = 7.2 Hz, 1H), 3.42 (d, J = 10.4
Hz, 1H), 3.05 (d, J = 10.4 Hz, 1H), 2.93 (dq, J = 14.4, 7.2 Hz, 1H), 2.77 (dq, J = 14.4, 7.2 Hz,
1H), 2.67 (t, J = 7.2 Hz, 1H), 2.43 (s, 1H), 0.39 (s, 3H), 0.38 (s, 3H); 3C NMR: (75.4 MHz,
CsDe) 0 155.06, 142.06, 129.40, 129.05, 126.59, 124.72, 103.69, 77.18, 48.62, 36.87, 29.78,
28.90, 23.64, 20.56; HRMS (ESI) m/z calculated for CiH19NO2 [M+NH4"] 275.1755, found

275.1747. IR in CH2Cl,: 2971, 1731, 1592, 1502, 1382, 1331, 1070 cm™.

Compound 3.10e. Obtained in a 98% yield as an oil. *H NMR (300 MHz, CDCl3) § 4.20 (d, J
= 10.6 Hz, 1H), 3.81 (d, J = 10.6 Hz, 1H), 3.11 (s, 1H), 1.99 (s, 3H), 1.79 (s, 3H), 1.25 (s, 3H),
0.88 (s, 3H) 3C NMR (75 MHz, CDCls) & 156.58, 118.66, 108.95, 77.42, 49.40, 29.76, 24.11,
20.54, 20.08, 18.47. HRMS (ESI) m/z calculated for CioHisNO> [M+H*] 182.1176, found
182.1173. IR: in CH2Cl, 2975, 1730, 1472, 1404, 1375, 1345, 1298, 1265, 1216, 1185, 1093,

1018 cm™.

Compound 3.10f. Obtained in a 90% yield as a mixture of E and Z isomers. E isomer: *H NMR
(300 MHz, CDCl3) § 4.22 (d, J = 10.7 Hz, 1H), 3.81 (d, J = 10.7 Hz, 1H), 3.13 (s, 1H), 2.14 (m,
2H), 1.99 (s, 3H), 1.24 (s, 3H), 1.07 (t, J = 7.5 Hz, 3H), 0.87 (s, 3H). 13C NMR (75 MHz, CDCls)

0 156.17, 117.53, 114.18, 77.22, 49.12, 29.41, 27.10, 23.55, 20.11, 16.09, 11.69. HRMS (ESI)
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m/z calculated for C11H17NO2 [M+H*] 196.1333, found 196.1330. Z isomer: *H NMR (300
MHz, CDCls) § 4.20 (d, J = 10.7 Hz, 1H), 3.81 (d, J = 10.7 Hz, 1H), 3.09 (s, 1H), 2.43 (m, 2H),
1.78 (s, 3H), 1.25 (s, 3H), 1.09(t, J = 7.6 Hz, 3H), 0.88 (s, 3H) 3C NMR (75 MHz, CDCl3) &
156.17, 117.59, 113.86, 77.00, 48.55, 29.35, 25.51, 23.70, 20.05, 16.89, 12.36. HRMS (ESI) m/z
calculated for C11H17NO> [M+H*] 196.1333, found 196.1330. IR: in CH2Cl, 2972, 1728, 1472,

1404, 1376, 1297, 1245, 1215, 1157, 1096 cm™™,

Compound 3.10g. Obtained in a 97% vyield as a mixture of E and Z isomers. E isomer: H
NMR (300 MHz, CDCls) & 4.20 (d, J = 10.6 Hz, 1H), 3.82 (d, J = 10.6 Hz, 1H), 3.10 (s, 1H),
1.98 (m, 2H), 1.96 (s, 3H), 1.88 (m, 1H), 1.25 (m, 3H), 0.89 (m, 9H). 13C NMR (75 MHz,
CDCI3) 6 156.55, 119.34, 112.48, 77.40, 49.64, 43.57, 29.82, 26.00, 24.11, 22.93, 22.22, 20.70,
16.49. HRMS (ESI) m/z calculated for C13H21NO2 [M+H"] 224.1646, found 224.1649. Z
isomer: 'H NMR (300 MHz, CDCls) & 4.19 (d, J = 10.6 Hz, 1H), 3.82 (d, J = 10.6 Hz, 1H), 3.10
(s, 1H), 2.29 (d, J = 7.5 Hz, 2H), 1.88 (m, 1H), 1.75 (s, 3H), 1.26 (s, 3H), 0.89 (m, 9H) 3C
NMR (75 MHz, CDCl3) 6 156.32, 119.26, 112.04, 77.34, 49.05, 41.35, 29.67, 26.07, 24.11,
22.54, 22.22, 20.66, 17.82. HRMS (ESI) m/z calculated for C13H21NO> [M+H"] 224.1646, found

224.1649. IR: in CH.Cl, 2962, 1730, 1472, 1404, 1377, 1341, 1299, 1265, 1214, 1159 cm™.

o}

H NJ\O
EtOZCJ:?%
Compound 3.10h. Obtained in 86% vyield as a 2.2:1 E:Z mixture of diastereomers. The Z isomer

was previously characterized. E isomer: *H-NMR: (300.1 MHz) § 5.67 (t, J = 6.7 Hz, 1H), 3.87

(0, J = 7.4 Hz, 2H), 3.49 (d, J = 10.0 Hz, 1H), 3.16 (d, J = 10.0 Hz, 1H), 2.72 (qd, J = 16.9, 7.8
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Hz, 2H), 2.50 (s, 1H), 0.90 (t, J = 7.4 Hz, 3H), 0.50 (s, 3H), 0.46 (s, 3H); *C-NMR: (75.4 MHz,
CsDs) 0 170.42, 154.83, 127.46, 96.27, 61.00, 48.55, 34.62, 29.26, 23.56, 20.52, 14.47; HRMS
(ESI) m/z calculated for C12H17NO4 [M+H™] 240.1231, found 240.1223. IR in CH2Cl,: 2968,

1728, 1580, 1402, 1380, 1332, 1071 cm™,

N~ O
Compound 3.4. Bipyridine was used as the ligand instead of phenanthroline. Obtained in 72%

yield as an oil. The identity of this product was verified by comparison of NMR spectra with

reported literature.!

_ N™ "0
Compound 3.12a. Bipyridine was used as the ligand instead of phenanthroline. Obtained in

67% yield as a white solid. The identity of this product was verified by comparison of NMR

spectra with reported literature.!

>_<’\ﬂ\)o\)
CsHy4 I-f

Compound 3.12b. Obtained in 80% yield as an oil. The identity of this product was verified by

comparison of NMR spectra with reported literature.*?

0]

L

s
CsHyq H\:

Compound 3.12c. Obtained in a 87% yield as a mixture of E and Z isomers. E isomer: 'H

NMR (300 MHz, CDCls) 6 4.50 (ddd, J = 11.6, 10.7, 2.2 Hz, 1H), 4.33 (ddd, J = 10.8, 3.9, 2.7
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Hz, 1H), 3.38 (dd, J = 8.3, 6.1 Hz, 1H), 2.35 (dddd, J = 14.4, 6.1, 2.8, 2.2 Hz, 1H), 2.16-2.06 (m,
2H), 1.97 (s, 3H), 1.68-1.39 (m, 4H), 1.29 (m, 4H), 0.90 (m, 3H). 3C NMR (75 MHz, CDCls) §
156.86, 120.29, 112.48, 68.44, 40.30, 34.29, 31.81, 26.99, 24.71, 22.64, 16.86, 14.18. HRMS

(ESI) m/z calculated for C12H10NO2 [M+H™] 210.1489, found 210.1479.

=

_H\;

Compound 3.12d. Obtained in a 70% yield as a mixture of E and Z isomers. E isomer: H
NMR (300 MHz, CDCl3) § 4.51 (m, 1H), 4.34 (m, 1H), 3.38 (m, 1H), 2.38 (m, 1H), 2.15 (m,
2H), 1.98 (s, 3H), 1.62 (m, 1H), 1.07 (t, J = 7.4 Hz, 3H) 3C NMR (75 MHz, CDCl3) & 156.79,
119.94, 113.86, 68.45, 40.42, 27.42, 24.79, 16.98, 12.14. HRMS (ESI) m/z calculated for
C11H17NO2 [M+H*] 196.1333, found 196.1330. Z isomer: 'H NMR (300 MHz, CDCls) & 4.51
(m, 1H), 4.34 (m, 1H), 3.38 (m, 1H), 2.38 (m, 3H), 1.98 (s, 3H), 1.62 (m, 1H), 1.07 (t, J = 7.4
Hz, 3H) 3C NMR (75 MHz, CDCl3) § 156.74, 130.29, 113.44, 68.49, 39.68, 25.81, 24.39, 16.87,

12.63. HRMS (ESI) m/z calculated for C1:H17NO> [M+H"] 196.1333, found 196.1330. IR: in

CH.Cl, 2971, 1728, 1475, 1390, 1265, 1164, 1092, 1002 cm™.

W

Compound 3.14aA. The product was purified by column chromatography using a 0 = 20%
gradient of EtOAC in hexanes with 5% increments. The resulting product was obtained in 57%
yield as a 2.5:1 mixture of diastereomers. E diastereomer: *H NMR (500 MHz, CDCls) § 5.48 (t,
J =8.0 Hz, 1H), 3.57 (td, J = 11.5, 2.0 Hz, 1H), 3.41 (dt, J = 10.5, 3.0 Hz, 1H), 2.59 (dd, J = 8.4,

6.9 Hz, 1H), 1.84-1.76 (m, 1H), 1.76-1.69 (m, 1H), 1.42 (sep, J = 6.8 Hz, 1H), 1.06-1.00 (m,
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1H), 0.89-0.83 (m, 1H), 0.76 (d, J = 6.8 Hz, 3H), 0.74 (d, J = 6.8 Hz, 3H); 3C NMR (125.7
MHz, CDCls) § 154.9, 126.9, 100.6, 67.9, 38.5, 37.4, 28.3, 23.5, 22.0, 21.9; HRMS (ESI) m/z

calculated for C10H1sNO2 [M *] 181.1098, found 181.1088.

o}

TBSOL“)Z@
Compound 3.14bA. The product was purified by column chromatography using a 0 - 30%
gradient of EtOAc in hexanes with 6% increments. The product was obtained in 58% yield as a
1.7:1 mixture of diastereomers. *H NMR (500 MHz, CDCls) & 5.47 (t, J = 7.4 Hz, 1H), 3.54 (t, J
= 11.1 Hz, 1H), 3.45-3.37 (m, 3H), 2.60 (dd, J = 8.3, 6.7 Hz, 1H), 2.11 (q, J = 7.4 Hz, 2H) 1.08-
0.99 (m, 1H), 0.95 (s, 9H), 0.88-0.80 (m, 1H), 0.02 (s, 6H); *C NMR (125.7 MHz, CDCls) §
153.5, 97.4, 66.7, 61.3, 37.4, 30.8, 24.8, 22.3, 17.0, -0.06, -1.46, -6.6; HRMS (ESI) m/z

calculated for C14H2sNO3Si [M+H™] 284.1677, found 284.1678.

3.9.4. Synthesis of C-H insertion products.

General procedure for Ag-catalyzed allenic C-H Insertion. A pre-dried reaction flask was
charged with silver triflate (13.0 mg, 0.5 mmol, 0.1 equiv) and phenanthroline (26.0 mg, 0.15
mmol, 0.3 equiv). Dichloromethane (3 mL) was added to the flask and the mixture was stirred
vigorously for 30 min. A solution of the homoallenic carbamate (0.5 mmol, 1 equiv) in
dichloromethane (3 mL) was added to the reaction flask, followed by 3A or 4A molecular sieves
(2 mmol substrate/g of sieves or 0.25 mmol substrate/g of sieves). lodosobenzene (392 mg, 1.75
mmol, 3.5 equiv) was added in one portion and the reaction mixture was allowed to stir at room
temperature until TLC indicated complete consumption of the starting material (~14-16 h). The

reaction mixture was filtered through a glass frit and the filtrate concentrated under reduced



92

pressure. The crude products were purified by silica gel column chromatography using a

hexanes/EtOAc gradient.

H
H
N
O

Compound 3.8a. The product was purified by column chromatography using a 0 - 50%
gradient of EtOAc in hexanes with 10% increments. The product was obtained in 81% yield.
The proton and carbon NMRs matched reported literature values.® *H NMR (300 MHz, CDCls)
§5.72 (s, 1H), 5.02 (m, 1H), 4.52 (t, J = 8.3, 1H), 4.32 (m, 1H), 4.15 (dd, J = 8.4, 5.7, 1H), 1.72
(m, 6H).

H

N
H, /V/O
(0]

C5H11

Compound 3.8b. The product was purified by column chromatography using a 0 > 30%
gradient of EtOACc in hexanes with 6% increments. The product was obtained in 96% yield. The
proton and carbon NMRs matched reported literature values.® H NMR (300 MHz, CDCls) §
5.35 (qt, J = 7.4, 2.2 Hz, 2H), 5.12 — 5.01 (m, 1H), 4.03 — 3.94 (m, 1H), 2.02 (qdd, J = 7.4, 4.6,

3.0 Hz, 2H), 1.48 (s, 3H), 1.45 — 1.23 (m, 9H), 0.89 (t, J = 6.7 Hz, 3H).

H
H

Hi1Cs.,, N>;o
O
H
Compound 3.13b. The product was purified by column chromatography using a 0 - 50%

gradient of EtOAc in hexanes with 10% increments. The product was obtained in 76% vyield.

The proton and carbon NMRs matched reported literature values.® *H NMR (300 MHz, CDCls)
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8 5.54 (s, 1H), 5.52 (s, 1H), 5.34 (m, 1H), 5.10 (m, 1H), 4.63 minor isomer (m, 1H), 4.28 (m,

1H), 3.94 (m, 1H), 2.02 (m, 2H), 1.35 (m, 10H), 0.97 (t, J = 7.5 Hz, 3H), 0.88 (t, J = 6.8 Hz, 3H).

H
N
H11C5«,,,/\E =0
O
H

Compound 3.5. The product was purified by column chromatography using a 0 > 30%
gradient of EtOAC in hexanes with 6% increments. The product was obtained in 71% yield. The
proton and carbon NMRs matched reported literature values.* H NMR (500 MHz, CDCls) §
6.10-6.00 (two br s, 1H), 5.37 (app pd, J = 6.3, 1.3 Hz, 1H), 5.16 (m, 1H), 4.54 (t, J = 8.3 Hz,
1H), 4.38 (qd, J = 6.0, 2.0 Hz, 1H), 4.18 (dd, J = 8.6, 5.7 Hz, 1H), 2.02 (pd, J = 7.4, 2.7 Hz, 2H),

1.44-1.26 (m, 8H), 0.89 (t, J = 6.8 Hz, 3H).

Compound 3.13a. The product was purified by column chromatography using a 0 - 50%
gradient of EtOAc in hexanes with 10% increments. The product was obtained in 83% yield.
The proton and carbon NMRs matched reported literature values.* *H NMR (300 MHz, CDCls)
8 5.66 (br, 1H), 5.40 (dt, J = 6.2, 1.9 Hz, 1H), 5.24 (m, 1H), 4.53 (td, J = 8.3, 1.8 Hz, 1H), 4.36

(m, 1H), 4.19 (ddd, J = 8.5, 5.4, 3.2 Hz, 1H), 1.05 (d, J = 0.6 Hz, 9H).

H
¥
Hc/\[ =0
O
Me

Compound 3.13c. The product was purified by column chromatography using a 0 = 50%
gradient of EtOAc in hexanes with 10% increments. The product was obtained in 88% vyield.

The proton and carbon NMRs matched reported literature values.® *H NMR (300 MHz, CDCls)
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5 5.68 (br, 1H), 5.08 (m, 1H), 4.52 (td, J = 8.3, 2.7 Hz, 1H), 4.32 (m, 1H), 4.15 (ddd, J = 8.4, 5.7,

1.8 Hz, 1H), 1.95 (m, 2H), 1.70 (t, J = 2.6 Hz, 3H), 1.33 (m, 6H), 0.89 (M, 3H).

Me

Compound 3.13d. The product was purified by column chromatography using a 0 - 50%
gradient of EtOAc in hexanes with 10% increments. The product was obtained in 78% vyield.
The proton and carbon NMRs matched reported literature values.® *H NMR (300 MHz, CDCls)
§ 5.60 (s, 1H), 5.13 (dg, J = 6.1 Hz, 1H), 4.52 (td, J = 8.2, 2.6 Hz, 1H), 4.32 (m, 1H), 4.16 (m,

1H), 1.98 (m, 2H), 1.72 (m, 3H), 0.98 (td, J = 7.4, 5.3 Hz, 3H).

H
H
N
Y /\[ =0
O
H

Compound 3.14al. The product was purified by column chromatography using a 0 > 30%
gradient of EtOAc in hexanes with 6% increments. The product was obtained in 74% vyield. H
NMR (500 MHz, CDCl3) § 6.14-5.99 (br s, 1H), 5.32 (pd, J = 7.2, 1.5 Hz, 1H), 5.14 (qd, J = 6.4,
2.5 Hz, 1H), 4.54 (t, J = 8.5 Hz, 1H), 4.38 (g, J = 6.8 Hz, 1H), 4.18 (dd, J = 8.5, 5.8 Hz, 1H),
1.93 (qd, J = 6.8, 2.5 Hz, 2H), 1.67 (non of d, J = 6.8, 2.1 Hz, 1H), 0.92 (d, J = 2.1 Hz, 3H), 0.91
(d, J = 2.1 Hz, 3H). 13C NMR (125.7 MHz, CDCls) & 204.4, 204.3, 159.7, 159.7, 93.9, 93.8,
90.5, 90.5, 70.4, 52.3, 52.2, 37.9, 37.8, 28.3, 22.1. HRMS (ESI) m/z calculated for C10H1sNO>

[M+H*] 182.1176, found 182.1169.

H
H
Ph N
~"" /V/O
(0]
H

Compound 3.14bl. The product was purified by column chromatography using a 0 > 30%

gradient of EtOAc in hexanes with 6% increments. The product was obtained in 74% vyield as a



95

1:1 mixture of diastereomers. The proton NMR matches literature values.® 'H NMR (500 MHz,
CDCl3) 8 7.30 (td, J = 7.0, 2.3 Hz, 2H), 7.24-7.16 (m, 3H), 5.60-5.50 (2 br s, 1H), 5.37 (p, J =
7.4 Hz, 1H), 5.12-5.07 (m, 1H), 4.41 (t, J = 8.4 Hz, 0.5H), 4.36 (t, J = 8.4 Hz, 0.5H), 4.12 (p, J =

6.2 Hz, 1H), 4.02 (ddd, J = 13.1, 8.4, 5.6 Hz, 1H), 2.81-2.67 (m, 2H), 2.46-2.28 (m, 2H).

i H
TB N
SO\/"'/ /V/O
(6]
H

Compound 3.14cl. The product was purified by column chromatography using a 0 = 40%
gradient of EtOAc in hexanes with 8% increments. The product was obtained in 62% yield as a
1:1 mixture of diastereomers. *H NMR (500 MHz, CDCls) § 6.07 (br s, 0.5H), 5.95 (br s, 0.5H),
5.34 (dqd, J = 10.4, 6.3, 1.7 Hz, 1H), 5.11 (tt, J = 6.3, 2.7 Hz, 1H), 4.46 (td, J = 8.4, 1.5 Hz, 1H),
4.34-4.27 (m, 1H), 4.11 (dt, J = 8.4, 5.4 Hz, 1H), 3.66-3.58 (m, 2H), 2.18 (sd, J = 6.9, 2.7 Hz,
2H), 0.84 (d, J = 1.8 Hz, 9H), 0.01 (m, 6H). *C NMR (125.7 MHz, CDCl3) & 204.4, 159.5,
924, 91.1, 70.3, 62.4, 52.0, 32.2, 25.9, 18.4, 18.3, -5.4. HRMS (ESI) m/z calculated for

C14H2sNOsSi [M+H™] 284.1677, found 284.1686.

3.9.5. Synthesis of Homoallylic Carbamates.

Compounds 3.15a,c, d were synthesized according to published procedures.®® The synthesis of
the homoallylic carbamates was carried out according to the general procedure described for

homoallenic carbamates.

Compound 3.15b. The product was purified by column chromatography using a 0 > 25%

gradient of EtOAc in hexanes with 5% increments. The product was obtained in 90% yield as a
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waxy solid. *H NMR (300 MHz, CDCls) § 5.57 — 5.41 (m, 1H), 5.41 — 5.29 (m, 1H), 4.83 (s,
2H), 4.69 (dt, J = 11.8, 6.1, 6.1 Hz, 1H), 2.31 (t, J = 6.7, 6.7 Hz, 3H), 2.04 (g, J = 6.3, 6.3, 6.0
Hz, 2H), 1.69 — 1.44 (m, 2H), 1.40 — 1.25 (m, 4H), 0.97 — 0.82 (m, 6H). 3C NMR (75 MHz,
CDCls) § 157.3, 132.8, 124.3, 76.2, 31.9, 31.7 27.2, 26.8, 22.5, 14.2, 9.8. HRMS (ESI) m/z

calculated for C11H21NO2 [M+NH4*] 217.1911, found 217.19009.

~ A

7 0~ “NH,
Compound 3.15e. The product was purified by column chromatography using a 0 > 25%
gradient of EtOACc in hexanes with 5% increments. The product was obtained in 91% yield as a
white solid. *H NMR (500 MHz, CDCl3) & 5.78 (ddt, 1H, J = 17.2, 10.3, 7.0 Hz), 5.16-5.03 (m,
2H), 4.84 (appt p, 1H, J = 6.3 Hz), 4.81-4.64 (m, 2H), 2.41-2.31 (m, 1H), 2.31-2.23 (m, 1H),
1.23 (d, 3H, J = 6.3 Hz). *C NMR (126 MHz, CDCl3) § 156.7, 133.7, 117.7, 70.9, 40.4, 19.7.

HRMS (EI) m/z calculated for CeH11NO2 [M+] 129.0785, found 129.0782.

3.9.6. Synthesis of Aziridines.

General procedure. A pre-dried reaction flask was charged with silver triflate (26.0 mg, 0.1
mmol, 0.2 equiv) and phenanthroline (23.0 mg, 0.125 mmol, 0.25 equiv). Dichloromethane (1
mL) was added to the flask and the mixture stirred vigorously for 30 min. A solution of the
homoallylic carbamate (0.5 mmol, 1 equiv) in dichloromethane (1 mL) was added to the reaction
flask, followed by 3A or 4A molecular sieves (1 mmol substrate/g of sieves or 0.25 mmol
substrate/g of sieves). lodosobenzene (220.0 mg, 1 mmol, 2 equiv) was added in one portion and
the reaction mixture was allowed to stir at room temperature until TLC indicated complete

consumption of the starting material (~14 h). The reaction mixture was filtered through a glass
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frit and the filtrate was concentrated under reduced pressure. The crude products were purified

by silica gel column chromatography using a hexanes/EtOAc gradient.

J

N~ O

P

Compound 3.16a. The product was purified by column chromatography using a 0 - 50%
gradient of EtOAc in hexanes with 10% increments. The product was obtained in 67% yield and
the proton NMR matched the reported literature values.'? *H NMR (300 MHz, CDCls) § 4.36
(m, 2H), 2.87 (ddd, J = 9.7, 6.9, 4.9 Hz, 1H), 2.61 (dt, J = 8.3, 5.1 Hz, 1H), 2.19 (ddt, J = 14.6,
6.9, 2.0 Hz, 1H), 1.87 (dqd, J = 13.8, 7.0, 6.6, 5.3 Hz, 1H), 1.48 (dddd, J = 14.4, 11.8, 9.0, 5.6

Hz, 1H), 1.23 (m, 1H), 1.11 (m, 3H).

J

N™ O

NV PP

Compound 3.16b. The product was purified by column chromatography using a 0 =2 2%
gradient of MeOH in dichloromethane with 0.5% increments. The product was obtained in 89%
yield. 'H NMR (300 MHz, CDCls) & 4.38 (m, 1H), 2.83 (m, 1H), 2.65 (dt, J = 9.1, 5.1 Hz, 1H),
2.18 (m, 1H), 2.06 (m, minor isomer), 1.73 (m, 4H), 1.38 (d, J = 5.3 Hz, 3H), 1.15 (m, 2H), 1.04
(t, J = 9.3 Hz, 3H), 0.93 (t, J = 6.6 Hz, 3H). Major Isomer: **C NMR (126 MHz, CDCl3) §
159.5, 80.9, 43.7, 37.3, 28.9, 28.0, 25.2, 24.4, 22.6, 14.1, 9.4. Minor Isomer: *C NMR (126
MHz, CDCl3) 6 158.7, 81.0, 78.0, 43.5, 34.8, 28.8, 26.9, 24.9, 22.6, 21.5, 14.1. HRMS (ESI) m/z

calculated for C11H19NO, [M+H*] 198.1489, found 198.1494.

J

N™ O

.
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Compound 3.16c. The product was purified by column chromatography using a 0 - 100%
gradient of EtOAc in hexanes with 20% increments. The product was obtained in 88% yield and
the proton NMR matched the reported literature values.12a *H NMR (300 MHz, CDCls) & 4.48
—4.33 (m, 1H), 4.36 — 4.23 (m, 1H), 2.61 (ddd, J = 8.9, 6.3, 3.3 Hz, 1H), 2.37 (ddt, J = 14.6, 6.2,
1.9, Hz, 1H), 2.24 (td, J = 6.0, 3.3 Hz, 2H), 1.63 (p, J = 6.8 Hz, 2H), 1.40 (dddd, J = 14.5, 12.6,

8.7, 4.3 Hz, 1H), 1.06 (t, J = 7.4, 3H).

JC

N~ "O

A

Compound 3.16d. The product was purified by column chromatography using a 0 - 50%
gradient of EtOAc in hexanes with 10% increments. The product was obtained in 85% yield and
the proton NMR matched the reported literature values.'?® H NMR (300 MHz, ) § 4.45 (ddd, J
=12.4,10.8, 1.9 Hz, 1H), 4.31 (ddd, J = 10.7, 4.1, 2.0 Hz, 1H), 2.39 (s, 1H), 2.19 (s, 1H), 2.12

(dt, J = 14.5, 1.9 Hz, 1H), 1.49 (m, 1H), 1.38 (s, 3H).

X

N™ O

S

Compound 3.16e. The product was purified by column chromatography using a 0 - 50%
gradient of EtOAc in hexanes with 10% increments. The aziridine was obtained in 51% yield,
while the C-H insertion product was obtained in 19% yield. *H NMR (300 MHz, CDCls) § 4.64
(dgd, J = 11.0, 6.3, 6.3, 1.9 Hz, 1H), 2.76 (m, 1H), 2.56 (d, J = 4.3 Hz, 1H), 2.41 (ddd, J = 14.4,
6.1, 1.8 Hz, 1H), 2.07 (d, J = 3.7 Hz, 1H), 1.37 (d, J = 6.3 Hz, 3H), 1.05 (ddd, J = 14.4, 11.1, 8.7
Hz, 1H). 3C NMR (126 MHz, CDCls3) § 161.4, 76.1, 36.0, 33.7, 32.5, 20.6. HRMS (EI) m/z

calculated for CéH9NO, [M+H*] 128.0705, found 128.0705.
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3.9.7. Synthesis of Allylic C-H Insertion Products.

General procedure for Ag-catalyzed allylic C-H insertion. A pre-dried reaction flask was
charged with silver triflate (13.0 mg, 0.5 mmol, 0.1 equiv) and phenanthroline (26.0 mg, 0.15
mmol, 0.3 equiv). Dichloromethane (3 mL) was added to the flask and the mixture was stirred
vigorously for 30 min. A solution of the homoallylic carbamate (0.5 mmol, 1 equiv) in
dichloromethane (3 mL) was added to the reaction flask, followed by 3A or 4A molecular sieves
(2 mmol substrate/g of sieves or 0.25 mmol substrate/g of sieves). lodosobenzene (392 mg, 1.75
mmol, 3.5 equiv) was added in one portion and the reaction mixture was allowed to stir at room
temperature until TLC indicated complete consumption of the starting material (~14-16 h). The
reaction mixture was filtered through a glass frit and the filtrate concentrated under reduced
pressure. The crude products were purified by silica gel column chromatography using a

hexanes/EtOAc gradient.

o)

inA

0]
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Compound 3.17a. The product was purified by column chromatography using a 0 > 50%
gradient of EtOAc in hexanes with 10% increments. The product was obtained in 97% yield and
the proton NMR matched the reported literature values.®. *H NMR (300 MHz, CDCls) § 5.82
(br, 1H), 5.64 (dtd, J = 10.9, 7.5, 1.1 Hz, 1H), 5.38 (ddt, J = 10.6, 8.9, 1.6 Hz, 1H), 4.74 (m, 1H),
452 (t, J = 8.5 Hz, 1H), 4.00 (dd, J = 8.5, 7.3 Hz, 1H), 2.08 (dddd, J = 11.9, 7.4, 5.7, 3.5 Hz,

2H), 0.99 (t, J = 7.5 Hz, 3H).
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Compound 3.17b. The product was purified by column chromatography using a 0 - 50%
gradient of EtOAc in hexanes with 10% increments. The product was obtained in 86% yield. *H
NMR (300 MHz, CDCls) & 5.65 (m, 1H), 5.36 (m, 2H), minor 4.62 (dd, J = 9.7, 7.8 Hz, 1H),
minor 4.52 (td, J = 8.3, 8.1, 4.7 Hz, 1H), major 4.32 (m, 1H), major 4.12 (td, J = 7.0, 5.6 Hz,
1H), 2.07 (m, 2H), 1.72 (m, 2H), 1.33 (m, 4H), 1.02 (m, 3H), 0.90 (m, 3H). Major isomer: 3C
NMR (75 MHz, CDClz) 6 159.2, 136.0, 127.4, 84.3, 54.9, 31.8, 27.5, 26.9, 22.5, 14.1, 9.5. Minor
isomer: 3C NMR (75 MHz, CDCls) § 159.6, 136.1, 124.6, 81.9, 52.6, 31.8, 27.4, 23.7, 22.5,

14.1, 10.4. HRMS (El) m/z calculated for C11H1sNO2 [M*] 197.1411, found 197.1402.

0O

HN//<o

X

Compound 3.17c. The product was purified by column chromatography using a 0->25%
gradient of EtOAc in hexanes with 5% increments. Obtained in 84% yield combined. Proton
matched reported literature values.® *H NMR (300 MHz, CDCls) § 5.78 (dtd, J = 15.3, 6.3, 0.8
Hz, 1H), 5.66 (s, 1H), 5.41 (ddt, J = 15.3, 7.9, 1.6 Hz, 1H), 4.51 (t, J = 8.4 Hz, 1H), 4.35 (q, J =

7.6 Hz, 1H), 4.03 (dd, J = 8.4, 6.9 Hz, 1H), 2.02-2.12 (m, 2H), 1.00 (t, J = 7.4 Hz, 3H).

o}

HNJ<
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Compound 3.17d. The product was purified by column chromatography using a 0 - 50%
gradient of EtOAc in hexanes with 10% increments. The product was obtained in 66% yield and
the proton NMR matched the reported literature values.® *H NMR (300 MHz, CDCls) § 6.10 (s,
1H), 5.03 (bd, J = 0.9 Hz, 1H), 4.95 (bs, 1H), 4.54 (t, J = 8.7 Hz, 1H), 4.38 (dd, J = 8.8, 6.0 Hz,

1H), 4.09 (dd, J = 8.4, 6.0 Hz, 1H), 1.76 (s, 3H).
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Compound 3.17e. The product was purified by column chromatography using a 0 - 50%
gradient of EtOAc in hexanes with 10% increments. The product was obtained in 68% yield. An
analytical sample of the major isomer was obtained as it eluted prior to mixture of isomers.
Major: *H NMR (300 MHz, CDCl3) & 5.92 (s, 1H), 5.79 (ddd, J = 17.3, 10.1, 7.5 Hz, 1H), 5.33
(dt, J = 17.1, 1.0 Hz, 1H), 5.26 (dt, J = 10.2, 0.9 Hz, 1H), 4.33 (dg, J = 7.4, 6.3 Hz, 1H), 3.90 (tq,
J =74, 1.0 Hz, 1H), 1.44 (d, J = 6.3 Hz, 3H). 13C NMR (126 MHz, CDCl3) & 159.0, 135.2,
119.1, 78.8, 62.9, 18.9. Minor: *H NMR (300 MHz, CDCls)  5.80 (m, 2H), 5.34 (m, 2H), 4.83
(m, 1H), 4.31 (m, 1H), 1.31 (d, J = 6.7 Hz, 3H). 3C NMR (126 MHz, CDCl3) & 159.3, 133.0,

119.4, 76.3, 58.5, 16.0. HRMS (EI) m/z calculated for CsHoNO2 [M*] 127.0628, found 127.0624.
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Chapter 4. Review: Mechanistic Studies of Metal-Catalyzed Nitrene Transfer.
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4.1. Introduction to Mechanistic Aspects of Nitrene Transfer.

Essential mechanistic features of metal-catalyzed nitrene-transfer have been described as
carly as Kwart’s seminal report on the copper-promoted decomposition of benzosulfonyl
azide.'® Formal experimental and computational studies of these processes continue to reveal
insight into the nature of metal-nitrene formation, the mechanism of nitrene transfer, and
chemoselectivity, supporting a mechanistic scheme common to diverse catalyst systems (Scheme
4.1). An electrophilic metal-nitrene is formed by attack of metal catalyst 4.1 on an iminoiodinane
species or azide 4.2, with subsequent departure of an iodoarene or molecular nitrogen,
respectively. The metal-nitrene (4.4 or 4.5) then carries out an amination step to provide either
aziridine or C-H amination products (4.7, 4.8) and regenerate the catalyst. This chapter will
provide a detailed overview of these studies, describing evidence for the existence and reactivity
of metal-nitrenes, experiments to probe the nature of nitrene transfer to the organic substrate, and
insight obtained by kinetic study of these reactions. Particular attention is given to catalytic
systems that attain high chemoselectivity in substrates containing multiple reactive sites and to

correlations between mechanistic features and chemoselectivity of individual catalyst systems.
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Scheme 4.1. Mechanism of transition-metal-catalyzed nitrene transfer.
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4.2. Early Studies of Metal-catalyzed Nitrene Transfer.

Kwart and Khan’s early description of the copper-catalyzed decomposition of
benzosulfonyl azide contains a proposal for the mechanism of the transformation whose general
features are still accepted.'®” It was suggested that the reaction of copper and a sulfonyl azide 4.9
led to coordination of sulfonamide nitrogen atom to copper (4.10), followed by the extrusion of
molecular nitrogen, and the formation of a copper-nitrene 4.11 (Scheme 4.2). This intermediate
could then undergo nitrene insertion to form aziridines 4.12 or allylic amines 4.13 in the
presence of cyclohexene. However, the mechanisms of nitrene insertion were not discussed in

these communications.
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Scheme 4.2. Early proposal for the mechanism of metal-nitrene formation.

CDNSO2Ar

\ Cu® —= N-SO,Ar O

N N N

CuO + AFSOZN::,  — Cu /N —>2 u —_— 4.12
NHSO,Ar

4.9 |
SOZAr Cu=N-SO,Ar
4.10
4.11

413

Breslow and Gellman’s reports on metal-catalyzed amidations demonstrated that
iminoiodinanes could serve as nitrene precursors.?? The first report described the tosylamidation
of cyclohexane promoted by Mn"'(TPP) (TPP = tetraphenylporphyrin), or Fe'''(TPP), using
(tosyliminoiodo)-benzene 4.14 as the nitrogen source (Scheme 4.3). Subsequently, they
described the formation of a second isolable iminoiodinane 4.17, which performed
intramolecular C-H insertion in the presence of several transition metal catalysts, including the
lantern complex Rh2(OAc)s, which has served as a model for the design of further high-
performing nitrene-transfer catalysts.® While neither publication provided significant mechanistic
detail, iminiodinanes are now assumed to be reactive intermediates in metal-catalyzed nitrene-

transfers involving hypervalent iodide reagents.
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Scheme 4.3. Isolable iminoiodinanes as reactive intermediates for metal-catalyzed nitrene

transfer.
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Mansuy and co-workers offered an important contribution to mechanistic understanding
of nitene transfer by invoking a radical mechanism for both aziridination and C-H amination to
rationalize the product distributions obtained in the amidation of hydrocarbons with Mn and Fe
porphyrin catalysts.**® Noting, for example, that trans-hex-2ene 4.19 gave a 10:1 mixture of
trans:cis aziridines in Fe-catalyzed aziridination, they described potential resonance structures
for a metal nitrene intermediate that would give this complex radical character. Such an
intermediate would react with the alkene in stepwise fashion, potentially proceeding through
metallacycle 4.23 (Scheme 4.4). Similarly, Mansuy described an H-atom abstraction mechanism
to rationalize stereochemical scrambling in Mn-catalyzed allylic amination (Scheme 4.4,

bottom).

With the development of Rh-catalyzed intermolecular nitrene transfer, Mueller and co-
workers offered additional proposals for the mechanisms of these transformations.® Based on the
stereospecificities of aziridinations and C-H insertions attained with Rh catalysts, as well as other

physical organic experiments (vide infra), Mueller proposed that the mechanism for transfer of
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the nitrogen from the metal-nitrene to the organic substrate was concerted, but did not describe
such a mechanism in any detail. In interpreting the results of these experiments, he astutely
pointed out that while such experiments can provide strong evidence in favor of stepwise
pathways, they cannot easily rule out the involvement of short-lived radical species. Though later
studies of nitrene transfer have augmented understanding of these reactions, mechanistic

discussion tends to follow the contours established in this early work.

Scheme 4.4. Radical mechanisms for aziridination and C-H amination.
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4.3 Evidence for the Intermediacy of Metal Nitrenes.

Though metal-nitrenes are assumed to be intermediates in many oxidative amination
reactions, their high reactivity makes isolation or observation of such species extremely difficult.
While many metal-imido complexes have been isolated, few of these species show group transfer
activity.® The distinction between metal-nitrene and metal-imido species is based upon the M-
NR bond order, and correspondingly, the oxidation state of the metal. In a metal-imido complex,
the M-NR bond order is approximately two, and the nitrogen ligand possesses strong dianionic

character, giving the metal an oxidation state of +2. In a metal-nitrene complex, the M-NR
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species is significantly bent such that the bond order is closer to one, and the ligand is treated as
neutral. Late transition metal-imido complexes are typically electrophilic at the nitrogen atom,
while metal-nitrene complexes that show enhanced reactivity may be termed superelectrophilic.’
This section will highlight key examples of isolated metal-imido and metal-nitrene complexes
from the recent literature. The activity of these isolated species supports the intermediacy of

metal-nitrenes in catalysis.

Scheme 4.5. Ru-imido complexes as NTs-transfer reagents and presumed catalytic

intermediates.
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In 1983, Groves and Takahashi reported a well-defined Mn(V)-imido complex, along
with a single example of its activity in aziridination.® In 1997, Che and co-workers reported
stoichiometric aziridinations with the isolable complex [Ruv'-(TPP)(NTs),] 4.32 and attained
good yields for several substrates (Scheme 4.5).% The complex also provided good yields in the
amination of activated C-H bonds and was the subject of detailed physical organic study (vide

infra).®® The group used analogous complexes for catalytic intramolecular aziridination and C-H
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amination reactions.®® The similarity between the two reactive systems provides key evidence for

the involvement of metal-nitrenes in this and other catalytic reactions.

Betley and co-workers have described a series of pyrromethene iron complexes that show
catalytic activity in C-H amination and aziridination and isolated the putative iron-imido
intermediates (Scheme 4.6).1% Treating 4.41 with p-tert-butylphenyl azide affords mononuclear
imido complex 4.43. This complex provided modest yields in the benzylic amination of toluene.
X-ray crystallography and Mdossbauer spectroscopy indicated that the complex featured
antiferromagnetic coupling of an Fe''' center to an imido radical (4.45). This complex provided

modest yields in the benzylic amination of toluene, suggesting its intermediacy in catalysis.

Scheme 4.6. Isolation of a presumed intermediate in Fe-catalyzed amination.
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In a related study, Zhang and de Bruin have described the EPR characterization of Co-
porphyrin nitrene complexes (4.46), which reveal these intermediates to be nitrogen centered
radicals (Figure 4.1).1* These results are consistent with DFT calculations of these species, and
with experimental evidence for a stepwise C-H amination pathway. The electronic character of
the observed species was similar for when either p-NO2Ce¢H4SO2N3 or TrocNs (Troc = 2,2,2-
trichloroethoxycarbonyl) was used as the nitrene precursor. The Co complexes involved are

known as active catalysts for nitrene transfer.1¢d
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Figure 4.1. EPR characterization of a Co-bound iminoradical.
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Several nitrene-bridged dicopper species have been isolated and characterized by Warren
and co-workers. While [Me>NN]Cu(2,4-lutidine), a competent aziridination catalyst, showed
provided no isolable products when treated with organoazides, the related complex
{[Me3NN]Cu}(toluene) 4.47 reacted with an aryl azide 4.48 to provide the nitrene-bridged
complex {[MesNN]Cu}2(u-NAr) 4.50, which was isolated and characterized by X-ray analysis
(Scheme 4.6).12 Exchange of Cu-nuclei was observed when 4.51 was treated with the analogous
{[Me2Al]Cu}2> 4.52, which is best explained by the intermediacy of a [MesNN]Cu=NAr species.
Related complexes were developed for catalytic C-H amination.!?®® Kinetic analysis of C-H
amination perofmred by these complexes provided support for the intermediacy of a
mononuclear Cu-nitrene in catalysis (vide infra).!> Ray and co-workers have also isolated a
mononuclear copper-nitrene species by trapping with Sc(OTf)3 at -90°C. This complex displayed

some reactivity in the C-H amination of hydrocarbon substrates.?
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Scheme 4.7. Di-copper complexes bridged by a nitrene.
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Recently, Bertrand and co-workers have reported the isolation of metal-nitrene
complexes with Ag and Cu centers.!* These studies differed from previous work by employing a
stable phosphinonitrene 4.53, rather than a nitrene precursor, for the synthesis of the coordination
complexes. Nevertheless, the major species isolated were bimetallic complexes similar to those
obtained by Warren (Scheme 4.8). All attempts to isolate terminal imido complexes 4.55a,b gave
only mixtures of bridged bimetallic complexes 4.54a,b and diimido complexes 4.56a,b. This
result underscores the difficulty of isolating metal-nitrene species, as even stable nitrenes do not
provide complexes of the type invoked as catalytic intermediates. To date, no singlet metal-

nitrene complexes have successfully been isolated.

An oft-neglected aspect of catalytic nitrene transfer is the mechanism of metal-nitrene
formation. Commonly, mechanistic schemes depict direct reaction of an iminoiodinane

precursor, usually an azide or iminoiodinane, with the metal catalyst, with concomitant extrusion



Scheme 4.8. Isolation of Cu- and Ag-nitrene complexes.

Plpp N DlpR Plpp N DIPR

N o= = )

Dipp Dipp Dipp Dipp
4.53 |+ moTt
l 2 equiv l 1 equiv B l 0.5 equiv
Tf Tf
Huw” i "
N , M* -OTf
R +MOTf R +MOTf  NH
4.54a,b 4.55a,b R 4.56a,b

M = Cu, Ag

112

of an iodoarene or molecular nitrogen. Kornecki and Berry observed species [Rh2(esp)2]NHTces

4.58 and provided strong electrochemical evidence for its intermediacy in a two-step, proton-

coupled electron transfer process for formation of the metal nitrene in Rh-catalyzed

intermolecular C-H amination chemistry (Scheme 4.9).%° This proposal does not supplant a

mechanism involving direct formation of the metal nitrene from the catalyst and iminoiodinane,

but indicates that both pathways could proceed simultaneously. Recognition of this pathway

allowed the use of the one-electron oxidant Ce(SOa). for intramolecular benzylic C-H amination,

albeit in reduced yield.

Scheme 4.9. Metal-nitrene formation via proton-coupled electron transfer.
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4.3. Assessing the mechanism of C-N bond formation: concerted or stepwise?

Much of the mechanistic literature on catalytic nitrene transfer is concerned with the
steps directly involved in C-N bond formation. The most common proposed mechanisms are
stepwise processes involving radical formation and recombination and concerted asynchronous
processes.'® For C-H amination reactions, these can be represented by two limiting cases, one in
which a nitrogen-centered radical carries out complete hydrogen atom abstraction, which is
followed by radical recombination, and one in which the nitrene inserts directly into a C-H bond

(Scheme 4.10).

Scheme 4.10. Possible mechanisms for C-H amination and aziridination steps.
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For aziridination reactions, a greater variety of processes and intermediates can be
envisioned, including: concerted nitrene insertion into a C=C bond I, azametallacyclobutane

formation and reductive elimination Il, or formation of: an alkene radical cation IlI, a
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carbocation 1V, or a carboradical V (Scheme 4.10).%° These processes are typically correlated to
the electronic structure of the metal-nitrene. Triplet nitrenes are thought to proceed by stepwise
aziridination and C-H amination mechanisms, whereas singlet nitrenes are thought to engage in
concerted processes, though recent computational studies have complicated these interpretations
(vide infra). This section will discuss common physical organic probes of these mechanisms,

highlighting their use in key mechanistic studies.

Alkene isomerization. The clearest evidence of stepwise pathways in C-H amination and
aziridination pathways is the isomerization of alkene substrates; indeed this observation led
Mansuy to propose a stepwise pathway for these reactions.** However, isomerization is often
highly substrate-dependent, even with a single catalyst system. For example, Evans and co-
workers observed isomerization in Cu-catalyzed aziridination for cis-styrenes, but not for trans-
styrenes or alkyl-substituted alkenes (Scheme 4.11).17 Similarly, Perez and co-workers observed
isomerization in intermolecular aziridination with CuTp complexes only in the aziridination of
allylic alcohols.*® Occasionally, isomerization is nearly complete, as observed by Nicholas and
co-workers in intramolecular aziridinations and C-H aminations catalyzed by Cu-diimine
complexes.’® However, radical recombination is expected to be a rapid process and may
outcompete isomerization. Hence, isomerization can provide strong evidence in favor of a
stepwise process but cannot rule out such a mechanism. Similarly, isomerization of tertiary chiral

centers may provide evidence for or against a stepwise mechanism.5 20:21
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Scheme 4.11. Isomerization in the Cu-catalyzed aziridination of alkenes.
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Radical inhibitors. Reactions may be performed in the presence of radical inhibitors such as
BHT (butylhydroxytoluene), TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxyl), and DHA (9,10-
dihydroanthracene) and the results compared to those obtained under standard conditions. A
decrease in yield may correspond to interception of a radical species by the inhibitor. Perez has
demonstrated the inhibitory effects of BHT in Cu-catalyzed aziridination.'® However, these
species may have other effects on a reaction, and so these experiments must be interpreted in the

broader context of a mechanistic study.

Radical clock substrates. Adopting a technique from the study of epoxidation chemistry,??2P
Evans and co-workers examined the aziridination of trans-2-phenyl-1-vinylcyclopropane as a
test for the involvement of radicals.}” Whereas a concerted process would be expected to give
only aziridine products, a stepwise process involving radical formation could lead to
rearrangement to form a benzyl radical. In this particular case, no such product was formed,
supporting a concerted mechanism (Scheme 4.12). Similar probes are common in mechanistic
investigations of C-H amination processes. Du Bois and co-workers found no ring opening in the
Rh2(OAc)4-catalyzed amination of cyclopropyl substrates,?® while Warren and co-workers have
shown that amination occurs only with ring-opening in a copper-promoted reaction.'?
Stereodefined cyclopropyl substrates may also undergo isomerization, providing evidence for the

involvement of radical species in Ru-catalyzed C-H amination.?®
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Scheme 4.12. Opening of radical clock substrates.
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Hammett analysis. While the above experiments often require the detection of small byproducts
arising from short-lived radical intermediates, Hammett studies of benzylic C-H amination and
styrene aziridination instead examine the rates of formation of major products and hence may
provide more detailed information about the mechanism of C-H amination. Here, five cases are

considered, which illustrate a range of conclusions that may be drawn from such studies.

Mueller and co-workers determined a p value of -0.90 for the Rh-catalyzed
intermolecular amination of ethylbenzenes and a higher, unreported value for the same system

when applied to aziridination reactions.®® This value is consistent with a concerted, asynchronous
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mechanism with significant positive charge buildup in the transition state of the reaction. Du
Bois and co-workers obtained a lower p value of -0.55 in intramolecular benzylic aminations

catalyzed by Rhoesp,. %

Scheme 4.13. Hammett effects used to elucidate mechanisms of N-tosyl transfer from Ru-

diimido complexes.
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Che and co-workers observed more complicated effects in stoichiometry aziridinations
and C-H aminations by bis(tosylimido)ruthenium(V1) porphyrins.®® Hammett analysis of styrene
aziridination showed high linearity when both polar and radical contributions to transition state
stabilization were considered (Scheme 4.13). These effects, in conjunction with other
experiments, were most consistent with the carboradical aziridination mechanism V (Scheme
4.10), depicted above. In this mechanism, both the rate of nucleophilic attack of the styrene on
the metal-bound nitrogen and the formation of a carboradical are expected to contribute to the
reaction rate, consistent with the observed effects. When the Ru-imido complexes were used for
the tosylimidation of para-substituted ethylbenzenes, a high correlation was observed between
the dissociation energy of the benzylic C-H bonds and reaction rate, strongly implicating an H-

atom abstraction mechanism.!2
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An interesting comparison can be made between these interpretations and those presented
for an analogous catalytic system for intramolecular C-H amination using sulfamate nitrene
precursors 7.93.1%° For this system, a very small substituent effect was observed, with p = -0.16
when resonance polar effects were considered exclusively, consistent with a concerted
mechanism involving minimal positive charge buildup in the transition state, but somewhat more
difficult to reconcile with a radical mechanism. For the same catalyst, high correlation between
BDE and reaction rate was observed for intermolecular hydrocarbon amination using TcesNH»
as the nitrogen source. While this and previous results again point to an H-atom abstraction
mechanism for intermolecular C-H amination, the implications for the intermolecular reaction
are not as clear, and raise the intriguing possibility that inter- and intramolecular C-H amination
occur by different mechanisms, even with the same catalyst system. This possibility also

cautions against making strong mechanistic comparisons across nitrene transfer systems.

Scheme 4.14. Hammett effects in Ru-porphyrin-catalyzed benzylic C-H amination.
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Alternatively, different catalysts can show high linearity with a single Hammett

parameter but give divergent p values. Du Bois and co-workers have described such an effect in
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the study of allylic and benzylic C-H amination catalyzed by diruthenium paddlewheel
complexes.? In this study, high correlation was observed between log(kar/ken) and the resonance
parameter ¢* for different catalysts, but with very different p values: -0.99 for Ruz(hp)4Cl and
-1.49 for Ruz(esp)2SbFs (Scheme 4.15). By comparison, the ¢* value obtained with Rhz(oct)s is
-0.55. The large difference between these values points to a potential change in mechanism from
a concerted to a stepwise pathway, involving homo- or heterolytic C-H bond cleavage. Though
computational data are offered in support of an H-atom abstraction mechanism, these and other
mechanistic data are perhaps easier to reconcile with a pathway involving heterolytic bond
cleavage and significant cationic character in the transition state. The high chemoselectivity of
the system is attributed to it high propensity for hydride or H-atom abstraction. The complexity
of these results underscores the need for a full range of mechanistic experiments to be carried out

in assessing nitrene transfer mechanisms.



Scheme 4.15. Hammett data in Rh- and Ru-catalyzed C-H amination.
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Kinetic Isotope Effects. Intramolecular competition experiments allow measurement of the full

magnitude of kinetic isotope effects without requiring knowledge of a reaction’s rate-

determining step (Scheme 4.16). A KIE greater than four is thought to correspond to a stepwise

mechanism involving a high degree of C-H bond cleavage in the transition state,'? while smaller

KIEs are indicative of concerted mechanisms.2°

Scheme 4.16. Intramolecular competition to assess intramolecular KIEs.
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Again, there are cases in which the magnitude of observed KIEs is not easily reconciled

with other results. For example, Huard and Lebel obtained a KIE of 5.0 in an intermolecular

competition experiment involving the Rh-catalyzed amination of cyclohexane, but they posit a

concerted mechanism on the basis of other results.?* In contrast, Paradine and White observed a

small KIE of 2.5 for intramolecular Fe-porphyrin-catalyzed C-H amination, but they attribute the
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system’s high selectivity for allylic amination to its H-atom abstraction ability.?® Again, care is
required in interpreting any single mechanistic experiment, and a full series of mechanistic
probes should be conducted before conclusions about the nature of the amination pathways are

drawn. A summary of expected results and mechanistic implications is provided below.

4.4. Kinetic Studies.

Perhaps due to the intense interest in the the mechanism of C-N bond formation, which
may be invisible to steady-state rate laws, kinetic studies of catalytic nitrene transfer reaction are
limited to a few examples. Che,® Warren,? and Nicholas® have each described kinetic
investigations of stoichiometric nitrene transfer reactions, though limitations in the scope of the

methodology or the operational details of the reactions prevented analysis of catalytic systems.

Jacobsen and co-workers have reported a detailed kinetic study of enantioselective Cu-
diimine-catalyzed aziridination (Scheme 4.17).2” At constant loading of the Cu salt, the rate
showed a first order dependence on starting material. The rate was also found to increase
asymptotically in the presence of ligand, indicating that the Cu-dimine complex was a faster
catalyst than the unligated Cu. Enantioselecitivity could therefore be enhanced by increasing

ligand concentration.

Scheme 4.17. Kinetic study of Cu-diimine-catalyzed aziridination.
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DuBois and co-workers have also performed kinetic studies on Rh2(0.C'Bu)s-catalyzed
intramolecular C-H amination, establishing first order dependence on substrate and oxidant
concentration, and zero-order dependence on catalyst concentration.?’ This surprising result
indicates that the rate-determining step of the reaction is the formation of the iminoiodinane
intermediate, which then undergoes fast interaction with the catalyst to form the active metal-
nitrene intermediate (Scheme 4.18). The reaction did show rate dependence on catalyst
concentration in later stages, indicating possible catalyst decomposition. Further studies suggest
that the related Rhoesp. catalyst undergoes reversible oxidation to form catalytically inactive

mixed valence Rh?*/Rh3* dimers.28

Scheme 4.18. Formation of iminoiodinane as rate-limiting step.
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A recent study of Cu-catalyzed aziridination by Kim, Chang and co-workers showed first
order dependence on olefin concentration, and second order in Cu catalyst.?® This dependence is
explained by the coordination of one equivalent of copper to the olefin substrate prior to
aziridination (Scheme 4.19). This explanation is at least counterintuitive, as the olefin is
presumed to be a nucleophilic species in these transformations, and it is not clear how the copper
activates the olefin. Another possibility that is not considered is the involvement of a dimeric

copper catalyst that is formed reversibly.

Though a stoichiometric study, Warren’s kinetic study of copper-nitrenes warrants

mention for its elegance and for the mechanistic insight provided.?® Stoichiometric amination of
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ethylbenzene demonstrated saturation dependence on the concentration of the copper nitrene and

inverse dependence on

Scheme 4.19. Kim and Chang’s proposal for Cu-catalyzed aziridination.
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the concentration of added copper (Scheme 4.20). As the nitrogen source in the reaction is a
nitrene-bridged copper dimer, the inverse dependence on copper is best explained by the
reversible formation of a mononuclear copper-nitrene species, which is the active oxidant in the

transformation.

Scheme 4.20. Kinetic analysis for decomposition of bridged dicopper nitrenes.
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Given the large number of catalytic systems that have been developed for nitrene transfer,
it is surprising that so few kinetic studies of these reactions have been reported. Further
investigations of catalytic nitrene transfer may afford greater insight into processes such as
catalyst activation and death, product acceleration and inhibition and changes in

chemoselectivity throughout reactions.

4.6. Computational studies of nitrene transfer.

Computational studies of nitrene transfer reactions support overall mechanistic pathways
like those described above. While a full description of the computational literature on nitrene
transfer is beyond the scope of this thesis, two recent studies deserve comment. Perez’s
computational investigations of Ag- and Cu-catalyzed aziridinations is worth noting in the
present context because it illustrates some of the complexities associated with distinguishing
singlet and triplet pathways.!” In a computed profile for the Ag-catalyzed reaction, the triplet
metal-nitrene species is found to be lower in energy by 7.6 kcal mol™?, and the lowest energy
transition state for aziridination is also computed to be in the triplet state. However, no radical
intermediate is formed due to spin crossing between the triplet and closed-shell singlet energy
profiles after the transition state of the product-forming step. This mechanism is therefore best
described as concerted, despite the involvement of a triplet metal-nitrene intermediate.
Importantly, Perez notes that the results obtained computationally were highly dependent on the

theoretical approach employed.
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Scheme 4.21. Computed spin-crossover in Ag-catalyzed aziridination.
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Zhao and co-workers have investigated competitive aziridination and C-H insertion by
di-Rh catalysts,?%®? with intentions to accurately predict the selectivities of these reactions. From
these studies, electron-donating catalyst Rho(NCH3CHO)s4 is thought to proceed through a
singlet, stepwise pathway involving a formal hydride migration and carbocation formation for C-
H amination (Scheme 4.22). This mechanism is correlated to this catalyst’s high selectivity for
C-H amination. Other, less electron-donating dirhodium catalysts were found to proceed through
more traditional, singlet, concerted, asynchronous pathways. Nevertheless, Zhao humbly writes,
“Theoretical descriptions of the dirhodium-nitrene promoted C-H amination and alkene
aziridination are largely less than their experimental counterparts,” indicating that new
theoretical approaches may overturn current results. These two examples illustrate the further

complexities entailed by computational approaches to nitrene transfer mechanisms.



126

Scheme 4.22. Computed singlet, stepwise pathway for Rh-catalyzed C-H amination.

0 Rhl. O o o
O\‘/g—o :\iN’\Si/ [Rhy] —\\S/fo ?\S//?
[ha]iN/_} — H, - N0 _.\ﬂ\l\)o
_ - \/GD\/ X
4.124 4.125 4.126 4127

4.7. Conclusions.

Despite the high number of metal-catalyzed nitrene transfer reactions that have been
developed and studied, many important questions about the mechanisms of these reactions
remain unanswered. Mononuclear metal-nitrenes of the type thought to be active in catalysis
have not yet been isolated or directly observed, such that important aspects of metal-ligand
bonding in these species have not been investigated. While a common set of physical organic
experiments is now regularly applied to investigate these reactions, contrasting or even
conflicting results may be observed. Computational results suggest that simple correlations
between singlet and triplet nitrene structures and concerted and stepwise mechanisms may
require revision. Kinetic studies of catalytic nitrene transfer show diverse behavior across
catalyst systems and point to complicating factors such as substrate oxidation, catalyst
coordination to substrates, and catalyst death in determining overall reaction rates. These
complexities indicate that, despite the mechanistic similarities among nitrene transfer reactions,
study of individual systems can still yield new insight, and may play a crucial role in the

development of efficient, chemoselective catalysts.
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Chapter 5. Mechanistic Studies of Dynamic, Chemoselective, Silver(l)-Catalyzed

Aziridination and C-H Amination.
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5.1. Introduction.

Discovery of the dynamic behavior of our silver catalyst system presented the possibility
that variation of ligand:metal ratio could tune chemoselectivity in other systems. In order to
better understand the factors underlying the chemoselectivity of the Ag-catalyzed amination
reactions described in Chapter 3, we have undertaken mechanistic studies of these reactions,
including: spectroscopic examination of the silver catalysts, mechanistic probe experiments, and
Kinetic studies. Spectroscopic experiments indicate that the active catalyst species in the reaction
are Ag(phen)OTf and Ag(phen).*, and that the equilibrium between them is governed
exclusively by the ligand:metal ratio. Mechanistic probe experiments suggest that both
aziridination and C-H amination are concerted processes, though we cannot rule out the
possibility that one or both processes involve radical formation and rapid recombination.
Moreover, the two processes display similar steady-state kinetic behavior, indicating that the
reactions do not differ in steps crucial to determining the overall reaction rate. However, we
observed that while Ag(phen)OTf appears to be a suitable catalyst for C-H amination,
Ag(phen).* fails to perform aziridination with sterically congested substrates, suggesting that the
observed chemoselectivity arises from differences in the steric environments provided by the two

catalysts.

5.2. Solution-state behavior of silver complexes.

A very brief introduction to silver coordination chemistry provides some insight into the
behavior or our system. Silver coordination compounds are known to exhibit different binding
modes and stoichiometries with a single ligand, depending on such factors as counterion,
ligand:metal ratio, solvent, temperature and pH.! For example, with a 1:1 Ag:ligand ratio, the

5,5°-di-Me-bipyridyl (bipy) ligand can act as a bidentate ligand bridging two silver nuclei (5.1)*
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or as a bidentate ligand bound to a single nucleus (5.2),'" depending on choice of solvent and
counterion (Figure 5.1). At a 2:3 Ag: 5,5’-di-Me-bipyridyl ratio, bridged dinuclear silver
complexes can be formed (5.3).%% Similarly, Ag:2,2’-bipyridyl combinations may form
mononuclear 1:1 or 1:2 Ag:ligand complexes,* as well as oligomeric structures'?, depending on
solvent, counterion and stoichiometry. NMR and HRMS studies suggest that these oligomers do
not persist in solution; rather, an equilibrium exists among these complexes due to rapid
exchange on the NMR time scale.’® Ag(phen),* complexes typically exhibit pseudo-tetrahedral
geometries in the solid state (5.4),'% but often form pseudo-square planar networks in the
presence of other metallic co-crystals (5.5).1™ Though limited analogy can be drawn between
solid-state and solution behavior, these examples attest to the diversity of potential binding

modes and nuclearities of silver species in solution.

Figure 5.1. Binding modes and coordination geometries of bidentate nitrogenated ligands with

Ag.
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We first conducted NMR titration studies in an attempt to observe individual silver
species in solution. To improve the solubility of the silver complexes, the phenanthroline ligand
was replaced with 4,4’-di-tBubipyridine, which provided chemoselectivities similar to the
phenanthroline. When varied ratios of ligand:AgOTf were examined by H-NMR, variation in
the proton chemical shifts was noted, but individual species could not be observed even at
temperatures as low as -85°C, indicating that ligand exchange between nuclei is very rapid and

that average chemical shifts are observed.

In their seminal publication on Ag-catalyzed aziridination, He and co-workers obtained
crystals of a disilver(l) complex by evaporation of a catalyst solution and posited this as the
active catalyst for the reaction.? We utilized DOSY (Diffusion Ordered Spectroscopy) NMR to
determine the nuclearity of our own silver complexes in solution.® These experiments indicated
that the primary species at low ligand loading is Ag(4,4’-di-tBubipy)OTf, while higher ligand
loadings result in the formation of [Ag(4,4’-di-tBubipy).]OTf (similar to Figure 5.1, 5.4).
Examination of He’s [Ago(terpy)2(NO3)]NO3 catalyst affirmed that it remains a dinuclear species
in solution. The dynamic behavior of these silver complexes suggests that while metal:ligand
stoichiometry may allow one species to dominate, both Ag(4,4’-di-tBubipy)OTf and [Ag(4,4’-di-

tBubipy)2]OTf may be present at low concentrations with all ligand loadings.
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5.3. Experiments to assess the nature of the aziridination and C-H amination steps.

We considered the hypothesis that differences in the electronic structure of the nitrenes
supported by each catalyst might account for the differences in chemoselectivity, perhaps
through the promotion of different mechanistic pathways. A series of experiments was performed
to assess the mechanisms of the aziridination and C-H amination steps. Throughout this section,
the two catalysts will be described nominally as AgLOTf and AgL.", the two species present in
solution under non-reactive conditions, but though it is possible that another species is in fact the

active catalyst.
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Figure 5.2. Spectroscopic study of Ag complexes in solution. a) NMR titration using 4,4’-di-

tert-butylbipyridine. b) DOSY NMR experiments to assess the nuclearity of Ag complexes.
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Steric effects. To determine the role that the coordination number of silver might play in
chemoselectivity, we examined substrates with only one reactive site (Scheme 5.1). We were
curious to know if the more sterically hindered AgL." catalyst would also be capable of
promoting aziridination, and if the AgLOTT species would be able to promote C-H amination in
the absence of an alkene. Standard amination conditions were applied to trisubstituted
homoallenic carbamate 5.8a, in which the allenic amination sites were blocked by methyl
groups, but the substrate failed to react. Disubstituted homoallenic carbamate 5.8b did undergo
aziridination, albeit in 36% vyield, with 73% conversion over 21 hours. This suggests that
although the AgL.OTf is capable of enabling aziridination, the greater steric bulk of the catalyst
could be diverting the nitrene transfer through a different mechanistic pathway as compared to

AgLOTH,

Scheme 5.1. Performance of AgL and AgL. systems in aziridination.

o)
R2 H 0 R2 J
}:%V/O_./( cat, N" >0
R? NH PhlO
Me 2 R‘l
5.8a,b Me 59a,b Mé Me

entry R1-R? catalyst (AgOTf, phen) yield 22

1 5.8aMe, Me 20 mol%, 25 mol% 98%°
2 10 mol%, 30 mol%  no reaction®

3 5.8bCsHyy, H 20 mol%, 25 mol% 88%7
4 20 mol%, 60 mol% 36%°

dIsolated yield after 2 h. bafter 6h. © Yield after 21 h, 73%
conversion.

In contrast, homobenzylic carbamate 5.10 provided moderate yields of C-H amination
products using both 1:1.25 and 1:3 ligand:metal ratios (Scheme 5.2). While it is possible that this
reaction was catalyzed by low concentrations of the AgL. species, which is in rapid equilibrium
with the dominate AgLOTf complex, the reactions showed similar overall reaction times and

yields. This suggests that either the AgLOTT catalyst can mediate both aziridination or C-H
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amination pathways, or that the small amountfs of AgL. present catalyze the transformation (vide

infra).

Scheme 5.2. Benzylic amination with AgLOTf and AgL.".

O
10 mol % AgOTf HN
OYNHZ x mol % 4,4'-di-tBu-bipy fqo
©N o PhIO, 4AMS, CH,Cl, ©/K/
5.10 5.1
entry  4,4'-di-tBu-bipy yield
1 12.5 mol % 44%
2 30 mol % 54%

Stereochemical probe substrates. Cis and trans alkenes 5.12a and 5.12b were subjected to
standard conditions for both aziridination and C-H amination, and single diastereomers of the
product were obtained in each case (Scheme 5.3). As discussed in chapter 4, stereoisomerization
in any of these reactions would support a stepwise mechanism, but retention of stereochemistry

does not rule out a rapid radical rebound pathway.

Scheme 5.3. Isomerization probes for aziridination and C-H amination.
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5.12b CHCl, A 5.13b 5.14b [
20 mol % AgOTf: 25 mol % phen 88% 3% O
10 mol % AgOTf: 30 mol % phen 1% 73%

Diastereomeric stereochemical probe substrates 5.14a and 5.14b were subjected to C-H
amination conditions. Both substrates gave a single diastereomer of product, offering further

evidence against a stepwise mechanism (Scheme 5.4).
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Scheme 5.4. Stereochemical probes for C-H insertion.
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Radical inhibitors in C-H insertion and aziridination reactions. The C-H insertion and
aziridination reactions were performed with homoallenic carbamate 5.16 in the presence of
equimolar amounts of catalyst and a radical inhibitor, BHT (2,6-di-tBu-hydroxytoluene) or
TEMPO (2,2,6,6-tetramethylpiperidine-1-oxy radical). The differences between the vyields
obtained under each set of conditions were within the range of experimental error (Scheme 5.5).
These results again indicate that either concerted amination pathways are operable, or that radical

intermediates are formed but have lifetimes too short to be intercepted by these inhibitors.

Scheme 5.5. Radical inhibition studies.

N p
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Radical trap experiments. A radical trap experiment was carried out to assess the presence of
short-lived radical species. The rate constant for radical opening of 5.18 (Scheme 5.6) is

approximately 4 x 10 s™; however, only insertion product 5.19 was observed and no olefins
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were detected.* Additionally, this experiment was performed with a 1:1.25 Ag:ligand ratio,

resulting in a 54% yield of the final product.

Scheme 5.6. Amination of a radical clock substrate.
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Ph, HN
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Hammett analysis. Intramolecular competition experiments were performed using bis-aryl
carbamates 5.20a-e (Scheme 5.7). Analysis of the resulting mixtures of benzylic amination
products 5.21a-e and 5.22a-e allows straightforward computation of log(kar/kpn) for each
substrate, where these rate constants correspond to a C-H functionalization step. Each reaction
was performed in duplicate at a 20 mol% AgOTT loading to ensure full conversion. For the
standard C-H amination catalyst system, the highest linearity was observed when log(kar/kpn)
was plotted against an equally weighted average of ¢ and o parameters.® Parameters that
quantify radical involvement in benzylic C-H functionalization, such as spin delocalization
constants,® do not account for the strongly deactivating effect of the p-CFs group. A p value of
-0.58 was calculated,” indicating moderate positive charge buildup in the transition state of the
amination step. Significantly, a p value of -0.57 was obtained when a 1:1.25 Ag: ligand ratio was
used with the same collection of substrates (see Experimental Section). This result is similar to
the p value of -0.55 obtained by Du Bois and co-workers in their examination of nitrene transfer
reactions catalyzed by dinuclear Rh catalysts.® While the value obtained is most consistent with a
concerted asynchronous process, it might also arise from a stepwise C-H amination pathway
featuring an early transition state with substantial positive charge buildup prior to C-H bond

cleavage.
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Scheme 5.7. Hammett studies of Ag-catalyzed C-H amination.
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While we considered conducting similar studies for Ag-catalyzed azirdination, we noted
that intermolecular amination of styrenes 5.23 gave almost exclusively C-H amination when a
two-carbon tether was present (Scheme 5.8). When a shorter tether is present, as in 5.26,
aziridination does not require a catalyst.°

Scheme 5.8. Ag-catalyzed aziridination of styrenes.
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Intrinsic Kinetic Isotope Effect. An intramolecular competition experiment with homoallenic

carbamate 5.28-D showed an intrinsic KIE of 3.4 (Scheme 5.9), somewhat lower than the KIEs
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of 4-12 that often characterize stepwise C-H amination pathways,® though higher than the

intrinsic effect of 1.9 observed for Rh2(OAC)4.2
Scheme 5.9. Intrinsic KIE measurement.
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Together, these probes suggest that our system is mechanistically distinct among highly
selective allylic C-H insertions.''® In Du Bois’s Ru system and in White’s Fe system, the
selectivity is attributed to the metal-nitrene’s high propensity for H-atom abstraction. In both
cases, mechanistic probes provided support for a stepwise pathway. In contrast, while our
experiments on Ag-catalyzed C-H amination cannot entirely rule out a rapid radical rebound
pathway, all results strongly suggest a concerted, asynchronous mechanism. On this basis, we
may tentatively infer that the two metal-nitrenes possess a similar electronic structure, though
Perez*? and Zhao'?® have cast doubt on simple correlations between electronic structure and

mechanism, as described in Chapter 4.

A significant question of interpretation arises with respect to the C-H amination
experiments conducted with a 1:1.25 Ag:ligand ratio. We may on the one hand regard these
results as evidence of the competence of the Ag(tBubipy)OTf catalyst in performing C-H
amination. Alternatively, it is possible that small amounts of the Ag(tBubipy)." species present
under these conditions catalyze the C-H amination reaction. However, carbamate substrates
should form metal-nitrene intermediates 5.32 in the presence of catalyst regardless of whether or
not appropriate reactive sites are present in the molecule (Scheme 5.10). If these intermediates

did follow a C-N bond-forming pathway, they would presumably follow non-productive
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pathways, resulting in low mass balance. For example, subjecting tert-butylcarbamate to the

1:1.25 Ag:ligand conditions for 6 hours resulted in only 25% recovery of starting material.

Low mass balance was observed in the aziridination of 5.8b with Ag(tBubipy).".
However, C-H insertions performed with AgLOTT as the primary catalytic species showed yields
comparable to those obtained with AgL," as the dominant catalytic species. Based on the above
results, we infer that both the Ag(tBubipy)OTf and Ag(tBubipy).” species promote C-H
amination. Hammett and radical clock studies imply that the catalysts followed similar C-H

amination pathways and likely form electronically similar metal-nitrenes.

Scheme 5.10. Metal-nitrene formation and reaction in the presence of either catalyst.

/ decomposition
+PhIO AgL

X
RNH, RN=IPh ————= RN=AgL,
5.30 -PhlO 5.31 5.32
+H,0 forms without
respect to reactive
sites within molecule

aziridination or C-H amination

5.4. Kinetic analysis of dynamic silver catalysis.

As described in Chapter 4, kinetic analysis of nitrene transfer reactions is limited to a
small number of examples, and such studies have been primarily concerned with initial rate
behavior.81%¢ However, non-ideal behavior during the catalytic process due to catalyst
activation, deactivation, substrate inhibition and by-product formation can render Kinetic analysis
by initial rate measurements untenable. Instead, methods utilizing the entire reaction profile for
kinetic analysis, such as reaction progress kinetic analysis (RPKA)¥“ or kinetic profiling'*®
provide a means to readily assess non-ideal systems displaying complex kinetic behavior. To
elucidate the origins of the observed ligand-dependent chemoselectivity and better understand

the mechanistic underpinnings of the C-H amination and aziridination pathways, we have studied
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the kinetic profile of our Ag catalyst systems using 4,4'-di-tert-butyl-2,2'-bipyridine (tBubipy)..
Reactions were monitored by removal of 16-18 aliquots at regular intervals over the reaction’s
full course and analyzed by HPLC. In early experiments, independent analysis of five aliquots

by *H-NMR was used to cross-validate our HPLC method.

Figure 5.3. Kinetic profiles of a) aziridination and b) C-H amination under standard conditions.
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Rate of starting material 5.16 consumption between 20% and 80% conversion: a) 2.4 x 10-3M/min, b) 2.5 x 10-3M/min between

20% and 80% conversion.

Reaction profiles were first obtained using 10 mol % AgOTf under standard aziridination
(22.5 mol % ligand) and C-H amination conditions (30 mol % ligand), as illustrated in Figure
5.3. The C-H amination process displays an induction period of approximately 25 minutes before

steady state is reached. Despite this difference in initial activity, both reactions showed
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approximate linearity in substrate consumption and product formation between 20 and 80%
conversion. Finally, the chemoselectivity given by 5.17a:5.17b throughout the C-H amination
reaction was consistently ~1:4, while erosion of selectivity was observed in the aziridination

process, with 5.17a:5.17b dropping from ~6:1 initially to ~3:1 after 30 min.

Figure 5.4. a) Aziridination at varied ligand loadings. b) C-H amination at varied ligand

loadings.
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a) Rates of aziridine 5.17a formation between 20-80% conversion: 12.5 mol %, 2.0 x 10-*M/min; 20 mol %, 4.7 x 10-*M/min; 25
mol %, 3.2 x 10*M/min; 30 mol %, 2.5 x 10“*M/min. b) Rate of C-H amination 5.17b formation between 20-80% conversion:
12.5 mol %, 5.2 x 10"*M/min; 20 mol %, 7.1 x 10"*M/min; 25 mol %, 7.2 x 104 M/min; 30 mol %: 7.5 x 10-*M/min.

Further profiles were obtained at intermediate ligand loadings of 20 and 25 mol %
(Figure 5.4). Comparison of product formation under the full range of loadings is instructive.
While, the overall ratio of 5.17a:5.17b decreased with ligand loading from 3.0:1 at 12.5 mol% to
1:4.3 at 30 mol %, this switch in chemoselectivity manifests due to different responses to product
formation rates as a function of ligand concentration. The initial rate of aziridination is inversely
correlated to ligand loading, dropping from 0.002 M/min to 0.0002 M/min. In contrast, the intial
rate of C-H amination only increases slightly with increased ligand loading, from 0.0052 M/min

at 12.5 mol % ligand to 0.0072 M/min at 30 mol %. This combined behavior suggests that the
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amination process displays a pseudo-zero-order dependence on catalyst concentration during the
induction period, as the concentration of C-H amination catalyst is expected to increase with the
ligand-to-metal ratio.

Figure 5.5. Starting material consumption at varied AgOTf loadings at a) 1:1.25 Ag:ligand and

b) 1:3 Ag:ligand.
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a) Rate of consumption of 5.16: 8 mol % AgOTf, 1.99 x 10-3 M/min; 10 mol % AgOTf, 2.5 x 10-* M/min; 12 mol % AgOTf, 3.2
x 10-® M/min; 20 mol % AgOTf, 3.1 x 10 > M/min. b) Rate of consumption of 5.16: 4 mol %, 1.4x10-3 M/min; 6 mol %, 1.7x10
M/min; 8 mol %, 2.4 x 103 M/min; 10 mol %, 2.4 x 10 M/min; 12 mol %, 2.6 x 103 M/min.

Comparison of the reaction rates at constant Ag:ligand ratios and varied Ag loading
indicates a small increase in reaction rate with increased catalyst loading, giving way to
saturation for both catalyst systems (Figure 5.5). When using 1:3 Ag:ligand, the reaction rate
increased from 1.4 to 2.4 mM/min as the loading of AgOTf increased from 4-8 mol %. No
change in reaction rate was observed for further increases between 8-12 mol %. When a system
with 1:1.25 Ag:ligand was employed, the rate increases from 2.0 — 3.2mM/min when using
between 8-12% AgOTT and shows no further increase when increased to 20 mol%. Interestingly,

product ratios for the respective 1:1.25 and 1.3 Ag:ligand systems remains nearly constant across
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catalyst loadings. This behavior is distinct from other catalytic systems, such as intramolecular

C-H amination with Rh,(0.C'Bu)4, which show no rate dependence on catalyst loading.

Kinetic profiles of the aziridination reaction were obtained at three initial concentrations
of 5.16 (0.08 M-0.12 M), indicating a small positive order dependence on starting material, again
leading to apparent saturation (Figure 5.6a). Time-adjusted plots obtained at initial
concentrations of 0.08M and 0.10M 5.16 show good overlay after a brief induction period,
indicating that catalyst death does not play a significant role in determining reaction rate under
these conditions. However, the plot obtained at 0.12M initial concentration shows a reduced rate
in the final 20% conversion, which may be attributed to either catalyst decomposition or to slight
product inhibition (vide infra). Interestingly, variation in initial substrate concentration leads to
variation in the final product ratio (5.17a:5.17b) from 5.3:1 at 0.08 M initial concentration to

2.5:1 at 0.12 M initial concentration.
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Figure 5.6. Normalized starting material consumption at varied initial concentrations under a)

aziridination conditions b) C-H amination conditions.
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a) Times-adjusted consumption of 5.16 between 20-80% conversion: 0.08 M, 1.9 x 10 M; 0.10 M, 2.4 x 10 M; 0.12 M, 2.5 x
10% M. b) Compsumption of 5.16 between 20-80% conversion: 0.08 M, 2.0 x 10°M; 0.10 M, 2.5 x 10°M; 0.12 M, 2.5 x 103 M.

Reactions under 1:3 Ag:ligand conditions (Figure 5.6b) showed a similar positive order
dependence on initial substrate concentration, again leading to saturation at initial concentrations
higher than 0.10 M. Good overlay was again observed at 0.10 M and 0.08 M initial substrate
concentration, and again, after an initial substrate concentration of 0.12M, the final 25%
conversion showed a reduced rate. A constant chemoselectivity of about 4:1 5.17b:5.17a was
observed across all conditions.

Several experiments were conducted to assess effect of oxidant on the reaction. Varying
the initial oxidant loading between 2.0 and 3.5 equivalents had no effect on the reaction profile
for either catalyst system, though increasing the loading to 4.2 equivalents decreased the
chemoselectivity of the aziridination system from 3.0:1 (70% 5.17a:23% 5.17b) to 2.0:1 (54%
5.17a:27% 5.17b). This change did not affect the C-H amination reaction. Evidence of oxidative
degradation of the catalyst was obtained for both reactions. When the catalyst was stirred for two

hours prior to the addition of substrate, both systems showed reduced rates, and the aziridination
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system showed significantly reduced chemoselectivity (Figure 5.7a, 1:1 aziridination:C-H
amination) in this reaction, while the C-H amination system showed almost no aziridine
formation (Figure 5.7Db).

Figure 5.7. Effect of the oxidant on the chemoselectivity. a) Aziridination with (‘Bubipy)AgOTH{.

b) C-H amination with (‘Bubipy).AgOTf.
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a) rate of 5.16 consumption between 20-80% conversion: 3.0 x 10°*M/min. b) rate of 5.16 consumption between 20-80%
conversion: 1.0 x 10-*M/min.

NMR spectra of crude reaction mixtures indicated that the ligands are not oxidized in the
course of the reaction, indicating that the silver nuclei themselves may be oxidized. This process
would lead to a lower concentration of active catalyst, and a higher effective ligand to metal
ratio, accounting for both the reduction in rate and the changes in chemoselectivity. Additionally,
this process would account for the increased selectivity for the aziridine in reactions with lower
initial concentrations of substrate. In these cases, less starting material translates to shorter

reaction times, such that catalyst degradation is minimized.

Two sets of kinetic isotope effect measurements were used to assess the turnover-limiting
step of the mechanism. In the first experiment, an intermolecular competition between labelled

an unlabelled carbamates 5.33-H/D was carried out under standard reaction conditions. The
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reaction was analyzed at 10% overall conversion to assess the relative amounts of labelled and
unlabelled substrate consumption. A KIE of 1.91 +/- 0.05 was observed when a 1:1.25 Ag:ligand
ratio was used, while a KIE of 1.75+/-0.04 was obseved with a 1::3 Ag:ligand ratio (Scheme
5.11). While this result implied that C-H bond cleavage might be the rate-limiting step of the
reaction, such an effect could also be observed if the reaction’s rate-limiting step did not involve

substrate.

Scheme 5.11. Intermolecular competition to determine KIE.
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10 mol % AgOTf:12.5 mol % 4,4'-di-tBu-bipy: 1.91 +/-0.05
10 mol % AgOTf:30 mol % 4,4'-di-tBu-bipy:1.75 +/-0.04

Independent measurements of the rates of C-H amination with both 24-H and 24-D
(Figure 5.8). A KIE based on initial starting material consumption of 1.20 was observed when the
initial concentration of substrate was 0.1M, though the rate of consumption of 24-H was faster
than that of 24-D beyond about 30% conversion. This result might indicate a true kinetic isotope
effect observable at lower substrate concentrations, or it might be a result of enhanced catalyst
degradation in transformation of the labelled substrate. To assess these possibilities, the
measurements were carried out at an initial concentration of substrate of 0.05M. In this case, a
KIE of 2.39 was observed. This result indicates that the C-H amination step is turnover-limiting,
and has an increased effect on reaction rate at lower starting material concentrations. However, in

the allene amination system, the similar rates observed for aziridination and C-H amination



149

indicate that that the selectivity determining steps of the reaction do not contribute significantly

to the overall rate, and hence are not turnover-limiting.

Figure 5.8. Independent rate measurement of labelled and unlabelled substrates.
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Two features of our kinetic analysis do not admit simple explanations: the sigmoidal
shape of both starting material consumption and C-H amination production curves, and the
saturation behavior of multiple reaction components: starting material, catalyst and oxidant.
There are several common reasons why a reaction may display sigmoidal product curves: the
active catalyst may form slowly,'*® an intermediate species involving substrate may attain an
appreciable concentration prior to product formation,*® or a product or by-product may accelerate
the reaction.>?'¢¢ Several experiments were conducted to investigate these possibilities. The
sigmoidality of the aziridination reaction was not observed when PhlO was stirred with the
catalyst for ten minutes prior to the addition of substrate, indicating that slow dissolution of the

oxidant is responsible for the induction period in this reaction. However, this procedural change
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did not affect the C-H amination reaction. Addition of 0.5 equivalents of either the C-H
amination or methylene aziridine product to the catalyst systems did not obviate the induction
period, and prompted a slight decrease in the rate of the C-H amination reaction (see
experimental section). Addition of five equivalents of the byproduct Phl to either catalyst system
gave an identical kinetic profile. These experiments ruled out autocatalysis or autoinduction as

an explanation of the sigmoidality.

Initially, the parallel sigmoidalities of the starting material consumption and product
formation curves seemed to rule out the possibility that intermediate buildup is responsible for
the induction period. However, such an intermediate might be converted to starting material

when prepared for the HPLC and NMR methods used in this study (Scheme 5.12).

Scheme 5.12. Possible decomposition of iminoiodinane intermediate.
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To test this possibility, a solution of starting material was stirred with 4A molecular
sieves and iodosylbenzene for 30 minutes prior to the addition of a solution of the catalyst.
Under these conditions, no induction period was observed for either starting material
consumption or product formation. This suggests that pre-stirring the substrate and oxidant
allows the presumed iminoiodinane intermediate to attain steady-state concentration prior to the
introduction of catalyst (Figure 5.9). When these measurement were conducted, the maximum
rate of starting material consumption was 1.8 mM/min under standard conditions, and 2.0
mM/min under the pre-stir conditions. When standard procedures are followed, the induction
period then represents a pre-steady-state regime for iminioiodinane concentration. The

consumption of iminoiodinane can be represented as follows.
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Scheme 5.13. Iminoiodinane consumption.
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Figure 5.9 Pre-stir of oxidant and substrate obviates induction period.
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This result has an important implication for metal-nitrene formation. Solving a steady-
state expression for iminoiodinane concentration based on Scheme 5.10 gives the following

expression:

k,|PRIOI[RNH,]

5.31] = koleat. ] + k_y

Since attaining steady-state requires more time for the C-H amination catalyst, we may
infer that the concentration of the iminoiodinane is higher in these reactions than in the
aziridinations. Since all other terms are expected to be equivalent for the two systems, this
implies that ko must be smaller for C-H amination than for aziridination, meaning that metal-

nitrene formation is slower in this system.

With this understanding of the reaction’s induction period, we must next consider the

observed saturation dependence on multiple reaction components. The saturation behavior of the
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catalyst may be explained by its irreversible reaction with the iminoiodinane to generate a metal-
nitrene intermediate. In a simplified Kinetic scenario, the rate of metal-nitrene formation may be

treated as equal to that of product formation, and the overall rate of product formation is given

by:

dlpdt] _ kik;[cat.][PRIO][RNH,]
dt kylcat.] + k_,

This scenario might be regarded as a more general of version of that which Du Bois
presents in his study of Rh-catalyzed C-H amination.? In that study, zero order dependence on
catalyst was observed through about 30% conversion, implying that ky[cat.] >> k-1. First order
dependence on both oxidant and substrate concentration was also observed. This provides

precedent for saturation dependence on catalyst.

Saturation in substrate is a hallmark of Michaelis-Menten kinetics, in which a substrate-
catalyst complex is formed reversibly, and this complex is the system’s resting state. Such a
scenario is clearly not consistent with that described above. One explanation for the saturation
behavior of the substrate is that it binds to the catalyst as an inhibitor, but no evidence of binding
between substrate and catalyst was observed by NMR. We instead suggest that the observe
saturation dependence on substrate is instead a consequence of mass transfer limitations on
reaction rate.'® lodosylbenzene, a uniquely suitable oxidant for this chemistry, is highly reactive
but poorly soluble in virtually all organic solvents, such that the rate of substrate oxidation may
equal the rate of oxidant dissolution at high substrate concentrations. In support of this
interpretation, we noted that “no stir” reactions failed to provide either any product over three
hours for the two catalyst systems, and that loadings of iodosylbenzene below one equivalent

gave irreproducible kinetic profiles. It is therefore posited that the observed kinetic data reflects a
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true saturation dependence on catalyst, but a first order dependence on substrate that is limited by

the rate of mass transfer.

This kinetic analysis has significant implications for understanding the chemoselectivity
of the aziridination and C-H amination reactions. The two reactions show similar dependences
on substrate and catalyst concentration, and similar overall maximum rates maximum rates of
starting material consumption of 2.5 x 10*M/min for C-H amination and 3.1 x 10M/min for
aziridination, at which point increasing either the starting material or catalyst concentration does
not affect the rate. It is therefore unlikely that the reactions differ in early, kinetically significant
mechanistic steps. Regardless of catalyst, the early steps of the reaction involve iminoiodinane
formation, followed by metal-nitrene formation, and which point the reaction pathways diverge.
Full kinetic profiling was essential to arriving at this conclusion, as studying only the initial rates
of reaction would have lead to a dramatic misinterpretation of the kinetic data and erroneous

mechanistic conclusions.

We therefore offer a fairly conventional mechanistic proposal for each reaction (Scheme
5.12) lodosylbenzene oxidizes the carbamate substrate in solution to form an iminoiodinane
species. Reversal of this process, by reaction with adventitious water or another reductive
process, is competes with reaction with silver. The iminoiodinane then coordinates to the silver
catalyst, and extrudes iodobenzene to form the active metal-nitrene species. This intermediate
then performs concerted aziridination or C-H insertion, depending on catalyst choice, or may
undergo non-productive reactions. Kinetic isotope effect studies suggest that this final step is
turnover-limiting for C-H amination reactions. An absolute limit on reaction rate is presented by

the low solubility of iodosylbenzene, which was a uniquely suitable oxidant for this system.



154

Enhancement of catalyst performance is hence likely to require the development of powerful,

soluble oxidants.

Scheme 5.14. Mechanisms of Ag-catalyzed C-H amination and aziridination.
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While this system did not prove amenable to numerical modeling, a rate law was derived
in an effort to make sense of the available kinetic data. In this rate law, the mass transfer
limitations are modelled by treating iodosylbenzene as maintaining a steady-state concentration
throughout the reaction. Full derivation of the rate law is included at the end of the chapter. This
law is not easy to verify quantitatively, but shows how limitations in oxidant concentration might
lead to saturation in substrate. Moreover, it contains the isotopically senstive constant ka,

provides a greater contribution to the overall rate at lower substrate concentrations.

d[pdt] k. k. K,k;k,[AQOTf],[RNH,]
dt Kok, (k,[AGOTF], +k)(K , +K,[RNH, 1)+ kK, (k; + k,)[RNH,]

It is worth noting that in the case that ki[RNH2] >> k., and ko[AgOTfo] >> k. the rate law

becomes:

d[pdt] _ Kaksk,[AgOTf],
dt  k.,k,[AgOTF], +k, (k, +k,)
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In the case that ksks[AgOTfo] >> ka(kstkas), then the overall rate of reaction is equal to ka,
illustrating that the maximum overall rate of reaction is governed by the rate of dissolution of

iodosylbenzene.
5.5. Conclusions.

Given the dramatic differences in chemoselectivity for the two silver catalyst systems, it
is surprising that the systems display similar behavior in virtually all the mechanistic
experiments conducted. Both catalysts appear to promote concerted pathways, implying that they
form metal-nitrenes with similar electronic structures. Moreover, they promote reactions with
similar Kinetic behavior, implicating similar mechanistic pathways through much of the reaction.
However, a key difference between the reactivity of the two catalysts was noted in the
aziridination of hindered homoallenic carbamates, suggesting that the origin of the differences in
chemoselectivity is almost exclusively steric. The breadth of different ligands of diverse
coordination geometries and steric constraints presents us with a unique opportunity to tune the
selectivity of nitrene transfer solely through catalyst control, rather than the substrate control

typically exhibited by other transition metal catalysts.

The examinination of both catalytic pathways using kinetic profiling provided important
insight into the reaction behavior that would have been missed with traditional initial rate
studies. Simple examination of initial rates might have led us to conclude that the
chemoselectivity originated in different mechanisms for the two catalysts. Additionally, we were
able to determine that the solubility of iodosylbenzene presents an absolute limit on reaction rate
and turnover frequency and underscores the need for the development of new oxidants or

oxidant-free nitrene transfers capable of tunable chemoselectivity. It is our hope that these
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studies will contribute to the understanding of metal-catalyzed nitrene transfer reactions in

general, and will lead to improved design and application of dynamic catalyst systems.
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5.7 Experimental Details and Characterization.

5.7.1. Synthesis of probe substrates.

General procedure for the synthesis of carbamates. The corresponding alcohol (between 0.5
g and 3.0 g, 1 equiv) was dissolved in dichloromethane (0.3 M) and placed in an ice bath at 0°C.
Freshly distilled trichloroacetylisocyanate (1.2 equiv) was added dropwise over 30s — 1 min. The
ice bath was removed and the reaction stirred until TLC indicated complete consumption of the
starting material, 0.75-2 hours. The solvent was then removed and the crude reaction was
dissolved in methanol (0.2 M). Potassium carbonate (0.2 equiv) was then added to the reaction
and the mixture stirred at room temperature until TLC indicated complete consumption of the
intermediate, 4-8 hours. Saturated aqueous NH4Cl was added to the reaction and the mixture was
extracted with three portions of dichloromethane. The combined organic phases were washed
with sat. brine, dried with sodium sulfate, filtered with cotton and concentrated under reduced
pressure. The crude products were purified by silica gel column chromatography. Depending on
the purity of the trichloroacetylisocyanate used, traces of trichloroacetamide were often detected
in the carbamate product by *C-NMR, even after chromatographic purification. This impurity

was found to significantly alter the rate and chemoselectivity of the reaction. To remove the
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trichloroacetamide, the carbamate was dissolved in CH>Cl, to form a 0.1 M solution. An equal
volume of 1.0 M NaOH@q) was added, and the reaction was stirred vigorously for five minutes.
The layers were separated and the aqueous layer extracted three time with an equal volume of
CHCl,. The organic layers were combined, dried with sodium sulfate, filtered with cotton and

concentrated under reduced pressure.

Compound 5.14a. The product was purified by column chromatography using a 0 > 30%
gradient of EtOAc in hexanes with 6% increments. The product was obtained in 91% yield as a
white solid. 'H NMR (500 MHz, CDCls) & 5.43 (dt, J = 10.0, 7.0 Hz, 1H), 5.21 (t, J = 10.0 Hz,
1H), 4.72 (app p, J = 5.2 Hz, 1H), 4.56 (br s, 2H), 2.69-2.61 (m, 1H), 2.11-1.98 (m, 2H), 1.38-
1.28 (m, 4H), 1.18 (d, J = 6.4 Hz, 3H), 0.97 (d, J = 6.8 Hz, 3H), 0.90 (t, J = 6.8 Hz, 3H); *C

NMR (125.7 MHz, CDCls) 6 156.8, 131.1, 130.8, 74.8, 36.6, 32.0, 27.2, 22.4, 17.5, 16.9, 14.0.

— 0
TN %NH

9 < 3 2

Compound 5.14b. The product was purified by column chromatography using a 0 - 30%
gradient of EtOAc in hexanes with 6% increments. The product was obtained in 86% yield as a
white solid. Traces (<10%) of the trans alkene were present. *H NMR: (500.0 MHz, CDCls) §
5.41 (dt, J = 11.2, 7.2 Hz, 1H), 5.18 (t, J = 11.2 Hz, 1H), 4.87 (br s, 2H), 4.61 (p, J = 6.7 Hz,
1H), 2.65 (dp, J = 9.8, 6.7 Hz, 1H), 1.97-2.11 (m, 2H), 1.24-1.39 (m, 4H), 1.18 (d, J = 6.7 Hz,
3H), 0.97 (d, J = 6.7 Hz, 3H), 0.90 (t, J = 7.0 Hz, 3H);3C NMR: (125.7 MHz, CDCls) & 158.43,
134.57, 128.18, 83.06, 61.53, 32.02, 28.48, 28.06, 22.37, 16.52, 13.96. HRMS (El) m/z

calculated for C11H21NO2 [M+NH,4*] 217.191, found 217.1909.
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Compound 5.18. Synthesized according to the general procedure above. The product was
obtained in 81% yield from 287 mg (1.20 mmol) of the corresponding alcohol.X® *H NMR (500
MHz, Chloroform-d) & 7.38 — 7.25 (m, 4H), 7.25 — 7.15 (m, 5H), 7.15 — 7.07 (tt, J = 7.0,1.6 Hz,
1H), 4.69 (s, 2H), 4.15 (dt, J = 10.6, 6.6 Hz, 1H), 4.10 (dt, J = 10.6, 6.6 Hz, 1H), 1.80 (dtd, J =
13.9, 6.8, 5.3 Hz, 1H), 1.73 - 1.64 (m, 1H), 1.33 — 1.18 (overlapping multiplets, 2H), 1.12 — 0.95
(ddt, J = 14.1, 8.7, 6.5 Hz, 1H). 13C NMR (126 MHz, CDCls3) § 157.24, 147.11, 141.58, 130.65,
128.51, 128.41, 127.97, 126.64, 125.99, 65.11, 35.25, 30.59, 22.80, 20.36. HRMS (ESI) m/z

calculated for C1sH19NO2 [M+H"] 282.1489, found 282.1484.

/©/Br Mg®, cat. BrCH,CH,Br /©/MQBF Ph\/@ oH OMe
_ =
MeO THF MeO THF O O

Compound S5.1. A 50 ml 3-necked flask was equipped with a stir bar and charged with Mg
turnings (148 mg, 6.09 mmol, 4.2 equiv) and flame dried under vacuum. The flask was equipped
with a stopper, rubber septum for additions, and a reflux condenser. The flask was then purged
with N2 and charged with THF (5.8 ml). The flask was cooled to 0°C with an ice bath, and
charged with 1,2-dibromoethane (0.020 ml, 0.23 mmol, 0.16 equiv), then with p-bromoanisole
(0.72 ml, 5.78 mmol, 4.0 equiv). The flask was then moved to a water bath at room temperature
to absorb exotherms. Then solution turned a deep orange. After the exotherms ceased (approx.
one hour), the solution was titrated to 0.62 M using phenanthrolineand nPrOH. To a solution of
allylbenzene oxide (194mg, 1.45 mmol, 1.0 equiv) in THF (4.8 ml), was added the Grignard

reagent over 1 minute at 0°C. TLC indicated complete consumption of the epoxide after 50 min.
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The reaction was quenched with sat. ag. NH4Cl. The aqueous layer was extracted three times
with EtOAc, and the combined organic extracts were washed with brine, dried over sodium
sulfate, filtered and concentrated in vacuo. The product was purified by column chromatography
using a 0 to 14% gradient of EtOAc in hexanes with 2% increments, and obtained as a colorless
oil in 42% yield. *H NMR (500 MHz, Chloroform-d) § 7.31 (dd, J = 8.6, 6.5 Hz, 2H), 7.23
(overlapping multiplets, 3H), 7.14 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 8.6 Hz, 2H), 4.01 (it, J = 8.4,
4.6 Hz, 1H), 3.79 (s, 3H), 2.87-2.66 (overlapping multiplets, 4H). 3C NMR (126 MHz, CDCls3) &
158.48, 138.72, 130.56, 129.60, 128.73, 126.66, 114.17, 73.89, 55.45, 43.48, 42.64. MS (EIl) m/z

calculated for C16H1802 [M]* 242.31, found 242.1302.

A NH
>/ 2 __OMe

Compound 5.20a. Synthesized according to the general procedure above. The product was
obtained in 84% yield from 127 mg (0.524 mmol) of the corresponding alcohol. *H NMR (500
MHz, Chloroform-d) 6 7.28 (dd, J = 8.0, 6.6 Hz, 2H), 7.23 — 7.18 (m, 3H), 7.11 (d, J = 8.6 Hz,
2H), 6.83 (d, J = 8.6 Hz, 2H), 5.15 (p, J = 6.4 Hz, 1H), 4.51 (br s, 2H), 3.79 (s, 3H), 2.85 (d, J =
6.4, 2.9 Hz, 2H), 2.80 (dd, J = 6.4, 2.9 Hz, 2H). *C NMR (126 MHz, CDCls) & 158.42, 156.47,
137.78, 130.65, 129.68, 128.53, 126.63, 113.96, 76.27, 55.42, 40.00, 39.21. HRMS (ESI) m/z

calculated for C17H19NO3 [M+NH,4*] 303.1704, found 303.1707.

©/Br Mg®, cat. BrCH,CH,Br /©/MgBr F’h\/@ OH Me
_ >
Me THFE Me THF O O

Compound S5.2. A 50 ml 3-necked flask was equipped with a stir bar and charged with Mg
turnings (381 mg, 15.7 mmol, 4.2 equiv) and flame dried under vacuum. The flask was equipped

with a stopper, rubber septum for additions, and a reflux condenser. The flask was then purged
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with N2 and charged with THF (15 ml). The flask was cooled to 0°C with an ice bath, and
charged with 1,2-dibromoethane (0.051 ml, 0.597 mmol, 0.16 equiv), then with p-bromotoluene
(1.83 ml, 14.9 mmol, 4.0 equiv). The flask was then moved to a water bath at room temperature
to absorb exotherms. Then solution turned a deep orange. After the exotherms ceased (approx.
one hour), the solution was titrated to 0.69 M. To a solution of allylbenzene oxide (500 mg, 3.73
mmol, 1.0 equiv) in THF (13 ml), was added the Grignard reagent over 1 minute at 0°C. TLC
indicated complete compsumption of the epoxide after 40 min. The reaction was quenched with
sat. ag. NH4Cl. The aqueous layer was extracted three times with EtOAc, and the combined
organic extracts were washed with brine, dried over sodium sulfate, filtered and concentrated in
vacuo. The product was purified by column chromatography using a 0 to 14% gradient of EtOAc
in hexanes with 2% increments, and obtained as a colorless oil in 37% vyield. *H NMR (500
MHz, Chloroform-d) 6 7.38 — 7.27 (m, 2H), 7.28 — 7.16 (m, 3H), 7.12 (apparent singlet, 4H),
4,04 (tt, J = 8.5, 4.7 Hz, 1H), 2.91-2.68 (overlapping multiplets, 4H), 2.33 (s, 3H). *C NMR
(126 MHz, CDCl3) 6 138.72, 136.23, 135.45, 129.62, 129.49, 129.47, 128.74, 126.67, 73.84,

43.54, 43.13, 21.24. MS (EI) m/z calculated for C16H180 [M']* 226.31, found 225.1353..

O

yNHZ Me

Compound 5.20b. Synthesized according to the general procedure above. The product was
obtained in 94% vyield from 159 mg (0.702 mmol) of the corresponding alcohol. *H NMR (500
MHz, Chloroform-d) ¢ 7.28 (dd, J = 8.0, 6.6 Hz, 2H), 7.24 — 7.17 (m, 3H), 7.08 (apparent s, 4H)
5.18 (p, J = 6.4 1H), 4.49 (s, 2H), 2.88-2.79 (overlapping second order multiplets, 4H), 2.32 (s,

3H). 3C NMR (126 MHz, CDCls) § 156.46, 137.79, 136.15, 134.54, 129.70, 129.57, 129.26,
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128.53, 126.63, 76.19, 40.03, 39.67, 21.27. HRMS (ESI) m/z calculated for Ci7H19NO:

[M+NH4"] 287.1755, found 287.1749.

OMe
Cul, PhLi
O —» OH
Et,0, 0°C to rt

OMe
Compound S5.3. A 25 ml round bottom flask was charged with freshly purified Cul (200 mg,
1.05 mmol, 1.3 equiv), and Et.O (0.54 ml) under nitrogen. The flask was cooled to 0°C with an
ice bath, and PhLi (1.14 M in Bu20, 1.85 ml, 2.11 mmol, 2.6 equiv), was added over 30 seconds.
A green slurry developed. After 20 minutes, a solution of the epoxide (133 mg, 0.810 mmol, 1.0
equiv) in 0.81ml Et,O was added and the flask was moved to room temperature. The reaction
was monitored by TLC and showed completion after 80 minutes. The reaction was quenched
with sat. ag. NH4ClI and filtered through Celite. The Celite was washed three times with EtOAc,
and the combined organic extracts were dried over sodium sulfate, filtered and concentrated in
vacuo. The product was purified by column chromatography using a 0 to 15% gradient of EtOACc
in hexanes with 3% increments, and obtained as a colorless oil in 65% vyield. *H NMR (500
MHz, Chloroform-d) § 7.35 — 7.29 (m, 2H), 7.25 — 7.20 (m, 4H), 6.82 (dt, J = 7.4, 1.2, 1H), 6.80
-6.77 (m 2H), 4.07 (ttd, J = 8.1, 4.7, 2.9 Hz, 1H), 3.80 (s, 3H), 2.87 (dd, J = 13.6, 4.7, 1H), 2.85
(dd, J = 13.2, 4.7, 1H) 2.77 (dd, J = 13.6, 8.1 Hz, 2H), 2.74 (dd, J = 13.2, 8.1 Hz, 1H). 13C NMR
(126 MHz, CDCl3) & 159.97, 140.23, 138.63, 129.64, 128.77, 126.73, 121.94, 115.31, 112.09,
73.72, 55.39, 43.65, 43.60. HRMS (ESI) m/z calculated for C16H1s02 [M+H*] 260.1646, found

260.1645.

0
HN—4 Me
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Compound 5.20c. Synthesized according to the general procedure above. The product was
obtained in 92% vyield from 190 mg (0.797 mmol) of the corresponding alcohol. *H NMR (500
MHz, Chloroform-d) & 7.31 — 7.26 (m, 2H), 7.24 — 7.17 (m, 4H), 6.81 — 6.72 (m, 3H), 5.19 (p, J
= 6.5 Hz, 1H), 4.57 (s, 2H), 3.78 (s, 3H), 2.91 — 2.79 (overlapping m, 4H). *C NMR (126 MHz,
CDCl3) 6 159.74, 156.49, 139.25, 137.68, 129.69, 129.50, 128.54, 126.66, 122.07, 115.40,
112.01, 55.36, 40.11. HRMS (ESI) m/z calculated for C17H1sNO3 [M+H*] 286.1438, found

286.1444.

/@A@ " Phael N Br

B Et,0, -30°C O O

Compound S5.4. A 25 ml round bottom flask was charged with freshly purified Cul (40.8 mg,
0.214 mmol, 0.10 equiv), and flushed with nitrogen. EtoO (3.6 ml) was added, then PhMgClI
solution (1.29 M in THF, 2.49 ml, 3.21 mmol, 1.5 equiv). The reaction was stirred for 20
minutes, then a solution of the epoxide (456 mg, 2.14 mmol, 1.0 equiv) in Et20 (3.6 ml) was
added via cannula over 2 minutes. The reaction was monitored by TLC and showed completion
after 20 minutes. The reaction was quenched with sat. ag. NH4Cl and filtered through Celite. The
Celite was washd three times with EtOAc, and the combined organic extracts were dried over
sodium sulfate, filtered and concentrated in vacuo. The product was purified by column
chromatography twice using a 0 to 21% gradient of EtOAc in hexanes with 3% increments, and
obtained as a colorless oil in 71% yield. *H NMR (500 MHz, Chloroform-d) & 7.43 (d, J = 8.4
Hz, 2H), 7.32 (dd, J = 8.1, 6.9 Hz, 2H), 7.26 — 7.18 (m, 3H), 7.11 (d, J = 8.4 Hz, 2H), 4.03 (tt, J
= 8.0, 4.5 Hz, 1H), 2.85 (dd, J = 13.4, 4.5, 1H), 2.82 (dd, J = 13.6, 4.5 Hz, 1H), 2.73 (dd, J =
13.4, 8.0, 1H) 2.71 (dd, J = 13.6, 8.0 Hz, 1H). 3C NMR (126 MHz, CDCls) § 138.32, 137.71,
131.76, 131.37, 129.60, 128.85, 126.85, 120.57, 73.55, 43.67, 42.86. MS (EI) m/z calculated for

C1sH1sBrO [M]* 291.18, found 290.00.
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Compound 5.20d. Synthesized according to the general procedure above. The product was
obtained in 87% yield from 434 mg (1.49 mmol) of the corresponding alcohol. *H NMR (500
MHz, Chloroform-d) § 7.39 (d, J = 8.3 Hz, 2H), 7.28 (dd, J = 8.1, 6.6 Hz, 2H), 7.25 — 7.21 (m,
1H), 7.20 — 7.15 (m, 2H), 7.05 (d, J = 8.3 Hz, 2H), 5.14 (p, J = 6.4 Hz, 1H), 4.69 (s, 2H), 2.81
(dd, J = 14.0, 6.4, 1H), 2.74 (dd J = 14.0, 6.4) 2.71 — 2.69 (overlapping multiplets, 2H). *C
NMR (126 MHz, CDCl3) & 156.52, 137.38, 136.68, 131.59, 131.37, 129.62, 128.59, 126.75,
120.56, 75.69, 40.15, 39.43. HRMS (ESI) m/z calculated for C16H1sBrNO2 [M+NH4*] 351.0698,
found 351.0703.
Q/Br Mg®, I MgBr Ph\/<? oh CF,4
ET rman e LI
FsC THF FsC 10 mol% Cul, THF

Compound S5.5. A 50 ml 3-necked flask was equipped with a stir bar and charged with Mg
turnings (74 mg, 3.03 mmol, 1.57 equiv) and flame dried under vacuum. The flask was equipped
with a stopper, rubber septum for additions, and a reflux condenser. The flask was then purged
with N2 and charged with THF (3.2 ml) and an I chip. The flask was cooled to 0°C and charged
with p-trifluoromethylbromotoluene (0.40 ml, 2.90 mmol, 1.50 equiv). The flask was then
moved to a water bath at room temperature to absorb exotherms. Then solution turned a deep
orange. After the exotherms ceased (approx. one hour), Cul (55 mg, 0.290 mmol, 0.15 equiv)
was added, then a solution of allylbenzene oxide (250 mg, 1.93 mmol, 1.0 equiv) in THF (3.2
ml), was added to the Grignard solution over 1 minute at 0°C. TLC indicated complete
consumption of the epoxide after 50 min. The reaction was quenched with sat. ag. NH4ClI and

filtered through Celite. The Celite was washed three times with EtOAc, and the combined
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organic extracts were dried over sodium sulfate, filtered and concentrated in vacuo. The product
was purified by column chromatography twice using a 0 to 14% gradient of EtOAc in hexanes
with 2% increments, and obtained as a colorless oil in 43% yield. 'H NMR (500 MHz,
Chloroform-d) & 7.57 (d, J = 8.0 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 7.32 (d, J = 7.6 Hz, 2H), 7.27
—7.24 (m, 2H), 7.24 — 7.20 (m, 2H), 4.09 (tt, J = 8.5, 4.4 Hz, 1H), 2.92 (dd, J = 13.8, 4.4 Hz,
1H), 2.88 (dd, J = 13.7, 4.4 Hz, 1H), 2.83 (dd, J = 13.8, 8.5 Hz, 1H), 2.76 (dd, J =13.8, 8.5 Hz,
1H). 3C NMR (126 MHz, CDCls) & 142.99, 138.14, 129.96, 129.60, 129.15, 128.92, 126.95,
125.53, 123.41, 73.47, 43.84, 43.24. MS (EI) m/z calculated for C1sH1sF30 [M-]* 280.28, found

280.10.

Compound 5.20e. Synthesized according to the general procedure above. The product was
obtained in 94% vyield from 229 mg (0.797 mmol) of the corresponding alcohol. *H NMR (500
MHz, Chloroform-d) & 7.53 (d, J = 8.0 Hz, 2H), 7.32 — 7.27 (m, 4H), 7.25 — 7.21 (m, 1H), 7.21 —
7.17 (d, J = 8.0 Hz, 2H), 5.20 (p, J = 6.5 Hz, 1H), 4.66 (s, 2H), 2.96 — 2.87 (overlapping
multiplets, 3H), 2.84 (dd, J = 13.9, 6.5 Hz, 1H). 3C NMR (126 MHz, CDCls3) & 159.74, 156.49,
139.25, 137.68, 129.69, 129.50, 128.54, 126.66, 122.07, 115.40, 112.01, 55.36, 40.11. HRMS

(ESI) m/z calculated for C17H16FsNO2 [M+NH4"] 341.1472, found 341.1474.

Ph/\ﬁojiNH2

CHs

Compound 5.30-H. Synthesized according to the general procedure above. The product was
obtained in 86% yield from 452 mg (3.01 mmol) of the corresponding alcohol. *H NMR (500

MHz, Chloroform-d) 6 7.28 (dd, J = 8.1, 6.7 Hz, 2H), 7.20 (it, J = 8.1, 1.3 Hz, 1H), 7.17 — 7.13
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(m, 2H), 4.62 (br s, 2H), 3.96 (dd, J = 10.6, 6.8 Hz, 1H), 3.92 (dd, J = 10.6, 6.8 Hz, 1H) 2.75 (dd,
J =135, 8.2 Hz, 1H), 2.43 (dd, J = 13.5, 8.2 Hz, 1H), 2.10 (dhex, J = 8.2, 6.8 Hz) 1H), 0.92 (d,
J = 6.8 Hz, 3H). 23C NMR (126 MHz, CDCls) § 157.21, 140.27, 129.36, 128.50, 126.21, 69.68,
39.95, 35.03, 16.71. HRMS (ESI) m/z calculated for CioH17NO2 [M+NH,*] 211.1442, found

211.1437.

D

Ph OH

D 2CH3
Compound S5.6-D. A 50 ml round bottomed flask was charged with (E)-2-methyl-3-phenyl-
propen-1-ol (741 mg, 0.72 ml, 5.00 mmol) and THF 16.5 ml). Pd on carbon (5% w/w, 74 mg)
was then added and the flask was flushed with nitrogen. The flask was then fitted with a balloon
filled with deuterium gas and flushed for 30 seconds with a vent needle. The needle was then
removed and the reaction allowed to stir under deuterium gas. Due to co-elution of starting
material and product by silica chromatography, the reaction was monitored by removal of
aliquots via syringe, concentration, and NMR analysis. The reaction showed completion after 3
hours, and was filtered through Celite, which was then washed with several 30 ml portions of
EtOAc. The product was purified by column chromatography using a 0 to 20% gradient of
EtOAc in hexanes with 5% increments. The resulting colorless oil was obtained in 78% vyield
with 88% deuterium incorporation at the methinyl position. *H NMR (500 MHz, Chloroform-d)
8 7.28 (dd, J = 8.0, 6.8 Hz, 2H), 7.22 — 7.15 (m, 3H), 3.53 (d, J = 10.6 Hz, 1H), 3.48 (d, J = 10.6
Hz, 1H), 2.41 (s, 1H), 0.91 (s, 3H). 3C NMR (126 MHz, CDCls) & 140.63, 129.15, 128.28,
125.90, 67.62, 39.26, 37.39, 16.35. MS (El) m/z found for C10H12D20 [M]", calculated 152.23,

found 152.1165.
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Compound 5.30-D. Synthesized according to the general procedure above. The product was
obtained in 89% yield from 496 mg (3.26 mmol) of the corresponding alcohol. *H NMR (500
MHz, Chloroform-d) 6 7.28 (dd, J = 8.1, 6.8, 2H), 7.23 — 7.17 (m, 1H), 7.17 — 7.13 (m, 2H), 4.66
(s, 2H), 3.95 (d, J = 10.6 Hz, 1H), 3.92 (d, J = 10.6 Hz, 1H), 2.41 (s, 1H), 0.91 (s, 3H). 3C NMR
(126 MHz, CDCl3) 6 157.24, 140.23, 129.34, 128.64, 126.19, 69.64, 39.94, 34.64, 16.68. HRMS

(ESI) m/z calculated for C1:H13D2NO2 [M+NH4*] 213.1567, found 213.1561.

5.7.2. Characterization of amination products.

General amination procedure. A pre-dried reaction flask was charged with silver triflate (0.10
equiv), ligand (0.125 or 0.3 equiv) and powdered 4A molecular sieves (4 times substrate mass).
Dichloromethane (0.02 M in AgOTf) was added and the mixture was stirred vigorously for 15
min. A solution of the carbamate (1 equiv) in dichloromethane (0.2 M in substrate) was added to
the reaction flask. After two minutes iodosobenzene (3.5 equiv) was added in one portion and the
reaction mixture was allowed to stir at room temperature until TLC indicated complete
consumption of the starting material (2-14h). The reaction mixture was filtered through a glass
frit and the filtrate was concentrated under reduced pressure. The crude products were purified

by silica gel column chromatography using a hexane/EtOAc gradient.

In the cases of radical inhibition experiments, 10 mol % of a radical inhibitor was added at the

outset of the reaction.
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Compounds 5.21ea and 5.17b were synthesized as described in a prior report using 4,4’-di-tert-

butyl bipyridine as the ligand.

Compound 5.15a. The procedure for Ag-catalyzed C-H insertion was used with 5.14a as the
substrate. The product was purified by column chromatography using a 0 - 40% gradient of
EtOAc in hexanes with 8% increments. The product was obtained in 86% yield as a clear oil.
IH NMR (500.0 MHz, CDCls) & 6.20 (br s, 1H), 5.48 (dt, J = 11.9, 7.5 Hz, 1H), 5.28 (dt, J =
11.9, 1.4 Hz, 1H), 4,51 (q, J = 6.8 Hz, 1H), 2.30-2.16 (m, 2H), 1.41-1.29 (overlapping m, 11H),
0.91 (t, J = 7.1 Hz, 3H); *C NMR (125.7 MHz, CDCls) & 158.9, 134.8, 130.4, 82.0, 61.0, 31.9,

27.8,22.7,22.3,14.1, 14.0.

Compound 5.15b. The procedure for Ag-catalyzed C-H insertion was used, with compound
5.14b as the substrate. The product was purified by column chromatography using a 0 = 40%
gradient of EtOACc in hexanes with 8% increments. The product was obtained in 73% yield as a
clear oil when BHT was added to the reaction mixture. Traces (<10%) of the trans-alkene were
present in both starting material and product, but no trace of compound 5.15a was detected. *H
NMR: (500.0 MHz, CDCl3) 5 5.84 (br s, 1H), 5.54 (dt, J = 12.2, 4.3 Hz, 1H), 5.21 (d, J = 12.2
Hz, 1H), 4.42 (g, J = 6.6 Hz, 1H), 2.15 (qd, J = 7.3, 1.5 Hz, 2H), 1.46 (s, 3H), 1.31-1.41 (m, 4H),

1.28 (d, J = 7.3 Hz, 3H), 0.91 (t, J = 7.0 Hz, 3H);"*C NMR: (125.7 MHz, CDCls) & 158.30,
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134.43, 128.05, 82.93, 61.40, 31.89, 28.35, 27.93, 22.24, 16.38, 13.83; HRMS (EI) m/z

calculated for C11H19NO2 [M+H"] 198.1489, found 198.1491.

O

A
Ph,, A{/o

Ph 4
Compounds 5.19. Synthesized according to the general procedure above. When 0.30 equiv 4,4’-
di-tBubipyridine was used as the ligand with 56 mg (0.20 mmol) of the corresponding
carbamate, the product was obtained as a 3:1 ratio of diastereomers in 48% yield after 6.5 hours.
The relative stereochemistry of the products was not determined.

Major diastereomer: 'H NMR (500 MHz, Chloroform-d) & 7.36 — 7.22 (m, 9H), 7.22 — 7.17
(m, 1H), 5.14 (s, 1H), 4.44 (t, J = 8.5 Hz, 1H), 4.27 (dd, J = 8.5, 6.4 Hz, 1H), 3.01 (dddd, J = 9.7,
8.5, 6.4, 1.2 Hz, 1H), 1.97 (ddd, J = 9.7, 8.8, 5.4 Hz, 1H), 1.44 (t, J = 5.4 Hz, 1H), 1.31 - 1.19
(m, 1H). 13C NMR (126 MHz, CDCl3) & 159.08, 144.75, 140.43, 129.30, 129.16, 128.58, 128.30,
127.27, 126.66, 70.05, 54.20, 35.60, 29.35, 16.20. HRMS (ESI) m/z calculated for C1gH17NO>
[M+NH,*] 297.1598, found 297.1591.

Minor diastereomer: *H NMR (500 MHz, Chloroform-d) & 7.35 — 7.31 (m, 2H), 7.30 — 7.23
(m, 5H), 7.22 — 7.11 (m, 3H), 4.53 (s, 1H), 4.42 (t, J = 8.4 Hz, 1H), 4.36 (dd, J = 8.4, 6.2 Hz,
1H), 3.31 (td, J = 8.4, 6.2 Hz, 1H), 1.92 (td, J = 8.4, 5.7 Hz, 1H), 1.35 (dd, J = 8.6, 5.7 Hz, 1H),
1.28-1.25 (m, 1H). *C NMR (126 MHz, CDCls) & 158.76, 145.18, 140.59, 129.97, 129.29,
128.77, 127.78, 127.55, 126.72, 70.58, 54.11, 35.37, 31.16, 17.81. HRMS (ESI) m/z calculated

for C1sH17NO2 [M+NH4*] 297.1598, found 297.1593.

Procedural modifications for substrates used to generate Hammett plots.
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The general amination procedure was followed, using 20 mol % AgOTf with 25 or 60 mol %
2,2’-bipyridine as the ligand. Low conversion was observed at lower catalyst loadings. All
reactions were performed initially with 100-200 mg substrate in order to allow for isolation of
individual product isomers when possible. Reaction mixtures were purified by silica gel
chromatography using 100g silica/g crude mixture and an EtOAc/hexane gradient with 5%
increments, 0 to 35% EtOAc. Because isomers were not easily distinguished by TLC, fractions
containing product were concentrated systematically (every four fractions), and analyzed by
NMR. Fractions containing a significant excess of one isomer were combined with the two

surrounding fractions and subjected to up to three iterations of chromatographic purification.

Products were characterized by *H, *C and gCOSY NMR. In cases in which inseparable product
mixtures were obtained, careful analysis of gCOSY spectra allowed assignment of key peaks to a
particular regioisomer of the compound. Quantitative **C-NMR using an inverse gated pulse
sequence allowed the assignment of select carbon peaks to individual regioisomers. After
characterization of benzylic amination products, reactions were performed in duplicate on a
smaller scale (25-50 mg). The crude mixtures were then injected with 10 pl 1,1,1,2-
tetrachloroethane as a standard and analyzed by both *H-NMR and quantitative **C-NMR using
an inverse gated pulse sequence with a five second receiver delay.

The reaction of carbamate 5.20a gave mixtures of the following products under the above

conditions. Products ratios are tabulated below.

Trial Mol % ligand Yield Regiomeric ratio | Dias. ratio
1 25 44% 2.03:1 5.3:1
2 25 56% 1.83:1 3.7:1
AVG 50% 1.93:1 4.5:1
1 60 69% 1.76:1 3.1:1
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2 60 74% 1.86:1 2.7:1
AVG 72.5% 1.81:1 2.9:1

O

HN—4

Wegen

Compound 5.22aa:

Major regioisomer, major diastereomer.

H NMR (500 MHz, Chloroform-d) § 7.34 — 7.29 (m, 2H), 7.26 (s, 3H), 7.09 (d, J = 8.7 Hz, 2H),
6.86 (d, J = 8.7 Hz, 2H), 5.04 (s, 1H), 4.58 (td, J = 6.6, 5.6 Hz, 1H), 4.52 (dd, J = 6.6, 1.0 Hz,
1H), 3.80 (s, 3H), 3.13 (dd, J = 14.3, 5.6 Hz, 1H), 3.05 (dd, J = 14.3, 5.6 Hz, 1H). 3C NMR (126
MHz, CDCl3) & 158.45, 135.37, 131.14, 129.89, 128.93, 127.73, 127.40, 114.70, 85.57, 60.47,

55.58, 39.78. HRMS (ESI) m/z calculated for C17H17NO3z [M+NH4"] 301.1547, found 301.1555.

wl

T

Compound 5.21aa:

Minor regioisomer, major diastereomer.

IH NMR (500 MHz, Chloroform-d) & 7.40 — 7.31 (m, 3H), 7.21 — 7.17 (m, 2H), 7.16 (d, J =8.6
Hz, 2H), 6.85 (d, J = 8.6 Hz, 2H), 5.04 (s, 1H), 4.63 — 4.50 (m, 2H), 3.80 (s, 3H), 3.08 (dd, J =
14.3, 5.3 Hz, 1H), 3.02 (dd, 14.3, 5.1 Hz, 1H). *3C NMR (126 MHz, CDCls) & 130.97, 129.38,
129.03, 127.17, 126.41, 114.35, 85.54, 60.47, 55.52, 38.93. Due to the low quantities of pure

material available for analysis, the carbonyl and several two aromatic peaks could not be
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identified in the 3C NMR spectrum. HRMS (ESI) m/z calculated for C17H17NOs [M+NH4']

301.1547, found 301.1557.

o] o]
HN% HN/</
(0] O

O MeO l
OMe

5.21ab 5.22ab

Compounds 5.21ab and 5.22ab.

Minor diastereomers.

'H NMR (500 MHz, Chloroform-d) & 7.43 — 7.39 (m, 2H 5.21ab), 7.25 — 7.18 (m, 3H 5.22ab,
3H 5.21ab), 7.17 (d, J = 8.6 Hz, 2H 5.22ab), 7.05 — 7.00 (m, 2H 5.22ab), 6.93 (d, J = 8.6, 2H
5.22ab), 6.92 (d, 8.9 Hz, 2H, 5.21ab), 6.76 (d, J = 8.7 Hz, 2H 5.21ab), 5.28 (br s, 1H 5.21ab),
5.25 (br s 1H 5.22ab), 5.11 — 5.01 (m, 1H 5.22ab, 1H 5.21ab), 4.90 (d, J = 7.9 Hz, 1H 5.21ab),
4.86 (d, J = 7.8 Hz, 2H 5.22ab), 3.84 (s, 3H 5.22ab), 3.77 (s, 3H 5.21ab), 2.65 (dd, J = 14.8, 9.0
Hz, 1H 5.22ab), 2.58 (dd, J = 14.8, 9.1 Hz, 1H 5.21ab), 2.39 (dd, J = 14.8, 4.8 Hz, 1H 5.22ab),
2.33 (dd, J = 14.8, 4.8 Hz, 1H 5.21ab). 3C NMR (126 MHz, CDCls) § 160.33, 159.26, 158.64,
136.81, 136.60, 130.27, 129.88, 129.27, 129.13, 128.92, 128.78, 128.69, 128.64, 128.46, 127.72,
127.59, 126.96, 114.69, 114.48, 114.05, 81.86, 81.84, 59.87 (5.22ab), 59.44 (5.21ab), 55.60,
55.45, 37.49 (5.22ab), 36.63 (5.21ab), 29.92. HRMS (ESI) m/z calculated for Ci7Hi7NO3

[M+NH4*] 301.1547, found 301.1550.
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conditions. Products ratios are tabulated below.
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Trial Mol % ligand Yield Regiomeric ratio | Dias. ratio
1 25 57% 1.45:1 3.4:1
2 25 59% 1.28:1 3.5:1
AVG 58% 1.36:1 3.45:1
1 60 54% 1.32:1 3.5:1
2 60 63% 1.36:1 2.9:1
AVG 58.5% 1.34:1 3.2:1
O O
HN—4 N//(O

5.22ba\©

Compounds 5.21ba and 5.22ba.

Mixture of major diastereomers.

e

.,

'H NMR (500 MHz, Benzene-dg) & 7.07-6.97 (m, 3H 5.22ba, 3H 5.21ba), 6.93-6.87

(overlapping m, 2H 5.22ba, 2H 5.21ba), 6.86- 6.80 (m, 3H 5.22ba, 3H 5.21ba), 6.77-6.74 (m,

1H 5.22ba, 1H 5.21ba), 4.97 (s, 1H 5.22ba), 4.91 (s, 1H 5.21ba), 4.56 — 4.37 (m, 1H 5.22ba, 1H

5.21ba), 3.90 (dd, J = 12.0, 7.7 Hz, 1H 5.22ba, 1H 5.21ba), 2.48-2.38 (overlapping m, 2H

5.22ba, 2H 5.21ba), 2.09 (s, 3H 5.21ba), 2.07 (s, 3H 5.22ba). 3C NMR (126 MHz, CsD6)

159.44, 140.73, 138.40, 137.68, 136.84, 136.39, 133.18, 130.24, 130.21, 130.06, 129.83, 129.50,

129.36, 129.10, 128.97, 128.90, 128.68, 128.49, 128.30, 127.86, 127.43, 126.75, 126.72, 85.40

(5.22ba), 85.33 (5.21ba), 61.01, 40.34 (5.22ba), 39.95 (5.21ba), 21.36, 21.32. HRMS (ESI) m/z

calculated for C17H17NO2 [M+NH,4*] 285.1598, found 285.1560.

5.22bb

5.21bb
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Compounds 5.21bb and 5.22bb.

Minor diastereomers

'H NMR (500 MHz, Benzene-ds) & 7.08-6.98 (m, 3H 5.22bb, 3H 5.21bb), 6.88 (dd, J=7.8, 5.8
Hz, 2H 5.22bb, 2H 5.21bb), 6.85- 6.80 (m, 2H 5.22ba, 2H 5.21ba), 6.76 (dd, J = 10.0, 7.8 Hz,
2H 5.22ba, 2H 5.21ba), 4.97 (s, 1H 5.22ba), 4.91 (s, 1H 5.21ba), 4.56 — 4.37 (m, 1H 5.22ba, 1H
5.21ba), 3.90 (dd, J = 12.0, 7.7 Hz, 1H 5.22ba, 1H 5.21ba), 2.48-2.38 (overlapping m, 2H
5.22ba, 2H 5.21ba), 2.09 (s, 3H 5.21ba), 2.07 (s, 3H 5.22ba). *C NMR (126 MHz, Ce¢D6) &
159.26, 159.22, 138.62, 137.92, 137.59, 134.93, 134.42, 129.79, 129.72, 129.64, 129.04, 128.91,
127.91, 127.85, 127.15, 81.19, 81.11, 59.80 (5.21bb), 59.64 (5.22bb), 38.02 (5.22bb), 37.59
(5.21bb), 21.39, 21.35. HRMS (ESI) m/z calculated for C17H17NO, [M+NH,*] 285.1598, found

285.1594.

The reaction of carbamate 5.20c gave mixtures of the following products under the above
conditions. Products ratios are tabulated below. Because regioisomer were obtained in equal
ratios and were unseparable under all attempted chromatographic conditions, individual peaks

were not assigned.

Trial Mol % ligand Yield Regiomeric ratio | Dias. ratio
1 25 65% 1.0:1 2.6:1
2 25 56% 1.0:1 2.7:1
AVG 60.5% 1.0:1 2.65:1
1 60 56% 1.0:1 3.3:1
2 60 65% 1.0:1 3.1:1
AVG 60.5% 1.0:1 3.2:1
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Compound 5.21ca and 5.22ca.

Major diastereomers

'H NMR (500 MHz, Benzene-ds) & 7.07 — 6.92 (m, 8H, unassigned), 6.89 — 6.83 (m, 2H,
unassigned), 6.78 (dd, J = 6.7, 2.9 Hz, 2H, unassigned), 6.71 — 6.61 (m, 3H, unassigned), 6.54
(dt, J = 7.6, 1.2Hz, 1H, unassigned), 6.49 — 6.46 (m, 1H 5.21ca, 1H 5.22ca), 5.48 (s, 1H
unassigned), 5.28 (s, 1H unassigned), 4.22 (g, J = 6.4 Hz, 1H, unassigned), 4.20 (q, J = 6.1 Hz,
1H, unassigned), 3.92 (d, J = 3.4 Hz, 1H), 3.91 (d, J = 3.6 Hz, 1H), 3.29 (s, 3H unassigned), 3.24
(s, 3H unassigned), 2.67 (dd, J = 14.2, 6.7 Hz, 1H, unassigned), 2.64 (dd, J = 14.5, 6.6 Hz, 1H),
2.55 (dd, J = 14.2, 6.1 Hz, 1H, unassigned), 2.53 (dd, J = 14.2, 6.2 Hz, 1H). 3C NMR (126
MHz, C¢D6) 6 159.35, 159.20, 157.46, 157.35, 140.77, 139.09, 136.16, 134.68, 129.01, 128.76,
128.61, 127.80, 127.59, 127.21, 125.93, 125.21, 120.98, 117.14, 114.34, 113.00, 111.76, 110.54,
83.51, 83.40, 59.36, 53.58, 38.88, 38.73. HRMS (ESI) m/z calculated for C17H17NO3 [M+NH4*]

301.1547, found 301.1547

HN—4 HN—4

J L O

o
5.21cb 5.22cb

Compounds 5.21cb and 5.22cb.

Minor diastereomers.
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'H NMR (500 MHz, Benzene-dg) & 7.07 — 6.93 (m, 4H 5.21cb, 4H 5.22ch), 6.84 — 6.73 (m, 1H
5.21cb, 1H 5.22cb), 6.78 — 6.73 (m, 1H 5.21cb, 1H 5.22cb), 6.66 (dtd, J = 7.84, 2.55, 0.8 Hz,
1H 5.21cb, 1H 5.22cb) 6.54 — 6.43 (m, 2H 5.21cb, 2H 5.22cb), 4.47 (ddd, J = 8.7, 7.4, 4.4, 1H,
unassigned), 4.43 (ddd, J = 9.3, 7.7, 4.4 Hz, 1H, unassigned), 4.22 (s, 1H, un assigned), 4.15 (s,
1H, unassigned), 3.79 (d, J = 4.8 Hz, 1H), 3.77 (d, J = 4.8, 1H, unassigned) 3.28 (s, 3H, not
assigned), 3.27 (s, 3H, unassigned), 2.47 (dd, J = 14.6, 8.9 Hz, 1H, unassigned), 2.43 (dd, J =
14.6, 9.4 Hz, 1H, unassigned), 2.11 (dd, J = 14.6, 4.2, 1H, unassigned), 2.06 (dd, J = 14.3, 4.7
Hz, 1H). C NMR (126 MHz, CeDs) & 129.05, 121.22, 114.73, 113.78, 112.26, 80.16, 59.01.
HRMS (ESI) m/z calculated for C17H17NOs [M+NH,4*] 301.1547, found 301.1547. Due to the
small amount of diastereomerically pure sample available for characterization, not all expected

carbon signals were observed.

The reaction of carbamate 5.20d gave mixtures of the following products under the above

conditions. Products ratios are tabulated below.

Trial Mol % ligand Yield Regiomeric ratio | Dias. ratio
1 25 46% 1:1.39 2.9:1
2 25 48% 1:1.43 3.0:1
AVG 47% 1:1.41 2.95:1
1 60 49% 1:1.43 3.1:1
2 60 46% 1:1.35 2.9:1
AVG 47.5% 1:1.39 3.0:1
O
HN«</

Compound 5.21da.

Major regioisomer, major diastereomer.
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IH NMR (500 MHz, Chloroform-d) & 7.44 (d, J = 8.2 Hz, 2H), 7.40 — 7.27 (m, 3H), 7.12 (d, J =
8.4 Hz, 2H), 5.22 (s, 1H), 4.61 — 4.48 (m, 2H), 3.11 — 2.99 (m, 2H). 3C NMR (126 MHz,
CDCls) 6 158.35, 138.96, 134.33, 132.03, 131.57, 129.49, 129.24, 126.45, 121.48, 85.00, 61.08,
39.19. Peak data were obtained by comparison of spectra of pure 5.22da with spectra obtained

from a mixture of 5.21da and 5.22da. HRMS was obtained for pure 5.22da.

o)
HN—4

o

Compound 5.22da.

Minor regioisomer, major diastereomer.

IH NMR (500 MHz, Chloroform-d) § 7.45 (d, J = 8.4 Hz, 2H), 7.36 — 7.27 (m, 3H), 7.24 — 7.20
(m, 3H), 6.99 (d, J = 8.4 Hz, 2H), 5.16 (s, 1H), 4.58 — 4.50 (m, 2H), 3.21-3.14 (m, 1H), 3.08 —
2.99 (m, 1H). 3C NMR (126 MHz, CDCls) & 158.31, 138.46, 134.89, 132.51, 129.89, 129.37,
129.06, 128.01, 127.60, 123.00, 85.17, 77.48, 77.43, 77.23, 76.98, 60.18, 39.99. HRMS (ESI)

m/z calculated for C16H14BrNO2 [M+NH.4*] 350.0550, found 350.0547.

0] (0]
HN/</ HN//(
O O

$ Br
Br

5.21db 5.22db
Compounds 5.21db and 5.22db
Mix of minor diastereomers.
H NMR (500 MHz, Chloroform-d) & 7.56 (d, J = 8.4 Hz, 2H 5.22db), 7.45 — 7.38 (m, 1H

5.21db, 1H 5.22db), 7.35 (d, J = 8.4 Hz, 2H 5.21db), 7.25 — 7.16 (m, 3H 5.21db, 3H 5.22db),
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7.12 (d, J = 8.4 Hz, 2H, 5.22db), 7.03 — 6.96 (m, 1H 5.21db, 1H 5.22db), 6.90 (d, J = 8.2 Hz,
2H 5.21db), 5.18 (s, 1H 5.21db, 1H 5.22db), 5.11 (ddd, J = 9.0, 7.9, 5.1 Hz, 1H 5.22db), 5.05
(td, J =9.1, 7.8, 4.5 Hz, 1H 5.21db), 4.93 (d, J = 7.9 Hz, 1H 5.21db), 4.88 (d, J = 7.9 Hz, 1H
5.22db), 2.66 (dd, J = 14.8, 9.1 Hz, 1H 5.22db), 2.56 (dd, J = 14.8, 9.0 Hz, 1H, 5.21db), 2.38
(dd, J = 14.8, 5.0 Hz, 1H 5.22db), 2.35 — 2.31 (m, 1H 5.21db). 3C NMR (126 MHz, CDCls) &
159.09, 135.88, 135.57, 132.13, 131.53, 130.80, 129.05, 128.98, 128.53, 127.28, 126.92, 81.05,
59.11, 37.24, 29.71. HRMS (ESI) m/z calculated for C16H14BrNO2 [M+NH4*] 350.0550, found
350.0539. The carbon spectrum did not allow assignment of individual diastereomers. *H NMR
peaks were sufficiently separated for quantitative analysis. Though 5.22db is the major product

in the analytical sample, 5.21db was the major product in the crude reaction mixture.

The reaction of carbamate 5.20e gave mixtures of the following products under the above

conditions. Products ratios are tabulated below.

Trial Mol % ligand Yield Regiomeric ratio | Dias. ratio
1 20 60% 1:1.96 3.7:1
2 20 55% 1:2.14 3.8:1
AVG 57.5% 1:2.05 3.75:1
1 60 66% 1:1.96 3.8:1
2 60 62% 1:2.06 3.4:1
AVG 64% 1:2.01 3.6:1
HNJ(

Compound 5.21ea

Major regioisomer, major diastereomer.
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'H NMR (500 MHz, Chloroform-d) § 7.58 (d, J = 8.0 Hz, 2H), 7.37 — 7.28 (m, 1H), 7.25 — 7.18
(m, 4H), 5.28 (s, 1H), 4.66 — 4.62 (m, 1H), 4.58 (g, J = 6.3 Hz, 1H), 3.22 (dd, J = 14.2, 6.1 Hz,
1H), 3.06 (dd, J = 14.2, 6.5 Hz, 1H). 3C NMR (126 MHz, CDCls) & 158.30, 134.70, 129.91,
129.12, 127.70, 126.70, 126.37, 126.35, 85.04, 60.16, 40.10. HRMS (ESI) m/z calculated for

C17H14F3sNO2 [M+NH4"] 339.1315, found 339.1313.

wl

m@”@

Compound 18ea
Minor regioisomer, major diasteromer.

IH NMR (500 MHz, Chloroform-d) & 7.57 (d, J = 8.0 Hz, 2H), 7.37 (ddt, J = 4.9, 3.1, 1.8, 1.8
Hz, 5H), 7.25 — 7.17 (m, 2H), 5.52 (s, 1H), 4.60 (td, J = 7.0, 6.9, 4.9 Hz, 1H), 4.56 (dd, J = 6.8,
0.8 Hz, 1H), 3.19 (dd, J = 14.5, 7.0 Hz, 1H), 3.14 (dd, J = 14.5, 4.9 Hz, 1H). 13C NMR (126
MHz, CDCIs3) 6 158.46, 139.54, 138.76, 130.18, 129.49, 129.29, 126.46, 125.87, 125.80, 84.89,
61.39, 39.60. HRMS (ESI) m/z calculated for Ci7H14F3NO2 [M+NHs*] 339.1315, found

339.1313.

17eb C CF, 18eb C

Compounds 5.21eb and 5.22eb.
Mix of minor diastereomers.
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'H NMR (500 MHz, Chloroform-d) & 7.67 (d, J = 8.0 Hz, 2H 5.22eb), 7.49 (d, J = 8.0 Hz, 2H
5.21eb), 7.46-7.41 (m, 2H 5.21eb), 7.38 (d, J = 8.0 Hz, 2H 5.22eb), 7.30 — 7.18 (m, 6H), 7.16 (d,
J = 8.0 Hz, 2H 5.21eb), 7.01 — 6.95 (m, 2H 5.22eb), 5.37 (s, 1H), 5.30 (s, 1H), 5.17 (ddd, J =
8.9, 7.9, 5.1 Hz, 1H 5.22eb), 5.09 (ddd, J = 9.5, 8.0, 4.1 Hz, 1H 5.21eb), 5.00 (d, J =79 H, 2H
5.22eb), 4.97 (d, J = 8.0 Hz, 1H 5.21eb), 2.69 — 2.60 (m, 1H 5.22eb, 1H 5.21eb), 2.45 (dd, J =
14.8, 4.1 Hz, 1H 5.21eb), 2.37 (dd, J = 14.7, 5.1 Hz, 1H 5.22eb).*C NMR (126 MHz, CDCls) §
159.09, 135.88, 135.57, 132.13, 131.53, 130.80, 129.05, 128.98, 128.53, 127.28, 126.92, 81.05
(5.22eb), 80.91 (5.21eb), 59.11, 37.33 (5.21eb), 37.24 (5.22eb), 29.71. HRMS (ESI) m/z
calculated for C17H14F3NO2 [M+NH4*] 339.1311, found 339.1315. Though 5.21eb was the major

of the two regioisomers in the reaction, it was the minor component of the analytical sample.

Plots were generated using values given by Hantsch and co-workers. Coefficients for ¢ and ¢*
totaling 1.0 were examined at intervals of 0.1 units and the highest correlation was found to

occur at 0.5 o and 0.5 ¢*. The most linear plots are shown below:

Hammett plot using AgL catalyst system.

n-0Me 0.3
p-Meg y=-0.5813x+ 0.0061
22 =(.985
01 .4 R=0.9837
= M m-0Me
206 04 02454 0 02 g4 06 08
- 0.7
)2 n-CF3
0.3
0.4
0.50+ 0.50*

The extracted p value is -0.58 for the AgL catalyst system (20 mol % AgOTT, 25 mol % 2,2’

bipyridyl).
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Hammett plot using AgL. catalyst system.

n-0Me 0.3
p-Me 0.2 y=-0.5778%+0.008
22 _ ) 99
01 RZ=0.99
PH home
0
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
-0.1 n-Br
-0.2
n-CF3

-0.3
0.4

The extracted p value is -0.58 for the AgL: catalyst system (20 mol % AgOTf, 60 mol % 2,2’-

bipyridyl).

0]

Compound 5.31-H. Synthesized according to the general procedure above. The product was
obtained in 57% vyield from 39 mg (0.202 mmol) of the corresponding alcohol using 0.3 equiv
2,2’-bipyridine as the ligand. *H NMR (500 MHz, Chloroform-d) & 7.36 — 7.27 (m, 3H), 7.21 —
7.16 (m, 2H), 5.46 (s, 1H), 4.28 (d, J = 8.4 Hz, 1H), 4.08 (d, J = 8.4 Hz, 1H), 2.90 (d, J = 13.4
Hz, 1H), 2.83 (d, J = 13.4 Hz, 1H), 1.32 (s, 3H). 3C NMR (126 MHz, CDCls) § 158.57, 135.30,
130.15, 128.87, 127.07, 75.48, 58.05, 46.23, 25.29. HRMS (ESI) m/z calculated for C11H13NO>

[M+H"] 192.1020, found 192.1013.

“HN\gJ

0
Compound 5.31-D. Synthesized according to the general procedure above. The product was

obtained in 60% yield from 39 mg (0.202 mmol) of the corresponding alcohol using 0.3 equiv
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4.4’-di-tert-butylbipyridyl as the ligand. *H NMR (500 MHz, Chloroform-d) & 7.32 (dd, J = 8.1,
6.4 Hz, 2H), 7.30 — 7.25 (m, 1H), 7.21 — 7.15 (m, 2H), 6.25 (s, 1H), 4.28 (d, J = 8.5 Hz, 1H),
4.03 (d, J = 8.5 Hz, 1H), 2.83 (s, 1H), 1.33 (s, 3H). 3C NMR (126 MHz, CDCls) & 159.23,
135.51, 130.31, 128.75, 127.37, 77.48, 77.46, 77.23, 76.98, 75.22, 58.26, 46.02, 45.87, 45.71,
25.72, 25.69. HRMS (ESI) m/z calculated for CiH12DNO2 [M+NH4*] 210.1353, found

210.1348.

5.7.3. Kinetic Analysis of Amination Reactions.

Calibration curves for reaction components. Response factor curves were created for the
starting material, C-H amination product and combined diastereomers of the methylene aziridine
using phenanthrene as the internal standard. The measured reaction components were
synthesized according to standard procedures and purified by flash chromatography as described
in previous publications®™. Relative UV absoprtivities at 220 nm were analyzed by 5 pl

injections via HPLC at varied concentration ratios, generating the following calibration curves.
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General procedure for acquisition of kinetic data.
A pre-dried reaction 10 ml round-bottomed flask was charged with silver triflate (0.04-0.20

equiv), ligand (1.25 or 3 equiv relative to silver triflate), phenanthrene (approx. 0.06M in
CH2Cl>) and powdered 4A molecular sieves (1g/mmol substrate). Dichloromethane was added
and the mixture was stirred vigorously for 15 min. A solution of the carbamate (1 equiv) in
dichloromethane (0.025-0.4 M in substrate) was added to the reaction flask. After two minutes,
iodosobenzene was added in one portion, marking t = 0, and the reaction mixture was allowed to
stir at room temperature. Aliquots (20 ul) were removed at regular intervals by autopipette and
injected into 1.5 ml mixtures of HPLC grade 10:90 iPrOH/hexanes. The mixtures were filtered
and analyzed by HPLC. Concentrations of major reaction components were determined

according to the calibration curves displayed above.

Validation of HPLC-UV-Vis as a method for reaction analysis. Validation of HPLC-UV-Vis
as a method of analysis was performed by concentration of HPLC samples attained using the
above method. The samples were concentrated, dissolved in approximately 1 ml CDClz and
analyzed by *H-NMR with a ten second receiver delay. Reasonable agreement between these two

methods of analysis confirms HPLC-UV-Vis as a valid method for monitoring these reactions.
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Ag-catalyzed amination under standard C-H amination conditions.

Initial conditions: 0.10M carbamate, 0.010M AgOTf, 0.030M 4,4’-di-tBubipyridyl

Rate of starting material consumption (calculated from linear regression of starting material

curve from 20-80% conversion): 2.4 x 10 M/min

Ag-catalyzed amination under standard aziridination conditions.
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Initial conditions: 0.10M carbamate, 0.010M AgOTf, 0.0125M 4,4’-di-tBubipyridy!l

Rate of starting material consumption (20-80% conversion): 2.5 x 10~ M/min

component conc. (mmol/ml)

0.12

0.1

0.08

0.06

+methylene aziridine

. *
*

,.C-H amination

starting carbamate

10

20

30

40

time (min)

Portionwise addition of oxidant to C-H amination reaction

50

60

A pre-dried reaction 10 ml round-bottomed flask was charged with silver triflate (0.1 equiv),

ligand (1.25 equiv relative to silver triflate), phenanthrene (approx. 0.06M in CH2Cl,) and

powdered 4A molecular sieves (1g/mmol substrate). Dichloromethane was added and the

mixture was stirred vigorously for 15 min. A solution of the carbamate (1 equiv) in

dichloromethane (overall 0.1M in substrate) was added to the reaction flask. After two minutes,

3.5 equivalents PhlO were added to the flask. The reaction was stirred for two hours, after which

a second charge of 1.0 equivalents carbamate were added, along with 3.5 equivalents PhlO after

30 seconds. The reaction was sampled at regular intervals as described above. The timecourse

below shows product quantities formed after this second charge of substrate and oxidant.

Intial rate; 3.1 x 10°M /min
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A pre-dried reaction 10 ml round-bottomed flask was charged with silver triflate (0.1 equiv),
ligand (3.0 equiv relative to silver triflate), phenanthrene (approx. 0.06M in CH2Clz) and
powdered 4A molecular sieves (lg/mmol substrate). Dichloromethane was added and the
mixture was stirred vigorously for 15 min. A solution of the carbamate (1 equiv) in
dichloromethane (overall 0.1M in substrate) was added to the reaction flask. After two minutes,
3.5 equivalents PhlO were added to the flask. The reaction was stirred for two hours, after which
a second charge of 1.0 equivalents carbamate were added, along with 3.5 equivalents PhlO after
30 seconds. The reaction was sampled at regular intervals as described above. The timecourse
below shows product quantities formed after this second charge of substrate and oxidant.

Initial Rate: 1.0x 10°*M/min
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Product inhibition studies.

time (min)

The general procedures for aziridination and C-H amination were followed, but a sufficient

amount of methylene aziridine or C-H amination product was added to the reaction to attain a

0.05M concentration. Slight rate acceleration was observed under aziridination conditions, and

slight inhibition was observed under the C-H amination conditions. Induction periods were

observed in each case, indicating that autocatalysis is not a factor in this reaction.
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Study of catalysts under oxidative conditions.

Aziridination catalyst system.

The catalyst was studied under reaction stoichiometrics. A flame-dried 10 ml round bottomed

flask was charged with AgOTf (6.4 mg, 0.0250 mmol, 1.0 equiv) and 4,4’-di-tBu-bipyridyl (8.4



191

mg, 0.0313 mmol, 1.25 equiv), and 2.5 ml CD2Cly, and stirred for 15 minutes. PhlO was added
(192 mg, 0.875 mmol, 35 equiv) and the reaction was stirred 2 hours. The solution was filtered

via microporous frit. tH-NMR and *3C-NMR spectra were obtained.

The shifts of the 4,4’-di-tBu-bipyridyl peaks compared to a standard catalyst solution indicated a
possible decrease in the relative Ag(l):ligand ratio.c our Previous paver Thjs provides evidence of

oxidative catalyst degradation.

C-H amination catalyst system.

The catalyst was studied under reaction stoichiometrics. A flame-dried 10 ml round bottomed
flask was charged with AgOTf (6.4 mg, 0.0250 mmol, 1.0 equiv) and 4,4’-di-tBu-bipyridyl (20.1
mg, 0.0750 mmol, 3.0 equiv), and 2.5 ml CD,Cl,, and stirred for 15 minutes. PhlO was added
(192 mg, 0.875 mmol, 35 equiv) and the reaction was stirred 2 hours. The solution was filtered

via microporous frit. tH-NMR and *3C-NMR spectra were obtained.

The shifts of 4,4’-di-tBu-bipyridyl were not significantly different from those obtained from a

standard catalyst solution.

5.7.4. Rate law for aziridination reaction.

The proposed mechanism for the aziridination reaction follows the scheme:
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AgLOTf j\ k. i K
aziridine product PhI=N" “~OR H,N” "OR *+ PhIO PhIO
ky 1 Ka polymer
+H,0
I+
Ky o}
TfOLAg—'r'}J/U\OR
— i/ IPh
TfOLAg—'NJ\OR
@ +Phl
With the following elementary steps:
ka
(1) PhIO (polymer) _ PhIO
k-a

1 ‘“ i
2) R + PhIO = R™ N

NH, S =IPh +H,0
k.1 Int1
o) o]
k2
(3) RJ\NZIPh + AgLOTF —° o R)J\ITJ—AgLOTf
Int1 Int2 IPh
i X
4 ks
@ R™ "N—AgLOTf ————»> R7 "N=AgLOTf +  ppj
Int2 IPh Int3
Q k
(5) JL L ding pdt
R” “N=AgLOTf aziridine pdt + AgLOTf
Int3

Assumptions:

k-1 is the rate constant for the reduction of Intl to the corresponding carbamate, but does not
necessarily imply the involvement of water or the re-formation of active PhIO.

Mass balance of catalyst:
[AgOTf], =[AgLOTf]+[Int2]+[Int3]

Steady-state approximations:

d[Int3]

o = 0=ki[Int2] -k, [Int3]
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d['dnttZ] ~ 0=k, [Int1][AgLOTf ] —k,[Int2]
d[ldr:tl] ~ 0 = k,[RNH,][PhlO] - k, [Int]][AGLOTf ] — k_, [Int1]
d[PdTO] ~ 0=k, —k_,[PhIO]—k,[PhIO][RNH, ]

Rate of overall product formation:

% = k,[Int3] = k,[Int2] = k,[Int1][AgLOTF]

Substituting into the mass balance equation, we have two options, leading eventually to distinct
solutions:

Solution 1:

KoK, + (K,k, + Kk k,)[Int1]
k3k4

[AgOTf], =[AgLOTF]( )

k3k4[AgOTf]o
K.k, + (KK, +k,k;)[Int1]
Then, the overall rate is given by:

[AgLOTf] =

d[pdt] _ k.k,k,[AgOTf], [Int1]
dt kK, +(K,k, +k,k,)[Int]

Solving the above steady-state equations gives:

k,[RNH,][PhIO]
k, +k,[AgLOTF]
[PhlO] = ks

k_, +k [RNH,]

Substituting [Phl1O] into the expression for [Int1]:

[Int1] =

kakl[RNH 2]

[Intl] =
(k_, +k,[AgLOTf])(k_, +k,[RNH,])

Let:

a =kk,[AgOTf],
b =kyk, + (kk, +k,k,)[Int1]
So,
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[AgLOTf]=2
b
Then:
— K.k, [RNH, ] .k, [RNH, ]b

(k +k E)(k +k [RNH ]) ) (k-1b+ kza)(k—a + ki[RNHz])
-1 2 p’\ 2 1 2

(k_, +k,[RNH, (kb +k,a)[Int] =k k,[RNH,, b
Expanding terms containing [Int1]:
(k_, +k,[RNH, 1)((k_, (kok, + (k,k, + K,k )[IntI])[Intd] + k,k.k, [AgOTF ] [Int1]) = k. k,[RNH, ]b

Assuming [Intl]* =0,
(Ko + K [RNH , (K koK, + Kokok [AGOTF1,)[INL] =k, ky [RNH , 1(k,K, + (kok, + Kk, )[INtL])

KoK,k [RNH,
(K, + K [RNH, (K kK, + Kokok [AGOTT,) — k., (oK, + Kok )[RNH ]

[Int1] =

Let:
c =k kk;k,[RNH,]
d= (k—a t k1[RNH 2])(k-1k3k4 + k2k3k4[AgOTf]o) - kakl(k2k4 + kzks)[RNH 2]

Then:

C
dipdty _ KMKLAGOTHL 4y ki, [AgOTT ],

. ksky + (Ko, + k2k3)§ Kekyd + (k K, +koks)C

k,k;k,[AgOTf], c 3 k,[AgOTf],c 3
kok,d + (k. k, +k, ks )k, k Kk, [RNH,]  d +(K,k, + K,k )k, k,[RNH,]
Kak;K Kk, [AQOTf],[RNH,] _ KokiK,[AQOTf],[RNH, ]
(K, + K [RNH 1)(K koK, + koK, [AGOTF],) ~ (K, + k,[RNH,T)(k , +k,[AgOTf1,)

From the low observed dependence on substrate concentration, we may infer that ki[RNH] >>
K-a, except at low substrate concentration.

Solution 2.

Alternatively, we can defer solving the mass balance equation in terms of [AgLOTf] and
[AgOTﬂo.

Then, use the following for further substitution:
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[AgLOTf] =[AgOTf], —[Int2] -[Int3] =[AgOTf], —[Int2](1+%)
4
Substituting into the steady-state equation for [Int2] gives:

% ~ 0=—k;[Int2] + k, [Intl][AgOTf ], — k2(1+%)[lnt1][lnt2]
K, [Int][AgOTF], '

k; +K, (1+|;j)[lnt1]

Now, substituting the expression for [AgLOTTf] into the steady state equation for [Int1]:

[Int2] =

d[Int1]
dt

= k,[RNH, J[Ph10] - k_,[Int1] - k,[AgOTf ], [Int1] + k, (1 + E—3)[Int1][lnt2]

4

~ 0 = k,[RNH, J[Ph1O] - k,[IntL][AgLOTf] -k, [Int1]

Solving for [Int1]:

[Int1] = k,[RNH, J[PhIO]

k,[AGOTF], +k_, —k, L+ ::3)[Int2]

4

k
Let a=k,[RNH,][PhIO], b =k,[AgOTf], +k , —k, L+ k—3)[lnt2],
4

So,

a
Intl] = —
[Int1] o

We now have expressions for [Int1] and [Int2] that can be solved in terms of one another.

a
k, “[AQOTf],
(inzy - KelIIAGOTH L, 21y _

k3+k2(1+£)[lnt1] |<3+k2(1+£)E k3b+k2(1+k—3)a
Ky k,” b K,

_ k,k,[AgOTf],[RNH,][PhIO]
k, (K,[AGOTF], +k_, —k,(L+ E?’)[mtz]) +kk, (L+ E?')[RNH ,1[PhIO]

k,[AgOTf],a

Now, assuming that [Int2]?~0, we have:

k,k,[AgOTf],[RNH,][PhIO]
K, (k,[AGOTF], +k_,)+k.k,(d+ ts)[RNHZ][PhIO]

4

[Int2] =

As above, we have:
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[PhIO] = ks
k . +k,[RNH,]
Let C=k_, +k,[RNH,]

Then,

kk,[AGOTF 1, [RNH, 1(%2)
[Int2] = ¢

Ky (K,[AQOTF], +k ) +kk,(1+ |lzs)[RNH 2]k—""
C

4

kK, k.k,[AgOTf],[RNH,]

Ko (KLAGOTT, +K (K, + K RNH, D)+ ik (1 )[RNH,
4

_ KakiKoK,[AGOTF],[RNH, ]
Kok, (K,[AQOTE], +k_y)(k_, + K [RNH, ]) + K K.k, (k; +k,)[RNH , ]
Substituting into the rate equation gives us:

d[pdt] _ k,k.k,k;K,[AQOTf],[RNH,]
dt K.k, (k,[AgOTF], +k ,)(k_, +Kk,[RNH,]) +k, kK, (ks +k,)[RNH,]

The two solutions differ in the choice of approximation. Either [Int1]> ~ 0 or [Int2]? ~ 0. The
preferred solution is solution two, as demonstrated by the inclusion of an isotopically sensitive
term, and by the demonstration that Intl must obtain significant concentration before steady-
state is attained.

The derived rate law for C-H amination is the same.
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Chapter 6. Development of Enantioselective Silver (1)-Catalyzed Intramolecular

Aziridinations.
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6.1. Introduction.

Asymmetric epoxidation is a highly developed, studied, and utilized tool for the
construction of stereodefined carbon-heteroatom bonds. The nitrogen analog, asymmetric
aziridination, is comparatively underdeveloped. The many reports of asymmetric aziridination
are limited by one or more of the following problems: narrow substrate scope, modest
enantioselectivity, or synthetically imposing catalysts. However, reliable, general methods of
asymmetric aziridination would greatly reduce the difficulty of synthesizing versatile building
blacks containing stereodefined carbon-nitrogen bonds. This chapter describes early and ongoing
efforts to develop methods of enantioselective silver(l)-catalyzed intramolecular aziridination.
The best results to date feature excellent yield and good enantioselectivities for both cis- and
trans-disubstituted alkenes. This method features synthetically accessible, tunable bisoxazoline
ligands, making it particularly attractive for general use. Further improvements will focus on the

synthesis of new bisoxazoline ligands with increased steric bulk.

6.2. Highly enantioselective methods of alkene aziridination via nitrene transfer.

Numerous methods of catalytic enantioselective aziridination have been reported, but
few, if any, have achieved widespread use. As two recent reviews describe the field in
comprehensive detail, this chapter will present only a few illustrative examples.? In the early
1990s, Evans® and Jacobsen* simultaneously reported enantioselective intermolecular
aziridinations using Cu catalysts and PhI=NTs as the nitrogen source. Evans’s method in
particular serves to illustrate the promise and problems associated with enantioselective
aziridination (Scheme 6.1). With trans-cinnamy! ester 6.1, 97% ee was obtained; however, trans-
B-methyl styrene 6.3 afforded only 70% ee, and required a different ligand to obtain optimal

enantioselectivity. Jacobsen’s method suffered from similar limitations in substrate scope.
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Scheme 6.1. Intermolecular aziridination with chiral copper catalysts.

Evans:

Ph/\/ﬁ\OPh

6.1

phCHs
6.3

Jacobsen:

6.5

6.7

5 mol % CuOTf
6 mol % L6.1 Ts
2.0 equiv PhI=NTs Ph H

PhH, 24 h, rt H g.2 CO,Ph

64% yield, 97% ee
5 mol % CuOTf

6 mol % L6.2
2.0 equiv PhI=NTs Ph N'H

CHiON,72h,-20°C  H g 4 CHs

64% yield, 97% ee
10 mol % CuOTf

10 mol % L6.3
1.5 equiv PhI=NTs

CHzclz 6.6 "/[i]TS

70% yield, 87% ee
10 mol % CuOTf

10 mol % L6.3
1.5 equiv PhI=NTs

CH,Cl, Q;}r’ms

50% yield, 58% ee

H HIQH H
N

Cl —N

Cl Cl

L6.3

To date, the highest selectivities in intermolecular aziridination have been obtained using

azides as the nitrogen sources. Katsuki and co-workers have developed complex Ru-salen

catalysts for the aziridination of terminal olefins with azides.*" The development of 2-

(trimethylsilyl)ethanesulfonyl azide (SESN3) as the nitrogen source has provide ee that is

regularly > 95%, as well as high yields and broad substrate scope (Scheme 6.2). The method, is

however, limited to terminal olefins and vinyl ketones,> and the high molecular weight and

synthetic challenges associated with the catalyst limit its overall appeal. Zhang and co-workers

have also developed Co-porphyrin complexes that provide high enantioselectivities for azides,

but these methods have similar limitations in scope and accessibility and often feature low

product yields.®
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Scheme 6.2. Intermolecular aziridinations using azides as nitrogen sources.

ANSES
©/\ Me3Si\/\/§\/N3 cat. 6.15 ‘
D ————
00 CHyCl,, 4A MS
6.9 6.10 6.11
99% vyield, 92% ee
SES = 2-(trimethylsilyl)ethanesulfonyl

Q\S,P 5 mol % 6.16

A~ -S. _—

CCL™ O Ns et 4R Ms OO
6.12

6.13 6.14
85% yield, 80% ee

NTces

Tces = 2,2,2-trichloroethylsulfonyl

cl !

Asymmetric intramolecuar aziridination is perhaps even more difficult to achieve.
Dauban and co-workers have reported the most successful version to date, attaining moderate
enantioselectivities in Cu-catalyzed aziridinations with sulfamates (Scheme 6.3).” For trans-
alkene 6.17, 80% ee was attained, 72% ee for the cis-analog 6.19, but only 36% ee for the 1,1°-
disubstituted alkene 6.21. The utility of the products of intramolecular alkene aziridination is
well established, such that the development of reliable methods for enantioselective aziridination
would significantly improve chemists’ ability to access stereochemically-complex nitrogen-

containing molecules.
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Scheme 6.3. Copper-catalyzed enantioselective intramolecular aziridinations.

O 5 mol % (o] 5 mol %

- OO0 - O O
Os$-NH, [Cu(NCMe),]PFs Y Os S-NH, Et [CuNCMe)JPFq R
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NTNTTEC T pio, 3Ruis e PhIO, 3AMS L
6.17 MeCN, -20°C 6.18 6.19 MeCN, -20°C 6.20

0, 1 0,
80 % yield, 80 % ee 86 % yield, 72 % ee

5 mol %

0% [Cu(NCMe),JPF O\\S//O
—NH, 5.5 mol % L6.2 0" N
_ >
PhIO, 3AMS '
MeCN, -20°C Ve
6.21 6.22

24 % yield, 36 % ee

6.3. Development of silver(l)-catalyzed asymmetric aziridination.

As part of our efforts toward this goal, we have sought to develop a general method of
enantioselective silver(l)-catalyzed intramolecular aziridination. While many asymmetric
transformations have been developed using silver-based chiral Lewis acids,® to the best of our
knowledge, no asymmetric group transfer reactions catalyzed by silver have been reported.
Initially, we examined commercially-available chiral ligands with AgOTf as catalysts for the
transformation (Table 6.1). Chiral bisphosphine ligands gave promising ee for aziridination of
cis-alkene 6.23. (R)-Hs BINAP, (R)-TUNEPHOS, (R)-BINAPINE each gave ee over 40%
(entries 4, 6, and 7). However, 3!P-NMR of the product mixtures indicated that the ligands were
completed oxidized to the corresponding phosphine oxides over the course of the reaction. The

catalytic activities of the phosphine oxides were not determined.
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Table 6.1. Bisphosphine ligands as potential catalysts for Ag(l)-catalyzed aziridination.

0 20 mol % AgOTf

/:\_})4 25 mol % ligand ﬁ}»
Et NH>  cH,Cl,, 4RMS, PhIO AK) &
6.23 6.25
entry? ligand yield 6.24 yield 6.25 %ee 6.24
1 none 31 8 NA O
2 (R)-T BINAP 69 7 37 PAr, O PAr,
3 (R)-DM BINAP 51 3 27 PAr, O PAr,
4 (R)-Hg BINAP 39 0 42 O
5 (R)-SEGPHOS 73 5 15
)-BINAP ligands  (R)-SEGPHOS ligands
6 (R)-BINAPINE 46> 0 57
7 (R)-TUNEPHOS 46 0 47
8 (R)-DTBM SEGPHOS 57 0 -7
9 (R)-Et-Ferrotane 0 0 NA O
(o} PAr,
10 (R)-iPr-Ferrocelane 19 0 NA [0) PAr,
11 (R)-Josiphos-SL-J009-01 51 32 17 O

4Experiments run with 0.1M 6.23, 2.0 equiv PhlO, 1g

4RMS/mmol 6.23, 24 hrs. Y88% converison after 40 hours. (R)-TUNEPHOS ligands

R
ép\© . P(Cyc),
R\ F‘e B Ph2P Fe
> A <o
Q (R)-Josiphos-SL-J009-01
R

(R)-R-Ferrotane

(R)-BINAPINE

Nevertheless, the complex bisphosphine (R)-BINAPINE® showed promising
enantioselectivity and was selected for further optimization efforts (Table 6.2). To our delight,
replacing the "OTf ion with ClIO4 improved the ee from 57 to 68%, and provided full conversion
of the starting material with 68% vyield (entry 3). Completely noncoordinating ions such as BF4
and SbFs™ provided low conversion and yields (entries 2 and 4). Decreasing the catalyst loading
decreased both yield and enantioselectivity. Lowering the temperature to 0°C lowered conversion
and did not significantly improve the enantioselectivity (entry 7). Given the lack of tunability of

this ligand, we turned our attention to other classes.
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Table 6.2. Optimization of aziridination conditions using (R)-BINAPINE.

x mol % AgX
o) 1.25x mol %
_ o—/( (R)-BINAPINE
e N W, &
CH,Cl,, 4RMS, PhlO
6.23
entry? Ag salt

LT Y
Et7
g 624 625 o7 O

yield 6.24 yield 6.25 %ee 6.24

20 mol % AgOTf
20 mol % AgBF,

20 mol % AgClO,

15 mol % AgCIO,
10 mol % AgCIO,
74 20 mol % AgClO,

1
2
3
4 20 mol % AgSbFg
5
6

46
12

68
26
56°
oe
33

0
0
0
0
4
0

0

57
NA

68
NA

60
NA
72

4Experiments run with 0.1M 6.23, 2.0 equiv PhlO, 1g

4AMS/mmol 6.23, 24 hrs. Y82% converison after 41 hours.29

% conversion after 41 hours.?Run at 0°C for 48 hours.

Among chiral bidentate nitrogenated ligands, (R)-BINAM did not provide any conversion

(entry 1), while chiral diimines provided low conversion and minimal enantioselectivity (entry

2). However, iPr-bisoxazoline ligand L6.5 gave good yield of the aziridine product, and some

enantioselectivity (entry 3). Replacing the isopropyl group with phenyl, benzyl, and then tert-

butyl groups afforded improvements in the enantioselectivity (entries 4-6).



204

Table 6.3. Examination of chiral bidentate nitrogen-containing ligands.

0 20 mol % AgCIO,4 Ph Ph
__ o 25 mol % ligand N
e _/<NH f e —
2 CH,Cl,, 4AMS, PhIO NGNS
6.23 6.2 6.25 Ph Ph
L6.4
entry? Ag salt yield 6.24  yield 6.25 %ee 6.24
1 | (R)}-BINAM 30 14 NA O \‘><r
2 L6.4 42 11 6
NH2
3 iPr-bisoxazoline L6.5 81 11 23 OO
4 Ph-bisoxazoline L6.1 46 7 16
5 Bn-bisoxazoline L6.6 77 6 45 (R)-BINAM
6 tBu-bisoxazoline L6.2 78 11 48

4Experiments run with 0.1M 6.23, 2.0 equiv PhlO, 1g
4AMS/mmol 6.23, 24 hrs. ®82% converison after 41 hours.c29
%conversion after 41 hours.?Run at 0°C for 48 hours.

We then examined modifications to the ligand scaffold. Removing the bridge decreased
both enantio- and chemo-selectivity (entry 1), while removing the gem-demethyl groups
decreased conversion and enantioselectivity (entry 2). Using pybox ligand L6.10 provided no
conversion to product, while the quinoline-oxazoline ligand L6.7 provided little
enantioselectivity. Ligands with additional chiral centers decreased both conversion and
enantioselectivity (entries 6 and 7). Use of an sulfamate substrate gave full conversion of starting
material, but essentially no yield of identifiable product with L6.6, presumably due to the

enhanced susceptibility of the product to ring-opening reactions.



Table 6.4. Bisoxazoline scaffold modifications.

O
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0 20 mol % AgCIO4
25 mol % ligand
Et/:\—/OA(NH -
2 CH,Cl,, 4RMS, PhiO ’&)
6.23 6.25
entry? | ligand % conversion % 6.24 % 6.25 %ee 6.24 o%o
O
1 L6.6 100 77 6 45 S/N N—/
2 | Le7 74 28 12 1 Bn  Le6 B0
3 L6.8 77 23 31 26
— O
4 | Le9 100 81 10 20 P — ]
5 | L6.10 0 0 0 NA N N
L6.7
6 L6.11 64 24 0 -28
7 L6.12 88 71 6 32
4Experiments run with 0.1M 6.23, 2.0 equiv PhlO, 1g j
4AMS/mmol 6.23, 24 hrs. ?82% converison after 41 hours.c29 N/> /\\N “/8n

%conversion after 41 hours.?Run at 0°C for 48 hours.

ﬁ%ﬁ‘ ;&J BEAES

J
FLEH

Given the superior performance of the standard bisoxazoline scaffold, we sought to

L6.10

optimize other aspects of the transformation for a single ligand, then examine ligands with more

sterically demanding substituents (Table 6.5). The reaction performed well at reduced catalyst

loading, though the improved selectivity was likely a function of higher batch substrate in this

trial (entry 1).2° Examining several counterions for the transformation showed that “OTf provided

the highest enantioselectivity (entries 2-4). Finally, the dibenzyl-substituted ligand L6.13 was

synthesized and tested with “OTT as the counterion, and provided -81% ee in the transformation.



Table 6.5. Further optimization of enantioselective intramolecular aziridination.

10 mol % Ag salt

10 1 % A It
o  125mol% ji 125 mol o 0
_ o4 L620rl6.13  H N~ g E'\:\_/O%O L62orL6.13  Et, N/U\O
Et ) NHz  PhiO, 4R Ms Et/<i4\) " NHz  PhiO, 4A Ms H&K)
6.23 CH,Cl, 6. 6.26 CH,Cl, 6.27
entry | Agsalt ligand 9% 6.24 % 6.25 % ee 6.24 entry | Agsalt ligand % 6.27 % C-H % ee 6.27
1 AgCIlO, L6.2 782 1 58 1 AgCIO, L6.2 43 4 75
2 AgOTf L6.2 63 10 67 2 AgOTf L6.2 142 3 NA
3 AgSbFg L6.2 83 8 40 3 AgSbFg L6.2 83 8 80
4 AgOAc L62 29° 16 6 4 AgClO, L6.2  45° 4 76
5 AgOTf L6.13 86 6 -81 5 | AgCIO4 L6.13 88 10 -83
aYields determined by NMR using a 258% con\{ersion after 20 hours.
mesitylene standard. ?45% conversion Isolated yield.
after 20 hours.
% ) CIr
N N N N
By “Bu Ph—_ Le.1 Ph
L6.2 Ph 6.13 Ph
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To our delight, simultaneous optimization of trans alkene 6.26 afforded even higher

enantioselectivities, as summarized in table 6.5. Surprisingly, AgOTf afforded poor results for

this substrate, while decreased yield was observed for AgCIO4 with the tert-butyl substituted

ligand. However, using the dibenyl ligand L6.12 provided high 83% ee. The higher yield

obtained with this ligand is somewhat unexpected, but was reproduced in subsequent trials.

Investigations of this system are ongoing, and will include both the synthesis of new

ligands, and the further optimization of counterion and temperature. The method for the

synthesis of the amino alcohol required to obtain the dibenzyl ligand should be adaptable to other

aryl substituents, including naphthyl and o-tolyl groups (Scheme 6.4).1! These ligands will likely

enhance ee to the threshold of 90% that marks high synthetic utility.
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Scheme 6.4. Synthesis of novel amino alcohols.

*HCl O #\o #\ o
ﬁ 2slops BooN, ) 2 equiv. AMGBT oo 1) PAIC, HOOZH, 60°C
OH 2) NaOH, MeOH, 80°C
HO 07 >0oMe A A
6.28 6.29 6.30
HoN > </ ] \
"""" > A N N
Ar” SAr Ar— i’”
6.31 Ar Ar

6.4. Conclusions.

The above investigations have led to the development of a promising catalyst system for
intramolecular aziridination. The preferred ligand scaffold is readily accessible and is relatively
easy to modify to include bulkier substituents. The high enantioselectivity observed with both
cis- and trans-substituted alkenes indicates that the method may be quite general. Additionally,
the ease of substrate preparation makes this a particularly attractive method for broad use.
Further investigations will focus on reaction optimization and the demonstration of substrate
scope. One significant question that arose in the course of these studies was the applicability of
“dynamic catalysis” to asymmetric transformations. Unfortunately, the addition of further
equivalents of ligand to the catalyst systems shut down all reactivity. However, application of
this system to asymmetric C-H aminations has not yet been attempted. In all, this is a promising
system that may represent both the first highly enantioselective asymmetric intramolecular

aziridination, and the first instance of an asymmetric group transfer reaction catalyzed by silver.
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6.6. Experimental Details and Characterization.

Carbamates 6.24 and 6.26 were synthesized according to procedures described in chapter
3. All bisphosphine ligands were purchased from Sigma-Aldrich or Alfa Aesar and used without
further purification. Ligand L6.4 was synthesized according to the procedure of Cossy and co-
workers.!? Ligands L6.1, L6.2, L6.5, and L6.6 were synthesized according to the general
procedure of Evans and co-workers.'® L6.7 was synthesized according to the procedure of
Sigman and Zhang.}* L6.8 was synthesized according to the procedure of Denmark and
O’Connor.’® L6.9 was synthesized according to the procedure of Umani-Ronchi and co-
workers.'® L6.10 was synthesized according to the procedure of Schaus and Jacobsen.?” L6.11

and L6.12 were synthesized according to the method of Bovino and Chemler.8
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*HCI O o o
HZN/’J)LOMe 2steps  Bogl 2 equiv. PhMgBr Boc 1) Pd/C, HCO,H, 60°C
HO OH 2) NaOH, MeOH, 80°C
O~ OMe Ph
6.28 6.29 6.30
H O. O
HoN — <// d
. —N N
Ph” “Ph Ph = 613 Ph
6.31 Ph Ph

Procedure for synthesis of ligand L6.13: The method of Dixon and co-workers! was used to
obtain alcohol 6.30. From here, their procedure was adapted as follows. A 250 ml Schlenk flask
was charged with formic acid (81 ml), Pd(OH)2 (50% wet, 600 mg, 40% of substrate mass), and
alcohol 6.30 (1.50 g, 3.90 mmol, 1.0 equiv). A vacuum was attached to the arm of the Schlenk
flask with the stopcock closed. The mixture was stirred and a balloon of hydrogen was attached
using a scinetered gas adapter with stopcock. The balloon was opened to the flask for 30
seconds, and the stopcock was then closed. The valve was opened to vacuum and evacuated for
30 seconds, then closed and the flask was re-filled with hydrogen. This cycle was repeated three
times. The stopcock to the hydrogen source was closed, and the balloon was removed. The flask
was placed in an oil bath and heated to 60°C for 18 hours. The reaction was monitored by
cooling to room temperature and removal of aliquots from the sidearm of the Schlenk flask.
Aliguots were concentrated and analyzed by NMR.

After completion, the reaction was cooled to room temperature, diluted with 81 ml H20O,
and extracted three times with CH.Cl,. The organic layer was washed repeatedly with ag.
NaHCOz until neutral, then dried over Na2SO4 and concentrated in vacuo. To the product was
added 50 ml H2O, 50 ml MeOH, and 1.50 g NaOH. A reflux condenser was attached, and the
reaction refluxed at 80°C under air for 12 hours. The reaction was then cooled to room

temperature and the MeOH was removed in vacuo. The aqueous layer was extracted three times
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with a 3:1 mixture of CHCI3:iPrOH. The organic layers were dried over MgSOas, then filtered
and concentrated in vacuo. The approximate purity of the resulting amino alcohol was
determined by NMR analysis of a small sample of known mass with mesitylene as internal
standard. The crude mixture was immediately used according to the procedures described by

Wada and co-workers.®

General procedure for asymmetric aziridination: Reactions were typically performed using
0.200 mmol carbamate substrate. A 10 ml, flame-dried round bottomed flask was charged with
0.2 equiv of a silver salt, 0.25 equivalents of the appropriate ligand, and sufficient volume of
dichloromethane to attain a solution 0.1 M in substrate. The solution was stirred for 15 minutes,
after which 4A molecular sieves were added (1 g MS/mmol substrate). After another five
minutes, 1.0 equiv carbamate were added. After another two minutes, 2.0 equivalent
iodosylbenzene was added. The mixture was stirred at room temperature and monitored by TLC.
Upon completion, the crude mixture was filtered through a glass frit, which was washed with
several portions dichloromethane, and the solution was concentrated in vacuo. Crude reaction
mixtures were analyzed by NMR using mesitylene as the internal standard. The crude mixture
could be purified using flash chromatography on silica with a 0 to 40% EtOAc/hexanes gradient.
For screening reactions, the crude mixture was directly subjected to the ring-opening described
below.

Aziridines 6.24 and 6.27 were synthesized according to this procedure. Analytical data was

found to be in agreement with that reported in chapter 3.

/ﬁ\ Nal, amberlyst-15 HN o)

9 W
Et/w THF
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General procedure for ring-opening of aziridine products: A 10 ml round-bottomed flask,
was charged with the aziridine and THF (0.1 M in substrate), followed by Nal (2.0 equiv) and
amberlyst-15 (1.5 mg/mg substrate). The reaction was stirred at room temperature for 4 hours,
and monitored by TLC. Upon completion, the reaction was diluted with an equal volume of
EtOAc and quenched with aqueous NH4Cl. Layers were separated and the aqueous layer was
extracted three times with EtOAc. The combined organic layers were dried over Na>SOs, filtered
and concentrated in vacuo. The mixture could be analyzed directly by HPLC (vide infra), or
purified via flash chromatography on silica gel using a 0 to 90% EtOAc/hexane gradient with

15% increments.

Compound S6.1. Obtained in 90% yield from 6.24 according to the general procedure above. *H
NMR (500 MHz, CDCls) & 5.36 (br s, 1H), 4.34 (dt, J = 11.4, 3.8 Hz, 1H), 4.21 (td, J = 11.4, 2.4
Hz 1H), 3.95 (ddd, J = 8.9, 7.0, 4.0 Hz, 1H), 3.55 (ddd, J = 10.3, 7.0, 5.1 Hz, 1H), 2.18-2.12 (m,
1H), 1.92-1.75 (overlapping multiplets, 3H), 1.12 (t, J = 7.2 Hz). *C NMR (126 MHz, CDCls) §
153.78, 65.24, 56.55, 44.29, 29.07, 14.33. HRMS (ESI) m/z calculated for [C7H12INOz+H*]

269.9986, found 269.9987.

(0]

e
|
Compound S6.2. Obtained in 90% yield from 6.27 according to the general procedure above. H
NMR (500 MHz, Chloroform-d) & 6.48 (br s, 1H), 4.41(dt, J = 11.3, 4.1 Hz 1H), 4.24 (dt, J =

11.3, 6.6 Hz, 1H), 4.08 (dt, J = 9.3, 4.6 Hz, 1H), 3.34 (g, J = 6.6 Hz, 1H), 2.06 (td, J = 6.6, 4.1
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Hz, 2H), 1.89 — 1.73 (m, 2H), 1.09 (t, J = 7.2 Hz, 3H). C NMR (126 MHz, CDCls) § 154.58,

64.98, 55.54, 44.32, 31.14, 28.86, 26.89, 14.58.

Analysis of enantioinduction.

High-pressure liquid chromatography analyses were performed at 255 and 260 nm using
Shimadzu HPLc, Model LC-20AB. An AD-H column (4.6 um diameter x 258 mm) was
employed, maintained at a temperature of 40°C, with a flow rate of 1.0 ml/min and a gradient
beginning at 5:95 iPrOH:hexane and increasing to 30:70 iPrOH:hexane over 10 minutes. The
eluent composition was held at this composition for another 4 minutes to complete the analysis.

This method of analysis was used for both substrates.
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Appendix A. 'H-NMR and 3C-NMR spectra of new compounds.
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pal D
1 IRAL -
=
Al
i
] z.ua_I }Z
]

1.u|:-_I
=7 ':IEIE-_I

*HI

—- 3.32_{ F

J

373

— -10m)



374

Compound 3.17e. Major Diastereomer.

[
(=1

(wad) 14
oot




Compound 3.17e. Mixtures of diastereomers.

{wdd) 11

Sk

s

g5

e

¥

gL

0e

8z

0

g1

1

SD

o

117

| 0
2.n1,,1
1 IJl:-_l

IR 33_1
] {I.HE_]:

141
3.551

.
_

[

"HD,

O\H/NH

U\H/HH

375

-0.000



376

Compound 8.17e. Mixture of diastereomers.

==y

(wad) 14
[IIIZII {IIIII

g
1

0
1

5




o.es

0.09

D.95

315

2.1

324

MNdd

Compound 5.14b.

f]/ﬁ/

377



378

Compound 5.14b.

0sk
|

UqL
O
N
:E(\I
N o
Z
I
N

05
|

I

Ndd 0



Compound 5.14.

¥

{usdcd)

o't

S

1

“pplaaci

il

fen

[ .

[LETH i

NH,

=

= 3
e
oo B
i)
= m

&

BT e
ey
I

g3
— -

-

& -
T |
b= =

e . IR

= TN

n =
- —_
[
R

[
= e 3 = =i
B =2 -

=
=)
S -

379

731
7.3
r.41

730

y
- =l
— T
L=

o =
& O

.I r
L 7.14
L 7.14

—
—T
g =l
-
o = Bl L

T
S N
I




Compound 5.14.

Tusddd) 1)

] il ant oIt 0zl BET 0L 05T [t 01 4T ost
L 1 L 1 1 1 1

s

02 1 (it

01

Ph,
Ph

NH,

380

- 15729

- 147,11
— 141,58

10
124,51
124.141
127.97

X 176.654
125,90

— Bh.11

= 3505

- 22 B0
- 201,36



Compound S5.1.

Tusddd) 1)

o'E

5

LS

o

'S

S'F

o'+

5T

o't

1 T e

i

|k 1.-1"-

[

-
I;_:—- _:."-\-f T m
= ] =1 T
Tunllacsalwns
et | B-NEC PRy
Rk [y s
[ =]
ol
= P
2V
OMe
OH
Tam
=N
& o= T —
a1 1 T
e
B g
"ud
=] o
[ -
! -
Tk
.d_'|n.-E Ln"i
a2

381

Az
311
A1
29
a5
24
23
3
23
&2
21
15
14
13

B B B N [ R R N ]

-

£.B4

¥
i8

=

gl g ) g
[EF Y

Pd B Fd B P B P Pd R R

&
|

- .00



Compound S6.1.

fugsddd] 1)

] il ant oIt 0zl BET Ol 05T [t 0T 4T 0Gl
L L I L L L L

s

ik e (it

0l

O
SSJYe

382

= 153.4E

— 138.73

130.56
129,40
128.73
126,66

N

- 114.17

— 73.EQ

— 55,45

43,48
T AL



383

Compound 5.20a.

=] 7.30
TR
7.28
- ) 727
L [ - F.a7
2.03, - D 7.23
¥ [ "
2045 Tun||gER|vig 7.27
=4 3 A 721
» . = -
| 1,982 =—|Tes 720
. =img T80
&= 7.19
o r.14
- 7.18
T.12
o) 7.1
= >/NH2 £.B4
OMe b.B2
Lt O
o
n 5.18
- 5.la
1.0 B— i m B.15
o “ é:}'n .14
= LR |
b - T — 151
TR e:m.l . 3 .
Ll
-
g 11'—] R —1. 7
L
o= =
. 2.E5H
LES
" 2.F4
=120 - 23
1 q. — . LEZl T T 182
wrllMa
h il L 7.E1
[ 2.61
n 2,60
4.4
ru_ o
(=]
U’l- =
|
=
=
1%}
= —
=]
&




384

Compound 5.20a.

2
[
=
[—)
o
(=]
B — - 158,42
L — 154,97
.
=
27 _— — 13778
.lll.-]EI".I".IE
= ] — 4. 179,68
I T 128,53
M 176.63
=
=
— 113,96
=
.:'-:_ O
=)
e >/NH2
o OMe
)
a g
=
= o
L=
| — — TH.27
=l
=
& o
=
— — 5542
i
[—)
.00
. -
= — =371
[
L=
Pt oo
=
E.-
=




385

Compound S6.2.

21
]

=]

[T
{w?l A
-]

ERE

oy

gy

L] i}rﬂw
1

| f |

w gy

L

[
i
T
LR

7.34
r.i4
7.22
T r.la
Ay

sl

L
L5
04
A3

0z
0

Fa
E7

A i)

OH Me [

T - o .

Fli
P R P B
; [

&

i
nla

alig}

fusdd) 1

13
I
B P R R
I b
-

S
1
"
o
In in

Fl'ﬁﬁrli

1
PR} 3
a1e=1

TE1
e

17
]
1

F
d P Rl Pd P

i
Sk
o
4




386

Compound S6.2.

0 1 £1 Obl  0sT Al 01 AT 08I
1 1 1 1 1 1 1
" |l|
e, e,
Pt
[ o T
T T
-

oiT

fusddy 1)
[LER
I
O
T
<
D

il

(e
1

N — 73,64

43.54
—— { 43.13

—_— — F1.24




387

Compound 5.20b.

FeALLANIRASTLEE fzEes g ERIERE N
Lo O T O T T T [E T L T T ko) L I T I T O |
B {m} [} G [}
.fﬁ = 203
[=3J16 1=1.73
& [od Cipl E (5} unn/_O F {d} H (5]
A2 R 3.949 zZ 206G 232
I=1.%F 1=1.02 T=2.17 T=1.9F I=3.M0
O O
sl
4409
IE ] O
1
5 A 1
Jelal b 1 [
AT B ol ! Ath &
WS = y o =
™ o) 2 ™ i — (2]
T T T T T T T T T T T T T T T T 1
7.5 A0 6.5 6.0 5.5 5.0 4,5 4.0 3.5 540 2.5 2.0 1.5 1.0 0.5

1 {ppm}



Compound 5.20b.

fusdd)

el oet
1

Fat 141
1

151
L

el

Jn Ll
I

[ 1]
1

1K

0k

01

O>/NH2

Me

388

S,
e
b O
i b
= I

.03

{ Fa.bs



389

Compound S6.3.

133
i )
L3
i 7
i |
1
-]
LS
T4
LM
]
LI
i3
L7232

L
o
o WD
=
]
$6°1=1
sl '
) v
1| 9=t
L

83
260=]
E&"%
(e}
—
=P |
(ppla|l (w)g

683
| £83
- 5 6.82
e | &.79
| 6.7

“6.78

1y
O
I

4.5
4.0%

=4
07
4,07
4,06
S
3.80
.89

1

oy
J‘F'
£
oL
¥E0=
L0
{pppl 3

[Ludd} T
e
=
S
NF
"

[}
(s)

SE

206

205
285
284
L3

0E

g
—
gy
S5 1=l
anz
(ppp) o

6 I=[
T
pepl H

2.8
27
2.76
.72

4
273
71




Compound S6.3.

fuadcl)

el 111
1

At 141
1

151
L

[N

Ji
I

e 1]
1

1K

0k

Ll

390

| — 159,97
_- 14073

—— 1381
) _- 179,54

— 12877
ONe 126,73

-~ 12194

OH — 1153

EETEY

S —7172
—55.39

43,65

{a3ea



Compound 5.20c.

e

{wha

2.00 ~ I
3.954 ?‘ SE3 by
;_
2927 mme Tao
| a~2
Ed
E" |
A
il
- .I-I“D
Edn-“{ I ;E;E
e E.M
ol
2= =
E‘ 297t = %—E‘—%
= el
) I
51 =
3,857 pmm—— Kﬁf;‘-
d ““"I—f

E-.

.-_
?.j_ -
k=3

—
[ ]
e

]

3

|
51 '

L3
el
LT

|

||
g_ —_—

391



392

Compound 5.20c.

=
o
=
=]
=
(=]

= . — 159.74
=

= —_— — 156,47
=
(=]

= . 139.75

= — ~ 13768

1790 6

i — 4 17950

— I 178.54

N 1268

e M 122,07
=

I — 115.4D0

- _— — 11201
=
=
:f‘

S

"o
(=]
=
L=
l
(=]
& o
o

I — - 55,305
inog
=]

& I — 411
o)
[
L=
e
(=]
E.-
=




393

Compound S6.4.

=] 744
7.47
F.A3
| 732
n 1'5 e Faz
P P e 731
E II_I-“” o :“Ji_.% = ':I.'1|"|
T il =1 BT 3
] ‘|: 5_"-';- 3:3 F.30
= = = 7.74
Faz2
T2
2 ) 7.1
e .21
7.0
L
E' 710
]
(44
\-'1-
[—)
Br
OH
& |
o 4,05
1.0
.04
F —_ - JE 4.03
= g 4.02
= 4,01
5 1.0
Zw - 267
- X L 7 .Ea
b 2.B4
(f 763
L) r. I
bl - 22
=" | I roo— - ~ .I,-EE"-J
4 sl irs ]
a = T a7
Pud o — ﬁha t_..l's
i1 = 2,74
L 2.74
L 2. 72
| 2.7
=] L 2.71
L 7.701
=
.
=
wn
= P—
[—)
=




394

Compound S6.4.

At 041 4T ost
1 1 1 1

05T
L

144.32
{ 137.71
1.7

] — L
¥ 139,60

I

BET

128.85
126,85

O OH O Br Mo120.57

0zl
1

oIt

ant
L

Cuadd) 1)
06

e

L — 7155

Qs

0%

43.67
-
= e 4 BS

[l

1

ik

01




395

Compound 5.20d.

=] 7.0
7.3
- |
. ] — 7.2
(] - ?-\.\_ n '-_-_n ;r_;@
.04 — — Rlalz~® 7,77
5.5 = N R By - 7 7.7
1.6 = A ui:'EI- m = O R .
] sy = n =3 7.25
= HEa 7.73
7.3
722
= 7.19
- 7.19
7.18
O .18
= ( z
= HoN Br 7
O 717
¥
. 7.0
o] 517
.14
1.0&.{ - e T E 5.14
] WETD 5.13
= = .12
|.-'.|5_I - - b= I
. | zE
L5 )
L
:-D
3
'\:-l\...l_
wn
2.B7
7 .E&
2,64
& 7.E3
ron] e T = 21
L 23 261
y 2.E0)
] .60
7.7
r\I\-I_
(=]
C—
<
.
=
1%}
= ] C
[—)
=




Compound 5.20d.

Jusddd) 1)

i) L3 oot KRN 0gl ET et asT At 0an AT O&T 1
L 1 L 1 1 1 1

s

O

1T T TE L spa

137.3E
i 1dh.GE
131,58
"{ 131.37
129.62
178.5%
16,75

M\ 120,56

- 415
T FHLN3

396



397

Compound S6.5.

FE?
7.56
.00 737
] 208 T
EN RN = = 7.5
. - n il o
1.88 R B e Mo i
e oy e LT 7.3
~d ] 2.2 [ CL— 731
= 7.7
7.4
725
E 7.3
- 7.3
7.27
F.az
E
=
w
(44
I-ﬂ-
= CF
O Cr
& 4.11
4.10
4,09
o | 10— T 1.ee
-= ’ L 40
— 4.07
2 4.0
%
= 2.0
in 253
2,91
251
]
[T _ L.
= 210 LN.E S 289
1 o - ?
sy — THEY 2a7
] 2= 1ES
- 2.64
7.E3
1.E1
ra | 7.78
= 2.7
2.75
273
=
= -
=
wn
=
[—)
=




Compound S6.5.

fuadid)

e ]!
1

T 141
1

151
L

el

{1
I

e} 1]
1

1K

]

398

— — 142.9%
== 144.14

1299

129,60

- —— 179,15
f——— 128,92
e 176.95
CF 125.53

—_— L

44.B4

| . { 47 74



399

Compound 5.20e.

=] 754
757
71
B TP 730
wn e .9
=L =
- = A= T 7.24
n -\.|:_: ey T owe &2 -
Eh.l.-. =R RS 728
] 2Lz l :gu:éf *.248
= 775
F.24
7,24
2 .23
- 721
7.0
HN 3/: F.20
* -
= 2 CF3 719
(@] 7149
7la
o 5.3
£21
3 o Tem 5.7
_I_-E K
wn g': - .19
= 517
- ::3_._ E.j m N
b - P
. wad
En
:-Cl
3 PR
2
= 2.92
FICF
2.0z
. 2.0
= - T o T 251
?—— Wil Te
"I = E| —Ei 2,540
e | - E E JI:TJ
. 2.6
n 7 ES
2.B3
L 1 E?
r\I\'I_
(=]
R
'-|1- -
.
=
B
= —
{—]
=




Compound 5.20e.

sl rat [ 0|t 05
I I L 1 L

=u“ ]

et
1

DT
1

o2l
1

(KN

{usdd] 1)
[ALER
1

a6
1

H,N—

CF3

— 156,43

— 141.8%
- 137,26
129,95
129.65
179,13
12a8.8¥
12a.62
120 s
125,45
173.38

— 75,58

4,29

{E’I.Bﬂ

400



Compound 5.33-H.

fusdid) 1
SE a's 5k g g's g 5 e 5

e

e

M e

1 1 '

Eh' =1

P

{w} v

=1

[n Ty

g

Ph

CHj

NH,

P =1

Tl
=10

=1

T
HE e

LB =1

RE'T

{ped 4

Bb =1

BL'g
(udayph H

A6°0=1

EWE
opl 9

S5 =1

e’

{ph

401

F.2a
r.2a
a7
721
F.il
721
e ]
F149
T.19
r.14
r.ia
r.14g
Flé
T.la
Flé
FA5
r.15
FA5

462

3.54
3.57

3.54
3.5
3.53
3.52
3.1

2.7a
2.75
2.74
4.73
245
2.44
243

[
S i P o= e
(=3 Y R PO S F e

P
IEEE



402

Compound 25-H.

111

At 141
1

151
L

— 140,27

- j\ 129,36
2 3 Ph/\ﬁo NH, £ 198,50

CH3 T 126,21

[N

Ji L
I

fusdi)

=]
1

e

- — — B.E8

1K

0k

01




Compound S5.6-D.

o'e S (L)' a5

8's

S

Jusddly 1)
o'+

o'

o'E

e

o't

2.58,
3.004

0.85

12595

T—

Vo
el I
W
o el EE
Ph” > “OH
D CHj
?l,.-l‘"l =
Sip=f L=
R R
o g =
o
—
I e M
w2 E
-
-
=1
I
a =8
o

oy

(el a

i
Aa
28

27
A7

26
19
18
14

A7
A7

1A

ol e el i e e
ol

SE08

“d

AN

2.4

{ 2.4

51

403



Compound S6-D.

fuadcl)

151 rat 141 ie]! Qe
L 1 1

el

=] {1 [LY [
1 I

[

1K

it

404

— — 140,63
129,15

= = 178.7E
T 12590

Ph z OH
D CHj;

— BT B2

_ - L
[ -~ 37,39
— 16,35



405

Compound 5.33-D.

AEIEARNREaRIZESE0CE 5 RESE = &
L S e e S S o = oA =l =
e gl e — I e I I
E {m} N F [}
2.20 Z 3.2
I= 1.0 [=11.F&
o=(
A mi) o) O =) E id} G s H (51
e umo 4606 J.55 241 .51
T=2.21 O T=1.73 I=0.97 T=0.83 T={2 84
@)
e
o
1
I L_‘_._r & ) n
A an ., ' "
T T T T T T T T T T T T T
0 7.5 £ 6.5 6.0 5.5 5.4 4,5 4.0 35 340 2.5 1.0
I {ppe}




Compound 5.33-D.

Tusddd) 1)

a2 o O = 0% s ] ] ant oIt o2l BET 10 sl At LiFA At ] 14

0l

Ph

D CHs

NH,

o

406

- 157.24

— 140,23

129,34
S 128,64
T 176,19

— 69,64

- F9.54

36

— 16 68



Compound 5.14a.

(=N=E} Z
1.02

Ay

wlgP=o

407



408

Compound 5.14a.

RO O#O

IR

INdd 0




409
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Compound 5.15. Minor diastereomer.
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Compound 5.22aa.
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Compound 5.22aa.
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Compound 5.22aa.
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Compound 5.21a.
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Compound 5.21aa.
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Compound 5.21aa.
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Compounds 5.21ab and 5.22ab (mixture of regioisomers).
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Compounds 5.21ab and 5.22ab. (mixture of regioisomers).
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Compounds 5.21ab and 5.22ab. (mixture of isomers).
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Compounds 5.21ba and 5.22ba. (mixture of regioisomers).
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Compounds 5.21ba and 5.22ba. (mixture of regioisomers).
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Compounds 5.21ba and 5.22ba. (mixture of regioisomers).
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Compound 5.21bb and 5.22bb. (mixture of regioisomers).
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Compound 5.21bb and 5.22bb. (mixture of regioisomers).
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Compounds 5.21bb and 5.22bb. (mixture of regioisomers).
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Compounds 5.21ca and 5.22ca.
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Compounds 5.21ca and 5.22ca.
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Compounds 5.21ca and 5.22ca.
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Compounds 5.21cb and 5.22cb.
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Compounds 5.21cb and 5.22cb.
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Compounds 5.21cb and 5.22cb.
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Compounds 5.21da and 5.22da. Only peaks assigned to 5.21da are integrated.
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Compounds 5.21da and 5.22da.
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Compounds 5.21da and 5.22da.
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Compound 5.22da.
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Compound 5.22da.
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Compound 5.22da.
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Compounds 5.21db and 5.22db.
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Compounds 5.21db and 5.22db.
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Compounds 5.21db and 5.22db.
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Compound 5.21ea.
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Compound 5.21ea.
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Compound 5.22ea major diastereomer.
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Compound 5.22ea major diastereomer.
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Compound 5.22ea major diastereomer.
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Compounds 5.21eb and 5.22eb.
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Appendix B. X-ray Crystallographic Data.
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Ar o
PhthNHNC "N 0
CsHqy :

Ar o Me Me

(0]
Data Collection

A pale yellow crystal with approximate dimensions 0.38 x 0.33 x 0.18 mm® was selected
under oil under ambient conditions and attached to the tip of a MiTeGen MicroMount©. The
crystal was mounted in a stream of cold nitrogen at 100(1) K and centered in the X-ray beam by
using a video camera.

The crystal evaluation and data collection were performed on a Bruker SMART APEXII
diffractometer with Cu K, (L =1.54178 A) radiation and the diffractometer to crystal distance of
4.03 cm.

The initial cell constants were obtained from three series of o scans at different starting angles.
Each series consisted of 41 frames collected at intervals of 0.6° in a 25° range about  with the
exposure time of 5 seconds per frame. The reflections were successfully indexed by an
automated indexing routine built in the APEXII program. The final cell constants were
calculated from a set of 9922 strong reflections from the actual data collection.

The data were collected by using the full sphere data collection routine to survey the reciprocal
space to the extent of a full sphere to a resolution of 0.82 A. A total of 24547 data were
harvested by collecting 19 sets of frames with 0.5° scans in o with an exposure time 15/40 sec
per frame. These highly redundant datasets were corrected for Lorentz and polarization effects.
The absorption correction was based on fitting a function to the empirical transmission surface as

sampled by multiple equivalent measurements. [1]

Structure Solution and Refinement

The systematic absences in the diffraction data were consistent for the space groups P1 and

P1. The E-statistics strongly suggested the centrosymmetric space group P1 that yielded

chemically reasonable and computationally stable results of refinement [2-4].
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A successful solution by the direct methods provided most non-hydrogen atoms from the E-
map. The remaining non-hydrogen atoms were located in an alternating series of least-squares
cycles and difference Fourier maps. All non-hydrogen atoms were refined with anisotropic
displacement coefficients. All hydrogen atoms were included in the structure factor calculation
at idealized positions and were allowed to ride on the neighboring atoms with relative isotropic
displacement coefficients.

The crystal selected for the single-crystal X-ray diffraction experiment proved to be a non-
merohedral twin with a 18.7(2)% second component contribution. The twin components are
related by a 180.0° rotation about reciprocal axis [001].

The crystal contains a racemate. The relative configuration of the three chiral centers (in the
arbitrary selected molecule depicted in Figure 1) is SSS.

The final least-squares refinement of 468 parameters against 24547 data resulted in residuals R
(based on F2? for 1>2¢) and wR (based on F? for all data) of 0.0441 and 0.1488, respectively.
The final difference Fourier map was featureless.

The molecular diagram is drawn with 30% probability ellipsoids.
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[1] Bruker-AXS. (2007-2011) APEX2, SADABS, and SAINT Software Reference Manuals.
Bruker-AXS, Madison, Wisconsin, USA.
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a complete structure solution, refinement and analysis program". J. Appl. Cryst. (2009) 42, 339-
341.

[4] Guzei, I.LA. (2006-2011). Internal laboratory computer programs "G1", "Reslns",
"FCF_filter", "Modicifer".



463

Figure 1. A molecular drawing of Schomakerl1. All H atoms except on atom N2 and chiral C

atoms are omitted.

Table 1. Crystal data and structure refinement for schomaker11.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system

Space group
Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.00°

schomakerll

Css Has N5 Op1

701.68

100(1) K

1.54178 A

triclinic

pT

a=11.5843(11) A a= 73.125(7)°.
b =12.0276(13) A B=78.428(9)°.
¢ =12.9101(15) A y = 73.353(5)°.
1635.6(3) A3

2

1.425 Mg/m3

0.902 mm!

736

0.38x0.33 x 0.18 mm3

3.61to 70.05°.

-14<=h<=14, -14<=k<=14, -15<=I<=15
24547

24547 [R(int) = 0.0495]

97.1%



Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

Numerical with SADABS
0.8545 and 0.7255

Full-matrix least-squares on F2
24547 / 0/ 468

0.979

R1=0.0441, wR2 = 0.1349
R1=0.0517, wR2 = 0.1488
0.202 and -0.203 e.A3

464
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103)
for schomaker11. U(eq) is defined as one third of the trace of the orthogonalized U' tensor.

X y z U(eq)
0(1) 5892(2) 5748(2) 3385(1) 45(1)
0(2) 5062(1) 3716(1) 1236(1) 36(1)
0(@3) 2813(1) 5702(1) 1780(1) 30(1)
0O4) 2658(1) 4907(1) 440(1) 34(1)
0O(5) 1008(2) 988(2) 5617(1) 42(1)
0O(6) 1388(2) -5(2) 4379(1) 45(1)
o(7) -314(1) 7120(2) 1540(1) 36(1)
0O(8) -630(2) 7410(2) -154(1) 42(1)
0(9) 2394(1) 8386(1) -1365(1) 35(1)
0(10) 1339(2) 6101(2) -5160(1) 51(1)
0(11) 1087(2) 4519(2) -3909(1) 47(1)
N(1) 5342(2) 5005(2) 2130(2) 34(1)
N(2) 5318(2) 6018(2) 1250(2) 34(1)
N(3) 1341(2) 893(2) 4671(2) 35(1)
N(4) 1203(2) 7567(2) 106(1) 29(1)
N(5) 1204(2) 5546(2) -4200(2) 36(1)
C(1) 5687(2) 4935(2) 3136(2) 37(2)
C(2) 5725(2) 3690(2) 3788(2) 36(1)
C(3) 5974(2) 3136(2) 4849(2) 42(1)
C4) 6021(2) 1921(2) 5226(2) 45(1)
C(5) 5827(2) 1286(2) 4559(2) 45(1)
C(6) 5564(2) 1848(2) 3494(2) 41(1)
C(7) 5509(2) 3057(2) 3132(2) 36(1)
C(8) 5269(2) 3900(2) 2050(2) 34(1)
C(9) 4211(2) 6997(2) 1262(2) 32(1)
C(10) 4526(2) 8120(2) 439(2) 35(1)
C(11) 5687(2) 8374(2) 589(2) 37(2)
C(12) 5647(2) 8593(2) 1701(2) 38(1)
C(13) 6773(2) 8920(2) 1825(2) 45(1)
C(14) 6876(3) 8805(3) 3008(2) 52(1)
C(15) 3106(2) 6750(2) 959(2) 30(1)
C(16) 2612(2) 4851(2) 1397(2) 30(2)
C(17) 2302(2) 3830(2) 2293(2) 30(1)
C(18) 2140(2) 2876(2) 1972(2) 33(2)
C(19) 1848(2) 1905(2) 2753(2) 34(1)
C(20) 1705(2) 1909(2) 3841(2) 32(1)
C(21) 1842(2) 2845(2) 4185(2) 34(1)
C(22) 2157(2) 3810(2) 3395(2) 33(1)
C(23) 1945(2) 7794(2) 816(2) 30(1)
C(24) 1114(2) 8132(2) 1828(2) 31(1)
C(25) 1824(2) 8145(2) 2707(2) 35(1)
C(26) 273(2) 9389(2) 1475(2) 36(1)
C(27) 349(2) 7232(2) 2333(2) 33(1)
C(28) 50(2) 7368(2) 463(2) 33(1)
C(29) 1650(2) 7793(2) -1020(2) 30(2)
C(30) 1323(2) 7232(2) -1787(2) 29(1)
C(31) 1312(2) 7878(2) -2877(2) 30(1)
C(32) 1233(2) 7344(2) -3670(2) 32(1)
C(33) 1186(2) 6152(2) -3351(2) 31(1)
C(34) 1177(2) 5492(2) -2272(2) 33(1)

C(35) 1233(2) 6045(2) -1486(2) 31(1)
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Table 3. Bond lengths [A] and angles [°] for schomaker11.

0(1)-C(1) 1.209(3) C(12)-H(12A) 0.9900
0(2)-C(8) 1.215(3) C(12)-H(12B) 0.9900
0(3)-C(16) 1.351(3) C(13)-C(14) 1.519(4)
0(3)-C(15) 1.467(3) C(13)-H(13A) 0.9900
0(4)-C(16) 1.209(3) C(13)-H(13B) 0.9900
0(5)-N(3) 1.233(2) C(14)-H(14A) 0.9800
0(6)-N(3) 1.227(2) C(14)-H(14B) 0.9800
0(7)-C(28) 1.341(3) C(14)-H(14C) 0.9800
0(7)-C(27) 1.453(3) C(15)-C(23) 1.555(3)
0(8)-C(28) 1.209(3) C(15)-H(15) 1.0000
0(9)-C(29) 1.209(3) C(16)-C(17) 1.495(3)
0(10)-N(5) 1.228(2) C(17)-C(22) 1.392(3)
0(11)-N(5) 1.222(2) C(17)-C(18) 1.398(3)
N(1)-C(8) 1.391(3) C(18)-C(19) 1.379(3)
N(1)-N(2) 1.402(3) C(18)-H(18) 0.9500
N(1)-C(1) 1.407(3) C(19)-C(20) 1.382(3)
N(2)-C(9) 1.473(3) C(19)-H(19) 0.9500
N(2)-H(2) 0.90(3) C(20)-C(21) 1.383(3)
N(3)-C(20) 1.473(3) C(21)-C(22) 1.389(3)
N(4)-C(28) 1.388(3) C(21)-H(21) 0.9500
N(4)-C(29) 1.415(3) C(22)-H(22) 0.9500
N(4)-C(23) 1.500(3) C(23)-C(24) 1.543(3)
N(5)-C(33) 1.476(3) C(23)-H(23) 1.0000
C(1)-C(2) 1.483(3) C(24)-C(27) 1.513(3)
C(2)-C(3) 1.387(3) C(24)-C(25) 1.535(3)
C(2)-C(7) 1.389(3) C(24)-C(26) 1.541(3)
C(3)-C(4) 1.388(4) C(25)-H(25A) 0.9800
C(3)-H(@3) 0.9500 C(25)-H(25B) 0.9800
C(4)-C(5) 1.390(4) C(25)-H(25C) 0.9800
C(4)-H(4) 0.9500 C(26)-H(26A) 0.9800
C(5)-C(6) 1.397(4) C(26)-H(26B) 0.9800
C(5)-H(5) 0.9500 C(26)-H(26C) 0.9800
C(6)-C(7) 1.378(3) C(27)-H(27A) 0.9900
C(6)-H(6) 0.9500 C(27)-H(27B) 0.9900
C(7)-C(8) 1.493(3) C(29)-C(30) 1.505(3)
C(9)-C(15) 1.538(3) C(30)-C(35) 1.394(3)
C(9)-C(10) 1.543(3) C(30)-C(31) 1.397(3)
C(9)-H(9) 1.0000 C(31)-C(32) 1.386(3)
C(10)-C(11) 1.521(3) C(31)-H(31) 0.9500
C(10)-H(10A) 0.9900 C(32)-C(33) 1.385(3)
C(10)-H(10B) 0.9900 C(32)-H(32) 0.9500
C(11)-C(12) 1.522(3) C(33)-C(34) 1.388(3)
C(11)-H(11A) 0.9900 C(34)-C(35) 1.386(3)
C(11)-H(11B) 0.9900 C(34)-H(34) 0.9500
C(12)-C(13) 1.515(3) C(35)-H(35) 0.9500
C(16)-0(3)-C(15) 116.36(17) 0(6)-N(3)-0(5) 123.58(19)
C(28)-0(7)-C(27) 123.39(17) 0(6)-N(3)-C(20) 117.9(2)
C(8)-N(1)-N(2) 124.19(19) 0(5)-N(3)-C(20) 118.55(19)
C(8)-N(1)-C(1) 112.10(19) C(28)-N(4)-C(29) 120.31(18)
N(2)-N(1)-C(1) 122.57(19) C(28)-N(4)-C(23) 123.46(18)
N(1)-N(2)-C(9) 116.00(18) C(29)-N(4)-C(23) 115.19(17)
N(1)-N(2)-H(2) 106.6(18) 0(11)-N(5)-0(10) 123.6(2)

C(9)-N(2)-H(2) 112.7(17) 0(11)-N(5)-C(33) 118.19(19)



0(10)-N(5)-C(33)
O(1)-C(1)-N(1)
0O(1)-C(1)-C(2)
N(1)-C(1)-C(2)
C(3)-C(2)-C(7)
C(3)-C(2)-C(1)
C(7)-C(2)-C(1)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(7)-C(6)-C(5)
C(7)-C(6)-H(6)
C(5)-C(6)-H(6)
C(6)-C(7)-C(2)
C(6)-C(7)-C(8)
C(2)-C(7)-C(8)
0(2)-C(8)-N(1)
0(2)-C(8)-C(7)
N(1)-C(8)-C(7)
N(2)-C(9)-C(15)
N(2)-C(9)-C(10)
C(15)-C(9)-C(10)
N(2)-C(9)-H(9)
C(15)-C(9)-H(9)
C(10)-C(9)-H(9)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10A)
C(9)-C(10)-H(10A)
C(11)-C(10)-H(10B)
C(9)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11A)
C(12)-C(11)-H(11A)
C(10)-C(11)-H(11B)
C(12)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12A)
C(11)-C(12)-H(12A)
C(13)-C(12)-H(12B)
C(11)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(12)-C(13)-C(14)
C(12)-C(13)-H(13A)
C(14)-C(13)-H(13A)
C(12)-C(13)-H(13B)
C(14)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(13)-C(14)-H(14A)

118.18(19)
125.4(2)
129.1(2)
105.5(2)
121.2(2)
130.4(2)
108.3(2)
117.6(2)
121.2
121.2
121.0(2)
1195
1195
121.3(2)
119.4
119.4
117.2(2)
121.4
121.4
121.6(2)
130.2(2)
108.1(2)
124.4(2)
129.9(2)
105.65(19)
114.09(18)
106.66(18)
109.64(18)
108.8
108.8
108.8
114.14(19)
108.7
108.7
108.7
108.7
107.6
113.4(2)
108.9
108.9
108.9
108.9
107.7
113.4(2)
108.9
108.9
108.9
108.9
107.7
112.5(2)
109.1
109.1
109.1
109.1
107.8
109.5

C(13)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(13)-C(14)-H(14C)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
0(3)-C(15)-C(9)
0(3)-C(15)-C(23)
C(9)-C(15)-C(23)
0(3)-C(15)-H(15)
C(9)-C(15)-H(15)
C(23)-C(15)-H(15)
0(4)-C(16)-0(3)
0(4)-C(16)-C(17)
0(3)-C(16)-C(17)
C(22)-C(17)-C(18)
C(22)-C(17)-C(16)
C(18)-C(17)-C(16)
C(19)-C(18)-C(17)
C(19)-C(18)-H(18)
C(17)-C(18)-H(18)
C(18)-C(19)-C(20)
C(18)-C(19)-H(19)
C(20)-C(19)-H(19)
C(21)-C(20)-C(19)
C(21)-C(20)-N(3)
C(19)-C(20)-N(3)
C(20)-C(21)-C(22)
C(20)-C(21)-H(21)
C(22)-C(21)-H(21)
C(21)-C(22)-C(17)
C(21)-C(22)-H(22)
C(17)-C(22)-H(22)
N(4)-C(23)-C(24)
N(4)-C(23)-C(15)
C(24)-C(23)-C(15)
N(4)-C(23)-H(23)
C(24)-C(23)-H(23)
C(15)-C(23)-H(23)
C(27)-C(24)-C(25)
C(27)-C(24)-C(26)
C(25)-C(24)-C(26)
C(27)-C(24)-C(23)
C(25)-C(24)-C(23)
C(26)-C(24)-C(23)
C(24)-C(25)-H(25A)
C(24)-C(25)-H(25B)
H(25A)-C(25)-H(25B)
C(24)-C(25)-H(25C)
H(25A)-C(25)-H(25C)
H(25B)-C(25)-H(25C)
C(24)-C(26)-H(26A)
C(24)-C(26)-H(26B)
H(26A)-C(26)-H(26B)
C(24)-C(26)-H(26C)
H(26A)-C(26)-H(26C)
H(26B)-C(26)-H(26C)

109.5
109.5
109.5
109.5
109.5
107.84(17)
109.91(17)
117.44(18)
107.1
107.1
107.1
124.2(2)
123.3(2)
112.44(19)
120.4(2)
123.2(2)
116.4(2)
119.7(2)
120.2
120.2
118.8(2)
120.6
120.6
122.9(2)
118.4(2)
118.6(2)
117.9(2)
121.0
121.0
120.2(2)
119.9
119.9
109.36(17)
108.46(17)
120.02(18)
106.0
106.0
106.0
107.84(18)
109.24(19)
108.35(18)
109.19(18)
113.00(18)
109.16(18)
109.5
109.5
109.5
109.5
109.5
109.5
1095
1095
1095
1095
109.5
109.5
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0(7)-C(27)-C(24)
0(7)-C(27)-H(27A)

C(24)-C(27)-H(27A)

0(7)-C(27)-H(27B)

C(24)-C(27)-H(27B)
H(27A)-C(27)-H(27B)

0(8)-C(28)-0(7)
0(8)-C(28)-N(4)
0(7)-C(28)-N(4)
0(9)-C(29)-N(4)
0(9)-C(29)-C(30)
N(4)-C(29)-C(30)
C(35)-C(30)-C(31)
C(35)-C(30)-C(29)
C(31)-C(30)-C(29)

111.59(18)
109.3
109.3
109.3
109.3
108.0
119.3(2)
122.9(2)
117.85(19)
118.9(2)
118.4(2)
122.44(18)
119.9(2)
122.2(2)
116.99(19)

C(32)-C(31)-C(30)
C(32)-C(31)-H(31)
C(30)-C(31)-H(31)
C(31)-C(32)-C(33)
C(31)-C(32)-H(32)
C(33)-C(32)-H(32)
C(32)-C(33)-C(34)
C(32)-C(33)-N(5)

C(34)-C(33)-N(5)

C(33)-C(34)-C(35)
C(33)-C(34)-H(34)
C(35)-C(34)-H(34)
C(34)-C(35)-C(30)
C(34)-C(35)-H(35)
C(30)-C(35)-H(35)

Symmetry transformations used to generate equivalent atoms:

120.6(2)
119.7
119.7
118.1(2)
121.0
121.0
122.7(2)
118.5(2)
118.7(2)
118.5(2)
120.7
120.7
120.1(2)
119.9
119.9

468
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Table 4. Anisotropic displacement parameters (A2x 103) for schomaker11. The anisotropic
displacement factor exponent takes the form: -2n?[ h2 a*2Ul + ... + 2hka* b* U1?]

Ull U22 U33 U23 U13 U12
o(1) 46(1) 46(1) 46(1) -18(1) -8(1) -9(1)
0(2) 36(1) 40(1) 34(1) -11(1) -4(2) -9(1)
0(3) 33(1) 30(1) 29(1) -7(1) -3(1) -11(1)
0(4) 39(1) 36(1) 29(1) -8(1) -5(1) -12(1)
0(5) 53(1) 45(1) 30(1) -7(1) -2(1) -19(1)
0(6) 58(1) 33(1) 45(1) -11(1) -2(1) -16(1)
o(7) 37(1) 46(1) 30(1) -11(1) 2(1) -18(1)
0(8) 33(1) 62(1) 37(1) -20(1) 0(1) -17(1)
0(9) 38(1) 39(1) 30(1) -8(1) -1(1) -17(1)
0(10) 83(1) 51(1) 26(1) -8(1) -3(1) -30(1)
0(11) 70(1) 40(1) 38(1) -12(1) -2(1) -26(1)
N(L) 34(1) 35(1) 32(1) -8(1) -5(1) 7(2)
N(2) 35(1) 35(1) 32(1) -8(1) -2(1) -9(1)
N(3) 36(1) 35(1) 35(1) -7(1) -6(1) -10(1)
N(4) 32(1) 32(1) 24(1) -8(1) -2(1) -10(1)
N(5) 43(1) 39(1) 30(1) -10(1) -2(1) -16(1)
c(1) 30(1) 44(1) 37(1) -16(1) -4(1) -4(1)
C(2) 28(1) 44(1) 34(1) -11(1) -2(1) -4(1)
c(3) 35(1) 55(2) 34(2) -14(1) -1(1) -6(1)
C(4) 39(1) 58(2) 31(2) -3(2) -1(1) -9(1)
C(5) 41(1) 45(2) 42(2) -1(1) -2(1) -11(1)
C(6) 36(1) 44(1) 41(2) -8(1) -3(2) -11(1)
c(7) 29(1) 43(1) 34(1) -10(1) 0(1) 7(2)
c(8) 28(1) 39(1) 35(1) -12(1) -1(1) 7(1)
C(9) 33(1) 35(1) 31(1) -10(1) -3(2) -9(1)
C(10) 37(1) 36(1) 34(1) -9(1) -4(1) -13(1)
c(11) 37(1) 38(1) 38(2) -10(1) 0(1) -14(1)
c(12) 36(1) 40(1) 41(2) -11(1) -5(1) -14(1)
C(13) 41(1) 52(2) 51(2) -15(1) -7(1) -19(1)
C(14) 51(2) 56(2) 56(2) -14(1) -17(1) -17(1)
C(15) 35(1) 29(1) 28(1) -6(1) -2(1) -12(1)
C(16) 26(1) 32(1) 33(1) -10(1) -4(1) -5(1)
c(17) 27(1) 31(1) 33(1) -9(1) -4(1) 7(2)
C(18) 35(1) 37(1) 30(1) -11(1) -2(1) -9(1)
C(19) 36(1) 32(1) 37(1) -11(1) -3(1) -10(1)
C(20) 31(1) 31(1) 33(1) -5(1) -3(1) -8(1)
c(21) 35(1) 37(1) 29(1) -8(1) -5(1) -10(1)
C(22) 34(1) 32(1) 36(1) -10(1) -6(1) -9(1)
C(23) 32(1) 31(1) 28(1) -8(1) -5(1) -10(1)
C(24) 36(1) 32(1) 26(1) 7(1) -3(1) -9(1)
C(25) 39(1) 41(1) 29(1) -12(1) -2(1) -12(1)
C(26) 40(1) 33(1) 33(1) -9(1) -2(1) -7(1)
C(27) 35(1) 36(1) 27(1) -8(1) -2(1) -9(1)
C(28) 33(1) 35(1) 32(1) -11(1) 0(1) -10(1)
C(29) 30(1) 29(1) 29(1) -6(1) -4(1) -5(1)
C(30) 27(1) 32(1) 28(1) -9(1) -3(1) 7(2)
C(31) 31(1) 31(1) 30(1) 7(2) -2(1) -8(1)
C(32) 32(1) 36(1) 26(1) -6(1) -3(1) -9(1)
C(33) 33(1) 36(1) 28(1) -12(1) -1(1) -11(1)
C(34) 35(1) 32(1) 31(1) -8(1) -3(1) -9(1)

C(35) 33(1) 34(1) 27(1) -7(1) -3(1) -10(1)
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10 3)
for schomaker11.

X y z U(eq)
H(2) 5480(20) 5750(20) 640(20) 45(8)
H(3) 6108 3572 5302 51
H(4) 6187 1518 5950 54
H(5) 5876 453 4833 55
H(6) 5428 1416 3039 49
H(9) 4001 7148 2007 39
H(10A) 4608 8021 -309 42
H(10B) 3843 8823 509 42
H(11A) 5838 9087 15 44
H(11B) 6377 7686 492 44
H(12A) 4927 9248 1818 46
H(12B) 5548 7861 2274 46
H(13A) 6752 9755 1403 54
H(13B) 7501 8391 1516 54
H(14A) 7574 9094 3042 78
H(14B) 6989 7963 3413 78
H(14C) 6132 9283 3333 78
H(15) 3369 6518 248 37
H(18) 2230 2897 1219 40
H(19) 1747 1245 2547 41
H(21) 1725 2828 4939 40
H(22) 2275 4459 3607 40
H(23) 2230 8525 387 36
H(25A) 2294 7331 3001 53
H(25B) 1254 8439 3296 53
H(25C) 2377 8673 2384 53
H(26A) 765 9974 1145 54
H(26B) -262 9605 2115 54
H(26C) -220 9385 942 54
H(27A) 882 6442 2633 39
H(27B) -234 7486 2944 39
H(31) 1359 8690 -3077 37
H(32) 1211 7782 -4411 38
H(34) 1133 4679 -2077 39

H(35) 1211 5616 -741 38




Table 6. Torsion angles [°] for schomaker11.

C(8)-N(1)-N(2)-C(9)
C(1)-N(1)-N(2)-C(9)
C(8)-N(1)-C(1)-0(1)
N(2)-N(1)-C(1)-O(1)
C(8)-N(1)-C(1)-C(2)
N(2)-N(1)-C(1)-C(2)
0(1)-C(1)-C(2)-C(3)
N(1)-C(1)-C(2)-C(3)
0(1)-C(1)-C(2)-C(7)
N(1)-C(1)-C(2)-C(7)
C(7)-C(2)-C(3)-C(4)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(3)-C(4)-C(5)-C(6)
C(4)-C(5)-C(6)-C(7)
C(5)-C(6)-C(7)-C(2)
C(5)-C(6)-C(7)-C(8)
C(3)-C(2)-C(7)-C(6)
C(1)-C(2)-C(7)-C(6)
C(3)-C(2)-C(7)-C(8)
C(1)-C(2)-C(7)-C(8)
N(2)-N(1)-C(8)-0(2)
C(1)-N(1)-C(8)-0(2)
N(2)-N(1)-C(8)-C(7)
C(1)-N(1)-C(8)-C(7)
C(6)-C(7)-C(8)-0(2)
C(2)-C(7)-C(8)-0(2)
C(6)-C(7)-C(8)-N(1)
C(2)-C(7)-C(8)-N(1)
N(1)-N(2)-C(9)-C(15)
N(1)-N(2)-C(9)-C(10)
N(2)-C(9)-C(10)-C(11)
C(15)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(12)
C(10)-C(11)-C(12)-C(13)
C(11)-C(12)-C(13)-C(14)
C(16)-0(3)-C(15)-C(9)
C(16)-0(3)-C(15)-C(23)
N(2)-C(9)-C(15)-0(3)
C(10)-C(9)-C(15)-O(3)
N(2)-C(9)-C(15)-C(23)
C(10)-C(9)-C(15)-C(23)
C(15)-0(3)-C(16)-0(4)
C(15)-0(3)-C(16)-C(17)
0(4)-C(16)-C(17)-C(22)
0(3)-C(16)-C(17)-C(22)
0(4)-C(16)-C(17)-C(18)
0(3)-C(16)-C(17)-C(18)
C(22)-C(17)-C(18)-C(19)
C(16)-C(17)-C(18)-C(19)
C(17)-C(18)-C(19)-C(20)
C(18)-C(19)-C(20)-C(21)
C(18)-C(19)-C(20)-N(3)
0(6)-N(3)-C(20)-C(21)

109.5(2)
-83.6(2)
175.0(2)
6.8(4)
-5.5(2)
-173.75(19)
1.6(4)
-177.8(2)
-175.7(2)
4.8(3)
1.1(4)
-175.9(2)
0.2(4)
-0.9(4)
0.3(4)
1.0(3)
179.0(2)
-1.8(4)
175.9(2)
179.8(2)
-2.5(3)
-7.2(3)
-175.3(2)
172.05(19)
4.0(2)
0.3(4)
178.4(2)
-178.9(2)
-0.8(2)
-75.0(3)
163.78(18)
-49.9(3)
-173.90(19)
-60.8(3)
-176.5(2)
-164.5(2)
-133.21(18)
97.6(2)
62.3(2)
-178.11(17)
-172.89(19)
-53.3(3)
0.0(3)
-179.11(17)
-174.9(2)
4.2(3)
4.1(3)
-176.79(18)
-0.7(3)
-179.8(2)
1.0(3)
-0.1(3)
177.4(2)
-169.9(2)

0(5)-N(3)-C(20)-C(21)
0(6)-N(3)-C(20)-C(19)
0(5)-N(3)-C(20)-C(19)
C(19)-C(20)-C(21)-C(22)
N(3)-C(20)-C(21)-C(22)
C(20)-C(21)-C(22)-C(17)
C(18)-C(17)-C(22)-C(21)
C(16)-C(17)-C(22)-C(21)
C(28)-N(4)-C(23)-C(24)
C(29)-N(4)-C(23)-C(24)
C(28)-N(4)-C(23)-C(15)
C(29)-N(4)-C(23)-C(15)
0(3)-C(15)-C(23)-N(4)
C(9)-C(15)-C(23)-N(4)
0(3)-C(15)-C(23)-C(24)
C(9)-C(15)-C(23)-C(24)
N(4)-C(23)-C(24)-C(27)
C(15)-C(23)-C(24)-C(27)
N(4)-C(23)-C(24)-C(25)
C(15)-C(23)-C(24)-C(25)
N(4)-C(23)-C(24)-C(26)
C(15)-C(23)-C(24)-C(26)
C(28)-0(7)-C(27)-C(24)
C(25)-C(24)-C(27)-0(7)
C(26)-C(24)-C(27)-0(7)
C(23)-C(24)-C(27)-0(7)
C(27)-0(7)-C(28)-0(8)
C(27)-0(7)-C(28)-N(4)
C(29)-N(4)-C(28)-0(8)
C(23)-N(4)-C(28)-0(8)
C(29)-N(4)-C(28)-0(7)
C(23)-N(4)-C(28)-0(7)
C(28)-N(4)-C(29)-0(9)
C(23)-N(4)-C(29)-0(9)
C(28)-N(4)-C(29)-C(30)
C(23)-N(4)-C(29)-C(30)
0(9)-C(29)-C(30)-C(35)
N(4)-C(29)-C(30)-C(35)
0(9)-C(29)-C(30)-C(31)
N(4)-C(29)-C(30)-C(31)
C(35)-C(30)-C(31)-C(32)
C(29)-C(30)-C(31)-C(32)
C(30)-C(31)-C(32)-C(33)
C(31)-C(32)-C(33)-C(34)
C(31)-C(32)-C(33)-N(5)
0(11)-N(5)-C(33)-C(32)
0(10)-N(5)-C(33)-C(32)
0(11)-N(5)-C(33)-C(34)
0(10)-N(5)-C(33)-C(34)
C(32)-C(33)-C(34)-C(35)
N(5)-C(33)-C(34)-C(35)
C(33)-C(34)-C(35)-C(30)
C(31)-C(30)-C(35)-C(34)
C(29)-C(30)-C(35)-C(34)
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10.1(3)
12.6(3)
-167.5(2)
-1.0(3)

-178.52(19)

1.3(3)
-0.5(3)
178.5(2)
-16.4(3)
151.95(18)
116.2(2)
-75.5(2)
-79.2(2)
157.10(19)
47.5(2)
-76.3(3)
48.9(2)
-77.3(2)
168.95(17)
42.7(3)
-70.4(2)
163.37(18)
25.2(3)

-177.30(18)

65.1(2)
-54.2(2)
-170.0(2)
10.0(3)
-2.1(3)
165.7(2)
177.89(18)
-14.3(3)
152.4(2)
-16.4(3)
-33.4(3)
157.87(18)
134.8(2)
-39.5(3)
-34.6(3)
151.1(2)
-1.1(3)
168.56(19)
-1.0(3)
2.1(3)

-175.01(19)

-175.5(2)
4.6(3)
7.3(3)

-172.6(2)
-0.9(3)

176.2(2)
-1.3(3)
2.3(3)

-166.8(2)



Table 7. Hydrogen bonds for schomaker11 [A and °].

D-H..A d(D-H) d(H...A) d(D..A) <(DHA)
N(2)-H(2)...0(2)#1 0.90(3) 2.48(3) 3.238(3) 142(2)
N(2)-H(2)...0(4)#1 0.90(3) 2.39(3) 3.059(3) 132(2)

Symmetry transformations used to generate equivalent atoms:
#1 -x+1,-y+1,-z
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Crystallographic Experimental Section
0

J

TsHN HN” YO

CsHi™
p-BrPh_ _O Me Me

o]
Confirming the Absolute Stereochemistry of Compound Al. The 4-bromophenyl ester of the
alcohol was prepared according to the following procedure and analyzed by X-ray
crystallography: the alcohol (39 mg, 1.0 equiv), N,N-dimethylaminopyridine (10 mg, 0.8 equiv),
4-bromobenzoic acid (59 mg, 3.0) and dicyclohexylcarbodiimide (73 mg, 3.6 equiv) were added
to a 10 ml flame-dried round bottomed flask with 2 ml dry dichloromethane and stirred 30 hours.
Aqueous NH4ClI (2 ml) was then added and the organic and aqueous layers were separated. The
aqueous layer was extracted three times with dichloromethane and the combined organic layers
were dried over Na;SO4 and concentrated in vacuo. The product was purified by flash
chromatography using a hexanes/EtOAc gradient and recrystallized by diffusion of hexanes into

a dichloromethane/Et,0 solution of the product at room temperature to yield colorless crystals.

Data Collection

A colorless crystal with approximate dimensions 0.4 x 0.3 x 0.2 mm® was selected under
oil under ambient conditions and attached to the tip of a MiTeGen MicroMount©. The crystal
was mounted in a stream of cold nitrogen at 100(1) K and centered in the X-ray beam by using a
video camera.

The crystal evaluation and data collection were performed on a Bruker Quazar SMART
APEXII diffractometer with Mo K, (A = 0.71073 A) radiation and the diffractometer to crystal
distance of 4.96 cm.

The initial cell constants were obtained from three series of ® scans at different starting

angles. Each series consisted of 12 frames collected at intervals of 0.5° in a 6° range about ®
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with the exposure time of 10 seconds per frame. The reflections were successfully indexed by an
automated indexing routine built in the APEXII program suite. The final cell constants were
calculated from a set of 7705 strong reflections from the actual data collection.

The data were collected by using the full sphere data collection routine to survey the
reciprocal space to the extent of a full sphere to a resolution of 0.70 A. A total of 22130 data
were harvested by collecting 6 sets of frames with 0.5° scans in @ and ¢ with exposure times of 4
sec per frame. These highly redundant datasets were corrected for Lorentz and polarization
effects. The absorption correction was based on fitting a function to the empirical transmission

surface as sampled by multiple equivalent measurements. [1]

Structure Solution and Refinement

The systematic absences in the diffraction data and E-statistics were consistent for the
space groups P3: and P3.. The latter space group P3: yielded chemically reasonable and
computationally stable results of refinement with the molecules with the correct handedness [2-
4].

A successful solution by the direct methods provided most non-hydrogen atoms from the
E-map. The remaining non-hydrogen atoms were located in an alternating series of least-squares
cycles and difference Fourier maps. All non-hydrogen atoms in the main molecules were refined
with anisotropic displacement coefficients. All C-H hydrogen atoms were included in the
structure factor calculation at idealized positions and were allowed to ride on the neighboring
atoms with relative isotropic displacement coefficients. The amino H atoms were refined with
N-H distance restraints but were not place in idealized positions.

There are three C27H3sBrN20¢S molecules and three CH>Cl> molecules in the asymmetric
unit. All chiral centers have the R configuration.

There is extensive disorder in the organic molecules.

In molecule Brl the aliphatic chain at C15 is disordered over two positions with the
major component contribution of 82.9(10)%.

In molecule Br2 the ester chain at O8 is disordered over two positions with the major
component contribution of 54.2(8)%, and the chain at C42 is disordered over two positions with

the major component contribution of 53.0(14)%.
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In molecule Br3 the large substituent at C69 is disordered over two positions with the
major component contribution of 57.1(11)%, and atom C72 is disordered over two positions with
the major component contribution of 80(2)%.

Two of the CH2Cl> molecules are disordered over three positions each in ratios
63.1(3):23.7(4):13.1(4) and 53.2(3):32.9(3):14.0(3). Molecules C3s-C7s were refined
isotropically.

Many atomic displacement and bond distance restraints and constraints were applied to
all molecules to ensure a computationally stable refinement.

The final least-squares refinement of 1239 parameters against 19267 data resulted in
residuals R (based on F? for 1>2¢) and wR (based on F? for all data) of 0.0534 and 0.1310,

respectively. The final difference Fourier map was featureless.

Summary

Crystal Data for CzsHs7BrCloN20sS (M =680.46): trigonal, space group P3; (no. 145), a=
23.982(9) A, ¢ = 14.172(6) A, V= 7059(6) A%, Z= 9, T = 100.01 K, w(Mo Ko) = 1.589 mm™,
Dcalc = 1.441 g/mm?, 74274 reflections measured (3.396 < 2@ < 52.794), 19267 unique (Rint =
0.0585) which were used in all calculations. The final Ry was 0.0534 (I > 2o(I)) and WR> was
0.1310 (all data).
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Figure 1. A molecular drawing of the first C27H3sBrN20sS molecule shown with 50%

probability ellipsoids. All H atoms and disordered parts are omitted.
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Figure 2. A molecular drawing of the first C27H3sBrN2OgS molecule shown with 50%
probability ellipsoids. The disordered atoms are shown but all H atoms are omitted.

Figure 3. A molecular drawing of the second C27H3sBrN2OgS molecule shown with 50%

probability ellipsoids. The disordered atoms are shown but all H atoms are omitted.



478

Figure 4. A molecular drawing of the third C27H3sBrN2OeS molecule shown with 50%
probability ellipsoids. The disordered atoms are shown but all H atoms are omitted.
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Cl4

Cl1

Cl10

Cc7s

Figure 5. A molecular drawing of the three solvent molecules shown with 50%
probability ellipsoids. Atoms shown as spheres were refined isotropically. The disordered

atoms are shown but all H atoms are omitted.



Table 1 Crystal data and structure refinement for Schomaker19

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

a/°

pr°

y/°

Volume/A3

Z

pealcmg/mm?

m/mm?

F(000)

Crystal size/mm?®

20 range for data collection
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]

Schomaker19
C28H37BrCI2N206S
680.46

100.01

trigonal

P32

23.982(9)
23.982(9)
14.172(6)

90

90

120

7059(6)

9

1.441

1.589

3168.0
04x03x%x0.2
3.396 to 52.794°

-29<h<30,-28<k<29,-17<1<17

74274
19267[R(int) = 0.0585]
19267/2351/1239

1.021

R1 = 0.0534, WR; = 0.1205
R1 = 0.0752, R, = 0.1310

Largest diff. peak/hole / e A 0.56/-0.90

Flack parameter

0.010(9)
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Table 2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters
(A?x10%) for Schomaker19. Ueq is defined as 1/3 of of the trace of the orthogonalised Uy, tensor.

Atom X y z U(eq)
Brl 7904.2(3) 4185.9(4) -3348.2(12) 34.76(18)
C1 7499(3) 4250(3) -2235(4) 25.2(14)
Cc2 7537(4) 4827(3) -2023(5) 34.5(16)
C3 7267(3) 4889(3) -1196(4) 32.3(15)
C4 6955(3) 4365(3) -592(4) 23.1(13)
C5 6911(3) 3782(3) -825(4) 23.5(13)
C6 7182(3) 3720(3) -1655(4) 26.6(14)
C7 6681(3) 4402(3) 332(4) 22.3(13)
01 6448(2) 3972(2) 898(3) 32.4(11)
02 6731(2) 4984.4(19) 468(3) 23.6(9)
C8 6561(3) 5124(3) 1381(4) 23.0(13)
S1 7609.9(8) 6875.0(8) 1493.5(16) 27.5(4)
03 4821(2) 5072(3) 1854(4) 38.7(12)
04 5199(3) 5418(3) 3281(4) 45.5(13)
05 7041(2) 6785(2) 1943(3) 28.8(10)
06 7814(3) 7235(2) 620(3) 37.9(12)
N1 5898(3) 5477(3) 2160(4) 30.2(13)
N2 7526(3) 6183(2) 1252(4) 26.2(12)
C9 6072(3) 5351(3) 1221(4) 24.3(13)
C10 5461(3) 4888(3) 675(5) 29.6(14)
Cl11 5565(4) 4932(4) -389(5) 37.1(17)
C12 5154(3) 4184(3) 1015(6) 38.6(17)
C13 4985(3) 5123(4) 865(5) 32.9(15)
Cl14 5315(4) 5330(4) 2463(5) 33.1(15)
C15 7188(3) 5608(3) 1851(4) 25.8(13)
C16 7609(3) 5305(3) 2019(5) 36.8(17)
C17 8206(3) 5682(4) 2615(4) 35(2)
C18 8101(4) 5843(4) 3608(4) 35(2)
C19 7647(4) 5277(3) 4213(4) 32(2)
C20 7695(5) 5453(5) 5247(5) 44(2)
Cl7A 7670(20) 4889(15) 2765(14) 38(8)
C18A 7531(17) 5099(16) 3700(20) 33(6)
Cl19A 8069(19) 5735(17) 4060(20) 33(6)

C20A  8040(30) 5770(30) 5120(20) 44(2)



Cc21
C22
C23
C24
C25
C26
Cc27
Br2
C28
C29
C30
C31
C32
C33
C34
o7
08
C35
Br2A
C28A
C29A
C30A
C31A
C32A
C33A
C34A
O7A
S2
09
010
011
012
N3
N4
C36
C37
C38
C39

8250(3)
8871(4)
9378(4)
9273(3)
8645(3)
8128(3)
9825(4)
8776(2)
8850(5)
8358(4)
8412(4)
8958(5)
9450(4)
9395(4)
9016(6)
9445(3)
8516(2)
8451(3)
9124(3)
9129(6)
8612(5)
8592(5)
9090(5)
9607(5)
9627(5)
9079(7)
9549(5)
6679.4(8)
8633(2)
8357(2)
6829(2)
6322(2)
8230(3)
7338(3)
8280(3)
8763(4)
9459(4)
8673(4)

7276(3)
7459(3)
7797(4)
7963(3)
7764(3)
7414(3)
8346(4)
10021(2)
9650(4)
9050(4)
8791(4)
9130(4)
9729(4)
9989(4)
8892(7)
9167(3)
8315.1(19)
7993(3)
10319(2)
9872(5)
9258(5)
8927(5)
9209(5)
9823(5)
10154(4)
8868(8)
9094(5)
7124.0(8)
6334(2)
6289(2)
6666(2)
6976(2)
6972(3)
7777(3)
7303(3)
7238(4)
7651(4)
7344(4)

2296(5)
2002(5)
2624(5)
3523(5)
3800(5)
3198(5)
4176(5)
3327(2)
4459(5)
4751(5)
5600(6)
6156(6)
5864(6)
5016(6)
7098(10)
7643(5)
7282(3)
8168(4)
3569(2)
4646(6)
4809(6)
5625(8)
6278(7)
6115(7)
5299(8)
7158(12)
7649(8)
8355.2(17)
8293(3)
9781(4)
8767(4)
7485(4)
8827(4)
8141(4)
7926(5)
7290(5)
7593(6)
6239(5)

25.7(14)
38.4(18)
46(2)
32.0(15)
31.1(15)
29.1(14)
46(2)
56.1(9)
32.5(8)
32.5(8)
32.5(8)
32.5(8)
32.5(8)
32.5(8)
32.5(8)
32.5(8)
24.4(9)
24.9(13)
56.4(11)
32.5(8)
32.5(8)
32.5(8)
32.5(8)
32.5(8)
32.5(8)
32.5(8)
32.5(8)
30.7(4)
37.0(12)
37.3(12)
35.4(11)
37.4(12)
30.9(13)
29.4(12)
27.2(14)
37.2(17)
47(2)
46(2)

482



C40
C41
C42
C43
C44
C45
C46
C4a7
C44A
C45A
C46A
C47A
C48
C49
C50
C51
C52
C53
Ch4
Br3
C55
C56
C57
C58
C59
C60
C61
013
014
C62
C63
Coe4
C65
C66
C67
015
C68
016

8572(4)
8403(3)
7924(3)
8153(3)
7746(6)
7743(9)
7336(6)
7313(8)
7681(6)
7555(6)
8144(7)
7983(10)
6232(2)
5925(3)
5553(3)
5488(2)
5795(3)
6167(2)
5068(5)
2952.7(18)
3448(5)
3955(5)
4323(5)
4183(5)
3676(6)
3308(5)
4540(11)
4330(15)
5132(8)
5504(9)
6115(7)
6020(6)
5765(6)
5593(6)
6630(6)
6958(6)
6910(20)
7160(20)

6531(3)
6529(3)
8044(3)
8747(3)
8854(6)
8608(10)
8715(6)
8416(7)
8869(7)
8638(12)
8834(8)
8708(9)
7282(2)
7617(3)
7727(3)
7503(3)
7168(2)
7057(2)
7621(5)
5480.3(17)
5889(5)
5792(5)
6086(6)
6476(6)
6574(6)
6280(6)
6785(16)
6962(19)
6860(12)
7040(10)
7698(6)
8267(6)
8229(7)
8367(6)
8853(6)
8966(6)
8458(8)
8565(14)

7346(5)
9000(5)
8716(4)
8967(4)
9679(6)
10666(7)
11374(6)
12322(7)
9508(7)
10522(7)
11122(8)
12161(8)
9192(3)
8915(3)
9558(4)
10478(4)
10755(3)
10112(3)
11161(8)
786(3)
1883(6)
2121(6)
2919(7)
3479(6)
3241(7)
2443(7)
4343(13)
4988(14)
4334(13)
5206(15)
5011(10)
4766(11)
3759(10)
5478(11)
4801(10)
5726(8)
6231(17)
6998(16)

34.7(16)
32.1(15)
27.2(14)
35.6(16)
35(4)
30(4)
31(3)
46(4)
43(5)
38(5)
45(5)
61(6)
35.9(16)
44.5(19)
53(2)
48(2)
47(2)
42.0(18)
69(3)
34.1(7)
28.1(13)
28.1(13)
28.1(13)
28.1(13)
28.1(13)
28.1(13)
27(3)
36(4)
25(4)
27(4)
25(3)
32(3)
41(3)
40(3)
35(3)
31(3)
35(3)
33(5)
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N5
Br3A
C55A
C56A
C57A
C58A
C59A
C60A
C61A
O13A
Ol4A
C62A
C63A
C64A
C65A
C66A
C67A
O15A
C68A
O16A
N5A
S3
017
018
N6
C69
C70
Cr71
Cr72
C72A
C73
Cr4
C75
C76
Cr7
C78
C79
C80

6505(14)
3040(3)
3519(6)
4033(7)
4379(7)
4210(7)
3696(8)
3351(7)
4551(15)
4350(20)
5142(12)
5511(13)
6190(11)
6228(10)
6120(14)
5755(11)
6906(10)
7080(9)
6870(30)
7120(30)
6528(19)
6566.9(10)
7020(3)
6748(3)
5951(3)
5586(4)
4944(4)
4508(4)
4744(5)
4500(20)
4270(5)
4514(5)
6291(4)
6439(3)
6217(4)
5845(4)
5696(4)
5924(4)

7869(9)
5515(2)
5912(8)
5829(8)
6110(9)
6475(9)
6558(9)
6277(8)
6750(20)
6920(30)
6811(19)
7012(13)
7584(9)
8172(9)
8047(13)
8351(11)
8730(10)
8902(8)
8420(12)
8571(17)
7819(12)
6279.4(11)
6834(3)
6122(3)
6358(4)
6455(3)
5836(4)
5838(4)
5895(7)
5551(19)
5769(5)
5846(6)
5598(4)
5685(4)
5154(4)
4533(4)
4465(4)
4991(4)

5891(15)
429(5)
1534(8)
1785(8)
2605(9)
3173(8)
2922(9)
2103(9)
4064(19)
4710(20)
4079(18)
4960(19)
4741(14)
4255(14)
3172(13)
4690(20)
4353(15)
5343(12)
5990(20)
6760(20)
5660(20)
4859.4(16)
5375(4)
3977(4)
4621(4)
5368(5)
5503(6)
6263(6)
7242(5)
7190(8)
8000(6)
8955(6)
5611(5)
6571(5)
7138(5)
6789(5)
5818(6)
5249(5)

30(5)
45.9(11)
28.1(13)
28.1(13)
28.1(13)
28.1(13)
28.1(13)
28.1(13)
27(3)
41(6)
29(5)
28(5)
34(5)
53(5)
90(10)
65(7)
61(6)
44(4)
35(3)
36(7)
30(6)
39.9(5)
44.9(13)
51.4(15)
42.0(16)
33.1(15)
43.8(19)
54(2)
43(3)
43(3)
62(3)
68(3)
33.6(15)
31.5(15)
35.8(17)
37.8(17)
41.7(18)
40.4(17)
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csl 5608(5) 3953(4) 7404(6) 50(2)

cl1 3108.4(17) 3713.0(18) 4035(4) 117.8(15)
CI2 4372.1(13) 3840.1(13) 3751(2) 71.8(7)
C1S 3905(4) 4206(4) 3706(11) 94(4)
CI3 2949.5(19) 2874(2) 6461(3) 72.5(13)
Cl4 4073(2) 4107(2) 6977(6) 120(3)
c2s 3778(4) 3372(5) 6411(12) 62(4)
CI5 3743(6) 3531(6) 8181(9) 72.4(8)
Cl6 3362(7) 3462(7) 6171(9) 72.4(8)
C3S 3913(15) 3500(30) 6999(9) 72.4(8)
CI7 3951(11) 3685(12) 7905(14) 72.4(8)
Cl8 3591(11) 3818(12) 6045(14) 72.4(8)
c4s 4020(30) 3560(40) 6718(16) 72.4(8)
Cl9 3094(3) 4067(2) 1239(4) 72.4(8)
Cl10 3251(3) 3014(3) 1708(4) 72.4(8)
C5S 2690(5) 3247(5) 1467(16) 72.4(8)
Cli1 3088(4) 4045(4) 614(7) 72.4(8)
Cl12 3277(5) 3006(5) 1369(7) 72.4(8)
C6S 2847(12) 3232(6) 640(20) 72.4(8)
Cl13 3529(10) 3446(9) -515(12) 72.4(8)
Cl14 3271(10) 3477(10) 1447(12) 72.4(8)
C7S 3110(30) 2994(11) 458(18) 72.4(8)

Table 3 Anisotropic Displacement Parameters (A%x10%) for Schomaker19. The Anisotropic
displacement factor exponent takes the form: -2n?[h?a*?U11+...+2hkaxbxU12]

Atom Un U2 Uss Uzs Uis U2
Brl 28.8(4) 43.5(4) 27.6(3) -9.0(3) 4.5(3) 14.7(3)
c1 19(3) 30(3) 26(3) 5(3) 2(3) 12(3)
c2 46(4) 30(4) 23(3) 3(3) 9(3) 15(3)
Cc3 46(4) 20(3) 31(4) 0(3) 6(3) 17(3)
C4 28(3) 20(3) 19(3) -4(2) 5(2) 10(3)
Cc5 24(3) 17(3) 24(3) 2(2) 103) 6(3)

Cc6 23(3) 25(3) 30(4) -10(3) :3(3) 11(3)
c7 27(3) 18(3) 23(3) 12) 103) 11(3)
o1 47(3) 24(2) 30(3) 6(2) 13(2) 20(2)
02 34(2) 20(2) 16(2) 30(17)  0.1(18) 12.7(19)

cs 35(3) 17(3) 16(3) 1(2) 5(3) 11(3)



S1
03
04
05
06
N1
N2
C9
C10
Ci11
Ci12
C13
Ci14
Ci15
Ci16
C17
C18
C19
C20
C17A
C18A
C19A
C20A
Cc21
C22
C23
C24
C25
C26
Cc27
Br2
C28
C29
C30
C31
C32
C33
C34

38.3(9)
38(3)
55(3)
40(3)
59(3)
35(3)
36(3)
32(3)
30(3)
39(4)
27(4)
32(4)
44(4)
40(4)
44(4)
29(4)
41(5)
35(5)
46(7)
50(20)
31(13)
31(13)
46(7)
35(3)
36(4)
35(4)
36(4)
43(4)
37(4)
44(4)
65.7(18)
26(2)
26(2)
26(2)
26(2)
26(2)
26(2)
26(2)

20.6(8)
53(3)
71(4)
24(2)
29(3)
40(3)
20(3)
25(3)
28(3)
54(5)
30(4)
40(4)
37(4)
24(3)
51(5)
44(5)
38(5)
33(5)
59(7)
24(17)
45(15)
45(15)
59(7)
17(3)
31(4)
51(5)
25(3)
33(4)
26(3)
46(5)
59.8(19)
28.3(17)
28.3(17)
28.3(17)
28.3(17)
28.3(17)
28.3(17)
28.3(17)

15.4(7)
31(3)
27(3)
21(2)
15(2)
18(3)
16(3)
16(3)
26(3)
24(3)
50(5)
27(3)
27(4)
13(3)
27(4)
33(5)
27(4)
33(5)
32(4)
29(15)
27(9)
27(9)
32(4)
19(3)
25(4)
24(4)
22(3)
16(3)
23(3)
26(4)
39.9(11)
37.7(17)
37.7(17)
37.7(17)
37.7(17)
37.7(17)
37.7(17)
37.7(17)

-0.4(6)
-1(2)
0(3)
-2.4(19)
5.4(19)
-9(2)
1(2)
-4(2)
-5(3)
-10(3)
-5(3)
-1(3)
-2(3)
4(2)
-1(3)
9(4)
-1(4)
-6(4)
4(5)
8(11)
-1(10)
-1(10)
4(5)
0(2)
-4(3)
-3(3)
0(3)
-3(3)
2(3)
-2(3)
30.2(12)
9.7(13)
9.7(13)
9.7(13)
9.7(13)
9.7(13)
9.7(13)
9.7(13)

-1.2(7)
(2)
6(2)
-5(2)
-3(2)
0(2)
5(2)
2(2)
-2(3)
-7(3)
-5(3)
1(3)
-1(3)
4(3)
-2(3)
1(4)
-13(4)
-7(4)
-1(4)
15(14)
-2(11)
-2(11)
-1(4)
-1(3)
6(3)
(3)
-4(3)
-6(3)
-1(3)
-2(3)
2.4(12)
3.5(14)
3.5(14)
3.5(14)
3.5(14)
3.5(14)
3.5(14)
3.5(14)

8.5(7)
27(3)
44(3)
15(2)
14(2)
21(3)
9(2)
14(3)
11(3)
27(4)
8(3)
19(3)
27(3)
16(3)
32(4)
19(4)
20(4)
21(4)
31(6)
11(14)
21(11)
21(11)
31(6)
9(3)
-1(3)
0(4)
6(3)
18(3)
15(3)
5(4)
29.2(17)
9.1(14)
9.1(14)
9.1(14)
9.1(14)
9.1(14)
9.1(14)
9.1(14)
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o7
08
C35
Br2A
C28A
C29A
C30A
C31A
C32A
C33A
C34A
O7A
S2
09
010
011
012
N3
N4
C36
C37
C38
C39
C40
C41
C42
C43
C44
C45
C46
C47
C44A
C45A
C46A
C47A
C48
C49
C50

26(2)
26(2)
31(3)
84(3)
26(2)
26(2)
26(2)
26(2)
26(2)
26(2)
26(2)
26(2)
31.7(9)
45(3)
45(3)
37(3)
34(3)
39(3)
31(3)
36(4)
43(4)
40(4)
69(6)
50(4)
35(4)
31(3)
56(5)
54(10)
42(9)
38(7)
61(11)
71(14)
53(12)
53(10)
110(18)
29(4)
46(5)
49(5)

28.3(17)
24(2)
23(3)
50.7(18)
28.3(17)
28.3(17)
28.3(17)
28.3(17)
28.3(17)
28.3(17)
28.3(17)
28.3(17)
26.0(8)
41(3)
44(3)
23(2)
33(3)
35(3)
27(3)
24(3)
38(4)
49(5)
49(5)
37(4)
34(4)
27(3)
23(3)
24(9)
28(8)
29(7)
50(9)
41(12)
38(9)
27(8)
42(11)
29(4)
46(5)
54(5)

37.7(17)
15(2)
14(3)
31.6(13)
37.7(17)
37.7(17)
37.7(17)
37.7(17)
37.7(17)
37.7(17)
37.7(17)
37.7(17)
31.1(9)
30(3)
29(3)
44(3)
42(3)
22(3)
27(3)
20(3)
34(4)
58(5)
26(4)
22(3)
27(4)
16(3)
20(3)
26(7)
23(7)
32(7)
23(7)
16(8)
26(8)
38(8)
34(8)
43(4)
45(5)
64(5)

9.7(13)
6.3(17)
2(2)
19.2(12)
9.7(13)
9.7(13)
9.7(13)
9.7(13)
9.7(13)
9.7(13)
9.7(13)
9.7(13)
0.5(7)
12(2)
17(2)
3(2)
-3(2)
10(2)
5(2)
4(3)
16(3)
22(4)
12(3)
8(3)
10(3)
-3(3)
-1(3)
-6(6)
4(6)
2(5)
-1(6)
-1(8)
0(8)
(7)
-12(8)
3(3)
6(4)
-1(4)

3.5(14)
6.6(17)
2(3)
9.4(14)
3.5(14)
3.5(14)
3.5(14)
3.5(14)
3.5(14)
3.5(14)
3.5(14)
3.5(14)
8.4(7)
12(2)
11(2)
9(2)
3(2)
10(2)
(2)
5@3)
20(3)
15(4)
20(4)
14(3)
S©)
2(3)
0(3)
0(7)
(1)
5(6)
9(7)
3(8)
-1(7)
-9(8)
-10(10)
13(3)
14(4)
12(4)

9.1(14)
6.8(18)
8(3)
32(2)
9.1(14)
9.1(14)
9.1(14)
9.1(14)
9.1(14)
9.1(14)
9.1(14)
9.1(14)
12.0(7)
25(3)
27(3)
14(2)
14(2)
21(3)
12(2)
14(3)
22(3)
27(4)
34(4)
26(3)
17(3)
9(3)
15(3)
20(8)
19(7)
21(6)
25(8)
28(11)
25(10)
8(8)
41(12)
10(3)
25(4)
32(4)
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C51
C52
C53
Ch4
Br3
C55
C56
C57
C58
C59
C60
C61
013
014
C62
C63
Coe4
C65
C66
C67
015
C68
016
N5
Br3A
C55A
C56A
C57A
C58A
C59A
C60A
C61A
O13A
Ol14A
C62A
C63A
C64A
C65A

33(4)
44(5)
45(4)
50(5)
31.7(11)
29(2)
29(2)
29(2)
29(2)
29(2)
29(2)
29(4)
41(7)
24(5)
25(6)
25(6)
26(7)
33(7)
36(7)
35(7)
40(6)
40(7)
39(7)
38(8)
43.2(17)
29(2)
29(2)
29(2)
29(2)
29(2)
29(2)
29(4)
36(9)
28(7)
39(9)
38(9)
60(11)
110(20)

42(5)
33(4)
29(4)
71(6)
34.3(10)
34.2(18)
34.2(18)
34.2(18)
34.2(18)
34.2(18)
34.2(18)
30(5)
52(8)
23(6)
33(6)
25(6)
29(6)
40(8)
29(7)
33(6)
27(5)
29(4)
37(7)
24(6)
41.4(14)
34.2(18)
34.2(18)
34.2(18)
34.2(18)
34.2(18)
34.2(18)
30(5)
59(13)
44(11)
34(8)
34(8)
39(9)
61(15)

50(5)
46(5)
38(4)
79(7)
31.4(15)
21(4)
21(4)
21(4)
21(4)
21(4)
21(4)
21(11)
26(10)
23(10)
18(10)
18(8)
41(8)
44(8)
57(9)
30(7)
30(6)
32(11)
29(11)
26(10)
50(3)
21(4)
21(4)
21(4)
21(4)
21(4)
21(4)
21(11)
27(14)
16(11)
12(13)
19(9)
37(9)
31(10)

-14(4)
2(3)
1(3)
-19(5)
-9.4(11)
1(4)
1(4)
1(4)
1(4)
1(4)
1(4)
-3(9)
-6(10)
-3(7)
3(7)
-2(5)
8(6)
2(6)
-2(6)
7(6)
7(5)
0(6)
2(7)
1(6)
-2.0(19)
1(4)
1(4)
1(4)
1(4)
1(4)
1(4)
-3(9)
-8(13)
-3(8)
1(8)
2(7)
9(8)
9(9)

16(4)
22(4)
16(3)
27(5)
-10.1(11)
4(3)
4(3)
4(3)
4(3)
4(3)
4(3)
6(7)
7(8)
3(5)
4(6)
3(5)
4(6)
-6(6)
6(6)
-3(6)
2(5)
-15(11)
-12(10)
-5(8)
-6.8(19)
4(3)
4(3)
4(3)
4(3)
4(3)
4(3)
6(7)
11(11)
2(6)
2(8)
5(8)
-11(9)
-21(11)

5(3)
7(3)
8(3)
25(5)
12.8(8)
15.6(16)
15.6(16)
15.6(16)
15.6(16)
15.6(16)
15.6(16)
15(3)
31(6)
8(4)
12(5)
8(5)
14(5)
14(6)
17(6)
12(5)
20(4)
15(4)
23(6)
14(6)
18.9(12)
15.6(16)
15.6(16)
15.6(16)
15.6(16)
15.6(16)
15.6(16)
15(3)
23(8)
18(6)
19(7)
9(7)
7(7)
-7(14)
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C66A
C67A
O15A
C68A
O16A
N5A
S3
017
018
N6
C69
C70
Cr71
Cr2
C72A
C73
Cr4
C75
C76
Cr7
C78
C79
C80
C81
Cl1
Cl2
C1S
CI3
Cl4
C2S

64(13)
48(10)
53(10)
40(7)
53(18)
39(10)
46.9(11)
47(3)
55(3)
45(4)
42(4)
52(5)
55(5)
27(5)
27(5)
76(7)
45(5)
46(4)
38(4)
54(5)
47(4)
50(5)
52(5)
65(6)
92(2)
71.3(16)
64(7)
55(2)
72(3)
55(8)

31(11)
51(11)
35(7)
29(4)
25(9)
26(8)
67.2(13)
56(3)
102(5)
68(5)
29(3)
33(4)
51(5)
51(8)
51(8)
85(7)
91(8)
45(4)
42(4)
45(4)
51(4)
51(5)
60(5)
46(5)
97(2)
63.4(15)
61(7)
90(3)
58(3)
70(9)

87(19)
45(10)
36(9)
32(11)
27(13)
26(13)
21.6(9)
34(3)
22(3)
28(3)
29(4)
45(4)
51(5)
50(5)
50(5)
43(5)
44(5)
23(3)
22(3)
16(3)
30(4)
36(4)
24(4)
42(5)
178(4)
90.4(19)
160(13)
77(3)
231(8)
65(10)

Table 4. Bond Lengths for Schomaker19.

Atom Atom Length/A
1.899(5)
1.375(7)
1.379(7)

Brl C1
Cl1 (2
Cl C6

Atom Atom Length/A

C46A CATA 1.514(6)
C48 C49 1.3900
C48 C53 1.3900

-2(11)
22(9)
(7)
0(6)
4(9)
-1(7)
10.4(9)
12(3)
10(3)
8(3)
6(3)
513)
-4(4)
-2(5)
-2(5)
6(5)
7(5)
2(3)
-1(3)
-3(3)
2(3)
-11(3)
-9(3)
2(4)
53(2)
7.2(14)
18(7)
-33(2)
-42(4)
-12(8)

-23(13)
-14(9)
-8(8)
-15(11)
-3(12)
-3(10)
7.5(8)
5(2)
10(2)
7(3)
11(3)
18(4)
18(4)
-7(4)
-7(4)
7(4)
-4(4)
4(3)
1(3)
1(3)
3)
-3(4)
-4(3)
6(4)
70(3)
8.9(14)
37(8)
3(2)
19(4)
0(7)
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13(10)
-4(9)
16(7)
15(4)
16(9)
17(7)
40.4(11)
27(3)
58(4)
39(4)
18(3)
20(4)
23(4)
18(5)
18(5)
52(6)
16(5)
33(4)
26(3)
30(4)
35(4)
34(4)
39(4)
30(4)
58(2)
40.9(14)
33(6)
40(2)
32(2)
33(7)



C2 C3 1.382(7)
C3 C4 1.390(7)
C4 C5 1.387(7)
C4 C7  1.489(7)
C5 C6 1.388(7)
C7 01 1.202(7)
C7 02 1.354(6)
02 C8 1.445(6)
C8 C9 1.537(9)
C8 C15 1.519(9)
S1 05 1.422(5)
S1 06 1.447(5)
SI N2 1.606(5)
Sl C21 1.760(7)
03 C13 1.445(8)
03 Cl4 1.342(9)
04 Cl4 1.235(8)
NI C9 1.472(8)
N1 C14 1.330(9)
N2 C15 1.469(8)
C9 C10 1.534(9)
C10 C11 1.523(9)
C10 Cl12 1.542(10)
C10 C13 1.529(10)
C15 C16 1.529(7)
C16 C17 1.511(4)
C16 C17A 1.511(4)
Cl7 C18 1.513(4)
C18 C19 1.511(4)
C19 C20 1.513(4)
C17A C18A 1.512(4)
C18A C19A 1.512(4)
C19A C20A 1.512(4)
C21 C22 1.388(10)
C21 C26 1.389(9)
C22 C23 1.388(10)
C23 C24 1.395(10)
C24 C25 1.390(10)

C49
C50
Cs1
Cs1
C52
Br3

C55
C55
C56
C57
C58
C58
C59
C61
C61
014
C62
C62
C63
C63
C64
C64
C64
Cc67
015
C68
C68

C50
C51
C52
C54
C53
C55
C56
C60
C57
C58
C59
C61
C60
013
014
C62
C63
C69
Co4
N5

C65
C66
C67
015
C68
016
N5

1.3900
1.3900
1.3900
1.523(9)
1.3900
1.904(7)
1.3900
1.3900
1.3900
1.3900
1.3900
1.464(13)
1.3900
1.218(15)
1.339(14)
1.458(16)
1.549(16)
1.53(3)
1.533(17)
1.488(16)
1.537(18)
1.54(2)
1.503(16)
1.434(16)
1.363(19)
1.208(15)
1.340(16)

Br3A C55A 1.895(10)
C55A C56A 1.3900
C55A C60A 1.3900
C56A C57A 1.3900
C57A C58A 1.3900
C58A C59A 1.3900
C58A C61A 1.468(16)
C59A C60A 1.3900
C61A O13A 1.206(18)
C61A O14A 1.350(18)
O14A C62A 1.465(19)
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491

C24 C27 1.496(10) C62A C63A 1.55(2)
C25 C26 1.389(9) C62A C69 1.55(3)
Br2 C28 1.886(5) C63A C64A 1.53(2)
C28 C29 1.3900  C63A N5A 1.491(19)
C28 C33 1.3900  C64A C65A 1.56(2)
C29 C30 1.3900  C64A C66A 1.53(3)
C30 C31 1.3900  C64A C67A 1.51(2)
C31 C32 1.3900  C67A O15A 1.46(2)
C31 C34 1.485(8) O15A C68A 1.36(2)
C32 C33 1.3900  C68A O16A 1.207(19)
C34 07 1.188(9) C68A N5A 1.34(2)
C34 08 1.328(9) S3 017 1.428(6)
08 C35 1.441(6) S3 018 1.436(5)
08 C34A1.351(10) S3 N6 1.615(6)
C35 C36 1.532(9) S3 C75 1.778(7)
C35 C42 1.539(9) N6 C69 1.465(9)
Br2A C28A 1.869(6) C69 C70 1.526(10)
C28A C29A 1.3900 C70 C71 1.502(11)
C28AC33A 1.3900 C71 C72 1.479(8)
C29A C30A 1.3900  C71 CT72A 1.481(9)
C30A C31A 1.3900 C72 C73 1.481(8)
C31AC32A 1.3900  C72A C73 1.481(9)
C31A C34A 1.485(9) C73 C74 1.448(13)
C32AC33A 1.3900 C75 C76 1.395(9)
C34A O7A 1.199(10) C75 C80 1.369(11)
S2 011 1.437(5) C76 C77 1.369(10)
S2 012 1.441(5) C77 C78 1.389(11)
S2 N4 1.601(6) C78 C79 1.411(11)
S2  C48 1.763(4) C78 C81 1.491(11)
09 C40 1.453(8) C79 C80 1.361(11)
09 C41 1.336(8) CI1 C1S 1.734(8)
010 C41 1.226(8) ClI2 C1S 1.735(8)
N3 C36 1476(8) CI3 C2S 1.735(8)
N3 C41 1.340(9) Cl4 C2S5 1.732(8)
N4 C42 1467(9) CI5 C3S 1.733(8)
C36 C37 1.535(10) Cl6 C3S 1.733(8)
C37 C38 1515(11) CI7 C4S 1.734(8)
C37 C39 1.544(10) CI7 CI13! 2.41(3)



C37
C42
C43
C43
C44
C45
C46

C40 1.523(10) CI8
C43 1532(7) CI9
C44 1513(6) CI10
C44A 1513(6) Cl11
C45 1516(6) Cl12
C46 1.509(6) Cl13
C47 1512(6) Cl13
C44A C45A 1.514(6)  Cl14
C45A C46A 1.509(6)

X +Y,14Z; 2+ X ,+Y -1+Z

C4S
C5S
C5S
C6S
C6S
CI72
C7S
C7S

1.733(8)
1.733(8)
1.732(8)
1.734(8)
1.732(8)
2.41(3)

1.734(8)
1.733(8)

Table 5 Bond Angles for Schomaker19.
Atom Atom Atom Angle/*

C2
C2
Cé6
C1
C2
C3
C5
C5
C4
C1
0o1
0o1
02
C7
02
02
C15
05
05
05
06
06
N2

C1
C1
C1
C2
C3
C4
C4
C4
C5
Cé6
C7
C7
C7
02
C8
C8
C8
S1
S1
S1
S1
S1
S1

Brl
C6
Brl
C3
C4
C7
C3
C7
C6
C5
C4
02
C4
Cc8
C9
C15
C9
06
N2
C21
N2
C21
C21

118.9(4)
121.8(5)
119.3(4)
119.6(6)
119.7(5)
122.8(5)
119.9(5)
117.2(5)
120.4(5)
118.5(5)
124.4(5)
123.8(5)
111.9(5)
118.4(4)
107.6(5)
106.5(5)
115.7(5)
119.1(3)
108.9(3)
107.6(3)
105.4(3)
106.5(3)
109.0(3)

Atom Atom Atom Angle/*

C43 C44 C45 115.3(7)
C46 C45 C44 115.1(7)
C45 C46 C47 112.5(7)
C43 C44A C45A 116.3(7)
C46A C45A C44A 115.8(8)
C45A C46A CATA 112.4(8)

C49
C49
C53
C48
Csl
C50
C52
C52
Cs1
C52
C56
C56
C60
C55
C58
C57
C57

C48
C48
C48
C49
C50
Cs1
Csl
Csl
C52
C53
C55
C55
C55
C56
C57
C58
C58

S2

C53
S2

C50
C49
C54
C50
C54
C53
C48
Br3
C60
Br3
C57
C56
C59
C61

119.3(3)
120.0
120.7(3)
120.0
120.0
118.8(6)
120.0
121.2(6)
120.0
120.0
119.0(5)
120.0
121.0(5)
120.0
120.0
120.0
122.7(9)
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C14
Cl4
C15
N1
N1
C10
C9
Cl1
Cil1
Cil1
C13
C13
03
04
04
N1
C8
N2
N2
C17

03

N1

N2

C9

C9

C9

C10
C10
C10
C10
C10
C10
C13
Cl4
Cl4
Cl4
C15
C15
C15
C16

C17ACl16

C16
C19
C18

C17
C18
C19

C13
C9
S1
C8
C10
C8
Ci12
C9
Ci12
C13
C9
C12
C10
03
N1
03
C16
C8
C16
C15
C15
C18
C17
C20

116.3(5)
127.3(6)
124.9(4)
106.6(5)
109.8(5)
116.2(5)
113.2(6)
112.6(6)
111.0(6)
106.0(6)
105.2(5)
108.2(6)
111.3(6)
117.3(7)
123.7(7)
119.0(6)
109.9(5)
109.6(5)
110.5(5)
117.1(5)
136.9(14)
116.4(5)
115.9(6)
112.3(6)

C16 C17A C18A 106(2)
C17A C18A C19A 114(3)
C18A C19A C20A 111(3)

C22
C22
C26
C23
C22
C23
C25
C25
C26
C25
C29

C21
C21
C21
C22
C23
C24
C24
C24
C25
C26
C28

S1

C26
S1

Cc21
C24
Cc27
C23
Cc27
C24
Cc21
Br2

118.9(5)
121.4(6)
119.6(5)
118.9(7)
121.0(7)
120.7(7)
118.6(6)
120.7(6)
121.4(6)
118.6(7)
120.7(4)

C59 C58 C61 117.2(9)
C60 C59 C58 120.0

C59 C60 C55 120.0

013 C61 C58 124.4(14)
013 C61 014 123.7(16)
014 C61 C58 111.9(12)
C61 014 C62 118.9(15)
014 C62 C63 106.1(14)
014 C62 C69 101.3(17)
C69 C62 C63 118.1(16)
C64 C63 C62 117.5(14)
N5 C63 C62 106.0(13)
N5 C63 C64 107.3(13)
C63 C64 C65 113.0(12)
C63 C64 C66 113.4(11)
C65 C64 C66 110.0(12)
C67 C64 C63 105.6(11)
C67 C64 C65 106.8(11)
C67 C64 C66 107.6(12)
015 C67 C64 112.4(11)
C68 015 C67 119.0(11)
016 C68 015 118.2(18)
016 C68 N5  124.5(18)
N5 C68 015 116.7(16)
C68 N5 C63 127.9(15)
C56A C55A Br3A 119.9(6)
C56A C55A C60A 120.0

C60A C55A Br3A 120.1(6)
C55A C56A C57A 120.0

C58A C57A C56A 120.0

C57A C58A C59A 120.0

C57A C58A C61A 120.5(12)
C59A C58A C61A 119.4(11)
C58A C59A C60A 120.0

C59A C60A C55A 120.0

O13A C61A C58A 125.3(19)
O13A C61A O14A 122(2)

O14A C61A C58A 112.5(16)
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C29 C28 C33 120.0
C33 C28 Br2 119.3(4)
C28 C29 C30 120.0
C29 C30 C31 120.0
C30 C31 C32 120.0
C30 C31 C34 121.8(5)
C32 C31 C34 118.0(5)
C33 C32 C31 120.0
C32 C33 C28 120.0
07 C34 C31 126.4(7)
07 C34 08 122.1(7)
08 C34 C31 111.5(7)
C34 08 C35 121.9(6)
C34A08 C35 115.2(6)
08 C35 C36 106.4(5)
08 C35 C42 105.6(5)
C36 C35 C42 114.3(5)
C29A C28A Br2A 119.0(5)
C29A C28A C33A 120.0
C33A C28A Br2A 121.0(5)
C28A C29A C30A 120.0
C31A C30A C29A 120.0
C30A C31A C32A 120.0
C30A C31A C34A 121.1(6)
C32A C31A C34A 118.9(6)
C31A C32A C33A 120.0
C32A C33A C28A 120.0
08 C34A C31A 112.6(7)
O7A C34A08  128.4(9)
O7A C34A C31A 119.1(9)
011 S2 012 120.2(3)
011 S2 N4 108.9(3)
011 S2 C48 107.6(3)
012 S2 N4 104.6(3)
012 S2 C48 106.1(3)
N4 S2 C48 109.0(3)
C4l 09 C40 117.0(5)
C4l N3 C36 127.7(6)

C61A O14A C62A 119(2)

O14A C62A C63A 108.3(19)
O14A C62A C69  110(3)

C69 C62A C63A 108(2)

C64A CB63A C62A 117.3(19)
N5A C63A C62A 106.9(18)
N5A C63A C64A 106.1(16)
C63A CB64A CB5A 109.9(18)
C63A CB64A CB6A 111.6(18)
C66A CB4A CB5A 111.9(19)
C67A CB64A C63A 108.5(16)
C67A CB64A CB5A 105.3(17)
C67A CB64A CB6A 109.6(19)
O15A C67A C64A 111.5(16)
C68A O15A C67A 118.4(16)
016A C68A O15A 116(2)

O16A C68A N5A 126(2)

N5A C68A O15A 117(2)

C68A NSA C63A 129.5(19)
017 S3 018 120.1(4)
017 S3 N6 108.3(4)
017 S3 C75 108.0(3)
018 S3 N6 105.2(3)
018 S3 C75 107.6(4)
N6 S3 C75 106.9(4)
C69 N6 S3  121.4(5)
N6 C69 C62 113.5(10)
N6 C69 C62A 101.8(13)
N6 C69 C70 109.1(6)
C70 C69 C62 112.4(9)
C70 C69 CB62A 112.9(11)
C71 C70 C69 116.9(7)
C72 C71 C70 116.0(8)
C72AC71 C70 118.6(12)
C71 C72 C73 116.3(8)
C71 C72AC73 116.1(8)
C74 C73 C72 115.6(9)
C74 C73 CT72A 124.7(15)
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C42 N4

C35 C36
N3 C36
N3 C36
C36 C37
C38 C37
C38 C37
C38 C37
C40 C37
C40 C37
09 C40
09 C41
010 C41
010 C41
N4  C42
N4  C42
C43 C42
C44 C43
C44A C43

S2

C37
C35
C37
C39
C36
C39
C40
C36
C39
C37
N3

09

N3

C35
C43
C35
C42
C42

125.7(5)
115.6(5)
107.1(5)
108.3(5)
112.1(6)
114.1(7)
111.4(6)
109.3(6)
105.1(5)
104.2(6)
112.7(6)
119.0(6)
118.0(6)
123.0(6)
109.4(5)
110.4(5)
110.3(5)
115.8(6)
116.1(7)

X +Y,14Z; 2+ X +Y -1+Z

C76 C75
C80 C75
C80 C75
Crr Ci6
Ccr6 Cr7
Crr Ci78
Crr Ci8
Cr9 Ci8
C80 C79
C79 C80
Cl1 C1S
Cl4 C2S
ClI5 C3S
C4s CI7

CI8 C4S
CI10 C5S
Cl12 C6S

S3
S3
C76
C75
C78
C79
C81
C81
C78
C75
Cl2
CI3
Cl6
Cl13t
Cl7
ClI9
Cl11

C7S ClI13 CI7?

Cl14 C7S

Cl13

119.8(6)
119.9(6)
120.3(7)
118.8(7)
122.1(7)
117.4(7)
122.2(7)
120.4(8)
120.7(8)
120.7(7)
114.5(5)
115.2(6)
118.0(12)
158(3)
110.1(12)
108.5(6)
116.5(9)
159.1(13)
111.0(12)

Table 6 Hydrogen Bonds for Schomaker19.

D H

N2 H2A 010! 0.8800(16) 1.929(9) 2.806(7)

N3 H3 06’

N4 H4 016 0.8799(15) 1.81(3)
N4 H4 O16A 0.8799(15) 2.09(3)

0.8799(15) 2.057(18) 2.914(8)

N5 HS5 012 0.88
N5A H5A 012 0.88
N6 H6 O4

L X +Y,-1+2Z; 24X ,+Y,1+Z

2.16
2.34
0.8800(16) 2.02(4)

A d(D-H)/A d(H-A)/A d(D-A)/A D-H-A/°
N1 H1 018 0.8799(16) 2.34(2)

3.165(8) 157(5)

175(6)

164(6)
2.68(3) 167(5)
2.95(3) 167(6)
2.991(19) 156.8
3.16(3) 156.2

2.806(9) 148(7)

495



A
Brl
Brl
C1
C2
C2
C2
C3
C3
C3
C4
C4
C5
C5
C6
C7
C7
C7
01
02
02
02
02
C8
Cc8
Cc8
Cc8
Cc8
S1
S1
S1
S1
05
05
05
06
06

B
C1
C1
C2
C1
C3
C3
C4
C4
C4
C5
C7
C4
C4
C1
C4
02
02
C7
C8
C8
C8
C8
C9
C9
C9
C15
C15
N2
N2
C21
C21
S1
S1
S1
S1
S1

Table 7 Torsion Angles for Schomaker19.

C
C2
C6
C3
C6
C4
C4
C5
C7
C7
C6
02
C7
C7
C2
C5
C8
C8
02
C9
C9
C15
C15
C10
C10
C10
C16
C16
C15
C15
C22
C26
N2
C21
C21
N2
C21

D
C3
C5
C4
C5
C5
Cc7
Cé
O1
02
C1l
C8
o1
02
C3
C6
C9
C15
C8
N1
C10
N2
C16
Cl1
C12
C13
C17

Angle/*
-177.4(6)
177.5(5)
-0.6(11)
-1.7(10)
-0.6(10)
177.0(7)
0.7(10)
-174.6(7)
4.5(9)
0.4(9)
-172.2(5)
3.1(10)
-177.8(5)
1.8(11)
-177.0(6)
-127.4(5)
107.9(6)
6.9(9)
178.9(5)
56.3(7)
57.7(6)
-63.9(6)
-81.2(7)
45.7(8)
163.8(5)
-170.9(6)

C17A -85(2)

C8

C16
C23
C25
C15
C22
C26
C15
C22

109.4(6)
-129.3(5)
177.6(6)
-176.3(5)
-36.5(6)
-175.9(5)
2.9(6)
-165.3(5)
-47.1(6)

A
C40
C41
C41
C41
C42
C42
C42
C42
C43
C43
C44
C44

B C D  Angle/*
09 C41 N3 -10.8(10)
09 C40 C37 45.1(8)
N3 C36 C35 -144.1(7)
N3 C36 C37 -18.7(9)
C35 C36 N3 -65.4(7)
C35 C36 C37 173.7(6)
C43 C44 C45 66.2(15)
C43 C44A C45A 70.2(13)
C44 C45 C46 -179.9(13)

C44A C45A C46A 50(2)
C43 C44A C45A -21(4)
C45 C46 C47 175.7(15)

C44A C43 C44 C45 160(5)
C44A C45A CAB6A CATA 168.0(15)

C48
C48
C49
C49
C49
C50
C51
C53
C54
Br3
Br3
C55
C56
C56
C56
C57
C57
C57
C58
C58
Ch9
Ch9

S2 N4

C49 C50
C48 C53
C50 Cs1
C50 Cs1
C51 Cb52
C52 C53
C48 C49
C51 Cb52
C55 Cb56
C55 C60
C56 C57
C55 C60
C57 (C58
C57 (€58
C58 (€59
C58 C61
C58 C61
C59 C60
C61 Ol4
C58 C61
C58 C61

C42
Csl
C52
C52
C54
C53
C48
C50
C53
C57
C59
C58
C59
C59
C61l
C60
013
014
C55
C62
013
014

82.2(6)
0.0

0.0

0.0
-179.0(6)
0.0

0.0

0.0
178.9(6)
-180.0(6)
180.0(6)
0.0

0.0

0.0
178.2(17)
0.0
-157(3)
24(3)

0.0
-168(2)
21(5)
-157.6(19)



06
N1
N1
N1
N2
N2
N2
N2
C9
C9
C9
C9
C9
Cil1
C12
C13
C13
Cl4
Cl4
Cl4
C15
C15
C15
C15
C16
C16
C17
C17

C17A C18A C19A C20A

C21
C21
C22
C22
C22
C23
C24
C26

S1 C21
C9 C10
C9 C10
C9 C10
S1 C21
S1 C21
C15 Ci16
C15 C16
C8 Ci15
C8 Ci15
N1 Cl14
N1 Cl4
C10 Ci13
C10 Ci13
C10 Ci13
03 C14
03 C14
03 Ci13
N1 C9

N1 C9

c8 (9

cC8 (9

Cl6 C17

C26
Cl1
C12
C13
C22
C26
C17

131.6(5)
157.8(6)
-75.2(7)
42.8(7)
66.1(6)
-115.1(5)
68.1(7)

C17A 154(2)

N2
C16
03
04
03
03
03
04
N1
C10
C8
C10
N1
C10
C18

-61.8(7)
176.6(5)
-4.5(11)
175.6(7)
-63.5(7)
177.0(6)
57.9(7)
164.8(6)
-15.2(9)
50.8(8)
-138.7(7)
-12.1(9)
-62.1(7)
175.2(5)
59.0(9)

C16 C17A C18A-35(4)
Cl7 C18 C19 55.6(10)
C17A C18A C19A -75(4)
Cl16 C17A C18A 72(2)
C18 C19 C20 165.8(7)
Ci17ACl6 C1l7 C18

S1 N2
C22 C23
C21 C26
C23 C24
C23 C24
C24 C25
C25 C26
C21 C22

C15
C24
C25
C25
C27
C26
C21
C23

-73.8(14)
-155(4)
80.7(6)
-1.2(12)
2.4(10)
2.2(12)
-177.9(8)
-0.9(11)
-1.4(10)
-1.2(11)

C60
Co1l
Co1l
Co1l
013
014
014
014
014
014
C62
C62
C62
C62
C62
C63
C63
C63
C63
Co4
Co4
C65
C66
C67
C67
015
016
N5

N5

N5

C55
C58
014
014
C61
C62
C62
C62
C62
C62
C63
C63
C63
C63
C69
C62
C62
C62
Co4
C63
C67
Co4
Co4
015
015
C68
C68
C63
C63
C63

C56
C59
C62
C62
014
C63
C63
C69
C69
C69
Co4
Co4
Co4
N5

C70
C69
C69
C69
C67
N5

015
C67
C67
C68
C68
N5

N5

Co4
Co4
Co4

C57
C60
C63
C69
C62
Co4
N5

0.0
-178.3(16)
-119(3)
117(3)
13(5)
62(2)
-178(2)

C62A 33(6)

N6

C70
C65
C66
Ce7
C68
Cr1

62.7(14)
-61.8(14)
-74.3(17)
51.7(17)
169.3(14)
-150(4)
-54.7(13)

C62A -82(7)

N6

C70
015
C68
C68
015
015
016
N5

C63
C63
C65
C66
C67

-52.7(17)
-177.2(12)
-63.0(16)
-23(4)
44(3)
176.5(12)
58.4(15)
178(4)
-11(6)
1(7)
172(5)
166.5(16)
-67.5(18)
50.2(19)

Br3A C55A C56A C57A -178.9(8)
Br3A C55A C60A C59A 178.9(8)
C55A C56A C57A C58A 0.0
C56A C55A C60A C59A 0.0
C56A C57A C58A C59A 0.0
C56A C57A C58A C61A 177(2)
C57A C58A C59A C60A 0.0
C57A C58A C61A O13A -160(5)
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C27
Br2
Br2
C28
C29
C29
C29
C30
C30
C30
C31
C31
C31
C32
C32
C33
C34
C34
C34
C34
C34
o7

o7

08

08

08

08

C35
C35
C35
C35
C35

C24
C28
C28
C29
C28
C30
C30
C31
C31
C31
C32
C34
C34
C31
C31
C28
C31
08

08

08

08

C34
C34
C35
C35
C35
C35
08

08

C36
C36
C36

C25
C29
C33
C30
C33
C31
C31
C32
C34
C34
C33
08

08

C34
C34
C29
C32

C26
C30
C32
C31
C32
C32
C34
C33
o7

08

179.2(7)
-178.3(8)
178.3(8)
0.0

0.0

0.0
175.7(15)
0.0
-175.2(17)
4(2)
C28 0.0

C35 -177.8(10)
C34A 141(14)
07 1(3)
08 -179.8(12)
C30 0.0

C33 -175.8(14)
C35 C36 -132.2(14)
C35 C42 106.0(14)
C34A C31A -33(11)
C34A O7TA 149(15)
08 C35 2(3)

08  C34A -40(11)
C36 N3 178.4(5)
C36 C37 57.5(7)
C42 N4 55.4(6)
C42 C43 -66.2(6)
C34A C31A -174.3(13)
C34A O7A 7(3)

C37 C38 47.4(8)
C37 C39 -80.4(8)
C37 C40 167.1(6)
C35 C42 C43 Ca4 -167.47)
C35 C42 C43 C44A 180.0(7)
Br2A C28A C29A C30A -177.3(9)
Br2A C28A C33A C32A 177.3(9)
C28A C29A C30A C31A 0.0

C29A C28A C33A C32A 0.0
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C57A C58A C61A O14A 23(5)
C58A C59A CB0A C55A 0.0
C58A C61A O14A C62A -173(3)
C59A C58A C61A O13A 17(7)
C59A C58A C61A O14A -160(3)
C60A C55A C56A C57A 0.0
C61A C58A C59A C60A -177(2)
C61A O14A C62A C63A -129(4)
C61A O14A C62A C69 112(4)
O13A C61A O14A C62A 9(7)
O14A C62A C63A CB64A 56(3)
O14A C62A C63A N5A 174(3)
O14A C62A C69 C62 -145(8)
O14A C62A C69 N6  62(2)
O14A C62A C69 C70 -55(2)
C62A C63A C64A C65A -81(3)
C62A CB3A C64A CB6A 43(3)
C62A CB3A C64A C67A 164(2)
C62A C63A NSA C68A -134(6)
C62A C69 C70 C71 -69.1(16)
C63A C62A C69 C62 96(6)
C63A C62A C69 N6  -56.3(18)
C63A C62A C69 C70 -173.2(14)
C63A CB4A CB7A O15A -62(3)
C64A C63A NSA C68A -8(6)
C64A C67A O15A C68A 38(5)
C65A C64A CB7A O15A -180(2)
C66A C64A C67A O15A 60(2)
C67A O15A C68A O16A 167(6)
C67A O15A C68A N5A 1(8)
O15A C68A NSA C63A -18(10)
O16A C68A NSA C63A 179(7)
NSA C63A C64A C65A 160(3)
NSA C63A C64A C66A -76(3)
NSA C63A C64A C67A 45(3)

N6 C69 C62 127.4(9)
N6 C69 C62A 134.0(10)
N6 C69 C70 -106.3(7)



C29A C30A C31A C32A 0.0

C29A C30A C31A C34A 179.5(18)

C30A C31A C32A C33A 0.0
C30A C31A C34A 08

C30A C31A C34A OTA 171.4(18)

-7(3)

C31A C32A C33A C28A 0.0
C32A C31A C34A 08
C32A C31A C34A O7TA -9(3)
C33A C28A C29A C30A 0.0

C34A 08
C34A 08

S2
S2
S2
S2
011
011
011
012
012
012
N3
N3
N3
N4
N4
N4
N4
C36
C36
C36
C36
C36
C38
C39
C40

N4
N4
C48
C48
S2
S2
S2
S2
S2
S2
C36
C36
C36
S2
S2
C42
C42
C35
C35
N3
N3
C37
C37
C37
09

C35

C42
C42
C49
C53
N4

C48
C48
N4

C48
C48
C37
C37
C37
C48
C48
C43
C43
C42
C42
C41
C41
C40
C40
C40
C41

C36

C35
C43
C50
C52
C42
C49
C53
C42
C49
C53
C38
C39
C40
C49
C53
C44

172.2(14)

-125.8(15)
C35 C42 112.3(15)
C34A C31A C32A C33A -179.5(17)

110.8(5)
-127.6(5)
177.9(4)
-177.9(4)
-34.8(6)
-168.3(3)
9.6(4)
-164.6(5)
-38.4(4)
139.5(3)
-72.8(7)
159.5(6)
47.0(7)
73.8(4)
-108.3(4)
71.6(8)

C44A 59.0(8)

N4
C43
09
010
09
09
09
010

-61.3(7)
177.1(5)
-2.1(11)
178.3(7)
-62.7(8)
60.1(8)

179.3(6)
168.9(6)

S3 C75
S3  C75
017 S3
017 S3
017 S3
018 S3
018 S3
018 S3
N6 S3
N6 S3
N6  C69
C69 C62
C69 C62

C76 C77
C80 C79
N6  C69
Cr5 Ci76
C75 C80
N6  C69
Cr5 Ci76
C75 C80
Cr5 Ci76
C75 C80
C70 Cr71
C63 Co4
C63 NS

179.4(5)
-178.5(6)
-56.7(7)
10.7(7)
-170.4(6)
173.7(6)
141.8(6)
-39.3(7)
-105.6(6)
73.3(7)
178.4(7)
174.8(13)
-65(2)

C69 C62A C63A C64A 175.2(17)
C69 C62A C63A N5A -66(3)

C69 C70
C69 C70
C70 C71
C70 C71
Cr1 Ci2
Cr1 Ci2

Crl1 Ci2

-66.1(12)

C71 C72A -99(2)

Cr2 Ci3
C72A C73

-168.3(9)
158(2)

C73 C72A 65.8(16)

Cr3 Ci4

Cr1 C/2AC73 C72
Cr1 Cr2AC73 C74

Cr2 Ci71
C72A CT71
C75 S3

Cr75 C76
Cr6 C75
Cre Cir7
Cre Cir7
Crr Ci78
Ccr8 C79
C80 C75
C81 C78

CI7* Cl13 C7S

Cl132 CI7

C72A C73
Cr2 Ci3
N6  C69
Cr7 Ci78
C80 C79
cr8 C79
C78 (81
C79 (80
C80 C75
Cr6 C77
C79 (80
Cl14
C4S ClI8

-178.2(11)
-65.4(16)
-146(2)
65.5(16)
-65.7(16)
59.4(7)
-0.4(11)
0.3(11)
-0.6(11)
179.3(7)
1.5(11)
-1.4(11)
0.5(11)
-178.4(7)
173(5)
94(5)
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500

L X +Y,-1+Z; 24X ,+Y,1+Z

Table 8 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters (A2x10%)
for Schomaker19.

Atom X y z U(eq)
H2 7748 5182 -2442 41
H3A 7295 5287 -1041 39
H5B 6693 3424 -414 28
HG6A 7151 3321 -1819 32
H8 6354 4720 1765 28
H1 6210(20) 5740(30) 2540(30) 36
H2A 7780(20) 6190(30) 790(30) 31
H9 6294 5767 868 29
H11A 5755 5382 -589 56
H11B 5152 4671 -708 56
H11C 5857 4772 -554 56
H12A 5426 4006 826 58
H12B 4726 3929 731 58
H12C 5114 4171 1704 58
H13A 5178 5578 663 39
H13B 4589 4864 490 39
H15 7089 5737 2472 31
H16A 7339 4881 2322 44
H16B 7744 5226 1397 44
H16C 7550 5058 1432 44
H16D 8051 5678 1978 44
H17A 8495 6090 2284 42
H17B 8432 5433 2654 42
H18A 8524 6070 3929 42
H18B 7934 6145 3569 42
H19A 7746 4926 4135 38
H19B 7199 5116 3995 38
H20A 7677 5850 5316 66
H20B 8103 5518 5502 66
H20C 7336 5104 5592 66
H17C 8112 4951 2763 45

H17D 7361 4429 2647 45



H18C
H18D
H19C
H19D
H20D
H20E
H20F
H22
H23
H25
H26
H27A
H27B
H27C
H29
H30
H32
H33
H35
H29A
H30A
H32A
H33A
H3
H4
H36
H38A
H38B
H38C
H39A
H39B
H39C
H40A
H40B
H42
H43A
H43B
H43C

7441
7138
8033
8489
7596
8175
8324
8947
9804
8568
7700
9789
9816
10231
7985
8076
9823
9731
8866
8271
8239
9948
9980
8070(20)
7220(20)
7849
9606
9726
9494
8213
8850
8899
8121
8849
7828
8598
8171
8552

4762
5131
6092
5784
5487
6216
5639
7354
7916
7869
7273
8084
8732
8473
8819
8381
9961
10398
8214
9065
8507
10016
10573
7080(30)
7994(19)
7083
8103
7514
7602
7159
7134
7807
6263
6451
7789
8944
8979
8914

4175
3629
3771
3875
5336
5309
5411
1387
2434
4414
3399
4728
4380
3848
4371
5799
6245
4816
8524
4363
5736
6561
5188
9300(30)
7780(30)
7612
7448
7254
8273
6103
5845
6102
7132
6912
9311
9216
8380
9345
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H43D
H44A
H44B
H45A
H45B
H46A
H46B
H47A
H47B
H47C
H44C
H44D
H45C
H45D
H46C
H46D
H47D
HA4TE
H47F
H49

H50

H52

H53

H54A
H548
H54C
H56

H57

H59

H60

H62

H63

H65A
H658
H65C
HB6A
H668
H66C

8266
7297
7902
7587
8192
6893
7512
7117
7055
7751
7266
7842
7293
7294
8450
8357
7894
7603
8349
5969
5343
5750
6376
5306
4953
4676
4051
4670
3581
2962
5249
6365
5977
5856
5299
5155
5584
5769

9000
8641
9322
8141
8822
8529
9184
7948
8510
8594
8659
9338
8802
8162
9298
8593
8273
8746
9024
7771
7956
7014
6828
8067
7326
7547
5525
6019
6840
6346
7081
7641
8074
8658
7932
7997
8760
8409

8375
9445
9717
10629
10901
11124
11457
12250
12762
12569
9165
9505
10823
10519
11028
10914
12319
12301
12536
8285
9368
11384
10302
11387
11698
10838
1739
3082
3623
2280
5731
4492
3328
3559
3748
5457
5317
6115

43
42
42
37
37
37
37
69
69
69
o1
o1
46
46
54
54
91
91
91
53
64
56
50
104
104
104
34
34
34
34
32
30
62
62
62
60
60
60
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H67A
H67B
H5
H56A
H57A
H59A
HG60A
H62A
HG63A
H65D
H65E
H65F
H66D
H66E
H66F
H67C
H67D
H5A
H6
H69
HG69A
H70A
H70B
H71A
H71B
H71C
H71D
H72A
H72B
H72C
H72D
H73A
H73B
H73C
H73D
H74A
H74B
H74C

6965
6652
6467
4148
4730
3581
2999
5289
6428
6438
6167
5686
5381
5967
5613
7210
6945
6496
5670(30)
5836
5837
4707
5034
4430
4089
4623
4063
5113
4908
4947
4230
4096
3908
4324
3801
4861
4680
4165

8798
9234
7544
5579
6053
6808
6334
7147
7424
7946
8433
7685
8206
8820
8144
8614
9107
7516
5974(15)
6534
6588
5732
5484
6200
5435
6291
5610
6336
5592
5646
5077
6063
5323
6191
5467
6291
5552
5748

4351
4601
6229
1397
2776
3311
1931
5429
4350
2918
2861
3058
4271
4764
5305
4064
4010
6048
4400(50)
5967
5970
4897
5640
6141
6212
6373
6014
7329
7321
7331
7138
7911
7928
7816
8041
9048
9060
9403

42
42
36
34
34
34
34
34
41
134
134
134
98
98
98
73
73
36

40
40
53
53
65
65
65
65
52
52
52
52
75
75
75
75
103
103
103
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H76

H77

H79

H80

H81A
H81B
H81C
H1SA
H1SB
H2SA
H2SB
H3SA
H3SB
H4SA
H4SB
H5SA
H5SB
HG6SA
H6SB
H7SA
H7SB

6691
6320
5435
5827
5312
5382
5974
4100
3916
3984
3909
3968
4333
4480
3854
2398
2427
2389
2872
2638
3224

6106
5212
4048
4937
3569
3998
3913
4588
4360
3142
3454
3124
3890
3795
3093
3150
3008
2991
3097
2774
2661

TsHN HN

CsH14 :
p-BrPh

6826
7791
5558
4593
7044
7949
7621
4124
3054
6693
5740
6906
6859
6531
6604
2013
912

828

-16

323

584

38
43
50
48
75
75
75
113
113
75
75
87
87
87
87
87
87
87
87
87
87
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Confirming the Absolute Stereochemistry of Compound A2. The 4-bromophenyl ester of the

corresponding alcohol was prepared according to the following procedure and analyzed by X-ray

crystallography: the alcohol (13 mg, 1.0 equiv), N,N-dimethylaminopyridine (3 mg, 0.8 equiv),

4-bromobenzoic acid (20 mg, 3.0) and dicyclohexylcarbodiimide (24 mg, 3.6 equiv) were added

to a 10 ml flame-dried round bottomed flask with 1.2 ml dry dichloromethane and stirred 30

hours. Aqueous NH4Cl (1.2 ml) was then added and the organic and aqueous layers were
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separated. The aqueous layer was extracted three times with dichloromethane and the combined
organic layers were dried over Na,SO4 and concentrated in vacuo. The product was purified by
flash chromatography using a hexanes/EtOAc gradient and recrystallized by diffusion of hexanes
into a dichloromethane/Et,O solution of the product at room temperature to yield colorless

crystals.

Crystallographic Experimental Section

Data Collection

A colorless crystal with approximate dimensions 0.20 x 0.09 x 0.04 mm® was selected
under oil under ambient conditions and attached to the tip of a MiTeGen MicroMount©. The
crystal was mounted in a stream of cold nitrogen at 150(1) K and centered in the X-ray beam by
using a video camera.

The crystal evaluation and data collection were performed on a Bruker Quazar SMART
APEXI|I diffractometer with Mo K, (A = 0.71073 A) radiation and the diffractometer to crystal
distance of 4.96 cm.

The initial cell constants were obtained from three series of o scans at different starting
angles. Each series consisted of 12 frames collected at intervals of 0.5° in a 6° range about ®
with the exposure time of 10 seconds per frame. The reflections were successfully indexed by an
automated indexing routine built in the APEXII program suite. The final cell constants were
calculated from a set of 9973 strong reflections from the actual data collection.

The data were collected by using the full sphere data collection routine to survey the
reciprocal space to the extent of a full sphere to a resolution of 0.70 A. A total of 68821 data
were harvested by collecting 5 sets of frames with 0.5° scans in  and ¢ with exposure times of
30 sec per frame. These highly redundant datasets were corrected for Lorentz and polarization
effects. The absorption correction was based on fitting a function to the empirical transmission

surface as sampled by multiple equivalent measurements. [1]
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Structure Solution and Refinement

The systematic absences in the diffraction data and the E-statistics were uniquely
consistent for the space group C2/c that yielded chemically reasonable and computationally
stable results of refinement [2-4].

A successful solution by the direct methods provided most non-hydrogen atoms from the
E-map. The remaining non-hydrogen atoms were located in an alternating series of least-squares
cycles and difference Fourier maps. All non-hydrogen atoms were refined with anisotropic
displacement coefficients unless otherwise specified. All hydrogen atoms were included in the
structure factor calculation at idealized positions and were allowed to ride on the neighboring
atoms with relative isotropic displacement coefficients.

The lattice contains two diastereomers, RSS and SSR.

The Brl atoms is disordered over two position with the major component contribution of
81.6(4)%. The propyl group at C17 is disordered over two positions in a 60.4(2):39.6(2) ratio.
The methyl group of the major component is further disordered in a 37.2(2):23.2(2) ratio. The
disorder was modeled with constraints and restraints and atoms C18/C18a, C19/C19a,
C20/C20a/C20b were refined isotropically.

There was one peak of electron density in the unit cell void. It was modeled with an
idealized geometry as a 21.0(5)% occupied water molecule disordered over a crystallographic
two-fold axes. The water oxygen atom O7 was refined isotropically with a fixed displacement
parameter.

The final least-squares refinement of 356 parameters against 9219 data resulted in
residuals R (based on F? for 1>26) and WR (based on F? for all data) of 0.0422 and 0.1093,
respectively. The final difference Fourier map was featureless.
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Figure 1. A molecular drawing of Schomaker24 shown with 50% probability ellipsoids. All

aliphatic and aromatic H atoms and minor components of the disordered parts are omitted.
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Figure 1. A molecular drawing of Schomaker24 shown with 40% probability ellipsoids.
All H atoms are omitted but all disordered moieties are shown. Atoms C18 and C18a (and C19

and C19a) share the same sites which is indicated with “bands”.
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Table 1. Crystal data and structure refinement for schomaker24.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.0°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

schomaker24

C27 H3s Br N2 O S x 0.21 H20
599.30

150 K

0.71073 A

Monoclinic

C2lc

a=25.123(10) A [J=90°.
b =15.632(5) A [=122.18(2)°.
c=18.184(7) A [ =90°.
6044(4) A3

8

1.317 Mg/m3

1.470 mm-1
2497

0.2 x 0.09 x 0.04 mm3

1.617 to 30.549°.

-35<=h<=35, -22<=k<=22, -25<=I<=25
68821

9219 [R(int) = 0.0557]

99.7 %

Numerical with SADABS

0.6478 and 0.5701

Full-matrix least-squares on F2
9219/20/ 356

1.015
R1=0.0422, wR2 = 0.0978
R1=0.0702, wR2 = 0.1093

0.548 and -0.548 e.A-3
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
103)
for schomaker24. U(eq) is defined as one third of the trace of the orthogonalized U tensor.

X y z U(eq)
Br(1) 475(1) 1883(1) -203(1) 55(1)
Br(1A) 396(1) 1702(2) 15(2) 55(1)
S(1) 2127(1) 6273(1) 2310(1) 22(1)
0(1) 157(1) 5448(1) 1728(1) 29(1)
0(2) 1164(1) 5096(1) 2696(1) 20(1)
0O(3) 1694(1) 6187(1) 5537(1) 27(1)
O4) 2236(1) 7343(1) 5678(1) 34(1)
O(5) 2553(1) 6841(1) 2256(1) 30(1)
0O(6) 1585(1) 5957(1) 1528(1) 30(1)
N(1) 2070(2) 6404(1) 4640(1) 24(1)
N(2) 1888(1) 6758(1) 2861(1) 21(1)
C(@2) 504(1) 2788(1) 521(1) 33(1)
C(2) 38(1) 3402(1) 142(1) 31(1)
C@3) 77(1) 4102(1) 630(1) 25(1)
C(4) 577(1) 4186(1) 1490(1) 21(1)
C(5) 1033(1) 3548(1) 1861(1) 25(1)
C(6) 996(1) 2842(1) 1376(1) 31(1)
C(7) 598(1) 4972(1) 1967(1) 21(2)
C(8) 1227(1) 5842(1) 3219(1) 20(1)
C(9) 1810(1) 5626(1) 4118(1) 21(2)
C(10) 1709(1) 4978(1) 4671(1) 23(1)
C(11) 1318(1) 4195(1) 4174(1) 31(1)
C(12) 2357(1) 4671(1) 5418(1) 34(1)
C(13) 1359(1) 5438(1) 5028(1) 23(1)
C(14) 2005(1) 6666(1) 5286(1) 25(1)
C(15) 1273(1) 6646(1) 2764(1) 21(2)
C(16) 1093(1) 7474(1) 3034(1) 28(1)
C(@17) 1080(1) 8258(1) 2533(2) 42(1)
C(18) 974(2) 9071(2) 2931(3) 33(1)
C(19) 963(2) 9889(3) 2474(3) 55(1)
C(20) 891(4) 10707(5) 2777(6) 66(2)
C(18A) 974(2) 9071(2) 2931(3) 33(1)
C(19A) 963(2) 9889(3) 2474(3) 55(1)
C(20A) 440(5) 10038(7) 1599(6) 49(3)
C(18B) 842(3) 9079(3) 2590(5) 42(1)
C(19B) 864(4) 9814(4) 2079(5) 52(2)
C(20B) 648(5) 10622(6) 2241(7) 90(3)

C(21) 2583(1) 5399(1) 2949(1) 24(1)



C(22)
C(23)
C(24)
C(25)
C(26)
c(27)
0(7)

2425(1)
2784(1)
3298(1)
3452(1)
3100(1)
3682(2)

141(7)

4570(1)
3902(1)
4048(1)
4889(1)
5564(1)
3309(2)
2610(8)

2643(1)
3175(2)
4008(2)
4298(1)
3776(1)
4587(2)
2779(8)

29(1)
37(1)
41(1)
38(1)
31(1)
64(1)
100
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Table 3. Bond lengths [A] and angles [°] for schomaker24.

Br(1)-C(1)
Br(1A)-C(1)
S(1)-0(5)
S(1)-0(6)
S(1)-N(2)
S(1)-C(21)
0(1)-C(7)
0(2)-C(7)
0(2)-C(8)
0(3)-C(13)
0(3)-C(14)
O(4)-C(14)
N(1)-H(1)
N(1)-C(9)
N(1)-C(14)
N(2)-H(2)
N(2)-C(15)
C(1)-C(2)
C(1)-C(6)
C(2)-H(2A)
C(2)-C(3)
C(3)-H(3)
C(3)-C(4)
C(4)-C(5)
C(4)-C(7)
C(3)-H()
C(5)-C(6)
C(6)-H(6)
C(8)-H(8)
C(8)-C(9)
C(8)-C(15)
C(9)-H(9)
C(9)-C(10)
C(10)-C(11)
C(10)-C(12)

1.9067(19)
1.880(3)
1.4349(14)
1.4346(14)
1.6044(15)
1.7650(18)
1.207(2)
1.346(2)
1.4599(19)
1.451(2)
1.328(2)
1.233(2)
0.8800
1.464(2)
1.334(2)
0.8800
1.470(2)
1.382(3)
1.381(3)
0.9500
1.378(2)
0.9500
1.395(2)
1.393(2)
1.488(2)
0.9500
1.385(3)
0.9500
1.0000
1.544(2)
1.543(2)
1.0000
1.540(2)
1.529(2)
1.540(3)

C(10)-C(13)

C(11)-H(11A)
C(11)-H(11B)
C(11)-H(11C)
C(12)-H(12A)
C(12)-H(12B)
C(12)-H(12C)
C(13)-H(13A)
C(13)-H(13B)
C(15)-H(15)

C(15)-C(16)

C(16)-H(16A)
C(16)-H(16B)
C(16)-C(17)

C(17)-H(17A)
C(17)-H(17B)
C(17)-H(17C)
C(17)-H(17D)
C(17)-H(17E)
C(L7)-H(17F)
C(17)-C(18)

C(17)-C(18B)
C(18)-H(18A)
C(18)-H(18B)
C(18)-C(19)

C(19)-H(19A)
C(19)-H(19B)
C(19)-C(20)

C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)

C(20A)-H(20D)

C(20A)-H(20E)
C(20A)-H(20F)
C(18B)-H(18C)

1.521(2)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9900
0.9900
1.0000
1.537(2)
0.9900
0.9900
1.519(3)
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
1.555(4)
1.443(5)
0.9900
0.9900
1.518(4)
0.9900
0.9900
1.441(7)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9900



C(18B)-H(18D)
C(18B)-C(19B)
C(19B)-H(19E)
C(19B)-H(19F)
C(19B)-C(20B)
C(20B)-H(20G)
C(20B)-H(20H)
C(20B)-H(201)
C(21)-C(22)
C(21)-C(26)
C(22)-H(22)
C(22)-C(23)

0(5)-S(1)-N(2)
0(5)-S(1)-C(21)
0(6)-S(1)-0(5)
0(6)-S(1)-N(2)
0(6)-S(1)-C(21)
N(2)-S(1)-C(21)
C(7)-0(2)-C(8)
C(14)-O(3)-C(13)
C(9)-N(1)-H(1)
C(14)-N(1)-H(1)
C(14)-N(1)-C(9)
S(1)-N(2)-H(2)
C(15)-N(2)-S(1)
C(15)-N(2)-H(2)
C(2)-C(1)-Br(1)
C(2)-C(1)-Br(1A)
C(6)-C(1)-Br(1)
C(6)-C(1)-Br(1A)
C(6)-C(1)-C(2)
C(1)-C(2)-H(2A)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2A)
C(2)-C(3)-H(3)
C(2)-C(3)-C(4)
C(4)-C(3)-H(3)
C(3)-C(4)-C(7)
C(5)-C(4)-C(3)
C(5)-C(4)-C(7)
C(4)-C(5)-H(5)
C(6)-C(5)-C(4)
C(6)-C(5)-H(5)
C(1)-C(6)-C(5)
C(1)-C(6)-H(6)

0.9900
1.497(6)
0.9900
0.9900
1.464(8)
0.9800
0.9800
0.9800
1.382(2)
1.391(3)
0.9500
1.383(3)

106.98(8)
106.05(9)
119.66(9)
107.98(8)
109.02(9)
106.45(8)
116.54(13)
118.85(13)
116.4
116.4
127.22(14)
117.0
125.93(11)
117.0
117.46(14)
121.35(16)
120.32(15)
114.57(17)
122.12(17)
120.7
118.68(17)
120.7
119.7
120.62(17)
119.7
117.56(15)
119.48(15)
122.96(15)
119.9
120.28(16)
119.9
118.78(17)
120.6

C(23)-H(23)
C(23)-C(24)
C(24)-C(25)
C(24)-C(27)
C(25)-H(25)
C(25)-C(26)
C(26)-H(26)
C(27)-H(27A)
C(27)-H(27B)
C(27)-H(27C)
O(7)-H(7A)
0(7)-H(7B)

C(5)-C(6)-H(6)
0(1)-C(7)-0(2)
0(1)-C(7)-C(4)
0(2)-C(7)-C(4)
0(2)-C(8)-H(8)
0(2)-C(8)-C(9)
0(2)-C(8)-C(15)
C(9)-C(8)-H(®)
C(15)-C(8)-H(8)
C(15)-C(8)-C(9)
N(1)-C(9)-C(8)
N(1)-C(9)-H(9)
N(1)-C(9)-C(10)
C(8)-C(9)-H(9)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)
C(9)-C(10)-C(12)
C(11)-C(10)-C(9)
C(11)-C(10)-C(12)
C(13)-C(10)-C(9)
C(13)-C(10)-C(11)
C(13)-C(10)-C(12)
C(10)-C(11)-H(11A)
C(10)-C(11)-H(11B)
C(10)-C(11)-H(11C)
H(11A)-C(11)-H(11B)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)
C(10)-C(12)-H(12A)
C(10)-C(12)-H(12B)
C(10)-C(12)-H(12C)
H(12A)-C(12)-H(12B)
H(12A)-C(12)-H(12C)

0.9500
1.389(3)
1.392(3)
1.513(3)
0.9500
1.380(3)
0.9500
0.9800
0.9800
0.9800
0.9583
0.9580

120.6
123.52(15)
123.94(15)
112.54(14)
109.5
103.12(13)
108.26(12)
109.5
109.5
116.54(13)
110.38(14)
107.6
107.12(13)
107.6
116.27(14)
107.6
108.44(14)
114.68(14)
108.48(16)
107.52(14)
107.15(15)
110.57(15)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5



H(12B)-C(12)-H(12C)
0(3)-C(13)-C(10)
0(3)-C(13)-H(13A)
0(3)-C(13)-H(13B)
C(10)-C(13)-H(13A)
C(10)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
0(3)-C(14)-N(1)
0(4)-C(14)-0(3)
0(4)-C(14)-N(1)
N(2)-C(15)-C(8)
N(2)-C(15)-H(15)
N(2)-C(15)-C(16)
C(8)-C(15)-H(15)
C(16)-C(15)-C(8)
C(16)-C(15)-H(15)
C(15)-C(16)-H(16A)
C(15)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16A)
C(17)-C(16)-H(16B)
C(16)-C(17)-H(17A)
C(16)-C(17)-H(17B)
C(16)-C(17)-H(17C)
C(16)-C(17)-H(17D)
C(16)-C(17)-H(17E)
C(16)-C(17)-H(L7F)
C(16)-C(17)-C(18)
H(17A)-C(17)-H(17B)
H(17C)-C(17)-H(17D)
H(17E)-C(17)-H(17F)
C(18)-C(17)-H(17A)
C(18)-C(17)-H(17B)
C(18B)-C(17)-C(16)
C(18B)-C(17)-H(17E)
C(18B)-C(17)-H(17F)
C(17)-C(18)-H(18A)
C(17)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
C(19)-C(18)-C(17)
C(19)-C(18)-H(18A)
C(19)-C(18)-H(18B)
C(18)-C(19)-H(19A)
C(18)-C(19)-H(19B)
H(19A)-C(19)-H(19B)

109.5
112.55(14)
109.1
109.1
109.1
109.1
107.8
119.98(15)
117.77(15)
122.24(16)
114.05(14)
106.5
109.38(14)
106.5
113.24(14)
106.5
108.8
108.8
107.7
113.75(16)
108.8
108.8
109.8
109.8
109.8
109.8
106.5
106.5
109.5(2)
108.2
108.2
106.5
109.8
109.8
123.4(3)
106.5
106.5
109.0
109.0
107.8
113.0(3)
109.0
109.0
107.2
107.2
106.8

C(20)-C(19)-C(18)
C(20)-C(19)-H(19A)
C(20)-C(19)-H(19B)
C(19)-C(20)-H(20A)
C(19)-C(20)-H(20B)
C(19)-C(20)-H(20C)
H(20A)-C(20)-H(20B)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)

H(20D)-C(20A)-H(20E)
H(20D)-C(20A)-H(20F)

H(20E)-C(20A)-H(20F)
C(17)-C(18B)-H(18C)
C(17)-C(18B)-H(18D)
C(17)-C(18B)-C(19B)

H(18C)-C(18B)-H(18D)
C(19B)-C(18B)-H(18C)
C(19B)-C(18B)-H(18D)

C(18B)-C(19B)-H(19E)
C(18B)-C(19B)-H(19F)
H(19E)-C(19B)-H(19F)
C(20B)-C(19B)-C(18B)
C(20B)-C(19B)-H(19E)
C(20B)-C(19B)-H(19F)

C(19B)-C(20B)-H(20G)
C(19B)-C(20B)-H(20H)

C(19B)-C(20B)-H(201)

H(20G)-C(20B)-H(20H)

H(20G)-C(20B)-H(201)
H(20H)-C(20B)-H(201)
C(22)-C(21)-S(1)
C(22)-C(21)-C(26)
C(26)-C(21)-S(1)
C(21)-C(22)-H(22)
C(21)-C(22)-C(23)
C(23)-C(22)-H(22)
C(22)-C(23)-H(23)
C(22)-C(23)-C(24)
C(24)-C(23)-H(23)
C(23)-C(24)-C(25)
C(23)-C(24)-C(27)
C(25)-C(24)-C(27)
C(24)-C(25)-H(25)
C(26)-C(25)-C(24)
C(26)-C(25)-H(25)
C(21)-C(26)-H(26)
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120.5(5)
107.2
107.2
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
107.6
107.6
119.0(5)
107.0
107.6
107.6
108.9
108.9
107.7
113.5(7)
108.9
108.9
109.5
109.5
109.5
109.5
109.5
109.5
120.95(14)
120.83(17)
118.21(14)
1205
119.09(18)
1205
119.3
121.30(19)
119.3
118.52(19)
120.7(2)
120.8(2)
119.5
121.0(2)
119.5
120.4



C(25)-C(26)-C(21)
C(25)-C(26)-H(26)
C(24)-C(27)-H(27A)
C(24)-C(27)-H(27B)
C(24)-C(27)-H(27C)

119.24(18)

120.4
109.5
109.5
109.5

H(27A)-C(27)-H(27B)  109.5
H(27A)-C(27)-H(27C)  109.5
H(27B)-C(27)-H(27C)  109.5

H(7A)-O(7)-H(7B)

104.4

Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters (A2x 103) for schomaker24. The anisotropic
displacement factor exponent takes the form: -202[ h2 a*2Ull + | +2hka*b*U12]
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ull u22 u33 u23 ul3 ul2
Br(1) 48(1) 52(1) 39(1) -26(1) 6(1) 15(1)
Br(1A) 48(1) 52(1) 39(1) -26(1) 6(1) 15(1)
S(1) 31(2) 19(1) 19(1) -3(2) 15(1) -3(2)
0(1) 23(1) 31(2) 25(1) -8(2) 7(1) 1(1)
0(2) 21(2) 19(1) 16(1) -4(1) 6(1) -2(2)
0®3) 33(2) 31(2) 20(2) -8(2) 15(1) -12(1)
04 43(1) 35(1) 23(1) -14(1) 18(1) -19(1)
0(5) 41(1) 25(1) 36(1) 0(1) 28(1) -3(2)
0(6) 38(1) 30(2) 17(1) -7(2) 13(1) -2(2)
N(1) 28(1) 26(1) 16(1) -4(1) 11(1) -11(1)
N(2) 24(1) 20(2) 17(1) -6(1) 10(1) -4(1)
C(2) 30(2) 29(1) 31(2) -13(1) 10(1) 1(1)
C(2) 27(1) 34(1) 22(1) -9() 5(1) 0(1)
C(3) 23(1) 25(1) 20(2) -1(2) 7(1) 2(1)
C(4) 22(1) 21(1) 18(1) -4(1) 9(1) -4(1)
C(5) 23(1) 24(1) 21(1) -2(2) 6(1) -2(2)
C(6) 26(1) 26(1) 30(2) -3(2) 7(1) 3(1)
C(7) 22(1) 23(1) 16(1) -2(2) 8(1) -4(1)
C(8) 23(1) 20(2) 15(1) -4(1) 9(1) -3(2)
C(9) 22(1) 22(1) 15(1) -2(2) 8(1) -4(1)
C(10) 241 23(1) 18(1) 2(1) 9(1) -2(2)
C(11) 440 21(2) 30(2) -1(2) 22(1) -7(2)
C(12) 30(2) 41(1) 27(1) 12(1) 12(1) 7(1)
C(13) 25(1) 24(1) 17(1) -2(2) 10(1) -7(2)
C(14) 25(2) 31(1) 15(2) -4(1) 8(1) -8(1)
C(15) 22(1) 21(2) 17(1) -2(2) 8(1) -1(2)
C(16) 28(2) 22(1) 35(1) -1(1) 16(1) 3(1)
C(17) 541 25(1) 38(1) 6(1) 17(1) 5(1)
C(21) 28(2) 19(2) 28(1) -1(1) 17(1) 0(1)
C(22) 34(1) 22(1) 32(1) -5(2) 18(1) -3(2)
C(23) 43(2) 19(2) 52(1) -4(1) 27(1) -1(1)



C(24)
C(25)
C(26)
c(27)

39(1)
32(1)
31(1)
63(2)

29(1)
35(1)
23(1)
37(1)

53(1)
38(1)
34(1)
75(2)

7(1)
2(1)
-4(1)
16(1)

24(1)
12(1)
14(1)
25(2)

8(1)
2(1)
-3(1)
20(1)
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10 3)
for schomaker24.

X y z U(eq)
H(1) 2293 6734 4513 28
H(2) 2150 7124 3257 25
H(2A) -303 3344 -443 37
H(3) -239 4530 379 30
H(5) 1370 3597 2449 30
H(6) 1304 2402 1628 37
H(8) 849 5887 3265 24
H(9) 2137 5384 4022 25
H(11A) 1520 3895 3912 46
H(11B) 895 4378 3715 46
H(11C) 1287 3809 4574 46
H(12A) 2601 5162 5774 51
H(12B) 2582 4396 5177 51
H(12C) 2302 4260 5779 51
H(13A) 940 5614 4537 27
H(13B) 1295 5037 5395 27
H(15) 959 6570 2128 25
H(16A) 672 7399 2949 34
H(16B) 1397 7573 3662 34
H(17A) 738 8203 1915 51
H(17B) 1484 8307 2561 51
H(17C) 738 8203 1915 51
H(17D) 1484 8307 2561 51
H(17E) 1519 8355 2692 51
H(17F) 839 8096 1911 51
H(18A) 570 9014 2900 39
H(18B) 1313 9111 3552 39
H(19A) 1360 9910 2482 66
H(19B) 617 9834 1858 66
H(20A) 863 11158 2383 99
H(20B) 1255 10815 3362 99



H(20C)
H(19C)
H(19D)
H(20D)
H(20E)
H(20F)
H(18C)
H(18D)
H(19E)
H(19F)
H(20G)
H(20H)
H(20I)
H(22)
H(23)
H(25)
H(26)
H(27A)
H(27B)
H(27C)
H(7A)
H(7B)

507
983
1353
468
452
44
1077
398
1301
598
190
843
767
2074
2677
3805
3210
4105
3478
3710
94
310

10705
10376
9905
9646
10630
9938
9249
8998
9887
9677
10662
11101
10644
4462
3331
4999
6136
3327
21768
3354
2292
2205

2791 99
2836 66
2463 66
1200 73
1432 73
1572 73
3209 o1
2411 51
2226 62
1452 62
1860 134
2123 134
2849 134
2075 35
2967 44
4863 46
3979 37
4685 97
4305 97
5144 97
2298 150
3247 150
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Table 6. Torsion angles [°] for schomaker24.

Br(1)-C(1)-C(2)-C(3)
Br(1)-C(1)-C(6)-C(5)
Br(1A)-C(1)-C(2)-C(3)
Br(1A)-C(1)-C(6)-C(5)
S(1)-N(2)-C(15)-C(8)
S(1)-N(2)-C(15)-C(16)
S(1)-C(21)-C(22)-C(23)
S(1)-C(21)-C(26)-C(25)
0(2)-C(8)-C(9)-N(1)
0(2)-C(8)-C(9)-C(10)
0(2)-C(8)-C(15)-N(2)
0(2)-C(8)-C(15)-C(16)
0(5)-S(1)-N(2)-C(15)
0(5)-S(1)-C(21)-C(22)
0(5)-S(1)-C(21)-C(26)
0(6)-S(1)-N(2)-C(15)
0(6)-S(1)-C(21)-C(22)
0(6)-S(1)-C(21)-C(26)
N(1)-C(9)-C(10)-C(11)

-174.51(16)

174.23(16)
165.0(2)
-166.2(2)
79.98(17)

-152.07(13)
-177.96(15)

177.87(16)
160.83(12)
-76.93(17)
-75.76(16)
158.29(14)
149.96(14)

-125.22(15)

56.09(16)
19.95(16)
4.85(18)

-173.84(14)

168.11(15)

N(1)-C(9)-C(10)-C(12)
N(1)-C(9)-C(10)-C(13)
N(2)-S(1)-C(21)-C(22)
N(2)-S(1)-C(21)-C(26)
N(2)-C(15)-C(16)-C(17)
C(1)-C(2)-C(3)-C(4)
C(2)-C(1)-C(6)-C(5)
C(2)-C(3)-C(4)-C(5)
C(2)-C(3)-C(4)-C(7)
C(3)-C(4)-C(5)-C(6)
C(3)-C(4)-C(1)-O(1)
C(3)-C(4)-C(N)-O(2)
C(4)-C(5)-C(6)-C(1)
C(5)-C(4)-C(N-O(1)
C(5)-C(4)-C(1)-O(2)
C(6)-C(1)-C(2)-C(3)
C(7)-0(2)-C(8)-C(9)
C(7)-0(2)-C(8)-C(15)
C(7)-C(4)-C(5)-C(6)

-70.50(18)
49.08(17)
121.09(15)
-57.60(17)
56.7(2)
-0.1(3)
-2.0(3)
-1.3(3)
178.15(17)
1.2(3)
15.5(3)

-164.33(15)

0.5(3)

-165.02(18)

15.1(2)
1.8(3)
160.13(13)
-75.81(17)

-178.31(17)



C(8)-0(2)-C(7)-0(1)
C(8)-0(2)-C(7)-C(4)
C(8)-C(9)-C(10)-C(11)
C(8)-C(9)-C(10)-C(12)
C(8)-C(9)-C(10)-C(13)
C(8)-C(15)-C(16)-C(17)
C(9)-N(1)-C(14)-0(3)
C(9)-N(1)-C(14)-O(4)
C(9)-C(8)-C(15)-N(2)
C(9)-C(8)-C(15)-C(16)
C(9)-C(10)-C(13)-0(3)
C(11)-C(10)-C(13)-0(3)
C(12)-C(10)-C(13)-0(3)
C(13)-0(3)-C(14)-0(4)
C(13)-0(3)-C(14)-N(1)
C(14)-0(3)-C(13)-C(10)
C(14)-N(1)-C(9)-C(8)
C(14)-N(1)-C(9)-C(10)
C(15)-C(8)-C(9)-N(1)
C(15)-C(8)-C(9)-C(10)
C(15)-C(16)-C(17)-C(18)

C(15)-C(16)-C(17)-C(18B)

C(16)-C(17)-C(18)-C(19)

C(16)-C(17)-C(18B)-C(19B)

C(17)-C(18)-C(19)-C(20)

1.5(2)

-178.67(13)

44.2(2)
165.56(15)
-74.87(17)

-174.89(16)

2.4(3)

-178.80(17)

39.83(19)
-86.11(18)
-57.79(17)
178.46(13)
60.42(19)
173.25(16)
-7.9(2)
37.1(2)
102.61(19)
-24.9(2)
42.40(19)
164.64(14)
-173.2(2)
171.2(4)
179.3(3)
178.8(5)
-177.8(5)

C(17)-C(18B)-C(19B)-C(20B) -176.0(7)

C(18)-C(17)-C(18B)-C(19B)
C(18B)-C(17)-C(18)-C(19)

C(21)-S(1)-N(2)-C(15)

C(21)-C(22)-C(23)-C(24)
C(22)-C(21)-C(26)-C(25)
C(22)-C(23)-C(24)-C(25)
C(22)-C(23)-C(24)-C(27)
C(23)-C(24)-C(25)-C(26)
C(24)-C(25)-C(26)-C(21)
C(26)-C(21)-C(22)-C(23)
C(27)-C(24)-C(25)-C(26)

129.9(13)
-42.5(9)
-96.99(15)
0.2(3)
-0.8(3)
-0.9(3)
179.3(2)
0.7(3)
0.1(3)
0.7(3)
-179.4(2)

Symmetry transformations used to generate
equivalent atoms: #1 -x+1/2,-y+3/2,-z+1
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Table 7. Hydrogen bonds for schomaker24 [A and °].
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D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
N(1)-H(1)...0(4)#1 0.88 2.01 2.880(2) 169.7
N(2)-H(2)...0(4)#1 0.88 1.91 2.766(2) 164.3

Symmetry transformations used to generate equivalent atoms:
#1 -x+1/2,-y+3/2,-z+1
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Appendix C. Select HPLC Traces for Enantioselective Aziridination.
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Compound S6.1 racemate.

5/9/2015 19:34:51 1 /1

==== Shimadzu LCsolutionAnalysis Report ====

C:\LabSolutions\Data\Cale\cdw4198g.Icd

Acquired by : Admin
Sample Name : cdw4198
Sample ID :
Tray# 1
Vail # 19
Injection Volume clul
Data File Name cdw4198g.lcd
Method File Name : ROalkyliodide lom
Batch File Name : cdw4198i.lcb
Report File Name : Default.lcr
Data Acquired . 4/23/2013 2:47:19 PM
Data Processed 1 4/23/2013 3:02:20 PM
<Chromatogram>
C:\LabSolutions\Data\Cale\cdw4198g.Icd
mV
2 o Det.A Ch1
© 2
o
10.0+ i
7.5+ \
l \
\ A
50 / [\
fo\ / \\
)N .
2.5 T
L B T I T B R A e e B S 0 H e e
8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.6 12.0
min
mV
] & 5 Det. A Ch2)
7.5+ /E /[N
5.0 / X /’ §
2.5+ / /
0.0 / \ / \&_L\v_
) T —
i s e i B i s R R A S
8.0 8.5 9.0 9.5 10.0 10.5 11.0 1.5 12.0
min i

1 Det.ACh1/260nm
2 Det.ACh2/255nm



Compound S6.1 enantioenriched.

Acquired by
Sample Name
Sample ID

Tray#

Vail #

Injection Volume
Data File Name
Method File Name
Batch File Name
Report File Name
Data Acquired
Data Processed

C:\LabSolutions\Data\Cale\8075_cdw8094_3.Icd
:Admin
: cdw8094

1

12

:5ub

1 8075_cdw8094_3.lcd
: ROalkyliodide.lcm

1 8075.1cb

: Default.lcr
:3/18/2015 7:35:24 PM
1 5/9/2015 7:45:52 PM
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5/9/2015 19:48:49 1 / 1

<Chromatogram>
C:\LabSolutions\Data\Cale\8075_cdw8094_3.lcd
mV
< Det.ACht
) N
75+ / :
50-] | \
] |
25~ / \ 2
| / 8
El
N o B
[o O ~ T/ J/T ——
) T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
8.0 8.5 9.0 9.5 10.0 10.5 11‘.0 "5 12.0
min
mV
1 & Det.ACh2
75+ =
50 )
] - .
i / \ >
26 \ A
~ I g
0 MV,//\ _— x i) 4,_1\/ ]
L T T L T T | T T
8.0 8.5 9.0 9.5 10.0 105 1.0 1.5 12.0
min

1 Det.A Ch1/260nm
2 Det.A Ch2/255nm

Compound S6.2 racemate.
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5/9/2015 19:561:43 1 /1

==== Shimadzu LCsolution Analysis Report ====

C:\LabSolutions\Data\Cale\mdf1069b.lcd

Acquired by - Admin
Sample Name : mdf1069
Sample ID ;
Tray# ]
Vail # 137
Injection Volume 1ul
Data File Name : mdf1069b.lcd
Method File Name : ROalkyliodide.lcm
Baltch File Name : mdftrans.Icb
Report File Name : Default.lcr
Data Acquired : 5/16/2013 2:35:48 PM
Data Processed 1 5/16/2013 2:49:50 PM
<Chromatogram>
C:\LabSolutions\Data\Cale\mdf1069b.lcd
mV
o 3 5 Det. A Ch1
] ne <
15+ / '
10 \ \
5 \ \
1 \_ o\
1 J 4 / \
1 T =
o,
1 o o o T T T T T T T T T R [ T T = I’ ey ™ T T T T T T T T e
9.0 9.5 10.0 10.5 11.0 1.5 12.0 12.5 13.0
min
mVv
15—_ PE & Det.A Chi
] / 1 §
10 [ _
& \ \
\ \\
: ' 1
0_ ‘.lr_% S = = T
LI T | R PR L T LA N S e LI FRULCR S S T P L S P O B B |
9.0 9.5 10.0 10.5 1.0 1.5 12.0 12.5 13.0
min

1 Det.ACh1/260nm
2 Det.A Ch2/255nm

Compound S6.2 enantioenriched.




Acquired by
Sample Name
Sample ID

Tray#

Vail #

Injection Volume
Data File Name
Method File Name
Batch File Name
Report File Name
Data Acquired
Data Processed

C:\LabSolutions\Data\Cale\8075_cdw8093_2.lcd

- Admin
: cdw8093

1

1

:5uL

: 8075_cdw8093_2.Icd
: ROalkyliodide.lcm

: 8075.Icb

: Default.lcr

1 3/18/2015 7:20:59 PM
: 3/18/2015 7:35:01 PM

5/9/2015 19:63:56 1/ 1

<Chromatogram>
C:\LabSolutions\Data\Cale\8075_cdw8093_2.Icd
mV
1 E Det.A Ch1
i >
300 /
200 / \
1 =3
‘ I\ :
100+ ~
: [\ 3
ﬁ / k_b <
—7 T T
— T — — T T
9.0 9.5 10.0 10.5 11.0 11.5 12.0 12.5 13.0
min
mV
. 2 Det.A Ch2|
) (]
(=23
300 /
200+ /
4 &
100 / o
©
/ :
e T o = T L s T "
9.0 9.5 10.0 10.5 11.0 1.5 12.0 125 13.0
min

1 Det.A Ch1/260nm
2 Det.A Ch2/255nm
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