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ABSTRACT
THE DEVELOPMENT OF A NOVEL ASYMMETRIC HALOLACTONIZATION
AND THE INVESTIGATION OF PEPTIDIC LIGANDS FOR OSMIUM
TETROXIDE MEDIATED TRANSFORMATIONS
By
Daniel Charles Whitehead

The work presented in this thesis includes the development of two novel
approaches towards the development of an organocatalytic asymmetric
halolactonization reaction of alkenoic acid starting materials. The first approach
(Chapter 2) focused on a combinatorial strategy whereby a number of peptide-
based bromoiodinane catalysts were prepared and screened as effective
catalysts for a novel bromolactonization of 4-phenylpentenoic acid. The optimal
catalyst system returned the desired chiral bromo-d-lactone in up to 15% ee
when employed in 0.1 equivalents and 24% ee when employed in 1.11
equivalents.

On addressing the limitations of this first generation approach, an
analogous asymmetric chlorolactonization was developed, employing a Cinchona
alkaloid-based organocatalyst and N-chlorinated hydantoins as the terminal
chlorenium source (Chapter 3). This second generation strategy returned the
desired chloro-4-lactones in good yield in up to 90% ee. A limited substrate
scope of several 4-substituted pentenoic acids was conducted. Additionally,
some initial mechanistic studies were conducted.

Furthermore, an operationally simple and expedient preparation of N-

chlorohydantoins was borne out of the chlorolactonization strategy.



Trichloroisocyanuric acid (TCCA) was found to promote the chlorination of
various hydantoins (Chapter 4). Ten examples were prepared including three of
the first known examples of chiral N-chlorohydantoins. Additionally, a
compendium of hitherto scarce physical data was assembled for these
compounds.

Chapter 5 describes efforts aimed at developing peptidic ligands for
osmium tetroxide. A number of peptide B-turn sequences were prepared and
screened as competent ligands for the asymmetric dihydroxlyation of a-
methyistyrene. The peptides were screened under three separate co-oxidant
systems, returning the desired glycol in excellent yields as the racemate.

Chapter 6 describes the extension of the oxidative cleavage of olefins with
osmium tetroxide and oxone to include alternate osmium sources. Osmium
trichloride, potassium osmate, polymer-bound osmium tetroxide, and OsEnCat
proved effective in promoting the oxidative cleavage of a number of olefinic

starting materials. Additionally, the ability to recycle OsEnCat was investigated.
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Chapter 1: A Brief Overview of Asymmetric Organocatalysis
1.1: Introduction

Asymmetric organocatalysis might be broadly defined as any
transformation that is accelerated by the presence of a substoichiometric amount
of a chiral small molecule promoter that is composed mainly of carbon, hydrogen,
nitrogen, sulfur, or phosphorus. As opposed to transition metal-mediated
transformations, the catalytic activity of organocatalysts is not dependent upon
the presence of metal atoms to carry out the reaction.

Most, although not all, organocatalytic transformations can be roughly
divided into two broad mechanistic manifolds, covalent or non-covalent
catalysis." Covalent catalysis proceeds by the formation of a covalent complex
between a substrate or reagent and the organocatalyst, which on collapse effects
the particular transformation in an asymmetric fashion. Scheme I-1 indicates
three such interactions. Equation 1 depicts the covalent activation of acetone (I-
2) by action of proline (I-1), so generating the activated enamine nucleophile 1-3
as popularized by Barbas and List.2® In contrast, equation 2 and 3 indicate the
generation of chiral electrophiles by action of covalent catalysis. MacMillan’s
imidazolidinone catalyst of general type 1-4, on reaction with a,p-unsaturated
ketone I-5 generates the activated, chiral iminium ion 1-6 (equation 3).87
Alternatively, alkyl histidine containing peptides (I-7) popularized by Miller and
co-workers participate in covalent catalysis by activating a reagent (in lieu of the

substrate), thus generating the chiral acyl transfer catalyst 1-9.%"



Scheme I-1. Covalent asymmetric organocatalysis.
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In addition to covalent catalysis, there are also a number of
organocatalytic transformations that allow for asymmetric induction by non-
covalent catalysis. Two examples are depicted in Scheme |-2. Thiourea
catalysts 1-10, popularized by Jacobsen and co-workers, activate various
carbonyl-derived electrophiles by acting as hydrogen bond donors, in lieu of
activation by the formation of covalent bonds.'?"® The chiral H-bond governed
complexes |-12 serve to activate the electrophile, while shielding one prochiral
face, allowing for asymmetric induction on interaction with an achiral nucleophile.
Similarly, chiral phase transfer catalysts (PTCs) such as the alkylated

cinchonidine derivative I-13 developed by O’Donnell, govern the asymmetric



induction of various alkylation reactions by the formation of chiral ion pairs like

complex 1-15."

Scheme I-2. Non-covalent organocatalysis.
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The majority of known asymmetric organocatalytic processes fit into one
of these two catalytic domains. In each case, these two broad mechanistic
considerations have paved the way for new, yet still related modes of catalysis.
For example, MacMillan and co-workers have recently extended their iminium
catalysis framework (I-6, Scheme 1, eq. 2), to include SOMO activation (i.e.
singly occupied molecular orbital activation in lieu of LUMO activation).'>"’
Similarly, the Jacobsen group has recently introduced a new activation mode
employing their thiourea catalysts (I-10) using chiral counterion catalysis.'®

Although reported as early as 1912, organocatalysis has only been a
defined, active area of research since the late 1990s. Currently, however, the
field is burgeoning, with at least 1500 manuscripts detailing over one hundred

distinct transformations appearing in the relatively short period between 1998



and 2008.” Given the abundance of examples in the field, an exhaustive review
of the prior art is beyond the scope of this chapter. In addition, a number of
excellent and thorough books' and reviews?#57:9.10.1220-26 hayg recently
appeared. The reader is directed to these publications in the event that the
treatment herein is found lacking in certain areas. In the interest of brevity, the
salient features of several of the most popular organocatalysts are illustrated with
only a relatively few examples. In some cases, only seminal disclosures are
illustrated as an overall paradigm for a particular set of organocatalysts, while in
other cases the author has deferred to personal favorites within a particular
subset of catalysts. Within this particular context, added emphasis has been
placed on the most closely related catalyst systems to the ones developed during
the course of the work described in this thesis (e.g. peptide and Cinchona
alkaloid catalysis). As a trade-off, certain organocatalytic scaffolds will not be
discussed, most notably the asymmetric epoxidation catalysts developed by Shi?’
and Yang,? as well as the planar DMAP catalysts developed by Fu and co-
workers.?® While not discussed herein, their contribution to the field of

organocatalysis certainly warrants their mention.

1.2.1: Proline Enamine Catalysis

Since the very early days of organocatalysis, proline (I-1) has undoubtedly
emerged as one of the most versatile catalyst scaffolds.**?? In 1971, two
research groups independently reported that proline promoted an asymmetric

cyclization of various di- and tri-ketones (e.g. I-16). The so-called Hajos-Parrish-



Eder-Sauer-Wiechert protocol**?"

returned bicylic diketones like I-17 in high yield
and enantiomeric excess (Scheme I-3, eq. 1). Interestingly, however, the broad
applicability of this strategy to more general intermolecular aldol condensations
did not emerge for another thirty years. In 2000, the analogous intermolecular
asymmetric aldol reaction mediated by proline was reported by List, Lerner, and
Barbas (Scheme I-3, eq. 2).3 In this seminal report, acetone underwent the aldol
condensation with several aryl and alkyl aldehyde acceptors on activation with 30
mol% of proline. Aldol adducts such as I-19 were generated in yields ranging
from 54 to 97% with enantioselectivities ranging from 60 to 96%. The
transformation is proposed to proceed via a closed transition state organized by
the proline carboxylic acid (see 1-20). The crucial hydrogen bond between the

aldehyde acceptor and the carboxylic acid proton serves to properly orient and

activate the aldehyde for attack by the enamine nucleophile.*



Scheme I-3. Proline catalyzed intra and intermolecular asymmetric aldol reactions.
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Since the initial disclosure by List, Lerner, and Barbas, a veritable
explosion of research by numerous groups has followed, resulting in the
application of the generalized approach to asymmetric transformations by
enamine catalysis to a number of organic transformations. Furthermore a
number of proline derivatives and analogs have been prepared and applied in
enamine based asymmetric processes. Figure |-1 indicates a few of the various
structural perturbations of the scaffold.

In addition to the expansion of the asymmetric inter and intramolecular
aldol reaction,? proline based catalysts have been employed subsequently in
related transformations such as the asymmetric Mannich and Michael reactions.*

Important strides have been made in applying both ketones and aldehydes as



enamine precursors, as well as applying a range of enamine acceptors including
aldehydes, ketones, aldimines, ketimines, a,f-unsaturated carbonyl compounds,
nitro-olefins, and vinyl sulfones.*#%

In addition to extensions of aldol-like processes, the asymmetric enamine
catalysis afforded by proline and derivatives/analogues thereof has also been
applied to various other asymmetric a-substitution reactions. List and co-workers
have reported the asymmetric intermolecular a-alkylation of aldehydes.*3*3
Additionally, a number of hetero-atom functional groups can be installed in an
asymmetric fashion using proline-based catalysts. Such transformations include
a-amination, a-aminoxylation, a-sulfenylation, a-selenylation, and various a-
halogenations.“'23 Subsequently, Jergensen and co-workers have extended the

enamine promoted heterofuntionalization to the installation of amino moieties at

the y-position by the generation of a vinylogous enamine.**



Figure I-1. Various proline-like catalysts for asymmetric enamine catalysis.
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1.2.2: Imidazolidinone Iminium Catalysts

Contemporary with the advent of asymmetric enamine catalysis, the
MacMillan group introduced a novel imidazolidinone catalyst scaffold that has
subsequently found application in a number of asymmetric transformations.5’
The hallmark of these catalysts (e.g. I-4, Scheme 1-4) is their ability to form
reactive iminium ion intermediates (1-6), thus lowering the energy level of the
LUMO of the electrophilic component of the reaction similar to Lewis acid

activation (cf. I-35).



Scheme I-4. Lewis acid-like activation by imidazolidinone iminium catalysis.
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From the outset these catalysts were exquisitely designed such that
groups at the R® position (gem-dimethyl in 1-36 and fert-buty! in 1-37) would favor
the generation of a particular, defined iminium geometry. In practice, the E-
iminium geometry depicted in 1-6 is favored in order to minimize non-bonding
interactions between the substrate olefin and the gem-dimethyl (1-36) or fert-butyl
moiety (I-37). Distal to the R® position is the stereodefining R' group (benzyl for
both I-36 and 1-37). The projection of this group over one enantioface (Si face in
1-6) of the substrate olefin directs the introduction of the incoming nucleophile
from the more accessible Re face in a stereocontrolled fashion.

Two illustrative examples of iminium catalysis are described below in
Scheme I-5. In their seminal disclosure, the MacMillan group applied catalyst I-
36 to effect the iminium catalyzed Diels-Alder cyclization of a,f-unsaturated

aldehydes with assorted dienes (eq. 1). For example, on treatment of 1,3-

-



cyclohexadiene and acrolein with 0.05 equiv. of catalyst 1-36, the chiral bicyclic
adduct 1-40 was returned in an 82% yield (14:1 endo/exo selectivity) with 94%
ee.5% Subsequently the same group extended the methodology to include the
use of a,f-unsaturated ketone dienophiles by employing the perchlorate salt of |-
41.% Later, catalyst I-37 was utilized as the catalyst for several intramolecular
Diels-Alder applications.*® Additionally, iminium catalysts were applied in 1,3-
dipolar cycloadditions between a,B-unsaturated aldehydes and nitrones
(MacMillan)* and the [4+3] cycloaddition of dienes with silyloxypentadienals

(Harmata).*°

Scheme I-5. Select examples of asymmetric iminium catalysis.
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In addition to cycloadditions, iminium catalysis has also been exceptionally
useful in promoting various 1,4 additions to a,f-unsaturated aldehydes and

ketones.® The first examples of iminium catalyzed 1,4-additions were

10



demonstrated by Taguchi*' and later Hanessian*? with proline. Subsequently the
MacMillan group applied iminium catalysis to various 1,4-addition reactions
including the asymmetric Friedel-Crafts alkylation of unsaturated aldehydes with
pyrroles,*®® indoles,* anilines,*® and siloxyfurans.*® Additionally, the Jergensen
group has pioneered several Michael addition reactions catalyzed by iminium
catalyst 1-42 and analogues thereof.*’*' Scheme I-5, eq. 2 illustrates one such
example where the Michael addition of dibenzyl malonate 1-44 to a,p-unsaturated
ketone 143 is promoted by iminium organocatalyst 1-42.%° In the event, Michael
adduct 145 is returned in 86% yield and 99% ee.

Although cycloadditions and 1,4-additions are by far the most prevalent
examples, iminium catalysts have also been employed in various other
applications including transfer hydrogenations®? and several cascade
processes.’>** Finally, the design principles of the iminium catalysts described
above have been extended to include an entirely new activation mode, SOMO

catalysis.'>"’

1.2.3: Peptide-Mediated Nucleophilic Asymmetric Organocatalysis

Short peptide sequences have been a fertile source of highly effective
catalysts for asymmetric group transfer reactions (i.e. acylation, phosphorlyation,
etc.).®"" Unlike other organocatalytic scaffolds, peptide-based catalysts are
typically discovered and optimized through a randomized, combinatorial
approach.”® Peptides are ideally suited for such an approach owing to their facile

preparation by well-established solid-phase peptide synthesis (Fmoc SPPS).%
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Additionally the subsequent development of split-and-pool synthesis®*° and

various methods for the rapid assay® of large catalyst libraries has allowed for
the processing of literally thousands of potential catalysts at once.

The Miller group has developed as series of highly selective p-turn®'®
peptide catalysts for various asymmetric organocatalytic transformations.®"!
Their initial efforts were focused on the generation of g-hairpin peptides équipped
with an N-terminal nucleophilic N-alkyl histidine (e.g. 1-47) for the kinetic

resolution of various amino alcohols such as 1-46 by catalytic acyl transfer

(Scheme 1-6).8%™

Scheme I-6. Miller's organocatalytic acylation.

HO NHAC 4702eq) AQ_ NHAC HQ  NHAc
—_— +
O Ac,0, PhMe <:§ O
) l-48 149
1-46 Ky =51
! OMe  --===------s---ese--
O i-Bu ; :
')L }\‘(N\)\N)\« E o) NHBoc :
i-Pr E RN E
e oL N-Me!
C JH/ \n/\ )kr\r:joc L 0N |
i-Pr O ; :
N ' 1-9 ;
-47 /NJ .....................

Catalyst 1-47 was the culmination of the combinatorial preparation of a
number of N-methyl hisitidine peptides designed around the well-known D-Pro-
Gly® 7 g-turn sequence. Their efforts in this regard were greatly accelerated by

the development of a fluorescent-based screening approach, allowing for the on-

12



bead evaluation of potential catalysts prepared by SPPS.”>"® Ultimately 1-47 was
discovered, thus allowing for the kinetic resolution of racemic mixtures of amino-
alcohol 1-46, allowing for the generation of ester 1-48 with a K. of 51.77 The
putative active catalyst proceeds by the asymmetric delivery of the activated acyl
group from the N-terminal N-methyl histidine moiety (see 1-9).

Subsequently, they have applied a similar peptide-mediated site-selective
acylation to a number of applications including: the preparation of a key
intermediate en route to an aziridinomitosane anti-cancer target;’® the site-
selective acylation of carbohydrates,” glycerols,®° and Erythromycin A;®' as well
as the remote desymmetrization of meso-alcohols that were separated by a
remarkably large distance (~1 nm).828 A similar approach was also applied to
the development of a related resolution of tert-butanesulfinyl chloride, thus
facilitating the preparation of chiral sulfinate esters.* Importantly, each of the
subsequently developed applications alluded to above relied upon a different
optimal peptide catalyst, indicating that catalysts from the same family can be
tailored for specific niche applications within the broader reaction class.®"!

In addition to their efforts in the development of peptide-base acyl transfer
catalysts, the Miller group has also developed a large library of peptide catalysts
for the asymmetric phosphorylation of alcohols.®® These efforts have culminated
in the development of a series of peptide catalysts that can selectively
phosphorylate a singular alcohol position of myo-inositol (Scheme 1-7).85%°
The preparation of 3-P and 1-P myo-inositol derivatives via the

desymmetrization of meso-form 1-48 described in Scheme I-7 serves to highlight

13



another interesting nuance of their combinatorial approach to peptide catalyst
discovery. Namely, two structurally very different peptide structures emerged as
the ideal organocatalysts for the preparation of the two enantiomeric

phosphorylated products 1-49 and 1-50.

Scheme I-7. Miller’s peptide-based phosphorylation catalysts.
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In the event, a combinatorial screen of 178 catalyst candidates returned
the B-turn peptide 1-51 that efficiently returned the 3-P phosphorylated product I-

49 in greater than -98% ee. Additionally, a second peptide from the library (1-52)

14



allowed equally selective access to the enantiomeric 1-P derivative 1-50.
Interestingly the hit peptide catalyst for the preparation of 1-50 is markedly
different from that used to prepare its enantiomer 1-49. Even more remarkable is
the fact that the stereochemistry of active site N-methyl histidine residue is the
same! This example highlights the necessity for a randomized approach to
peptide catalyst design. Furthermore, since the structural features that govern
the stereodivergence of I-51 and 1-52 are non-obvious, the results depicted in
Scheme I-7 also serve to underscore the difficulty inherent in attempting to
employ a rationalized, design-based approach to the development of peptide-
based catalysts.

In addition to applications in acyl and phosphoryl transfer, the Miller group
has also applied short oligopeptides to other non-related transformations. "
Shorter g-turn analogues of catalysts 1-47 and 1-51 that still maintain the critical
N-terminal N-methy! histidine residue have been applied to the conjugate
addition of azide ion to a,p-unsaturated carbonyl compounds.®™** Similarly, N-
terminal N-methy! histidine B-turn peptides were also used to catalyze

asymmetric Baylis-Hillman reactions®%

(with proline as a cocatalyst) and the
asymmetric Michael addition of a-nitroketones.”” Finally, the Miller group has
employed related g-turn scaffolds containing an N-terminal thiazolylalanine

residue (Taz) in several applications of the asymmetric Stetter reaction.®%°
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1.2.4: Non-Covalent Catalysis Mediated by Peptides

In addition to nucleophilic catalysis (i.e. covalent catalysis, Scheme I-1,
vide supra), peptides have also been sparsely applied in several applications
relying on non-covalent catalysis (Scheme |-2, vide supra). Chief among these
transformations is the Julia-Colonna epoxidation reaction.” %% |n the early
1980s, these researchers reported the highly enantioselective epoxidation of
various chalcone derivatives by action of a poly-L-alanine in basic 30%
H202/toluene mixtures, thus returning the desired epoxyketones in high yield and
enantiopurity.'®'% Subsequently, the reaction was modified to allow for the
asymmetric epoxidation of chalcones in non-aqueous media employing the poly-
L-leucine catalyst introduced by Roberts and co-workers (Scheme I-8, eq. 1).'"
"% In their approach, chalcone was epoxidized by action of poly-L-leucine in the
presence of urea-hydroperoxide (UHP) and DBU in THF, thus yielding
epoxyketone 1-54 in 90% yield and 92% ee.'"" Currently, however, the
methodology is hamstrung by a relatively limited substrate scope; typically only
substituted chalcones are effective substrates.

The mechanistic underpinnings of the transformation are still a matter of
some debate. A hydrogen bond-driven binding of the chalcone substrate at the
terminus of the a-helix of the polypeptide has been invoked by some.'®
Alternatively, others suggest a similar binding of the peroxide nucleophile in lieu
of a substrate-peptide complex.'"''” What is apparent, however, is that the
induction afforded by the poly-peptide catalyst results from a non-covalent

reagent/catalyst association instead of covalent activation.
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Scheme 1-8. Non-covalent chiral catalysis by peptides.

Q poly-L-leucine R(0) Q
- 5 1
O \ O UHP, DBU, THF O O M
I-53 90% yield -54
92% ee
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I-55 PhMe, -78 °C 1-56
%
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A second example of non-covalent catalysis by peptide-like molecules is

indicated in Scheme 1-8. In 2006, Hoveyda and Snapper introduced the small

peptide catalyst I-567, which promoted the desymmetrization of meso-diols by

selective mono-silyl protection. For example, meso-1,3-cyclopentanediol 1-65

was selectively protected, thus generating mono-TBS protected 1-56 in high yield

with excellent enantiopurity (Scheme I-8, eq. 2). Interestingly, a covalent

complex between 1-57 and the silicon source does not form on incubation of the

catalyst with TBSCI under the reaction conditions. Therefore, these authors

proposed that catalyst I-67 confers its enantioselectivity by a non-covalent

coordination event between the pendant imidazole on the catalyst and the silicon

atom of TBSCI.'"®

17



1.2.5: Jacobsen Thio-Urea Catalysis

A number of catalyst manifolds have been discovered that confer
asymmetric induction by means of a hydrogen bond mediated pre-organization
between the catalyst and electrophile, thus facilitating an asymmetric approach
from an incoming nucleophile. Transformations of this sort have been described
in detail in several excellent reviews.'?"3 Although a complete treatment of these
processes in this chapter is not practical, a brief discussion of the family of
thiourea catalysts developed by Jacobsen and co-workers will serve as a salient
example of the class as a whole.

!n a series of publications ranging from early 1998 to mid 2002, the
Jacobsen group described the initial discovery and optimization of a set of
thiourea-Schiff base catalysts for the asymmetric Strecker reaction (i.e. addition
of cyanide ion to imines)."*'? The culmination of these efforts resulted in the
discovery of catalyst 1-62 that facilitates the addition of HCN to a number of
different aldimines and ketoimines (Scheme 1-9, eq. 2). In the presence of just
0.01 equivalent of second generation catalyst 1-62, Strecker product I-69 was
generated from N-benzylaldimine 1-68 in 95% ee. The journey culminating in the
development I-62 as the catalyst of choice in this transformation was one based
on equal measures of an initial focus on a high throughput screening approach
followed by painstaking mechanistic investigations. Owing to their modular
nature, initial attempts to develop an asymmetric Strecker catalyst focused on the
preparation of parallel libraries of a number of potential catalysts by varying the

amino acid, diamine, and salicylaldimine units of the scaffold.'™® This initial
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screening intensive approach returned a 1% generation system (1-60) that

119120 and ketoimine'?! substrates

returned the Strecker products with aldimine
with enantioselectivities ranging from approximately 70 to 90% ee. Some

substrates, however, returned less satisfactory enantioselectivities. For instance,
the conversion of 1-568 to I-59 by action of I-61 proceeded in a less selective 79%

ee (Scheme I-9, eq. 1).

Scheme I-9. Jacobsen'’s thiourea Strecker catalyst.
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At the culmination of these efforts the researchers had arrived at a
selective 1% generation catalyst scaffold 1-60 with an excellent substrate scope,
yet they had gained very little knowledge about the mechanistic underpinnings of
the transformation. They correctly surmised that the realization of the full
potential of the catalyst scaffold would likely require a thorough understanding of
the mechanism by which the catalyst confers its selectivity. In that vein, they
next undertook an extensive mechanistic investigation of the transformation. The
culmination of kinetic experiments, NMR studies, and molecular modeling
revealed a consistent mechanistic hypothesis that accounted for the high level of
enantioselectivity and broad substrate scope observed for the reaction. As
depicted in transition state 1-61, the stereochemical course of the reaction is
governed by hydrogen bond organization and activation of exclusively the Z-
imine isomer (available from rapid E to Z imine intercoversion) by action of a dual
H-bonding event from both NH hydrogens of the urea or thiourea moiety. The
binding occurs in such a way as to direct the more sterically demanding imine
substituent away from the catalyst projecting into the solvent. In this
arrangement, cyanide ion is delivered from the same side of the catalyst as the
diamine/salicylaldimine groups.'?* The careful understanding of this mechanism
facilitated the rational (as opposed to randomized) structural modifications that
led to a more broadly applicable 2™ generation catalyst 1-62. In particular, the
incorporation of a secondary amide in lieu of the benzyl amide in 1-61 allowed for

a more finely tuned discrimination of the steric environment about the two
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enantiofaces of the substrate imine, while the more active thiourea moiety
allowed for tighter substrate binding and more active catalyst.'%13122

The additional insight proffered by the extensive mechanistic studies for
the Strecker catalysts subsequently facilitated the application of similar urea and
thiourea based scaffolds to a number of other transformations. The applications
include the asymmetric Mannich reaction of silyl ketene acetals with imines, 2124
the asymmetric nitro-Mannich reaction,'?® the acyl-Mannich reaction of
isoquinolines, '? the acyl-Pictet-Spengler reaction,'?” the hydrophosphonylation
of imines, '?® and aza-Baylis-Hillman reactions.'?®

The lasting legacy of the Jacobsen thiourea catalyst system is that it
serves as an exquisite example of the delicate interplay between the initial
screening intensive efforts toward catalyst design and later stage detail-oriented
studies directed at understanding and fine tuning the catalyst system. It seems
likely that the development of subsequent thiourea promoted transformations
would have proceeded much more slowly without the guiding principles gleaned
from carefully understanding the mechanistic drivers of the Strecker process.
The efforts of the Jacobsen group serve to highlight the need for both
approaches to catalyst development. A less-rational initial foray into hitherto
unexplored reactivity regimes is necessary to drive innovation in asymmetric
catalysis. Nonetheless, one must take care to fully appreciate the mechanistic

underpinnings of those processes developed by screening intensive efforts, thus

allowing a new catalyst scaffold to realize its full potential.
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1.2.6: Cinchona Alkaloid Mediated Organocatalysis
1.2.6.1: Historical Perspective

The Cinchona alkaloids and derivatives thereof have been prominent
members of the organocatalyst arsenal since the very beginning of the field.
Indeed, quinine and quinidine were employed as catalysts in the very first
example of asymmetric organocatalysis. In 1912, Bredig and Fiske reported the
generation of chiral mandelonitriles by the quinine or quinidine catalyzed addition
of hydrogen cyanide to benzaldehydes. The resulting cyanohydrins were
produced with selectivities of less than 10% ee."'® More recent pioneering work

was conducted by Pracejus’'**'?! and later Wynberg"'*"'** (Scheme I-10).

Scheme I-10. Early examples of Cinchona alkaloid asymmetric organocatalysis

1-65 (0.01 eq.)

Ph MeOH (1.1 eq.) o
PhMe, -111°C
1-63 1-64
93% vield 74% ee

o)
168 (0.01 eq.) R
©§" CO Me - NN @
MVK, CCl, CO,Me
RT
98% yield 60% ee

In the mid-1960s, Pracejus employed acylated quinine 1-65 to catalyze the

addition of methanol to methyl phenyl ketene 1-63 (Scheme 1-10, eq. 1). In what
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is likely one of the first examples of Cinchona alkaloid mediated nucleophilic
catalysis (vide infra), the desired a-chiral methyl ester was isolated in excellent
yield with 74% ee.""**'3! In the late 1970s and early 1980s, Wynberg and
coworkers applied quinine I-68 as well as other Cinchona alkaloids to effect
several conjugate addition reactions.'*#"3* For example, p-ketoester 1-66
underwent an efficient Michael addition to methyl vinyl ketone (MVK) on
treatment with a catalytic amount of quinine (1-68). The resulting adduct I1-67 was
generated in 98% yield with 60% ee."®® This example is likely one of the earliest

examples of asymmetric induction by chiral H-bond donors.'?"

1.2.6.2: Non-Covalent Asymmetric Catalysis With Cinchona Alkaloids

Chiral Cinchona alkaloid phase transfer catalysts (PTCs) have been a well
known class of organocatalysts whose use in an number of transformations has
been detailed extensively in a number of excellent reviews.'?43%13 Ag an
illustrative example, we will turn to a discussion of the asymmetric alkylation of

imines catalyzed by Cinchona alkaloid PTCs, 4135138

14.135,136,139 gnd later

Initially investigated by O’'Donnell in the late 1980s,
perfected by Corey'®'*' and Lygo, 4243 the asymmetric alkylation of
benzophenone imines has emerged as a powerful method for the asymmetric
synthesis of chiral, non-natural amino acids. The reactions rely upon the use of
N,O-bisalkylated Cinchona alkaloid PTCs (among others)"'* to preorganize,

through non-covalent interactions, an enolate generated by action of a non-chiral

base. An example of such a transformation is depicted in Scheme 1-11."'4
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Scheme I-11. Cinchona alkaloid PTCs of asymmetric alkylations.

o (0]
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89% yield 97% ee

In a typical experiment, cinchonidine derivative I-70 promotes the highly

enantioselective allylation of 1-69, thus generating allyl glycine derivative I-71 in

high yield and excellent enantioselectivity."'*° In addition to these types of

alkylation reactions, Cinchona alkaloid PTCs have also been employed as

effective asymmetric organocatalysts for a number of other transformations

including other enolate alkylation applications, aldol reactions, nucleophilic

epoxidations, Michael reactions, hydrosilane and borohydride reductions,

trifluoromethylations, enantioselective SnAr substitutions, Strecker reactions,

Henry reactions, aza-Henry reactions, Mannich reactions, aziridinations, Horner-

Wadsworth-Emmons reactions and the Darzens reaction.’?*13513 |nterestingly,

some studies have shown that in addition to the nature of the alkyl group on the’

quaternary ammonium center, even the halide counterion of the PTC can play a

profound role in influencing the selectivity of the transformation. In particular,

Cinchona alkaloid PTCs with fluoride counterions have been extensively studied
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in promoting the aldol condensation of silyl enol ethers and ketene acetals.
These reactions are initiated by the fluoride induced collapse of the silylated
reagents.’*®

Similar to the PTCs in function, a number of transformations utilizing non-
alkylated Cinchona alkaloids have been described that are proposed to promote
asymmetric catalysis by means of non-covalent interactions. In these cases, the
basic quinuclidine ring of the alkaloid is protonated, thus generating a hydrogen
bond donor, through which non-covalent activation can occur. Alternatively, the
quinuclidine engages as a hydrogen bond acceptor with a protonated
nucleophile. The transformations based on this mode of activation are many,
and have been thoroughly reviewed. Some of the transformations include:
enantioselective conjugate additions, aldols, Mannich reactions, Henry reactions,
asymmetric Friedel-Crafts alkylations of heterocyclic aromatics, hydrazinations,
hydrophosphorylations, a-sulfenylations, and aza-Baylis-Hillman

reactions. 11322

1.2.6.3: Cinchona Alkaloid-Mediated Nucleophilic Catalysis

Relative to the large number of applications as PTCs as well as the many
examples of non-covalent activation by non-alkylated alkaloids, there are notably
fewer applications of Cinchona alkaloids as nucleophilic catalysts (i.e. covalent
catalysis). The majority of reports in this arena proceed via the formation of
chiral alkaloid enolates by activation of acid chloride starting materials (see

Scheme 1-12)."9144
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Scheme I-12. General mode of nucleophilic catalysis by Cinchona alkaloids.
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The general sequence depicted in Scheme 1-12 typically begins by the in
situ generation of a ketene electrophile (I-73) by the deprotonation of acid
chloride I-72 by action of a non-chiral base. Subsequently, ketene I-73 suffers
attack from the chiral alkaloid catalyst, thus generating a chirally disposed
enolate (i.e. I-74). On encountering an appropriate electrophile (E-LG), the
collapse of enolate 1-74 generates the chiral a-substituted acyl alkaloid species |-
75. Finally, the alkaloid catalyst is regenerated after an acyl transfer reaction
with the leaving group (LG) from the electrophile, so generating the a-chiral acyl
derivative 1-76."

The general activation paradigm described in Scheme 1-12 has been
applied to a number of transformations."®# Two salient examples are described

below in Scheme 1-13.
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alkaloid promoted formal [2+2] cyclizations leading to chiral g-lactones, "

Scheme I-13. Applications of nucleophilic Cinchona alkaloid organocatalysis.
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Building on pioneering efforts by Wynberg in the development of Cinchona

1,145

Lectka and coworkers developed a highly selective variant leading to chiral -

lactam products (Scheme I-13, eq. 1).3'44146.147 | the event, the chiral enolate

(i.e. \-74, vide supra) derived from the ketene congener of I-77 and 1-80

undergoes a step-wise cyclization with N-tosylimine 1-78 to return chiral g-lactam

I-79 with excellent diastereo and enantioselectivity, albeit in moderate yield. This

transformation has been extended to other related transformations including

ketene dimerizations.®
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Founded on similar mechanistic principles, Lectka and co-workers have
extended the chiral activation of ketenes to include a-halogenation reactions.®
For example, on treating the chiral enolate from 1-80 and the in situ generated
ketene (from 1-77) with chlorine source 1-81, a-chloroester 1-82 is generated in
moderate yield with excellent enantioselectivity. In this case, the active catalyst
is regenerated on acyl transfer (see conversion of I-75 to I-76 in Scheme 1-12) by
the reduced per-chlorinated phenol product from 1-81.923

In addition to these examples of nucleophilic catalysis promoted by
Cinchona alkaloids, other examples include the desymmetrization of diols and
anhydrides as well as asymmetric Baylis-Hillman and aza-Baylis-Hillman

transformations.’% 148

1.3: Conclusions and Significance

Since the early 1990s, the explosion of new developments in the arena of
asymmetric organocatalysis has thrust the field to the forefront of asymmetric
catalysis. Currently the art is emerging into a fully mature subdivision of organic
chemistry, where the initially disclosed transformations are slowing becoming
more and more well understood, thus allowing for the further development of new
applications. Not surprisingly, the catalyst manifolds that currently enjoy the
largest applicability to a variety of transformations are those whose mechanistic
nuances are the most clearly delineated. This fact underscores the necessity for

a thorough mechanistic understanding of a newly discovered transformation or
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catalyst scaffold. It seems likely that only after such efforts can a particular
catalyst scaffold or transformation realize its true potential.

The efforts described in this thesis have been directed at extending the
current scope of asymmetric organocatalysis to include the delivery of chirally
disposed halenium ions (CI*, Br*, etc.) to olefins. Such transformations are
conspicuously absent in the context of asymmetric organocatalysis (as well as
metal mediated processes for that matter). A brief review of the sparse
examples known to date is given at the beginning of the following chapter. The
culmination of the efforts described in this thesis has resulted in the first example
of an organocatalytic asymmetric chlorolactonization of alkenoic acids that
returns the desired chloro-y-lactones in good yield with useful enantioselectivity.
What follows is an account of the initial discoveries and subsequent optimization

that led to this new entry into asymmetric organocatalysis.
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Chapter 2: The Development of Peptide-based Catalyst for Asymmetric

Bromolactonizations
2.1: Introduction
2.1.1: Specific Aims

The broad aim of the research program detailed in this and the following
chapter is to develop new methodologies for the asymmetric organocatalytic
halogenation of a number of olefinic substrates. Our overarching goal is the
development of catalytic systems that will provide rapid access to myriad
functionalities based upon the simple principle of a subsequent nucleophilic
attack upon a preceding chiral halonium ion, whose stereochemistry is generated
by a reagent-controlled asymmetric delivery to an olefinic starting material.

As discussed in Chapter 1, perusal of any major journal devoted to
organic chemistry reveals asymmetric organocatalytic processes as a
cornerstone of modern reagent-controlled stereoselective transformations. A
recent push to develop asymmetric methodologies that are cheap,
environmentally friendly, and safe has exacerbated the explosion of new
chemistries in this arena. Literally hundreds of different transformations have
been explored in an organocatalytic context and the library of available
“designer” organocatalysts seems to grow almost daily. As alluded to in the first
chapter, perhaps the largest subset of organocatalytic transformations is devoted
to the exploitation of various chiral enamine/enolate equivalents as a nucleophile
in reactions with a number of electrophiles such as electron-deficient olefins,

carbonyls, and imines/iminium ions."” Other applications have included
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cycloadditions and chiral protonation. Aside from enolate a-halogenations,®
asymmetric organocatalytic electrophilic halogenations are rare, and with only a
few exceptions the examples in the literature typically proceed with mediocre
enantioselectivities (vide infra).

It warrants emphasis that the successful enolate a-halogenations, with few
exceptions, rely on generating a chiral enolate equivalent as opposed to a chiral
halogen source. This fact ultimately indicates that viable solutions to asymmetric
olefin halogenation perhaps do not lie within previously described catalyst
systems for enolate halogenations. The fundamentally different
enantiodetermining step of both enolate and olefin halogenation reactions is
illustrated in Scheme 1I-1. Equation 1 illustrates a general schematic that
represents the majority of successful enolate halogenation protocols. The
enantiodetermining step is achieved by an achiral halogen source (ll-2) suffering
attack by a chiral nucleophile (lI-1) in the form of a chiral enamine (enolate
equivalent). In contrast, since a chiral olefin equivalent is typically untenable,
asymmetric olefin halogenations must proceed via the generation of a chiral
halogen source (l1-6), which is attacked by an achiral nucleophile (lI-5). This
striking difference in the enantiodetermining step of these two protocols clearly
indicates the need for a strategically different approach to asymmetric olefin
halogenation. While impressive gains have been made in the arena of enolate
halogenations, this strategy will likely not succeed for enantioselective olefin
halogenations. One might speculate that the most difficult task in generating a

chiral halogen source of type I1-6 in a catalytic framework will be regenerating the
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active catalyst from the reduced organocatalyst II-8 while quelling any
contribution from non-catalyzed (and inherently racemic) background

halogenation by the terminal halogen source.

Scheme lI-1. The dichotomy between asymmetric enolate and olefin halogenations.
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- General schematic of asymmetric olefin halogenations
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What follows is a brief review of the state of the art of various asymmetric
halogenation reactions of olefin nucleophiles. Subsequent to that treatment is a
brief discussion of the design principles applied to the development of our first
generation of peptide-based catalysts that led to a marginally selective
bromolactonization reaction. The initial discoveries discussed in this chapter
ultimately paved the way for the development of a highly selective

chlorolactonization mediated by a commercially available Cinchona alkaloid

dimer (see Chapter 3).
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2.1.2: Enantioselective Halolactonizations

In sharp contrast to the large number of known examples of substrate

controlled stereoselective halolactonizations,'"'2

reagent-controlled processes
are exceptionally rare, and have only begun to emerge within the last 15 to 20
years. The advantages of a successful approach to a reagent controlled
halolactonization are obvious, since such a methodology would provide rapid
access to richly functionalized halolactones in one step from achiral congeners.
The first enantioselective halolactonization was reported in 1992 by Taguchi and
coworkers when a single alkenoic acid substrate (11-9) was cyclized by treatment
with iodine and a stoichiometric amount of a chiral titanium complex, generated
from titanium (IV) iso-propoxide and ligand 11-10, returning iodolactone lI-11 in
67% yield with 65% ee (Scheme 1-2, eq. 1)."® This report was subsequently
followed by a number of reports employing stoichiometric or super-stoichiometric
amounts of a chiral amine promoter to effect an iodolactonization. Nearly all of
these methodologies rely upon the formation of a dimeric iodonium salt (i.e.
[(L*)2I']Y", where L* is a chiral amine promoter, and Y is a non-nucleophilic
counterion, see II-17)."*"" Two of the most highly selective variants of this
strategy were presented by Wirth'®'® (eq. 2) and Rousseau'’ (eq. 3). Aside from
the obvious disadvantage of committing up to ~5 equivalents of chiral promoter in
some cases, these approaches were marred by poor enantioselectivities (15 to
45% ee) and limited substrate scope. It is also important to emphasize that all of

these methodologies proceed via an iodocyclization; reports on analogous chloro

and bromolactonizations are absent, except for a singular example reported by
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Cui and Brown where a bromolactone was produced in only 5% ee by action of

an analogous chiral bromonium/pyridine dimer.'®

Scheme II-2. Asymmetric halolactonization protocols.
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Recently, Gao and coworkers reported the first and only published
catalytic protocol whereby trans-5-aryl-4-pentenoic acids such as 1I-18 were
cyclized in the presence of iodine and 30 mol% of a quaternary ammonium salt
derived from cinchonidine II-19 (Scheme 11-3).*?° The desired iodolactones

were returned in nearly a 1:1 ratio of exo 11-20 and endo 1I-21 isomers with
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marginal enantioselectivities (exo = 16% ee, endo = 31% ee). Finally, Braddock
and coworkers have attempted to catalyze the formation of chiral bromolactones
by action of a chiral amidine organocatalyst, but racemic products were

isolated.?’

Scheme II-3. Gao’s organocatalytic iodolactonization.

1
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2.1.3: Reagent-Controlled Enantioselective Haloetherifications

As compared to their halolactone cousins, reagent controlled
enantioselective haloetherifications have enjoyed somewhat more success. The
first example was again reported by Taguchi's group in 1992, employing a
stoichiometric amount of a (+)-DIPT/itanium complex in the presence of iodine.™
Subsequently, Cui and Brown disclosed a stoichiometric chiral pyridine
bromonium dimer that returned a cyclic bromo-THF compound in 2.4% ee."®

Kang's group has presented an elegant series of transition metal catalysts

for the iodocyclization of y-hydroxy-cis-alkenes II-23 (Scheme 1I-4). With a
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BINOL-titanium (V) complex (20 mol% loading), the desired iodocyclized
products were produced in high yield with selectivities up to 65% ee.?? Their
salen-cobalt (ll) catalysts 1I-22 (30 mol% loading) return iodo-THF products such
as 11-24 with enantioselectivities ranging from 67 to 90% ee.?*?* To date, these
catalyst systems have been studied primarily with y-hydroxy-cis-alkenes,
indicating that a system that is applicable to a larger substrate scope is perhaps

currently elusive.

Scheme lI-4. Kang's cobalt catalyzed iodoetherification.
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2.1.4: Reagent Controlled Enantioselective Halocarbocyclizations
Halocarbocyclizations have been relatively less explored than

lactonizations and etherifications. Again, Taguchi and coworkers applied a
titanium (IV) TADDOL complex 11-26 in 20-30 mol% to effect the enantioselective
cyclization of a series of malonate esters like 11-25 onto an iodonium ion to return
the desired carbocycles in high yield and selectivities ranging from 62 to 94% ee
(Scheme 11-5).2% More recently, Ishihara and coworkers disclosed an
enantioselective polyprenoid iodocyclization promoted by phosphoramidite 11-30.

Polyene 11-29 was cyclized to provide tricyclic compound 11-31 in 95% ee and
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57% yield. This elegant methodology allows for the formation of 2 to 3 rings and
up to 5 stereogenic centers as a single diastereomer. This impressive protocol
currently, however, relies upon a stoichiometric amount of chiral phosphoramidite

promoter 11-30.7

Scheme II-5. Reagent controlled asymmetric iodocarbocyclizations.
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2.1.5: Enantioselective Gem-Dihalogen and Halohydrin Formation

Exploration of the organocatalytic enantioselective dihalogenation of
olefinic substrates has to date met with little success. Early attempts relying on
stoichiometric chiral ammonium perbromide salts (e.g. 11-33) returned
dibromoalkanes, bromohydrins or bromoethers (depending on solvent) with less
than 33% ee (Scheme 11-6).2%3? Subsequently, Henry and coworkers disclosed a
promising palladium (Il) BINAP complex 11-36 that returns chiral chlorohydrins
(e.g. 11-37) from various allyl ether starting materials.>®* This group has also
reported an analogous dibromination reaction employing the same catalyst

system.®

Scheme lI-6. Asymmetric approaches to geminal dihaloalkanes and halohydrins.
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2.1.6: The Braddock-Cansell-Hermitage Bromolactonization
Our initial entry into the field was based upon a strategy where we sought
to develop an asymmetric variant of a known organocatalytic protocol for

effecting the bromolactonization of alkenoic acids. The general principles of this
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transformation are described in this section. In 2006, Braddock and coworkers
developed two novel bromoiodinanes containing a rare I(I11)-Br bond (11-39,
Scheme II-7). These reagents were conveniently prepared by treating the
appropriate ortho-iodo tertiary benzyl alcohols 11-38 with N-bromosuccinimide in
chloroform. The resulting crystalline products 111-39 have been characterized by

X-ray crystallography.

Scheme II-7. Braddock’s bromoiodinane reagent 11-39.
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Subsequently, it was found that reagents of type 11-39 are effective
sources of electrophilic bromine (Br*). The reagents proved useful as
stoichiometric bromenium sources for the bromination of anisole (eq. 2), the
intermolecular bromoetherification of trans-stilbene with methanol-ds (eq. 3), and
the bromolactonization of 4-pentenoic acid (eq. 4).%° Importantly, control

experiments attempting the bromolactonization of 4-pentenoic acid with
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molecular bromine provide significant amounts of the competing 4,5-
dibromopentanoic acid, indicating that bromoiodinanes 11-39 are not generating
molecular bromine in situ.®

A short time later, the same group reported a catalytic variant of the
bromoiodinane reagents that were effective catalysts for the bromolactonization
of a number of alkenoic acids. In particular, a number of aryl iodides with ortho
nucleophilic groups were evaluated as effective organocatalysts (Scheme II-8).
The presence aryl iodides with carboxylic acid, amide, or amidine ortho
substituents all proved to be effective catalysts for the halolactonization of 4-
pentenoic acid, showing enhanced rates and conversions compared to the
background reaction with NBS alone. Not surprisingly, the most active catalysts
were those substituted with more nucleophilic ortho substituents. The amidine
catalyst 11-83, along with the secondary and tertiary amides 1I-560 and 11-61, were
the most active catalysts, completing the halolactonization of 11-44 in less than
half an hour. Importantly, the uncatalyzed background reaction with NBS alone
returned 11-45 in 2% conversion after 30 minutes and just 20% conversion after
15 hours. In total, seven alkenoic acids of various substitution patterns were
cyclized using organocatalyst II-563 and NBS. The desired bromolactones were

isolated in yields ranging between 81 and 98%.%
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Scheme 11-8. The Braddock-Cansell-Hermitage Bromolactonization.
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Intrigued by the ability of ortho-iodo secondary and tertiary aryl amides to
catalyze the halolactonization and aware of the lack of a selective approach to
asymmetric reagent controlled halolactonizations, a program to develop an
enantioselective variant of the bromoiodinane-catalyzed bromolactonization
reaction was initiated. For an initial investigation, we envisioned incorporating an

ortho-iodoarylamido moiety within a chiral peptide framework. As discussed in
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Chapter 1, chiral peptides with reactive functionality have enjoyed a large degree
of success within the realm of asymmetric organocatalysis.® Several potential
peptide-based scaffolds that embed the ortho-iodoarylamido active site within a
chiral framework are shown in Figure II-1. Peptide 11-54 is perhaps the simplest
of these scaffolds, and is reminiscent of scaffolds popularized by Hoveyda and
Snapper used for enantioselective metal-mediated processes®**' and
organocatalysis*? (See Chapter 5 for a brief review). Scaffold I1-56 incorporates
the well-established p-turn motif, nucleated by the presence of a Pro-D-Aaa
sequence.*** Short peptides incorporating this motif have been used previously

as highly enantioselective organocatalysts®**4°

and as ligands for transition
metal-catalyzed*” enantioselective processes. Importantly, scaffolds 1I-54 and II-
56 are amenable to preparation via well-established solid phase protocols
(SPPS)*3“? in a combinatorial sense. While scaffolds 11-54 and 11-56 only allow
for the incorporation of the catalytically active site on the end of the peptide
sequence, catalysts of the general type 11-55 allow for the incorporation of the
crucial ortho-iodoarylamido motif within the heart of the chiral peptide chain.
Catalyst 11-55 is a C2 symmetric catalyst that is readily accessible via the
condensation of amino acid amides or esters with an iodo-isophthalic acid
derivative. This scaffold is similar in nature to the bis-amino acid pyridine
compounds employed for various chiral recognition applications.>**! Similarly,

N-oxides of the bis-amino acid pyridine motif have been applied for the

asymmetric alkylation of aldehydes with diethylzinc.>
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Figure lI-1. Peptide scaffolds incorporating the o-iodoarylamide site.
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Detailed herein is an account of the application of a combinatorial strategy
to develop a competent peptide-based organocatalyst based upon the general
scaffolds described above. Most of our efforts have focused on the investigation
of structure 11-64. Scaffolds 11-65 and 11-56 have been investigated to a lesser
degree. Although this approach did not return a highly selective catalyst, some
gains were made. Ultimately, the lessons learned from the work detailed in this
chapter laid an important foundation that cuiminated in the discovery of a related,

highly selective chlorolactonization reaction (See Chapter 3).

2.2: Results and Discussion

2.2.1: Establishment of a Test Reaction and Appropriate Screening Scale
Initial efforts were geared towards establishing a test reaction to screen

the peptide organocatalysts for asymmetric induction. The initial driver for the

choice of a test substrate was to settle on a substrate whose enantiomers were

readily separated by chiral HPLC, so as to establish a high-throughput screen to

judge the extent of asymmetric induction afforded by potential organocatalysts.
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We arrived at 4-phenyl-4-pentenoic acid (II-12) (Scheme 11-9) owing to the fact
that it was readily prepared in quantity from commercially available methyl 3-
benzoylpropionate II-57 by sequential Wittig olefination and saponification.*”
Compound lI-12 is readily converted to the desired y-bromolactone 11-68 under
racemic organocatalytic conditions with 10 mol % ortho-iodobenzoic acid (11-46)
and NBS as reported by Braddock and coworkers. The enantiomers of 11-568 are
conveniently separated by chiral HPLC (Chiralcel OD-H). In addition to these
operational conveniences, the choice of compound 1I-12 was also driven by the
fact that some of the most recent attempts at the development of an asymmetric
reagent-controlled halolactonization reaction focused on the 4-arylpentenoic acid

substrate class (see Scheme 1I-2).'>®

It seemed that initially targeting this
substrate class would provide a convenient standard to which we might
benchmark our progress. Furthermore, the lactonization of this class of alkenoic
acids proceeds cleanly to provide the y-lactone as the sole product without
undergoing competing endo cyclization (i.e. §-lactone formation).

With regards to the scale of the screening protocol, we elected to perform
reactions in microscale, screening the peptides for the asymmetric
bromolactonization on a 0.05 mmol scale with respect to substrate 11-12 (9 mg
loading). This approach was taken in order to facilitate a high-throughput
screening approach, allowing the processing of between eight to ten samples per
day. On this scale, product purification could be carried out by performing silica

gel chromatography using packed Pastuer pipets allowing for the simultaneous

purification of up to ten samples at once.
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Additionally, this scale allowed for the judicious application of only a few
milligrams of the relatively more precious and expensive peptide catalysts. The
trade-off for such a small scale approach, however, was that tracking isolated
yields on the scale of a few milligrams was untenable. As a result, we chose to
optimize the catalyst scaffold and reaction conditions based upon the
perturbations observed for the enantioselectivity of the transformation as the sole

variable. Nonetheless, it warrants emphasis that all of the transformations

described in this chapter proceeded to completion as judged by TLC analysis

prior to work-up.

Scheme 1I-9. Preparation of substrate lI-12 and lactone II-58.

0
1. PthZCHz
Ph)J\/\n/OCHS I PhJJ\/\"/OH 1)
) 2. LiOH/H,O/THF

(@)
II-57 72% (2 steps) 1-12
1-46 (0.1 eq.) 0
NBS (1 equiv.)
Ph OH _— » B, O 2)
0 CHCl3
94% Ph
-12
11-58

2.2.2: Preparation and Screening of the Initial Peptide Libraries

With substrate 1I-12 in hand, a series of organocatalysts of general
structure 11-54 (Figure 1I-1, vide supra) were prepared by solid phase peptide
synthesis employing the Rink amide MBHA resin and standard coupling
conditions (HOBYDIC).*® (For a discussion of the general principles and strategy
of solid phase peptide synthesis, please see Chapter 5.) Initially, nine peptides

were prepared whereby two amino acids were assembled from the C-terminus
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and finally capped with the ortho-iodoaryl amide active site by capping the N-
terminus with o-iodobenzoic acid (Figure 1I-2). The isolated peptides were

subsequently characterized by MALDI-TOF mass spectrometry.

Figure lI-2. Initial peptide library (lI-59 through 1I-67)
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Peptide 11-59 incorporated an aromatic side chain, while peptides 11-60, -
61, and 11-62 incorporated various aliphatic side chains of increasing steric bulk.

Peptides 1I-63 through 11-67 incorporate a basic residue on the C-terminus
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separated from the aryliodo active site by a phenylalanine residue. The basic
residues in organocatalysts 11-63 through 1I-67 were incorporated in the hopes
that they might serve to either deprotonate and thus activate the carboxylic acid
nucleophile or to coordinate and thus orient the substrate in proximity with the
active aryliodo site.

After their preparation, catalysts 11-59 through 11-67 were screened in the
conversion of 11-12 to 11-58 with a 10 mol% catalyst loading (Table 1I-1). In the
event, the conversion of substrate 11-12 to 1I-68 proceeded in quantitative
conversion by TLC in the presence of all of the organocatalysts described in
Figure 1I-2. Initially, peptide 1I-59 was screened in the test reaction in a number
of different solvents, with little selectivity regardless of solvent. After this initial
screen, all other peptides were screened in only DCM and chloroform (owing
mainly to solubility concerns). It was surmised that a more comprehensive
solvent screen could be performed later with a lead scaffold. Peptides 11-60, II-
61, and l1-63 through 11-67 also proved to be unselective organocatalysts for the
asymmetric halolactonization in both DCM and chloroform returning 11-68 with |
less than 2% ee in all cases. In contrast, while organocatalyst 11-62 performed
poorly in chloroform, an enantiomeric excess of 7% was realized when the
reaction was conducted in dichloromethane. Since this initial result was found to
be reproducible, peptide 11-62 was then taken to be an initial “hit” catalyst for the
halolactonization. In that vein, efforts were then focused on the optimization of

this lead based upon further manipulation of the organocatalyst structure.
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Table lI-1. Initial screening of peptides 11-69 through 1I-67.

(0]
peptide (0.1 eq.)
Ph/U\/\’(OH » O
o) NBS (1.1 eq.)
solvent Ph Br
12 RT 1I-58

Peptide Solvent % ee(lI-58)

-59 chloroform 0
-59 DCM 0
11-59 toluene 0
i1-59 benzene 0
11-59 DMF 0

II-59 DMF/DCM (1:1) 1

11-59 ACN 3
11-59 EtOAc 0
11-60 chloroform 0
11-60 DCM -2
11-61 chloroform 0
l1-61 DCM 1
1-62 chloroform 0
11-62 DCM 7
1-63 DCM 2
-64 DCM 0
11-65 DCM 0
11-66 DCM -1
-67 DCM 0

Note: All reactions were complete by TLC
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Given that catalyst 11-62 emerged as an initial hit scaffold, a directed
library was generated whereby ten new catalysts were prepared by modulating
the C-terminal amino acid distal from the aryl iodoamide moiety. This residue
was targeted for optimization on the assumption that the proximal tert-leucine
residue in 11-62 would be a crucial structural element for maintaining the
selectivity that was initially realized. Figure II-3 indicates the next ten peptides

resulting from the directed library screen around the initial hit scaffold 11-62.

Figure lI-3. Analogs from positional scanning of hit scaffold II-62.
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These organocatalysts were screened in the test reaction at room
temperature in dichloromethane (Table II-2). While none of the peptides from
this directed library outperformed organocatalyst 11-62, it is interesting to note
some of the minute structural changes that result in reduced selectivity. Simply
put, it appears that both tert-leucine residues found in 11-62 are necessary to
maintain the 7% ee. Modulating the C-terminal tert-leucine to benzyl (11-68),
phenyl (11-69), basic (lI-70), acidic (1I-71) or carbinol (ll-72) side chains proved to
be detrimental to the minimal selectivity garnered from 11-62.

More interesting still are the changes observed by modulating the C-
terminal tert-leucine to other aliphatic side chains. Incorporating unbranched
aliphatic chains (lI-73) or removing the site of branching farther away from the
peptide backbone (lI-74) resulted in inferior catalysts. Even those catalysts that
maintained branching at the 1 position on the side chain (l-75 and 1I-76) were
less selective. Finally, incorporating a methyl group at the 3 position on the aryl
iodoamide residue (lI-77) resulted in a poorly selective catalyst. This result is in
keeping with the initial findings disclosed by Braddock and co-workers.¥” In their
work, an sp® hybridized substituent flanking the iodine atom resulted in a less

active catalyst (cf. 11-46 vs. 11-48, Scheme II-8).
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Table II-2. Screen of peptides 11-68 through 1I-77.

peptide (0.1 eq.)
PhJJ\/\'(OH - o)
NBS (1.1 eq.) )t/U\
© DCM Ph™ \_g,
i1-12 RT i1-58

Peptide % ee(11-58)

11-68 2
11-69 3
-70 2
i-71 1
-72 2
n-73 0
-74 2
-75 2
l-76 4
n-77 2

Note: All reactions were complete by TLC
Having established that both the proximal as well as the distal tert-leucine
residues were necessary for the 7% ee observed with catalyst 11-62, a longer
analogue was prepared, thus incorporating a third tert-leucine moiety. When
screened in the test reaction (1l-12 to 11-58), second generation catalyst 11-78
proved to be twice as selective as its shorter cousin 11-62, thus returning 11-58 in
14% ee (Table 1I-3, entry 9). Upon discovery of this catalyst a number of

experiments were undertaken in an effort to enhance the selectivity of 11-78 by
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optimizing the reaction conditions. Initially, a relatively limited solvent screen was
undertaken (Table 1I-3, entries 1-8). Again the initially discovered conditions,

employing dichloromethane were the most selective. Changing the solvent to

Table II-3. Screen of peptide 1I-78.

o]
11-58 (0.1 eq.
PhJ\/\V(OH NBS :1.1 :; > Sé
0 solvent Ph Br
n-12 temperature .
e Ehe
T~
-78
Entry Solvent Temp. (‘'C) % ee (l1-58)

1 chloroform RT 3
2 toluene RT 1
3 benzene RT 0
4 THF RT -2
5 DMF RT 0
6 DMSO RT 0
7 ACN RT 1
8 1,2-DCE RT 8
9 DCM RT 14
10 DCM 4 12
11 DCM -20 12
12 DCM -78 to RT 12

Note: All reactions were complete by TLC.
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chloroform, toluene, benzene, N,N-dimethylformamide, dimethylsulfoxide, or
acetonitrile resulted in inferior reactions with almost no selectivity. The only 6ther
solvent to show any appreciable enantioselectivity was dichloroethane, providing
the desired bromolactone 11-58 in 8% ee (entry 8).

Somewhat surprisingly, lowering the reaction temperature also failed to
improve the selectivity of the halolactonization in the presence of 1I-78 (entries
10-12). While the reaction proceeded to completion in all cases, running the
reaction a4 °C, -20 °C and even -78 °C resulted in selectivities that were
comparable to the screen run at room temperature.

Next a moisture study was undertaken to ascertain whether the exclusion
of water from the reaction mixture would enhance the selectivity of the reaction.
The initial data collected for peptide 11-78 (14 % ee, entry 9, Table 1I-3) resulted
from a reaction conducted in freshly distilled dichloromethane under non-
anhydrous conditions (i.e. run in a non-flame dried screw-top vial). In order to
completely preclude water from the system, two experiments were conducted.
First, the reaction was run under strictly anhydrous conditions in a sealed, flame-
dried round-bottomed flask with freshly distilled dichloromethane, under a
nitrogen atmosphere. Simultaneously, a second experiment was conducted
under analogous conditions with the addition of activated 4 A molecular sieves.
Both of these screens resulted in a less selective bromolactonization, yielding 6%
and 4% ee, respectively. This data might suggest that some serendipitous water

is necessary to maintain the initially observed 14% ee.
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Having noted the apparent necessity for some ambient water present in
the reaction, a second set of experiments were conducted to evaluate the effect
of added moisture on the selectivity of the reaction (Table 11-4). Seven
experiments were conducted simultaneously whereby water was added to the
reaction mixture in equivalencies ranging for 1 to 500 equivalents. While some
water (up to 1 equivalent) allows for selectivities in the ballpark of the initial
screen (10% ee vs. 14% ee), extra equivalents of water (5, 10, 20, 50, 100, and

500 equivalents) proved to cause a less selective process.

Table lI-4. Water equivalency study with peptide 1I-78.

I-78 (0.1 eq.
PhJj\/\H/OH ( %) » O
NBS (1.1 eq.)
o water (eq)  Ph Br
12 DCM
RT i-58

Entry water (eq.) % ee (I1-58)

1 1 10
2 5 4
3 10 5
4 20 7
5 50 5
6 100 2
7 500 3

Note: All reactions were complete by TLC
Next, the effect of the equivalency of the peptide organocatalyst on the
selectivity of the reaction was evaluated (Table 1I-5). The goals of this trial of

experiments were two-fold. First, it was of interest to evaluate whether or not the
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selectivity of the initial reaction (0.1 equivalents of peptide) could be maintained
when lower catalyst loading was employed. Secondly, it was also interesting to
evaluate whether or not the selectivity of the reaction could be increased by
increasing the catalyst loading beyond 0.1 equivalents. In particular, the
evaluation of the stoichiometric variant might provide some insight into the

“ceiling” selectivity for organocatalyst 1I-78.

Table lI-5. Equivalency study for 1I-78.

0]
II-78 (eq.
Ph/U\/\r(OH i » O
NBS (1.1 eq.)
) DCM Ph Br
N RT
-12 1158

Entry 11-78 (eq.) % ee (11-58)

1 0.01 2
2 0.05 7
3 0.10 14
4 0.20 14
5 1.11 24

Note: All reactions were complete by TLC

Unfortunately, the initial selectivity of the reaction with 0.1 equivalents of
11-78 (14% ee) could not be maintained on decreasing the loading to 0.01 (5%
ee) or even 0.05 equivalents (7% ee). On increasing the catalyst loading 0.2
equivalents, the same selectivity (14% ee) was observed. Finally, the
stoichiometric variant of the reaction was evaluated employing 1.11 equivalents

of catalyst II-78. For this particular experiment, 11-78 was pre-stirred in DCM with
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1 equivalent of NBS for 30 minutes. This initial catalyst aging process was
employed in order to insure the (assumed) complete conversion of the
organocatalyst into the active iodinane reagant 11-79 (Scheme 1I-10). After this
initial incubation, substrate 1I-12 was added in solid form in one portion. After
work-up, this particular experiment yielded the desired bromolactone [1-58 with
an enantiomeric excess of 24%. This low level of selectivity under stoichiometric
conditions was disheartening, and potentially sounded the death knell for this
particular strategy towards asymmetric halolactonization. Several possible
explanations for the result came to light. First, it is possible that the conversion
to the putative active bromoiodinane catalyst lI-79 was sufficiently slow to allow
for the uncatalyzed background reaction. In other words, if the formation of
bromoiodinane moiety is not facile, there may only be a small portion 11-79 at
equilibrium mixture. Alternatively, the formation of 11-79 might be favored at
equilibrium, but might be a less active bromenium source than NBS. A final
possibility is that 1I-79 could be adequately reactive, but requires more structural

tuning to result in a truly selective catalyst.

Scheme 1I-10. Potential equilibrium between 1I-78 and II-79.
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Subsequent to these experiments, a final condition screen included an

evaluation of the selectivity of the reaction at various concentrations. The initial
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result with peptide 1I-78 (14% ee, Table II-5, entry 3) was obtained at a
concentration of 0.05 M in substrate (9 mg of lI-12 in 1 mL DCM). To evaluate
the fate of the reaction at higher and lower concentrations in substrate, two
experiments were performed (Table II-6). First, the effect of dilution on the
selectivity of the reaction was evaluated. An analogous reaction was run at
0.025 M concentration (entry 1), and the desired lactone 11-58 was isolated in
10% ee. The effect of higher concentration on the reaction selectivity was more
pronounced: when the reaction was conducted at 0.1 M in substrate the reaction
provided products with 6% ee (entry 3). Once again, the initially discovered

reaction conditions proved to be optimal (entry 2).

Table II-6. Concentration study with catalyst 1I-78.

PhMOH 1178 (eq.) o
J NBS (1 1 eq.) é
II-58

-12

Entry Conc. (M) % ee (11-58)

1 0.025 10
2 0.05 14
3 0.5 6

Note: All reactions were complete by TLC

Having demonstrated a relative inability to improve upon the selectivity of
the initially discovered reaction conditions, a new round of peptides were
synthesized in an attempt to drive the selectivity higher by modifying scaffold II-
78 by positional scanning. Applying this strategy, eleven new peptides were

prepared (Figure 11-4). Peptides 1I-80 through 11-82 were developed in order to
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determine if all three amino acids in the peptide chain necessarily needed to be
tert-leucine residues. Peptides were therefore constructed whereby the amino
acids in the peptide were sequentially replaced with valine residues starting at
the C-terminus (11-80) and moving towards the N-terminus (l1-81 and 11-82).
Peptide 11-83 was constructed to probe the necessity of the C-terminal amide,
and was easily prepared using a valine-loaded Wang resin. Peptides 11-84 and
11-85 were assembled to evaluate the consequences of increasing the length of
the peptide by the installation of a fourth amino acid residue on the C-terminus.
Catalysts 11-86 and 11-87 were designed to evaluate the course of the reaction
using a catalyst with even bulkier residues than those found in lI-78. In this case
tert-butyl threonine units were installed in lieu of the tert-butyl groups resident in
1I-78. These structures were assembled on the Val-Wang resin and cleaved
using the MeOH/TEA/DCM (9:1:1) cleavage cocktail that returns fully side-chain
protected peptide methyl esters. Simultaneously, 11-88 was prepared on the Rink
amide MBHA resin to provide the fully deprotected amide variant of 11-87. Finally,
11-89 and 11-90 were assembled to probe the effects of installing an intervening
proline residue between the o-iodoarylamide active site and the tert-leucine

residues.
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Figure 1I-4. Analogues of peptide 11-78.
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Peptides 11-80 through 11-90 were screened in the bromolactonization of II-
12 (Table 11-7). As the C-terminal residues were sequentially modulated from
tert-leucine to valine, a definite decline in selectivity was realized. While
changing the C-terminal fert-leucine farthest removed from the iodoarylamido
active site was tolerated (cf. 13% ee for 11-80 vs. 14% ee for 1I-78), further
changes closer to the N-terminus of the scaffold resulted in poorly selective
catalysts (Table II-7, entries 2 and 3). Switching all of the tert-leucine moieties
with valine resulted in a completely unselective catalyst while retaining only one
tert-leucine returned the lactone in 7% ee. These data are in excellent
agreement with the initial experiments that lead to the discovery of 1I-78 as a lead
scaffold (Tables II-1 and 1I-2, vide supra), and serve to confirm the assertion that
two flanking tert-leucine residues represent a minimal structrual element for
stereoinduction. Modulating the C-terminal amide in 11-80 to a C-terminal
carboxylic acid (11-83) had no effect on the selectivity of the bromolactonization
(Table 1I-7, entries 1 and 4).

On incorporating a fourth amino acid residue (valine) on the C-terminus, a
negligible increase to 15% ee was realized with peptide 11-84. Peptide 11-85
again confirms the necessity of the two tert-leucine residues proximal to the
iodoarylamido site (2% ee, entry 6).

Further increasing the steric bulk of the catalyst by incorporating tert-butyl

threonine residues in lieu of tert-leucine resulted in inferior catalysts (peptides II-
86 and 1I-87, entries 7 and 8). Similarly the unprotected threonine analogue 11-88

was completely unselective (entry 9).
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The incorporation of a proline residue in between the iodoarylamido active
site and the crucial neighboring tert-leucine produced peptides 11-89 and 11-90,
which were inferior to the second generation catalyst lI-78. These experiments
further underscore the necessity for the two tert-leucine residues neighboring the

active site aryliodoamido moiety as a minimal scaffold for a selective peptide.

Table II-7. Screen of peptides 1I-80 through 11-90.

O
Ph J]\/YOH peptide (0.1 eq.) . 3@
o) NBSD%I:A eq.) Ph B
-12 RT II-58
Entry Peptide % ee (1I-58)
1 11-80 13
2 1-81 7
3 11-82 0
4 11-83 13
5 -84 15
6 -85 2
7 11-86 0
8 11-87 0
9 11-88 0
10 1189 0
11 11-90 4

Note: All reactions were complete by TLC
Overall the analogues of 11-78 (11-80 through 11-90) failed to provide a new

lead compound. The only peptide that offered an enhanced selectivity was 11-84,
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and even in this case, the addition of a fourth amino acid only earned an increase
of 1% in enantiomeric excess. Perhaps the only benefit of peptide 11-84 over Il-
78 is the existence of an additional potential site for positional scanning.

Given that we had reached an initial roadblock with scaffold 11-54, we
sought to investigate the other scaffolds described in Figure II-1 (vide supra).
The discussion will now turn to a limited investigation of g-turn scaffold 11-66, as

well as the investigation of the bis-amino acid scaffold 11-55.

2.2.3: Investigation of g-Turn (1I-56) and Bis-Amino Acid Scaffolds (lI-55)
Initially, two hexapeptide B-turn catalysts were prepared by incorporating

the well-known Pro-D-Aaa sequence (where D-Aaa is any D configured amino

acid).*** Catalyst 11-91 was capped on its N-terminus with o-iodobenzoic acid

while 11-92 was capped with 2-iodo-3-methylbenzoic acid (Figure 1I-5).

Figure II-5. B-turn catalysts lI-91 and 11-92.
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Catalysts 11-91 and 11-92 were subsequently screened in the
bromolactonization of l1-12 (Table 1I-8). While peptide 11-91 was completely

unselective in both DCM and ACN, peptide 11-92 returned lactone 11-58 in 5% ee
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in DCM at room temperature. Perhaps a positional scanning regime originating
from 11-92 would eventually yield a useful catalyst, but the size of these
molecules might somewhat detract from their potential usefulness. For instance

a 0.1 equivalent loading of 11-92 requires the use of 10 mg of catalyst to convert

only 17 mg of substrate 11-12!

Table 1I-8. Screen of B-turn catalysts 11-91 and 11-92.

(o)
peptide (0.1 eq.)
Ph/“\/\n/OH - Q
o) NBS (1.1 eq.)
solvent Ph Br
12 temp. II-58

Peptide Temp. ('C) Solvent % ee (lI-58)

11-91 RT DCM 1
11-91 RT DCM 0
11-91 4 ACN 0
i1-92 RT DCM 5

Note: All reactions were complete by TLC

In addition to investigating the 8-turn scaffold l1-56 (Figure lI-1), we
envisioned targeting the bis-amino acid based scaffold 1I-65 by conventional
synthesis. We applied a similar synthetic strategy as that used by Moriuchi and
coworkers in their preparation of bis-amino acid pyridine scaffolds for chiral
recognition applications (Scheme 11-11).>>' Namely, the bis acid chloride of 2-
iodo-iso-phthalic acid (11-94) was subsequently treated with 2 equivalents of the
appropriate amino acid methyl ester hydrochloride salt (11-95) in the presence of
triethyl amine and dichloromethane thus generating the desired bis-amino acid

scaffold 11-96 (i.e. the methyl ester analogue of amide 1I-55, Figure 1I-1). The
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required 2-iodo-iso-phthalic acid was prepared from the commercially available
2-amino-iso-phthalic acid (11-93) according to known methodology.>® Applying
this strategy, the corresponding bis valine (11-97, 46%), tert-leucine (11-98, 62%),

phenylglycine (11-99, 12%), and proline (11-100, 35%) catalysts were prepared.

Scheme II-11. Preparation of bis-amino acid catalysts II-97 through 1I-100.
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Although the yields were poor in some cases, these catalysts were

prepared in sufficient quantity for screening in the test lactonization of I1-12. In
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addition to screening at room temperature, these peptides were also screened at
-40 °C. The experiments described in Table 1I-9 were contemporaries of fruitful
low temperature studies in the analogous Cinchona-alkaloid mediated
chlorolactonization work (see Chapter 3). They are included here for
completeness.

As is evident from Table 1I-9, the bis-amino acid catalysts performed
poorly. In each case, a selectivity of greater than 4% ee was never realized
regardless of solvent or temperature. In one case, a stoichiometric experiment
(entry 9) also returned racemic lI-68. Although only speculative, one might
suggest that these catalysts are too sterically crowded around the iodo active

site, thus preventing the generation of the active bromoiodinane reagent.
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Table II-9. Screen of bis-amino acid catalysts H-97 through 11-100.

(o)
peptide (eq.)
Ph MOH ., O
o NBS (1.1 eq.)
solvent Ph Br
12 temp. I-58

Entry Peptide Cat.(eq.) Temp.('C) Solvent % ee(ll-58)

1 1-97 0.1 RT DCM 0
2 -97 0.1 RT chloroform 0
3 1-97 0.1 40 DCM 0
4 1-97 0.1 -40 chloroform 4
5 11-98 0.1 RT DCM 0
6 11-98 0.1 RT chloroform 0
7 11-98 0.1 -40 DCM 0
8 11-98 0.1 -40 chloroform 0
9 11-98 1.0 -40 chloroform 0
10 11-99 0.1 RT DCM 0
1 11-99 0.1 RT chloroform 0
12 11-99 0.1 -40 DCM 0
13 11-99 0.1 -40 chloroform 0
14 1i-100 0.1 RT DCM 0
15 11-100 0.1 RT chloroform 1
16 11-100 0.1 -40 DCM 0
17 11-100 0.1 -40 chloroform 1

Note: All reactions were complete by TLC
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2.2.4: Investigation of Alternative Bromine Sources

At this juncture, peptide organocatalyst 11-78 had emerged as the catalyst
of choice, and represented the best results under the initial screening conditions
employing substrate II-12 and NBS as the terminal bromenium source.
Purification (recyrstallization) of NBS or the slow addition of NBS over 7 hours
failed to improve the selectivity of the reaction, returning I1-58 in 13 and 12% ee,
respectively. Focus then shifted to efforts aimed at discovering an alternative
bromine source. A literature survey revealed many possible alternative sources
of electrophilic bromine. Figure 11-6 details several sources or reagent

combinations that were commercially available.

Figure I1-6. Commerically available bromine sources or reagent combinations.
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In addition to molecular bromine (11-101), perhaps the most well-known

bromenium sources include the organic ammonium tribromides (OATBs).>*
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Those purchased for this study include benzyltrimethylammonium tribromide (lI-
105),>* hexamethylenetetramine tribromide (11-106), and tribromide on Amberlyst
A-26 resin (1I-103). In addition to these tribromide sources, two were synthesized
(vide infra). Other commercial sources included 2,4,4,6-tetrabromo-2,5-
cyclohexadienone (TABCO, 11-104)***® and cupric bromide (1I-102).” TABCO
has found use as an electrophilic bromine source for the deprotection of
thioacetals.>>*® Cupric bromide has been used sparsely as a bromenium source
for the bromination of electron-rich aryls.%” In addition to these sources, several
cocktails prepared from commercial reagents have been shown to serve as
electrophilic bromine sources. Tetrachloroisocyanuric acid (TCCA) and sodium
bromide (11-107) is an effective bromine source for the bromination of activated
aromatics.®®*° The combination of ammonium bromide and hydrogen peroxide
in acetic acid (11-108) is an effective bromine source for the bromination of
anilines. This cocktail is thought to generate bromenium acetate (11-109) as the
active bromine source.®® Finally, Braddock and coworkers discovered that a
combination of bis(acetoxy)iodobenzene and lithium bromide (11-110) could
catalyze a number of bromination reactions such as the bromination of aryls,
bromolactonization, and the addition of dibromide across an olefin. These
reagents are thought to produce intermediate 11-111, containing a rare I(lll)-Br
bond, via the displacement of one acetoxy group form the iodine by bromide
ion.%

In addition to these commercial sources of electrophilic bromine (Br*), six

additional sources were prepared (Scheme [I-12). Some of these synthetic
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sources are themselves commercially available, but were cheaply and

conveniently prepared in house.

Scheme lI-12. Preparation of various electrophilic bromine sources.
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N-bromoacetamide (NBA, 11-113)%" and N-bromosaccharin (NBSac, II-
115)52% were prepared as analogues of NBS. Pyridinium tribromide (lI-119) was
prepared easily by the method of Fieser and Fieser.®* A final tribromide source,
N-benzyl-DABCO tribromide 1I-117 was readily prepared by Moghaddam’s
protocol.5% N-benzyl-DABCO tribromide has been employed previously as a
bromine source for the deprotection of thioacetals®® and the oxidative cyclization
of benzothioamides to benzothiazoles®®.

Tribromoisocyanuric acid (TBCA) (lI-121), a useful reagent for the
bromination of activated aryls, was easily prepared from commercially available
cyanuric acid.®**° Finally, cupric bromide on alumina (lI-122) is a known source
of electrophilic bromine that is useful in the bromolactonization of alkenoic acids®’
and the bromination of aryls.%®

With these new bromine sources in hand, they were quickly screened as
halogen sources for the lactonization of I1-12 in the presence of 0.1 equivalents
of 11-78 at room temperature in DCM. Table 1-12 summarizes the data for this
screen. Note that all transformations described in Table 11-12 proceeded to

completion as judged by TLC analysis, with the exception of entry 14 (see text,

vide infra).
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Table lI-12. Screen of alternative bromine sources.

1-78 (0.1 eq.) é
PhJ\/\n/OH ) _ o
PR N\_y

fe} Br source (eq.).
DCM

I-12 RT n-122

Entry Br Source Equiv. % ee(ll-122) X (lI-122)

1 113 1.1 2 Br
2 1113 2.2 1 Br
3 -115 1.1 9 Br
4 1103 1.1 0 Br
5 11-105 1.1 0 Br
6 11-106 1.1 7 Br
7 116 1.1 7 Br
8 1-119 1.1 0 Br
9 1119 22 0 Br
10 11-101 1.1 0 Br
11 1-104 1.1 4 Br
12 121 1.1 5 Br
13 -121 0.6 7 Br
14 1121 0.3 6 Br
15 107  1.1/6.6 0 Ci
16 1122 2 g/mmol 0 Br
17 11-102 1.1 11 Br
18 11-102 2.2 12 Br
19 11-110 1.1 0 Br
20 11-108 1.1 0 Br
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On screening the analogues of NBS, the selectivity was not improved.
Switching to N-bromoacetamide returned the desired bromolactone in 2 (1.1 eq.,
entry 1) and 1% ee (2.2 eq., entry 2). N-bromosaccharin (entry 3) returned the
desired lactone with 9% ee.

Perhaps owing to their enhanced reactivity, the tribromide sources as a
whole (entries 4-9) proved to be unselective. Most of them provided completely
racemic products with the notable exceptions of hexamethylenetetramine
tribromide (7% ee, entry 6) and N-benzyl-DABCO tribromide 11-117 that also
provided the desired lactone in 7% ee (entry 7). Molecular bromine (entry 10)
not only suffered from poor enantioselectivity, but also poor chemoselectivity, as
evidenced by the appearance of several additional spots on the TLC. TABCO (lI-
104) returned the lactone product with 4% ee (entry 11), but also, like bromine,
suffered from chemoselectivity issues.

Next, the trihaloisocyanuric acids developed by de Mattos and
coworkers,*®*° were screened (entries 12-15). The perbrominated analog
(TBCA, 11-121) could in principle donate each of its three bromine atoms, and
thus might be employed in substoichiometric amounts relative to the substrate.
In the event, TBCA was employed in 1.1 equivalents (entry 12), 0.6 equivalents
(entry 13), and 0.3 equivalents (entry 14). Not surprisingly, the reaction was
slowed considerably when less equivalents of TBCA was employed. When 1.1
~ equivalents was employed the reaction proceeded to completion in 30 hours
(notably slower than reactions catalyzed by NBS or other bromenium sources).

When the equivalency of TBCA was reduced to 0.6 equivalents, the reaction was
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slower still, proceeding to completion after 42 h. When 0.3 equivalents of TBCA
is employed the reaction is impractically slow, not completing even after stirring
for 42 hours. This last result is not surprising, since completing the reaction with
0.3 equivalents of TBCA requires that a molecule of TBCA transfer each of its
three bromine atoms. In each case, TBCA proved to be marginally selective
providing products with 5% ee with 1.1 equivalent (entry 12), 7% ee with 0.6
equivalents (entry 13), and 6% ee with 0.3 equivalents (entry 14).

In the same communication, de Mattos et al. employed a combination of
trichloroisocyanuric acid (TCCA) and sodium bromide as a bromenium source.
When this combination was employed (entry 15, 1.1 equivalents TCCA and 6.6
equivalents of NaBr), the corresponding chlorolactone was isolated as the
racemate. Evidently, substrate 1I-12 suffers chlorination by action of TCCA prior
to the generation of the bromenium source in situ.

While cupric bromide on alumina complex (employed in a 2 g/mmol
loading), reported to be effective for halolactonizations,®” proved to be
unselective (entry 16), cupric bromide alone emerged as the most selective of
the alternative bromine sources. Employing 1.1 or 2.2 equivalents of cupric
bromide as the bromenium source produced similar results, providing the lactone
product in 11% and 12% ee, respectively (entries 17 and 18).

Braddock’s combination of bis(acetoxy)iodobenzene and lithium bromide
(1-110) provided racemic products (entry 19).* Finally, the ammonium

bromide/hydrogen peroxide combination in acetic acid (11-108) developed by
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Kulkarni and coworkers was evaluated.® While the reaction cleanly provided
the desired lactone, the product was returned as the racemate (entry 20).

The extensive bromine source screen detailed above confirmed NBS to be
the bromine source of choice. Given the discouraging results of the halogen
source screen detailed above, this particular approach to asymmetric
halolactonization was abandoned in lieu of a more promising approach

employing a Cinchona alkaloid catalyst system.

2.3: Conclusions and Future Directions

The inability to increase the selectivity of the initial hit scaffold 11-78 above
14% ee (0.1 equiv.) and 24% ee (1.1 equiv.) irrespective of the reaction
conditions indicates that perhaps the most difficult obstacle preventing further
optimization of the bromoiodinane strategy is taming the uncatalyzed background
reaction due to the terminal bromine source. Indeed, the uncatalyzed
lactonization of 11-12 to provide 11-58 by action of NBS alone is complete within
just five minutes at room temperature by TLC analysis (Scheme 1I-13). That fact,
coupled with a relatively slow generation of the putative active catalyst I1-79
suggests that a highly selective bromolactonization mediated by iodoarylamido
peptides might be difficult if not impossible to achieve. Indeed, attempts to
observe the conversion of a secondary o-iodo amide 11-123 into its corresponding
bromoiodinane Il-124 by action of NBS showed no new peaks in the *C NMR
after 1 day. The bromoiodinane reagents developed by Braddock show a

distinctive change in the '*C chemical shift of the iodine’s a-carbon (cf. 11-125 vs.
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11126, AS = 18.8 ppm).*® It was hoped that a similar diagnostic peak would
appear in the *C NMR of 11-123 on treatment with NBS. That no change was
observed after 1 day of incubation indicates that either the formation of 1I-124 is
highly reversible or prohibitively slow to be observed in the NMR. Either of these
situations when extrapolated to scaffold 11-78, coupled with facile background
reaction (Scheme II-13, equation 1), indicates that only an exceedingly active

third generation bromoiodinane catalyst might overcome the limitations of 11-78.

Scheme lI-13. Difficulties associated with bromoiodinane catalysis.
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A few potential solutions might guide future attempts at developing peptide
based scaffolds for halogenations. Ultimately, future catalyst iterations for chiral
halogenation applications ought to incorporate more nucleophilic moieties, thus
generating more reactive catalyst systems that can effectively out-compete the
prevailing background reaction. In the context of the bromoiodinane scaffold
described herein, a logical extension would be to incorporate even more
nucleophilic ortho-aryliodo active sites such as amidines (see 1-127, Figure 1I-7).
This group might be readily installed by capping the N-terminus of the
appropriate peptide with N-phenyl o-iodobenzimidoyl chloride 11-128. Reagent II-
128 could be generated analogously to the known N-phenyl benzimidoyl

chloride.®®

Figure lI-7. Potential third generation peptide scaffolds for chiral halogenations.

.............

I NPhg . O R i 1 NPh:
H o a " o :
1127 P28
R H\)j\ O R , O
Cl)\u)\{rN g HJ\WNH2 ~ NJ\[rN\/”\N)\rrNHZ
N O R 0 N H o A H oo
1129 1-130

In addition, several scaffolds can be imagined that incorporate other
nucleophilic residues such as tertiary amines (11-129) and pyridines (11-130) and
might be readily prepared by solid phase synthesis (SPPS). These compounds
would be readily accessible by capping the N-terminus of the growing peptide

with N-alkyl proline derivatives (I1-129) or picolinic acid (1I-130) and nicotinic acid.
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Ultimately, these scaffolds might prove more generally useful, given that they can
be coupled with other halogen sources (i.e. iodo or chloro sources). ltis
important to note that an analogous chlorolactonization approach (i.e. replacing
NBS with NCS) fails to produce any chlorolactone products when catalyst 1I-78 is
employed. Evidently, an analogous iodine-chlorine bond is not accessible (cf. ll-
79).

In conclusion, a number of peptides containing o-iodoarylamide active
sites were prepared and screened as catalysts for the asymmetric
bromolactonization of 4-phenyl-4-pentenoic acid (lI-12). Peptide 1I-78 provided
the highest selectivity, returning lactone 11-568 in 14% ee when 0.1 equiv. catalyst
was employed and 24% ee when employed in a stoichiometric amount. Perhaps
the most overarching lesson learned from these experiments is that the pairing of
a sufficiently active organocatalyst with an appropriately attenuated halogen
source will be key to the success of future attempts. Indeed, as will become
evident in Chapter 3, careful tuning of the terminal halogen source ultimately
proved crucial in the development of a novel asymmetric chlorolactonization

protocol mediated by a Cinchona alkaloid organocatalyst.
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2.5: Experimental Details

The solid phase peptide synthesis of the peptides described herein was
conducted following well-established protocols that can be found in Fmoc Solid
Phase Peptide Synthesis: A Practical Approach by W.C. Chan and P.D. White.*
Additional protocols can be found in the appendix of the Novabiochem product
catalogue. Peptides were prepared in disposable 5 or 10 mL fritted syringes
purchased from CSPS Pharmaceuticals, Inc. All Fmoc protected amino acids
were purchased from Novabiochem, CSPS Pharmaceuticals, Inc. or Aldrich and
used without purification. Wang and Rink Amide MBHA resins were purchased
from Novabiochem. All other reagents and solvents were purchased from
commercial sources and used without purification. C-terminal carboxylic acid
and methyl ester peptides were synthesized using a commercially available
Wang resin that was preloaded with Fmoc-valine (Fmoc-Val-Wang resin). C-
terminal amide peptides were synthesized using the Rink Amide MBHA resin
which was loaded with the first amino acid of the desired sequence. Peptide
ligands were characterized by MALDI-TOF mass spectrometry (Figure |I-8, vide
infra). A sample of 2-iodo-iso-phthalic acid was prepared by previously disclosed
methodology.>® Synthetic halogen sources were prepared by known
methodology: N-bromoacetamide (lI-113) was prepared by the method of

Oliveto and Gerold,®' N-bromosaccharin (ll-115) was prepared by the method of
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Zajc, N-benzyl DABCO perbromide (II-117) was prepared by the method of
Moghaddam,®® pyridinium tribromide (11-119) was prepared by the method of
Fieser and Fieser,% TBCA (lI-121) was prepared by the method of de Mattos,*®
and CuBr; on alumina (l1-122) was prepared by the method of Kodomari et. al.®®
Compounds 1-12 and 1I-58 had 'H and "*C NMR data in full agreement with
samples prepared previously.>’

Crude peptides were then screened as catalysts for the asymmetric
bromolactonization of II-12. HPLC separation of the two enantiomeric
bromolactones (Chiralcel OD-H column, 5% IPA/hexane, 0.8 mL/min, 245 nm UV
detection) provided the extent of selectivity emparted by the catalyst. Given

below is a general protocol for each step in the solid phase synthesis along with

a general protocol for the lactonization reaction.

General Procedures for Solid Phase Peptide Synthesis
Bead Loading
Rink Amide MBHA resin (87 mg, 0.06 mmol, 0.69 mmol/g loading) was
pre-swelled in a 5 mL disposable syringe equipped with a frit by rotating with
DCM (3 mL) for 1h. The resin was then washed with DMF (5 X 4 mL). The
Fmoc protecting group on the bead was removed by treatment with 5 bed
volumes (ca. 4 mL) of a 20% piperidine solution in DMF for 20 minutes.
Meanwhile, Fmoc-Phe-OH (116 mg, 0.3 mmol, 5 eq.) was dissolved in

DMF (3 mL) along with HOBt (41 mg, 0.3 mmol, 5 eq.). Diisopropyl carbodiimide
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(DIC) (50 pL, 0.3 mmol, 5 eq.) was then added and the resulting mixture was
stirred at room temperature for 20 min.

After 20 minutes, the resin was washed with DMF (5 X 4 mL). To the
thoroughly washed resin bed, was added the coupling solution (Fmoc-Phe-OH,
HOBYt, and DIC), and the resulting mixture was rotated for 12 hours. The loaded
resin was then washed with DMF (5 X 4 mL) and used in subsequent Fmoc solid

phase peptide synthesis as described below.

Fmoc removal

The Fmoc group of the terminal amino acid of the growing peptide chain was
deprotected by treating the resin beads (0.69 mmol/g loading) with a 20%
solution of piperidine in DMF (ca. 4 mL) with rotation for three minutes. The
deprotection cocktail was then discharged from the syringe and the resin beads
were treated with a fresh portion of 20% piperidine in DMF for three minutes.
This protocol is repeated until the resin beads have been treated with four
aliquots of 20% piperidine in DMF. The final portion is then discharged from the
syringe and the deprotected beads are washed with DMF (5 X 4 mL). The
washed, deprotected resin beads were then immediately coupled with the next

amino acid in the sequence.

HOBt-Mediated Coupling

The next amino acid in a desired sequence was activated as the HOBt

ester by dissolving the desired amino acid (0.3 mmol, 5 equivalents relative to
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the 0.69 mmol/g resin loading) along with HOBt (41 mg, 0.3 mmol, 5 eq.) in
DMF/DCM (1:1) (3 mL). To the resulting solution was added DIC (50 uL, 0.3
mmol, § eq.) and the resulting solution was stirred at room temperature for
twenty minutes (usually while the terminal amino acid of the resin bound
sequence is deprotected).

The resulting solution of HOBt ester was added to the N-terminal
deprotected, resin-bound, peptide sequence and the mixture was rotated for one
hour. The resin beads were then thoroughly washed with DMF (6 X 4 mL). The
resulting N-terminal, Fmoc-protected, resin-bound peptide sequence was then
resubjected to the Fmoc removal protocol and subsequent HOBt couplings until

the desired sequence had been assembled.

N-Terminal o-lodobenzoate Capping

The N-terminus of the peptide was capped with the o-iodoarylamido active
site by the HOBt active ester methodology. The o-iodobenzoic acid (0.3 mmol, 5
equivalents relative to the 0.69 mmol/g resin loading) was dissolved along with
HOBt (41 mg, 0.3 mmol, 5 eq.) in DMF/DCM (1:1) (3 mL). To the resulting
solution was added DIC (50 uL, 0.3 mmol, § eq.) and the resulting solution was
stirred at room temperature for twenty minutes (usually while the terminal amino
acid of the resin bound sequence is deprotected).

The resulting solution of HOBt ester was added to the N-terminal
deprotected, resin-bound, peptide sequence and the mixture was rotated for one

hour. The resin beads were then thoroughly washed with DMF (5 X 4 mL).
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TFA Cleavage/Global Side-chain Deprotection of Peptides
Peptides were cleaved from the resin beads by employing the following protocol:
The fully assembled, resin-bound peptides were prepared for cleavage by
washing the beads with DMF (5 X 4 mL), DCM (5 X 4 mL), and methanol (5 X 4
mL). The syringe plunger was removed from the barrel and the resin beads were
dried overnight in the vacuum oven at 25 °C. The following day, the resin was
treated with a cleavage cocktail comprised of a mixture of TFA/H,O/TIS
(95:2.5:2.5) (3 mL) for 2.5 hours with minimal, intermittent agitation. The
cleavage cocktail, containing the solvated, resin-free peptide was then ejected
into a 5 mL pear-shaped flask and the solvent was removed under a stream of
nitrogen to give a thick oil. The crude peptide was then precipitated by the
addition of ice-cold diethyl ether. The solid peptide was then isolated by vacuum
filtration and washed with copious amounts (ca. 15-20 mL) of cold ethyl ether.
The solid peptide was then dried in vacuo. The identity of the desired sequence

was verified by MALDI-TOF mass spectrometry (Figure 11-8, vide infra).

MeOH/TEA/DMF Cleavage of Peptides (peptide methyl esters)

The fully assembled, side-chain protected, resin-bound peptides were
readied for cleavage by washing the beads with DMF (5 X 4 mL), DCM (6 X 4
mL), and methanol (6 X 4 mL). The syringe plunger was removed from the barrel
and the resin beads were dried overnight in the vacuum oven at 25 °C. The
following day, the resin was treated with a cleavage cocktail comprising

methanol/TEA/DMF (9:1:1) (3 mL) with rotation for four days. The cleavage
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cocktail, containing the solvated, resin-free peptide was then ejected into a 5 mL
pear-shaped flask and the solvent was removed under a stream of nitrogen to
give a thick oil. The crude peptide was then precipitated by the addition of ice-
cold ethyl ether. The solid peptide was then isolated by vacuum filtration and
washed with copious amounts (ca. 15-20 mL) of cold ethyl ether. The solid
peptide was then dried in vacuo. The identity of the desired sequence was

verified by MALDI-TOF mass spectrometry (Figure 1I-8, vide infra).
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Figure 1I-8. MALDI-TOF data for peptides 11-59 through 11-78 and 11-80 through 1I-92.
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Figure 1I-8. (Cont'd)
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@AN
(o]

n-70

0]
\i/u\NHz

\l\/NH2

Calc.: 488.13 Found: 488.7

I O H 0
©)LN N\;/U\NHZ
H o) H
“oH
n-72

Calc.: 447.07
470.06 (M+Na)

I O H (o)
@/‘(u N\;)LNHZ
o =
I-74 Y

Calc.: 473.12
496.11 (M+Na)

Found: 530.3 (M+Na)

Found: 470.3 (M+Na)

Found: 496.4 (M+Na)



Figure II-8. (Cont’d)

I O H 0 I O H (o)
©)LN N\;)LNHQ @AN N\;)LNHz
H : H H
o A 0 _Au

I-75 I-76
Calc.: 473.12 Found: 496.0 (M+Na) Calc.:459.10 Found: 482.3 (M+Na)
496.02 (M+Na) 482.09 (M+Na)
I (0] H o) I (o] H lo)
\©)Lu N\;)LNH2 @)(” N\;/”\u NH,
o /i\ 0 /i\ o
-7z -78
Calc.: 487.13 Found: 510.0 (M+Na) Calc.:586.20 Found: 609.4 (M+Na)
510.12 (M+Na) 526.0 (M+K) 609.19 (M+Na)
526.23 (M+K)

I O 0

I O (o)
i H
0 _j 0 H o A " o

11-80 1-81
Calc.: 572.19 Found: 595.2 (M+Na) Calc.:558.17 Found: 580.7 (M+Na)
595.18 (M+Na) 581.16 (M+Na)
I O H (o) I O H 0
©/\(” N\/U\” NH, ©)(u N\)L” OH
0 _AL 0 0 /I\ o]
I-82 11-83
Calc.: 544.15 Found: 567.1 (M+Na) Calc.:576.46 Found: 599.6 (M+Na)
567.16 (M+Na) 599.45 (M+Na)
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Figure I1-8. (Cont'd)

I (0] H 0 H (o)
. N\;/U\N N\;)LNH2
TP A

-84

Calc.: 671.25 Found: 694.5 (M+Na)
694.24 (M+Na)

Calc.: 657.24 Found: 680.7 (M+Na)
680.14 (M+Na)

OtBu OtBu
SRS,
/\oua

11-86
Calc.: 832.35 Found: 832.5

OtBu L0 NOH o N OH
H
©)\ I'( OCH, @)(N\/grr\l\)LN\/[KNHZ
H : H

-87 I-88

Calc.: 675.24 Found: 698.4 (M+Na) Calc.:550.09 Found: 573.2 (M+Na)
698.23 (M+Na) 573.08 (M+Na)
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Figure 11-8. (Cont’d)

(0] H (0]

zgo

0] (0]

o)D o ™

I I
11-89 11-90
Calc.: 457.09 Found: 495.8 (M+K) Calc.: 570.17 Found: 569.2
496.19 (M+K)
Ph Ph
o o
QJ\';{/¥ 0 QJ\ ” /\’___ o
Ph o HN Ph o HN

NH Phong:Ph ;2; phozeN:P"
o ... 0 .
I o I o]
HoN HoN

n-91 11-92
Calc.: 932.84 Found: 955.5 (M+Na) Calc.:947.87 Found: 969.6 (M+Na)
955.83 (M+Na) 971.5 (M+K) 970.86 (M+Na) 985.6 (M+K)
971.5 (M+K) 986.97 (M+K)

Procedure for the Bromolactonization of 1I-12 with Peptide Catalysts

.
Ph/u\/\(OH peptide (0.1eq.) 0@
NBS (1.1 eq.)
° DCM Ph™ \_py
12 RT I-58

A 3.7 mL screw-top vial equipped with a magnetic stir bar was charged
with 4-phenyl-4-pentenoic acid I'I-12 (9 mg, 0.05 mmol), N-bromosuccinimide (10
mg, 0.055 mmol) and peptide organocatalyst (typically ca. 4 mg, 0.005 mmol).
The solids were then taken up in 1 mL of freshly distilled dichloromethane. The

vial was sealed with the screw-top and the reaction mixture was stirred overnight
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and monitored by TLC (20% ethyl acetate in hexanes, KMnO,4 burn). Upon
completion, the reaction mixture was poured into a 60 mL separatory funnel
along with 5 mL of water. The resulting solution was extracted twice with § mL of
dichloromethane. The combined organics were then dried (anhydrous Na;SO,)
and concentrated in the presence of a small portion of silica gel via rotary
evaporation. The resulting silica plug was then placed on top of a Pasteur pipet
packed with silica gel. The desired lactone product (11-568) was eluted from the
pipet column with 20% ethyl acetate in hexanes which on concentration returned
aclear oil. The enantiomeric excess of the product was determined by HPLC
(Chiralcel OD-H, 5% iso-propyl alcohol in hexanes, 0.8 mL/min, 254 nm, RTq =

24 .38 min, RT; = 27.42 min).

I1-58, 5-(bromomethyl)-5-phenyldihydrofuran-2(3H)-one*’
'H NMR (300 MHz, CD3Cl): 6 7.34 (m, 5H), 3.71 (d, J = 11.1 Hz, 1H), 3.67 (d, J =
11.1 Hz, 1H), 2.77 (m, 2H), 2.52 (m, 2H); *C NMR (75 MHz, CD3Cl): & 175.4,

140.6, 128.7, 128.5, 124.7, 86.3, 40.9, 32.2, 28.9.

Preparation of 4-phenyl-4-pentenoic acid (I-12)*’

(o)
1. Ph;P=CH
/U\/\H/OCHS 3 2 . o Ph/n\/\n/OH
Ph .
) 2. LIOHM,O/THF

0]

11-57 72% (2 steps) 1-12

Methyltriphenylphosphonium bromide (1.96 g, 5.6 mmol, 1.08 equivalent)

was suspended in freshly distilled toluene (30 mL) and cooled to ca. 0 °C on an
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ice bath. Sodium bis(trimethylsilyl)amide (5.4 mL, 5.4 mmol, 1.04 equivalents, 1
M solution in THF) was added dropwise by syringe and the resulting solution was
stirred for 30 minutes. The solution was then lowered to -78 °C and methyl 3-
benzoylpropionate (11-67) (1.0 g, 5.2 mmol, 1 equivalent) was added dropwise by
syringe. The resulting solution was then stirred while warming to room
temperature. The reaction mixture was then refluxed for 40 hours. On cooling,
the reaction was quenched by the addition of saturated ammonium chloride (40
mL) and the resulting slurry was diluted with 50 mL of water and extracted with
ethyl acetate (3X 50 mL). The combined organics were washed with brine (100
mL), dried over anhydrous Na,SO,, and concentrated by rotary evaporation. The
residue was purified by column chromatography on silica gel (10% ethyl acetate
in hexanes) to give 762 mg (77% yield) of the desired methyl 4-phenylpent-4-
enoate. This substance was used immediately without characterization in the
following saponification reaction.

The ester (536 mg, 2.82 mmol, 1 equivalent) was dissolved in THF (20
mL) and cooled to ca. 0 °C on an ice bath. A solution of lithium hydroxide
monohydrate (600 mg, 14.30 mmol, 5.07 equivalents) in 20 mL of water was
added dropwise over about 5 minutes via an addition funnel. The resulting
solution was allowed to warm to room temperature while stirring for 18 hours.
The solution was acidified to pH <4 with 1N HCI and then extracted with diethyl
ether (3X 20 mL). The combined organics were then washed with water (60 mL)

and brine (60 mL), and then dried over anhydrous Na;SO,. The organics were

99



concentrated by rotary evaporation to give the desired compound l1-12 (467 mg,

94% vyield). This crude isolate was sufficiently pure by 'H and *C NMR analysis.
11-12, 4-phenyl-4-pentenoic acid*’

'H NMR (300 MHz, acetone-ds):  7.46 (m, 2H), 7.37-7.27 (m, 3H), 5.32 (m, 1H),
5.12 (m, 1H), 2.82 (m, 2H), 2.46 (m, 2H); °C NMR (75 MHz, acetone-de): &
171.2, 148.1, 141.5, 129.2, 128.4, 126.8, 112.7, 33.2, 30.9.

Preparation of bis-amino acid catalysts 11-97 through 11-100.

6 1 O 1. SOCly, reflux, 2 h R O I O R

HOJ\©/U\OH 2 )n\ - MGOZCA”J\E))L”)\COM&
CIHsN” ~CO,Me
I-94 1-95 1i-96
TEA, DCM,
0°CtoRT, 12h

General procedure for the preparation of scaffold 11-96:

A flame-dried 25 mL round-bottomed flask was charged with a magnetic
stir bar, 2-iodo-iso-phthalic acid®® (11-94) (219 mg, 0.75 mmol, 1 equiv.) and
thionyl chloride (5 mL, 69 mmol). The resulting suspension was refluxed for 2
hours, after which time the brown solution was concentrated to a thick oil by
rotary evaporation. The acid chloride, so generated, was then reconstituted in
dry DCM (10 mL) and was added dropwise to an ice-cold solution of the
~ appropriate amino acid methyl ester hydrochloride (11-95) (1.6 mmol, 2.1 equiv.)

and triethylamine (558 mL, 4 mmol, 5.3 equiv.) in dry DCM (10 mL). The
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resulting slurry was stirred overnight while warming to room temperature. The
reaction mixture was then diluted with DCM (20 mL) and washed with 1N HCI (50
mL) and saturated brine (50 mL). The organics were then dried over anhydrous
sodium sulfate and concentrated by rotary evaporation. The desired bis-amino
acid catalysts 11-96 were isolated after purification by silica gel chromatography

(ethyl acetate/hexanes (1:1)).

11-97, bis-valine organocatalyst

Y248 j:n/
MeO_ A~ OMe
N
VHWu
(o] (0]

'H NMR (300 MHz, CD;Cl):  7.33 (m, 3H), 6.65 (d, J = 8.7 Hz, 2H), 4.70 (dd, J;
= 4.8 Hz, J,= 8.7 Hz, 2H), 3.76 (s, 6H), 2.30 (septet of doublets, J; = 4.8 Hz, J> =
6.9 Hz, 2H), 1.05 (d, J = 6.9 Hz, 6H), 0.98 (d, J = 6.9 Hz, 6H); '*C NMR (75 MHz,
CDsCl): 6 171.8, 169.1, 143.8, 128.6, 128.3, 90.2, 57.6, 52.1, 31.2, 19.0, 17.9; IR
(vem™, KBr): 3279, 1744, 1651. HRMS (C9H27N,0¢l) Calc. (M+H): 519.0992

Found (M+H): 519.0990; [0]o?° = -5.7° (c =0.5, CHCl3); mp = 201-203 °C

11-98, bis-tert-leucine organocatalyst

Lo 10
Meo\"/’\N N OMe
o H H o

'H NMR (300 MHz, CD;Cl): 8 7.33 (m, 3H), 6.49 (d, J = 9.0 Hz, 2H), 4.62 (d, J =

9.0 Hz, 2H), 3.74 (s, 6H), 1.07 (s, 9H); °C NMR (75 MHz, CDsCI): 8 171.2,
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168.8, 143.9, 128.7, 128.3, 90.0, 60.6, 51.7, 34.8, 26.7; IR (vem™, KBr): 3319,
1740, 1657. HRMS (C22H31N20¢l) Calc. (M+H): 547.1305 Found (M+H):

547.1300; [a]p?® = -20.1° (c =0.5, CHCl3); mp = 95-97 °C.

11-99, bis-phenylglycine organocatalyst

Ph O I O Ph
MeO_ - /'\I(OMe
N
W(\H)‘\@/Kﬂ
o} 0

'H NMR (300 MHz, CDsCl): 6 7.45-7.25 (m, 13H), 6.88 (d, J = 7.2 Hz, 2H), 5.73
(d, J = 7.2 Hz, 2H), 3.74 (s, 6H); "°C NMR (75 MHz, CD4Cl):  170.8, 168.3,
143.3, 135.8, 129.0, 128.7, 128.4, 127.5, 90.4, 56.8, 52.9; IR (vem™', KBr): 3277,
1744, 1653. HRMS (C26H23N206l) Calc. (M+H): 587.0679 Found (M+H):

587.0675; [a]po®® = +57.0° (c =0.5, CHCl3); mp = 245-246 °C (decomp.).

11-100, bis-proline organocatalyst

MeO,C Q@ I O come
@WS

"H NMR (300 MHz, CD;Cl):  7.53-7.15 (m, 3H), 4.69 (m, 2H), 3.94-3.48 (m,
10H, CH3+CH,), 2.35-1.91 (m, 8H) ; "*C NMR (75 MHz, CD;Cl): 4 172.2, 168.4,
144,2, 129.1, 128.7, 88.9, 58.3, 52.0, 48.5, 29.3, 24.6; IR (vem™, KBr): 1745,
1647. HRMS (C20H23N20¢l) Calc. (M+H): 515.0679 Found (M+H): 515.0682;

[a]o? = -54.7" (¢ =0.5, CHCl3); mp = 139-141 °C.
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Figure II-9. X-ray crystal structure of bis-proline catalyst I-100.

I

Table II-13. Crystal data and structure refinement for 11-100.

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 = 25.00°
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)

Absolute structure parameter

Largest diff. peak and hole

bb13_0Om

C20 H23 I N2 06
514.30

173(2) K
0.71073 A
Orthorhombic
P2(1)2(1)2(1)

a=77111(2) A a= 90°.
b = 11.0395(3) A b= 90°.
c = 25.1892(8) A g = 90°.

2144.27(11) A3
4

1.593 Mg/m3

1.531 mm-1
1032

0.27 x 0.24 x 0.06 mm3
1.62 to 27.89°.

-10<=h<=10, -13<=k<=14, -26<=I<=33

29760

5104 [R(int) = 0.0365]

100.0 %

Semi-empirical from equivalents
0.9137 and 0.6790

Full-matrix least-squares on F2
5104/0/274

1.056

R1 = 0.0429, wR2 = 0.0887
R1 = 0.0663, wR2 = 0.1006
0.00(2)

0.933and -1.711 e A-3
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Table II-14. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
103) for I-100. U(eq) is defined as one third of the trace of the orthogonalized Uil tensor.

X y z U(eq)
I(1) 965(1) 3466(1) -283(1) 71(1)
o(1) -110(4) 3281(4) 1134(1) 56(1)
0(2) 133(5) 6164(4) -1096(2) 77(2)
0(3) 3243(4) 2656(3) 2249(1) 46(1)
0(4) 1777(6) 4391(3) 2184(1) 62(1)
0(5) -2272(4) 6582(3) -2370(1) 43(1)
0(6) -3417(6) 7356(3) -1633(1) 59(1)
N(1) 2325(4) 4413(3) 1086(1) 31(1)
N(2) -2495(5) 5282(4) -1071(2) 48(1)
c(1) -278(6) 4962(5) 72(2) 45(1)
C(2) -208(6) 5096(5) 615(2) 41(1)
C(3) -947(7) 6107(5) 847(2) 53(1)
C(4) -1812(7) 6971(6) 542(2) 62(2)
C(5) -1891(7) 6804(5) -2(2) 60(2)
C(6) -1112(6) 5824(5) -244(2) 50(1)
C(7) 660(6) 4173(4) 970(2) 37(1)
C(8) -1084(7) 5757(5) -842(2) 55(1)
C(9) 3337(6) 5449(4) 899(2) 45(1)
C(10A) 4717(9) 5563(7) 1334(3) 41(2)
C(10B) 5139(16) 4695(13) 820(6) 42(4)
c(11) 5156(6) 4178(5) 1409(2) 55(1)
Cc(12) 3333(5) 3618(4) 1428(2) 31(1)
C(13) 2661(5) 3630(4) 1989(2) 33(1)
C(14) 2806(8) 2581(7) 2807(2) 70(2)
C(15) -4093(7) 4823(5) -822(2) 53(1)
c(16) -5389(6) 4808(5) -1267(2) 55(1)
c(17) -4293(7) 4548(4) -1751(2) 52(1)
C(18) -2603(6) 5256(4) -1655(2) 40(1)
C(19) -2798(6) 6532(4) -1868(2) 38(1)
C(20) -2610(8) 7692(4) -2655(2) 50(1)

Table II-15. Bond lengths [A] and angles [°] for 11-100.

I(1)-C(1) 2.109(6)
O(1)-C(7) 1.223(5)
0(2)-C(8) 1.223(6)
0(3)-C(13) 1.336(5)
0(3)-C(14) 1.447(5)
0(4)-C(13) 1.188(5)
0(5)-C(19) 1.330(5)
0(5)-C(20) 1.444(5)
0(6)-C(19) 1.186(5)
N(1)-C(7) 1.343(6)
N(1)-C(12) 1.455(5)
N(1)-C(9) 1.463(5)
N(2)-C(8) 1.339(6)
N(2)-C(15) 1.472(6)
N(2)-C(18) 1.472(6)
C(1)-C(2) 1.378(6)
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Table II-15. (Cont’'d)

C(1)-C(6)
C(2)-C(3)
C(2)-C(7)
C(3)-C(4)
C(3)-H(3)
C(4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5)
C(6)-C(8)
C(9)-C(10A)
C(9)-C(10B)
C(9)-H(9A)
C(9)-H(9B)
C(10A)-C(11)
C(10A)-H(10A)
C(10A)-H(10B)
C(10B)-C(11)
C(10B)-H(10C)
C(10B)-H(10D)
C(11)-C(12)
C(11)-H(11A)
C(11)-H(11B)
C(12)-C(13)
C(12)-H(12)
C(14)-H(14A)
C(14)-H(14B)
C(14)-H(14C)
C(15)-C(16)
C(15)-H(15A)
C(15)-H(15B)
C(16)-C(17)
C(16)-H(16A)
C(16)-H(16B)
C(17)-C(18)
C(17)-H(17A)
C(17)-H(17B)
C(18)-C(19)
C(18)-H(18)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)

C(13)-0(3)-C(14)
C(19)-0(5)-C(20)
C(7)-N(1)-C(12)
C(7)-N(1)-C(9)
C(12)-N(1)-C(9)
C(8)-N(2)-C(15)
C(8)-N(2)-C(18)
C(15)-N(2)-C(18)
C(2)-C(1)-C(6)
C(2)-C(1)-I(1)
C(6)-C(1)-1(1)

1.397(6)
1.383(7)
1.510(6)
1.396(7)
0.9500
1.384(8)
0.9500
1.380(8)
0.9500
1.507(7)
1.533(8)
1.632(13)
0.9900
0.9900
1.578(9)
0.9900
0.9900
1.589(14)
0.9900
0.9900
1.537(7)
0.9900
0.9900
1.507(5)
1.0000
0.9800
0.9800
0.9800
1.502(7)
0.9900
0.9900
1.509(8)
0.9900
0.9900
1.539(6)
0.9900
0.9900
1.514(6)
1.0000
0.9800
0.9800
0.9800

116.3(4)
117.0(4)
121.4(3)
126.4(3)
112.2(3)
129.1(4)
119.0(4)
111.8(4)
120.8(5)
119.2(4)
120.0(4)
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Table 1I-15. (Cont’d)

C(1)-C(2)-C(3)
C(1)-C(2)-C(7)
C(3)-C(2)-C(7)
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(6)-C(5)-C(4)
C(6)-C(5)-H(5)
C(4)-C(5)-H(5)
C(5)-C(6)-C(1)
C(5)-C(6)-C(8)
C(1)-C(6)-C(8)
0(1)-C(7)-N(1)
0(1)-C(7)-C(2)
N(1)-C(7)-C(2)
0(2)-C(8)-N(2)
0(2)-C(8)-C(6)
N(2)-C(8)-C(6)
N(1)-C(9)-C(10A)
N(1)-C(9)-C(10B)
C(10A)-C(9)-C(10B)
N(1)-C(9)-H(9A)
C(10A)-C(9)-H(9A)
C(10B)-C(9)-H(9A)
N(1)-C(9)-H(9B)
C(10A)-C(9)-H(9B)
C(10B)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(9)-C(10A)-C(11)
C(9)-C(10A)-H(10A)
C(11)-C(10A)-H(10A)
C(9)-C(10A)-H(10B)
C(11)-C(10A)-H(10B)
H(10A)-C(10A)-H(10B)
C(11)-C(10B)-C(9)
C(11)-C(10B)-H(10C)
C(9)-C(10B)-H(10C)
C(11)-C(10B)-H(10D)
C(9)-C(10B)-H(10D)
H(10C)-C(10B)-H(10D)
C(12)-C(11)-C(10A)
C(12)-C(11)-C(10B)
C(10A)-C(11)-C(10B)
C(12)-C(11)-H(11A)
C(10A)-C(11)-H(11A)
C(10B)-C(11)-H(11A)
C(12)-C(11)-H(11B)
C(10A)-C(11)-H(11B)
C(10B)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
N(1)-C(12)-C(13)

119.3(5)
122.1(5)
118.5(4)
121.0(5)
1195
119.5
118.4(6)
120.8
120.8
121.6(5)
119.2
119.2
118.8(5)
119.1(4)
122.0(5)
123.3(4)
121.9(4)
114.8(4)
122.8(4)
121.1(4)
116.0(4)
101.8(4)
95.4(6)
62.5(6)
111.4
111.4
153.1
111.4
1114
56.3
109.3
98.9(5)
112.0
112.0
112.0
112.0
109.7
94.4(7)
112.8
112.8
112.9
112.8
110.3
101.4(4)
99.6(6)
62.5(6)
111.5
1115
54.1
115
115
148.8
109.3
111.6(3)
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Table II-15. (Cont’d)

N(1)-C(12)-C(11)
C(13)-C(12)-C(11)
N(1)-C(12)-H(12)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
0(4)-C(13)-0(3)
0(4)-C(13)-C(12)
0(3)-C(13)-C(12)
O(3)-C(14)-H(14A)
0O(3)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
0(3)-C(14)-H(14C)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
N(2)-C(15)-C(16)
N(2)-C(15)-H(15A)
C(16)-C(15)-H(15A)
N(2)-C(15)-H(15B)
C(16)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(15)-C(16)-C(17)
C(15)-C(16)-H(16A)
C(17)-C(16)-H(16A)
C(15)-C(16)-H(16B)
C(17)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(16)-C(17)-C(18)
C(16)-C(17)-H(17A)
C(18)-C(17)-H(17A)
C(16)-C(17)-H(178B)
C(18)-C(17)-H(178B)
H(17A)-C(17)-H(17B)
N(2)-C(18)-C(19)
N(2)-C(18)-C(17)
C(19)-C(18)-C(17)
N(2)-C(18)-H(18)
C(19)-C(18)-H(18)
C(17)-C(18)-H(18)
0(6)-C(19)-0(5)
0(6)-C(19)-C(18)
0(5)-C(19)-C(18)
O(5)-C(20)-H(20A)
0(5)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
0(5)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)

103.2(3)
109.9(4)
110.7
110.7
110.7
124.1(4)
126.2(4)
109.7(4)
109.5
109.5
109.5
109.5
109.5
109.5
104.0(4)
110.9
110.9
110.9
110.9
109.0
103.4(4)
111.1
111.1
111.1
111.1
109.1
104.5(4)
110.8
110.8
110.8
110.8
108.9
110.0(4)
102.4(4)
109.4(4)
1116
1116
111.6
124.5(4)
125.2(4)
110.2(4)
109.5
109.5
109.5
109.5
109.5
109.5
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Table II-16. Anisotropic displacement parameters (A2x 103)for I-100. The anisotropic
displacement factor exponent takes the form: -2p2[ h2a*2U'1 + ... + 2hk a* b* U12]

yl1 uy22 y33 y23 y13 ul2
1(1) 124(1) 49(1) 42(1) 4(1) -23(1) -14(1)
o(1) 49(2) 64(3) 56(2) 30(2) -8(2) -20(2)
0(2) 63(2) 122(4) 45(2) 36(2) -22(2) -57(2)
0(3) 46(2) 59(2) 34(2) 18(2) 3(1) 12(2)
0(4) 97(3) 52(2) 38(2) -2(2) 16(2) 20(2)
O(5) 53(2) 39(2) 38(2) 6(2) 0(1) 16(2)
o(6) 105(3) 33(2) 40(2) -3(1) 6(2) -1(2)
N(1) 31(2) 35(2) 27(2) 7(1) -3(1) 1(2)
N(2) 42(2) 52(2) 49(2) 21(2) -24(2) -18(2)
C(1) 45(3) 50(3) 40(2) 18(2) -12(2) -18(2)
C(2) 29(2) 56(3) 37(2) 20(2) -4(2) -10(2)
C(3) 40(3) 77(3) 43(2) 23(2) 9(2) 6(3)
C(4) 39(3) 80(4) 67(4) 33(3) 6(3) 13(3)
C(5) 40(3) 75(4) 65(3) 43(3) -11(3) -3(3)
C(6) 37(2) 66(3) 47(2) 31(2) -17(2) -23(2)
C(7) 38(2) 46(2) 27(2) 7(2) -1(2) -4(2)
C(8) 53(3) 67(3) 44(2) 31(2) -25(2) -26(3)
C(9) 38(2) 42(2) 54(3) 20(2) -6(2) -6(2)
C(10A)  32(4) 49(4) 43(4) -3(3) 3(3) -6(3)
c(10B) 27(6) 47(8) 51(8) 12(6) 6(6) 5(6)
C(11) 30(2) 82(4) 52(3) 28(3) 4(2) 5(2)
C(12) 37(2) 30(2) 27(2) 4(2) 1(2) 7(2)
C(13) 35(2) 35(2) 28(2) 5(2) -5(2) -1(2)
C(14) 61(4) 109(5) 39(3) 29(3) 3(3) 18(4)
C(15) 43(3) 53(3) 64(3) 11(2) -12(3) -21(3)
C(16) 37(3) 46(3) 83(4) 6(3) -17(3) -9(2)
C(17) 48(3) 32(2) 75(3) 3(2) -30(3) -4(2)
C(18) 44(3) 32(2) 45(2) 6(2) -19(2) -5(2)
C(19) 46(2) 33(2) 35(2) -2(2) -14(2) -3(2)
C(20) 67(3) 45(3) 40(2) 9(2) 2(2) 17(3)

Table lI-17. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 103)
for 11-100.

X y z U(eq)
H(3) -864 6216 1221 64
H(4) -2335 7658 703 74
H(5) -2495 7377 -214 72
H(9A) 2616 6190 875 54
H(9B) 3869 5286 548 54
H(10A) 4243 5928 1662 50
H(10B) 5737 6033 1213 50
H(10C) 5045 4051 548 50
H(10D) 6144 5225 743 50
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Table 11-17. (Cont’d)

H(11A) 5837 3859 1106 66
H(11B) 58004032 1743 66

H(12) 3347 2774 1284 38
H(14A) 3293 3280 2994 105
H(14B) 3287 1833 2956 105
H(14C) 1542 2578 2847 105
H(15A) -4478 5364 -532 64
H(15B) -3914 3998 -678 64
H(16A) -5982 5600 -1300 66
H(16B) -6268 4167 -1212 66
H(17A) -4878 4832 -2078 62
H(17B) -4058 3670 -1783 62
H(18) -1581 4835 -1815 48
H(20A) -3230 8258 -2423 76
H(20B) -3321 7516 -2968 76
H(20C) -1510 8054 -2767 76
Table lI-18. Torsion angles [°] for 11-100.

C(6)-C(1)-C(2)-C(3) -1.2(7)
1(1)-C(1)-C(2)-C(3) 176.8(4)
C(6)-C(1)-C(2)-C(7) 179.1(4)
1(1)-C(1)-C(2)-C(7) -2.9(6)
C(1)-C(2)-C(3)-C(4) 2.2(8)
C(7)-C(2)-C(3)-C(4) -178.0(4)
C(2)-C(3)-C(4)-C(5) -1.1(8)
C(3)-C(4)-C(5)-C(6) -1.2(8)
C(4)-C(5)-C(6)-C(1) 2.2(8)
C(4)-C(5)-C(6)-C(8) -173.8(5)
C(2)-C(1)-C(6)-C(5) -1.0(7)
I(1)-C(1)-C(6)-C(5) -179.0(3)
C(2)-C(1)-C(6)-C(8) 174.9(4)
1(1)-C(1)-C(6)-C(8) -3.1(6)
C(12)-N(1)-C(7)-O(1) -0.9(7)
C(9)-N(1)-C(7)-O(1) 179.1(5)
C(12)-N(1)-C(7)-C(2) 179.2(4)
C(9)-N(1)-C(7)-C(2) -0.8(6)
C(1)-C(2)-C(7)-0(1) -86.0(6)
C(3)-C(2)-C(7)-O(1) 94.2(6)
C(1)-C(2)-C(7)-N(1) 93.8(5)
C(3)-C(2)-C(7)-N(1) -85.9(5)
C(15)-N(2)-C(8)-0O(2) -176.2(5)
C(18)-N(2)-C(8)-O(2) -0.6(8)
C(15)-N(2)-C(8)-C(6) 0.7(8)
C(18)-N(2)-C(8)-C(6) 176.3(4)
C(5)-C(6)-C(8)-0(2) 92.0(7)
C(1)-C(6)-C(8)-0(2) -83.9(7)
C(5)-C(6)-C(8)-N(2) -84.9(6)
C(1)-C(6)-C(8)-N(2) 99.2(6)
C(7)-N(1)-C(9)-C(10A) 155.1(5)
C(12)-N(1)-C(9)-C(10A) -24.9(5)
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Table 1I-18 (Cont’'d)

C(7)-N(1)-C(9)-C(10B)
C(12)-N(1)-C(9)-C(10B)
N(1)-C(9)-C(10A)-C(11)
C(10B)-C(9)-C(10A)-C(11)
N(1)-C(9)-C(10B)-C(11)
C(10A)-C(9)-C(10B)-C(11)
C(9)-C(10A)-C(11)-C(12)
C(9)-C(10A)-C(11)-C(10B)
C(9)-C(10B)-C(11)-C(12)
C(9)-C(10B)-C(11)-C(10A)
C(7)-N(1)-C(12)-C(13)
C(9)-N(1)-C(12)-C(13)
C(7)-N(1)-C(12)-C(11)
C(9)-N(1)-C(12)-C(11)
C(10A)-C(11)-C(12)-N(1)
C(10B)-C(11)-C(12)-N(1)
C(10A)-C(11)-C(12)-C(13)
C(10B)-C(11)-C(12)-C(13)
C(14)-0(3)-C(13)-0(4)
C(14)-0(3)-C(13)-C(12)
N(1)-C(12)-C(13)-0(4)
C(11)-C(12)-C(13)-O(4)
N(1)-C(12)-C(13)-0(3)
C(11)-C(12)-C(13)-0(3)
C(8)-N(2)-C(15)-C(16)
C(18)-N(2)-C(15)-C(16)
N(2)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-C(18)
C(8)-N(2)-C(18)-C(19)
C(15)-N(2)-C(18)-C(19)
C(8)-N(2)-C(18)-C(17)
C(15)-N(2)-C(18)-C(17)
C(16)-C(17)-C(18)-N(2)
C(16)-C(17)-C(18)-C(19)
C(20)-0(5)-C(19)-O(6)
C(20)-0(5)-C(19)-C(18)
N(2)-C(18)-C(19)-O(6)
C(17)-C(18)-C(19)-O(6)
N(2)-C(18)-C(19)-O(5)
C(17)-C(18)-C(19)-O(5)

-142.0(6)
38.1(6)
42.4(5)
-47.6(6)
-53.9(7)
46.5(6)
-45.7(5)
49.2(6)
53.1(7)
-44.8(5)
-66.7(5)
113.2(4)
175.3(4)
-4.7(5)
31.4(5)
-32.3(7)
-87.6(5)
-151.3(6)
-2.8(7)
175.9(4)
-19.8(6)
94.0(5)
161.6(3)
-84.6(4)
161.6(5)
-14.3(6)
31.8(5)
-37.8(5)
-68.9(6)
107.5(4)
174.8(4)
-8.8(5)
28.5(5)
-88.1(5)
-5.1(7)
171.2(4)
-26.5(6)
85.2(6)
157.3(4)
-91.0(5)
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Chapter 3: Development of a Cinchona Alkaloid Promoted Asymmetric
Chlorolactonization of Alkenoic Acids
3.1: Introduction

The relative inability to improve upon our first generation peptide-based
bromiodinane catalyst system (lll-1, Scheme Ill-1) in the bromolactonization of
lll-2, brought to light several damning limitations that ultimately led us to explore
alternate means towards realizing our goals of a highly selective
halolactonization protocol. As detailed in Chapter 2, the catalyst from our 1°
generation library returned bromolactone llI-3 in 14% ee when 0.1 equivalents of
catalyst IlI-1 was employed. More disappointingly, 1lI-3 was generated in just
24% ee when a stoichiometric amount of lll-1 was employed (eq. 1).
We surmised that the poorly selective stoichiometric reaction might in part be
explained by a sluggish initial reaction between IlI-1 and NBS, thus leading to a
relatively small equilibrium concentration of active bromoiodinane catalyst lll-4.
This fact, coupled with an exceptionally rapid background reaction (i.e. complete
generation of llI-3 by action of NBS alone in less than 5 minutes; eq. 3) ultimately
suggested that only an exceedingly active catalyst within the bromoiodinane
approach would be able to effectively outstrip the background reaction.
Ultimately, the problem would be much simpler if one had access to a more
nucleophilic catalyst manifold as well as the ability to explore alternate and
hopefully less active terminal halogen sources. Initial experiments aimed at

coupling the existing peptide scaffold containing the ortho-iodoarylamido active
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site with a terminal chlorine source in lieu of a bromine source failed to return any

desired chlorolactone (Scheme llI-1, eq. 4).

Scheme lll-1. Limitations of first generation catalyst system llI-1.
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Having sufficiently exhausted the available options toward optimizing the
initial hit scaffold lll-1 past the initially discovered 14% ee, we again turned to the
work of Braddock and co-workers for inspiration."? Their second generation
approach to effecting an organocatalytic bromolactonization reaction originated

from the discovery that the addition of a catalytic amount of N,N-
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dimethylformamide to a CDClI; solution of pentenoic acid ll1-6 and NBS led to a
significant rate enhancement in the generation of bromolactone IlI-7 (Scheme lil-
2). In the presence of 0.2 equiv. of llI-8, the cyclization of 111-6 proceeded with
43% conversion after just 2 hours, whereas the uncatalyzed reaction mediated
by NBS alone proceeded to only 15% conversion after 15 hours. The rate of
conversion to lll-7 was further enhance by employing 0.1 equiv. of N,N-
dimethylacetamide 11I-9 (100% conversion in 30 minutes). Faster still was the
transformation in the presence of just 0.01 equiv. of tetramethylguanidine 111-10
(100% conversion in less than 15 minutes).! Subsequent to these studies, they
also disclosed that various amidines can accelerate the conyersion of ll1-6 to llI-7
in the presence of NBS in CDCl;. Namely, they discovered that 0.01 equiv. of
racemic amidine lll-11 allowed for the reaction to proceed to 90% conversion
within 1 hour. Finally, they employed chiral amidines 1l-12 and 1lI-13 to promote
the bromolactonization of substrate lll-6 as well as substrate lll-14, in an attempt
at developing an asymmetric variant of the reaction. In the event, the
corresponding bromolactones were produced in adequate yield in racemic form.
In addition to the bromolactonization reaction, amidines Ill-12 and llI-13 were
screened for asymmetric induction in the bromoacetoxylation of several 1,2-trans

olefins with equally discouraging results.
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Scheme llIl-2. Braddock’s second generation bromolactonization organocatalysts.
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Although their initial entry into an enantioselective approach was
unsuccessful, we were emboldened by the knowledge that other organic
functionalities could promote an accelerated halolactonization in lieu of relying on
the iodinane approach described earlier. Braddock’s second generation
organocatalytic system was inherently more general than the bromoiodinane’*
approach. Distilled to its most basic principles, their second generation approach
required a terminal halenium source (importantly not necessarily limited to

bromine) and an a appropriate chiral nucleophile promoter. We envisioned that
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the second requirement, the chiral nucleophile, need not necessarily be limited to
chiral amidines or amides. In that vein, our initial departure from the
bromoiodinane strategy was to screen several commercially available chiral
nucleophiles and well-known chiral ligands/catalysts for activity in the
bromolactonization of our established test substrate 1ll-2. Presented below is the
detailed account of how these initial experiments ultimately led to the discovery

of an enantioselective chlorolactonization reaction.

3.2: Results and Discussion
3.2.1: Initial Catalyst Screen

An initial screen was conducted whereby a number of commercially
available chiral molecules were assayed in the test reaction (conversion of llI-2 to
I-3). The reactions were conducted in microscale, employing 0.06 mmol of 1ll-2
and 0.1 equivalent of the putative catalyst. As with the experiments conducted in
Chapter 2, we evaluated the enantioselectivity of the reaction and did not
determine isolated yields. It warrants emphasis that all of the transformations
described in this chapter proceeded to completion by TLC analysis, unless
otherwise noted.

As mentioned earlier, we conceptualized the organocatalysis observed in
the Braddock second generation system by action of amides, guanidines, and
amidines to be potentially more broadly applicable to any number of nucleophilic
moieties. As such we elected to screen a number of chiral promoters containing

amine, phosphine, alcohol, and oxazoline nucleophiles. We hoped that an initial
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assay of a subset of chiral promoters might reveal a marginally selective initial
scaffold that could be subsequently optimized to a highly selective catalyst. The

structures of the potential catalysts for the initial screen are shown in Figure lll-1.
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Figure lll-1. Potential organocatalysts for the halolactonization of IlI-2.
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Figure lll-1. (Cont'd)
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Our initial screen included eighteen potential catalysts. Pyroglutamic acid

(I1-15) served as a single example of a chiral amide. Four chiral diamines were

screened in the lactonization of substrate llI-2. These examples included the

alkaloid sparteine (lll-16),’ two vicinal diamines (llI-17° and 111-18), and the axially

chiral binaphthyldiamine 111-19.” Monoamine catalysts included the amino acid,

tert-leucine (lll-20), along with 1-(1-napthyl)ethylamine (llI-21) and
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diphenylmethylenepyrrolidine catalyst M-22.%"" In addition to these amine based
catalysts, (DHQD),PHAL'? (ll1-23) served as the sole example of the Cinchona
alkaloid catalyst class.'™

In addition to amine based catalysts, the well known bis(oxazoline) (BOX,
11-24),"%'® Pybox (11I-25),"” and BINAP (111-26)'®"° ligands were screened. Five
diols were screened including pinanediol 111-27, Seebach’s TADDOL? ligand (lll-
28), along with three axially chiral diols. In addition to BINOL 11-29,2"2 the
vaulted ligands VAPOL (111-30) and VANOL (lll-31) developed by Wulff and
coworkers were investigated.?*? Finally, lll-32 represents an example of the
salen ligands popularized by Jacobsen as well as others.?’

In the event, amide llI-15 and amines 111-16 through 111-22 proved poorly
selective, returning llI-3 in less than 4% ee (Table lli-1, entries 1-8). BOX ligand
Il1-24 and Pybox IlI-25 returned the bromolactone in 1 and 0% ee, respectively
while BINAP 11I-26 returned llI-3 in 5% ee (entries 10-12). Pinanediol llI-27 and
TADDOL (111-28) also returned racemic bromolactone (entries 13 and 14). The
axially chiral diols BINOL (11l-29), VAPOL (11l-30), and VANOL (llI-31) returned
bromolactone 1lI-3 in -4, -3, and 0% ee, respectively (entries 15-17). Salen
ligand 111-32 returned the desired bromolactone product in 6% ee (entry 18).

While the results with these seventeen potential catalysts were
uninspiring, (DHQD),PHAL (llI-23) returned the desired bromolactone 1lI-3 in
20% ee as judged by HPLC analysis (entry 9). This initial result was exciting and
bested in a single experiment, the hard-won 14% ee realized by peptide I1i-1

after several months of optimization.
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Table lll-1. Screen of potential catalysts Ill-15 through 111-32.

(0]
M catalyst (0.1 eq.)
OH — > (0]
Ph NBS (1.1 eq.)
(0] DCM Ph Br
RT
-2 n-3

Entry Catalyst % ee (lll-3) Entry Catalyst % ee (llI-3)

1 n-15 0 v 10 n-24 1
2 n-16 0 11 i-25 0
3 mn-17 0 12 l1-26 5
4 n-18 0 13 n-27 0
5 n-19 4 14 i-28 0
6 i-20 2 15 -29 -4
7 mn-21 0 16 -30 -3
8 i-22 0 17 -31 0
9 n-23 20 18 n-32 6

Note: All reactions were complete by TLC.

3.2.2: Initial Optimization Experiments

With the discovery that Cinchona alkaloid based ligand 11l-23 was effective
in providing bromolactone 11l-3 with marginal enantioselecfivities (Table 1l1-1,
entry 9), a series of experiments were conducted to improve the selectivity of this
catalyst system to hopefully provide a more selective process. Initial efforts
focused on evaluating the selectivity of the reaction when the temperature was
lowered, as well as when the equivalency of the organocatalyst was changed

(Table 11I-2).
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Table lll-2. Temperature and catalyst equivalent study.
o

J\/\IfOH (DHQD),PHAL (11l-23) (eq.) oi?

Ph >

o) NDBCS M(1.1 eq.) Ph Br
-2 » temp. -3

Entry 1lI-23 (eq.) Temp. ("C) % ee (llI-3)

1 0.1 -20 14
2 0.1 4 19
3 0.1 RT 22
4 0.05 RT 20
5 0.01 RT 22
6 1.1 RT 12
7 5.0 RT 3

Note: All reactions were complete by TLC.

A control experiment with the initially discovered reaction conditions
employing 0.1 equivalents of lll-23 at room temperature (Table llI-2, entry 3),
returned bromolactone llI-3 in 22% ee. Lowering the temperature below room
temperature resulted in a less selective transformation (entries 1 and 2). In the
event, lowering the temperature to -20 *C returned IlI-3 in 14% ee, while
conducting the reaction in a 4 °C cold room produced the bromolactone in a
slightly improved 19% ee.

Modulating the catalyst equivalency also failed to improve the selectivity of
the reaction. Excitingly, the catalyst loading could be lowered to 0.05 or even
0.01 equivalents without a detrimental loss in enantioselectivity (entries 4 and 5).

Curiously, however, increasing the catalyst loading to 1.1 or 5 equivalents
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resulted in an inferior reaction with respect to enantioselectivity (entries 6 and 7),
returning lll-3 in 12 and 3% ee, respectively. The stoichiometric and super-
stoichiometric results were curious, given that at first blush one might expect for
the enantioselectivity of the transformation to increase when additional chiral
catalyst was employed. Indeed, this axiom was borne out in our 1% generation
system (vide supra, Scheme llI-1). The reasons for the decrease in selectivity in
the system at hand are not clear. Itis intriguing, however, to note that Cinchona
alkaloids (most notably quinine and dihydroquinine) have been known to exhibit
auto-aggregation to form dimeric complexes in concentrated solutions.?®%° A
similar event in this system might account for the poor selectivity when a large
excess of catalyst is employed (vide infra, Section 3.2.6).

Although catalyst llI-23 could maintain a selectivity of ca. 20-22% ee at
0.05 and 0.01 equivalents (entries 4 and 5), the initially discovered catalyst
loading of 0.1 equivalents was maintained in subsequent optimization
experiments. It was reasoned that optimization of the other reaction parameters
(i.e. solvent, halogen source, etc.) might result in a less active catalyst system
that could be swamped by a prevailing background reaction at such low loadings.
In short, it was felt that we could return to tuning the catalyst loading at a later
stage in the optimization of the system after the enantioselectivity had been
driven to more synthetically useful levels.

Having investigated lower temperatures and catalyst loading, we next
turned to evaluating the selectivity of the reaction on increasing the concentration

of the reaction. Concentrations ranging from the initially discovered conditions
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(0.05 M) to 1 M (relative to substrate lll-2) were evaluated. As is indicated in
Table IlI-3 below, the selectivity of the reaction was only marginally affected
when the reaction was conducted under more concentrated conditions, ranging

from 19 to 21% ee.

Table IlI-3. Concentration study with 1lI-23/NBS system.

(o]
JJ\/\“/OH (DHQD),PHAL (llI-23) (eq.) o)
Ph >
-2 CM (M). RT -3

Entry Conc. (M) % ee (lll-3)

1 0.05 20
2 01 21
3 0.5 20
4 1.0 19

Note: All reactions were complete by TLC.

Subsequent to the concentration experiments, a few alternate bromine
sources were investigated. Given that a more comprehensive bromine source
screen had proven fruitless in the course of the optimization of our first
generation scaffold llI-1, we were hesitant to undertake such a thorough screen
with the system at hand. Hence, we chose the four best bromine sources from
the bromine source screen with llI-1 and rapidly screened them with catalyst llI-
23. Namely, we chose to investigate N-bromoacetamide (NBA, 1lI-33), N-
bromosaccharin®'* (NBSac, lll-34), TABCO*** (11I-35) and cupric bromide™ (llI-
36). As indicated in Table IlI-4, while NBA (entry 1) and TABCO (entry 3)

allowed for an equally selective transformation as the initially discovered
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conditions with NBS (20-23% ee), NBSac (entry 2) and cupric bromide (entry 4)
resulted in a virtually unselective reaction. In the end, we elected to retain NBS

as the halogen source of choice for subsequent experiments.

Table Ill-4. Bromine source screen with catalyst 1lI-23.

(0]
oH (DHQD),PHAL (llI-23) (0.1 eq.) o)
Ph —»>
Br* source (1.1 eq.) Ph
° DCM, RT Br
-2 in-3

Entry Br*source % ee (lll-3)

1 n-33 23
2 i-34 0
3 -35 22
4 lni-36 2

...................................................

=0
-
03]
=
-4
|
[ws]
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Note: All reactions were complete by TLC.

As a final attempt at optimization of the initially discovered reaction
conditions (vide supra, Table llI-1, entry 9) the reaction was attempted in the
presence of other Cinchona alkaloid based catalysts.'?'®> Other commercially
available ligands including the parent alkaloid hydroquinidine (DHQD, 1lI-37), and
the various O-aryl and O-acyl derivatives thereof (llI-38 through 111-40) were
screened in the bromolactonization of 1lI-2 (Figure IlI-2 and Table IlI-5). Also,
two dimeric structures, (DHQD),PYR (lll-41) and (DHQ).AQN (llI-42) were

evaluated.
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Figure 1lI-2. Various Cinchona alkaloid-based cataysts.
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Interestingly, while the initially discovered conditions employing
(DHQD),PHAL (llI-23) provided lactone llI-3 with an enantiomeric excess of 22%
(in favor of the first enantiomer to elute from the HPLC) the parent hydroquinidine
(M-37) by itself returned the llI-3 in 15% ee in favor of the opposite enantiomer
(Table IlI-5, entry 1). (Note: negative ee values in Table |lI-5 indicate a
preference for the second enantiomer to elute from the HPLC.) Similarly, the
chlorobenzoate derivative of DHQD (111-38) also returned lactone llI-3 in -16 ee
(entry 2). This reversal in enantioselectivity at the hands of monomeric catalysts
of the same quasienantiomeric configuration as 11l-23 is remarkable, and strongly

indicates that a different mode of catalysis is occurring for the transformation.

Table llI-5. Screen of various Cinchona alkaloid catalysts.

(0]
PhJ\/\n/OH Cinchona Alkaloid cat. (0.1 eq.)‘ o
NBS (1.1 eq.) );
o DCM, RT Ph™ \_g
-2 -3

Entry Cat. % ee(lli-3)

1 n-37 -15
2 n-38 -16
3 -39 0
4 i11-40 7
5 n-41 -7
6 -42 -2

Note: All reactions were complete by TLC.

The 4-methylquinoloyl! ether 11I-39 returned llI-3 as the racemate (entry 3)

and the phenanthroyl ether 111-40 returned the bromolactone in just 7% ee (entry
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4). The diphenylpyrimidine dimer of DHQD (lll-41) returned Ill-3 in -7% ee (entry
5). Finally, the dihydroquinine anthraquinone dimer 1ll-42 generated llI-3 in -2%
ee (entry 6). Although the switch in selectivity observed for the monomeric
DHQD variants was intriguing, none of the catalysts supplanted the
(DHQD),PHAL system that was initially discovered.

In the end, all of the initial attempts made to increase the selectivity of the
initially discovered reaction conditions were fruitless. At this point we still had
failed to address the exceptionally fast, uncatalyzed background reaction at the
hands of NBS alone (vide supra, Scheme lll-1, eq. 3). Nonetheless, the efforts
detailed above had brought to light a catalyst system that was not hamstrung by
the limitation that led us away from our first generation peptide-based approach.
Namely, in the case at hand, the terminal halogen source need not necessarily
be limited to a bromine-based system. The most logical extension of this
methodology was to replace NBS with NCS, to investigate whether an analogous
chlorolactonization was possible. Initially, we were encouraged by the fact that
the uncatalyzed chlorolactonization of lli-2 by NCS alone showed no evidence of
chlorolactone 11-43 after 24 hours at room temperature (Scheme llI-3, eq. 1).
Conversion to chlorolactone 11-43 was only observed after the inclusion of 0.1
equiv. of DMAP (eq. 2). Even after the incorporation of an amine nucleophile,
the reaction was sufficiently sluggish to allow for the detection of starting material
by TLC after 24 hours. Emboldened by the substantially slower background
reaction in the presence of NCS, we attempted the asymmetric reaction in the

presence of (DHQD).PHAL. Excitingly, the desired chlorolactone 111-43 was
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produced in 100% conversion by TLC with an enantiomeric excess of 39%
(Scheme l111-3, dashed box). What follows is a detailed account of the
optimization strategy that eventually led to a synthetically useful asymmetric

chlorolactonization protocol.

Scheme llI-3. An analogous chlorolactonization reaction increases selectivity.

0]
NCS (1.1 eq.)
Ph OH X> Q (1)
DCM, RT
o 24 h Ph cl
-2 no conv. by TLC 11-43
0]
NCS (1.1 eq.
PhMOH ( ) » O (2)
DMAP (0.1 eq.)
o DCM, RT Ph cl
n-2 24 h 1143
incomplete conv. by TLC
A R
' (DHQD),PHAL (lll-23) (0.1 eq.) '
E Ph/u\/\n/OH oo - (0] :
: 1eq. '
; © DCM, RT Ph" \_¢ !
E -2 39% ee |
E Note: Reaction was compiete by TLC. -43 E

................................................................

3.2.3: Optimization of the (DHQD),PHAL/NCS Chlorolactonization Protocol
On roughly doubling the selectivity of the (DHQD).PHAL mediated
halolactonization by employing NCS in lieu of NBS, a number of experiments
were undertaken aiming to further increase the selectivity of the transformation.
First, we investigated the equivalency of NCS as well as a few other chlorine
sources (Table I11-6). Specifically, the selectivity of the reaction was evaluated

when 3, 5 and 10 equivalents of NCS were employed. Additionally, the
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stoichiometric variant of the reaction was evaluated with 1.1 equivalents of both
NCS and (DHQD),PHAL. Finally, the chlorolactonization of llI-2 was performed
with chloramine-T (l11-45), chloroamine-B (111-46) and

hexachlorocyclohexadienone I11-47.

Table llI-6. Screen of NCS equivalents and other chlorine sources.

0
PnJ\/\(OH (DHOD),PHAL (1123) (eq) _ O/lé
CI* source (eq.)
0 DCM, RT Ph™ \_¢
n-2 -43
Entry Eq. (ll-23) Eq. (CI*) CI*source % ee (llI-3)

1 0.1 3 1-44 44

2 0.1 5 1-44 43

3 0.1 10 1-44 45

4 11 11 1-44 39

5 0.1 1.1 11-45 0

6 0.1 1.1 111-46 4

7 0.1 1.1 -47 8
A o
! Cl o] o) cl :
1 ON-N Me—QI'—N'Na @—'s'-N‘Na cl:
5 \T\):O Y o C ¢ Cl |
P a4 In-45 l-46 Cl 5
e e e e e e e e e e m-47

Note: All reactions were complete by TLC.
The enantioselectivity of the reaction increased (cf. Scheme |lI-3) as the
loading of NCS was increased (entries 1-3). Compared to the 39% ee realized
when 1.1 equivalents of NCS were used, increasing the loading to 3, 5 and 10

equivalents returned ll1-43 in 44, 43, and 45% ee, respectively. Although this
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trend was interesting, the gain in selectivity was deemed insufficient to warrant
such an excessive loading of NCS. Additionally, these results serve to further
highlight the insignificant contribution made by the uncatalyzed background
reaction. Entry 4 describes the stoichiometric variant of the reaction, indicating
that employing 1.1 equivalents of (DHQD),PHAL does not improve upon the
selectivity of the catalytic reaction, although the reaction is not less selective as
was the case for the analogous bromolactonization (vide supra, Table 1lI-2, entry
6). Finally, neither the chloramines 111-45 and 111-46, nor 111-47 allowed for a more
selective chlorolactonization (entries 5-7).

Next, a comprehensive solvent screen was undertaken in an attempt to
drive the enantioselectivity of the reaction higher. Eighteen different solvents
were screened in the test reaction (llI-2 to 111-43) in microscale. In the event,
0.05 mmol of llI-2 was cyclized in 1 mL of the appropriate solvent (0.05 M in
substrate). A range of solvents were screened including protic, aprotic, non-polar
and polar examples (Table IlI-7). DMSO (entry 1) and DMF (entry 2) returned
lactone 1l1-43 in 3 and 10% ee, respectively. The poor results with DMSO and

36.37 and amides'3® are known to

DMF was not entirely unexpected, as sulfoxides
react with electrophilic halogen sources. Interestingly, nitromethane returned

chlorolactone in -22 % ee, a net change of 61 percentage points! The reason for
this dramatic reversal in selectivity due to solvent is not clear, but is nonetheless

not without precendent.*

Alcoholic solvents proved to be less selective than
DCM (entry 7), returning products with 21% ee in methanol (entry 4), 29% ee in

ethanol (entry 5), and 30% ee in iso-propyl aicohol (entry 6).
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Table llI-7: Solvent screen with IlI-23/NCS catalyst system.

(DHQD),PHAL (I1I-23) (0.1 eq.)
Ph/U\/\r(OH NCS (1.1 eq.) = 3@
1eq.
Ph ol

© Solvent (0.05 M), RT
-2 n-43
Entry Solvent % ee (111-43) Entry Solvent % ee (11i-43)
1 DMSO 3 | 12 ethyl acetate 28
2 DMF 0 i 13 acetone -
3 nitromethane -22 14 acetonitrile 4
4 methanol 21 15 diethyl ether 40
5 ethanol 29 16 1,4-dioxane 29
6 IPA 30 17 THF 4
7 DCM 39 18 benzene 40
8 chloroform 65 19 toluene 22
9 1,2-dichloroethane 43 20 hexane 34
10 1,1,1-trichloroethane 42 21 cyclohexane 34
11 o-dichlorobenzene 39 L 22 pentane 34

Note: All reactions were complete by TLC after 18 h, except entries 13 and 18-22.

Other highly polar solvents, including ethyl acetate (28% ee, entry 12),
acetone (no conversion to ll1-43, entry 13), and acetonitrile (4% ee, entry 14)
were also inferior solvents. Regarding ethereal solvents, diethyl ether returned
the desired lactone in 40% ee, however the reaction was exceedingly slow owing
to poor substrate and catalyst solubility. Other ethers, included 1,4-dioxane
(29% ee, entry 16) and THF (4% ee, entry 17). Nonpolar solvents including
benzene (40% ee, entry 18), toluene (22% ee, entry 19), hexane (34% ee, entry

20), cyclohexane (34% ee, entry 21), and pentane (34% ee, entry 22) were all
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found to be slightly less selective than DCM, but in all cases suffered from poor
conversion due to unacceptable solubility.

Substantial gains in selectivity were realized, however, on investigating
other chlorinated solvents. As compared to DCM (39% ee, entry 7), 1,2-
dichloroethane, 1,1,1-trichloroethane, and o-dichlorobenzene were equally as
selective (entries 9-11). Nonetheless, the reaction in chloroform (entry 8)
proceeded to completion by TLC and importantly returned lactone 111-43 in a
substantially improved 65% ee. We subsequently found that the selectivity could
be further enhanced to 70% ee when the NCS was purified by recrystallization
from chloroform prior to use (Scheme IlI-4). Interestingly, employing chloroform
also increases the selectivity of the NBS reaction, increasing the selectivity from
20% ee (vide supra, Table llI-1, entry 9) to 35% ee for the production of

bromolactone llI-3.

Scheme llI-4. A further increase in selectivity using purified NCS.

O
PhJ\/\n/OH (DHQD),PHAL (llI-23) (0.1 eq.) . O
o) recrystallized NCS (1.1 eq.) Ph
CHCIl;, RT Cl
-2 70% ee
Note: Reaction was complete by TLC. m-43

We initially wondered whether the increased selectivity with chloroform
relative to DCM was due to the decreased polarity, or due to trace amounts of
ethanol in the unpurified chloroform. This latter explanation seemed suspect
given the poor selectivity of the reaction in alcoholic solvents (Table Ill-7, entries

4-6). Nonetheless, we undertook two studies aimed at discerning the effect of
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added ethanol and water to the newly discovered reaction conditions (i.e.
recrystallized NCS in chloroform). The results of these studies are presented in

Table I11-8.

Table IlI-8. Ethanol and water study with ll-23/NCS system in chloroform.

(DHQD),PHAL (llI-23) (0.1 eq.)
Ph/U\/\[(OH -~ o)
0 recrystallized NCS (1.1 eq.) Ph
CHCl,:Co-Solvent (x:y), RT Cl
-2 n-43

Entry CHCI;EtOH %ee(lll-43) | Entry CHCI3H,0 % ee (lll-43)

1 955 57 12 955 65
2 90:10 s6 | 13 90:10 63
3 80:20 50 i 14 80:20 64
4 70:30 2 15 70:30 63
5 60:40 38 16 60:40 62
6 50:50 2 17 50:50 62
7 40:60 32 18 40:60 66
8 30:70 3 119 30:70 63
9 20:80 26 20 20:80 60
10 10:90 a3 i 2 10:90 61
11 5:95 39 i 22 5:95 61

Note: All reactions were complete by TLC.
Regarding the addition of ethanol, although the data is somewhat variable,
an overall trend of decreased selectivity with a larger percentage of ethanol is
evident (entries 1-11). These data are in agreement with the relatively poor

selectivity of the reaction in ethanol alone (vide supra). A similar, but less
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pronounced trend is evident on the addition of larger volumes of water to the
reaction mixture (entries 12-22).

We also suspected that the additional selectivity garnered from running
the reaction in chloroform could be due to residual acid (i.e. HCI) in the unpurified
solvent. We sought to probe this theory by screening a number of acid
additives.* Included in the screen were ammonium acetate, ammonium
chloride, PPTS, camphorsulfonic acid, citric acid, phenol, p-nitrophenol, 2,4,6-
trichlorophenol, PTSA, sulfuric acid, hydrochloric acid, acetic acid, TFA, silica
gel, and acidic alumina. In each case 1.1 equivalent of the acid additive was
employed relative to the substrate. Silica gel and acid alumina were added in a
200 mg/mmol loading (roughly 10 mg relative to 0.05 mmol of lll-2). The results
of this study are presented in Table IllI-9.

Ammonium acetate (entry 1) returned lactone 1lI-43 in 51% ee, while the
addition of 1.1 equivalents of ammonium chloride (entry 2) shut down the
reaction completely. PPTS also caused the complete arrest of the reaction (entry
3). The reaction proceeded to complete conversion in the presence of
camphorsulfonic acid (entry 3, 1% ee) and citric acid (60% ee, entry 5), however,
the transformation was less selective. An equivalent of phenol was well
tolerated, returning 111-43 in 70% ee, although this additive failed to improve the
selectivity of the reaction (entry 5). Nonetheless, more acidic phenols such as p-
nitrophenol (33% ee, entry 6) and 2,4,6-trichlorophenol (7% ee, entry 8) were
much less selective. Stronger acids including PTSA (8% ee, entry 9), sulfuric

acid (14% ee, entry 10), and hydrochloric acid (5% ee, entry 11) were also
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detrimental to the enantioselectivity of the transformation. An equivalent of acetic

acid additive returned lactone [11-43 in a slightly lower 65% ee (entry 12).

Conversely, the addition of TFA was poorly tolerated (20% ee, entry 13). Finally

Table IH1-9. Acid additive study with llI-23/NCS system.

(DHQD),PHAL (lll-23) (0.1 eq.) i;
Ph J'\/\H/OH > (0)
Ph cl

fo) recrystallized NCS (1.1 eq.)

n-2 acid %’gg.f %1 *d -43
Entry acid additive % ee (111-43)

1 NH4OAc 51

2 NH,4CI -

3 PPTS -

4 (+/-)-CSA 1

5 citric acid 50

6 phenol 70

7 p-nitrophenol 33

8 2,4 6-trichlorophenol 7

9 PTSA 8

10 sulfuric acid 14

11 hydrochloric acid 5

12 acetic acid 65

13 trifluoroacetic acid 20

14 silica gel 51

15 acidic alumina 56

Note: All reactions were complete by TLC after 18 h, except entries 2 and 3.
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the addition of heterogeneous acid sources like silica gel and acidic alumina did
not improve upon the selectivity of the reaction, returning 111-43 in 51 and 56%
ee, respectively (entries 14 and 15).

Lastly, a final variable was evaluated in attempts to improve upon the
selectivity of the (DHQD),PHAL/NCS catalyst combination. Namely, we
surmised that lowering the reaction temperature might enhance the selectivity of
the transformation. Given the relatively high melting temperature of chloroform
(mp = -63 °C), the course of the reaction was probed when the temperature was
maintained at -40 °C with the aid of an immersion cooler. Disappointingly, at this
temperature the reaction was exceedingly slow, indicating the presence of no
products by TLC after 24 hours (Scheme IiI-5). On concentration and injection of
the reaction mixture into the HPLC, trace amounts of the desired lactone 111-43
were detected, albeit with a reduced enantiopurity of just 43% ee. This result
was potentially devastating with respect to further optimization experiments and
seemed to suggest the need for a more reactive halogen source relative to NCS
that might allow for the reaction to be conducted at cooler temperatures. In fact,
the ideal halogen source evidently needed to be couched some where in

between NCS and NBS in reactivity.

Scheme llI-5. Poor conversion and selectivity of the HI-23/NCS system at lower temperatures.

(0]
(DHQD),PHAL (11I-23) (0.1 eq.)
PhJ\/\rfOH : > Q
o) recrystallized NCS (1.1 eq.) Ph
CHCl,, -40 °C cl
-2 trace by HPLC
No conversion by TLC 43% ee

111-43

140



This significant limitation of NCS as the terminal halogen source in the
transformation represented the first major impasse that was encountered after
the deviation from our first generation peptide-based approach (see Chapter 2).
The solution for this crippling result was ultimately discovered after a literature
scan that revealed a new chlorenium source, 1,3-dichloro-5,5-dimethylhydantoin
(11-48, DCDMH), possessing an exquisitely tuned reactivity profile for our
purposes. What follows below is a detailed account of the application and

optimization of this variant of the chlorolactonization reaction.

3.2.4: Optimization of the (DHQD).PHAL/Chlorohydantoin System

A literature scan revealed a commercially available chlorenium source that
we had not evaluated for our purposes. Namely, 1,3-dichloro-5,5-
dimethylhydantoin (DCDMH, 111-48) has found use in number of organic
chlorination and oxidation reactions.*' A brief review of various organic
transformations mediated by DCDMH can be found in Chapter 4. As an initial
foray into its use in the transformation at hand, DCDMH was screened as the
terminal chlorenium source in the chlorolactonization of 1lI-2 at various
temperatures in a few chlorinated solvents and solvent combinations (Table IlI-

10).
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Table IlI-10. Screen of 11I-23/111-48 catalyst system.

..............

Lol N

(DHQD),PHAL (lll-23) (0.1 eq.) : N :

Ph/lk/\,(OH - o E FO:
DCDMH (111-48) (1.1 eq.) Ph ' N '

Cl: '

© solvent, temperature c
-2 m-43 | n-48 i
Entry Solvent Temp. ("C) % ee (11I-43)
1 CHCl3 RT 71
2 CCl, RT 71
3 CHCl3 4 72
4 CHCI3 -30 82
5 CHCl3 -40 83
6 CHCl3 -50 81
7 DCM -40 49
8  CHCI;/DCM (9:1) -40 76
9  CHCI;/DCM (8:2) -40 76
10  CHCI;/DCM (7:3) -40 72
11 CHCI;/DCM (6:4) -40 64
12 CHCI3/DCM (9:1) -78 48
13  CHCI;/DCM (8:2) -78 64
14  CHCI;/DCM (1:1) -78 55
15 DCM -78 43

Note: All reactions were complete by TLC.

Initial experiments at room temperature in chloroform and carbon
tetrachloride revealed DCDMH to be marginally more selective than NCS in the

chlorolactonization of -2, returning 1ll-43 in 71% ee in both cases (entry 1 and
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2). Unlike NCS, however, the reaction proceeded to completion at lower
temperatures. At 4 °C in chloroform, l11-43 was produced in 72% ee (entry 3).
On lowering the temperature further, however, the selectivity of the reaction was
substantially increased, returning the desired lactone in 82% ee at -30 °C (entry
4). Lowering the temperature further to -40 and -50 °C returned 111-43 in 83 and
81% ee, respectively (entries 5 and 6). Indeed, the 83% ee in chloroform at -40
°C represents an initial ceiling selectivity realized on changing from NCS to
DCDMH. It is also noteworthy that, similar to the NCS system, chloroform is
required to maintain a high selectivity, evidenced by the fact that conducting the
reaction in DCM at -40 "C results in a cholorolactonization in 49% ee. Given the
relatively high melting point of chloroform (mp = -63 "C), we elected to conduct
the reaction in several mixtures of chloroform and dichloromethane aiming to
investigate solvent mixtures that were amenable to lower temperatures. Initially,
mixtures ranging from 90% to 60% CHCI; in DCM were evaluated at -40 °C to
assess the amount of DCM that was tolerated without significantly eroding the
selectivity of the transformation (entries 9-11). Mixtures comprised of 90% and
80% chloroform were less selective than chloroform alone (76% ee, entries 8 and
9) but significantly more selective than DCM. Increased amounts of DCM,
however, resulted in a less selective reaction (entries 10 and 11). On lowering
the temperature to -78 °C in both 90% and 80% chloroform, the reaction was in
fact less selective than the corresponding reactions conducted at -40 °C.
Specifically, a 9:1 mixture of chloroform and DCM returned 11I-43 in 48% ee

(entry 12) while an 8:2 mixture produced the lactone in 64% ee (entry 13).
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Additionally, conducting the re_action in either a 1:1 mixture of CHCIz/DCM (entry
14) or in DCM alone (entry 15) at -78 "C were also less selective (55 and 43%
ee, respectively).

After generating lactone 111-43 in 83% ee with the (DHQD),PHAL/DCDMH
reagent combination at -40 °C in chloroform, we returned briefly to the other
Cinchona alkaloid derivatives described in Figure 11l-2 along with their natural
cousins quinine (111-49), quinidine (ll1-50), and cinchonidine (llI-51) (Figure IiI-3).
These catalysts were screened in order to investigate their influence on the
stereochemical course of the transformation employing the optimized halogen

source (I11-48) and solvent.

Figure lll-3. Additional Cinchona alkaloid catalysts.
OMe  OMe

quinine quinidine cinchonidine
ni-49 1l-50 n-51

In the event, when the other Cinchona alkaloids depicted in Schemes llI-2
and |lI-3 were applied in the presence of DCDMH (I11-48) at -40 °C in chloroform,
they all proved to be less selective than (DHQD),PHAL (Table 1ll-11). Although
less selective overall, the results with these alternative Cinchona alkaloid
catalysts are interesting nevertheless. In the presence of DHQD (llI-37, entry 1),
the lactone 111-43 was produced in -14% ee (i.e. favoring the second enantiomer
to elute from the HPLC). The ester and ether analogues of DHQD all favored the

production of the opposite enantiomer, returning I11-43 with 17% (catalyst 111-38,
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entry 2), 13% (catalyst 1l1-39, entry 3), and 3% ee (catalyst l11-40, entry 4)
respectively. Although the dimeric catalysts 111-41 and 111-42 are
quasienantiomeric, they both returned the desired chlorolactone in -14 and -12%

ee, respectively (entries 5 and 6).

Table lll-11. Screen of alternate Cinchona alkaloid catalysts with DCDMH.

ph/”\/\r(OH Cinchona alkaloid cat. (0.1 eq.) . goé
e e,
-2 in-43
Entry Catalyst % ee (11l-43)
1 n-37 -14
2 i-38 17
3 -39 13
4 1-40 3
5 11-41 -14
6 42 -12
7 n-49 -18
8 -50 0
9 ni-51 22

Note: All reactions were complete by TLC.

On screening the natural product congeners of the catalysts depicted in
Figure llI-2 (see Figure 111-3), seemingly small structural changes produced
relatively drastic changes in enantioselectivity. Quinine (l11-49) returned the
lactone in -18% ee (entry 7). Conversely, cinchonidine (111-51) which differs from

quinine only by the absence of the 6-methoxy group on the quinoline moiety,
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returned IlI-43 in 22% ee, in spite of the fact that 111-49 and I1I-51 share the same
stereochemical relationship (entry 9). Such a complete reversal of selectivity on
changing from quinine to cinchonidine is rare in organocatalysis, although the
phenomenon has been documented previously in unrelated
transformations.>*42“* Quinidine (III-50, entry 8) returned racemic lactone
products, notably less selective than its saturated analogue lI-37 (entry 1).

After reaffirming (DHQD),PHAL (111-23) to be uniquely selective in the
chlorolactonization of llI-2, we next turned to a more in depth investigation into
the nature of the chlorohydantoin component. In principle, an equivalent of
DCDMH (l11-48) could donate each of its two chlorine atoms during the course of
the reaction. In that vein, the influence of lowered loadings of 11l-48 was

evaluated (Table 111-12).

Table lll-12. DCDMH (l11-48) equivalency study.

o
PhMOH (DHOD),PHAL (11-23) (0.1 e3) Oi
DCDMH (1l1-48) (eq.)
© CHCls, -40 °C Ph™ \_q
-2 43
Entry Eq. (l<48) % ee (Ill-43)
1 1 83
2 0.75 83
3 0.5 84

Note: All reactions were complete by TLC after 24 h except entry 3.
As indicated above in Table llI-12, decreasing the loading of DCDMH
does not substantially influence the stereochemical course of the reaction. As

compared to the initially employed 1 equivalents of 111-48 ( 83% ee, entry 1),
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reducing the loading to 0.75 or 0.5 equivalents returned lactone 1l1-43 with
effectively the same degree of stereoinduction (83 and 84% ee, respectively). It
is noteworthy, however, that the reaction is substantially slower when 0.5
equivalents of 111-48 is used (i.e. incomplete reaction after 24 h).

In addition to evaluating the loading of the terminal chlorine source, it was
also interesting to investigate the enantioselectivity of the chlorolactonization
reaction when the gross structure of the chlorohydantoin reagent was modified.
Efforts in this regard ultimately culminated in the development of an efficient
methodology for the preparation of N-chlorinated hydantoins (see Chapter 4).*'
In the task at hand, we investigated four new chlorohydantoins in the conversion
of llI-2 to 111-43 (Table llI-13). Namely, we investigated 1,3-dichloro-5,5-
diphenylhydantoin (lll-62, DCDPH), 1,3-dichloro-5-methyl-5-phenylhydantoin (lll-
53, DCMPH), 3-chloro-1,5,5-trimethylhydantoin (1ll-54, CTMH), and 1,3-
dichlorohydantoin (111-55, DCH). Chlorohydantoins 11I-562, 11I-53, and 1lI-55, were
meant to probe the effects of varying the substitution at the hydantoin 5 position,
while 111-564 sought to evaluate the influence of the N-1 chlorine.

Interestingly, the structural features of the terminal chlorine source
seemed to have a profound effect on the selectivity of the reaction in some
cases. While a high degree of selectivity was maintained in the lactonization of
11l-2 with 111-52 (81% ee, entry 1) and 1l11-563 (81% ee, entry 2), the removal of the
C-5 substitution on the chlorohydantoin returned lli-43 in a substantially lowered
65% ee (entry 4). Similarly, on replacing the N-1 chlorine in DCDMH with a

methyl group (111-54) produced an inferior result (61% ee, entry 3). It is also
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noteworthy that the transformation in the presence of CTMH llI-54 did not

proceed to completion after 24 hours.

Table llI-13. Screen of other N-chlorohydantoins with catalyst 111-23.
(0]

PhMOH (DHQD),PHAL (IlI-23) (0.1 i].) o
o) chlorohydantoin §1.1 €eq) ph cl
-2 CHCl3, -40°C 1-43
Entry CI* Source % ee (llI-43)
1 n-52 81
2 n-53 81
3 -54 61
4 lI-55 65
D o o o o
NG O-N O N ON
: Phj: »=0 Phi =0 ;: =0 \l\: >=0 |
: N N, N N :
v Phoo Cl \ ca
' DCDPH DCMPH CTMH DCH |
: ni-52 n-53 ni-54 m-ss

...........................................................

Note: All reactions were complete by TLC, except entry 3.

The dramatic changes in enantioselectivity in some cases, on employing
different N-chlorohydantoins is interesting, and seems to indicate a more intimate
interaction between the terminal chlorine source and the catalyst. A cursory
mechanistic suggestion for the course of the reaction might include simply the
transfer of a chlorenium equivalent from the chlorohydantoin onto the
quinuclidine nitrogen of the organocatalyst, thus generating a fully dissociated
amino-chlorenium species like IlI-56 (Figure ll1-4). If 111-56 were operative, one

would expect that the selectivity of the reaction would not depend appreciably
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upon the gross structure of the chlorohydantoin. That the selectivity drops in
some instances might, however suggest the prevalence of a more tightly
associated complex between the organocatalyst and the terminal chlorine
source. Three possible complexes that invoke such a situation are also depicted
in Figure 111-4. Complex llI-67 invokes a hydrogen bond-mediated association
between the organocatalyst and the chlorohydantoin. On the other hand,
complex IlI-568 is similar in nature to llI-56, except that it invokes a tight ion pair
between the amino chlorenium catalyst and the hydantoin counteranion. Finally,
I11-69 suggests the formation of a dimeric chloronium species, generated on
coordination of the quinuclidine of the organocatalyst with the N-3 chlorine atom
of the chlorohydantoin. At this point it is unclear which, if any, of the proposed
active catalysts depicted in Figure 1114 is operative. What seems clear is that the
catalyst system is most likely not proceeding via the simplified model l11-56. We
will return to a discussion of these structures proposed in Figure 111-4 shortly.

Figure llI-4. Potential active catalyst species.
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Although the investigation of alternative chlorohydantoin terminal chlorine

sources raised a few interesting questions about the reaction mechanism, it
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failed to provide a more selective transformation than the initially optimized
(DHQD).PHAL/DCDMH (1l1-23/111-48) catalyst system in chloroform at -40 °C
(vide supra, Table IlI-10, entry 5). With this in mind, an extensive screen of
various co-solvents was undertaken aiming to further enhance the selectivity of
the transformation. Sixteen different co-solvents of varying polarity were
evaluated ranging from 5, 10, 20, 30, 40 and 50% v/v in chloroform. It was
surmised that on increasing the percentage of co-solvent a trend in the
enantioselectivity of the transformation would emerge. Those co-solvents
returning positive gains in selectivity were screened in further combinations
ranging from 60 to 100% v/v. The co-solvents evaluated in this study include:
methanol, ethanol, dichloromethane, 1,2-dichloroethane, ethyl acetate, acetone,
acetonitrile, nitromethane, tetrahydrofuran, 1,4-dioxane, diethyl ether, pentane,
cyclohexane, benzene, toluene, and n-hexanes. In the case of DCM, toluene,
THF, and acetonitrile, the solvents were freshly distilled prior to use. Similarly,
1,4-dioxane was collected from a dry still prior to use. When available, HPLC or
reagent grade solvents were used in all other cases. The data for the co-solvent

screen described above is presented in Table 111-14.
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Table lll-14. Co-solvent study with 11-23/111-48 catalyst system.

(0]

DCDMH (11l-48) (1.1 eq.)

(DHQD),PHAL (1lI-23) (0.1 eq.) ?
» O

o % co-solvent
-2 " i O M) n-43
Entry Co-Solvent % Co-Solvent % ee (ll1-43)
1 methanol 5 56
2 methanol 10 50
3 methanol 20 43
4 methanol 30 42
5 methanol 40 40
6 methanol 50 38
7 ethanol 5 73
8 ethanol 10 72
9 ethanol 20 62
10 ethanol 30 55
11 ethanol 40 49
12 ethanol 50 48
13 DCM 5 82
14 DCM 10 80
15 DCM 20 78
16 DCM 30 75
17 DCM 40 72
18 DCM 50 69

Note: All reactions were complete by TLC.
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Table lll-14. (Cont'd)

(0]

(DHQD),PHAL (lI-23) (0.1 eq.) g
phJI\/\n/OH » O
DCDMH (llI-48) (1.1 eq.)
Ph Cl

0 % co-solvent
n-2 o 000 M) 43
Entry Co-Solvent % Co-Solvent % ee (l11-43)
19 1,2-dichloroethane 5 81
20 1,2-dichloroethane 10 82
21 1,2-dichloroethane 20 79
22 1,2-dichloroethane 30 77
23 1,2-dichloroethane 40 73
24 1,2-dichloroethane 50 69
25 ethyl acetate 5 82
26 ethyl acetate 10 82
27 ethyl acetate 20 81
28 ethyl acetate 30 80
29 ethyl acetate 40 79
30 ethyl acetate 50 77
31 acetone 5 79
32 acetone 10 73
33 acetone 20 55
34 acetone 30 47
35 acetone 40 35
36 acetone 50 28

Note: All reactions were complete by TLC.
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Table Iil-14. (Cont'd)

(o)

O

DCDMH (l11-48) (1.1 eq.)
% co-solvent

(DHQD),PHAL (lI-23) (0.1 eq.)
» O
Ph cl

-2 In Crh O™ W43
Entry Co-Solvent % Co-Solvent % ee (l1l-43)

37 acetonitrile 5 74
38 acetonitrile 10 63
39 acetonitrile 20 54
40 acetonitrile 30 28
41 acetonitrile 40 17
42 acetonitrile 50 12
43  nitromethane 5 73
44  nitromethane 10 60
45  nitromethane 20 40
46  nitromethane 30 27
47  nitromethane 40 18
48  nitromethane 50 11
49 THF 5 81
50 THF 10 78
51 THF 20 50
52 THF 30 14
53 THF 40 0

54 THF 50 0

Note: All reactions were complete by TLC.
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Table llI-14. (Cont’d)

(DHQD),PHAL (lI-23) (0.1 eq.) i
Pth\/\r(OH —
T
n-2 InChoL O™ m-43
Entry Co-Solvent % Co-Solvent % ee (l11-43)
55 1,4-dioxane 5 82
56 1,4-dioxane 10 84
57 1,4-dioxane 20 84
58 1,4-dioxane 30 85
59 1,4-dioxane 40 85
60 1,4-dioxane 50 81
61 diethyl ether 5 83
62 diethyl ether 10 84
63 diethyl ether 20 83
64 diethyl ether 30 84
65 diethyl ether 40 84
66  diethyl ether 50 83
67 diethyl ether 60 83
68 diethyl ether 70 83
69 diethyl ether 80 81
70 diethyl ether 90 82
71 diethyl ether 100 78

Note: All reactions were complete by TLC.
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Table llI-14. (Cont’d)

o)

0

DCDMH (1I-48) (1.1 eq.)

(DHQD),PHAL (II-23) (0.1 eq.)
» O
Ph cl

% co-solvent
-2 n e O M) i-43
Entry Co-Solvent % Co-Solvent % ee (111-43)
72 pentane 5 84
73 pentane 10 85
74 pentane 20 85
75 pentane 30 86
76 pentane 40 86
77 pentane 50 86
78 cyclohexane 5 83
79 cyclohexane 10 84
80 cyclohexane 20 85
81 cyclohexane 30 85
82 cyclohexane 40 86
83 cyclohexane 50 87
84 benzene 5 82
85 benzene 10 82
86 benzene 20 84
87 benzene 30 84
88 benzene 40 85
89 benzene 50 85

Note: All reactions were complete by TLC.
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Table lll-14. (Cont’d)

(DHQD),PHAL (lII-23) (0.1 eq.) i
PhMOH = Q
b oo @
-2 in Cﬂg'?é?g;) o M) Ini-43
Entry Co-Solvent % Co-Solvent % ee (lli-43)
90 toluene 5 83
91 toluene 10 83
92 toluene 20 84
93 toluene 30 86
94 toluene 40 86
95 toluene 50 86
96 toluene 60 87
97 toluene 70 87
98 toluene 80 86
99 toluene 90 82
100 toluene 95 79
101 toluene 100 78
102 n-hexanes 5 83
103 n-hexanes 10 84
104 n-hexanes 20 85
105 n-hexanes 30 86
106 n-hexanes 40 86
107 n-hexanes 50 86

Note: All reactions were complete by TLC.
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Table lll-14. (Cont’d)

Ph/“\/\ﬂ/OH
o)

(DHQD),PHAL (1I-23) (0.1 €q.)

DCDMH (ll1-48) (1.1 eq.)
% co-solvent

0]

Sé
Ph Cl

-2 nCHo O 43
Entry Co-Solvent % Co-Solvent % ee (l11-43)
108 n-hexanes 60 82
109 n-hexanes 70 82
110 n-hexanes 80 76
111 n-hexanes 90 40
112 n-hexanes 95 29

Note: All reactions were complete by TLC.

On increasing the amount alcoholic co-solvent, the selectivity of the

reaction steadily declined when both methanol and ethanol were utilized.

Chlorolactone 111-43 was returned in selectivities ranging from 56% to 38% ee for

methanol and 73% to 48% ee for ethanol (entries 1-12). Although the data for

dichloromethane is not in total agreement with that collected earlier (vide supra,

Table I1I-10, entries 8-11), the same overall trend is evident, indicating that

increasing percentages of DCM relative to chloroform has a deleterious effect on

the selectivity of the transformation (entries 13-18). A similar slight downward

trend in selectivities were realized with both 1,2-dichloroethane (81- 69% ee,

entries 19-24) and ethyl acetate (82-77% ee, entries 24-30). The

enantioselectivity of the reaction decreased dramatically on increasing
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percentages of acetone (entries 31-36), acetonitrile (entries 37-42), and
nitromethane (entries 43-48).

Ethereal solvents produced mixed results. On increasing percentages of
THF, the enantioselectivity of the reaction dropped precipitously, returning the
racemate at 40 and 50% mixtures of THF in chloroform (entries 49-54).
Alternatively, 1,4-dioxane (entries 55-60) produced a slight up-swing in
enantiomeric excess, producing 111-43 in 85% ee when applied as 30 and 40%
mixtures in chloroform. Interestingly, diethyl ether (entries 61-71) appears to be
an “ee-neutral” solvent across a number of percentages, ranging from 5 to 90%.
In all cases, the chlorolactone was produced with selectivities ranging from 81 to
83% ee. When the reaction was conducted in pure ether (entry 71) the
selectivity dropped to 78% ee, partially owing to poor solubility. The neutrality of
ether with respect to enantioselectivities should allow for low temperature studies
to be conducted in the future below the melting point of chloroform, by employing
mixtures of ether and chloroform.

The enantioselectivity was reproducibly increased by three or four
percentage points when increasing percentages of pentane (entries 72-77) and
cyclohexane (entries 78-83) were applied. A maximum of 86% ee was realized
in 30, 40, and 50% mixtures of pentane and chloroform. Similarly, a 50%
solution of cyclohexane in chloroform returned 111-43 in 87% ee.

While benzene/chloroform mixtures (entries 84-89) produced l11-43 with
selectivities ranging from 82% (5% benzene) to 85% ee (50% benzene), the

increases realized for toluene mixtures (entries 90-101) were slightly more
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pronounced. Namely, lll-43 was produced in increasing ee, reaching a ceiling of
87% ee in 60 and 70% mixtures of toluene in chloroform. Increasing the
percentage of toluene past 70% produced the chlorolactone in reduced
selectivity, presumably due to poor solubility of the reaction components.
Similarly, increasing percentages of n-hexanes (entries 102-112) produced a
ceiling selectivity of 86% ee at 30, 40, and 50% n-hexane in chloroform.
Mixtures comprised of a majority of n-hexanes in chloroform, however, proved to
be less selective.

To summarize the co-solvent screen, certain mixtures of pentane (entries
75-77), cyclohexane (entries 82 and 83), toluene (entries 93-98), and n-hexane
(entries 105-107) all returned lactone 111-43 with 86 or 87% ee. We will return to
these conditions later.

Subsequent to the co-solvent screen, several additives were also
screened for their influence on the selectivity of the reaction. The beneficial
effects of achiral additives on the stereochemical course of a catalytic
asymmetric transformation have been well documented.*® The possible mode of
action of achiral additives has been suggested to include: the deoligomerization
of non or less selective catalyst conglomerates, the promotion of the dissociation
of deleterious product-catalyst complexes, and the favorable modification of the
catalyst's geometry. Often the underlying reasons for a particular additive’s
beneficial effects on the enantioselectivity of a transformation are poorly
understood. Concerning the problem at hand, we elected to screen several

additives including five amine bases, four organic acids, and select drying
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agents. Loadings ranging from 0.01 equivalents to 1 equivalent were
investigated for the bases and acids, while the drying agents were employed in
20% wt/wt loading relative to the substrate. The additive screen was conducted
in chloroform, ignoring the results from the co-solvent study, in the hope that the
additive and co-solvent effects would work in concert when combined
subsequently. The five bases that were screened included triethylamine, Hinig's

base, imidazole, pyridine, and di-tert-butyl-methylpyridine (DTMP). Acetic acid,

citric acid, p-toluenesulfonic acid (PTSA), and benzoic acid were evaluated as
acid additives. In addition to these reagents, the reaction was also conducted
over 4 A molecular sieves (20% wt/wt), sodium sulfate (20% wt/wt and 1 equiv.),
and magnesium sulfate (20% wt/wt and 1 equiv.). The results of the additive

study are assembled in Table IlI-15.
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Table llI-15: Additive study with l1I-23/111-48 system.
0]

(DHQD),PHAL (HI-23) (0.1 eq.)
Ph/u\/\n/OH > O
oo é
-2 C'f(',aog ‘%shM) -43
Entry Additive Additive (eq.) % ee (llI-43)

1 TEA 0.01 83
2 TEA 0.1 71
3 TEA 0.5 49
4 TEA 1.0 28
5 DIPEA 0.01 80
6 DIPEA 0.1 80
7 DIPEA 0.5 68
8 DIPEA 1.0 53
9 imidazole 0.01 83
10 imidazole 0.1 79

11 imidazole 0.5 3

12 imidazole 1.0 3
13 pyridine 0.01 83
14 pyridine 0.1 83
15 pyridine 0.5 82
16 pyridine 1.0 82

Note: All reactions were complete by TLC.
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Table lll-15. (Cont’d)

0]

DCDMH (IlI-48) (1.1 eq.)

(DHQD),PHAL (Il-23) (0.1 eq.) g
» O

additive (eq.)

-2 C*_*Ec'f-ﬁ?;%"’h“"’ In-43
Entry Additive Additive (eq.) % ee (l11-43)
17 DTMP 0.01 82
18 DTMP 0.1 82
19 DTMP 0.5 83
20 DTMP 1.0 84
21 AcOH 0.01 82
22 AcOH 0.1 82
23 AcOH 0.5 80
24 AcOH 1.0 79
25 citric acid 0.01 83
26 citric acid 0.1 82
27 citric acid 0.5 81
28 citric acid 1.0 81
29 PTSA 0.01 84
30 PTSA 0.1 80
31 PTSA 0.5 63
32 PTSA 1.0 30

Note: All reactions were complete by TLC.
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Table Ill-15. (Cont'd)

0O
(DHQD),PHAL (llI-23) (0.1 eq.)
Ph OH »> O
DCDMH (111-48) (1.1 eq.)
0 additive (eq.) PR\
-2 C*.'fgsoﬁg'%sh”" n-43
Entry Additive Additive (eq.) % ee (11I-43)

33 benzoic acid 0.01 83
34 benzoic acid 0.1 83
35 benzoic acid 0.5 85
36 benzoic acid 1.0 86
37 benzoic acid 2.0 86
38 benzoic acid 50 85
39 molecular sieves 20% wt/wt 83
40 sodium sulfate 20% wt/wt 82
41 sodium sulfate 1.0 82
42 magnesium sulfate  20% wt/wt 82
43 magnesium sulfate 1.0 84

Note: All reactions were complete by TLC.

Overall, the amine base additives resulted in decreased selectivities on
increased loading. Triethyl amine was tolerated at 0.01 equivalent loading, but a
significant drop in selectivity was realized when larger amounts were added
(entries 1-4). Hinig's base produced similar, but less pronounced results
(entries 5-8). While 0.01 and 0.1 equivalents of imidazole were tolerated
relatively well, larger amounts cause a complete loss of selectivity (entries 9-12).

Both pyridine (entries 13-16) and DTMP (entries 17-20) were well tolerated,
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returning 111-43 with selectivities higher than 82% ee regardless of loading. It is
curious that the more basic alkyl amines were less tolerated than pyridine
additives. This result might indicate that the some degree of catalyst protonation
is necessary for a selective transformation.

Regarding the acidic additives, increasing amounts of acetic acid
produced a shallow decline from 82% ee with 0.01 equivalents to 79% ee with
1.0 equivalents (entries 21-24). The addition of citric acid had little effect on the
selectivity of the transformation, mostly due to the compound’s sparing solubility
in chloroform at -40 °C (entries 25-28). Increasing amounts of PTSA (e.g. 0.5
and 1.0 equivalents) produced a less selective reaction, although smaller loading
were tolerated (entries 29-32). Unlike the other acid additives, benzoic acid
(entries 33-38) generated a reproducible increase in selectivity from 83% ee at
0.01 equivalents that leveled off at 86% ee when 1.0 equivalents was applied.
Further increasing the loading of benzoic acid to 2.0 and 5.0 equivalents did not
offer any additional increases in selectivity.

Drying agents had little effect on the stereochemical course of the
reaction. The addition of 20 % wt/wt loading of activated 4 A molecular sieves
returned the chlorolactone in 83% ee (entry 39). Similarly, the addition of
anhydrous sodium sulfate (entries 41 and 42) or anhydrous magnesium sulfate
(entries 42 and 43) led to the production of 111-43 with effectively the same
selectivity as the control. These results highlight the relative insensitivity of the

protocol to adventitious water.
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After demonstrating that various non-polar co-solvents (vide supra, Table
1lI-14) as well as an equivalent of benzoic acid could each boost the
enantioselectivity in the conversion of 1ll-2 to 1l1-43 by a few percentage points,
the two conditions were combined, hoping that the effects would be additive. In
the event, the chlorolactonization of lll-2 by action of the (DHQD).PHAL/DCDMH
combination was evaluated in the presence of benzoic acid in toluene/CHClI;
(3:2), hexane/CHCI3 (1:1), and pentane/CHCI3 (1:1) mixtures (Table 11l-16). In
addition, two substituted benzoic acids were screened to test whether or not the
benzoic acid additive effect could be increased by modulating the acidity of the

benzoic acid derivative.

Table lll-16. Combined effect of additive and co-solvents.

0
(DHQD),PHAL (lII-23) (0.1 eq.)
Ph OH — Q
DCDMH (11I-48) (1.1 eq.)
0 additive (1.0 eq.) Ph cl
solvent system (0.05 M)
n-2 -40°C,3h in-43
Entry Additive Solvent % ee (l11-43)

1 benzoic acid Tol:CHCl; (3:2) 89
2 benzoic acid Hex:CHCl; (1:1) 88
3 benzoic acid Pent:CHCl; (1:1) 87
4 p-nitrobenzoic acid Tol:CHCI; (3:2) 79

5 p-nitrobenzoic acid Hex:CHCI; (1:1) 80

6 p-methoxybenzoicacid Tol:CHCI; (3:2) 87

\‘

p-methoxybenzoic acid Hex:CHCl; (1:1) 85

Note: All reactions were complete by TLC.
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Happily, combining the best solvent systems with the appropriate additive
did, in fact further enhance the selectivity of the transformation. When benzoic
acid was employed as an additive in a 3:2 mixture of toluene and chloroform,
lactone l11-43 was produced with 89% ee (entry 1). Similarly, a 1:1 mixture of n-
hexanes and chloroform doped with the benzoic acid additive produced
chlorolactone with 88% ee (entry 2). A 1:1 mixture of pentane and chloroform
with benzoic acid returned the products with a slightly lower 87% ee (entry 3).

Tuning the acidity of the benzoic acid additive failed to improve upon the
selectivity of the transformation. Increasing the acidity (p-nitrobenzoic acid)
produced 1143 in 79 and 80% ee in the toluene/chloroform and n-
hexane/chloroform mixtures, respectively (entries 4 and 5). A similar, but less
pronounced decrease in selectivity was realized on employing the less acidic p-
methoxybenzoic acid (entries 6 and 7). This initial screen of the combined
effects of the benzoic acid additive and the co-solvent systems indicated that a
mixture of either toluene and chloroform (3:2) or n-hexanes and chloroform (1:1)
were optimal for producing the highest enantioselectivity.

Subsequently we returned to probing the effects of altering the catalyst
loading, temperature, and concentration of the reaction employing the newly
discovered additive/solvent system combination. Table IlI-17 indicates the
stereochemical outcome of the reaction as the loading of catalyst 11I-23 was
modulated. Loadings ranging from 0.01 equivalents to 0.30 equivalents were

screened.
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Table lll-17. Catalyst loading study with improved conditions.

o)

(DHQD),PHAL (II-23) (eq.) .
3 DCDMH (I11-48) (1.1 eq.)
cl

benzoic acid (1.0 eq.) Ph
solvent system (0.05 M)

n-2 -40°C, 3 h fii-43
Entry Eq. (lll-23) Solvent % ee (11-43)
1 0.30 Tol:CHCI; (3:2) 87
2 0.20 Tol:CHCl; (3:2) 88
3 0.10 Tol:CHCI; (3:2) 89
4 0.05 Tol:CHCI; (3:2) 87
5 0.01 Tol:CHCl; (3:2) 80
6 0.30 Hex:CHCl; (1:1) 86
7 0.20 Hex:CHCI; (1:1) 87
8 0.10 Hex:CHCl; (1:1) 88
9 0.05 Hex:CHCl; (1:1) 87
10 0.01 Hex:CHCl; (1:1) 83

Note: All reactions were complete by TLC.

In short, the catalyst loading study with the improved reaction conditions
confirmed the originally discovered catalyst loading of 0.1 equivalents to be
optimal for maintaining enantioselectivity near 90% (entries 3 and 8). Increased
catalyst loading to 0.2 and 0.3 equivalents returned 111-43 in slightly lower

enantiopurity (entries 1, 2, 6, and 7). Interestingly however, the loading of the
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catalyst could be reduced below 0.1 equivalents while still maintaining relatively
high selectivity. A 0.05 equivalent loading of llI-23 returned the chlorolactone in
only a slightly reduced 87% ee in both the toluene/chloroform and n-
hexane/chloroform solvent systems (entries 4 and 9, respectively). Even more
impressively, selectivities above 80% ee could be maintained in both solvent
systems at 0.01 equivalent loading (entries 5 and 10). A control experiment,
employing the (DHQD),PHAL/DCDMH (l1i-23/111-48) catalyst system (0.01 equiv.
loading) in chloroform alone without any additive returned lactone 111-43 in just
74% ee (Scheme 11I-6). This result serves to further underscore the significant
gains achieved on undertaking the co-solvent and additive screens detailed

above (Table lll-14 and Table IlI-15).

Scheme llI-6. Chloroform control at a lower loading of HI-23.

0]

(DHQD),PHAL (IlI-23) (0.01 eq.)
Ph OH > 0
DCDMH (11l-48) (1.1 eq.)
0 CHCl3 (0.05 M) PR \_,
-40°C,3 h
n-2 74% ee

Note: Reaction was complete by TLC. ;143

On reaffirming the initially employed 0.1 equivalent catalyst loading to be
optimal, we next turned to a study of the concentration of the reaction relative to
substrate llI-2. So far, the best results (vide supra, Table ilI-16, entries 1-2) were
obtained at a concentration 0.05 M in substrate. Table IlI-18 depicts the results
of a screen of several different concentrations in both solvent systems described

earlier.
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Table 1lI-18. Concentration screen with optimized conditions.
(0]
(DHQD),PHAL (llI-23) (0.1 eq.)
Ph OH > Q
DCDMH (l1i-48) (1.1 eq.)
o benzoic acid (1.0 eq.) Ph cl
solvent system (M)

-2 -40°C,3h Ii-43
Entry Conc. (M) Solvent % ee (111-43)
1 0.01 Tol:CHCI; (3:2) 89
2 0.025 TolCHCl; (3:2) 89
3 0.05 TolCHCl; (3:2) 89
4 0.10 Tol:CHCI5 (3:2) 89
5 0.20 Tol:CHCl; (3:2) 87
6 0.50 Tol:CHCI; (3:2) 88
7 0.01 Hex:CHCI; (1:1) 89
8 0.025 Hex:CHCI; (1:1) 89
9 0.05 Hex:CHClI3 (1:1) 89
10 0.10 Hex:CHCl; (1:1) 88
11 0.20 Hex:CHCI; (1:1) 85
12 0.50 Hex:CHCl; (1:1) 86

Note: All reactions were complete by TLC.

On the whole, the reaction is relatively insensitive to dilution or
concentration when conducted in the toluene/chloroform (3:2) mixture (entries 1-
6). Conversely, the enantioselectivity of the transformation was stationary on
dilution of the n-hexane/chloroform solvent system (entries 7-9), but indicated a

slight loss in selectivity on concentration of 0.20 and 0.50 M (85-86% ee, entries
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11 and 12). Given the results described above, we elected to stay with the
initially discovered concentration of 0.05 M.

Next, a final temperature study was undertaken to investigate whether the
co-solvent/additive modifications would allow for enhanced selectivity at different
temperatures. The reaction was conducted at 4, -20, -40, -50, -60, and -78 °C,
employing both the toluene/chloroform and n-hexane/chloroform system doped
with benzoic acid. The results of this study are assembled in Table III-19.

Although the reaction maintains a respectable selectivity even as warm as
4 °C (79% ee, entries 1 and 7) the enantioselectivity increases steadily until a
ceiling is reached between -40 and -50 °C, returning 111-43 in the range of 87-89%
ee regardless of solvent system (entries 3, 4, 9, and 10). Cooling to lower
temperatures results in a less selective reaction, reaching as low as 67-68% ee
at -78 °C (entries 6 and 12). These results ultimately indicate that there is
relatively narrow temperature window between -40 and -50 °C that must be

maintained for optimal enantioselectivity.
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Table llI-19. Temperature study with optimal conditions.
(0]
(DHQD),PHAL (H1-23) (0.1 eq.)
Ph o > Q
DCDMH (111-48) (1.1 eq.)
0 benzoic acid (1.0 eq.) Ph ol
solvent system (0.05 M)

-2 Temp., 3h -43
Entry Temp ('C) Solvent % ee (111-43)
1 4 Tol:CHCI; (3:2) 79
2 -20 Tol:CHCI; (3:2) 83
3 40 Tol:CHCI; (3:2) 89
4 -50 Tol:CHCI; (3:2) 88
5 60 Tol:CHCl5 (3:2) 82
6 -78 Tol:CHCl; (3:2) 68
7 4 Hex:CHClI; (1:1) 79
8 -20 Hex:CHCl; (1:1) 83
9 40 Hex:CHCl; (1:1) 88
10 -50 Hex:CHClI3 (1:1) 87
1 -60 Hex:CHCI; (1:1) 83
12 -78 Hex:CHClI; (1:1) 67

Note: All reactions were complete by TLC.

As a final screen, the reaction was evaluated using an alternative N-
chlorohydantoin, 1,3-dichloro-5,5-diphenylhydantoin (DCDPH, 1lI-62). Recall that
DCDPH was one of only two alternative N-chlorohydantoins that returned lactone
1143 in greater than 80% ee (vide supra, Table 1lI-13, entry 1). We elected to

screen llI-52 in the hopes that the gains earned on screening co-solvent systems
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and additives might be further enhanced by a late stage tuning of the terminal
chlorine source. DCDPH was readily prepared in bulk using our recently
disclosed TCCA mediated chlorination protocol, which is the subject of the
following chapter.*! On screening the optimized reaction conditions while
employing DCDPH (l1I-562), the desired lactone 111-43 was returned in a slightly
elevated 90% ee with the toluene/chloroform (3:2) system, and 91% ee with the
n-hexanes/chloroform (1:1) system (Table 111-20).

Table 11I-20. Evaluation of llI-62 as the terminal halogen source.

o)
(DHQD),PHAL (IlI-23) (0.1 eq.)
Ph OH > Q
DCDPH (Il-52) (1.1 eq.)
o benzoic acid (1.0 eq.) Ph ol
solvent system (0.05 M)

-2 -40°C,3h I1l-43
Entry CI* Source Solvent % ee (llI-43)
1 Hi-52 Tol:CHCI3 (3:2) 90
2 -52 Hex:CHCl3 (1:1) 91

Note: All reactions were complete by TLC.

To summarize the results catalogued above in Section 3.2.4, with the
discovery that N-chlorohydantoins, particularly DCDMH (111-48) was sufficiently
reactive to overcome the limitations encountered with NCS at low temperatures,
a new catalyst combination arose (Table 111-10). The (DHQD),PHAL/DCDMH (lii-
23/111-48) reagent combination was further tuned with respect to enantioselectivity
by evaluating a number of co-solvent combinations. This study revealed that
solvent combinations of either toluene or n-hexanes in chloroform caused an
increased enantioselectivity in the lactonization of lll-2 (Table [I-14).

Subsequently, benzoic acid emerged as a uniquely useful additive that
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contributed to a further increase in selectivity when combined with the new co-
solvent systems (Tables IlI-15 and 11I-16). Later a temperature screen revealed
the range between 40 to -50 °C to be optimal for the highest selectivity. Finally,
the use of DCDPH (1lI-62) in place of DCDMH (111-48) was slightly more selective.
For the most part, the two best solvent systems (toluene/chloroform (3:2) and n-
hexanes:chloroform (1:1)) had performed on effectively the same level. Owing to
operational simplicity, especially with regards to removal of residual solvent, we
therefore deferred to the n-hexane/chloroform (1:1) solvent system for
subsequent experiments.

At this point, it was surmised that most of the reasonable means towards
the systematic optimization of the reaction parameters with regards to
enantioselectivity had been exhausted. Furthermore, it seemed likely that
substantial gains above those realized through the screening protocol delineated
herein might only arise after a more intimate appreciation of the reaction
mechanism was at hand. Therefore, we set out to undertake a scan of the
substrate scope of the transformation (see the following section). For that study
we sought to perform the reaction on a larger scale than the 0.05 mmol
screening scale, in order to facivlitate the more accurate determination of isolated
yields. On increasing the scale of the chlorolactonization of llI-2, DCDPH (llI-52)
quickly emerged as the terminal chlorine source of choice, consistently providing
higher isolated yields and enantioselectivities 2-3% higher than DCDMH (11-48).

Taking these findings into consideration, we established the conditions described
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below in Scheme 1lI-7 as the standard reaction conditions for the asymmetric

chlorolactonization of alkenoic acids.

Scheme IlI-7. Standard conditions for asymmetric chlorolactonization.

(0]
(DHQD),PHAL (1lI-23) (0.1 eq.)
OH - O
Ph DCDPH (1I-52) (1.1 eq.)
O Benzoic Acid (1.0 eq.) Ph cl
(1:1) Hex/CHCl, (0.05 M)
""2 _40 .C, 6 h l“'43
86% yield
89% ee

The culmination of the screening intensive approach described above
resulted in a protocol that allowed for the asymmetric chlorolactonization of
alkenoic acid lll-2 in the presence of 0.1 equivalents organocatalyst I11-23, 1.1
equivalents of chlorine source llI-62, and 1 equivalent of benzoic acid in a 1:1
mixture of n-hexanes and chloroform at -40 °C. The desired chiral chloro-y-
lactone 111-43 was produced in 86% isolated yield with 89% ee. These general
conditions were applied to a substrate scope screen as detailed in the following

section.

3.2.5: Investigation of Substrate Scope

Having discovered optimal conditions for the asymmetric
chlorolactonization of llI-2, a number of analogous alkenoic acids were prepared
and evaluated using the standard conditions described in Scheme 11I-7. In total,

eight additional 4-substituted pentenoic acids were prepared (Figure 11I-5).
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Figure 1lI-5. 4-Substituted 4-pentenoic acid substrates.
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The various substrates were readily prepared by the Wittig methylenation
and saponification of the corresponding keto-ester precursors (see Experimental
section), with the exception of substrates 111-61 and 111-66, which were produced
via Suzuki coupling as described by Wirth and co-workers.*

Substrates 111-60 through 1lI-67 were subjected to the chlorolactonization
protocol described in Scheme IlI-7. Reactions were conducted on a 0.1 mmol
scale. The desired products were isolated after purification by silica gel column
chromatography. The enantiomeric excess of the products were judged by chiral
GC analysis, except for llI-70, which was assayed by chiral HPLC. The results of

this study are presented in Table I1I-21.
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Table llI-21. Investigation of the substrate scope of the chlorolactonization.

o)
M (DHQD),PHAL (llI-23) (0.1 eq.)
R OH » O
DCDPH (l1I-52) (1.1 eq.)
° R™\_¢

benzoic acid (1.0 eq.)

Hex/CHCl, (1:1) (0.05 M)
n-76 40>C, time m-77

Entry Substrate Time (h) Product Yield (1ll-69) % ee (l11-69)

1 -2 6 11-43 86 89

2 111-60 6 111-68 99 >5

3 1-61 6 111-69 80 88

4 111-62 6 1-70 86 80

5 H-63 6 n-71 83 87

6 11-64 12 n-72 92 72

7 11-65 12 n-73 59 70

8 l1-66 12 1n-74 61 90

9 H-67 6 HI-75 55 43
o o o ol
0 o o :
cl cl cl
E i-a3 MeO 68 c nes |
; o o o
E 0 0 0
‘ cl cl OO ol
« Me F '
! -70 n-71 mr2
i 0 0 o
0 0 o ;
: cl cl cl !
! Ph FsC :
: n-73 n-74 mzs

.................................................................
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As described above in Scheme IlI-7, the chlorolactonization of substrate
lll-2 proceeded without incident, returning lactone 111-43 in good yield and 89%
ee. Perhaps not unexpectedly, the p-methoxyphenyl subtrate 1l1-60 returned the
desired chlorolactone 11I-68 in excellent yield, although the product was virtually
racemic (entry 2). Evidently, the strong resonance donation from the para
situated methoxy group contributes significantly to the ring opening of the
incipient chloronium intermediate [lI-78, producing oxonium ion IlI-79 whose

collapse to the product lactone is inherently non-selective (Scheme I1I-8).

Scheme lll-8. Facile chloronium ion ring opening with Il1-60.
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In addition the presence of the electron donating methoxy group ought to
enhance the nucleophilicity of the olefin in 111-60 relative to llI-2, accelerating the
rate of the reaction (assuming that chlorine delivery is rate limiting). A
significantly faster reaction might also result in a less selective transformation.
Indeed, the conversion of 111-60 to 1l1-68 is significantly faster than the analogous
transformations depicted in Table 11l-21, proceeding to completion in less than 5
minutes at -40 °C! Conducting the cyclization of 1l1-60 at -78 °C did not improve
the selectivity.

Para substituents with somewhat tempered electron donating ability still
maintained relatively high selectivity. The para-chloro substituted substrate 111-61

returned lactone 11169 in 80% yield and 88% ee (entry 3). The slightly inductive
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electron donation due to the para-methyl substituent in 111-62 resulted in the
generation of lactone IlI-70 in 86% yield, albeit with a slightly reduced 80% ee
(entry 4). Similar to 1lI-61, substrate Il1-63 containing a para-fluoro substituent
returned the corresponding lactone Il1-71 in 83% yield and 87% ee (entry 5).
Additionally, electron withdrawing substrates on the aryl ring are also tolerated.
Substrate 111-66, substituted with the electron withdrawing trifluoromethyl
substituent returned lactone 11l-74 in 61% yield with 90% ee (entry 8).

Increasing the steric bulk of the aryl ring on the substrate resulted in
lactone products with somewhat reduced enantioselectivities. The 3-napthyl
substrate 11I-64 returned the corresponding chlorolactone 1lI-72 in 90% isolated
yield with 70% ee (entry 6). Similarly, biphenyl substrate I11-65 returned lactone
1-73 in 59% yield and 70% ee (entry 7).

Subsequently, we sought to evaluate whether or not the presence of an
aryl moiety at the 4-position of the 4-pentenoic acid substrate was necessary for
high enantioselectivity. In order to probe this problem, we prepared subtrate lll-
67, containing a cyclohexyl group in the 4-position in lieu of an aryl substitutent.
In the event, subjection of this substrate to the prescribed reaction conditions
returned the saturated chlorolactone 111-75 in reduced yield and enantioselectivity
(55% yield, 45% ee, entry 9).

Finally, the chlorolactonization of llI-2 was evaluated in the presence of
the quasienantiomer of organocatalyst 11l-23. When (DHQ).PHAL was employed
as the organocatalyst, the desired chlorolactone was returned in 75% yield with a

selectivity of -77% ee (Scheme III-9). While the reduced selectivity in the
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presence of the quasienantiomer of 111-23 is disappointing it is most likely the

result of the diastereomeric relationship between IlI-23 and (DHQ),PHAL.

Scheme llI-9. Cyclization of IlI-2 with the quasienantiomer of catalyst llI-23.

0]
(DHQ),PHAL (0.1 eq.)
b OH . 0
h DCDPH (ll-52) (1.1 eq.)
-0 Benzoic Acid (1.0 eq.) Ph cl
(1:1) Hex/CHCl, (0.05 M)
-2 -40°C,6h 1i-43

75% vyield
-77% ee

Overall, this limited investigation of the substrate scope indicates that
substitution on the para postion of the aryl moiety of substrate Ill-76 (Table 11I-21)
is relatively well tolerated, provided the substituent is not a strong electron donor
(entry 2). Furthermore, reduced selectivity is realized when larger 4-substituents
are employed (i.e. napthyl and biphenyl, entries 6 and 7). Finally, the presence
of an aromatic group at the 4-position of 111-76 is evidently crucial for high
selectivity (entry 9). Ultimately, the substrate scan depicted in Table IlI-21 and
described above indicates several limitations of the methodology that may not be
easily rectified without a more thorough understanding of the mechanism by
which the (DHQD),PHAL/DCDPH (l1i-23/111-52) catalyst system confers its
enantioselectivity. Perhaps the screening intensive approach to the optimization
of the enantioselectivity with regards to a single substrate (llI-2) has generated a
niche system that is highly tuned for the selective cyclization of a specific, limited
olefin class (llI-76). It may be prudent for subsequent optimization attempts to

begin by revisiting some of the “milestone” conditions leading to those described
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in Scheme |lI-7 with a small panel of compounds representing several different
substrate classes. Applying such a strategy might return an alternate set of
conditions that are less selective for substrates of the class of lll-76, yet more
generally applicable to a broader range of substrates. It seems clear, however,
that an intimate appreciation of the mechanism of the system at hand might
serve to guide the course of these subsequent optimization experiments. The
following section details several initial experiments aimed at teasing out some of

the mechanistic subtleties of the transformation.

3.2.6: Mechanistic Investigations

As an initial endeavor into probing the mechanism of the transformation
we sought to evaluate the stereochemical course of the reaction when a full
equivalent of catalyst 11l-23 is employed. Owing to the more facile and quick
analysis of the enantioselectivity of lactone 1lI-71 relative to 111-43 by chiral GC
analysis, most of the mechanistic studies detailed herein were conducted with
substrate 111-63 in lieu of lll-2. The chlorolactonization of 111-63 was performed on
the 0.05 mmol test scale with 1.1 equivalent of (DHQD),PHAL (lll-23), while
maintaining all of the other optimized reaction parameters. Namely, DCDPH (lli-
52) was used as the terminal chlorine source (1.1 equiv.) in a 1:1 ratio of n-
hexanes and chloroform (0.05 M relative to 111-63) that was maintained at -40 °C
and doped with 1 equivalent of benzoic acid. As a control, the analogous
catalytic (0.1 equiv. 1lI-23) reaction with substrate 111-63 was conducted

simultaneously. The results of this study are compiled below in Table 111-22.
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Table llI-22. Lactonization of 111-63 with 1.1 equivalents of catalyst 1lI-23.

(0]
DHQD),PHAL (llI-23) (eq.
OH ( )2 ( ) (eq.) _ o
DCDPH (I1-52) (1.1 eq.)
F o Benzoic Acid (1.0 eq.) Cl
0.05 mmol (1:1) Hex/CHCl5 (0.05 M)
n-63 -40°C,6h n-71

Entry Eq. (lll-23) % ee (llI-71)
1 1.1 73

2 0.1 87

Note: All reactions were complete by TLC.

Surprisingly, chlorolactone 1ll-71 was produced with a substantially
reduced enantioselectivity of just 73% ee in the presence of 1.1 equivalents of lllI-
23. Conversely, the control reaction in the presence of 0.1 equivalents of the
organocatalyst returned IlI-71 with the expected 87% ee, in complete agreement
with the scaled experiment described in the previous section (Table 11I-21, entry
5). The result from the stoichiometric experiment is counterintuitive to
conventional wisdom for asymmetric catalysis. One would typically expect for
the selectivity of a particular asymmetric transformation to increase on increased
loading of the chiral catalyst.**“® The decrease in selectivity observed in our
system might be explained by a prevailing autoaggregation event at higher
loadings of catalyst llI-23. If catalyst aggregation is significant under
stoichiometric conditions, such an event might negatively influence the
stereochemical course of the transformation.

Indeed, the autoagreggation phenomena of quinine (11l-49), a related

Cinchona alkaloid, has be extensively characterized by Uccello-Barretta, Di Bari,
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and Salvadori. They observed that the dimerization of quinine in CDCI3 solutions
occurs at higher concentrations as well as at lower temperatures. Specifically,
on increasing the concentration of quinine from 2.6 mM to 606 mM in CDCl3, they
observed a significant upfield shift (up to 0.5 ppm) for the 'H resonances of the
two protons flanking the quinoline nitrogen atom. The authors propose a
dimerization event driven by the stacking of the quinoline rings of two quinine
molecules. A similar shift in the spectrum was observed on lowering the
temperature of a 170 mM solution of quinine in CDClI; from 25 °C to -50 ‘c.®

Although the concentration in our study (50 mM for the stoichiometric
experiment) is more dilute than those employed in their investigation, the
(DHQD)2PHAL chiorolactonization is conducted within a similar temperature
regime (-40 °C). Furthermore, the presence of the less polar n-hexane co-
solvent in our system in concert with the lower temperature might permit the
auto-aggregation at lower concentrations relative to their studies. In addition to
the stoichiometric experiment, the temperature study described in Table I1I-19
(vide supra, Section 3.2.4) seems to support the assertion that catalyst
oligomerization might prove to be problematic with respect to enantioselectivity.
Specifically, while the (DHQD),PHAL/DCDMH (111-23/111-48) system returned
phenyl substituted lactone 111-43 in 88% ee at -40 °C in n-hexane/chloroform
(1:1), the analogous experiment at -78 °C returned the product in just 67% ee
(Table 11I-19, entries 9 and 12).

Given the results described here and in Table IlI-19 coupled with the

documented tendency for certain Cinchona alkaloids to form oligomers in
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solution, 2% further investigations into the mechanism of the (DHQD),PHAL
chlorolactonization reaction ought to consider the potential for catalyst
dimerizations. Specifically, if the inferior results for the stoichiometric experiment
are due to catalyst oligomerization, the trend ought to be exacerbated on further
increasing the amount of catalyst (e.g. 5 or 10 equivalents). Alternatively,
perhaps the outcome of the stoichiometric experiment can be rescued on
performing the reaction under more dilute conditions.

Subsequent to the stoichiometric experiment detailed above, we next
turned to a more systematic evaluation of the influence of the N-chlorohydantoin
terminal chlorine source. During the course of our optimization studies, DCDMH
(11-48) and DCDPH (1ll-52) emerged as the terminal halogen sources of choice
relative to the initially discovered NBS and NCS systems. They appear to exhibit
a reactivity profile that is uniquely wedged in between NBS and NCS, thus
allowing for control of the uncatalyzed background reaction (unlike NBS) but also
allowing for low temperature studies owing to their enhanced reactivity relative to
NCS. We were particularly intrigued, however by the fact that certain N-
chlorohydantoins were more selective than others in the earlier iterations of our
methodology development (Table IlI-13). We were particularly surprised to find
that the 1-methyl analogue (l11-54, entry 3) of DCDMH (l11-48) was less selective
(cf. 61% ee for 111-64 vs. 83% ee for 11-48). The expected outcome on employing
lll-54 in place of DCDMH was an equally selective, but slower transformation
owing to the deactivation of the remaining N-3 chlorine on replacing the N-1

chlorine with a less activating methyl group. That the selectivities drop, seemed
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to indicate a more intimate relationship between the N-chlorohydantoin and
catalyst lll-23 in the transition state leading to the putative chloronium
intermediate. Earlier in the chapter, several possible catalyst/N-chlorohydantoin
complexes were proposed in Figure IlI-4 that might account for these findings. In
order to further probe the role of the terminal chlorenium source in our
asymmetric chlorolactonization protocol, a systematic evaluation of various
closely related N-chlorohydantoins was undertaken. In a series of parallel
experiments, para-fluoro substrate 111-63 was subjected to our optimized reaction
conditions while employing different terminal chlorenium sources. In addition to
DCDPH (llI-562) and DCDMH (llI-48), we also screened several known analogues
of DCDMH. Namely we evaluated 1-chloro-5,5-dimethylhydantoin (1-CDMH, Ili-
80), 1-chioro-3,5,5-trimethylhydantoin (1-CTMH, 1iI-81), and 3-chloro-1,5,5-
trimethylhydantoin (3-CTMH, 111-54)." In addition, NCS (ll1-44) and
trichloroisocyanuric acid*® (TCCA, 111-82) were also evaluated under the
optimized reaction conditions. The results of this study are presented in Table
I11-23. In each case the terminal chlorenium source was applied ina 1.1
equivalent loading. In addition, since TCCA harbors three active chlorenium
equivalents, it was also applied in reduced loadings of 0.5 and 0.3 equivalents.
The stereochemical course of the transformation was again evaluated by chiral
GC analysis. Owing to the assumption that the less reactive halogen sources
(i.e. NCS and the mono-chlorohydantoins) would result in a sluggish
transformation at 40 "C, the reaction time was prolonged to 18 hours prior to

work-up. The requisite N-chlorohydantoins for the study were prepared using our
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TCCA mediated methodology (see Chapter 4),! with the exception of 111-80,

which was prepared using the method of Corral and Orazi.*’

Table III-23. Investigation of terminal chlorenium sources in the cyclization of l11-63.
(o]

DHQD),PHAL (llI-23) (0.1 eq.
OH ( )2 (m-23) ( GQ); o
chlorine source (eq.)
F o Benzoic Acid (1.0 eq.) Cl

(1:1) Hex/CHCl, (0.05 M) .
n-63 -40°C,18h m-71

Entry CI* Source Eq. (CI* Source) % ee (lll-71)

1 IHi-52 1.1 87

2 11148 1.1 86

3 1-80 1.1 80

4 I-81 1.1 76

5 i-54 1.1 74

6 n-44 1.1 64

7 Hi-82 1.1 72

8 111-82 0.5 75

9 -82 0.3 74
o ca T o UUTTTWOUTTTTTTTSTTR
t Os_N O« _N O« _N o N/ :
e =0 ;[>=o ;>=o ;C>=°s
! N N N \ '
: Ph ¢ cl cl cr
L Ies2 11-48 I11-80 mer |
: o) o Cl o S (o} i
' N O N Y'Y E
‘ N>=O j\:).:o cirN~eNel :
T Yo ]
: Hi-54 in-a4 111-82 E

...........................................................

Note: All reactions were complete by TLC, except for entries 3-6.
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Cyclization of 111-63 with DCDMH (ll1-48) and DCDPH (llI-52) returned
lactone 1lI-71 in 86 and 87% ee, respectively (entry 1 and 2), again in agreement
with the scaled experiment detailed in Table IlI-21, entry 5 (vide supra). When 1-
CDMH (111-80) was employed, the reaction was notably slower and did not
proceed to complete conversion after 18 hours. Additionally, the chlorolactone
Ill-71 was returned in a reduced selectivity of 80% ee. The two methylated
derivatives, I1I-81 and 11I-54 were even less selective, returning the lactone
product in 76 and 74% ee (entries 4 and 5). These data again seem to suggest
that there is some degree of association between the catalyst 1lI-23 and the
terminal chlorenium source in lieu of a direct chlorine transfer to the alkaloid. If
such a transfer were occurring, generating intermediate 111-56 (Figure 111-4) for
instance, one would predict that the less reactive chlorine sources would result in
an equally selective, albeit slower generation of lll-71. The data presented in
Table 111-23 seems to indicate that an alternative means of catalysis is occurring
and that llI-56 is likely not operative. Finally, the screening of NCS (llI-44) and
TCCA (1ll-82) serve to reconfirm the dichlorinated hydantoins as the terminal
chlorine sources of choice for our transformation (entries 6-9).

The data for NCS and TCCA indicate interesting nuance of the
transformation. The **Cl Nuclear Quadrupole Resonance (NQR) frequency has
been invoked as a quantitative marker of the chlorenium (CI*) character of a
particular N-Cl bond.***® In short, those N-Cl bonds with larger CI* character

resonate at higher frequencies than compounds with less active N-Cl bonds.
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Figure I11-6 indicates the NQR resonance frequencies for several chlorenium

sources.

Figure llI-6. 35-Cl NQR frequencies for various chlorenium sources.
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The NQR data seems to indicate that the dichlorinated hydantoins

employed in our most selective conditions (i.e. 111-562 and 111-48) are exquisitely

positioned in between the less reactive NCS (lll-44) and the more reactive TCCA

(111-82). Indeed, we initially turned to the N-chlorohydantoins to correct the

sluggish reactivity of NCS at lower temperatures. Furthermore, as indicated in

Table 11-23, employing the more reactive TCCA proved detrimental for the

selectivity of the transformation returning llI-71 in 72-75% ee (entries 7-9).

Taking the NQR data into account, this drop in enantioselectivity might be

accounted for by a substantial contribution from the uncatalyzed background
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reaction when TCCA is employed. In other words, the dichlorohydantoins 111-52
and 111-48 might be perfectly electronically tuned to overcome the sluggish
reactivity of NCS, yet still maintaining a measure of attenuation relative to the
more reactive TCCA. It seems clear that the more labile N-3 chlorine (56.460

and 55.962 MHz for 11l-52 and 111-48, respectively) of the dichlorohydantoins is

the active chlorenium equivalent that is eventually incorporated in the lactone
products. Consequently, the less reactive N-1 chlorine, whose frequencies are
closer in nature to NCS, primarily serves to inductively activate the N-3 chlorine
towards donation. They are themselves most likely retained on the reduced
chlorohydantoin by-products.

Ultimately, the experiments described above in Table 111-23 inconclusively
suggest an alternate means of catalysis in lieu of a direct transfer of an active
chlorenium equivalent to the organocatalyst (lll-56). The three proposed
alternate active species depicted in Figure ll|-4 are reproduced below in Figure
n-7.

Figure llI-7. Potential active catalyst species.
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At this point, it seems unlikely that the results described in Table 11I-23 can
be accounted for by putative intermediate 111-56, relying on the direct donation of
a chlorenium equivalent to the chiral catalyst. In fact, given that the reaction
mixture includes an equivalent of the substrate acid as well as an equivalent of
benzoic acid likely ensures that the quinulclidine rings of lll-23 are protonated.
Although a tight ion pair (111-68) or chloronium dimer (111-69) framework might
account for the dependence of the enantioselectivity of the transformation on the
gross structure of the chlorohydantoin, their accessibility under the acidic
reaction conditions is debatable. Alternatively, a hydrogen-bonded activation of
the N-chlorohydantoin by the protonated catalyst (see llI-57), could in principle
account for the observed results. Interestingly, H-bond driven asymmetric
catalysis has been invoked for transformations mediated by Cinchona alkaloids
previously.>* Of course, one must be careful of such conjecture; alternative
means of catalysis due to the quinoline moiety of 111-23 or the association of the
catalyst with the substrate cannot be ruled out. Ultimately, the data presented in
Table 11I-23 seems to hint at a more complicated process than a simple
chlorenium transfer from the hydantoin to the chiral catalyst (i.e. 111-66), and begs
for a more thorough investigation. Likely, only then will the limitations of the
current interaction of the methodology be corrected.

As an additional probe of the effects of catalyst protonation on the
selectivity of the reaction, the cyclization of the fetra-butylammonium salt of

substrate llI-2 (I11-83) was carried out both in the presence and absence of the
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benzoic acid additive. Compound ll1-83 was conveniently prepared using

|55

Rousseau’s protocol.”™ The results of this study are collected in Table 11I-24.

Table IlI-24. Cyclization of salt llI-83.

(0]
00 (DHQD),PHAL (l1-23) (0.1 eq.)
Ph O™ "NBu, > 0
DCDPH (llI-52) (1.1 eq.)
o benzoic acid (eq.) Ph cl
-83 hexanes/CHCl3 (1:1) m-43
-40 °C, 18 h

Entry Benzoic Acid (Eq.) % ee (lli-43)
1 1.0 74

2 0.0 66

Note: Reactions were complete by TLC.

Interestingly, the cyclization of 111-83 is clearly less selective in the
absence of the benzoic acid additive. When an equivalent of benzoic acid was
included in the transformation, lactone lll-43 was returned in 74% ee. The
alternate reaction lacking the acid additive returned the desired product in 66%
ee. Although both transformations are markedly less selective than the
analogous cyclization of lll-2 (89% ee), the results may indicate a necessity for
the protonation of 11I-23 as a requirement for high enantioselectivity.

As a final mechanistic probe, we re-evaluated the other Cinchona alkaloid
dimers that we had tested previously. Namely, the anthraquinone linked
(DHQ)2AQN (111-42) and the diphenyl pyrimidine linked (DHQD),Pyr (lli-41) were
evaluated as catalysts in the cyclization of llI-63 to return lactone IlI-71. The
results of this study are collected in Table 111-25. Additionally, the data for the
cyclization of l11-63 by action of 1l1I-23 (Table 11I-23, entry 5) and the data for the

cyclization of llI-2 by action of (DHQ),PHAL (l1I-84) (see Scheme llI-9) is included
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for comparison. Initially, these catalysts were chosen for re-evaluation owing to

their structural similarity to the successful catalyst 111-23.

Table 111-25. Evaluation of other dimeric Cinchona catalysts.

(0]
Cinchona catalyst (0.1 eq.)
JJ\/\'rOH — O
Ar DCDPH (IlI-52) (1.1 eq.)

o benzoic acid (1.0 eq.) Ar cl

11-85 hexanes/CHClI; (1:1)
-40°C, 18 h -86

Entry Catalyst  Ar(ll-86) % ee (IlI-86)

1 ni-41 p-fluorophenyl 0

2 -42 p-fluorophenyl -18
3 -23 p-fluorophenyl 87
4 -84 phenyl =77

Note: Reactions were complete by TLC.

Interestingly, the nature of the intervening aromatic linker separating the
two alkaloid units in the organocatalyst appears to have a profound effect on the
selectivity of the transformation. For instance, 6n replacing the phthalazine linker
in (DHQD),PHAL (llI-23) with the 2,5-diphenylpyrimidine linker found in
(DHQD)2Pyr (ll1-41), a complete loss of induction is realized (entries 3 and 1,
respectively). Similarly, the chlorolactonization of 1ll-63 by action of (DHQ).AQN
(In-42) is markedly less selective than the similar lactonization of Ill-2 by action of
(DHQ),PHAL (l11-84, structure not shown). Specifically, the p-fluoro substituted
chlorolactone 111-71 was returned in just -18% ee with the anthraquinone-linked
DHQ dimer (entry 2). Conversely, the related phenyl substituted lactone 111-43

was produced in a much improved -77% ee with the phthalazine dimer (entry 4).
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These data indicate that some structural feature inherent in the
phthalazine linker is crucial to the relatively high stereoinduction realized by
action of (DHQD),PHAL and (DHQ),PHAL. Ultimately, the data presented in
Table 111-25 serves to further highlight the need for an understanding of both the
exact nature of the interaction between the alkaloid catalyst and the terminal
chlorine source as well as the mechanism by which it governs the asymmetric

delivery of a chlorenium ion.

3.3: Conclusions and Future Directions

Presented in the preceding sections, has been a full account of the initial
discovery and systematic optimization of a novel asymmetric chlorolactonization
reaction. This methodology was born from the lessons learned in a failed
attempt to develop our 1% generation peptide-based catalyst system (see
Chapter 2). The penultimate advance in this regard was arriving at a significantly
more active catalyst relative the bromoiodinane peptides (e.g. lli-1) that allowed
for a departure from the bromolactonization protocol, thus facilitating control over
the prevailing non-catalyzed background reaction. The fruits of these labors
have been the development of the first example of a catalytic asymmetric
chlorolactonization protocol as well as the most selective asymmetric
halolactonization protocol to date. For the first time, a catalytic halolactonization
protocol can be conducted with synthetically useful levels of stereoinduction.

The current state of the methodology is not without its limitations,

however. As delineated in Section 3.2.5, the transformation is relatively
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substrate limited, so far not tolerating significant substrate structural deviations
from the initially investigated 1lI-2. Hopefully, however, significant ground-work
has been laid to allow for future efforts to arrive at a subsequent iteration that will
be both more selective and generally applicable.

Future efforts aimed at the further optimization of the
(DHQD),PHAL/DCDPH (111-23/111-52) catalyst system will likely benefit greatly
from a more intimate understanding of the mechanistic underpinnings
responsible for stereoinduction. From this point, any subsequent efforts ought to
be heavily focused upon teasing out the mechanism of the transformation,
especially the interaction between the catalyst and the terminal halogen source.
A multi-pronged approach might be undertaken for this task. First, it would be
interesting to probe the effects of using electronically different N-
chlorohydantoins as the terminal halogen source in the transformation. Figure

I11-8 depicts several potential candidates.

Figure HlI-8. Alternate 5,5-aryl-N-chlorohydantoins.
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The bis-trifluoromethylphenyl compound 1I-87 and the bis-methoxyphenyl
compound llI-88, ought to be electronically distinct from the parent DCDPH 1lI-52.

Both compounds should be readily available by applying our newly developed
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chlorination protocol to the known hydantoins.***” One would expect l1I-87 to be
slightly more activated relative to llI-52, while 111-88 would be slightly less
activated. The effects of these subtle electronic modulations on the terminal
chlorine source might help to reveal the nature of the association between

catalyst Hll-23 and the N-chlorohydantoin. Additionally, the more amidine-like

hydantoin analogue 111-89 would be interesting as well. If the association
between the catalyst and the chlorine source is driven by a hydrogen bond as
indicated in structure lI-57, one would predict that chlorine sources like 111-89
would prove more apt to participate in such a situation owing to the presence of a
more active H-bond acceptor, thus resulting in enhanced selectivity.

In addition to probing electronically distinct N-chlorohydantoins, an NMR
evaluation of the corresponding '°N labeled hydantoins (i.e. 111-90) might provide
insight into the nature of the hydantoin/catalyst complex. Quantitative
experiments could be carried out with *N-labelled hydantoin 111-90 (Figure 111-9),
where the chemical shift of the labeled atom will be monitored. For example, it is
expected that the chemical shift of **N in 111-90 will not be affected greatly if
complex llI-67 is predominant. On the other hand, the ion pair complex depicted
in I11-68 would lead to substantial shielding of the nitrogen atom. A spectroscopic
ruler for the anticipated level of shielding can be established by studying the **N-
NMR of I11-91 and 111-92, the neutral and anionic analogs of Il-9. The *N-
chemical shift of compound IlI-90, if bound as depicted in complex llI-569 should
be intermediate in the latter spectroscopic ruler. It should be noted that the

required '°N label can be readily incorporated by employing commercially
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available "°N labeled potassium cyanide during the course of the synthesis of llI-

90 via the Bucherer-Berg reaction.*®

Figure lll-9: Proposed labeled N-chlorohydantoins.
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In addition to the mechanistic probes based on the hydantoin scaffold
described above, one might also pursue the evaluation of a systematic library of
dimeric DHQD catalysts, aiming to probe the exact influence of the phthalazine
dimer in the most selective catalyst l1I-23. Indeed, an extensive amount of work
has been undertaken by others in efforts at both tuning the selectivity and
understanding the mechanistic underpinnings of the well-known SAD
reaction.'>* Figure I11-10 indicates several potential linkers that might be
employed to both probe the mechanism of the chlorolactonization reaction as

well as potentially further tune the selectivity of the transformation.
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Figure llI-10. Potential alternative catalyst scaffolds.
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Pyridazine linker IlI-9 was introduced by Corey and co-workers while

the diphenylphthalazine (111-94)%? and pyrazinopyridazine (111-95)%*%° were
developed by Sharpless. Furthermore, dimers based on the extended aryl linker
111-96 have also been prepared.®®®” The investigation of this small catalyst library
assembled with the DHQD alkaloid moiety might both offer some insight into the

exact role of the phthalazine linker in our current best catalyst (11l-23) as well as

potentially return a more selective and broadly applicable iteration of the
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methodology. Additionally, it would be interesting to investigate the hydrocarbon
analogues of the phthalazine dimer (111-97 and 111-98) to further probe the role of
this heterocycle in the transformation, although their preparation would be more
involved, given that they could not be prepared from the SnyAr methodology
developed for the heterocyclic analogues.'%*°

Finally, the simultaneous investigation of the conformationally constrained
analogues ll1-99 and 1lI-100 might also be instructive. The adipate bridged
PYDZ dimer 111-99 was introduced by Corey and co-workers.%®° This catalyst
conformationally restrains the catalyst by linking the two alkaloids by an
intervening tether. Alternatively, the Lohray ligand 11I-100 constrains the system
by a linker between the two quinoline moieties.*®

Perhaps a thorough investigation of a small library of similar catalysts
related to 1ll-23 like those suggested in Figure I1I-10 would serve to shed
additional light on the mechanism governing the enantioselective
chlorolactonization methodology described herein. Subsequent to a clear
understanding of the mechanistic underpinnings of the transformation at hand, it
seems likely that continued iterative optimization might return a more broadly
applicable methodology that could elevate the asymmetric halogenation of olefins
to the levels of success enjoyed by asymmetric dihydroxylation,
aminohydroxylation and epoxidation. The basic strategy might be applied to

other related chlorenium based asymmetric transformations in the future. These

would include an analogous haloetherication, haloamidation, dihalogenation, etc.
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3.4: Experimental Details

All reagents were purchased from Aldrich or other commercial sources
and used without purification. Anhydrous chloroform stabilized with amylenes
(Aldrich) and HPLC grade 95% n-hexanes (Spectrum) was used for all
asymmetric halolactonizations. All other solvents were purchased from either
Fisher Scientific or Mallinckrodt Chemicals and used without purification. 'H and
3C NMR spectra were collected on a 300 MHz NMR spectrometer (VARIAN
INOVA) using CD3ClI, acetone-ds, or DMSO-ds. Chemical shifts are reported in
parts per million (ppm). Spectra are referenced to residual solvent peaks.
Infrared spectra were collected on a Mattson Galaxy Series FTIR 3000. Samples
were prepared as KBr pellets or KBr discs. Optical rotations were measured on
a Perkin Elmer Polarimeter 341 in chloroform. Flash silica gel (32-63 mm) from
Dynamic Adsorbents, Inc. was used for column chromatography. Enantiomeric
excess was judged by HPLC (chiralcel OD-H) for bromolactone IlI-3 and HPLC

(Chiralcel OJ-H) and later GC (GAMMA DEX) for all chlorolactones (vide infra).

General Procedure for Test-Scale Halolactonization

O
P - . . i
Ph/U\/\n/OH (DHQD),PHAL (li1-23) (0.1 eq )= o
Ph X

(o) halogen source (1.1 eq.)
DCM

-2 Solvent, Temperature -101

A screw-top vial equipped with a magnetic stir bar was charged with
halogen source (0.055 mmol, 1.1 equiv.) and (DHQD),PHAL (llI-23) (4 mg, 0.005

mmol, 0.1 equiv.). The solids were then taken up in the appropriate solvent or
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solvent system (1 mL). The vial was sealed with the screw-top and the reaction
mixture was lowered to the prescribed temperature by action of an immersion
cooler. The mixture was stirred at the designated temperature and monitored by
TLC (20% ethyl acetate in hexanes, KMnO4 burn). Upon completion, the
reaction mixture was poured into a 60 mL separatory funnel along with 0.1 M aq.
NaOH (5 mL). The resulting solution was extracted twice with dichloromethane (5
mL). The combined organics were then dried (anhydrous Na,SO,) and
concentrated in the presence of a small portion of silica gel via rotary
evaporation. The resulting silica plug was then placed on top of a Pasteur pipet
packed with silica gel. The desired lactone product (llI-101) was eluted from the
pipet column with 20% ethyl acetate in hexanes which on concentration returned
aclear oil. The enantiomeric excess of the product was determined either by

HPLC or GC (vide infra).

lI-3, 5-(Bromomethyl)-5-phenyldihydrofuran-2(3H)-one®

(0]
o@
Ph Br

'H NMR (300 MHz, CD;Cl): 8 7.34 (m, 5H), 3.71 (d, J = 11.1 Hz, 1H), 3.67 (d, J =
11.1 Hz, 1H), 2.77 (m, 2H), 2.52 (m, 2H); *C NMR (75 MHz, CDsCl): 4 175.4,

140.6, 128.7, 128.5, 124.7, 86.3, 40.9, 32.2, 28.9.
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General Procedure for the Scaled Chlorolactonization

M (DHQD),PHAL (1II-23) (0.1 eq.)
R OH » O
DCDPH (1II-52) (1.1 eq.) @
° R™\_¢

benzoic acid (1.0 eq.)
Hex/CHClI; (1:1) (0.05 M)

n-76 40 °C, time -7z

To a flame-dried screw-top vial equipped with a stir bar was added
(DHQD),PHAL (IlI-23) (8 mg, 0.01 mmol, 0.1 equiv.), 1,3-dichloro-5,5-
diphenylhydantoin (DCDPH, 1lI-562) (32 mg, 0.11 mmol, 1.1 equiv.), and benzoic
acid (12 mg, 0.1 mmol, 1 equiv.). These reagents were dissolved in a 1:1
mixture of chloroform and n-hexanes (2 mL) and cooled to -40 °C with the aid of
an immersion cooler. The resulting -40 °C solution was stirred for ca. 20-30
minutes at which time the appropriate alkenoic acid Ill-76 (0.1 mmol, 1 equiv.)
was added in one portion in solid form. The resulting mixture was stirred at -40
°C for 6 or 12 hours as indicated in Table 1lI-21. The reaction mixture was
poured into a 60 mL separatory funnel and diluted with chloroform (10 mL). The
organics were then washed with 0.1 M aq. NaOH (10 mL). The aqueous layer
was subsequently extracted with chloroform (10 mL). The combined organics
were dried over anhydrous sodium sulfate and concentrated by rotary
evaporation. The crude isolate was then purified by silica gel column
chromatography (20% EtOAc in hexanes, KMnO, burn). The enantiomeric

excess of the products so isolated were judged by chiral GC or HPLC (vide infra).
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Analytical Data for Chlorolactones (Table IlI-21)

111-43, 5-(Chloromethyl)-5-phenyldihydrofuran-2(3H)-one

o]
3@
Ph o]

"H NMR (300 MHz, CDCl): 6 7.39 (m, 5H), 3.83 (d, J = 11.7 Hz, 1H), 3.75 (d, J =
11.7 Hz, 1H), 2.80 (m, 2H), 2.52 (m, 2H); °C NMR (75 MHz, CDsCl): 8 175.6,
140.5, 128.7, 128.5, 124.8, 87.0, 52.0, 31.3, 28.9; IR (vem™, KBr discs): 1779;
HRMS (C11H110,Cl): Calc. (M+H): 211.0526, Found (M+H): 211.0528; [a]o® =
+39.0 * (c = 0.605, CHCl3) from (DHQD),PHAL; [a]o®= -30.1 * (¢ = 0.51, CHCl,)

from (DHQ),PHAL.

111-68, 5-(Chloromethyl)-5-(4-methoxyphenyl)dihydrofuran-2(3H)-one

O
o]

Cl
MeO
'H NMR (300 MHz, CD;Cl): 8 7.31 (m, 2H), 6.90 (m, 2H), 3.80 (s, 3H), 3.79 (d, J
=12 Hz, 1H), 3.73 (d, J = 12 Hz, 1H), 2.76 (m, 2H), 2.49 (m, 2H); >*C NMR (75
MHz, CDsCl): 8 175.7, 159.7, 132.5, 126.2, 114.1, 87.0, §5.3, 52.1, 31.2, 29.0; IR
(vem™, KBr disc): 1784; HRMS (C1,H1305Cl): Calc. (M+H): 241.0631, Found

(M+H): 241.0630.
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11-69, 5-(Chloromethyl)-5-(4-chlorophenyl)dihydrofuran-2(3H)-one

(o]
(0]

Cl
Cl
'H NMR (300 MHz, CDCl): 8 7.35 (m, 4H), 3.79 (d, J = 12.3 Hz, 1 H), 3.71 (d, J
= 12.3 Hz), 2.78 (m, 2H), 2.5 (m, 2H); ™3C NMR (75 MHz, CDCI):  175.2, 139.1,
134.8, 129.0, 126.4, 86.6, 51.8, 31.4, 28.9; IR (vem™", KBr disc): 1786; HRMS
(C11H1002Cly): Calc. (M+H): 245.0136, Found (M+H): 245.0138; [a]o? = +26.6 °

(c =0.67, CHCl,).

lI-70, 5-(Chloromethyl)-5-(4-methylphenyl)dihydrofuran-2(3H)-one

o
0]

(o]
Me

'H NMR (300 MHz, CDsCI): 8 7.30 (m, 4H), 3.86 (d, J = 12.0 Hz, 1H), 3.78 (d, J =
12 Hz, 1H), 2.83 (m, 2H), 2.56 (m, 2H), 2.40 (s, 3H); *C NMR (75 MHz, CDsCl):
8 175.7, 138.6, 137.6, 129.5, 124.8, 87.1, 52.1, 31.3, 29.0, 21.0; IR (vem™", KBr
disc): 1786; HRMS (C12H1302Cl): Calc. (M+H): 225.0682, Found (M+H):

225.0679; [a]p®® = +22.9 * (¢ = 0.73, CHCl,).
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I-71, 5-(Chloromethyl)-5-(4-fluorophenyl)dihydrofuran-2(3H)-one

o)
o]

Cl

'H NMR (300 MHz, CD3Cl): 6 7.38 (m, 2H), 7.08 (m, 2H), 3.79 (d, J = 12 Hz, 1H),
3.71 (d, J = 12 Hz, 1H) 2.78 (m, 2H), 2.50 (m, 2H); *C NMR (75 MHz, CDsCl): 6
175.3, 162.6 (d, "Jc,r = 247 Hz), 136.4, 126.8 (d, °Jcr = 8.6 Hz), 115.7 (d, 2Ucr =
21.2 Hz), 86.6, 52.0, 31.4, 28.9; IR (vem™, KBr disc): 1786; HRMS
(C11H1002CIF): Calc. (M+H): 229.0432, Found (M+H): 229.0436; [0]p?° = +29.4 °

(c =0.57, CHCIs).

11I-72, 5-(Chloromethyl)-5-(naphthalen-2-yl)dihydrofuran-2(3H)-one

O
0o

OO o

'H NMR (300 MHz, CD;Cl): & 7.86 (m, 4H), 7.52 (m, 2H), 7.42 (m, 1H), 3.91 (d, J
=12.3 Hz, 1H), 3.86 (d, J = 12.3 Hz, 1H), 2.87 (m, 2H), 2.59 (m, 2H); *C NMR
(75 MHz, CD3Cl): 4 175.7, 137.7, 133.0, 132.9, 128.9, 128.3, 127.6, 126.9, 124.2,
122.3, 87.2, 52.0, 31.4, 29.0; IR (vem™", KBr disc): 1782; HRMS (C1sH130,Cl):
Calc. (M+H): 261.0682, Found (M+H): 261.0677; [0]o®° = +8.4 * (c = 0.61,

CHCI5).
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173, 5-(Biphenyl-4-yl)-5-(chloromethyl)dihydrofuran-2(3H)-one

o)
0]

Cl
Ph

'H NMR (300 MHz, CDsCl): & 7.58 (m, 4H), 7.42 (m, 5H), 3.87 (d, J = 12 Hz, 1H),
3.79 (d, J = 12 Hz, 1H), 2.83 (m, 2H), 2.56 (m, 2H); "*C NMR (75 MHz, CDsCl): &
175.6, 141.6, 140.0, 139.5, 128.9, 127.7, 127.5, 127.1, 125.4, 87.0, 52.1, 31.4,
29.0; IR (vem™, KBr disc): 1784; HRMS (C17H150,Cl): Calc. (M+H): 287.0839,

Found (M+H): 287.0830; [0]o®® = +14.4 * (c = 1.01, CHCls); mp = 135-137 °C.

llI-74, 5-(Chloromethyl)-5-(4-(trifluoromethyl)phenyl)dihydrofuran-2(3H)-one

o
0]

Cl
FaC
"H NMR (300 MHz, CDsCl): 8 7.66 (m, 2H), 7.53 (m, 2H), 3.82 (d, J =12.3 Hz,
1H), 3.75 (d, J = 12.3 Hz, 1H), 2.82 (m, 2H), 2.53 (m, 2H); *C NMR (75 MHz,
CDsCl): 6 175.0, 144.5 (q, “Jor = 1.7 Hz), 131.0 (q, 2Jc,r = 32.6 Hz), 125.9 (q,
3Jcr = 3.5 Hz), 125.5, 123.7 (q, "Jor = 271 Hz), 86.5, 51.7, 31.5, 28.8; IR (vem™",
KBr disc): 1788; HRMS (C12H100,CIF3): Calc. (M+H): 279.0400, Found (M+H):

279.0399; [a]o?® = +27.9 ° (c = 1.02, CHCI3).
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lI-75, 5-(Chloromethyl)-5-cyclohexyldihydrofuran-2(3H)-one

Cl

"H NMR (300 MHz, CDsCl): $3.72 (d, J = 11.7 Hz, 1H), 3.65 (d, J = 11.7 Hz, 1H),
2.71 (m, 1H), 2.51 (m, 1H), 2.17 (m, 2H), 1.73 (m, 6H), 1.16 (m, 5H); °C NMR
(75 MHz, CDsCl):  176.5, 88.8, 49.8, 45.4, 29.5, 26.8, 26.5, 26.0; IR (vem™", KBr
disc): 1774; HRMS (C11H70.Cl): Calc. (M+Na): 239.0815, Found (M+Na):

239.081; [a]p®® = -1.9 * (c = 0.49, CHCl5).

Methods for Enantiomer Separation

The enantiomers for all lactone products were separated on a Supelco
GAMMA DEX 225 fused silica gel capillary column (30m X 0.25mm X 0.25um
film thickness) except for para-methylphenyl lactone 1iI-70. Lactone I1lI-70 was
separated by chiral HPLC as indicated below. Listed below is the separation

protocol for each of the lactones depicted in Table 11I-21 as well as lactone IlI-2.
llI-3, 5-(Bromomethyl)-5-phenyldihydrofuran-2(3H)-one:

Chiralcel OD-H; 5% iso-propyl alcohol in hexanes; 0.8 mL/min; 254 nm; RT4 =

24.38 min, RT> =27.42 min
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111-43, 5-(Chloromethyl)-5-phenyldihydrofuran-2(3H)-one:
GAMMA DEX 225; 90 °C for 2 min, 90 °C to 180 °C ramp (1 °C/min), 180 °C for 1
min, 180 °C to 200 °C ramp (0.5 °C/min), 200 °C for 15 min; RT4 = 101.96 min,

RT2 = 102.70 min.

111-68, 5-(Chloromethyl)-5-(4-methoxyphenyl)dihydrofuran-2(3H)-one:
GAMMA DEX 225; 90 °C for 2 min, 90 °C to 220 °C ramp (1 °C/min), 220 °C for

30 min; RT1 = 125.74 min, RT, = 126.42 min.

11-69, 5-(Chloromethyl)-5-(4-chlorophenyl)dihydrofuran-2(3H)-one:
GAMMA DEX 225; 90 °C for 2 min, 90 °C to 220 °C ramp (10 °C/min), 220 °C for

30 min; RT4 = 32.01 min, RT2 = 32.44 min.

lI-70, 5-(Chloromethyl)-5-(4-methylphenyl)dihydrofuran-2(3H)-one:
Chiralpak AS-H; 15% ethanol in hexanes; 1 mL/min; 254 nm; RT4 = 9.91 min,

RT2=14.10 min.

lI-71, 5-(Chloromethyl)-5-(4-fluorophenyl)dihydrofuran-2(3H)-one:

GAMMA DEX 225; 90 °C for 2 min, 90 °C to 220 °C ramp (5 ‘C/min), 220 °C for

15 min; RTy = 32.93 min, RT2 = 33.25 min.
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ll-72, 5-(Chloromethyl)-5-(naphthalen-2-yl)dihydrofuran-2(3H)-one:
GAMMA DEX 225; 90 °C for 2 min, 90 °C to 225 °C ramp (1 "C/min), 225 °C for

120 min; RT4 = 158.11 min, RT2 = 158.91 min.

lI-73, 5-(Biphenyl-4-yl)-5-(chloromethyl)dihydrofuran-2(3H)-one:
GAMMA DEX 225; 90 °C for 2 min, 90 °C to 225 °C ramp (1 “C/min), 225 °C for

120 min; RT4 = 201.17 min, RT2 = 202.69 min.

I-74, 5-(Chloromethyl)-5-(4-(trifluoromethyl)phenyl)dihydrofuran-2(3H)-one:
GAMMA DEX 225; 90 °C for 2 min, 90 °C to 220 °C ramp (10 *°C/min), 220 °C for

15 min; RT4 = 23.2 min, RT, = 23.8 min.

I-75, 5-(Chloromethyl)-5-cyclohexyldihydrofuran-2(3H)-one:
GAMMA DEX 225; 90 °C for 2 min, 90 °C to 220 °C ramp (2 C/min), 220 °C for

30 min; RT1 = 63.15 min, RT2 = 63.52 min.

Preparation of Alkenoic Acid Substrates (Figure IlI-5)

All of the alkenoic acids in this chapter (compound IlI-2 and those shown
in Figure 111-5) were prepared by a Wittig methylenation/saponification sequence
except for para-chloro compound I11-61 and para-trifluoromethyl compound 1l1-66.
These compounds were generated by Suzuki coupling as described by Wirth and
co-workers.* All known compounds had 'H and *C NMR spectra in complete

agreement with previous reports. The Wittig methylenation/saponification
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sequence for the preparation of llI-2 is presented below and can be regarded as

a general protocol for the transformation.

Preparation of 4-phenyl-4-pentenoic acid (llI-2)

Methyltriphenylphosphonium bromide (1.96 g, 5.6 mmol, 1.08 equivalent)
was suspended in freshly distilled toluene (30 mL) and cooled to ca. 0 °C on an
ice bath. Sodium bis(trimethylsilyl)amide (5.4 mL, 5.4 mmol, 1.04 equivalents, 1
M solution in THF) was added dropwise by syringe and the resulting solution was
stirred for 30 minutes. The solution was then lowered to -78 °C and methyl 3-
benzoylpropionate (1.0 g, 5.2 mmol, 1 equivalent) was added dropwise by
syringe. The resulting solution was then stirred while warming to room
temperature. The reaction mixture was then refluxed for 40 hours. On cooling,
the reaction was quenched by the addition of saturated ammonium chloride (40
mL) and the resulting slurry was diluted with 50 mL of water and extracted with
ethyl acetate (3X 50 mL). The combined organics were washed with brine (100
mL), dried over anhydrous Na,SO4, and concentrated by rotary evaporation. The
residue was purifed by column chromatography on silica gel (10% ethyl acetate
in hexanes) to give 762 mg (77% yield) of the desired methyl 4-phenylpent-4-
enoate. This substance was used immediately without characterization in the
following saponification reaction.

The ester (536 mg, 2.82 mmol, 1 equivalent) was dissolved in THF (20
mL) and cooled to ca. 0 °C on an ice bath. A solution of lithium hydroxide

monohydrate (600 mg, 14.30 mmol, 5.07 equivalents) in 20 mL of water was
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added dropwise over about 5 minutes via an addition funnel. The resulting
solution was allowed to warm to room temperature while stirring for 18 hours.
The solution was acidified to pH <4 with 1N HCI and then extracted with diethyl
ether (3X 20 mL). The combined organics were then washed with water (60 mL)
and brine (60 mL), and then dried over anhydrous Na,SO4. The organics were
concentrated by rotary evaporation to give the desired compound 1ll-2 (467 mg,

94% yield). This crude isolate was sufficiently pure by 'H and '3C NMR analysis.
Analytical Data for Alkenoic Acids (lli-2 and 111-60 through 111-67)
lI-2, 4-Phenyl-4-pentenoic acid®

OH
o

'H NMR (300 MHz, acetone-de): & 7.46 (m, 2H), 7.37-7.27 (m, 3H), 5.32 (m, 1H),
5.12 (m, 1H), 2.82 (m, 2H), 2.46 (m, 2H); *C NMR (75 MHz, acetone-ds): 6

171.2, 148.1, 141.5, 129.2, 128.4, 126.8, 112.7, 33.2, 30.9.
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111-60, 4-(4-Methoxypheny)-4-pentenoic acid’®

/@MOH
MeO ©

'H NMR (300 MHz, CDCl3): & 7.33 (m, 2H), 6.85 (m, 2H), 5.23 (s, 1H), 5.00 (m,
1H), 3.80 (s, 3H), 2.80 (m, 2H), 2.51 (m, 2H); *C NMR (75 MHz, DMSO-d¢): 6

173.9, 158.9, 145.8, 132.4, 126.9, 113.8, 110.6, 55.1, 32.7, 29.7.
111-61, 4-(4-Chlorophenyl)-4-pentenoic acid’®**

ﬂw"“
Cl 0

"H NMR (300 MHz, CDCls):  7.30 (m, 4H), 5.30 (s, 1H), 5.10 (m, 1H), 2.80 (t, J =
7.2 Hz, 2H), 2.51 (m, 2H); C NMR (75 MHz, CDCl3): 8 179.2, 145.4, 138.8,

133.5, 128.6, 127.4, 113.5, 32.8, 30.0.
111-62, 4-(4-Methylphenyl)-4-pentenoic acid”

J@Jv\ﬂm
Me ©

'H NMR (300 MHz, CDCly): 8 7.31 (d, J = 8.0 Hz, 2H), 7.15 (d, J = 8.0 Hz, 2H),

5.31 (s, 1H), 5.08 (s, 1H), 2.85 (t, J= 7.2 Hz, 2H), 2.54 (t, J = 7.2 Hz, 2H), 2.36
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(s, 3H); °C NMR (75 MHz, CDCl5): & 179.8, 146.2, 137.42, 137.37, 129.1, 125.9,

112.1, 33.0, 30.1, 21.0.

111-63, 4-(4-Fluorophenyl)-4-pentenoic acid”’

/@)J\/\(OH
F o

'H NMR (300 MHz, CDCls): & 7.35 (m, 2H), 7.01 (m, 2H), 5.25 (s, 1H), 5.08 (s,
1H), 2.80 (t, J = 6.9 Hz, 2H), 2.51 (m, 2H); *C NMR (75 MHz, CDCls): 4 179.4,
162.4 (d, "Jcr = 245.3 Hz), 145.5, 136.5, 127.7 (d, °Jc = 8.0 Hz), 115.2 (d, 2Jcr

=21.2 Hz), 112.9, 32.8, 30.2.

111-64, 4-(Naphthalen-2-yl)-4-pentenoic acid

OH
SO

"H NMR (300 MHz, CDCl3): & 7.82 (m, 4H), 7.55 (m, 1H), 7.46 (m, 2H), 5.47 (s,
1H), 5.21 (m, 1H), 2.96 (t, J = 7.5 Hz, 2H), 2.58 (m, 2H); *C NMR (75 MHz,
CDCl3): 6 179.3, 146.3, 137.6, 133.3, 132.9, 128.2, 128.0, 127.5, 126.2, 126.0,
1247, 124.5, 113.5, 33.0, 30.1; IR (vem™, KBr): 3054, 1699; HRMS (C15H1405),

Calc. (M+H): 227.1072, Found (M+H): 227.1065; mp = 116-118 °C.
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111-65, 4-(Biphenyl-4-yl)-4-pentenoic acid

/Q/M\/YOH
Ph 0

'H NMR (300 MHz, DMSO-dj): & 7.70-7.30 (br m, 9H), 5.41 (s, 1H), 5.11 (s, 1H),
2.76 (m, 2H), 2.34 (m, 2H); *C NMR (75 MHz, DMSO-de): 8 173.8, 145.9, 139.6,
139.3, 139.0, 129.0, 127.5, 126.7, 126.5, 126.3, 112.5, 32.7, 29.6; IR (vem™,
KBr): 3048, 1895; HRMS (C17H1602), Calc. (M+H): 2563.1229, Found (M+H):
253.1222; mp = 180-182 °C.

111-66, 4-(4-Trifluoromethylphenyl)-4-pentenoic acid’®44

O)W”*
F3C 0

'H NMR (300 MHz,CDCl3): 6 7.65 (m, 2H), 7.55 (m, 2H), 5.45 (s, 1H), 5.27 (s,
1H), 2.91 (m, 2H), 2.59 (m, 2H); *C NMR (75 MHz, CDCl3): & 179.4, 145 4,
144.4, 129.7 (q, 2Jcr= 32 Hz), 126.4, 125.4 (q, >JcF= 4 Hz), 124.1 (q, "JcF= 270
Hz), 114.9, 32.7, 29.9.
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11-67, 4-Cyclohexyl-4-pentenoic acid

OH
o)

"H NMR (300 MHz, CDCls): & 4.75 (m, 1H), 4.66 (m, 1H), 2.50 (m, 2H), 2.35 (m,
2H), 1.72 (m, 6H), 1.15 (m, 5H); 3C NMR (75 MHz, CDCl): & 180.2, 153.1,
107.2, 44.5, 32.8, 32.3, 29.1, 26.7, 26.4; IR (vem™, KBr): 3090, 1716; HRMS

(C11H1803), Calc. (M+H): 183.1385, Found (M+H): 183.1379.
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Chapter 4: A TCCA-Mediated Preparation of N-Chlorinated Hydantoins
4.1: Introduction

Several reagents have been developed for use as.organic sources of
chlorenium ion (CI") in lieu of employing elemental chlorine. The operational
advantages of such an approach include ease of handling, more precise control
of chlorenium stoichiometry relative to substrate, reduced toxicity, and attenuated
reactivity relative to molecular chlorine. Four examples of organochlorenium
sources are N-chlorosuccinimide (NCS, IV-1), chloramine-T (IV-2),
trichloroisocyanuric acid (TCCA, IV-3), and 1,3-dichloro-5,5-dimethylhydantoin
(DCDMH, IV-4).

Figure IV-1. Various organochlorenium sources: NCS, chloramine-T, TCCA, and DCDMH

Q Cl
c. J _c o o
cl o N7 N N>=
O W ol o
T wOe oo hy
o Na cl Me ¢
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Of the four, NCS has undoubtedly been the most popular organic
chlorenium equivalent, finding use in a wide range of chlorination and oxidation
reactions.! Although primarily employed as an oxidant or nucleophilic nitrogen
source, chloramine-T has been employed in a few reports as a source of
chlorenium ion in acid.2 The use of TCCA has been recently reviewed, but its
wide-spread use as a chlorenium source is somewhat tempered by its enhanced
reactivity relative to NCS. For example, TCCA is known to chlorinate esters and

cyclic ethers such as THF and dioxane. Furthermore, it oxidizes aliphatic ethers
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to their corresponding esters. This reactivity profile limits the application of
TCCA in a number of common solvents.> DCDMH has been employed much
less frequently than NCS, and reports of its use as an chlorenium source and
oxidant in organic transformations have begun to emerge only relatively recently.

With respect to reactivity, DCDMH is couched in between TCCA and NCS.
In fact, the enhanced reactivity of DCDMH relative to NCS proved crucial in the
optimization of the (DHQD),PHAL mediated chlorolactonization reaction
discussed earlier (See Chapter 3). The magnitude of the **Cl nuclear quadrupole
resonance (NQR) frequency has been invoked as a quantitative marker for the
chlorenium (CI*) character of an N-Cl covalent bond (i.e. a larger NQR frequency
corresponds to a larger CI* character).* 7

In 1991, Nagao and Katagiri measured the **CI NQR frequencies for NCS,
DCDMH, and TCCA (Scheme IV-1). TCCA was found to have the largest NQR
frequency (58.902 MHz), indicating that its N-Cl bond possessed the most
chlorenium character. DCDMH, possessing two non-equivalent N-Cl moieties,
resonated at 55.960 MHz and §3.639 MHz. The larger of these two values is
due to the imide N-Cl bond (N-3), and is larger than the frequency of the imide N-
Cl bond of NCS (54.095 MHz). This result is indicative of the fact that the
chlorine atom at N-3 of DCDMH possesses a larger degree of chlorenium
character, and should therefore be more reactive than that found in NCS.
Supposing that more chlorenium character would translate into an enhanced ClI
donation ability, the authors correctly predicted that TCCA ought to serve as a

chlorine source for the halogenation of succinimide (IV-5) and 5,5-
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dimethylhydantoin (IV-6). In the event, NCS and DCDMH were produced in 92

and 87% yield, respectively, on treatment with TCCAS

Scheme IV-1. 35-CI NQR measurements and TCCA chlorinations
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The use of N-chlorinated hydantoins in organic synthesis has been
relatively limited as compared to the more frequently employed NCS. What
follows is a brief review of several applications of N-chlorinated hydantoins.
DCDMH is currently the only commercially available member of this reagent
class, and as such has received the largest amount of attention from the
synthetic community.

DCDMH has been employed as a chlorenium source for various

transformations including the a-chlorination of acetophenones®, the a-
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chlorination of 1-aryl-2-pyrazolin-5-ones,® the preparation of chlorohydrin
derivatives of corticosteroids,® and the benzylic chlorination of 2-
methylpyrazine."" Moreover, DCDMH was employed to trap an enolate resulting
from dimethylzinc attack on an a,f-unsaturated ketone thus generating an a-
chloro-B-methyl ketone functionality en route to a building block of Amphotericin
B.12

Researchers at Abbott Laboratories successfully utilized DCDMH for a
late stage, selective chlorination of a heavily functionalized quinolone derivative
during the preparation of the antibiotic ABT-492 (Scheme V-2, eq. 1)."® Initially,
sulfuryl chloride was employed for the transformation, but the researchers

deferred to the milder DCDMH in order to circumvent the formation of a small,

Scheme IV-2. Select examples of DCDMH mediated chlorinations.
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albeit inseperable portion of a by-product resulting from the ring opening of the
azetidine.

Researchers at Schering Plough exploited the enhanced reactivity of
DCDMH relative to NCS to improve upon the large-scale preparation of Davis’
oxaziridine IV-11 (Scheme IV-2, eq. 2).*'* Employing DCDMH in lieu of NCS
allowed for the reaction to be conducted at room temperature in ethyl acetate,
while employing DBU as the base. This protocol represented a significant
operational improvement over the established methodology, whereby IV-9 was
deprotonated by NaHMDS at -78 °C in dilute anhydrous THF, and then
cannulated into a -78 °C THF solution of NCS. The authors go on to note that
the use of DCDMH significantly reduced the formation of multi-chlorinated by-
products, thus obviating the necessity for chromatographic purification of IV-10.

In addition to its use as a chlorenium equivalent, DCDMH has also been
employed as an oxidant for a number of transformations including the
halodeboronation of aryl boronic acids,'® the oxidation of urazoles to provide
triazolinediones,'” the microwave-assisted cleavage of oximes,'® and the
preparation of dialkyl chlorophosphates.” The compound can also serve as a
mild oxidant in the presence of wet silica gel in the sodium nitrite-mediated
nitration of phenols®® and in the preparation of N-nitrosoamines.?’

If chloramine-T is replaced with DCDMH as the terminal oxidant during the
course of the Sharpless asymmetric aminohydroxylation (SAA)?>* one can
produce chiral carbamate protected amino alcohols or oxazolidinones directly

(Scheme IV-3). This is accomplished by utilizing DCDMH as the terminal oxidant
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along with the appropriate urethane nitrogen source. Historically, when
carbamate based nitrogen nucleophiles were employed in the SAA reaction, tert-
butyl hypochlorite (--BuOCI) was employed as the terminal oxidant.?*?** Barta
and co-workers utilized DCDMH instead of t-BuOCI due to the fact that DCDMH
was a commercially available solid, whereas -BuOCI had to be freshly prepared
each time prior to use.?® Importantly, they noted that other more common
chlorenium based co-oxidants such as NCS and TCCA were unsuccessful. After
arriving at DCDMH as a suitable substitute for --BuOCI, the conventional SAA
reaction was extended to a one-pot preparation of chiral oxazolidinones (Scheme
IV-3, eq. 1). Subsequently, McLeod and co-workers used a similar strategy to
prepare carbamate protected 4-amino-3-hydroxybutyric acid (GABOB)

precursors such as IV-16 (eq. 2).%

Scheme IV-3. Application of DCDMH in the Sharpless asymmetric aminohydroxylation
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Furthermore, DCDMH has emerged as the reagent of choice for the
activation, prior to loading, of silyl linkers for solid-phase organic synthesis.?”*
Finally, DCDMH has been used as an oxidative activator of an iridium catalyst
designed for the asymmetric hydrogenation of substituted quinolines.®' Other
uses for DCDMH include employment as redox titrants in non-aqueous media,?
and as a cheap yet safe disinfectant and bactericide for municipal water
sources.®

N-chlorinated hydantoins have also received attention from the
pharmacological community. The myriad of adverse side-effects associated with
hydantoin-based drugs such as the anti-convulsant Dilantin and the aldose
reductase inhibitor Sorbinil have been attributed to N-chloro metabolites IV-17
and IV-18 generated in vivo via chlorination by myeloperoxidase and hydrogen

peroxide (Figure IV-2).343¢

Figure IV-2. N-chloro metabolites of the hydantoin-based drugs Dilantin and Sorbinil.
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The relative lack of processes employing N-chlorinated hydantoins in
organic synthesis is somewhat surprising. When one considers the structural
features of N-chloro hydantoins, it becomes apparent that they offer at least the
potential for exquisite tuning of the chlorenium source. Considering the generic

N-chlorohydantoin represented in the dashed box of Scheme 1V-4, one
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recognizes that the potential exists for electronic or steric tuning of the
chlorenium source by changing either or both substituents at C-5 (R or R?).
Further tuning is available by electing to either alkylate or chlorinate the N-1
substituent (R®). One can also imagine the preparation of chiral chlorenium
sources for asymmetric applications via the utilization of C-5 chiral hydantoin

starting materials.

Scheme [V-4. Structural diversity and preparation of N-chlorohydantoins
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The preparation of the requisite hydantoin precursors is straightforward
and has been known for nearly a century. Hydantoins that are disubstituted at C-
5 (where R' and R? are not necessarily the same) can be prepared by the
Bucher-Bergs methodology, whereby diaryl ketone IV-19 is heated in the
presence of potassium cyanide and ammonium carbonate (eq. 1).%
Alternatively, C5 disubstituted hydantoins IV-20 are prepared by refluxing 1,2-

diketones with urea and potassium hydroxide (eq. 2).3

The preparation of chiral
hydantoins is also trivial, originating from readily available amino acid and amide
starting materials. Chiral primary or secondary amino amides (IV-22) can be
treated with p-nitrophenylchloroformate in dry acetonitrile, followed by the

addition of water to provide chiral hydantoins (eq. 3).>°

Secondary amide starting
materials return N-3 alkylated hydantoins such as IV-23, leaving the remaining N-
1 for subsequent chlorination. In a different approach, chiral amino acids can be
converted into their corresponding chiral hydantoin congeners IV-25 on treatment
with potassium cyanate followed by 6 N HCI (eq. 4).4%42

Realizing the potential for chlorenium source tunability inherent in the
structural features of N-chlorinated hydantoins, we sought an operationally
simple and high yielding preparation of these compounds. Moreover, having
demonstrated the superiority of DCDMH relative to NCS in terms of both
conversion at low temperature and enantiomeric excess in the course of our
development of a new asymmetric chlorolactonization methodology, we were

excited to prepare and evaluate other non-commercial N-chlorinated hydantoins

in that transformation (See Chapter 3). We also noted that prior to our report*
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discussed herein, there were no examples of the preparation of chiral N-
chlorinated hydantoins, except for the preparation of the Sorbinil metabolite IV-18
(Figure 1V-2).34

A literature scan revealed that there are two classical methods for the
preparation of N-chlorinated hydantoins (Scheme IV-5). One approach involves
passing chlorine gas through an aqueous alkaline solution of hydantoin.* The
toxicity and reactivity of elemental chlorine make this approach somewhat
undesirable. In addition, this approach may not be amenable to the preparation
of C-5 chiral N-chlorohydantoins due to the possibility of racemization. The
second method involves treatment of the hydantoin with an aqueous sodium

hypochlorite solution (Chlorox) followed by extraction. >4

Scheme IV-5. Classical methods for the preparation of N-chlorhydantoins.
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In initial experiments, the latter approach was met with difficulties when
less substituted, more water-soluble hydantoins were employed.

Dichloromethane extraction of the aqueous layer returned either starting material

228



or simply no recovered organic material. Given our desire to avoid the use of
molecular chlorine, along with the difficulties encountered with the bleach
protocol, we sought an alternative method for the chlorination of hydantoins.
Detailed below is account of these efforts which culminated in the
development of an efficient protocol that allowed for the preparation of a number
of N-chlorinated hydantoins, including some of the first examples of chiral N-
chlorohydantoins. In addition we have assembled a compendium of hitherto
scarce physical data for these compounds. Whereas historically, these
compounds have been characterized only by melting point, elemental analysis,
and sometimes *C NMR,*** we decided to fully characterize these compounds,
collecting 'H and *C NMR, IR, elemental analysis, melting point, and optical
rotation data (where appropriate) for all of the products isolated in this study.
Importantly, we were also able to secure X-ray crystal structures for nine of the

ten products presented herein (see Section 4.4 for details).

4.2: Results and Discussion

Faced with the difficulties of the classical methods depicted in Scheme V-
5 (vide supra), we returned to the isolated report by Nagao and Katagiri
published in 1991 (Scheme IV-1, eq. 2).% As discussed above, these authors
correctly predicted that compounds possessing N-Cl bonds with smaller 3°CI
NQR frequencies than that of TCCA, ought to suffer chlorination by action of the
latter. Indeed, DCDMH was prepared in 87% yield on treatment with TCCA

(Scheme V-1, eq. 2). We elected to evaluate the scope and limitations of this
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transformation, given that the initial report contained this singular example. It is
also noteworthy that TCCA has been employed previously in the chlorination of
various amides and carbamates, although hydantoins were not included in these
studies.**4’

Close inspection of Nagao and Katagiri's experimental protocol revealed
several operational complications including the purification of TCCA by
recrystallization prior to use, employing distilled acetonitrile as the solvent, and
purifying the product DCDMH by column chromatography followed by a
subsequent recrystallization. At the outset, we sought to simplify the operation
by shortening the reaction time (from 3 hours to 30 minutes) and by employing
unpurified TCCA and undistilled acetonitrile. In addition, cognizant of the
crystalline nature of N-chlorohydantoins, we set out to avoid chromatographic
purification, instead opting for product purification by recrystallization.

As indicated in Table IV-1, compound IV-4 was isolated in 87% yield by
adding TCCA (Aldrich) to a slurry of 5,5-dimethylhydantoin in undistilled
acetonitrile, followed by stirring for 30 minutes and subsequent concentration.
We found that the reduced byproducts of TCCA were readily removed on
trituration of the isolate in chloroform followed by filtration of the filtrate through a
1 cm-thick pad of silica gel. On concentration, this crude isolate was easily
purified by recrystallization from chloroform and hexanes. We found this
methodology to be general, returning the desired chlorinated hydantoin products

IV-30 in good yields.
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In addition to several examples of 5,5-disubstituted hydantoins (IV-17, IV-
31, IV-33, and IV-34), 5-monosubstituted hydantoins (IV-35 through IV-38) and
unsusbstituted hydantoin IV-32 were chlorinated without incident. The
preparation of trialkylated compound IV-33 confirms the ability to affect a mono-
chlorination by employing one equivalent of TCCA. Of note is the fact that the
relatively labile a-C5 of unsubstituted hydantoin IV-32 as well as the benzylic
positions of compounds IV-34 and IV-36 were not chlorinated under the reaction

conditions.

Table IV-1. TCCA mediated chlorination of hydantoins
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8TCCA was used as received from commercial sources. t’1 eq of TCCA was
employed for the preparation of IV-33. cyie!?s are isolated yields after
recrystallization from chloroform/hexanes. “undistilled ACN was utilized.
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It is also noteworthy that in our hands compounds IV-32 and IV-33 were
not isolated using the bleach protocol described in Scheme IV-5. The attempted
chlorination of unsubstituted hydantoin led to the recovery of no organic material
after extraction, while the starting 1,5,5-timethylhydantoin was recovered
unchanged in the attempted preparation of IV-33.

Additionally, this methodology is compatible with chiral hydantoin starting
materials, returning the desired chiral N,N-dichlorohydantoins (IV-36, IV-37, and
IV-38). The parent chiral hydantoins were prepared in high enantiomeric purity
(confirmed by optical rotation) from the corresponding chiral a-amino acids by
known methodology (Scheme IV-6).4“*? Electing to employ the potassium
cyanate mediated cyclization of chiral amino acids, chiral hydantoins IV-39, IV-
40, and IV-41 were prepared from L-phenylalanine, L-valine, and L-tert-leucine,

respectively. Importantly, reduction of the chiral N,N-dichlorohydantoins with

Scheme IV-6. The preparation of chiral hydantoins.
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aqueous sodium sulfite returned enantiomerically pure parent hydantoins as
judged by optical rotation (see Section 4.4 for details). The ready preparation of
chiral hydantoin-based chlorenium sources may facilitate the discovery of new
asymmetric halogenation reactions.

Realizing that one molar equivalent of TCCA harbors three chlorenium
equivalents (Scheme V-7, eq. 1), the net 3-fold excess of chlorenium source
relative to the parent hydantoin when 2 molar equivalents of TCCA was
employed seemed unnecessary. Hence, we set out to explore the fate of the
reaction when substantially less TCCA was employed. As indicated in Scheme
IV-7, equation 2, the amount of TCCA can be reduced as low as 0.7 molar
equivalents (a 1:1 ratio of chlorenium relative to the number of hydantoin
nitrogens) without substantial loss of yield. Given these results, we are in a
position to recommend employing less than 1 molar equivalent of TCCA relative

to the parent hydantoin.

Scheme IV-7. TCCA equivalency study.
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Additionally, these reactions can be conducted on large scale, as shown in
Scheme IV-8. Diphenylhydantoin IV-28 was chlorinated on a 33 mmole scale to

return 8.72 g (82%) of 1,3-dichloro-5,5-diphenylhydantoin IV-17.

Scheme IV-8. Scaled preparation of IV-17.
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4.3. Conclusions and Future Directions

In conclusion, an operationally simple method for the preparation of a
number of N-chlorinated hydantoins has been developed, using unpurified,
commercially available TCCA in undistilled solvents. This methodology returns
crystalline products in high yield without recourse to chromatographic purification,
save a simple filtration step. The most exciting future direction of this project
encompasses the development of new chiral N-chlorohydantoins for asymmetric
applications. One can imagine several hydantoin-based scaffolds that
incorporate a chlorenium equivalent couched within a chiral framework. The
obivous starting point for this strategy will be utilizing the available chiral amino
acid pool. Several potential scaffolds are delineated in Scheme IV-9. Scaffold
IV-43 is accessible by the sodium cyanate mediated cyclization of chiral amino
acids (vide supra, Scheme IV-4, eq. 4).*>*? This strategy has already been

implemented, returning chiral N-chlorohydantoins IV-36, IV-37, and IV-38. This
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particular arrangement may not be best suited for chiral applications since the
most reactive N-3 chlorine is distal from the C-5 chiral center, while the proximal
N-1 chlorine is less reactive (i.e. this N-Cl is approximately as labile as that found
in NCS according to NQR resonance frequencies).® We envision two strategies
to correct this issue. First, one could employ the p-nitrophenyichloroformate
cyclization strategy to prepare reagents of the general scaffold described in
structure IV-44 by cyclizing chiral secondary amino amides (vide supra, Scheme
IV- 4, eq. 3)* Alternatively, one could prepare scaffolds such as IV-45 and IV-

46, based upon known bicylic proline derivatives.***° These scaffolds take

Scheme IV-9. Potential scaffolds for chiral hydantoin-based chlorenium sources.
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advantage of the concave nature of the 6,5-cis bicyclic system that should shield
one enantioface of the N-Cl bond on the more labile N-3 position of the
hydantoin. The incorporation of an additional alkyl group in IV-46, might also
provide an additional steric driver on the convex face of the reagent. Compound
IV-45 is available in two synthetic operations from the known proline analogue
IV-47.%° Alternatively, IV-46 might be accessed by incorporating an additional
alkylation step. We envision this step proceeding with stereocontrol, thus
incorporating the alkyl group (here represented as a benzyl moiety) from the
more accessible convex face of the dianion of hydantoin IV-48 resulting from
LDA-mediated deprotonation.

Current efforts in the Borhan group will include exploiting these new
chlorinating reagents for organic synthesis. Particular attention will be given to
asymmetric transformations employing chiral N-chlorinated hydantoins as

described above.

4.4: Experimental Details
General Information:

All commercially available hydantoins and trichloroisocyanuric acid
(TCCA) were purchased from Aldrich and used without purification. Chiral
hydantoin starting materials V-39, IV-40, and IV-41 were prepared by known
methods.%424! Solvents were purchased from either Fisher Scientific or other
commercial sources and used without purification. 'H and "*C NMR spectra

were collected on a 300 MHz NMR spectrometer (VARIAN INOVA) using
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CD3CN, or CD;CIl. Chemical shifts are reported in parts per million (ppm).
Spectra are referenced to residual solvent peaks. Infrared spectra were
collected on a Mattson Galaxy Series FTIR 3000. Samples were prepared as
KBr pellets. Elemental analyses were performed on a Perkin Eilmer Series Il
CHNS/O analyzer 2400. Melting points were measured on a Mel-Temp Il
capillary apparatus and are uncorrected. Optical rotations were measured on a
Perkin Elmer Polarimeter 341. Flash silica gel (32-63 mm) from Dynamic
Adsorbents, Inc. was used for filtration. In all cases, X-ray quality crystals were
obtained directly from the recrystallization crop from chloroform/hexanes, with the
exception of compound IV-34. X-ray quality crystals for compound IV-34 were

obtained on slow evaporation from benzene and hexanes.

General Procedure for the N-Chlorination of Hydantoins:

The appropriate hydantoin (3 mmol) was suspended in acetonitrile (10 mL) in a
20 mL screw-top vial equipped with a magnetic stir bar. TCCA (6 mmol, 2 equiv)
was added in one portion and the resulting slurry was stirred for 30 min, during
which time the mixture became uniform and clear. The acetonitrile was removed
by rotary evaporation to give a white solid, which was triturated in hot chloroform.
The remaining solids were removed by filtration with suction, and the filtrate was
then filtered with suction through a 1-cm thick pad of silica gel packed with
chloroform in a 50 mL fritted funnel. The silica gel pad was subsequently
washed with chloroform and the combined organics were concentrated by rotary

evaporation to provide the crude chlorinated product. The crude isolate was

237



purified by recrystallization from chloroform/hexanes. The mother liquor was
then concentrated and the residue was re-subjected to recyrstallization to provide

a second crop of products.

Analytical data for IV-4, IV-17, and IV-31 through IV-38:

IV-4, 1,3-Dichloro-5,5-dimethylhydantoin:

Cl
O-N
Mei >'=O
N
Me \Cl
'H NMR (300 MHz, CD3CN): & 1.48 (s, 6H); *C NMR (75 MHz, CDsCN): 4 171.3,
151.6, 68.7, 22.4; IR (KBr, vem™): 1755, 1734; Elemental Analysis: Calc.: C:

30.48%, H: 3.07%, N: 14.22%; Found: C: 30.47%, H: 2.96%, N: 14.06%; mp =
133-135 °C.

IV-17, 1,3-Dichloro-5,5-phenylhydantoin:

Cl
O U

N
Phi »=0
N\

Ph
'H NMR (300 MHz, CD3CN): 8 7.51 (m, 6H), 7.35 (m, 4H); *C NMR (75 MHz,
CD;CN): 8 168.5, 151.5, 135.5, 130.5, 129.8, 129.4; IR (KBr, vem™"): 1797, 1746;
Elemental Analysis: Calc.: C: 56.10%, H: 3.14%, N: 8.72%; Found: C: 55.96%,
H: 2.92%, N: 8.69%; mp = 159-161 "C.
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IV-31, 1,3-Dichloro-5-methyl-5-phenylhydantoin:

cl
O-N
Pnj: »=0
N
Me (i
'H NMR (300 MHz, CD3CN): 8 7.45 (s, 5H), 1.95 (s, 3H); *C NMR (75 MHz,
CDsCN): 8 169.6, 151.9, 130.6, 130.1, 127.3, 72.3, 21.1: IR (KBr, vem™): 1794,

1747, Elemental Analysis: Calc.: C: 46.36%, H: 3.11%, N: 10.81%; Found: C:
46.13%, H: 3.15%, N: 10.80%; mp = 127-128 °C.

IV-32, 1,3-Dichlorohydantoin:
Cl
O -N
T
N\
Cl
'H NMR (300 MHz, CD3CN): 4 4.26 (s, 2H); *C NMR (75 MHz, CDsCN): 8 165.1,

154.8, 57.6; IR (KBr, vem™): 1740; Elemental Analysis: Calc.: C: 21.33%, H:

1.19%, N: 16.58%; Found: C: 21.41%, H: 1.16%, N: 16.60%; mp = 115-117 °C.
IV-33, 3-Chloro-1,5,5-trimethylhydantoin:
Ci
Oy-N
Meq\: /\=0
N
Me Me

'H NMR (300 MHz, CDsCl): & 2.91 (s, 3H), 1.43 (s, 6H); >*C NMR (75 MHz,

CDsCl): § 172.2, 151.1, 62.8, 25.3, 22.3; IR (KBr, vcm'1): 1744, 1725; Elemental
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Analysis: Calc.: C: 40.81%, H: 5.14%, N: 15.86%; Found: C: 40.73%, H: 5.34%,

N: 15.94%; mp = 165-168 °C.

IV-34, 1,3-Dichloro-5-(5-methylphenyl)-5-phenylhydantoin:

Ci
O U

N
p-tolj: N>= ©

Ph Cl
'H NMR (300 MHz, CD3CN): & 7.46 (m, 3H), 7.32 (m, 2H), 7.26 (m, 2H), 7.18 (m,
2H); *C NMR (75 MHz, CD5CN): & 168.6, 151.5, 141.2, 135.5, 132.6, 130.8,
130.4, 129.7, 129.34, 129.32, 79.8, 21.2; IR (KBr, vem™): 1796, 1759; Elemental
Analysis: Calc.: C: 57.33%, H: 3.61%, N: 8.36%; Found: C: 57.14%, H: 3.63%, N:

8.24%; mp = 130-131 °C.

IV-35, 1,3-Dichloro-5-methylhydantoin:
Cl
Oy N
T
Me N\
Cl

'H NMR (300 MHz, CD3CN): 8 4.34 (q, J = 7.2 Hz, 1H), 1.47 (d, J = 7.2 Hz, 2H),;
3C NMR (75 MHz, CDsCN): & 168.3, 156.6, 64.3, 14.6; IR (KBr, vem™): 1795,

1756, 1738; Elemental Analysis: Calc.: C: 26.25%, H: 2.20%, N: 156.31%; Found:

C:26.34%, H: 2.20%, N: 15.08%; mp = 94-96 °C.
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IV-36, (S)-1,3-Dichloro-5-benzylhydantoin:
cl

O N
=0
N

\

P Cl

'H NMR (300 MHz, CD3CN): 6 7.29 (m, 3H), 7.21 (m, 2H), 4.60 (m, 1H), 3.24 (m,
2H); *C NMR (75 MHz, CD3CN): 3 167.1, 153.3, 134.8, 130.7, 129.5, 128.5,
69.0, 34.9; IR (KBr, vem™): 1742; Elemental Analysis: Calc.: C: 46.36%, H:
3.11%, N: 10.81%; Found: C: 46.12%, H: 3.13%, N: 10.88%; mp = 114-116 °C;

[a]o® = +27.5° (c = 1.01, CHCl).

IV-37, (S)-1,3-Dichloro-5-(iso-propyl)hydantoin:
(of

N
=0

Me N

0)

Me C
'H NMR (300 MHz, CD3CN):  4.21 (d, J = 3.3 Hz, 1H), 2.35 (doublet of a septet,
J1=3.3Hz, J,=6.9 Hz, 1H), 1.06 (d, J = 6.9 Hz, 3H), 1.00 (d, J = 6.9 Hz, 3H);
3C NMR (75 MHz, CDsCN): & 167.2, 154.3, 73.0, 29.9, 17.2; IR (KBr, vem™):
1804, 1740; Elemental Analysis: Calc.: C: 34.15%, H: 3.82%, N: 13.27%; Found:
C: 34.42%, H: 3.99%, N: 13.35%; mp = 130-132 °C; [a]o®® = + 23.5° (c = 1.15,

CHCIs).
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IV-38, (S)-1,3-Dichloro-5-(tert-butyl)hydantoin:
Cl

N
=0

Me N

M \
®Me C

(0}

'H NMR (300 MHz, CD3CN): & 3.99 (s, 1H), 1.10 (s, 9H); *C NMR (75 MHz,
CD3CN): 8 167.4, 155.9, 77.7, 36.7, 26.2; IR (KBr, vem™): 1802, 1746; Elemental
Analysis: Calc.: C: 37.35%, H: 4.48%, N: 12.45%; Found: C: 37.90%, H: 4.59%,

N: 12.57%; mp = 85-87 °C; [a]p®® = + 7.2° (c = 1.02, CHCLy).
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Reduction of Chiral N-Chlorinated Hydantoins to Confirm Optical Purity:

Chiral N-chlorohydantoins IV-36, IV-37, and IV-38 were converted back to

their parent chiral hydantoins by washing an ethyl acetate solution with saturated

aqueous sodium sulfite. The optical rotation of the re-isolated, non-recrystallized

parent hydantoin was in agreement with that of the starting chiral hydantoins

prior to chlorination, thus confirming that the chlorination event does not erode

the optical purity of the starting hydantoins (Scheme 1V-10).

Scheme IV-10: Dechlorination of chiral N-chlorohydantoins. Verification of optical purity.

H
O ’

N
O TCCA(2eq.)
Ph\)\:N>= I—

H ACN, 30 min.

Iv-39
93% ee
[0]p?° = -95.8°
¢ = 0.935, EtOH

H
o ‘

85% yield

N
»=0 TCCA(2eq)

Me N — =
i_| ACN, 30 min.

Me
IV-40 80% yield
99% ee
[0)p2° = -93.9°
¢ =1.075, EtOH
H
Ox-N
»=0 TCCA(2eq)
Me N
: ACN, 30 min.
Me Me H
v-41 72% yield
[G]DZO = '74.5°
¢ = 0.385, EtOH

Cl H
\I »=0 sat. aq. Na,;SO; =0 (1)
N » Ph N
Cl EtOAc H
IV-36 84% yield Iv-39
>99% ee
[a]p® = +27.5° [0]p?® =-104.5°
¢ = 1.005, CHCl, ¢ = 1.015, EtOH
Cl
(0]

N N'

):o sat. aq. Na2303
Me N
C, T EoAc i_'

Me
v-37 61% yield
>99% ee
[a]p® = +23.5° [0]p? =-96.2°
¢ =1.15, CHCl; ¢ = 0.955, EtOH
Cl

o)

N
¥=0 sat aq. Na;SO; 0
» Me N Me #
Me o EtOAc

Me
Iv-38 81% vield |v-41
[a]p® = +7.5° [a]p® =-73.1°
¢ = 1.235, CHCl3 ¢ =0.925, EtOH
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Representative Procedure: Dechlorination of IV-36:
(S)-5-Benzyl-1,3-dichlorohydantoin IV-36 (100 mg, 0.39 mmol) was
dissolved in ethyl acetate (5 mL) in a 60 mL separatory funnel and washed with
saturated aqueous sodium sulfite (5 mL) followed by saturated brine (5 mL). The
organics were then dried over anhydrous sodium sulfate and concentrated to

give 62 mg (84%) of the reduced (S)-5-benzylhydantoin IV-39.

Analytical Data for Recovered Chiral Hydantoins 1V-39, IV-40, and IV-41:

IV-39, (S)-5-Benzylhydantoin:*?
H
Og-N
Ph\IN>=O
H
'H NMR (300 MHz, CD3CN): 6 8.43 (br s, 1H), 7.34 (m, 5H), 6.21 (br s, 1H), 4.29
(m, 1H), 3.00 (m, 2H): ™C NMR (75 MHz, CD:CN):  175.3, 157.5, 136.9, 130.6,

129.3, 127.9, 60.2, 37.8; [a]o®® = - 104.5° (c = 1.02, EtOH), synthetic (S)-5-

benzylhydantoin (93% ee): -95.8° (¢ = 0.935, EtOH).
IV-40, (S)-5-(iso-propyl)hydantoin:*?

H
O N
T
Me N
Me H

'H NMR (300 MHz, CD3CN): 8 8.75 (br s, 1H), 6.35 (m, 5H), 3.93 (dd, J; = 1.5
Hz, J> = 3.6 Hz, 1H), 2.08 (septet of doublets, J; = 3.6 Hz, J> = 6.6 Hz, 1H), 0.977

(d, J= 6.6 Hz, 3H), 0.863 (d, J = 6.6 Hz, 3H); >°C NMR (75 MHz, CD3CN): &
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175.8, 158.7, 64.4, 30.9, 18.9, 16.3; [a]p*® = - 96.2° (c = 0.955, EtOH), synthetic

(S)-5-(iso-propyl)hydantoin (99% ee): - 93.9° (c = 1.08, EtOH).

IV-41, (S)-5-(tert-butyl)hydantoin:*'

H
Og-N
>;: -
Me N
Me Me H

'H NMR (300 MHz, CDsCN): 6 8.37 (br s, 1H), 6.18 (br s, 1H), 3.70 (d, J= 1.8
Hz, 1H), 0.98 (s, 9H); *C NMR (75 MHz, CDsCN): & 174.9, 157.9, 67.5, 35.0,
25.7; [a]o®® = - 73.1° (c = 0.925, EtOH), synthetic (S)-5-(tert-butyl)hydantoin:

-74.5" (c = 0.385, EtOH).

245



X-Ray Crystal Structure for N-Chlorohydantoins

Figure IV-3. X-ray struture of IV-4.

0(2)
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pU |

!\‘ cl2)

Table IV-2. Crystal data and structure refinement for IV-4.

Identification code bb14

Empirical formula C5H8 CI2 N2 O2

Formula weight 199.03

Temperature 173(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group Pnma

Unit cell dimensions a=7.9704(3) A a= 90°.
b=7.3884(3) A b= 90°.
c=13.1168(5) A g =90°.

Volume 772.43(5) A3

y4 4

Density (calculated) 1.712 Mg/im3

Absorption coefficient 0.789 mm-1
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Table IV-2. (Cont’d)

F(000) 408
Crystal size 0.28 x 0.22 x 0.14 mm3
Theta range for data collection 2.99 to 27.58°.

Index ranges
Reflections collected
Independent reflections

-10<=h<=10, -9<=k<=9, -17<=|<=17
8209
956 [R(int) = 0.0216]

Completeness to theta = 25.00° 99.9 %
Absorption correction Numerical
Max. and min. transmission 0.9010 and 0.8100

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Full-matrix least-squares on F2
956/01/77

1.056

R1=0.0215, wR2 = 0.0568
R1=0.0236, wR2 = 0.0586
0.0055(10)

0.385 and -0.193 e A-3

Table IV-3. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Azx
103) for IV-4. U(eq) is defined as one third of the trace of the orthogonalized U' tensor.

X y z U(eq)
CI(1) 5397(1) 2500 6472(1) 27(1)
CI(2) 11171(1) 2500 4453(1) 24(1)
o(1) 9174(2) 2500 6427(1) 28(1)
0(2) 4806(2) 2500 4149(1) 36(1)
N(1) 6708(2) 2500 5473(1) 23(1)
N(2) 9094(2) 2500 4664(1) 32(1)
Cc(1) 8468(2) 2500 5622(1) 20(1)
C(2) 6219(2) 2500 4467(1) 23(1)
C(3) 7841(2) 2500 3836(1) 22(1)
C(4) 7952(2) 4205(2) 3193(1) 28(1)

Table IV-4. Bond lengths [A] and angles [°] for IV-4.

CI(1)-N(1) 1.6765(14)
CI(2)-N(2) 1.6792(15)
0(1)-C(1) 1.197(2)
0(2)-C(2) 1.201(2)
N(1)-C(2) 1.376(2)
N(1)-C(1) 1.416(2)
N(2)-C(1) 1.352(2)
N(2)-C(3) 1.475(2)
C(2)-C(3) 1.535(2)
C(3)-C(4) 1.5180(16)
C(3)-C(4)#1 1.5180(16)
C(4)-H(4A) 0.923(17)
C(4)-H(4B) 0.961(16)
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Table IV-4. (cont'd)

C(4)-H(4C)

C(2)-N(1)-C(1)
C(2)-N(1)-CI(1)
C(1)-N(1)-CK1)
C(1)-N(2)-C(3)
C(1)-N(2)-CI(2)
C(3)-N(2)-Ci(2)
O(1)-C(1)-N(2)
O(1)-C(1)-N(1)
N(2)-C(1)-N(1)
0(2)-C(2)-N(1)
0(2)-C(2)-C(3)
N(1)-C(2)-C(3)
N(2)-C(3)-C(4)
N(2)-C(3)-C(4)#1
C(4)-C(3)-C(4)#1
N(2)-C(3)-C(2)
C(4)-C(3)-C(2)
C(4)#1-C(3)-C(2)
C(3)-C(4)-H(4A)
C(3)-C(4)-H(4B)
H(4A)-C(4)-H(4B)
C(3)-C(4)-H(4C)
H(4A)-C(4)-H(4C)
H(4B)-C(4)-H(4C)

0.948(16)

114.42(13)
124.96(11)
120.61(11)
115.79(14)
121.13(12)
123.07(11)
130.30(16)
126.02(15)
103.68(13)
126.80(15)
127.02(15)
106.18(13)
111.67(9)
111.67(9)
112.16(14)
99.93(12)
110.40(9)
110.40(9)
111.4(10)
109.0(10)
110.7(14)
108.1(10)
108.5(15)
109.0(12)

Table IV-5. Anisotropic displacement parameters (A2x 103)for IV-4. The anisotropic
displacement factor exponent takes the form: -2p2[ h2a*2ull1 4+ . +2hka*b*U12 ]

yl y22 y33 y23 u13 yl2
Ci(1) 24(1) 35(1) 23(1) 0 10(1) 0
Ci(2) 13(1) 36(1) 23(1) 0 1(1) 0
0o(1) 25(1) 42(1) 17(1) 0 -4(1) 0
0(2) 15(1) 63(1) 28(1) 0 -2(1) 0
N(1) 16(1) 37(1) 16(1) 0 4(1) 0
N(2) 12(1) 69(1) 16(1) 0 0(1) 0
c(1) 18(1) 24(1) 19(1) 0 1(1) 0
C(2) 16(1) 33(1) 20(1) 0 1(1) 0
C(@3) 13(1) 36(1) 16(1) 0 -1(1) 0
C(4) 24(1) 32(1) 27(1) 1) 1(1) -1(1)
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Table IV-6. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 103)

for IV-4.

X y z U(eq)
H(4A) 7940(20) 5230(20) 3594(11) 33(4)
H(4B) 7040(20) 4220(20) 2716(11) 35(4)
H(4C) 8980(20) 4180(20) 2830(12) 41(4)
Table IV-7. Torsion angles [°] for IV-4.
C(3)-N(2)-C(1)-0(1) 180.0
CI(2)-N(2)-C(1)-0(1) 0.0
C(3)-N(2)-C(1)-N(1) 0.0
CI(2)-N(2)-C(1)-N(1) 180.0
C(2)-N(1)-C(1)-0(1) 180.0
CI(1)-N(1)-C(1)-0O(1) 0.0
C(2)-N(1)-C(1)-N(2) 0.0
CI(1)-N(1)-C(1)-N(2) 180.0
C(1)-N(1)-C(2)-0(2) 180.0
CI(1)-N(1)-C(2)-0(2) 0.0
C(1)-N(1)-C(2)-C(3) 0.0
Cl(1)-N(1)-C(2)-C(3) 180.0
C(1)-N(2)-C(3)-C(4) 116.76(10)
CI(2)-N(2)-C(3)-C(4) -63.24(10)
C(1)-N(2)-C(3)-C(4)#1 -116.76(10)
Cl(2)-N(2)-C(3)-C(4)#1 63.24(10)
C(1)-N(2)-C(3)-C(2) 0.0
CI(2)-N(2)-C(3)-C(2) 180.0
0(2)-C(2)-C(3)-N(2) 180.0
N(1)-C(2)-C(3)-N(2) 0.0
0(2)-C(2)-C(3)-C(4) 62.29(10)
N(1)-C(2)-C(3)-C(4) -117.71(10)
0(2)-C(2)-C(3)-C(4)#1 -62.29(10)
N(1)-C(2)-C(3)-C(4)#1 117.71(10)
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Figure IV-4. X-ray structure of IV-17.

Table VI-8. Crystal data and structure refinement for IV-17.

ldentification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
V4

bb12m
C15H10 CI2 N2 02
321.15

173(2) K
0.71073 A
Monoclinic
P2(1)/n
a=8.809(2) A
b = 20.693(6) A
c=8.859(2) A
1427.5(7) A3

4

a=90°.
b= 117.871(3)".
g =90°.
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Table IV-8. (Cont’d)

Density (calculated) 1.494 Mg/m3
Absorption coefficient 0.459 mm-1

F(000) 656

Crystal size 0.23 x 0.20 x 0.16 mm3

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
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

1.97 to 28.13°.

-11<=h<=11, -27<=k<=26, -11<=I<=11
7724

2284 [R(int) = 0.0312]

66.3 %

Semi-empirical from equivalents
0.9301 and 0.9017

Full-matrix least-squares on F2
2284 /0/230

1.033
R1=0.0363, wR2 = 0.0929
R1=0.0491, wR2 = 0.0985

0.231 and -0.184 e. A-3

Table IV-9. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
103) for IV-17. U(eq) is defined as one third of the trace of the orthogonalized UY tensor.

X y z U(eq)
Ci(1) 3297(1) -16(1) 6383(1) 30(1)
Ci(2) 6330(1) 1714(1) 11371(1) 40(1)
0o@1) 6299(2) 406(1) 9713(2) 31(1)
0(2) 2899(2) 2199(1) 8670(2) 32(1)
N(1) 3523(2) 629(1) 7631(2) 23(1)
N(2) 4860(2) 1369(1) 9565(2) 28(1)
C(1) 5052(2) 740(1) 9036(3) 24(1)
C(2) 2369(2) 1198(1) 6988(2) 20(1)
C(3) 3360(3) 1675(1) 8478(2) 23(1)
C(4) 2258(3) 1449(1) 5314(3) 22(1)
C(5) 3357(3) 1932(1) 5306(3) 30(1)
C(6) 3262(3) 2133(1) 3761(3) 39(1)
C(7) 2107(3) 1854(1) 2250(3) 40(1)
C(8) 1006(4) 1378(1) 2248(3) 38(1)
C(9) 1074(3) 1178(1) 3778(3) 31(1)
C(10) 625(2) 1074(1) 6911(2) 20(1)
C(11) 377(3) 563(1) 7794(3) 25(1)
C(12) -1221(3) 485(1) 7741(3) 30(1)
C(13) -2545(3) 912(1) 6820(3) 30(1)
C(14) -2276(3) 1423(1) 5971(3) 31(1)
C(15) -695(3) 1508(1) 6021(3) 26(1)
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Table IV-10. Bond lengths [A] and angles [°] for IV-17.

CI(1)-N(1)
CI(2)-N(2)
0(1)-C(1)
0(2)-C(3)
N(1)-C(1)
N(1)-C(2)
N(2)-C(3)
N(2)-C(1)
C(2)-C(10)
C(2)-C(4)
C(2)-C(3)
C(4)-C(9)
C(4)-C(5)
C(5)-C(6)
C(5)-H(S)
C(6)-C(7)
C(6)-H(6)
C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(8)-H(8)
C(9)-H(9)
C(10)-C(15)
C(10)-C(11)
C(11)-C(12)
C(11)-H(11)
C(12)-C(13)
C(12)-H(12)
C(13)-C(14)
C(13)-H(13)
C(14)-C(15)
C(14)-H(14)
C(15)-H(15)

C(1)-N(1)-C(2)
C(1)-N(1)-CI(1)
C(2)-N(1)-CI(1)
C(3)-N(2)-C(1)
C(3)-N(2)-CI(2)
C(1)-N(2)-CI(2)
O(1)-C(1)-N(1)
O(1)-C(1)-N(2)
N(1)-C(1)-N(2)
N(1)-C(2)-C(10)
N(1)-C(2)-C(4)
C(10)-C(2)-C(4)
N(1)-C(2)-C(3)
C(10)-C(2)-C(3)
C(4)-C(2)-C(3)
0(2)-C(3)-N(2)
0(2)-C(3)-C(2)
N(2)-C(3)-C(2)
C(9)-C(4)-C(5)
C(9)-C(4)-C(2)

1.6844(17)
1.6758(19)

1.195(2)
1.197(2)
1.359(3)
1.485(2)
1.372(3)
1.421(3)
1.528(2)
1.530(2)
1.549(3)
1.388(3)
1.395(3)
1.395(3)
0.93(3)
1.373(4)
0.93(3)
1.382(4)
1.07(4)
1.392(3)
0.87(3)
0.96(3)
1.388(3)
1.391(3)
1.395(3)
1.01(3)
1.384(3)
0.94(3)
1.382(3)
0.91(3)
1.384(3)
0.84(3)
0.91(3)

115.09(16)
119.87(13)
121.81(13)
114.49(18)
122.36(15)
123.15(15)
130.3(2)
126.0(2)
103.76(16)
112.14(15)
111.26(14)
113.99(16)
99.58(15)
107.43(14)
111.45(15)
126.6(2)
127.2(2)
106.20(16)
119.36(18)
119.43(17)
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Table IV-10. (Cont’'d)

C(5)-C(4)-C(2)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(S)
C(7)-C(6)-C(5)
C(7)-C(6)-H(6)
C(5)-C(6)-H(6)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7)
C(8)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(4)-C(9)-C(8)
C(4)-C(9)-H(9)
C(8)-C(9)-H(9)
C(15)-C(10)-C(11)
C(15)-C(10)-C(2)
C(11)-C(10)-C(2)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13)
C(12)-C(13)-H(13)
C(13)-C(14)-C(15)
C(13)-C(14)-H(14)
C(15)-C(14)-H(14)
C(14)-C(15)-C(10)
C(14)-C(15)-H(15)
C(10)-C(15)-H(15)

121.18(19)
119.7(2)
120.5(16)
119.8(16)
120.6(2)
124.6(17)
114.8(17)
120.0(2)
114(2)
126(2)
120.0(2)
122.7(19)
117.3(19)
120.3(2)
121.0(17)
118.7(17)
120.13(17)
118.28(16)
121.47(17)
119.28(19)
122.1(14)
118.6(14)
120.38(19)
122.2(16)
117.4(16)
119.84(19)
122.7(19)
117.4(19)
120.4(2)
118.6(16)
121.0(16)
119.94(19)
118.9(15)
121.0(15)

Table IV-11. Anisotropic displacement parameters (A2x 103)for IV-17. The anisotropic
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2hk a* b* U12]

ut u22 33 y23 ut3 ut2
Ci(1) 34(1) 24(1) 31(1) -4(1) 13(1) 4(1)
Ci(2) 31(1) 48(1) 25(1) -6(1) 1(1) -11(1)
0(1) 21(1) 38(1) 31(1) 12(1) 9(1) 71)
0(2) 38(1) 23(1) 27(1) -4(1) 9(1) 0(1)
N(1) 22(1) 20(1) 23(1) 0o(1) 6(1) 3(1)
N(2) 25(1) 28(1) 22(1) -2(1) 3(1) -2(1)
C(1) 24(1) 27(1) 24(1) 6(1) 13(1) -1(1)
C(2) 20(1) 17(1) 18(1) 0(1) 5(1) 1(1)
C(3) 25(1) 23(1) 19(1) -1(1) 8(1) -4(1)
C4) 23(1) 23(1) 21(1) 4(1) 10(1) 5(1)
C(5) 23(1) 34(1) 29(1) 6(1) 10(1) 1(1)
C(6) 33(1) 46(1) 42(2) 17(1) 22(1) 4(1)

253



Table IV-11. (Cont'd)

C(@7) 45(2)
C(8) 45(1)
C(9) 35(1)
C(10)  20(1)
c(11)  28(1)
c(12)  36(1)
Cc(13)  26(1)
c(14)  25(1)
c(15)  25(1)

51(1)
42(1)
30(1)
21(1)
23(1)
29(1)
38(1)
33(1)
25(1)

31(1)
20(1)
23(1)
17(1)
23(1)
29(1)
31(1)
32(1)
27(1)

16(1)
1(1)
0(1)
-3(1)
1(1)
2(1)
-5(1)
3(1)
4(1)

23(1)
11(1)
10(1)
6(1)
11(1)
20(1)
16(1)
12(1)
11(1)

18(1)
9(1)
0(1)
0(1)
2(1)
-3(1)
-2(1)
10(1)
3(1)

Table IV-12. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 103)

for IV-17.

X y z U(eq)
H(5) 4120(40) 2130(12) 6320(40) 37(7)
H(6) 4020(30) 2464(12) 3850(30) 36(7)
H(7) 2110(50) 2060(18) 1150(50) 79(11)
H(8) 260(40) 1187(14) 1320(40) 47(8)
H(9) 290(40) 851(13) 3750(40) 39(7)
H(11) 1310(40) 235(14) 8440(40) 38(7)
H(12) -1340(30) 143(12) 8370(40) 33(6)
H(13) -3550(40) 848(13) 6840(40) 48(8)
H(14) -3080(40) 1683(11) 5440(30) 30(6)
H(15) -560(30) 1835(12) 5400(30) 29(6)
Table IV-13. Torsion angles [°] for IV-17.
C(2)-N(1)-C(1)-O(1) -170.26(17)
CI(1)-N(1)-C(1)-O(1) -10.2(3)
C(2)-N(1)-C(1)-N(2) 9.57(19)
CI(1)-N(1)-C(1)-N(2) 169.64(12)
C(3)-N(2)-C(1)-0(1) 174.24(17)
CI(2)-N(2)-C(1)-O(1) -6.1(3)
C(3)-N(2)-C(1)-N(1) -5.6(2)
Cl(2)-N(2)-C(1)-N(1) 174.06(13)
C(1)-N(1)-C(2)-C(10) -122.81(17)
CI(1)-N(1)-C(2)-C(10) 77.55(18)
C(1)-N(1)-C(2)-C(4) 108.19(18)
CI(1)-N(1)-C(2)-C(4) -51.5(2)
C(1)-N(1)-C(2)-C(3) -9.44(18)
CI(1)-N(1)-C(2)-C(3) -169.08(12)
C(1)-N(2)-C(3)-0(2) 178.36(17)
Cl(2)-N(2)-C(3)-0(2) -1.3(3)
C(1)-N(2)-C(3)-C(2) -0.1(2)
Cl(2)-N(2)-C(3)-C(2) -179.79(12)
N(1)-C(2)-C(3)-0(2) -173.24(18)
C(10)-C(2)-C(3)-0(2) -56.3(2)
C(4)-C(2)-C(3)-0(2) 69.3(2)
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Table IV-13. (Cont’d)

N(1)-C(2)-C(3)-N(2)
C(10)-C(2)-C(3)-N(2)
C(4)-C(2)-C(3)-N(2)
N(1)-C(2)-C(4)-C(9)
C(10)-C(2)-C(4)-C(9)
C(3)-C(2)-C(4)-C(9)
N(1)-C(2)-C(4)-C(5)
C(10)-C(2)-C(4)-C(5)
C(3)-C(2)-C(4)-C(5)
C(9)-C(4)-C(5)-C(6)
C(2)-C(4)-C(5)-C(6)
C(4)-C(5)-C(6)-C(7)
C(5)-C(6)-C(7)-C(8)
C(6)-C(7)-C(8)-C(9)
C(5)-C(4)-C(9)-C(8)
C(2)-C(4)-C(9)-C(8)
C(7)-C(8)-C(9)-C(4)
N(1)-C(2)-C(10)-C(15)
C(4)-C(2)-C(10)-C(15)
C(3)-C(2)-C(10)-C(15)
N(1)-C(2)-C(10)-C(11)
C(4)-C(2)-C(10)-C(11)
C(3)-C(2)-C(10)-C(11)

C(15)-C(10)-C(11)-C(12)

C(2)-C(10)-C(11)-C(12)

C(10)-C(11)-C(12)-C(13)
C(11)-C(12)-C(13)-C(14)
C(12)-C(13)-C(14)-C(15)
C(13)-C(14)-C(15)-C(10)
C(11)-C(10)-C(15)-C(14)

C(2)-C(10)-C(15)-C(14)

5.24(17)
122.22(16)
-112.24(17)
86.0(2)
-42.0(2)
-163.84(18)
-92.3(2)
139.72(19)
17.92)
-0.6(3)
177.69(18)
-0.5(3)
1.0(4)
-0.4(4)
1.2(3)
-177.07(19)
-0.8(3)
-167.18(17)
-39.6(2)
84.4(2)
16.9(2)
144.43(18)
-91.6(2)
1.4(3)
177.30(18)
0.0(3)
-1.0(3)
0.6(3)
0.8(3)
-1.8(3)
-177.85(19)
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Figure IV-5. X-Ray structure of IV-31

cio
of

Table IV-14. Crystal data and structure refinement for IV-31.

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 = 25.00°
Absorption correction

bb17
C10 H8 CI2 N2 02

259.08

173(2) K

0.71073 A

Triclinic

P-1

a=7749(2) A a= 92.508(5)°
b=7.890(2) A b= 112.860(3)°
©=9.927(4) A g =98.318(4)".
550.0(3) A3

2

1.564 Mg/m3

0.575 mm-"

264

0.15x 0.10 x 0.10 mm3
2.241028.19°

-10<=h<=10, -10<=k<=10, -12<=|<=12
6080

2451 [R(int) = 0.0306]

99.7 %

Semi-empirical from equivalents
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Table IV-14. (Cont'd)

Max. and min. transmission 0.7457 and 0.6885

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 2451/0/177

Goodness-of-fit on F2 1.015

Final R indices [I>2sigma(l)] R1=0.0369, wR2 = 0.0826

R indices (all data) R1=0.0559, wR2 = 0.0911
Largest diff. peak and hole 0.300 and -0.365 e.A-3

Table IV-15. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Azx
103) for IV-31. U(eq) is defined as one third of the trace of the orthogonalized U' tensor.

X y z U(eq)
Ci(1) 8241(1) 3268(1) 5612(1) 42(1)
Cl(2) 686(1) 1970(1) 3080(1) 34(1)
o(1) 4377(2) 3364(2) 5695(2) 43(1)
0(2) 6819(2) 1567(2) 2463(2) 34(1)
N(1) 6043(2) 2616(2) 4306(2) 31(1)
N(2) 2957(2) 2289(3) 3233(2) 32(1)
Cc(1) 4396(3) 2826(3) 4553(2) 30(1)
C(2) 5675(3) 1878(2) 2932(2) 24(1)
C(3) 3497(3) 1530(3) 2106(2) 25(1)
C(4) 2959(2) 2500(2) 747(2) 22(1)
C(5) 2635(3) 4171(3) 797(3) 35(1)
C(6) 2276(4) 5051(3) -429(3) 44(1)
Cc() 2254(3) 4285(3) -1707(3) 39(1)
C(8) 2569(3) 2627(3) -1769(3) 38(1)
C(9) 2920(3) 1733(3) -552(2) 30(1)
C(10) 2822(4) -418(3) 1798(3) 37(1)

Table IV-16. Bond lengths [A] and angles [°] for IV-31.

CI(1)-N(1) 1.6786(17)
CI(2)-N(2) 1.6863(17)
o(1)-c(1) 1.199(3)
0(2)-C(2) 1.199(2)
N(1)-C(2) 1.364(3)
N(1)-C(1) 1.421(2)
N(2)-C(1) 1.349(3)
N(2)-C(3) 1.470(3)
C(2)-C(3) 1.539(3)
C(3)-C(4) 1.525(3)
C(3)-C(10) 1.527(3)
C(4)-C(5) 1.380(3)
C(4)-C(9) 1.388(3)
C(5)-C(6) 1.381(3)
C(5)-H(5) 0.86(2)
C(6)-C(7) 1.374(4)
C(6)-H(6) 0.88(3)
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Table IV-16. (Cont’d.)

C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(8)-H(8)
C(9)-H(9)
C(10)-H(10A)
C(10)-H(10B)
C(10)-H(10C)

C(2)-N(1)-C(1)
C(2)-N(1)-Cl(1)
C(1)-N(1)-CI(1)
C(1)-N(2)-C(3)
C(1)-N(2)-CI(2)
C(3)-N(2)-Ci(2)
O(1)-C(1)-N(2)
O(1)-C(1)-N(1)
N(2)-C(1)-N(1)
0(2)-C(2)-N(1)
0(2)-C(2)-C(3)
N(1)-C(2)-C(3)
N(2)-C(3)-C(4)
N(2)-C(3)-C(10)
C(4)-C(3)-C(10)
N(2)-C(3)-C(2)
C(4)-C(3)-C(2)
C(10)-C(3)-C(2)
C(5)-C(4)-C(9)
C(5)-C(4)-C(3)
C(9)-C(4)-C(3)
C(4)-C(5)-C(6)
C(4)-C(5)-H(S)
C(6)-C(5)-H(5)
C(7)-C(6)-C(5)
C(7)-C(6)-H(6)
C(5)-C(6)-H(®)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7)
C(6)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(8)-C(9)-C(4)
C(8)-C(9)-H(9)
C(4)-C(9)-H(9)

C(3)-C(10)-H(10A)
C(3)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(3)-C(10)-H(10C)
H(10A)-C(10)-H(10C)
H(10B)-C(10)-H(10C)

1.368(4)
0.92(3)
1.380(3)
0.93(3)
0.89(2)
0.96(3)
0.95(3)
0.98(3)

114.39(16)
123.98(14)
121.61(14)
115.56(16)
120.09(14)
121.85(13)
130.61(19)
125.81(19)
103.58(17)
126.85(18)
126.97(18)
106.18(16)
111.86(16)
111.70(18)
115.03(18)
99.89(15)
108.99(15)
108.19(17)
118.7(2)
121.71(18)
119.42(18)
120.2(2)
119.7(16)
120.1(16)
120.7(2)
121.0(19)
118.3(19)
119.6(2)
119.4(17)
121.0(17)
120.2(2)
120.5(15)
119.3(15)
120.6(2)
120.1(15)
119.2(15)
111.1(15)
109.8(15)
108(2)
110.6(14)
107(2)
111(2)
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Table IV-17. Anisotropic displacement parameters (A2x 103)for IV-31. The anisotropic

displacement factor exponent takes the form: -2p2[ h2a*2Ul1 + ... + 2h k a* b* U12]

yl uy22 y33 y23 u13 ul2
Ci(1) 21(1) 68(1) 30(1) 5(1) 4(1) 1(1)
Cl(2) 19(1) 49(1) 38(1) 7(1) 16(1) 6(1)
O(1) 34(1) 76(1) 24(1) 4(1) 16(1) 7(1)
0(2) 22(1) 40(1) 42(1) -2(1) 15(1) 9(1)
N(1) 16(1) 51(1) 23(1) 3(1) 5(1) 5(1)
N(2) 16(1) 56(1) 26(1) 1(1) 11(1) 6(1)
c(1) 22(1) 44(1) 26(1) 10(1) 11(1) 6(1)
C(2) 20(1) 24(1) 29(1) 5(1) 9(1) 5(1)
C(3) 18(1) 30(1) 28(1) 1(1) 11(1) 3(1)
C(4) 15(1) 25(1) 25(1) 0(1) 7(1) 1(1)
C(5) 39(1) 30(1) 30(1) -5(1) 9(1) 7(1)
C(6) 46(1) 27(1) 45(1) 4(1) 4(1) 6(1)
C(7) 31(1) 43(1) 32(1) 12(1) 4(1) -6(1)
C(8) 33(1) 53(2) 26(1) 0(1) 13(1) 2(1)
C(9) 29(1) 30(1) 32(1) -2(1) 14(1) 6(1)
C(10) 31(1) 34(1) 44(1) 9(1) 14(1) 0(1)

Table IV-18. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 103)

for IV-31.

X y z U(eq)
H(5) 2700(30) 4680(30) 1610(30) 40(7)
H(6) 2080(40) 6120(40) -360(30) 60(9)
H(7) 2060(40) 4880(30) -2520(30) 53(8)
H(8) 2550(30) 2090(30) -2630(30) 43(7)
H(9) 3090(30) 640(30) -600(20) 36(6)
H(10A) 3380(40) -930(30) 1200(30) 48(7)
H(10B) 3200(30) -920(30) 2700(30) 46(7)
H(10C) 1440(40) -690(30) 1250(30) 40(7)
Table IV-19. Torsion angles [°] for IV-31.
C(3)-N(2)-C(1)-O(1) -173.6(2)
C1(2)-N(2)-C(1)-O(1) -11.2(4)
C(3)-N(2)-C(1)-N(1) 6.5(2)
Cl(2)-N(2)-C(1)-N(1) 168.88(15)
C(2)-N(1)-C(1)-O(1) 176.1(2)
CI(1)-N(1)-C(1)-O(1) -4.8(3)
C(2)-N(1)-C(1)-N(2) -4.0(2)
CI(1)-N(1)-C(1)-N(2) 175.05(15)
C(1)-N(1)-C(2)-0(2) -179.9(2)
Cl(1)-N(1)-C(2)-0(2) 1.1(3)
C(1)-N(1)-C(2)-C(3) 0.2(2)
CI(1)-N(1)-C(2)-C(3) -178.78(14)
C(1)-N(2)-C(3)-C(4) -121.46(19)
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Table IV-19 (Cont’d)

Cl(2)-N(2)-C(3)-C(4)
C(1)-N(2)-C(3)-C(10)
Cl(2)-N(2)-C(3)-C(10)
C(1)-N(2)-C(3)-C(2)
Cl(2)-N(2)-C(3)-C(2)
0(2)-C(2)-C(3)-N(2)
N(1)-C(2)-C(3)-N(2)
0(2)-C(2)-C(3)-C(4)
N(1)-C(2)-C(3)-C(4)
0(2)-C(2)-C(3)-C(10)
N(1)-C(2)-C(3)-C(10)
N(2)-C(3)-C(4)-C(5)
C(10)-C(3)-C(4)-C(5)
C(2)-C(3)-C(4)-C(5)
N(2)-C(3)-C(4)-C(9)
C(10)-C(3)-C(4)-C(9)
C(2)-C(3)-C(4)-C(9)
C(9)-C(4)-C(5)-C(6)
C(3)-C(4)-C(5)-C(6)
C(4)-C(5)-C(6)-C(7)
C(5)-C(6)-C(7)-C(8)
C(6)-C(7)-C(8)-C(9)
C(7)-C(8)-C(9)-C(4)
C(5)-C(4)-C(9)-C(8)
C(3)-C(4)-C(9)-C(8)

76.5(2)
108.0(2)
-54.1(2)

-6.3(2)
-168.31(14)
-176.6(2)
3.3(2)
-59.3(3)

120.64(18)
66.5(3)

-113.63(19)
20.5(3)
149.3(2)
-89.0(2)

-164.00(17)
-35.2(3)
86.5(2)

0.1(3)
175.7(2)
-0.6(4)
0.8(4)
-0.5(3)
0.0(3)
0.2(3)
-175.45(19)
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Table IV-19 (Cont’'d)

Cl(2)-N(2)-C(3)-C(4)
C(1)-N(2)-C(3)-C(10)
Cl(2)-N(2)-C(3)-C(10)
C(1)-N(2)-C(3)-C(2)
Cl(2)-N(2)-C(3)-C(2)
0(2)-C(2)-C(3)-N(2)
N(1)-C(2)-C(3)-N(2)
0(2)-C(2)-C(3)-C(4)
N(1)-C(2)-C(3)-C(4)
0(2)-C(2)-C(3)-C(10)
N(1)-C(2)-C(3)-C(10)
N(2)-C(3)-C(4)-C(5)
C(10)-C(3)-C(4)-C(5)
C(2)-C(3)-C(4)-C(5)
N(2)-C(3)-C(4)-C(9)
C(10)-C(3)-C(4)-C(9)
C(2)-C(3)-C(4)-C(9)
C(9)-C(4)-C(5)-C(6)
C(3)-C(4)-C(5)-C(6)
C(4)-C(5)-C(6)-C(7)
C(5)-C(6)-C(7)-C(8)
C(6)-C(7)-C(8)-C(9)
C(7)-C(8)-C(9)-C(4)
C(5)-C(4)-C(9)-C(8)
C(3)-C(4)-C(9)-C(8)

76.5(2)
108.0(2)
-54.1(2)

6.3(2)
-168.31(14)
-176.6(2)
3.3(2)
-59.3(3)
120.64(18)
66.5(3)

-113.63(19)
20.5(3)
149.3(2)
-89.0(2)

-164.00(17)
-35.2(3)
86.5(2)

0.1(3)
175.7(2)
-0.6(4)
0.8(4)
-0.5(3)
0.0(3)
0.2(3)
-175.45(19)
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Figure IV-6. X-Ray structure of IV-32.

Table IV-20. Crystal data and structure refinement for V-32.

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

bb16

C3 H2 CI2 N2 02

168.97

173(2) K

0.71073 A

Monoclinic

P2(1)/c

a =5.1494(4) A a= 90°.
b =6.3796(4) A b= 92.052(5)".
c=17.3292(13) A g=90°.
568.92(7) A3

4

1.973 Mg/m3

1.052 mm-1
336

0.27 x 0.05 x 0.05 mm3
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Table 1V-20. (Cont’d)

Theta range for data collection 2.35t0 27.41°.

Index ranges -6<=h<=6, 0<=k<=8, 0<=|<=22
Reflections collected 2321

Independent reflections 2321 [R(int) = 0.0000]
Completeness to theta = 25.00° 100.0 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9522 and 0.7629

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 2321/0/91

Goodness-of-fit on F2 1.032

Final R indices [I>2sigma(l)] R1=0.0425, wR2 =0.0832

R indices (all data) R1 =0.0605, wR2 =0.0914
Largest diff. peak and hole 0.425 and -0.315 e.A™3

Table IV-21. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
103) for IV-32. U(eq) is defined as one third of the trace of the orthogonalized U' tensor.

X y z U(eq)
CI(1) 12951(1) 6387(1) 679(1) 27(1)
Cl(2) 5728(1) 2307(1) 2226(1) 26(1)
o(1) 8573(3) 6362(3) 1833(1) 27(1)
0(2) 12928(3) 1721(3) 321(1) 32(1)
N(2) 8021(4) 2823(3) 1587(1) 31(1)
N(1) 11082(4) 4436(3) 990(1) 22(1)
Cc(1) 9100(4) 4746(4) 1527(1) 21(1)
C(2) 9314(5) 1175(4) 1175(2) 27(1)
C(3) 11372(5) 2373(4) 761(1) 24(1)

Table IV-22. Bond lengths [A] and angles [] for IV-32.

CI(1)-N(1) 1.674(2)
CI(2)-N(2) 1.679(2)
0(1)-C(1) 1.195(3)
0(2)-C(3) 1.201(3)
N(2)-C(1) 1.352(3)
N(2)-C(2) 1.447(3)
N(1)-C(3) 1.384(3)
N(1)-C(1) 1.420(3)
C(2)-C(3) 1.508(3)
C(2)-H(2A) 0.98(3)
C(2)-H(2B) 0.98(3)
C(1)-N(2)-C(2) 115.1(2)
C(1)-N(2)-CI(2) 121.94(18)
C(2)-N(2)-CI(2) 121.98(17)
C(3)-N(1)-C(1) 114.04(19)
C(3)-N(1)-CI(1) 123.07(17)
C(1)-N(1)-CI(1) 122.88(16)
0(1)-C(1)-N(2) 130.4(2)
O(1)-C(1)-N(1) 126.3(2)
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Table IV-22. (Cont'd)

N(2)-C(1)-N(1)
N(2)-C(2)-C(3)
N(2)-C(2)-H(2A)
C(3)-C(2)-H(2A)
N(2)-C(2)-H(2B)
C(3)-C(2)-H(2B)
H(2A)-C(2)-H(2B)
0O(2)-C(3)-N(1)
0(2)-C(3)-C(2)
N(1)-C(3)-C(2)

103.4(2)
102.1(2)
113.2(16)
112.3(15)
111.4(16)
111.3(16)
107(2)
126.4(2)
128.5(2)
105.1(2)

Table IV-23. Anisotropic displacement parameters (A2x 103)for IV-32. The anisotropic

displacement factor exponent takes the form: -2p2[ h2a*2u11 + ..+ 2hka*b* U12 ]

utt u22 y33 u23 yl13 ul2
Ci(1) 25(1) 27(1) 30(1) 3(1) 5(1) -7(1)
Ci(2) 25(1) 27(1) 28(1) 3(1) 9(1) -2(1)
o(1) 26(1) 21(1) 35(1) -4(1) 8(1) 0o(1)
0(2) 31(1) 31(1) 36(1) -8(1) 14(1) -1(1)
N(2) 35(1) 20(1) 39(1) -1(1) 24(1) -3(1)
N(1) 21(1) 18(1) 26(1) 1(1) 7(1) -3(1)
c() 18(1) 22(1) 22(1) 101) 1(1) -1(1)
C(2) 33(2) 18(1) 31(2) -3(1) 9(1) -3(1)
C(3) 23(1) 24(1) 24(1) -1(1) 2(1) -1(1)

Table IV-24. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A%x 103)

for IV-32.

X y z U(eq)
H(2A) 10050(50) 90(50) 1514(15) 27(7)
H(2B) 8120(50) 470(50) 809(16) 41(8)
Table IV-25. Torsion angles [°] for IV-32.
C(2)-N(2)-C(1)-O(1) -175.1(3)
Cl(2)-N(2)-C(1)-0(1) -6.4(4)
C(2)-N(2)-C(1)-N(1) 5.5(3)
CI(2)-N(2)-C(1)-N(1) 174.19(17)
C(3)-N(1)-C(1)-O(1) 176.2(2)
CI(1)-N(1)-C(1)-0(1) -2.2(4)
C(3)-N(1)-C(1)-N(2) -4.3(3)
CI(1)-N(1)-C(1)-N(2) 177.25(17)
C(1)-N(2)-C(2)-C(3) -4.6(3)
Cl(2)-N(2)-C(2)-C(3) -173.31(18)
C(1)-N(1)-C(3)-0(2) -179.1(2)
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Table IV-25. (Cont’d)

CI(1)-N(1)-C(3)-0(2)
C(1)-N(1)-C(3)-C(2)
CI(1)-N(1)-C(3)-C(2)
N(2)-C(2)-C(3)-0(2)
N(2)-C(2)-C(3)-N(1)

-0.7(4)
1.6(3)
-179.95(17)
-177.7(3)
1.6(3)
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Figure IV-7. X-Ray structure of IV-33.

Table IV-26. Crystal data and structure refinement for IV-33.

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

bb15

C6 H9 CIN2 02

176.60

173(2) K

0.71073 A

Orthorhombic

Pnma

a=10.8647(17) A a= 90°.
b=6.7327(11) A b= 90°.
c = 10.7494(17) A g =90°
786.3(2) A3

4

1.492 Mg/m3

0.436 mm-1
368

0.20 x 0.14 x 0.10 mm3
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Table 1V-26 (Cont’d.)

Theta range for data collection 2.67 to 28.15°.

Index ranges -14<=h<=14, -8<=k<=8, -13<=I<=13
Reflections collected 8151

Independent reflections 1001 [R(int) = 0.0400]
Completeness to theta = 25.00° 100.0 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9577 and 0.9179

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 1001/0/83

Goodness-of-fit on F2 1.058

Final R indices [I>2sigma(l)] R1=0.0295, wR2 = 0.0782

R indices (all data) R1=0.0367, wR2 = 0.0816
Largest diff. peak and hole 0.383 and -0.211 e. A3

Table IV-27. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
103) for IV-33. U(eq) is defined as one third of the trace of the orthogonalized UY tensor.

X y z U(eq)
CI(1) 4604(1) 2500 6770(1) 25(1)
o(1) 7435(1) 2500 6795(1) 30(1)
0(2) 4258(1) 2500 3981(1) 29(1)
N(1) 5657(1) 2500 5628(1) 21(1)
N(2) 6373(1) 2500 3713(1) 19(1)
C(1) 5315(2) 2500 4343(2) 20(1)
C(2) 6904(2) 2500 5810(2) 20(1)
C(3) 7474(2) 2500 4508(2) 19(1)
C(4) 6428(2) 2500 2359(2) 27(1)
C(5) 8234(1) 613(2) 4332(2) 29(1)

Table IV-28. Bond lengths [A] and angles [°] for IV-33.

CI(1)-N(1) 1.6787(16)
0(1)-C(2) 1.206(2)
0(2)-C(1) 1.212(2)
N(1)-C(2) 1.368(2)
N(1)-C(1) 1.430(2)
N(2)-C(1) 1.335(2)
N(2)-C(4) 1.456(2)
N(2)-C(3) 1.470(2)
C(2)-C(3) 1.530(2)
C(3)-C(5)#1 1.5271(17)
C(3)-C(5) 1.5271(17)
C(4)-H(4A) 0.91(2)
C(4)-H(4B) 0.89(4)
C(5)-H(5A) 0.966(18)
C(5)-H(5B) 0.970(18)
C(5)-H(5C) 0.934(18)
C(2)-N(1)-C(1) 113.31(15)
C(2)-N(1)-CI(1) 124.80(13)
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Table IV-28. (Cont’'d)

C(1)-N(1)-CI(1) 121.89(13)
C(1)-N(2)-C(4) 122.85(16)
C(1)-N(2)-C(3) 113.94(15)
C(4)-N(2)-C(3) 123.21(15)
0(2)-C(1)-N(2) 130.75(18)
0(2)-C(1)-N(1) 123.85(17)
N(2)-C(1)-N(1) 105.40(15)
0(1)-C(2)-N(1) 126.79(17)
0(1)-C(2)-C(3) 127.54(16)
N(1)-C(2)-C(3) 105.67(15)
N(2)-C(3)-C(5)#1 111.57(10)
N(2)-C(3)-C(5) 111.57(10)
C(5)#1-C(3)-C(5) 112.59(17)
N(2)-C(3)-C(2) 101.68(14)
C(5)#1-C(3)-C(2) 109.42(10)
C(5)-C(3)-C(2) 109.42(10)
N(2)-C(4)-H(4A) 110.7(13)
N(2)-C(4)-H(4B) 110(2)
H(4A)-C(4)-H(4B) 110.6(18)
C(3)-C(5)-H(5A) 110.4(11)
C(3)-C(5)-H(5B) 109.9(11)
H(5A)-C(5)-H(5B) 108.5(14)
C(3)-C(5)-H(5C) 109.2(10)
H(5A)-C(5)-H(5C) 110.8(14)
H(5B)-C(5)-H(5C) 108.0(14)

Table IV-29. Anisotropic displacement parameters (A2x 103)for IV-33. The anisotropic
displacement factor exponent takes the form: -2p2[ h2a*2U11 + .. + 2h k a* b* U12]

pi1 u22 u33 y23 y13 uy12
Ci(1) 23(1) 29(1) 23(1) 0 7(1) 0
0O(1) 26(1) 42(1) 22(1) 0 -7(1) 0
0(2) 15(1) 42(1) 29(1) 0 -4(1) 0
N(1) 15(1) 30(1) 17(1) 0 2(1) 0
N(2) 16(1) 27(1) 16(1) 0 -1(1) 0
c() 20(1) 19(1) 20(1) 0 -2(1) 0
C(2) 18(1) 20(1) 21(1) 0 -2(1) 0
C(3) 15(1) 24(1) 18(1) 0 -2(1) 0
C(4) 27(1) 37(1) 17(1) 0 0(1) 0
C(5) 23(1) 32(1) 33(1) -3(1) o(1) 9(1)

Table IV-30. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 103)
for IV-33.

x y oz U(eq)
H(4A) 6870(20) 1430(30) 2077(19) 69(7)
H(4B) 5670(30) 2500 2040(30) 66(10)
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Table 1V-30. (Cont’d)

H(5A) 8569(15) 560(30) 3500(17) 38(5)
H(5B) 8911(16) 590(30) 4921(17) 35(5)
H(5C) - 7739(16) -490(30) 4488(15) 32(5)
Table IV-31. Torsion angles [°] for IV-33.

C(4)-N(2)-C(1)-0O(2) 0.0
C(3)-N(2)-C(1)-0(2) 180.0
C(4)-N(2)-C(1)-N(1) 180.0
C(3)-N(2)-C(1)-N(1) 0.0
C(2)-N(1)-C(1)-O(2) 180.0
CI(1)-N(1)-C(1)-0(2) 0.0
C(2)-N(1)-C(1)-N(2) 0.0
CI(1)-N(1)-C(1)-N(2) 180.0
C(1)-N(1)-C(2)-O(1) 180.0
CI(1)-N(1)-C(2)-O(1) 0.0
C(1)-N(1)-C(2)-C(3) 0.0
CI(1)-N(1)-C(2)-C(3) 180.0
C(1)-N(2)-C(3)-C(5)#1 -116.54(12)
C(4)-N(2)-C(3)-C(5)#1 63.46(12)
C(1)-N(2)-C(3)-C(5) 116.54(12)
C(4)-N(2)-C(3)-C(5) -63.46(12)
C(1)-N(2)-C(3)-C(2) 0.0
C(4)-N(2)-C(3)-C(2) 180.0
0(1)-C(2)-C(3)-N(2) 180.0
N(1)-C(2)-C(3)-N(2) 0.0
0(1)-C(2)-C(3)-C(5)#1 -61.90(10)
N(1)-C(2)-C(3)-C(5)#1 118.10(10)
0O(1)-C(2)-C(3)-C(5) 61.90(10)
N(1)-C(2)-C(3)-C(5) -118.10(10)
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Figure IV-8. X-Ray structure of IV-34.

Table IV-32. Crystal data and structure refinement for IV-34.

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 = 25.00°

bb19_0Om

C16 H12 CI2 N2 02

335.18

173(2) K

0.71073 A

Orthorhombic

P2(1)2(1)2(1)

a=78122(12) A a= 90°.
b = 12.4926(18) A b= 90°.
c=15.579(3) A g =90°.
1520.4(4) A3

4

1.464 Mg/m3

0.435 mm-1
688

0.27 x 0.24 x 0.08 mm3

2.09 to 25.34°.

-9<=h<=9, -10<=k<=15, -18<=I<=16
4533

2692 [R(int) = 0.0406)

99.2 %
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Table IV-32. (Cont’d)

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9669 and 0.8924

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 2692/0/200

Goodness-of-fit on F2 1.028

Final R indices [I>2sigma(l)] R1=0.0567, wR2 = 0.1265

R indices (all data) R1=0.0731, wR2 = 0.1358
Absolute structure parameter 0.14(12)

Largest diff. peak and hole 0.716 and -0.261 e.A-3

Table IV-33. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Azx
103) for IV-34. U(eq) is defined as one third of the trace of the orthogonalized UY tensor.

x y z U(eq)
Ci(1) 2395(2) 4080(1) -293(1) 34(1)
Cl(2) 8566(2) 2796(1) -1342(1) 42(1)
o(1) 4697(5) 2575(3) -1313(3) 44(1)
0(2) 8836(4) 4715(3) -134(3) 45(1)
N(1) 4551(5) 3998(3) -363(3) 39(1)
N(2) 7073(5) 3543(3) -847(3) 32(1)
c(1) 5293(7) 3281(4) -897(3) 33(1)
C(2) 7430(6) 4384(3) -304(3) 33(1)
C@3) 5695(6) 4813(3) 12(3) 31(1)
C(4) 5426(6) 5911(4) -411(3) 31(1)
C(5) 4677(7) 5995(4) -1214(3) 40(1)
C(6) 4513(8) 6948(5) -1608(4) 49(2)
C(7) 5075(7) 7880(4) -1209(4) 48(2)
C(8) 5849(7) 7815(4) -424(4) 45(1)
C(9) 6054(6) 6825(4) -8(4) 38(1)
C(10) 4803(10) 8917(5) -1686(5) 70(2)
C(11) 5561(6) 4758(4) 993(3) 32(1)
C(12) 6493(7) 3980(4) 1444(4) 46(1)
C(13) 6228(10) 3861(5) 2320(5) 63(2)
C(14) 5096(9) 4463(6) 2759(5) 70(2)
C(15) 4183(8) 5229(6) 2316(4) 60(2)
C(16) 4407(7) 5380(4) 1435(4) 39(1)

Table IV-34. Bond lengths [A] and angles [] for IV-34.

CI(1)-N(1) 1.691(4)
CI(2)-N(2) 1.681(4)
O(1)-C(1) 1.190(5)
0(2)-C(2) 1.203(6)
N(1)-C(1) 1.353(6)
N(1)-C(3) 1.475(6)
N(2)-C(2) 1.377(6)
N(2)-C(1) 1.431(6)
C(2)-C(3) 1.639(7)
C(3)-C(11) 1.534(7)
C(3)-C(4) 1.537(6)
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Table IV-34. (Cont’d)

C(4)-C(5)
C(4)-C(9)
C(5)-C(6)
C(5)-H(5)
C(6)-C(7)
C(6)-H(6)
C(7)-C(8)
C(7)-C(10)
C(8)-C(9)
C(8)-H(8)
C(9)-H(9)
C(10)-H(10A)
C(10)-H(10B)
C(10)-H(10C)
C(11)-C(16)
C(11)-C(12)
C(12)-C(13)
C(12)-H(12)
C(13)-C(14)
C(13)-H(13)
C(14)-C(15)
C(14)-H(14)
C(15)-C(16)
C(15)-H(15)
C(16)-H(16)

C(1)-N(1)-C(3)
C(1)-N(1)-Ci(1)
C(3)-N(1)-Ci(1)
C(2)-N(2)-C(1)
C(2)-N(2)-Cl(2)
C(1)-N(2)-Cl(2)
O(1)-C(1)-N(1)
O(1)-C(1)-N(2)
N(1)-C(1)-N(2)
0(2)-C(2)-N(2)
0(2)-C(2)-C(3)
N(2)-C(2)-C(3)
N(1)-C(3)-C(11)
N(1)-C(3)-C(4)
C(11)-C(3)-C(4)
N(1)-C(3)-C(2)
C(11)-C(3)-C(2)
C(4)-C(3)-C(2)
C(5)-C(4)-C(9)
C(5)-C(4)-C(3)
C(9)-C(4)-C(3)
C(6)-C(5)-C(4)
C(6)-C(5)-H(5)
C(4)-C(5)-H(5)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6)
C(7)-C(6)-H(6)
C(8)-C(7)-C(6)

1.385(7)
1.393(7)
1.345(8)
0.9500
1.392(8)
0.9500
1.366(8)
1.509(8)
1.405(7)
0.9500
0.9500
0.9800
0.9800
0.9800
1.374(7)
1.403(7)
1.388(9)
0.9500
1.348(10)
0.9500
1.379(9)
0.9500
1.398(8)
0.9500
0.9500

116.1(4)
120.4(3)
122.4(3)
113.9(4)
124.4(3)
121.5(3)
131.2(5)
125.4(5)
103.4(4)
125.6(5)
127.9(4)
106.5(4)
108.8(4)
111.3(4)
117.3(4)
99.6(3)
111.3(4)
107.1(4)
119.6(5)
120.8(4)
119.4(4)
121.3(5)
1194
119.4
120.5(5)
119.8
119.8
119.3(5)
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Table IV-34. (Cont’d)

C(8)-C(7)-C(10)
C(6)-C(7)-C(10)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(4)-C(9)-C(8)
C(4)-C(9)-H(9)
C(8)-C(9)-H(9)
C(7)-C(10)-H(10A)
C(7)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(7)-C(10)-H(10C)
H(10A)-C(10)-H(10C)
H(10B)-C(10)-H(10C)
C(16)-C(11)-C(12)
C(16)-C(11)-C(3)
C(12)-C(11)-C(3)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13)
C(12)-C(13)-H(13)
C(13)-C(14)-C(15)
C(13)-C(14)-H(14)
C(15)-C(14)-H(14)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15)
C(16)-C(15)-H(15)
C(11)-C(16)-C(15)
C(11)-C(16)-H(16)
C(15)-C(16)-H(16)

123.7(6)
117.0(6)
121.1(5)
119.5
119.5
118.2(5)
120.9
120.9
109.5
109.5
109.5
109.5
109.5
109.5
118.8(5)
121.2(5)
119.6(5)
119.3(6)
120.4
120.4
122.5(6)
118.8
118.8
118.2(7)
120.9
120.9
121.4(7)
119.3
119.3
119.8(6)
120.1
120.1

Table IV-35. Anisotropic displacement parameters (A2x 103)for IV-34. The anisotropic
displacement factor exponent takes the form: -2p2[ h2a*2u11 + ..+ 2hka*b* U12 |

yt u22 y33 y23 ut3 y12
Cl(1) 17(1) 41(1) 45(1) 0(1) - -1(1) -4(1)
Cl(2) 35(1) 35(1) 54(1) -7(1) 12(1) 4(1)
O(1) 39(2) 41(2) 52(2) -16(2) 5(2) -12(2)
0(2) 18(2) 45(2) 73(3) -17(2) -2(2) -2(2)
N(1) 18(2) 35(2) 65(3) -15(2) 7(2) -5(2)
N(2) 19(2) 28(2) 48(3) -9(2) 6(2) 2(2)
Cc(1) 30(3) 33(3) 35(3) 1(2) -1(2) -6(2)
C(2) 22(2) 28(2) 49(3) -3(2) -3(3) 4(2)
C(3) 20(2) 26(2) 47(3) -9(2) 2(2) 0(2)
C(4) 17(2) 33(2) 42(3) 1(2) 2(2) -2(2)
C(5) 39(3) 45(3) 37(3) -3(3) 6(3) -2(3)
C(6) 41(3) 66(4) 41(3) 3(3) 2(3) -3(3)
C(7) 33(3) 54(3) 57(4) 19(3) 20(3) 16(3)
C(8) 32(3) 32(2) 72(4) 0(3) 6(3) -6(2)
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Table IV-35. (Cont'd)

C(9) 23(3)
C(10) 62(5)
Cc(11) 26(3)
C(12) 30(3)
C(13) 54(4)
C(14) 39(4)
C(15) 37(4)
C(16) 30(3)

33(2)
59(4)
27(2)
35(3)
64(4)
113(8)
90(5)
50(3)

58(4)
90(6)
44(3)
73(4)
70(5)
57(5)
52(4)
38(3)

2(2)
10(4)
2(2)
4(3)
32(3)
27(4)
-6(4)
0(3)

-4(2)
19(4)
-5(2)
-8(3)
-29(4)
-7(4)
2(3)
-2(3)

1(2)

4(4)

-9(2)
-5(3)
-21(4)
-9(4)
-6(4)

3(3)

Table IV-36. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 103)

for IV-34.

X y z U(eq)
H(5) 4272 5368 -1493 48
H(6) 4009 6984 -2162 59
H(8) 6255 8449 -165 54
H(9) 6606 6781 535 46
H(10A) 3575 9073 -1718 105
H(10B) 5270 8853 -2268 105
H(10C) 5387 9499 -1382 105
H(12) 7296 3539 1153 56
H(13) 6870 3335 2621 75
H(14) 4930 4361 3358 83
H(15) 3386 5664 2617 72
H(16) 3763 5911 1141 47
Table IV-37. Torsion angles [°] for IV-34.
C(3)-N(1)-C(1)-O(1) -176.6(5)
CI(1)-N(1)-C(1)-O(1) -7.8(8)
C(3)-N(1)-C(1)-N(2) 4.8(6)
CI(1)-N(1)-C(1)-N(2) 173.6(4)
C(2)-N(2)-C(1)-O(1) -178.7(5)
Cl(2)-N(2)-C(1)-O(1) -4.1(7)
C(2)-N(2)-C(1)-N(1) 0.1(6)
Cl(2)-N(2)-C(1)-N(1) 174.6(3)
C(1)-N(2)-C(2)-0(2) 176.8(5)
Cl(2)-N(2)-C(2)-0(2) 2.4(8)
C(1)-N(2)-C(2)-C(3) -4.4(6)
CI(2)-N(2)-C(2)-C(3) -178.8(3)
C(1)-N(1)-C(3)-C(11) -123.7(5)
CI(1)-N(1)-C(3)-C(11) 67.8(5)
C(1)-N(1)-C(3)-C(4) 105.6(5)
CI(1)-N(1)-C(3)-C(4) -63.0(6)
C(1)-N(1)-C(3)-C(2) -7.1(6)
CI(1)-N(1)-C(3)-C(2) -175.6(4)
0(2)-C(2)-C(3)-N(1) -174.8(5)
N(2)-C(2)-C(3)-N(1) 6.4(5)
0(2)-C(2)-C(3)-C(11) -60.2(7)
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Table IV-37. (Cont'd)

N(2)-C(2)-C(3)-C(11)
0(2)-C(2)-C(3)-C(4)
N(2)-C(2)-C(3)-C(4)
N(1)-C(3)-C(4)-C(5)
C(11)-C(3)-C(4)-C(5)
C(2)-C(3)-C(4)-C(5)
N(1)-C(3)-C(4)-C(9)
C(11)-C(3)-C(4)-C(9)
C(2)-C(3)-C(4)-C(9)
C(9)-C(4)-C(5)-C(6)
C(3)-C(4)-C(5)-C(6)
C(4)-C(5)-C(6)-C(7)
C(5)-C(6)-C(7)-C(8)
C(5)-C(6)-C(7)-C(10)
C(6)-C(7)-C(8)-C(9)
C(10)-C(7)-C(8)-C(9)
C(5)-C(4)-C(9)-C(8)
C(3)-C(4)-C(9)-C(8)
C(7)-C(8)-C(9)-C(4)
N(1)-C(3)-C(11)-C(16)
C(4)-C(3)-C(11)-C(16)
C(2)-C(3)-C(11)-C(16)
N(1)-C(3)-C(11)-C(12)
C(4)-C(3)-C(11)-C(12)
C(2)-C(3)-C(11)-C(12)
C(16)-C(11)-C(12)-C(13)
C(3)-C(11)-C(12)-C(13)
C(11)-C(12)-C(13)-C(14)
C(12)-C(13)-C(14)-C(15)
C(13)-C(14)-C(15)-C(16)
C(12)-C(11)-C(16)-C(15)
C(3)-C(11)-C(16)-C(15)
C(14)-C(15)-C(16)-C(11)

121.0(4)
69.2(7)
-109.6(4)
-20.8(6)
-147.0(5)
87.1(5)
163.8(4)
37.6(6)
-88.4(5)
-1.3(8)
-176.7(5)
-0.9(8)
2.1(8)
-178.6(6)
-1.3(8)
179.5(5)
2.1(7)
177.6(5)
-0.8(7)
-91.7(5)
35.7(7)
159.5(4)
81.2(5)
-151.3(4)
-27.5(6)
-0.2(8)
-173.2(5)
0.4(9)
-0.6(10)
0.5(10)
0.0(8)
173.0(5)
-0.2(9)
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Figure IV-9. X-Ray structure of IV-35.

Table IV-38. Crystal data and structure refinement for IV-35.

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

bb18m

C4 H4 CI2 N2 02

182.99

173(2) K
0.71073 A
Monoclinic
P2(1)/c
a=7.3843(9) A
b = 7.7305(9) A
c =24.564(3) A
1394.2(3) A3

8

1.744 Mg/m3

0.866 mm-1
736

0.12 x 0.10 x 0.08 mm3

1.67 to 28.30°.
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a= 90°.
b= 96.122(2)°.
g =90°.




Table IV-38. (Cont’d)

Index ranges
Reflections collected
Independent reflections

-9<=h<=9, -9<=k<=9, -32<=|<=30
11179
3126 [R(int) = 0.0334]

Completeness to theta = 25.00° 99.6 %
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9340 and 0.9032

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Full-matrix least-squares on F2
3126/0/213

1.052
R1=0.0298, wR2 = 0.0705
R1=0.0426, wR2 = 0.0760

Largest diff. peak and hole 0.391 and -0.263 e.A-3

Table IV-39. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
103) for IV-35. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
Ci(1) 13504(1) 3786(1) 2200(1) 26(1)
Ci(2) 9856(1) 9599(1) 1803(1) 25(1)
o(1) 13000(2) 7618(2) 2379(1) 30(1)
0(2) 9974(2) 3185(2) 1438(1) 30(1)
N(1) 10086(2) 7436(2) 1916(1) 20(1)
N(2) 11802(2) 5106(2) 1960(1) 19(1)
C(1) 11788(2) 6860(2) 2116(1) 20(1)
C(2) 10300(2) 4613(2) 1617(1) 20(1)
C(3) 9149(2) 6232(2) 1515(1) 19(1)
C(4) 7179(3) 5921(3) 1599(1) 30(1)
CI(1A) 3366(1) 3988(1) 541(1) 33(1)
Cl(2A) 1584(1) -2083(1) -341(1) 36(1)
O(1A) 2386(2) 1714(2) -447(1) 39(1)
O(2A) 2573(2) -2368(2) 914(1) 32(1)
N(1A) 3513(2) 1805(2) 475(1) 23(1)
N(2A) 2354(2) -642(2) 143(1) 26(1)
C(1A) 2697(3) 1082(2) 0(1) 25(1)
C(2A) 2714(3) -991(2) 694(1) 22(1)
C(3A) 3328(3) 720(2) 958(1) 20(1)
C(4A) 5064(3) 574(3) 1340(1) 27(1)

Table IV-40. Bond lengths (A] and angles [°] for IV-35.

CI(1)-N(2) 1.6766(14)
CI(2)-N(1) 1.7002(15)
0(1)-C(1) 1.200(2)
0(2)-C(2) 1.203(2)
N(1)-C(1) 1.373(2)
N(1)-C(3) 1.474(2)
N(2)-C(2) 1.374(2)
N(2)-C(1) 1.410(2)
C(2)-C(3) 1.519(2)
C(3)-C(4) 1.510(3)
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Table IV-40. (Cont’d)

C(3)-H(3)
C(4)-H(4A)

C(4)-H(4B)

C(4)-H(4C)

CI(1A)-N(1A)
CI(2A)-N(2A)
O(1A)-C(1A)
O(2A)-C(2A)
N(1A)-C(1A)
N(1A)-C(3A)
N(2A)-C(2A)
N(2A)-C(1A)
C(2A)-C(3A)
C(3A)-C(4A)
C(3A)-H(3B)
C(4A)-H(4D)
C(4A)-H(4E)
C(4A)-H(4F)

C(1)-N(1)-C(3)
C(1)-N(1)-Ci(2)
C(3)-N(1)-Cl(2)
C(2)-N(2)-C(1)
C(2)-N(2)-Cl(1)
C(1)-N(2)-Ci(1)
O(1)-C(1)-N(1)
0(1)-C(1)-N(2)
N(1)-C(1)-N(2)
0(2)-C(2)-N(2)
0(2)-C(2)-C(3)
N(2)-C(2)-C(3)
N(1)-C(3)-C(4)
N(1)-C(3)-C(2)
C(4)-C(3)-C(2)
N(1)-C(3)-H(3)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(3)-C(4)-H(4A)
C(3)-C(4)-H(4B)
H(4A)-C(4)-H(4B)
C(3)-C(4)-H(4C)
H(4A)-C(4)-H(4C)
H(4B)-C(4)-H(4C)
C(1A)-N(1A)-C(3A)
C(1A)-N(1A)-CI(1A)
C(3A)-N(1A)-CI(1A)
C(2A)-N(2A)-C(1A)
C(2A)-N(2A)-CI(2A)
C(1A)-N(2A)-CI(2A)
O(1A)-C(1A)-N(1A)
O(1A)-C(1A)-N(2A)
N(1A)-C(1A)-N(2A)
O(2A)-C(2A)-N(2A)
O(2A)-C(2A)-C(3A)

0.96(2)
0.92(2)
0.95(3)
0.99(2)
1.7000(16)
1.6833(15)
1.202(2)
1.203(2)
1.373(2)
1.472(2)
1.378(2)
1.408(2)
1.520(2)
1.509(3)
0.936(19)
0.97(2)
0.93(3)
0.92(2)

112.38(14)
116.66(12)
118.67(11)
113.93(14)
124.95(12)
121.09(12)
129.49(17)
126.15(16)
104.32(14)
126.58(16)
127.59(16)
105.82(14)
113.53(16)
101.32(13)
112.09(15)
108.9(12)
112.8(12)
107.4(12)
108.4(14)
109.2(16)
108(2)
110.3(13)
109.8(19)
111(2)
112.47(15)
117.28(13)
118.47(12)
114.13(15)
125.42(13)
120.45(13)
129.37(19)
126.20(18)
104.38(15)
126.60(17)
127.98(17)
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Table 1V-40. (Cont’d)

N(2A)-C(2A)-C(3A) 105.42(15)
N(1A)-C(3A)-C(4A) 113.41(16)
N(1A)-C(3A)-C(2A) 101.64(14)
C(4A)-C(3A)-C(2A) 113.24(16)
N(1A)-C(3A)-H(3B) 107.8(12)
C(4A)-C(3A)-H(3B) 112.8(12)
C(2A)-C(3A)-H(3B) 107.2(12)
C(3A)-C(4A)-H(4D) 110.9(12)
C(3A)-C(4A)-H(4E) 107.3(15)
H(4D)-C(4A)-H(4E) 110(2)
C(3A)-C(4A)-H(4F) 108.7(12)
H(4D)-C(4A)-H(4F) 109.1(17)
H(4E)-C(4A)-H(4F) 110.5(19)

Table IV-41. Anisotropic displacement parameters (A2x 103)for IV-35. The anisotropic
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2h k a* b* U12]

y U22 U33 U23 U13 U12
Cl(1) 22(1) 28(1) 27(1) 3(1) -1(1) 9(1)
Cl(2) 29(1) 13(1) 32(1) 0(1) 6(1) 1(1)
o(1) 26(1) 29(1) 34(1) -7(1) -7(1) -7(1)
0(2) 32(1) 17(1) 37(1) -7(1) -6(1) 1(1)
N(1) 21(1) 11(1) 26(1) 0(1) -2(1) -1(1)
N(2) 18(1) 17(1) 22(1) 0(1) -3(1) 4(1)
c(1) 22(1) 18(1) 20(1) 0(1) 2(1) -2(1)
C(2) 20(1) 19(1) 19(1) 0(1) 0(1) 0(1)
C@3) 20(1) 15(1) 21(1) 1(1) -2(1) -1(1)
C(4) 19(1) 23(1) 46(1) 0(1) -2(1) -2(1)
CI(1A)  46(1) 17(1) 36(1) 4(1) 1(1) -4(1)
CI(2A) 36(1) 35(1) 36(1) -18(1) -2(1) -3(1)
O(1A) 60(1) 36(1) 20(1) 5(1) -2(1) 8(1)
O(2A) 45(1) 18(1) 36(1) 3(1) 9(1) -1(1)
N(1A) 32(1) 16(1) 21(1) 2(1) o(1) -1(1)
N(2A) 33(1) 22(1) 22(1) 6(1) -2(1) -2(1)
C(1A) 26(1) 25(1) 23(1) -1(1) 3(1) 4(1)
C2A)  22(1) 21(1) 25(1) -1(1) 6(1) 2(1)
C(3A) 23(1) 18(1) 20(1) 2(1) 5(1) 2(1)
C4A)  31(1) 27(1) 22(1) -2(1) -2(1) 5(1)

Table IV-42. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Azx 103)
for IV-35.

x y z U(eq)
H(3) 9300(30) 6630(30) 1153(9) 26(5)
H(4A) 6710(30) 5100(30) 1350(10) 41(6)
H(4B) 6510(30) 6960(30) 1528(10) 52(7)
H(4C) 7080(30) 5510(30) 1977(10) 38(6)

278




Table IV-42. (Cont'd)

H(3B) 2350(30) 1150(20) 1131(8) 19(5)
H(4D) 6010(30) 30(30) 1158(8) 31(6)
H(4E) 4800(30) -80(30) 1639(10) 47(7)
H(4F) 5440(30) 1670(30) 1449(8) 24(5)
Table IV-43. Torsion angles [°] for IV-35.

C(3)-N(1)-C(1)-0(1) 167.63(18)
Cl(2)-N(1)-C(1)-O(1) 25.7(3)
C(3)-N(1)-C(1)-N(2) -14.48(18)
CI(2)-N(1)-C(1)-N(2) -156.42(12)
C(2)-N(2)-C(1)-0(1) -174.27(18)
CI(1)-N(2)-C(1)-O(1) 7.5(3)
C(2)-N(2)-C(1)-N(1) 7.75(19)
CI(1)-N(2)-C(1)-N(1) -170.45(12)
C(1)-N(2)-C(2)-0(2) -178.10(18)
Cl(1)-N(2)-C(2)-0(2) 0.0(3)
C(1)-N(2)-C(2)-C(3) 1.6(2)
CI(1)-N(2)-C(2)-C(3) 179.72(12)
C(1)-N(1)-C(3)-C(4) 135.54(16)
Cl(2)-N(1)-C(3)-C(4) -83.36(18)
C(1)-N(1)-C(3)-C(2) 15.16(18)
Cl(2)-N(1)-C(3)-C(2) 156.27(12)
0(2)-C(2)-C(3)-N(1) 170.17(18)
N(2)-C(2)-C(3)-N(1) -9.52(18)
0(2)-C(2)-C(3)-C(4) 48.8(3)
N(2)-C(2)-C(3)-C(4) -130.91(17)
C(3A)-N(1A)-C(1A)-O(1A) 169.0(2)
CI(1A)-N(1A)-C(1A)-O(1A) 26.5(3)
C(3A)-N(1A)-C(1A)-N(2A) -13.6(2)
CI(1A)-N(1A)-C(1A)-N(2A) -1566.09(13)
C(2A)-N(2A)-C(1A)-O(1A) -175.30(19)
Cl(2A)-N(2A)-C(1A)-O(1A) 5.1(3)
C(2A)-N(2A)-C(1A)-N(1A) 7.1(2)
CI(2A)-N(2A)-C(1A)-N(1A) -172.49(13)
C(1A)-N(2A)-C(2A)-0O(2A) -178.05(18)
CI(2A)-N(2A)-C(2A)-O(2A) 1.6(3)
C(1A)-N(2A)-C(2A)-C(3A) 1.7(2)
CI(2A)-N(2A)-C(2A)-C(3A) -178.73(13)
C(1A)-N(1A)-C(3A)-C(4A) 136.21(17)
CI(1A)-N(1A)-C(3A)-C(4A) -81.74(18)
C(1A)-N(1A)-C(3A)-C(2A) 14.32(19)
CI(1A)-N(1A)-C(3A)-C(2A) 156.37(12)
O(2A)-C(2A)-C(3A)-N(1A) 170.64(19)
N(2A)-C(2A)-C(3A)-N(1A) -9.07(18)
O(2A)-C(2A)-C(3A)-C(4A) 48.6(3)
N(2A)-C(2A)-C(3A)-C(4A) -131.07(17)
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Figure IV-10. X-Ray structure of IV-37.

Table IV-44. Crystal data and structure refinement for IV-37.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Y4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections coliected
Independent reflections

bb21_0m

C6 H8 CI2 N2 02

211.04

173(2) K

0.71073 A

Monoclinic

P21

a=5.2296(10) A a= 90°.

b=5.7248(11) A b= 99.332(3)°.

c=14.455(3) A g=90°.
427.03(14) A3

2

1.641 Mg/m3

0.719 mm-!

216

0.31x0.27 x 0.06 mm?3

2.86 to 27.82°.

-6<=h<=6, -7<=k<=6, -18<=|<=15
2915

1764 [R(int) = 0.0174]
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Table IV-44. (Cont’d)

Completeness to theta = 25.00°
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)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

Table IV-45. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Azx
103) for IV-37. U(eq) is defined as one third of the trace of the orthogonalized UY tensor.

99.9 %
Semi-empirical from equivalents
0.9582 and 0.7675

Full-matrix least-squares on F2
1764 /1 /142

1.107

R1 = 0.0186, wR2 = 0.0562
R1=0.0191, wR2 = 0.0568
-0.01(5)

0.041(6)

0.211 and -0.155 e. A-3

X y z U(eq)
ci(1) 5061(1) 7449(1) 4371(1) 19(1)
Cl(2) 12340(1) 2515(1) 3048(1) 20(1)
o(1) 8685(2) 3221(2) 4477(1) 23(1)
0(2) 6388(2) 9562(2) 2576(1) 24(1)
N(1) 7228(2) 6663(2) 3688(1) 18(1)
N(2) 9838(2) 4382(2) 3055(1) 19(1)
c(1) 8653(3) 4547(3) 3835(1) 17(1)
c(2) 7555(3) 7847(3) 2890(1) 18(1)
C(3) 9664(2) 6518(3) 2489(1) 16(1)
C(4) 9054(3) 6022(3) 1431(1) 20(1)
C(5) 6391(3) 4915(4) 1144(1) 30(1)
C(6) 9398(4) 8242(3) 875(1) 30(1)

Table IV-46. Bond lengths [A] and angles [°] for IV-37.

CI(1)-N(1) 1.6807(12)
CI(2)-N(2) 1.6908(13)
0(1)-C(1) 1.1968(19)
0(2)-C(2) 1.2051(19)
N(1)-C(2) 1.3712(19)
N(1)-C(1) 1.4202(19)
N(2)-C(1) 1.3753(19)
N(2)-C(3) 1.4666(19)
C(2)-C(3) 1.529(2)
C(3)-C(4) 1.536(2)
C(3)-H(3) 0.966(18)
C(4)-C(5) 1.525(2)
C(4)-C(6) 1.530(2)
C(4)-H(4) 0.85(2)
C(5)-H(5A) 0.95(3)
C(5)-H(5B) 0.98(2)
C(5)-H(5C) 0.93(2)
C(6)-H(6A) 1.01(2)
C(6)-H(6B) 0.94(2)
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Table IV-46. (Cont’'d)
C(6)-H(6C)

C(2)-N(1)-C(1)
C(2)-N(1)-CI(1)
C(1)-N(1)-Ci(1)
C(1)-N(2)-C(3)
C(1)-N(2)-CI(2)
C(3)-N(2)-CI(2)
O(1)-C(1)-N(2)
O(1)-C(1)-N(1)
N(2)-C(1)-N(1)
0(2)-C(2)-N(1)
0(2)-C(2)-C(3)
N(1)-C(2)-C(3)
N(2)-C(3)-C(2)
N(2)-C(3)-C(4)
C(2)-C(3)-C(4)
N(2)-C(3)-H(3)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(5)-C(4)-C(6)
C(5)-C(4)-C(3)
C(6)-C(4)-C(3)
C(5)-C(4)-H(4)
C(6)-C(4)-H(4)
C(3)-C(4)-H(4)
C(4)-C(5)-H(5A)
C(4)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(4)-C(5)-H(5C)
H(5A)-C(5)-H(5C)
H(5B)-C(5)-H(5C)
C(4)-C(6)-H(6A)
C(4)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(4)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)

0.93(2)

114.47(11)
123.32(10)
121.82(10)
113.88(12)
120.04(10)
120.14(9)
129.83(14)
126.78(13)
103.33(12)
126.49(13)
127.91(13)
105.60(12)
100.74(11)
112.67(13)
115.04(11)
108.3(11)
108.2(12)
111.2(10)
112.47(14)
112.37(12)
110.26(14)
109.9(13)
108.5(13)
102.8(13)
109.2(16)
109.3(13)
106(2)
110.7(13)
118(2)
103.8(18)
110.5(17)
107.1(15)
108.4(19)
108.9(15)
108(2)
114(2)

Table IV-47. Anisotropic displacement parameters (A2x 103)for IV-37. The anisotropic

displacement factor exponent takes the form: -2p2[ h2a*2u11 4+ . +2hka*b* U2 ]

ul u22 y33 uy23 ut3 ul2
CI(1) 22(1) 21(1) 16(1) -2(1) 7(1) 4(1)
Ci(2) 18(1) 16(1) 25(1) 0(1) 4(1) 5(1)
o(1) 25(1) 23(1) 22(1) 8(1) 6(1) 3(1)
0(2) 30(1) 20(1) 25(1) 5(1) 9(1) 10(1)
N(1) 21(1) 18(1) 16(1) 1(1) 7(1) 5(1)
N(2) 20(1) 17(1) 22(1) 4(1) 8(1) 7(1)
c(1) 16(1) 17(1) 18(1) -2(1) 3(1) 0(1)
C(2) 20(1) 15(1) 17(1) -2(1) 3(1) o(1)
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Table IV-47. (Cont’d)

C(@3) 16(1)
C(4) 20(1)
C(5) 26(1)
C(6) 37(1)

15(1)
24(1)
38(1)
33(1)

18(1)
17(1)
25(1)
23(1)

3(1)
2(1)
-7(1)
9(1)

4(1)
6(1)
3(1)
10(1)

2(1)
S(1)
-2(1)
5(1)

Table IV-48. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 103)

for IV-37.

X y z U(eq)
H(3) 11270(30) 7370(40) 2648(12) 22(4)
H(4) 10230(40) 5050(40) 1349(13) 21(4)
H(5A) 6090(50) 4660(60) 480(20) 62(9)
H(5B) 5050(40) 6020(40) 1265(15) 35(5)
H(5C) 6180(40) 3650(40) 1528(15) 35(6)
H(6A) 9270(40) 7870(50) 184(16) 54(7)
H(6B) 8040(40) 9250(50) 952(15) 37(5)
H(6C) 11030(40) 8850(40) 1084(17) 43(6)
Table IV-49. Torsion angles [°] for IV-37.
C(3)-N(2)-C(1)-O(1) -171.43(15)
Cl(2)-N(2)-C(1)-O(1) -18.5(2)
C(3)-N(2)-C(1)-N(1) 11.29(15)
CI(2)-N(2)-C(1)-N(1) 164.19(10)
C(2)-N(1)-C(1)-O(1) 179.96(14)
CI(1)-N(1)-C(1)-O(1) -7.1(2)
C(2)-N(1)-C(1)-N(2) -2.65(16)
CI(1)-N(1)-C(1)-N(2) 170.33(10)
C(1)-N(1)-C(2)-0(2) 173.16(15)
CI(1)-N(1)-C(2)-0(2) 0.3(2)
C(1)-N(1)-C(2)-C(3) -6.23(16)
CI(1)-N(1)-C(2)-C(3) -179.09(10)
C(1)-N(2)-C(3)-C(2) -14.59(15)
Cl(2)-N(2)-C(3)-C(2) -167.46(9)
C(1)-N(2)-C(3)-C(4) -137.69(12)
Cl(2)-N(2)-C(3)-C(4) 69.44(14)
0(2)-C(2)-C(3)-N(2) -167.64(15)
N(1)-C(2)-C(3)-N(2) 11.73(14)
0(2)-C(2)-C(3)-C(4) -46.2(2)
N(1)-C(2)-C(3)-C(4) 133.17(13)
N(2)-C(3)-C(4)-C(5) 64.32(17)
C(2)-C(3)-C(4)-C(5) -50.40(19)
N(2)-C(3)-C(4)-C(6) -169.35(12)
C(2)-C(3)-C(4)-C(6) 75.94(16)
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Figure IV-11. X-Ray crystal structure of IV-38

Table IV-50. Crystal data and structure refinement for IV-38.

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

bb22_0m

C7 H10 CI2 N2 02

225.07

173(2) K

0.71073 A

Orthorhombic

P212121

a=777352) A a=90°.
b =10.5816(3) A b= 90°.
¢ =12.0657(3) A g=90°.
992.48(5) A3

4

1.506 Mg/m3

0.623 mm-1

464

0.40 x 0.34 x 0.19 mm3
2.56 to 27.89°
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Table IV-50. (Cont’'d)

Index ranges
Reflections collected
Independent reflections

-10<=h<=9, -13<=k<=13, -15<=I<=15
13556
2369 [R(int) = 0.0192]

Completeness to theta = 25.00° 99.9 %
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.8907 and 0.7877

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

Full-matrix least-squares on F2
2369/0/158

1.139
R1 = 0.0221, wR2 = 0.0656
R1 = 0.0229, wR2 = 0.0661
0.06(4)

0.255 and -0.130 e. A3

Table IV-51. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x
103) for IV-38. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
Ci(1) 836(1) 2012(1) 6938(1) 39(1)
Cl(2) -2716(1) 5846(1) 5441(1) 46(1)
o(1) -1355(1) 4360(1) 7339(1) 40(1)
0(2) 1392(2) 2366(1) 4493(1) 42(1)
N(1) 277(1) 3197(1) 6090(1) 28(1)
N(2) -879(1) 4978(1) 5514(1) 28(1)
C(1) -764(2) 4204(1) 6431(1) 28(1)
C(2) 594(2) 3170(1) 4960(1) 27(1)
C(3) -225(2) 4376(1) 4498(1) 24(1)
C(4) 1054(2) 5212(1) 3841(1) 27(1)
C(5) 1464(2) 4547(2) 2743(1) 38(1)
C(6) 202(2) 6483(1) 3585(1) 36(1)
C(7) 2705(2) 5426(1) 4515(1) 32(1)

Table IV-52. Bond lengths (A] and angles [°] for 1V-38.

CI(1)-N(1) 1.6762(10)
et 1991015
0(2)-C(2) 1.1945(15)
N(1)-C(2) 1.3847(15)
N(1)-C(1) 1.4004(15)
N(2)-C(1) 1.3797(16)
N(2)-C(3) 1.4723(15)
C(2)-C(3) 1.5317(15)
C(3)-C(4) 1.5491(16)
C(3)-H(3) 0.962(17)

C(4)-C(6) 1.5308(18)
C(4)-C(5) 1.5326(18)
C(4)-C(7) 1.5361(17)
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Table IV-52. (Cont'd)

C(5)-H(5A)
C(5)-H(5B)
C(5)-H(5C)
C(6)-H(6A)
C(6)-H(6B)
C(6)-H(6C)
C(7)-H(7A)
C(7)-H(7B)
C(7)-H(7C)

C(2)-N(1)-C(1)
C(2)-N(1)-CI(1)
C(1)-N(1)-Cl(1)
C(1)-N(2)-C(3)
C(1)-N(2)-CI(2)
C(3)-N(2)-CI(2)
O(1)-C(1)-N(2)
O(1)-C(1)-N(1)
N(2)-C(1)-N(1)
0(2)-C(2)-N(1)
0(2)-C(2)-C(3)
N(1)-C(2)-C(3)
N(2)-C(3)-C(2)
N(2)-C(3)-C(4)
C(2)-C(3)-C(4)
N(2)-C(3)-H(3)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(6)-C(4)-C(5)
C(6)-C(4)-C(7)
C(5)-C(4)-C(7)
C(6)-C(4)-C(3)
C(5)-C(4)-C(3)
C(7)-C(4)-C(3)
C(4)-C(5)-H(5A)
C(4)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(4)-C(5)-H(5C)
H(5A)-C(5)-H(5C)
H(5B)-C(5)-H(5C)
C(4)-C(6)-H(6A)
C(4)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(4)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
C(4)-C(7)-H(7A)
C(4)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(4)-C(7)-H(7C)
H(7A)-C(7)-H(7C)
H(7B)-C(7)-H(7C)

0.93(2)
1.08(2)
0.95(2)
0.933(19)
1.047(15)
0.968(19)
0.953(19)
0.909(18)
0.99(2)

114.06(10)
122.63(8)
122.68(8)
112.86(9)
114.60(8)
118.75(9)
128.79(12)
126.47(12)
104.68(9)
124.89(11)
129.55(11)
105.53(9)
101.57(9)
113.62(9)
113.29(10)
106.1(10)
110.7(9)
111.0(9)
108.60(11)
109.80(10)
110.60(11)
109.07(10)
108.26(10)
110.46(10)
106.9(11)
106.7(11)
115.0(15)
107.5(11)
114.0(16)
106.4(15)
106.0(11)
111.7(8)
100.4(15)
109.7(11)
117.1(14)
111.5(15)
111.6(10)
108.5(12)
104.8(14)
114.5(12)
110.4(15)
106.4(16)
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Table IV-53. Anisotropic displacement parameters (A2x 103)for IV-38. The anisotropic
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ...+ 2 h k a* b* U12]

yl u22 u33 y23 uyl13 12
Ci(1) 33(1) 43(1) 42(1) 15(1) 0o(1) 0(1)
Cl(2) 35(1) 37(1) 66(1) o(1) 12(1) 14(1)
o(1) 39(1) 48(1) 34(1) -12(1) 11(1) -8(1)
0(2) 54(1) 29(1) 44(1) -2(1) 14(1) 13(1)
N(1) 29(1) 27(1) 30(1) 2(1) 1(1) 1(1)
N(2) 25(1) 24(1) 36(1) -5(1) 7(1) 2(1)
C(1) 23(1) 29(1) 32(1) -6(1) 3(1) B6(1)
C(2) 26(1) 23(1) 33(1) -1(1) 4(1) -1(1)
C(3) 23(1) 21(1) 30(1) -5(1) o(1) -2(1)
C(4) 23(1) 30(1) 28(1) 1(1) -2(1) -5(1)
C(5) 40(1) 49(1) 26(1) -3(1) 2(1) -7(1)
C(6) 32(1) 30(1) 47(1) 9(1) -7(1) -7(1)
C@@) 25(1) 39(1) 32(1) 1(1) -4(1) -7(1)

Table IV-54. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 103)
for IV-38.

X y z U(eq)
H(3) -1220(20) 4177(14) 4057(13) 29(4)
H(5A) 1930(20) 3759(19) 2922(15) 36(4)
H(5B) 2310(30) 5160(20) 2290(17) 55(6)
H(5C) 420(30) 4505(19) 2326(16) 55(6)
H(6A) 1020(20) 6957(17) 3202(15) 44(5)
H(6B) 60(20) 7035(15) 4299(12) 34(4)
H(6C) -890(20) 6343(18) 3219(15) 41(4)
H(7A) 3220(20) 4647(18) 4730(15) 34(4)
H(7B) 2420(20) 5810(15) 5163(15) 37(4)
H(7C) 3570(30) 5979(18) 4150(17) 52(5)

Table IV-55. Torsion angles [°] for IV-38.

C(3)-N(2)-C(1)-O(1) -170.78(12)
Cl(2)-N(2)-C(1)-O(1) -30.69(17)
C(3)-N(2)-C(1)-N(1) 11.83(13)
CI(2)-N(2)-C(1)-N(1) 151.92(8)
C(2)-N(1)-C(1)-O(1) 172.10(12)
CI(1)-N(1)-C(1)-O(1) 0.99(18)
C(2)-N(1)-C(1)-N(2) -10.43(14)
CI(1)-N(1)-C(1)-N(2) 178.46(8)
C(1)-N(1)-C(2)-0(2) -176.92(12)
Cl(1)-N(1)-C(2)-0(2) -5.81(19)
C(1)-N(1)-C(2)-C(3) 5.03(14)
CI(1)-N(1)-C(2)-C(3) 176.14(8)
C(1)-N(2)-C(3)-C(2) -8.82(12)
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Table IV-55. (Cont'd)

CI(2)-N(2)-C(3)-C(2) -147.12(8)
C(1)-N(2)-C(3)-C(4) -130.84(11)
CI(2)-N(2)-C(3)-C(4) 90.87(11)
0(2)-C(2)-C(3)-N(2) -175.78(13)
N(1)-C(2)-C(3)-N(2) 2.14(12)
0(2)-C(2)-C(3)-C(4) -563.54(17)
N(1)-C(2)-C(3)-C(4) 124.38(11)
N(2)-C(3)-C(4)-C(6) -565.29(13)
C(2)-C(3)-C(4)-C(6) -170.55(10)
N(2)-C(3)-C(4)-C(5) -173.29(11)
C(2)-C(3)-C(4)-C(5) 71.44(13)
N(2)-C(3)-C(4)-C(7) 65.47(13)
C(2)-C(3)-C(4)-C(7) -49.79(13)
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Chapter 5: Investigation of Peptide Scaffolds as Chiral Ligands for Osmium
Tetroxide

5.1: Introduction
5.1.1: Peptidic Ligands for Metal Mediated Reactions

Small peptidic sequences have recently emerged as a powerful and highly
modular source of viable ligands'® and organocatalysts’"° for a number of
organic transformations. For a detailed discussion of the use of peptide scaffolds
as organocatalysts, see Chapter 1. The modularity of peptide sequences,
afforded by the large pool of both natural and unnatural amino acid building
blocks, along with the relative ease of synthesis by solid-phase techniques’"
facilitates the preparation and screening of a large number of ligand structures.
Furthermore, the advent of several high-throughput screening methods have
made the quick evaluation of peptidic libraries as potential asymmetric catalysts
and ligands quite facile in some cases.”'**® The recent development of split-
and-pool solid-phase synthesis techniques have made it possible to synthesize
literally thousands of unique sequences at once.?%*'*2 Such high-throughput
techniques for the design of ligands and organocatalysts have an obvious
advantage over conventional approaches toward ligand design, which rely on
(typically time-consuming) step-by-step modification of an initial scaffold. Many
examples of this combinatorial approach toward ligand design have appeared in
the literature. A brief review follows that will highlight several pertinent examples.

The first example of peptide-mediated asymmetric induction in a metal
catalyzed organic transformation was reported in 1956. Researchers at Osaka

University were able to generate a chiral hydrogenation catalyst by reducing a
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peptide/metal complex that had been generated by the adsorption of palladium
chloride onto silk fibroin fibers. Using this catalyst, several acylated oximes were
hydrogenated to generate the corresponding a-amino acids. For example, the
reduction of diethyl a-acetoximinoglutarate V-1 returned L-glutamic acid

hydrochloride V-2 after a subsequent acid hydrolysis (Scheme V-1).%

Scheme V-1. A silk-Pd complex for asymmetric hydrogenations.

T i Pd-silk lex, H i
1. Pd-silk complex, Hy
Ao OEt > ClHN OH
2. acid hydrolysis
0O~ "OEt O~ "OH

V-1 V-2

Since this initial historic disclosure, a number of groups have developed
peptide-based scaffolds for asymmetric metal-mediated transformations. The
contemporary approach often entails the generation of a library of potential
ligands through a combinatorial approach, followed by iterative modification of
the initial “hit” scaffold that ultimately results in the development of a superior
ligand for a particular metal-mediated transformation. The collaborative efforts of
Hoveyda and Snapper have been perhaps the most prolific in the field. Over the
course of longer than a decade, these researchers have developed a battery of
peptide imine ligands like structures V-3, V-4, V-5, and V-6 (Figure V-1) for a
number of transition metal mediated organic transformations. Phenolic Schiff
base peptides like V-3 were initially employed for the titanium mediated
enantioselctive addition of TMSCN to meso epoxides.>*3> Subsequently, this
scaffold was found to promote the asymmetric Strecker reaction (i.e. addition of

cyanide to imines),* the formation of chiral cyanohydrins,* the copper
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mediated Sn2’ displacement of allylic phosphates with alkylzinc reagents,* the
zirconium catalyzed alkylation of imines using alkylzinc reagents,*"*® and the

aluminum catalyzed alkylation of a-ketoesters with alkylzinc reagents.*

Figure V-1. Various peptide imine ligand scaffolds from Hoveyda and Snapper.
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Phosphine Schiff base catalysts of the general scaffold V-4 were
developed in order to promote reactions mediated by late transition metals.
Phosphine V-4 has been applied to the copper mediated asymmetric 1,4

46,47

alkylation and arylation of cyclic*® and acyclic*®**’ enones and cyclic*® and

acyclic*®>

nitroalkenes. Here again, alkyl and aryl zinc reagents were employed
as the carbon nucleophile. The development of anilinic Schiff base V-5 was
required in order to extend this methodology to the copper promoted 1,4-
alkylation of cyclic unsaturated p-ketoesters."!

Finally, ligand V-6, equipped with a pyridine moiety, was developed for

copper mediated asymmetric allylic substitutions®? and the silver mediated

asymmetric addition of enolsilanes to o-ketoesters.>
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A closer look at the development of the titanium mediated asymmetric
ring-opening of meso epoxides will serve to highlight the nuances of their overall
approach to peptide ligand design.>*3*® It is noteworthy that a similar approach
was applied for the other transformations alluded to above as well as those
described subsequently. The optimal peptide ligand V-13 for the ring opening of
cyclohexene oxide V-8 was arrived at after a systematic positional scanning of

each of the structural elements in the general peptide scaffold V-7.

Scheme V-2. Interative optimization of peptide ligands for the preparation of V-9.
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More specifically, the randomly generated initial scaffold V-10 returned the

ring opened product V-9 in 26% ee. Positional scanning of the first amino acid
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unit (AA1, see V-7) generated peptide V-11 which produced V-9 in 56% ee.
Positional scanning of AA2 followed by the Schiff base moiety returned peptides
that produced V-9 in 63 and 89% ee, respectively. The advantage of this
systematic approach, relying on the iterative scanning of each unit of the
scaffold, is one of economy. In this example, only 60 potential ligands were
prepared (simply by solid phase synthesis) in order to develop an effective
ligand. This number pales in comparison to the 8000 (20°) potential ligands
available by randomly combining the 20 natural amino acids and 20 phenolic
aldehydes.

Scheme V-3 illustrates another interesting nuance of this approach to
ligand design. Namely, seemingly subtle changes in the peptide scaffold can
have a profound effect on the enantioselectivity of the transformation.
Furthermore, these effects can be difficult to predict and rationalize. For
instance, by substituting a tritylated asparagine moeity for the t-butylthreonine
unit at the AA2 position, a complete reversal of enantioselectivity was observed
without changing the absolute stereochemistry of the ligand at that position! In
the event, peptide V-12, with a Thr(t-Bu) residue in the AA2 position returned the
(S,R) product V-15 in 83% ee. In sharp contrast, peptide V-17 containing an
Asn(Trt) residue in the same position returned the (R,S) enantiomer V-16 in 58%
ee. It warrants emphasis that this stereochemical reversal of the product is due
to a change in ligand constitution without altering the absolute stereochemistry of

the AA2 position. This result serves to underscore the fact that a rational
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approach to ligand optimization can be difficult with peptide scaffolds, and as

such one must defer to a more combinatorial screening approach to optimization.

Scheme V-3. Small changes in the peptide ligands have profound effects on selectivity.
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U Ti(OLPr)4 (0.2 €q.) @ Ti(OkPr)4 (0.2 q.) NG, OTMS
V17 (0.2 eq.) V-12 (0.2eq) d
v-16 58% ee v-14 83% ee V-15
% I(N\)LN/YOMG % \/ﬁ( OMe
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V-17 V-12

A final consequence of this combinatorial approach for peptide ligand
design is that one often finds that substrates of even very similar structures will
have different optimal catalysts. For example, if one considers several meso
epoxides, Hoveyda and Snapper have discovered that they each require a
different ligand within the same general scaffold to achieve the highest
enantioselectivity (Scheme V-4). In this instance, small changes within the Schiff
base region of the general scaffold (V-7, Scheme V-2) produced a small family of
peptide ligands, each of which performed best with a particular substrate
(Scheme V-4). Perhaps the knee-jerk reaction to these data would be to assume
that the methodology lacks generality, requiring a new ligand for every substrate.
Instead, one must take care to appreciate the exquisite tunability and potential for

ligand optimization inherent in the strategy. That different yet structurally similar
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ligands from the same general scaffold can promote a specific transformation
offers the intriguing possibility to optimize and tune the ligand scaffold. In
principle, even the most stubborn substrate might surrender after a targeted
optimization around an initial ligand “hit". In that vein, one might view the
requirement for a collection of catalysts of a general scaffold to be an advantage
rather than a limitation. The facile preparation of a library of potential ligands by

high throughput solid phase synthesis underscores this conclusion.

Scheme V-4. Different substrates require unique ligands within the same scaffold.
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In addition to the efforts on behalf of Hoveyda and Snapper described
above, others have sought to apply a similar strategy to peptide ligand design. In
particular, the Gilbertson group has designed a number of peptidic diphosphine
ligands (e.g. 'peptide V-26) that have proven effective in several applications of
the palladium-mediated enantioselective allylic alkylation reaction.® After
developing elegant methodology aimed at facilitating the straightforward
preparation of chiral phosphine containing amino acids, > this group set out to
incorporate these ligating moieties within peptide ligand scaffolds. Initially, they
developed a helical peptide scaffold comprised of eleven amino acids including
two diphenylphosphinoserine residues that was capable of binding a cationic
rhodium species.’®° This chiral complex was used to reduce methyl 2-
acetamidoacrylate to give N-acetyl alanine methyl ester with marginal
enantioselectivity (>40% ee). Subsequently, they developed B-turn peptide
scaffolds again incorporating phosphine ligation sites that facilitated several
palladium catalyzed transformations of allylic acetates (Scheme V-5).
Specifically, peptide V-26 was found to effectively promote the addition of
dimethyl malonate to cyclopentene acetate V-24, returning V-25 in excellent yield
and enantiopurity.8"®° A similar p-turn scaffold allowed for the desymmetrization
of 1,3-diphenylprop-2-enyl acetate by the addition of dimethyl malonate.®®
Finally, peptide V-29 was effective for the palladium catalyzed desymmetrization
of meso-2,4-pentenediol derivative V-27 by generating oxazolidinone V-28 in up
to 76% €6.5” In these examples, the rapid screening of a number of potential

ligands was further accelerated by screening the ligands on bead, directly after
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18 Landis®, van

preparation by solid phase synthesis. In addition, Melda
Koten’®, and Alper’’ have also investigated peptide ligands for palladium

transformations, with varying degrees of success.

Scheme V-5. Various applications of peptido-phosphine ligands from the
Gilbertson group.

OAc
@ [Pd(allyl)Cl], (0.02 eq.) MeO,C. _CO.Me
V-22 (0.04 eq.) B ()
V-24 dimethyl malonate
BTSHAI-L TOB%F V-25
' 91% yield
95% ee

2 HN PPh,

¢° o=2—/

NH
0 NH
Ph
BocHN

Pd,(dba)e2L (0.05 eq.) o

o= ﬁ =0 —— - CE =0
N
Ts

NHTs TsHN TBAF, THF, RT

v-27 v-28

"Mz
‘V&

V-29

Iz

300



Recently, Shi and coworkers have disclosed a Simmons-Smith
cyclopropanation employing a chiral dipeptide ligand.”>”* In the presence of
diethyl zinc and diiodomethane, unfunctionalized olefins V-30 are converted into
their corresponding cyclopropanes V-31 with enantiomeric excesses ranging
from 72 to 91% when peptide dimer V-32 is employed (Scheme V-6). These

authors do not report the absolute stereochemical course of the reaction.

Scheme V-6. Shi's peptide ligand for the asymmetric Simmons-Smith reaction.
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A final compelling example of the application of peptidic ligands to achieve
asymmetric induction in metal mediated processes is Wool-Osmium. These
samples of osmium tetroxide ligated to strands of wool have been shown to be
mildly effective in the catalytic asymmetric dihydroxylation reaction of allylic
alcohols and amines.”

It warrants emphasis again that all of the ligands described above were
generated by a common strategy. A combinatorial approach was applied
whereby the optimal ligand was discovered by employing a randomized
screening of a library of peptide candidates. The best ligands from this initial
screen were then optimized by generating directed libraries by which the initial

“hits” were modified until the result for the test reaction was acceptable.
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Oftentimes a pool of less than 100 unique ligands was sufficient to drive the

enantioselectivity to synthetically useful levels for the desired transformation.

5.1.2: Strategy for Application of Peptide Ligands for OsO,

We sought to use a similar approach to develop peptidic ligands for
several osmium tetroxide-mediated oxidative processes. One such
transformation from our laboratory is the oxidative cleavage of olefins under
OsO,-catalytic conditions. This reaction (Scheme V-7, equation 1) utilizes a
catalytic amount of OsO, in conjunction with several equivalents of Oxone as a
co-oxidant to effect the cleavage.”®”® One could imagine, with the appropriate
ligand, applying the oxidative cleavage chemistry to either kinetic resolutions
(Scheme V-7, equation 3) or desymmetrizations (Scheme V-7, equation 4). A
second osmium tetroxide-mediated methodology developed in our lab is an
0Os04/Oxone mediated oxidative cyclization of 1,4-dienes to give 2,3,5-
trisubstituted tetrahydrofuran-diols (Scheme V-7, equation 2).”° In the case of
the oxidative cyclization protocol, since the diastereoselectivity is mediated by
the initial formation of the osmate ester prior to cyclization, one could imagine
rendering the process enantioselecitive if the initial osmylation is made

asymmetric with the aid of an appropriate ligand.
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Scheme V-7. Potential asymmetric applications of osmium tetroxide from the Borhan group.
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Along with the osmium tetroxide-mediated chemistry from our laboratory,
we also sought to apply these peptidic ligands as a complement to the well-
known Sharpless Asymmetric Dihydroxylation (SAD) reaction.?® One can easily
argue that the SAD protocol is one of the most reliable and widely applicable
transition metal-mediated processes known to organic chemists. That said, the

methodology is not without its limitations in certain niches of asymmetric
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dihydroxylation. Perhaps the most obvious limitation is the relative inability of the
SAD to provide synthetically useful asymmetric induction for the dihydroxylation
of cis olefins.®’ The SAD protocol also exhibits a relatively lackluster
performance in the arenas of desymmetrization and kinetic resolution of
appropriate olefin precursors. Although sparse reports of desymmetrizations®'#
and kinetic resolutionsés“ % mediated by the Cinchona-based SAD ligands have
appeared in the literature (with varying degrees of success), this particular aspect
of asymmetric dihydroxylation is markedly underdeveloped.

The problem of coupling peptidic ligands with osmium tetroxide distilled to
the need to quickly develop and screen a number of peptides that contain
sequences appropriately placed to induce binding to the osmium site, thus

810 and Gilbertson® as

creating a chiral environment. Studies by both Miller
described above indicated that some element of secondary peptide structure is
optimal for an effective asymmetric ligand or catalyst. Following their precedent
we set out to investigate peptides containing the well-characterized p-turn
structural motif as an element of secondary structure. Several sequence
combinations have been identified that bias a peptide to adopt the g-turn.
Namely, Pro-D-Aaa (where Aaa is any D amino acid), D-Pro-Gly, and Pro-Aib all
have the ability to cause a peptide to adopt a p-turn secondary structure %!
One might argue that, for our purposes, the Pro-D-Aaa strategy might be the
most pertinent since it would add another element of diversity to the ligand pool.

Pursuant to the goals outlined above we undertook the synthesis of a

number of peptide ligands based on the three scaffolds outlined below in Figure
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V-2. The two key features of these three scaffolds are first, the presence of the
B-turn-inducing motif, and second the strategically-placed residues that might

provide a ligating site for OsOa,.

Figure V-2. Potential B-turn ligand scaffolds for osmium tetroxide with
one or two ligation sites.

For V-44 and V45, possible ligating residues represented as X, X', and X?
respectively, might include glutamine, asparagine, lysine, serine, threonine, along
with any number of unnatural amino acids containing for instance, tertiary amines
or pyridyl moieties. Peptides of the general structure V-44 would presumably
behave as monodentate ligands, whereas sequence V-45 mimics Gilbertson'’s
bidentate phosphine ligands (V-26, Scheme V-5). In this particular sequence,
one can envision incorporating, for example, two amide-containing sequences in
the X' and X2 positions or a combination of an amine and an amide. Diamino
variants were pursued with reservations, however, as they are known to render
the dihydroxylation reaction stoichiometric in osmium tetroxide in some cases.'"
121 Scaffold V-46 incorporates a cyclic tertiary amine residue, represented here

but not limited to an N-methylproline moiety. The installation of the cyclic tertiary
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amine structure necessitates the inclusion of this residue at the N-terminus of the
B-turn scaffold.

A second strategy for the incorporation of osmium tetroxide onto a
peptidic backbone involves the use of recently developed methodology for
harnessing osmium tetroxide on tetra-substituted olefins, via the formation of the
osmate ester.'?'?%® These osmate esters have been used effectively for the
catalytic dihydroxylation of olefins, presumably via the bis-osmate ester.
Although the phenomenon is not well understood, the osmate resulting from the
less-substituted olefin is hydrolyzed preferentially to the tetra-substituted olefin.
Four such peptides that would incorporate a tetra-substituted olefin are shown in

Figure V-3.

Figure V-3. Potential Scaffolds relying on covalent harnessing of osmium
tetroxide on tetra-substituted olefins.
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Peptides V-47 and V-48 require a serine moiety to introduce the tetra-
substituted olefin. Several strategies for alkylating the serine hydroxyl group are
known."?”"3% Structure V-49, perhaps the simplest to prepare, would result from
the capping of the N-terminus of the growing peptide chain with the appropriate
tetra-substituted olefin containing carboxylic acid. Peptide V-50 would introduce
the tetra-substituted olefin via the incorporation of an unnatural amino acid. It
should be mentioned that, if successful, this strategy would mark the first
example of an asymmetric catalyst that relies on a tetra-substituted olefin for
harnessing osmium tetroxide.

Presented below is a detailed report of the efforts towards the goals
detailed above. As an initial focal point we decided to pursue the development of
a peptidic ligand that is effective in an asymmetric cis-dihydroxylation of a-
methylstryrene, an olefin that performs well under conventional SAD conditions.
It was thought that developing this system first would allow us use the SAD
protocol as a benchmark standard for the dihydroxylation reaction. Although a
selective peptide-based ligand was never realized, important lessons learned are
discussed below which will hopefully direct future efforts towards the
development of a viable peptide ligand class for various osmium tetroxide

applications.

5.2: Results and Discussion
5.2.1: General Peptide Synthesis
The first task at hand was the mastery of solid-phase peptide synthesis

(SPPS). For this project we chose to rely on the Fmoc solid phase synthesis
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variant. This technique was easily learned by closely following the wealth of
tried-and-true procedures available in the literature.!" Scheme V-8 gives a
detailed schematic of the course of a general SPPS sequence. The strategy

discussed below was applied for the generation of each of the peptide ligands

discussed in this chapter.

Scheme V-8. General schematic for Fmoc SPPS.
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The typical sequence involves first, deblocking the pre-loaded resin V-51,
followed by a coupling step with an activated Fmoc-amino acid partner to give

resin-bound dipeptide V-54. After a series of wash steps, this sequence is then

repeated, hence deblocking now the second amino acid in the sequence followed

by coupling with the next Fmoc-amino acid. The series of steps is repeated until
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the desired sequence V-55 has been assembled. The resultant on-bead peptide
sequence is then N-deprotected and capped to produce the bead-harnessed N-
acylated peptide V-56. Subsequent cleavage of the peptide from the solid
support returns the target peptide V-57.

For the peptides discussed in this chapter, each synthesis began either
with preloaded Wang resin (loaded with Fmoc-Gly) or Rink Amide MBHA resin.
Fmoc deprotection was accomplished with the standard 20% piperidine in DMF
recipe (V-51 to V-52). After initially experiencing some difficulties with DIC
activation, we settled on the HOBt activated ester methodology for the activation
prior to loading of the Fmoc-protected amino acids (i.e. V-52 to V-54). The
completed on-bead peptide sequence was then N-deprotected and capped as
the acetamide in some cases by treatment with a 5% solution of acetic anhydride
in DMF. The completed peptide sequence was then cleaved from the resin using
a TFA/H20/TIS mixture to yield the peptide carboxylate (Wang Resin) or the C-
terminal amide (Rink Amide MBHA). The identity of each peptide was evaluated
by MALDI-MS analysis. Given the reliability of Fmoc-SPPS, we elected to
characterize the peptides so generated only by mass spectrometry to facilitate a
high-throughput approach to ligand generation. This level of characterization is
in keeping with other practitioners in the field. By employing the HOBt coupling
methodology, we were able to routinely synthesize hexapeptides of varying
sequences. Full experimental procedures for the synthesis of a generic peptide
sequence using the HOBt coupling methodology can be found in the

experimental section of this chapter (Section 5.5).
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5.2.2: Initial Results Towards Asymmetric Dihydroxylation

Peptides V-58 to V-64 were synthesized using Fmoc solid phase peptide
synthesis as described above. The peptides were isolated as C-terminal
carboxylic acids and their identity was confirmed by MALDI-TOF mass
spectrometry. Peptide V-58 was prepared as an initial foray into solid phase
peptide synthesis, and does not contain a potential ligation site. Peptides V-59,
V-61, V-63, and V-64 contain an asparagine moiety one residue removed from
the N-terminus as a potential ligation site, and differ only in the selection of the D-
amino acid (or Aib residue for V-59) that serves to induce the p-turn. Conversely,
V-60 and V-62 incorporate two asparagine residues, and would presumably

behave as potential bidentate ligands.
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Figure V-4. Peptides V-58 through V-64.
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In a intial set of experiments, each of the above peptides were screened
as possible ligands for the asymmetric dihydroxylation of a-methylstyrene. The
ligands were screened using the well-known Ogino-Sharpless potassium

80,131,132 ;

ferricyanide/potassium carbonate co-oxidant system in a 1:1 mixture of t-

butyl alcohol and water (equation 9, Table 1). For comparison, the
dihydroxylation of a-methylstyrene was performed using standard SAD

conditions with AD-mix-a to give the desired diol in 86% ee.

Table V-1. Screen of peptide V-59 through V-64 in the dihydroxylation of
a-methylstyrene.

Peptide (0.025 eq.)

OH
o Os0,4 (0.01 eq.) - OH
K3sFe(CN)g (3 eq.)
V-65 KoCOs (3 eq.) V-66

+BUOH/H,0 (1:1)

Peptide % yield % ee

V-59 60 0
V-60 97 0
V-61 100 0
V-62 47 0

V-63 100 0

V-64 93 0

These initial experiments returned the desired diol V-66 in each case,
providing fair to excellent yields depending on which peptide was used. While
the yields of the desired diol were acceptable in most cases, the extent of

stereoinduction was non-existent. One can speculate several possible reasons
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for the lack of induction. First, perhaps peptides V-59 through V-64 do hot
contain sites that bind osmium tightly enough. Also, one could argue that the
peptides (as terminal carboxylates) might be more soluble in the water layer of
the biphasic reaction conditions than the corresponding organic layer. A final
scenario would be that the peptides could be coordinating to osmium tetroxide in
the organic layer, but do not maintain their secondary structure due to the high
polarity of the solvent system. Each of these questions were addressed to some
degree, as described below.

A new series of ligands were synthesized (Figure V-5, peptides V-67
through V-70) containing a lysine residue one residue removed from the g-turn
sequence. Due to the presence of the amine side chain in lysine, one might
argue that these ligands could present a better binding site for osmium tetroxide

than the primary amide sites contained within ligands V-59 through V-64.

313



Figure V-5. Peptides V-67 through V-70 containing lysine residues.
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The amine-containing peptides V-67 through V-70 were screened as

ligands for the asymmetric dihydroxylation reaction, and again, acceptable yields

were realized, but no detectable enantioselectivity resulted. Table V-2 shows

the results from this set of experiments.

At this point, we speculated that several issues might be contributing to

the lack of stereoinduction in these initial experiments. If the lack of induction is

due to the solubility of the ligand in the water layer, two possible solutions

present themselves. First, the presence of the peptides as their sodium salts

might contribute significantly to the solubility of the peptides in the water layer as

alluded to earlier. This situation could be alleviated by either producing
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analogous peptide methyl esters or amides by known methodology. Peptide
methyl esters are prepared by altering the cleavage protocol after assembly of
the peptide scaffold on solid phase. Conversely, C-terminal peptide amides are

readily available upon TFA cleavage from the Rink amide MBHA resin.

Table V-2. Screen of peptide V-67 through V-70 in the dihydroxylation of
a-methylstyrene.

Peptide (0.025 eq.)

0 . . OH
/K sO, (0.01 eq.) _ oH
Ph Ph

KsFe(CN)g (3 eq.)
V-65 K,CO; (3 €q.) V-66
tBuOH/MH,0 (1:1)

Peptide % yield % ee

V-67 100 0
V-68 97 0
V-69 100 0

V-70 77 0

We envisioned that employing the monophasic Upjohn'

conditions might
also address our concerns about the water solubility of the ligands. This option
also presents the intriguing possibility that these peptide ligands might prove to
be effective Fokin-Sharpless second cycle ligands.'* Ligands of this class are
purported to maintain complete bidentate coordination to the osmium center
throughout the catalytic cycle. An example of a Fokin-Sharpless second cycle

ligand is shown below in Scheme V-9. Fokin and Sharpless argue that the

presence of the carboxylate in V-73 is crucial in aiding in hydrolysis of the
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olefin/OsO4-L* complex.®*'** One might argue that the peptide carboxylates

might act in a similar manner.

Scheme V-9. Asymmetric dihydroxylation mediated by Fokin-
Sharpless second cycle ligand V-73.
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Another possible explanation for the lack of stereoinduction could be that
the peptides are not efficient binders of osmium tetroxide. The results in Tables
V-1 and V-2 might be due to the action on non-ligated, freely solvated osmium
tetroxide. One might alleviate this problem by producing peptides with
substituents that have a stronger affinity for osmium tetroxide, such as tertiary
amines or pyridyl groups.

The strategies discussed above for correcting the poor results shown in
Tables V-1 and V-2 have all been explored to some extent. Let us first turn to
exploring other oxidation conditions with the two groups of peptides described
above (V-59 through V-64 and V-67 through V-70). Table V-3, shown below
shows the results for the NMO-mediated dihydroxylation (Upjohn conditions) of
a-methylstyrene for a representative sample of these peptides. Overall, the
monophasic Upjohn conditions did not provide any additional induction when
compared to the Ogino-Sharpless conditions. Those entries that provided a non-
zero enantiomeric excess are probably not within the range of experimental error.

It is interesting, however, that those peptides containing a lysine side chain (V-67
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to V-70) seemed to have deleterious effect upon the course of the Upjohn
dihydroxylation. None of the four lysine-containing peptides returned the desired
diol in greater than 33% yield, and one of the peptides, compound V-67, seemed
to completely shut down the dihydroxylation under Upjohn conditions. This result
is particularly intriguing when one considers that peptide V-67 returned the
desired diol in quantitative yield under Ogino-Sharpless conditions. The reason
for this disparity, and for the overall poor performance of all of the peptides with

lysine residues in the Upjohn dihydroxylation is not clear.

Table V-3. Screen of Upjohn conditions with peptides V-59 through V-64

and V-67 through V-70.
Peptide (0.025 eq.)
/K 0s0, (0.01 eq.) OH
Ph > Ph on
NMO (1.1 eq.)
V-65 acetone/H,0 (9:1) V-66

Peptide % yield % ee

V-59 87 0
V-60 77 1
V-61 100 1
V-62 70 0
V-63 70 0
V-64 50 0
V-67 0 -
V-68 33 1
V-69 30 0
V-70 33 0
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Once it seemed clear that the performance of the peptides described
above could not be optimized to any large extent by changing the reaction
conditions, attention was then focused on synthesizing a new group of peptides
with different C-termini. These peptides served to further probe the theory that
the C-terminal carboxylates might prove to be too water soluble to facilitate
catalysis in the organic layer of the Ogino-Sharpless protocol.

Peptides V-74, V-75, and V-76 were prepared by assembling the desired
sequence on the Fmoc-Gly-Wang resin and then cleaving the peptide from the
bead with a 9:1:1 mixture of TEA/MeOH/DMF for four days to release the fully
protected peptide methyl ester. These structures were meant to be fully
protected, methyl ester analogues of peptides V-59, V-60, and V-68. Likewise,
by building the peptide off of the Rink Amide MBHA resin, peptides V-78, V-79,
and V-80 provided C-terminal peptide amide analogues similar to V-60, V-64,
and V-68. Finally, peptide V-77, containing three carboxylic acid residues, was
prepared in order to investigate the potential of a peptide acting as a Fokin-

Sharpless second cycle ligand'*

(vide supra).

These seven ligands were screened for stereoinduction in the
dihydroxylation of a-methylstyrene under both the Ogino-Sharpless and Upjohn
dihydroxlation protocols. Table V-4 presents the data for the Ogino-Sharpless

dihydroxylation as well as the data for the Upjohn protocol.
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Figure V-6. Peptides V-74 through V-80, peptide methyl esters and amides.
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The results from these peptides were also discouraging. For the most
part, under the Ogino-Sharpless protocol, each peptide allowed for (or at least
did not hinder) the conversion to the desired diol in good to excellent yield. The
product diols, however, were virtually racemic. The best result for the Ogino-
Sharpless dihydroxylation of a-methylstyrene, with regards to enantioselectivity,
was with peptide V-80, a Pro-D-Phe induced g-turn with a pendant lysine residue

as the putative site of coordination.

Table V-4. Screen of peptides V-74 through V-80 with the Ogino-Sharpless and Upjohn

conditions.
)\ Peptide (0.025 eq.)
0sO, (0.01 eq.) k/
Ph » Ph OH
co-oxidant
V-65 solvent system
Ogino-Sharpless (K3Fe(CN)g) Upjohn (NMO)

Peptide % yield % ee Peptide % yield % ee

V-74 87 0 V-74 100 0

V-75 100 0 V-75 100 0

V-76 90 0 V-76 100 2
V-77 80 1 V-77 90 1
V-78 100 0 V-78 100 0
V-79 60 0 V-79 77 1
V-80 70 3 . V-8 100 0

Similarly discouraging results were obtained for the dihydroxylation of a-

methylstyrene under Upjohn conditions in the presence of peptides V-74 through
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V-80. The dihydroxylation again proceeded in high yield, but returned virtually
racemic diol products.

Unsure of whether or not the 3% ee observed for peptide V-80 under
Ogino-Sharpless conditions was a “real”, believable result, an eight member
group of analogous peptides was synthesized that differ from peptide V-80 at the
N-terminal amino acid (Figure V-7). This particular position was altered under
the important assumption that this residue, neighboring the putative ligation site
(lysine) would have the largest potential to influence the binding of osmium
tetroxide. This systematic screening of an initial “hit” peptide is well
precedented.>>"° It was assumed that if the 3% ee observed for peptide V-80
was a legitimate result, that the single point mutations should show some
influence on the enantioselectivity of the dihydroxylation reaction. If, however,
the result presented in Table V-4 was within the experimental error of the HPLC
apparatus, then one might expect for the point mutations in the eight structures
analogous to V-80 to produce diol products that had no discernable enantiomeric
excess. The particular residues that were selected for incorporation onto the N-
terminus were judiciously chosen to provide a wide range of structural variability.
Ideally, by varying the structural elements at the C-terminal position with a wide
range of different types of functionalities, one of the focused group might return a
second generation scaffold that drastically perturbed the initial 3% ee value (i.e.

+/- 10 % ee).
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Figure V-7. N-terminal analogues of peptide V-80. V-81 through V-88.
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Frustratingly, peptides V-81 through V-88 provided only racemic samples
of the desired diol in good yields under the Ogino-Sharpless protocol. Two
possible conclusions can be drawn from this result: either the N-terminal amino
acid is not important in altering the extent of stereoinduction (which seems
unlikely), or the result shown in Table V-4 above is an artifact. It seems likely
that the result for peptide V-80 in Table V-4 was not a real “hit”.

At this point, it was decided to pursue the synthesis of a series of peptides
that contained other potentially stronger binding sites. In that vein, a series of
eleven peptides designed around the Pro-D-Phe B-turn sequence were
synthesized and screened for stereoinduction in the dihydroxylation of a-
methyistyrene using the Ogino-Sharpless protocol.

Peptides V-89 through V-93 were designed as putative monodentate
ligands for osmium tetroxide (Figure V-8). The potential binding sites were
surmised to be the various nitrogen-containing heterocyclic side chains: namely
the indole ring of tryptophan (V-89), the pyrrolidine ring of proline (V-90), the
imidazole ring of histidine (V-91), and the pyridine rings of the unnatural 3- and 4-
pyridylalanine residues (V-92 and V-93 respectively). In each case, however, the
dihydroxylation of a-methylstyrene returned virtually racemic diol products. In

each case, the desired diol was isolated in nearly quantitative yield.
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Figure V-8. Monodentate ligands V-89 through V-93.
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Peptides V-94 through V-99 were designed to be possible bidentate
ligands by combining either two strategically placed pyridine rings or a pyridine
ring and a primary amine residue from either lysine or ornithine residues flanking

each side of the D-Phe-Pro g-turn inducing motif.
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Figure V-9. Bidentate peptides V-94 through V-99.
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Unfortunately, all of the compounds shown in Figure V-9 also returned the
desired diol product with enantiomeric excess lower than 3% ee. Again, the

desired diol was isolated in nearly quantitative yields.
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Subsequently compound V-94 was used in an exploration of reaction

conditions for the dihydroxylation of a-methylstyrene. As can be seen in Scheme

V-10 below, the room temperature dihydroxylation of a-methylstyrene returned

diol of 3% ee, whereas cooling the reaction to 4°C (which one would suggest

ought to improve ees as shown by Sharpless and others in the SAD reaction)

returned racemic diol. By employing the less polar, tert-butyl methyl ether as the

organic solvent, a diol product of 0% ee was returned. Similar to the positional

scanning study presented in Figure V-7, these incongruous results further

confirm the necessity to establish a threshold of at least 10% ee as a

requirement for a credible, workable initial “hit” scaffold.

Scheme V-10. Condition screen with peptide V-94.
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5.2.3: Stoichiometric Study

Since the catalytic dihydroxylation protocols employed up to this point had
provided poor stereoinduction, a few of the peptide ligands were evaluated in the
context of a stoichiometric asymmetric dihydroxylation. It was surmised that
perhaps the ligands could be quite effective in imparting selectivity, but were
being out-competed by a faster, non-ligated, and thus racemic background
dihydroxylation. It warrants emphasis that there is no guarantee that peptidic
ligands will benefit from the well-known ligand accelerated catalysis that so
exquisitely governs the efficacy of the normal SAD protocol.®® With this in mind,
peptides V-87 and V-92 were screened in a small scale (0.02 mmol)

stoichiometric dihydroxylation of a-methylistyrene in toluene (Scheme V-11).

Scheme V-11. Stoichiometric dihydroxylation of V-65 in the presence of V-87 and

V-92.
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In the event, peptide V-92 provided diol in 7% ee, while peptide V-87
provided the diol in 3% ee. It is difficult to argue whether or not these data are
reliable given the small scale of the experiment and the poor level of asymmetric
induction. Given that both peptides returned diol products with enantiomeric
excess below 10% ee, coupled with the large amount of peptide required for a
scale-up experiment, this approach was not pursued any further. The main
conclusion drawn from these data is that the peptides do not behave as

appreciably more selective ligands in the stoichiometric dihydroxylation reaction.

5.2.4: Investigation of Cyclic Peptides

Given the failure of various acyclic p-turn scaffolds in the dihydroxylation
of a-methylstyrene, we next set out to develop a new scaffold that would be more
robust in the highly polar solvents conducive to the dihydroxylation reaction.
Cyclic peptides offered an intriguing alternative to the p-turn motif, since their
secondary structure is maintained by covalent bonds. Furthermore, peptide
macrocycles are readily prepared by standard solid phase peptide synthesis
(Scheme V-12). This is accomplished by attaching a doubly protected initial
residue to the bead via its side chain (see V-100), building the sequence on the
N-terminal end (V-100 to V-101), deblocking the C-terminus and then cyclizing
the final product on the bead (V-102 to V-103). The cyclic peptide is then

cleaved from the resin using standard procedures. 14
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Scheme V-12. General schematic for the on-bead preparation of cyclic peptide ligands.
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Using this strategy, a new scaffold was selected, that was designed about
a cyclic heptapeptide containing the same Pro-D-Aaa feature of the acyclic

peptides (see scaffold V-105, Figure V-10).
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Figure V-10. Cyclic peptides based on scaffold V-105.
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Figure V-10 continued.

/Ph /Ph

V-112 V-113

Scaffold V-105 maintains the Pro-D-Aaa g-turn motif, but incorporates this
group into a cyclic structure, thus restricting it from potentially unwinding. In this
scaffold, the putative ligating residue was installed two positions away from the
proline N-terminus instead of one, thus placing the ligating residue proximal to
the residual Asn residue. This was done to potentially facilitate a bidentate
binding regime between the Asn amide and the ligating residue functionality.
Using this scaffold V-105 as a template, eight cyclic heptapeptides were

synthesized. Peptides V-106 through V-113 were synthesized by attaching the
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C-terminal allyl ester of Fmoc-aspartic acid (Fmoc-Asp-OAll) to Rink Amide
MBHA resin via the aspartate side chain carboxylic acid. Then, the peptide chain
was elongated using standard Fmoc-SPPS techniques. Finally, the C-terminal
allyl protecting group was cleaved by action of Pd(PPhs)4 in the presence of
morpholine (allyl scavenger). The final stage of the synthesis entailed stitching
the ring closed by a PyBop/HOBt-mediatied coupling. The cyclic peptides were
then liberated from the beads by treatment with a 95:2.5:2.5 mixture of
trifluoroacetic acid, triethylsilane, and water (See Scheme V-11).

Overall, the synthesis of these cyclic peptides was facile, but there was
some evidence for competing dimerization to make the analogous 14-mer. For
example, the MALDI-TOF mass spectrum of cyclic peptide V-106. contained
along with the desired M+Na ion (m/z = 936.33) a smaller contribution from a
2M+Na ion (m/z = 1850.69). Dimerization of the desired peptide is a common
problem with the synthesis of cyclic peptides. Given the cyclic peptides were the
only ligands synthesized in the study that showed evidence of contaminants in |
the MALDI mass spectrum, we elected to screen these crude samples and purify
them further by HPLC if the extent of stereoinduction was promising.

Peptides V-106 through V-113 were screened in the catalytic
dihydroxylation of a-methylstyrene under the Ogino-Sharpless conditions, again
returning diol products in excellent yields but virtually no stereoinduction (Table
V-5). Given these poor results in the initial screen of the cyclic peptide of this
scaffold, this strategy was abandoned in lieu of an extensive screen of a new

oxidation protocol with the more simply prepared acyclic ligand (vide infra).
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Table V-5. Screen of cyclic ligands V-106 through V-113 under the
Ogino-Sharpless conditions.

Peptide (0.025 eq.)
Os0, (0.01 eq.) OH
Ph — Ph OH
K4Fe(CN)g (3 eq.)
V-65 K.CO; (3 €q.) V-66

+BUOH/M,0 (1:1)

Peptide % ee

V-106 1
V-107 2
V-108 3
V-109 0
V-110 0
V-111 1
V-112 0
V-113 0

5.2.5: Investigation of the Anhydrous Narasaka Dihydroxylation Protocol
After considering the failed scaffolds described above, two main concerns
emerged that we envisioned might be the root cause of the lack of
stereoinduction. First, all of the initial experiments under both the Ogino-
Sharpless (KsFe(CN)s/K2CO3) and the Upjohn (NMO) co-oxidant systems were
conducted in highly polar solvent systems (mixtures of t-butyl alcohol/water and
acetone/water, respectively). The acyclic ligands might have some difficulty
nucleating the p-turn, a process governed by hydrogen bonding between the

amide NH and carbonyls across the turn, due to competitive hydrogen bonding
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with the polar solvent system. We therefore sought a method by which we could
effect a dihydroxylation event in relatively non-polar media, preferably in the
absence of water. In the late 1980s, Narasaka reported the facile conversion of
olefins into their corresponding cyclic boronic esters via an osmium tetroxide-
mediated syn dihydroxylation (NMO as co-oxidant) in dry DCM that employed
phenyl boronic acid to facilitate the collapse of the osmate ester instead of
water.'' Narasaka (Scheme V-13, equation 1), and later Sharpless'? (Scheme
V-13, equation 2) applied this protocol under strictly anhydrous conditions in
dichloromethane. Some years later, Muniz showed that this novel method for
decomposing the osmate ester did not require anhydrous conditions at all, rather
the modification could yield the desired phenyl boronic esters in good yield under
normal Upjohn and Ogino-Sharpless conditions in aqueous solvent systems
(H20/t-BuOH) (Scheme V-13, equation 3). In his report, he also confirmed that
this methodology is compatible with conventional SAD ligands, allowing for the
direct preparation of chiral boronic esters from olefins.

This protocol, especially that described by Narasaka, was very intriguing
since it allowed for a dihydroxylation event that was catalytic in osmium tetroxide
and yet importantly, could be conducted in non-aqueous solvents. We surmised
that the ability to use phenyl boronic acid as a “hydrolyzing” surrogate in dry
solvents might provide a dihydroxylation event in a solvent more conducive for
the maintenance of the p-turn secondary structure of the acyclic peptides

described above. Furthermore, Sharpless'* and Muniz'*® have shown that the
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resulting boronic esters can be readily converted to the corresponding diols by

treatment with a 30% hydrogen peroxide solution.

Scheme V-13. The Narasaka protocol for an anhydrous dihydroxylation event.
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A second concern arose after considering the failed peptide scaffolds
presented above. Namely, none of the ligands discussed so far contain a tertiary
amine moiety. It warrants emphasis that the selectivity of the SAD methodology
is governed by the binding of osmium tetroxide with a tertiary amine (i.e. the
quinuclidine moiety of the Cinchona alkaloids).?® We surmised that the most

direct avenue for incorporating a tertiary amine motif into the peptide scaffold
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would be to append an N-alkyl! proline residue on the N-terminus of the p-turn
scaffold (see V-46). N-methyl proline V-122 was readily prepared by reductive
amination of proline as reported previously (Scheme V-14)."  What follows is
an account of results obtained after considering the two strategies delineated

above in tandem.

Scheme V-14. Tertiary amine scaffold V-46 and the preparation of N-methyl proline V-122.
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As an initial excursion into the Narasaka protocol, a series of six
previously synthesized ligands (V-80, V-83, V-92, V-95, V-98, and V-99) were
screened in the dihydroxylation of a-methylstyrene. In addition, three peptides
designed around the general scaffold V-46 were prepared and screened. In
each case, the olefin was treated with a catalytic amount of osmium tetroxide
(NMO co-oxidant) and 3 mol % of peptide in the presence of phenylboronic acid
in dry DCM. The isolated phenylboronic esters were then cleaved to the desired
diols using the cleavage protocol described by both Sharpless'*? and Muniz.'

Enantiomeric excess was measured at the stage of the free diol.
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Figure V-11. Peptide ligands screened under the anhydrous Narasaka
protocol.

~
N
o P o M
A o QA
| 0o HN | o) HN NH,
NS r\/\NHZ N =2.-/\/
NH O » NH O w
(o) Ph\“ (o) Ph\“
ll\ ll\
HN Ph (0] HN Ph (0]
).:o HoN ):o HoN
V-98 V-99

337



Figure V-11 (Cont’d).
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The peptides from the initial library were chosen to reflect several different

potential binding motifs. Ligands V-80 and V-92 were putative monodentate

ligands with either a primary amine functionality or a pyridyl moiety, respectively.

Peptides V-83, V-98, and V-99 provided the opportunity for bidentate binding by

the strategic placement of a pyridylalanine residue and a lysine or ornithine

residue within the p-turn scaffold. Similarly, V-95 incorporates two pyridylalanine

units on either side of the g-turn motif. In addition to these peptides, already in

hand, peptides V-123 through V-125 were prepared as an initial foray into

scaffold V-46. These peptides were easily synthesized by capping the N-
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terminus of the peptide with an N-methylproline unit in lieu of the acetate cap.
Ligands V-123 provides the N-terminal methylproline as the only potential ligating
site. Alternatively, V-124 and V-125 also incorporate neighboring Dab or
pyridylalanine residues proximal to the N-terminal methylproline in order to
potentially establish a bidentate binding regime. The results from this initial

screening of the Narasaka protocol are presented in Table V-6.

Table V-6. Screen of assorted peptides under the Narasaka protocol.

0s0, (0.003 eq.) Ph
peptide (0.03 eq.) 30% aq. H,0, HO OH
ph> NMO (1.2 eq.) %_/ EtOAc: acetone (1:1)  Ph
PhB(OH), (1 2eq) Ph 3h,RT
V-85 DCM, V-126 V-66

Peptide % yield (V-126) % yield (V-66) % ee (V-66)

Vv-80 100 83 2
V-83 94 50 3
V-92 94 80 0
V-95 100 87 2
V-98 81 13 0
V-99 83 53 0
V-123 100 100 7
V-124 100 100 4
V-125 100 100 2

While all of the peptides screened in this initial event returned the desired

diol V-66 in poor enantiomeric excess, even under anhydrous conditions, peptide
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V-123 returned the desired diol with an enantiomeric excess of 7%. At this point,
ligand V-123 was employed in a number of Narasaka oxidations in an attempt to
discover optimal reaction conditions for the transformation. As an initial avenue
into the optimization protocol a solvent screen was undertaken. Table V-7 lists
the various conditions and results from this initial investigation. In essence,
solvents that had proven useful for others in peptide catalyzed asymmetric
reactions were screened in our system. Also, in one solvent system (tol:DCM
3:1) the effect of colder temperatures and a base additive were investigated.
According to Table V-7, performing the reaction in a 3:1 mixture of toluene
and dichloromethane appears to have no effect upon the observed ee value
when compared to using only dichloromethane. All other solvent systems
perform poorly (entries 6-12) with the notable exception of benzene (entry 10).
Cooling the reaction further below 4 °C did not improve the enantiomeric excess
as predicted. At -20 °C the reaction is impractically slow, but upon warming to
-10°C the reaction proceeds to completion, providing nearly racemic diol.
Similarly, lowering the temperature to -50 °C in DCM returned the racemate as
well. These results were somewhat disconcerting and may suggest that the
initial 7% ee observed for V-123 might not lie within the range of experimental
error of the HPLC analysis. The addition of an inorganic base, potassium
carbonate, did not improve the selectivity of the reaction (entry 3). It was thought
that the relatively basic tertiary methylproline pyrrolidine nitrogen might be
protonated under the reaction conditions. What might be concluded from this

initial screen is that DCM, toluene/DCM (3:1), and benzene are all potentially
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effective solvent systems for the peptide-based Narasaka protocol. Although
benzene returned a diol with 7% ee, it did not allow for complete conversion to
the desired phenylboronic ester product, even after prolonged reaction times (>
40 h). Therefore, either DCM or a 3:1 mixture of toluene and DCM seem to be

the best solvent system of those described. Finally, it seems unnecessary to run

Table V-7. Condition screen with peptide V-123.

0s0, (0.003 eq.) Ph
V-123 _B. 30% H,0, HO OH
» O O »
PH NMO (1.2 eq.) )'-_/ EtOAc: acetone (1:1)  Ph
PhB(OH), (1.2eq.) Ph
V-65 additive V-126 V-66
temperature

Entry Solvent Temp. ('C) Additive eq.V-123 % ee (V-66)

1 tol:DCM (3:1) 4 - 0.03 7
2 tol:DCM (3:1) -20to-10 - 0.03 1
3 tol:DCM (3:1) 4 4eq. K,CO; 0.03 2
4 tol:DCM (3:1) 4 - 0.1 1
5 tol:DCM (9:1) 4 - 0.03 2
6 toluene 4 - 0.03 3
7 ACN 4 - 0.03 0
8 THF 4 - 0.03 0
9 chloroform 4 - 0.03 2
10 benzene 4 - 0.03 7
11 1,4-dioxane 20 - 0.03 0
12 DCE 4 - 0.03 0
13 DCM -50 - 0.03 0
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the reaction colder than 4 °C. At this point we elected to prepare a few analogs
of the N-alkyl proline-terminal g-turn hexapeptide scaffold V-46 (Scheme V-13) to
probe whether or not the 7% ee result from the initial lead peptide V-123 could be
optimized. Peptides V-127 through V-131 were designed to investigate several
nuances of scaffold V-46 (Figure V-12).

First, ligands V-127 and V-128 were prepared to modulate the structural
features of the residue proximal to the N-terminal methylproline. Specifically, V-
127 was generated in order to increase the size of the aryl subsitutent relative to
the phenyl ring in V-123. Peptides V-128 was meant to assess the effects of
installing a bulkier substituent such as the tert-butyl group resident in the tert-
leucine residue. Peptides V-129 and V-130 incorporated different tertiary amine
binders. Ligand V-129 was capped on its N-terminus with N-methylpipecolinic
acid, prepared analogously to N-methylproline. Alternatively, V-130 was capped
with comrﬁercially available 1-piperidine propionic acid. Finally, ligand V-131
incorporates the requisite methylproline at the N-terminus of a peptide sequence

whose turn is nucleated by the presence of a gabapentin residue. '
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Figure V-12. Analogues of V-123.
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In the event, peptides V-127 through V-131 were screened in the
dihydroxylation of a-methylstyrene under both the anhydrous Narasaka and the
Ogino-Sharpless co-oxidant systems. Again as before, the enantiomeric

excesses were measured at the diol stage for those products prepared via the
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intermediacy of the boronic ester. Peptides V-127 through V-131 performed

poorly under the Narasaka conditions (Table V-8). All of these analogues of V-

123 returned the diol in acceptable yields, but with enantiomeric excesses no

higher than 2%. Similarly, the ligands returned virtually racemic diol products

under the Ogino-Sharpless protocol (Table V-9).

Table V-8. Screen of peptide analogues of V-123 under Narasaka conditions.

0s0, (0.003 eq.)

.

Ph

\‘ peptide (0.03 eq.)
NMO (1.2 eq

PhB(OH)2 (. % eq )
M, RT

V-65

I?h

30% aq. H,0, HO OH

4_/ EtOAc: acetone (1:1)  Ph
Ph 3h RT

V-126

V-66

Peptide % yield (V-126) % yield (V-66) % ee (V-66)

V-127
V-128
V-129
V-130

V-131

100
100
100
100

100

100 1
100 1
67 0
77 0
97 2
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Table V-9. Screen of peptide analogues of V-123 under Ogino-Sharpless conditions.

Peptide (0.03 eq.)

Os0, (0.003 eq.) OH
Ph/K > Ph OH

K3sFe(CN)g (3 eq.)
-65 K,COs (3 eq.) V-66
-BUOH/H,0 (1:1)

Peptide % yield % ee

V-127 100 0
V-128 100 2
V-129 100 2
V-130 100 0

V-131 87 0

In addition to the p-turn analogues of V-123 (i.e. V-127 through V-131),
two potentially bidentate ligands, containing two terminal N-methyl proline
residues were designed based on appending amino acids off of both amino
residues contained within a bis-Fmoc protected lysine (V-132). After harnessing
V-132 onto the Rink amide MBHA resin via its carboxylate, subsequent treatment
with piperidine in DMF liberated both amines which simultaneously suffer
amidation in the following coupling steps. In this manner, bis-pyrrolidine ligands
V-133 and V-134 were readily prepared (Figure V-13). Finally, seven linear
tripeptides, each capped with a N-terminal methyl proline were generated (V-135

through V-141).
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Figure V-13. Bis N-methylproline and linear N-methylproline ligands.
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Bis-pyrrolidine ligands V-133 and V-134, along with the linear tripeptides
V-135 through V-141 were screened in the dihydroxylation of a-methylstyrene
under both the Narasaka (Table V-10) and the Ogino-Sharpless conditions
(Table V-11).

Table V-10. Screen of ligands V-133 through V-141 under the Narasaka protocol.

0s0, (0.003 eq.) Ph
peptide (0.03 eq.) 30% aq. H,0, HO OH
ph: NMO (1.2 eq %—/ EtOAc: acetone (1:1)  Ph
PhB(OH)2 (1 2 eq )y Ph 3h,RT
V-65 V-126 V-66

Peptide % yield (V-126) % yield (V-66) % ee (V-66)

V-133 100 83 0
V-134 100 83 0
V-135 100 70 4
V-136 100 87 2
V-137 100 100 0
V-138 100 90 2
V-139 100 100 4
V-140 100 83 0
V-141 100 93 3
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Table V-11. Screen of ligands V-133 through V-141 under the Ogino-Sharpless
conditions.

Peptide (0.03 eq.)

0s0, (0.003 eq.) OH
Ph)\ — Ph OH

KsFe(CN)g (3 eq.)
V-65 KoCOs (3 eq.) v-66
+BuOH/M,0 (1:1)

Peptide % yield % ee
V-133 83 0

V-134 57 1
V-135 37 2
V-136 90 1
V-137 100 1
V-138 43 0
V-139 43 2
V-140 90 3

V-141 67 4

The bis-pyrrolidine ligands V-133 and V-134, as well as the linear
tripeptides V-135 through V-141 returned unsatisfactory results overall. None
returned diol V-66 with higher than 4% ee under both the anhydrous Narasaka
conditions or the aqueous Ogino-Sharpless protocol. In sum, fourteen analogues
were prepared in order to improve upon the initial 7% ee observed under the
Narasaka protocol with peptide V-123 (vide supra, Figure V-11 and Table V-6).

Given the inability to improve upon this initially observed selectivity for peptide V-
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123 by tuning either reaction conditions or modulating the gross structure of the
ligand, it seems unlikely that V-123 should be considered a legitimate hit scaffold
for the dihydroxylation of a-methylstyrene. These final experiments with peptides
V-133 through V-141 were contemporaries of the initial discoveries that lead to
the development of a novel asymmetric halolactonization methodology (See
Chapters 2 and 3). Given this fact, coupled with the poor results described in this
chapter that were the culmination of roughly one and one half years of work, this
project was abandoned in order to facilitate development of the lactonization

methodology.

5.3: Conclusions and Future Directions

Over sixty peptides were prepared and screened for asymmetric induction
in the dihydroxylation of a-methylstyrene. The ligands were screened under
three separate co-oxidant systems in both aqueous and non-aqueous media.
The results overall were disappointing, never returning the target diol with larger
than 7% ee. Although the objectives of this research project were never realized,
the data collected during my efforts might be useful for future attempts at
applying peptidic ligands to osmium tetroxide mediated processes. For instance,
one might argue that, the adherence to a pre-established scaffold (i.e. the p-turn
motif) might be partially responsible for the failure of the approach. If one truly
desires to develop a combinatorial approach to the problem, it might have been
more appropriate to generate a completely randomized library of hexapeptides

and screen those against a battery of olefin substrates rather than just one
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example. In retrospect two years after the termination of these efforts, this
approach might have been better served by the generation of a much larger
(500-1000 member), truly random peptide library over the course of a few
months of effort. A subsequent screen of this much larger library with several
test substrates under the three co-oxidant systems might then result in the
discovery of an initial hit scaffold. A more iterative, logic-driven approach to the
optimization of that initially discovered scaffold would then be appropriate. After
a year of rumination, it seems as though the structural iterations of the peptide
library generated in this study explore a relatively limited area of structural space.
One could rightly argue that the project was hamstrung by an over-adherence to
a pre-ordained scaffold.

With regards to the design of potential residues to be incorporated within
the peptide framework that preferentially bind osmium tetroxide, one area that
was under-explored during the course of my efforts was the development of
those structures that contain tetra-substituted olefins (vide supra, Figure V-3).
These particular scaffolds offer the distinct advantage of securing the metal
catalyst to the chiral peptide backbone covalently via the formation of an osmate
ester. This approach would remove from consideration any trepidation about
how strongly or poorly a particular peptide scaffold binds to the catalyst, as well
as assuring the existence of a metal-ligand complex regardless of solvent
system. Several g-turn scaffolds were shown in Figure V-3 that incorporate a
tetra-substituted olefin. Any resurgence in effort towards the goals outlined in

this chapter ought to focus largely on the exploration of these scaffolds as well.
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In that vein, Scheme V-15 describes another potential scaffold that
incorporates the tetra-substituted olefin motif that was conceptualized after the
efforts described herein were abandoned. This scaffold couples a pseudo C2
symmetric tetra-substituted olefin with a strategically placed tertiary amine
residue (See V-143). This strategy relies upon the facile SPPS of non-g-turn
scaffolds that tether the tertiary amino moiety to the tetra-substituted olefin by
way of commercially available amino acids that contain an orthogonally protected
amine side chain. Scaffold V-143 requires an Mtt protected Dpr residue V-142
(Mtt = methytrityl). The analogous Mtt protected lysine, ornithine, and
diaminobutane systems are also commercially available.

These ligands are proposed based upon the assumption that once the
ligand is osmylated, the pendant amine will serve as a resting-state “gating”
ligand for osmium, creating a chiral osma-heterocycle (see V-144), until such
time that the osmium is oxidized to the catalytically active species (V-145).
Alternatively, the tertiary amino ligand may remain bound to osmium during the
course of the oxidation generating an oxidized and catalytically active gated
complex V-147. (Coincidentally, one also cannot a priori rule out an equilibrating
mixture of V-145 and V-148.) Furthermore, it is believed that the initial
osmylation event onto the tetra-substituted olefin of precatalyst V-143 will be
face-selective for the diastereomer shown below (V-144) based upon an initial
osmylation syn to the pendant amido carbonyl that is directed by the pre-

coordination of OsO4 with the pyrrolidine nitrogen.
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Scheme V-15. Proposed gating ligand V-143.
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The coordination of the tertiary amine to osmium should be facile and may

also be facilitated by hydrogen-bonding interactions between the osmium oxo
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ligands and amide hydrogens along the peptide scaffold. Ideally, if the gated
active species V-147 is formed after the oxidation of resting state V-144, then
one would expect the chiral environment of V-147 to be maintained until the
substrate olefin is osmylated yielding the reduced open state V-146. If, however,
the active catalyst exists as V-145, a selective osmylation may be less likely, but
still possible if the secondary H-oxo hydrogen bonds can maintain a chiral
environment even after the tertiary amine has dissociated from the metal. Also, if
the active species exists as an equilibrating mixture of V-145 and V-147, an
enantioselective osmylation might still be possible if the gated complex V-147 is
more active than the dissociated (open gate) species V-145. Scaffold V-143
should be investigated as either the secondary amide as drawn or the tertiary
aryl or alkyl substituted amide (i.e. R in V-144 = methyl or phenyl). The tertiary
amides could lead to a higher syn adopted conformation of the structure, in which
the pyrrolidine ring is situated above the osmate.

These small ligands could be prepared via conventional SPPS techniques
by first installing the tetra-substituted olefin upon removal of the Fmoc group
(20% piperidine in DMF) in the presence of the base-stable Mtt group.
Subsequent removal of the Mtt group on-bead (1% TFA in DCM), would then
unveil the side-chain amino group, which would thereafter be coupled with the
tertiary amine ligand. The reliance of this putative scaffold on solid phase
synthesis would lend itself to extensive screening efforts. For instance, a battery
of orthogonally protect amino acids with residual side-chain amines could be

assayed simultaneously. Furthermore, the nature of the tertiary amine binder
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could be investigated. Finally, the linker between the olefin and the tertiary
amine could be extended by the installation of an intervening amino acid residue.
Should this project be resurrected in the future, | hope this scaffold will receive

some attention.
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5.5: Experimental Details
General Information:

The solid phase peptide synthesis of the peptides described herein was
conducted following well-established protocols that can be found in Fmoc Solid
Phase Peptide Synthesis: A Practical Approach by W.C. Chan and P.D. White.'*®
Additional protocols can be found in the appendix of the Novabiochem product
catalogue. Peptides were prepared in disposable 5 or 10 mL fritted syringes
purchased from CSPS Pharmaceuticals, Inc. All Fmoc protected amino acids
were purchased from Novabiochem, CSPS Pharmaceuticals, Inc. or Aldrich and

used without purification. Wang and Rink Amide MBHA resins were purchased

354



from Novabiochem. All other reagents and solvents were purchased from
commercial sources and used without purification. C-terminal carboxylic acid
and methyl ester peptides were synthesized using a commercially available
Wang resin that was preloaded with Fmoc-glycine (Fmoc-Gly-Wang resin). C-
terminal amide peptides and cyclic peptides were synthesized using the Rink
Amide MBHA resin which was loaded with the first amino acid of the desired
sequence. Peptide ligands were characterized by MALDI-TOF mass
spectrometry.

Crude peptides were then screened as ligands for the enantioselective
dihydroxylation of a-methylstyrene. HPLC separation of the two enantiomeric
diols (Chiralpak AS-H column, 5% IPA/hexane, 1 mL/min, 245 nm UV detection)
provided the extent of selectivity imparted by the ligand. Given below is a
general protocol for each step in the solid phase synthesis along with a general

protocol for the dihydroxylation reaction.

General Procedures for Solid Phase Peptide Synthesis
Bead Loading

Rink Amide MBHA resin (87 mg, 0.06 mmol, 0.69 mmol/g loading) was
pre-swelled in a 5 mL disposable syringe equipped with a frit by rotating with
DCM (3 mL) for 1h. The resin was then washed with DMF (6 X 4 mL). The
Fmoc protecting group on the bead was removed by treatment with 5 bed
volumes (ca. 4 mL) of a 20% piperidine solution in DMF for 20 minutes.

Meanwhile, Fmoc-Phe-OH (116 mg, 0.3 mmol, 5 eq.) was dissolved in
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DMF (3 mL) along with HOBt (41 mg, 0.3 mmol, 5 eq.). Diisopropyl carbodiimide
(DIC) (50 uL, 0.3 mmol, 5 eq.) was then added and the resulting mixture was
stirred at room temperature for 30 min.

After 20 minutes, the resin was wéshed with DMF (5 X4 mL). To the
thoroughly washed resin bed, was added the coupling solution (Fmoc-Phe-OH,
HOBt, and DIC), and the resulting mixture was rotated for 12 hours. The loaded
resin was then washed with DMF (5 X 4 mL) and used in subsequent Fmoc solid

phase peptide synthesis as described below.

Fmoc removal

The Fmoc group of terminal amino acid of the growing peptide chain was
deprotected by treating the resin beads (0.69 mmol/g loading) with a 20%
solution of piperidine in DMF (ca. 4 mL) with rotation for three minutes. The
deprotection cocktail was then discharged from the syringe and the resin beads
were treated with a fresh portion of 20% piperidine in DMF for three minutes.
This protocol is repeated until the resin beads have been treated with four
aliquots of 20% piperidine in DMF. The final portion is then discharged from the
syringe and the deprotected beads are washed with DMF (6§ X4 mL). The
washed, deprotected resin beads were then immediately coupled with the next

amino acid in the sequence.
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HOBt-Mediated Coupling

The next amino acid in a desired sequence was activated-as the HOBt
ester by dissolving the desired amino acid (0.3 mmol, 5 equivalents relative to
the 0.69 mmol/g resin loading) along with HOBt (41 mg, 0.3 mmol, 5 eq.) in
DMF/DCM (1:1) (3 mL). To the resulting solution was added DIC (50 uL, 0.3
mmol, 5 eq.) and the resulting solution was stirred at room temperature for
twenty minutes (usually while the terminal amino acid of the resin bound
sequence is deprotected).

The resulting solution of HOBt ester was added to the N-terminal
deprotected, resin-bound, peptide sequence and the mixture was rotated for one
hour. The resin beads were then thoroughly washed with DMF (5 X 4 mL). The
resulting N-terminal, Fmoc-protected, resin-bound peptide sequence was then
resubjected to the Fmoc removal protocol and subsequent HOBt couplings until

the desired sequence had been assembled.

N-Terminal Acetate Capping
For acyclic peptides, the N-terminal amino moiety was capped as the acetamide
by the following protocol:

After the final desired sequence had been assembled, the N-terminal
Fmoc group was removed by the protocol described above. After washing with
DMF (5 X 4 mL) the N-terminal deprotected, resin-bound peptide sequence was
treated with a freshly prepared 5% acetic anhydride solution in DMF (4 mL) with

rotation for thirty minutes. The capping cocktail was then ejected from the
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syringe and the acetamide-capped resin-bound peptide was washed thoroughly

with DMF (5 X 4 mL).

On-Bead Cyclization Protocol (Peptides V-106 to V-113)

After the linear sequences were assembled on-bead, the N-terminal Fmoc
protecting group was removed as described above. Following the requisite DMF
washes (5 X 4 mL) and subsequent washes with THF (5 X 4 mL) the C-terminal
allyl protecting group was removed by treating the peptide (0.69 mmol/g loading)
with a cocktail comprised of palladium (0) tetrakistriphenylphosphine (7 mg,
0.006 mmol, 0.1 eq. relative to bead loading) in 3 mL of a DMSO/THF/0.5N
HCI/Morpholine (2:2:1:0.1) solvent system under a positive flow of nitrogen for
two hours. The resulting N- and C-terminal deprotected, resin bound peptide
was washed with THF (5 X4 mL), DCM (5 X4 mL), and DMF (5 X 4 mL).

After washing, the terminally deprotected, resin-bound peptide was treated
with a DMF solution (3 mL) of PyBOP (156 mg, 0.3 mmol, 5 eq. relative to bead
loading), HOBt (50 mg, 0.3 mmol, 5 eq.), and diisopropyl ethyl amine (52 uL, 0.3
mmol, 5 eq.). The resulting mixture was rotated for eight hours to yield the resin-

bound, cyclic peptides.

TFA Cleavage/Global Side-chain Deprotection of Peptides
Peptides were cleaved from the resin beads by employing the following protocol:
The fully assembled, resin-bound peptides were prepared for cleavage by

washing the beads with DMF (5 X 4 mL), DCM (5 X 4 mL), and methanol (6 X 4

358



mL). The syringe plunger was removed from the barrel and the resin beads were
dried overnight in the vacuum oven at 25 °C. The following day, the resin was
treated with a cleavage cocktail comprised of a mixture of TFA/H,O/TIS
(95:2.5:2.5) (3 mL) for 2.5 hours with minimal, intermittent agitation. The
cleavage cocktail, containing the solvated, resin-free peptide was then ejected
into a 5 mL pear-shaped flask and the solvent was removed under a stream of
nitrogen to give a thick oil. The crude peptide was then precipitated by the
addition of ice-cold diethyl ether. The solid peptide was then isolated by vacuum
filtration and washed with copious amounts (ca. 15-20 mL) of cold ethyl ether.
The solid peptide was then dried in vacuo. The identity of the desired sequence

was verified by MALDI-TOF mass spectroscopy.

MeOH/TEA/DMF Cleavage of Peptides (methyl esters V-74 through V-76 )
The fully assembled, side-chain protected, resin-bound peptides were
readied for cleavage by washing the beads with DMF (5 X 4 mL), DCM (6 X 4
mL), and methanol (5 X 4 mL). The syringe plunger was removed from the barrel
and the resin beads were dried overnight in the vacuum oven at 25 °C. The
following day, the resin was treated with a cleavage cocktail comprising
methanol/TEA/DMF (9:1:1) (3 mL) with rotation for four days. The cleavage
cocktail, containing the solvated, resin-free peptide was then ejected into a 5 mL
pear-shaped flask and the solvent was removed under a stream of nitrogen to
give a thick oil. The crude peptide was then precipitated by the addition of ice-

cold ethyl ether. The solid peptide was then isolated by vacuum filtration and
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washed with copious amounts (ca. 15-20 mL) of cold ethyl ether. The solid
peptide was then dried in vacuo. The identity of the desired sequence was

verified by MALDI-TOF mass spectroscopy (Figure V-14).
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Figure V-14. MALDI-TOF data for peptides.
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Figure V-14. (Cont’d)
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Figure V-14. (Cont’d)
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Figure V-14. (Cont’d)
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Figure V-14. (Cont'd)
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Figure V-14. (Cont’d)
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Figure V-14. (Cont’d)
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Figure V-14. (Cont’d)
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Figure V-14. (Cont’d)
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Figure V-14. (Cont’d)
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Figure V-14. (Cont'd)
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Figure V-14. (Cont’d)
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General Protocol For Screening Peptides in the Dihydroxylation of Olefins
(Ogino-Sharpless Conditions)

To a 3 mL screw-top vial equipped with a magnetic stir bar was added
peptide (usually ca. 5 mg, 0.005 mmol, 0.03 eq. with respect to olefin), potassium
ferricyanide (l1l) (196 mg, 0.6 mmol, 3 eq.), and potassium carbonate (83 mg, 0.6
mmol, 3 eq.). The resulting mixture was dissolved in a 1:1 mixture of t-butyl
alcohol and water (2 mL) with stirring. Osmium (VI) tetroxide (10 uL of 2a0.2 M
solution in toluene, 0.002 mmol, 0.01 eq.) was added via syringe and the

resulting yellow solution was stirred for 15 minutes. The desired olefin (0.2
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mmol, 1 eq.) was added in one portion and the reaction mixture was stirred at
room temperature overnight and monitored by TLC (20% EtOAc in hexanes).
The reaction was quenched by the addition of solid sodium sulfite (300
mg). The resulting solution was allowed to stir for one hour. The reaction
mixture was then diluted with 10 mL of water and extracted with DCM (3 X 10
mL). The combined organics were then dried (anhydrous Na;SO,), concentrated
via rotory evaporation, and dried further in vacuo. The resulting crude diol
products were screened for enantiomeric excess without further purification

(Chiralpak AS-H, 5% IPA in hexanes, 1 mL/min, 254 nm).

General Protocol For Screening Peptides in the Dihydroxylation of Olefins
(Upjohn Conditions)

To a 3 mL screw-top vial equipped with a magnetic stir bar was added
peptide (usually ca. 5 mg, 0.005 mmol, 0.03 eq. with respect to olefin and NMO
(26 mg, 0.22 mmol, 1.1 eq.). The resulting mixture was dissolved in a 9:1
mixture of acetone and water (2 mL) with stirring. Osmium (VI) tetroxide (10 pL
of a 0.2 M solution in toluene, 0.002 mmol, 0.01 eq.) was added via syringe and
the resulting solution was stirred for 15 minutes. The desired olefin (0.2 mmol, 1
eq.) was added in one portion and the reaction mixture was stirred at room
temperature overnight and monitored by TLC (20% EtOAc in hexanes).

The reaction was quenched by the addition of solid sodium sulfite (300
mg). The resulting solution was allowed to stir for one hour. The reaction

mixture was then diluted with 10 mL of water and extracted with DCM (3 X 10
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mL). The combined organics were then dried (anhydrous Na,SO,), concentrated
via rotary evaporation, and dried further in vacuo. The resulting crude diol

products were screened for enantiomeric excess without further purification.

General Protocol For Screening Peptides in the Dihydroxylation of Olefins
(Narasaka Conditions)

To a 3 mL screw-top vial equipped with a magnetic stir bar was added peptide
(usually ca. 5 mg, 0.005 mmol, 0.03 eq. with respect to olefin, NMO (26 mg, 0.22
mmol, 1.1 eq.), and phenyl boronic acid (29 mg, 0.24 mmol, 1.2 eq.). The
resulting mixture was dissolved in dichloromethane (2 mL) with stirring. Osmium
(V1) tetroxide (10 uL of a 0.2 M solution in toluene, 0.002 mmol, 0.01 eq.) was
added via syringe and the resulting solution was stirred for 15 minutes. The
desired olefin (0.2 mmol, 1 eq.) was added in one portion and reaction mixture
was stirred at room temperature overnight and monitored by TLC (20% EtOAc in
hexanes).

The reaction was quenched by the addition of solid sodium sulfite (300
mg). The resulting solution was allowed to stir for one hour. The reaction
mixture was then diluted with 10 mL of water and extracted with DCM (3 X 10
mL). The combined organics were then dried (anhydrous Na,SQO,), concentrated
via rotary evaporation, and dried further in vacuo. The resulting crude
phenylboronic ester products were treated immediately with hydrogen peroxide

as described below to liberate the free glycol.
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Peroxide Mediated Removal of the Phenyl Boronic Ester

The phenyl boronic ester (0.2 mmol) was dissolved in a 1:1 mixture of ethyl
acetate and acetone (2 mL) in a 3 mL screw-top vial. To this stirred solution was
added 1.2 eq. of a solution of H.0O, (35% in H20). The resulting mixture was
stirred at room temperature for 3 hours. The reaction mixture was extracted
twice with ethyl acetate (5 mL), and the combined organics were washed with 1
M NaOH (5 mL). The organics were dried over anhydrous sodium sulfate and
concentrated via rotary evaporation. The crude glycol, so isolated, was

immediately subjected to HPLC analysis.

Analytical Data
V-66, 2-phenyl-1,2-propanediol

Me. OH

o)

'H NMR (300 MHz, CDsCl): 8 7.4-7.2 (m, 5H), 3.69 (d, J = 11.1 Hz, 1H), 3.53 (d,
J=11.1 Hz, 1H), 3.10 (br s, 1H), 2.65 (br s, 1H), 1.46 (s, 3H); °C NMR (75 MHz,

CD3ClI): 3 144.7, 128.0, 126.8, 124.8, 74.6, 70.6, 25.6.
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Chapter 6: The OsO,/Oxone Oxidative Cleavage of Olefins with Alternative
Osmium Sources

6.1: Introduction

In 2002, our group reported on an osmium tetroxide-promoted catalytic
oxidative cleavage of olefins.! This reaction employs a catalytic portion of
osmium tetroxide in conjunction with several equivalents of Oxone as a co-
oxidant to effect the cleavage of a variety of olefins VI-1 (Scheme VI-1, eq. 1).
For mono- and vicinal disubstituted alkenes VI-1, this methodology provides easy
access to the corresponding carboxylic acid cleavage products VI-2 and VI-3.
Higher order alkenes VI-4 (or geminal disubstituted olefins) grant access to the
corresponding ketones VI-5 (Scheme VI-1, eq. 2). The reactions usually proceed

in excellent yields for the cleavage of a number of different alkene substrates.

Scheme VI-1. Oxidative cleavage of olefins with osmium tetroxide

and oxone.
« Rz 0804(001eq) j’\ . j\
RN > HO” R HO” “R2 (1)
Oxone (4 eq.)
VI DMF, RT Vi-2 V-3
R! OsO, (0.01 eq.) O (o}
T ns - A, + L., @
R R Oxone (4 eq.) R" "R HO” "R
Vi-4 DMF, RT VI-5 VI-6

The reaction is suggested to initiate by the formation of the osmate ester
VI-7 via the accepted?? [3+2] osmylation mechanism (Scheme VI-2).
Subsequent oxidation of the Os (VI) glycolate by action of Oxone provides the
corresponding Os (VIII) species. Attack on this intermediate by the peroxysulfate

anion provides intermediate VI-8. This intermediate might then undergo facile
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oxidative cleavage to provide aldehyde (or ketone) cleavage products VI-9, thus
regenerating the catalytic portion of OsO4. The aldehyde cleavage products then
undergo facile oxidation to their corresponding carboxylic acids VI-10 via a

Baeyer-Villeger-type process by action of residual Oxone.*®

Scheme VI-2. Proposed mechanism for the cleaveage of olefins with osmium

tetroxide/oxone.
% (00,0
/= 90: o o _[O O

R R s 3_? HOsSO;

R R
Vi-7 R R
0. O (0-SOH
o) [0] o) Oxidative @ N/ o 8
2 N <22 J <~ | S0z
R™ “OH R™ "H  Cleavage (6 rO
VI-10 VI-9 R R
Vi-8

An important distinction between this proposed mechanism and the well-
known Johnson-Lemieux’® oxidative cleavage is apparent. The Lemieux-
Johnson protocol is proposed to proceed through the initial formation of glycol
intermediates which subsequently suffer cleavage by periodate anion. In
contrast the Oxone-mediated cleavage is presumably the result of the
fragmentation of the initial osmium glycolate VI-7 without the intermediacy of
vicinal diols. In fact, treatment of glycols with the reaction conditions described in
Scheme VI-1 returns unchanged starting material.’

The OsO4/Oxone methodology represents a significant departure from the

more common reactivity profile of catalytic OsO4 and co-oxidant which results in
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the generation vicinal diols. Racemic diols are most readily prepared by action
of the OsO4/NMO reagent combination (historically referred to as the Upjohn®
conditions).'® Scalemic diols are accessible via the Sharpless Asymmetric
Dihydroxylation (SAD) methodology, where OsO4/KsFe(CN)s is employed in
conjunction with various Cinchona alkaloid derivatives.'"'? Aside from the
Lemieux-Johnson methodology alluded to above, oxidative cleavages mediated
by OsO4 have historically carried the stigma of undesired side reactions,
producing the olefin cleavage products in low yields."*'* Prior to the report from
our lab, there was only one account detailing the direct oxidative cleavage of
olefins (without the intermediacy of diols) by action of OsO4 that proceeded in
synthetically useful yields. Tsui and Paquette noted the scission of the olefin
functionality in compound IV-11 on heating with a stoichiometric quantity of OsO4
in pyridine to 90°C, followed by a sodium dithionate reductive work-up.'® Keto-

aldehyde IV-12 was returned in 41% yield (Scheme VI-3).

Scheme VI-3. Oxidative cleavage of IV-11 with osmium tetroxide.

1. 0sQOq,, py., 90°C

-

2. N328204, Hzo, EtOAc

41% Me

OTBS
ViI-11 VI-12

Since the initial disclosure, the OsO4/Oxone methodology has been
extended to include the direct formation of lactones by way of the oxidative

cleavage of alkenols (Scheme VI-4, eq. 1)'® This transformation was highlighted
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as the key transformation leading to the efficient total synthesis of (+)-tanikolide
VI-16 (Scheme VI-4, eq. 2)."” Furthermore, the Martin group has employed the
Os04/Oxone methodology in the very late stages of their elegant total synthesis

of Erythromycin B."®

Scheme VI-4. Oxidative lactonization with osmium tetroxide and oxone.
Application to the total synthesis of (+)-tanikolide VI-16.

(0]
0s0, (0.01 eq.)
ANAKOH 4 - o (1)
n Oxone (4 eq.) (
DMF, RT n
VI-13 VI-14
(0]
H3C(H2C)gHoC,, ,OH 1. OsOy (cat.), nBugHSOs, THF OH
/\ﬁ raory, i Eore L L @
2. Pd(OH),, Hy, EtOAC /
7 OBn “CHa(CHy)gCHg
VI-15 64% (2 steps) VI-16

6.2: Results and Discussion

Given the apparent success of this methodology, we set out to explore the
use of alternate sources of the osmium catalyst. Namely, presented herein is an
account of the investigation of the integrity of this methodology when cheaper,
less toxic, and easier-to-handle osmium sources are employed.'® Four different
sources of osmium were chosen for this study, each offering its own advantages
over osmium tetroxide. Both osmium trichloride and potassium osmate are
cheaper, less volatile osmium sources, which can be handled safely in their solid
state, a considerable advantage to preparing organic solutions of osmium
tetroxide. Commercially available polymer-bound osmium tetroxide (1 wt. % on

20,21

poly(4-vinylpyridine)) also provides a catalyst source that is easier to handle
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and less volatile than standard samples of osmium tetroxide. A final osmium
source, OsEnCat™, was kindly provided by the Ley laboratory. OsEnCat™ is
osmium tetroxide that has been microencapsulated in polyurea
microcapsules.???® The Ley group has shown that this catalyst system is highly
effective in both the catalytic dihydroxylation of olefins under Upjohn conditions®
and in the oxidative cleavage of olefins by the Lemiuex-Johnson reaction.”® This
particular osmium source offers the intriguing opportunity of recycling the catalyst
for use in subsequent reactions. Ley and coworkers have shown that a sample
of OsEnCat™ can be used for five iterations without any detectable leaching of
osmium tetroxide or loss of catalytic activity.

Each of the four sources of osmium were screened for activity in the
oxidative cleavage and oxidative lactonization reactions. Reactions were carried
out for 12 hours using a 0.1 M solution of substrate in DMF, with 4 equivalents of
Oxone and 0.01 equivalents of catalyst when osmium trichloride or potassium
osmate were employed. A lower catalyst loading of 0.001 equivalents of
polymer-bound and 0.0025 equivalents of encapsulated osmium tetroxide were
used for some substrates in order to avoid adding an impractically large mass of
substance to achieve the desired catalyst loading. Other substrates, however,
proved too sluggish when the lower catalyst loading was used, so for those
substrates, the use of 0.01 equivalents of either polymer-bound osmium tetroxide
or OsEnCat™ is recommended. Control experiments with 0.01 equivalents of
osmium tetroxide were run for comparisons. The results from this study are

given in Table VI-1.
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Table VI-1. The oxidative cleavage of olefins with alternative osmium sources.

Entry Substrate Product A B C D E
130 o PN PhCO,H 84% 84% 80%  79% 84%
VI-17 VI-18
2 Me'(")/ Me’(");cogH 100% 96% 100%  75%  97%
VI-19 VI-20
3 -C0H PhCO,H 84% 79% 9%  ggoc  74%
Ph” X 2 ° ° 96%° ° °
Vi-21 VI-18
Me Me
de ) o o o o,
4 o Ph/&o 90% 95% 82%  71% 84%
VI-22 VI-23
Me
5 P“/\M/ PhCO,H 96% 67% 79%° 55% 88%
e
Vi-24 VI-18
e o
6 Me*hCO.H 97% 85% 91%°C¢ 97%° 82%
MMG 72
VI-25 VI-20
7 Ph——=— PhCO,H 21% 38% 16% 8%  42%
VI-26 VI-18

48% 51%

8 /\HAO/\HOZC‘H/\O/\ 6%  82% o e 5%
(] (]

VI-27 Vi-28
— o.0°
OH

VI-29 VI-30

Condition A: 0.01 equiv. of osmium trichloride was used as the catalyst.

Condition B: 0.01 equiv. of potassium osmate was used as the catalyst.

Condition C: 0.001 equiv. of polymer-bound osmium tetroxide was used as the catalyst.

Condition D: 0.0025 equiv. of OsEnCat was used as the catalyst.

Condition E: 0.01 equiv. of osmium tetroxide was used as the catalyst.

2Reactions were carried out at RT for 12 h using a 0.1 M solution of substrate in DMF with 4

equiv. of Oxone employed as co-oxidant. ~All yields are isolated yields unless otherwise

specmed 0.01 equiv. of either polymer-bound OsO, or OsEnCat was used. dGC yield.
®Diol and acid products were also formed (vide infra).
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Entries 1 and 2 showcase the ability of each osmium source to efficiently
cleave both aromatic (VI-17) and aliphatic (VI-19) olefins. Cinnamic acid (entry
3) serves as an example of an electron deficient system. All osmium sources
performed on a comparable level with osmium tetroxide, but 0.01 equivalents of

both polymer-bound osmium tetroxide and OsEnCat™

were needed to efficiently
promote cleavage of VI-21.

The cleavage of a-methylstyrene VI-22 gave the desired acetophenone
cleavage product with all five sources of osmium in yields ranging from 71 to
95% (entry 4). In each case, however, the acetophenone product was
contaminated with other oxidation products (vide infra). Entries 5 and 6 highlight
the ability of this methodology to efficiently promote the oxidative cleavage of
higher order olefins VI-24 and VI-25. As described previously, the use of
sodium bicarbonate (4 equiv) as an additive is necessary to suppress side
reactions.

The sluggish oxidation of phenyl acetylene VI-26 under the prescribed
reaction conditions (entry 7: only 8-42% yield of benzoic acid after 12 hours)
suggested that one might be able to garner some selectivity for the cleavage of
olefins in the presence of alkynes. To test this hypothesis, an ene-yne substrate
VI-27 was prepared by alkylation of the lithium alkoxide of 9-decene-1-ol VI-31
(Scheme VI-5). The facile cleavage of the olefin in VI-27 was achieved with each
of the five osmium sources while preserving the propargylic alkyne functionality.

This selectivity, coupled with the immunity of other sensitive functionalities such
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as alcohols and vicinal diols, makes this methodology an attractive strategy for

the oxidative cleavage of olefins within highly functionalized intermediates.

Scheme VI-5. Preparation of ene-yne substrate VI-27.

1. n-BuLi, THF, 0 °C

A oH — /\H/\o/\
7 2. propargyl bromide, RT
Vi-31 . VI-27
40% (unoptimized)

With the final entry in Table VI-1, the alternative forms of osmium tetroxide
were utilized for the oxidative lactonization protocol. Alkenol VI-29 depicted in
entry 9 was readily prepared as previously reported (Scheme VI-6)." Namely,
commercially available diol VI-32 was mono-TBS protected to provide alcohol VI-
33. Ley oxidation?* followed by methylenation of the resultant aldehyde returned
alkene VI-34. Compound VI-34 was then deprotected by action of TBAF to

generated alkenol substrate VI-29.

Scheme VI-6. Preparation of lactonization substrate VI-29.

Q O TBSCI imid. Q O

40% oTBS
VI-32 VI-33

1. TPAP, NMO, DCM 64%
2. PH3P=CH,, THF 75%

QY

OH 88% OTBS
VI-29 VI-34
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We initially envisioned the cyclization of protected VI-34 to give lactone VI-
30 directly via a single deprotection/lactonization event, but the TBS deprotection
by the mildly acidic reaction conditions proved to be too sluggish. In the event,
the desired lactone VI-30 was returned as the sole product with all five osmium
sources in yields ranging from 27 to 43% after 12 hours. On the other hand,
treatment of the free alcohol VI-29 with the oxidative reaction conditions
described above, generated in all cases the desired lactone product in excellent
yields (93-98% vyield, entry 9).

As mentioned above, the presence of other oxidative side products in the
cleavage of a-methylstyrene warrant some comment. For all five osmium
sources (Table VI-1, Entry 4), the cleavage of this substrate produced
predominantly the desired acetophenone (VI-23) cleavage product. We were
surprised, however, to see evidence for the dihydroxylation product, 2-phenyl-
1,2-propanediol (VI-35), along with 2-phenylpropanoic acid (VI-36) in addition to
the desired acetophenone. In order to verify the presence of these two side
products in the '"H NMR spectrum and GC traces, the diol and carboxylic acid
products were prepared independently (see Section 6.3). With pure samples of
the two byproducts in hand, their presence in the crude 'H NMR spectra and GC
traces of the cleavage reaction for a-methylstyrene was verified. GC analysis of
the reaction mixture obtained from the cleavage reaction for each of the five

osmium sources is listed in Table VI-2.
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Table VI-2. GC analysis of the observed products from the oxidative
cleavage of VI-22.

Me Me_ OH Me

Osmium Source® Ph/go Phx’OH PhJ\COZ’H

VI-23 VI-35 VI-36

OsCl; 90% 3% ’ 7%
Ko[OSO(OH),] 95% 2% 3%
P.B. OsO, 82% 2% 16%
OsEnCat 71% 3% 26%
0sO, 84% 3% 12%

3GC yields.

The presence of diol VI-35, resulting from hydrolysis of the osmate ester,
was minimal regardless of the osmium source. The presence of 2-
phenylpropanoic acid VI-36, however, varied depending on the osmium source,
with as little as 3% formed when potassium osmate was employed to 26% when
OsEnCat™ was used. It is interesting to speculate about the origin of this
particular side product. The initial product from the fragmentation of the osmate
ester is most likely the 2-phenylpropionaldehyde VI-37. This substance (not
observed by "H NMR or GC of the product mixtures) would be readily oxidized to
the observed carboxylic acid VI-36 by action of Oxone.® Scheme VI-7 shows
three possible routes to 2-phenylpropionaldehyde VI-37. Equation 1 invokes a
1,2-hydride shift from the osmate ester intermediate (transition state VI-38) that
would lead to the aldehyde by way of a concerted process. One can also
imagine the formation of the aldehyde intermediate VI-37 by two different two-
step pathways. Equation 2 suggests the intermediacy of carbocation VI-40
resulting from initial dissociation of the osmate ester VI-39 followed by hydride

shift. Equation 3 suggests the intermediacy of enolate species VI-42 resulting
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from the deprotonation of the initial osmate ester intermediate VI-41. While at
this point, none of these possibilities can be ignored, one can speculate on the
merits of each case. Equations 1 and 2 are similar in that they both rely on a 1,2-
hydride transfer. The formation of the stable tertiary benzylic carbocation VI-40
may in fact be necessary to allow for a 1,2-hydride shift. One might expect that if
the hydride migration readily occurs without carbocation formation, that the
problem of forming undesired products would be more systemic. The
deprotonation/reprotonation sequence described equation 3 is perhaps less likely
given that the generation of enolate VI-42 under the relatively acidic reaction
conditions seems suspect. Finally, none of these mechanisms account for the

fact the product ratios are osmium source dependant.

Scheme VI-7. Plausible mechanisms for the formation of VI-37 leading to VI-36.

1

0, .0
Os
P“; Oso‘ o o) | 950 PhYCHO )
Me Oxone Pha Q Me
DMF
VI-22 VI-38 VI-37
O\‘ /O o %
Ph 0sO, 05 0% _os0
(o 0 Ph o y 3 PhYCHO @)
Me Oxone Ph H Me” N—"H Me
DMF Me H
VI-22 VI-39 VI-40 VI-37
(0]
Ph 0s0, S \ - 0sO;,
JU— Co' O —> Ph (\0303 PhYCHO (3)
Me Oxone ph Me
DMF U H Me H
Vi-22 Vl-41 Vi-42 VI-37
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Finally, we also evaluated the ability to recycle the encapsulated osmium
tetroxide, OsEnCat™ when employed as the catalyst in our methodology. When

0.02 equivalents of OsEnCat™

was employed in successive cleavage runs with
trans-stilbene (Table VI-3), the catalyst was readily recycled, allowing for the
same sample of OsEnCat™ to be employed in up to three sequential reactions.
The immobilized catalyst was easily recovered by vacuum filtration, followed by
washing with water and ethyl acetate to remove residual salts and cleavage
product. While the catalyst proved non-recyclable at lower catalyst loadings, it is
noteworthy that OsEnCat™ performs amiably at a remarkably low 0.0025

equivalent catalyst loading in the oxidative cleavage of activated substrates (e.g.,

trans-stilbene (Table VI-1, Entry 1)).

Table VI-3. OsEnCat recyclability study.

ph/\/Ph OsEnCat™ , Oxone 2 Phj)bH
VI-17 DMF, 12 h, RT VI-18
Run eq. OsEnCat™ Yield
1 0.02 73%
2 0.02 85%
3 0.02 56%
4 0.02 inc.

Note: Inc. = reaction was incomplete after 12 h.
Yields are isolated yields. The catalyst was
recovered and used without modification after each
run.
In summary, the osmium-mediated oxidative cleavage of olefins is

compatible with various different osmium sources. The ability to employ less

volatile and more innocuous osmium sources without sacrificing yield or purity of
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the desired product should serve to enhance the usefulness of this mild and

effective method for the oxidative cleavage of olefins.

6.3: Experimental Details
General Information:

All commercially available reagents were purchased from Aldrich and
used without purification. Solvents were purchased from either Fisher Scientific
or Mallinckrodt Chemicals and used without purification. The 'H and '*C NMR
spectra were collected on a 300 MHz NMR spectrometer (VARIAN INOVA) using
CD3Cl or acetone-ds. Chemical shifts are reported in parts per million (ppm).
Spectra are referenced to residual solvent peaks. Infrared spectra were
collected on a Mattson Galaxy Series FTIR 3000. Samples were prepared using
KBr discs.

All known products were characterized by 'H and *C NMR. 'H and °C
NMR data for all samples of benzoic acid, nonanoic acid, and acetophenone
were in full agreement with commercial samples of the same compound. The 'H
and C NMR for lactone VI-30 were in full agreement with an authentic sample
previously prepared in our group.'® The 'H and >*C NMR data for substrate VI-
25,% diol VI-35,%° and acid VI-36%” were in full agreement with data published

elsewhere.
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General Procedure for the Oxidative Cleavage of Olefins:

The osmium source and Oxone (4 mmol, 4 equiv. relative to the olefin)
were added to DMF (10 mL) at RT. Osmium loadings varied as follows: 0.01
equiv. was employed when osmium tetroxide, osmium trichloride, or potassium
osmate were used. Polymer-bound osmium tetroxide was used in either 0.001
equiv. or 0.01 equiv. depending on the substrate as indicated in Table VI-1.
OsEnCat™ was employed in either 0.0025 equiv. or 0.01 equiv. depending on
the substrate as indicated in Table VI-1. When osmium trichloride or potassium
osmate were employed, the resulting mixture was stirred for 0.5 h prior to
addition of olefin to allow for the pre-oxidation of the catalyst, after which time the
olefin (1 mmol, 1 equiv.) was added in one portion and the resultant mixture was
stirred for 12 h. For all other osmium sources the olefin was added directly after
the addition of the osmium source and Oxone. After the reaction was judged to
be complete by TLC, the resulting mixture was poured into a separatory funnel
and the remaining Os (VIIl) was reduced by adding an equal volume of saturated
sodium sulfite solution. The resulting slurry was then extracted with ethyl acetate
(3X). The combined organics were then washed with 1N HCI (3X) and brine,
dried over anhydrous sodium sulfate, and concentrated by rotary evaporation.
The crude products were then purified by silica gel chromatography or

recrystallization where necessary.
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Analytical Data for the products of Table VI-1:

VI-18, Benzoic acid (product from the cleavage of VI-17, VI-21, VI-24 and VI-26)

0o
o
'H NMR (300 MHz, CD;Cl): & 11.8 (br s, 1H), 8.13 (m, 2H), 7.61 (m, 1H), 7.47

(m, 2H); "*C NMR (75 MHz, CDsCl): & 172.5, 133.8, 130.2, 129.3, 128.5.

VI-20, Nonanoic acid (product from the cleavage of VI-20 and VI-25)

HOJK/\/\/\/ Me

'H NMR (300 MHz, CDsCl): 4 9.8 (br s, 1H), 2.30 (t, J = 7.5 Hz, 2H), 1.59 (pentet,
J =7.5 Hz, 2H), 1.1-1.3 (m, 8H), 0.84 (t, J = 6.9 Hz, 3H); °C NMR (75 MHz,
CDsCl): 6 180.2, 34.1, 31.8, 29.17, 29.06, 29.03, 24.7, 22.6, 14.0.

VI-23, Acetophenone

(0

@/“Me

"H NMR (300 MHz, CDCl): 8 7.94 (m, 2H), 7.54 (m, 1H), 7.61 (m, 1H), 7.44 (m,
2H), 2.59 (s, 3H); °C NMR (75 MHz, CDsCl): 6 198.2, 137.1, 133.1, 128.5,

128.3, 26.6.
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VI-28, 9-(Prop-2-ynloxy)nonanoic acid
o)
HOJ\/\/\/\/\O\
'H NMR (300 MHz, CD;Cl): 8 4.12 (d, J = 2.3 Hz, 2H), 3.48 (t, J = 6.6 Hz, 2H),
2.39 (t, J=2.3 Hz, 1H), 2.32 (t, J= 7.2 Hz), 1.59 (m, 4H), 1.4-1.2 (br m, 8H);

HRMS (C11H2003), Calc. (M+H): 213.1491, Found (M+H): 213.1490.

VI-30, Dibenzo[c,e]oxepin-5(7H)-one®
o0
'H NMR (300 MHz, acetone-dg): & 7.91 (m, 1H), 7.73 (m, 2H), 7.59 (m, 2H), 7.48

(m, 1H), 5.06 (s, 2H); *C NMR (75 MHz, acetone-ds): & 170.1, 139.7, 137.8,

136.4, 133.4, 132.4, 132.0, 130.9, 129.56, 129.54, 129.4, 129.3, 129.2, 69.4.

Preparation of Substrates

Preparation of Substrate VI-25, 2-Methyl-2-dodecene?®

M
Me/\/\/\/\/\’/ e

Me

To a flame-dried 250 mL three-neck flask equipped with a magenetic stir
bar was added iso-propyltriphenylphosphonium iodide (4.76 g, 11 mmol, 1.1
_equiv.). The necks were sealed with rubber septa and equipped with a nitrogen

inlet. Freshly distilled THF (50 mL) was added to the mixture was cooled to 0 °C
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on an ice bath. A 7.5 mL portion (12 mmol, 1.2 equiv.) of n-butyl lithium (1.6 M in
hexanes) was added dropwise to the stirred mixture via syringe. The resulting
solution was stirred on the ice bath for 20 minutes, at which time nonanal (1.72
mL, 10 mmol, 1 equiv.) was added dropwise via syringe. The resulting mixture
was stirred overnight while warming to room temperature. The reaction mixture
was then diluted with diethyl ether (50 mL) and washed with water (2 X 100 mL)
and saturated brine (100 mL). The organics were then dried (anhydrous
Na;SO,) and concentrated by rotary evaporation. The desired product was
isolated (1.31 g, 78 % yield) after purification by silica gel column
chromatography (1% ethyl acetate in hexanes). The product so isolated had 'H
and *C NMR data in full agreement with literature data for a sample prepared by

other means.?®

"H NMR (300 MHz, CD3Cl): 8 5.10 (m, 1H), 1.94 (m, 2H), 1.67 (s, 3H), 1.58 (s,
3H), 1.38-1.20 (m, 10H), 0.86 (t, J = 6.6 Hz, 3H); *C NMR (75 MHz, CD;ClI): &

131.1, 125.0, 31.9, 29.9, 29.6, 29.4, 29.3, 28.1, 25.7,22.7, 17.6, 14.1.

Preparation of VI-27, 10-(Prop-2-ynyloxy)dec-1-ene

WO/\

To a flame-dried 100 mL round-bottom flask equipped with a magnetic stir

bar was added freshly distilled THF (20 mL) and 9-decen-1-ol (3.6 mL, 20 mmol,
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1 equiv.). The resulting solution was cooled to 0 °C on an ice bath. An 8 mL
portion (20 mmol, 1 equiv.) of n-butyl lithium (2.5 M in hexanes) was added
dropwise via syringe. The resulting solution was stirred at 0 °C for 30 minutes.
Propargyl bromide (5.35 mL, 48 mmol, 2.4 equiv.) was added dropwise via
syringe, and the resulting mixture was stirred overnight while warming to room
temperature. The reaction mixture was then diluted with diethyl ether (20 mL)
and washed with water (2 X 50 mL) and saturated brine (50 mL). The organics
were dried (anhydrous Na;SO,) and concentrated by rotary evaporation. The
crude product was then purifed by silica gel column chromatography (10% ethyl
acetate in hexanes) to return 1.56 g of the desired product (40% yield) as a pale

yellow oil.

'H NMR (300 MHz, CD3CI):  5.78 (m, 1H), 4.94 (m, 2H), 4.1 (m, 2H), 3.48 (t, J =
6.6 Hz, 2H), 2.39 (m, 1H), 2.01 (m, 2H), 1.56 (m, 2H), 1.4-1.2 (m, 10H); °C NMR
(75 MHz, CDsCl): 8 139.2, 114.1, 80.0, 74.0, 70.2, 58.0, 33.8, 29.5, 29.4, 29.3,
29.0, 28.9, 26.0; IR (KBr discs, vem™): 3310, 3079, 2930, 2857, 2251; HRMS

(C13H220), Calc: (M+H): 195.1749, Found (M+H): 195.1744.

Preparation of VI-35, 2-Phenyl-1,2-propanediol®®

Me_ OH

O
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A 20 mL screw-top vial was charged with a-methylstyrene (260 uL, 2 mmol, 1
equiv.), N-methylmorpholine N-oxide (281 mg, 2.4 mmol, 1.2 equiv.), and 10 mL
of a 9:1 acetone/water mixture. To this stirred solution was added 10 uL of a
solution of osmium tetroxide (1M in toluene). The resulting mixture was stirred
for three days at room temperature. The mixture was poured into a separatory
funnel and quenched by addition of 10 mL of a saturated sodium sulfite solution.
The aqueous layer was then extracted with ethyl acetate (3X 20 mL). The
combined organics were washed with water (100 mL) followed by saturated brine
(100 mL) and dried over anhydrous sodium sulfate. On concentration by rotary

evaporation the desired product was isolated in 67% yield (205 mg).

'H NMR (300 MHz, CDsCl): & 7.4-7.2 (m, 5H), 3.69 (d, J = 11.1 Hz, 1H), 3.53 (d,
J=11.1 Hz, 1H), 3.10 (br s, 1H), 2.65 (br s, 1H), 1.46 (s, 3H); *C NMR (75 MHz,

CD3Cl): 8 144.7, 128.0, 126.8, 124.8, 74.6, 70.6, 25.6.

Preparation of VI-36, 2-Phenylpropanoic acid?’

Me

OH
o)

A 20 mL screw-top vial equipped with a stir bar was charged with 2-
phenylpropionaldehyde (265 uL, 2 mmol, 1 equiv.) and 10 mL of DMF. Oxone

(1.35 g, 2.2 mmol, 1.1 equiv.) was added and the resulting slurry was stirred
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overnight at room temperature. The reaction mixture was poured into a
separatory funnel and diluted with 25 mL of water. The aqueous layer was then
extracted with ethyl acetate (3X 25 mL). The combined organics were washed
with 1N HCI (3X 100 mL) and saturated brine (100 mL). The organics were then
dried over anhydrous sodium sulfate and concentrated by rotary evaporation to

return 265 mg (88% yield) of the desired carboxylic acid.

"H NMR (300 MHz, CDCI):  7.35-7.20 (m, 5H), 3.76 (q, J = 7.2 Hz, 1H), 1.53 (d,
J = 7.2 Hz, 3H); C NMR (75 MHz, CD4Cl): 6 180.9, 139.4, 128.4, 127.3, 127.1,

45.1,17.8.
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